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5-Fluorouracil (5-Fu) is one of the basic drugs in colorectal cancer (CRC) chemotherapy, and its efficacy is mainly limited by the acquisition of drug resistance. However, the underlying mechanisms remain unclear. In this study, hypoxia inducible factor 1α (HIF1α) was screened for high expression in 5-Fu resistant HCT115 cells, which displayed epithelial–mesenchymal transition (EMT) phenotype. Suppression of HIF1α reversed EMT phenotype, reduced glucose transporter 1 (Glut1) expression, a key molecule mediated drug resistance. Moreover, we unveiled that vascular endothelial growth factor (VEGF) was regulated by HIF1α and mediated HIF1α-maintained malignant phenotype of 5-Fu resistant cells. Further studies verified that AKT/GSK3β signaling was activated in resistant cells and controlled HIF1α expression. Interestingly, we demonstrated that VEGF could feedback up-regulate HIF1α via AKT/GSK3β signaling. Clinically, HIF1α and VEGF were high expressed and associated with survival and prognosis in CRC patients. In conclusion, our findings proposed that HIF1α/VEGF feedback loop contributed to 5-Fu resistance, which might be potential therapeutic targets.
Keywords: HIF1α, VEGF, EMT, GLUT1, drug resistance, Akt/GSK3β
INTRODUCTION
Colorectal cancer (CRC) is common malignancy with increasing incidence and leading rate of mortality (Jemal et al., 2011). Despite that the substantial diagnostic and therapeutic strategies have been improving, the mortality rate of CRC remains high (Sun et al., 2020a). 5-Fluorouracil (5-Fu) is a crucial component of conventional chemotherapy for CRC (Jiang et al., 2020). The implementation of 5-Fu-based combination regimens encouraged progress in CRC therapy to date. However, the patients’ response rates to therapy remain low due to the development of drug resistance. Therefore, a better understanding of the molecular mechanisms underlying the chemoresistance will be meaningful for exploring potential strategies to improve the therapeutic outcome.
Hypoxia, controlled by transcription factor hypoxia-inducible factor-1α (HIF-1α), plays important roles in the pathobiology of inflammation and pathology, including regulation of tumor progression (Semenza, 2012). Hypoxia activates the HIF-1α enabling it to trigger transcription and induce an adaptive response (Hong et al., 2020). The role of HIF1α in cancer development extends a broad spectrum of biological functions, such as promoting metastasis, reprograming metabolism, regulating cell proliferation and survival, and increasing therapeutic resistance (Soni and Padwad, 2017). Hypoxic microenvironment mediated-drug resistance has been considered as a major factor of clinical therapy failure.
Emerging evidences have unveiled that the hypoxia-mediated inflammatory microenvironment maintains tumor development and aggressive phenotype (Jiang et al., 2020). Inflammatory cells and cancer cells can secrete proinflammatory cytokines, which facilitate tumor cell motility, angiogenesis, and tissue remodeling, thus promote malignant progression (Candido and Hagemann, 2013; Murata, 2018). The complex interactions between the tumor and inflammatory cells mediated by proinflammatory cytokines are an essential aspect of the hypoxia microenvironment (Eltzschig and Carmeliet, 2011). Vascular endothelial growth factor (VEGF) is a proinflammatory cytokine produced by many kinds of cells. Increasing researches demonstrated that VEGF modulated various crucial processes of tumor development, such as oncogene activation, angiogenesis, metastasis and chemoresistance (Matsumoto and Ema, 2014; Melincovici et al., 2018; Apte et al., 2019).
The molecular mechanisms underlying the development of drug resistance are extremely complicated, including anti-apoptotic, drug efflux, DNA repairment, and glucose metabolism, etc (Long et al., 2019; Abad et al., 2020; Sun et al., 2020b; Wu et al., 2020). Among which, glucose metabolism reprogramming is a cancer hallmark. High rates of glucose metabolism provide ATP energy for cancer cells to biosynthesis (Martinez-Outschoorn et al., 2017). The effectiveness of targeting glucose metabolism approach has been verified by several preclinical researches (Marchiq and Pouyssegur, 2016; Chae and Kim, 2018). Glucose transporter 1 (Glut1) controls glucose transmembrane transportation, which is the first step of glucose metabolism (Wang et al., 2020). In addition to glucose metabolism, high expression of Glut1 protects cancer cells from glucose deprivation-induced oxidative stress and enhances anti-apoptosis activity (Munoz-Pinedo et al., 2012; Gonzalez-Menendez et al., 2018). A recent study proved that suppression of Glut1 inhibited proliferation and glycolysis in enzalutamide-resistant prostate cancer in vitro and in vivo (Wang et al., 2020).
In the current study, we demonstrate that HIF1α is upregulated in 5-Fu resistant HCT115 cells, and HIF1α maintains resistant phenotype by regulating VEGF/Glut1. We further show that AKT-GSK3β signaling is activated in resistant cells and involved in controlling HIF1α expression. Moreover, VEGF can feedback up-regulate HIF1α via AKT/GSK3β signaling. Therefore, our study suggests an important role of HIF1α/VEGF feedback loop in promoting 5-Fu resistance and provides potential therapeutic targets.
MATERIALS AND METHODS
Chemicals and Reagents
5-Fu was obtained from Sigma-Aldrich (St Louis, MO). LY294002 was obtained from Beyotime Biotechnology (Shanghai, China). Primary antibodies against E-cadherin, Vimentin, ABCB1, ERCC1, p53, LCI-II, Snail, Slug, ZEB1, p-GSK-3β (ser9), GSK-3β, p-Akt (Ser473), Akt, p-p65, p65, pMAPK38, MAPK38, and HIF1α were obtained from Cell Signaling Technology (MA, United States). Primary antibodies against ABCC3, ABCC10, ABCC12 were obtained from Abcam (Cambridge, United Kingdom). Primary antibodies against β-catenin, Twist, Glut1 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, United States). Primary antibodies against ABCC1, ABCC2, Bcl-2, PARP, LAT1, KLF12, CA9, BAX, VEGF and GAPDH were purchased from Proteintech (Wuhan, China). HRP-conjugated and Alexa Fluor 594 conjugated secondary antibody, DAPI, Trizol and Lipofectamine 2000 were purchased from Life (CA, United States). PrimeScript® RT reagent Kit and SYBR® Premix Ex TaqTM were products of TaKaRa.
Cell Culture
The colorectal cancer (CRC) cells HCT15 and HCT116 were obtained from American Type Culture Collection (ATCC). 5-Fu resistant HCT15 cells (HCT15/5-Fu) were derived in our laboratory. Briefly, HCT15 cells were treated with 1 μM 5-Fu for 48 h, then replaced with drug-free culture medium. After the cells recovered, the 1 μM 5-Fu was added again. Repeat this process four times and gradually increase 5-Fu concentration. HCT15/5-Fu cells were cultured in DMEM/F12 culture medium with 1 μM 5-Fu to maintain their resistance. The culture medium was replaced with drug-free 48 h prior to the experiments. HCT15 cells were maintained in DMEM/F12 culture medium supplemented with 10% FBS. The cells were cultured under a humidified 5% CO2 atmosphere at 37°C in incubator.
RNA Interference and Plasmid Transfection
siRNAs against human Glut1 and HIF1α were purchased from GenePharma (Shanghai, China). The siRNA sequences are listed in Table 1. Empty plasmid pcDNA3.1 was obtained from Promega and expression plasmid for pcDNA-Glut1 was established. 2×105 cells/well were seeded on a 6-well plate and left in culture until the next day. They were then transfected with siRNA oligonucleotides (100 nM) or plasmids (2 mg) mixed with lipofectamine 2000 reagent (Invitrogen) in serum-free medium according to the manufacturer’s instructions. 6 h later, medium was changed to complete culture medium and the cells were incubated for another 24 h before harvest.
TABLE 1 | siRNA sequences used in the study.
[image: Table 1]Transwell Migration Assay
For transwell migration assays, cells (1×105/insert) suspended in 200 μl serum free culture media were seeded into the upper chamber, while complete media was added to the lower chamber. After 24 h of incubation, the cells migrated to the bottom of chamber were fixed in 4% paraformaldehyde for 10 min, stained with hematoxylin and counted (five fields per chamber). The experiments were performed in triple.
Cell Viability Assay
CCK8 agent was used for cell viability assay. Cells (2×104 cells/well) were seeded in 96-well plates and treated with different concentrations of 5-Fu for 48 h. The 10 μL CCK8 agent was added to each well and the plates were incubated at 37°C for 2 h. The absorbance was measured at 570 nm using a microplate reader. The experiments were performed in triple.
Glucose Concentration Detection
The glucose concentration in cultured media were measured using commercial kits (BioVision) following the manufacturer’s instructions. Briefly, Cells (2×104 cells/well) were seeded in 96-well plates, differentiated, then maintained for another 4 days. To assay glucose uptake, cells were washed twice with PBS and starved in 100 μl serum free medium overnight, then rewashed twice with PBS. The cells were starved for glucose by preincubating with 100 μl Krebs-Ringer-Phosphate-HEPES (KRPH) buffer containing 2% BSA for 40 min, then stimulated with 1 μM insulin for 20 min to activate glucose transporter. 10 μl 2-Deoxyglucose (2-DG, 10 μM) was added and the cells was incubated for 20 min 10 μl Enzyme Mix reaction was added into each well. Mix and incubate at 37°C for 1 h. 90 μl extraction buffer was added, then the plate was sealed and heated at 37°C for 40 min to degrade unused NADP. The plate was cooled on ice for 5 min and added with 12 μl neutralization buffer, then 38 μl Gluathione reductase and substrate (DTNB) Mix was added to each well. Finally, Glucose concentrations in the supernatants were measured using microplate reader at 412 nm and calculated from standard curve. All samples were tested in triplicate.
Quantitative Real-Time PCR
Trizol reagent (Invitrogen, United States) was employed to extract total RNA from cells of different treatment groups according to the manufacturer’s guidelines. The mRNA levels of target genes were assessed on ABI-7500 (Carlsbad, California, United States) and were normalized to GAPDH. The relative expression levels for target gene were calculated using the comparative threshold cycle (CT) (2−ΔΔCT) method. The primers used are listed in Table 2.
TABLE 2 | Primers used in the RT-PCR assay.
[image: Table 2]Western Blotting
The total proteins were extracted from cells with WB and IP lysis buffer (Beyotime Biotechnology, Shanghai, China). Equal amounts of proteins were loaded in SDS-polyacrylamide gels, and transferred to PVDF membranes (Millipore, USA). After blocking with 5% BSA at room temperature for 2 h, the membranes were incubated with primary antibodies at 4°C overnight and then incubated with secondary antibodies for 1.5 h at room temperature. Proteins were then measured by an enhanced chemiluminescence system (ECL) reagent (KeyGEN BioTECH, China). Band intensity was quantified by densitometry analysis using Image-Pro Plus 4.5 software (Rockville, MD, United States).
Immunofluorescence
The cells were fixed with 4% paraformaldehyde for 20 min and permeabilized with 0.5% Triton X-100 for 15 min. After blocked with goat serum for 1.5 h at room temperature, the cells were incubated with primary antibodies against E-cadherin, Vimentin or HIF1α (1:100 dilution) at 4ºC overnight. Following incubated with Alexa Fluor 594-conjugated secondary antibody (1:1,000 dilution) for 1 h at room temperature, the cells were mounted with DAPI (10 μg/ml) for 10 min. The images were obtained with Confocal Laser Scanning Microscopy (Zeiss).
Nuclear/Cytoplasm Separation
The nuclear and cytoplasm proteins from cells were obtained by using a nuclear/cytosol fractionation kit (BioVision), and western blotting analysis was performed as described above.
Immunohistochemistry
Sixty pairs of CRC tumor tissues and adjacent normal tissues were collected from The First Affiliated Hospital of USTC. The tissues were collected, paraffin embedded, and cut into sections. The sections were incubated with 10% goat serum for 2 h at room temperature, anti-HIF1α antibody (1:200 dilution), anti-VEGF antibody (1:200 dilution) at 4°C overnight, secondary antibody for 1.5 h at room temperature, respectively. DAB was used as substrate and Mayer’s hematoxylin was applied as counterstain. The images were obtained form an inverted microscope (Nikon, Japan). The intensity of staining of HIF1α and VEGF were independently evaluated by two pathologists in the following four categories: no staining = 0, weak staining = 1, moderate staining = 2, and strong staining = 3. The stain-positive sections were categorized into four grades: 0 (0%), 1 (1%–33%), 2 (34%–66%), and 3 (67%–100%). The final score was calculated by multiplying the percentage of positive cells with the intensity score.
Statistical Analysis
Results were expressed as Mean ± SD of three independent experiments unless otherwise specified. Data were analyzed by Student’s t-test between any two groups. One-way ANOVA analysis of variance was used to assess the difference of means among groups. Pearson’s χ2 test was used to measure the expression difference of HIF1α in CRC tumor samples and adjacent normal tissues. Kaplan-Meier method was used to evaluate survival curves. These analyses were performed using GraphPad Prism Software Version 5.0 (GraphPad Software Inc., La Jolla, CA). A P-value of <0.05 was considered statistically significant.
RESULTS
5-Fu Resistant HCT15 Cells Acquire the EMT Phenotype
Firstly, the 5-Fu resistant phenotype of HCT15/5-Fu cells was verified. The results of CCK8 assay showed that HCT15/5-Fu cells displayed 5-Fu resistance compared with its parent cells (Figure 1A). In term of the morphology, HCT15 cells displayed a typical cobblestone epithelial feature. On the contrary, HCT15/5-Fu cells exhibited a spindle mesenchymal appearance (Figure 1B). Morphological changes reminded that HCT15/5-Fu cells acquired EMT phenotype. The transwell assay showed that the migration capability of HCT15/5-Fu cells was significantly increased compared with HCT15 cells (Figure 1C). As illustrated by WB and RT-PCR assay, the epithelial maker E-cadherin was down-regulated, while the mesenchymal markers Vimentin was up-regulated in HCT15/5-Fu cells (Figures 1D,E). IF staining further confirmed this phenomenon (Figure 1F). Collectedly, these results indicated that HCT15/5-Fu cells acquired EMT characteristic.
[image: Figure 1]FIGURE 1 | 5-Fu resistant CRC cells acquire EMT phenotype. (A) HCT15 and HCT15/5-Fu cells were treated with increasing concentrations of 5-Fu for 48 h. CCK8 assay was used to quantify the viable cells. (B) Morphology of HCT15 and HCT15/5-Fu cells. (C) Transwell assay was performed to measure the migration of HCT15 and HCT15/5-Fu cells. (D,E) The protein and mRNA expression of E-cadherin and Vimentin in HCT15 and HCT15/5-Fu cells were examined by WB and RT-PCR, respectively. (F) The expression and cellular localization of E-cadherin and Vimentin were detected by IF staining. Nuclei were visualized with DAPI staining. Data represented as mean ± SD were from three independent experiments. *: p < 0.05, #: p < 0.01.
Glut1 Controls the 5-Fu Resistant Phenotype of HCT15/5-Fu Cells
To investigate the molecular mechanism underlying 5-Fu resistance, the expressions of drug resistant relative genes, including Glut1, ABCB1, ABCC1/2/3/10/11/12, ABCG2, ERCC1, P53, Bcl-2, PARP, LAT1, KLF12, LCI-II, CA9 and BAX were determined by WB and RT-PCR assay, respectively. The results found that the expressions of Glut1 mRNA and protein were increased, but not the others (Figures 2A–C). To validate the role of Glut1 in regulation of 5-Fu resistance, si-Glut1s were used. As shown in Figures 2D,E, Glut1 was distinctly inhibited in HCT15/5-Fu cells. Glut1 knockdown decreased glucose consumption of HCT15/5-Fu cells while overexpression Glut1 increased glucose consumption of HCT15 cells (Figure 2F). Importantly, inhibition of Glut1 decreased 5-Fu resistance of HCT15/5-Fu cells (Figure 2G). Contrarily, Glut1 overexpression promoted 5-Fu resistance of HCT15 cells (Figure 2H). These results indicated that Glut1 was critical for 5-Fu resistant phenotype of HCT15/5-Fu cells.
[image: Figure 2]FIGURE 2 | Glut1 maintains the resistance phenotype of 5-Fu resistant CRC cells. (A,B) The protein expression of Glut1, ABCB1, ABCC1, ABCC2, ABCC3, ABCC10, ABCC12, ABCG2, ERCC1, P53, Bcl-2, PARP, LAT1, KLF12, LCI-II, CA9 and BAX in HCT15 and HCT15/5-Fu cells were examined by WB. GAPDH servers as the loading control. (C) The mRNA expression of Glut1, ABCB1, ABCC1, ABCC2, ABCC3, ABCC10, ABCC12, ABCG2, ERCC1, P53, Bcl-2, PARP, LAT1, CA9 and BAX in in HCT15 and HCT15/5-Fu cells were examined by RT-PCR. (D,E) Expression of Glut1 protein and mRNA in HCT15/5-Fu cells transfected with si-NC or si-Glut1 for 24 h were detected by WB and quantitative RT-PCR, respectively. (F) Glucose concentration in the supernatants was measured in HCT15/5-Fu cells transfected with si-NC or si-Glut1 and HCT15 cells transfected with control vector plasmid or pcDNA-Glut1. (G) HCT15/5-Fu cells were transfected with si-NC or si-Glut1 for 24 h were treated with increasing concentrations of 5-Fu for 48 h. CCK8 assay was used to quantify the viable cells. (H) HCT15 cells were transfected with control vector plasmid or pcDNA3.1-Glut1 for 24 h were treated with increasing concentrations of 5-Fu for 48 h. CCK8 assay was used to quantify the viable cells. Data represented as mean ± SD were from three independent experiments. *: p < 0.05, #: p < 0.01. si-NC: negative control siRNA.
HIF1α is Upregulated in 5-Fu Resistant HCT15 Cells
Several transcript factors play important role in controlling EMT conversion, such as Snail, Slug, Twist, ZEB1, and β-catenin (Peinado et al., 2007). However, according to WB and RT-PCR results, the expression of these transcript factors have no obvious change in HCT15/5-Fu cells (Figures 3A–C). We next determined HIF1α expression since it is an upstream of Glut1 and is involved in regulation of EMT. Surprisingly, HIF1α mRNA and protein expression both increased (Figures 3A–C). As a transcription factor, HIF1α usually exerts its function in nucleus. We separated the cytoplasm and nucleus of cells and measured HIF1α expression. As shown in Figure 3D, HIF1α expression in nucleus was upregulated in HCT15/5-Fu cells compared with HCT15 cells. The images from laser scanning confocal microscope further confirmed this conclusion (Figure 3E).
[image: Figure 3]FIGURE 3 | HIF1α is up-regulated in 5-Fu resistant CRC cells. (A–C) The protein and mRNA expression of Snail, Slug, Twist, ZEB1, β-catenin and HIF1α in HCT15 and HCT15/5-Fu cells were examined by WB and RT-PCR, respectively. (D) The HIF1α expression in cytoplasm and nucleus in HCT15 and HCT15/5-Fu cells were examined by WB. (E) The cellar localization of HIF1α in HCT15 and HCT15/5-Fu cells was analyzed by IF staining. Nuclei were visualized with DAPI staining. #: p < 0.01.
HIF1α Regulates VEGF Expression
The tumor microenvironment is increasingly identified as a crucial regulator to tumor progression (Spill et al., 2016; Ribeiro et al., 2020). Cancer cells promote their own progression by releasing multiple growth factors which interact with themselves directly through both autocrine and paracrine manners (Quail and Joyce, 2013). To gain further insight into how HIF1α induces CRC progression, we examined the effect of HIF1α on many microenvironmental genes, including TGF-β, TNF-α, VEGF, EGF, PDGF, b-FGF, HGF, and IGF, which have been implicated in promoting tumor development. Importantly, we found that knockdown of HIF1α significantly inhibited VEGF expression (Figures 4A,B). Moreover, VEGF was overexpressed in HCT15/5-Fu cells (Figures 4C,D). Knockdown of HIF1α also decreased VEGF expression in HCT15/5-Fu cells (Figures 4E,F).
[image: Figure 4]FIGURE 4 | HIF1α regulates VEGF expression in CRC cells. (A) the mRNA expression of TGF-β, TNF-α, VEGF, EGF, PDGF, b-FGF, HGF, and IGF in HCT15 cells transfected with si-NC or si-HIF1α for 48 h were detected by RT-PCR. (B) the protein expression of VEGF in HCT15 cells transfected with si-NC or si-HIF1α for 48 h were detected by WB. (C,D) the mRNA and protein expression of VEGF in HCT15 and HCT15/5-Fu cells were detected by WB and RT-PCR, respectively. (E,F) the mRNA and protein expression of VEGF in HCT15/5-Fu cells transfected with si-NC or si-HIF1α for 48 h were detected by WB and RT-PCR, respectively. #: p < 0.01, *: p < 0.05.
VEGF Plays an Important Role in HIF1α Mediated Aggressive Phenotype of 5-Fu Resistant HCT15 Cells
Next, we investigate the roles of HIF1α and VEGF in regulating of CRC progression. As shown in Figures 5A,B, inhibition of HIF1α up-regulated E-cadherin expression, while down-regulated Vimentin and Glut1 expression in HCT15/5-Fu cells. Moreover, suppression of HIF1α enhanced the sensibility of drug resistant cells to 5-Fu and weakened its migration ability (Figures 5C,D). However, overexpression of VEGF partly eliminated the effect of HIF1α on E-cadherin, Vimentin, Glut1 expression and the malignant phenotype in HCT15/5-Fu cells (Figures 5A–D). These observations demonstrated that HIF1α/VEGF signal was essential for maintaining the aggressive phenotype of HCT15/5-Fu cells.
[image: Figure 5]FIGURE 5 | VEGF mediates HIF1α-maintained the aggressive phenotype of 5-Fu resistant CRC cells. (A,B) Expression of HIF1α, E-cadherin, Vimentin, and Glut1 protein and mRNA in HCT15/5-Fu cells transfected with si-NC, si-HIF1α+vector or si-HIF1α+VEGF for 48 h were detected byWB and RT-PCR, respectively. (C) HCT15/5-Fu cells transfected with si-NC, si-HIF1α+control vector or si-HIF1α+VEGF overexpression plasmid for 24 h were treated with increasing concentrations of 5-Fu for 48 h. CCK8 assay was used to quantify the viable cells. (D) HCT15/5-Fu cells were transfected with si-NC, si-HIF1α+vector or si-HIF1α+VEGF for 48 h, the migration capability was detected by transwell assay. Data represented as mean ± SD were from three independent experiments. *: p < 0.05.
AKT/GSK3β Signal Maintains the Aggressive Phenotype of 5-Fu Resistant HCT15 Cells
The AKT, p65, and p38-MAPK signals were measured for their crucial role in regulating EMT and drug resistance (Liang et al., 2019; Sale et al., 2019; Liang et al., 2020). The results of WB displayed that AKT signal was activated in HCT15/5-Fu cells, while the other signals have no obvious change (Figure 6A). The activity of GSK3β, an important kinase regulated by AKT signal, was also detected for its role in controlling HIF1α expression. As shown in Figure 5A, pGSK3β was increased in HCT15/5-Fu cells. LY294002, a PI3K/AKT signal inhibitor was used to prove the role of AKT/GSK3β pathway in HCT15/5-Fu cells. The results showed that LY294002 treatment significantly decreased pAKT, pGSK3β and HIF1α expression (Figure 6B). Furthermore, suppression of AKT/GSK3β reduced migration capability (Figure 6C) and enhanced 5-Fu sensitivity of HCT15/5-Fu cells (Figure 6D). Taken together, these results demonstrated that activated AKT/GSK3β signal contributed to the aggressive phenotype of HCT15/5-Fu cells.
[image: Figure 6]FIGURE 6 | AKT/GSK3β signal is crucial for the aggressive phenotype of 5-Fu resistant CRC cells. (A) The expression of p-AKT, AKT, p-GSK3β, GSK3β, p-p65, p65, p-p38-MAPK and p38-MAPK in HCT15 and HCT15/5-Fu cells were detected by WB. (B) HCT15/5-Fu cells were treated with LY294002 (20 μM) for 24 h, the expression of p-AKT, AKT, p-GSK3β, GSK3β and HIF1α were examined by WB. (C) HCT15/5-Fu cells were treated with LY294002 (20 μM) or DMSO for 24 h, then treated with increasing concentrations of 5-Fu for 48 h. CCK8 assay was used to quantify the viable cells. (D) Transwell assay was performed to examine the migration of HCT15/5-Fu cells treated with LY294002 (20 μM) or DMSO for 24 h. Data represented as mean ± SD were from three independent experiments. *: p < 0.05, #: p < 0.01.
VEGF Feedback Regulates HIF1α Expression Through AKT/GSK3β Signal
As an important inflammatory factor, VEGF can control tumor progression (Matsumoto and Ema, 2014). We wondered whether VEGF can feedback regulate HIF1α expression. VEGF was added in HCT15 and HCT116 cells, AKT/GSK3β signal and HIF1α expression were detected. The results showed that VEGF treatment significantly activated AKT/GSK3β signal and promoted HIF1α expression (Figures 7A,B). Moreover, VEGF treatment promoted phosphorylation of VEGFR2 which is a popular VEGF receptor expressed on many malignant cells and mediates the autocrine effect (Figures 7A,B). These results proved that VEGF could activate VEGFR and feedback regulate HIF1α expression via activating AKT/GSK3β signal.
[image: Figure 7]FIGURE 7 | VEGF feedback regulates HIF1α expression in CRC cells. (A,B) The expression of p-AKT, AKT, p-GSK3β, GSK3β, p-VEGFR2, VEGFR2 and HIF1α in HCT15 and HCT116 cells treated with PBS or VEGF (10 ng/ml) for 24 h were detected by WB. *: p < 0.05, #: p < 0.01.
HIF1α/VEGF are High Expressed in CRC Tissues and Predict Poor Prognosis
To validate the correlation of HIF1α, VEGF with prognosis of CRC patients, HIF1α and VEGF expressions in 60 pairs of CRC patient tissues were detected. As illustrated by IHC, tumor tissues displayed an increase expression of HIF1α and VEGF compared to the adjacent normal tissues (Figures 8A,B). Besides, CRC patients with increased HIF1α and VEGF expression exhibited reduced overall survival (Figure 8C). In conclusion, HIF1α and VEGF were high expressed in CRC patient tissues and predicted poor prognosis.
[image: Figure 8]FIGURE 8 | HIF1α and VEGF are high expressed in CRC patient tissues and predict poor prognosis. (A,B) Left, Representative IHC staining of HIF1α in CRC tumor sample and normal tissue sample. Right, Scores for HIF1α and VEGF staining in 60 pairs tumor tissue and adjacent normal tissue samples from CRC patients. (C) Univariate survival analysis of overall survival in CRC patients as determined by Kaplan-Meier plots estimates based on HIF1α and VEGF protein expression.
DISCUSSION
In recent years, the treatment of CRC advances by leaps and bounds. Surgical resection is the main way to treat CRC in clinic. However, the diagnosis of CRC is often delayed due to unclear and ambiguous symptoms, leading to rending the tumors non-resectable. Moreover, Patients with recurrent CRC after complete resection usually require palliative care. However, most patients have little or no benefit from adjuvant therapy, largely due to the development of drug resistance (Wei et al., 2019). Therefore, effective strategies are needed to address this problem. By screening the expression of drug resistant molecules, we identified the up-regulation of Glut1 in drug resistant cells. As was known, high rates of glucose metabolism provide ATP energy for cancer cells and plays an important role in drug resistant (Blondy et al., 2020). Glut1 controls the first step of glucose metabolism. High expression of Glut1 can protect cancer cells from oxidative stress induced by glucose deficiency and enhance anti-apoptotic activity (Gonzalez-Menendez et al., 2018). Since Glut1 is the key molecular involved in these pathways, its role in mediating resistance was investigated in this study. After the knockdown of Glut1, the sensitivity of 5-Fu resistant CRC cells was enhanced. These results indicated that up-regulation of Glut1 expression is responsible for maintaining the drug resistant phenotype.
Drug resistance is often accompanied with metastasis, which further neutralizes the therapeutic effect (Chakraborty et al., 2019; Siveen et al., 2019). Emerging studies have confirmed that drug resistant cells readily acquire EMT phenotype (Wei et al., 2020). Similarly, we found that drug resistant CRC cells displayed EMT features and enhanced HIF1α expression, which facilitating EMT conversion in various cancer cells. HIF1α affects the transcription of numerous genes, and directly stimulates the production of EMT transcription factors and affects the activity of EMT signaling pathways (Hapke and Haake, 2020). Inversely, knockdown of HIF1α inhibited migration capacity and promoted MET conversion. A set of transcription factors, including Snail, Slug, ZEB1, Twist, play a crucial role in regulation of EMT and drug resistance (Hsu et al., 2010; Xiao et al., 2018; Sale et al., 2019; Yochum et al., 2019), no obviously up-regulation of them was detected in resistant CRC cells. Besides EMT, HIF1α induces the drug resistance in numerous cancer cells. HIF1α promoted drug resistance in human medulloblastoma by inhibition of CYP2B6, CYP3A4 and CYP3A5 expression, which in turn resulted in decreased conversion of CPA and IFA into their active forms and thus to diminished cytotoxicity (Valencia-Cervantes et al., 2019). In CRC cells, suppression of HIF1α reversed multi-drug resistance by down-regulating the expression of MDR1. Consistent to these findings, our date showed that knockdown of HIF1α enhanced drug sensitivity of 5-Fu resistant CRC cells and reduced Glut1 expression, the downstream of hypoxia and HIF1α.
Proinflammatory factors in the inflammatory microenvironment plays an important role in tumor metastasis and chemoresistance. Our study provides evidence that the inhibitory effect of HIF1α knockdown on aggressive phenotype could be partially regained by VEGF overexpression. VEGF, secreted primarily by macrophages, is one of the major inducers of angiogenesis and is tightly correlated with tumor progression and metastasis. A previous study demonstrated that HIF1α stabilized by Lysine-specific demethylase 1 cooperates with CBP and MTA1 to enhance VEGF induced tumor angiogenesis (Lee et al., 2017). Similarly, we also found that suppression of HIF1α significantly decreases VEGF expression. Moreover, we observed that VEGF mediated HIF1α-induced aggressive phenotype of 5-Fu resistant CRC cells. High levels of HIF1α and VEGF were correlated with shorter survival in CRC patients. Thus, our results indicated that HIF1α is a positive regulator of VEGF and that dysregulated HIF1α/VEGF signaling contributes to metastasis and 5-Fu resistance of CRC.
In our attempt to investigate the signaling pathways which mediated EMT and drug resistance, we discovered the AKT signal was activated in 5-Fu resistant CRC cells. Although NF-κB, and p38-MAPK pathways play important roles in regulating EMT and drug resistance, no significant changes of them were observed in this study. A previous study proved that AKT maintained EMT phenotype in the gefitinib resistant head and neck squamous cell carcinoma cells by regulating of Snail expression (Maseki et al., 2012). Recently, a study revealed that the AKT signal-mediated Slug expression led to oxaliplatin resistance in CRC via up-regulation of ERCC1 (Wei et al., 2020). Consistently, we found that suppression of AKT pathway significantly inhibited HIF1α expression and reduced drug resistance. The expression and location of HIF1α can be regulated by GSK3β (Cheng et al., 2014), an important kinase downstream of AKT. Our results showed that GSK3β activity was dramatically decreased in 5-Fu resistant CRC cells and inhibition of AKT pathway enhanced GSK3β activity thus decreased HIF1α expression. A recent study showed that VEGF-mediated transcriptional induction of HIF1α enhanced chemoresistance and reduced cell apoptosis (Jiang et al., 2021). Here, we revealed that VEGF could feedback regulate HIF1α expression through activating AKT/GSK3β signaling.
In summary, our findings suggest that inflammatory microenvironment induced by hypoxia mediated metastasis and 5-Fu resistance. Mechanistically, HIF1α/VEGF feedback loop maintains metastasis and resistant phenotype by regulating EMT and Glut1. AKT/GSK3β signaling is involved in controlling HIF1α/VEGF feedback loop regulation (Figure 9). Our study highlights the potential of targeting HIF1α/VEGF as a novel therapeutic strategy.
[image: Figure 9]FIGURE 9 | The graphic illustration of HIF1α/VEGF feedback loop contributes to 5-Fu resistance and metastasis in CRC.
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Continuous Activation of Dopamine Receptors Alleviates LPS-Induced Liver Injury in Mice via β-arrestin2 Dependent Akt/NF-κB Pathway
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Many studies showed that dopamine receptors (DRs) agonists have anti-inflammatory effects. Rotigotine, a non-ergot dopamine receptor agonist, mainly actives DRD2/DRD3/DRD1. Rotigotine extended-release microspheres (RoMS) are a sustained-release formulation that can release sustainably rotigotine for more than 7 days after a single dose of RoMS. This study aimed to investigate whether RoMS can attenuate the lipopolysaccharide (LPS)-induced liver injury of mice. The liver injury was evaluated by assaying serum transaminase and observing histopathological changes. The levels of pro-inflammatory cytokines in serum were also detected. Western blot was employed to assay the expression of proteins in the Akt/NF-κB pathway. The results showed that pre-administration with a single dose of RoMS could inhibit the increase of serum transaminase induced by LPS, alleviate the pathological damage of liver tissue, and decrease the levels of tumor necrosis factor-α and interleukin-6. In addition, RoMS decreased Toll-like receptor 4 protein expression in liver tissue. RoMS mitigated liver injury by activating DRs and negatively regulating the β-arrestin2-dependent Akt/NF-κB signaling pathway. The effects of RoMS could be weakened or abolished by the specific DRD2 antagonist, R121. In conclusion, activation of DRs inhibited the releases of pro-inflammatory cytokines and alleviated the immune-mediated liver injury induced by LPS in mice. The anti-inflammatory mechanism of RoMS may be related to the regulation of the β-arrestin2-dependent Akt/NF-κB signaling pathway.
Keywords: rotigotine, extended-release microsphere, dopamine receptors agonist, inflammation, lipopolysaccharide, liver injury
INTRODUCTION
The liver is an important organ mediating metabolism and immunity. It plays an important role in the phagocytosis of bacteria and pathogens (Jeschke et al., 2007; Jeschke, 2009). Liver injury is a public health problem in the world. Because of its anatomical relationship to the intestinal tract and blood circulation, this allows harmful chemicals, potential pathogens and drug metabolites to enter the liver and induce liver injury (Corazza et al., 2009). Among them, liver injury induced by chemicals, alcohol or drugs is mainly characterized by massive hepatocyte necrosis and structural disorders of liver lobules. The immune system of the liver can produce a rapid immune response to foreign pathogens. When the immune response is excessive, liver immune cells will continue to produce harmful substances such as inflammatory factors, inducing immune-related liver injury.
Lipopolysaccharide (LPS) is a major component of the cell wall of Gram-negative bacteria, inducing inflammatory responses and oxidative stress. LPS-induced liver injury in mice has become a classical model for molecular pharmacology studies and can be used to mimic the process of acute inflammatory response in vivo (Tanaka et al., 2015; Koc et al., 2020). Exposure to excess LPS can lead to impaired liver function and hepatocyte degeneration by triggering an inflammatory response. Toll-like receptor 4 (TLR4) is an innate immune sensor for bacterial infection and tissue damage (Chen S. N. et al., 2021). LPS enters the liver through blood circulation and binds to TLR4 on the surface of hepatic macrophages, which in turn can activate the nuclear factor-κB (NF-κB) pathway (Martinon et al., 2009; Wu et al., 2020). This process promotes the production of inflammatory cytokines, chemokines, and inducible nitric oxide synthase, inducing hepatocyte necrosis or apoptosis and accelerating liver injury (Zi et al., 2019). The activated signaling pathways results in an excessive production of inflammatory mediators and the formation of inflammatory factor storms that exacerbates the immune response to LPS-induced liver injury. The difference between LPS-induced immune-mediated liver injury and chemical-induced liver injury is that LPS can disrupt the body’s immune system, inducing an excessive inflammatory response and causing a systemic inflammatory response that can mimic the inflammatory response of sepsis.
Dopamine (DA), a key catecholamine neurotransmitter in the central nervous system, is mainly involved in regulating physiological functions such as movement, mood and cognition (Berke, 2018). Many studies showed a regulatory relationship between DA and the immune system (Pinoli et al., 2017; Xia et al., 2019; Li et al., 2022). It has been shown that almost all immune cells express different dopamine receptors (DRs) on their surface and can synthesize DA on their own to exert immunomodulatory effects in an autocrine or paracrine manner (Xue et al., 2018; Arce-Sillas et al., 2019). DA is involved in regulating innate and adaptive immune responses in vivo and in vitro, inhibiting the production of pro-inflammatory cytokines, and playing an anti-inflammatory role (Sarkar et al., 2010; Kawano et al., 2018; Vidal and Pacheco, 2020). Meanwhile, some DRs agonists can be used in treating immune-related diseases, such as multiple sclerosis (Melnikov et al., 2021), rheumatoid arthritis (Silvia, 2019), inflammatory bowel disease (Kurnik-Łucka et al., 2021), and Parkinson’s disease, and so on (Zhang et al., 2015). Rotigotine is a non-ergot dopamine receptor agonist that mainly acts on DRD2/DRD3/DRD1. Rotigotine extended-release microspheres (RoMS) is a sustained -release formulation that can release continuously rotigotine for more than 7 days in animals after a single dose of RoMS (Lv et al., 2019; Li et al., 2022). We have previously demonstrated that RoMS alleviated inflammatory pain and alleviated LPS/D-galactosamine-induced acute liver injury in animals (Li T. et al., 2021; Yue et al., 2021). DA and DRs agonists have shown better efficacy in inflammation-related diseases. However, the role and mechanism of continuous DRs activation on LPS-induced liver injury are not clear. Therefore, this study aimed to investigate the effects and potential mechanisms associated with continuous DRs activation on immune-mediated liver injury.
MATERIALS AND METHODS
Animals
Male C57BL/6 mice weighing 22–25 g were purchased from Jinan Pengyue Experimental Animal Breeding Co., Ltd. License number: SCXK (Lu) 20190007. All animal experiments were performed to comply with the National Institutes of Health Guidelines for the Use of Laboratory Animals (Publication 86–23, revised in 1986). The animal study was reviewed and approved by the Ethics Committee of Yantai University (Approval number, YTDX 20180124). All animal studies comply with ARRIVE guidelines.
Drugs and Chemical Reagents
RoMS (Batch number: 20180902) were provided by Shandong Luye Pharmaceutical Co., Ltd. (Shandong, China). LPS (from Escherichia coli 011: B4, Catalog No: L2640) was purchased from Sigma Aldrich (St. Louis, MO, United States). Dexamethasone (DXM) (CAS No.: 50-02-2) was purchased from Sigma Aldrich (St. Louis, MO, United States). R121 (CAS No.:98,185-20-7), a specific DRD2 antagonist, was purchased from Sigma Aldrich (St. Louis, MO, United States). The ELISA kits of TNF-α and IL-6 were provided by Suolaibao, Inc. (Beijing, China). The biochemical kits of AST and ALT were purchased from Nanjing Jiancheng Co., Ltd. (Jiangsu, China). The primary antibodies used in this study are as follows: anti-TLR4 and anti-IL-6 (Santa Cruz Biotechnology, Dallas, TX, United States), anti-dopamine D2 receptor (Abcam, Cambridge, MA, United States), Anti-β-arrestin2, anti-p-Akt, anti-Akt, anti-p-IκBα, anti-IκBα, anti-p-NF-κBp65, anti-NF-κBp65 (Cell Signaling Technology, Danvers, MA, United States), anti-GAPDH (Proteintech Group, Inc., Wuhan, China). BCA protein assay kit and chemiluminescence plus reagents were purchased from Beyotime Biotechnology (Shanghai, China).
Experimental Protocol
A mouse model of liver injury was induced by intraperitoneal injection of LPS (10 mg/kg) as mentioned by the previous study (Chen P. et al., 2021). In this experiment, we chose DXM as a positive reference drug (Jiang et al., 2011; Trivedi et al., 2020). The experimental animals were randomly divided into eight groups (n = 8). The detailed experimental procedures are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of the experimental timeline.
1) Control group, intramuscular (i.m.) injection of sodium carboxymethylcellulose (CMC-Na, solvents for RoMS) and intraperitoneal (i.p.) injection of saline; 2) Model group, i. m. injection of CMC-Na and i. p. injection of LPS; 3) DXM group, i. m. injection of CMC-Na and i. p. injection of DXM (5 mg/kg) at 0.5 h before LPS injection; 4) RoMS group, i. m. injection of RoMS 5 mg/kg at 2.5 and 6.5 days before injection of LPS; 5) RoMS group, i. m. injection of RoMS 10 mg/kg at 2.5 and 6.5 days before injection of LPS; 6) RoMS group, i. m. injection of RoMS 20 mg/kg at 2.5 and 6.5 days before injection of LPS; 7) R121 group, i. m. injection of CMC-Na and i. p. injection of R121 (1 mg/kg) at 0.5 h before LPS injection; 8) R121 + RoMS group, i. p. injection of R121 (1 mg/kg) at 0.5 h before RoMS 5 mg/kg injection, twice daily, and i. p. injection of LPS at 2.5 and 6.5 days.
At 12 h after LPS injection, the mice were anesthetized with isoflurane and euthanatized. Blood samples were collected and serum was isolated. The serum was stored at −80°C until analysis. A part of liver tissue was fixed in 4% paraformaldehyde solution. The liver was subsequently stained with hematoxylin and eosin (H&E) staining to evaluate the pathological changes. Another portion was stored at −80°C for western blot assays.
Histological Examination
The right liver lobe of mice was fixed with 4% paraformaldehyde, embedded in paraffin, and then sectioned. H&E staining was performed. The histological changes of the liver were evaluated by an experimenter who was blinded to the groups under a light microscope.
Biochemical Assay
The levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in serum were measured by using the commercial kits (C009-2, Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Pro-Inflammatory Cytokines Assay
The levels of TNF-α (Lot. 20210415) and IL-6 (Lot. 20210914) in serum were determined by ELISA kits. The sensitivity of the TNF-α kit and IL-6 kit was 18.75 pg/ml. The intra- and inter-assay coefficients of variation were less than 10%.
Western Blot
The technique of western blotting followed the procedures of the previous study (Yan et al., 2015). The tissue of the liver was placed in a pre-cooled glass grinder. The proteins were extracted with lysis buffer containing PMSF and phosphatase inhibitors. The concentration of protein of each sample was determined by the BCA kit (Beyotime, Shanghai). Proteins were then separated by 10% SDS-PAGE and transferred to a PVDF (0.22 µm) membrane. The membranes were blocked for 4 h in 5% fat-free milk at room temperature. Subsequently, the membranes were washed with TBST buffer three times and incubated overnight at 4°C with specific primary antibodies: anti-TLR4 (1:1,000), anti-DRD2 (1:1,500), anti- β-arrestin2 (1:1,000), anti-p-Akt (1:1,000), anti-Akt (1:1,000), anti-p-IκBα (1:1,000), anti-IκBα (1:1,000), anti-p-NF-κBp65, anti-NF-κBp65 (1:1,000), and anti-GAPDH (1:20,000). Washed with Tris-HCl buffered saline Tween solution, the membranes were probed with HRP-labeled secondary antibody. Bands of proteins were visualized with an ECL plus reagents and gel imager (General Electric Company, United States). The relative protein concentration is analyzed by ImageJ software.
Statistical Analysis
All data are expressed as the mean ± standard deviation (SD). SPSS 26.0 was used to analyze the data in this study. Tukey’s post-hoc test was performed after one-way analysis of variance. The value of p < 0.05 was considered to be significant.
RESULTS
Effect of RoMS on the Activities of AST and ALT in Mice
To evaluate the effect of RoMS on immune-mediated liver injury, the activities of AST and ALT in serum were measured at 3 and 7 days after RoMS pre-administration. In the model group, the activities of AST (Figures 2A,C) and ALT (Figures 2B,D) levels were elevated after LPS injection. Compared with the model group, the activities of AST and ALT were decreased after DXM treatment. The activities of AST and ALT were also reduced at 3 and 7 days after RoMS pre-administration in a dose-dependent manner. R121, a DRD2-specific antagonist, had no significant effect on the activities of AST and ALT. R121 abrogated partially the effects of RoMS on the activities of AST and ALT. These results suggest that RoMS can attenuate immune-mediated liver injury.
[image: Figure 2]FIGURE 2 | Effects of RoMS on serum aminotransferases activities. At 3 days after RoMS pre-administration (A,B). At 7 days after RoMS pre-administration (C,D). The data are expressed as the mean ± SD (n = 8 in each group). ##p < 0.01 versus the control group, *p < 0.05 or **p < 0.01 versus the model group, &p < 0.05 or &&p < 0.01 versus RoMS 5 mg/kg group.
Effect of RoMS on Liver Histopathological Changes in Mice
Histopathological examination showed no abnormalities in the liver tissue of control mice. The liver of the mice in the model group showed abnormal structure, such as extensive hemorrhage, massive hepatocellular edema, and inflammatory cell infiltration. Compared with the model group, these abnormalities of the liver were significantly improved at 3 (Figure 3) and 7 days (Figure 4) after RoMS pre-administration, such as a slight hemorrhage, a decreased inflammatory cell infiltration, and partial hepatocellular edema in the portal area and around the central vein. No improvement of liver injury in the mice of the R121 group was observed. Compared with the RoMS 5 mg/kg group, the liver tissue damage in the mice of RoMS plus R121 group was aggravated.
[image: Figure 3]FIGURE 3 | Effect of RoMS (at 3 days after pre-administration) on liver injury in mice. Liver tissues were stained with H&E, ×400 magnification.
[image: Figure 4]FIGURE 4 | Effect of RoMS (at 7 days after pre-administration) on liver injury in mice. Liver tissues were stained with H&E, ×400 magnification.
Effect of RoMS on the Levels of TNF-α and IL-6 in Mice
To investigate the potential anti-inflammatory effects of RoMS, the levels of TNF-α and IL-6 in serum were monitored. Compared with the control group, the levels of TNF-α and IL-6 in the model group increased sharply after LPS exposure. Compared with the model group, the levels of TNF-α and IL-6 were significantly decreased in the DXM group. At 3 (Figures 5A,C) and 7 days (Figures 5B,D) after RoMS pre-administration, the levels of TNF-α and IL-6 were also reduced. The RoMS-mediated decrease of the levels of TNF-α and IL-6 were abrogated by R121 administration. These results suggest that RoMS can continuously activate DRs, inhibiting the secretion of the pro-inflammatory cytokines, and therefore attenuating the LPS-induced inflammatory response.
[image: Figure 5]FIGURE 5 | Effect of RoMS on the levels of TNF-α and IL-6 in septic mice. At 3 days after RoMS pre-administration (A,C). At 7 days after RoMS pre-administration (B,D). The Data are expressed as the mean ± SD (n = 8 in each group). ##p < 0.01 versus the control group, *p < 0.05 or **p < 0.01 versus the model group, &p < 0.05 or &&p < 0.01 versus RoMS 5 mg/kg group.
Effect of RoMS on the Akt/NF-κB Pathway in the Liver of Mice
Next, we investigated the expression of proteins of the Akt/NF-κB pathway in the liver tissue of mice. The results showed that the expression of TLR4 (Figures 6A,B) and IL-6 (Figures 6C,D) were elevated after LPS injection, which is consistent with previous findings (Chen S. N. et al., 2021). Pre-administration with RoMS reduced the expression of TLR4 and IL-6 in liver tissue. While R121 administration blocked the effect of RoMS on the expression of TLR4 and IL-6. Compared with the control group, the levels of phosphorylation of Akt (Figures 6I,J), IκBα (Figures 6K,L), and p-P65 (Figures 6M,N) were increased in the liver tissues after LPS exposure. However, the levels of phosphorylation of Akt, IκBα, and p-P65 were decreased by RoMS pre-administration. Consistent with the previous results, R121 abolished partially the RoMS-mediated effects on the expression of the proteins of the Akt/NF-κB pathway. In line with previous studies (Du et al., 2018), the LPS-induced liver injury reduced the expression of DRD2 (Figures 6E,F) and β-arrestin2 (Figures 6G,H). However, RoMS increased the expression of DRD2 and β-arrestin2. R121 abolished the effect of RoMS on the expression of DRD2 and β-arrestin2 in the mice. These results suggested that β-arrestin2 combining G protein-coupled receptors plays a role in the RoMS-regulated Akt/NF-κB pathways.
[image: Figure 6]FIGURE 6 | Effects of RoMS on the Akt/NF-κB pathway related proteins in the liver of mice. At 3 d and 7 days after RoMS pre-administration, the levels of TLR4 (A,B), IL-6 (C,D), DRD2 (E,F), β-arrestin 2 (G,H), p-Akt/Akt (I,J), p-IκBα/IκBα (K,L), p-P65/p65 (M,N). The data are expressed as the mean ± SD (n = 3 in each group). #p < 0.05 or ##p < 0.01 versus control group, *p < 0.05 or **p < 0.01 versus model group, &p < 0.05 or &&p < 0.01 versus RoMS 5 mg/kg group.
DISCUSSION
LPS-induced liver injury is involved in the development of several liver diseases. And Kupffer cells play an important role in the processes of LPS-induced liver injury. LPS is a typical immune activator. It is also a well-studied pathogen-associated agent that induces systemic inflammatory response syndrome. LPS can lead to multiple organ dysfunction and is life-threatening if left unchecked. This study is carried out by a mouse model of LPS-induced inflammatory liver injury.
LPS binds to TLR4 on the surface of Kupffer cells, further activating the Akt/NF-κB signaling pathway. NF-κB, a nuclear transcription factor with a broad regulatory role, plays an important role in regulating the intrinsic host immune response. When the stimulatory signal from LPS is delivered to the IKK kinase, the NF-κB inhibitory protein IκB-α in the cell plasma is phosphorylated and ubiquitinated and then degraded via the proteasome pathway. NF-κB rapidly enters the nucleus to initiate and regulate the transcription of genes related to the immune response, inflammatory response (Feng et al., 2022). Pro-inflammatory cytokines play a key role in the acute phase of inflammation response and are key mediators in the process of liver inflammatory injury (Li Q. et al., 2021). LPS can cause a series of liver pathological changes, such as severe hemorrhagic necrosis, massive inflammatory cell infiltration, and structural destruction of liver lobules. AST and ALT are the most sensitive indicators of liver injury. In the present study, we found that the levels of AST and ALT were elevated in the serum of mice at 12 h after LPS injection. H&E staining showed that the liver tissue of mice in the model group showed large hepatocellular edema, necrosis and inflammatory cell infiltration.
In addition, the levels of pro-inflammatory cytokines TNF-α and IL-6 were significantly increased in the serum of mice after LPS injection. This suggests that LPS can cause inflammatory liver injury in mice. Our results indicated that pro-inflammatory cytokines levels could be significantly suppressed during 3 and 7 days of pre-administration of RoMS. However, this protective effect of RoMS could be partially abolished when the DRD2-specific blocker R121 was administered. Taken together, these results show that RoMS could attenuate the LPS-induced inflammatory response in mice by activating DRs.
The previous study in our lab showed that rotigotine and RoMS had a protective effect on the LPS/D-galactosamine-induced acute liver failure, which is consistent with the main manifestations of clinical acute liver failure (Nakama et al., 2001; Yue et al., 2021). There are differences between LPS-induced liver injury and LPS/D-galactosamine-induced liver injury. D-galactosamine is a hepatocyte-specific chemical toxicant. D-galactosamine can irreversibly bind to uracil triphosphate nucleoside (UTP) and cause UTP depletion. As a result, it inhibits of UTP-dependent synthesis of nucleic acids, glycoproteins and other substances and then leads to organelle and cell membrane damage, and extensive apoptosis or necrosis of hepatocytes. Therefore, the LPS/D-galactosamine-induced acute liver failure model is commonly used for drug screening (Xia et al., 2014).
There is increasing evidence that DA acts as an immunomodulatory molecule when DA binds to DRs on peripheral immune cells (Matt and Gaskill, 2020). Previous studies have demonstrated that DA can activate DRD1 of macrophages and exert anti-inflammatory effects by inhibiting NLRP3 (Liu and Ding, 2019). RoMS is a long-acting extended-release preparation of rotigotine that allows for a sustained release of rotigotine for more than 7 days (Wang et al., 2012). RoMS mainly activates DRD1/DRD2/DRD3 (Wood et al., 2015). Continuous DRs activation was achieved by pre-administration of RoMS at 3 and 7 days. Hence, we investigated the effect of continuous DRs activation on acute inflammatory responses in vivo. The results revealed that RoMS could reduce the transaminase levels, inhibit the production of TNF-α and IL-6, and alleviate hepatic histopathological damage in mice at 3 or 7 days after a single administration of RoMS. The results mentioned above are consistent with our previous study showed that the blood concentration of rotigotine was below the detection limit at 14 days after a single treatment with RoMS (Lv et al., 2019). These results suggest that the continuous DRs activation produced by RoMS pre-administration can exert a sustained anti-inflammatory effect.
A previous study found that the DRD5-ARRB2-PP2A signaling pathway could block the TRAF6-mediated NF-κB pathway, thereby attenuating the systemic inflammatory response and reducing the mortality of septic mice (Wu et al., 2020). In addition, Han and colleagues demonstrated that DRD2 activation inhibits the inflammatory response in acute pancreatitis through the PP2A-dependent Akt/NF-κB pathway (Han et al., 2017; Ye et al., 2020). These results suggest that the NF-κB signaling pathway plays a vital role in the inflammatory response. The translocation of p-P65 into the nucleus can promote the release of pro-inflammatory cytokines as well as other mediators, which then induce a strong inflammatory response (Park et al., 2015). The acute inflammatory response promotes the recruitment and over-activation of immune cells, synthesizing and secreting more inflammatory factors, inducing a cascade amplification of inflammation, and triggering an “inflammatory storm”. The inflammatory storm leads to a dysregulation of the body’s immune system and even to a septic shock and a multi-organ failure. LPS binding to TLR4 promotes the increase of phosphorylation of Akt, I-κBα, and p65, which promotes the release of high levels of inflammatory cytokines. In the present study, a mouse model of immune-mediated liver injury was induced by intraperitoneal injection of LPS. Pre-administration of RoMS inhibited the expression of TLR4, suppressed the phosphorylation levels of Akt, I-κBα, and p-P65, and therefore decreased the levels of inflammatory factors. Furthermore, we found that the expression of DRD2 and β-arrestin2 of hepatic immune cells was reduced after LPS injection. Activation of DRs alleviated the immune-mediated liver injury by regulating the Akt/NF-κB pathway through binding to β-arrestin2. In line with our hypothesis, the anti-inflammatory effects of RoMS were blocked partially by the DRD2-specific blocker R121. Taken together, the results of this study provide preliminary evidence for the anti-inflammatory effect of DRs in immune-mediated liver injury. Overall, the continuous activation of DRs promoted the expression of β-arrestin2, which inhibited the NF-κB signaling pathway and decreased the production of inflammatory mediators (Figure 7). Compared to previous studies, the novelty of this study is that the continuous activation of DRs achieved by RoMS can effectively attenuate the immune-mediated liver injury, which is different from the acute liver failure induced by LPS/D-galactosamine.
[image: Figure 7]FIGURE 7 | Mechanism of RoMS in immune-mediated liver injury. LPS binds to TLR4 on the surface of hepatic Kupffer cells and promotes the phosphorylation levels of Akt, IκBα and NF-κBp65, which drives NF-κBp65 into the nucleus to regulate the transcription of target genes. This can induce excessive inflammatory responses and secretion of multiple pro-inflammatory cytokines. The results show that RoMS can activate DRs on the surface of hepatic Kupffer cells and negatively regulate the Akt/NF-κB pathway through a β-arrestin2-dependent mechanism, thereby attenuating LPS-induced inflammatory liver injury. RoMS: Rotigotine extended-release microspheres; LPS: Lipopolysaccharide; TLR4: Toll-like receptor 4; MD2: myeloid differentiation 2; TRIF: TIR domain-containing adapter inducing interferon-β; LBP: LPS binding protein; IκB: Inhibitor of kappa B; NF-κBp65: Nuclear factor-kappa B; GDP: Guanosine diphosphate; β-arrestin2: β-inhibitor protein 2; Akt: Protein kinase B; MyD88: Myeloiddifferentiationfactor88.
There is a limitation in the present study. Due to the properties of RoMS on the DRs, we cannot completely exclude the effects of RoMS on the other subtypes of DRs.
CONCLUSION
The present study showed that RoMS can provide a protective effect in the LPS-induced liver injury via the activation of DRs. Activation of DRs alleviates the inflammatory liver injury by regulating the Akt/NF-κB pathway through binding to β-arrestin2. This finding suggests that DRs may be a target to exert anti-inflammatory effects. However, further in vitro and in vivo studies are needed before DRs agonists are used clinically for the treatment of inflammatory diseases.
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The cleavage stimulation factor subunit complex is involved in the cleavage and polyadenylation of 3′-end pre-mRNAs that regulate mRNA formation and processing. However, cleavage stimulation factor subunit 2 (CSTF2) was found to play a more critical regulatory role across cancers. General cancer data sets from The Cancer Genome Atlas and Genotype-Tissue Expression project were thus downloaded for differential analysis, and the possible functions and mechanisms of CSTF2 in general cancer were analyzed using the Compartments database, cBioPortal database, Tumor Immune Single-cell Hub database, and Comparative Toxigenomics database using gene set enrichment analysis and R software. The results showed that CSTF2 could affect DNA repair and methylation in tumor cells. In addition, CSTF2 was associated with multiple tumor immune infiltrates in a wide range of cancers, and its high expression was associated with multiple immune checkpoints; therefore, it could serve as a potential target for many drug molecules. We also proved that CSTF2 promotes oral cell proliferation and migration. The high diagnostic efficacy of CSTF2 suggested that this gene may act as a new biomarker and personalized therapeutic target for a variety of tumors.
Keywords: cleavage stimulation factor subunit 2, pan-cancer, biomarker, drug targets, bioinformatics
1 INTRODUCTION
The cleavage stimulation factor subunit 2 (CSTF2), also known as CSTF-64, is one of three subunits of the CSTF complex, the other two being CSTF-50 (gene symbol CSTF1) and CSTF-77 (gene symbol CSTF3) (Grozdanov et al., 2018a). CSTF2 is one of the first proteins identified in the 3′-terminal processing complex of pre-mRNA based on strong and specific UV crosslinking of CSTF2 with RNA containing A functional poly (A) signal (Liu et al., 2007; Tardif et al., 2010; Gruber et al., 2016).
CSTF2 encodes a 557-amino acid protein that contains a conserved RNA recognition motif (RRM) RNA binding domain at its N-terminus, a long proline region rich in glycine, and a pentapeptide repeat region that forms an extended alpha-helix (Steber et al., 2019). In the RRM of CSTF2, there is a U dinucleotide specific binding site and a highly mobilized protein: through its RRM, CSTF2 binds to the U or GU rich sequence downstream of the cleavage site to form a stable complex, affecting the processing of pre-mRNA (Grozdanov et al., 2020). Therefore, CSTF2 is essential for the cleavage of mRNA and polyadenosine (C/P).
Studies have shown that the expression level of CSTF2 is positively correlated with the shortening trend of global mRNA 3′-UTR. The deletion of miRNA complementary sites in some 3′-UTR of oncogenes is one of the mechanisms of oncogene activation. In cancer cells, the 3′-UTR of some oncogenes may be shortened by alternating cleavage and polyadenylation, thereby avoiding miRNA silencing and oncogene activation in cancer cells (Liu et al., 2007; Youngblood et al., 2014; Barra et al., 2020). CSTF2 may play an important role in the activation of some oncogenes by altering the 3′-UTR length of oncogenes in cancer cells.
Recent studies have shown that CSTF2 is also important as a regulator of alternate polyadenylate (APA). CSTF2 is often trans-activated in most primary lung cancers and is often overexpressed in clinical lung cancer specimens and cell lines (Kargapolova et al., 2017; Sudheesh et al., 2019). Expression of CSTF2 is associated with shortening of the 3′-UTR of differentially expressed genes in lung cancer. The gene may play an indispensable role in the growth and invasion of lung cancer cells (Aragaki et al., 2011; Delfanti et al., 2021).
However, there are few reports on the regulatory role and function of CSTF2 in pan-cancer. As a key regulatory molecule in the nucleus, the regulatory function of CSTF2 in many cancers is still unknown. Therefore, in our study, the effects of CSTF2 on DNA mismatch repair and methylation in various cancer tumors were analyzed via a pan-cancer analysis, and on immune infiltration in the tumor microenvironment, as well as its value as an immune checkpoint. The diagnostic and prognostic value of CSTF2 in a pan-cancer analysis was also evaluated in hopes to find new diagnostic biomarker and target for the treatment of tumors.
2 MATERIALS AND METHODS
2.1 Gene Expression Analysis
Pan-cancer sequencing data (Illumina platform), including 10,363 tumor samples from The Cancer Genome Atlas (TCGA) database and 5,413 normal samples from the Genotype-Tissue Expression (GTEx) database, as well as data linked to the Human Protein Atlas (www.proteinatlas.org/) database were extracted through their portal websites for analysis (Tomczak et al., 2015). The whole data collection was filtered, removing missing and duplicated results, and transformed by log2 (TPM +1), using the rma function within the R package. The R package ggplot2 was used for visualization results.
We used the Compartments database (http://compartments.jensenlab.org) to predict the subcellular localization of CSTF2, then searched the cBio Cancer Genomics Portal (cBioPortal, http://www.cbioportal.org/) database and analyzed the Pan-Cancer Atlas dataset based on TCGA (Cerami et al., 2012; Gao et al., 2013), which included CSTF2 mutations in 10, 967 samples.
2.2 Functional Enrichment Analysis of Genes
We used the Gene Expression Profiling Interactive Analysis (GEPIA) database (http://gepia.cancer-pku.cn/) (Tang et al., 2017) to analyze similar genes for CSTF2. To analyze the relationships between these genes, we used STRING (Szklarczyk et al., 2019) database (https://string-db.org/), which generated a network image using a spring model, with nodes modeled as masses and edges modeled as springs. We then used Cytoscape software (version 3.7.2) to visualize the results and look for hub genes.
2.3 Immune Cell Infiltration and Enrichment
Tumor Immune Estimation Resource (TIMER, http://timer.cistrome.org) is a database-based web tool for computing the infiltration of immune cells, which provides infiltration scores for six common immune cells, including B cells, CD4+ T cells, CD8+ T cells, macrophages, neutrophils, and dendritic cells (Li et al., 2016; Li et al., 2017). Immune cell infiltration score of pan-cancer data in TCGA database was calculated by using TIMER software and filed online. Here, we downloaded the infiltrating data and used it to detect correlations expressed by CSTF2. We analyzed CSTF2 expression in various immune cells at the single-cell level using Pan-Cancer datasets in The Tumor Immune Single-cell Hub (TISCH, http://tisch.comp-genomics.org/) database (Sun et al., 2020).
2.4 Drug Target Prediction
We analyzed the correlation between CSTF2 and the IC50 of drugs by Genomics of Drug Sensitivity in Cancer database (Yang et al., 2013). For drug, disease, and target prediction, we used the Comparative Toxigenomics database (CTD, https://ctdbase.org) (Davis et al., 2021), which provides manually curated information about chemical–gene/protein interactions, chemical–disease and gene–disease relationships. These data were integrated with functional and pathway data to aid in development of hypotheses about the mechanisms underlying environmentally influenced diseases.
2.5 Gene-Drug Interactions
The drug-gene interaction database (DGIdb) was used to analyze the interaction between genes and drugs (Sharon et al., 2021). Using a combination of expert curation and text-mining, drug-gene interactions have been mined from DrugBank, PharmGKB, Chembl, Drug Target Commons, and TTD, among others.
2.6 Diagnosis and Prognosis Analysis
In this study, the survival data of TCGA-derived pan-cancer patients were statistically analyzed using the R package Proc and Survival, and the analysis results were visualized using the R package ggplot2, and SurvMiner, respectively. RNASeq data in fragments per kilobase per million (FPKM) format were converted into TPM (transcripts per million reads) format and analyzed after grouping according to molecular expression (Liu et al., 2018).
2.7 Cell Culture
The HN6 and HEK 293T cell lines were bought from the American Type Culture Collection and maintained in the suggested media and incubated at 37°C in a humidified atmosphere with 95% air and 5% CO2.
2.8 RNA Interference
For CSTF2 inhibition in HN6 cells, the specific plko.1-shCSTF2 plasmid was transfected into the cells with lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions, while the plko.1 plasmid was used in the control group. The plko.1-shCSTF2 plasmid was obtained from the Division of Life Sciences and Medicine, University of Science and Technology of China. The shCSTF2 sequence was 5′-CCG​GGC​GTC​TGT​TCA​CTT​TAA​GTT​ACT​CGA​GTA​ACT​TAA​AGT​GAA​CAG​ACG​CTT​TTT​TG-3′.
2.9 Quantitative Real-Time PCR Assay
For quantitative real-time PCR (qRT-PCR) analysis, total RNA was extracted using TRIzol (Sigma-Aldrich, United States). cDNA synthesis was performed using a PrimeScript RT kit following the manufacturer’s instructions (Takara, Japan). qRT-PCR was performed as a 20-µL (2 × PCR Master Mix 10 μL, Fwd Primer 1 μL, Rev Primer 1 μL, cDNA 2 μL, nuclease-free water 6 µL) reaction using SYBR premix Ex Taq (Takara, Japan), and the results were analyzed using a Stratagene Mx3000p system (Agilent Technologies, United States). Quantitative PCR was performed under the following conditions: 1) initial denaturation at 94°C for 30°s, 1 cycle; 2) denaturation at 94°C for 30°s, followed by annealing at 58°C for 30°s and extension at 72°C for 30°s, 40 cycles; 3) final extension at 72°C for 7°min, 1 cycle. A relative comparison method was used for qPCR analysis. The β-Actin and CSTF2 primers were 5′-CTG​GAA​CGG​TGA​AGG​TGA​CA-3′ and 5′-AAG​GGA​CTT​CCT​GTA​ACA​ATG​CA-3′ or 5′-TTT​CTC​GGA​GGT​TGG​TTC​TGT​TGT​C-3′ and 5′-ATT​GAG​GTT​CCG​CAT​GGC​ACT​AAG-3′, respectively.
2.10 Cell Proliferation and Migration
The HN6 cells of the control group and the shCSTF2 were inoculated into 12-well plates (1 × 105 cells/well), and the digestive counts of the two groups were performed on days 1, 2, and 3. The proliferation curves were plotted and statistically analyzed. The scratch assay was used to measure cell migration. Photographs of each scratch were taken 24 h after scratching.
2.11 Immunohistochemistry
Tissue samples from nine different patients including five HNSC patients, two COAD patients, one BRCA patient and one LIHC patient, who were diagnosed with cancer and treated at The First Affiliated Hospital of Anhui Medical University in 2021, were included in the analysis. This study was approved by the Hospital Review Board of The First Affiliated Hospital of Anhui Medical University (Reference number: PJ2021-14-24). The samples were incubated with rabbit anti-CSTF2 (1:250; bs-14090P, Bioss, China) at 4°C overnight.
2.12 Statistical Analysis
The Spearman Correlation test was used to assess the correlation between CSTF2 expression and targets of interest, including immune cell infiltration scores (as described in the previous section for six immune cell types), mismatch repair (MMR) genes and methylation transferase genes. The comparison of CSTF2 expression levels between groups, or between tumor and normal tissues, was performed with paired t-tests or the t-test, depending on whether the samples are paired or not. Results are considered statistically significant at a p-value < 0.05.
3 RESULTS
3.1 CSTF2 Was Highly Expressed in Endemic Carcinoma
First, we analyzed gene expression levels in each tissue using the HPA database, and we observed gene expression in 31 tissues (Figure 1A). The average TPM value of all individual samples for each human tissue or human cell type was used to estimate the gene expression level. To be able to combine the datasets into consensus transcript expression levels, a pipeline was set up to normalize the data for all samples. For further analysis, we downloaded the data of each tumor cell line from the CCLE database and analyzed the expression levels of 21 tissues according to tissue sources (Figure 1B). Considering the small number of normal samples in TCGA, we combined data from normal tissues in the GTEx database with data from TCGA tumor tissues to analyze the differences in expression of 33 tumors (Figure 1C), and the results showed that CSTF2 was typically overexpressed in tumors compared to normal tissues in the pan-cancer analyses. The above results indicated that CSTF2 may play a key role in the occurrence and development of tumors. Next, we continued to explore the functional mechanism of CSTF2 and its potential value for clinical applications in the future.
[image: Figure 1]FIGURE 1 | Expression difference of CSTF2 in pan-carcinoma. (A) CSTF2 mRNA expression in 31 tissues. (B) Expression of CSTF2 in 21 normal cell lines. (C) Differences in expression of CSTF2 in various tumor cell lines and their corresponding normal tissues. nTPM indicates the normalized expression level of TPM data.
3.2 CSTF2 Mutation Did Not Affect the Prognosis of Patients with Tumors
We used the Compartments database to predict the location of CSTF2 in subcellular structures, and the molecule was found in the nucleus (Figure 2A). The three-dimensional structure of CSTF2 suggested the position of a possible mutation of the protein (Figure 2B). Therefore, we predicted CSTF2 mutation sites (Figure 2C), as well as mutations in 10,967 samples (Figures 2D,E). The results showed that the mutation rate of CSTF2 was less than 5% in varieties of carcinoma, and the deep deletion was lower. Through data analysis, we found that the number of mutations found in CSTF2 was low, and the impact of these mutations on patient survival was not statistically significant (Supplementary Figure 1). However, whether CSTF2 mutations play a key role in the development of tumors needs to be further studied.
[image: Figure 2]FIGURE 2 | The mutation of CSTF2. (A) Localization of CSTF2 in subcellular structures. (B) Three-dimensional structure of CSTF2 protein. Green: missense mutations; Grey: truncating mutations; Orange: inframe mutations. (C) Possible sites of mutation. (D) Mutations of CSTF2 in carcinomatous samples. (E) Putative copy-number alterations from Genomic Identification of Significant Targets in Cancer (GISTIC) algorithm.
3.3 The Role of CSTF2 in Tumors
We used GEPIA database to analyze similar genes of CSTF2 and constructed a protein-protein interaction network using STRING database. Pairing proteins with an interaction score above 0.4 were screened, and information on 1,065 protein interactions was obtained. These protein correlation data were then input into the Cytoscape software, and the top 10 hub genes were obtained by MCC algorithm (Figure 3A). The data sets of cervical cancer and head and neck cancer in TCGA were used for co-expression analysis to verify hub genes (Figures 3B,C). The results showed that 10 hub genes were remarkably associated with CSTF2 overexpression, suggesting that these genes may be closely related to the function of CSTF2. Therefore, we then performed gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses (Figure 3D) on these genes, which enhanced nuclear division, histone activity and other functions, and mapped them to chromosome regions. Genes related to cell division, cell cycle, and other signaling pathways were enriched indicating that CSTF2 was likely to affect DNA replication, transcription, and other functions.
[image: Figure 3]FIGURE 3 | Intracellular function of CSTF2. (A) Interactive network of hub genes; (B,C) Co-expression analysis of hub genes and CSTF2 in cervical cancer and head and neck cancer. (D) GO/KEGG enrichment analysis, and the results were presented in the form of bubble plots.
MMR is an intracellular mismatch repair mechanism. Loss of key genes in this mechanism will result in DNA replication errors that cannot be repaired, leading to the generation of high somatic mutations. Here, we used TCGA expression profile data to evaluate the relationship between mutations and gene expression of five MMR genes: MLH1, MSH2, MSH6, PMS2, and EPCAM (Figure 4A). The results showed that CSTF2 was highly correlated with MMR-related genes in a variety of tumors, suggesting that CSTF2 may affect the DNA replication mismatch repair process in the nucleus, and thus affecting the tumorigenesis.
[image: Figure 4]FIGURE 4 | CSTF2 is involved in DNA mismatch repair and methylation in pan-cancer. (A) Correlation between MMR genes and CSTF2 in endemic cancers. (B) Correlation between CSTF2 expression and methyltransferase in endemic carcinomas (red:DNMT1, blue:DNMT2, green:DNMT3A, purple:DNMT3B).
GO enrichment analysis showed that histone activity was enhanced, and the most common modification was DNA methylation. DNA methylation is a form of DNA chemical modification that alters genetic expression without altering the DNA sequence. DNA methylation can cause changes in the chromatin structure, DNA conformation, DNA stability and the way DNA interacts with proteins, thus controlling gene expression. DNA methylation is the binding of a methyl group at the 5′-carbon covalent bond of the CpG dinucleotide in the genome under the action of DNA methylation transferase. Therefore, we then analyzed the correlation between the expression of CSTF2 and the expression of four methyltransferases (red:DNMT1, blue:DNMT2, green:DNMT3A, purple:DNMT3B, Figure 4B). The results showed that CSTF2 may affect DNA transcription through the regulation of methyltransferase.
In order to verify the effect of CSTF2 on DNA mismatch repair and methylation, we knocked down CSTF2 in HN6 cells and observed the mRNA expression of DNA mismatch repair genes and methyltransferase genes (Supplementary Figure 2). The results showed that MSH2, MSH6, and PMS2 increased significantly when CSTF2 was knocked down, indicating that CSTF2 might promote tumorigenesis by increasing DNA mismatch. At the same time, knocking down CSTF2 could also affect the mRNA expression of DNMT1, DNMT2, and DNMT3B. We speculate that this may affect the methylation process of some key genes in cells, resulting in the occurrence and development of tumor. The specific mechanism still needs to be further explored.
3.4 CSTF2 Is Associated With Immunoinfiltration in Cancers
To observe the effect of gene expression on tumor, samples were divided into high and low groups according to gene expression, and the enrichment of KEGG (Figure 5A) and hallmark (Figure 5B) pathways were analyzed by gene set enrichment analysis (GSEA). G2/M checkpoint and DNA repair related pathways were enriched, which was similar to our previous GO enrichment analysis, but immune-related signaling pathway functions were also enriched.
[image: Figure 5]FIGURE 5 | CSTF2 is associated with immunoinfiltration in the pan-cancer analyses. (A,B) Gene set enrichment analysis of CSTF2 to seek key signaling pathway and hallmark. (C) Immunoinfiltration of CSTF2 in different cancers.
Tumor infiltrating lymphocytes are an independent predictor of sentinel lymph node status and survival in cancer. We investigated whether the expression of CSTF2 is associated with the level of immunoinvasion in different types of cancer. First, we downloaded score data of six immunoinfiltrating cells from the TIMER database for 33 types of cancer. The correlation between CSTF2 gene expression and the scores of these immune cells was analyzed respectively (Figure 5C), and it was found that the expression level of CSTF2 was generally positively correlated with the infiltration of immune cells in tumors. To further analyze the correlation of CSTF2 in different immune cells in various tumors, we used the TISCH database for single-cell data analysis (Supplementary Figure 3). These results suggested that CSTF2 expression affects the immune infiltration of various tumors and may play a role in regulating tumor microenvironment.
3.5 CSTF2 May Be a Potential Anticancer Drug Target
We analyzed CSTF2 expression in relation to more than 40 common immune checkpoint genes (Supplementary Figure 4), showing that CSTF2 expression is associated with common immune checkpoints in a variety of cancers, especially in kidney, liver, and thyroid cancers. We further analyzed drug networks in different tumors (Supplementary Table S1) and analyzed the effects of these drug molecules on CSTF2 mRNA or protein (Supplementary Table S2), demonstrating that CSTF2 mRNA or protein could be used as drug targets in a variety of tumors. Next, we analyzed the correlation between CSTF2 expression and the IC50 of commonly used antitumor drugs. (Figure 6). The results showed that inhibiting the expression of CSTF2 could reduce the value of IC50 of most antitumor drugs, thereby proving that CSTF2 could be a potential target of anticancer drugs. Consequently, this may provide a new therapeutic approach for oncologists to prescribe personalized treatment plans.
[image: Figure 6]FIGURE 6 | Relationship between CSTF2 expression and common compound molecule IC50.
To further clarify the indirect targeting mechanism between CSTF2 and drug components, we submitted the top 10 hub genes obtained by analysis to the DGIdb database (https://dgidb.org/) for matching and finally obtained 68 drug components interacting with these genes. We uploaded interactive information into the Cytoscape software for visual display (Supplementary Figure 5). AURKA primarily matched Aurora A inhibitors such as TAS-119, MK-5108, and SNS-314, which inhibit tumor growth by inducing apoptosis. EXO1 matched FLUOROURACIL and CAPECITABINE, which mainly interfere with cell division and related RNA and protein synthesis, thus blocking the infinite proliferation ability of tumor cells. RRM2 interaction drugs such as HYDROXYUREA, CLOFARABINE, and GEMCITABINE mainly affect the normal division process of tumor cells by blocking DNA synthesis but has no blocking effect on RNA and protein synthesis, while some drugs such as CAPECITABINE can directly promote the apoptosis of tumor cells. SELICICLIB and KENPAULLONE, matched by CCNB1, can selectively inhibit CDK activity and block DNA replication in tumor cells by influencing the cell cycle. These major drug components might function directly or indirectly through CSTF2 in vivo, and more evidence is needed to elucidate the regulatory network. Thus, the prediction results of this study provide ideas and directions for future research.
3.6 CSTF2 Has Strong Diagnostic Efficacy for a Variety of Cancers
We have analyzed the functional role that CSTF2 may play in a variety of cancers and evaluated its potential as an anticancer drug target. We also evaluated the diagnostic efficacy of CSTF2 for tumors. We plotted the ROC curve of CSTF2 in a variety of cancers (Figure 7A), and the results showed that CSTF2 had a strong diagnostic efficacy in a variety of tumors, indicating that the expression of CSTF2 could distinguish tumors from non-tumors.
[image: Figure 7]FIGURE 7 | Relationship between CSTF2 and diagnosis and prognosis of multiple cancers. (A) ROC curves of CSTF2 in multiple cancers. (B) Overall survival curve. (C) Progression-free survival curve.
We then evaluated the effect of CSTF2 on prognosis in cancer patients. Results of the overall survival curve (Figure 7B) and progression-free survival curve (Figure 7C) showed that CSTF2 had a considerable impact on the prognosis of patients with kidney cancer, glioma, liver cancer, pancreatic cancer, melanoma, and other cancer types (p-values < 0.01). These results suggested that CSTF2 could play a role in the diagnosis of tumors and prognosis of cancer patients and has the potential to become a biomarker of several cancers.
3.7 The Effect of CSTF2 on Tumors
After knocking down CSTF2 in oral tumor cell lines (Supplementary Figure 6), we observed that cell migration ability was significantly inhibited in oral tumor cell lines compared to that in the control group (Figure 8A). Further, cell proliferation was detected after CSTF2 was knocked down, and inhibition of cell proliferation was observed (Figure 8B). These results suggested that CSTF2 could promote the proliferation of oral tumor cells.
[image: Figure 8]FIGURE 8 | The effect of CSTF2 on tumors. (A) The migration of HN6 cells transfected with plko.1/plko.1-shCSTF2 was observed by scratch assay after 24 h. (B) The proliferation of HN6 cells with plko.1/plko.1-shCSTF2 was recorded at days 1, 2, and 3. All the experiments were verified by three independent repeated experiments. (C) Typical results of normal and tumor tissues in 1 BRCA patient, 5 HNSC patients, 1 LIHC patient, and 2 COAD patients.
Finally, to verify the results obtained via bioinformatics, cancerous and paracancerous tissues were collected from four patients with various tumors for immunohistochemical analysis so as to detect the expression of CSTF2 in the tissues (Figure 8C). The results showed that the expression of CSTF2 in breast invasive carcinoma, head and neck cancer, and liver hepatocellular carcinoma was significantly higher than that in adjacent tissues; however, the difference was not significant in colon adenocarcinoma. This indicated that the mechanism of CSTF2 in regulating tumor in vivo may be more complex.
4 DISCUSSION
In our study, although the mutation of CSTF2 did not directly affect the prognosis of tumor patients, we speculated that the gene may play an important regulatory role by affecting other important activities in cells. By constructing the protein interaction network of this gene, we found the hub genes and their related functions. The results showed that CSTF2 may influence RNA maturation, and these results are consistent with those of previous reports.
CSTF2 may act as an oncogene to regulate the length of the 3′ non-coding region (UTR) of cancer-related genes in NSCLC (Delfanti et al., 2021). In H460 cells, down-regulation of CSTF2 resulted in an extension of the 3′ UTR of the shortened gene found in tumor tissues of NSCLC, suggesting that CSTF2 may be a therapeutic target for lung cancer (Aragaki et al., 2011).
We also observed that CSTF2 might be involved in DNA repair and methylation. By analyzing the correlation between CSTF2 and typical DNA repair related enzymes and methyltransferases in tumors, we speculated that CSTF2 might affect the expression or activity of key enzymes, thereby affecting the DNA transcription process. This function might affect the expression of several key genes associated with cancer, regardless of the tumor origin, and play an important role in regulating the occurrence and progression of cancer, which was similar to what had been found in previous reports (Harris et al., 2016; Grozdanov et al., 2018b; Gharesouran et al., 2019).
Studies have shown that CSTF2 induces shortening of RAC1 3′-UTR and promotes urothelial carcinoma of the bladder. CSTF2 induces the shortening of RAC1 3′-UTR in umbilical cord blood cells by slowing the AFF1 and AFF4 mediated transcriptional elongation and by interacting with the Gukku motif downstream of RAC1 (Gao et al., 2013). It has been shown that CSTF2 is involved in the tumorigenic function of the shorter RAC1 subtype. Cord blood with both high expression of CSTF2 and short RAC1 subtypes showed a more aggressive disease and poorer prognosis (Chen et al., 2018).
Tumor immunotherapy based on tumor microenvironment is increasingly used in cancer treatment (Tian et al., 2019; Yang et al., 2020; Zhao et al., 2020; Fan et al., 2021). Therefore, we screened the co-expressed gene sets of CSTF2 expression and performed GSEA. The results of GSEA validated our previous conclusions and enriched into immune-related pathways. Although CSTF2 expression was significantly associated with immunoinvasion in a variety of cancers, the results suggested that CSTF2 did not play a decisive role in the tumor microenvironment during the development and progression of cancer. We hypothesized that CSTF2 did not directly affect the response of immune cells to cancer cells but might influence the therapeutic effect of drugs on tumors, and therefore, indirectly affect the prognosis of cancer patients.
Lastly, we analyzed the correlation between CSTF2 expression and effect of drugs. The results suggested that CSTF2 expression was associated with drug compounds in a variety of tumors and may become a direct target for drug action. Our results indicated that CSTF2 could affect the IC50 value of multiple drugs, suggesting that CSTF2 may affect the therapeutic effect of multiple drugs on cancer patients, and thereby affect the prognosis of cancer patients. Our study showed that the expression of CSTF2 could help distinguish a variety of tumors from non-tumors and had good diagnostic efficacy, and CSTF2 was a potential biomarker. In addition to further confirming the regulation of CSTF2 expression in cancer cell function, studies should also focus on the interaction between CSTF2 expression and a variety of drugs in the future to provide new ideas for the treatment of tumor patients.
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Objective: The purpose of this study was to establish an N6-methylandenosine (m6A)-related long non-coding RNA (lncRNA) signature to predict the prognosis of hepatocellular carcinoma (HCC).
Methods: Pearson correlation analysis was used to identify m6A-related lncRNAs. We then performed univariate Cox regression analysis and least absolute shrinkage and selection operator (LASSO) Cox regression analysis to construct an m6A-related lncRNA signature. Based on the cutoff value of the risk score determined by the X-title software, we divided the HCC patients into high -and low-risk groups. A time-dependent ROC curve was used to evaluate the predictive value of the model. Finally, we constructed a nomogram based on the m6A-related lncRNA signature.
Results: ZEB1-AS1, MIR210HG, BACE1-AS, and SNHG3 were identified to comprise an m6A-related lncRNA signature. These four lncRNAs were upregulated in HCC tissues compared to normal tissues. The prognosis of patients with HCC in the low-risk group was significantly longer than that in the high-risk group. The M6A-related lncRNA signature was significantly associated with clinicopathological features and was established as a risk factor for the prognosis of patients with HCC. The nomogram based on the m6A-related lncRNA signature had a good distinguishing ability and consistency.
Conclusion: We identified an m6A-related lncRNA signature and constructed a nomogram model to evaluate the prognosis of patients with HCC.
Keywords: N6-methylandenosine, long non-coding RNA, prognosis, hepatocellular carcinoma, nomogram
1 INTRODUCTION
Hepatocellular carcinoma (HCC), the primary common type of liver cancer, ranks third among cancer-related deaths worldwide (Bray et al., 2018; Li et al., 2021). Despite advancements in current medical treatments, including liver resection (LR), transhepatic arterial chemotherapy and embolization (TACE), radiofrequency ablation (RFA), liver transplantation (LT), and targeted molecular therapy, the overall survival (OS) rate of liver cancer patients is still unsatisfactory (Omata et al., 2017). Traditional markers, including microvascular invasion, alpha-fetoprotein (AFP), tumor stage, and inflammation-related prognostic markers, have been used for a long time to predict the prognosis of patients with HCC (Kong et al., 2020c; Kong et al., 2021a; Kong et al., 2021b; Boilève et al., 2021). Still, the prognoses of patients with the same condition are sometimes very different. Therefore, it is of great clinical significance to identify easily detectable and accurate tumor prognostic markers. With the rapid development of bioinformatics technology in recent years, public databases, including TCGA (The Cancer Genome Atlas Program), ICGC (International Cancer Genome Consortium), and Gene Expression Omnibus (GEO), have collected a large amount of gene expression profiling data for mining, which provides a new strategy for developing tools for clinically predicting the prognosis of tumor patients (Kong et al., 2020a; Kong et al., 2020b; Zhang et al., 2021).
Since Desrosiers first described N6-methyladenosine (m6A) in 1974, researchers have discovered that it is a widely present modification of non-coding RNAs and mRNAs in eukaryotes (Fazi and Fatica, 2019; Dai et al., 2020; Yi Chen et al., 2020; Yi et al., 2020). Furthermore, numerous studies have indicated that m6A plays an essential role in carcinogenesis, including cervical cancer (CC), hepatocellular carcinoma (HCC), non-small cell lung cancer (NSCLC), thyroid cancer (TC), esophageal cancer (EC), gastric cancer (GC), breast cancer (BC), prostate cancer (PC), colorectal cancer (CRC), endometrial cancer (EC), and osteosarcoma (OS) (Zou et al., 2019; Anita et al., 2020; Hong Li et al., 2020; Guo et al., 2020; Kong et al., 2020a; Lin Zhang et al., 2020; Pan et al., 2020; Pei Wang et al., 2020; Shuo Chen et al., 2020; Tu et al., 2020; Zhao Ma et al., 2020). For example, Shuo Chen et al. (2020) found that erasers of ALKBH5 can inhibit the degradation of the oncogenic lncRNA PVT1, thereby promoting osteosarcoma progression. Long non-coding RNAs (lncRNAs) are RNA molecules whose transcript lengths exceed 200 nucleotides and do not encode proteins. Accumulating evidence indicates that abnormal lncRNA expression is related to the immune microenvironment, tumor occurrence, metabolism, invasion, migration, proliferation, and prognosis (Li et al., 2017; Bu et al., 2020; Ghafouri-Fard et al., 2020; Wang Li et al., 2020; Zhen-Jiang Ma et al., 2020). For example, Dong-Yan Zhang et al. (2020) found that UPK1A-AS1 is significantly increased in HCC tissues, which is significantly associated with the poor prognosis of patients with HCC, and promotes HCC cell line proliferation through interaction with EZH2. The main benefits of lncRNAs as prognostic cancer factors are their high sensitivity, specificity, stability, and non-invasiveness during fluid circulation. Owing to their cell/tissue specificity, it is easier to use lncRNAs for predicting the prognosis of cancer patients (Bolha et al., 2017). Considering m6A is one of the most common epigenetic modifications in mRNA and non-coding RNAs and plays an essential role in RNA stability, splicing, translation, and transportation (Li et al., 2022). To date, several studies have found that m6A can affect liver cancer progression by affecting lncRNA expression. Therefore, we chose m6A-related lncRNA to assess HCC patient prognosis, which provides potential targets for the treatment of HCC.
2 MATERIALS AND METHODS
2.1 Dataset Source
We downloaded RNA-seq data (FPKM) and corresponding clinicopathological characteristics of HCC patients from the TCGA official website (https://portal.gdc.cancer.gov). ICGC RNA sequencing data and corresponding clinicopathological data were downloaded from the corresponding official website (https://dcc.icgc.org/projects/LIRI-JP). The HCC cohorts of TCGA and ICGC datasets contained RNA sequencing data of 370 and 232 HCC patients, respectively. Considering that HCC patients with a survival time of less than 30 days are likely to die due to non-tumor factors, we included 342 HCC patients in the TCGA cohort and 230 HCC patients in the ICGC cohort for subsequent analysis. According to previously published research of Tu et al., we identified 21 m6A regulatory factors, including readers (RBMX, HNRNPA2B1, HNRNPC, YTHDF3, YTHDF2, YTHDF1, IGF2BP3, IGF2BP2, IGF2BP1, YTHDC2, and YTHDC1), erasers (ALKBH5 and FTO), and writers (ZC3H13, RBM15B, RBM15, VIRMA, WTAP, METTL16, METTL14, and METTL3) (Tu et al., 2020). The expression matrix of the 21 m6A-regulators was then extracted from the TCGA and ICGC datasets for subsequent analysis.
2.2 Identification of m6A-Related lncRNAs in Hepatocellular Carcinoma
lncRNAs are defined as the following types: macro lncRNA, 3prime overlapping ncRNA, sense overlapping, sense intronic, processed transcript, antisense, and lincRNA (Tu et al., 2020; Yang et al., 2020). We downloaded the annotation file of lncRNAs from the GENCODE website (https://www.gencodegenes.org/) and annotated the ensemble IDs in the TCGA and ICGC datasets. Finally, we annotated 14,091 lncRNAs in the TCGA HCC dataset and 257 lncRNAs in the ICGC HCC dataset. The Perl language was used to extract the lncRNA expression matrix from TCGA and ICGC HCC datasets. Based on Wu’s research, we defined m6A-related lncRNAs as those with an absolute value of correlation coefficient between lncRNA expression and m6A regulators higher than 0.3, and a p-value less than 0.001 (Wu et al., 2020; Zhong et al., 2020; Jie Wu et al., 2021; Qianxue Wu et al., 2021).
2.3 Development and Validation of an m6A-Correlated lncRNA Prognostic Signature
We intersected the m6A-related lncRNAs determined in TCGA and ICGC datasets and obtained 24 common lncRNAs. In the TCGA training dataset, we used univariate Cox regression analysis to screen for m6A-related lncRNAs that were significantly related to the prognosis of patients with HCC. Then, m6A-related lncRNAs with a p-value of no more than 0.05 were incorporated into the Lasso Cox regression model to construct the predictive signature. The risk score was equal to the sum of the product of m6A-related prognostic lncRNA expression and its coefficient. X-tile software was used to determine the best cutoff value for TCGA HCC dataset risk score (Camp et al., 2004). We divided HCC patients into low -and high-risk groups using the TCGA dataset based on the selected cutoff value. The difference in survival outcomes of HCC patients in the high- and low-risk groups was analyzed using the log-rank test. The survivalROC package was used to draw a time-dependent ROC curve to evaluate the diagnostic value of m6A-related lncRNA risk scores in predicting the prognosis of patients with HCC. Based on the coefficients of the TCGA training dataset, we calculated the corresponding m6A-related lncRNA risk scores for patients with HCC patients in the ICGC dataset. Similarly, we determined the optimal cutoff value of the risk score of patients with HCC in the ICGC dataset based on X-title software. We divided the ICGC HCC cohort into high- and low-risk groups according to the cut-off value of the risk score in the ICGC dataset. Finally, we used the “SeqMap” software to re-annotate GSE14520-GPL3921 to obtain the expression matrix of lncRNAs, calculate the risk score using the previous method, divide the HCC patients in the GSE14520 cohort into a high- and a low-risk groups according to the optimal cutoff value, and explore the survival differences between high- and low-risk groups.
2.4 RNA Extraction and Quantitative Real-Time PCR
RNA was extracted from tissues using Trizol Reagent (Thermo Fisher, Cat. no. 15596026, United States) according to the manufacturer’s instructions. The PCR-specific primers were determined using GENERAL BIOL (Anhui, China) and used according to the manufacturer’s instructions. RNA was converted to cDNA using the PrimeScript RT Polymerase (Takara) reverse transcription kit to determine lncRNA mRNA expression. The fold change was calculated using the 2−ΔΔCT method, with β-actin as an internal control. The primer sequences were as follows: ZEB1-AS forward 5-CCG​TGG​GCA​CTG​CTG​AAT-3 and reverse 5-CTG​CTG​GCA​AGC​GGA​ACT-3; MIR210HG forward 5- GCA​GGC​ACA​GGT​GTG​GTC​ATA​TC-3 and reverse 5′-AGGCAGGCTCAGCA GACAGG-3′; BACE1-AS forward 5- GAA​GGG​TCT​AAG​TGC​AGA​CAT​CTT-3 and reverse 5-AGG​GAG​GCG​GTG​AGA​GT-3; SNHG3 forward 5-TTCAAG CGATTCTCGTGCC-3 and reverse 5-AAG​ATT​GTC​AAA​CCC​TCC​CTG​T-3; and β-actin forward 5-CCC​ATC​TAT​GAG​GGT​TAC​GC-3 and reverse 5-TTT​AAT​GTC​ACG​CAC​GAT​TTC-3′.
2.5 Nomogram Construction
To explore whether m6A-related lncRNA risk score is an independent factor predicting the prognosis of patients with HCC, we also included clinical data such as age, sex, TNM stage, and histological grade into the Cox regression model. Univariate and multivariate Cox regression analyses were performed sequentially to screen for independent risk factors that affected the prognosis of patients with HCC. We constructed a nomogram based on variables selected using multivariate Cox regression analysis. The nomogram’s distinguishing ability was determined using the C-index and the area under the time-dependent ROC curve, and its consistency is shown using the 1-year, 2-year, and 3-year calibration curves.
2.6 Gene Set Enrichment Analysis
The Gene set enrichment analysis (GSEA) (http://software.broadinstitute.org/Gsea/downloads.jsp) was used to explore the potential pathways for the role of m6A-related lncRNAs in HCC. Based on the selected cutoff value for the TCGA dataset, the TCGA HCC cohort was divided into low- and high-risk groups. Therefore, an annotation file (.cls) required by GSEA was obtained. Next, we imported the expression profile containing 56,753 genes and 342 HCC samples into the Morpheus website (https://software.broadinstitute.org/morpheus/) to obtain the expression matrix (.gct), as determined by the GSEA. Finally, we uploaded these two files to GSEA software and set the gene set to c2.cp.kegg.v7.2.symbols.gmt. The permutation parameter was set to 1,000. A p-value less than 0.05 and FDR less than 0.25 were considered to indicate statistically significant differences.
2.7 Correlation Between m6A-Related lncRNA Signature and Immune Infiltration
The timer database (https://cistrome.shinyapps.io/timer/) contains six immune cell components in the TCGA dataset, including CD8 T cells, neutrophils, CD4 T cells, B cells, macrophages, and dendritic cells. Based on the value of the m6A-related lncRNA risk score constructed in the TCGA dataset, we performed Spearman’s correlation analysis to explore the correlation between the risk score and the level of immune cell infiltration.
2.8 Statistical Analyses
We used different statistical description methods based on different types of variables. We used the mean ± standard deviation (SD) to describe the variables that met the normal distribution and used the median (interquartile range) (IQR) to describe the variables that did not meet the normal distribution. Pearson correlation analysis was used to analyze the correlation between m6A regulators and lncRNAs in TCGA and ICGC HCC datasets. Statistical analysis was performed using R software (version 4.0.3.) and the SPSS software (version 25.0). A double-sided p-value of less than 0.05 is defined as statistically significant.
3 RESULTS
3.1 Patient Characteristics and Processing
After excluding patients with HCC with missing survival time or survival time of less than 30 days, we finally included 342 HCC patients in the TCGA cohort and 230 HCC patients in the ICGC cohort for follow-up analysis. Detailed information on the patients with HCC included in this study is presented in Table 1. Figure 1 presents a detailed flowchart of our research. TCGA dataset was used to construct the m6A-related lncRNA signature, and the ICGC and GSE14520 datasets were used to verify the established predictive signature.
TABLE 1 | Baseline characteristics of HCC patients included in this study.
[image: Table 1][image: Figure 1]FIGURE 1 | Flowchart of the research. HCC, Hepatocellular carcinoma; TCGA, The Cancer Genome Atlas; ICGC, International Cancer Genome Consortium.
3.2 Construction of an m6A-Related lncRNA Prognostic Signature
We used univariate Cox regression analysis to explore the relationship between m6A-related lncRNAs and overall survival of HCC patients in the TCGA cohort. The results of the univariate Cox regression model showed that 11 m6A-related lncRNAs were significantly associated with the overall survival of patients with HCC (p <0.05) (Figure 2A). We then included these 11 lncRNAs in the Lasso Cox regression model and obtained the best penalty parameters through ten-fold cross-validation based on the glmnet package (Figures 2B,C). Finally, we identified four m6A-LncRNAs to predict the prognosis of patients with HCC (Table 2). These four m6A-related lncRNAs were risk factors for the prognosis of patients (Figure 3). The heatmap of the correlations between the four screened m6A-related lncRNAs and all m6A regulators is shown in Supplementary Figure S1. Moreover, compared with the expression levels in normal tissues, the expression of these four lncRNAs was significantly increased in tumor tissues, which is consistent with our expected results (Figures 4A,B). According to the results of quantitative real-time PCR, we found that the expression of lncRNA ZEB1-AS1, lncRNA BACE1-AS, lncRNA MIR210HG, and lncRNA SNHG3 in multiple liver cancer tissue samples and their corresponding adjacent tissues was significantly increased in liver cancer (Supplementary Figure S2). Therefore, we constructed an m6A-related lncRNA risk score. The risk score formula was as follows: risk score = 0.2679*ZEB1−AS1+0.2496*MIR210HG+0.1902*BACE1−AS+0.1807* SNHG3. Based on the selected cutoff value (2.83) of the risk score in the TCGA cohort determined by the X-title software, we divided the TCGA HCC cohort into low- and high-risk groups. Compared to the high-risk group, patients in the low-risk group had a longer overall survival time (p <0.0001) (Figure 5A). Moreover, the area under the ROC curve for 1-, 2, and 3 years-OS was 0.722, 0.709, and 0.693, respectively (Figure 5C). Hence, the m6A-related lncRNA risk score has moderate diagnostic value for predicting the overall survival of HCC patients in the TCGA dataset. The distribution of m6A-related lncRNA risk scores in the TCGA dataset is shown in Figure 6A. Figure 6C shows the distribution of survival status of patients with HCC in the TCGA dataset. Figure 6E shows the expression matrix heatmap of the four selected m6A-related lncRNAs in the TCGA dataset.
[image: Figure 2]FIGURE 2 | Construction of m6A-related lncRNA signature using the TCGA dataset. (A) The univariate Cox regression model identifies lncRNAs that affect overall survival; (B,C) Lasso Cox regression model to identify the best penalty parameter. TCGA, The Cancer Genome Atlas; Lasso, Least absolute shrinkage and selection operator.
TABLE 2 | Four selected m6A-correlated prognostic lncRNAs.
[image: Table 2][image: Figure 3]FIGURE 3 | Sankey diagram between m6A regulators and the selected four lncRNAs.
[image: Figure 4]FIGURE 4 | The expression of the four screened lncRNAs in HCC tissues and normal tissues in the TCGA (A) and ICGC (B) dataset. HCC, Hepatocellular carcinoma; TCGA, The Cancer Genome Atlas; ICGC, International Cancer Genome Consortium.
[image: Figure 5]FIGURE 5 | The predictive value of m6A-related lncRNA signature in the TCGA (A, C) and the ICGC (B, D) dataset. (A) The survival curve of HCC patients in the high and low-risk groups in the TCGA dataset; (B) The survival curve of HCC patients in the high and low-risk groups in the ICGC dataset; (C) The ability of m6A-related lncRNA signature to predict the overall survival of HCC patients in the TCGA dataset; (D) The ability of m6A-related lncRNA signature to predict the overall survival of HCC patients in the ICGC dataset. HCC, hepatocellular carcinoma; TCGA, The Cancer Genome Atlas; ICGC, International Cancer Genome Consortium.
[image: Figure 6]FIGURE 6 | The distribution of risk score, survival status, and four lncRNAs expression. (A) The distribution of m6A-related lncRNA risk score in the TCGA dataset; (B) The distribution of m6A-related lncRNA risk score in the ICGC dataset; (C) The distribution of the survival status of HCC patients in the TCGA dataset; (D) The distribution of the survival status of HCC patients in the ICGC dataset; (E) The expression matrix heatmap of the selected four m6A-related lncRNAs in the TCGA dataset; (F) The expression matrix heatmap of the selected four m6A-related lncRNAs in the ICGC dataset. HCC, Hepatocellular carcinoma; TCGA, The Cancer Genome Atlas; ICGC, International Cancer Genome Consortium.
3.3 Validation of the Predictive Value of the m6A-Related lncRNA Prognostic Signature
According to our previously constructed m6A-related lncRNA risk score formula, we calculated the corresponding risk scores for patients with HCC in the ICGC dataset. Based on the X-title software, we determined the cutoff value of the m6A-related lncRNA risk score in the ICGC dataset to 4.75 and then divided the HCC patients into low- and high-risk groups. The survival curve analysis results indicated that HCC patients in the low-risk group had significantly longer overall survival compared with HCC patients in the high-risk group (Figure 5B). The areas under the ROC curve for 1-, 2, and 3 years-OS were 0.676, 0.638, and 0.642, respectively. Hence, the m6A-related lncRNA risk score also had a moderate diagnostic value for predicting the overall survival of patients with HCC in the ICGC dataset (Figure 5D). The distribution of m6A-related lncRNA risk scores in the ICGC dataset is shown in Figure 6B. Figure 6D shows the distribution of the survival status of patients with HCC in the ICGC dataset. Figure 6F shows the expression matrix heatmap of the four selected m6A-related lncRNAs in the ICGC dataset. Finally, in the GSE14520 dataset, “SeqMap” software re-annotated the platform of GPL3921, and only three annotated lncRNAs (SNHG3 BACE1-AS ZEB1-AS) were annotated. We emulated the method used by Tang et al., (Tang et al., 2021), so our formula for calculating the m6A-related lncRNA risk score is: risk score = 0.1807*SNHG3+ 0.1902*BACE1−AS + 0.2679*ZEB1-AS. According to the optimal cutoff value (6.96132), we divided the patients with HCC into high- and low-risk groups. The overall survival time of patients with liver cancer in the high-risk group was lower than that in the low-risk group (p = 0.017) (Supplementary Figure S3A). The results of time-dependent ROC curve analysis showed that the m6A-related lncRNA risk scores predicted the 1-year, 2-year, and 3-year areas under the ROC curve of patients with HCC, which were 0.574, 0.573, and 0.591, respectively (Supplementary Figure S3B). This poor predictive value may be attributed to the lack of MIG210HG expression in the GSE14520-GPL3921 dataset. Therefore, a larger cohort of samples is required for external validation.
3.4 Correlation of the m6A-Related lncRNA Signature With Clinicopathological Features
Correlation analysis was employed to explore the association between m6A-related lncRNA signatures and clinicopathological features of HCC patients. In the TCGA dataset, 319 patients with full clinicopathological information (including age, sex, histologic grade, TNM stage, and survival status) were analyzed. The m6A-related lncRNA signature was significantly associated with sex (p = 0.023), histological grade (p <0.001), TNM stage (p = 0.002), and survival status (p <0.001). In the ICGC dataset, we found that the m6A-related lncRNA signature was significantly associated with sex (p = 0.012), TNM stage (p = 0.022), and survival status (p = 0.004), which is consistent with the results of TCGA (Table 3). In the GSE14520 dataset, we found that the m6A-related lncRNA signature was significantly related to the TNM stage (p = 0.004) (Supplementary Table S1).
TABLE 3 | Association between m6A-correlated lncRNA signature and clinicopathologic characteristics in HCC cohort.
[image: Table 3]3.5 The m6A-Related lncRNA Signature is Associated With the Prognosis of Patients With Hepatocellular Carcinoma
Univariate and multivariate Cox regression models were used to determine the independent risk variables for the prognosis of patients with HCC. In the TCGA dataset, we included age, sex, TNM stage, histologic grade, and risk score in the univariate Cox regression model. Univariate Cox regression analysis showed that TNM stage (p <0.001) and risk score (p <0.001) were significantly related to the overall survival of patients with HCC. We then input these two variables into the multivariate Cox regression analysis, and the results showed that the m6A-related lncRNA risk score was an independent risk factor for the overall survival of patients with HCC (p <0.001) (Table 4). Similarly, the ICGC dataset also confirmed that the m6A-related lncRNA risk score was an independent risk factor for the overall survival of patients with HCC (p = 0.025) (Table 5). However, in the GSE14520 dataset, the results of the univariate Cox regression analysis indicated that TNM stage (p <0.001), cirrhosis (p = 0.032), and risk score (p = 0.022) were significantly associated with OS. Multivariate Cox regression analysis showed that TNM stage (p <0.001) was an independent risk factor for OS in patients with HCC (Supplementary Table S2).
TABLE 4 | Univariate and multivariate regression analyses of OS in HCC patients of the TCGA dataset.
[image: Table 4]TABLE 5 | Univariate and multivariate regression analyses of OS in HCC patients of the ICGC dataset.
[image: Table 5]3.6 Building and Validation of Nomogram Based on the m6A-lncRNA Signature
To intuitively assess the prognosis of patients with HCC, we established a predictive nomogram model. According to the multivariate Cox regression analysis results, we included the m6A-related lncRNA risk scores and TNM stages to construct a nomogram model (Figure 7A). In the TCGA dataset, the OS-related nomograms we created had a better predictive ability for the 1-year, 2-year, and 3-year overall survival rates of patients with HCC. The area under the 1-year, 2-year, and 3-year ROC curves for the OS-related nomograms were 0.737, 0.725, and 0.740, respectively (Figure 7B). The calibration curve results showed that the nomogram we constructed predicts the 1-year, 2-year, and 3-year survival rates of HCC patients with good consistency with the actual survival rates (Figures 7D–F). At the same time, we used the ICGC dataset to verify the accuracy of the OS nomogram we constructed, and the results showed that the nomogram in the ICGC dataset has good predictive value for evaluating the 1-, 2, and 3 year-overall survive. The area under the 1-year, 2-year, and 3-year ROC curves for OS-related nomograms were 0.830, 0.701, and 0.689, respectively (Figure 7C). The calibration curve results also showed good consistency between the actual and predicted OS (Figures 7G–I). In the GSE14520 dataset, the area under the 1-year, 2-year, and 3-year ROC curves for the OS-related nomograms were 0.668, 0.712, and 0.689, respectively (Supplementary Figure S4A). The calibration curve results showed that the nomogram predicted the 1-year, 2-year, and 3-year survival rates of HCC patients with good consistency with the actual survival rates (Supplementary Figures S4C–E). Finally, we compared the constructed nomogram model with other clinicopathological features to predict the prognosis of patients with HCC. The results showed that, when compared with other clinicopathological features, the nomogram model had better diagnostic value in the TCGA training cohort and the ICGC/GSE14520 validation cohort (Figure 8; Supplementary Figure S4B).
[image: Figure 7]FIGURE 7 | OS-related nomogram construction. (A) The intuitive nomogram model is used to predict the 1-year, 2-year, and 3-year OS rates of HCC patients; (B) The predictive value of the nomogram for the 1-year, 2-year, and 3-year OS rates of HCC patients in TCGA dataset; (C) The predictive value of the nomogram for the 1-year, 2-year, and 3-year OS rates of HCC patients in external ICGC dataset; (D–F) 1-year, 2-year, and 3-year calibration curve of OS-related nomogram in the TCGA dataset; (G–I) 1-year, 2-year, and 3-year calibration curve of OS-related nomogram in the ICGC dataset. OS, overall survival; TCGA, The Cancer Genome Atlas; ICGC, International Cancer Genome Consortium.
[image: Figure 8]FIGURE 8 | Comparison of the predictive value of nomogram and other clinicopathological features in TCGA (A) and ICGC (B) HCC cohort. TCGA, The Cancer Genome Atlas; ICGC, International Cancer Genome Consortium; HCC, Hepatocellular carcinoma.
3.7 Gene Set Enrichment Analysis
To further identify the molecular mechanism of the m6A-related lncRNA signature in patients with HCC, we divided 342 HCC patients in the TCGA dataset into high- and low-risk groups based on the previous cutoff value (2.83). The enrichment pathways of the high-risk group were mainly enriched in complement and coagulation cascades, drug metabolism cytochrome P450, retinol metabolism, primary bile acid biosynthesis, and fatty acid metabolism (Top 5). The enrichment pathways of the high-risk group were mainly concentrated in base excision repair, spliceosome, pyrimidine metabolism, RNA degradation, and nucleotide excision repair (Top 5) (Figure 9). The detailed results of the GSEA of the high- and low-risk groups are shown in Supplementary Tables S3, S4.
[image: Figure 9]FIGURE 9 | (A) Signaling pathways enriched in high-risk groups identified by GSEA (B) Signaling pathways enriched in low-risk groups identified by GSEA Gene set enrichment analysis of high-risk and low-risk groups in the TCGA HCC dataset. KEGG, Kyoto Encyclopedia of Genes and Genomes; TCGA, The Cancer Genome Atlas; GSEA, gene set enrichment analysis; ES, Enrichment score; NES, Normalized enrichment score.
3.8 The m6A-Related lncRNA Signature Correlated With Immune Infiltration
At the same time, we also explored the correlation between the m6A-related lncRNA risk score and the immune infiltration. The results of correlation analysis showed that the m6A-related lncRNA risk score was significantly related to neutrophils (r = 0.150; p = 0.005), CD4 T cells (r = 0.170; p = 0.002), B cells (r = 0.150; p = 0.005), macrophages (r < 0.220; p < 0.001), and dendritic cells (r = 0.120; p = 0.028) (Figure10). This shows that the immune microenvironment may affect the prognosis of patients with liver cancer.
[image: Figure 10]FIGURE 10 | Correlation analysis between m6A-correlated lncRNA risk score and immune cell infiltration. (A) Dendritic; (B) macrophage; (C) neutrophils; (D) CD8 T cells; (E) CD4 T cells; (F) B cells.
4 DISCUSSION
With the deepening of lncRNAs research in recent years, their correlation with m6A regulators has gradually attracted the attention of scientific researchers. There has been a lot of published literature about m6A regulators or lncRNA signature prediction models used to predict the prognosis of patients with tumors, especially HCC (Kong et al., 2020a; Wang Li et al., 2020). For example, Kong et al. found that the m6A regulator risk score constructed using YTHDF1 and YTHDF2 can predict the prognosis of patients with HCC and is also an independent risk factor for their prognosis (Kong et al., 2020a). Through the analysis of the TCGA dataset, Li et al. constructed an eleven-lncRNA predictive signature of HCC, which can significantly distinguish high-risk patients among patients with HCC and better predict their prognosis (Wang Li et al., 2020). However, to date, no relevant research has systematically explored an HCC prediction model of m6A-related lncRNAs to assess prognosis of patients with HCC. Therefore, in this study, we constructed an m6A-related lncRNA signature of HCC to provide new ideas for predicting the prognosis of HCC patients.
OPLS-DA is a supervised statistical discriminant analysis (LDA) method. This method uses partial least squares regression to establish a relationship between lncRNA expression and dependent variables. It uses orthogonal signal correction technology to decompose the X matrix information into two types of information related to Y and unrelated to Y, and then filters out the information irrelevant to the classification. The relevant information is mainly concentrated in the first prediction component. It can effectively reduce the complexity of the model and enhance its explanatory power without reducing its predictive ability. It is generally believed that in binary classification questions, OPLS-DA can be used as the preferred analysis method, which is often used in metabolomic studies (Szymańska et al., 2012; Cao et al., 2017). Robert Tibshirani first proposed the LASSO model in 1996. It produces a more refined model by constructing a penalty function to compress some regression coefficients, forcing the sum of the absolute values of the coefficients to be less than a fixed value; at the same time, some regression coefficients are set as zero. Therefore, the advantage of subset shrinkage is preserved, which is a biased estimation when dealing with complex collinear data (Zhiwei Wu et al., 2021). In essence, both OPLS-DA and LASSO are linear regression models, but OPLS-DA adopts the idea of component decomposition, whereas LASSO adopts a penalty constraint strategy. OPLS-DA focuses on the Y interpretation of each variable and retains the collinear variables. The principle of LASSO is to make the model as simple as possible and to eliminate collinear variables.
In our study, through the integration of TCGA and ICGC datasets, we determined an m6A-related lncRNA signature for predicting the prognosis of patients with HCC. Based on the cutoff value of the m6A-related lncRNA risk score for each dataset, we divided the patients with HCC into low-and high-risk groups. The overall survival rate of patients with HCC in the high-risk group was significantly lower than that in the low-risk group. In the TCGA training dataset, the results of multivariate Cox regression analysis showed that the risk score and tumor stage were independent risk factors for the prognosis of patients with HCC; therefore, we constructed a nomogram model based on these two indicators. The nomogram had a moderate ability to predict prognosis of patients with HCC and could also accurately predict the prognosis of these patients in the external validation dataset. Using the nomogram model we constructed, we predicted the 1-year, 2-year, and 3-year survival rates of each patient with HCC based on the expression of these four lncRNAs in the tumor tissue of each patient and the tumor stage. The higher the overall score, the worse the 1-year, 2-year, and 3-year survival rates of patients with HCC. This is based only on the results of the public database, and multi-center data are needed for verification in the future. Suppose the reliability of the model is verified in a multi-center cohort, the corresponding lncRNA panel could be developed for clinical applications to provide medical advice. It can be used to predict the prognosis of patients with liver cancer.
ZEB1-AS1 is transcribed by the bidirectional promoter of ZEB1. In our study, ZEB1-AS1 was significantly increased in liver cancer tissues and significantly associated with poor prognosis in patients with liver cancer. Li et al.’s (2016)s research found that ZEB1-AS1 promotes tumor growth and metastasis and is significantly associated with tumor recurrence. Zhen-Jiang Ma et al. (2020) found that ZEB1-AS1 can promote bone metastasis in liver cancer through the miR-302b-EGFR-PI3K-AKT axis. These results are consistent with our research.
MIR210HG is transcribed from ENSG00000247095.2 present on human chromosome 11p15.5. MIR210HG is elevated in a variety of tumors such as cervical cancer, non-small cell lung cancer, breast cancer, colorectal adenocarcinoma, pancreatic cancer, liver cancer, osteosarcoma, and glioma (Min et al., 2016; Li et al., 2017; Li et al., 2019; Wang et al., 2019; Ai-Hong Wang et al., 2020). For example, Wang et al.’s (2019) research found that increased expression of MIR210HG was significantly related to the malignant progression of tumors, and in vitro studies further confirmed that silencing MIR210HG significantly reduced the proliferation, invasion, and migration capabilities of liver cancer cell lines. These results are consistent with those of our research.
Since BACE1-AS was found to be abnormally expressed in Alzheimer’s disease by Faghihi et al. (2008), it has been shown to play an essential role in cancer, including gastric and ovarian cancers (Chen et al., 2016; Esfandi et al., 2019). At present, no relevant studies have explored its molecular mechanisms in liver cancer. Hence, further experiments are required to explore the mechanism of BACE1-AS in HCC.
SNHG3 plays a vital role in the occurrence and development of many tumors, including liver cancer (Wu et al., 2019; Zhang et al., 2019). In our study, the expression of SNHG3 in liver cancer tissues was significantly increased, and it was significantly associated with poor prognosis in patients with liver cancer. Wu et al.’s (2019) research found that SNHG3 can target miR-139-5p to regulate the expression of BMI1, thereby promoting the migration, invasion, and proliferation of liver cancer cells. Zhang et al.’s (2019) study found that SNHG3 induces epithelial-mesenchymal transition and resistance to sorafenib by regulating the miR-128/CD151 pathway in HCC. This finding is consistent with the results of our study.
Although our study obtained a novel m6A-related lncRNA signature for predicting prognosis of patients with HCC, it also has some limitations. First, the interactions between m6A regulatory factors and lncRNAs should be experimentally verified. Second, because of the limited number of HCC datasets with prognostic information and lncRNA gene symbols, we used only the ICGC dataset for external verification.
In conclusion, we constructed an m6A-related lncRNA signature to predict the prognosis of HCC patients and also constructed a predictive nomogram that can more accurately predict the prognosis of HCC patients and provide guidance for individualized treatment of HCC.
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Allergic asthma is a common respiratory inflammation disease. The crude Radix Paeoniae Alba (RPA) and its processed products have been used frequently as antipyretic and anti-inflammatory agents in traditional medicine. To evaluate the effect of honey and bran processing, different fractions of RPA were used for treating anti-allergic asthma in the ovalbumin (OVA)-induced mice model, and then, the most effective fraction of RPA and stir-frying Radix Paeoniae Alba with honey and bran (FRPA) for treating anti-allergic asthma were compared mutually for pharmacological effects. The results showed that the treatment of the dichloromethane fraction of RPA significantly improved the pathological condition of lung tissues, decreased the number of eosinophils and other cells in bronchoalveolar lavage fluid (BALF), and the increased the expression of various inflammatory factors. Furthermore, the study discovered that the lung pathological conditions, compared with the high dose of dichloromethane RPA fraction, could be ameliorated by high dose of dichloromethane FRPA fraction treatment. Moreover, the expression of inflammatory factors and the phosphorylation of the PI3K/AKT signaling pathway could be diminished by FRPA. Finally, the contents of compounds with a significant difference in the FRPA dichloromethane fraction were paeoniflorin, ethyl gallate, pentagalloylglucose, galloylpaeoniflorin, and others by UPLC/Q-TOF-MS analysis. These findings suggest that the dichloromethane fraction of FRPA has an enhancement effect on anti-allergic asthma and provide the experimental basis for exploring the processed mechanism of RPA.
Keywords: Radix Paeoniae Alba, stir frying Radix Paeoniae Alba, PI3K, AKT, allergic asthma
1 INTRODUCTION
Radix Paeoniae Alba (RPA), the dried root of Paeonia lactiflora Pall, is a well-known natural medicine for more than 1,200 years in China. Processing of RPA is a pharmaceutical technique that transforms medicinal raw materials into decoction pieces for use in clinical application. There are many processing methods of RPA, including wine-made RPA, FRPA, stir-frying RPA, and wine–bran-made RPA. In the long-term clinical use, FRPA can relieve pain, strengthen the spleen, and soften the liver. Over the past few decades, there has been a rapid growth in the information available on the pharmacological activities of RPA. Studies have shown that RPA displays a wide spectrum of pharmacological effects, including anti-inflammation, pain easing, liver protection, and anti-oxidation (Ye et al., 2020; Gu et al., 2021). These pharmacological effects laid the foundation for RPA being a potential therapeutic agent for the treatment of several diseases, such as MPTP-induced experimental parkinsonism (Zhang et al., 2019), atopic dermatitis (Jo et al., 2018), asthma (Wang et al., 2021), depression (Zhang et al., 2020), and hepatic disorders (Wang et al., 2012).
Modern research indicates that monoterpenes, flavonoids, tannins, triterpenes, and polysaccharides are the main components of RPA related to the pharmacological activities of Paeoniae Radix (Ye et al., 2020; Gu et al., 2021). Monoterpene glycosides as the major characteristic compounds of RPA display a wide pharmacological effect, including anti-inflammatory and antitumor activities. Total glucosides of peony were isolated from RPA, which had been approved for treating rheumatoid arthritis (RA) by the State Food and Drug Administration of China. Galloylglucose is an important compound with significant biomedical benefits, such as being a free radical sink, an anti-inflammatory agent, anti-diabetic agent, and enzymatic resistant properties (Patnaik et al., 2019). Paeonol is one of the main polyphenolic compounds in RPA, and its injection has been successfully applied in China for nearly 50 years for inflammation/pain-related indications (Zhang et al., 2019). The extensive biological activities made RPA a therapeutic agent to be widely used in clinical therapy. Modern pharmacological studies show that RPA has been suggested to play an important role in the treatment of asthma (Wang et al., 2021).
Asthma is a common heterogenic disease caused by chronic inflammation in the lower respiratory tract. Its characteristics include variability of airway obstruction and high reactivity of the bronchus. Asthma often occurs in children younger than 10 years, and the prevalence rate is about 10%. Patients with asthma are characterized by repeated cough, wheezing, shortness of breath, chest tightness, etc., and lung cancer, which affects tens of thousands of people all over the world, has a great correlation with asthma (Mims, 2015; Qu et al., 2017). As one of the most common asthma types, allergic asthma has airway inflammation and changing choroidal structure manifestation (Yılmaz et al., 2021), whose sensitization mainly affects mast cells and histamine, trypsin, etc., which are treated by a variety of therapies, such as inhaled corticosteroids, budesonide, and fluticasone in the clinic. In addition, β2 receptor agonists, such as salbutamol, pirbuterol, and formoterol, and leukotriene regulators, such as half-skin acid leukotriene 1 receptor blockers and 5-lipoxygenase inhibitors, are widely used to treat allergic asthma (Hamid et al., 2003; Han and Wang, 2021).
RPA is already widely available for the management of respiratory conditions, mainly regarding inflammation and immune function symptoms. In this study, the research aimed to evaluate the effects of each fraction from RPA for anti-allergic asthma by using the OVA-sensitized mice model and further investigated whether the most active fraction from processed products possesses the enhancement of the pharmacological effects after stir-frying with honey and bran. At the same time, the inflammatory factors and signaling pathways of the processed products increased pharmacological actions, and the comparison about the contents of the main components in the active fraction from RPA and FRPA for anti-allergic asthma were studied.
2 MATERIALS AND METHODS
2.1 Preparation of Radix Paeoniae Alba and Fried Radix Paeoniae Alba Extracts
RPA and FRPA were purchased from Zhejiang University of Chinese Medicine Chinese Herbal Pieces Co., Ltd. Hangzhou City, Zhejiang. The dried herbs (7 kg) were exhaustively extracted two times with 70% (v/v, 5 × 10 L) ethanol by refluxing for 2 h. The supernatant was collected and concentrated under reduced pressure, using a rotatory evaporator, yielding crude RPA and FRPA extract. The extract of RPA was then dispersed in water and successively partitioned with 4 L of petroleum ether fraction (PE), dichloromethane fraction (DCM), ethyl acetate fraction (EA), n-butanol fraction (n-BuOH), and water fraction (W), respectively. The extraction time of each extractant was controlled at 3 h. In addition, the abbreviation of FRPA for each fraction is as follows FPE, FDCM, FEA, Fn-BuOH, and FW. Decompressing and concentrating the fractions of each fraction and the water fraction obtained the extract concretes of RPA and FRPA. The weight and yield of RPA and FRPA fractions are shown in Figure 1A.
[image: Figure 1]FIGURE 1 | Weight, yield and outline of experimental design. (A) Weight and yield of RPA and FRPA fraction; the small letters of pe, dcm, ea, n-BuOH, and w are short forms for petroleum ether, dichloromethane, ethyl acetate, n-butanol, and water fraction, respectively. (B) Outline of experimental design for establishing the OVA-sensitized allergic asthma model, and an illustration of critical points during the experimental timeline.
2.2 Establishment and Drug Treatment of Allergic Asthma Model in Mice
All animal protocols involved in this experiment were approved by the Laboratory Animal Research Center of Zhejiang Chinese Medicine University, and the experiments were conducted in strict accordance with the “Guide for the Care and Use of Laboratory Animals” issued by the U.S. National Institute of Health.
Female BALB/c mice were purchased from SLAC Laboratory Animal Co., Ltd. (Shanghai, China). OVA was a common allergen, which was often used to establish an allergic asthma model (Chen et al., 2021). The overview of animal experiments is given in Figure 1B. The research established the OVA model for the first batch; sixty female mice, six to 8 weeks old and weighing about 22 g, were sensitized with an OVA prescription containing 0.2 mg/ml OVA in an aluminum hydroxide gel, and 0.2 ml suspension was intraperitoneally injected into the abdominal cavity at day 1 and day 14. For seven uninterrupted days from day 28 to day 34, the sixty sensitized female mice were divided into six groups, with ten mice per group: OVA-sensitized model, PE treatment (6.84 mg/kg), DCM treatment (54.72 mg/kg), EA treatment (20.06 mg/kg), n-BuOH treatment (104.88 mg/kg), and W treatment (1,550.40 mg/kg). Each group, except the OVA-sensitized model group, received the treatment, respectively, which was administered by using the oral gavage method with each fraction from RPA. Then, sixty mice were allowed to inhale 5% atomized OVA for 30 min in an exposure cage. In addition, another ten non-sensitized female BALB/c mice were assigned to the normal control group. After 7 days, the relevant index was observed.
The research established the OVA model for the second batch to further study; sixty female mice were used in this batch, and fifty sensitized female mice were divided into five groups, with ten mice per group: OVA-sensitized model, high DCM dose (HD, 57.33 mg/kg), low DCM dose (LD, 28.67 mg/kg), high FDCM dose (HFD, 127.34 mg/kg), and low FDCM dose (LFD, 63.67 mg/kg). The remaining methods of the establishment of the OVA model were the same as the first batch.
2.3 Collection and Analysis of Mouse Bronchoalveolar Lavage Fluid and Blood
The mice’s blood was taken from the heart after anesthesia and then the blood was centrifuged at 3,000 rpm for 10 min to gain serum samples. After blood collection, the mice were dissected, the mice lung was accurately found, and the right lung was ligated. The left lung was lavaged three times with 0.4 ml phosphate-buffered saline (PBS). Then 1% glacial acetic acid was used to dilute the aliquot of the lavage fluid samples, and the microscope with cell counting slides was used to determine the total leukocyte numbers. To research further, the BALF samples were loaded onto the slides and dried to stain with the Wright–Giemsa stain. Finally, the optical microscope was used to count the number of total monocytes, eosinophils, and neutrophils at high magnification.
2.4 Serum Cytokine Assay by Enzyme-Linked Immunosorbent Assay
According to the manufacturer’s instructions, the quantification analysis included IL-17, IL-4, and IgE, which were monitored using the mouse enzyme-linked immunosorbent assay kit (MEIMIAN). The determination results were substituted into the regression equation of the standard curve and finally multiplied by the dilution multiple to obtain the contents of each fraction.
2.5 Pathological Analysis of Lung Tissue in Mice
The mice lung was removed by dissection and fixed in 4% paraformaldehyde. Then paraffin was used to embed the lung tissues, and they were cut into sections. Next, the mice tissue sections were stained with hematoxylin and eosin (H&E) to analyze histopathology. After staining, the optical microscope was used to analyze the degree of inflammatory infiltration in the tissue sections.
2.6 Western Blotting Explored the Regulation of Inflammatory Factors and Signaling Pathway in Fried Radix Paeoniae Alba That Enhances Anti-Allergic Asthma
In this research, the lung tissues were lysed with RIPA Lysis Buffer and used protein extraction reagent to extract the total protein of tissues. Then, the homogenates were centrifuged at 12,000 rpm for 10 min at 4°C, the supernatants were collected, and a bicinchoninic acid (BCA) protein assay was used to measure the protein concentration. The proteins were separated by 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and 5% concentrated glue, and the proteins were transferred onto polyvinylidene fluoride (PVDF) membranes at appropriate electric current and time. Then, the PVDF membranes were blocked in 5% skim milk for 2 h at about 20°C. After blocking, the membranes were washed with phosphate-buffered saline with Tween-20 (PBST) for 30 min and then incubated with appropriate primary antibodies overnight on the shaking bed of 4°C refrigerators. The primary antibodies used were as follows: IL-1β, IL-6, p-PI3K, PI3K, p-AKT, AKT, and GAPDH. The next day, the membranes were washed with PBST and incubated with a 1:10,000–1:5,000 dilution of appropriate secondary antibody for 1–2 h on a shaker at 20°C. After incubating, the membranes were washed with PBST three times, and then the enhanced chemiluminescence (ECL) was used to visualize the proteins of membranes under the Western blotting detection system. The protein bands were analyzed using ImageJ.
2.7 Immunofluorescence Analysis of Fried Radix Paeoniae Alba Lung Tissue Sections
The lung tissue was cut to a thickness of 5 µm by using a cryomicrotome. The sections were subsequently blocked with 5% goat serum for 30 min and incubated overnight with the p-AKT (1:500 dilution) antibody at 4°C. The next day, after washing three times with PBS, the sections were incubated with appropriate secondary antibodies (1:500 dilution) at room temperature for 2 h. Then, the sections were washed three times with PBS and finally mounted with UltraCruz mounting media containing DAPI. The confocal fluorescence microscope was used in this experiment.
2.8 The Changed Contents of Main Compounds of the Most Active Fraction of Anti-Allergic Asthma After Stir-Frying in Fried Radix Paeoniae Alba Compared With Radix Paeoniae Alba
The samples of the most active fraction of anti-allergic asthma in RPA and FRPA would be analyzed by UPLC/Q-TOF-MS to detect the liquid chromatograms of the characteristic peaks. Meanwhile, the components and contents of the compounds were identified by UPLC/MS software and the supports of the Pharmacopoeia standards and the compounds reported in the references. Finally, the research summarized some compounds with significantly different contents after stir-frying with honey and bran.
The elution conditions were as follows: ACQUITY UPLC®BEH C18 column (2.1 mm × 50 mm, 1.7 μm); the mobile phase: A was 0.1% formic acid water, and B was acetonitrile; The flow rate was 0.3 ml/min, and the injection volume was 1 μl: column temperature: 30°C; gradient elution: 0→0.6 min, 95% A; 0.6→0.8 min, 95%→89% A; 0.8→2.0 min, 89% A; 2.0→4.0 min, 89%→82% A; 4.0→4.5 min, 82%→81% A; 4.5→7.0 min, 81% A; 7.0→8.5 min, 81%→5% A; 8.5→9.0 min, 5% A; 9.0→9.5 min, 5%→95% A; 9.5→12.0 min, 95% A.
2.9 Statistical Analysis
All experimental data were analyzed by GraphPad Prism 8.0.2 (GraphPad InStat Software, San Diego, CA, United States). One-way analysis of variance (one-way ANOVA) or t-test was used to compare each group. All experimental data were expressed by mean ± standard deviation (SD). Meanwhile, the value of *p < 0.05 was statistically significant.
3 RESULTS
3.1 Effects of Each Fraction in Radix Paeoniae Alba on the Total Number of Monocytes and the Number of Eosinophils and Neutrophils in Bronchoalveolar Lavage Fluid
In this section, the effects of each fraction of RPA on the total number of monocytes, the number of eosinophils, and neutrophils in the BALF of OVA-sensitized mice were determined in the experiment. The results of the Wright–Giemsa staining are shown in Figure 2A. The experimental results of cell count are shown in Figure 2B: the BALF cell counts were compared with the control, the BALF total number of monocytes, the number of eosinophils, and neutrophils were significantly increased in the OVA-sensitized allergic asthma model group (p < 0.001), and the number of eosinophils indicated that the OVA-sensitized mice in allergic asthma experiment were successful. The mice treated with DCM, EA, and W had significantly lower BALF total number of monocytes, the number of eosinophils, and neutrophils (p < 0.001) than the OVA-induced allergic asthma model group, especially DCM. These experimental results indicated that DCM was the most active fraction in RPA to anti-allergic asthma.
[image: Figure 2]FIGURE 2 | Wright–Giemsa staining and cell count results. (A) Results of Wright–Giemsa staining by using a microscope. Scale bar, 100 μm. (B) Total number of monocytes, eosinophils, and neutrophils in BALF of each fraction in RPA (n = 5). The data were analyzed using one-way ANOVA and are presented as the mean ± SD. *p < 0.05 was statistically significant. *Compared with control, *p < 0.05, **p < 0.01, ***p < 0.001; #compared with model, #p < 0.05, ##p < 0.01, ###p < 0.001, ns, not significant.
3.2 Effect of Each Fraction in Radix Paeoniae Alba on Lung Tissue Pathology in OVA-Sensitized Allergic Asthma
After H&E staining, the pathological sections of mice were observed by using an optical microscope. The pathological section results of each fraction in RPA are shown in Figure 3A. The results of the pathological sections showed that the alveolar size of the mice in the control was normal, and there was no significant infiltration of inflammatory cells. However, in the OVA-sensitized model group, the bronchus of the lung tissue was infiltrated deeply by inflammatory cells and could be seen that the alveolar area was significantly enlarged, etc. The administration of each fraction from RPA had different degrees of improvement about the inflammation in lung tissue, which included the degree of inflammatory infiltration by inflammatory cells, and the degree of moderation about the pathological structure of lung tissue. The results of the asthma inflammation score are shown in Figure 3B, the scores of the control were about 1 point, and the OVA-sensitized model group was about 4 points. The lower scores the group got, the better improvement it had. The experimental results showed that DCM and EA had a good improvement effect (p < 0.001), but DCM was better. The results in this section verified that DCM was the most active fraction in RPA to anti-allergic asthma once again.
[image: Figure 3]FIGURE 3 | H&E staining, asthma inflammation score and ELISA results. (A) Pathological changes of mice lung tissue treated with each fraction from RPA. H&E staining was used to stain lung sections (n = 5). Scale bar, 100 μm. (B) The results of asthma inflammation score about each fraction from RPA. (C) Expression levels of cytokines in the serum (n = 3). The data were analyzed by using one-way ANOVA and are presented as mean ± SD. *p < 0.05 was statistically significant. *Compared with control, *p < 0.05, **p < 0.01, ***p < 0.001; #compared with model, #p < 0.05, ##p < 0.01, ###p < 0.001, ns, not significant.
3.3 Effect of Each Fraction in Radix Paeoniae Alba on the Expression Levels of IL-17, IL-4, and IgE in OVA-Sensitized Allergic Asthma
The occurrence of allergic asthma was related to the mediation of IL-17. In OVA-sensitized mice without any treatment, IL-17 was increased mildly in the serum (p < 0.01), whereas in OVA-sensitized mice fed different fractions of each fraction from RPA, IL-17 was differently diminished in the serum, and DCM had a vigorous reducing effect (p < 0.001).
IL-4 was produced by CD4 T cells stimulated by antigen or mitogen, which was closely related to the occurrence of allergic asthma. The OVA-sensitized mice had obviously enhanced IL-4 levels in the serum (p < 0.001). In OVA-sensitized mice treated with different fractions from RPA, there were varying degrees of the significantly decreased IL-4 levels in the serum, and DCM played the best inhibition effect compared with other treatment groups (p < 0.001).
IgE was produced by the plasma cells in the lamina propria of the respiratory and digestive tract mucosa and was one of the immune features that produce allergic asthma. After OVA-sensitized, the IgE levels in the serum were slightly increased compared with the control (p < 0.01), whereas in the OVA-sensitized mice gaining each fraction from RPA treatment, to a certain extent, only DCM could reduce IgE levels (p < 0.05).
The cytokine expression levels of IL-17, IL-4, and IgE are shown in Figure 3C. These results also proved that DCM was the most active fraction in the treatment of anti-allergic asthma in RPA.
3.4 Effects of DCM and FDCM on the Total Number of Monocytes and the Number of Eosinophils and Neutrophils in Bronchoalveolar Lavage Fluid
In the study of screening the most active fraction from RPA for anti-allergic asthma, the results confirmed that the most active fraction of RPA of anti-allergic asthma was DCM. And in this section, the experiments of the effects of the high and low doses from DCM (HD, LD) and FDCM (HFD, LFD) on the total number of monocytes and the number of eosinophils and neutrophils in BALF of OVA-sensitized mice were determined to explore the enhancement for anti-allergic asthma effects by FDCM. The results of the Wright–Giemsa staining are shown in Figure 4A. The experimental results of cell count are shown in Figure 4B: the BALF cell counts were compared with the control, the BALF total number of monocytes, the number of eosinophils, and neutrophils were sharply increased in the OVA-induced model group (p < 0.001), and the number of eosinophils manifested that the OVA-sensitized mice in the allergic asthma experiment were successful. The mice treated with HD, HFD, and LFD had significantly a lower BALF total number of monocytes, the number of eosinophils, and neutrophils (p < 0.001) than the OVA-sensitized allergic asthma model group, especially HFD. These experimental results indicated that the dichloromethane fraction from FRPA had a stronger effect on anti-allergic asthma than from RPA.
[image: Figure 4]FIGURE 4 | Wright–Giemsa staining and cell count results. (A) Results of Wright–Giemsa staining by using a microscope. Scale bar, 100 μm. (B) Total number of monocytes, eosinophils, and neutrophils in BALF of high and low doses from DCM and FDCM (n = 5). The data were analyzed by using one-way ANOVA and are presented as mean ± SD. *p < 0.05 was statistically significant. *p < 0.05 was statistically significant. *Compared with control, *p < 0.05, **p < 0.01, ***p < 0.001; #compared with model, #p < 0.05, ##p < 0.01, ###p < 0.001.
3.5 Effect of DCM and FDCM on Lung Tissue Pathology in OVA-Sensitized Allergic Asthma
Furthermore, the histopathology of OVA-sensitized mice lungs sections was examined by H&E. The pathological section results are shown in Figure 5A. The results of pathological sections showed that there was no significant infiltration of inflammatory cells in the control, and the mice’s alveolar size was normal. Nevertheless, the bronchus in the lung tissue of the OVA-sensitized model group was infiltrated extremely by the inflammatory cells and could be seen that the alveolar area was markedly enlarged. The administration of each group had different degrees of improvement about the inflammation in lung tissue, which included the degree of moderation about the pathological structure of lung tissues and the degree of inflammatory infiltration by inflammatory cells. The results of the asthma inflammation score are shown in Figure 5B, the scores of the control were about 1 point, and the OVA-sensitized model group was about 4 points. The higher scores the group got, the worse improvement it was. The experimental results showed that HD, HFD, and LFD had a good improvement effect (p < 0.001), but HFD was best. In general, the experimental results confirmed that the dichloromethane fraction from FRPA had a better effect on anti-allergic asthma than from RPA once again.
[image: Figure 5]FIGURE 5 | H&E staining and asthma inflammation score. (A) Pathological changes of mice lung tissues treated with high and low doses from DCM and FDCM. H&E staining was used to stain lung sections (n = 5). Scale bar, 50 μm. (B) The results of asthma inflammation score about high and low doses from DCM and FDCM. The data were analyzed by using One-way ANOVA and are presented as mean ± SD. *p < 0.05 was statistically significant. *Compared with control, *p < 0.05, **p < 0.01, ***p < 0.001; #compared with model, #p < 0.05, ##p < 0.01, ###p < 0.001.
3.6 Effect of DCM and FDCM on the Expression Levels of Inflammatory Factors IL-1β and IL-6 in OVA-Sensitized Allergic Asthma
IL-1β and IL-6 were two inflammatory factors related to allergic asthma. For the sake of exploring the regulation of inflammatory factors of FDCM in OVA-sensitized allergic asthma, the expression of IL-1β and IL-6 was detected by Western blotting. The primary antibody of IL-1β, IL-6, and GAPDH was used to detect the protein expression levels. The protein expressions of associated bands are shown in Figure 6A. The results illustrated that OVA could enhance the levels of IL-1β and IL-6, while the effects could be diminished by treatment about high and low doses of DCM and FDCM. In short, HFD could decrease the protein expression of IL-1β and IL-6 when compared with the OVA-sensitized model group (p < 0.001). The correlative bands analysis results were presented in Figure 6B. These findings asserted that the dichloromethane fraction from FRPA could enhance the effect of anti-allergic asthma under OVA-sensitized by regulating inflammatory factors IL-β and IL-6.
[image: Figure 6]FIGURE 6 | Western blotting and Immunofluorescence staining results. (A) Representative Western blotting analysis for expressions of IL-1β and IL-6. Densitometric values were normalized against GAPDH. (B) Relative protein expression of IL-1β and IL-6 in OVA-sensitized mice with the treatment of high and low doses of DCM and FDCM. (C) Representative Western blotting analysis for expressions of p-PI3K, PI3K, p-AKT and AKT. Densitometric values were normalized against GAPDH. (D) Relative protein expression of p-PI3K and p-AKT OVA-sensitized mice with the treatment of high and low doses of DCM and FDCM. (E) Immunofluorescence staining of p-AKT. Scale bar, 200 µm. Protein bands were analyzed by ImageJ (n = 3). GAPDH was used as internal controls. The data were analyzed by using one-way ANOVA and presented as mean ± SD. *p < 0.05 was statistically significant. *Compared with control, *p < 0.05, **p < 0.01, ***p < 0.001; #Compared with model, #p < 0.05, ##p < 0.01, ###p < 0.001.
3.7 Effect of DCM and FDCM on the Activation of PI3K/AKT Signaling Pathway in OVA-Sensitized Allergic Asthma
The PI3K/AKT signaling pathway was one of the common signaling pathways in immunosuppression and inflammatory diseases. Also in order to explore the signaling pathway of FDCM in OVA-sensitized allergic asthma, the expression of PI3K and AKT was detected by Western blotting. The primary antibodies of p-PI3K, PI3K, p-AKT, AKT, and GAPDH were used to detect the protein expression levels. The protein expression results of the relevant bands are shown in Figure 6C. The results indicated that OVA could enhance the levels of p-PI3K and p-AKT, while these effects could be decreased by treatment of high and low doses of DCM and FDCM. In brief, the HFD could prevent the phosphorylation of PI3K and AKT when compared with the OVA-sensitized model group (p < 0.001). The band analysis results are presented in Figure 6D. These findings suggested that the dichloromethane fraction from FRPA could enhance the effect of anti-allergic asthma under OVA-sensitized by targeting the PI3K/AKT signaling pathway.
3.8 Effect of DCM and FDCM on the Expression Level of p-AKT in Lung Tissues by Immunofluorescence Analysis in OVA-Sensitized Allergic Asthma
Immunofluorescence staining of p-AKT further verified the results of the Western blotting, and the immunofluorescence results are presented in Figure 6E. The immunofluorescence analysis of frozen sections of FRPA lung tissues with p-AKT showed that HD and HFD could inhibit the expression of AKT phosphorylation in the lung tissue of OVA-induced allergic asthma mice, but HFD had a better inhibition effect. The experimental results also proved that the FDCM had a significant anti-allergic effect on asthma, and the effect was better than that of DCM.
3.9 Changed Contents of Main Compounds in FDCM Compared With DCM
The pharmacological experimental results confirmed that FDCM had stronger pharmacological effects on anti-allergic asthma than DCM. In this section, the experiment analyzed further to explore the main components in DCM and FDCM and the changed contents of FDCM after stir-frying by honey and bran. Therefore, UPLC/Q-TOF-MS was used to analyze the samples of FDCM and DCM. The chromatograms of UPLC are shown in Figure 7A.
[image: Figure 7]FIGURE 7 | UPLC analysis results and bar chart of compounds contents. (A) Chromatograms of UPLC on DCM and FDCM. (B) Bar charts about the significantly increased contents of some compounds in FDCM compared with DCM, which included compound structures (n = 3). The data were analyzed using a T-test and presented as mean ± SD. *p < 0.05 was statistically significant. Compared with DCM, *p < 0.05, **p < 0.01, ***p < 0.001.
Through UPLC/MS software analysis, the experimental results confirmed that the contents of many components in FDCM were changed after stir-frying by honey and bran. And the compounds were identified by the pharmacopoeia standards, the reported compounds, and mass spectrometry. The results are summarized in Table 1. Subsequently, the research performed significant difference analysis on the average values of their peak area by using a t-test, and at last, the experimental results manifested that the contents of many compounds in FDCM were significantly increased with a statistical difference after stir-frying with honey and bran. The bar charts of comparisons of the contents of some compounds are presented in Figure 7B.
TABLE 1 | Changed content of main compounds in FDCM compared with DCM.
[image: Table 1]4 DISCUSSION
Over the past decades, allergic asthma and airway inflammatory disease had exerted great impacts on human and animal health worldwide. At present, most medical researchers believed that the main factor causing asthma was the imbalance of Th1/Th2 and Th17/Treg. At present, most medical researchers believed that the main factor causing asthma is the imbalance of Th1/Th2 and Th17/Treg, and the regulation of PI3K/AKT and other signaling pathways can effectively control the progression of asthma. PI3K was a heterodimer protein consisting of a catalytic subunit and a regulatory subunit. Under basic conditions, regulatory proteins would bind, stabilize, and inhibit catalytic subunits. During cell activation, the regulatory proteins would contact the catalytic subunits with a lipid substrate on the membrane. PI3K would be activated by Ras, RTKs, and GPCRs, and after activation, the activated PI3K was able to phosphorylate PIP2 to produce PIP3, causing the recruitment of PDK1 and AKT to the plasma membrane. Then, PDK1 and mTORC2 would phosphorylate AKT. Finally, the activated AKT was able to phosphorylate plenty of downstream effectors, which regulated the cell growth, cell survival, angiogenesis, and migration, or invasion. In the previous research, Wu et al. found through experiments that alpinetin had good anti-inflammatory activity against allergic asthma by regulating PI3K/AKT/NF-κB and HO-1 signaling pathways (Wu D. et al., 2020). Ma et al. mentioned in the study that allergic asthma would activate the mTOR signaling pathway, which led to the upregulation of p-PI3K, p-AKT, and p-mTOR. The general pathway can be simply described as PI3K was activated by external stimulation and inflammation, and after activation, p-PI3K was formed, which would phosphorylate AKT into p-AKT and finally activate mTOR, translate protein, and grow cells (Ma et al., 2021). Chen Xi et al., through experiments, found that surfactant protein A can inhibit allergic reactions of asthma mice induced by OVA by regulating the activity of JAK/STAT (Chen et al., 2021). Vitex negundo Linn. extracts can regulate the AMPK/PI3K/AKT/p38-NF-κB and TGF-β/Smad/Bcl2/caspase/LC3 signaling pathways to produce cascade reaction and activate macrophages, thus alleviating allergic asthma and lung infection induced by OVA (Tirpude et al., 2021).
In this study, the most effective fraction of RPA that exerts the anti-allergic asthma effect was evaluated, and after processing honey and bran, the pharmacological effect, pharmacological mechanisms of action, and material basis of increasing the anti-allergic asthma effect of the effective active fraction in FRPA were further explored. First, RPA was extracted, and the drug components of each fraction were obtained by using different polar extracts. Subsequently, the research evaluated the most active fraction for anti-allergic asthma by OVA sensitization of female BALB/c mice to model and administer drugs to each fraction of RPA. According to the experimental results of histopathological analysis, the lung tissues of OVA-induced BALB/c mice showed obvious inflammatory infiltration, and the alveolar structure was also significantly damaged. Based on the results of H&E staining, DCM, the dichloromethane fraction of RPA, could significantly reduce the degree of inflammatory infiltration of lung tissue. On the other hand, in the process of airway inflammation, there were many inflammatory cells involved, including eosinophils and neutrophils. Eosinophils were the main participants in the process of allergic asthma. Judging from the cell count after Wright–Giemsa staining of BALF, DCM can prevent the alveolar area from being infiltrated by inflammatory cells, especially eosinophils, to some extent. The experimental results were similar to those of pulmonary histopathological analysis, indicating that DCM had a good anti-allergic effect on asthma. T cells differentiated into Th1, Th2, and Th17 after antigen exposure and receptor stimulation. IL-17 produced by Th17 cells can stimulate bronchial epithelial cells in allergic asthma and had a certain effect on the production of cytokines and chemokines. IL-4 produced by Th2 cells played a central role in the development of asthma, in that it increased the expression level of inflammatory cytokines in the lung and ultimately stimulated the production of IgE. Inspired by the fact that IgE can mediate an allergic immune response, it was the main regulator of Th2 cytokines that controlled the progression of asthma (Aghajani et al., 2019; Wu D. et al., 2020). The results of ELISA showed that DCM could effectively reduce the expression levels of IgE, IL-17, and IL-4 in serum. The aforementioned experimental results showed that DCM was the most active effective fraction for anti-allergic asthma in RPA.
Afterward, the dichloromethane fraction from FRPA was obtained according to the RPA-related extraction and the separation process to evaluate the enhancement of pharmacological effect after the processing with honey and bran. From the results of H&E staining, the high dose of the dichloromethane fraction from FRPA did exert a stronger pharmacological effect than the high dose of the dichloromethane fraction from RPA, and the pathological sections of the lung tissue showed the best inhibition degree of inflammatory infiltration compared with other groups. The cell count results of BALF also showed that HFD could reduce the number of eosinophils and neutrophils more effectively than HD. In addition, the research further studied the inflammatory factors and signaling pathways of FDCM against OVA-induced allergic asthma. Th2 cells secreted IL-6 to prevent allergic diseases (Jian et al., 2013). IL-1β can stimulate Th2 cells and increase the eosinophils in the lung inflammation site, thus mediating the development process of allergic asthma (Sobkowiak et al., 2017). In Western blotting analysis, it was found that HFD significantly reduced the contents of IL-1β and IL-6, and HFD was better than HD. Furthermore, pathologies such as inflammatory cell infiltration can be suppressed by inhibiting the activation of PI3K and AKT in mouse models of allergic asthma (Wu D. et al., 2020). FDCM was found to be capable of inhibiting the expression levels of p-PI3K and p-AKT. At the same time, according to the analysis results of immunofluorescence, it was found that HFD could effectively inhibit the expression of AKT phosphorylation in the lung tissue. These experimental results indicated that FDCM had potential pharmacological mechanisms of action to exert anti-allergic asthma by targeting the PI3K/AKT signaling pathway.
Furthermore, the better pharmacological action of the dichloromethane fraction of FRPA was due to the increased contents of its main components after processing with honey and bran, which might be because the carbohydrate-rich honey played a protective role in the structure of the main chemical components of the traditional Chinese medicine during the high-temperature processing (Ao et al., 2020). The main components of the dichloromethane fraction from FRPA were generally paeoniflorin and its structure analogous compounds. The experimental results indicated that the components of paeoniflorin and the structure analogous compounds of paeoniflorin like galloylpaeoniflorin were significantly increased in the dichloromethane fraction from FRPA after processing. Paeoniflorin can reduce the expression levels of IL-5, IL-13, IL-17, and eotaxin in the OVA-induced allergic asthma mice model, which may be concerned with the blocking of the MAPK pathway activation (Zhou et al., 2020). Galloylpaeoniflorin can alleviate PM2.5-induced vascular endothelial cell injury on inflammatory responses, which can be achieved by activating the Nrf2 signaling pathway (Bi et al., 2020). In addition, there were also some compounds with other structures that showed a significant increase, such as ethyl gallate and pentagalloylglucose. To a certain extent, ethyl gallate and pentagalloylglucose can protect the LPS-induced acute lung injury by inhibiting the number of polymorphonuclear leukocytes in BALF, reducing the wet/dry ratio and protein concentration of the lung, and improving the permeability of the lung (Zhang et al., 2018). The research group is currently conducting research on their pharmacological activities and other aspects.
Coronavirus disease 2019 (COVID-19) is a global infectious disease, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), making it one of the severe public health issues in recent decades, which had put a heavy toll on public health, lives, and the world economy. Hundreds of molecular tests and immunoassays were rapidly developed (Vandenberg et al., 2021), and several agents were being evaluated (Gavriatopoulou et al., 2021). However, most of the current guidelines did not specifically advise on how to treat pneumonia and acute respiratory distress syndrome, which were the major complications of COVID-19, such as cough and inflammation (Anka et al., 2021). RPA was a well-known natural medicine in China already widely available for the management of respiratory conditions, mainly regarding the symptoms (inflammation and immune function). Our work suggests that RPA had evidence to the discussion about its potential use as adjuvants in the treatment of early/mild common flu in otherwise healthy adults within the context of COVID-19.
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Long Non-Coding RNA NR-133666 Promotes the Proliferation and Migration of Fibroblast-Like Synoviocytes Through Regulating the miR-133c/MAPK1 Axis
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Long non-coding RNA (lncRNA) is involved in the regulation of rheumatoid arthritis (RA) and many other diseases. In this study, a new lncRNA, NR-133666, was identified to be highly expressed in the adjuvant-induced arthritis rat model using the Agilent lncRNA microarray assay. qRT-PCR verified that NR-133666 was upregulated in fibroblast-like synoviocyte of a collagen-induced arthritis (CIA) rat model. Fluorescence in situ hybridization analysis showed that NR-133666 is mainly expressed in the cytoplasm of collagen-induced arthritis FLS. MTT assay and EdU staining results showed that the proliferation of CIA FLS was inhibited after NR-133666 was knocked down, and the wound healing assay showed that the migration of CIA FLS was also suppressed. Dual luciferase detection was used to confirm the relationship among NR-133666, miR-133c and MAPK1. MAPK1 is the target gene of miR-133c, where NR-133666 acts as a sponge of miR-133c to reduce the inhibitory effect of miR-133c on MAPK1. Overexpression of NR-133666 and MAPK1 can promote the proliferation and migration of CIA FLS, and overexpression of miR-133c can reverse this phenomenon. Western blot indicated that it may be related to the ERK/MAPK signaling pathway. Collectively, we identified that lncRNA NR-133666 acted as a miR-133c sponge that can promote the proliferation and migration of CIA FLS through regulating the miR-133c/MAPK1 axis.
Keywords: long non-coding RNA (lncRNA), messenger RNA (mRNA), fibroblast-like synoviocytes (FLSs), mitogen-activated protein kinase 1 (MAPK1), rheumatoid arthritis (RA)
INTRODUCTION
Rheumatoid arthritis (RA) is an autoimmune disease with chronic inflammation, causing pain, stiffness, and eventually functional disabilities (Culemann et al., 2019). Approximately 1% of the world population is suffering from this disease, with more than three million new cases being diagnosed each year (Zheng et al., 2015). The latest research has found that the treatment of RA is more diversified and more targeted by using monoclonal antibodies and specific drugs targeting small molecules (Davis et al., 2020). However, the etiology of RA remains unclear. The investigations of the theoretical basis for the development of novel RA therapies are urgently needed. Abnormal proliferation and migration of fibroblast-like synoviocyte (FLS) cells are important factors leading to RA (Bottini and Firestein, 2013), therefore, inhibiting its development may be an important research direction in the treatment of RA.
Recently, non-coding ribonucleic acids (ncRNAs) and small regulatory RNAs such as small interfering RNA (siRNA) and microRNA (miRNA) have been extensively studied (Song et al., 2015; Zou et al., 2018), as well as their underlying molecular mechanisms (Zou et al., 2018). Long non-coding RNA (lncRNA), playing important roles in autoimmune diseases, is a ncRNA with a length of more than 200 nucleotides (Yue et al., 2019). Previous studies have shown that overexpression of lncRNA DILC may improve RA by downregulating interleukin 6 (IL-6) and inhibiting the apoptosis of human fibroblast-like synovial cells (HFLS) (Wang et al., 2019). In addition, various lncRNAs are also involved in RA, including lncRNA H19, GAPLINC, ZFAS1, UCA1, MALAT1, C5T1, LOC100652951 and LOC100506036(Liang et al., 2019). However, the role of such lncRNAs in the pathogenesis of RA remains unclear.
MiRNA is a type of endogenous ncRNA with a length of 20–25 nucleotides, and has been shown to regulate messenger RNA (mRNA) stability and protein translation (Iorio and Croce, 2012). Studies have found that miRNA can regulate the proliferation of FLS (Cai et al., 2021). For example, miR-124a regulates the proliferation of synovial cells through the integrin beta 1 (Itgβ1)-mediated Ras-Erk1/2 signaling pathway (Wang et al., 2018). miR-133c has been reported in previous studies to be related to growth (Jia et al., 2020), development, and immune regulation (Zou et al., 2020), though the mechanism of miR-133c is still not clear in RA.
Mitogen-activated protein kinase 1 (MAPK1) can regulate the proliferation and migration of a variety of cells (Ji et al., 2019). MAPK1 has been shown to mediate the development of FLSs as an intracellular signaling molecule. Moreover, some lncRNA and mRNA can also affect the process of RA through the MAPK1 pathway (Zhu et al., 2019). For example, lncRNA NEAT1 downregulates miR-129 and miR-204 so as to regulate the process of RA through the MAPK/ERK pathway (Chen et al., 2021).
In the present study, we identified a novel lncRNA, NR-133666, which can regulate the proliferation and migration of collagen-induced arthritis (CIA) FLS. Our results clarify that NR-133666 can regulate the MAPK1 pathway by competitively inhibiting miR-133c, thereby promoting the proliferation and migration of CIA FLS.
MATERIALS AND METHODS
Animal Preparation
Adult male Sprague-Dawley (SD) rats used in this study were 6–8 weeks old (body weight 160–180 g) (Shanghai Slack Laboratory Animal Co., Ltd.). They were cultured in the same environment that kept at room temperature 25°C and light-dark cycle for 12 h. Animals had free access to water and food. Animal experiments were carried out in accordance with the “Guidelines for the Care and Use of Laboratory Animals of the Laboratory Animal Center of Fujian Medical University” [Certificate No. SCXK (Fujian) 2016-0002], and the protocol was approved by the Animal Experiment Ethics Review Committee of Fujian Medical University (No. 2017-047).
Animal Model Establishment
Animals were assigned to the control group and adjuvant-induced arthritis (AIA) groups randomly (randomization of animals were described as in a publication by Cheng T et al. (Cheng et al., 2016). Each rat in the control group was injected with 0.1 ml normal saline into the endothelium of the left posterior claw, while eight rats in the treatment group were injected with aliquots of Freund’s complete adjuvant (FCA, Chondrex. Inc. USA #200312) on designated day 0. They were euthanized (injection of pentobarbital) 27 days after AIA induction, and synovial tissue on the same side of the knee joint associated with swelling was obtained for microarray detection (Jiang et al., 2016).
Hematoxylin and Eosin, Toluidine Blue, and Safranin O Staining
The rats were anesthetized with pentobarbital (100 mg/kg) on the 27th day. Sterile dissection was performed: the left ankle joint was isolated freshly, fixed with 4% paraformaldehyde for 24 h, and dehydrated with different concentrations of alcohol gradient, and then embedded in paraffin. The size of the tissue block was 2.0 cm × 2.0 cm ×0.3 cm. Each tissue was cut into slices (3 μm) using Leica ultra-thinslicer (Leica company, Germany), and prepared for H&E, toluidine blue, and safranin O staining (Mao et al., 2019). Under blinded conditions, the severity of inflammation and cartilage damage was scored by two independent observers. The scoring criteria were as follows: “Synovitis, 0 = normal, 1 = mild diffuse inflammatory infiltrate, 2 = moderate inflammatory infiltrate, 3 = marked inflammatory infiltrate, and 4 = severe inflammation with pannus formation. Cartilage damage and bone erosion, 0 = normal, 1 = mild loss of Safranin O staining, no obvious chondrocyte loss, 2 = moderate loss of staining with focal mild chondrocyte loss, 3 = significant staining, loss and multifocal marked chondrocyte loss, 4 = severe diffuse loss of staining, multifocal severe chondrocyte loss. Pannus, 0 = no change, 1 = pannus at two sites, 2 = pannus at four sites, 3 = pannus at more than four sites or extensive pannus at two sites” (Mukai et al., 2015).
LncRNA and mRNA Microarray Analysis
Total RNAs were extracted from 6 cases of synoviums (3 cases from the control group and 3 cases from the model group based on H&E staining results). Quantities and qualities RNA samples were measured by NanoDrop ND-1000. RNA integrity was assessed by standard denaturing agarose gel electrophoresis. Arraystar Rat lncRNA microarrays (v2.0, containing 13,611 lncRNAs and 24,626 coding transcripts) were used to detect the expression of lncRNAs and mRNAs. The tissue preparations and microarray hybridization were performed using the Agilent Gene Expression Hybridization Kit (Agilent Technology, United States). After washing, the arrays were scanned by Agilent Microarray Scanner and finally were analyzed by Agilent Feature Extraction software (version 10.5.1.1). Differentially expressed transcripts were identified by fold-change screening at a threshold of 1.3-fold or greater, and a p-value < 0.05.
Co-Expression Network
Cytoscape software (version 2.8.3, The Cytoscape Consortium, San Diego, CA, United States) was used to construct a co-expression network (CNC network) (Cui et al., 2018).
To construct the network, miRNA data targeted by the differentially expressed lncRNA NR-133666 was downloaded from the miRcode (http://www.mircode.org), and miRDB (http://mirdb.org/) and TargetScan (http://www.targetscan.org/vert_80/) were used to predict the mRNA targeted by the miRNA. Differentially expressed lncRNA and mRNA with FDR <1%, |log2 FC| ≥ 1 and Q value < 0.05 were retained to establish the competitive endogenous RNA (ceRNA) network. Finally, we used Cytoscape to construct the lncRNA-miRNA-mRNA ceRNA network (Salmena et al., 2011).
Cell Culture
CIA FLS (BeNa Culture Collection, China) was cultured in an incubator (37°C, 5% CO2) in RPMI 1640 medium (Gibco, United States) supplemented with 10% fetal bovine serum (FBS, PAN, Germany). Normal rat FLS (Shanghai Yaji Biotechnology Co., Ltd.) cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Hyclone, United States) supplemented with 10% FBS (Qishan Wang et al., 2020).
Cell Transfection
Small interfering RNAs of lncRNA NR-133666 (si-NR-133666-1, 2, 3), small interfering RNA of MAPK1 (si-MAPK1) and their paired control (si-NC), miR-133c overexpression (miR-133c agomir) and overexpressed control (miR-133c NC) were purchased from Hanbio (Shanghai, China). The plasmids overexpressing lncRNA of lncRNA NR-133666 (pIRES NR-133666) and overexpressed control (pIRES NC) were synthesized by Zaijibio (Fuzhou, China). Cells were seeded in a 6-well plate at 1 × 106 cells per well 24 h before transfection, and the transfection was started when the confluence reached 80–90%. According to the manufacturer’s instructions, we used Lipo8000™ transfection reagent (Beyotime Biotechnology #C0533) for transfection, then replaced the complete medium 6 h after transfection. All relevant sequences are listed in Supplementary Table S1.
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was extracted using TRIzol (TIANMO BIOTECH, China #TR201-50) reagent and the concentration and purity of RNA were measured using NanoDrop ND-1000 spectrophotometer. Then, the RNA underwent reverse transcription to generate complementary DNA (cDNA). Based on the directions of Hifair ® III 1 st Strand cDNA Synthesis SuperMix for qPCR (YESEN, China #11141ES10), qRT-PCR was used with Hieff® qPCR SYBR® Green Master Mix (YESEN, China #11201ES03). 2−ΔΔCt was used to assess the relative expression of genes (Shaker et al., 2019). Primers are exhibited in Supplementary Table S2.
Dual-Luciferase Reporter Assay
Online software TargetScan 7.2 (http://www.targetscan.org/vert_72/) was used to predict the potential target genes of lncRNA NR-133666, MAPK1 and miR-133c. The 3′-untranslated region (3′-UTR) of rat lncRNA NR-133666/mutant lncRNA NR-133666 and MAPK1/mutant MAPK1 were amplified by qRT-PCR and individually subcloned into the pSI-Check2 luciferase vector (Promega, United States). We took 293T cells (ACTT, United States) and inoculated 2 × 104 cells/well in a 96-well plate. After incubating overnight, we used transfection reagent (Hanbio, at a concentration of 0.8 mg/ml) to transfer wild-type (WT) or mutant (MUT) NR133666 and WT or MUT MAPK1 luciferase reporter gene plasmid and miR-133c mimic or Negative Control (NC) mimic, co-transfecting 293T cells, where each group set up was of five multiple wells. After 48 h of incubation, the luciferase activity was detected by the dual luciferase detection system (Wu et al., 2018).
Fluorescence in Situ Hybridization Assay
FISH analysis using a biotin-labeled probe specific for lncRNA NR-133666 (GenePharma Co. Ltd. Shanghai, China) was performed. CIA FLS cells were fixed with 4% paraformaldehyde for 20 min, then the cells were washed twice with phosphate buffer saline (PBS). We then added protease K (20 μg/ml) to digest for 1–5 min and incubated with the FISH probe for 1 h. The nucleus was counterstained with 4,6-diamidino-2-phenylindole (DAPI). A confocal microscope (Leica Microsystems, Mannheim, Germany) was used to acquire images.
MTT Assay
FLSs were seeded in a 96-well plate (1 × 104 cells/well) and incubated overnight (37°C, 5% CO2). Each group was set up with six multiple wells, and we set the zero-adjustment holes, in which the zero-adjustment holes were PBS (DING GUO #BF-0011). After transfection for 12, 24, 36, 48 h, we added 20 μl of MTT solution (YESEN, China # 40201ES80) and incubated for 4 h, then aspirated the culture supernatant in the wells, added 150 μl of Dimethyl sulfoxide (DMSO) to each well. They were shook for 10 min and crystals were fully melted. The optical density at 570 nm was measured using an enzyme-linked immuno sorbent assay (ELISA) reader.
EdU Assay
Inoculated FLSs (1 × 105 cells/well) in a 24-well plate were cultured and transfected using the BeyoClick EdU-448 cell proliferation kit (Beyotime Biotechnology #C0071S) by following the manufacturer’s instructions. We incubated each well with 10 μM EdU at 37°C for 12 h. Hoechst 33,342 was used for nuclear staining, and Thermo Scientific Cellomics ArrayScan VTI HCS (Thermo Fisher Scientific, United States) was used for EdU imaging and analysis. The EdU incorporation rate was calculated based on the ratio of EdU-positive cells (green cells) to FLS-positive cells (blue cells) (Bao et al., 2020).
Wound Healing Assay
FLSs were uniformly seeded into a 24-well plate at a density of 4 × 105 cells/well. After transfection and culture, when the confluence was 90%, we used a 200 μl pipette tip to draw a straight line perpendicular to the center of the well plate. After washing with PBS twice, the cells were then cultured in a serum-free medium. We took pictures to record the scratch width at 0 h (5 pieces/hole). After 24 h in the incubator, we took pictures and recorded again at the same position. The gap distance of each monolayer was quantitatively evaluated using ImageJ. Cell migration rate was calculated as (%) = (0 h scratch area—24 h scratch area)/0 h scratch area × 100%
Western Blot Assay
After the cells were washed twice with PBS, the cells were lysed with Radio-Immunoprecipitation Assay (RIPA) Lysis Agent (DING GUO, China) for 30 min, during which time the cells were shaken every 5 min. The protein concentration was determined using the bicinchoninic acid (BCA) protein assay kit (GLPBIO # GK10009). Protein was resolved by 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE, DING GUO, China) and electroblotted onto a polyvinylidene difluoride membrane (PVDF). The membrane was sealed in the blocking solution (2.5 g skimmed milk powder dissolved in 50 ml TBST) for 1 h. We then probed using primary antibodies recognizing rabbit ERK (1:5,000; Affinity), p-ERK (1:5,000; CST) and β-tubulin (1:5,000; CST) overnight at 4 °C. The blot was incubated with horseradish peroxidase-conjugated secondary antibodies (1:10,000; Abcam), incubated for 2 h, and unbound secondary antibody was washed away and visualized with enhanced chemiluminescence imager (Shanghai Qinxiang Scientific Instrument Co., Ltd.).
Statistical Analysis
The mean of all data is expressed as ± standard deviation (SD). Differences between the control group and the AIA group were analyzed using Student’s t-test. Multigroup comparisons are analyzed using Dunnett`s or Bonferroni`s multiple comparisons of one-way ANOVA. Spearman correlation analysis was used to detect the relationship between lncRNAs and mRNA. Two-tailed p < 0.05 was used to demonstrate that the difference was statistically significant.
RESULTS
Identification of Differentially Expressed lncRNAs and mRNAs in AIA Animals
H&E staining of the AIA specimen displayed that the inflammatory cell infiltration in the articular cartilage surface as well as the cartilage erosion (swelling, exfoliation, pannus tissue formation) and pannus formation (Figure 1A). Statistical integration showed that the scores of AIA group were more than the control group, which indicated that the AIA model was successfully established (Figure 1B). A total of 13,611 lncRNAs were detected, and the Agilent lncRNA microarray identified 2009 differentially expressed lncRNAs with multiple variation cued off to 2.0 (1,282 upregulated and 727 decreased, p < 0.05). The 20 mRNAs with the most significant upregulation and downregulation are shown (Figure 1C). Compared with the control group, we identified 4,547 differentially expressed mRNAs in AIA animals using mRNA microarray, with a multiple cutoff of 2.0 (2,828 upregulated and 1719 decreased, p < 0.05). The 20 mRNAs with the most significant upregulation and downregulation are shown (Figure 1D).
[image: Figure 1]FIGURE 1 | Pathological and morphological changes and the different expression analysis of lncRNA and mRNA in synovial tissue from the control and AIA model group. (A) Compared with the control group, H&E staining of knee joint sections showed severe articular cartilage damage, adhesion and lymphocyte infiltration in the AIA group (black arrow); toluidine blue and safranin O staining showed that a large area of staining was lost and a large amount of chondrocytes was lost (yellow arrow), and bone damage was serious (blue arrow). (B) The quantitative analysis showed severe synovitis, cartilage damage and pannus of AIA model group (n = 3). Compared with controls, **p < 0.01, #p < 0.05. (C) Heat maps show the top 20 significantly upregulated and downregulated lncRNAs. lncRNA NR-133666 was enhanced in the AIA group. (D) Heat maps show the top 20 significant upregulated and downregulated mRNAs.
LncRNA-mRNA CNC
We first constructed a network of lncRNA and mRNA co-expression based on four verified differentially expressed mRNAs [Immunoglobulin G (IgG)3, IgG2A, IgM and FcγRIIb] and 375 interacted lncRNAs. The results showed that IgG3 was correlated with 88 lncRNAs (84 positive correlation, 4 negative correlation); IgM was correlated with 97 lncRNAs (77 positive correlation, 20 negative correlation); IgG2A was correlated with 101 lncRNAs (97 positive correlation, 4 negative correlation); and FcγRIIb was correlated with 89 lncRNAs (51 positive correlation, 38 negative correlation) (Figure 2A). We selected lncRNAs with a Pearson correlation coefficient ≥0.992, and then used the 4-way Venn Diagram Generator (https://bioinfogp.cnb.csic.es/tools/venny/index.html) to construct the network in each of the above groups to select lncRNAs related to the pathogenesis of RA molecules. The common intersection result suggested upregulation of lncRNA XR-349460 (LOC102556662, chromosome14, fold change 5.61), lncRNA NR-133666 (LOC102554317, chromosome11, fold change 38.10) and lncRNA ENSRNOT00000076920 (LOC100911498, chromosome X, fold change 3.82) (Figure 2B). XR-349460, NR-133666 and ENSRNOT00000076920 were overexpressed in AIA synovial tissues, as verified further by qRT-PCR. Among them, the expression difference of NR-133666 was more than 38-fold greater (Figure 2C). Hence, NR-133666 was selected for the subsequent functional and molecular mechanism experiments.
[image: Figure 2]FIGURE 2 |  lncRNA-mRNA co-expression networks and real-time quantitative PCR validation. (A) Four verified co-expression networks of mRNAs and their associated lncRNAs. The blue dots represent mRNAs and red dots represent their correlated lncRNAs. There were 309 positive interactions (linked with continuous lines) and 66 negative interactions (linked with dotted lines). The absolute value of correlation coefficients of all the directly linked pairs exceeded 0.990. (B) Venn diagram illustrating the intersections of lncRNAs with Pearson correlation coefficients equal to or higher than 0.992, using 4-way Venn Diagram Generator. The common intersection result is upregulated lncRNA XR-349460, NR-133666 and ENSRNOT00000076920. (C) The qRT-PCR validation of the three selected lncRNA. Results were similar to that of lncRNA microarray.
LncRNA NR-133666 is Highly Expressed in the Cytoplasm of CIA FLS and Promotes CIA FLS Proliferation and Migration
The expression level of lncRNA NR-133666 in CIA FLS was increased compared with normal FLS (Figure 3A). Moreover, a FISH assay revealed that lncRNA NR-133666 was localized mostly in the cytoplasm of CIA FLS (Figure 3B).
[image: Figure 3]FIGURE 3 |  lncRNA NR-133666 is highly expressed in the cytoplasm of CIA FLS and promotes CIA FLS proliferation and migration. (A) qRT-PCR showed that NR-133666 was increased in CIA FLS. (B) RNA-FISH localization of NR-133666 in CIA FLS. (C) qRT-PCR showed that NR-133666 was reduced in si-NR-133666-transfected macrophages, among them si-NR-133666-1 was the most obvious. (D) MTT showed that the proliferation of si-NR-133666-1 transfected CIA FLS was reduced. (E,F) EdU assay showing CIA FLS proliferation decreased after transfection with si-NR-133666-1 (100×). (G,H) The migratory ability of CIA FLS cells was weakened after transfection with si-NR-133666-1, measured by wound healing assay (100×). Compared with controls, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
In order to evaluate the function of NR-133666 in CIA FLS, three siRNAs targeting the junction of NR-133666 were designed. qRT-PCR indicated that the expression levels of NR-133666 decreased significantly after transfection with siRNAs, where si-NR-133666-1 exhibited the best effect, so that was selected in subsequent experiments (Figure 3C). The result of MTT tests, which were used to detect the level of cell proliferation, pointed out that knockdown of NR-133666 reduced the proliferation of CIA FLS compared with the si-NC group (Figure 3D). The EdU assay was employed to determine the role of NR-133666 in cell proliferation. The number of proliferating cells (green fluorescence) was reduced significantly after transfection with si-NR-133666-1 (Figures 3E,F). Wound healing assay was applied to detect the migration levels. After knocking down NR-133666, the migration of CIA FLS was significantly inhibited compared with the si-NC group (Figures 3G,H).
MiR-133c had a Low Expression in CIA FLS and lncRNA NR-133666 May be a Sponge of miR-133c
qRT-PCR showed that low expression of miR-133c was detected in CIA FLS (Figure 4A). The transfection efficiency of overexpression of NR-133666 was measured, and the results showed that the expression of NR-133666 was upregulated after transfection (Figure 4B). qRT-PCR results showed that miR-133c was highly expressed after the transfection of si-NR-133666-1, while expression of miR-133c was low after the overexpression of NR-133666 (pIRES NR-133666) (Figure 4C). Bioinformatics demonstrated that mir-133c was the target of NR-133666 (Figure 4D). Dual luciferase reporter assay showed that miR-133c mimics decreased the luciferase activity of the WT NR-133666 vector, but not that of the MUT NR-133666 vector (Figure 4E). Therefore, we confirmed that lncRNA NR-133666 was a sponge of miR-133c, and speculated that NR-133666 may affect the function of CIA FLS by regulating miR-133c.
[image: Figure 4]FIGURE 4 |  lncRNA NR-133666 behaves like a sponge for miR-133c. (A) qRT-PCR showed that miR-133c was increased in CIA FLS. (B) qRT-PCR showed that NR-133666 was increased in pIRES NR-133666-transfected CIA FLS. (C) The expression of miR-133c in si-NR-133666–1 and pIRES NR-133666 groups. (D) The predicted binding site between miR-133c and NR-133666. (E) Co-transfection of lncRNA NR-133666 WT and miR-133c mimics decreased luciferase activity. Compared with controls, ***p < 0.001, ****p < 0.0001; compared with pIRES NC, ##p < 0.01, ###p < 0.001.
LncRNA NR-133666 Regulates the Proliferation and Migration of CIA FLS by Regulating miR-133c
qRT-PCR results showed that the expression of miR-133c was greatly increased after using the miR-133c agomir (Figure 5A). MTT assay showed that cell proliferation level was increased by pIRES NR-133666 and the condition was offset with the addition of miR-133c mimics (Figure 5B). EdU experiment further verified that the number of proliferating cells increased significantly after transfection with pIRES NR-133666 and the cell quantity was restored by the miR-133c agomir (Figures 5C,D). Wound healing assay showed that the upregulation of NR-133666 significantly promoted the migration abilities of CIA FLS and overexpression of miR-133c could inhibit the migration of CIA FLS. Moreover, miR-133c agomir could counteract the effect of pIRES NR-133666 (Figures 5E,F).
[image: Figure 5]FIGURE 5 | . lncRNA NR-133666 regulates the proliferation and migration of CIA FLS by regulating miR-133c. (A) qRT-PCR showed that miR-133c was increased in miR-133c agomir-transfected CIA FLS. (B) MTT was performed to verify the effect of miR-133c overexpression, NR-133666 overexpression and co-expression groups on CIA FLS proliferation. (C,D) EdU assay showed CIA FLS proliferation after transfecting pIRES NR-133666, miR-133c and pIRES NR-133666 +miR-133c groups (100×). (E,F) wound healing assay showed the migratory ability of CIA FLS cells (100×). Compared with controls, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
MAPK1 Was the Target Gene of miR-133c
The potential lncRNA NR-133666–miR-133c–mRNA network was scanned in databases of miRDB and TargetScan (Figure 6A). qRT-PCR results showed that MAP4, MAPK1 and Nuclear Factor of Activated T-cells 5 (NFAT5) are overexpressed in CIA FLS relative to normal FLS (Figure 6B). Further analysis showed that after applying the miR-133c mimic, only the expression of MAP4 and MAPK1 was downregulated, which demonstrated that MAP4 and MAPK1 may be the target genes of miR-133c (Figure 6C). Previous studies found that MAPK1 was an important target for the treatment of RA (Wenxiang Wang et al., 2020). Bioinformatics and dual luciferase reporter assay presented that MAPK1 was the target of miR-133c (Figure 6D). The results demonstrated that in the presence of miR-133c mimics, the luciferase activity from the WT construct decreased. However, the mimics had no effect on the luciferase activity from the MUT construct (Figure 6E). The results indicate that MAPK1 is the target gene of miR-133c.
[image: Figure 6]FIGURE 6 | MAPK1 was the target gene of miR-133c. (A) Targeted mRNAs of lncRNA NR-133666–miR-133c axis scanned in databases of miRDB and TargetScan. (B) qRT-PCR showed the expression of mRNA in CIA FLS, compared with normal FLS. (C) qRT-PCR showed the expression of MAP4, MAPK1 and NFAT5 mRNAs in miR-133c agomir-transfected CIA FLS, compared with NC agomir. (D) Complementary bases of miR-133c and MAPK1. (E) Co-transfection of MAPK1 WT and miR-133c mimics decreased luciferase activity. Compared with controls, *p < 0.05, **p < 0.01, ***p < 0.001.
lncRNA NR-133666 Promoted CIA FLS Proliferation and Migration Through miR-133c/MAPK1 Axis
qRT-PCR results further indicated that after knocking down or overexpressing NR-133666, the expression of MAPK1 was also positively regulated (Figure 7A). The ERK/MAPK pathway may be affected by lncRNA NR-133666. Transfection efficiency verification was used for further experiments. The expression of MAPK1 was downregulated after transfection of si-MAPK1 (Figure 7B). Then, we detected the phosphor-ERK1/2 (p-ERK1/2) and total ERK protein levels by Western blot in CIA FLS that knocked down NR-133666 and MAPK1 or overexpressed miR-133c, respectively. The results showed the levels of p-ERK1/2 was dramatically decreased (Figures 7C,D). qRT-PCR verified the transfection efficiency of pIRES MAPK1 for further experiments (Figure 7E). Western blot analyses suggested that the phosphorylation level of ERK1/2 was increased following MAPK1 overexpression, and overexpression of MAPK1 could partially reverse the phosphorylation of ERK1/2 by si-NR-133666–1 and miR-133c agomir (Figures 7F,G).
[image: Figure 7]FIGURE 7 | lncRNA NR-133666 promoted CIA FLS proliferation and migration through miR-133c/MAPK1 axis. (A) MAPK1 expression in si-NR-133666–1 and pIRES NR-133666 groups. (B) qRT-PCR detected the transfection effect of si-MAPK1. (C,D) The Western blot analysis showed that knockdown NR-133666 and MAPK1 or overexpression miR-133c can reduce the expression of p-ERK1/2 in CIA FLS. (E) qRT-PCR showed the transfection effect of pIRES MAPK1. (F,G) The protein expression of p-ERK1/2 was detected by Western blot after transfecting pIRES MPAK1, si-NR-133666-1+pIRES MAPK1 and miR-133c agomir + pIRES MAPK1 in CIA FLS. (H–L) Functional rescue experiments were performed on proliferation and validated migration in pIRES MPAK1, si-NR-133666-1+pIRES MAPK1 and miR-133c agomir + pIRES MAPK1 (100×). Compared with controls, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; compared with pIRES NC, ###p < 0.001.
MTT assay showed that CIA FLS proliferation level was increased in the pIRES MAPK1 group. The condition was offset with the addition of si-NR-133666-1 and miR-133c (Figure 7H). The EdU experiment also further verified the above finding (Figures 7I,J). Wound healing test showed that the upregulation of MAPK1 significantly promoted the migration ability of CIA FLS, though knocked down NR-133666 and added miR-133c agomir could inhibit this phenomenon (Figures 7K,L).
The above results showed that lncRNA NR-133666 may promote CIA FLS proliferation and migration through the miR-133c/MAPK1 axis. At the same time, these genes may also regulate the proliferation and migration of CIA FLS by activating the MAPK/ERK pathway.
DISCUSSION
RA is a common autoimmune disease with joint damage as the symptom (Wu et al., 2015). In recent decades, people have conducted extensive studies on the expression profiles of genes related to the pathogenesis of RA (Rahimizadeh et al., 2021). Previous studies have shown the importance of lncRNA in the pathogenesis of RA (Sigdel et al., 2015). However, there are only a few studies on the role of lncRNAs in regulating the immune responses in RA. Here, we used the Arraystar Rat lncRNA/mRNA microarray to analyze AIA rats and found that the level of immunoglobulin correlates with the expression of lncRNA. According to the microarray expression profiles, we found 4,547 differentially expressed mRNAs, including 2,828 upregulated and 1719 downregulated mRNAs. We identified a new lncRNA, NR-133666, which is upregulated in CIA FLS and AIA rats and can promote the proliferation and migration of CIA FLS. In terms of mechanism, NR-133666 can act as a sponge of miR-133c, where MAPK1 is the target of miR-133c. When the level of miR-133c was reduced, its inhibitory effect on MAPK1 was reduced by activating the MAPK/ERK pathway so as to ultimately promote proliferation and migration. This indicated that the lncRNA NR-133666/miR-133c/MAPK1 axis plays an important role in regulating the proliferation and migration of CIA FLS (Figure 8).
[image: Figure 8]FIGURE 8 | Mechanistic model. This schematic diagram represents the potential molecular mechanism that lncRNA NR-133666 promotes the proliferation and migration of CIA FLS and indirectly upregulates MAPK1 and ERK phosphorylation to activate ERK signaling by regulating miR-133c.
Various pro-inflammatory cytokines can promote the proliferation, migration and adhesion of joint synovial cells, which have been shown to be the key to the clinical progression of RA (Malemud, 2018). Therefore, it is imperative to accurately identify the relevant molecular mechanisms that promote the proliferation and migration of FLSs(Croia et al., 2019). The lncRNA NR-133666 and miR-133c found in this study can provide new insight into the precise inhibition of FLSs in RA.
More and more studies have reported that abnormally expressed lncRNAs can be used as ceRNA to regulate miRNAs and play a key role in the occurrence and development of autoimmune diseases (Chen et al., 2019). In this study, we showed the direct correlation between lncRNA NR-133666, MAPK1 and miR-133c through biological information analysis, dual luciferase experiment and co-transfection. Among them, lncRNA NR-133666 may be used as ceRNAs to regulate miRNA-133c, thereby regulating the progression of CIA FLS. Both NR-133666 and miR-133c are new and there is no report indicating their role in RA. Overexpression of NR-133666 and inhibition of miR-133 can promote the proliferation and migration of CIA FLS. Therefore, they may become a new target for the treatment of RA.
MAPK signaling pathway usually regulates inflammatory response, proliferation and migration of cells, and plays a prominent role in RA. According to research reports, activating the MAPK/ERK pathway can promote the proliferation and migration of RA FLS (Liu et al., 2018). MAPK1 is an important component of the MAPK/ERK pathway (Hong et al., 2018). In our study, overexpression of MAPK1 also promoted the proliferation and migration of CIA FLS, which was regulated by NR-133666 and miR-133c. It showed that lncRNA NR-133666/miR-133c mediates the progression of CIA FLS through the MAPK1 signaling pathway.
In conclusion, this study discovered a differentially expressed lncRNA, NR-133666, and demonstrated that it can affect the proliferation and migration of CIA FLS cells through the lncRNA NR-133666/miR-133c/MAPK1 axis. Our findings indicated that the lncRNA NR-133666 and miR-133c can be potential therapeutic targets for the prevention and treatment of human RA.
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N6-methyladenosine (m6A) RNA methylation has been considered the most prevalent, abundant, and conserved internal transcriptional modification throughout the eukaryotic mRNAs. Typically, m6A RNA methylation is catalyzed by the RNA methyltransferases (writers), is removed by its demethylases (erasers), and interacts with m6A-binding proteins (readers). Accumulating evidence shows that abnormal changes in the m6A levels of these regulators are increasingly associated with human tumorigenesis and drug resistance. However, the molecular mechanisms underlying m6A RNA methylation in tumor occurrence and development have not been comprehensively clarified. We reviewed the recent findings on biological regulation of m6A RNA methylation and summarized its potential therapeutic strategies in various human cancers.
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INTRODUCTION
Dynamic and reversible chemical modifications, especially methylation on DNA and histone proteins, are important for epigenetic control of gene expression (Wang et al., 2017). Recently, accumulating attention on the involvement of post-transcriptional RNA modifications in bioscience research has begun to be explored. To date, more than 100 distinct post-transcriptional chemical modifications have been identified in RNA among all living organisms. Several common types of RNA modifications include pseudouridine (Ψ), N1-methyladenosine (m1A), N6-methyladenosine (m6A), 5-methylcytosine (m5C), 1-methylguanosine (m1G), 2-methylguanosine (m2G), 6-methylguanosine (m6G), and 7-methylguanosine (m7G). In brief, m1G, m2G, and m1A modifications restrain the synthesis of proteins (Sun et al., 2019). Among these modifications, N6-methyladenosine (m6A), methylated at the N6 position of adenosine, discovered in the early 1970s, has been identified as the most prevalent and abundant mRNA modification in eukaryotic mRNAs (Desrosiers et al., 1974). Furthermore, with the application of advanced technologies including m6A sequencing (m6A-seq), methylated RNA immunoprecipitation sequencing (MeRIP-seq), and m6A-sensitive RNA-endoribonuclease-facilitated sequencing (m6A-REF-seq), m6A modifications sites have been detected existing in various types of RNA except only in mRNA, such as transfer RNAs (tRNAs), noncoding RNAs (ncRNAs), and small nucleolar RNAs (snRNAs) (Dominissini et al., 2012; Cui et al., 2016; Zhang et al., 2019). It has been shown that the abundance of m6A modifications is about 25% of transcripts. Primarily occurring in the consensus sequence RRACH (R: purine = A or G; A: m6A; H: non-guanine base = A, C, or U), m6A modifications are considerably enriched near stop codons, in 5′- and 3′-untranslated terminal regions (UTRs) and within long internal exons (Meyer et al., 2012). Analogous to the epigenetic regulation of DNA and histone methylations, m6A modifications are a dynamic and reversible process in mammals which are regulated by methyltransferase and demethylase and regulate the expression of post-transcriptional genes without changing the base sequence. However, the regulatory mechanisms of m6A are complex (Zhou et al., 2020a). Emerging evidences have explored that m6A plays a vital role in pre-mRNA splicing, 3′-end processing, translation regulation, nuclear export, mRNA decay, and ncRNA processing. These reversible processes are also needed for various aspects, including somatic cell reprogramming, embryonic stem cell differentiation, and progression in diversified diseases, by regulating the biological functions of cells (Yang et al., 2020a).
Recently, an increasing number of studies have reported that m6A RNA methylation performed its important and diverse biological functions in tumorigenesis and cancer progression (Huang et al., 2021a). In this review, we mainly provide an exhaustive summary of the biological functions of m6A modification as regulators in cancer therapy and drug resistance, in order to explore new diagnostic biomarkers and potential therapeutic targets.
REGULATORS OF M6A: M6A WRITERS, ERASERS, AND READERS
RNA m6A modification occurs at the sixth N of RNA adenine (A) and is regulated by a large methyltransferase complex involving three homologous proteins identified as “writers,” “erasers,” and “readers” (Li et al., 2020a). These regulators have been shown to participate in RNA metabolic processes, such as alternative splicing, export, RNA stability, translation efficiency, or localization (Figure 1). Crosslink among m6A writers, erasers, and readers is involved in pathogenesis and disease progression of human cancers.
[image: Figure 1]FIGURE 1 | Molecular functions and mechanisms of m6A RNA methylation by m6A “writer,” “eraser,” and “reader” proteins.
m6A Writers
The first type of protein is the highly conserved mRNA methyltransferase complex (MTC) termed as “writers.” M6A modification is catalyzed co-transcriptionally through the MTC that consists of the METTL complex (MAC), namely a METTL3–METTL14 heterodimer core and their cofactors METTL-associated complexes (MACOM) such as WTAP, VIRMA (KIAA1429), RBM15, RBM15B, and ZC3H13 (Deng et al., 2018; Zaccara et al., 2019). In addition to the MTC, other writers have also been identified in recent years, including METTL5, METTL16, and ZCCHC4, which exhibit their regulation roles for the deposition of m6A into structured RNAs (Aoyama et al., 2020; Ignatova et al., 2020; Pinto et al., 2020). Found in 1997, METTL3 was initially isolated from HeLa cells, and it contained two S-adenosylmethionine binding sites which were called the catalytically active methyltransferase domain. METTL3 widely exists in eukaryotes and is highly conserved in mammals (Bokar et al., 1997). METTL3 usually forms a stable heterodimer with METTL14 at a ratio of 1:1, which is required to enhance enzymatic activity of METTL3 through a RNA-binding substrate and positioning the methyl group for transfer to adenosine. Due to the synergistic effect based on a physical connection, the heterodimer of METTL3–METTL14 exhibits enhanced methylation efficiency (Wang et al., 2016). In HeLa cells, knockdown of METTL3 or METTL14 reduced the total m6A level (Liu et al., 2014). In skin cancer, METTL14 knockdown decreased the m6A levels and UVB-induced cyclobutene pyrimidine dimer repair (Yang et al., 2021). Furthermore, research studies pointed out that WTAP as a methyltransferase ensures the stability and localization of the METTL3–METTL14 heterodimer into nuclear speckles, which enrich with pre-mRNA processing factors and promote catalytic activity of the heterodimer (Schöller et al., 2018). Notably, WTAP silencing resulted in the largest decrease of m6A levels, and thus, WTAP recruited METTL3 and METTL14 to their target mRNAs (Liu et al., 2014). Interestingly, VIRMA selectively promotes mRNA m6A methylation near 3′UTR and stop codon regions and guides region-selective methylations by recruiting the catalytic core METTL3–METTL14–WTAP complex (Yue et al., 2018). RBM15 and its paralogue RBM15B bind to the METTL3–METTL14 complex and recruit it to target transcripts that catalyze the m6A modification on mRNA (Patil et al., 2016). ZC3H13 is a canonical CCCH zinc-finger protein, in concert with other cofactors such as WTAP, which modulates RNA m6A methylation in the nucleus (Zhu et al., 2019a). Wen J et al. found that Zc3h13 down-regulation caused an obvious decrease of the m6A level on mRNA in mouse embryonic stem cells. Furthermore, ZC3H13 was shown to regulate nuclear RNA m6A methylation by the Zc3h13–WTAP–virilizer–Hakai complex (Wen et al., 2018). More recently, it was found that METTL16, a newly discovered independent RNA methyltransferase, can induce N6-methylation in the 3′-UTR of mRNAs and A43 of the U6 snRNA, playing a critical role in mRNA stability and splicing (Warda et al., 2017). Hiroki et al. reported that METTL16 and YTHDC1 are involved in MAT2A mRNA stabilization, which allows cells to monitor and maintain intracellular S-adenosylmethionine levels (Shima et al., 2017).
m6A Demethylases (Erasers)
The m6A demethylase represented by FTO and ALKBH5 is the second type of protein involved in m6A regulation which can demethylate the N6-position of A from target mRNA in FeII/a-ketoglutarate-dependent dioxygenases manner; its coding gene is called “erasers” (Wang et al., 2020a; Wang et al., 2020b). FTO was found in a fusion toe mutant mouse and was shown to be the m6A mRNA demethylase in 2011 (Jia et al., 2011). Using transcriptome analyses and m6A-seq, it revealed that FTO regulates gene expression and mRNA splicing of grouped genes. FTO depletion mediates m6A modification, promotes the RNA binding ability of SRSF2 protein to target exonic splicing enhancers, and increases inclusion of target exon 6, thus inhibiting preadipocyte differentiation (Zhao et al., 2014). Silence of FTO increased, whereas overexpression of FTO decreased total m6A levels in mRNA in Hela and 293FT cells (Fu et al., 2013). Similarly, FTO deletion increased m6A RNA methylation and inhibited arsenic-induced tumorigenesis (Cui et al., 2021). However, works of research on the specific substrate of FTO have produced some contradictions. A study by Mauer et al. revealed that FTO preferentially demethylates N6, 2′-O-dimethyladenosine (m6Am) rather than m6A, and reduces the stability of m6Am mRNAs. FTO knockout increased m6Am levels without increasing m6A levels in vitro and in vivo, suggesting FTO targets m6Am. Therefore, the data showed that FTO is an m6Am “eraser” and forms 2′-O-methyladenosine (Am) in cells (Mauer et al., 2017). This confusion was further elucidated by subsequent research. FTO mediates the demethylation of m6A and m6Am with polyA-tailed RNA. FTO locates in the nucleus mediates the demethylation of m6A, and FTO in the cytoplasm removes the methyl group of m6Am and m6A (Wei et al., 2018). To resolve these conflicting results, researchers recently have developed the m6A-Crosslinking-Exonuclease-sequencing (m6ACE-seq) method which can map transcriptome-wide m6A and m6Am at quantitative single-base-resolution. Using m6ACE-seq on Fto-KO RNA and identifying 273 sites with relative methylation levels accumulations as FTO-regulated sites, the results showed that FTO loss causes disruptive m6Am accumulation (Koh et al., 2019). ALKBH5 is another m6A demethylase that can selectively remove the methyl group from m6A rather than m6Am in mRNA and other types of nuclear RNA (Panneerdoss et al., 2018). ALKBH5 protein has an alanine-rich sequence and a curly helix structure at its N-terminal, which plays an important role in its nuclear localization (Wang et al., 2020b). The depletion of ALKBH5 led to an increased m6A level, while its up-regulation in human cell lines resulted in a decrease of m6A modification on mRNA (Wu et al., 2018).
m6A-Binding Proteins (Readers)
The genes encoding the third type of m6A regulatory proteins are known as “readers,” which recognize m6A, bind the RNA and initiate corresponding functions (Dai et al., 2021). The earliest readers were coding genes in the YT521-B homology (YTH) domain family proteins, including YTHDFs subtypes (YTHDF1, YTHDF2, and YTHDF3) located in the cytoplasm and YTHDCs subtypes (YTHDC1 and YTHDC2) in the nucleus, which can improve the efficiency of mRNA translation. Several m6A readers with YTH domain located in the cytoplasmic compartment (YTHDF1, YTHDF2, and YTHDF3) and nuclear compartment (YTHDC1) have been identified and possess differential functions based on their molecular features and cellular localization (Shi et al., 2021a). Subsequently, other readers were found, including IGF2BPs and HNRNPs. However, the biological functions of m6A modification remain unclear. It is worth noting that YTHDF protein subunits (YTHDF1/2/3) are similar in domain structures which all contain a C-terminal YTH domain and an N-terminal low complexity sequence but have different functions (Shi et al., 2019). Among these, YTHDF2 was the first identified and showed to bind to m6A located in 3′UTR and accelerate its target transcripts degradation by localizing m6A-modified mRNA to processing them in the cytosol (Du et al., 2016). On the contrary, cytoplasmic YTHDF1 and YTHDF3 promote target transcripts translation in HeLa cells through recruiting translation initiation factors (Wang et al., 2015; Shi et al., 2017). Several studies have reported that knockdown of YTHDF2 and YTHDF3 can lead to an obvious increase in m6A-modified mRNAs in cells (Shi et al., 2017; Zhang et al., 2020a).
In addition, YTHDC1 is a nuclear protein involved in pre-mRNA splicing (Chen et al., 2020a). Strikingly, YTHDC1 can regulate the alternative splicing of pre-mRNA by facilitating SRSF3 while blocking SRSF10 mRNA binding to nuclear speckles (Xiao et al., 2016). YTHDC2, as another m6A reader, selectively binds m6A at its consensus motif. YTHDC2 mediated mRNA stability and translation and particularly regulated spermatogenesis (Hsu et al., 2017). YTHDC2 knockdown inhibited the metastatic ability of tumor cells through a translation-dependent pathway (Tanabe et al., 2016). Moreover, distinct from YTH domain-containing proteins, a different class of readers has been shown to utilize common RNA binding domains (RBDs) to bind m6A-containing transcripts preferentially (Shi et al., 2019). Several IGF2BPs fall into this category, such as IGF2BP1/2/3, which recognize the consensus GG(m6A)C sequence and enhance the stability and storage of the target mRNAs in an m6A-dependent manner (Huang et al., 2018). However, it is not fully understood whether these proteins bind to m6A directly. Interesting, recent studies have mentioned that the HNRNP protein family can selectively bind to m6A-methylated transcripts through the m6A switch. Among these, HNRNPC and HNRNPG protein as nuclear m6A readers could affect the local secondary structure of mRNAs and lncRNAs (Liu et al., 2015). Another HNRNP member, HNRNPA2B1, selectively binds to GGAG or GGCU motifs on miRNA. Loss of HNRNPA2B1 caused a decrease in exosomal loading of GGAG-containing miRNAs in hepatocytes, showing that there is a specific class of miRNAs sorting into exosomes (Yang et al., 2020b). Surprisingly, the newer findings have challenged the idea that HNRNPA2B1 protein may bind an unfolded RNA due to m6A (Liu and Shi, 2021).
Generally, new writers, erasers, and readers related to m6A modification are still being identified, implying that further research is left to explore the potential regulation of biological functions of m6A modification.
M6A REGULATORS-GUIDED EPIGENETIC MODIFICATION IN CANCERS
Currently, several studies have hinted that m6A modifications control RNA production/metabolism and are involved in human carcinogenesis. The multiple characteristics of m6A modifications and their related regulators take part in various cancers, such as leukemia, lung cancer, and hepatoma. M6A regulators could function as a tumor promoter or a tumor suppressor which regulate the expression of tumor oncogenes or anti-oncogene, thereby affecting cancer progressions (Table 1).
TABLE 1 | Roles of aberrant m6A modification in various cancers.
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Acute myeloid leukemia (AML) is one of the most common types of acute leukemia with distinct genetic and molecular abnormalities in adults. Despite advances in medical treatment, only a small proportion of AML patients can survive for over five years after diagnosis with the current standard chemotherapies (Döhner et al., 2017). Emerging evidence suggested that m6A RNA methylation is involved in biological processes, including cell differentiation, proliferation, apoptosis, therapeutic resistance, and LSCs/LICs self-renewal of AML. An independent research revealed that METTL3 is elevated in AML and binds to the SP1 promoter region with the assistance of transcription factor CEBPZ, facilitating SP1 translation via relieving ribosome stalling (Barbieri et al., 2017). Consistent with METTL3, down-regulation of METTL14 decreased the MYB and MYC expression and eventually induced myeloid differentiation of HSPCs, cell growth inhibition, and cell death of AML (Weng et al., 2018). Similar to METTL3 and METTL14, WTAP was up-regulated in AML patient samples and cell lines compared to normal mononuclear cells (Bansal et al., 2014). WTAP mRNA is m6A methylated and bound by cytoplasmic METTL3. METTL3 knockdown increases the mRNA and protein levels of WTAP. However, in the absence of a functional METTL3, WTAP up-regulation alone is not sufficient to increase cell proliferative growth in AML cells, astricting its oncogenic function to its involvement in the m6A methylation complex (Sorci et al., 2018).
In addition, FTO is overexpressed in AML patients carrying t(11q23)/MLL rearrangements, t(15; 17)/PML-RARA fusion, FLT3-ITD and/or NPM1 mutations. The study then showed that FTO decreases m6A levels on the UTRs of ASB2 and RARA through its eraser activity, thereby contributing to the response of AML cells to all-trans-retinoic acid treatment and leukemogenesis (Li et al., 2017). Interesting, a study carried out by Su et al. demonstrated that the R-2HG/FTO/m6A axis decreases the stability of MYC and CEBPA transcripts and thus inhibits downstream pro-tumor pathways in AML. On the other hand, YTHDF2 is associated with MYC and CEBPA to facilitate m6A modification in the 5′-UTR and CDS (Su et al., 2018). Recently, a new report has shown that R-2HG treatment or FTO inhibition abrogates m6A/YTHDF2-mediated post-transcriptional up-regulation of two critical glycolytic genes PFKP and LDHB expressions, thereby reducing aerobic glycolysis and playing a critical tumor-promoting role in the pathogenesis of AML (Qing et al., 2021). A previous study based on the analysis of the TCGA AML cohort dataset by Kwok et al. reported that ALKBH5 is markedly deleted in AML patients, especially in TP53 mutant cases (Kwok et al., 2017). However, Chen et al. has demonstrated that ALKBH5 levels are abnormally elevated in AML, which correlates with poor prognosis in AML patients. TACC3, as a direct and functionally important target of ALKBH5, is related to substantially decreased expression level and increased m6A abundance upon knockdown of ALKBH5. Strikingly, ALKBH5 regulates TACC3 expression more likely by influencing TACC3 mRNA stability instead of translation (Shen et al., 2020).
Li and his colleagues discovered that YTHDF2 stabilizes Tal1 mRNA and intensifies its expansion in HSCs (Li et al., 2018). Notably, Paris et al. demonstrated that YTHDF2 inhibition dramatically compromises the development and propagation of LSC. YTHDF2 decreased the m6A RNA stability of TNFR2, which is encoded by the Tnfrsf1b gene. Thus, loss of YTHDF2 caused AML cells to be more sensitive to TNF-induced apoptosis (Paris et al., 2019). Furthermore, repression of YTHDF2 increased global m6A methylation levels, decreased Tnfrsf1b mRNA and protein expression levels and substantially suppressed the t(8; 21) AML cell proliferation (Chen et al., 2021a). According to the recent research conducted by Sheng and others, YTHDC1 is highly expressed in AML and regulates leukemogenesis by MCM4, which is a critical regulator of DNA replication (Sheng et al., 2021). In another recent study, the data suggested that YTHDC1 is essential for AML cell survival, differentiation, and leukemogenesis. Mechanically, YTHDC1 undergoes liquid–liquid phase separation by binding to m6A to form dynamic nuclear condensates. YTHDC1 depletion leads to increased colocalization of MYC mRNA with PAXT components which mediated nuclear m6A mRNA decay (Cheng et al., 2021a). In addition, IGF2BP1 directly binds to ALDH1A1, HOXB4 and MYB mRNAs and elevates the expressions of these targets in AML cells (Elcheva et al., 2020).
In general, changes in m6A modification levels on PTEN, MYC, MYB, ASB2, RARA, CEBPA, and PFKP eventually contribute to the occurrence of AML.
Lung Cancer
According to Global Cancer Statistics 2020, lung cancer (LC) is currently one of the most prevalent lethal malignancies and the leading cause of cancer-related deaths throughout the world (Sung et al., 2021). The TCGA and GTEx datasets indicate that expression levels of m6A regulators including METTL3, RBM15, HNRNPC, and KIAA1429 were correlated with the overall survival of LUAD patients (Wang et al., 2021a). Furthermore, METTL3, YTHDF1/2, RBM15, HNRNPC, and KIAA1429 expression levels were up-regulated, whereas METTL14, FTO, WTAP, ZC3H13, and YTHDC1 expression levels were down-regulated in LUAD (Li et al., 2020b). In NSCLC tissue and cells, METTL3 and its target oncogenes Bcl-2, EZH2, and JUNB, are up-regulated, correlating with LC progression status (Wanna-Udom et al., 2020; Zhang et al., 2021a). However, Wu et al. indicated that the expression of METTL3 is down-regulated in human LUAD tissues. METTL3, acting as an anti-oncogene, maintains FBXW7 translation and expression through an m6A-dependent mechanism in LUAD (Wu et al., 2021a).
At the same time, m6A demethylase FTO is identified as a prognostic factor in LUSC. It was found that FTO increases the MZF1 expression levels by decreasing its mRNA stability, therefore contributing to pro-tumorigenic effects on the cell behavior of LUSC (Liu et al., 2018). Consistently, a recent research by Li et al. also observed that silencing FTO represses the growth of NSCLC cells by reducing the expression level of USP7 (Li et al., 2019a). Recently, it was reported that FTO inhibition in NSCLC cells decreases E2F1 expression level by regulating m6A modification of E2F1. In the in vivo and in vitro experiments, FTO/E2F1/NELL2 axis was proposed to be responsible for augmenting NSCLC cell migration, invasion, and metastasis (Wang et al., 2021b). Meanwhile, the importance of mRNA methylation erased by ALKBH5 in LC cells is an emerging research subject. For instance, ALKBH5 can repress the tumor growth and metastasis of NSCLC by reducing the YAP activity, indicating its potential treatment value for LC (Jin et al., 2020). However, several controversial reports demonstrated that ALKBH5 functions as an oncogene in the progress of LC patients and cells. Zhu et al. revealed that ALKBH5 promotes the malignant biological properties of NSCLC by decreasing the TIMP3 mRNA stability and protein expression (Zhu et al., 2020). ALKBH5 overexpression could distinctly accelerate the expression and stability of m6A target oncogenes (SAMD7, SOX2, and MYC) in the YTHDF2-dependent pathway, thereby resulting in aggressive phenotypes of KRAS-mutated LC (Zhang et al., 2021b).
A recent study from a metabolic perspective indicated that YTHDF2 directly binds to the m6A modification site of 3′-UTR of 6PGD to promote 6PGD mRNA translation but does not cause 6PGD transcription degradation (Sheng et al., 2020). YTHDC2 was shown to destabilize SLC7A11 mRNA by its m6A-reading YTH domain. What’s more, METTL3-guided m6A methylation of SLC7A11 mRNA at its 3′UTR region is required for YTHDC2 to suppress the antioxidant function of LUAD cells by accelerating SLC7A11 mRNA decay (Ma et al., 2021a). In addition to SLC7A11, SLC3A2 was considered important for YTHDC2-induced ferroptosis in LUAD cells. Further investigation pointed out that HOXA13 accelerates SLC3A2 transcription, and YTHDC2 destabilizes HOXA13 mRNA via its YTH m6A-recognizing domain (Ma et al., 2021b).
In summary, the aforementioned research studies illustrated that m6A patterns in RNA participate in lung tumor biology and that m6A modifications might point to a potential therapeutic target for LC treatment.
Hepatocellular Carcinoma
Hepatocellular carcinoma (HCC) is a primary liver malignancy with poor long-term prognosis and high mortality, accounting for over 80% of primary liver cancers (Bray et al., 2018). METTL3 expression has been observed to be associated with poor prognosis in HCC patients. It has been reported that the high expression of METTL3 in HCC leads to higher m6A methylation levels of SOCS2 and decreases SOCS2 mRNA expression by degrading SOCS2 mRNA transcripts through a YTHDF2-dependent pathway (Chen et al., 2018). Overexpression of METTL14 significantly increases the USP48 mRNA stability and expression levels in Huh-7 and HepG2 cells, thereby mediating SIRT6 ubiquitination and glycolysis (Du et al., 2021). A new study has revealed that depletion of METTL16 remarkably inhibits the growth, migration, and invasion of HCC cells and suppresses tumor growth in vivo. METTL16 facilitates translation initiation through interactions with eIF3a/b. Thus, targeting the METTL16-eIF3a/b axis represents a new therapeutic strategy for HCC (Su et al., 2022). Chen et al. found that silencing of WTAP greatly prolongs the half-life of ETS1 mRNA and reinforce the expression level of ETS1 mRNA by an m6A-HuR-dependent pathway (Chen et al., 2019).
In the diethylnitrosamine-induced HCC mice, hepatic FTO deficiency (FTOL-KO) not only increased tumor numbers but also increased numbers of larger tumors, revealing the protective role of FTO in the development of HCC in vivo. It showed that CUL4A protein expression was induced in FTOL-KO livers (Mittenbühler et al., 2020). However, another contradictory study signified that the highly expressed FTO was related to the poor prognosis of HCC patients. Knockdown of FTO could decrease PKM2 to regulate the HCC progression (Li et al., 2019b). Coordinately, ALKBH5-mediated m6A demethylation results in a post-transcriptional inhibition of LYPD1, and LYPD1 could be recognized and stabilized by the m6A effector IGF2BP1 (Chen et al., 2020b). A recent inverse study revealed that ALKBH5 is overexpressed and predicts poor prognosis in HBV-HCC patients. The ectopic high expression level of ALKBH5 is induced by HBx-mediated H3K4me3 modification of ALKBH5 gene promoter in a WDR5-dependent manner. Also, ALKBH5 stabilizes HBx mRNA by decreasing m6A modification, therefore composing a positive HBx-WDR5-H3K4me3 feedback loop (Qu et al., 2021).
Silencing YTHDF2 might inhibit the liver CSC phenotype and cancer metastasis by modulating the m6A levels in the 5′-UTR of OCT4 mRNA (Zhang et al., 2020a). Furthermore, it revealed that m6A-binding protein (IGF2BP1, IGF2BP2, or HNRNPC) is statistically significantly up-regulated in tumor tissues of liver cancer, showing that it might be an independent prognostic factor (Müller et al., 2019; Pu et al., 2020). Functional experiments showed that loss of IGF2BP2 reduces HCC proliferation and tumor growth. Mechanistically, IGF2BP2 could direct recognize and bound to the FEN1 mRNA m6A site and enhance its stability (Pu et al., 2020).
These articles strongly suggest that abnormal m6A modification plays a crucial role in the occurrence and development of HCC, represents a promising diagnosis and prognosis biomarker and regards as an effective therapeutic target in HCC patients.
Glioblastoma
Glioblastoma (GBM) is an aggressive adult malignant brain tumor. Despite recent advancements in surgery, radiation therapy, and chemotherapy, the median survival of glioma patients is less than 14 months after diagnosis (Uddin et al., 2020). The lack of success for GBM treatment is tumor heterogeneity, among which a population entity is identified as glioblastoma stem cells (GSCs). The presence of these GSCs elicits self-renew, renders GBM treatment-resistance for conventional therapy, and contributes to recurrence by sustaining long-term tumor growth (Mitchell et al., 2021). Hence, studying the new therapies that target GSCs are urgently needed. Cui et al. first reported that METTL3/14 dramatically inhibit GSC proliferation, self-renewal ability, and tumorigenesis by modulating ADAM19 (Cui et al., 2017). Li et al. further determined that decreased METTL3 expression but increased FTO expression was contributed to a reduced m6A level in RNA in glioma tissues and U251 cells (Li et al., 2019c). In contrast, in another publication, it has been shown that METTL3 as an oncogene is clearly more abundant in gliomas. Further analysis points out that METTL3 stabilizes SOX2 mRNA through binding and methylating specific adenines in the SOX2-3′UTR (Visvanathan et al., 2018). Li et al. also indicated that elevated expression of METTL3 is associated with aggressiveness of malignant gliomas. Interference of METTL3 but not METTL14 suppresses the self-renewal, proliferation, and growth of GSCs. Integrated transcriptome and m6A-IP-seq analyses uncovered that altered expression level of METTL3 targets splicing factors SRSF3, SRSF6, and SRSF11 by decreasing its m6A modification levels, thus resulting in YTHDC1-dependent nonsense-mediated mRNA decay of SRSFs mRNA transcripts and decreased protein expression of SRSFs (Li et al., 2019d). An added value of Tassinari’s work is that METTL3 main targets ADAR1 and eventually leads to modulating cell proliferation and tumor growth. Silencing METTL3 or YTHDF1 significantly decreases the ADAR1 protein level, indicating that METTL3-mediated m6A modification regulates ADAR1 protein expression by YTHDF1-dependent post-transcription of ADAR1 (Tassinari et al., 2021).
In GSCs, m6A demethylase ALKBH5 has been shown to be highly expressed and binds to the FOXM1 directly. In this process, siRNA against ALKBH5 contributes to a decrease in FOXM1 nascent transcripts but not FOXM1 RNA and then alters the expression of FOXM1 mature RNA or protein (Zhang et al., 2017). Recent reports suggest that m6A reader YTHDF2 promotes cell growth of GSCs by promoting MYC stability (Dixit et al., 2021).
Collectively, these findings open up avenues for providing new therapeutic opportunities in glioma treatment.
Breast Cancer
Breast cancer (BC) continues to be the second leading cause of cancer-related deaths among women worldwide (Loibl et al., 2021). The mortality from BC was primarily due to metastasis and chemo-resistance (Garcia-Martinez et al., 2021). Recent studies have investigated m6A-related mechanisms in BC, thereby providing new therapeutic approaches for the BC treatment. In BC, METTL3 was reported to be frequently elevated, implying an oncogene role. METTL3 promotes the HBXIP mRNA methylation and its expression. Interestingly, HBXIP also facilitates METTL3 expression by restraining tumor suppressor miRNA let-7g, which stimulates METTL3 expression through targeting its 3′UTR, thereby forming a positive feedback loop of HBXIP/let-7g/METTL3/HBXIP (Cai et al., 2018). Another report indicated that METTL3 promotes cell proliferation and inhibits cell apoptosis by targeting Bcl-2 in BC (Wang et al., 2020c). However, METTL3 was found to be a tumor suppressor in triple-negative breast cancer (TNBC). It suppressed TNBC cell migration, invasion, and adhesion by decreasing the COL3A1 expression (Shi et al., 2020a). METTL14 was recognized and recruited by elevating LNC942, which in turn increased METTL14-dependent m6A methylation expression levels and its associated mRNA stability and protein expression of downstream targets CXCR4 and CYP1B1 in BC (Sun et al., 2020).
In addition, the expression of FTO is higher in BC clinical samples and MDA-MB-231, MCF-7, and 4T1 cell lines. Blockade of FTO could induce BNIP3 methylation and reduce BNIP3 degradation, therefore alleviating BC cell proliferation, colony formation, and metastasis (Niu et al., 2019). Under hypoxic conditions, HIF-1α and HIF-2α stimulate ALKBH5 expression, which decreases m6A demethylation and NANOG mRNA stability in breast cancer stem cells (BCSCs). Elevated NANOG accelerates the enrichment of BCSCs (Zhang et al., 2016a).
Cervical Cancer and Ovarian Cancer
The development of transcriptome sequencing provides a new approach for the discovery and therapy of cervical cancer (CC) and ovarian cancer (OC). The high expression level of METTL3 in the CC was significantly associated with poor disease-free survival and overall survival (Ni et al., 2020). Wang et al. found that METTL3 targets the 3′-UTR of HK2 mRNA and recruits YTHDF1 to enhance HK2 stability, thereby promoting the Warburg effect and the proliferation of CC (Wang et al., 2020d). Furthermore, Hu et al. suggested that METTL3 increases the RAB2B expression and RAB2B mRNA stability via an IGF2BP3-dependent pathway (Hu et al., 2020). However, Yang et al. showed that METTL3 can increase the m6A level of ZFAS1 but cannot influence its expression (Yang et al., 2020c). FTO serves as an oncogenic regulator in the proliferation and migration of CC, resulting in higher levels of m6A modification in E2F1 and Myc transcripts, which causes increased expression of E2F1 and Myc (Zou et al., 2020). In the recent study by Wang et al., depletion of YTHDF1 remarkably inhibits CC cell proliferation, migration, and invasion and induces apoptosis. Using the online meRIP-seq, meRIP-seq, and Ribo-seq data analysis upon YTHDF1 knockdown, it was revealed that YTHDF1 directly targets RANBP2. Further investigation found that YTHDF1 regulates RANBP2 protein expression in an m6A-dependent manner (Wang et al., 2021c).
In OC tissues, METTL3 promotes the AXL translation independent of its catalytic activity (Hua et al., 2018). In endometrioid epithelial OC, knockdown of METTL3 decreases the m6A level, whereas knockdown of METTL14 or WTAP has no influence (Ma et al., 2020). Several studies have described the role of YTHDF1/2 in OC progressions. For instance, YTHDF1 interacts with the EIF3C mRNA and promotes EIF3C protein expression and the overall translational output in OC (Liu et al., 2020a). Knockdown of YTHDF2 using specific shRNAs significantly increases BMF mRNA expression and prolongs its half-life in OC (Xu et al., 2021).
As mentioned previously, m6A editing is intimately involved in the phenotype and mechanism of tumorigenesis, suggesting the possibility of m6A-targeted therapies in CC and OC.
M6A REGULATORS-MODIFIED NONCODING RNA IN CANCERS
An increasing number of studies have explored the control of ncRNAs (lncRNA, miRNA, and circRNA, etc.) transport, stability, degradation processes, and expression modified by m6A regulators (Figure 2 and Table 2). LCAT3 is a novel lncRNA, and its stability is regulated by METTL3. It was revealed that altering the m6A modification level of LCAT3 can significantly affect its binding with FUBP1 and regulate c-MYC expression, thereby influencing the proliferation and survival of LUAD (Qian et al., 2021). Similarly, Xue et al. have found that lncRNA ABHD11-AS1 indicates an unfavorable prognosis of NSCLC patients and promotes NSCLC proliferation. METTL3 accelerates the m6A and ABHD11-AS1 transcript stability to increase its expression. Furthermore, ABHD11-AS1/EZH2/KLF4 axis exerts the regulative role on the Warburg effect of NSCLC (Xue et al., 2021). A lipogenesis-related lncRNA, LINC00958, showed to aggravate HCC growth and progression in vitro and in vivo. METTL3-mediated m6A modification resulted in LINC00958 up-regulation by stabilizing its RNA transcript, which subsequently facilitates lipogenesis through the miR-3619-5p/HDGF axis (Zuo et al., 2020). Two other recent studies reported a similar phenotype and confirmed that METTL3 is critical for maintaining the malignant phenotypes by targeting lncRNA MEG3/miR-544b/BTG2 and lncRNA NIFK-AS1/miR-637/AKT1 of HCC cells (Chen et al., 2021b; Wu et al., 2021b). Similarly, high expression of METTL3-mediated m6A modification could promote BC tumorigenesis by up-regulating RNA transcript stability and expression levels of its target gene LINC00958 (Rong et al., 2021). It was intriguing that in the established BC lung metastasis BCLMF3cells, METTL3 is increased, but FTO is decreased. In vivo and clinical studies indicated that METTL3 methylates long non-coding RNA KRT7-AS at 877 A (with GGAC motif) and increases the stability of a KRT7-AS/KRT7 mRNA duplex by binding with IGF2BP1/HuR complexes. In addition, YTHDF1/eEF-1 is responsible for FTO-regulated translational elongation of KRT7 mRNA, with methylated A950 in KRT7 exon 6 as the key site for methylation. Thus, all these data confirmed that m6A promotes BC lung metastasis by regulating the KRT7/KRT7-AS axis (Chen et al., 2021c). Yet, Yu et al. presented the regulatory role of ALKBH5 in lncRNA methylation. It was demonstrated that ALKBH5 demethylates lncRNA RMRP and leads to the increase of lncRNA RMRP expression. ALKBH5 silence compromises LUAD development and propagation in vitro and vivo, which is partially reversed by RMRP (Yu and Zhang, 2021). Notably, a novel lncRNA FGF13-AS1 destabilized Myc mRNA through binding IGF2BPs and disrupted the interaction between Myc mRNA and IGF2BPs (Ma et al., 2019). Furthermore, IGF2BP3 stabilizes and interacts with lncRNA KCNMB2-AS1 by three m6A modification motifs (TGGAC) on KCNMB2-AS1 in CC (Zhang et al., 2020b).
[image: Figure 2]FIGURE 2 | M6A RNA methylation steers RNA regulation in cancer progression.
TABLE 2 | M6A regulators-modified noncoding RNA in various cancers.
[image: Table 2]LIN28B-AS1 and circXPO1 were recently reported to promote the LUAD cell progression by interacting with IGF2BP1. It displayed that LIN28B-AS1 inhibits the LIN28B mRNA stability via suppressing IGF2BP1 and then promotes LUAD cell proliferation and metastasis (Wang et al., 2019a). In another study, circXPO1 enhances LUAD progression by the circXPO1/IGF2BP1-CTNNB1 axis (Huang et al., 2020a). According to Ji et al., a novel m6A-modified circRNA circARHGAP12 could bind to IGF2BP2 to increase the stability of FOXM1 mRNA, forming the circARHGAP12/IGF2BP2/FOXM1 complex, therefore accelerating the proliferation and migration of CC cells (Ji et al., 2021).
Interesting, Li indicates the interaction between miR-590-5p and circPUM1 or METTL3 in A549 and H1650 cells. MiR-590-5p can inhibit cell growth and glycolysis by directly targeting METTL3, and circPUM1 indirectly regulate METTL3 via miR-590-5p. Ultimately, the study revealed that circPUM1 facilitates NSCLC tumorigenesis by targeting the miR-590-5p/METTL3 axis (Li et al., 2021a). Using the TCGA and GEO database, Chi et al. constructed the regulatory network of circRNA-miRNA-m6A RNA methylation. Hsa_circ_0007456 (circMAP2K4) suggested acting as an hsa-miR-139-5p sponge to promote the expression and activity of YTHDF1 (Chi et al., 2021).
On the other hand, inhibition of METTL3 decreases miR-1246/miR-143-3p but increases pri-miR-1246/miR-143-3p, suggesting that METTL3 could promote the transition of precursor-miRNA to mature miRNA (Wang et al., 2019b; Huang et al., 2021b). In the work of Huang et al., blockade of METTL3 in CC decreases the miR-193b expression and increases pri-miR-193b expression. The subsequent evidence proves that METTL3 modulates miR-193b mature process by promoting pri-miR-193b m6A methylation level (Huang et al., 2021c). A new study has revealed that METTL3 increases mature miR-126-5p by the m6A modification of pri-miR-126-5p in OC (Bi et al., 2021). In addition, METTL14 interacts with the microprocessor protein DGCR8 to modulate the pri-miR-126 process and suppresses the HCC carcinogenesis (Ma et al., 2017). In another recent study, the overexpressed FTO was more confirmed in HER2-positive BC patients and cells. FTO targets miR-181b-3p/ARL5B axis to promote cell migration and invasion (Xu et al., 2020).
THE SIGNALING PATHWAY INVOLVED IN M6A RNA METHYLATION
A study reported by Ly P Vu et al. elucidated that METTL3 induces m6A methylation levels of its target genes such as c-MYC, BCL2 and PTEN in AML MOLM-13 cells, thus promoting these oncogenes’ translation. Consequently, loss of METTL3 induces cell differentiation and apoptosis in MOLM-13 cells by the PI3K/AKT pathway and delays leukemia progression in mice in vivo (Vu et al., 2017). In NSCLC, increasing levels of METTL3 significantly down-regulates DAPK2 mRNA and protein expressions and its mRNA stability by activating the NF-κB pathway, thus contributing to the NSCLC tumorigenesis (Jin et al., 2021). In OC cells, METTL3 deficiency alleviated the progression and tumorigenesis by inhibiting the miR-126-5p expression via suppressing the PTEN-medicated PI3K/Akt/mTOR pathway (Bi et al., 2021). Shi et al. indicated that decreased METTL14 expression reduces m6A modification levels but augment the mRNA and protein expression levels of EGFR. In addition, METTL14 can inhibit cell migration, invasion, and EMT via targeting the EGFR/PI3K/AKT signaling pathway in HepG2 and MHCC-LM3 cells (Shi et al., 2020b).
Recently, Naren et al. demonstrated that high WTAP expression was linked with higher peripheral WBC and higher peripheral BLAST% in AML. WTAP mainly regulated proteins downstream of the PI3K/AKT signaling pathway, thus affecting the RNA stability and expressions of MYC mRNA through mRNA m6A methylation (Naren et al., 2021).
In the high-grade serous OC, FTO expression is down-regulated and inhibits cell proliferation/self-renewal and suppresses ovarian carcinogenesis. FTO mediates m6A demethylation in the 3′UTR of PDE4B and PDE1C mRNA and reduces the mRNA stability through second messenger 3′, 5′-cAMP signaling (Huang et al., 2020b). A research conducted by Zhu et al. suggested that ALKBH5 enhances cellular proliferation and migration, inhibits autophagy through activating the EGFR-PIK3CA-AKT-mTOR signaling pathway, facilitates the BCL-2 mRNA demethylation and stabilization, and promotes the interaction between BCL-2 and BECN1 (Zhu et al., 2019b). Jiang and others have found that in OC tissues and cells, ALKBH5 targets NANOG and promotes OC development through stimulating the NF-κB pathway (Jiang et al., 2020).
Lately, evidence thus far indicated that YTHDF1 deficiency inhibits the EMT process and AKT/GSK-3β/β-catenin signaling pathway in HCC (Bian et al., 2020). As elucidated by Li et al., YTHDF2 deficiency significantly inhibited LUAD tumorigenesis. It controls the LUAD cell proliferation, colony formation, and migration by targeting the AXIN1/Wnt/β-catenin signaling pathway (Li et al., 2021b). Recently, Zhang et al. proposed the opposite results that YTHDF2 is down-regulated, which served as a tumor suppressor in four HCC cell lines under hypoxia. Consistently, the decreased YTHDF2 protein catalyzes the m6A methylation of EGFR mRNA by stabilizing and favoring a higher EGFR mRNA and protein expression levels, which, in turn, impairs the ERK/MAPK pathway (Zhong et al., 2019). In GBM cells, YTHDF2 can mediate m6A dependent mRNA decay to inhibit the mRNA and protein expressions of LXRA and HIVEP2 under the activation of EGFR/SRC/ERK signaling. This effect is involved in GBM tumorigenesis by enhancing cholesterol dysregulation (Fang et al., 2021). Next, another new study found that transfected with YTHDF2 specific shRNA significantly increases the levels of mRNA and protein of UBXN1. Meanwhile, YTHDF2 accelerates UBXN1 mRNA degradation in GBM by recognizing the m6A modification mediated by METTL3, which, in turn, activates NF-κB (Chai et al., 2021).
Furthermore, HNRNPA2B1 was shown to interact with STAT3 and stimulate the activation of the STAT3 signaling pathway. HNRNPA2B1 knockout increases BC cell apoptosis, alleviates autophagy, and declines tumor growth in vitro and in vivo (Gao et al., 2021a). In contrast to the cancer research findings, knockout of HNRNPA2B1 by CRISPR/CAS9 method promotes the TNBC cell migration and invasion but alleviates tumor growth by activating the ERK-MAPK/Twist and GR-beta/TCF4 signaling pathways. HNRNPA2B1 binds directly to the PFN2 mRNA at the site of the UAGGG sequence of the 3′-UTR and reduces its stability (Liu et al., 2020b). Specifically, another report has indicated that decreased HNRNPC expression reduces the activation of the Ras/MAPK signaling pathway (Hu et al., 2021) (Figure 2 and Table 3).
TABLE 3 | Signaling pathways involved in m6A RNA methylation.
[image: Table 3]THE INFLUENCE OF M6A RNA METHYLATION ON DRUG RESISTANCE
Gefitinib resistance is also shown as a major obstacle to the successful therapy of NSCLC. A recent study revealed that METTL3 is up-regulated in gefitinib resistant LUAD tissues. Knocking down METTL3 leads to the lower expression of the MET and PI3K/AKT signaling pathway, which induces the sensitivity of PC9 and H3255 cells to gefitinib (Gao et al., 2021b). Using exosomal RNA-seq, Xiao et al. first found that FTO interference not only increased the gefitinib-resistant PC9/GR cells to gefitinib but also decreased the acquired resistance of gefitinib-sensitive PC9 cells in exosomes. The FTO/YTHDF2/ABCC10 axis was involved in the intercellular transmission of gefitinib-resistant cell-derived exosomal-FTO-mediated gefitinib resistance (Xiao et al., 2021). Moreover, Wang et al. identified that increased YTHDF2-mediated endoribonucleolytic cleavage of m6A-modified circASK1 contributes to down-regulation of circASK1 expression, which induces gefitinib-resistance in LUAD cells in vitro (Wang et al., 2021d).
Sorafenib is the first FDA approved targeted agent for advanced HCC but only exhibits notable therapeutic effects for a minority of HCC patients. As Chen et al. suggested, METTL3-mediated NIFK-AS1 down-regulation functions to increase the uptake of sorafenib, thereby enhancing sorafenib resistance of HCC (Chen et al., 2021b). Lin et al. further confirmed the role of METTL3 in the resistance of HCC to sorafenib therapy. On the contrary, METTL3 deficiency evidently improved autophagy-induced sorafenib resistance by METTL3/FOXO3 axis (Lin et al., 2020). Subsequently, another analogous study demonstrated that there is a remarkable correlation between HNF3γ expression and the levels of METTL14 but not METTL3, WTAP, or FTO in 57 patient HCCs. METTL14 knockdown apparently decreases HNF3γ mRNA stability of HCC cells. Furthermore, enforced HNF3γ expression enhances the sorafenib sensitivity and promotes the differentiation of HCC cells and liver cancer stem cells (CSCs) (Zhou et al., 2020b).
Notably, a recent study has shown that abnormal METTL3 expression plays a pivotal role in regulating temozolomide (TMZ) resistance in parental-sensitive and resistant GBM cell lines. Repression of METTL3 induces the TMZ-sensitivity of GBM cells in vitro and in vivo by decreasing the MGMT and ANPG expression in an m6A dependent manner (Shi et al., 2021b). Deng et al. performed an observational study investigating the effect of HNRNPA2/B1 in GBM tumorigenesis and chemoresistance for TMZ. HNRNPA2/B1 down-regulating inhibits p-STAT3 and MMP-2 levels and reduces GBM cell viability, adhesion, migration, invasion, and chemoresistance for TMZ capacity (Deng et al., 2016).
In cisplatin (DDP)-resistant LC cells, METTL3/YTHDF3 complex promotes the level of m6A modification of lncRNA MALAT1 and its stability. The METTL3-MALAT1-miR-1914-3p-YAP axis could induce the DDP resistance, growth, and metastasis (Jin et al., 2019). Furthermore, ALKBH5 is up-regulated in DDP-resistant epithelial OC, thus accelerating cell DDP resistance both in vivo and in vitro. ALKBH5 formed a loop with HOXA10 that activates the JAK2/STAT3 pathway through mediating JAK2 mRNA m6A demethylation and concomitantly promoting epithelial OC cell resistance to DDP (Nie et al., 2021). Subsequently, YTHDF1 augments the translation of TRIM29 in an m6A-dependent manner by binding to TRIM29 mRNA, which was responsible for regulating the CSC-like characteristics of the DDP-resistant OC (Hao et al., 2021).
METTL3 high expression is associated with the high expression of AK4, thus contributing to tamoxifen (TAM) resistance in BC. siRNA-mediated knockdown of METTL3 in TAM-resistant MCF-7 cells significantly decreases AK4 protein levels, thereby resulting in inducing mitochondrial apoptosis and reducing ROS production (Liu et al., 2020c). A recent research conducted by Petri et al., which focused on endocrine resistance, suggested that HNRNPA2B1 is overexpression in primary breast tumors. Suppression of HNRNPA2B1 significantly increases TAM and fulvestrant endocrine sensitivity in TAM-resistant LCC9 and LY2 cells (Petri et al., 2021). In Adriamycin (ADR)–resistant MCF-7/ADR cells augmented METTL3 increases the expression of miR-221-3p by enhancing pri-miR-221-3p maturation via accelerating m6A mRNA methylation. The functional axis of METTL3/miR-221-3p/HIPK2/Che-1 ultimately overcomes ADR resistance and reduces the side effects of chemotherapy in the treatment of BC (Pan et al., 2021).
In addition, WTAP promoted AML tumorigenesis and made AML cells resistant to chemotherapy drug daunorubicin (Naren et al., 2021). Knockdown of IGF2BP1 results in less colony-forming and higher drug sensitivity to chemotherapeutic drugs, including doxorubicin, cytarabine, and cyclophosphamide in AML cells (Figure 2 and Table 4) (Elcheva et al., 2020).
TABLE 4 | Roles of m6A RNA methylation as regulators of drug resistance.
[image: Table 4]NOVEL ANTICANCER AGENTS BASED ON M6A RNA METHYLATION
M6A RNA methylation indicates new directions for therapeutic targets in cancer therapy and drug resistance. Therefore, inhibitors or regulators of m6A proteins may serve as potential therapeutics for the treatment of cancers, such as rhein, R-2HG, meclofenamic acid (MA), FB23, and MO-I-500. The first FTO inhibitor, rhein, a natural product, has been identified to effectively compete with m6A-containing RNA for competitively binding to the FTO catalytic domain (Chen et al., 2012). Nevertheless, rhein is not only an FTO-specific inhibitor but also an inhibitor of other ALKB family demethylases (Li et al., 2016). R-2HG is a competitive inhibitor of FTO. It directly binds to FTO protein, inhibits FTO activity, and sensitizes the cells to commonly used chemotherapy agents as well as exerts antileukemia effects through increasing global m6A modification levels in R-2HG-sensitive AML (Su et al., 2018). Another study has revealed that the R-2HG/FTO axis exhibits the glycolytic inhibitory function, suggesting that R-2HG and specific FTO inhibitors, alone or in combination with other anticancer agents, provide new treatment options for AML therapy by targeting tumor metabolism and epigenetic modulation (Qing et al., 2021). A nonsteroidal anti-inflammatory drug MA was identified as a highly selective inhibitor of FTO over ALKBH5 (Huang et al., 2015). As the ethyl ester novel derivative of MA, MA2 inhibits GSC growth and self-renewal and severely suppresses GSC-induced tumorigenesis (Cui et al., 2017). Furthermore, MA2 promotes the chemoradiotherapy sensitivity of CSCC (Zhou et al., 2018). It is worth noting that another two new MA-derived inhibitors, FB23 and FB23-2, show much stronger potential than MA in inhibiting FTO-mediated demethylation (Gao et al., 2021c). In addition, FB23-2 has a stronger potential in targeting FTO protease, impairing AML cell proliferation, and promoting cell apoptosis (Huang et al., 2019). Similarly, MO-I-500 shows a greater inhibitory effect than previously reported rhein. It has been reported that MO-I-500 could significantly inhibit tumorigenesis of BC cells (Singh et al., 2016). Most recently, based on the structural design and synthesis, Huff et al. found two new FTO inhibitors, namely, FTO-02 and FTO-04. FTO-04 obviously inhibits the proliferation of patient-derived GSC (Huff et al., 2021). Also, Su et al. discovered two small-molecule compounds, namely CS1 and CS2, which can effectively act against FTO demethylation. The effectiveness of CS1 and CS2 is at least ten times higher than previously described FTO inhibitors, including FB23-2 and MO-I-500 (Gao et al., 2021c). Interestingly, studies have shown that some natural products such as Saikosaponin D, kaempferol, and plumbagin could also significantly inhibit FTO demethylation activity. For instance, saikosaponin D displays antileukemic effects in vitro and in vivo by targeting FTO/m6A signaling (Sun et al., 2021). Targeting FTO could reduce immune checkpoint gene expression, especially LILRB4, consequently enhancing AML cell sensitivity to T cell cytotoxicity and overcoming the hypomethylating agent decitabine-induced immune evasion. Thus, combined FTO inhibition with hypomethylating agents may exert synergistic effects in AML treatment (Su et al., 2020). The combination of FTO inhibitors with nilotinib declines the TKI-resistant phenotype and alleviates the biological processes of AML cells (Yan et al., 2018). In addition, Yang et al. indicated that combined treatment with FTO inhibitors and anti-PD-1 blockers might decrease resistance to immunotherapy in melanoma (Yang et al., 2019). These emerging data and discoveries have revealed that FTO-selective/nonselective inhibitors alone or in combination with conventional therapeutic agents may exhibit tremendous therapeutic potential for cancer treatment.
Except FTO inhibitors, other m6A proteins inhibitors may also be the promising target for m6A-related human cancers. STM2457, a new highly potent and selective first-in-class catalytic inhibitor of METTL3, has been proven to reverse the AML phenotype and prolong cell survival in various AML mouse models (Yankova et al., 2021). Also, Cheng et al. suggested that metformin inhibits BC cell proliferation by down-regulating METTL3 (Cheng et al., 2021b). In another recent study, a compound MV1035, based on the imidazobenzoxazin-5-thione scaffold, targets ALKBH5 and decreases U87 GBM cell line migration and invasiveness (Malacrida et al., 2020).
Several upstream regulators of m6A proteins could also alter the total m6A level via regulating m6A proteins, developing a potential and advantageous avenue for treating various cancers (Barbieri et al., 2017). For example, METTL3 up-regulation by miR-338-5p involves the m6A modification of c-Myc. The miR-338/METTL3/cMyc regulatory axis influences the growth and migration of LC cells (Wu et al., 2021c). In addition, miR-4443 reverses the NSCLC resistance to DDP through the METTL3/FSP1-mediated ferroptosis pathway (Song et al., 2021). A hematopoietic transcription factor SPI1 has been shown to target METTL14 and therefore inhibits the development of malignant hematopoietic cells (Weng et al., 2018). As a member of the carbonic anhydrases, CA4 interacts with WTAP and induces WTAP protein degradation by polyubiquitination in colon cancer (Zhang et al., 2016b).
Collectively, these inhibitors will not only elaborate the function and mechanism of m6A RNA methylation in carcinogenesis but also provide novel therapeutic strategies for cancer patients.
FUTURE PROSPECT
Emerging research has revealed that m6A RNA methylation participates in the regulation of the cancer malignant phenotype and chemo-/radio-resistance by modulating the expression of different targets or pathways, primarily through its impact on mRNA stability and translation efficiency. With increasing studies on the mechanism of m6A modification in cancers, it was illustrated that m6A modification regulates related RNA levels in more diverse and complex circumstances. Mostly, the m6A modification level in RNA is closely associated with the expression of writing and erasing genes, but m6A readers that bind to the modification site exert a series of biological functions. Increasing evidences point toward the idea that m6A regulators, particularly writers and erasers, show the double-edged sword regulation in the progression of cancer and often outcomes seem similar. For example, METTL3 might conduct dual roles in both HCC and BC (Table 1). However, it is unclear how writer and eraser genes selectively serve their differing effects and how the activity and expression of readers are regulated in cancer cells. The mechanisms need to be further elucidated. Though some potent and selective m6A enzyme inhibitors have shown promising effects in the development of cancer, more effective drugs related to m6A by structural design and synthesis and novel therapeutic strategies are expected to be explored. In addition, the combinations of such m6A inhibitors and existing therapeutic agents could provide a new perspective approach in the treatment of cancers in the future.
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Background: Drug-induced liver injury (DILI) caused by Chinese patent medicines is increasing in China. The incidence of invasive fungal infections (IFIs) is increasing due to the suppression of the immune function in greater numbers of patients. Invasive procedures such as deep vein catheterization and the use of glucocorticoids are also predisposing factors to IFIs. The clinical presentation of IFI in teenagers is often atypical, challenging to diagnose, difficult to treat, and associated with a high fatality rate.
Case presentation: Herein, we report 2 teenagers with liver failure after receiving oral Chinese patent medicines. Case 1 was a 14-year-old boy who presented with subacute liver failure who had been administered a Chinese patent medicine that included acetaminophen. Administration of glucocorticoids and non-bioartificial liver treatment improved his condition. Subsequently, invasive pulmonary Aspergillus (IPA) was diagnosed and was successfully treated with voriconazole for 85 days. Case 2 was a 17-year-old girl who presented with acute liver failure after taking the Chinese patent medicine QubaiBabuqi tablets for vitiligo. Chest computed tomography (CT) revealed multiple pulmonary nodules with an intermittent low-grade fever, and she was diagnosed with IPA. She was initially treated with caspofungin (23 days) and then voriconazole (406 days) for 429 days. Her liver function returned to normal, and lung lesions were absorbed in 2 patients. At the same time, two to three histopathological examinations of the liver biopsy showed that the drug-induced autoimmune-like phenomena could be improved by glucocorticoid therapy.
Conclusion: To the best of our knowledge, this is the first report of the successful treatment of 2 cases of liver failure (Child–Pugh class C) caused by Chinese patent medicines complicated with IPA in teenagers. Drug-induced autoimmune-like phenomena could be improved by glucocorticoid therapy.
Keywords: Chinese patent medicine, drug-induced liver failure, Invasive Pulmonary Fungal Infections (IPFI), autoimmune-like phenomena, voriconazole (VCZ), case report
INTRODUCTION
Drug-induced liver injury (DILI) refers to liver hepatotoxic injury caused by a drug itself or its metabolites, and can be categorized as hepatocyte, cholestatic, and mixed types. DILI accounts for <1% of the cases of acute liver injury seen by gastroenterologists but is the most common cause of acute liver injury in the United States and Europe (Kullak-Ublick et al., 2017). Immune mechanisms are an important part of the pathogenesis of DILI and may manifest as DILI with an autoimmune-like phenomenon with a portion of patients developing drug-induced autoimmune hepatitis (European Association, and for the Study of the liver, 2015). These 2 conditions have similar clinical symptoms, and accurate diagnosis is challenging. After searching the PubMed database, there is no similar report at home and abroad.
Due to the physiologic and anatomic characteristics of teenagers, drug clearance via the kidneys, liver, and lungs and drug biotransformation are poor; thus, many drugs can cause liver damage. In addition, teenagers are more prone to mitochondrial dysfunction due to drugs, increasing their susceptibility to severe liver injury or acute liver failure (ALF). Liver failure can be caused by many factors, and with severe liver damage, the only curative treatment is liver transplantation. Infection is a common complication in patients with liver failure, the frequency of liver failure complicated with an invasive fungal infection (IFI) was 2–15%, with the main pathogenic agents Candida albicans and Aspergillus and main primary sites the lungs and oral cavity (Schmiedel and Zimmerli, 2016). The mortality rate of patients with liver failure is extremely high, and the risk of death is further increased when an IFI is present.
Herein, we present 2 case reports of pediatric liver failure (Child–Pugh class C) with drug-induced liver failure accompanied by autoimmune-like phenomena and complicated by an IFI due to Chinese patent medicines for the first time.
CASE PRESENTATION
Case 1
A 14-year-old boy (weight: 90 kg; height: 175 cm; BMI: 29.39 kg/m2) was admitted to our hospital on 22 June 2020 with symptoms of yellow eyes and diarrhea for more than 20 days. The child had been treated with a Chinese patent cold medicine (that included acetaminophen) for an upper respiratory tract infection 30 days prior. He had never taken the medicine before, and during treatment, a maculopapular rash developed on the trunk. The local hospital’s laboratory studies on June 4 showed a total bilirubin (TBil) of 277 μmol/L, direct bilirubin (DBIL) of 150.2 μmol/L, alanine aminotransferase (ALT) of 580 U/L, and aspartic acid aminotransferase (AST) of 320 U/L. On June 14, he was treated with methylprednisolone 40 mg/d intravenously for 3 days, and the rash improved. Liver function was noted to be aggravated 1 week later, and he was treated with prednisone acetate 20 mg orally every day from 22 June 2020, but his condition did not improve.
He was allergic to penicillin, and there was no history of any significant disease in his family. Moderate jaundice of the skin and sclera was noted, and no cardiopulmonary abnormalities were found.
A liver biopsy was performed on June 24, and pathological examinations were consistent with DILI (G3 S1) (Figure 1A). Pathological sections were sent to Renji Hospital, School of Medicine, Shanghai Jiao Tong University, for consultation, and after review, the diagnosis was autoimmune hepatitis (acute-severe). Mycophenolate mofetil (MMF) 750 mg/d (250 mg t.i.d.) orally began on 3 July 2020, and after 4 days, his TBil, PT, and INR levels had increased to 250.30 μmol/L, 23.2 s, and 2.12, respectively. Based on the laboratory studies and his condition, he had progressed to subacute liver failure (SALF). He was placed on the liver transplant list, and a complete pre-liver transplantation workup was performed.
[image: Figure 1]FIGURE 1 | (A) Lymphocytes (red arrow), eosinophils (black arrow), and neutrophils (yellow arrow) seen in the portal duct area (HE, original magnification × 200). (B) “Rose garland” formation (HE, original magnification × 100). (C) Lymphocytes “penetrate” (HE, original magnification × 600).
Prednisone acetate was changed to methylprednisolone 30 mg q12 h ivgtt on 9 July 2020, and hepatic encephalopathy was diagnosed on July 10. MMF was discontinued on July 11, and he was given intravenous gamma globulin 20 g/d, but there was no improvement in his condition after 5 days of treatment. He was given treatment with a non-bioartificial liver (NBAL) starting on July 21, and after 5 treatments (from July 21 to August 3, once every 3–4 days) in combination with integrative medical treatments including liver protection, plasma infusion, and human albumin, his symptoms improved.
On 7 August 2020, the patient experienced sudden chills, shivering, and hyperpyrexia. Sputum culture revealed Candida albicans, and chest computed tomography (CT) showed multiple nodules in the lungs (Figures 2A,B). The 1,3-β-D glucan test (G test) and galactomannan antigen detection test (GM test) were negative. Due to poor coagulation, tracheoscopy was not performed. Pulmonary candidiasis was diagnosed, and the patient’s fever persisted after a week of treatment with fluconazole 400 mg/d ivgtt. A repeat sputum culture on 14 August 2020 revealed Aspergillus niger, resulting in a diagnosis of invasive pulmonary aspergillosis (IPA). Fluconazole was changed to voriconazole (loading dose on 18 August 2020 of 400 mg q12 h ivgtt, and maintenance dose of 200 mg q12 h ivgtt was started on D2. The regimen was adjusted according to the clinical situation and therapeutic drug monitoring (TDM) results), and his condition improved.
[image: Figure 2]FIGURE 2 | (A,B) Multiple nodular soft tissue shadows were observed in both lungs. The larger one was located in the lower lobe of the right lung (15 × 23 mm).
His chest CT showed resolution of the lung lesions after 85 days of treatment, and voriconazole was discontinued on 10 November 2020. On 31 May 2021, laboratory studies revealed TBil, 11.9 μmol/L; ALT, 52 U/L; AST, 40 U/L; ALP, 204 U/L; and γ-GT, 93 U/L. A repeat liver biopsy after 24 weeks of treatment was consistent with autoimmune-like phenomenon liver failure (G3 S3) (Figures 1B,C). A diagnosis was made according to the Roussel Uclaf Causality Assessment Method (RUCAM) (Danan and Benichou, 1993), and a probable diagnosis of autoimmune hepatitis was made based on 2008 International Autoimmune Hepatitis Group’s (IAIHG) criteria (Hennes et al., 2008): (1) DILI, cholestatic, acute, and RUCAM score calculated as 10 (highly likely); (2) IAIHG score 4, combined with liver pathology, the diagnosis of the teenager is drug-induced liver injury with autoimmune-like phenomenon (AL-DILI), drug-induced autoimmune hepatitis (DI-AIH) is not excluded.
Case 2
A 17-year-old girl (weight: 53 kg; height: 160 cm; BMI: 20.70 kg/m2) was admitted to our hospital on 6 July 2020 complaining of dysphoria, fatigue, vomiting, and yellow eyes which began 9 days before admission. She had been treated with a Chinese patent medicine, QubaiBabuqi tablets (4 tablets t.i.d. for more than 3 months) for vitiligo before the onset of the symptoms. Physical examination showed severe jaundice of the skin and sclera, and localized whitish patches on her face. No cardiopulmonary abnormalities were noted. Laboratory studies on July 7 revealed: TBil, 439.60 μmol/L; DBil, 325.70 μmol/L; ALT, 1174 U/L; AST, 505 U/L; γ-GT, 131 U/L; ALP, 166 U/L; PT, 44.5 s; prothrombin time activity (PTA), 16.00%; INR, 4.84; and blood ammonia, 258 μmol/L. A diagnosis of drug-induced acute liver failure was considered.
The patient developed hepatic encephalopathy and frequent vomiting on day 4, and she was placed on the liver transplant waiting list. She was treated with dexamethasone (10 mg q.d. i.v., gradually decreased after 3 days), liver protection, and NBAL (from July 7 to July 20, once every 3–4 days), and her liver function rapidly improved. After 10 days in a comatose state, she regained consciousness. She continued to have an intermittent low-grade fever on 24 July 2020, and no cough or other symptoms. Her TBil level had increased to 388 μmol/L, and the white blood cell (WBC) count was 12.13 × 109/L with 83.50% neutrophils. Her chest CT scan showed multiple nodules in both lungs on July 26 (Figures 3A,B), and IFI was diagnosed. A loading dose of caspofungin of 70 mg q.d. ivgtt was given on the first day, and then it was continued at a dose of 35 mg/d ivgtt for 23 days. However, a repeat chest CT showed an increase in the number of lung lesions and the presence of an air crescent sign (Figures 3C,D). Bronchoalveolar lavage fluid (BALF), G test, GM test, and next-generation sequencing (NGS) were all negative; however, based on her history and chest CT findings, a diagnosis of IPA was highly likely. Caspofungin was changed to voriconazole (loading dose on D1 of 6 mg/kg daily q12 h ivgtt, maintenance dose of 4 mg/kg q12 h orally was started on D2) on 19 August 2020, and her liver function gradually improved. A liver biopsy on 25 August 2020 was consistent with DILI (G 3–4 S 3–4) (Figures 4A,B). She was discharged on oral voriconazole (250 mg, q12 h), methylprednisolone (4 mg, q.d.), and other medications. A second liver biopsy after 10 weeks revealed an autoimmune-like phenomena hepatitis (G 1–2 S 2–3) (Figures 4C,D). A liver biopsy was performed, and ink staining, periodic acid–Schiff staining, hexamine silver staining, acid-fast staining, and NGS of liver tissue were negative. A diagnosis of DILI was made according to the RUCAM and 2008 IAIHG criteria: (1) DILI, hepatocellular damage-type, acute, RUCAM score calculated as 9 (highly likely); (2) IAIHG score 4, the diagnosis of DILI with autoimmune-like phenomena.
[image: Figure 3]FIGURE 3 | (A,B) Multiple nodular high-density shadows were observed in both lungs; the larger one was located in the upper lobe of the left lung (20 × 24 mm). (C,D) After 2 weeks of treatment, multiple nodular high-density shadows were observed in both lungs; the larger one was 29.4 × 28.4 mm in size, and voids were present in some lesions.
[image: Figure 4]FIGURE 4 | (A) Bridging or submass necrosis of hepatocytes and residue liver cells were arranged in a pseudolobule-like pattern, some of which had macrovesicular steatosis (<10%), and moderate to severe interfacial inflammation were noted (HE, original magnification × 40). (B) The portal duct area was obviously enlarged, interlobular bile duct hyperplasia was present, and portions of the bile ducts were slightly dilated with bile thrombosis. Infiltration of numerous mixed inflammatory cells into the interstitium, and fibrous tissue hyperplasia accompanied with partial pseudolobule formation was also noted (HE, original magnification × 100). (C) “Rose garland” formation (HE, original magnification × 40). (D) Lymphocytes “penetrate” (HE, original magnification × 200). (E,F) Slight edema and degeneration in hepatocytes, scattered with spotty necrosis. Infiltration of a small number of mixed inflammatory cells into the interstitium and fibrous tissue (HE, original magnification × 40).
In order to confirm the diagnosis and efficacy, we performed a third liver biopsy a year later (12 August 2021). The liver histopathology indicated chronic hepatitis (G 1 S 2) (Figures 4E,F), which was significantly improved compared with the previous two. No autoimmune-like phenomena were observed. Therefore, we have discontinued glucocorticoids on 18 August 2021. After 406 days of voriconazole treatment, the pulmonary nodules were completely absorbed.
In both patients, serological studies for hepatitis A virus (HAV), hepatitis B virus (HBV), hepatitis C virus (HCV), hepatitis E virus (HEV), and human immunodeficiency virus (HIV) were negative. Laboratory studies for cytomegalovirus nucleic acid (CMV-DNA), Epstein–Barr virus nucleic acid (EBV-DNA), and herpes simplex virus (HSV) IgM antibody were negative. Serum copper, ceruloplasmin, iron, and ferritin levels were normal. Tests of thyroid function and for genetic metabolic liver diseases were normal. Ultrasound scans of the hepatobiliary system did not reveal any abnormalities. MRI plain scan, enhanced MRI scan, magnetic resonance cholangiopancreatography (MRCP), and diffusion-weighted imaging (DWI) of the liver indicated a diffuse liver injury, and no bile duct dilatation was observed on MRCP. Antinuclear antibody (ANA), anti-smooth muscle antibody (ASMA), anti-liver and kidney microsomal type 1 antibody (LKM1), anti-hepatocyte cytoplasmic type 1 antibody (LC1), anti-soluble liver antigen antibody (SLA) and immunoglobulin G (IgG), γ-globulin, G test, GM test, blood cultures, and Cryptococcus capsular antigen tests were performed several times during the course of each patient’s disease, and all tests were negative. In both patients, after voriconazole reached a steady state, that is, in the morning of the 4th day or after adjusting the dose for 5 days, in the morning of the 6th day, 30–60 min before fasting medication, the contralateral venous blood was collected to detect the concentration of voriconazole valley, and the therapeutic drug monitoring (TDM) of voriconazole was carried out. The regimen was adjusted according to the clinical situation and voriconazole TDM results (Table 1). The liver pathological examination results were read by two pathologists.
TABLE 1 | Usage of voriconazole was adjusted according to the clinical situation and therapeutic drug monitoring (TDM) results.
[image: Table 1]DISCUSSION
DILI is caused by almost 1,000 medications, including herbal supplements and dietary supplements (Amin et al., 2015). Chinese patent medicines are traditional Chinese medicine products, some of which contain Western medicine ingredients such as acetaminophen, chlorpheniramine maleate, and other Western medicines. In a retrospective study of pediatric DILI in China, Chinese herbal medicine and combined drugs each accounted for 21.7% of cases, while Western medicines accounted for 56% of cases (Zhu et al., 2015).
Acetaminophen-related ALF and idiosyncratic drug-induced liver injury-related ALF account for more than 50% of all acute liver failure cases in the United States and may progress rapidly to death within 72 h (Chayanupatkul and Schiano, 2020). Case 1 developed a rash after taking an acetaminophen-containing Chinese patent medicine, developed severe liver function impairment 1 week later, and progressed to subacute liver failure 2 months later. Qubaibabuqi tablets were taken by Case 2, which contains the Chinese herb Psoralea that is known to induce oxidative stress that may cause DILI (Xu et al., 2021). The patient progressed to ALF and hepatic encephalopathy after using the medicine for more than 3 months.
Liver biopsy remains an important tool in the diagnosis of liver diseases, and interface hepatitis and lymphocytic/lymphoplamocytic plasma cell and hepatic rosette formation are regarded as pathological characteristics of typical autoimmune hepatitis. Both penetration and rosettes are significantly associated with autoimmune hepatitis and are considered to be more significant than interface hepatitis or plasma cell infiltration (de Boer et al., 2015). The penetration phenomenon refers to the entry of lymphocytes into the cytoplasm of hepatocytes, while the rosette is a pseudoglandular structure formed by several hydromorphic hepatocytes surrounded by lymphocytes. Studies showed that 65% of patients with autoimmune hepatitis present with penetration, whereas only 33% of patients with rosettes. However, these features are also seen in acute and chronic liver diseases of different etiologies (Balitzer et al., 2017).
Diagnoses of autoimmune-like phenomenon DILI and drug-induced autoimmune hepatitis cannot be excluded in the first patient presented herein based on elevated levels of serum transaminase, the histopathological findings of AIH presentation, the effective treatment of glucocorticoid, normal serum GLO, γ-globulin, IgG, ANA, SMA, and LKM1 levels. Two studies proposed that histological features of autoimmune-like phenomenon DILI and drug-induced autoimmune hepatitis are similar to those found in classical autoimmune hepatitis, and there is no advanced hepatic fibrosis or cirrhosis in most cases (Lewis, 2011; Flamm et al., 2017). Different degrees of liver fibrosis were found in the 2 cases presented herein, which may be related to post-necrotic cirrhosis (Child–Pugh class C) caused by the previous occurrence of hepatocyte necrosis, or significant fibrosis, present in the early stage of the disease due to their critical condition. Although liver biopsy is the gold standard for the diagnosis of liver diseases, further studies are needed to develop methods to distinguish the three conditions. Currently, there is no standard for diagnosis of autoimmune hepatitis in teenagers who are both autoantibody- and IgG-negative. The liver pathology of both patients showed an autoimmune-like phenomenon DILI, and the liver histology improved after glucocorticoid therapy. The course of glucocorticoid therapy in case 1 was shorter than that of drug-induced autoimmune hepatitis (generally more than 2 years). Case 2 was still using glucocorticoid, but her liver function was normal. She was in the process of gradual reduction and was ready to stop using glucocorticoids after completing the third liver biopsy. Therefore, autoimmune-like phenomenon DILI may have a better prognosis and a shorter course of glucocorticoid therapy than drug-induced autoimmune hepatitis.
Both patients presented herein had severe liver injuries and hepatic encephalopathy, with a PT > 15 s and INR >1.5, which could not be corrected by vitamin K. The diagnoses of drug-induced subacute liver failure and drug-induced acute liver failure were made based on the 2017 Hepatology Society of European’s Clinical Practice Guideline for the management of acute (fulminant) liver failure (European Association for the Study of the Liver et al., 2017). For patients with severe acute liver injury, liver transplantation should be performed immediately if the condition does not improve within 7 days. However, due to the shortage of donor livers in China and the high cost of the surgical procedure, only a few patients receive liver transplantation in time. The American Gastroenterological Association Institute (AGA) recommends that extracorporeal liver support systems be used only for clinical testing in order to allow the body to recover and avoid liver transplantation; this strategy can be lifesaving for patients awaiting liver transplantation (Flamm et al., 2017).
The condition of patient 1 did not improve after methylprednisolone, MMF, and intravenous gamma globulin, but liver function did improve after 5 treatments with NBAL. Even if case 2 developed HE after NBAL treatment, PT decreased within a short span of time and liver function improved. Both of the patients survived without liver transplantation, suggesting that NBAL treatments may be beneficial for patients with liver failure. The successful outcomes of the 2 patients were related to young age, prompt diagnosis, rational use of glucocorticoids, good liver regeneration ability, timely NBAL treatments, and rapid treatment of secondary IFI. However, treatment with glucocorticoids can cause sepsis and increase the fatality rate (European Association for the Study of the Liver et al., 2017). Two patients used glucocorticoids for a long time, which led to the immunosuppressive state, resulting in the high incidence of IFI. Notably, the use of an indwelling catheter increases the risk of catheter-related bloodstream infections and fungal infections; thus, we should rigorously be aware of the indications, timing, and course of glucocorticoid treatment for patients with liver failure.
The numbers of patients with invasive fungal infections have been increasing yearly, and these infections can cause tissue damage, organ dysfunction, and a severe inflammatory reaction. Aspergillus niger was cultured in the sputum of patient 1, but no studies were positive for fungi in patient 2. Nevertheless, IPA was clearly diagnosed based on medical history, treatments and outcomes, and lung imaging changes. A clinical study retrospectively reviewed and confirmed probable cases of invasive aspergillosis in children from six major medical centers. The most common site of infection was the lungs (59%), and nodules were most commonly diagnosed on imaging (34.6%). An air crescent sign was seen in only 2.2% of the children, a halo sign in 11%, and cavitation in 24.5%. Furthermore, chest CT of children with confirmed IPA usually has only non-specific signs, rather than halo signs, air crescent formation, or voids seen in adults (Donnelly et al., 2020). The 2 patients presented herein both exhibited typical pulmonary imaging manifestations of IPA, such as multiple pulmonary nodules and halo sign in the early stage, and air crescent sign and void in the later stage, the typical signs allowed for an early diagnosis and treatment.
IPA is associated with a high mortality rate, and the 28-day mortality rate of liver failure combined with an invasive fungal infection is 56%, and the 90-day mortality rate is 71% (Fernández et al., 2018). IFI is the main cause of death in patients with acute liver failure, and the G test and GM test are useful markers to guide antifungal therapy in patients (Verma et al., 2019). In our report, tests of bronchoalveolar lavage fluid and multiple peripheral blood G tests and GM tests were negative in the second teenager, suggesting that the sensitivity of the G test and GM test is limited and that more reliable serological markers are needed to establish an early diagnosis.
Voriconazole is a first-line agent for the treatment of invasive Aspergillus infection in teenagers with its main elimination via liver metabolism. Impaired hepatic function may delay clearance; it may lead to a disproportionate increase in blood concentration and a significantly reduced clearance of voriconazole. Voriconazole concentrations and dosage vary significantly in patients. Pediatric patients require higher doses to achieve an exposure similar to adults (Mantadakis et al., 2019); the reason in part is due to the CYP2C19 allele variation. Voriconazole concentrations in plasma was decreased in rapid metabolizer of CYP2C19, resulting in a delayed of the target plasma concentration, whereas, those with poor metabolism an increased risk of the trough concentration and adverse drug events increased. Genetic polymorphism analysis of CYP2C19 in Chinese Han populations had the greatest effect on voriconazole, of them, CYP2C19* 2 and CYP2C19* 3 are the major mutant alleles (Moriyama et al., 2017); hence, gene polymorphism detection should be conducted before the use of voriconazole. In a retrospective study of 78 patients with Child–Pugh grade B and C cirrhosis who were treated with voriconazole showed that 62.79 and 28.36% of patients with maintenance 200 mg q12 h, respectively, with a Cmin <5 mg/L. The probability of voriconazole-related adverse events was 87.5% within 7 days (Wang et al., 2018). During the treatment of voriconazole, the visual impairment, rash, muscle weakness, and other symptoms occurred in case 1, but when the blood concentration of voriconazole was reduced to the normal range, the visual impairment and muscle weakness were relieved and the rash resolved after the drug withdrawal. No voriconazole-related adverse events were reported in case 2. In general, voriconazole was safe in these two cases, and no voriconazole-related DILI was found. Among them, case 2 received the oral voriconazole dosage (250 mg q12 h) greater than the conventional dose, which may be related to the fast hepatic blood flow velocity, fast metabolism, and a more obvious first-pass effect of the drug in teenagers. Physiological factors such as age, sex, age, and body weight; CYP2C19 gene polymorphism; and pathological factors such as albumin, CRP, liver and kidney function, and the interaction between drugs and other drug combinations can all affect the plasma concentration of voriconazole, and individual regimen should be formulated during treatment.
DILI in teenagers caused by Chinese patent medicines is severe and can rapidly progress to liver failure. Some of the patients can benefit from comprehensive medical therapy including glucocorticoids and NBAL treatments and avoid the need for liver transplantation. It is important to point out that the treatment of glucocorticoid in the early stage did not prevent the progress of the disease. Maybe majority of autoimmune-like phenomena DILI can be successfully treated by glucocorticoid. However, secondary IFI may result in a poor response to glucocorticoid therapy. Hence, indications, treatments, and timings should be carefully planned, and patients should be closely monitored for adverse reactions. The diagnosis of autoimmune-like phenomena DILI was not only based on the changes of liver pathology before and after treatment but also combined with the response after glucocorticoids treatment and whether it recurred after drug withdrawal.
CONCLUSION
Voriconazole has a good curative effect and safety profile in severe liver damage (Child–Pugh class C) in teenagers. TDM should be monitored, and attention should be given to the occurrence of adverse drug reactions. Drug-induced autoimmune-like phenomena could be improved by glucocorticoid therapy. Glucocorticoid is a double-edged sword. We need to be vigilant against fungal infection in the DILI treatment with glucocorticoid. The sensitivity of serological markers such as the G test and the GM test for the diagnosis of an IFI is not high, and there are many influencing factors. As such, further study is needed to establish markers that can make an early diagnosis of IFI.
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Background: Although many genes related to epithelial-mesenchymal transition (EMT) have been explored in hepatocellular carcinoma (HCC), their prognostic significance still needs further analysis.
Methods: Differentially expressed EMT-related genes were obtained through the integrated analysis of 4 Gene expression omnibus (GEO) datasets. The univariate Cox regression and Lasso Cox regression models are utilized to determine the EMT-related gene signature. Based on the results of multivariate Cox regression, a predictive nomogram is established. Time-dependent ROC curve and calibration curve are used to show the distinguishing ability and consistency of the nomogram. Finally, we explored the correlation between EMT risk score and immune immunity.
Results: We identified a nine EMT-related gene signature to predict the survival outcome of HCC patients. Based on the EMT risk score’s median, HCC patients in each dataset were divided into high and low-risk groups. The survival outcomes of HCC patients in the high-risk group were significantly worse than those in the low-risk group. The prediction nomogram based on the EMT risk score has better distinguishing ability and consistency. High EMT risk score was related to immune infiltration.
Conclusion: The nomogram based on the EMT risk score can reliably predict the survival outcome of HCC patients, thereby providing benefits for medical decisions.
Keywords: epithelial-mesenchymal transition, gene signature, TCGA, GEO, ICGC, hepatocellular carcinoma
INTRODUCTION
Liver cancer is a common malignant tumor that has become a danger to public health globally. Hepatocellular carcinoma is well-established as the predominant pathological type and is mainly caused by hepatitis virus infection, alcoholism, and liver cirrhosis (McGlynn et al., 2020; Li et al., 2021; Siegel et al., 2021). Current evidence suggests that HCC patients with the same pathological type may have different survival outcomes, suggestive of the molecular heterogeneity in the same tumor type, accounting for the difficulty in predicting the survival outcome of HCC patients (El-Serag and Kanwal, 2014; Caruso et al., 2020). Therefore, understanding the molecular changes in HCC patients may provide new treatment strategies and improve patient prognosis.
Epithelial-mesenchymal transition (EMT) refers to the transformation process of cells from epithelial cells to mesenchymal cells, crucial in wound healing, tumor progression, and embryonic development (Ribatti et al., 2020). Its main functions involve the reduction of cell adhesion molecule (such as E-cadherin) expression and converting cytokeratin cytoskeleton into a vimentin-based cytoskeleton that exhibits the morphological characteristics of mesenchymal cells. During the process of EMT, epithelial cells lose cell polarity and the ability to adhere to the basement membrane, thus acquiring phenotypes such as invasion, migration, chemoresistance, and anti-apoptosis. An increasing body of evidence suggests that EMT is an essential step in initiating tumor development, suggesting its potential as a therapeutic target to prevent HCC progression (Zheng et al., 2015; Dominguez et al., 2017; Shibue and Weinberg, 2017; Ribatti et al., 2020).
Given the close association between EMT and the occurrence and development of HCC, the present research sought to systematically evaluate the prognostic role of EMT-related genes. Four HCC microarrays from the GEO dataset were integrated, and differentially expressed EMT-related genes were analyzed. A prognostic EMT-related gene signature was established through the univariate and LASSO Cox regression model, and a nomogram model was constructed based on the EMT risk score. Finally, we explored the correlation between EMT risk score and tumor immunity.
MATERIALS AND METHODS
Data Acquisition and Processing
We downloaded the raw data from TCGA (https://portal.gdc.cancer.gov/), ICGC (https://icgc.org/), and GEO (https://www.ncbi.nlm.nih.gov/geo/) website, processed the raw data, and finally obtained the expression matrix of hepatocellular carcinoma tissues (HCC). Datasets GSE22058, GSE25097, GSE36376, and GSE39791 containing data on HCC and para-cancerous tissues were used to screen differentially expressed genes (DEGs). All datasets were normalized by Robust Multi-Array Average (RMA), and different probes were converted into gene symbols. The dbEMT2 database (http://dbemt.bioinfo-minzhao.org/download.cgi) was used to download EMT-related genes. Perl language was used to extract the expression matrix of EMT-related genes from the TCGA, ICGC, and GSE14520 HCC datasets in batches.
Integrated Analysis of Epithelial-Mesenchymal Transition-Related Gene Datasets
The MetaDE package was used to screen DEGs between HCC and para-cancerous tissues (Ramasamy et al., 2008; Wang et al., 2012). Before performing the microarray meta-analysis, we extracted common genes between different datasets and eliminated the top 30% genes with average signal intensity and standard deviation. The four methods Fisher, maxP, roP, and AW were used to analyze differentially expressed genes (DEGs). A corrected p-value of less than 0.05 was statistically significant. Given the heterogeneity among different statistical methods, the R package VennDiagram was used to identify common differentially expressed EMT-correlated genes.
Functional Enrichment Analysis
The clusterProfiler package was used to identify the biological functions and pathways of differentially expressed EMT-related genes (Yu et al., 2012). Gene Ontology (GO) annotation was conducted for three domains: cellular component (CC), molecular function (MF), and biological process (BP). A bubble plot was used to visually display the results of GO and KEGG function analyses. Gene set enrichment analysis (GSEA) was used to evaluate the distribution of genes in a predefined gene set. Results were displayed in a gene table with genes ranked by their relevance to phenotype, reflecting their contribution to the phenotype. The input data consisted of two parts, a gene set with known functions and an expression profile matrix, to explore significantly enriched pathways between the high and the low EMT risk score group. An FDR and p-value of less than 0.05 were statistically significant.
Identification of a Prognostic Epithelial-Mesenchymal Transition-Correlated Gene Signature
After excluding HCC patients who survived less than 30 days, 342, 221, and 230 patients remained in the TCGA, GSE14520, and ICGC datasets, respectively. The prognostic-related EMT genes were determined in the TCGA and GSE14520 datasets, yielding 43 common EMT-related prognostic genes based on the univariate Cox regression model. Then, we used the least absolute shrinkage and selection operator (LASSO) cox regression model to further screen the EMT-related risk genes in the TCGA dataset and finally determined 9 EMT gene signatures could predict hepatocellular carcinoma prognosis. The EMT risk score is equal to the sum of the product of EMT gene expression and its coefficient. We calculated the EMT risk score of each patient in the TCGA, GSE14520, and ICGC datasets and divided HCC patients into a high and a low EMT risk score group based on the median value in each dataset. The TCGA dataset was used to construct the EMT gene signature, while the GSE14520 and ICGC datasets were used to validate the constructed signature. The survival curve between high and low-risk groups of HCC patients was generated using the survminer package, and the difference in survival times was assessed by the log-rank test. The survival ROC package assessed the predictive performance of the EMT risk score for survival outcomes.
Nomogram Construction and Validation
The nomogram was based on multivariate regression analysis, which integrates multiple predictors, and scaled line segments were drawn on the same plane according to a certain proportion to ensure that the survival probability of patients can be predicted objectively. In the TCGA dataset, we included patients with exact age, sex, tumor differentiation, tumor stage, and survival information. Univariate and multivariate cox regression models were used to screen variables that affect survival outcomes (including OS and RFS). Therefore, the risk score and tumor stage data from the TCGA dataset were included to build a predictive nomogram model for OS and RFS. Datasets GSE14520 and ICGC were used for external validation. The time-dependent ROC curve was used to assess the predictive ability, and the consistency of the nomogram model was visually represented by the 1-year, 3-year, and 5-year calibration curve. The larger the area under the time-dependent ROC curve, the better the discriminative ability of the nomogram model. The higher the degree of coincidence between the actual 1-year, 3-year, and 5-year calibration curves and the lines at the 45-degree angle, the better the consistency.
Human Protein Atlas Validation
The Human Protein Atlas (http://www.proteinatlas.org/) database is a well-recognized online database that provides tissue and cell distribution information of all 24,000 human proteins. It can provide the expression of a specific protein in tumor tissues and normal tissues. In the present study, we analyzed differences in protein expression of these 9 EMT risk genes between HCC and normal liver tissues.
Epithelial-Mesenchymal Transition-Related Gene Signature Correlated With Immune Infiltration
The TIMER (Tumor Immune Estimation Resource) database (https://cistrome.shinyapps.io/timer/) is an online database that provides information on the infiltration status of the six immune cells (B cells, CD4+ T cells, CD8+ T cells, Neutrophils, Macrophages, and Dendritic cells) in the TCGA database (Li et al., 2017). Besides, we downloaded the immune score, stromal score, and ESTIMATE score of HCC tissues of the TCGA dataset from the ESTIMATE database (https://bioinformatics.mdanderson.org/estimate). Correlation analysis was used to explore the correlation between EMT risk score and immune-related indexes (including six immune cell types, immune score, stromal score, and ESTIMATE score). Immune checkpoint genes included CD274 (PD-L1), PDCD1(PD-1), TIGIT, CTLA4, HAVCR2, and ICOS. Finally, we analyzed the differences in mRNA expression levels of immune checkpoint genes between high and low-risk groups.
Statistical Analysis
All statistical analyses were conducted using R3.6.1 and SPSS26.0 software. Chi-square analysis was used to analyze the correlation between the EMT risk score group and clinicopathological characteristics of HCC patients. EMT genes with a p-value less than 0.05 during univariate analysis were included in the LASSO Cox regression model. STATA software was used to explore the combined effect between EMT risk score and survival outcome. A p-value less than 0.05 was statistically significant.
RESULTS
Identification of Dysregulated Epithelial-Mesenchymal Transition-Related Genes
4 HCC cohorts containing HCC and para-cancerous tissues were integrated. The details of the four cohorts are shown in Table 1. The detailed process of this research is displayed in Figure 1. The AW, Fisher, maxP, and roP methods yielded 442, 442, 318, and 318 EMT-related differentially expressed genes, respectively (Figure 2A). Figure 2B shows the expression matrix heat map of the EMT related-genes with FDR values less than 1E-19 in the four HCC cohorts using the maxP method. Finally, we identified 317 differentially common expressed EMT-related genes (Figure 2C).
TABLE 1 | Basic characteristics of the included HCC dataset.
[image: Table 1][image: Figure 1]FIGURE 1 | The workflow of this study.
[image: Figure 2]FIGURE 2 | Integrated analysis of differentially expressed EMT-correlated genes. (A). Four different meta-analysis algorithms (Fisher, roP, maxP, AW) were used to identify differentially expressed genes in four HCC datasets. (B) Heatmap of EMT correlated-genes (FDR<1E-19) in four HCC cohorts. (C) Veen diagram shows the differential expressed genes obtained by the four algorithms. Notes: HCC, hepatocellular carcinoma; EMT, Epithelial-mesenchymal transition.
Functional Enrichment Analysis
The clusterProfiler package was used to explore the functions and pathways of differentially expressed EMT-related genes. The top 5 significantly enriched GO terms in the BP domain included gland development, epithelial cell proliferation, regulation of vasculature development, neuron death, and response to transforming growth factor-beta (Figure 3A). The top 5 significant GO CC terms included focal adhesion, cell-substrate adherens junction, cell-substrate junction, collagen-containing extracellular matrix, and cell leading edge (Figure 3A). Moreover, the top 5 significantly enriched MF GO terms were RNA polymerase II transcription factor binding, cell adhesion molecule binding, beta-catenin binding, DNA-binding transcription activator activity, and repressing transcription factor binding (Figure 3A). Finally, the differentially expressed EMT-related genes were significantly enriched in KEGG pathways, including MicroRNAs in cancer, Human papillomavirus infection, Human cytomegalovirus infection, Shigellosis, and Chronic myeloid leukemia (top 5) (Figure 3B).
[image: Figure 3]FIGURE 3 | Gene enrichment analysis of differentially expressed EMT-correlated genes. (A). Enriched GO terms of differentially expressed EMT-correlated genes (Top5). (B) Enriched pathways of differentially expressed EMT-correlated genes (Top15). Notes: EMT, Epithelial-mesenchymal transition; GO, gene ontology; BP, Biological Process; CC, Cellular Component; MF, Molecular Function.
Construction and Validation of an Epithelial-Mesenchymal Transition-Related Gene Signature
We used univariate Cox regression models to analyze the correlation between EMT-related genes and overall survival in the TCGA and GSE14520 datasets to establish a robust EMT-related gene signature. In the TCGA and GSE14520 datasets, we identified 131 and 68 EMT prognostic-related genes, respectively, and finally got 43 common prognostic EMT-related genes. Based on the TCGA dataset, the Lasso-Cox regression model identified a 9 EMT-related gene signature through 10-fold cross-validation (Figures 4A,B). The coefficients of the screened EMT genes are shown in Figure 4C. The formula for calculating the EMT risk score is as follows: 0.3084* HDAC2 + 0.0364* SPP1−0.0890* PPARGC1A+ 0.0407* LGALS3 + 0.1885* ENO1+ 0.0322* LMNB1+ 0.0119* CKS2+ 0.0143* SERPINE1+ 0.1062* HDAC1. According to the median EMT risk scores of HCC patients in the TCGA, GSE14520, and ICGC datasets, we divided HCC patients into low-risk and high-risk groups. In the TCGA dataset, the AUC values of the EMT risk score for predicting the overall survival of HCC patients at 1, 3, and 5 years were 0.792, 0.714, and 0.702, respectively (Figure 5A). HCC patients in the low EMT risk score group exhibited a better overall survival rate than HCC patients in the high EMT risk score group (p < 0.001) (Figure 5D). Similarly, in the GSE14520 dataset, the predictive performance of the EMT risk score for the overall survival of HCC patients at 1, 3, and 5 years was 0.703, 0.682, and 0.706 (Figure 5B). HCC patients with low EMT risk scores were associated with a longer overall survival time than HCC patients with high EMT risk scores (p < 0.001) (Figure 5E). In the ICGC validation set, the EMT risk score exhibited a better predictive power for overall survival (Figure 5C), and HCC patients with a high EMT risk score were associated with worse overall survival than patients with low EMT risk scores (Figure 5F). Finally, we explored the predictive power of the EMT risk score in the TCGA dataset and the GSE14520 dataset for HCC recurrence. The results of the time-dependent ROC curve showed that the EMT risk score has a moderate diagnostic value in the TCGA and GSE14520 datasets for predicting RFS (Figures 6A,B). The survival analysis results showed that HCC patients with high EMT risk scores had shorter recurrence-free time than HCC patients with low EMT risk scores (Figures 6C,D). Supplementary Figure S1 shows the distribution of EMT risk scores (A, B, C), patient survival status (D, E, F), and the expression heat map of the selected EMT genes (G, H, I) in the TCGA, GSE14520, and ICGC datasets.
[image: Figure 4]FIGURE 4 | Identification of EMT risk genes that affect OS in HCC patients in the TCGA dataset. (A, B). The lasso-Cox regression model was utilized to identify EMT-related gene signature through 10-fold cross-validation. (C) The coefficient of the selected EMT risk genes. Notes: EMT, Epithelial-mesenchymal transition; OS, overall survival; TCGA, The Cancer Genome Atlas Program.
[image: Figure 5]FIGURE 5 | EMT-correlated gene signature associated with HCC patient’s overall survival. (A). The predictive value of EMT risk score for predicting the OS of HCC patients in TCGA dataset. (B). The predictive value of EMT risk score for predicting the OS of HCC patients in the GSE14520 dataset. (C). The predictive value of EMT risk score for predicting the OS of HCC patients in ICGC dataset. (D). The overall survival between the high EMT risk score group and the low EMT risk score group in the TCGA HCC cohort. (E). The overall survival between the high EMT risk score and the low EMT risk score group in the GSE14520 HCC cohort. (F). The overall survival between the high EMT risk score and the low EMT risk score group in the ICGC HCC cohort. Notes: HCC, hepatocellular carcinoma; EMT, Epithelial-mesenchymal transition; OS, overall survival; TCGA, The Cancer Genome Atlas Program; ICGC, International Cancer Genome Consortium.
[image: Figure 6]FIGURE 6 | EMT-correlated gene signature associated with HCC patient’s recurrence-free survival. (A). The predictive value of EMT risk score for predicting the RFS of HCC patients in TCGA dataset. (B) The predictive value of EMT risk score for predicting the RFS of HCC patients in the GSE14520 dataset. (C) The recurrence-free survival between the high EMT risk score group and the low EMT risk score group in the TCGA HCC cohort. (D). The recurrence-free survival between the high EMT risk score group and the low EMT risk score group in the GSE14520 HCC cohort. Notes: EMT, Epithelial-mesenchymal transition; HCC, hepatocellular carcinoma; RFS, recurrence-free survival; TCGA, The Cancer Genome Atlas Program.
Correlation Analysis of Epithelial-Mesenchymal Transition Risk Score and Clinicopathological Characteristics
Clinicopathological characteristics associated with the TCGA, GSE14520, and ICGC datasets, including age, gender, ALT, history of malignancy, Histopathological grade, tumor stage, and survival status, were extracted. In the TCGA dataset, a significant correlation was found between the EMT risk score and histopathological grade (p < 0.001), tumor stage (p < 0.001), and survival status (p < 0.001). In the GSE14520 dataset, the EMT risk score was significantly correlated to age (p = 0.043), TNM stage (p < 0.001), and survival status (p < 0.001). In the ICGC dataset, the EMT risk score was significantly correlated to the TNM stage (p < 0.001) and survival status (p = 0.001) (Table 2).
TABLE 2 | Correlation between EMT risk score and clinicopathological characteristics in HCC dataset.
[image: Table 2]Identification of Independent Variables Correlated With Survival Outcome in Hepatocellular Carcinom Cohort
In the TCGA dataset, the EMT risk score (OS: p < 0.001; RFS: p = 0.005) and tumor stage (OS: p < 0.001; RFS: p < 0.001) were independent risk factors that affected the overall survival and recurrence-free survival of HCC patients (Supplementary Table S1, S2). In the GSE14520 dataset, the EMT risk score (p < 0.001) and tumor stage (p < 0.001) were independent risk factors that affected the overall survival of HCC patients (Supplementary Table S3). Moreover, the tumor stage (p = 0.001) was an independent predictor of recurrence-free survival in HCC patients (Supplementary Table S4). In the ICGC dataset, the EMT risk score (p = 0.002) was an independent predictor of overall survival in HCC patients (Supplementary Table S5).
Meta-Analysis of Epithelial-Mesenchymal Transition Risk Score With Overall Survival/Recurrence-Free Survival
In the present study, 3 OS and 2 RFS datasets were analyzed. We integrated the hazard ratio in the multivariate Cox regression analysis of the EMT risk score in the OS and RFS datasets. The results of the meta-analysis indicated that a high EMT risk score was a risk factor for overall survival (HR: 2.57; 95% CI: 1.94–3.41, p < 0.001) and recurrence-free survival (HR: 1.47; 95% CI: 1.15–1.88, p = 0.002) of HCC patients (Supplementary Figure S2).
Nomogram Construction and Validation
Nomograms were established to objectively predict the survival outcome (including OS and RFS) of HCC patients at 1, 3, and 5 years. In the TCGA dataset, the EMT risk score and tumor stage were independent risk factors that affected the overall survival and recurrence-free survival of HCC patients. Therefore, OS and RFS nomogram models were constructed based on these two variables (Figure 7). The results of the time-dependent ROC curve showed that the OS and RFS datasets-based nomogram model yielded the best predictive performance compared with other clinicopathological variables (Figure 8). The 1-year, 3-year, and 5-year calibration curves showed that the constructed nomogram model had good accuracy in predicting OS (Figure 9) and RFS (Figure 10).
[image: Figure 7]FIGURE 7 | The construction of OS (A) and RFS (B) predictive nomogram for HCC patients. Notes: OS: overall survival; RFS: recurrence-free survival.
[image: Figure 8]FIGURE 8 | The time-dependent ROC curve is used to evaluate the predictive value between the nomogram model and clinicopathological characteristics in TCGA (A–D), GSE14520 (B–E), and ICGC (C) dataset. Notes: ROC: Receiver Operating Characteristic; TCGA: The Cancer Genome Atlas Program; ICGC: International Cancer Genome Consortium.
[image: Figure 9]FIGURE 9 | 1-year, 3-year, and 5-year calibration curves of the nomogram model in TCGA (A–C), GSE14520 (D–F), and ICGC (G–I) OS dataset. Notes: TCGA, The Cancer Genome Atlas Program; ICGC, International Cancer Genome Consortium; OS, overall survival.
[image: Figure 10]FIGURE 10 | 1-year, 3-year, and 5-year calibration curves of the nomogram model in TCGA (A–C) and GSE14520 (D–F) RFS dataset. Notes: TCGA, The Cancer Genome Atlas Program; ICGC, International Cancer Genome Consortium; RFS, recurrence-free survival.
Validation of Expression of Selected Epithelial-Mesenchymal Transition Risk Genes
We analyzed the mRNA expression of 9 EMT-related genes in the TCGA, GSE14520, and ICGC datasets and found that these nine genes were dysregulated in these three HCC datasets (Supplementary Figures S3A–C). The HPA database was used to explore the protein expression levels of EMT-related genes. No corresponding data was found for PPARGC1A in the database. The differences in expression of the remaining eight genes between HCC tissue and normal liver tissue is shown in Supplementary Figure S3D. The results showed that HDAC2, HDAC1, SPP1, CKS2, and LGALS3 were significantly increased in HCC tissue compared with normal liver tissue. No significant difference in ENO1, SERPINE1 LMNB1 expression was found between normal liver and HCC tissues.
Gene Set Enrichment Analysis
GSEA was used to explore significantly enriched KEGG pathways associated with the EMT gene signature in the TCGA dataset. The high EMT risk group was significantly enriched in the spliceosome, RNA degradation, oocyte meiosis, pyrimidine metabolism, and cell cycle (Top 5) (Figure 11A). In contrast, the low EMT risk group was significantly enriched in Drug metabolism cytochrome P450, fatty acid metabolism, Glycine serine and threonine metabolism, retinol metabolism, and Primary bile acid Biosynthesis (Top 5) (Figure 11B).
[image: Figure 11]FIGURE 11 | Gene set enrichment analysis of pathways for high (A) and low (B) EMT risk groups.
Correlation Between the Epithelial-Mesenchymal Transition Risk Score and Immune Infiltration
We downloaded the expression of tumor-infiltrating immune cells, tumor immune score, stroma score, and ESTIMATE score from the TIMER and ESTIMATE databases. Correlation analysis showed a significant correlation between the EMT risk score and six tumor immune cells in the TCGA dataset (Supplementary Figure S4). Moreover, a significant correlation was found between the EMT risk score and immune score (Supplementary Figure S5), further substantiating the relationship between the EMT risk score and immune infiltration levels. Immunotherapy has gained significant momentum in recent years, especially in tumor therapy. Mounting evidence suggests that immunotherapy has significantly prolonged the survival of many cancer patients. In our study, the differences in gene expression in immune checkpoints and T cell exhaustion were analyzed between the high-risk and low-risk groups. The results showed that HCC patients in the high-risk group had higher mRNA expression of immune-related genes (Figure 12A). Moreover, the ESTIMATE score, immune score, B cell, CD4T cell, CD8T cell, Dendritic cell, Macrophage cell, Neutrophil were significantly higher in the high-risk group than in the low-risk group (Figures 12B,C).
[image: Figure 12]FIGURE 12 | Differences of the immune score, stromal score, ESTIMATE score (B), immune cell (C), and gene expression in immune checkpoints and T cell exhaustion (A) between high and low-risk groups in the TCGA dataset.
DISCUSSION
HCC is a common malignant tumor well-acknowledged to exert increasing public health and socio-economic burden. Given the limitations of the TNM staging system for predicting prognosis, there is an urgent need for biomarkers to predict the survival of HCC patients. With the rapid development of high-throughput technologies, much emphasis has been placed on gene chip technology since it can be used to identify biomarkers associated with the heterogeneity of HCC (Caruso et al., 2020). Herein, we established an EMT-related risk gene signature to accurately predict the HCC patient prognosis by public database mining.
In recent years, tumor-associated fibroblasts and exosomes have attracted significant attention for their potential role in tumorigenesis. It has been established that cancer-associated fibroblasts (CAFs) are one of the most important cellular components in the tumor stroma and are in a persistently activated state. Indeed, fibroblasts represent an essential and abundant component of the tumor microenvironment, which affects angiogenesis, extracellular matrix remodeling, immunosuppression, and stem cell properties to promote the occurrence and development of HCC (Zhang et al., 2020). Current evidence suggests a negative correlation between CAF expression and HCC patient prognosis (Yin et al., 2019). For instance, Lau et al. found that high α-SMA expression in HCC correlated with shorter disease-free survival than low α-SMA expression (Lau et al., 2016)n. Besides, exosomes are subcellular vesicles 40–130 nm in diameter, exhibiting a spherical or cup-shaped appearance under electron microscopy. Exosomes are widely acknowledged to originate from early intracellular endosomes, which bud inward to form multivesicular endosomes, fusing with the cell membrane to release small vesicles outside the cell to form exosomes. Over the years, exosome-related proteins, miRNAs, lncRNAs, and circRNAs have been extensively studied as prognostic markers for HCC patients (Zhang et al., 2021). For example, Sun et al. demonstrated that S100A4 carried by exosomes in the plasma of HCC patients could promote HCC metastasis, thereby affecting patient OS and DFS (Sun et al., 2021). Compared with our constructed EMT-gene signature, both CAFs and exosomes could be used as prognostic indicators for HCC patients. However, it should be borne in mind that exosomes generally come from body fluids such as plasma, urine, bronchoalveolar lavage fluid, and synovial fluid, while our indicators generally come from RNA sequencing of tumor tissue samples. Moreover, CAFs in HCC tissues are widely believed to come from fibroblasts in surrounding tumor tissue, hepatic sinusoidal endothelial cells, mesenchymal stromal cells, and hepatic stellate cells. Accordingly, circulating exosomes that can target EMT proteins may have huge prospects for application in predicting the prognosis of HCC and providing a new therapeutic target.
Herein, we integrated four HCC microarrays in the GEO dataset through the metaDE package and finally identified 317 differentially expressed EMT-related genes. Then, univariate Cox regression analysis was used to explore the prognostic-related EMT genes in the TCGA and GSE14520 datasets and the Lasso Cox regression model to identify the EMT gene signature. Next, we validated the diagnostic and prognostic value of the EMT-related gene signature for predicting survival outcomes in the three HCC datasets and constructed a predictive nomogram of OS and RFS based on the EMT risk score and tumor stage. The constructed nomogram exhibited good consistency during prediction in the training and validation datasets. A high EMT risk score correlated with poor prognosis, high TNM stage, poor histopathological grade, and immune infiltration in the HCC dataset.
Among the screened EMT-related genes, some have already been extensively studied in liver cancer, especially HDAC2. In this regard, Ji Heon Noh et al. found that HDAC2 was upregulated in liver cancer tissues and could promote the proliferation of HCC cells through the expression of G1/S cyclin (Noh et al., 2011). Yang et al. found that HDAC2 overexpression could increase HCC cell mobility and doxorubicin resistance (Yang et al., 2019). Besides, Zhao et al. found that liver cancer could promote metastasis through the HDAC1/FAM99A/miR-92a axis under a hypoxic environment (Zhao et al., 2020). Moreover, Wang et al. found that silencing SPP1 could inhibit liver cancer cell proliferation and promote cell apoptosis, which miR-181c regulated (Wang et al., 2019). Ji et al. found that CKS2 could encourage the expansion of HCC cells by downregulating PTEN (Ji et al., 2018). Song et al. reported that LGALS3 promoted the occurrence and metastasis of liver cancer through the β-catenin signaling pathway (Song et al., 2020). Moreover, Jiang et al. documented that ENO1 secreted by exosomes could regulate the expression of integrin α6β4 and promote liver cancer progression (Jiang et al., 2020). Divella et al. found that SERPINE1 polymorphism can be used as a prognostic indicator for HCC patients receiving TACE, but its underlying molecular mechanism has not been explored (Divella et al., 2015). Finally, Sun et al. reported that serum LMNB1 levels could be used as a diagnostic marker for early HCC, with high sensitivity and specificity. However, its functions in HCC remain poorly understood (Sun et al., 2010). No study has hitherto studied the role of PPARGC1A in liver cancer, warranting further studies.
Over the years, the advent of high-throughput technology has resulted in the emergence of multi-omics integrated analysis. Nowadays, researchers can obtain large-scale omics data from distinct molecular levels, including genome, transcriptome, proteome, interactome, epigenome, metabolome, liposome, and microbiome data, to conduct in-depth disease research. Interestingly, an omics analytical method can provide information on biological processes that differ in different life processes or disease groups. However, these analyses often have limitations. Multi-omics approaches are well-established to integrate information from several omics levels to provide evidence to better understand biological mechanisms and candidate key factors, leading to a deeper understanding of the molecular mechanisms and genetic basis of complex traits in biological processes and disease processes (Song et al., 2015; Su et al., 2020). In the present study, we substantiated the potential role of the screened EMT-related genes through multi-omics analysis. For instance, HDAC2 was identified as an EMT-related gene screened in our research. It is well-established that the TCGA database can be used to analyze changes in mRNA expression, protein level, methylation level, and DNA copy number in HCC tissues to explore potential factors underlying increased HDAC2 expression in HCC tissue. Finally, to further explore the possible mechanisms underlying its functions, correlation analysis can be performed to determine its co-expressed genes and GSEA to determine the functions of HDAC2 in HCC. Therefore, this multi-omics approach provides novel insights that provide the foothold to explore HCC tumorigenesis mechanisms.
Our study identified a nine-gene signature to predict the overall survival and recurrence-free survival of HCC patients. It yielded good prediction accuracy, providing potential targets for individualized treatment of HCC. At the same time, we acknowledge there were limitations and shortcomings in this study. In this regard, the molecular mechanism of the selected EMT-related proteins in hepatocellular carcinoma was not explored. The relatively small sample size of our study population highlights the need for a large and multiple HCC cohort to validate the established gene signature and increase the robustness of our findings.
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Background: Idiopathic pulmonary fibrosis (IPF) needs a precise prediction method for its prognosis. This study took advantage of artificial intelligence (AI) deep learning to develop a new mortality risk prediction model for IPF patients.
Methods: We established an artificial intelligence honeycomb segmentation system that segmented the honeycomb tissue area automatically from 102 manually labeled (by radiologists) cases of IPF patients’ CT images. The percentage of honeycomb in the lung was calculated as the CT fibrosis score (CTS). The severity of the patients was evaluated by pulmonary function and physiological feature (PF) parameters (including FVC%pred, DLco%pred, SpO2%, age, and gender). Another 206 IPF cases were randomly divided into a training set (n = 165) and a verification set (n = 41) to calculate the fibrosis percentage in each case by the AI system mentioned previously. Then, using a competing risk (Fine–Gray) proportional hazards model, a risk score model was created according to the training set’s patient data and used the validation data set to validate this model.
Result: The final risk prediction model (CTPF) was established, and it included the CT stages and the PF (pulmonary function and physiological features) grades. The CT stages were defined into three stages: stage I (CTS≤5), stage II (5 < CTS<25), and stage III (≥25). The PF grades were classified into mild (a, 0–3 points), moderate (b, 4–6 points), and severe (c, 7–10 points). The AUC index and Briers scores at 1, 2, and 3 years in the training set were as follows: 74.3 [63.2,85.4], 8.6 [2.4,14.8]; 78 [70.2,85.9], 16.0 [10.1,22.0]; and 72.8 [58.3,87.3], 18.2 [11.9,24.6]. The results of the validation sets were similar and suggested that high-risk patients had significantly higher mortality rates.
Conclusion: This CTPF model with AI technology can predict mortality risk in IPF precisely.
Keywords: artificial intelligence (AI), deep learning, semantic segmentation, idiopathic pulmonary fibrosis (IPF), pulmonary fibrosis stage, disease severity grade
INTRODUCTION
The survival of IPF patients varies considerably. Some are stable for a long time, some progress slowly, and some exacerbate acutely, leading to short-term death (Ley et al., 2011; Raghu et al., 2018). A widely accepted method of assessing disease severity and estimating prognosis remains absent (Gonnella et al., 1984).
Currently, severity assessment models of IPF mainly include the following: 1)The CRP (clinical-radiographic-physiologic) scoring model proposed by Leslie C. Watters et al. (Watters et al., 1986; Watters et al., 1987) in 1986, which consists of seven variables: the degree of dyspnea, X-ray chest radiograph quantitative score, forced vital capacity (FVC), forced expiratory volume in one second (FEV1), intrathoracic gas volume (Vtg), diffusing capacity of the lung for carbon monoxide (DLco) and lung volume (VA) ratio (DLco/VA), and the alveolar–arterial oxygen partial pressure difference (AaPO2) in the resting state. The CRP model includes numerous parameters, the calculation is complex, and it is difficult to identify fibrotic lesions from chest X-ray images. King et al. (2001) improved the CRP scoring system in 2001, by adding parameters such as gender, age, smoking status, and clubbing, which further increased the complexity of the evaluation. 2)In 2002, Wells et al. (2003) proposed CPI (composite physiologic index), which only used the lung function parameters to assess the severity of interstitial lung disease (ILD); however, its calculation formula is complicated, and its clinical application is limited. 3) Ley et al. (2012) proposed a GAP (gender, age, and physiologic variables) model based on gender, age, FVC, and DLco. However, the essential CT data was still not included. 4) Okuda et al. (2013) proposed to use arterial partial pressure of oxygen (PaO2) and oxyhemoglobin saturation (SaO2%), two leading arterial blood gas indicators to assess severity; however, CT, lung function, and other essential parameters are still missing from this approach. Hence, it is necessary to establish a precise and easy-performing model to evaluate and predict the prognosis of IPF.
In recent years, artificial intelligence (AI), especially deep learning, has been evolving rapidly and has achieved remarkable results in computer vision (CV). Traditional computer-based CT analysis provided objective quantitation of IPF disease programs such as CALIPER. Jacob et al. (2017) used it to measure disease severity with feature engineering, which usually involves subjective experience and might lead to non-optimal results. Compared with the traditional CV method, the deep learning-based method learns the features by itself with an end-to-end architecture that avoids human subjective feature selection, and this usually archives the state-of-the-art results (O’Mahony et al., 2019). One of the essential tasks of CV is semantic segmentation, which can be thought of as pixel-wise classification. Deep learning-based semantic segmentation has been widely applied in biomedical image processing (Ronneberger et al., 2015) in areas such as the lung (Hofmanninger et al., 2020; Handa et al., 2021), kidney (Bazgir et al., 2020), brain tumor (Myronenko and Hatamizadeh, 2020), sublingual vein (Xiong et al., 2020), and prostate (Yoo et al., 2019) and achieved state-of-the-art results. We extended semantic segmentation into pulmonary fibrosis image analysis by training a deep learning model that segments fibrosis tissue regions in chest CT images automatically and calculates the fibrosis tissue percentage of the entire lung (patent application no. 202010985175.8). Combining the aforementioned pulmonary function and physiological feature (PF) parameters , which have been proved to have a good prognostic value and are easy to be accessed clinically, we set up a new comprehensive framework for evaluating the severity of pulmonary fibrosis (patent no: ZL 2019 1 0514972.5). We conducted clinical verification (ChiCTR-RRC-17010683), which achieved accurate pulmonary fibrosis severity assessment and prognosis evaluation (software registration no. 6406807).
METHODS
Study Cohorts
For testing the AI system that we established (patent application no. 202010985175.8), we did a retrospective analysis of 232 patients diagnosed with IPF from 1 January 2011 to 31 January 2020 in the Department of Respiratory Medicine, Shanghai Pulmonary Hospital. IPF diagnosis of these cases was confirmed by the criteria of the 2018 IPF International Guidelines (Raghu et al., 2018). Data of gender, age, lung function, fingertip SpO2% (or SaO2% measured by arterial blood gas analysis), chest CT, occupation, and smoking history were recorded. All patients were followed up in outpatient clinics or via phone, including the patient’s survival status, time of death (the year and month), cause of death, whether there were other complications, whether undergoing lung transplantation, and the time of lung transplantation. The deadline for follow-up was 1 August 2020. After follow-up, finally, 206 qualified cases were involved in the study. The patient screening process and follow-up are shown in Figure 1. This study was approved by the Institutional Ethics Committee of Shanghai Pulmonary Hospital (No. K17-016).
[image: Figure 1]FIGURE 1 | Case screening process. In total, 232 cases were diagnosed as IPF according to the 2018 IPF diagnosis and treatment guidelines. A total of 26 patients were excluded, two patients were diagnosed as interstitial pneumonia with autoimmune features (IPAF) during follow-up; 24 patients had incomplete CT and lung function data. Finally, 206 cases were included in the retrospective analysis (including 16 cases of lung transplantation): 93 surviving cases, including 11 lung transplants; 81 deaths, out of which 10 died from lung cancer, 67 died from acute exacerbation of IPF, and 4 died after lung transplantation; and 32 patients failed to follow up, including one failed to follow up after lung transplantation.
Development of the Mortality Risk Prediction Model for IPF
Based on the IPF diagnosis guidelines in 2018 (Raghu et al., 2018), the honeycomb lung extent and scope of the disease presented on the CT images of IPF patients are essential indicators for predicting IPF mortality (Flaherty et al., 2003; Best et al., 2008; Raghu et al., 2011; Rosas et al., 2011). The thickness of HRCT sections was 1–2 mm; section spacing was 2 cm. Patients were in the supine position. The minimum exposure was 200 mA per second. First, we established a deep learning AI model by a neural network (Ronneberger et al., 2015) (lung segmentation network, LSN) to calculate the proportion of honeycomb in the total lung. The LSN was trained by identifying the 102 IPF patients’ honeycomb lesion area labeled by radiologists manually (Supplementary Material S1). Then, we used this AI model to quantify the extent of honeycomb lung lesions for another 206 patients. The CT images were also reviewed separately by two radiologists, who were blinded to the clinical information and the deep learning model results. Both radiologists were board-certified diagnostic radiologists, who were majoring in chest radiology. The observers evaluated the extent of the honeycomb and gave the manual-CT score results.
The patient’s PF parameters are indispensable for prognosis estimation (Wells et al., 2003; Ley et al., 2012). After analysis of the pros and cons of existing scoring systems (CRP, GAP, CPI, and JRS) shown in Table 1, we chose five parameters, namely, FVC%pred, DLco%pred, SpO2%, age, and gender, to evaluate the severity of the patient’s disease (patent no: ZL 2019 1 0514972.5). These parameters have a significant predictive value and can be accessed easily in clinical practice. According to previous studies (Watters et al., 1986; Watters et al., 1987; King et al., 2001; Wells et al., 2003; Ley et al., 2012; Okuda et al., 2013), we formed a multi-parameter severity evaluation metric (PF grading) based on PF.
TABLE 1 | Comparison of different pulmonary staging methods.
[image: Table 1]Statistical Method
The Spearman correlation coefficient was used to analyze the correlation between CTS and lung function parameters, namely, FVC%pred, DLco%pred, SpO2%, and CPI. The patient’s survival time was calculated from the evaluation time to the endpoint event, which was death due to lung disease or lung transplantation, measured in months. According to survival time, X-tile software (internal cross-validation method) was used to find the optimal CT score threshold to classify patients in three CT stages.
Lung transplantation was considered the most effective treatment for IPF (Thabut et al., 2009), so lung transplantation was considered a competing risk event and used the competing risk (Fine–Gray) model for establishment and evaluation of the disease prognosis prediction model as follows: 1) based on the total number of our cases, the modeling parameters were selected, by referring to the existed literature (Roecker, 1991; Zhang et al., 2018); all 206 cases were randomly divided into the training set (165 cases) and the verification set (41 cases). 2) CT staging, PF staging, and CTPF comprehensive staging were used as predictors. We compared the accuracy of the model with GAP staging proposed by Brett Ley and MD and established four mortality risk prediction models based on Fine–Gray regression analysis for training set data, namely the CT staging model, PF grading model, CTPF staging model, and GAP staging model. The predictive accuracy of the risk model was assessed by calculating the area under ROC curve (AUC) and Brier score. 3) The validation set was used to validate the four models. 4) A nomogram was drawn referred to some reports (Zhang et al., 2017; Zhang et al., 2018) to show the 1, 2, and 3-year survival rates of the CTPF model for patients visually with different CT stages and PF grades.
The statistical software used in this study was IBM SPSS24.0, Stata/MP14.0 X-Tile, and R3.4.3.
RESULTS
Patient Baseline Clinical Characteristics
Following the process shown in Figure 1, we screened 232 cases of IPF patients. Among them, 206 cases met the scoring requirements and were included in the CTPF staging verification: 93 cases survived, 81 cases died, 32 cases failed to follow up, and 16 cases received lung transplantation. Table 2 shows the primary characteristics of the patients. The average age is 64.1 ± 7.9 (years), and the average survival time is 28.7 ± 19.3 (months). Most patients are male (196/206, 95.1%), and most of them have a history of smoking (156/206, 75.7%). The average CT score is 14.1 ± 11.30 (ranges from 0.04 to 52.3).
TABLE 2 | Patients’ general clinical characteristics.
[image: Table 2]Test the CT Score Calculated by AI
The fibrosis segmentation network (FSN) was the essential component of deep learning, which performed the semantic segmentation of fibrosis regions in the CT images, and is the basis of further calculation, such as CT scores (CTS) and FSN’s performance, shown in Supplemental Material 2. Figures 2A–D show that the CTS was negatively correlated to FVC%pred (rs = -0.40, p < 0.01), DLco%pred (rs = -0.66, p < 0.01), and SpO2% (rs = -0.44, p < 0.01) and positively correlated with the existing CPI (rs = 0.65, p < 0.01) which reflects the severity of the patient’s disease. In addition, the CTS was closely related to manual-CT scores by radiologists and Spearman correlation coefficient rs = 0.80, p < 0.01 (Figure 2E.). It indicates that the CT scoring system designed in this study properly reflects the severity of pulmonary fibrosis.
[image: Figure 2]FIGURE 2 | Correlation of AI–CT fibrosis score and lung function parameters. (A) Correlation between CT-score and FVC%pred, Spearman correlation coefficient rs = -0.40, p < 0.01; (B) correlation between CT-score and DLco%pred, Spearman correlation coefficient rs = -0.66, p < 0.01; (C) correlation between CT-score and SpO2%, Spearman correlation coefficient rs = -0.44, p < 0.01; (D) correlation between CT-score and CPI, Spearman correlation coefficient rs = 0.65, p < 0.01; and (E) correlation between CT-score and manual-CT scores by radiologists, Spearman correlation coefficient rs = 0.80, p < 0.01.
Establishment of the CTPF Model
According to the survival time of all patients, we used X-tile software to find the cut-off points of CT scores and are calculated as 5.6 and 25.4, which divide the patients into three groups, and the survival rates of the three groups are statistically different (χ2 = 27.985, p < 0.05). To facilitate clinical application, we tried to take integer cut-off points, i.e., 5 and 25. We used the two cut-off point CT scores (5.6, 25.4) and (5,25) to establish the prediction model and found that both scores have the same prediction efficiency. For ease of clinical use, we chose the latter. So, the three groups were as follows: stage I (CTS<5), stage II (5 < CTS<25), and stage III (CTS>25).
After analyzing the pros and cons of existing scoring systems (CRP, GAP, CPI, and JRS) shown in Table 1, we chose five parameters, namely, FVC%pred, DLco%pred, SpO2%, age, and gender, to evaluate the severity of the patient’s disease and calculated the scores using PF grading to assess the severity in patients (Table 3) and prognosis.
TABLE 3 | Criteria for CT-based pulmonary fibrosis staging and PF-based severity grading (patent no: ZL 2019 1 0514972.5).
[image: Table 3]Figure 3A shows the relationship between CT staging and mortality risk in Fine–Gray univariate regression analysis, in which the effect of PF grading might be involved. Figure 3B shows the result of multi-factor analysis after eliminating the effect of PF grading, that is, the relationship between CT staging and mortality risk. In both adjusted and unadjusted cases, PF staging was positively correlated with mortality risk. Similarly, Figures 3C, D illustrate the relationship between PF grading and mortality risk in Fine–Gray regression with unadjusted and adjusted CT staging. In both cases, PF stages were positively correlated with mortality risk. We then combined the two factors to create a new mortality prediction model, the CTPF model. The score was calculated based on the five pulmonary function and physiological feature prognostic predictors, and CT scores were calculated by the AI model, which are shown in Table 3.
[image: Figure 3]FIGURE 3 | Analysis of CT stage and PF grading and mortality.(A) shows the relationship between CT staging and mortality risk based on Fine–Gray regression CT staging univariate analysis, which might be mixed with the influence of PF grade. (B) shows the same relationship in the multivariate analysis of CT staging and PF grading. Adjusted PF grading means the effect of PF grading was eliminated. The results showed that CT stage, with both PF grade adjusted and unadjusted, was positively correlated with mortality risk. (C) shows the relationship between PF grade and mortality risk based on Fine–Gray regression PF grade univariate analysis, which might be mixed with the influence of CT staging. (D) shows the same relationship between the multivariate analysis of CT staging and PF classification. CT staging adjusted means the effect of the CT stage was eliminated. The results show that the PF grade, with both CT staging adjusted and unadjusted, is positively correlated with mortality risk.
Validation of the CTPF Model
Table 4 shows the patients’ clinical characteristics in the training set and validation set. There is no significant difference between the two sets. Then, classification of the training set was followed according to the CT staging, PF grading, GAP staging, and CT + PF staging. The analysis results in Table 5 show that the AUC index and Briers scores at 1, 2, and 3 years are as follows: 74.3 [63.2,85.4], 8.6 [2.4,14.8]; 78 [70.2,85.9], 16.0 [10.1,22.0]; and 72.8 [58.3,87.3], 18.2 [11.9,24.6]. The CTPF model has the best AUC index and Briers scores. The results of the validation sets were similar. The AUC index and Briers scores at 1, 2, and 3 years in the validation set are as follows: 92.0 [83.4,100.0], 8.1 [0.5,15.7]; 75.0 [57.1,92.9], 14.3 [6.6,22.1]; and 76.0 [56.8,95.2], 17.6 [9.4,25.9].
TABLE 4 | Patients’ clinical characteristics of the training set and validation set.
[image: Table 4]TABLE 5 | Discrimination of different models in the training and validation cohort.
[image: Table 5]Prognostic Significance of the CTPF Model
A nomogram of death risk prediction for a CTPF prediction model and calibration curve are shown in Figure 4. The 1-year, 2-year, and 3-year cumulative survival rates of different CTPF stages based on the nomogram are shown in Table 6. The higher the PF grade, for patients with the same CT staging, the lower the cumulative survival rate and vice versa.
[image: Figure 4]FIGURE 4 | Model prediction nomogram and calibration curve. (A) Mortality nomogram of CTPF as the predictive model. (B–D) Calibration curves after cross-validation using CT staging, PF staging, CTPF comprehensive staging, and GAP staging to predict patients’ cumulative mortality risk at 1, 2, and 3 years. The CTPF prediction model has the best AUC value, Brier score, and stability.
TABLE 6 | CTPF model-predicted 1-, 2-, and 3-year accumulative survive rate of patients at different CTPF stage.
[image: Table 6]As the flow in Supplementary Figure S1 shows that all the patients’ chest CT lung images were read into the deep learning model. The model segmented the patients’ fibrotic lesion region and calculated the area percentage of the whole lung. Age, gender, FVC%pred, DLco%pred, and SpO2% data were included in the metric to calculate patient’s CTPF staging results (Figure 5), and an evaluation report (Supplementary Figure S7) was generated.
[image: Figure 5]FIGURE 5 | Examples of patient’s original lung CT image, honeycomb lung region segmentation, and staging. (A-1,2,3) are the original CT images, the segmented lung region, and honeycomb lung region identified by the deep learning model of patient Zhang. The corresponding stage of this patient is II c. Similarly, (B-1,2,3) are the corresponding images of patient Xu, whose stage is Ia. (C) shows their comprehensive CTPF staging; patient Zhang’s comprehensive stage is IIc; the comprehensive stage of patient Xu is Ia.
A total of two representative cases are displayed as follows: Figure 5 shows the output of the fibrosis segmentation network. Figure 5A shows a 74-year-old male patient, whose CT fibrosis score is 15.9. In Table 3, the physiological indicators of lung function (PF) correspond to seven points of severity, so his comprehensive stage is IIc; the patient died of exacerbation 23 months later. Figure 5B shows another patient, a 62-year-old male with an AI fibrosis score of 4.0. According to Table 3, the final stage of the patient is Ia. The patient is still alive after 39 months when we followed up.
As some IPF patients had also developed emphysema (Rosas et al., 2011), we trained another semantic segmentation model for pulmonary bulla and calculated its percentage of the entire lung based on the same framework with different parameters. See Supplementary Material S1 for details.
DISCUSSION
Current IPF staging evaluation methods shown in Table 1 are either too simple, such as GAP and JRS which cannot accurately reflect the severity of the disease and estimate prognosis because of fewer data, or too complex, such as CPR and CPI which are complex and difficult to access in clinical practice (Jacob et al., 2017). In fact, chest CT scans are one of the standard clinical examination methods in the diagnosis of IPF, and honeycomb in the lung is the most representative lesion of pulmonary fibrosis and directly related to the prognosis (Flaherty et al., 2003; Lynch et al., 2005; Best et al., 2008; Raghu et al., 2011; Rosas et al., 2011). The semi-quantitative evaluation is the most common method in practice, which requires physicians’ expertise, and is labor-intensive and time-consuming, and the results of different practitioners might vary considerably. The Cohen-weighted k values of semi-quantitative evaluation are only 0.40–0.58 (Watadani et al., 2013; Hansell et al., 2015), and both repeatability and accuracy are also low. The pulmonary fibrosis segmentation model based on deep learning in this study segmented fibrosis honeycomb accurately and automatically and calculated its percentage of the whole lung, which quantifies the essential factor of fibrosis staging. Compared with manual-CT scores evaluated by radiologists, the scores evaluated by AI were low. Due to the fact that the AI evaluation was a whole-lung range in the chest CT, the manual evaluation was usually selected for the dominant lesion section in the CT, such as the aortic arch section, tracheal bifurcation section, and lung diaphragm section.
This method has the advantages of fast incremental learning, objective and accurate quantitative calculation, efficient complete lung scanning, and high repeatability. The DSC of the model reached 77.26%, which is 8.39% higher than that of the benchmark (U-Net with the spatial pyramid pooling module) that is 68.78% (Ronneberger et al., 2015). Compared with CALIPER (Jacob et al., 2017) based on traditional CV technology, deep learning methods learn features automatically and archive better performance. Although Handa et al. (2021) adopted deep learning U-Net architecture, we enhanced it with an attention mechanism and Squeeze-Excitation Network to archive better outcomes. The running time of the CT evaluation for each patient was only 11 s, which is a significant efficiency improvement.
We selected FVC%pred, DLco%pred, SpO2%, age, and gender as five essential indicators that have been proved to have a good prognostic value and are easy to be accessed clinically to evaluate the severity of IPF. In both univariate and multivariate regression analyses, the results suggested that PF classification was an independent risk factor for predicting IPF patients’ mortality risk. The severity of each patient’s disease stage (a, b, or c) was calculated according to these five parameters. The CTPF evaluation system combines the results from CT pulmonary fibrosis staging (I, II, and III) and severity grading (a, b, and c) to form a complementary pulmonary fibrosis staging/severity grading model CTPF (Table 3). The assessment report shows the result (Figure 5.).
In the task of mortality risk prediction, the CTPF model has better AUC, Brier score, and stability than any other model (PF, CT, and GAP staging). Lung transplantation is an effective way to improve the prognosis of IPF patients (Thabut et al., 2009). However, lung transplantation itself also has a mortality risk. In 2015, Yusen et al. (2015) reported a global mortality risk of lung transplantation as 20% in 1 year and 35% in 3 years. We suggest those patients whose mortality risk (Table 6) is higher than the lung transplantation risk to consider transplantation. In this regard, our model could suggest the appropriate time window for lung transplantation.
The prognostic evaluation of pulmonary fibrosis with emphysema needs to be further analyzed in additional cases.
The major limitation of this study is lack of an external validation cohort to further evaluate the CTPF model. We are planning a multicenter clinical study in the future and hope to verify its clinical significance.
CONCLUSION
The deep learning-based model calculated the percentage of fibrosis lesions of the whole lung quantitatively by segmenting the fibrosis region from chest CT images automatically, combined with the IPF severity determined by five important physiological and pulmonary function indicators. The CTPF model predicted the mortality risk for IPF patients more precisely.
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Lysyl hydroxylase-2 (LH2) involves in the hydroxylation of telopeptide lysine residues during collagen deposition. Recent studies indicate that interleukin (IL)-6 generated by the chronic inflammation disease may trigger the LH2 expression to accelerate cell motility. Berberine is the alkaloid derived from the traditional Chinese medicine Coptis chinensis, which displays potential anti-inflammatory activity in multiple diseases. The anti-inflammatory activity of berberine has been confirmed by reducing proinflammatory cytokines such as IL-6, IL-8, and IFN-γ. However, whether and how berberine inhibits cellular motility against metastatic spread in triple-negative breast cancer (TNBC) has not been demonstrated, and the underlying mechanism remains unclear. We investigated the effects of berberine on the inflammatory cytokine secretion, cell proliferation, and migration in vitro and further explored the effect of berberine on growth and metastasis in vivo. Berberine restrained TNBC cell proliferation, motility, and glycolysis process in a dose-dependent way. The secretion of IL-6 was abrogated by berberine in TNBC cells, and IL-6-stimulated cell migration was inhibited by berberine. Mechanistically, berberine remarkably suppressed LH2 expression at both mRNA and protein levels. LH2 depletion led to decreasing the antimotility effect of berberine, and this phenomenon was related to the suppressed glycolysis after LH2 inhibition. Conversely, ectopic restoration of LH2 could further increase the antimotility effect of berberine. Moreover, berberine was confirmed to inhibit cell growth and motility in vivo, and the expression of LH2 and glycolytic enzymes was also blocked by berberine in vivo. Collectively, this study indicated that berberine could be a promising therapeutic drug via regulating LH2 for TNBC.
Keywords: berberine, IL-6, LH2, motility, inflammation
INTRODUCTION
Metastasis is a complicated disease that occurs due to the interaction between malignant cells and the microenvironment (Waks and Winer, 2019; Li et al., 2021). Inflammation-related changes play particularly vital roles in facilitating the development of metastatic diseases. Despite recent progress, the mechanisms governing metastasis remain incompletely elucidated and the treatment for metastatic diseases is still not well defined.
Lysyl hydroxylases are encoded by distinct procollagen-lysine, 2-oxoglutarate 5-dioxygenase (PLOD) genes. LH2 plays roles in the hydroxylation of telopeptide lysine residues during collagen deposition (Du et al., 2017b; Qi and Xu, 2018). Specifically, the high expression of LH2 involves in the malignant progression of breast, lung, hepatocellular, and renal cell cancers (Noda et al., 2012; Kurozumi et al., 2016; He et al., 2018). Actually, LH2 has been extensively considered as a prometastatic regulator in multiple cancers. In non-small-cell lung cancer (NSCLC), LH2 contributes to NSCLC cell metastasis by facilitating migration and remodeling collagen reorganization (Du et al., 2017a). LH2 is a crucial regulator of integrin β1 to promote the metastatic ability of head and neck squamous cell carcinomas (Ueki et al., 2020). Our previous data indicate that IL-6 facilitates LH2 expression in breast cancer, and a high expression of LH2 in breast cancer leads to epithelial–mesenchymal transition (EMT) and poor prognosis (He et al., 2018). In addition to inducing EMT, it has shown that glycolysis/gluconeogenesis key enzymes are the target genes of LH2 in bladder cancer (Miyamoto et al., 2016). In addition, LH2 has been shown to be a promising target for colorectal cancer metastasis via regulating glycolysis enzyme hexokinase 2 (Du et al., 2020). These studies highlight that targeting LH2 may be an effective treatment strategy for metastatic diseases.
Berberine is the main alkaloid in Coptis chinensis, which is extensively founded from many plants, such as Berberidaceae, Papaveraceae, and Rutaceae plants (Fan et al., 2019). Several studies have shown that berberine has exerted multiple biological activities and therapeutic effects, including anti-inflammation, antidiabetes, and antioxidation (Zou et al., 2017; Habtemariam, 2020). Berberine has attracted widespread attention, especially for its potential antitumor properties in various cancers (Chu et al., 2021; Lin et al., 2019). Berberine has shown to inhibit the metastatic ability of breast cancer cells via suppress Akt/NF-κB and AP-1 signaling (Kim et al., 2008). Berberine also interferes the cancer metabolism via abrogating the fatty acids biosynthesis through regulating the biosynthesis and transportation of citrate (Liu J. et al., 2020). Combining the berberine with emodin synergistically inhibit the aerobic glycolysis and cell proliferation in breast cancer (Ponnusamy et al., 2020). However, little is known about the efficacy of berberine on TNBC cell metastasis, and whether LH2 is the antimetastatic target of berberine in TNBC remains unclear.
This study reveals that berberine plays multifunctional roles in TNBC, via suppressing proliferation, migration, inflammation, and glycolysis. It also uncovers berberine metabolically reprograms TNBC cells by inhibiting IL-6-mediated LH2 expression. LH2 plays vital roles in the control of glycolytic metabolism genes. Specifically, berberine suppresses the expression of LH2 and glycolytic enzymes that are necessary for glycolysis catabolism and therefore abrogate TNBC metastasis. Finally, it is validated that berberine inhibits TNBC metastasis via reducing LH2 and glycolysis in vivo.
MATERIALS AND METHODS
Reagents
The chemicals including berberine and paclitaxel were offered by Meilunbio. The purity of berberine was more than 99.8%. 2-Deoxy-D-glucose (2-DG) was purchased from Meck. The apoptosis detection kit (Annexin V-PI Staining) was purchased from Keygen Biotech (Nanjing, China). The Diff-Stain Set was purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Cell Culture
Human TNBC cell lines MDA-MB-231, MDA-MB-468, and BT-549 were obtained from the Cell Bank of the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). The cells were maintained in D/F12 medium (Thermo Fisher Scientific, Waltham, MA, United States) containing 10% fetal bovine serum (PAN, Germany), penicillin (50 U/ml), and streptomycin (50 U/ml) at 37°C in a 5% CO2 atmosphere.
Cell Viability Assay
MDA-MB-231, MDA-MB-468, and BT-549 cells were plated at 2000–3000 cells per well into 96-wells plates with a different dose of treated berberine. The cells were added into 20 µL MTT (0.5 mg/ml) and incubated for 4 h. The culture medium was removed and following that 150 μL DMSO was added and mixed. Using a spectrophotometer (PE, Enspire), the absorbance at 490 nm was detected.
Apoptosis Detection
The cells were treated with berberine for 48 h. Cell apoptosis was further evaluated by Annexin V-FITC and PI staining with flow cytometry.
Lactic Acid Production
The TNBC cells were treated with 1.25, 2.5, and 5 μM berberine for 48 h, and then, the cell culture media were replaced with a fresh medium and cultured for 24 h. The media were collected and measured according to manufacturer’s instructions of the Lactic Acid Production Detection Kit (KeyGen, Nanjing, China). The assay result was tested by using a spectrophotometer (PE, Enspire) at 530 nm.
Glucose Uptake Assay
The TNBC cells were treated with 1.25, 2.5, and 5 μM berberine for 48 h, and the culture medium was collected to measure the glucose uptake. The glucose uptake assay was further detected by using the Glucose Mensuration Reagent Kit (KeyGen, Nanjing, China) according to the manufacturer’s instruction. The assay results were performed by using a spectrophotometer at 505 nm.
Measurement of Cellular ATP
The TNBC cells at the density of 2000 cells/well were seeded into 96-wells plates and exposed with berberine for 48h. The ATP concentration was measured by using CellTiter-Glo® Kit (Promega).
Respiration Assays
Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of the TNBC cells were measured by the Seahorse XF24 Extracellular Flux Analyzer (Agilent) after treating with berberine. In brief, the TNBC cells were seeded into XF 24-well microplate wells at a density of 15,000 cells/well and incubated overnight until the cells become completely adherent in a CO2-free incubator. Prior to assay, the TNBC cells were washed with XF basal medium containing 2 mM glucose, 4 mM pyruvate, and 3 mM glutamine at pH7.4. The TNBC cells were supplemented in XF basal medium and incubated in a incubator for 1 h. 15 min prior the plate loading, the TNBC cells were added 10 μM oligomycin, 20 μM FCCP, and 5 μM rotenone to quantify OCR and ECAR. OCR and ECAR values were normalized to the protein content.
Western Blotting and Real-Time PCR
The total protein of the TNBC cells was extracted via RIPA lysis buffer containing protease inhibitors and phosphatase inhibitors. The total protein was separated via 8–15% SDS-PAGE and transferred onto a PVDF membrane (Millipore). Then, the total protein was incubated with 5% BSA for 1 h at room temperature to block the PVDF membranes. The primary antibodies were incubated overnight at 4°C, and then, the PVDF membranes were incubated with secondary antibody for 1 h at room temperature. The antigen–antibody complexes were detected by an enhanced chemiluminescence (ECL).
TRIzol reagent (Vazyme, Nanjing, China) was used to isolate the total cellular RNA. Reverse transcription of RNA into cDNA was performed using the HiScript QRT SuperMix for qPCR Kit (Vazyme, Nanjing, China), and the cDNA was amplified using an RT-PCR amplification kit (Vazyme, Nanjing, China). The primers were designed using Primer Premier 5 software (primer sequences are shown in Table 1). The 2−ΔΔCt method was used to perform the analysis with β-actin as the reference gene.
TABLE 1 | The primers for q-PCR.
[image: Table 1]RNA Interference
Lipofectamine 3000 (Thermo Fisher Scientific) was performed for cell transfection. The LH2 siRNA and control group were purchased from Hanbio Biotechnology company (Shanghai). The sequences of siLH2#1 and siLH2#2 are 5′- GGA​ACA​CUA​UGC​UGA​UCA​ATT -3′ and 5′- GCA​GUA​GAU​GUC​CAU​CCA​ATT -3′, respectively. Sequence of NC is 5′-UUC​UCC​GAA​CGU​GUC​ACG​UTT-3′.
Orthotopic Mammary Fat Pad Breast Tumor Model
The female BALB/c mice (5–6 weeks) were purchased from the Model Animal Research Center of Nanjing University. All the animal procedures were approved by the Experimental Animal Care Commission of Anhui Medical University (Approval number: LLSC20200016). The mice were anesthetized intraperitoneally with isoflurane inhalation, then 4T1 mouse triple-negative breast cancer cells (5 × 105 cells per mouse) were orthotopically injected into the inguinal mammary fat pad. One week later, the mice were randomly divided into groups according to the tumor volume (five or six mice per group). The mice were intra-gastrically (ig) administered with berberine (7.5, 15 and 30 mg/kg, 6 times a week) in 0.5% CMC-Na solution or with paclitaxel which was used as a positive drug (20 mg/kg) twice a week via the tail-vein injection. The tumor volume was calculated by the formula V = (L × W2)/2. After 21 days, the mice were sacrificed and the lungs were fixed by formalin and embedded for hematoxylin and eosin staining. Metastatic foci were quantified after the H&E staining of five mice per group and are presented as the mean ±SD. The immunohistochemical staining was measured as described below.
Immunohistochemistry Assay
4 μm sections of the paraffin-embedded tumor tissue were used for immunohistochemistry (IHC). LH2 (dilution 1:200, Proteintech), PGK1 (dilution 1:200, Cell Signaling Technologies), and LDHA (Cell Signaling Technologies, dilution at 1:150) were used as the primary antibodies, and the sections were visualized with DAB and hematoxylin and eosin (H&E) staining.
Statistical Analysis
The GraphPad Prism 8.0 software was used to calculate the statistical significance. One-way ANOVA was used for the comparison of multiple groups. p-value of <0.05 was considered statistically significant. The results in the present study were expressed as the mean ± SD for the triplicate experiments.
RESULTS
Berberine Inhibits Proliferation and Migration, but Fails to Induce Cell Apoptosis in TNBC Cells.
To determine the effect of berberine on TNBC cells growth, the TNBC cells were treated with different concentration of berberine and the MTT assay was used. The results of cell viability showed the 50% inhibitory concentration (IC50) of berberine on MDA-MB-231, MDA-MB-468, and BT-549 were 14.39 ± 4.54 µM, 18.87 ± 2.58 µM, and 19.81 ± 8.56 µM, respectively (Figures 1A–C). Therefore, we chose the concentration of berberine less than the IC50 to examine the inhibition effect on proliferation, apoptosis, and migration.
[image: Figure 1]FIGURE 1 | Berberine inhibits the proliferation and migration of TNBC cells. (A–C) Viability of the TNBC cells treated with berberine for 72 h was analyzed by the MTT assay. The cell viability data were normalized by comparing to control cells, and GraphPad Prism eight Software was used to analyze the data. (D) Antigrowth effect of berberine on the TNBC cells was determined by colony formation. The TNBC cells were treated with berberine or TAX for 3 days, then removed the drugs and cultured the cells in a drug-free medium for 6–8 days. Finally, crystal violet was used to stain the colonies. (E–G) The percentage of colonies was calculated by GraphPad Prism eight Software. TAX (5 μM) was used as the positive control. (H–K) Representative images and quantification of migration of the berberine-treated TNBC cells. TAX was used as a positive control drug. 10 × scale bars, 200 μm. Error bars were means ± SD. p < 0.05, p < 0.01, p < 0.0001 vs. control.
The colony formation assay was used to explore the antiproliferation effect of berberine in the TNBC cells. The results showed that berberine could significantly reduce the number of cell colonies (Figures 1D–G). Then, the effect of berberine on cell apoptosis was detected by the flow cytometry. It was showed that berberine barely induced apoptosis of the TNBC cells as compared with the control group (Supplementary Figures S1A,B).
We further investigated whether berberine prevented the migratory ability of the TNBC cells, the transwell migration assays indicated that berberine could suppress the migratory ability of MDA-MB-231, MDA-MB-468, and BT-549 cells in a dose-dependent manner (Figures 1H–K). Collectively, these results suggested that berberine could inhibit cell proliferation and migration, rather than inducing cell apoptosis in the TNBC cells.
Berberine Inhibits Aerobic Glycolysis in TNBC Cells
The abovementioned results showed that berberine could suppress the malignant phenotype of the TNBC cells. Metabolic reprogramming is considered as the hallmark of cancer, and TNBC has displayed the glycolytic phenotype with elevated glucose uptake. Since berberine has been reported to exert roles on regulating the glucose metabolism, we speculated that the antimigratory effect occurred by berberine might through the regulating glycolytic metabolism—the significant metabolic pattern of the TNBC cells. The glucose content assay showed that berberine treatment led to reducing glucose consumption in the TNBC cells (Figure 2A). Subsequently, lactate, the final metabolite product of glucose in the glycolysis process, and cellular ATP levels also dramatically reduced in the berberine-treated TNBC cells (Figures 2B,C).
[image: Figure 2]FIGURE 2 | Berberine dampens glycolysis in the TNBC cells. (A–C). Glucose uptake, lactate secretion, and ATP generation level in the TNBC cells after the treatment with berberine (1.25, 2.5, and 5 μM) for 48 h (D–E,H–I). Effects of berberine on the oxygen consumption ratio (OCR) and extracellular acid ratio (ECAR) in MDA-MB-231 and MDA-MB-468 cells. The TNBC cells were treated with berberine for 48 h, then the cells were collected for the OCR and ECAR as determined by the Seahorse XF24. (F,J). The basal respiration and maximal respiration capacity of the TNBC cells with berberine treatment were analyzed by using GraphPad Prism 8 software. (G,K) The basal glycolysis and glycolytic capacity of the TNBC cells with berberine treatment were analyzed by GraphPad Prism 8 software. The data are presented as the mean ± S.D. of at least three independent measurements. **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. the control group.
To further demonstrate the role of berberine on the glucose metabolic process, we measured the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) using the XF24 Extracellular Flux Analyzer. The results indicated that berberine suppressed the mitochondrial oxygen consumption and glycolytic capability of the TNBC cells (Figures 2D–G, 2H-K). Moreover, the gene expression of key enzymes involved in the glycolysis process including PGK1, PGAM, PFKFB, ALDOA1, and LDHA were inhibited after berberine treatment (Figures 3A,B). Consistently, HKII, PGK1, and PKM2 protein expressions were decreased after the treatment with berberine (Figures 3C,D).
[image: Figure 3]FIGURE 3 | Berberine suppresses aerobic glycolysis thus inhibiting the migration of TNBC cells. (A–B) The mRNA levels of PGK1, LDHA, PFKFB, ALDOA1, and PGAM in the TNBC cells after berberine treatment for 48 h. The data were normalized to β-actin expression. (C–D). Protein levels of HK2, PKM2, PGK1, and LDHA in the TNBC cells after berberine (1.25, 2.5, 5 μM) treatment for 48 h β-actin was used as a loading control. (E–H) Representative images of MDA-MB-231 or BT-549 cells were pretreated with or without 2-DG (5 mM) for 6 h, then the cells were treated with berberine (5 μM) for another 48 h, following which the cells were collected for the migration assay. 10 × scale bars, 200 μm. The data are presented as the mean ± SD of three independent measurements. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control.
2-Deoxy-D-glucose (2-DG) is a glucose analogue, which can interfere with the glycolysis metabolism. To assess the role of glycolysis on mediating the antimigratory effect by berberine in the TNBC cells, using 2-DG to suppress the glucose metabolism in MDA-MB-231 and BT-549 cells was followed by the migration assays. 2-DG could block the migration of MDA-MB-231 and BT-549 cells, while pretreating with 2-DG attenuated the antimetastasis effect of berberine. Actually, as compared with the berberine treatment, the antimigratory ratio of berberine decreased with 2-DG pretreatment both in MDA-MB-231 (from 83 to 34%) and BT-549 cells (from 67 to 17%) (Figures 3E–H). Although, the remaining antimetastasis effect of berberine may mediate via the other signaling pathways aside from the inhibition of glycolysis. Together, these results indicated that berberine could partially exert antimigration effect via inhibiting the glycolysis process in the TNBC cells.
Berberine Suppresses TNBC Cell Migration via Inhibiting IL-6 Secretion and LH2 Expression
The TNBC cells have been proved to aberrant expression of LH2, which leads to the metastasis of TNBC cells. Our previous study indicated that IL-6-mediated the high expression of LH2 in the TNBC cells. As berberine is a well-known anti-inflammation drug, we try to explore the role of berberine on IL-6 secretion by the Elisa analysis. The results showed that berberine could suppress the secretion of IL-6 in the TNBC cells (Figure 4A). Furthermore, we found that the recombinant human IL-6-stimulated TNBC cells migration was inhibited by berberine (Figure 4B), suggesting that berberine could abrogate IL-6 signaling in the TNBC cells.
[image: Figure 4]FIGURE 4 | Berberine inhibits the migration of TNBC cells in a LH2-dependent manner. (A–B). The secretion of IL-6 was detected by using the IL-6 Elisa kit. MDA-MB-231 cells were cultured with or without berberine (1.25, 2.5 and 5 μM) for 48 h, then the supernatant medium was collected for the detection of IL-6 levels. (B) Recombination human IL-6 protein (5 ng/ml) was used to stimulate MDA-MB-231 cells for 6 h, and berberine (5 μM) was used to treat MDA-MB-231 cells for 48 h, following which the cells were collected for transwell assay for 12 h. (C–D) LH2 mRNA and protein expression in the MDA-MB-231 and BT-549 cells in the presence of berberine (1.25, 2.5, 5 μM) were measured by q-RT-PCR and Western blot analysis. (E) Silencing of LH2 and validated the knockdown efficiency at protein levels. (F) Overexpression of LH2 and validated the efficiency at protein levels. (G–H) Representative images of the MDA-MB-231 or BT-549 cells treated with berberine (5 μM) or not after LH2 silencing. (I) Representative images of the MDA-MB-231cells treated with berberine (5 μM) or not after the LH2 overexpression. 10 × Scale bars, 200 μm. All results were representative of three independent experiments. **p < 0.01, ***p < 0.001 vs. control, nc, vehicle cells or LH2 overexpression cells. ###p < 0.001 vs. vehicle cells treated with berberine.
Given that IL-6 has been shown to modulate the LH2 expression in the TNBC cells to support metastasis, we determined whether the antimigratory effect of berberine was mediated by LH2. We assessed the LH2 expression in the TNBC cells after the berberine treatment for 48 h. The results demonstrated that LH2 was decreased at the transcription and translation levels by treating with berberine (Figures 4C– D). In order to confirm that LH2 inhibition by berberine indeed causes the antimigratory efficiency of the TNBC cells. By silencing and overexpressing LH2 in the TNBC cells, we further verified the LH2 expression in the TNBC cells (Figures 4E,F). It was showed that knocking down of LH2 could remarkably inhibit the TNBC cells migration, but berberine failed to increase the antimigratory ability of the TNBC cells with LH2 silencing (Figures 4G,H). Inversely, the migration ability of the TNBC cells was enhanced after the ectopic LH2 expression (1.7 folds) (Figure 4G). Consistently, the antimigratory role of berberine was also increased in the LH2-overexpressed TNBC cells compared with the vehicle cells treated with berberine (from 71.6 to 130%) (Figure 4I). Together, these results suggested that berberine exerted the antimigratory effect via inhibiting the IL-6 secretion and LH2 expression in the TNBC cells.
Inhibition of LH2 Constrains TNBC Cell Migration Primarily Through Glycolysis Modulation
The previous studies indicated that the activity of LH2 was associated with the glycolytic metabolism in the colorectal and bladder cancer (Miyamoto et al., 2016; Du et al., 2020). The results abovementioned showed that the inhibition of glycolysis by berberine could suppress the aggressive phenotype of the TNBC cells. These findings suggested that LH2 inhibition by berberine may lead to decreasing glycolytic abilities as well as suppressing the malignant phenotype of the TNBC cells.
To further illustrate the role of LH2 on modulating glycolysis in the TNBC cells, we explored the key enzymes that participated in the glycolytic process after the knockdown of LH2 in the TNBC cells. The gene expression of the glycolytic enzymes including PGK1, LDHA, PKM2, and PGAM were dramatically decreased after the LH2 knockdown (Figures 5A–B). Subsequently, to further confirm the glycolysis involved in the promigratory effect of LH2, 2-DG was used to inhibit glycolysis in the LH2 knockdown cells, and the results showed that 2-DG inhibited the migration of the negative control cells, but 2-DG failed to increase the antimigratory ability of the LH2 silencing cells (Figures 5C–F). Together, these results imply that the inhibition of LH2 could constrain the TNBC migration via blocking the glycolysis process.
[image: Figure 5]FIGURE 5 | Inhibition of the LH2 constrains TNBC cell migration primarily through glycolysis modulation. (A–B) mRNA expression of glycolytic enzymes including PGK1, LDHA, PFKFB, PKM2, and PGAM in the MDA-MB-231 or BT-549 cells after LH2 silencing. (C–F) Representative images of the MDA-MB-231 or BT-549 cells treated with 2-DG (5 mM) or not after LH2 silencing. All the results were representative of three independent experiments. 10 × scale bars, 200 μm **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. the control or nc cells.
Berberine Suppresses LH2 Expression and Inhibits Metastasis in the Orthotopic Mammary Fat Breast Tumor Model
We established the breast cancer orthotopic implantation model to investigate the antitumor effect of berberine by using the mouse breast cancer 4T1 cells. Compared with the control group, the body weight slightly fluctuated after the treatment with berberine but without a statistical significance (Figure 6A). It was shown that the tumor volume and weight were dose-dependently decreased in vivo following the treatment with berberine (15 and 30 mg/kg) or TAX (20 mg/kg) than the control group (Figures 6B,C). We further assessed the effect of berberine on the tumor metastasis ability by the staining of lung metastases sections. It was showed that berberine could reduce the number of lung metastatic foci at 15 mg/kg and 30 mg/kg (Figures 6D,E). Simultaneously, berberine decreased the expression of LH2 in the orthotopic tumor tissues (Figure 6F). In addition, immunohistochemistry of the tumor sections showed that the expression levels of key glycolytic enzymes PGK1 and LDHA decreased via the treatment with berberine (Figure 6F). Collectively, these results revealed that berberine inhibited triple-negative breast cancer metastasis via the downregulating LH2 and glycolytic enzymes expression, which was consistent with the in vitro results.
[image: Figure 6]FIGURE 6 | Berberine attenuates TNBC growth and inhibits the metastasis in the orthotopic mammary fat breast tumor model. (A) The alteration of body weights in different treatment groups. Error bars were the means ± SD, n = 5 or 6. (B–C) Tumor volume curves of tumor growth and tumor weight after orthotopic injection of the 4T1 cells. Berberine (15 mg/kg, 30 mg/kg) administration inhibited the growth of 4T1 breast tumors, and TAX (20 mg/kg) was used as the positive control. Error bars were the mean ± SD. n = 5 or 6 per group, p < 0.01. (D) Representative pictures of the lungs were detected by H&E staining. Arrows indicate metastatic colonization. (E) Quantification of metastatic foci in lung was calculated, n = 5 or 6 per group. p < 0.01, p < 0.001 vs. the control. (F) The LH2, LDHA, and PGK1 expression in tumors were detected by the immunohistochemistry staining, respectively. 20 × scale bars, 100 μm.
DISCUSSION
TNBC is an invasive type of breast cancer which is still lacking effective therapies, and there is an urgent need to find reliable treatment (Barzaman et al., 2020; Liu Y. et al., 2020). In the present study, it is shown that berberine prevents proliferation and metastasis of the TNBC cells. Mechanistically, we reveal that berberine abrogates the IL-6 secretion and LH2 expression in the TNBC cells, which further mediates the antimetastasis effect. In addition, our results indicate that the inhibition of LH2 expression leads to abrogating glycolysis metabolism in the TNBC cells, inhibiting the LH2-mediated glycolysis responsible for the antimigratory role of berberine.
The previous studies have shown that berberine and its derivatives exert antitumor effects in cancer (Liu Y. et al., 2020; Xia et al., 2021). The effect of berberine on inhibiting proliferation and stimulating caspase-dependent apoptosis of the tumor cells mediates varieties of signaling pathways, such as MAPK and AMPK (Refaat et al., 2015; Zhang et al., 2019). Berberine is also shown to inhibit mTOR, AKT, and MAPK pathways, thereby inducing autophagy (Zhang et al., 2020). However, in this study, we showed that berberine exerted no effect on the TNBC cells apoptosis, which may be because of the low dosage of berberine used in this study. Berberine has demonstrated to inhibit the breast cancer cells migration by inhibiting IL-8 transcription in an EGFR-dependent way (Kim et al., 2018). Similarly, our present study showed that the antimigratory efficiency of berberine on the TNBC cells increased in a dose-dependent manner.
In the present study, our results showed that berberine could decrease the expression of LH2 both at the mRNA and protein levels. However, as the crystal structure of LH2 has not been identified completely, it is still not sure whether berberine combined with LH2 directly or indirectly regulates the LH2 expression. Interestingly, berberine inhibited the secretion of IL-6 by the TNBC cells, at least, this study confirms that berberine could regulate LH2 indirectly by regulating the IL-6 secretion. Several studies have suggested that abnormal expression of LH2 promote multiple types of tumor metastasis (Du et al., 2017b; Yang et al., 2020). LH2 is a critical regulator to stabilize integrin by the LH2-mediated hydroxylation, enabling integrin β1 to initiate tumor metastasis (Ueki et al., 2020). Our previous study indicated that LH2 was highly expressed in the TNBC cells than the non-TNBC cells, which further led to cancer metastasis by facilitating EMT (He et al., 2018). Interestingly, LH2 is a novel regulator to promote the aerobic glycolysis and tumor progression in the colorectal cancer by upregulating hexokinase 2 (Du et al., 2020), as LH2 is regulated by HIF-1α, which may mediate the aerobic glycolysis. The present study showed that silencing LH2 suppressed glycolytic enzymes including PGK1, LDHA, and PKM2, and abrogating of glycolysis failed to increase the antimigratory effect of the LH2 silencing cells. These results suggest that LH2 exerted antitumor effect via regulating the glycolysis metabolism. Furthermore, LH2 is the key enzyme to hydroxylate lysine in the telopeptides of procollagens and remodel collagen fibers. However, the present study has not evaluated the role of berberine on the TNBC cells collagen organization or formation. We will try to explore whether berberine plays roles in the collagen deposition and organization in the future study.
Cancer progression is related to glucose metabolism reprogramming, as metabolic alternations of the TNBC cells lead to metastasis competence (Sun et al., 2020; Varghese et al., 2020). It was shown that berberine inhibits glucose consumption, ATP production, and lactate production in the TNBC cells. In addition, the oxygen consumption rate and extracellular acidification rate in the TNBC cells were suppressed by berberine, suggesting that berberine might inhibit glycolysis process and mitochondria metabolism in the TNBC cells. Further study showed that berberine inhibited several glycolytic enzymes, especially PGK1 was suppressed both at the mRNA and protein levels by berberine. It has shown that PGK1-mediated tumor progression through regulating the glucose metabolism, as a vital enzyme to generate ATP in the glycolytic pathway (Fu and Yu, 2020). The inhibition of PGK1 could significantly reverse the epithelial-mesenchymal transformation process in the breast cancer (Li et al., 2018). In our research, we confirmed that berberine inhibits the LH2 expression which result in the abrogation of glycolytic process, thereby suppressing the TNBC cells metastasis. However, the specific mechanism for LH2 regulated glycolysis in the TNBC cells was not explored clearly in this study. Previous studies have shown that LH2 could activate the STAT3 signaling to upregulate the HK2 expression in the colorectal cancer cells, thus mediating glycolysis (Du et al., 2020). The present study showed that LH2 inhibition led to multiple glycolytic enzymes suppression rather than HK2, suggesting that LH2 may regulate specific regulators that control the glycolysis process. We will further explore the specific mechanism of LH2 for regulating glycolysis in the TNBC cells.
CONCLUSION
In summary, this study suggested that berberine could inhibit the glycolysis process via suppressing the IL-6-mediated LH2 expression, which further inhibits the TNBC metastasis.
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Background: Regulation or restoration of therapeutic sensitivity to glucocorticoids is important in patients with steroid-resistant asthma. Spleen tyrosine kinase (Syk) is activated at high levels in asthma patients and mouse models, and small-molecule Syk inhibitors such as R406 show potent anti-inflammatory effects in the treatment of immune inflammatory diseases. Several downstream signaling molecules of Syk are involved in the glucocorticoid response, so we hypothesized that R406 could restore sensitivity to dexamethasone in severe steroid-resistant asthma.
Objective: To discover the role of the Syk inhibitor R406 in glucocorticoid resistance in severe asthma.
Methods: Steroid-resistant asthma models were induced by exposure of C57BL/6 mice to house dust mite (HDM) and β-glucan and by TNF-α administration to the bronchial epithelial cell line BEAS-2B. We evaluated the role of the Syk inhibitor R406 in dexamethasone (Dex)-insensitive airway inflammation. Pathological alterations and cytokines in the lung tissues and inflammatory cells in BALF were assessed. We examined the effects of Dex or R406 alone and in combination on the phosphorylation of MAPKs, glucocorticoid receptor (GR) and Syk, as well as the transactivation and transrepression induced by Dex in mouse lung tissues and BEAS-2B cells.
Results: Exposure to HDM and β-glucan induced steroid-resistant airway inflammation. The Syk inhibitor R406 plus Dex significantly reduced airway inflammation compared with Dex alone. Additionally, TNF-α-induced IL-8 production in BEAS-2B cells was not completely inhibited by Dex, while R406 markedly promoted the anti-inflammatory effect of Dex. Compared with Dex alone, R406 enhanced Dex-mediated inhibition of the phosphorylation of MAPKs and GR-Ser226 induced by allergens or TNF-α in vivo and in vitro. Moreover, R406 also restored the impaired expression and nuclear translocation of GRα induced by TNF-α. Then, the activation of NF-κB and decreased HDAC2 activity in the asthmatic model were further regulated by R406, as well as the expression of GILZ.
Conclusions: The Syk inhibitor R406 improves sensitivity to dexamethasone by modulating GR. This study provides a reference for the development of drugs to treat severe steroid-resistant asthma.
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INTRODUCTION
Bronchial asthma is characterized by airflow obstruction, airway hyperresponsiveness (AHR), airway remodeling and recurrent episodes and affects over 300 million people worldwide (Reddel et al., 2015; Bush, 2019; Roskoski, 2020). Inhaled corticosteroids (ICSs), also known as glucocorticoids (GCs), have been the cornerstone of asthma treatment for their efficacy in suppressing airway inflammation (Wadhwa et al., 2019). However, 5–10% of patients with severe steroid-resistant asthma still have unsatisfactory symptom control even with high-dose or systemic corticosteroid therapy plus controller medications (Hossen et al., 2015; Peters et al., 2019; Nabe, 2020).
Normally, GCs rapidly diffuse into airway tissue, where they bind and activate glucocorticoid receptor (GR; gene symbol NR3C1). GC-bound GR translocates from the cytoplasm into the nucleus and exerts anti-inflammatory effect in two ways: transrepression and transactivation (Hansbro et al., 2017). Transrepression refers to GR preventing the transcription of proinflammatory genes by reducing the activity of transcription factor complexes, such as nuclear factor (NF)-κB and the transcription corepressor histone deacetylase (HDAC)2. In contrast, GR interacts with glucocorticoid response elements (GREs), such as glucocorticoid-induced leucine zipper (GILZ) and glucocorticoid-induced transcript-1 (GLCCI1), to induce the expression of anti-inflammatory genes, which is called transactivation (Izuhara et al., 2014; Hansbro et al., 2017; Wadhwa et al., 2019; Palumbo et al., 2020). Allergens or inflammatory mediators induce the phosphorylation of mitogen-activated protein kinases (MAPKs), which leads to the phosphorylation of GR-Ser226 and reduces the responsiveness of asthma to GCs (Khorasanizadeh et al., 2017; Marchini et al., 2019). In patients with severe steroid-resistant asthma, the expression of tumor necrosis factor (TNF)-α in the lung was significantly increased and could not be inhibited by GCs (Hansbro et al., 2011; Long et al., 2020; Nabe, 2020). Airway epithelial cells or smooth muscle cells stimulated by TNF-α alone or in combination with other cytokines, such as interferon-γ, show steroid resistance (Chang et al., 2015; Chachi et al., 2017; Kobayashi et al., 2017). However, TNF-α and MAPK inhibitors are not suitable for asthma treatment due to numerous adverse effects associated with long-term use (Wenzel et al., 2009; Hansbro et al., 2011). Although progress has been made in the study of mechanisms, there are currently few safe and effective drugs to improve steroid resistance.
Spleen tyrosine kinase (Syk) is a nonreceptor cytoplasmic protein tyrosine kinase that is predominantly found in hematopoietic cells and is also expressed in nonimmune systems, including fibroblasts, liver cells and airway epithelial cells (Mocsai et al., 2010; Geahlen, 2014; Barnes, 2016). The signal switch Syk activates a variety of downstream signaling pathways and plays an essential role in regulating immune-inflammatory responses (Geahlen, 2014; Alhazmi, 2018). Small-molecule Syk inhibitors, such as R406, have been shown to be protective in the treatment of immune-inflammatory diseases, including allergic rhinitis, rheumatoid arthritis, IgA nephropathy, and acute lung injury (Wenzel et al., 2009; Weinblatt et al., 2010; Wu et al., 2019; Kost-Alimova et al., 2020). Most notably, increased expression or activity of Syk was reported in asthmatic airway inflammation (Patel et al., 2018). Syk inhibition significantly suppresses TNF-α-induced phosphorylation of MAPKs and p65 NF-κB, downregulating the levels of IL-6 and nitric oxide (Ashikawa et al., 2002; Takada and Aggarwal, 2004; Ulanova et al., 2005; Ulanova et al., 2006; Wang et al., 2006). In addition, a Syk inhibitor downregulated TNF-α-induced IL-8 expression in airway smooth muscle cells and human rhinovirus-induced IL-8 expression in the primary airway epithelial cells of asthmatic patients (Tabeling et al., 2017; Bleecker et al., 2020). It is well established that Syk inhibitors are highly effective in alleviating airway inflammation, but there has been no report about whether these inhibitors can regulate abnormal GC and GR signaling and thereby restore sensitivity to GCs.
In this study, we hypothesized that the Syk inhibitor R406 could restore steroid sensitivity in the asthmatic airway, and the molecular mechanism was elucidated.
MATERIALS AND METHODS
Animals
Female C57BL/6 mice (6–8 weeks) were purchased from Beijing HFK Bioscience Co., Ltd. (Beijing, China), raised in a specific pathogen-free room in a controlled environment (24 ± 2°C, 40 ± 10% humidity, a 12 h light/dark cycle) and fed standard chow and filtered tap water ad libitum. All animal experiments met internationally accepted ethics standards and were approved by the Laboratory Animal Welfare and Ethics Committee of Tongji Hospital, Huazhong University of Science and Technology.
HDM + Curdlan-Induced Steroid-Resistant Asthma and Treatment in Mice
Mice were randomly divided into six groups: control, R406, asthma model, asthma model + R406, asthma model + Dex treatment, and asthma model + Dex + R406 treatment. Mice in the model group were lightly anesthetized and intranasally instilled with a solution of lyophilized HDM extract (15 μg, Greer Lab, Lenoir, NC) and curdlan (20 μg, also known as β-glucan, Sigma–Aldrich, St. Louis, Mo) in 40 µl of saline three times/week for three consecutive weeks; analysis was performed on Day 20. Mice were intragastrically administered R406 (5 mg/kg, MCE, Shanghai, China) and/or Dex (1 mg/kg, MCE) by intraperitoneal injection from Days 16 to 19. Mice in the control group received the same volume of vehicle. R406 (C28H29FN6O8S) is an orally available and ATP-competitive inhibitor of Syk activity, the half-life of R406 could potentially allow once or twice-daily dosing (Baluom et al., 2013). The intake of 5 mg/kg/day of R406 could effectively inhibit inflammatory molecules in mice reported by previous research (Kitai et al., 2017).
Cell Counting in Bronchoalveolar Lavage Fluid
Twenty-four hours after the last treatment, the mice were anesthetized with pentobarbital sodium (0.1%) and sacrificed. BALF was collected by cannulating the trachea and intratracheal instillation with 700 μl of saline in triplicate, followed by centrifugation at 1,000 rpm at 4°C. The pelleted cells were resuspended in 500 μl of PBS, and total white blood cells were determined using a hemocytometer. Macrophages, neutrophils, eosinophils and lymphocytes were counted after Liu’s staining according to the manufacturer’s protocol.
Lung Histology
The left lungs were fixed in 4% formalin for 24 h before being embedded in paraffin. Lung sections (5 μM) from 5-7 mice each group were stained with hematoxylin and eosin (HE) or periodic acid-Schiff (PAS). Experienced pathologists performed the histopathological analyses in a blinded manner. For HE staining, eight-ten random fields for each lung section at ×200 magnification were selected, peribronchial inflammation was scored according to the following scale: 0, no cell infiltration; 1, few cells; 2, a ring of inflammatory cells 1 cell layer deep; 3, a ring of inflammatory cells 2–4 cells deep; and 4, a ring of inflammatory cells more than 4 cells deep (Park et al., 2020; Zhang et al., 2021). For PAS staining, the number of PAS-staining-positive cells was counted in also eight-ten random fields for each lung section, and the ratio of PAS-positive cells to epithelial cells in the airway was calculated (Zhang et al., 2021).
Cell Culture, Stimulation, and Treatment
Human bronchial airway epithelial BEAS-2B cells were cultured until they reached confluence in Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies, China) supplemented with 10% fetal bovine serum (Gibco, Life Technologies, United States) at 37 °C in humidified air with 5% CO2. BEAS-2B cells were plated into 6-well or 12-well plates coated with fibronectin (10 ng/ml, BD Bioscience, New Jersey, United States). Upon reaching confluence, R406 (1 μM) or DMSO (vehicle control, Sigma–Aldrich) was added to the medium and incubated for 30 min. Then, BEAS-2B cells were incubated with Dex (1 μΜ) for 2 h following treatment with or without TNF-α (10 ng/ml, PeproTech, Rocky Hill, United States). At the indicated times, protein phosphorylation levels were measured by Western blotting. Gene expression and cytokine release were measured using PCR and ELISA 24 h after stimulation.
RNA Extraction, Reverse Transcription, and Quantitative PCR
The lung tissues and cells cultured in vitro were lysed, total RNA was prepared using TRIzol reagent (Takara, Otsu, Japan). RNA concentration and purity were measured by a NanoDrop 2000 (Thermo Scientific). cDNA was synthesized using 500 ng of total RNA, and qPCR was performed according to the instructions of the SYBR Green RT kit (Takara) in a real-time PCR instrument (Bio–Rad, IT-IS, Ireland). The amplification conditions were 95°C for 5 min, followed by 40 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C for 10 s. Reactions were followed by a melt analysis (95°C for 15 s, 60°C for 20 s, 95°C for 15 s with ramping to 95°C over 20 min) to confirm primer specificity. The relative expression of targeted genes was normalized against the expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and calculated using the 2−ΔΔCt comparative method. The sequences of the primers used were list as follows (Table 1).
TABLE 1 | List of PCR primers used in this study.
[image: Table 1]Enzyme-Linked Immunosorbent Assay
Epithelial BEAS-2B cells were pretreated with R406 for 30 min, followed by exposure to TNF-α (10 ng/ml) for 24 h in the presence/absence of dexamethasone (1 µM) for 2 h. The concentrations of IL-8 (CXCL8) in the cell culture supernatants were examined using a commercially available enzyme-linked immunosorbent assay kit (DY208, R&D Systems, Minneapolis, MN) according to the manufacturer’s instructions.
Western Blot Analysis
Lung tissues or cell lysates were prepared according to standard procedures. Briefly, total proteins were extracted using RIPA lysis buffer (Biouniquer, United States) supplemented with phosphatase inhibitors and a protease inhibitor cocktail (MCE). Cytoplasmic and nuclear proteins were extracted from cells using a nuclear extraction kit. After being quantified, the total protein was adjusted with 5× loading buffer, and the samples were boiled for 8 min at 100°C. Equal amounts of protein were separated by 10–12% sodium dodecyl sulfate (SDS) polyacrylamide gels and transferred onto polyvinylidene difluoride membranes (Thermo ScientificTM, Rockford, United States), which were then blocked with 5% skim milk in TBST (TBS + 0.05% Tween-20) at room temperature for 1 h and then washed with TBST three times. The membranes were incubated with the indicated primary antibodies against GRα (Abcam, UK), phospho-Syk (Tyr323) (Affinity Biosciences, Jiangsu, China), phospho-GR (Ser226), phospho-p38 MAPK (Thr180/Tyr182), phospho-ERK1/2 (Thr202/Tyr204), phospho-JNK (Thr183/Tyr185), phospho-p65 NF-κB (Ser536), HDAC2, GAPDH, and β-Actin (Cell Signaling Technology, Danvers, MA) separately overnight at 4°C. Afterward, the membranes were incubated with anti-rabbit or anti-mouse HRP-conjugated secondary antibodies (Aspen Biological, Wuhan, China) at room temperature for 1 h. Digital images were subsequently captured with a Chemical Imaging System (BioRad, Hercules, CA) and quantified by ImageJ software (NIH, Littleton, CO).
Immunofluorescence Analysis
For immunofluorescence analysis, BEAS-2B cells (1 × 104 cells) were seeded on fibronectin-coated coverslips in 6-well plates. To evaluate the effect of R406 on the nuclear translocation of GRα, cells were pretreated for 30 min with 1 μM R406 and thereafter activated with Dex in the presence or absence of TNF-α. After 12 h, the cells were washed three times with PBS (137 mm NaCl, 2.7 mm KCl, 10 mm Na2HPO4, 1.8 mm KH2PO4) and fixed with 4% paraformaldehyde for 15 min. The cells were permeabilized with 0.5% Triton X-100 (Solarbio, Beijing, China) for 15 min and blocked with 10% goat serum (Aspen Biological, Wuhan, China) in PBS for 30 min at room temperature. The coverslips were then incubated with rabbit anti-GRα (1:100) overnight at 4°C. After three washes with PBS, GRα was labeled with the FITC-conjugated goat anti-rabbit IgG (H + L) secondary fluorescent antibody (1:100, Servicebio, Wuhan, China) for 1 h. Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, Aspen Biological, Wuhan, China). Images were photographed by an Olympus BX51 fluorescence microscope (Olympus Corporation, Tokyo, Japan) and processed by ImageJ software.
Statistical Analysis
Statistical analysis was performed with GraphPad Prism version 7.0 (GraphPad Software, San Diego, CA). All results are presented as the mean ± SEM. Student’s t test was used to compare two groups. One-way ANOVA followed by Tukey’s post-hoc multiple comparison tests were used for analysis among multiple groups. Each experiment was performed at least in triplicate as indicated; a p value < 0.05 was considered statistically significant.
RESULTS
The Syk Inhibitor R406 Enhances the Inhibitory Effect of Dexamethasone on Lung Inflammation in Asthmatic Mice
The effects of R406 and Dex on airway inflammation of the lung tissues were assessed by HE staining. A significant increase in inflammatory cell infiltration was observed around the airway in asthmatic mice and was slightly reduced by Dex treatment alone, which was a more robust effect than that in control mice. Compared with Dex alone, treatment with R406 plus Dex significantly reduced peritracheal infiltration of inflammatory cells, and there was no significant difference from that in the control group (Figures 1A,C). PAS staining (Figures 1B,C) showed similar effects on airway mucus production.
[image: Figure 1]FIGURE 1 | R406 enhances the inhibitory effect of dexamethasone on lung inflammation in asthmatic mice. (A,B) The allergens HDM (15 μg) and β-glucan (20 μg) in 40 μl of saline three times/week for three consecutive weeks were used to induce asthma in mice, and lung histology was assessed 24 h after the last challenge as described in the Methods. Lung inflammation scores were estimated from HE staining and PAS-positive cells per total epithelial cells in the airway. (C) Representative HE-stained and PAS-stained lung tissue sections (original magnification ×200, scale bar = 50 μM). (D) Total cell, macrophage, eosinophil, neutrophil, and lymphocyte counts in BALF. (E–H) Cytokine expressions in lung issues were detected by PCR. n = 5–7 mice per group from two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the control group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 compared with the asthma model group. △p < 0.05, compared with the asthma model + Dex treatment group.
Consistent with the histologic appearance, the numbers of total cells, macrophages, neutrophils, and eosinophils in BALF were significantly increased in HDM- and curdlan-sensitized mice (p < 0.0001, p < 0.0001, p < 0.001, p < 0.001, respectively, Figure 1D). Dex treatment markedly decreased the numbers of total white blood cells (p < 0.05) and eosinophils (p < 0.01) but had little effect on neutrophils. However, a significant reduction in neutrophil numbers was observed in the Dex plus R406 group (p < 0.0001). Compared with that in response to Dex alone, the numbers of total cells (p < 0.0001), macrophages (p < 0.01), eosinophils (p < 0.0001), and neutrophils (p < 0.001) decreased significantly after oral administration of R406, and there was no more significant difference compared with that in the control group. Lymphocytes showed a similar trend, but there was no significant difference. Importantly, there was little difference between control and R406 mice that were not stimulated with the allergen. We then examined the effect of R406 and Dex on the lung generation of cytokines. We found that the expression of IL-5 (Figure 1E, p < 0.01), IL-13 (Figure 1F, p < 0.01), IL-17F (Figure 1G, p < 0.05), and TNF-α (Figure 1H, p < 0.001) were increased in the lung tissue in asthmatic mice as compared with those of the control groups. Dex treatment alone markedly decreased the expression of IL-5 (p < 0.05) and IL-13 (p < 0.05) but failed to alter the levels of IL-17F and TNF-α, which were significantly reduced by Dex combined with R406.
R406 Restores the Suppressive Effect of Dexamethasone on TNF-α-Induced IL-8 Production in Airway Epithelial Cells
TNF-α upregulated the expression of IL-8 in BEAS-2B cells in a dose-dependent manner, as shown by PCR (Figure 2A) and ELISA (Figure 2B). The expression of IL-8 was significantly higher than that in the control group when the concentration of TNF-α was 10 ng/ml (p < 0.0001). Therefore, 10 ng/ml was selected as the stimulation concentration in the follow-up experiments. First, we investigated the expression of IL-8 in BEAS-2B cells after pretreatment with dexamethasone alone (Dex, 1 μM) or R406 (1 μM). Similar to what was observed in the asthmatic model, Dex inhibited TNF-α-mediated induction of IL-8 (38%), but the expression of IL-8 was still significantly higher than that in the control group (p < 0.0001), showing insensitivity to Dex in BEAS-2B cells (Figure 2D). However, 30 min after incubation with R406, Dex-mediated inhibition of TNF-α-induced IL-8 reached 78%, and at this time, IL-8 decreased to the level observed in control group, and there was a significant difference between the two groups (p < 0.0001). Similar results were shown for IL-8 mRNA levels, although Dex significantly reduced IL-8 expression, and R406 enhanced the inhibitory effect (p < 0.0001, Figure 2C). These data suggest that TNF-α attenuates the anti-inflammatory effect of Dex, while the Syk inhibitor R406 restores Dex sensitivity.
[image: Figure 2]FIGURE 2 | The Syk inhibitor R406 promotes the inhibitory effect of dexamethasone on TNF-α-induced IL-8 in airway epithelial cells. (A,B) BEAS-2B cells were stimulated with different concentrations (0, 1, 10, 20, 40 ng/ml) of TNF-α for 24 h, and the mRNA expression levels of IL-8 were measured by PCR (A) and ELISA (B). n = 3, ** p < 0.01, **** p < 0.0001, ns indicates no significant difference. (C,D) BEAS-2B cells were pretreated with R406 (1 μM) for 30 min, incubated with Dex (1 μM) for 2 h, and stimulated with TNF-α (10 ng/ml) for 24 h. The expression of IL-8 was measured by PCR (C) and ELISA (D). n = 3/group, *p < 0.05, ***p < 0.001, compared with the control group; ###p < 0.001, ####p < 0.0001, compared with the TNF-α group; △△△△p < 0.0001, compared with the TNF-α +Dex group.
R406 Restores Steroid Sensitivity and Suppresses Mitogen-Activated Protein Kinases and GR-Ser226 Phosphorylation
Activated MAPKs that phosphorylate and deactivate the GR are believed to be essential in steroid resistance. In the lung tissues of asthmatic mice, Western blotting revealed significantly increased phosphorylation levels of p38 MAPK (Figure 3A), ERK1/2 (Figure 3B), and JNK (Figure 3C). However, the phosphorylation of MAPKs was significantly inhibited by R406 combined with Dex (p < 0.001, p < 0.01, and p < 0.01, respectively). As R406 inhibited the phosphorylation of MAPKs, we then wanted to characterize the effects of R406 on the phosphorylation of GR-Ser226, which is associated with a reduction in GR function. As shown in Figure 3D, GR-Ser226 showed a similar trend as MAPKs; the phosphorylation of GR-Ser226 was increased in the lung tissues of asthmatic mice (p < 0.05), and these levels could be restored to normal by Dex and R406 treatment. In the meantime, we detected the phosphorylation of Syk (Figure 3E). Similar to the pattern of activated MAPKs and GR, the phosphorylation of Syk in lung tissues of asthma group was markedly enhanced and could be impaired by R406 or Dex, and even more suppressed by Dex combining with R406 (p < 0.05).
[image: Figure 3]FIGURE 3 | The Syk inhibitor R406 enhances Dex-mediated inhibition of MAPK and Syk phosphorylation in an asthmatic mouse model. Twenty-four hours after the last challenge, the phosphorylation of p38 MAPK (A), ERK1/2 (B), JNK (C), GR-Ser226 (D) and Syk (E) was quantified in the right lungs by Western blotting. n = 5/group, *p < 0.05, **p < 0.01, ***p < 0.001, compared with the control group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001, compared with the asthma model group. △p < 0.05, compared with the asthma model + Dex treatment group.
Glucocorticoids decreased GR expression and phosphorylation in a time-dependent manner. BEAS-2B cells were treated with Dex, and GR phosphorylation at the Ser226 residue reached a peak after 1 h and decreased gradually with the time until 8 h (Figure 4A). Therefore, the phosphorylation of GR-Ser226 was more pronounced with the addition of Dex than with stimulation by TNF-α alone but decreased after pretreatment with R406 (p < 0.01, Figure 4B). Consistent with the in vivo results, cells treated with TNF-α for 20 min showed significant activation of MAPKs (Figures 4C–E). Further analysis showed that the phosphorylation levels of MAPKs could be partially attenuated by Dex, and this suppression was amplified when Dex was combined with R406. Compared with the effect of Dex alone, the phosphorylation levels of p38 MAPK, ERK1/2 and JNK induced by TNF-α decreased by 33, 75, and 63%, respectively, after R406 pretreatment.
[image: Figure 4]FIGURE 4 | The Syk inhibitor R406 impairs the phosphorylation of GR-Ser226 by inhibiting MAPK activation. (A) BEAS-2B cells were treated with Dex (1 μM) for 1, 2, 4, 6, and 8 h, and the phosphorylated protein levels of GR-Ser226 were measured by Western blotting. n = 3/group, * p < 0.05, ** p < 0.01, *** p < 0.001. (B–E) BEAS-2B cells were pretreated with R406 (1 M) for 30 min, incubated with Dex (1 μM) for 2 h, and stimulated with TNF-α (10 ng/ml) for 1 h or 20 min. The phosphorylation levels of GR-Ser226 (B), p38 MAPK (C), ERK 1/2 (D) and JNK (E) were measured by Western blotting. n = 3/group, * p < 0.05, ** p < 0.01, compared with the control group; ##p < 0.01, ####p < 0.0001, compared with the TNF-α group; △△p < 0.01, compared with the TNF-α +Dex group. (F–H) BEAS-2B cells were pretreated with a p38MAPK inhibitor (SB203580,10 μM), ERK1/2 inhibitor (U0126,10 μM) and JNK inhibitor (SP600125, 5 μM) for 30 min and stimulated with TNF-α (10 ng/ml) for 1 h, followed by Western blotting to measure the phosphorylation levels of p38MAPK, ERK1/2, JNK and GR-Ser226. n = 3/group, *p < 0.05, **p < 0.01.
Next, we used inhibitors of MAPKs in BEAS-2B cells to study the effects of MAPK phosphorylation on GR-Ser226. As expected, the phosphorylation of GR-Ser226 was reduced after pretreatment with a p38 MAPK antagonist (SB203580, Figure 4F, p < 0.05) compared with TNF-α stimulation, and similar effects were observed with specific antagonists of ERK1/2 (U0126, Figure 4G, p < 0.01) and JNK (SP600125, Figure 4H, p < 0.05). These results indicated that MAPK activation played a role in GR-Ser226 phosphorylation and that R406 could inhibit the phosphorylation of GR-Ser226 by inhibiting the MAPK signaling pathway.
R406 Improves TNF-α-Induced GRα Nuclear Translocation Without Affecting the GRβ/Grα Ratio
There are three subtypes of glucocorticoid receptors, and GRα enters the nucleus after binding with the ligand. Therefore, we used immunofluorescence analysis to observe the distribution of GRα in the cytoplasm and nucleus after 12 h of Dex treatment. As shown in Figures 5A,B, GRα expression in the nucleus in the absence of Dex treatment was weak. However, Dex induced GRα expression and nuclear translocation in BEAS-2B cells, and TNF-α inhibited Dex-mediated GRα nuclear translocation. However, pretreatment with R406 restored TNF-α-mediated inhibition of Dex-dependent GRα nuclear translocation (Figure 5C). Some studies suggested that the ratio of GRβ/GRα was altered in steroid-resistant asthma, but this effect was not found in this study (Figure 5D).
[image: Figure 5]FIGURE 5 | The Syk inhibitor R406 improves TNF-α-induced GRα nuclear translocation without affecting the GRβ/GRα ratio. (A–C) BEAS-2B cells were pretreated with R406 (1 μM) for 30 min and incubated with Dex (1 μM) or with Dex (1 μM) plus TNF-α (10 ng/ml) for 12 h. GRα was dyed green, and the cell nuclei were stained with DAPI (blue). The expression and distribution of GRα in cells were analyzed by immunofluorescence (A,B) and Western blotting (C). (D) The mRNA levels of GRβ and GRα relative to GAPDH were measured by qPCR. n = 3/group, Scale bar = 50 μM; ***p < 0.001, **p < 0.0001, compared with the control group; ▫p < 0.05, ▫▫p < 0.01, compared with the Dex group; △△△△p < 0.0001, compared with the TNF-α +Dex group.
R406 Suppresses Inflammation by Regulating Dex-Induced Transrepression and Transactivation
Glucocorticoids play anti-inflammatory roles through transrepression and transactivation after they translocate to the cell nucleus. Having found that R406 modulates the nuclear translocation induced by Dex, we examined whether R406 affected the expression of NF-κB, GILZ and GLCCI1. As shown in Figure 6A, the phosphorylation level of p65 NF-κB after TNF-α stimulation was more than twice that in the control group. Highly activated p65 NF-κB was not significantly affected by Dex treatment alone but was strikingly suppressed by pretreatment with R406 (p < 0.0001). NF-κB is a crucial regulator of HDAC2, a key protein in corticosteroid insensitivity. Surprisingly, we did not find any changes in HDAC2 in BEAS-2B cells in response to TNF-α stimulation for 24 h or Dex intervention (Figure 6B). Therefore, western blotting was used to measure HDAC2 expression in mouse lung tissues (Figure 6C). The expression of HDAC2 was significantly reduced in the asthma model group (p < 0.0001), was downregulated in Dex-treated mice (p < 0.01) and was restored by Dex and further potentiated by R406 treatment (p < 0.0001). Therefore, more HDAC2 expression was recovered in the Dex and R406 treatment groups than in the Dex group.
[image: Figure 6]FIGURE 6 | The Syk inhibitor R406 enhances the inhibitory effect of dexamethasone on transrepression and transactivation. (A) BEAS-2B cells were pretreated with R406 (1 μM) for 30 min, incubated with or without Dex (1 μM) for 2 h, and stimulated with TNF-α (10 ng/ml) for 10 min (B) BEAS-2B cells were pretreated with R406 (1 μM) for 30 min and incubated with TNF-α (10 ng/ml) or with Dex (1 μM) and TNF-α for 12 h. (C) The expression of HDAC2 in asthmatic mouse lung tissues was determined by Western blotting. n = 5/group. (D,E) BEAS-2B cells were pretreated with R406 (1 μM) for 30 min, incubated with Dex (1 μM) for 2 h and stimulated with or without TNF-α (10 ng/ml) for 24 h, and the mRNA levels of GILZ and CLCCI1 were measured by PCR. n = 3/group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared with the control group; ##p < 0.01, ####p < 0.0001, compared with the TNF-α or asthma model group; ▫p < 0.05 compared with the Dex group; △p < 0.05, △△p < 0.01, compared with the TNF-α +Dex group or asthma + Dex treatment group.
For transactivation induced by glucocorticoids, the PCR results showed that the increased expression of GILZ was dependent on Dex (p < 0.01). Although TNF-α had no significant effect on the hyperexpression of GILZ induced by Dex, R406 markedly enhanced the induction of GILZ (p < 0.05, Figure 6D). However, the expression of GLCCI1 was relatively stable; although there was no significant difference, R406 also tended to promote the expression of GLCCI1 (Figure 6E).
DISCUSSION
This study showed that Syk was involved in steroid-resistant airway inflammation in asthma, and R406, a potent inhibitor of Syk, could improve glucocorticoid sensitivity in asthmatic mice in vivo and airway epithelial cells in vitro. Mechanistically, inhibition of Syk can restore the anti-inflammatory effect of glucocorticoids by reducing the phosphorylation of MAPKs and GR-Ser226, thereby improving the nuclear translocation of GRα and the transactivation and transrepression of glucocorticoids (Figure 7).
[image: Figure 7]FIGURE 7 | The Syk inhibitor R406 ameliorates glucocorticoid resistance in steroid-resistant asthma. Syk is essential for regulating inflammatory signaling in steroid-resistant asthma. The Syk inhibitor R406 can reduce the phosphorylation of GR-Ser226 by inhibiting allergen- or TNF-α-induced MAPK phosphorylation and restore the nuclear translocation of GR. R406 promotes dexamethasone-mediated inhibition of n NF-κB, restores HDAC2 activity, increases the expression of the glucocorticoid-responsive element GILZ, and reduces the expression of cytokines such as IL-8 to improve sensitivity to glucocorticoids in severe asthma.
The role of environmental factors in the pathogenesis of asthma should not be ignored, which may worsen asthma symptoms. Some severe asthmatic patients have to receive increasing doses or systemic corticosteroids, which are associated with risks of developing adverse events, including but not limited to infections, cardiovascular disease, osteoporosis and metabolic disorders (Bleecker et al., 2020). Thus, it is absolutely imperative to elucidate the pathophysiology of glucocorticoid sensitivity and, if possible, look for potential drugs to improve steroid resistance. Zhang and other scholars found that the natural allergens HDM, and β-glucan, the main component of fungal cells, could induce severe steroid-resistant inflammation in mice (Hadebe et al., 2016; Zhang et al., 2017). In this study, in the presence of HDM and curdlan, inflammatory cells infiltrated the airways of mice, and goblet cells showed significant metaplasia; this effect was not inhibited by dexamethasone. Cell counts in BALF were analyzed, and Dex inhibited the increases in macrophages, eosinophils and lymphocytes induced by HDM and curdlan but had no significant effect on the number of neutrophils. Moreover, the expression of cytokines indicating an GC-sensitive, eosinophilic inflammatory such as IL-5 and IL-13 were responsive to Dex, while the expression of TNF-α and IL-17F, more biased towards a GC-resistant, neutrophilic inflammation, was less responsive to Dex treatment (Hansbro et al., 2011; Palumbo et al., 2020). Dex combined with R406 could significantly inhibit neutrophil infiltration and the expression of TNF-α and IL-17F. In addition, TNF-α-induced airway epithelial cells to secrete IL-8, a potent mediator that recruits neutrophils (Long et al., 2020; Nabe, 2020), which showed reduced sensitivity to dexamethasone in vitro. Compared with that in the mild-to-moderate asthma and healthy control groups, the level of airway IL-8 in patients with steroid-resistant asthma was elevated significantly (Pan et al., 2019). While the ability of Dex to inhibit TNF-α-induced IL-8 levels reflects sensitivity to glucocorticoids, Dex alone failed to alleviate airway inflammation, that is, usually steroid-resistant or refractory (Chachi et al., 2017; Kobayashi et al., 2017). Mercado et al found that in the peripheral blood mononuclear cells of patients with severe asthma, concentration of Dex that partly inhibited TNF-α-induced IL-8 was approximately 10 times higher than that in healthy controls or patients with mild asthma (Mercado et al., 2011). Similarily, in epithelial cells Dex alone inhibited TNF-α-mediated induction of IL-8, but the expression of IL-8 was still significantly higher than that in the control group. These results support previous findings that eosinophilic inflammation in asthmatic airways is steroid-sensitive, while neutrophilic inflammation is generally less sensitive (Nabe, 2020).
Syk, which is a crucial tyrosine kinase required for the expression of several proinflammatory cytokines, can be activated in the asthmatic airway, especially in epithelial cells (Penton et al., 2013; Yi et al., 2014; Patel et al., 2018). In our study, allergens HDM and curdlan induced a markedly phosphorylation of Syk, which could be inhibited by Dex combining R406. Airway inflammatory cell infiltration, mucus hypersecretion, and the expression of inflammatory factors, which were not or partly inhibited by Dex or R406 alone, were significantly improved by the combination of Dex and R406. The insensitivity of TNF-α-induced airway epithelial cells to dexamethasone could also be markedly restored by R406. Collectively, these results suggested a mechanism by which Syk affects asthmatic steroid-resistant inflammation, and the combination of R406 plus dexamethasone suppressed the inflammatory reaction in a synergistic manner.
As a signal switch, Syk regulates extracellular to intracellular transmission. The activation of Syk is important in initiating various inflammatory signaling pathways, including the MAPK pathway (Barnes, 2016; Coates et al., 2021). It is well established that Syk inhibitors can significantly inhibit MAPK activation. In addition, many studies have shown that the phosphorylation of GR at Ser226 following MAPK phosphorylation induced by TNF-α and other proinflammatory cytokines blocks GC binding and GR nuclear translocation, leading to steroid resistance (Bouazza et al., 2012; Kobayashi et al., 2017; Liu et al., 2018; Palumbo et al., 2020). The phosphorylation of GR-Ser226 in airway cells and peripheral blood mononuclear cells in severe asthma patients was higher than that in healthy controls or patients with mild-to-moderate asthma (Chang et al., 2015; Zhang et al., 2019). These results suggest that phosphorylated MAPKs are upregulated in lung tissue induced by HDM and curdlan, as well as BEAS-2B cells after TNF-α stimulation in vitro. To understand the effect of MAPK activation on the phosphorylation of GR-Ser226, BEAS-2B cells were incubated with specific p38 MAPK, ERK1/2 and JNK inhibitors. Consistent with previous reports, the phosphorylation of GR-Ser226 was attenuated accordingly. Moreover, the phosphorylation of GR-Ser226 was induced by Dex but decreased gradually with time, indicating the endogenous regulatory effect of steroids (Bouazza et al., 2012). TNF-α alone or in combination with Dex did not significantly change the phosphorylation level of GR-Ser226, similar to a previous study (Bouazza et al., 2012). Compared with those in the asthma model groups, similar to the activation of Syk, the phosphorylation levels of MAPKs and GR-Ser226 after Dex and R406 treatment were mitigated, which revealed that Syk may regulate the phosphorylation level of GR-Ser226 by mediating the activation of MAPKs, thus affecting sensitivity to dexamethasone.
A growing number of studies have focused on the abnormal expression and activity of GR in steroid-resistant asthma. In our previous study (Zhang et al., 2019) and in this study, TNF-α did not alter the ratio of GRβ/GRα in airway epithelial cells. However, changes in the phosphorylation of GR as a consequence of activation may lead to many alterations in its function. Furthermore, the distribution of GR in cells is crucial for impaired GR nuclear translocation in some patients with severe asthma (Chang et al., 2015; Kobayashi et al., 2017). Consistent with previous studies (Zhang et al., 2019), the immunofluorescence results showed that Dex could induce GRα expression and nuclear transport, while TNF-α attenuated Dex-mediated induction of GRα nuclear translocation. However, despite TNF-α stimulation, nuclear translocation of GRα was not significantly affected in cells that were pretreated with Dex and R406.
Defective nuclear translocation of GR leads to reduced interactions with GREs. Additionally, the activity of the glucocorticoid-induced GRE reporter gene can be significantly inhibited by activated NF-κB (Chachi et al., 2017). Syk inhibition was reported to impair the phosphorylation of p65 NF-κB and the expression of NF-κB-dependent genes, such as IL-8 (Ashikawa et al., 2002; Takada and Aggarwal, 2004). This study showed that R406 alone did not attenuate allergen- or TNF-α-induced phosphorylation of p65 NF-κB but significantly enhanced Dex-mediated inhibition of p65 NF-κB activation, suggesting that in different cell types, Syk is involved in NF-κB signal regulation in different ways, but both factors showed inhibitory effects. Moreover, histone deacetylase (HDAC)2 activity is negatively correlated with steroid sensitivity, and its expression is reduced in severe asthma and chronic obstructive pulmonary disease (Hansbro et al., 2017; Palumbo et al., 2020). Increased NF-κB activity may regulate HDAC2 transcription (Ibi et al., 2017). In this study, no changes in HDAC2 expression were detected in vitro, nuclear level of HDAC2 may need to be detected However, in mouse models, Dex could restore HDAC2 activity when combined with R406. Thus, Syk may play a major role in the deficiencies in transcriptional corepressor expression and activity in severe asthma. On the other hand, GILZ, which is upregulated by GCs, plays an anti-inflammatory role by inhibiting the transcriptional activity that is dependent on AP-1 and NF-κB, and the expression of GILZ is downregulated by GR-Ser226 (Chachi et al., 2017; Marchini et al., 2019). We found that the expression of GILZ in airway epithelial cells induced by Dex alone was nearly 20 times that in the control group but continued to increase to 38 times after R406 pretreatment. That is, R406 could further promote GC-induced expression of GILZ, which was not affected by TNF-α. Another glucocorticoid-induced gene, GLCCI1, is considered to be a new pharmacogenetic determinant of asthma patient responses to ICS (Tantisira et al., 2011). Although the difference was not statistically significant at the time point analyzed, TNF-α inhibited and R406 promoted the expression of GLCCI1. It is thought that GLCCI1 regulates transactivation through its variants, rather than through gene and protein expression (Tantisira et al., 2011; Izuhara et al., 2014).
It is worth noting that Syk has good clinical prospects in the treatment of immunoinflammatory diseases. Multiple clinical trials have demonstrated that the small-molecule Syk inhibitors R406 and fostamatinib (R788, an oral prodrug metabolised to R406 in vivo) have desirable effects on rheumatoid arthritis and allergic rhinitis with few and acceptable side effects (Weinblatt et al., 2010; Kang et al., 2019; Wu et al., 2019). In December 2007, the inhaled agent R343 entered the first phase of clinical trials for the treatment of allergic asthma (Dimov et al., 2009), Regrettably, although shown to be relatively safe and well tolerated, R343 did not meet the primary or secondary endpoints in Phase 2 clinical study, with no difference between its ability to improve pre-bronchodilator FEV1 in 276 mild to moderate allergic asthma patients at 8 weeks and that of a placebo (ClinicalTrials.gov Identifier: NCT01591044). It is worth thinking whether other compounds or the indication changing from mild to moderate asthma to severe steroid-resistant asthma, will make it possible to treat asthma again with Syk inhibitors. Baluom and colleagues summarized the pharmacokinetics of R788 and R406 from three clinical studies (Baluom et al., 2013). Orally administered R788 is rapidly and completely hydrolyzed to R406, achieving peak plasma concentrations within 1–2 h. Across 80–600 mg doses, the half-life of R406 is between 13 and 21 h, which could potentially allow once or twice-daily dosing. In the body the majority of R406 attaches to plasma proteins reversibly, eventually reaches the organs and tissues. R406 underwent both glucuronidation and a CYP3A4-mediated para-O-demethylation, and 80% of the total drug was recovered in feces (Sweeny et al., 2010; Tang et al., 2022).
In addition, Syk inhibitor fostamatinib was approved for the treatment of chronic immune thrombocytopenia by the US Food And Drug Administration (FDA) in 2018 (Roskoski, 2020). Recently a multicenter Phase 2 clinical trial showed that fostamatinib may be promising therapeutic options for warm antibody autoimmune hemolytic anemia (Kuterf, et al., 2022), and is being further developed to treat renal transplantation (NCT03991780). Besides, fostamatinib is being evaluated for efficacy and safety in COVID-19 subjects in multiple clinical studies (NCT04579393, NCT04629703). Results of Phase 2 study proved that the addition of fostamatinib was safe and effective for improving clinical outcomes (Strich et al., 2021). The results of these clinical trials, which directly applied Fostamatinib to airway disorders, will be more valuable for clinical studies of fostamatinib or R406 in severe asthma in the future. All these clinical studies have shown that fostamatinib or R406 have generally manageable tolerability with no serious safety risks, so there is great potential for drug repurposing associated with Syk in severe asthma patients, but the target selectivity and effectiveness require further research. Currently, there is growing evidence demonstrating that some Chinese herbal ingredients are effective in treating asthma by suppressing the Syk-mediated inflammatory pathway (Ding et al., 2021; Yang et al., 2021). However, due to the unknown specificity of Syk inhibition, a large number of in vivo experiments are still needed.
Overall, we have demonstrated a new role for Syk inhibitors in the recovery of the anti-inflammatory effects of glucocorticoids on asthma. By combining R406 and dexamethasone, airway inflammation was significantly improved both in vitro and in vivo. Considering that Syk inhibitors have been used clinically to treat immune diseases, our study provides insight into the repurposing of Syk inhibitors for severe steroid-resistant asthma in the future.
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Effects of Pereskia aculeate Miller Petroleum Ether Extract on Complete Freund’s Adjuvant-Induced Rheumatoid Arthritis in Rats and its Potential Molecular Mechanisms
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Objective: To investigate the therapeutic effect of petroleum ether extract of P. aculeate Miller (PEEP) on rheumatoid arthritis (RA).
Methods: In vitro: The Cell Counting Kit-8 (CCK-8) was used to detect cell activity and select the optimal concentration of the extract; the effective site was screened by nitric oxide (NO) colorimetric method and Q-PCR method; the expression of p38, p-p38, p-MK2, and Tristetraprolin (TTP) in RAW 264.7 cells were detected by Western blot. In vivo: The rat model was established by complete Freund’s adjuvant (CFA). The different doses of PEEP on CFA rats were observed with life status, paw swelling, spleen index, X-ray, Hematoxylin eosin (HE) staining; the secretion of Tumor necrosis factor α (TNF-α), interleukin-6 (IL-6) and Prostaglandin E2 (PGE2) were detected by Enzyme linked immunosorbent assay (ELISA); the expressions of p38, p-p38, p-MK2, and TTP in the ankle joints of CFA rats were detected by Western blot.
Result: In vitro: PEEP, Ethyl Acetate Extract of P. aculeate Miller (EEEP), N-butanol Extract of P. aculeate Miller (BEEP) have no toxic effects on RAW264.7 macrophages. PEEP, EEEP, and BEEP reduce the secretion of NO in RAW264.7 cells induced by lipopolysaccharide (LPS), only PEEP significantly inhibited the mRNA expression levels of inflammatory factors TNF-α and IL-6; PEEP-dependently reduce the secretion of TNF-α and IL-6, decrease the expression of p-p38 and p-MK2, and the level of TTP phosphorylation in LPS-induced RAW264.7 cells. In vivo: PEEP improve the living conditions of CFA rats, reduce foot swelling, spleen index, bone surface erosion and joint space narrowing; reduce the formation of synovial cells, inflammatory cells and pannus in the foot and ankle joints. PEEP reduce the secretion of TNF-α, IL-6, PGE2 in rat serum, downregulate the expression of p-p38 and p-MK2 in the ankle joint, and reduce the phosphorylation of TTP.
Conclusion: PEEP improve the living conditions of CFA rats, reduce the degree of foot swelling, protect immune organs, reduce inflammatory cell infiltration, cartilage damage, pannus formation, reduce inflammation and RA damage. The mechanism through regulating the signal pathway of p38 mitogen-activated protein kinase (p38/MAPK), which reduces the release of TNF-α, IL-6, and PGE2 in the serum.
Keywords: petroleum ether extract of P. aculeate Miller, rheumatoid arthritis, p38/MAPK signaling pathway, inflammation, ethnomedicine
1 INTRODUCTION
Rheumatoid arthritis is an autoimmune disease characterized by polyarthritis, progressive joint damage, and swelling deformities (Pu et al., 2016; Sparks, 2019; Shi et al., 2020). The pathological features of RA are joint synovial lesions, including excessive synovial cell proliferation, inflammatory cell infiltration, pannus formation, joint bone and cartilage destruction (Aletaha et al., 2011; Xing et al., 2018). According to relevant investigations and studies, the incidence of this disease worldwide is as high as 1%–2%. There are more than 5 million RA patients in China, most of whom are in the 30–50 years old age group. It is the second largest cause of disability in the Chinese population (van der Woude and van der Helm-van Mil, 2018). It can quickly develop into multi-system inflammation and irreversible joint damage, leading to a decline in quality of life, disability and death without proper treatment (Malmstrom et al., 2017). Because the etiology and pathogenesis of RA are not clearly understood (Mcinnes and Schett, 2011). The targets and methods of clinical treatment are not clear, which brings certain difficulties to treatment. There are no highly targeted therapeutic drugs in clinical practice, the treatment of RA still from the aspects of analgesia, anti-inflammatory, preventing or reduce joint deformation and damage and increasing joint mobility (Yuan et al., 2015; Shams et al., 2021). These drugs reduce joint inflammation, inhibit the development of lesions and irreversible bone destruction, but long-term use of these drugs lead to immune system decline, bone marrow suppression, liver and kidney function damage, gastrointestinal function decline, cartilage degeneration, infection (Abbasi et al., 2019; Koller et al., 2019). Therefore, it is clinically necessary to find effective drugs with low toxicity to treat RA. In recent years, ethnomedicine and some natural medicine products have attracted more and more researchers’ attention because of their unique safe and effective pharmacological activities (Jang et al., 2014). Ethnomedicine can be a new resource for the treatment of rheumatoid arthritis with more and more evidences.
P. aculeata Mill is a plant of the genus Pereskia in the Cactaceae family, also known as leaf cactus and tiger thorn. It is mainly produced in Yunnan, Guangdong, Guangxi and other regions south of the Yangtze River. It has a long history of folk medicine, with low side effects, and anti-inflammatory, antioxidant, antibacterial and other pharmacological activities (Tan et al., 2005; Kazama et al., 2012; Pinto and Scio, 2014; Pinto et al., 2015). Its medicinal liquor can treat bruises and rib pain. According to reports in the literature, there are as many as 30 chemical components in the essential oil of P. aculeata Mill leaves, among which the higher content includes phytol, palmitic acid, linoleic acid (Souza et al., 2014). In addition, the plant essential oil has the highest content of oxidized sesquiterpenes (44.92%), acorus spirenone comes next. The current research on the pharmacological effects of P. aculeata Mill mainly focuses on analgesia, cardiovascular protection and other related aspects. There are few studies on its anti-RA effect (Peng et al., 2018). The previous research show that P. aculeata Mill ethanol extract inhibited acetic acid-induced increase in vascular permeability and writhing behavior of mice in acetic acid-induced writhing reaction experiment, reduce the swelling of the feet of CFA rats and the level of IL-6 and other inflammatory cytokines in the rat serum, inhibit LPS-induced inflammatory response in RAW264.7 macrophages (Kanno et al., 2006).
This study aimed to screen effective sites by establishing an LPS-induced RAW264.7 macrophage inflammation model, and through the FCA rat model to evaluate the therapeutic effect and possible mechanism of PEEP, provide a more adequate theoretical basis for the development and utilization of PEEP.
2 MATERIALS AND METHODS
2.1 Cell Culture and Laboratory Animals
Mouse macrophages RAW264.7 were from the Pharmacology Laboratory of Guilin Medical University, China, and were preserved by our laboratory for future generations.
Healthy female SD rats, SPF grade, 60 rats, weight (200 ± 20 g), provided by Hunan SJA Laboratory Animal Co., Ltd., license SCXK Xiang 2016-0002. Rats were kept at a temperature of 21°C–25°C and a relative humidity of 50%–60%. Rats in each group eat and drink freely.
2.2 Main Experimental Reagents
2.2.1 Main Drugs and Reagents
P. aculeata Mill petroleum ether extract; NO kit (Wuhan, Elabscience Biotechnology Co., Ltd.); p38MAPK antibody, p-p38MAPK antibody, p-MK2 antibody and TTP antibody (CST, Miami, FL, United States); β-Actin (Proteintech company, Chicago, IL, United States); Primary antibody and secondary antibody diluent (China, Beyotime Biotechnology); Rainbow marker (Thermo Fisher Scientific, Waltham, MA, United States); Fetal Bovine Serum (GIBCO Company, Waltham, MA, United States); Cell protein lysate, Phosphatase inhibitor (Beijing, CWBIO Biotechnology Co., Ltd.); Lipopolysaccharide (Sigma-Aldrich Reagent Company, United States); CCK-8 kit (Japan, DOJIDO company); AceQ qPCR Green Master Mix, HiScript QRT SuperMIX (Nanjing, Vazyme Biotech Co., Ltd.); 1M Tirs-Hcl 6.8, 1M Tirs-Hcl 8.8, PBS (Phosphate buffer asline), Glycine, SDS, Tris (China, Solarbio Biotechnology Co., Ltd.); Primer (Shenzhen, BGI Technology Co., Ltd.). PEEP (Laboratory Preparation); Freund’s complete adjuvant (SIGMA-ALDRICH, St. Louis, MI, United States); Dexamethasone (DEX) (Guangdong, Sancai Shiqi Pharmaceutical Co., Ltd.); Rat PGE2, IL-6 and TNF-α kits (Wuhan, Elabscience Biotechnology Co., Ltd.); 4% tissue fixative (China, Solarbio Life Sciences Co., Ltd.) (Tables 1, 2).
TABLE 1 | Primer names and sequences.
[image: Table 1]TABLE 2 | Q-PCR reaction system.
[image: Table 2]2.3 Main Experimental Equipment
Epoch microplate reader (Biotek, Winooski, VT, United States); Small desktop refrigerated centrifuge, Liquid nitrogen storage tank (Thermo Fisher Scientific, Waltham, MA, United States); Protein electrophoresis, Electric transfer system, Gel imaging analysis system (Bio-Rad, Hercules, CA, United States); Constant temperature water bath (Shanghai, Baoling Instrument Equipment Co., Ltd.); Carbon dioxide constant temperature incubator, Ice machine (Sanyo, Japan); Ultra-clean workbench, High Pressure Steam Sterilizer (Shandong, BIOBASE); Fluorescence quantitative PCR machine (IT-IS company, United Kingdom); Foot swelling degree measuring instrument (Ugo Basile company, Italy); Small animal live optical imaging system (Shanghai, PerkinElmer Enterprise Management Co., Ltd.); Pipette gun (Eppendorf, Germany); Electric heating constant temperature sink (Shanghai, Huitai Instrument Manufacturing Co., Ltd.).
2.4 Experimental Method
2.4.1 Preparation of Effective Parts of P. aculeata Mill
We took 1,000 ml of P. aculeata Mill ethanol extract, filtered with a qualitative filter paper circle, and then concentrated it with a rotary evaporator, added water to suspend the extract. Extract with petroleum ether, ethyl acetate and n-butanol, recover the solvent and evaporate to dryness to obtain PEEP 2.415 g, EEEP 3.598 g and BEEP 3.473 g.
2.4.2 Screening of Effective Parts of P. aculeata Mill
RAW264.7 macrophages were used to screen the effective site of P. aculeata Mill. The concentration of each extraction part of P. aculeata Mill is setting as follows: PEEP: 0, 15, 30, 60, 120, and 240 μg/ml; EEEP: 0, 5, 15, 30, and 60 μg/ml, BEEP: 0, 10, 20, 40, and 80 μg/ml. The effects of PEEP, EEEP, and BEEP on the viability of RAW264.7 macrophages were detected by CCK-8, calculate the survival rate of each group of cells according to the formula.
The experiment set up normal group, LPS group (1 μg/ml), LPS + DEX group (1 × 10−4 M), LPS + PEEP (60 μg/ml), LPS + EEEP (30 μg/ml), LPS + BEEP (40 μg/ml). The effect of each extract part on NO content in RAW264.7 macrophages stimulated by LPS was detected according to the instructions in Wuhan Elabscience Biotechnology Co., Ltd. NO kit, and Q-PCR was used to detect the levels of TNF-α and IL-6 in RAW264.7 macrophages stimulated by LPS in each extraction site to screen the most effective site.
(1) The configuration of the Q-PCR reaction system:
(2) The relative expression formula of the target gene is:
[image: image]

According to the previous experimental results, the effect of PEEP (15, 30, and 60 μg/ml) on NO content in RAW264.7 macrophages stimulated by LPS was detected. Q-PCR was used to detect the effect of PEEP (15, 30 and 60 μg/ml) on the expression levels of TNF-α and IL-6 in LPS-induced RAW264.7 macrophages. And the effect of PEEP (15, 30 and 60 μg/ml) on p38/MAPK signaling pathway in LPS-induced RAW264.7 macrophages was detected by western blot.
2.4.3 Preparation and Grouping of CFA Rat Model
After adaptive feeding for 7 days, 60 rats were randomly divided into six groups: blank group, model group, L-PEEP (16 mg/kg) group, M-PEEP (32 mg/kg) group, H-PEEP (64 mg/kg) group, DEX (0.5 mg/kg) group. Except for the 6 rats in the blank group, the rats in the other groups all used Freund’s complete adjuvant to prepare CFA models. After routine disinfection, straighten the right paw of the rat, and use a 1 ml sterile syringe to inject 0.1 ml of Freund’s complete adjuvant into the center of the plantar of each rat.
2.4.4 Method of Administration
According to the characteristics of the CFA model (Chang et al., 2011), the foot swelling at the model site reached its peak (acute inflammatory response) at 18–27 h, and it continued for 10 days and then gradually reduced; secondary lesions generally appeared at 11 days after inflammation. Combined with pre-experimental results, in this experiment, the drug was started 14 days after the model was established, and the drug was administered continuously for 10 days.
2.4.5 Measurement of Rat Foot Swelling Degree
Observe each group at 0, 9, 18, and 27 h, d 3, d 5, d 9, d 11, d 13, d 15, d 18, d 20, d 22, and d 24 after inflammation. The swelling of the hind paw of the rat was measured, and the swelling degree of the right hind paw and the swelling degree of the left hind paw on the non-inflammatory side were measured with a foot swelling meter.
2.4.6 X-Rays to Observe Changes in Cartilage and Bone Structure
After 10 days of administration, the rats in each group were observed to undergo changes in cartilage and bone structure by X-ray. The rats in each group were intraperitoneally injected with 10% chloral hydrate. After anesthesia, take the supine position and transfer to the small animal in vivo imaging device, and take pictures of the left and right feet of each group of rats in turn.
2.4.7 Determination of Spleen Index
After the rats were sacrificed, the abdominal cavity of the rats was cut open quickly and the spleens were cut out. The spleens were quickly rinsed with cold PBS, and the remaining liquid was soaked up with filter paper and weighed to calculate the spleen index of the rats.
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2.4.8 Determination of Serum TNF-α, IL-6, and PGE2 Levels in Rats
After the last administration, the rats were fasted for 24 h. After weighing, the rats in each group were blood collected from the vein behind the eyeball and centrifuged to extract serum. They were allowed to stand in a refrigerator at 4°C for 2 h, centrifuged at 4,000 rpm for 10 min, and the supernatant was collected and used for experiment. The concentration of TNF-α, IL-6, and PGE2 in serum was detected by ELISA method, and the operation was performed according to the kit instructions.
2.4.9 HE Staining to Observe the Pathological Changes of the Foot and Ankle Joints
After removing the soft tissue around the right hind ankle of the rat, it was immersed in 4% tissue fixative for 24 h, and sent to the Department of Pathology, Affiliated Hospital of Guilin Medical College to make HE stained sections. The slices were taken to capture images under a 200×, 400× field of view.
2.4.10 Western Blot Detection
Total protein extracted from cells and ankle joints, and then separated by SDS-PAGE gel electrophoresis to bromophenol blue to the bottom of the separation gel. The protein was transferred to PVDF membrane and blocked with 5% skimmed milk powder for 1.5 h. Incubate overnight with primary antibodies β-actin, p38, p-p38, p-MK2, and TTP at 4°C. Incubate for 1.5 h with goat anti-mouse IgG and goat anti-rabbit IgG. All experiments were repeated 3 times.
2.5 Statistical Analysis
SPSS 20.0 was used for data analysis, GraphPad Prism 6.0 was used for graphing, and the data were expressed as mean ± standard deviation (mean ± S.E.M). The comparison between groups was performed by one-way analysis of variance. p < 0.05 and p < 0.01 were considered statistically different.
3 RESULTS
3.1 CCK-8 Detects the Effect of Each Extraction Part of P. aculeata Mill on the Viability of RAW264.7 Macrophages
The CCK-8 experiment was used to detect the effects of PEEP, EEEP, and BEEP on the survival rate of RAW264.7 macrophages. PEEP (0, 15, 30, and 60 μg/ml), EEEP (0, 5, 15, and 30 μg/ml) and BEEP (0, 10, 20, and 40 μg/ml) concentration survival rate is similar to the blank control group (Figures 1A–C). The results illustrated that each extraction site has no toxic and side effects on RAW264.7 macrophages within the designed concentration. Therefore, PEEP (60 μg/ml), EEEP (30 μg/ml), and BEEP (40 μg/ml) were selected as the highest concentrations for subsequent experiments.
[image: Figure 1]FIGURE 1 | Effects of different concentrations of PEEP, EEEP, and BEEP on cell viability in RAW264.7 cells. Results were exhibited as the means ± S.E.M. of three independent experiments. *p < 0.05, **p < 0.01 vs. Normal group.
3.2 The Effect of the Extracts of P. aculeata Mill on the Expression of Nitric Oxide in RAW264.7 Macrophages Induced by Lipopolysaccharide
LPS stimulate macrophages to express nitric oxide synthase (iNOS) and release NO (Chen et al., 2014). Therefore, the effect of each extraction site of P. aculeata Mill on LPS-induced NO expression in RAW264.7 macrophages was investigated by NO colorimetry. The expression level of No in RAW264.7 macrophages induced by LPS was significantly reduced (p < 0.01) through the intervention of each extraction site of P. aculeata Mill (Figure 2A). The inhibitory effect of PEEP on NO is stronger than other parts, and it has the most significant anti-inflammatory potential. PEEP (15, 30 and 60 μg/ml) significantly reduce the expression of NO in RAW264.7 macrophages induced by LPS when compared with the model group, and in concentration-dependent (Figure 2B).
[image: Figure 2]FIGURE 2 | Effects of different concentrations of PEEP, EEEP and BEEP on cell viability in RAW264.7 macrophages. (A) Effect of PEEP (60 μg/ml), EEEP (30 μg/ml) and BEEP (40 μg/ml) on the content of NO induced by LPS in RAW264.7 macrophages. (B) Effect of PEEP (15, 30 and 60 μg/ml) on the content of NO induced by LPS in RAW264.7 macrophages. Results were exhibited as the means ± S.E.M. of three independent experiments. ##p < 0.01 vs. Normal; *p < 0.05, **p <0.01 vs. LPS group.
3.3 Effects of the Extracts of P. aculeata Mill on the Expression of TNF-α and IL-6 in RAW264.7 Macrophages Induced by Lipopolysaccharide
Macrophages play an important role in the pathogenesis of RA by secreting TNF-α, IL-6 and other inflammatory cytokines (Kanno et al., 2006). The related expression results are shown in Figures 3A,B. PEEP reduce the mRNA expression levels of TNF-α and IL-6 in RAW264.7 macrophages induced by LPS when compared with the model group (p < 0.05, p < 0.01). However, the inhibition of TNF-α and IL-6 by EEEP and BEEP was not statistically significant (p > 0.05). PEEP (15, 30 and 60 μg/ml) decreased the mRNA levels of TNF-α and IL-6 in LPS-induced RAW264.7 macrophages (p < 0.05, p < 0.01) in a concentration-dependent manner (Figures 3C,D). The above results indicate that PEEP significantly reduce the level of TNF-α and IL-6 mRNA in activated RAW264.7 macrophages, and the concentration increases, the lower the mRNA level. Therefore, based on the experimental results, PEEP (15, 30 and 60 μg/ml) was selected for subsequent experiments.
[image: Figure 3]FIGURE 3 | Effect of PEEP, EEEP and BEEP on the expressions of inflammatory factors in RAW264.7 macrophages induced by LPS. (A) The effect of PEEP (60 μg/ml), EEEP (30 μg/ml) or BEEP (40 μg/ml) on mRNA expressions of TNF-α were detected using Q-PCR assays. (B) The effect of PEEP (60 μg/ml), EEEP (30 μg/ml) or BEEP (40 μg/ml) on mRNA expressions of IL-6 were detected using Q-PCR assays. (C) The effect of PEEP (15, 30 and 60 μg/ml) on mRNA expressions of TNF-α were detected using Q-PCR assays. (D) The effect of PEEP (15, 30 and 60 μg/ml) on mRNA expressions of IL-6 were detected using Q-PCR assays. The data were expressed as the means ± S.E.M. of three independent experiments. ##p < 0.01 vs. Normal group; *p < 0.05, **p < 0.01 vs. LPS group.
3.4 Effect of PEEP on the p38/MAPK Signaling Pathway of Lipopolysaccharide-Induced RAW264.7 Macrophages
The p38/MAPK pathway is closely related to the regulation of inflammatory response. It is an important mediator involved in the expression of a variety of genes in the stress process. After activation, it moves from the cytoplasm to the nucleus, and interacts with the corresponding transcription factors to control the transcription of a variety of genes (Roussel et al., 2010), it plays a key role in the signal transduction of a variety of cytokine synthesis induced by LPS. Therefore, we analyzed the expression of p38, p-p38, p-MK2, and TTP protein in order to further explore the molecular mechanism of PEEP anti-inflammatory. PEEP downregulated the expression levels of p-p38, p-MK2 and increased the expression level of TTP in LPS-induced RAW264.7 macrophages when compared with the model group (p < 0.01, p < 0.05) in a concentration-dependent (Figure 4).
[image: Figure 4]FIGURE 4 | Effect of PEEP on p38, p-p38, p-MK2, and TTP expressions induced by LPS in RAW264.7 macrophages. (A) The protein expressions of p38, p-p38, p-MK2, and TTP were detected by using western blot analysis. (B) Quantitative analysis of gray value of p38 was performed in several groups with β-actin as loading control. (C) Quantitative analysis of gray value of p-p38 was performed in several groups with β-actin as loading control. (D) Quantitative analysis of gray value of p-MK2 was performed in several groups with β-actin as loading control. (E) Quantitative analysis of gray value of TTP was performed in several groups 27 with β-actin as loading control. Data represent the mean ± S.E.M. of three independent experiments. ##p < 0.01 vs. Normal group; *p < 0.05, **p < 0.01. vs. LPS group.
3.5 General Observation of Rats in Each Group
The rats with normal appetite and active behavior before CFA injection. The skin of the feet of CFA rats began to become red, and the modeled feet were swollen after inflammation for 2 days. And the primary paws of CFA rats were significantly more swollen, and movement was significantly restricted, the secondary paws were not significantly swollen, and appetite decreased slightly after inflammation for 7 days when compared with the control group. Rats in the PEEP medium and high dose group had better eating conditions, and relieved the swelling of the feet after 10 days of administration when compared with the model group. No abnormally dead rats were found.
3.6 The Effect of PEEP on the Swelling Degree of Complete Freund’s Adjuvant Rats’ Feet
Combined with the characteristics of the CFA model (Chang et al., 2011). The swelling degree of the right hind foot of the model group CFA rats gradually reached a peak after 15 days of modeling when compared with the blank group (p < 0.01). The swelling of the right hind foot of rats in the M-PEEP (32 mg/kg) group and H-PEEP (64 mg/kg) group decreased significantly after 10 days of administration when compared with the model group (p < 0.01). The CFA rats in the model group developed secondary swelling of the left hind foot 11 days after modeling when compared with the blank group (p < 0.01). The swelling of the left hind foot of the rats in the M-PEEP (32 mg/kg) group and H-PEEP (64 mg/kg) group decreased significantly after 10 days of administration when compared with the model group (p < 0.01). The results show that the petroleum ether site significantly reduce the degree of foot swelling in CFA model rats (Figures 5A,B).
[image: Figure 5]FIGURE 5 | Effects of different doses of PEEP on swelling of paw in CFA rats. (A)Effects of different doses of PEEP on swelling of right hind paw in CFA rats. (B) Effects of different doses of PEEP on swelling of left hind paw in CFA rats. ##p < 0.01 vs. Normal group; *p < 0.05, **p < 0.01 vs. CFA group.
3.7 The Effect of PEEP on the Spleen Index of Complete Freund’s Adjuvant Rats
The results are presented in Table 3, the spleen index of the model group increased when compared with the blank group (p < 0.05). The spleen index of M-PEEP (32 mg/kg) group and H-PEEP (64 mg/kg) group was significantly lower than model group (p < 0.05). The spleen index of the L-PEEP (16 mg/kg) group was lower than model group, but there is no significant difference (p > 0.05).
TABLE 3 | The spleen index of CFA rats.
[image: Table 3]3.8 Effect of PEEP on the Levels of IL-6, PGE2 and TNF-α in Serum of Complete Freund’s Adjuvant Rats
The serum levels of IL-6, PGE2 and TNF-α in the model group increased significantly when compared with the blank group (p < 0.01). The expressions of IL-6 and PGE2 in the serum of rats in the L-PEEP (16 mg/kg) group, M-PEEP (32 mg/kg) group, and H-PEEP (64 mg/kg) group were significantly lower than the model group (p < 0.05). the expression of TNF-α in the serum of rats in the M-PEEP (32 mg/kg) group and H-PEEP (64 mg/kg) group was significantly reduced (p < 0.05), but the L-PEEP (16 mg/kg) group only had a decreasing trend, and the difference was not statistically significant (p > 0.05). Therefore, it can be considered that medium and high doses of PEEP can reduce the expression of IL-6, PGE2, and TNF-α, which can inhibit inflammation and control the development of the disease. The treatment effect of L-PEEP group was slightly worse than that of M-PEEP group and H-PEEP group (Figure 6).
[image: Figure 6]FIGURE 6 | Effects of different doses of PEEP on the expression of inflammatory cytokines in CFA rat serum. (A) The concentrations of IL-6 in serum were determined by ELISA. (B) The concentrations of PGE2 in serum were determined by ELISA. (C) The concentrations of TNF-α in serum were determined by ELISA. The data were expressed as the means ± S.E.M. (n = 5). ##p < 0.05 vs. Normal group; *p < 0.05, **p < 0.01 vs. CFA group.
3.9 X-Ray Observation Results of Rat Feet in Each Group
The paws of the rats in the model group were swollen, the joint space was narrow, and the articular surface was blurred. M-PEEP (32 mg/kg) group, H-PEEP (64 mg/kg) group and DEX group (0.5 mg/kg) reduced the swelling of soft tissue around the ankle joint and improved the bone surface erosion in rats and joint space narrowing after 10 days of administration by observing the X-ray of the right hind paw of the rats in each group. The left foot swelling of CFA rats in each group was not obvious, and there was no bone destruction (Figure 7).
[image: Figure 7]FIGURE 7 | X-ray evaluation of joint injury in CFA rats. X-rays showed the effects of different doses of PEEP on hind paw and right paw of CFA rats. Blue arrow, swelling of soft tissue; yellow arrow, narrow joint space, blurred joint surface.
3.10 Observation of PEEP on HE Staining of Ankle Joint of Complete Freund’s Adjuvant Rats
HE staining of the blank group showed complete and clear structure, no inflammatory cell infiltration and synovial hyperplasia, and no damage to cartilage and bone joints. Cartilage destruction, inflammatory cell infiltration, proliferation of a large number of synovial cells, and pannus formation occurred in the foot and ankle joints in the model group. HE staining in the DEX (0.5 mg/kg) group showed slight synovial hyperplasia and less inflammatory cell infiltration when compared with the model group. The degree of synovial hyperplasia or inflammatory cell infiltration in the M-PEEP (32 mg/kg) group and H-PEEP (64 mg/kg) group was lighter, and the cartilage erosion was lighter than the model group (Figure 8).
[image: Figure 8]FIGURE 8 | The pathologial slice pictures of the ankle joint of CFA rats treated with various doses of. PEEP. Red arrow, articular cartilage; black arrow, synovial hyperplasia; green arrow, inflammatory cell infiltration; blue arrow, pannus.
3.11 Effect of PEEP on p38/MAPK Signal Pathway in Complete Freund’s Adjuvant Rats
The results are presented in Figure 9, the expression of p38 in the ankle joint has no significant difference (p > 0.05). The expression of p-p38 and p-MK2 in the M-PEEP (32 mg/kg) group and the H-PEEP (64 mg/kg) group was reduced when compared with the model group (p < 0.01), while the expression of p-p38 and p-MK2 in the L-PEEP (16 mg/kg) group has a decreasing trend, no significant difference (p > 0.05). The protein expression of TTP in the ankle joints increased when compared with the model group (p < 0.01). Overall, the results show that PEEP can inhibit the expression of p-p38 and p-MK2 proteins in the foot and ankle joints of CFA rats, and reduce the phosphorylation of TTP. There is a certain dose relationship, and the best effect is shown at high doses.
[image: Figure 9]FIGURE 9 | Effects of different doses of BGE on the p38/MAPK signaling pathway. (A) The expression of p-38, p-p38, p-MK2, and TTP obtained from ankle joints of several groups was detected by western blot analysis. (B) Quantitative analysis of gray value of p38 was performed in several groups with β-actin as loading control. (C) Quantitative analysis of gray value of p-p38 was performed in several groups with β-actin as loading control. (D) Quantitative analysis of gray value of p-MK2 was performed in several groups with β-actin as loading control. (E) Quantitative analysis of gray value of TTP was performed in several groups with β-actin as loading control. Data represent the mean ± S.E.M. of three independent experiments. p < 0.05, ##p < 0.01 vs. Normal group; **p < 0.01 vs. CFA group.
4 DISCUSSION
The etiology and pathogenesis of RA have not been clearly elucidated. The number of macrophages is one of the main factors in RA because the severity of the disease and the degree of joint damage are significantly related to the number of macrophages (Kinne et al., 2007). When macrophages are stimulated by LPS, they will activate MAPK and other related signal pathways, and then secrete a large number of inflammatory factors, such as TNF-α, IL-6, IL-1β, and PGE2 (Xu et al., 2017; Yonezawa et al., 2018). RAW264.7 mouse macrophages are a type of macrophages. Because of their strong adhesion and ability to swallow antigens, they are generally used to build inflammation models and conduct research on inflammatory responses (Adams and Hamilton, 1984; Yang et al., 2014). LPS was used for stimulation to establish a macrophage inflammation model to study the effect of PEEP on inflammation and its molecular mechanism. According to the literature, the preliminary experimental results of the research group, 1 μg/ml LPS was used to stimulate RAW264.7 macrophages to construct as vitro inflammation model. The CCK-8 method was used to detect the effects of different concentrations of P. aculeata Mill on the proliferation of RAW264.7 macrophages. The results showed that, the concentrations of PEEP (0, 15, 30, and 60 μg/ml), EEEP (0, 5, 15, and 30 μg/ml), and BEEP (0, 10, 20, and 40 μg/ml) no significant effect on the survival rate of RAW264.7 macrophages when compared with the blank group. Therefore, PEEP (60 μg/ml), EEEP (30 μg/ml), and BEEP (40 μg/ml) are selected as the highest concentrations for subsequent experiments.
In the early stage of inflammation, inflammatory cytokines such as TNF-α and IL-6 released by activated macrophages play an extremely important role in initiating local inflammation (Ueda et al., 2015). TNF-α is a potent pro-inflammatory cytokine released by macrophages, and its secretion reflect the severity of inflammation in the body (Caldwell et al., 1999; Su et al., 2015), and the excessive release of TNF-α can induce the production of other cytokines (such as IL-6), to further amplify the damage and destruction of TNF-α to inflamed tissues. Therefore, inhibiting the expression of TNF-α has a good control effect on the inflammatory response (Jayaraman et al., 2008). IL-6 plays an important role in chronic inflammatory diseases, and promotes the proliferation and differentiation of cells in inflammation (Tanaka and Kishimoto, 2014; Takeuchi et al., 2021). It is associated with high levels of IL-6 in a variety of inflammation-related diseases. Therefore, IL-6 is used as an indicator of anti-inflammatory efficacy (Mesquida et al., 2014). NO is a highly reactive oxidative free radical in organisms, which is generated by endogenous L-arginine under the catalysis of iNOS (Raij, 2006). It has been reported in the literature that NO is directly involved in the inflammatory response and joint damage process of RA (Mccartney-Francis et al., 2001). High expression levels of NO can cause hyperdilatation and increased exudation of blood, accompanied by the release of inflammatory cytokines (TNF-α, IL-6). TNF-α induces the synthesis of iNOS and further increases the level of NO (Cohen et al., 2017). Therefore, the level of NO can also be used as one of the important indicators for observing the inflammatory response. The NO colorimetric method to detect the effect of different concentrations of P. aculeata Mill extracts on the LPS-induced NO expression in RAW264.7 macrophages. The results show that the extracts from P. aculeata Mill significantly reduce NO. PEEP has the most significant effect which is dose-dependent. It is suggested that PEEP more effectively reduce the production of NO, and play a better therapeutic effect on intracellular inflammation and oxidative stress. Next, the Q-PCR experiment was conducted to investigate the effects of each extraction site of P. aculeata Mill on the expression of inflammatory factors in RAW264.7 macrophages induced by LPS. The results showed that PEEP significantly inhibit TNF-α and IL-6. EEEP and BEEP have no significant effect on the levels of TNF-α and IL-6 in cells. Based on the experimental results, PEEP significantly reduce the levels of NO, TNF-α, and IL-6 in activated RAW264.7 macrophage expression level and inhibit cell inflammatory response.
p38/MAPK is an important member of the MAPK family. It triggers a chain reaction of intracellular protein kinases under the stimulation of inflammatory factors and external factors, thereby affecting biological effects such as cell transcription, protein synthesis and cell surface receptor expression (Munoz and Ammit, 2010). The p38/MAPK signaling pathway is one of the most important family members that control inflammation, and plays an important role in the physiological and pathological processes such as inflammation, cell stress, apoptosis, cell cycle and growth (Niranjan et al., 2012). Under LPS stimulation, macrophages and the p38/MAPK signaling pathway be activated, and cause the secretion of a large number of inflammatory factors (TNF-α, IL-6) (Zhu et al., 2016; Dong et al., 2018). The activation of p38/MAPK lead to the overexpression of p-MK2 which downstream substrate of the pathway, and activated MK2 phosphorylate zinc finger protein 36 (Tristetraprolin, TTP), thereby over-promoting and regulating cytokines such as TNF-α and IL-6 hyperplasia leads to the continuous expression of inflammatory factors and causes a series of inflammatory reactions. Therefore, the p38-MK2-TTP axis mediate pro-inflammatory signals, which also explains why the knockout mouse MK2 gene cannot be successfully prepared into experimental arthritis (Hegen et al., 2006). We explored the effects of different concentrations of PEEP on the expression of p-p38, p-MK2 and TTP in RAW264.7 macrophags stimulated by LPS in order to further explore the molecular mechanism of PEEP inhibiting inflammation. Western blot was used to detect the effect of PEEP on the p38/MAPK signaling pathway of RAW264.7 macrophages stimulated by LPS. The results showed that the expression of p38 in activated RAW264.7 macrophages was not significantly different The levels of p-p38 and p-MK2 in the cells induced by LPS increased significantly when compared with the blank group. The expressions of p-p38 and p-MK2 in PEEP (30 and 60 μg/ml) were lower than those in the model group. The expression of TTP in each PEEP administration group increased when compared with the model group. The results suggest that PEEP exerts anti-inflammatory effects by regulating the p38/MAPK signaling pathway. PEEP can reduce the expression of NO, TNF-α, and IL-6 in RAW264.7 macrophages induced by LPS. The mechanism may be through regulating the p38/MAPK signaling pathway, thereby inhibiting LPS-induced inflammatory response in RAW264.7 macrophages.
CFA-induced arthritis model is the basic method of the immune arthritis rat model. It is an inflammatory response mediated by immune complexes and its pathogenesis is mainly based on molecular simulation theory. Intradermal injection of CFA delays the body’s absorption and causes continuous stimulation of the body to produce a secondary autoimmune response (Shakeel et al., 2021). The primary lesion of adjuvant arthritis model rats is an acute stress response, it will appear red and swollen joints and foot soles after sensitization. The secondary lesions appeared about 10 days ago, which was an autoimmune reaction, generally manifested as the swelling of joints and plantar joints on the inflamed side and non-inflamed side after modeling. The rat adjuvant arthritis model established by CFA is a simple method, with high success rate and stable model after establishment. Its pathological process and laboratory indicators are similar to those of RA and it is an ideal model for screening and researching drugs for the treatment of RA (Wang et al., 2019). Therefore, we established an CFA-induced arthritis rat model in order to further verify the anti-RA effective part of P. aculeata Mill. The results of this experiment show that, rats in the model group were injected with CFA intracutaneously on the right hind foot plantar. The inflamed right paw of the rat began to swell within 5–9 h, and the swelling degree of the rat’s foot gradually became swollen. It swelled again 14 days after modeling, secondary lesions generally appear at about 11 days after inflammation, and the swelling of the contralateral foot gradually increases to a peak. P. aculeata Mill petroleum ether had a significant inhibitory effect on the swelling of the left and right paws of arthritis after 10 days of administration when compared with the model group.
RA mainly manifests as persistent joint and synovial inflammation, accompanied by bone and bone erosion, joint adhesion, pannus formation, and inflammatory cell infiltration (Turesson et al., 2003; Lee et al., 2012). HE staining and X-ray observation of rat foot and ankle joints showed that the synovial tissue of the model group was proliferated, inflammatory cells infiltrated, and pannus formed. X-rays showed that the soft tissues of the model group were swollen, the joint space was narrow, and the articular surface was blurred. PEEP significantly improve synovial hyperplasia, inflammatory cell infiltration and pannus formation in rat foot and ankle joint disease, reduce the swelling of soft tissue around the foot joint, and improve the bone surface erosion in rats and the degree of joint space stenosis after administration when compared with the model group.
The spleen is the body’s immune organ and plays a very important role in the body’s immune function (Xu et al., 2021). The results of this experiment showed that the spleen index of the model group increased. PEEP reduce the spleen index of CFA rats when compared with the model group. It shows that CFA rats have immune disorders and damaged immune organs. A certain dose of PEEP has a protective effect on the immune function of CFA rats.
In the process of inflammation in CFA rats, the release of inflammatory cytokines (TNF-α, IL-6, IL-8, etc.) played an important role in the occurrence and development of inflammation, the disintegration of articular cartilage matrix and bone destruction (Scott et al., 2010; Wang et al., 2017; Uttra et al., 2018). TNF-α is one of the earliest and most important inflammatory mediators in the process of inflammation. It can activate neutrophils and lymphocytes, increase the permeability of vascular endothelial cells, regulate the metabolic activity of other tissues and promote the synthesis and release of other cytokines (Moelants et al., 2013). PGE2 is an important inflammatory mediator as a second messenger. The inflammatory response is closely related to the part PGE2 expression level. Studies have shown that high concentrations of PGE2 will dilate capillaries, increase vascular permeability, tissue congestion and edema, aggravate inflammation, and even produce collagenase, erode cartilage, and destroy bone (Akaogi et al., 2006; Chen et al., 2012). Further studies have found that PGE2 induce the production of IL-6, and these cytokines usually interact with each other to form a network and jointly participate in the pathogenesis of RA (Matsuno et al., 2002; Axmann et al., 2009; Takeuchi et al., 2020). Therefore, it can help determine the improvement or deterioration of the inflammatory state in rats when studying the levels of TNF-α, IL-6, and PGE2. The results showed that the expression levels of inflammatory factors TNF-α, IL-6, and PGE2 in the serum of the model group increased significantly. PEEP reduce the levels of inflammatory factors TNF-α, IL-6, and PGE2 in the serum of rats when compared with the model group.
We explored the regulation of PEEP on the p38/MAPK signaling pathway by detecting the protein expressions of p38, p-p38, p-MK2, and TTP in the ankle joints. It preliminarily proves that PEEP regulate the p38/MAPK pathway by inhibiting the expression levels of p-p38 and p-MK2 and reduce the phosphorylation of TTP, and ultimately slow down the inflammatory response and the progression of RA disease.
Each group of PEEP can reduce the index of the spleen of the immune organ, significantly improve the synovial hyperplasia, inflammatory cell infiltration and pannus formation in the foot and ankle joint disease of rats, reduce the swelling of the soft tissue around the foot and ankle joint, and improve the bone of the foot and ankle joint in rats surface erosion and joint space stenosis alleviate various inflammations in rats with adjuvant arthritis. The mechanism of action is that PEEP downregulates the levels of TNF-α, IL-6, and PGE2 in rat serum by regulating the p38/MAPK pathway, thereby alleviating the RA inflammation and damage.
The pharmacodynamic evaluation in vitro and in vivo strongly demonstrated that the P. aculeata Mill petroleum ether site is the active site for anti-rheumatoid arthritis. P. aculeata Mill petroleum ether site regulate the p38/MAPK pathway by inhibiting the expression levels of p-p38 and p-MK2 and reduce the phosphorylation of TTP, and further inhibit the secretion of NO, TNF-α, IL-6, and PGE2 inflammatory cytokines, eventually slow down the inflammatory response and the progression of RA disease (Figure 10).
[image: Figure 10]FIGURE 10 | Schematic diagram of the mechanism of action of PEEP in vivo.
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Fluoxetine, one of the latest clinical antidepressants, is reported to have the anti-proliferative effect on cancer cells via immune-related pathways. However, the mechanism is still not known. This study mainly focused on the discovery of the molecular basis of the inhibitory effect of fluoxetine in lung cancer. The specific anti-proliferation effect and autophagy induced by fluoxetine on lung cancer cell were shown in CCK8 and immunofluorescence. The RNA sequence hinted that the endoplasmic reticulum (ER) stress-related protein and mTOR pathway were enriched after fluoxetine treatment. Western blot results revealed that the ER stress pathway was activated by fluoxetine, including PERK, ATF4, and CHOP, while the AKT/mTOR pathway was inhibited. In addition, the transfection of ATF4 siRNA further discovered that ER stress participated in the inhibition of AKT/mTOR pathway and the induction of anti-proliferation and autophagy in the fluoxetine-treated cells. More importantly, fluoxetine was demonstrated to play cytotoxic activity in cancer cells without affecting normal cells. Our results showed that fluoxetine triggered the ATF4-AKT-mTOR signaling pathway to induce cell cycle arrest and autophagy restraining cancer cells’ growth in lung cancer. This study found fluoxetine unaffected the proliferation of normal lung epithelial cells, providing safe clinical therapeutic strategies for lung cancer patients with depression.
Keywords: fluoxetine, non-small cell lung cancer, ATF4-AKT-mTOR signaling pathway, endoplasmic reticulum stress, autophagy
INTRODUCTION
Lung cancer is a highly prevalent cancer worldwide with severe lethality, accounting for 30% of cancer-related death in China (Chen et al., 2016). Cancer patients suffer a high probability of getting depression, whose incidence is approximately 15% (Mitchell et al., 2011). To make the situation worse, the prevalence of depression in lung cancer, ranging from 16 to 29% (Hopwood and Stephens, 2000; Walker et al., 2006), is larger than the average of other cancers. The status of cancer will influence the process of depression and be influenced by the depression in turn. Specifically, long-lasting suffering and unhelpful effectiveness of anticancer treatment will boost depression and eventually speed up patients’ death (Akechi et al., 2008). Meanwhile, the influence of depression is multifaceted. Depression in cancer will accelerate the dysfunctional activation of the hypothalamic-pituitary axis; oxidative stress and inflammation; and a weakened immunosurveillance (Bortolato et al., 2017). Thus, therapeutical approaches that can simultaneously treat cancer and depression are valuable in clinic.
Antidepressants are widely used to cure depression. In the recent years, the tricycle antidepressants (TCA) were replaced by the newer generation antidepressants, because of the serious side effects. Fluoxetine, a selective serotonin reuptake inhibitor (SSRI), is one of the latest clinical antidepressants (Ginsburg, 2008). Reports demonstrated that fluoxetine also had an inhibitory effect on cancer progression in ovarian cancer (Lee et al., 2010), colon cancer, and breast cancer (Stepulak et al., 2008). However, in lung cancer the role that fluoxetine plays in cell death is still ambiguous.
The endoplasmic reticulum (ER) is an organelle that involves protein folding, calcium storage, and biosynthesis (Janssens et al., 2014). ER has a robust homeostasis system, but various factors can still destroy the balance, such as radiotherapy and chemotherapy. Under the stressed condition, the accumulation of misfolded or unfolded protein exceeds the ER protein folding capacity threshold, which will trigger ER stress (Bettigole and Glimcher, 2015). The ER stress can activate the HSP70-type BiP/GRP78, which dissociates from luminal domains to activate three related sensors (Bertolotti et al., 2000). PKR-like ER kinase (PERK), inositol-requiring enzyme 1α (IRE1α), and activating transcription factor 6α (ATF6α) are the main intraluminal ER proteins, and the activation of these proteins can trigger Unfolded Protein Responses (UPR) to maintain the homeostasis of ER (Bettigole and Glimcher, 2015). The role of ER stress is dual, either triggering cell death or cell survival, depending on the stress conditions and cell types (Jang et al., 2015; Shen et al., 2015). When the activation of UPR fails to cope with unfolded proteins to remain ER stability, it will trigger cell apoptosis, and in different malignancies, it can also cause autophagy to re-use the organelles (Lin et al., 2019). Accumulating evidences suggested that both ER stress and UPR are related to pathological processes, like cancer and depression (Lebovitz et al., 2015).
Here, we explore the anti-tumor potential of fluoxetine in lung cancer cells in vitro. We find that fluoxetine exerts an inhibitory role on cancer cells growth by inducing cell cycle arrest and autophagy without influencing normal cells. In addition, the ER stress-related pathway is involved in the anticancer treatment of fluoxetine. These results provide a new strategy of fluoxetine in the treatment of lung cancer patients with depression.
METHODS AND MATERIALS
Cell Culture and Reagents
Paroxetine, fluoxetine, 3-MA, CQ were purchased by Sigma-Aldrich (Shanghai, China). The human lung cancer cell lines (H460 and A549) and normal lung epithelial cell (BEAS-2B) were supplied by Cell Bank (Shanghai, China). The human hepatoma cell line (Huh7) and normal liver cell line (L02) were gifted by Prof. Duo-Jiao Wu (Zhongshan Hospital, Shanghai, China). Primary antibody including p21 (2947), p27 (3686), CDK2 (18048), p62 (5114), LC3 (12741), PERK (5683), BIP (3177), ATF4 (11815), CHOP (2895), p-AKT (4060), AKT (9272), p-mTOR (2974), mTOR (2972), p-p70S6K (9234), p70S6K (97596), β-actin (3700), and GAPDH (5174) were bought from Cell Signaling Technology (Danvers, MA, United States). The cells were cultured in complete RPMI-1640 medium (Sigma, Louis, Missouri, United States) with 10% fetal bovine serum (FBS) (Biological Industries, Israel) at 37°C under 5% CO2.
Cell Counting Kit-8 Assay
The cells were seeded in the 96-well plates (5000 cells/well). After 24 h of incubation, the cells were treated with fluoxetine for 24 h. Then, add 10ul/well CCK8 solution (Do jindo, Laboratories, Kumamoto, Japan) after changing the medium to FBS-free RPMI-1640 in the dark room. The cells were incubated at 37°C for 1 h. The OD value was gathered at 450 nm.
Analysis of Cell Cycle
The cells were seeded in the 6-well plates (20 × 104 cells/well). After 24 h of incubation, the cells were treated with the corresponding concentration of a drug. After 24 h, the cells were trypsinized and washed with PBS, and then, the cells were suspended with 70% ethyl alcohol at −20°C. The next day, the cells were stained with PI/RNase Staining Buffer (BD Bioscience) for 15 min after discarding the ethyl alcohol. Flow cytometer (Beckman Coulter) and ModFit LT 5.0 software were used to collect and analyze the results, respectively.
Analysis of Cell Apoptosis
The cells were seeded in the 6-well plates (20 × 104 cells/well). After 24 h of incubation, the cells were treated with the corresponding concentration of a drug. After 24 h, the cells were digested with EDTA-free trypsin and washed with Binding Buffer, and then, the cells were incubated with PI-FITC antibody (BD Biosciences) following the manufacturer’s instructions for 15 min. Flow cytometer (Beckman Coulter) was used to collect and analyze the results.
Immunofluorescence
The cells were seeded in the 96-well plates (5000 cells/well). After 24 h of incubation, the cells were treated with the corresponding concentration of the drug for the next 24 h. After discarding the solution, the cells were fixed with 4% paraformaldehyde, then, the cells were permeabilized with 0.1% Triton X-100 and blocked with 5% BSA. The cells were incubated with LC3 antibody at 4°C overnight. On the next day, the cells were incubated with fluorophore-labeled secondary antibody for 1 h and washed with PBST, DAPI was used to stain the nucleus before observation. All of these steps were produced under dark condition.
RNA-Sequencing Experiment
The cells were seeded in the 6-well plates (20 × 104 cells/well). After 24 h of incubation, the cells were treated with the corresponding concentration of the drug for the next 24 h. After trypsining and washing, the total RNA was extracted from cells using TRIzol (Invitrogen). Library construction and sequencing were performed by HaploX Genomics Center (Jiangxi, China). The Cluster Analysis was processed with edge R (version 3.20.9) following manufacturer’s instructions. The libraries were sequenced on an Illumina PE150 platform and paired-end reads were generated. The Volcano Plot was achieved by DESeq2 (version 1.18.1). The analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway was performed by the cluster Profiler (version 4.0.1).
Small Interfering RNA Experiment
The siRNA sequences against ATF4 were synthesized by Gima Company: ATF4-siRNA, 5′-TCC​CTC​AGT​GCA​TAA​AGG​A-3′. NC-siRNA, 5′- UUCUCCGAACGUGUCACG A-3′. Transfecting cells with 5ul siRNA plasmid using 8 ul X-tremeGENE, based on the manufacturer’s instruction, and treating cells with the mentioned drugs after transfection.
Western Blot
The cells were extracted with a mixture of SDS and PMSF. The protein samples were measured with a BCA assay kit (ThermoFisher, United States). Then, SDS-PAGE gel was used to distinguish the protein, PVDF membrane to transfer protein, and 5% milk to block protein. After that, the membrane was trimmed according to the marker and incubated with corresponding primary antibodies at 4°C overnight. On the next day, the membrane was washed with TBST and incubated with a secondary antibody. ECL (Millipore, Billerica, MA) was applied to detect the band which was needed.
Statistical Analysis
Statistical differences between the compared groups were determined by one-way ANOVA analysis and Tukey’s test in GraphPad Prism 7.0. Transcriptome data together with clinical characteristics were downloaded from TCGA database and processed with R version 4.0.1. Independent t-tests were used to assess the difference of gene expression between tumor tissues and adjacent normal tissues. Kaplan–Meier curve and log-rank test were usually performed to analyze the survival probability between groups based on differences in gene expression. All values were expressed as mean ± SD. p values <0.05 indicate statistically significant.
RESULTS
The Comparison of Anti-Proliferative Effect Between Paroxetine and Fluoxetine in Multiple Cell Lines
To explore the beneficial therapeutic strategies for cancer patients with depression, we used antidepressants as a breakthrough to evaluate the therapeutic potential of different drugs. The anti-proliferative activities of paroxetine and fluoxetine in multiple cell types were assessed by CCK8. For NSCLC (non–small cell lung cancer) cell lines (H460 and A549), the results showed that both paroxetine and fluoxetine inhibited the cell viability in a concentration-dependent way (Figures 1A, B, F, G). Then, we compared the cytotoxicity of drugs in the human hepatoma cell line (Huh7). The data showed that paroxetine inhibited the growth of Huh7, while fluoxetine had a slightly inhibitory effect (Figures 1D, I). The results of normal lung epithelial cells (BEAS-2B) and normal liver cell line (L02) indicated that paroxetine had a greater effect on normal cells than fluoxetine (Figures 1C, E, H, J). Based on these data, we thought that the protective effect of fluoxetine on normal cells made it safer in clinical therapies, although the inhibitory effect of fluoxetine on tumor cells was not as significant as that of paroxetine, so we chose fluoxetine for further study.
[image: Figure 1]FIGURE 1 | Comparison of paroxetine and fluoxetine for anti-proliferation effect in multiple cell lines. (A–E) Lung cancer cells (H460 and A549), normal lung epithelial cells (BEAS-2B), human hepatoma cell line (Huh7), and normal liver cell line (L02) were treated with paroxetine (0, 5, 10, 20, 30, and 40 μM) for 24 h. CCK8 was used to measure cell viability. (F–J) H460, A549, BEAS-2B, Huh7, L02 cells were treated with fluoxetine (0, 5, 10, 20, 30, and 40 μM) for 24 h, CCK8 was used to measure cell viability. Data are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
Fluoxetine Induced Apoptosis and Arrested Cell Cycle at G0/G1
To clarify the inhibitory mechanism of fluoxetine, we then focused on the cell apoptosis and cell cycle. Flow cytometry was used to evaluate the percentage of apoptosis and the distribution of the cell cycle. Firstly, we found that fluoxetine could induce apoptosis (Figure 2A). The results of flow cytometry showed that an increase in the percentage of apoptotic cells after fluoxetine treatment (Figure 2B). Then, we observed that the percentage of the G0/G1 phase was increased with the drug concentration, these results indicated that fluoxetine could arrest the cell cycle in G0/G1 phase, and this ability was in a concentration-dependent manner (Figure 2C). Meanwhile, we used western blot to evaluate the expression of cyclin-dependent kinases (CDKs) and p21, p27, the proteins related to the G1 phase. CDKs are the main regulator of the cell cycle, and CDK2 is an essential kinase for the G1/S transition (Du et al., 2016). p21 and p27 are well-known inhibitors of CDK2 (Levkau et al., 1998), which can cause cell cycle arrest at the G0/G1 phase. Our research found that fluoxetine could increase the expression of p21 and p27 and decrease CDK2 in a dose-dependent manner both in the H460 cells and A549 cells (Figure 2D). These results were consistent with the flow cytometry analysis. Therefore, we speculated that fluoxetine might arrest the cell cycle. Altogether, the fluoxetine induced inhibitory influence on cell proliferation was demonstrated from these results.
[image: Figure 2]FIGURE 2 | Fluoxetine arrested cell cycle at G0/G1. (A) Cells were treated with fluoxetine (0–40 μM) for 24 h, performed PI/FITC staining, and analyzed with flow cytometry. (B) Percentage of apoptosis cells was analyzed. (C) Distribution of the cell cycle was analyzed by ModFit LT 5.0 software and the result of the Western blot of CDK2, p27, and p21. The images were collected from different parts of the same gel. (D) Quantitative analysis of optical band densitometry. Data are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
Fluoxetine Induced Autophagy
Then, we shone a light on autophagy to discover the underlying mechanism of fluoxetine in regressing cell proliferation. Immunofluorescence was used to observe the autophagosome. We found that the intensity of the fluorescence increased with the drug concentration. The same phenomena could be detected in A549 cells as well (Figure 3A). Then, the western blot was used to measure the expression of autophagy-related proteins. p62 and LC3 are the two markers of autophagy; therefore, these proteins can represent autophagy to some extent. We found that as the drug concentration increased, the expression of p62 and LC3B continued to increase, while the level of LC3A decreased (Figure 3B). Another obvious phenomenon that could be observed was that the induction of autophagy flux gradually became more significant over time. Compared with control group, the level of LC3B changed from 3 h and gradually became obvious, reaching the maximum at 24 h (Figures 3C, D). Therefore, we thought autophagy could be induced by fluoxetine in a dose-dependent and time-dependent fashion.
[image: Figure 3]FIGURE 3 | Fluoxetine induced autophagy in a dose and time-dependent way (A) Cells were treated with fluoxetine (0–40 μM) for 24 h. Immunofluorescence of LC3 (green) and nuclear (blue) were used to observe autophagy. Scale bars were 50 μm. (B) The Western blot result of p62 and LC3. Cells were treated with fluoxetine (0–40 μM) for 24 h. The images were collected from different parts of the same gel. (C) Western blot result of LC3 in control and fluoxetine groups. Cells were treated with fluoxetine (20 μM) for 3, 6, 12, and 24 h. The images were collected from different parts of the same gel. (D) Quantitative analysis of optical band densitometry. Data are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
3-methyladenine (3-MA) and chloroquine (CQ) are the well-known inhibitors of autophagy, which can prevent the formation of autophagy. Therefore, we used 3-MA and CQ to further investigate the function of fluoxetine to autophagy. The image of immunofluorescence showed that the treatment of CQ did produce the autophagic flux, and when combined with fluoxetine, the phenomenon was more obvious. In contrast, using 3-MA for 24 h led to decreased fluoxetine-induced LC3B formation (Figure 4A). Then, we applied western blot to further confirm this result. The data demonstrated that fluoxetine or CQ alone increased the expression of LC3B and p62, and the co-treatment of fluoxetine and CQ could produce higher expression. When using 3-MA, the expression of LC3B and p62 were low. Both effects occurred on H460 and A549 cells (Figure 4B). These results confirmed that fluoxetine had a role in the induction of autophagy.
[image: Figure 4]FIGURE 4 | Fluoxetine induced autophagy in a dose and time-dependent way (A) immunofluorescence of LC3 (green) and DAPI (blue) was used to observe the autophagy. Cells were treated with 20 μM fluoxetine (F), 1 mM 3-MA, 40 μM CQ, the combination of fluoxetine plus rapamycin, and fluoxetine plus chloroquine for 24 h. Scale bars 50 μm. (B) Result of the Western blot of LC3 and p62. The treatment of drugs was used as described previously. Quantitative analysis of optical band densitometry was conducted. Data are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
Fluoxetine had a Connection With ER Stress and the mTOR Signaling Pathway
In order to investigate the specific mechanism of fluoxetine, we chose H460 cells that were more sensitive to the drug. RNA sequencing (RNA-seq) was used to study the transcriptome of cells treated with fluoxetine and analyze the difference with control treatment. In this result, 166 differentially expressed genes (p < 0.05, fold change ≥2) were identified, of which 12 genes were downregulated, and 154 genes were upregulated (Supplementary Figure S1). We further analyzed the autophagy-related genes in the gene pool, and four genes proved to be significantly different. Interestingly, we found DDIT3, also known as C/EBP homologous protein (CHOP), was upregulated after fluoxetine treatment (Figure 5A). CHOP is a characteristic biomarker of ER stress (Senft and Ronai, 2015). A plethora of studies has been conducted to investigate the relationship between ER stress and autophagy (Song et al., 2018). Taking these into consideration, we wanted to explore the connection between autophagy and ER stress after fluoxetine treatment. Western blot was used to detect the ER stress-related markers. BIP expression was detected firstly, and it was found that fluoxetine induced an up-regulation of BIP levels. The activation of BIP can trigger the downstream sensors and the PERK pathway involved in autophagy is one of these sensors (Kouroku et al., 2007). The result of western blot showed that fluoxetine increased the content of PERK, activating transcription factor 4 (ATF4), and CHOP in a dose-dependent way (Figure 5C). All these results indicate that fluoxetine had a close relationship with ER stress.
[image: Figure 5]FIGURE 5 | Fluoxetine had a connection with ER stress and mTOR signaling pathway. (A) Autophagy-related genes were analyzed in a gene set. (B) Top 8 enriched KEGG pathways. (C)Western blot was used to analyze the expression ER stress related proteins, including BIP, PERK, ATF4, and CHOP. The images were collected from different parts of the same gel. (D) Western blot was used to analyze the expression of p-AKT, AKT, p-mTOR, mTOR, p-p70s6k, and p70s6k. The images were collected from different parts of the same gel. Data are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
The analysis of the KEGG showed that the genes were enriched in 8 pathways which included biosynthesis, metabolism, mechanistic target of rapamycin kinase (mTOR) signaling pathway, lysosome, and AMPK signaling pathway (Figure 5B). AKT serine/threonine kinase (AKT)/mTOR signaling pathway has been proved to play a critical role in regulating the process of autophagy (Heras-Sandoval et al., 2014). Hence, we detected the expression of AKT and mTOR. In our results, the fluoxetine could down-regulate the p-AKT/AKT, p-mTOR/mTOR, and p-p70s6k/p70s6k in a dose-dependent way (Figure 5D). Based on these results, we thought that the ER stress and AKT/mTOR signaling pathway might play a significant role in fluoxetine-treated cells.
AKT/mTOR Signaling Pathway was Regulated Through ATF4 in Fluoxetine Treatment
A recent study has demonstrated that ER stress can regulate the mTOR signaling pathway to exert anti-cancer effect (Yao et al., 2020). Thus, we further investigated the regulation of ER stress and AKT/mTOR signaling pathway induced by fluoxetine. The role of CHOP and ATF4 were identified first. The bioinformatic analysis showed that ATF4 had a higher expression in the tissues of patients with lung squamous cell carcinoma (LUSC) and lung adenocarcinoma (LUAD) (Figures 6A, D), and the higher expression of ATF4 was significantly related to longer overall survival (OS) and disease-specific survival (DSS) of NSCLC patients (Figures 6B, C, E, F). The role of CHOP in expression and prognosis is not obvious (data not shown). Therefore, we chose ATF4 for further experimental validation. To clarify whether the downregulation of AKT/mTOR signaling pathway was induced by ATF4, the cells were transfected with ATF4 siRNA and the western blot was used to examine the efficiency of siRNA (Supplementary Figure S2). We then investigated whether fluoxetine-mediated inhibition of AKT/mTOR occurred through increased ATF4. The cells were transfected with ATF4 siRNA, and levels of PERK and p-AKT/AKT and p-mTOR/mTOR were assessed after fluoxetine treatment. Compared with NC-siRNA, the expression of p-AKT/AKT and p-mTOR/mTOR recovered in ATF4-knockdown cells, and the expression was reduced after fluoxetine treatment. The expression of PERK was unchanged with transfected with ATF4 siRNA. (Figure 6G).
[image: Figure 6]FIGURE 6 | AKT/mTOR signaling pathway was regulated through ATF4 in fluoxetine treatment. (A,D) Expression of ATF4 in normal and tumor tissues was detected in the TCGA database. The blue spots on the left were the normal group, and the red spots on the right were the tumor group. [(B,C), (E,F)] Survival analysis comparing high to low expression of ATF4 in lung cancer. (G) Expression of PERK, p-AKT/AKT and p-mTOR/mTOR in lung cancer cells transfected with ATF4 siRNA for 48 h followed by exposure to fluoxetine (20 μM) for another 24 h was tested by Western blot. The images were collected from different parts of the same gel. Data are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
The Fluoxetine-Induced Anticancer Effect Through the ATF4-AKT-mTOR Signaling Pathway
To analyze whether the fluoxetine induced anticancer effect through the ATF4-AKT-mTOR signaling pathway, cell proliferation, apoptosis, cell cycle, and autophagy were measured after ATF4 siRNA treatment. The CCK8 assay showed that the cell viability recovered after ATF4 knockdown (Figure 7A). The analysis of cell cycle results found that the proportion of G0/G1 phase and the expression of G0/G1 related proteins were reduced after ATF4 knockdown (Figures 7B, C, E). Moreover, the results of immunofluorescence and protein level of LC3B further confirmed that the treatment with ATF4 siRNA decreased the induction of autophagy after fluoxetine treatment (Figures 7D, E). All these data indicated that the ATF4-AKT-mTOR signaling pathway exerted a significant role in the fluoxetine-induced anticancer effect. Surprisingly, the results of apoptosis showed that the percentage of apoptosis after ATF4 knockdown were not statistically significant. This phenomenon means that fluoxetine induced apoptosis might not be through ATF4-AKT-mTOR signaling pathway (Supplementary Figure S3).
[image: Figure 7]FIGURE 7 | Fluoxetine-induced anticancer effect through the ATF4-AKT-mTOR signaling pathway (A) the cell viability in lung cancer cells transfected with ATF4 siRNA for 48 h followed by exposure to fluoxetine (20 μM) for another 24 h was assessed by CCK8. Left and right indicate H460 cells and A549 cells, respectively. (B,C) The distribution of the cell cycle in lung cancer cells transfected with ATF4 siRNA for 48 h followed by exposure to fluoxetine (20 μM) for another 24 h was analyzed by flow cytometry. (D) The autophagy in lung cancer cells transfected with ATF4 siRNA for 48 h followed by exposure to fluoxetine (20 μM) for another 24 h was observed by immunofluorescence of LC3 (green). Scale bars were 50 μm. (E) The expression of CDK2, p27, p21, and LC3 in lung cancer cells transfected with ATF4 siRNA for 48 h followed by exposure to fluoxetine (20 μM) for another 24 h was tested by Western blot. Left and right indicate H460 cells and A549 cells, respectively. The images were collected from different parts of the same gel. Data are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
Fluoxetine Exerted Anti-Tumor Effects While Not Damaging Normal Cells
The previous result showed that fluoxetine had no inhibitory effect on normal lung epithelial cells. To confirm this result further, we used flow cytometry and immunofluorescence to analyze. The results demonstrated that fluoxetine was unacted on the cell cycle and autophagy (Figures 8A–C). Western blot also revealed that the protein levels of cell cycle and autophagy were slightly changed after fluoxetine treatment (Figures 8D, E).
[image: Figure 8]FIGURE 8 | Fluoxetine exerted anti-tumor effects while not damaging normal cells. (A–B) Distribution of the cell cycle in normal lung epithelial cells treated with fluoxetine (0–40 μM) was analyzed by flow cytometry. (C) Immunofluorescence of LC3 (green) and DAPI (blue) was used to observe the autophagy. Scale bars were 50 μm. (D–E) Expression of p27, p21, p62, and LC3 was tested by Western blot. The images were collected from different parts of the same gel. Data are presented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
Depression is frequently found in the cancer patients, with higher prevalence than general population (Bortolato et al., 2017). Antidepressants are the common drugs to cure depression and also have the anticancer effect (Hsu et al., 2020). However, different antidepressants may have different impact on tumors. In our research, we discovered that fluoxetine inhibited the cell proliferation and induced autophagy of lung cancer cells H460 and A549 cells. Compared with paroxetine, we found that fluoxetine specifically inhibited the proliferation of H460 and A549 cells without influencing liver cancer cell Huh7. Then, we found that fluoxetine upregulated the proportion of G0/G1 phase and affected cell cycle-related proteins, which were consistent with the previous findings (Chen et al., 2019; Marcinkute et al., 2019).
In general, the existing anticancer drugs not only target at cancer cells but also normal cells, which will cause serious side effects, including hair loss, neurotoxicity, and cardiotoxicity (Singh et al., 2016). Therefore, developing ideal anticancer drugs that specifically target cancer cells is of great significance. More interestingly and importantly, we first found that fluoxetine hardly affected BEAS-2B. In our results, fluoxetine has less toxicity in normal lung epithelial cell.
Autophagy is a conserved catabolic process that is induced by stresses and cellular signals. The process of autophagy contains the production of double-membraned vesicles, which engulf the cellular components, forming the complex called autophagosomes (Lebovitz et al., 2015). To get further insights into the mechanisms and targets of the fluoxetine anti-tumor activity in lung cancer cells, we found that fluoxetine induced autophagy. For the first time paying attention to the autophagy induced by fluoxetine in lung cancer cells, we further detect the expression of autophagy-related proteins. P62, also called sequestosome-1 (SQSTM1), is a crucial regulator in autophagy (Liu et al., 2016). p62 interacts with LC3 to form autophagosome, ultimately fusing with lysosome and degradation (Pankiv et al., 2007). Therefore, the level of p62 can reflect the activity of lysosomes. In our study, both p62 and LC3B increased with fluoxetine concentrations. We further explored the effect of fluoxetine on autophagy. The results of Immunofluorescence and western blot showed that CQ increased the level of LC3B and p62 after combined with fluoxetine, and 3-MA decreased the expression. Autophagy can be regulated by affecting the formation of autophagosome and subsequent degradation. Therefore, the accumulation of autophagy may represent the induction of autophagy or inhibition of degradation. LC3 turn over assay demonstrated that the change in the amount of LC3 between the absence and presence of lysosome inhibitor indicates the amount of LC3 degradation in the lysosome (Mizushima et al., 2010). In the present study, the significant accumulation of LC3B in the CQ and fluoxetine group meant that fluoxetine had a role in the induction of autophagy. The increased expression of p62 in the CQ combined with fluoxetine group reflected that the presence of autophagy-dependent degradation of p62 in the fluoxetine treatment. Thus, in our study, we speculated that fluoxetine could induce autophagy, but it also destroyed the function of lysosomes to a certain extent, which led to an abnormal increase of p62.
The result of RNA-seq hinted that the CHOP had a connection with autophagy. CHOP is a marker of UPR, and UPR is an adaptive response to ER stress. Previous studies showed that some drugs can continuously induce ER stress through the UPR pathway to exert anticancer effects, which makes UPR a potential target for anti-cancer therapy (Lin et al., 2019). There are points of similarity between UPR and autophagy in cancer treatment, with low levels of activation being protective and high levels of inducing cell death. A link between UPR and autophagy has been clarified. Under ER stress, the induction of autophagy relied on the PERK–eIF2α pathway (B’Chir et al., 2013). PERK is an essential sensor for translation regulation, which increases the expression of ATF4 and CHOP during the URP (Harding et al., 2000). Moreover, the PERK-ATF4 signaling pathway was found to be activated in some cancers and the PERK-induced autophagy decreased the damage of ROS accumulation (Atkins et al., 2013). The activation of ATF4 and CHOP further induces the autophagy-related protein such as Atg5, Atg12, and Atg16L. The formation of the Atg5 complex participates in the elongation process of autophagy (B’Chir et al., 2013). We analyzed the ER stress in fluoxetine-treated cells. The UPR-related proteins such as BIP, PERK, ATF4, and CHOP were detected, the levels of these proteins all increased with the increasing concentration, indicting the activation of PERK pathway. Coupled with the result of inhibitors on autophagy-related proteins, we speculate that fluoxetine affects the expansion of autophagy by activating ATF4-CHOP pathway, and the higher expression of LC3B with CQ treatment further confirm this hypothesis. Previous research found that fluoxetine reversed depressive-like behavior in mice through PI3K/Akt/mTOR/p-ERK1/2 signaling pathways (Amin et al., 2020). Coupled with the result of KEGG, we wonder whether AKT/mTOR signaling pathway participated in the fluoxetine treatment. The activation of signaling pathway is a cascade reaction. PI3K phosphorylates AKT, and the activated AKT further phosphorylates mTOR. The results of western blot showed that the levels of p-AKT/AKT, p-mTOR/mTOR were significantly decreased, indicating the involvement of the AKT/mTOR pathway. Remarkably, the AKT/mTOR pathway was also related to the activation of ER stress. We now have confirmed that fluoxetine induced ER stress which increased ATF4, this upregulation further inhibited AKT/mTOR signaling pathway.
To our knowledge, there is no report on the study of the relationship between fluoxetine with ER stress and anticancer effect in lung cancer cells. So, it is of great importance to discover the involvement of the ATF4-AKT-mTOR signaling pathway in the anti-tumor activity of fluoxetine in lung cancer cells. By regulating p21 and p27, the AKT/mTOR influenced the cell cycle to change cell proliferation. In addition, mTOR has been recognized as a critical regulator of autophagy (Shi et al., 2019), and the AKT/mTOR pathway has also been widely reported to be related to autophagy in neurodegeneration (Heras-Sandoval et al., 2014) and cancer treatment (Xu et al., 2020). In line with these results, we further confirmed that the fluoxetine could activate the ATF4-AKT-mTOR pathway to induce cell cycle arrest and autophagy to restraint cancer cells’ growth without affecting normal cells (Figure 9).
[image: Figure 9]FIGURE 9 | Fluoxetine induced cell cycle arrest and autophagy by triggering ATF4-AKT-mTOR signaling pathway in lung cancer cells. Briefly, fluoxetine activated the ER stress related proteins and the increased ATF4 inactivated the AKT/mTOR signaling pathway, thus leading to the cell cycle arrest at G0/G1 phase and autophagy.
Although it has been confirmed that fluoxetine has a potential anticancer effect, its molecular targets in certain cancers are quite unclear. Compared with previous reports, our results elaborate the molecular mechanism of fluoxetine in lung cancer. However, this study only proved the limited phenotypes induced by the ATF4-AKT-mTOR pathway after fluoxetine treatment, and further researches need to explore the broader functions of fluoxetine and investigate the influence of fluoxetine on multiple cell types, such as immunocytes. And based on the different effect of fluoxetine between normal cells and cancer cells, our future work will focus on the early tumor prevention with the use of fluoxetine and explore whether timely use of fluoxetine can alleviate the development of tumors in patients with depression.
CONCLUSION
In conclusion, we discovered that fluoxetine exerted an anti-proliferation role in non–small lung cancer cells and induced cell cycle arrest, ER stress and autophagy by triggering ATF4-AKT-mTOR signaling pathway. More importantly, the cell-killing effect of fluoxetine had no influence on normal cells, which made it safer in the clinical therapy of lung cancer patients with depression.
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ALI is a severe inflammatory disease of the lungs. In previous studies, we found that GQD was effective against ALI, but specific molecular mechanism is still unclear. Therefore, this study was to examine effect of GQD on LPS-induced ALI rats and underlying mechanisms using multi-omics and molecular methods. The results showed that GQD significantly improved lung tissue damage, reduced pulmonary edema, inhibited MPO activity, and improved respiratory function in ALI rat. Additionally, GQD significantly reduced the levels of TNF-α, IL-1β, and IL-6 in serum and BALF. Furthermore, metabolomic analysis showed that GQD reduced pulmonary inflammation by improving metabolic remodeling. Moreover, transcriptomic analysis showed that GQD inhibited the activation of complement pathway and regulated Th17 and Treg cells balance. Additionally, GQD inhibited the expression of C3, C5a, and IL-17, and promoted the expression of TGF-β and CYP1A1 at the mRNA and protein levels. Gut microbial assay showed that GQD treatment increased the relative abundance of Firmicutes and their genera in intestinal microbiota, and increased short-chain fatty acids concentration. Overall, GQD treated ALI by improving metabolic remodeling, affecting immune-related pathways and regulating intestinal microbiota. This study provides a solid scientific basis for promoting the clinical use of GQD in treating ALI.
Keywords: gegen qinlian decoction, acute lung injury, immunity, intestinal microbiota, multi-omics
1 INTRODUCTION
Acute lung injury (ALI) is a critical respiratory disease characterized by pulmonary inflammation and structural destruction of lung tissue (Wang, 2019). Studies have shown that immune cell dysfunction and imbalance of immune inflammatory factors play significant roles in the occurrence and development of ALI (Kim et al., 2017). The complement system is an important component of the non-specific immune system, and its abnormal activation can cause serious pathological damage to body tissues (Ming et al., 2016). As a key molecule of complement immunity, C5a is an important mediator and chemotactic factor of inflammatory response, which can cause chemotaxis, aggregation, and activation of immune cells in the lung, initiating and amplifying inflammatory response, thus damaging lung tissue (Wang et al., 2015). Additionally, a balance between Th17 and Treg cells is crucial for maintenance of immune homeostasis and an imbalance is associated with a variety of inflammatory respiratory diseases (Sun et al., 2019; Li et al., 2020; Sadeghi et al., 2020). Th17 cells secrete inflammatory factors, such as IL-17 and IL-23, which mediate inflammatory response (Gai-Jun et al., 2021a). In contrast, Treg cells mainly inhibit the proliferation and differentiation of T cells by secreting cytokines such as TGF-β, thus participating in the regulation of immune responses (Dan and Rudensky, 2010). Although these two immune pathways are involved in the progression on ALI, they also represent research targets for the development of anti-ALI drugs.
Intestinal microbial composition has been linked to immune response and inflammation, and play an essential role in the pathological immune response of intestines and lungs (Yun et al., 2020). Additionally, gut microflora indirectly regulates systemic immunity by regulating T cell population and short-chain fatty acids concentration (Blander et al., 2017). For example, the genus of Firmicutes participate in the fermentation of dietary components and the production of short-chain fatty acids (SCFAs), which can help maintain the intestinal mucosal barrier (Markowiak-Kopeć and Śliżewska, 2020). Some studies have confirmed that the lungs and intestines influence each other under physiological and pathological conditions, resulting in the concept of the gut-lung axis (He et al., 2017; Dang and Marsland, 2019). An imbalance in intestinal flora can cause changes in the immune system through the interaction of the gut-lung axis, eventually leading to acute and chronic lung diseases (Yimin et al., 2017). Based on the gut-lung axis theory, recent studies on drug development have focused on treating lung diseases by improving intestinal microflora.
Traditional Chinese medicines (TCM) have been used in the treatment of diseases for a long history; however, the mechanisms of action are poorly understood. With the rapid development of high-throughput sequencing technology, transcriptomics, metabolomics, and 16s rDNA sequencing, research outcomes on complex disease systems has improved considerably (Moni and Liò, 2015). Multi-omics technology can be used to understand the internal relationship between tissue structure, function, biological macromolecules, and endogenous small molecules (Qiong et al., 2020). Multi-omics technology can be used to examine the complexity of molecules at several levels, which can be used to understand the relationship between human health and diseases, and to elucidate the molecular mechanism of TCM disease treatment of diseases (Gai-Jun et al., 2021b). Therefore, multi-omics technology provides a new means to explore the treatment mechanism of traditional Chinese medicine compound prescription.
Gegen Qinlian decoction (GQD) is a prescription of traditional Chinese medicine, that is often used in treating intestinal and pulmonary inflammatory diseases (Dayong, 2018; Shiheng, 2020). It is composed of Puerariae lobatae radix, Scutellariae radix, Coptidis rhizoma, and Glycyrrhizae radix et rhizome. Recent studies have found that GQD was effective against ALI (Jinfu et al., 2015). In the early stage, we also used the method of network pharmacology to predict that GQD could improve ALI mainly through cell survival pathway and immune regulation pathway, and we established a model of ALI mice induced by intraperitoneal injection of LPS. By using the method of transcriptome, we found that GQD mainly inhibited cell apoptosis through the PI3K/Akt survival pathway, thus alleviating the disease of lung injury in ALI mice (Ding et al., 2020). In this study, another method was used to induce ALI in rats by intratracheal injection of LPS. We used metabolomics, transcriptomics and 16s rDNA technology to explore different modeling methods, whether GQD could improve ALI through the same mechanism, so as to provide a solid scientific research basis for clinical use of GQD.
2 MATERIALS AND METHODS
2.1 Reagents
Lipopolysaccharide (LPS, Escherichia coli 055: B5) was purchased from Sigma-Aldrich (St. Louis, MO, United States). TNF-α, IL-1β and IL-6 ELISA kits were purchased from Jiancheng Biological Engineering Research Institute (Nanjing, China). Specific primers (Supplementary Table S1) for TNF-α, IL-1β and IL-6 determination in rats were purchased from Invitrogen Inc. (Carlsbad, CA. United States). TRIzol reagent was purchased from Life Technologies Company. HiPure Stool DNA Kits were purchased from Guangzhou Meiji Biotechnology Co., Ltd., China. Specific primers for C3, C5aR1, IL-17A, TGF-β, and CYP1A1 determination in rats were purchased from Invitrogen Inc. (the primers are shown in Supplementary Table S2). C3 rabbit antibody, C5a rabbit antibody, and CYP1A1 rabbit antibody were purchased from Chengdu Zhengneng Biology Co., Ltd. TGF-β rabbit anti, IL-17 rabbit anti, HRP-labeled goat anti-rabbit secondary antibody, and histochemical kit DAB chromogenic agent were purchased from Wuhan Seville Biological Co., Ltd.
2.2 Drug Preparation
GQD was composed of Puerariae lobatae radix, Scutellariae radix, Coptidis rhizoma, and Glycyrrhizae radix et rhizoma. The four medicinal materials for GQD were purchased from Kangmei Pharmaceutical Co., Ltd. (Guangzhou, China), and identified by Professor Li Shuyuan from the Department of Traditional Chinese Medicine Resources, Guangdong Pharmaceutical University. The extract of GQD was prepared according to previous research conditions (Ding et al., 2020), using 250 g of Puerariae lobatae radix, 150 g of Scutellariae radix, 150 g of Coptidis rhizoma, and 100 g of Glycyrrhizae radix et rhizoma. Briefly, Puerariae lobatae radix was soaked in 2 L of cold water for 0.5 h, decocted alone for 0.5 h. The other herbs, including Scutellariae radix, Coptidis rhizoma, and Glycyrrhizae radix et rhizome were added and decocted together with Puerariae lobatae radix for 1 h, filtered with gauze, and cooled. The first decoction was thus obtained. The filter residue was boiled a second time with 1.5 L of water for 1 h and filtered to obtain the second decoction. Finally, the first and second decoctions were mixed and concentrated to a final extract. Distilled water was used to dissolve the liquid at a concentration of 25 mg/ml.
2.3 Establishment of LPS-Induced Acute Lung Injury Rat Model
One hundred and forty-four specific-pathogen free (SPF) male SD rats weighing 280 ± 20 g were purchased from the Experimental Animal Center of Guangzhou University of Chinese Medicine, Guangdong [animal license No. SCXK (Guangdong) 2018-0034]. All animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of Guangdong Pharmaceutical University (no. 20170142) and approved by the Animal Ethics Committee of Guangdong Pharmaceutical University. The animals were housed under standard conditions of alternating 12-h light and dark cycle at an ambient temperature of 22 ± 2°C, and relative humidity of 50 ± 5%. The animals had libitum access to food and water.
2.3.1 Mechanism Exploration
To examine the mechanism of GQD against ALI, the rats were randomly assigned to six treatment groups according to their body mass (16 rats per group): control group (C), LPS model group (M, 7 mg/kg), GQD low (GL, 0.6 g/kg), medium (GM, 1.2 g/kg), high (GH, 2.4 g/kg) dose groups, and dexamethasone positive drug control group (DEX, 7 mg/kg). The rats were allowed to acclimate to the experimental environment, water, and feed for 1 week, and then administered GQD by intragastric injection according to the experimental doses. Rats in the control group and model group were administered the same volume of normal saline. After 3 days of intragastric administration, rats in the model and treatment groups received intratracheal injection of LPS (Liang et al., 2020), while those in the control group received the same dose of normal saline. The room temperature was maintained at approximate 25°C. After 48 h of modeling, the drug was administered every 24 h. Two hours after the last administration, blood samples were collected from the abdominal aorta of anesthetized rats. Blood serum was separated by centrifugation at 3000 rpm for 15 min and stored at −80°C for further analysis. Bronchoalveolar lavage fluid (BALF) and fecal samples were collected and lung tissues were harvested for further analysis.
2.3.2 Mechanism Verification
The rats were randomly assigned into four treatment groups according to body weight, with 12 rats in each group: control group (C), LPS model group (M, 7 mg/kg), GQD treatment group (LPS + GH, 2.4 g/kg) and GQD single administration group (GH, 7 mg/kg). Modeling and sampling were performed according to the above-mentioned method.
2.4 Histopathological Observation of Lung
To evaluate histological changes in lung tissues, the tissues were washed three times with PBS, fixed in 4% paraformaldehyde, embedded in paraffin, cut into 4 μm, and stained with hematoxylin and eosin. Pathological changes in the lung tissues were observed under an Inverted biological microscope (DSZ2000X, Chongqing Aopu Optoelectronic Technology Co., Ltd.).
2.5 Determination of Lung Wet/Dry Weight Ratio
The wet/dry weight ratio was calculated to assess pulmonary edema. Briefly, the caudate lobe of the right lung weighed. Lung tissue was dried in an oven at 80°C for 48 h and then weighed to determine the baseline dry weight of lung.
2.6 Determination of Total Protein Concentration in BALF
BALF was collected by intratracheal administration of 1 ml PBS into the lung and pumped back and forth gently three times. BALF was centrifuged at 1500 rpm for 10 min at 4°C to pellet the cells. The total cells were resuspended in 100-μL PBS, and the protein concentration in the supernatant was determined according to the instructions of BCA protein determination kit.
2.7 Determination of Myeloperoxidase Activity in Lung Tissue
MPO activity in the lung tissues were determined using MPO detection kit according to the manufacturer’s instructions. Changes in optical density value were measured at 460 nm to calculate MPO activity, which was used to evaluate lung cell infiltration.
2.8 Respiratory Function Measurement
The external respiratory channel was established according to the animal experimental operation, and the airway was connected to the animal ventilator. The data were analyzed using a data analysis system with a 16-channel PowerLab data acquisition and analysis system, and the respiratory rate and respiratory cycle were observed.
2.9 Determination of TNF-α, IL-1β, and IL-6 Activity in the Serum and BALF
The serum and BALF supernatant frozen at-80°C were taken and the levels of TNF-α, IL-1β and IL-6 were quantified using the respective ELISA kit, according to the manufacturer’s instructions.
2.10 Determination of the Expression of Related Genes in Lung Tissue
The related genes in rat lung tissue were detected by real-time fluorescence quantitative PCR (RT-qPCR). The total RNA was isolated and purified with TRIzol reagent manual. The genomic DNA reaction was removed by Takara company kit, and the fluorescence quantitative PCR was detected according to PrimeScript RT kit and SYBR ®PremixExTaq II kit.
2.11 Immunohistochemical Analysis
The presence of C3, C5a, IL-17, TGF-β, and CYP1A1 were detected by immunohistochemical staining. Hydrated paraffin sections of lung tissue were incubated in a sealing solution (10% normal rabbit serum +5% skimmed milk powder +3% BSA +0.1% TritonX-100) for 10 min, and then the first antibody was added and incubated overnight at 4°C. After rinsing with PBS (pH 7.4), horseradish peroxidase (HRP)-goat anti-rabbit IgG antibody (1:200) was added and incubated at room temperature for 50 min. The sections were then incubated with diamino-benzidine on a chromogenic substrate, counterstained with hematoxylin, and visualized using inverted biological microscope (DSZ2000X, Chongqing Aopu Optoelectronic Technology Co., Ltd.). The extent of cell immunopositivity was assessed visually.
2.12 Metabolomics Analysis
2.12.1 Preparation and Metabonomic Analysis of Lung Tissue Samples
Lung tissues from the control (C), LPS model (M, 7 mg/kg), GQD high-dose (GH, 2.4 g/kg) groups were used for metabolomics. Lung tissue samples (200 mg) were added to 1.5 ml ice-cold 50%/50% acetonitrile-water extraction system, homogenized using an electric homogenizer, and centrifuged at 12000 rpm for 20 min at 4°C. The upper layer was freeze-dried and then redissolved in sodium phosphate buffer (0.2 M Na2HPO4/NaH2PO4, containing 0.05% TSP, pH = 7.0) prepared with 600 μL of heavy water. The samples were incubated at room temperature for 20 min and then vortexed. The samples were centrifuged at 12,000 rpm for 10 min at 4°C to remove the precipitate. The supernatant (550 μl) was transferred into a 5-mm nuclear magnetic tube for inspection. All 1H-NMR spectra were recorded on a superconducting Fourier transform nuclear magnetic resonance (Bruker AVANCE III 500 MHz) at 25°C. The cumulative number of scans was 128, the number of sampling points was 64000, the spectral width was 20 kHz, and the sampling time was 2.54 s. Finally, the collected FID signals were multiplied by the corresponding exponential weight function (0.3 Hz linewidth), and then Fourier transformation was performed to obtain a one-dimensional 1H-NMR spectrum.
The peaks were calibrated by manual phase (apks) correction and baseline (abs) adjustment using Topspin3.0. The peaks of TSP (1H, δ 0.00) were used as chemical shift zeros, and the methyl peaks of lactic acid (CH3, δ 1.33) were calibrated. The data were saved for the follow-up analysis.
2.12.2. Correlation Analysis of Metabolites in Lung Tissue
The quantitative metabolic data of each spectrum were normalized using the same proportional parameters in the multivariate analysis and then read into R software. The relationship between metabolites was determined by Pearson’s correlation analysis.
2.13 Transcriptome Sequencing and Analysis
2.13.1 Isolation and Sequencing of RNA
Total RNA was isolated from lung tissues and purified according to the instructions of TRIzol reagent, according to the manufacturer’s instructions. RNA quantity and purity was assessed using nano-photometer. RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, United States). A total of 1 μg RNA per sample was used as the input material for RNA sample preparation. Sequencing libraries were generated using NEBNext ®UltraTM RNA library Prep kit for Illumina ® (Nebraska, United States), according to the manufacturer’s instruction, and index codes were added to attribute sequences to each sample.
2.13.2 Data Analysis of Gene Expression
Differential expression analysis was performed using DESeq2R software (1.16.1). DESeq2 provides statistical procedures for determining the differential expression in digital gene expression data using a model based on negative binomial distribution. The resulting p-values were adjusted using Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes with an adjusted p-value < 0.05 were assigned as differentially expressed. enrichment analysis of differentially expressed genes was performed using clusterProfiler (3.4.4) software, and pathways with corrected p < 0.05 were considered significantly enriched by the differentially expressed genes.
2.14 16s rDNA Gene Sequencing of Intestinal Flora
At the end of the treatments, fresh fecal samples were collected from the rats and stored at −80°C for 16S rDNA amplicon sequencing. Total DNA was extracted from fecal samples using fecal DNA extraction kit, according to the manufacturer’s instructions. The extracted DNA was stored at −20°C for further analysis Diluted genomic DNA was used as the template. Specific primers combined with adapter sequences and barcode sequences was used to amplify the specific region of the bacterial 16S rDNA gene, followed by two rounds of PCR. PCR products from the first step were purified using AMPure XP Beads and quantified using Qubit 3.0. PCR products from the second step were purified using AMPure XP Beads and quantified using ABI StepOnePlus Real-Time PCR System (Life Technologies, United States). The products were pooled together and sequenced on Illumina PE250 platform using Novaseq 6000 (San Diego, CA, United States).
2.15 Relationship Between 16s rDNA Sequence Data and Transcriptome Data
The relationship between RNA sequence data and transcriptome data was determined using Pearson’s correlation analysis. Pearson’s correlation can be used to measure the association between two variables, and the coefficient range from −1, to +1. The relationship between microorganism abundance and gene expression was examined by Pearson’s correlation using the COR. TEST function of R software, and p-values were calculated based on the Fisher-Z transform. Network analysis was performed using the R language igraph package (version 1.1.2), and the network diagram was further processed using Cytoscape software.
2.16 Determination of Short Chain Fatty Acids
The SCFAs content of the fecal samples was determined by Waters ACQUITY UPLC combined with AB SCIEX 5500 QQQ-MS in Guangzhou Gidio Biotechnology Co., Ltd. (Guangzhou, China). Briefly, SCFAs were extracted from feces using acetonitrile/aqueous solvent mixtures. Octanoic acid-1-13C1 was used as the internal standard for the precise quantification of individual SCFAs.
2.17 Statistical Analysis
All data are expressed as the mean ± standard deviation (SD). A Student’s t-test was performed, and p < 0.05 was considered statistically significant. Principal component analysis (PCA) and partial least-squares discriminant analysis (PLS-DA) were performed on Simcap 11.0 (Umetrics, Umea, Sweden). GraphPad Prism 8.0 software (GraphPad, CA, United States) was used for graphics.
3 RESULT
3.1 Gegen Qinlian Decoction has Protective Effect Against LPS-Induced Acute Lung Injury in vivo
Tracheal LPS-induced ALI is a recognized animal model, which can better simulate the clinical symptoms of ALI (Yi et al., 2021). In order to explore the intervention effect of GQD on ALI, histopathological examination of the lungs of GQD-treated LPS-induced ALI rats was performed. The results are shown in Figure 1A. The lung tissue of rats in the model group was characterized by alveolar interstitial edema, alveolar wall thickening, and high inflammatory cell infiltration into the alveoli. After intervention with GQD and positive drugs, the symptoms were significantly alleviated. The effect of high dose GQD was significantly better than that of other administration groups.
[image: Figure 1]FIGURE 1 | GQD has protective effect on ALI induced by LPS in vivo (n = 8). (A) Lung tissue sections were stained with hematoxylin and eosin (H,E) for histopathology analysis (magnification ×200). (B) Lung wet/dry weight ratio. (C) Total protein content in BALF. (D) MPO activity of lung tissue. (E) Changes in respiratory frequency. (F) Changes in respiratory cycle. (G) Cytokine activity in serum. (H) Cytokine activity in BALF. (I) Expression of cytokine mRNA in lung tissue. The values in the figure were expressed as mean ± standard deviation. Compared with the control group, **p < 0.01. Compare with model group, #p < 0.05, ##p < 0.01.
To further evaluate the protective effect of GQD against LPS-induce ALI, parameters related to pulmonary edema, microvascular permeability, and respiratory function were examined. The parameters included lung wet/dry weight ratio, protein content in BALF, myeloperoxidase (MPO) activity in lung tissue, respiratory frequency, and respiratory cycle. Compared with the control group, lung wet/dry ratio (Figure 1B), protein content in BALF (Figure 1C), MPO activity in lung tissue (Figure 1D), and respiratory function (Figures 1E,F) of rats in model group were negatively affected by ALI. However, GQD and positive drugs alleviated these LPS-induced pathological changes, with GQD treatment slightly more effective than that of positive drugs.
As local expression of pro-inflammatory TNF-α, IL-1β, and IL-6 plays key role in the ALI development (Lin and Yang, 2018), the activity and mRNA expression of these inflammatory factors were determined using ELISA kit and by RT-qPCR. Results showed that LPS-induced ALI significantly increased the activity and expression of TNF-α, IL-1β, and IL-6 in the serum and BALF of the experimental rats. However, GQD and positive drugs treatment reversed these effects, with high-dose GQD treatment having the best effect (Figures 1G–I). The above results indicate that a high dose of GQD could be effective in maintaining alveolus-vascular barrier integrity and respiratory function, and can effectively reduce excessive pulmonary inflammatory response in ALI rats.
3.2 Metabolomics of the Lungs Gegen Qinlian Decoction-Treated LPS-Induced Acute Lung Injury Rats
Metabonomics can be used to study the type and quantity of endogenous metabolites and their changes under the influence of internal and external factors (Lihua et al., 2017). In this experiment, we used the 1H-NMR spectroscopy to examine the metabolic profiles of the lungs. Overall, 40 small molecular metabolites were identified in the lung tissues, which were mainly lipid, amino acids, and glucose metabolites. The 1H-NMR map of the lung tissue is shown in Figure 2, and atlas attribution data are shown in Supplementary Table S3.
[image: Figure 2]FIGURE 2 | 1H-NMR map and identified metabolites of rat lung tissue. The metabolites in the lung tissue in the picture were as follows: 1 Isoleucine (Ile), 2 Leucine (Leu), 3 Valine (Val), 4 3-Hydroxybutyrate (3-HB), 5 Lactate (Lac), 6 Alanine (Ala), 7 Acetate (AC), 8 Lysine (Lys), 9 Methionine (Met), 10 Glutamate (Glu), 11 Pyruvate (Pyru), 12 Glutamine (Gln), 13 Glutathione (GSH), 14 Isocitrate, 15 Aspartate (Asp), 16 dimethylamine (Dma), 17 Creatine/Phosphocreatine (CP), 18 Ethanolamine (MEA), 19 Choline, 20 Betaine (Bet), 21 Trimethylamine N-oxide (TMAO), 22 Taurine (Tau), 23 Glucose (Glc), 24 Glycine (Gly), 25 Myo-inositol, 26 Ascorbate, 27 Uracil (U), 28 Uridine, 29 Adenosine, 30 Inosine, 31 Fumarate (Fum), 32 Tyrosine (Tyr), 33 Tryptophan (Try), 34 Phenylalanine (Phe), 35 Cytidine, 36 Xanthine (Xan), 37 Carnosine (Carn), 38 Hypoxanthine (Hyp), 39 Formate (FA), 40 Nicotinamide/Nicotinurate (vpp).
Orthogonal partial least squares discriminant analysis (OPLS-DA) was used for multivariate analysis of metabolic profile data, and the results showed considerable differences in the metabolites detected in the lung tissues between the treatment groups and slight differences within groups (Figure 3A), suggesting that the metabolic data were stable and reliable. PLS-DA load diagram showed that there were more significant changes in small molecular metabolites (Figures 3B,C). Furthermore, univariate analysis of identified metabolites showed that LPS-induced ALI significantly affected the concentration of metabolites in the lung tissues of the experimental rats (Figure 3D). However, GQD treatment reversed these effects to varying degrees in the different treatment groups.
[image: Figure 3]FIGURE 3 | Analysis of lung tissue metabolites of GQD on ALI induced by LPS in rats. (A) OPLS-DA analysis, the abscissa is the main component T1, and the ordinate is the main component T2. Blue is GQD treatment group, yellow is model group, green is blank group. (B) OPLS-DA load diagram of high field region, (C) OPLS-DA load diagram in low Field region, the horizontal axis is the chemical shift, and the vertical axis is the P (corr) value of the difference between groups. The greater the absolute value of the vertical axis, the greater the difference between groups of metabolites at the chemical shift. (D) Univariate analysis Color Table, the color coding is performed according to the change in magnification (FC). The darker the color, the higher the significance, the darker the red, the higher the positive magnification of the difference between the two groups, and the darker the blue, the higher the reverse magnification of the difference between the two groups. The t-test or non-parametric Mann-Whitney test was performed, and the p values were corrected by the Benjamini-Hochberg method, *p < 0.05, **p < 0.01, ***p < 0.001. (E) Bubble diagram of metabolic pathway, the bubble area is proportional to the influence of the pathway, and the color ranges from red to white, which represents the maximum significance to the minimum significance. (F) Network diagram of small molecular metabolites in C-VS-M group. (G) Network diagram of small molecular metabolites in M-VS-GH group. The metabolites with Pearson correlation coefficient higher than the threshold are connected by solid lines, which are color-coded according to the value of the coefficient (warm color represents positive correlation and cool color represents negative correlation).
To further identify ALI-associated metabolic pathways in rat lung tissue, pathway analysis and visualization was performed using MetbraAnalyst 5.0 software. According to Figure 3E, major significant ALI-associated metabolic pathways were: 1) phenylalanine, tyrosine, and tryptophan metabolic pathways; 2) alanine, aspartic acid, and glutamate metabolic pathways; 3) glutamine and glutamate metabolism; 4) glycine, serine, and threonine metabolic pathways; and 5) ketone metabolic pathway. These pathways are mainly related to energy and amino acid metabolism. The results indicated that LPS-induced ALI can cause energy and amino acid metabolism disorders and that GQD treatment can reverse these effects through metabolic remodeling.
Finally, the relationships between the significant metabolites (Figures 3F,G) were determined using Person’s correlation analysis, and the results showed that the core metabolites were glycine and lysine. Heat map of the metabolites showed that LPS-induced ALI caused a significant decrease in the concentration of glycine and lysine (Figure 3D); however, GQD treatment reversed this effect. The above results suggest that glycine and lysine play important roles in ALI and are potential small molecular metabolic markers for the clinical diagnosis and treatment of ALI.
3.3 Transcriptomics Analysis Results of Gegen Qinlian Decoction-Treated LPS-Induced Acute Lung Injury Rats
Transcriptomic analysis is used to examine the expression profiles of genes under different treatment conditions (Li-Hua et al., 2015). Similar to the results in Figures 4A,B, the gene expression profiles of the lung tissues of rats in the control and GQD groups were similar and highly correlated. In contrast, the gene expression profiles of the lung tissues of rats in the control and treatment groups were significantly different from those of LPS-induced ALI rat models with low correlation. Overall, the difference in the gene expression profiles of the lung tissues between treatment groups was large, while the difference within groups was small, suggesting that the data was stable and reliable.
[image: Figure 4]FIGURE 4 | Analytical diagram of rat lung tissue samples. (A) The first principal component is represented by the PC1 coordinate. The second principal component is represented by PC2 coordinates. The contribution of the principal component to the sample difference is expressed as a percentage. Groups are represented by different colored graphs. (B) Sample correlation heat map. The abscissa and ordinate in the figure are for each sample, and the color depth indicates the correlation coefficient of the two samples. The closer to red or blue, the greater the correlation, and the closer to white, the lower the correlation. (C) Comparison between blank group and model group, (D) Comparison between model group and administration group, (E) Comparison between blank group and administration group. The Abscissa represents the logarithm of the difference multiple between the two groups, the ordinate indicates the negative log10 value of the FDR of the difference between the two groups, the red (group_2 up-regulated relative to group_1, expression) and blue (down-regulated expression) points indicate that there is a difference in gene expression (the criterion is FDR <0.05, and the difference multiple is more than twice), and the black point shows no difference.
Based on the significantly different genes of each group, we drew a volcano map of the differences between the groups. (Figures 4C–E). A comparison of the data of the three volcanic maps showed that the gene expression profiles of C vs. M group (Figure 4C) and the M vs. GH group (Figure 4D) were significantly different. The above results indicated that GQD treatment effectively regulated the gene expression profile of LPS-induced ALI rats.
The KEGG enrichment circle diagram and bubble diagram are shown in Figure 5. Compared with Figure 5A, the yellow plate (metabolism class) in Figure 5B increased significantly, while the proportion of other plates did not change significantly. The results indicated that genes in the GQD treated groups were mostly enriched in metabolic pathways. Compared with Figures 5C,D, immune-related pathways, including “Complement and coagulation cascades,” “IL-17 signaling pathway,” and “Drug metabolism-cytochrome P450” were significantly enriched in C vs. M group and M vs. GH group, indicating that GQD can treat ALI by regulating immune-related pathways.
[image: Figure 5]FIGURE 5 | KEGG enrichment circle diagram and bubble diagram. (A) C-VS-M enrichment cycle diagram. (B) M-VS-GH enrichment circle diagram. The first circle is the pathway of the top 20 enrichment, and the coordinate ruler of the number of genes is outside the circle. Different colors represent different KEGG classifications. The second circle is the number of the pathway in the background gene and the Q value. The more genes, the longer the bar, and the smaller the Q value, the redder the color. The third circle is a bar chart of the proportion of up-regulated genes, with dark purple representing the proportion of up-regulated genes and light purple representing the proportion of down-regulated genes. The specific value is shown below. The fourth circle is the Rich Factor value of each pathway, the background grid line, each grid represents 0.1. (C) C-VS-M Bubble chart, (D) M-VS-GH Bubble chart. The ordinate is pathway, and the abscissa is the enrichment factor, the size indicates the quantity, the redder the color, the smaller the Q value, the higher the significance.
3.4 Gegen Qinlian Decoction Inhibits Immune Inflammatory Response in LPS-Induced Acute Lung Injury Rats
To verify the role of complement and coagulation cascades, IL-17 signaling pathway, and drug metabolism-cytochrome P450 pathways in immuno-inflammatory response, the targeted substances in these pathways were identified by RT-qPCR and immunohistochemical analysis. C3 is the hub of the complement activation pathway, which can trigger adaptive immune regulation in the body (Sun et al., 2011). Among the substances activated is C5a, an allergic toxin, which functions as an inflammatory mediator and produces biological effects through its receptor C5aR. Compared with the control group, LPS-induced ALI significantly upregulated the expression of C3 and C5a at the mRNA and protein levels in the experimental rats; however, GQD treatment significantly reversed this effect (Figures 6A,B,F–H).
[image: Figure 6]FIGURE 6 | Immunohistochemistry and expression of key targets (n = 6). (A) The expression level of C3 mRNA. (B) The expression level of C5aR mRNA. (C) The expression level of IL-17A mRNA. (D) The expression level of TGF-β1 mRNA. (E) The expression level of CYP1A1 mRNA. (F) Immunohistochemical results of each group (Magnification ×400). (G) Expression of C3 protein. (H) Expression of C5a protein. (I) Expression of IL-17 protein. (J) Expression of TGF-β protein. (K) Expression of CYP1A1 protein. Compared with the control group, **p < 0.01. Compare with model group, ##p < 0.01.
IL-17 is the main effector of Th17 cells and is a proinflammatory cytokine. TGF-β is an important effector factor secreted by Treg cells. When the immune system is not activated, Tregs can secrete TGF-β normally to inhibit inflammation and prevent the occurrence of autoimmune diseases (Gap, 2018). Compared with the control group, LPS-induced ALI significantly increased the expression of IL-17 and decreased the expression of TGF-β at the both the mRNA and protein levels (Figures 6C,D,F,I,J); however, GQD treatment significantly reversed the effects of ALI. These results suggest that GQD can effectively inhibit the secretion of IL-17 by Th17 cells and promote the expression of TGF-β, thus regulating the balance of Th17/Treg cells to reduce inflammatory reactions associated with ALI.
As an important metabolic enzyme of the P450 family, CYP1A1 is closely related to inflammation. Studies (Lingappan et al., 2011) have shown that CYP1A1 activation may reduce lung injury by reducing lipid peroxides concentration in the body. Compared with the control group, LPS-induced ALI significantly decreased the expression of CYP1A1 at the mRNA and protein levels (Figures 6E,F,K); however, GQD treatment significantly reversed the effects of ALI. This indicated that GQD exerted anti-ALI effect by promoting CYP1A1 activation. Overall, GQD exerted anti-ALI effect by regulating three pathways mentioned above.
3.5 Effect of Gegen Qinlian Decoction on the Intestinal Microflora of LPS-Induced Acute Lung Injury Rats
The lung-gut axis theory states that alterations in intestinal microbiota community may have considerable effects on lung disease, indicating that the progression of lung diseases may depend on intestinal health (Chang et al., 2021). Therefore, the effect of GQD on the intestinal microbiota of LPS-induced ALI rats was examined in this study. Principal coordinate analysis was performed on the diversity data of microbiota of rats in each group. The results were shown in Figure 7A, there were significant differences in the microflora characteristics among the blank group, model group and GQD administration group, and GQD had a great influence on the microflora characteristics. Consistently, α-diversity analysis revealed that GQD prevented LPS-induced decrease in bacterial richness, as indicated by Ace and Chao1 indices (Figures 7B,C). In this study, we found that the intestinal flora of ALI rats induced by tracheal instillation of LPS were mainly concentrated in the changes of Firmicutes and Bacteroidetes. The relative abundance results were shown in Figure 7D. We found that the influence of this study on intestinal flora mainly focused on the changes of Firmicutes and Bacteroidetes. Compared with control group, the relative abundance of Firmicutes in model group decreased, while the relative abundance of Bacteroidetes increased. After the intervention of GQD, the relative abundance of Firmicutes and Bacteroides were reverted. To investigate whether Firmicutes are associated with the three signaling pathways identified by KEGG analysis of the transcriptome, we performed a correlation analysis of the 16s rDNA sequencing data and transcriptome data. Results showed that Firmicutes was associated with the three pathways, most closely associated with the IL-17 signaling and complement signaling pathways (Figure 7E). Additionally, Firmicutes were associated with other immunoinflammatory pathways, such as TNF and T cell receptor signaling pathways. These results indicated that Firmicutes may play important roles in the regulation of immunity and inflammation.
[image: Figure 7]FIGURE 7 | Effect of GQD on coliform bacteria in ALI rats induced by intratracheal injection of LPS. (A) PCoA analysis of intestinal flora in different groups of rats. Each point in the figure represents the sample, the closer the point distance on the plane, the more similar the structure of the color of the sample. (B,C) Alpha diversity analysis of gut bacterial richness from different mouse groups. (D) Distribution map of phylum level of intestinal flora in each group of rats. The vertical coordinate indicates the relative abundance of the species, the Abscissa indicates the grouping, C is the blank group, M is the model group, and GH is the GQD administration group. (E) Firmicutes-gene-pathway network diagram. The red in the picture is Firmicutes, the green is the gene, and the blue is the pathway. (F) The relative abundance of Ruminococcaceae_UCG_007 in each group. (G) Ruminococcaceae_UCG_007-Gene pathway network diagram. In the figure, the red is Ruminococcaceae_UCG_007, the green is the gene, and the blue is the pathway. (H) The content of short-chain fatty acids (acetic acid, propionic acid and butyric acid) in fecal samples of rats in each group. Compared with the control group, *p < 0.05, **p < 0.01; compared with the model group, #p < 0.05, ##p < 0.01, n = 6.
Among Firmicutes, the effect of GQD on the abundance of the genus Ruminococcaceae_UCG_007 was examined. Ruminococcaceae_UCG_007 is involved in butyric acid production (Yangyang, 2020). Interestingly, the change trend of its relative abundance was consistent with that of Firmicutes (Figure 7F). LPS-induced ALI significantly decreased the abundance of Ruminococcaceae_UCG_007; however, this was reversed by GQD treatment. Similarly, Ruminococcaceae_UCG_007 was associated with the three immune pathways (Figure 7G). Furthermore, Ruminococcaceae_UCG_007 was closely related to the amino acid metabolism pathway, which was consistent with the metabolomics results. The results indicate that Ruminococcaceae_UCG_007 may be the primary intestinal bacteria genus of GQD in treating ALI.
Additionally, analysis of SCFAs contents of the fecal samples collected from the rats showed that LPS-induced ALI significantly decreased the acetic, propionic, and butyric acid content of the fecal samples. However, GQD treatment reversed these effects to varying degrees (Figure 7H). In conclusion, GQD affected the generation of intestinal metabolites such as short-chain fatty acids by regulating the abundance of Firmicutes, thus improving the immune function of the body.
4 DISCUSSION
Acute lung injury is a severe respiratory critical disease, with a mortality rate as high as 40% (Sweatt and Levitt, 2014; Butt et al., 2016). Presently, there is no effective drug treatment for ALI symptoms. GQD is a classic prescription in traditional Chinese medicine for the treatment of intestinal and pulmonary inflammatory diseases (Li et al., 2021), and is composed of Puerariae lobatae radix, Scutellariae radix, Coptidis rhizoma, and Glycyrrhizae radix et rhizoma. Existing studies have shown that GQD is effective against ALI, but the mechanism of its action is not clear (Jinfu et al., 2015). To better study the anti-ALI effect of GQD, we conducted a comprehensive study on LPS-induced ALI mice model (Ding et al., 2019). Among them, LPS-induced ALI model is recognized as an animal model with good reproducibility and highly similar to clinicopathological changes. According to the relevant reviews and descriptions included in Am J Physiol Lung Cell Mol Physiol, a classic journal in the field of breathing in the United States (Matute-Bello et al., 2008). There is a certain correlation between different ways of LPS induction and the severity of ALI in clinic. For instance, intratracheal injection or nasal infusion of LPS can directly induce pulmonary neutrophils and upregulate inflammatory factors in pulmonary ALI, which could simulate initial symptoms of ALI inflammation (There is no apoptosis phenomenon, which has been verified by experiments. The results are shown in Supplementary Figure S1). However, intraperitoneal injection of LPS could induce systemic septic ALI, which could simulate a more severe clinical stage. In a previous study using mice subjected to intraperitoneal injection of LPS, we found that GQD exerted its protective effect against ALI by activating the PI3K/Akt cell survival pathway (Ding et al., 2020). However, in the present study, using rats subjected to intratracheal injection of LPS, we found that GQD exerted its protective effect against ALI by regulating immune-related pathways. In short, different pathways of LPS modeling will lead to different pathogenesis and different pathological phenomena. Because GQD has the characteristics of multiple components, multiple targets, and multiple action pathways, it can improve ALI through different mechanisms in accordance with the pathological characteristics of ALI at different stages.
In the present study, to study the therapeutic effect of GQD on ALI rats induced by intratracheal injection, we conducted an analysis of conventional indicators of lung tissue injury. In the pharmacodynamic experimental analysis, we examined the effect of GQD on the wet/dry weight ratio of the lungs and BALF protein content, and found that GQD significantly decreased the wet/dry weight ratio of the lungs and the BALF protein content. The results showed that GQD was effective in maintaining alveolar-vascular barrier integrity, inhibiting pulmonary edema, and protecting against LPS-associated cell injury. Additionally, GQD reduced the respiratory frequency, increased the respiratory cycle and respiratory depth, and improved the gas exchange ability of the ALI rat model. Previous research has confirmed that TNF-α, IL-1β, and IL-6 are important cytokines in the development of ALI, and can induce neutrophil activation and polymerization to inflammatory sites (Tai et al., 2017). In the present study, GQD treatment significantly reversed ALI-associated increase in BALF and serum TNF-α, IL-1β, and IL-6 concentrations, confirming that GQD can effectively regulate the inflammatory responses associated with LPS-induced ALI.
Furthermore, metabolomic analysis was performed to examine the metabolic profile of the lung tissues of the rat, and we found that the metabolic profiles of the lung tissues were significantly affected by the treatments, and that the differential metabolites between treatment groups were mainly involved in energy and amino acid metabolism. Additionally, bioinformatics analysis showed that glycine and lysine were the main metabolites through which GQD exerted its effect against ALI. It has been found that glycine preconditioning can reduce LPS-induced collagen deposition, alveolar cell apoptosis, expression of inflammatory cytokines and chemokines, and neutrophil and macrophage accumulation in rat lung tissue, thus improving alveoli integrity and function (Ma et al., 2019). Lysine is a basic amino acid that promotes human development and enhances immune function (Li-Qing et al., 2014). Some studies have confirmed that lysine can reduce ALI-associated inflammatory response and protect the lungs (Zhang Y. et al., 2019). A recent study published in Nature Communications showed metabolic remodeling and inflammatory response are closely related in the serum of ALI patients (Xiao et al., 2021). However, regulating amino acid metabolism could significantly ameliorate excessive immune inflammatory response. The findings of the present study are similar to those of the above referenced studies, suggesting that GQD can regulate amino acid metabolism and improve the inflammatory response in ALI rats.
KEGG enrichment analysis in transcriptomics showed that immune-related pathways, including complement and coagulation cascades, IL17 signaling pathway, and drug metabolism-cytochrome P450, were significantly enriched after GQD treatment, suggesting that GQD exerted anti-ALI effects by regulating immune-related pathways. The complement signaling pathway is an important part of innate immunity and plays a key role in the inflammatory response. Recent studies (Bosmann and Ward, 2012) have shown that C3 is the hub of the complement activation pathway, which not only participates in natural defense, but also triggers adaptive immune regulation, which to a large extent can cause the occurrence and development of acute or chronic inflammatory diseases. A large number of active fragments are produced during complement activation, most of which function as inflammatory mediators, among which C5a has the strongest effect (Carvelli et al., 2020). The findings of the present study showed that GQD inhibited the activity of complement and complement fragments, such as C3 and C5a. According to the latest research report (Quanming et al., 2020), the BDB001 injection developed by German InflaRx company for COVID-19. It is a monoclonal antibody drug against human C5a molecule, which can specifically bind C5a, thus blocking the binding of C5a to the receptor, inhibiting the inflammatory cascade reaction and improving the lung injury caused by virus-induced complement overactivation. The mechanism of BDB001 is consistent with that of GQD, indicating that GQD can be used as a potential drug in treating pulmonary inflammatory diseases. IL-17 is a major effector of Th17 cells, which are cytokines that cause inflammation (Miossec and Kolls, 2012). Treg cells are T cells that regulate immunosuppression in the body, which can reduce tissue injury by controlling the intensity of immune response (Wang and Qian, 2010). During ALI, the balance between Th17 and Treg cells is disrupted, resulting in inflammation. When the balance is more weighted towards Th17 cells, Th17 cells can recruit the infiltration of inflammatory cells by releasing a large number of pro-inflammatory factors such as IL-17 and at the same time antagonize the number of Treg cells, thus further aggravating the inflammatory injury (Gap, 2018). GQD can reduce the ALI-associated inflammatory response by inhibiting the activity of Th17 cells and promoting the expression of Treg cells to restore the balance between Th17 and Treg. In addition, in the screening of pathways, we found that the Drug metabolism-cytochrome P450 pathway was also significant. Among which CYP1A1 is involved in inflammation (van Schaik, 2008). Previous studies have shown that CYP1A1 may reduce lung injury by reducing the levels of lipid peroxides in the body (Lingappan et al., 2013). In the present study, GQD exerted anti-ALI effect by increasing the expression of CYP1A1. Among the differential genes, most CYP450 enzymes were upregulated after GQD treatment, suggesting that these CYP450 enzymes can promote the metabolism of GQD in the body, thus accelerating its functions in lungs. Overall, GQD exhibited anti-ALI effect by regulating multiple immune-related pathways.
Intestinal microbiota composition has been linked to immune responses and inflammation, and may play important roles in the pathological immune response of the intestine and lung (Fan and Pedersen, 2020). Intestinal microbiota indirectly regulates systemic immunity by regulating T cell populations and metabolizing short-chain fatty acids (Blander et al., 2017). Existing studies have confirmed that GQD can play an immunomodulatory role by regulating the composition of intestinal microbiota to improve symptoms of some intestinal diseases (Yang, 2019; Yang, 2020). According to the theory of gut-lung axis, we used 16s rDNA sequencing to explore whether GQD can improve ALI by affecting intestinal flora. According to the analysis of the overall results of PCoA, GQD has an effect on the structural characteristics of intestinal flora. From the results of α diversity analysis, it can be concluded that LPS treatment decreased the richness of intestinal microbiota in rats, and GQD could inhibit this trend, which suggested that GQD has a certain regulatory effect on intestinal microbiota. In this study, early symptoms of ALI were induced by intratracheal injection of LPS in rats, and the influences on intestinal flora of rats were mainly the changes of Firmicutes and Bacteroidetes. Existing studies have shown that bacteria of Firmicutes are involved in the fermentation of dietary components, producing metabolites such as short-chain fatty acids (SCFAs) (Zhang X. et al., 2019). SCFAs are important in maintaining intestinal homeostasis, and also play important roles in immune response. SCFAs can reduce colon oxidative stress, inhibit pathogen growth, regulate inflammation-related signaling pathways maintain Th17/Treg cells balance, maintain the intestinal mucosal barrier, and are involved in inflammatory response (Sun et al., 2016; Shuang et al., 2019; Kexin et al., 2020). Therefore, a decrease in the abundance of Firmicutes can lead to an imbalance in intestinal microbiota, which can affect intestinal metabolism, immune responses, consequently, leading disease emergence. In the present study, correlation analysis of 16s rDNA sequencing data and transcriptomeic data showed that Firmicutes was closely related to IL-17 signaling pathway and complement signaling pathway. This finding indicated that Firmicutes may play important roles in inflammation and immune regulation, and that GQD may treat ALI by regulating the abundance of Firmicutes. At the genus level, the effect of GQD on the relative abundance of Ruminococcaceae_UCG_007, a butyric acid producing genus (Yangyang, 2020). Results of the joint analysis showed that Ruminococcaceae_UCG_007 was closely related to amino acids metabolic pathway, which was consistent with the result of the metabolomic analysis. These findings indicated that Ruminococcaceae_UCG_007 may be an important genus of intestinal microbiota and may play an important role in intestinal microbiota metabolism. Furthermore, GQD treatment upregulated the SCFAs content (acetic, propionic, and butyric acid) of the fecal samples of the rats. Overall, it can be concluded that GQD increased the SCFAs content by regulating Firmicutes abundance, specifically Ruminococcaceae_UCG_007 abundance, so as to regulate the immune function of the body.
In conclusion, intratracheal instillation of LPS was used to induce the initial stage of ALI. From the point of view of immunity, GQD played a role in improving ALI by regulating immune function. GQD can control the occurrence and development of ALI by improving the metabolic remodeling of the body, affecting several immune pathways (Inhibition of complement pathway activation, regulation of Th17/Treg balance) and by regulating intestinal microbiota. Overall, the findings of the study provide a solid scientific research foundation for promoting the clinical use of GQD in treating ALI.
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Trichloroethylene (TCE), a commonly used organic solvent, is known to cause trichloroethylene hypersensitivity syndrome (THS), also called occupational medicamentosa–like dermatitis due to TCE (OMDT) in China. OMDT patients presented with severe inflammatory kidney damage, and we have previously shown that the renal damage is related to the terminal complement complex C5b-9. Here, we sought to determine whether C5b-9 participated in TCE-induced immune kidney injury by promoting pyroptosis, a new form of programed cell death linked to inflammatory response, with underlying molecular mechanisms involving the NLRP3 inflammasome. A BALB/c mouse-based model of OMDT was established by dermal TCE sensitization in the presence or absence of C5b-9 inhibitor (sCD59-Cys, 25μg/mouse) and NLRP3 antagonist (MCC950, 10 mg/kg). Kidney histopathology, renal function, expression of inflammatory mediators and the pyroptosis executive protein gasdermin D (GSDMD), and the activation of pyroptosis canonical NLRP3/caspase-1 pathway were examined in the mouse model. Renal tubular damage was observed in TCE-sensitized mice. GSDMD was mainly expressed on renal tubular epithelial cells (RTECs). The caspase-1–dependent canonical pathway of pyroptosis was activated in TCE-induced renal damage. Pharmacological inhibition of C5b-9 could restrain the caspase-1–dependent canonical pathway and rescued the renal tubular damage. Taken together, our results demonstrated that complement C5b-9 plays a central role in TCE-induced immune kidney damage, and the underlying mechanisms involve NLRP3-mediated pyroptosis.
Keywords: trichloroethylene, membrane attack complex, renal tubular epithelial cell, pyroptosis, NLRP3 inflammasome
INTRODUCTION
Trichloroethylene (TCE) is a chemical agent widely used for industrial degreasing and cleaning (Harris et al., 2018; Elkin et al., 2021). However, the extensive application of TCE has led to multiple health problems, especially inflammatory immune diseases such as TCE hypersensitivity syndrome (THS) or occupational medicamentosa–like dermatitis due to trichloroethylene (OMDT) in China, lupus nephritis, hepatitis, scleroderma, vasculitis, and so on (Ordaz et al., 2017a). In the past decades, occupational exposure to TCE has been reported to cause severe OMDT, manifesting as extensive skin necrosis and exfoliation similar to severe cutaneous adverse drug reactions and multiple organ injuries, including liver and kidney damage (Ordaz et al., 2017b).
The kidney damage in OMDT is immune-mediated and characterized by a tubular inflammatory reaction and the dysfunction of renal protein uptake (Liu, 2009; Wang F. et al., 2019). Animal studies have found that innate immunity, including local complement activation, is involved in the tubular damage of TCE-sensitized mice, as evidenced by increased deposition of the terminal complement activation product C5b-9 (Wang G. et al., 2020; Xie et al., 2021). C5b-9 displays both lytic and sub-lytic effects. C5b-9 can form a transmembrane channel in the cell membrane and induce target cell lysis by changing the osmotic pressure (Serna et al., 2016). On the other hand, in response to various regulatory factors, C5b-9 also exerts a sub-lytic effect (causing less than 5% death cells), which promotes the release of proinflammatory cytokines, including interleukin (IL)-1β and IL-18 (Morgan et al., 2016). Our recent studies have demonstrated that the sub-lytic C5b-9 is mainly deposited on renal tubular epithelial cells (RTECs) and that the exogenous supplement of CD59, a C5b-9 inhibitory protein, alleviates tubular damage in TCE-sensitized mice (Wang X. et al., 2019).
Pyroptosis is a newly discovered form of programed cell death induced by inflammatory caspases, including caspase-1, -4, -5, or -11 (Barnett and Ting, 2020). These caspases cleave executive protein gasdermin D (GSDMD) to form cell membrane pores, leading to the release of inflammatory mediators (Broz et al., 2020). The pyroptosis pathway was divided into the caspase-1–dependent canonical pathway and caspase-4–, caspase-5–, and caspase-11–dependent non-canonical pathways (Cheng et al., 2017). In the canonical pathway, the activation of NLRP3 triggered by endogenous or exogenous danger signals converts pro-caspase-1 into catalytically active caspase-1 and consequently mediates the maturation and release of IL-1β and IL-18 to amplify the inflammatory response (Ding et al., 2016). In the non-canonical pathway, caspase-4, -5, -11 (homologs of caspase-4 and -5 in mice) are able to directly activate GSDMD to induce pyroptosis (Kayagaki et al., 2015). Consistently, our previous study also found the activation of NLRP3 signaling in TCE-induced kidney damage in mice, which was associated with renal C5b-9 deposition (Xie et al., 2021).
Here, we questioned whether C5b-9 contributes to TCE-induced tubular inflammatory injuries by regulating RTEC pyroptosis. We hypothesized that C5b-9 activates NLRP3 signaling and promotes a caspase-1–mediated canonical pathway to trigger pyroptosis. To address this, a mouse model of OMDT through TCE sensitization was established, and renal function, kidney histopathology, expression of inflammatory mediators, and the activation of RTEC pyroptosis were examined in these mice pretreated with or without sCD59-Cys (C5b-9 inhibitor) and MCC950 (NLRP3 antagonist).
MATERIALS AND METHODS
Antibodies and Reagents
TCE, Freund’s complete adjuvant (FCA), and collagenase A were purchased from Sigma Chemical (St. Louis, MO, United States). Olive oil and acetone were purchased from Shanghai Chemical Reagent Co., Ltd. (Shanghai, China). Soluble recombinant rat CD59-Cys (sCD59-Cys) and MCC950 were purchased from Elabscience Biotechnology Co., Ltd. (Wuhan, China) and Selleck Chemicals (Houston, TX, United States), respectively. Kits for the detection of blood urea nitrogen (BUN) and creatinine (Cre) were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Kits for the determination of α1 microglobulin (α1-MG) and β2 microglobulin (β2-MG) were acquired from Elabscience Biotechnology Co., Ltd. (Wuhan, China).
Antibodies were obtained from the following companies: rabbit monoclonal anti-cleaved GSDMD antibody (ab255603), rabbit monoclonal anti-NLRP3 antibody (ab270449), rabbit monoclonal anti-IL-18 antibody (ab223293), goat anti-mouse IgG H&L (Alexa Fluor® 594) (ab150116), and goat anti-rabbit IgG H&L (Alexa Fluor® 488) (ab150077) (Abcam, Cambridge, United Kingdom); rabbit polyclonal anti-GSDMD antibody (af4012), rabbit polyclonal anti-GSDME antibody (df9705), and rabbit polyclonal anti-caspase-1 and anti-caspase-1 p20 antibodies (af5418, af4005) (Affinity, United States); mice monoclonal anti-C5b-9 antibody (sc-66190), mice monoclonal anti-ASC antibody (sc-514414), and mice monoclonal anti-IL-1β antibody (sc-514414) (Santa Cruz, United States); goat anti-rabbit IgG antibody and goat anti-mouse IgG antibody (Elabscience, Wuhan, China).
Ethics and Mice Treatments
A total of 102 female BALB/c mice (initial weight 18∼22g, 6∼8 weeks old) were obtained from the Experimental Animal Center of Anhui Medical University (Hefei, China). The mice were housed with food and water ad libitum under a pathogen-free condition with a 12-h light/dark cycle at 20∼25°C and 50 ± 5% relative humidity. The care and use of mice complied with the National Institutes of Health guide for the care and use of laboratory animals (NIH Publications No. 8023, revised 1978). All experimental procedures were reviewed and approved by the Experimental Animal Ethics Committee of Anhui Medical University (NO. LLSC20180310).
The mouse model of TCE hypersensitivity was established as described previously (Figure 1) (Wang et al., 2015). Briefly, a total mixture of 100 μL 50% TCE (TCE: acetone: olive oil = 5:3:2, v/v/v) and an equal volume of FCA was intradermally injected into the naked back skin on day 1. Then, 100 μL of 50% TCE was externally used on days 4, 7, and 10. On days 17 and 19, 100 μL of 30% TCE (TCE: acetone: olive oil = 3:5:2, v/v/v) was dropped on the dorsal skin. To block the assembly of C5b-9, sCD59-cys (25 μg/mouse) was additionally applied via intraperitoneal injection on day 19 (Wang F. et al., 2019). To inhibit the NLRP3 pathway, MCC950 (10 mg/kg) was additionally applied via intraperitoneal injection on days 17 and 19. On day 20, the cutaneous reactions were scored on a 4-point scale (no reaction, 0-point; scattered mild redness, 1-point; moderate and diffuse redness, 2-points; intensive erythema and swelling, 3-points). A total score≥1 was defined as positive sensitization, and a score = 0 was set as negative sensitization. The mice receiving saline only were set as the blank control. The mice receiving the same dose of acetone and olive oil without TCE were determined as the vehicle control. According to the cutaneous reaction score and subsequent treatment, the mice were divided into the TCE sensitization–positive group (TCEpos), TCE sensitization–negative group (TCEneg), sCD59-cys pretreatment + TCE sensitization–positive group (CD59 + TCEpos), sCD59-cys pretreatment + TCE sensitization–negative group (CD59 + TCEneg), MCC950 pretreatment + TCE sensitization–positive group (MCC950 + TCEpos), and MCC950 pretreatment + TCE sensitization–negative group (MCC950 + TCEneg).
[image: Figure 1]FIGURE 1 | Flow diagram of the skin-sensitized mouse model by TCE. Note: 50% TCE (TCE: olive oil: acetone = 5:2:3); 30% TCE (TCE: olive oil: acetone = 3:2:5). sCD59-cys, a specific inhibitor of C5b-9 assembly; MCC950, a specific antagonist of NLRP3.
Renal Function Test
Mouse blood was collected from the ocular venous plexus after being anesthetized by CO2 inhalation on day 22. The levels of BUN, Cre, α1-MG, and β2-MG were measured to assess the renal function according to the manufacturer’s instructions of the assay kit.
Histopathology of Renal Tubules
Hematoxylin & Eosin (H&E) staining and transmission electron microscope observation were performed to assess the pathological damage of renal tubules and ultrastructural damage of RTECs. The procedures were consistent with those of our previous studies. After proper staining, the sections were scanned under an Olympus BX53 optical microscope (Tokyo, Japan) or a JEM-1230 transmission electron microscope (Tokyo, Japan).
Immunohistochemistry and Immunofluorescence
For the immunohistochemistry test, the paraffin-embedded cortex section was dewaxed and rehydrated with xylene and gradient ethanol, permeabilized in 0.1% Triton X-100 for 30 min, and endogenous peroxidase was blocked with 3% H2O2. The sections were then heated by a microwave oven to retrieve antigens in citrate solution and treated with goat serum to block nonspecific antigens. The primary antibodies to C5b-9, NLRP3, GSDMD, IL-1β, and IL-18 were applied overnight at 4°C. The next day, the sections were washed with PBS and treated with goat anti-rabbit or goat anti-mouse IgG at 37°C for 30 min. Then, a horseradish enzyme–labeled streptavidin working solution was applied, and the DAB kit (ZSGB-BIO, Beijing, China) was used to stain the sections according to the manufacturer’s instructions.
For the immunofluorescence test, the cortex sections were incubated with anti–cytokeratin18 and anti-GSDMD at 4°C overnight after dewaxing, hydration, permeability, antigen repairment, and blocking. Then, the sections were incubated with fluorescent secondary antibodies at room temperature for 2 h. DAPI solution (Solarbio, Beijing, China) was used to stain the cell nucleus, and the sections were scanned and photographed under an inverted fluorescence microscope or an Olympus IX73 optical microscope (Tokyo, Japan).
RTEC Isolation
RTECs were harvested from the renal cortex of mice following a classical protocol published previously18. The minced cortex was digested with the appropriate volume of DMEM/F12 medium containing 0.1% collagenase I at 37°C for 30 min. Then, an equal volume of pre-chilled HBSS was added to terminate digestion. Subsequently, a series of cell sieves (including 250 and 75 μm mesh diameters) were used to collect RTECs.
Western Blot Assay
The total proteins were extracted using radio immuno-precipitation lysis buffer (RIPA) containing PMSF and phosphatase inhibitor. Protein concentrations were quantified via the BCA Protein Assay Kit (Beyotime Institute of Biotechnology, China). For immunoblots, the same amount of protein (50 μg) was separated electrophoretically by SDS-PAGE and transferred to an enhanced nitrocellulose membrane. After blocking in 5% non-fat powdered milk for 2 h at room temperature, the membrane was incubated with the primary antibodies overnight at 4°C as follows: GSDMD (diluted at 1:1,000), cleaved-GSDMD (diluted at 1:1,000), NLRP3 (diluted at 1:1,000), ASC (diluted at 1:1,000), caspase-1 (diluted at 1:1,000), caspase-1 p20 (diluted at 1:1,000), and GAPDH (diluted at 1:10,000). Then, the membrane was incubated with goat anti-rabbit IgG (diluted at 1:5,000) or goat anti-mouse IgG (diluted at 1:5,000) for 2 h. After incubation with the SuperSignal West Femto Maximum Sensitivity Substrate, the membrane was detected in a chemiluminescence system.
Quantitative Real-Time PCR Assay
Total RNA was extracted by TRIzol reagent, and the concentration and purity were determined by NanoDrop One. The initial concentration was diluted to 500 ng/μL with RNase-free water. The cDNA was obtained by the RevertAid First-Strand cDNA Synthesis Kit (Thermo Scientific, MA, United States) according to the manufacturer’s manual. Then, PCR amplification was carried out with an SYBR Green I Master kit in a Light Cycler 480 system (Roche, Switzerland). The amplification program was set as follows: initial denaturation, 95°C for 15min; denaturation, 95°C for 15 s, 45 cycles; annealing, 55°C for 15 s; extension, 72°C for 30 s. The primer sequences are listed in Table 1.
TABLE 1 | Primers for RT-PCR used in the present study.
[image: Table 1]Statistical Analysis
All data were expressed as mean ± standard deviation (SD) and performed with SPSS 23.0. The Kolmogorov–Smirnov test was evaluated for the normal distribution. The chi-square test was used to examine the difference in sensitization rates in various groups. One-way analysis of variance (ANOVA) followed by Tukey’s test was used to determine differences between multiple groups. A p value < 0.05 was considered statistically significant.
RESULTS
Renal Tubular Inflammatory Damage was Present in TCE-Sensitized Mice
The mouse groups and total sensitization rate are listed in Table 2. H&E staining showed intact structures of the renal tubules with an orderly arrangement of kidney cells in the blank control group, vehicle control group, and TCEneg group. However, tubule dilatation with RTECs and renal interstitial edema was present in the TCEpos group (Figure 2A). The immunohistochemistry test showed an increased expression of inflammatory cytokines IL-1β and IL-18 in the TCEpos group (Figures 2B,C), as compared to the TCEneg group (p < 0.05). No statistical differences of IL-1β and IL-18 were found among the blank control group, vehicle control group, and TCEneg group (p > 0.05) (Figure 2E). Furthermore, the renal tubular function was further assessed by the detection of serum BUN, Cre, α1-MG, and β2-MG. Compared to the vehicle control group, the serum levels of BUN, Cre, α1-MG, and β2-MG were upregulated in the TCEpos group (p < 0.05), while no significant differences were found among the blank control group, vehicle control group, and TCEneg group (p > 0.05) (Figure 2D).
TABLE 2 | Groups and sensitization rate of mice in the present study.
[image: Table 2][image: Figure 2]FIGURE 2 | Renal tubular inflammatory damage was present in TCE-sensitized mice. (A) Hematoxylin & Eosin (H&E) staining of kidney and (B,C) immunohistochemistry (IHC) of IL-1β and IL-18 in mice. The black arrow shows tubular swelling, vacuolar degeneration, or detachment of renal tubular epithelial cells. Magnification, ×400. The scale bars represent 50 μm. (D) Measurement of renal function including the levels of blood urea nitrogen (BUN), creatinine (Cre), α1 micro-globulin (α1-MG), and β2 micro-globulin (β2-MG). (E) Relative expression of IL-1β and IL-18 was calculated by average optical density in mice. Data are representative of three independent experiments and are expressed as the mean ± SD. n = 3–5/group. Levels of significance were defined as below: *p < 0.05.
GSDMD-Mediated RTEC Pyroptosis Contributed to TCE-Induced Renal Damage
GSDMD mRNA was elevated in the TCEpos group when compared with the TCEneg group, while no difference in GSDMD mRNA was found among the blank control group, vehicle control group, and TCEneg group (p > 0.05). No statistical differences in GSDME were found among the abovementioned groups (p > 0.05) (Figures 3A,B). Next, protein expression of GSDMD was detected via immunofluorescence with the co-localization experiment. Using CK18 as the marker of RTECs, we found an overlap between GSDMD and CK18 in tubules from TCE-sensitized mice (Figure 3C).
[image: Figure 3]FIGURE 3 | GSDMD-mediated RTEC pyroptosis contributed to TCE-induced renal damage. (A,B) Gene levels of executive proteins of pyroptosis, including GSDMD mRNA and GSDME mRNA. (C) Colocalization of GSDMD and CK18 (a hallmark of renal tubules) by dual immunofluorescence staining in each group. All the scale bars represent 50 μm. Data are representative of three independent experiments and are expressed as the mean ± SD. n = 3–5/group. Levels of significance were defined as below: *p < 0.05.
Caspase-1–Dependent Canonical Pathway Activated RTEC Pyroptosis
To gain more evidence of RTEC pyroptosis, we detected the expression of caspase-1 and caspase-11 which have been identified as the two major pathway proteins of GSDMD-mediated pyroptosis. An increased expression of caspase-1 mRNA, rather than caspase-11, was found in the TCEpos group (Figures 4A,B). Thus, we suspected that the caspase-1 pathway might be activated in RTEC-pyroptosis, and the key molecules of the caspase-1 pathway, including NLRP3, ASC, and caspase-1, were assessed by Western blotting. In line with RT-PCR, we showed that the expression of NLRP3 and ASC in the TCEpos group was higher than that of the TCEneg group and control groups (p < 0.05) (Figures 4C–E). In addition, both caspase-1 and caspase-1 p20 (active form of caspase-1) were upregulated in the TCEpos group compared with the TCEneg group or control groups (p < 0.05) (Figures 4C,F,G).
[image: Figure 4]FIGURE 4 | Caspase-1–dependent canonical pathway activated RTEC pyroptosis. (A,B) Gene levels of caspase-1 mRNA (A) and caspase-11 mRNA (B) in mice. (C) Representative immunoblot for expression of NLRP3, ASC, caspase-1, caspase-1 p20, and GAPDH. (D–G) Relative expression of the abovementioned proteins was assessed by the average optical density value in Image J. All the Western blot tests for NLRP3, ASC, caspase-1, and caspase-1 p20 were repeated three times, and the data are expressed as the mean ± SD. n = 3–5/group. Levels of significance were defined as below: *p < 0.05.
Next, MCC950 was used to block the NLRP3/ASC/caspase-1 pathway and RTEC pyroptosis was examined. After caspase-1 pathway inhibition, the expression of NLRP3, ASC, caspase-1, and caspase-1 p20 was decreased in the MCC950 + TCEpos group compared with that in the TCEpos group (Figure 4C). Intriguingly, in addition to the NLRP3 inflammasome, the level of GSDMD was downregulated in the MCC950 + TCEpos group compared to that in the TCEpos group (Figure 5). Furthermore, we showed that MCC950 pretreatment could alleviate the changes of abnormal renal tubule structures and ultrastructural damage of RTECs, such as rupture cytomembrane, organelle reduction, mitochondrial edema, and vacuolar degeneration, in MCC905 + TCEpos mice (Figure 6). As expected, the pathological injury of renal tubules was relieved after caspase-1 pathway inhibition. Collectively, these findings suggested that the caspase-1 pathway was activated in RTEC pyroptosis, and pharmacological inhibition of this pathway might be protective against tubule injuries via restricting RTEC pyroptosis.
[image: Figure 5]FIGURE 5 | MCC950 pretreatment attenuated the expression of GSDMD in mouse kidney. Expression of NLRP3 (A) and GSDMD (B) in mouse kidney tissue. (C,D) Relative expression of NLRP3 (C) and GSDMD (D) was assessed by the average optical density value in Image J. All the scale bars represent 50 μm. Data are representative of three independent experiments and are expressed as the mean ± SD. n = 3–5/group. Levels of significance were defined as below: *p < 0.05.
[image: Figure 6]FIGURE 6 | MCC950 pretreatment ameliorated the structural changes of renal tubules and RTECs in mice. (A) H&E staining of mouse kidney (magnification, ×400). The black arrow shows tubular swelling, vacuolar degeneration, or detachment of renal tubular epithelial cells. The scale bars represent 50 μm. (B) Transmission electron microscopy (TEM) of RTECs (magnification, ×30000). The red arrow shows the ruptured cytomembrane and the yellow arrow shows mitochondrial edema and vacuolar degeneration. The scale bars represent 500 nm. Data are representative images from three mice or independent experiments (n = 3).
C5b-9 Aggravated RTEC Damage in TCE-Sensitized Mice
Consistent with our previous studies, we found that C5b-9 was deposited in tubules and sCD59-cys (25 μg/mouse) could effectively inhibit the assembly of C5b-9 (Figures 7A,B). To further determine the potential involvement of C5b-9 in RTEC injury, we examined the histopathological changes of renal tubules and ultrastructure of RTECs in the presence or absence of sCD59-cys pretreatment. A series of morphological changes, including obvious mitochondrial edema, vacuolar degeneration, abnormal internal ridge structure, a large reduction in organelles, and an increased distance between cells, were found in the TCEpos group, which were reduced to a large extent in the CD59 + TCEpos group (Figures 7C,D).
[image: Figure 7]FIGURE 7 | C5b-9 aggravated RTEC damage in TCE-sensitized mice. (A) Expression of C5b-9 in kidney tissue was analyzed by IHC. Twenty-five μg/mouse sCD59-cys pretreatment is effective against the assembly of C5b-9. Magnification, ×400. All the scale bars represent 50 μm. (B) Relative expression of C5b-9 assessed by the average optical density value in Image J. (C) H&E staining of the kidney (magnification, ×400). The black arrow shows tubular swelling, vacuolar degeneration, or detachment of renal tubular epithelial cells. The scale bars represent 50 μm. (D) Transmission electron microscopy of RTECs (magnification, ×30000). The yellow arrow shows mitochondrial edema and vacuolar degeneration, abnormal internal ridge structure, and ruptured mitochondrial membrane. The blue arrow shows an increased distance between cells. The scale bars represent 500 nm sCD59-cys pretreatment could ameliorate both the pathological changes of renal tubules and ultrastructural damage of RTECs. Data are representative of three independent experiments and are expressed as the mean ± SD. n = 3–5/group. Levels of significance were defined as below: *p < 0.05.
C5b-9 Promoted GSDMD-Mediated RTEC Pyroptosis in TCE-Sensitized Mice
To further investigate whether C5b-9 was involved in the pyroptosis of RTECs in TCE-sensitized mice, we examined the activation of the RTEC pyroptosis executor GSDMD and caspase-1–dependent pathway with or without intraperitoneal injection of the recombinant protein CD59 (C5b-9 inhibitor). The expression of GSDMD in mouse renal cortex was detected by IHC, and a decrease of GSDMD in the CD59 + TCEpos group than the TCEpos group was observed (p < 0.05) (Figures 8A,B). In line with IHC, Western blotting data showed that both levels of caspase-1 and caspase-1 p20 were decreased in the CD59 + TCEpos group compared with the TCEpos group (p < 0.05). Similarly, the expression of GSDMD and cleaved GSDMD in the CD59 + TCEpos group was lower than that in the TCEpos group (p < 0.05) (Figures 8C–G).
[image: Figure 8]FIGURE 8 | C5b-9 promoted GSDMD-mediated RTEC pyroptosis in TCE-sensitized mice. (A) Expression of GSDMD in mouse kidney by IHC. All the scale bars represent 50 μm n = 5/group. (B) Relative expression of GSDMD in kidney tissue assessed by average optical density value in Image J. (C) Representative immunoblot for expression of caspase-1, caspase-1 p20, GSDMD, and cleaved-GSDMD. (D–G) Relative expression of caspase-1, caspase-1 p20, GSDMD, and cleaved-GSDMD by optical density values in Image J. All the Western blot tests for the abovementioned proteins were repeated three times. n = 3–5/group. The data are expressed as the mean ± SD. Levels of significance were defined as below: *p < 0.05.
DISCUSSION
OMDT is a rare but life-threatening occupational health problem (Li et al., 2019). Unlike general chemical-induced irritant contact dermatitis, OMDT is often accompanied with severe inflammatory visceral complications, including hepatitis and immune kidney damage (Wang et al., 2021). Although not as fatal as liver damage, immune kidney damage is proved to be closely related to disease severity and prognosis (Liu, 2009). In OMDT patients, the immune kidney injuries mainly presented as diffuse inflammation, positive urine protein, and renal dysfunction with abnormal expression of ALB, α1-MG, and β2-MG (Liu, 2009; Wen et al., 2019). In addition, an altered level of inflammation-related cytokines such as TNF-α, IL-6, and IL-10 was also found in the serum of OMDT patients (Xueqin et al., 2018). In accordance with human reports, the present study and our previous studies showed that renal tubular inflammatory injuries were present in TCE-induced kidney damage, as evidenced by renal pathological examination and overexpression of IL-1β and IL-18 in renal tubules (Wang Y. et al., 2020; Xie et al., 2021).
Pyroptosis is a unique type of programed cell death depending on inflammatory caspase–mediated activation of GSDMD (Li et al., 2021). Activated GSDMD protein formed the pore in the cell membrane, causing cellular swell and rupture and the release of proinflammatory IL-1β and IL-18 (Ding et al., 2021). Recent studies have indicated that pyroptosis could amplify the local inflammatory response in kidney disorders, including diabetic kidney disease and acute kidney injury (Shahzad et al., 2015; Tan et al., 2017). Wang et al. suggested that GSDMD-mediated pyroptosis contributes to the pathogenesis of LPS-induced acute liver failure and concomitant acute kidney injury with mechanisms involving TNF-a/HMGB-1 signaling (Wang G. et al., 2020). Naijun Miao et al. also demonstrated that the key role of RTEC pyroptosis in acute kidney injury was associated with IL-18 excretion in urine (Miao et al., 2019). To investigate whether pyroptosis is involved in TCE-induced kidney damage, we tested the two main executive molecules, GSDMD and GSDME. We found an increase of GSDMD mRNA in TCE-sensitized mice, while non-obvious changes of GSDME mRNA occurred in other groups, and GSDMD protein was expressed in renal tubules and located in the RTECs. Thus, we revealed a new mechanism of RTEC pyroptosis in TCE-induced kidney damage which, to our knowledge, has never been reported in literature.
Studies have shown that caspase-1 activation is initiated by the assembly of the NLRP3 inflammasome, comprised of NLRP3, ASC, and caspase-1, and activated caspase-1 promoted the secretion of mature IL-1β and IL-18 to amplify the inflammatory response (Li et al., 2021; Sun et al., 2022). We previously reported the increase of NLRP3 signaling in TCE-induced kidney damage (Xie et al., 2021). Here, we isolated primary RTECs to test the activation of NLRP3 signaling at the cellular level. Our results showed that the NLRP3 signaling contributed to TCE-induced RTEC damage, and after pharmacological inhibition of the NLRP3/caspase-1 pathway, the activation of downstream GSDMD was effectively reduced associated with obvious reversal of ultrastructural changes found in murine RTECs. Therefore, we speculated that the activation of caspase-1–dependent canonical pathway functions to trigger the GSDMD-mediated RTEC pyroptosis in TCE-sensitized mice.
Our previous study found that C5b-9 mainly played a sub-lytic role in the process of renal tubular injury in TCE-sensitized mice (Wang X. et al., 2019). Indeed, as a membrane pore–forming protein, the sub-lytic effects of C5b-9 play a more important role in inflammatory response (Zhang et al., 2021). Studies have shown that sub-lytic C5b-9 worked as a trigger of various intracellular signaling processes such as MAPK (Zhu et al., 2017), NF-κB (Guo et al., 2020), and the NLRP3 (Zhang et al., 2021) signaling. However, whether sub-lytic C5b-9 is involved in TCE-induced RTEC pyroptosis remains unknown. In the current study, we pretreated mice with recombinant CD59 to block the deposition of C5b-9 on RTECs. In line with our previous study, we found that C5b-9 exerted sub-lytic effects in tubular damage. In addition, our data supported that the sub-lytic C5b-9 promotes the RTEC pyroptosis in TCE-sensitized mice based on the observed downregulation of caspase-1 and GSDMD after CD59 pretreatment.
Therefore, we provided a novel insight on C5b-9 in mediating immune response in TCE-induced kidney damage. A recent in vitro study uncovered that sub-lytic C5b-9 could directly activate NLRP3 via internalization into endosomes and colocalized with the components of NLRP3 (Diaz-Del-Olmo et al., 2021). With the function of NLRP3, caspase-1 was activated and then cleaved full-length GSDMD, generating an active form of GSDMD and mediating proinflammatory response (Diaz-Del-Olmo et al., 2021). In addition, another study suggested that the deposition of C5b-9 on the cytomembrane opened a pore for the influx of calcium, which is an essential signal for NLRP3 activation (Kumar et al., 2018). Unfortunately, due to the lack of in vitro models for visceral injury by TCE sensitization, we could not further explore the precise mechanism as to how C5b-9 works on NLRP3 and caspase-1–mediated pyroptosis in the absence of the immune environment of TCE sensitization. We will be sought to resolve this problem in our future studies.
CONCLUSION
In conclusion, we provide new evidence that RTEC pyroptosis contributes to diffuse kidney inflammatory damage. The caspase-1–dependent canonical pathway was activated in TCE-induced renal tubular damage. Pharmacological inhibition of C5b-9 could restrain the RTEC pyroptosis and rescue renal tubular damage. Collectively, our finding suggests a novel mechanism of NLRP3-mediated RTEC pyroptosis in TCE-induced kidney damage. Drugs targeting C5b-9 and pyroptosis might be a new choice for clinical treatment of kidney damage in TCE sensitization.
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Purpose: Our research developed immune-related long noncoding RNAs (lncRNAs) for risk stratification in cervical cancer (CC) and explored factors of prognosis, inflammatory microenvironment infiltrates, and chemotherapeutic therapies.
Methods: The RNA-seq data and clinical information of CC were collected from the TCGA TARGET GTEx database and the TCGA database. lncRNAs and immune-related signatures were obtained from the GENCODE database and the ImPort database, respectively. We screened out immune-related lncRNA signatures through univariate Cox, LASSO, and multivariate Cox regression methods. We established an immune-related risk model of hub immune-related lncRNAs to evaluate whether the risk score was an independent prognostic predictor. The xCell and CIBERSORTx algorithms were employed to appraise the value of risk scores which are in competition with tumor-infiltrating immune cell abundances. The estimation of tumor immunotherapy response through the TIDE algorithm and prediction of innovative recommended medications on the target to immune-related risk model were also performed on the basis of the IC50 predictor.
Results: We successfully established six immune-related lncRNAs (AC006126.4, EGFR-AS1, RP4-647J21.1, LINC00925, EMX2OS, and BZRAP1-AS1) to carry out prognostic prediction of CC. The immune-related risk model was constructed in which we observed that high-risk groups were strongly linked with poor survival outcomes. Risk scores varied with clinicopathological parameters and the tumor stage and were an independent hazard factor that affect prognosis of CC. The xCell algorithm revealed that hub immune-related signatures were relevant to immune cells, especially mast cells, DCs, megakaryocytes, memory B cells, NK cells, and Th1 cells. The CIBERSORTx algorithm revealed an inflammatory microenvironment where naive B cells (p < 0.01), activated dendritic cells (p < 0.05), activated mast cells (p < 0.0001), CD8+ T cells (p < 0.001), and regulatory T cells (p < 0.01) were significantly lower in the high-risk group, while macrophages M0 (p < 0.001), macrophages M2 (p < 0.05), resting mast cells (p < 0.0001), and neutrophils (p < 0.01) were highly conferred. The result of TIDE indicated that the number of immunotherapy responders in the low-risk group (124/137) increased significantly (p = 0.00000022) compared to the high-risk group (94/137), suggesting that the immunotherapy response of CC patients was completely negatively correlated with the risk scores. Last, we compared differential IC50 predictive values in high- and low-risk groups, and 12 compounds were identified as future treatments for CC patients.
Conclusion: In this study, six immune-related lncRNAs were suggested to predict the outcome of CC, which is beneficial to the formulation of immunotherapy.
Keywords: TCGA, immune-related, inflammation, lncRNA, cervical cancer, prognosis, risk score, tumor inflammatory microenvironment
INTRODUCTION
Cervical cancer (CC), a type of gynecological malignancy, is a serious threat to women’s health. It currently ranks as the fourth highest incidence and mortality rate of gynecologic cancers around the world (Bray et al., 2018). Mortality rates in poorly paid countries and territories are 18 times higher than in developed countries, which varies widely, with 85% of fatality occurring in less developed countries because of the restricted therapeutic schedule and socioeconomic and cultural conditions (Small et al., 2017). Currently, routine treatments for CC include surgery, chemotherapy, and radiation, but terminal cancer patients are suitable to develop radiation and chemical treatment tolerance (Seol et al., 2014). In addition, within 2 years of treatment, most CC patients have a poor prognosis due to the recurrence or metastasis of the tumor (Liontos et al., 2019). Thus, it is very important to find novel prognostic targets and therapeutic strategies to enhance the viability of CC patients.
Inflammation is an antidamage reaction to endogenous or exogenous injury in the body, and tumor-associated inflammation is incredibly important in tumor progression. It has been found that a large number of inflammatory cells are found in tumor tissues that transmit considerable amounts of cytokines, chemokines, tumor necrosis factor-α, and macrophage migration inhibitory factors (Greten and Grivennikov, 2019).
These persistent anti-infective factors can exacerbate DNA damage in cells, inducing cell mutations that lead to cell proliferation. Tumor cells convert some of the inflammatory substances into transmitters that favor the tumor growth and extension as the tumor progresses. Tumor cells can release cytokines and chemokines to appeal to immune cells to promote cancer progression. The immune system is able to identify tumor-associated surface antigens and activate cells to produce a series of immune responses to attack and eliminate tumor cells, which ultimately leads to the release of various effect molecules which can stop tumors from growing (Barabas et al., 2018). The disequilibrium of the tumor inflammatory microenvironment (TIME) has vital implications for the genesis and evolution of tumors. By now, immunotherapy has become an innovative therapy for CC in the process of cellular molecular biology and immunology (Ventriglia et al., 2017). The mechanism of tumor immunotherapy is mainly to provoke and strengthen the antitumor immune response by increasing the immunogenicity of tumor cells and the sensitivity of cell damage, and the other is that the immune cells and molecules that work in the body prompt the immune system not only to kill smaller cancer cells but also to suppress the recurrence and metastasis of the tumor (O'Donnell et al., 2019).
Long noncoding RNAs (lncRNAs) are transcripts of more than 200 nucleotides, which are regions of the genome that cannot encode proteins. More evidence indicates that lncRNAs generally decontrol in cervical malignancy. lncRNAs play an important role on a variety of biological functions, for instance, gene transcription, translation, and modification, through acting upon proteins, RNA, and DNA. In recent decades, there have been studies showing that lncRNAs are involved in tumorigenesis of CC. For example, the downregulation of a long noncoded RNA called lnc-CCDST in CC tissue promoted the vitality and angiogenesis of tumor cells by being bound to cancer-causing DHX9 that upregulated in the CC tissue (Ding et al., 2019). Another study demonstrated the clinical prognostic importance of the lncRNA SOX21-AS1 in hypomethylation for CC (Wang et al., 2019a). lncRNA BBOX1 antisense RNA 1 induced the growth and proliferation of cancer cells by a higher HOXC6 expression by way of miR-361-3p and HuR (Xu et al., 2020). Therefore, lncRNAs could be implicated as potential biomarkers in the therapy and prognosis of CC. Nevertheless, it is a pity that the mechanisms of immune-related lncRNAs in the prognosis of CC have not been clearly explained yet. We carried out this study for the purpose of identifying immune-related RNAs, which might act as a prognostic and therapeutic target for CC. The survival analysis, Cox regression risk model, and other analytical methods were utilized to exploit prognostic signatures and pathogenesis of immune-related lncRNAs. Obviously, it is necessary for us to illuminate hub lncRNAs in cervical cancer that will forcefully impact the future execution and management of therapeutic strategies for patients.
MATERIALS AND METHODS
Data Acquisition
The transcriptome profile data of CC were collected from TCGA TARGET GTEx datasets in UCSC Xena (https://xena.ucsc.edu/), including 306 tumor samples and 13 matched normal samples. The normalized gene expression was measured as transcripts per million (TPM) and log2-based transformation. In addition, integral survival information and the clinical materials of 274 CC patients were obtained from TCGA database, covering age, TNM stages, tumor grades, and vital status at tracking patients and so on, aiming to analyze the survival prognosis of differentially expressed lncRNAs (DELncRNAs). Simultaneously, we sorted out a list of lncRNA signatures from the GENCODE database (https://www.gencodegenes.org/) so that DELncRNAs were analyzed significantly. In addition, we acquired an immune-related signature list from the Immunology Database and Analysis Portal (ImmPort) database (https://www.immport.org/) containing 2,396 immune-related genes, which serves as a usable material for immunological research.
Inclusion and Exclusion Criteria for Patients Used to Construct Risk Signatures
The inclusion criteria included primary tumor patients, complete clinical pathology parameters, and patients with transcriptome sequencing data. The primary outcome measure was overall survival (OS) and follow-up time ≧ 30 days. Patients whose survival status and clinical information are incomplete were excluded.
Preliminary Data Processing
We performed the “limma” package in R to examine the normalization of expression profiling and executed analysis of difference by false discovery rate (FDR) < 0.05 and | log folding changes | > 1 to find out genes that were abnormally expressed in tumors and normal samples. We then obtained significant DELncRNAs by intersecting lncRNA signatures with differentially expressed genes (DEGs) on a Venn diagram.
Foundation of Hub Immune-Related lncRNA Signatures and the Immune-Related Risk Model
By taking advantage of the “survival” package in R, we conducted univariate Cox regression between DELncRNAs and OS to determine survival-associated DELncRNAs. Then, survival-associated immune-related DELncRNAs with absolute values of correlation coefficient >0.6 were screened using the Pearson’s rank correlation test between survival-associated DELncRNAs and immune-related genes. Then, applying the “glmnet” package in R, we employed the least absolute shrinkage and selection operator (LASSO) regression model to minimize overfitting and determine the most remarkable survival-associated immune-related DELncRNAs in CC. After collinear testing, a step-by-step multivariate Cox regression analysis was carried out to establish the hub immune-related lncRNAs (survival-associated immune-related DELncRNAs derived) risk signature in CC. The visualization of the multivariate Cox regression analysis was demonstrated by the “forestplot” package in R. Taking the Cox coefficient and gene expression together, the risk score was calculated as this equation (k,βi, and Si mean the number of genes, coefficient index, and gene expression level, respectively) (Lossos et al., 2004; Chen et al., 2007; Hu et al., 2019):
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Referring to the median risk score, we classified the sample into high- and low-risk groups.
The Kaplan–Meier curve and log-rank test were then employed to assess the survival between the two groups. In addition, the risk map was described in the “ggrisk” package. To this step, the immune-related risk model was successfully constructed.
Determination of the Factors That Effects on the Prognostic Outcome of CC
Since the identified hub immune-related lncRNAs were related to CC survival results, we planned to further study the predictive value of these signatures. To assess independent prognosis factors, we applied the “forestplot” package to evaluate four major clinical parameters including age, staging, grading, and the risk level of the immune-related risk model. Moreover, a nomogram composed of primary clinical parameters and prognostic factors was formulated through multivariate Cox regression with the application of “rms,” “foreign,” and “survival” packages.
Through calculating Harrell’s concordance index (C-index), the calibration curves of the nomogram for 1-, 3-, and 5-year OS were drawn to evaluate the performance of the prognostic nomogram in the accuracy of the actual observation rate and the probability of the predicted survival. Meanwhile, the “survival ROC” package performed the receiver operating characteristic (ROC) curves to display 1-, 3- and 5-year OS predictions to assess the prognosis veracity with the hub immune-related lncRNAs. The accuracy of 1-, 3-, and 5-year ROC curves was analyzed by decision curve analysis (DCA).
Inference of the Correlation Between Immune-Related lncRNAs and Tumor-Infiltrating Immune Cells in xCell
With a view to measure the abundance of tumor interstitial cells in CC patients, we used a package called “xCell,” which combined the benefits of gene enrichment with deconvolution methods to fit RNA-seq sequence and microarray data and estimated the synthetic levels of 64 stromal cells based on gene signatures. According to the “xCell” package instructions, the xCell signature (N = 64) was allowed to run with 1000 permutations, which was eventually incorporated into 64 cell types for the study.
Verification of the Infiltrating Cells in CIBERSORT and the Difference in Immune Cell Abundance in High- and Low-Risk Groups
Using CIBERSORTx, a deconvolution algorithm, 22 cell types, including B cells, T cells, natural killer (NK) cells, macrophages, and dendritic cells (DCs), figured out a confirmable p-value in each sample by Monte Carlo sampling. These cases were analyzed with p < 0.05 due to the high credibility of the deduced cellular constituent. The abundance variation of immune cells in high- or low-risk groups was described in the “pheatmap” package. Afterward, we used a box plot to display the results, and different immune cells were noted in the study. Next, the Wilcoxon rank-sum test was employed to contrast the difference in abundance of immune cells in two risk groups. Last, we made a Kaplan–Meier analysis with OS for 22 immune cells.
Discovery of the Model in Immunotherapy and Potential Compounds
The tumor immune dysfunction and exclusion (TIDE) algorithm was utilized to predict the post-treatment response of immunotherapy methods. The TIDE algorithm is a computational model used to simulate two main nosogenesis of tumor immune escape (T-cell dysfunction and T-cell exclusion). TIDE signatures were effective and preferably given immunotherapy biological targets that could provide predictive immunotherapy reactions for CC. Next, we obtained the IC50 of compounds in the Genomics of Drug Sensitivity in Cancer (GDSC) website to speculate on potential biomarkers for CC therapy in clinical settings and performed a correlation and difference analysis with IC50 predictive values for 27 chemotherapeutics commonly used to treat cervical cancer (detailed information in Supplementary Table S2). The IC50 of compounds was calculated by the “pRRophetic” package in R.
Statistical Analysis
The aforementioned statistical methods were carried out by R software (version 4.1.0). The “limma” package was applied to differential analysis and normalization. The correlation analysis used Pearson’s rank correlation test. The statistical difference in survival rates of two risk groups was assessed using the Kaplan–Meier curve and log-rank test. The prognosis influencing factors were analyzed using multivariate Cox regression analysis, the results of which are illustrated by a nomogram. The ROC curve determined the predictive accuracy of hub genes, the accuracy of which was confirmed by the DCA. The Wilcoxon rank-sum test was utilized to select differential expression genes, infiltrative immune cells, and IC50 predictive values in the different groups. p value <0.05 was regarded as statistically significant.
RESULTS
Identification of DELncRNA Signatures in CC
Our study procured 319 samples from the TCGA TARGET GTEx datasets in UCSC Xena (https://xena.ucsc.edu/), consisting of 306 tumor samples versus 13 normal samples. The gene expression was normalized as transcripts per million (TPM) and log2-based transformation. Meanwhile, the corresponding survival data and clinical information of CC patients were acquired in TCGA database, and all clinical material is demonstrated in Supplementary Table S1. We excluded patients with insufficient survival information and found that 274 samples met the requirements of full survival and transcriptome data, which were brought into subsequent studies. The “limma” package was employed to pick out 16,428 differentially expressed genes (DEG) by means of |log fold change| >1 and false discovery rate (FDR) < 0.05. The result was visualized using the volcano diagram and heatmap to display up- or downregulation of the aforementioned genes (Figures 1A,B). We listed lncRNA signatures from the GENCODE database and obtained 5,329 DELncRNA signatures approximately, by intersecting lncRNA signatures with DEGs, which is exhibited in a Venn diagram (Figure 1C), consisting of 1,433 upregulated and 3,896 downregulated genes that were identified.
[image: Figure 1]FIGURE 1 | Recognition of hub immune signatures in CC. (A,B) Volcano plot and heat map were drawn to exhibit the difference in expression genes between tumor and normal samples; (C) Venn diagram was drawn to show the obtained DELncRNA signatures through intersecting lncRNA signatures with DEG; (D,E) Twelve hub immune-related lncRNAs were identified using the LASSO regression method.
Identification of Prognostic Immune-Related lncRNA Signatures in CC
First, we merged the expression data of DELncRNAs with survival information. Utilizing the “survival” package, we conducted univariate Cox regression on DELncRNAs and OS of CC in TCGA database to identify 453 survival-associated DELncRNAs (p < 0.05). With 2,396 immune-related genes procured from the ImmPort database, we further explored to screen the prognostic-relevant signatures among them. Then, 54 survival-associated immune-related DELncRNAs with absolute values of correlation coefficient >0.6 were screened using Pearson’s rank correlation test between survival-associated DELncRNAs and immune-related genes.
Establishment of the Hub Immune-Related lncRNA Signature and Risk Model
Considering that these immune-related signatures exhibited different expression quantities in tumor or normal samples, we ulteriorly screened out the hub genes. We performed the LASSO regression method and multivariate Cox regression analysis to find the most significant prognostic immune-related lncRNAs. In the LASSO regression method, as the filter program showed in Figures 1D,E, we identified 12 lncRNAs. Next, we figured out each coefficient of signature through a multivariate Cox regression analysis and the result of which is demonstrated in Figure 2E. Last, six lncRNAs were identified in the hub immune-related lncRNAs. The weight of each hub gene is shown in Table 1. The risk score of hub immune-related lncRNAs was accordingly formulated as Risk Score = −0.233882 × RP4-647J21.1 −0.159569 × LINC00925 −0.154896 × EMX2OS +0.260937 × AC006126.4 −0.238834 × BZRAP1-AS1 +0.128459 × EGFR-AS1. Therefore, we established an immune-related risk model successfully that divides 274 samples into high- and low-risk groups, with 137 cases in each group. It was easy to see that patients with higher scores had a higher risk of survival, as exhibited in Figures 2A,B. In addition, the heatmap and the box plot displayed different expression levels of the hub genes in the high-risk group versus the low-risk group and the tumor group versus normal group, respectively (Figures 2C,F). The heatmap illustrated that AC006126.4 and EGFR-AS1 showed the overexpression in the high-risk group, but RP4-647J21.1, LINC00925, EMX2OS, and BZRAP1-AS1 had medium-even underexpression levels. We also used Kaplan–Meier analysis to further study hub lncRNAs, as shown in Figure 2D, to indicate that patients with higher risk scores were bound with lower OS (p < 0.001).
[image: Figure 2]FIGURE 2 | Establishment of hub genes and distributions. (A,B) Survival states of patients depending on hub signature levels; (C) Heatmap plot was used to determine variant levels in hub signatures identified between different groups; (D) Kaplan–Meier analysis with the hub immune signature; (E) Forest plot visualized results of multivariate Cox regression analysis; (F) Differences in expression levels of six hub genes in different groups.
TABLE 1 | Results of hub lncRNAs based on TCGA TARGET GTEx data after the multivariate Cox regression.
[image: Table 1]Establishment of Prognostic Factors in CC From TCGA
To find independent prognostic factors for signatures, including age, stage, grade, pathologic M, pathologic N, pathologic T, OS, OS time, risk level, and risk score, the package of “gg forest” was applied. Results of the gg forest plot showed that stage (HR = 1.38, p < 0.05), pathologic N (HR = 2.16, p < 0.05) and risk score (HR = 2.80, p < 0.001) had predictive values for OS in CC, as shown in Figure 3A. Performing the “rms” package, four primary clinical variables, including age, stage, grade, and risk levels, were shown in the nomogram (Figure 3B), which also showed a prediction of 1-, 3-, or 5-year OS. At the same time, we verified that the C-index of the nomogram was 0.799 and testified a desirable consistency between the prediction and observed values at the odds of 1-, 3-, and 5-year survival (Figure 3C). The aforementioned result demonstrated that the constructed nomogram had manifested a satisfactory prediction in the survival rate of CC patients in 1, 3, or 5 years. If we refer to the earlier content, each sample was included in a high- or low-risk group. On the basis of 6 lncRNAs, we used time-dependent ROC analyses of 1, 3, and 5 years to estimate the precision of prognosis, resulting in 1-, 3-, and 5-year AUC corresponding values of 0.760, 0.711, and 0.731 (Figure 4A).
[image: Figure 3]FIGURE 3 | Evaluation of factors in impacting prognosis of patients for CC. (A) Multivariable Cox proportion hazard regression for OS of CC; (B) Nomogram comprised risk scores and other clinical parameters for the prediction of 1-, 3-, and 5-year OS of CC; (C) Calibration plot of the nomogram for probabilistic forecasts of 1-, 3-and 5-year overall survival of patients.
[image: Figure 4]FIGURE 4 | Evaluation of the predictive prognosis capability of CC by hub signatures. (A) The 1-, 3-, 5-year AUC of ROC curve was 0.760, 0.711, and 0.731, indicating better predictive power; (B, C, D) The decision curve analysis (DCA) estimated the accuracy of predicting 1-, 3-, 5-year prognosis.
In addition, we successfully confirmed the uniformity of probabilities between the actual and predicted survival rates by DCA (Figures 4B–D).
Associations of Immune-Related lncRNAs With Immune Cells Using xCell
Since immune cell infiltration plays a very important role in the TIME, we combined immune-related signatures with immune infiltration cells into an overall research. On basis of the xCell algorithm, most of the six hub lncRNAs were correlated with the following important immune cells, as shown in Figure 5, such as mast cells, DCs, megakaryocytes, memory B cells, NK cells, and Th1 cells. Moreover, we made use of the violin plot to demonstrate the differences of several immune cells in the TIME between the high- and low-risk groups (Figure 6). Filtering out some immune cells from 64 mesenchymal cell species, we were left with immune cells with p < 0.05. The reflected differences of typical immune cells with high- and low-risk groups in the TIME by using a violin diagram, such as aDCs, B cells, basophils, CD4+ naive T cells, CD4+ T effector memory (Tem) cells, CD8+ T cells, CD8+ T central memory (Tcm) cells, CD8+ Tem cells, cDCs, class-switched memory B cells, common lymphoid progenitor (CLP) cells, DCs, fibroblasts, hematopoietic stem cells (HSCs), melanocytes, memory B cells, mesangial cells, naive B cells, neutrophils, pDCs, plasma cells, and smooth muscle cells. Compared between immune cells, CC tissue generally contained higher proportions of aDCs, basophils, CD8+ Tcm cells, cDCs, and smooth muscle cells, whereas CD4+ naive T cells, mesangial cells, naive B cells, and neutrophil fractions were relatively lower. Overall, we found less infiltration of these immune cells in the high-risk group than in the low-risk group. In other words, the reduction of immune-infiltrating cells in the tumor microenvironment is possibly associated with poor prognosis for CC. Moreover, we concluded that the infiltration levels of CD8+ T cells far exceeded those of CD4+ cells. Similar to this report’s finding, CD8+ T cells were preferred to be recruited into cervical lesions and progressed to invasive (Edwards et al., 1995).
[image: Figure 5]FIGURE 5 | Correlations between hub signatures and tumor-infiltrating immune cells.
[image: Figure 6]FIGURE 6 | Differences in immune cells screened from 64 mesenchymal cells were accurately compared by Wilcoxon rank and testing (p < 0.05), indicating that a few immune cells gave different infiltrating densities in two risk groups.
Differential Abundance of Tumor-Infiltrating Immune Cells in High- or Low-Risk Groups Using CIBERSORT
We employed the CIBERSORT algorithm to pre-estimate the infiltration level of 22 immune cells in each sample. To ensure the accuracy of the analysis, we retained a sample with a p-value > 0.05, and the heatmap showed the difference of immune cells in infiltration abundance between the two groups, which were annotated in different colors, with the sum of the immune fractions in each sample equal to 1 (Figure 7). The potential association between immune signatures and several immune cells was analyzed, so it is assumed that the distribution of immune cells was different in the two risk groups (Figure 8A). The Kaplan–Meier curve exhibited the difference in prognosis analyzed by high- and low-risk group immune cells together with OS and finally retains the significant immune cells of p < 0.05 (Figure 8B). The result was described in a box plot via the Wilcoxon rank-sum test to accurately contrast the difference in the two risk groups and discovered that a few immune cells conferred a noticeably lower infiltrating degree in the high-risk groups, containing naive B cells (p < 0.01), activated dendritic cells (p < 0.05), activated mast cells (p < 0.0001), CD8+ T cells (p < 0.001), and regulatory T cells (p < 0.01). Conversely, some immune cells were higher conferred in the cancer samples, such as macrophages M0 (p < 0.001), macrophages M2 (p < 0.05), resting mast cells (p < 0.0001), and neutrophils (p < 0.01). It was also found that CD8+ T cells and macrophages were the most inundated immune cells. We made the Kaplan–Meier analysis with OS for 22 immune cells and found that the following four immune cells are meaningful: activated mast cells (p = 0.007), resting mast cells (p = 0.032), resting memory CD4+ T cells (p = 0.030), and CD8+ T-cells (p < 0.001).
[image: Figure 7]FIGURE 7 | Composition of immune cells were evaluated through the CIBERSORT algorithm, and 22 immune cells were annotated with different colors in the legend.
[image: Figure 8]FIGURE 8 | (A) Wilcoxon rank-sum tests compared the difference and manifested that some immune cells had different infiltrating levels in two risk groups; (B) Kaplan–Meier analysis with OS for 22 immune cells.
Estimation of Cancer Immunotherapy Response and New Chemotherapy Candidates Aimed at the Immune-Related Risk Model
Using the TIDE algorithm, the effect of immunotherapy response can be predicted by transcriptomic data so as to explore whether the immunocortical models can predict the benefits of immunotherapy in CC patients. The final table was obtained after the TIDE algorithm, as shown in Supplementary Table S3. Based on the results of the Wilcoxon test, in the immune-related risk model, low-risk patients (124/137) were significantly higher than high-risk patients (94/137) (p = 0.00000022) (Figure 9A), and the risk score was significantly inversely relevant to the immunotherapy response of CC patients (Figure 9B). To treat CC patients, we further speculated about potential agents targeting the immune-related risk model. The pRRophetic algorithm was utilized to assess the treatment response of each sample supported by the half-maximal inhibitory concentration (IC50) that was obtained from the Genomics of Drug Sensitivity in Cancer (GDSC) database.
[image: Figure 9]FIGURE 9 | (A,B) Distribution of immunotherapeutic response in different groups based on the TIDE algorithm. Wilcoxon rank-sum tests were employed to analyze contingency tables for ICI responders; (C) Point plots exhibited the correlation between 16 compounds and the estimated IC50; (D) Violin plots visualized the differences in the estimated IC50 between these two groups.
We performed a correlation analysis between IC50 predictive values of 27 drugs and risk scores (Supplementary Table S2) commonly used to treat cervical cancer and found that 16 compounds were in significant correlation with the estimated IC50 (p < 0.05) (Figure 9C), and 12 of the 16 compounds were screened because of the significant differences in the approximated IC50 (p < 0.05) comparing the two groups. According to the correlation and difference analysis results of IC50 predicted values, it showed that 12 compounds (bortezomib, docetaxel, doxorubicin, FTI.277, imatinib, metformin, mitomycin.C, MK.2206, MS.275, pazopanib, shikonin, and VX.680) could be employed to further study targeting CC patients. At the same time, high-risk scores were correlated with a lower IC50 of these chemotherapy drugs and were found to be doxorubicin (p = 0.025), FTI.277 (p = 0.000004), imatinib (p = 0.0037), pazopanib (p = 0.0015), and shikonin (p = 0.0016). Conversely, it was related to a higher IC50 of these drugs, such as bortezomib (p = 0.012), docetaxel (p = 0.047), metformin (p = 0.00000022), mitomycin.C (p = 0.019), MK.2206 (p = 0.032), MS.275 (p = 0.0057), and VX.680 (p = 0.00025), which demonstrated these compounds as possible potential indicators of treatment for chemical sensitivity (Figure 9D).
DISCUSSION
Over the past couple of years, inflammatory and immune diseases have become a global focus of health concern. Immunity is a kind of defense function of the human body. It not only relies on this function to identify “self” and “non-self” components, destroy, and reject antigenic substances entering the body but also monitor and identify and remove abnormal cells produced in the body at any time to prevent the production of tumor cells. Inflammation and immunity are intimately concerned, and more evidence suggests that the host’s inflammatory response can be contributed significantly in the development and progression of cancer by influencing the immune microenvironment, such as in CC, inflammation is a significant agent affecting the disease to develop, progress, and thus leading to metastasis. Hence, better understanding of the common pathways between inflammation and cancer and investigating the alteration of the TIME may pave the way for the fight against CC.
In recent years, we have come to the realization that the immune microenforce impact tumor growth, metastasis, therapy, and prognosis (Hinshaw and Shevde, 2019; Lei et al., 2020). Studies have shown that next-generation sequencing has been found to be an innovative optional treatment for identifying actionable driver mutations and other markers (Menderes et al., 2016). We have found that lncRNA affects tumor development by influencing the immune response of tumors and infiltration of immune cells (Schwerdtfeger et al., 2021). It indicated that lncRNA, which is strongly relevant to the prognosis of patients, has been a significantly potential possible therapeutic drug for cancer and an innovative biotargeted molecule. In colorectal cancer, lncRNA SATB2-AS1 inhibits cancer metastasis through a regulation of SATB2, which impacts immune cells of the TIME (Xu et al., 2019).
Long noncoding RNA NEAT1 inhibits the progression of patients with early onset myocardial infarction by regulating the immune cell function (Gast et al., 2019). However, the method of effectively intervening to improve the prognosis of cervical cancer based on immune-related lncRNAs has not yet been fully clarified. It is in view of the vital role of immune infiltration in cancer development and proliferation that we have found new immune-related biomarkers for CC that may be useful for immunization therapy. In this study a solid CC immune-related risk signature was established using the profiles from TCGA TARGET GTEx dataset and TCGA dataset. Through multiple screenings of univariate Cox regression, LASSO regression, and multivariate Cox regression analysis, we identified six immune-related lncRNAs (AC006126.4, EGFR-AS1, RP4-647J21.1, LINC00925, EMX2OS, and BZRAP1-AS1) and also established a risk signature model that classified CC patients to low-risk and high-risk groups.
The prognostic value of immune-related lncRNAs in a variety of cancers has been confirmed by newly reported studies (Li et al., 2020a). In our study, we identified six lncRNAs as the hub signature. In the risk model, we found that AC006126.4 and EGFR-AS1 were risk-related genes, while RP4-647J21.1, LINC00925, EMX2OS, and BZRAP1-AS1 were protect genes. Some of these genes are reported to have taken part in the regulation of the immune response. lncRNA EGFR antisense RNA 1 (EGFR-AS1) is a transcription of 2.8-kb, transcribed on the antonymic chain of the epidermal growth factor receptor (EGFR), which is part of the family of receptor tyrosine kinases ErbB (Patel and Leung, 2012; Qi et al., 2016; Tan et al., 2017). It has been reported that the EGFR is essential in physiological processes just like cell migration, cell multiplication, and cell-cycle control (Wilusz et al., 2009) and that the overexpression of EGFR-AS1 is enough to cause resisting tyrosine kinase inhibitors and the downregulation of EGFR-AS1 which can induce the continuous tumor regression of squamous cell carcinoma (Tan et al., 2017). So far, there has been little research on the role of naturally occurring EGFR subtypes, and few studies have shown that other subtypes (such as secreted EGFR or sEGFR) are secreted in the plasma and may be prognostic for lung and cervical cancer (Halle et al., 2011; Lococo et al., 2015; Romero-Ventosa et al., 2015). In addition, the EGFR-AS1 mutation is thought to be associated with several cancers, including lung, stomach, kidney, and colorectal cancers (Hu et al., 2018; Wang et al., 2019b; Qi et al., 2019; Atef et al., 2021). In Wang’s study, EGFR-as1 may be involved in immune-related pathways to promote the progression of bladder cancer by upregulating the EGFR (Wang et al., 2020). Therefore, it is suggested that EGFR-AS1 may be a potential bridge between gynecology and immuno-oncology. LINC00925, also known as MIR9-3HG, has shown that it is strongly linked to the occurrence and development of cervical cancer in current studies (Wu et al., 2018; Gast et al., 2019). Chen’s study suggests that as an miRNA-host lncRNA, LINC00925 exhibited high expression in cervical cancer patients, prolonging their survival time (Chen et al., 2021); the aforementioned research results are consistent with ours, but the detailed mechanism of MIR9-3HG in CC development is not known. Studies have shown that removing MIR9-3HG inhibits the proliferation of cells and promotes apoptosis in CC (Li et al., 2021). MIR9‐3HG was reported as an immune‐related lnRrNA introduced in hepatocellular carcinoma (LIHC) and presented in all immune cell populations except NK CD56dim in patients (Li et al., 2020b). With regard to the immunological function of MIR9-3HG in a variety of immune cells, we believe that MIR9-3HG is a wide participation in tumor invasion and metastasis. Similar to LINC00925, EMX2OS is another key signature in CC that affects prognosis (Wu et al., 2018; Zheng et al., 2020). Recent research has shown EMX2OS as a novel lncRNA potential immune-related biomarker for acute rejection and graft loss of renal allograft (Zhang et al., 2020). In addition, EMX2OS was reported to play a role in myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), leading to speculation that it is involved in immunological diseases or in stress responses (Yang et al., 2018). We have found that EMX2OS, which has been expressed in ovarian cancer, may inhibit tumor development and development by acting on PD-L1 (procedural cell death protein 1) through the EMX2OS/miR-654/AKT3 axis (Duan et al., 2020). BZRAP1-AS1 is a low expression in CC that has been found in accordance with our expectations (Zheng et al., 2020). However, BZRAP1-AS1, which is identified as highly expressed in hepatocellular carcinoma tissue and cells, prevents the proliferation, migration, and angiogenesis of human umbilical vein endothelial cell (HUVEC) in cancer cells (Wang et al., 2019c). As for the other two genes named AC006126.4 and RP4-647J21.1, which are located on human chromosome 19 and chromosome 7, respectively, there are relatively few studies on them to date. Although their role in CC is currently unclear, we can predict that they may be novel biomarkers associated with CC.
The view that the interaction between immune cells and cancer cells in tumor tissue reshapes the TIME and that the inflammatory microenvironment affects clinical therapeutic effect is more widely recognized (Liu et al., 2018).
From the previous studies, we have found that a reduction in the proportion of CD4 T cells in the CC microenvironment can lead to a reversal of CD4/CD8 ratios in tumor-infused lymphocytes (TILs) that inhibit anti-tumor immunological function (Sheu et al., 20011950; Shah et al., 2011). Another research shows that CC cells can tempt antigen-presenting cells (APCs) to form a broken immune environment that affects the survival and prognosis of patients (Cao et al., 2019). The aforementioned two points are consistent with the results of the xCell algorithm we studied. In addition, we analyzed 22 immune cell subtypes using the CIBERSORT algorithm to explore the most enrichment of infiltration cells are CD8+ T cells and macrophages in the immune microenvironment of CC. An earlier study suggested that the average quantity of CD8 T cells, a key cytotoxic lymphocyte that targeted cancer cells and monitored them immunologically, was more abundant in the CC tissue than in peripheral blood (Wu et al., 2020). Activated CD4+ T cells promote the activation of cytotoxic immune responses that require CD8+ T cells to function (Ostroumov et al., 2018). In the initial stage of immune function, CD8+ T cells were in a positive relationship with activated memory CD4+ T cells, while there was an inverse relationship with resting memory CD4+ T cells. Nonactivated M0 macrophages, pro-inflammatory M1 macrophages, and immunosuppressive M2 macrophages belong to the macrophage family (Chen et al., 2017; Ludtka et al., 2021). Previous studies have shown that M0, M1, and M2 macrophages are significantly enriched in CC, especially concentrating on M2, which goes along with our findings (Petrillo et al., 2015). Macrophages are a kind of immune innate cells that can participate in the intricate immunological procedure with strong plasticity and heterogeneity (Peet et al., 2020). The different levels of cell infiltration in CC indicate that the variation of immune-related signatures is a clear inherent characteristic that can be used to reflect personally, particularly a variation in the face of cancer attack, which has important clinical significance. Research has shown that it is effective in treating and preventing the development of various cancers by regulating inflammation (Wattenberg and Beatty, 2020). The significantly different immune cells we have analyzed may serve as inflammatory biomarkers which will be an important predictor of prognosis for CC patients.
In addition, the initiation and monitoring of protective immune cells are inhibited by immune checkpoints such as CTLA-4 and PD-1/PD-L1, which are a varistor of immune response regulation. So our research showed an increase in the expression of immune checkpoints in high-risk patients of the risk model, which impels us to weigh how important it is in the prediction of the immune checkpoint inhibitor (ICI) response. Through the TIDE algorithm, we have successfully demonstrated that the risk score of the immune-related risk model can effectively predict the immunotherapy response. As we concluded, immunotherapy responses were higher in the low-risk group (124/137) than in the high-risk group (94/137), indicating a significantly negative correlation between risk scores and immunotherapy response. All these confirm that immune-related gene signatures are an effective tumor biomarker for predicting response to immunotherapy. The Wilcoxon rank-sum test result exhibited that the high-risk group was more susceptive to whole compounds and displays the 12 compounds (bortezomib, docetaxel, doxorubicin, FTI.277, imatinib, metformin, mitomycin.C, MK.2206, MS.275, pazopanib, shikonin, and VX.680) that might be used for further analysis in patients with CC. The same was true for the difference analysis with IC50 of chemotherapeutics between the high- and low-risk groups. This study focuses on the immune-related lncRNAs, and there are some limitations to our study. The underlying mechanisms underlying the relationship between CC immune genes and survival outcomes need to be further analyzed by in vivo and in vitro assays. Their exploratively selected signatures and constructed immune-related risk model may provide clues for discovering the mechanisms and functions of immune genes for CC patients. In addition, we used a variety of methods to verify that this new model algorithm is optimum, and the subsequent analysis of this study adopted this model. Therefore, we are convinced that our conclusions were quite reliable.
Taken together, our study innovatively identified and validated six immune-related lncRNAs of CC and found an immune-related risk model for predicting clinical outcomes, indicated the immune cell infiltration intensity in the TIME, and predicted potential compounds in the immunotherapy treatment for CC. The key signatures we have selected may define a new treatment strategy that will be the new immune biomarkers for CC immunotherapy in the future.
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Intestinal ischemia-reperfusion (I/R) is a common pathophysiological process, which can occur in many conditions such as acute enteric ischemia, severe burns, small intestinal transplantation, etc,. Ischemia-reperfusion of the intestine is often accompanied by distal organ injury, especially liver injury. This paper outlined the signal pathways and cytokines involved in acute liver injury induced by intestinal I/R: the NF-κB Signaling Pathway, the P66shc Signaling Pathway, the HMGB1 Signaling Pathway, the Nrf2-ARE Signaling Pathway, the AMPK-SIRT-1 Signaling Pathway and other cytokines, providing new ideas for the prevention and treatment of liver injury caused by reperfusion after intestinal I/R.
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1 INTRODUCTION
Intestinal ischemia-reperfusion (I/R) is a series of interrelated pathophysiological processes including vasoconstriction, thrombosis, mitochondrial damage, inflammatory response, cellular damage and cell death. (Hayase et al., 2019). Intestinal I/R is known to occur in severe conditions such as extracorporeal circulation, vascular embolism, and small bowel transplantation. It is a very natural pathophysiological phenomenon (Fan et al., 2019). After intestinal ischemia, the returning blood supply often causes intestinal epithelial sloughing, bacterial shift, and systemic response. In the process, patients often develop systemic inflammatory response syndrome (SIRS) and multiple organ dysfunction syndrome (MODS) (Li et al., 2019a). The gut and the liver are among the most ischemia-sensitive tissues (Camara-Lemarroy, 2014). In addition to damage to the intestines, intestinal I/R has a great impact on other distal organs. When I/R occurs in the intestine, the liver overtakes the intestine as the organ most vulnerable to injury (Jing et al., 2018). The liver is the first organ to be affected, which may because the liver is closest to the gut and competes most with it for blood supply, and its blood vessels are also connected to the intestinal circulation (Hu et al., 2020). The vascular structure of the liver is related to the intestinal cycle, and the hepatoenteric axis plays a vital part in I/R-induced liver injury (Wen et al., 2020). Literature suggests that intestinal I/R disrupts the integrity of the cell membrane, making it a much less effective barrier against invasion by bacteria and inflammatory cytokines (Jia et al., 2020). When the intestinal barrier is compromised, toxins and bacteria in the gut are allowed to enter the portal vein and peripheral circulation, by which time the liver’s defenses have been significantly weakened, further causing the spread of inflammation and exacerbating the condition (Li et al., 2019b).
For our literature search, the Medical Subject Headings (MeSH) terms and key words were as follows: intestinal ischemia-reperfusion, acute liver injury, signal transduction pathways, treatment, and review. How intestinal I/R leads to the inherent mechanism of acute liver injury (Table 1) is not clear, and this review will concentrate on the signal transduction pathways and various cytokines described in articles on acute liver injury published in recent years, including the nuclear factor kappa-B (NK-κB) signaling pathway, P66shc signaling pathway, high mobility group box1 protein(HMGB1) signaling pathway and nuclear factor erythroid 2-related factor 2/AU-rich element(Nrf2-ARE) signaling pathway, explore its potential pathogenesis and applying biomarkers to targeted therapies.
TABLE 1 | Indexes of acute liver injury in different animal models.
[image: Table 1]2 THE NF-ΚB SIGNALING PATHWAY
NF-κB is an important factor in liver injury caused by intestinal I/R. The proteasome, which plays an important regulatory role in signaling, is a multi-catalytic protease complex consisting of two forms, 20 s (700 kDa) and 26 s (2000 kDa). (Bard et al., 2018; Xie et al., 2019a). The initial phase of intestinal I/R occurs when bacterial and endotoxin invasion compromises the intestinal barrier, decreases defenses and immunity, and bacteria, endotoxin, and oxidation stress take the opportunity to enter the circulation and activate NF-κB, causing it to be expressed (Liu et al., 2020). NF-kB translocates to the nucleus (Bellezza et al., 2018), dissociates from IK-κB and acts as an enhancer or repressor to regulate transcription of genes, such as those encoding TNF-a, IL-6, and ICAM-1 (Xie et al., 2019b). By inhibiting the expression of TNF-α and IL-6, curcumin limits the activation of leukocytes in the liver and other tissues, reducing tissue damage caused by inflammatory factors and proteasome activity by inhibiting NF-κB, and inhibiting enhanced ICAM-1 and neutrophil infiltration to protect against liver injury (Fan et al., 2014). After stimulation of macrophages by lipopolysaccharide, the expression of the pro-inflammatory factor TNF-α is initiated. PYR-41 inhibited the stimulation of macrophages by lipopolysaccharide through dose regulation, inhibiting the expression of TNF-α, thereby inhibiting the activation of NF-κB, and reducing the expression of intestinal pro-inflammatory cytokines after I/R (Matsuo et al., 2018). This reduces the damage to the liver after intestinal I/R. MG132 can effectively inhibit the NF-κB pathway to reduce liver injury (Zhao et al., 2010). PYR-41 treatment blocks IκB degradation and activates the NF-κB pathway (Matsuo et al., 20182018). N-acetylcysteine (NAC) and atorvastatin not only protect the liver and kidneys from intestinal I/R injury, but also have a protective effect on the peripheral circulation, as NAC inhibits the release of NF-κB and reduces the production of cytokines TNF- alpha, IL-1 and IL-6, also reducing the damage to the liver in intestinal I/R (Alexandropoulos et al., 2017). The natural antioxidant carnosol can reduce liver injury caused by intestinal I/R by both its own antioxidant action and by inhibiting the NF-κB pathway (Yao et al., 2009). Mangiferin (MF) can reduce NF-κB p65, block NF-κB signaling pathway and protect the liver from post-intestinal I/R damage (El-Sayyad et al., 2017). Therefore, inhibition of the NF-κB pathway is a feasible method to reduce hepatic injury after intestinal I/R. (Figure 1).
[image: Figure 1]FIGURE 1 | NF-κB signaling pathway.
3 THE P66SHC SIGNALING PATHWAY
Protein kinase CβII (PKCβII) is a heterodimer of the protein kinase C (PKC) family that is specifically activated during intestinal I/R; after intestinal I/R, oxidative stress activates PKCβII and subsequently the 66 kDa Shc homology 2 domain-containing protein (p66shc) is phosphorylated (Wang et al., 2014). The shc locus can be derived from three isoforms, of which P66SHC is one; it is an oxidative convertase that mediates the production of mitochondrial OS (Zhao et al., 2019). Because of the specific NH2 terminal region, it is able to phosphorylate the serine 36 residue, transferring P66SHC from the cytoplasmic matrix to the mitochondria (Miller et al., 2021). The transfer of p66shc results in a decrease in Ca ion channel responsiveness and an increase in mitochondrial permeability, further enabling excessive OS production and apoptosis (Boengler et al., 2017). Superoxide and peroxide are the main free radicals that cause intestinal I/R. Under normal physiological conditions, endogenous antioxidant enzymes neutralize OS in the body, but when oxygen enters ischemic tissues in large quantities, a large number of free radicals are generated, producing oxidative stress, superoxide dismutase is able to scavenge excess OS and reduce liver damage caused by intestinal I/R, Pistacia lentiscus oil reduces oxidative stress in the liver, reduces tissue damage caused by inflammatory mediators, and reduces liver damage caused by intestinal I/R (Saidi et al., 2017). FOXO3a is a member of the O subclass of the forkhead family and has a function in the regulation of oxidative stress (Baird and Yamamoto, 2020). Manganese superoxide dismutase (MnSOD) can be regulated by FOXO3a (Guo et al., 2021). Phosphop66shc can catalyze the phosphorylation and cytoplasmic translocation of FOXO3a, downgrade MnSOD expression (Fasano et al., 2019), and reduce antioxidant capacity. In a state of cellular oxidative equilibrium, upon release from the mitochondria, cytosolic H2O2 binds to GSH to produce GSH-PX and H2O, and the levels of GSH and GSH-PX can be used as a criterion for the oxidative capacity of hepatocytes (Barlow-Walden et al., 1995; Mailloux et al., 2016). After intestinal I/R, there is excessive production of H2O2, decreased GSH and inactivation of GSH-PX (Ma et al., 2014), indicators of liver damage. Previous reports have shown that cleaved cystein-3 and BCI-XL can be used as sensitive indicators for the evaluation of p66shc-induced apoptosis (Menini et al., 2006; Cai et al., 2019). Intestinal I/R-induced phosphorylation of hepatic P66shc, leading to upregulation of cleaved-caspase3 and a decrease in BCL-XL, suggesting that intestinal I/R induces liver injury via the P66shc pathway. From what has been discussed above, phosphop66shc can catalyze foxo3a phosphorylation and cytoplasm translocation. The p66shc pathway leads to FOXO3a activation, MnSOD downregulation and Bcl-xL expression (Ma et al., 2014). Protocatechuic acid suppresses foxo3a phosphorylation and enhances MnSOD expression. In addition, pro-catecholamines are able to inhibit the upregulation of BCL-XL via p66shc, enhancing the protection of intestinal epithelial cells and hepatocytes against damage caused by intestinal I/R (Ma et al., 2014). In addition, PKCβ plays an important role in the process. The activation of PKCβ-dependent p66shc phosphorylation by intestinal I/R and the cascade reaction of cytochrome-foldase and cystatin-3 activation leads to hepatocyte injury. By giving LY333531, the activation of PKCβ and p66shc phosphorylation was inhibited, and the interaction with cytochrome c was also inhibited, reducing the release of cytochrome c and decreasing the occurrence of apoptosis (Wang et al., 2014). This suggests that inhibition of P66shc phosphorylation may be an effective therapeutic target for liver injury caused by intestinal I/R, and that protocatechuic acid is an effective medicine to treat and alleviate acute liver injury after intestinal I/R. (Figure 2).
[image: Figure 2]FIGURE 2 | P66shc signaling pathway.
4 THE HMGB1 SIGNALING PATHWAY
When produced extracellularly during cell activation, stress, injury or death, high mobility group box 1 (HMGB1) acts as the ubiquitous histone that tends to cause inflammation (Andersson et al., 2018). Although early inflammatory factors and advanced inflammatory factors are involved in the procedure of intestinal I/R, because the advanced inflammatory factors have a wider treatment time window, HMGB1 has attracted more attention (Wen et al., 2020). According to reports, HMGB1 is released after intestinal I/R injury, thereby triggering the inflammatory response and increasing tissue damage (Linkermann et al., 2013). After intestinal I/R, RIP1 and RIP3 mediate the formation of a necrotic-inducing protein complex, while causing mixed lineage kinase domain-like (MLKL) phosphorylation to greatly increase release of intracellular damage-associated molecular patterns (DAMPs) (Wen et al., 2020). After intestinal I/R, necrotic enterocytes release DAMP, of which HMGB1 is the predominant one (Wen et al., 2017). Catalyzed by endotoxin and endogenous pro-inflammatory cytokines, HMGB1, originally present in the nucleus, can translocate into the cytoplasm (Le et al., 2020). Nec-1 inhibits the RIP1/3 pathway, which in turn inhibits MLKL phosphorylation and reduces HMGB1 translocation from the cytoplasm, leading to a reduction in liver injury. HMGB1-neutralizing antibodies and EP inhibit TLR4 and RAGE expression, thereby reducing the damage to the liver caused by intestinal I/R. There are a large number of single Kupffer cell (KC)s in the liver, which can respond quickly to oxidative stress injury and are stable sentinel cells (Jenne and Kubes, 2013; Ye et al., 2020). At present, there are different theories about how macrophages cause liver damage; however, we found that after intestinal I/R liver injury, the number of KCs increased, and M1-type macrophages dominated. HMGB1 neutralization effectively reduces the polarization of KCs towards M1, and increases the number of M2-type macrophages (Sica and Mantovani, 2012), which reduces liver damage to a certain extent. Uric acid (UA) is a molecule produced by the metabolism of DNA and purines through the xanthine oxidase (XO) pathway (El Ridi and Tallima, 2017). In response to inflammation, HMGB1, a DAMP closely associated with distal organ damage, has been shown to be released from endothelial cells following UA induction (Yang et al., 2006; Cai et al., 2017). In addition, the experimental results showed that UA could induce the release of HMGB1 (Khazoom et al., 2020), increasing liver injury after I/R. To summarize, HMGB1 plays an important role in liver injury after intestinal I/R, and inhibition of HMGB1 can effectively reduce liver injury. This provides a new idea for the treatment of liver injury after intestinal I/R. (Figure 3).
[image: Figure 3]FIGURE 3 | HMGB1 signaling pathway.
5 THE NRF2-ARE SIGNALING PATHWAY
The KEAP1-NRF2 pathway plays a major protective role in oxidation and electrophilicity (Camara-Lemarroy, 2014; Bellezza et al., 2018; Baird and Yamamoto, 2020). Under normal conditions, Nrf2 and Keap1 are isolated in the cytoplasm and degraded by the proteasome under basal conditions (Bellezza et al., 2018). When cells are subjected to oxidative stress, the defense mechanism is activated, and NRF2 dissociates from Keap1 and moves to the nucleus to bind with maf, coordinating with the upregulation of protective genes (Hassanein et al., 2020). Nrf2 dissociates from Keap1, translocates from the cytoplasm to the nucleus and binds ARE, activating the expression of hepatic detoxification genes (Jeong et al., 2006; Hassanein et al., 2020), and thereby reducing the reperfusion injury to the liver. Nrf2, activated by sulforaphane, initiates protection of the liver and reduces damage caused by intestinal I/R; both GSH-PX and HO-1 provide endogenous protection for hepatocytes after oxidative stress. Glutamine can upregulate SOD, GSH and GPx levels after II/R, improve the liver’s ability to respond to antioxidant damage and reduce liver damage after II/R (Hartmann et al., 2017). The SFN-treated Nrf2-ARE pathway was able to upregulate GSH-Px and HO-1 (Zhao et al., 2010). SFN improves the protection of the liver by activating the Nrf2-ARE pathway. These are novel targets for prevention and treatment of acute liver injury after intestinal I/R. (Figure 4).
[image: Figure 4]FIGURE 4 | Nrf2-ARE signaling pathway.
6 THE AMPK-SIRT-1 SIGNALING PATHWAY
Sirtuin1 belongs to the mammalian sirtuin family, which regulates mammalian cell energy and lifespan and is a highly conserved nicotinamide adenine dinucleotide (NAD+) dependent, deacetylated family (Meng et al., 2020). Adenosine 5′-monophosphate (AMP)-(9) activated protein kinase is a cellular stress sensor involved in I/R. It has been shown to enhance sirT-1 activity by increasing cellular NAD + levels. Autophagy is a pathological phenomenon involving the degradation of lysosomes and is specific to eukaryotic cells (Shi et al., 2019). Autophagy is a highly conserved catabolic process, usually induced under stressful conditions, that protects cells from damage. During autophagy, autophagosomes engulf cytoplasmic components while the cytoplasmic form of LC3-I binds to phosphatidylethanolamine to form LC3-II in a continuous ubiquitination reaction, and LC3-II within the autophagosome is degraded, so that intracellular LC3-II can represent autophagic activity (Tanida et al., 2008). P62 is widely distributed in the cytoplasm and nucleus as well as in autophagosomes and lysosomes. During oxidative stress, it is translocated to autophagic substrates. Autophagy is the main cause of P62 degradation and autophagic damage is accompanied by a large accumulation of P62, therefore P62 can also represent autophagic activity (Katsuragi et al., 2015). Beclin1 inhibits vesicle processing in the late stages of the autophagic cascade, leading to further cell death, and therefore Beclin1 abundance can be used as an important indicator of autophagic activity (Shi et al., 2019). Therefore, LC3Ⅱ, P62/SQSTM1, and Beclin 1 are key proteins in the autophagic process. Moderate autophagy plays a protective role. After intestinal I/R stimulation, the expression of basic autophagy regulatory factors in rat liver decreased (Beclin 1 and LC3-II decreased, P62 increased) (Jing et al., 2018). Hepatic tissue edema, liver dysfunction and reduced expression of autophagy-related p-AMPK/AMPK/SIRT-1 protein and mRNA provide evidence for a role of AMPK/SIRT-1/autophagy in liver injury due to intestinal I/R. The expression of three key autophagy proteins was found to be increased in the liver after I/R stimulation following Fish oil (FO) induction. Phosphorylation of AMPK is regulated by oxidative stress (Wang et al., 2018), and AMPK phosphorylation can regulate SIRT-1 activity (Jing et al., 2014). In addition, p-AMPK/AMPK and SIRT-1 protein expression decreased in the liver after intestinal I/R, but after FO induction, pAMPK/AMPK and SIRT-1 protein expression increased, with results paralleling autophagy levels. The experimental results confirmed that FO induced autophagy via the AMPK/SIRT-1 signaling pathway in intestinal I/R-induced liver injury, providing new therapeutic ideas for the prevention of intestinal I/R-related liver disease. (Figure 5).
[image: Figure 5]FIGURE 5 | AMPK-SIRT-1 signaling pathway.
7 OTHER CYTOKINES
In addition to these pathways, T cells also play a role in regulating I/R injury in the lung, liver and intestine (Funken et al., 2021). The γδ T cells are a unique T cell subpopulation which is one of the earliest developed T cells in all vertebrates (Hayday, 2000; Chien et al., 2014; Dimova et al., 2015). A study found that deficiency in γδ T cells significantly reduced the production of proinflammatory cells and reduced distal organ damage, especially in the liver (Funken et al., 2021). In addition, there is evidence that platelets, in combination with complement and Paneth cell-derived interleukin-17A, can cause liver injury. Formation of histone and neutrophil extracellular traps leads to distant liver injury following intestinal ischemic injury. Blocking the production of histone and neutrophil extracellular traps by recombinant thrombomodulin is an effective way to ameliorate liver injury, thus helping to reduce mortality after intestinal I/R (Hayase et al., 2019). Ethanol is also involved in the mechanism of hepatic injury caused by intestinal I/R. Experimental results show that early intake of low dose ethanol can reduce liver inflammation and damage to liver cell function caused by intestinal I/R. In contrast, high doses of ethanol have the opposite effect, exacerbating liver damage (Yamagishi et al., 2002). IL-17a plays a key role in the development of intestinal I/R injury and subsequent remote hepatic and renal dysfunction. It can also regulate various systemic diseases such as sepsis (Li et al., 2019c; von Stebut et al., 2019). Intestinal I/R causes IL-17A from Paneth cells rapidly to release cytokines such as TNF-α and IL-6, resulting in liver injury. In addition, intestinal I/R inhibited the expression of FXR, PXR and CAR in the liver (Ogura et al., 2012). Moderate dose dexmedetomidine alleviates I/R mediated liver injury by inhibiting NLRP3 inflammasome activation. The gut vascular barrier (GVB) is a separate unit in the intestinal mucosa that blocks the spread of bacteria through the portal vein (Bertocchi et al., 2021). Dexmedetomidine can also act on the GVB/Wnt/β-catenin signaling pathway, upregulates β-catenin, reduces GVB damage, prevents inflammatory mediators from entering the body circulation through the intestinal lumen and then entering the liver, and reduces liver damage in II/R conditions, the exact mechanism of which needs to be further investigated (Zhang et al., 2022). Endothelial nitric oxide synthase (eNOS) produces the well-known vasodilator nitric oxide (NO) (Khalaf et al., 2019), sildenafil reduces liver damage from intestinal I/R by increasing eNOS and increasing NO levels in tissues, thereby dilating blood vessels (Inan et al., 2013). These findings also provide a new direction for the prevention and treatment of liver injury after intestinal I/R injury.
8 CONCLUSION
Intestinal I/R injury is a common type of cell injury that usually occurs after acute intestinal ischemia, small bowel transplantation, and severe burns. Intestinal I/R usually causes distal organ injury. Owing to the special anatomical relationship between the liver and intestine, intestinal I/R often causes acute liver injury. This paper reviews the possible signal pathways of acute liver injury caused by intestinal I/R. Drug regulation of signal pathways can enhance the protection of liver and reduce liver damage, providing a new clinical direction for the prevention and mitigation of liver injury caused by intestinal I/R, and more targeted drugs remain to be discovered.
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Lung infection is a common complication induced by stroke and seriously affects the prognosis and life quality of patients. However, effective therapeutic strategies are still lacking. In the present study, the herb formula GCis was confirmed to prevent pulmonary infection induced by intracerebral hemorrhage (ICH). The animal model of lung infection induced by ICH, GCis (Ginseng Radix et Rhizoma, Aconiti Lateralis Radix Praeparata, and Cistanches Herba) was orally administrated every day for 7 days. Lung microbial biomass and pathological results showed that the GCis formula pretreatment significantly reduced lung bacterial biomass and alleviated pathological abnormalities. These results indicated that the GCis formula has a clear pharmacological effect on preventing lung infection induced by ICH. Immunosuppression induced by ICH seemed to be the main mechanism of lung infection. Our results showed that the spleen and thymus indexes, WBC, and LY% contents were significantly increased in the GCis formula group. Moreover, bone marrow cells were further analyzed by transcriptome sequencing, and GO and KEGG enrichment analysis results showed that immune function was the main pathway enriched by differential genes after GCis formula intervention. More importantly, our results showed that GCis pretreatment had no significant effect on the mRNA expression of IL-1β, IL-6, and TNF-α in the brain. These results indicated that the GCis formula could enhance immunity after ICH. The intestinal barrier function was further investigated in the present study, considering the origin of the source of infection. Our results showed that the mRNA expressions of intestinal ZO-1, SIgA, and MUC2 were significantly increased, villi structure was intact, inflammatory cell infiltration was reduced, and goblet cell number was increased after GCis formula treatment. These results suggest that the GCis formula can enhance the intestinal mucosal immune barrier. This study provides a herb formula (GCis) that could enhance peripheral immunity and intestinal mucosal immune barrier to prevent pulmonary infection induced by ICH. It would be beneficial in the prevention of severe clinical infections.
Keywords: intracerebral hemorrhage, immunosuppression, intestinal mucosal immune barrier, formula GCis, transcriptomics
INTRODUCTION
Stroke is a common central nervous system disease with a high disability rate and mortality, which can be divided into ischemic stroke and hemorrhagic stroke. ICH accounts for 10%–17% of all strokes, and the mortality rate of patients is as high as 35%–52% (Hazeldine and Lord, 2015; Kopp et al., 2017; Li and Liu, 2017). Lung infection is a common complication induced by ICH and seriously affects the prognosis and life quality of patients. The total infection rate of stroke-related infections (pneumonia and urinary tract infection) is 23%–65%, and about 30% of deaths are related to them (Schaeffer, 2015; Shim, 2016). Therefore, poststroke infectious complications were reported to be a major reason for the readmission and death of stroke patients and associated with poor outcomes. Currently, antibiotics are still recommended as the clinical treatment of infection after ICH. Although the infection can be controlled, it is related to various side effects on the treatment and prognosis of the primary disease (Shi et al., 2018; Boning and Xiaojiaoyang, 2020). In addition, prophylactic use of antibiotics and β-blockers propranolol does not reduce the incidence of lung infection, and neurological function and prognosis do not improve (Westendorp et al., 2015). Hence, the development of a new drug is still very urgent and imperative for preventing lung infection induced by ICH.
The formulas of Traditional Chinese medicine (TCM), as an essential alternative and complementary medicine, have been widely utilized to recover the harmony disturbed in diseases through multi-target synergistic functions of its corresponding components (Wang et al., 2012; Zhang et al., 2015). Considerably, increasing clinical evidence demonstrates the desirable efficiency of the prescription of TCM in lung infection induced by ICH by alleviating the symptoms and improving lung function and quantity of life (Haifeng et al., 2015). GCis formula consists of three crude herbs, namely, Renshen (Ginseng Radix et Rhizoma), Fuzi (Aconiti Lateralis Radix Praeparata), and Rou Congrong (Cistanches Herba) in a specific ratio of 1:1:1. Ginseng invigorates the spleen and lungs, greatly invigorating the vitality; Aconite seed tonifies kidney Yang; Cistanche burns fire and helps Yang. This prescription is suitable for the stroke of Qi Xu, Fei Xu, and Qi Xue Liang Xu (Yu, 2016). However, the mechanisms of the TCM theory-based synthetic effects of Qi Xu, Fei Xu, and Qi Xue Liang Xu in GCis are not reported.
Clinical studies have found that patients with ICH injury showed impaired immune function, including a rapid and sustained decline of cellular immune function, spleen, thymus, and lymph node atrophy (Prüss et al., 2017; Wong et al., 2017). In addition, there is a link between CNS, gut, and immune strictly, and regulated control of gut integrity is particularly important for host antibacterial immune defense (Stanley et al., 2018). In light of these, the regulation of immune function might be an effective modality to treat infection after ICH injury.
In the present work, with the animal model of lung infection induced by ICH, we assessed the lung bacterial biomass, and then the transcriptome of ileum and bone marrow were analyzed using RNA-Seq technology to elucidate the underlying mechanisms of GCis. Our study will highlight the synthetical prevention of lung infection induced by ICH superiority of the GCis formula and provide a foundation for future analyses of this and other TCM.
MATERIALS AND METHODS
Extraction of GCis
GCis formulas were prepared with Renshen (White Ginseng), Fuzi (Hei Shunpian), and Rou Congrong combination (1:1:1). The herbs were acquired from Sinopharm Group Beijing Huamiao Pharmaceutical Co., Ltd. (Beijing, China). The combined extraction liquid was soaked with 10-time distilled water for 30 min, then microboiled for 1 h twice, and mixed with the twice filtrate. Finally, the mixture was concentrated and dried to produce the GCis.
Animal Experimental Design
Male C57BL/6J mice (7–8 weeks old, 20–24 g, Experimental Animal Center, Vital River Laboratory Animal Technology Co., Ltd., Beijing, China) were housed in cages with a temperature of 22 ± 2°C and humidity of 40 ± 5%, under a 12 h light/dark cycle. Standard mouse chow and water were provided ad libitum. The mice adapted for 7 days and were randomly divided into four groups: Control, Model, GCis-L, and GCis-H (n = 15 per group).
After the 7-day habituation period, except for mice in the control group, the collagenase IV-S (St. Louis, MO, United States) was performed on all animals to produce ICH models. Following intraperitoneal injection of 40 mg/kg pentobarbital, mice were placed in a stereotaxic frame, shaved, and swabbed the incision area with 70% ethanol. A 30-gauge needle was inserted through a burr hole on the skull into the striatum (stereotaxic coordinates: 0.5 mm anterior to the bregma, 2.3 mm lateral to the midline, and 3.7 mm below the skull). ICH was induced by microinfusion pump-mediated injection of 0.03U collagenase type IV-S in 0.5 μL saline at a constant rate of 0.2 μL/min. The needle was slowly removed after an additional 5 min delay to prevent backflow. Body temperature was maintained at 37°C with a rectal probe and a heating blanket until the mice woke up.
Three days before ICH surgery, the mice in treatment groups were intragastrically administered with GCis once daily for 3 days: the GCis-L group received 1.3 g/kg/d, the GCis-H group received 3.9 g/kg/d, and the sham-operated and ICH model groups received distilled water via gavage at the dose of 10 ml/kg. On the day of surgery and after the operation, the mice continue to receive drugs or distilled water for 7 days.
On day 7, the mice were anesthetized intraperitoneally, the viscera (brain, lung, thymus, spleen, bone marrow, and ileum) were rapidly taken out and stored at a −80°C refrigerator, the viscera and body weights were calculated as an index of viscus, and brain edema was measured based on brain weight.
Neurobehavioral Tests
Examinations of neurological deficits of the experimental animals were performed 7 days after surgery. The neurological function was blindly scored on the wire hang test, beam walking test, and elevated body swing test (EBST) as previously described (Wu et al., 2009). The wire hang and beam walking tests were graded from 0 to 5 (0, the worst; 5, the best). Greater scores indicated better neurological functions. EBST was calculated as the percentage of right-biased swings (R) in the total swings recorded (20 times, sum of left- and right-biased swings), R/(L + R).
Measurement of ICH Area
Twenty-four hours after the last administration, mice were anesthetized and the brain tissue was harvested quickly except for the olfactory bulb, cerebellum, and lower brainstem. Afterward, the brain was dissected into coronal slices (2 mm thick, n = 6). Generally, the slices were digitized and analyzed with ImageJ software, and the hemorrhagic injury volume was presented as a percentage (%) of (total hematoma volume/total brain volume) × 100.
Histological Examination
Lung and ileum tissue were harvested and fixed in 4% (v/v) buffered paraformaldehyde, then embedded in paraffin, sectioned at 4 μm thickness, applied to glass slides, and stained with hematoxylin and eosin (H&E) solution. Afterward, the goblet cell was observed by Alcian blue/periodic acid-Schiff (AB/PAS) straining. HE and AB/PAS-stained images were acquired with an upright microscope in ×100 and ×200 magnification (Leica Microsystems, Wetzlar, Germany).
Quantification of Lung Biomass
By using the EasyPure® Genomic DNA Kit (Transgen, Beijing, China), total DNA was isolated from lung tissue. qPCR was conducted on samples to determine the relative amount of bacteria using published bacteria-specific primer sequences (Shim, 2016; Bronchard et al., 2004) for SYBR Green reagent (Bio-rad) on a CFX96Touch RT-PCR system (Bio-rad). The 16Sr RNA/Rpp30 value was calculated by the 2−dCt method to indicate the bacterial load of lung tissue.
Assessment of Intestinal Permeability
The lactulose/mannitol (L/M) test is widely used to evaluate intestinal permeability in humans and animals, including mice. Animals fasted for 8 h, gavaged with 0.5 ml lactulose and mannitol mixture solution (containing 60 mg/ml fructose and 40 mg/ml mannitol), and housed in metabolic cages individually. Urine samples were collected after 12 h. Lactulose and mannitol concentrations for each urine sample were quantified by UPLC/MS, as previously described (Gervasoni et al., 2018; Xu et al., 2015). Final data were presented as a ratio of lactulose and mannitol.
Measurement of SIgA in Intestinal Mucus
Intestinal mucus from the duodenum to terminal ileum was collected with a smooth pincette and transferred to an Eppendorf tube, homogenized in 0.5 ml cold PBS, and then centrifuged at 4°C at 3,000 r/min for 10 min. The supernatant was collected, and the content of SIgA was measured according to the manufacturer’s protocol. Then, the protein content of the supernatant was determined by the BCA method. The SIgA level was expressed as nanograms per milligram of total protein.
UPLC-Q-TOF/MS Determination Content of Neurotransmitter
Ileum tissue samples were weighed to 30 mg, and 200 μL water MP homogenate was added, followed by vortexing for 60 s. Then, an 800 μL methanol acetonitrile solution (1:1, V/V) was added, followed by vortexing for 60 s , at low-temperature ultrasonic for 30 min, twice. Precipitated protein was placed at −20°C for 1 h, 14,000 rpm. Finally, after centrifuging at 4°C for 20 min, the supernatant was freeze-dried, and samples were stored at −80°C. While plasma samples were slowly dissolved at 4°C, 100 μL of each sample was taken, and 400 μL of pre-cooled methanol acetonitrile solution (1:1, V/V) was added to the plasma samples, followed by vortexing for 60 s, precipitation of protein, drying as above, and preservation of samples at −80°C.
Samples were analyzed by UPLC-Q-TOF/MS (Agilent 1290 Infinity LC/AB SCIEX). The peak area and retention time were extracted by Multiquant software, the retention time was corrected with neurotransmitter standard, and metabolites were identified. Information on all ion pairs of neurotransmitters is shown in Table 1.
TABLE 1 | Information on all ion pairs of neurotransmitters.
[image: Table 1]RNA-Seq Sample Preparation and Analysis
Total RNA of ileum and bone marrow (n = 5) were extracted using TRIzol® reagent (Invitrogen, Thermo Fisher Scientific Inc., USA). The integrity of the 28 and 18 s ribosomal RNA was determined on a 1% agarose gel to assess the degradation degree of RNA. While the concentration and purity of the isolated RNA were estimated by NanoDrop spectrophotometric measurements (ND-2000, NanoDrop, Thermo Fisher Scientific Inc.), the RNA integrity (RIN) was measured in the Agilent 2100 bioanalyzer (Agilent Technologies Inc., Germany). The RNA-Seq was performed at Applied Protein Technology (Shanghai, China). The directional cDNA libraries were prepared, the constructed library was qualified and quantified using the Qubit 2.0 fluorometer and the Agilent 2100 bioanalyzer, and the Illumina HiSeq platform was used for sequencing. The raw reads obtained from HiSeq sequencing are processed to obtain high-quality sequences (Clean Reads) by removing low-quality sequences and removing adaptor contamination. All subsequent analyses are based on Clean Reads. The gene expression level was measured in units of fragments per kilobase of transcript sequence per millions of base pairs sequenced (FPKM). p-value <0.05 and |log2 foldchange|>1 were used for selecting differentially expressed genes (DEGs). The volcano plot and cluster heatmap were performed on the normalized gene expression data to visualize the resulting expression intensity values of the ileum transcripts (Xu et al., 2019).
In our study, the up-DEGs and down-DEGs in Mod vs. Sham and down- or upregulation in GCis vs. Mod were filtered out as reverse-regulated DEGs. The STRING tool (STRING; https://string-db.org/) was used to generate PPIs among the reverse-regulated DEGs. Then, Cytoscape was used to visualize the network. To explore gene function and regulatory networks of reverse-regulated DEGs, the enrichment analysis of Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathways mapping were conducted.
Quantitative Reverse Transcription-PCR
Brain, lung, and ileum tissues were homogenized in RNA lysis buffer. Total RNA was extracted using the Eastep total RNA extraction kit (Promega, Beijing). Equal amounts of RNA were reversely transcribed into cDNA with FastQuant RT kit (with gDNase) (Tiangen, Beijing) in accordance with the manufacturer’s instructions. Relative gene expression was determined using specific quantitative primers (see Table 1). Polymerase chain reactions were performed on a CFX96 touch system (Bio-Rad, United States) with SuperReal PreMix Plus (SYBR Green) kit (Tiangen, Beijing). The mRNA expression levels were normalized to GAPDH using the ΔΔCt relative to control groups.
Statistical Analysis
For comparison of multiple groups, one-way analysis of variance (ANOVA) followed by the least-significant difference method was applied (GraphPad Prism 7 Software, Inc., La Jolla, CA, United States). p-value < 0.05 was considered statistically significant. Data were analyzed by SPSS 22.0 software (International Business Machines Corp, Armonk, NY, United States, RRID: SCR_019096). The achieved data were expressed as the mean ± SEM.
RESULTS
GCis Formula Pretreatment Ameliorated Pulmonary Infection Induced by ICH
GCis Formula Decreased Area of ICH and Improved Neurological Function Scores
We observed a hematoma volume (Figures 1A,B), and brain index (Figure 1C) were significantly increased compared to the control group. In contrast, the hematoma volume was substantially ameliorated with GCis formula treatment (p < 0.01) and the brain index of GCis formula showed no significant difference compared to the model group. Furthermore, as shown in Figures 1D–F, neurobehavioral tests also presented that GCis formula treatment markedly increased the neurological score of the wire hang test, beam walking test (p < 0.05), and decreased the neurological score of EBST. A memorably higher level of IL-1β (Figure 1G), IL-6 (Figure 1H), and TNF-α (Figure 1I) were observed in ICH mice (p < 0.01), but no significance was observed with GCis formula treatment.
[image: Figure 1]FIGURE 1 | GCis formula decreased area of ICH and improved neurological function scores. (A) Area of ICH. (B) hematoma volume of ICH, (C) brain index of ICH, (D) beam walking test, (E) wire hang test, (F) EBST, (G) IL-1β, (H) IL-6, and (I) TNF-a in the brain. Data are shown as mean ± SEM. **p < 0.01 compared with the sham group; #p < 0.05 and ##p < 0.01 compared with the model group.
GCis Formula Pretreatment Ameliorated Pulmonary Infection
16S/RPP30 was used to evaluate the relative content of intestinal flora in the lung tissue (Figure 2A). The relative content of intestinal flora was significantly increased compared with the control group. However, it was substantially ameliorated with GCis formula treatment (p < 0.01). H&E staining was used to evaluate the inflammatory changes in the lung tissue. Extensive infiltration of inflammatory cells into peribronchial and perivascular regions was observed in ICH mice with significantly increased inflammatory scores, while they were significantly decreased with GCis treatment (Figure 2B).
[image: Figure 2]FIGURE 2 | GCis formula pretreatment ameliorated pulmonary infection. (A) Q-PCR 16S/RPP30 was measured by qRT-PCR. (B) Typical histological images of H&E-stained lung tissues (magnification ×100). Data are shown as mean ± SEM. **p < 0.01 compared with the SHAM group; ##p < 0.01 compared with the model group.
GCis Formula Preconditioning Enhanced Peripheral Immunity in the Lung Infection Mice Induced by ICH
On day 7, the spleen, thymus index, white blood cell (WBC), and lymphocyte (LY%) were significantly reduced within the groups of the GCis formula in comparison with the control group (p < 0.01) (Figures 3A–D). After 1 week of treatments, the spleen, thymus index, and LY% of the GCis formula group (p < 0.01) were significantly increased than the model group, suggesting that the GCis formula can improve the peripheral immunity in the lung infection mice induced by ICH.
[image: Figure 3]FIGURE 3 | GCis formula preconditioning enhanced peripheral immunity in the lung infection mice. (A) Spleen index, (B) thymus index, (C) white blood cell, and (D) LY%. The upregulated (red) or downregulated (blue) genes (E). (G) Sham group vs. model group (F). (H) GCis group vs. model group. Bioinformatics analysis (GO and KEGG annotation) of 61 DEGs. (I) KEGG analysis of GCis 61 DEGs. (J) GO analysis of GCis 61 DEGs (data are shown as mean ± SEM. *p < 0.05 and **p < 0.01 compared with the sham group; #p < 0.05 and ##p < 0.01 compared with the model group).
DEGs were screened out by p-value ≤ 0.05 and |log2 foldchange|≥1. The volcano plot showed the relative changes in gene levels (Figures 3E,F). In the model vs. sham group, 855 DEGs were identified (552 upregulation and 303 downregulation). In the GCis formula vs. model group, 420 DEGs were identified (61 upregulation and 359 downregulation). A hierarchical cluster was used to obtain the sample clustering results (Figures 3G,H). There were significant differences in gene expression between the model and sham groups, GCis and model group, and high similarity in gene expression between the same group.
Based on 61 GCis formula DEGs, the GO and KEGG pathway enrichment was analyzed (Figures 3I,J). The enriched pathways were mainly related to immune response, including synthesis and release of immune cells, B-cell-mediated immunity, lymphocyte-mediated immunity, adaptive immune response based on somatic recombination of immune, and Toll-like receptor signaling pathway.
Validation of DEGs
QRT-PCR was executed to further validate the candidate DEGs containing H2-Q7, Cd209a, Ccr6, NF-κB1, PI3K, and CR2. As displayed in Figure 4A, GCis formula treatment upregulated H2-Q7 significantly compared to the model group (p < 0.01). Figures 4B,C show that the GCis formula treatment downregulated Cd209a and Ccr6 significantly compared to the model group (p < 0.01). As displayed in Figure 4D, the GCis formula treatment showed no significance with NF-κB1 compared to the model group. Figures 4E,F show that the GCis formula treatment downregulated PI3K and CR2 significantly compared to the model group (p < 0.01).
[image: Figure 4]FIGURE 4 | Validation of H2-Q7 (A), Cd209a (B), Ccr6 (C), NF-κB1(D), PI3K (E), and CR2 (F). Data are shown as mean ± SEM. n = 5, *p < 0.05 and **p < 0.01 compared with the sham group; ##p < 0.01 compared with the model group.
GCis Formula Pretreatment Improved Intestinal Barrier Function in the Lung Infection Mice Induced by ICH
GCis Formula Enhanced the Intestinal Barrier Function
In the model group, HE and AB-PAS staining of ileum tissue showed edema in the lamina propria and mucosal layer of the ileum compared with the sham group. Moreover, an obvious reduction of goblet cells in the mucosal layer was observed in the model group. Following the GCis formula, the edema in the lamina propria and the mucosal layer was significantly improved, and the goblet cells in the mucosal layer were increased (Figures 5A,B).
[image: Figure 5]FIGURE 5 | GCis formula enhanced the intestinal barrier function. HE (A) (magnification ×100) and AB-PAS (B) (magnification ×200) staining of ileum tissue. (C) Intestinal permeability was evaluated by L/M. MUC2 (D) and SlgA (E) were detected by ELISA. The expression of key indicators of the intestinal mucosal barrier occluding (F) and ZO-1 (G) (data are shown as mean ± SEM. **p < 0.01 compared with the sham group; #p < 0.05 compared with the model group).
L/M evaluated intestinal permeability in the ileum tissue of the ICH model mice. In this study, the expression levels of L/M in the ileum tissue were significantly higher in the model group than in the sham group (p < 0.01). The GCis formula treatment significantly reduced the expression levels of L/M in the ileum tissue relative to the model group (p < 0.05, Figure 5C). MUC2 and SlgA were significantly lower in the model group than in the sham group (p < 0.01) but higher than that of the model group following the GCis formula (p < 0.01, Figures 5D,E).
The expression of key indicators of the intestinal mucosal barrier (occludin and ZO-1) in ileum tissues was significantly lower in the model group than in the sham group (p < 0.01). ZO-1 was significantly higher in the GCis formula group than in the model group (p < 0.05), and occludin showed no significant difference in the GCis formula group and model group (Figures 5F,G). These results indicate that the GCis formula improved the intestinal barrier function.
Transcriptome Analysis of DEGs
DEGs were screened out by p-value ≤ 0.05 and |log2 foldchange|≥1. The volcano plot showed the relative changes in gene levels (Figures 6A,B). Compared with the sham group, 1,281 differentially expressed genes were screened out in the model group, including 817 upregulated genes and 464 downregulated genes. A total of 555 differentially expressed genes were screened out between the GCis formula group and the model group, including 239 upregulated genes and 316 downregulated genes. The hierarchical cluster was used to obtain the sample clustering results (Figures 6C,D). There were significant differences in gene expression between the model and sham groups and the GCis and model groups and high similarity in gene expression between the same groups.
[image: Figure 6]FIGURE 6 | Transcriptome analysis of DEGs in the ileum. The upregulated (red) or downregulated (blue) genes (A). (C) Sham group vs. model group (B). (D) GCis group vs. model group. Bioinformatics analysis (GO and KEGG annotation) of 228 DEGs. (E) GO analysis of GCis 228 DEGs. (F) KEGG analysis of GCis 228 DEGs.
We screened 228 differentially expressed genes after GCis formula intervention, including 66 upregulated genes and 162 downregulated genes. The GO and KEGG analyses were further performed on the differentially regulated genes so that the differentially expressed genes were significantly correlated with biological functions, biochemical metabolic pathways, and signal transduction pathways (Figures 6E,F). Combined with the pathways enriched by regulated differential genes after GCis formula treatment, the two same pathways ranked first: chemokine signaling pathway, NF-κB signaling pathway, platelet activation, and amebiasis signaling pathway.
Validation of DEGs
To further verify the accuracy of sequencing results, qRT-PCR was used to detect the expression of genes in the intestinal barrier function-related pathways in ileum tissue. Compared with the sham group, the mRNA levels of Cxcr2, Cyp11b1, Gna14, Lcn2, Ccl17, and CFI in the model group were significantly upregulated (p < 0.01). However, the mRNA levels of Hsd3b2, Mylk3, Calm1, and PLA were significantly downregulated (p < 0.01, Figures 7A–J). Compared with the model group, the expression levels of Cxcr2, Cyp11b1, Gna14, Lcn2, Ccl17, and CFI mRNA in the GCis formula group were significantly downregulated (p < 0.01 and p < 0.05), and the expression levels of Hsd3b2 and Calm1 mRNA were upregulated (Calm1). In contrast, Mylk3 and PLA showed no significant difference after GCis formula treatment. Cxcr2, Ccl17, Lcn2, and other genes played important roles in regulating immune, inflammatory, and antimicrobial responses. PLA, Calm1, and Mylk3 are key targets of the platelet activation pathway and play significant roles in regulating inflammatory responses. These results indicate that the GCis formula may inhibit the expression of Cxcr2, Ccl17, and Lcn2; promote the expression of PLA, Calm1, and Mylk3; and participate in the regulation of chemokine signaling pathway, platelet activation, and amebiasis signaling pathway to improve the intestinal barrier function.
[image: Figure 7]FIGURE 7 | Validation of Cxcr2 (A), Cyp11b1(B), Gna14 (C), Hsd3b2 (D), Lcn2 (E), Mylk3 (F), Calm1 (G), Ccl17 (H), CFI (I), PLA (J), 5-HIAA (K), acetylcholine (L), norepinephrine (M), NE/Ach (N), γ-amino-butyric acid (O), serotonin (P), and corticosterone (Q) (data are shown as mean ± SEM. **p < 0.01 compared with the sham group; #p < 0.05 and ##p < 0.01 and compared with the model group).
The hypothalamic-pituitary-adrenal (HPA) axis, sympathetic nervous system, and parasympathetic nervous system may cooperatively mediate immune function and intestinal barrier function after CNS injury (Stanley et al., 2016; Prüss et al., 2017; Zhang et al., 2018). The pathways were mainly related to some neurotransmitters. Compared to the sham group, 5-hiAA (Figure 7K), acetylcholine (Figure 7L), Norepinephrine (Figure 7M), gamma-amino-butyric acid (Figure 7O), and serotonin (Figure 7P) of model group were significantly decreased (p < 0.01), while 5-HIAA and γ-amino-butyric acid were significantly increased with GCis treatment (p < 0.05). A memorably higher level of NE/Ach (Figure 7N) and corticosterone (Figure 7Q) were observed in the model group (p < 0.01), while corticosterone was significantly decreased with the GCis treatment (p < 0.01).
DISCUSSION
Clinical and experimental studies have shown that lung infection is a common complication induced by stroke and seriously affects the prognosis and life quality of patients (Chen et al., 2017; Hoffmann et al., 2017; Kigerl et al., 2018; Saand et al., 2019). Types of bacteria that have been commonly detected in the sputum and urine of stroke patients are common commensal bacteria that reside in the human intestinal tract (e.g., Enterococcus spp. and Escherichia coli). Peripheral immunosuppression and intestinal barrier dysfunction are key driving factors in its pathological progression (Mebius et al., 2005; Caso et al., 2016; Malone et al., 2019). For this, an effective and key means for lung infection is antimicrobial therapy (Lin et al., 2015; Westendorp et al., 2015). However, in clinical practice, effective therapeutic strategies are still urgent (Ma and Li., 2020). Therefore, in the present study, using collagenase IV-S-induced ICH mice, we attempted to demonstrate the therapeutic activities of the GCis formula, an extract from TCM including Renshen (White Ginseng), Fuzi (Hei Shunpian), and Rou Congrong combination (1:1:1). 16S/RPP30 and inflammatory changes in the lung tissue are common symptoms of lung infection. The results presented showed that the GCis formula prevented pulmonary infection induced by ICH, indicating a potential therapeutic capability for a lung infection, and had no effect on inflammatory factors in the brain.
In lung infection, inflammatory cytokines play prominent roles, while being important, which might be notably inhibited with GCis treatment. TNF-α, IL-6, and IL-1β induce an accumulation of inflammatory cells, provoking the generation of inflammatory mediators (Malaviya et al., 2017; Shibata et al., 2018). Mip-1α and MCP-1 are chemotactic cytokines that play an important role in promoting the circulation of effector cells to inflammatory sites (Brandenberger et al., 2018; Yang et al., 2020a). For these inflammatory mediators, GCis treatment memorably decreased their production in lung tissue of model mice, further strongly demonstrating its potential therapeutic property on lung infection.
Furthermore, potential mechanisms of the GCis formula on pulmonary infection induced by ICH were discussed here. Previously, it was found that peripheral immunity and intestinal mucosal immune barrier played critical roles in pulmonary infection (Camara-Lemarroy et al., 2014; Houlden et al., 2016).
Immunosuppression of IV-S-induced ICH mice mainly showed loss of lymphocyte, splenic contraction, and an increase in anti-inflammatory cytokine (Planas et al., 2012). The spleen, the largest secondary lymphoid organ, is the main reservoir of peripheral immune cells, combining innate and adaptive immune systems in a unique way (Pennypacker, 2014). Transcriptome focuses on the expression of functional genes and the molecular mechanism of biology, which has become a relatively mature research method in the field of biology. RNA-seq high-throughput sequencing technology has been successfully applied in studying various diseases, drugs, and biology. It can explain the functional characteristics of “multi-component and multi-target” TCM from the gene level, which is conducive to the modernization of TCM (Xu et al., 2016; Li et al., 2017). In this study, the results showed that the spleen and thymus index of the model group were all notably enhanced with the GCis treatment. Our transcriptomics data showed that GCis controlled 420 DEGs. Bioinformatics analysis suggested that the signaling pathways affected by GCis contained synthesis and release of immune cells, B-cell-mediated immunity, lymphocyte-mediated immunity, adaptive immune response based on somatic recombination of immune, and Toll-like receptor signaling pathway (Fu et al., 2015). H2-Q7, Cd209a, Ccr6, NF-κB1, PI3K, and CR2 are important targets that regulate immune, inflammatory, and antimicrobial responses (Hop et al., 2017).
Effective improvement of the intestinal barrier function is the key to alleviating pulmonary infection, such as intestinal permeability and intestinal mucosal immune (Manga et al., 2009; Metidji et al., 2018). Our present study also showed intestinal barrier injury, such as infiltration of lymphocytes and monocytes in the intestinal mucosal layer in ileum tissues, and a decrease in intestinal tight junction proteins (occludin and ZO-1) of the model mice (Crapser et al., 2017). GCis treatment significantly improved intestinal barrier injury. The results of ileum transcriptomics analysis showed that the GO and KEGG pathway enrichment of reversed genes after GCis formula intervention mainly included chemokine signaling pathway, NF-κB signaling pathway, platelet activation, and amebiasis signaling pathway. Cxcr2, Ccl17, and Lcn2 were the key targets that regulate the intestinal immune (Huang et al., 2016). PLA, Calm1, and Mylk3 are key targets of the platelet activation pathway and play significant roles in regulating inflammatory responses (Wu and Liu, 2012; Courties et al., 2019). Finally, we used molecular biotechnology to verify the credibility of quantitative transcriptomics by selected genes from DEGs, including Cxcr2, Cyp11b1, Gna14, Lcn2, Ccl17, CFI, Hsd3b2, Mylk3, Calm1, and PLA (Hop et al., 2017).
Our study has several limitations. First, the method of making ICH models or the choice of collagenase dosage may affect the animal’s performance. We used a collagenase injection model and cannot rule out the possibility that the results would differ in other models of brain damage. Second, our study preliminarily evaluated the influence of stroke at different time points on immune function without a specific analysis of lymphocyte typing. However, it is a future line of investigation in the laboratory. Third, although we described a vital source of secondary infection poststroke, we did not establish bacterial translocation and dissemination after experimental induction of stroke, which will be addressed in a future study.
In conclusion, the presented study unveils the ameliorated effects of the GCis on pulmonary infection, suggesting its potential therapeutic usages in lung infection treatment partly through enhancing peripheral immunity and intestinal mucosal immune barrier. Nevertheless, because of the limited time and experimental conditions, some mechanisms were not explored. Immunoregulation has not been clearly proven. In addition to the foregoing limitations, compounds in the GCis have the complexity and diversity, and the exact effective components and whether they have pharmacodynamic synergy also need definition.
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The immune system of centenarians remains active and young to prevent cancer and infections. Aging is associated with inflammaging, a persistent low-grade inflammatory state in which CD4+ T cells play a role. However, there are few studies that have been done on the CD4+ T cell subsets in centenarians. Herein, the changes in CD4+ T cell subsets were investigated in centenarians. It was found that with aging, the old adults had higher levels of proinflammatory cytokines and lower levels of anti-inflammatory cytokines in plasma. The levels of CRP, IL-12, TNF-α, IFN-γ, IL-6 and IL-10 were further increased in centenarians compared to old adults. While the levels of IL-17A, IL-1β, IL-23 and TGF-β in centenarians were closer to those in young adults. The total CD4+, CD8+, Th17 and Treg cells from peripheral blood mononuclear cells (PBMCs) were similar among the three groups. It was observed that the ratio of Th17/Treg cells was elevated in old adults compared to young adults. The ratio was not further elevated in centenarians but rather decreased. In addition, the ex vivo PBMCs differentiation assay showed that increased Th17 cells in centenarians tended to secrete fewer proinflammatory cytokines, while decreased Treg cells in centenarians were prone to secrete more anti-inflammatory cytokines. These observations suggested centenarians alleviated inflammaging by decreasing the ratio of Th17/Treg cells and changing them into anti-inflammatory secretory phenotypes, which provided a novel mechanism for anti-aging research.
Keywords: centenarians, inflammaging, T helper 17 cell, regulatory T cell, aging
INTRODUCTION
Background
Centenarians are rare individuals who reach the age of 100 years, but this population is now the fastest growing sector in many countries. In 2015, there were an estimated 450,000 centenarians worldwide, and this number is expected to increase 8-fold to approximately 3.7 million by 2050. A notable feature of centenarians is an increase in healthy lifespan. Even after the age of 100, they still maintain relatively high cognitive function and physical independence and are highly resistant to lethal diseases such as stroke, cancer and cardiovascular diseases (Claesson et al., 2012; Pavlidis et al., 2012; Yasumichi et al., 2014; Emily and schoenhofen, 2016; Young and Kroczek, 2019). Due to their ability to delay or even prevent the occurrence of age-related diseases, many centenarians can spend almost their entire lives in good health (Perls, 2012). Therefore, centenarians can be regarded as good models of successful aging, and understanding the longevity mechanism in centenarians would benefit the superaging societies (Hashimoto et al., 2019). Current research has shown that healthy longevity is the result of the joint forces of genetic variants, social, behavioral factors and living environments. However, how and to what extent these factors individually, jointly and interactively affect the lifespan and healthspan of centenarians remain to be defined (Poon and Cheung, 2012). Although there have been a number of studies exploring these questions, most of these have only observed the relationship between genetic, social, behavioral factors and longevity and have not conducted in-depth mechanistic studies on these factors (Zeng et al., 2017).
Aging is accompanied by restructuring changes in the immune system, which are collectively designated as “immunosenescence” (Nikolich-Žugich, 2018; Duggal et al., 2019; Goronzy and Weyand, 2019; Borgoni et al., 2021). One of the halls marks of immunosenescence is inflammaging, which is a persistent low-grade inflammatory state that accompanies aging (Aiello et al., 2019) and is characterized by elevated levels of blood pro-inflammatory factors such as C-reactive protein (CRP), tumor necrosis factor (TNF)-α and interleukin (IL)-6 (Franceschi et al., 2017). Inflammaging occurs in most older adults, and it has a high susceptibility to age-related morbidity and mortality (Ferrucci and Fabbri, 2018; Furman et al., 2019). One of the potential mechanisms of inflammaging is immune cell dysregulation (Ferrucci and Fabbri, 2018), manifested by increased inflammatory cytokines and changes in T cells. The adaptive immune response is now considered to be the immune response most severely affected by aging and is characterized by alterations in T cell phenotypes and functions (Fülöp et al., 2013). These changes form a low-grade inflammatory state in which CD4+ T cells play an important role (Schmitt et al., 2013). Senescent T cells secrete abundant inflammatory cytokines and mediators such as IL-6 and CRP (Aiello et al., 2019; Mittelbrunn and Kroemer, 2021). Studies have found that inflammation levels are closely related to longevity and can predict successful aging at an extremely old age (Arai et al., 2015). But among the many inflammation-related factors, only IL-6, TNF-α, and CRP levels were assessed in that study. Other studies have mainly focused on those younger than 100 years old, and only a few studies have been performed on the levels of various inflammation-related factors in centenarians.
The level of inflammatory cytokines in inflammaging is associated with reduced functionality and altered distribution of immune cells, among which age-related changes in T cells play an important role (Mittelbrunn and Kroemer, 2021). T cells mainly include CD4+ and CD8+ T cell populations. CD4+ T cells are helper cells that regulate the function of all the other immune cells. They also have effector functions (Das et al., 2017). According to different functions, CD4+ T cells can be subdivided into T helper (Th)1, Th2, Th17, and regulatory T cell (Treg) subgroups (Golubovskaya and Wu, 2016), which are differentiated from common naive CD4+ T cells. However, most studies are limited to the total CD4+ T cell pool, with only a few studies conducted with Th1 and Th2 CD4+ T cell subsets, and even less is known about the impact of aging in centenarians on other lineages, such as Th17 cells and Tregs.
Herein, we determined the levels of different subsets of T cells and the related cytokine levels as well as unique hallmarks in centenarians that may characterize healthy aging.
MATERIALS AND METHODS
Subjects
The research protocol was approved by the Research Ethics Committee of Sichuan University. Briefly, 218 community-dwelling centenarians (age ≥100 years), 104 old adults (60–79 years old) and 16 young (20–45 years old) healthy counterparts were recruited. Informed consent was provided by each participant or their proxy respondents before participating in the study. Data were collected through in-person one-to-one interviews and physical examinations.
Blood Sample Measurements
Fasting venous blood samples were drawn in the morning. Blood collection and processing were performed under standardized conditions according to subsequent experiments. Routine blood tests and biochemical parameters were detected by a chemistry analyzer (Olympus AU400, Tokyo, Japan) and a hematology analyzer (MEDONIC CA620, Spånga, Sweden), respectively. For the flow cytometry (FCM) assay and differentiation experiments in vitro, plasma and human peripheral blood mononuclear cells (PBMCs) were obtained from heparinized blood samples using a lymphocyte separation medium.
CD4+ T Cells Culture and Differentiation
CD4+ T cells were cultured and differentiated as previously described (Zhou et al., 2018). Briefly, magnetic beads were used to isolate naive CD4+ T cells from human PBMCs ex vivo. Cells were cultured in AIM-V medium with 10% fetal bovine serum. For Th17 cell differentiation, naive CD4+ T cells were stimulated on plates precoated with 10 μg/ml anti-CD3 and 4 μg/ml anti-CD28 and generated by culture under the following conditions: 40 ng/ml IL-6 and 3 ng/ml transforming growth factor β (TGF-β). For Treg cell differentiation, naive CD4+ T cells were stimulated on coated plates with 0.5 μg/ml anti-CD3 and 1 μg/ml anti-CD28, and the culture was grown in the presence of 10 ng/ml TGF-β and 10 ng/ml IL-2. The control group was precoated with PBS and cultured without IL-6, TGF-β, or IL-2.
FCM and Enzyme-Linked Immunosorbent Assay
For FCM analysis, 1 × 106 cells per sample were used, and the cells were labeled with CD4-BB515. After permeabilization and fixation, Th17 and Treg cells were incubated with IL-17A-BV421 or Foxp3-PE, respectively. For Th17 cells, the cells were stimulated for 4–6 h in an incubator (37°C, 5% CO2) with a leukocyte activation cocktail prior to antibody incubation. The cells were detected by FLow cytometry (BD LSRFortess, Franklin Lakes, NJ, United States) and analyzed utilizing the FlowJo software (Tree Star, Inc. San Carlos, CA, United States). To detect CD3, CD8, Th1 and Th2 cells, CD3-APC-Cy7, CD8-APC, interferon (IFN)-γ-PE, and IL-4-APC from BD Bioscience were used.
Cytokines in serum or culture supernatants were measured using a commercially available ELISA kit (eBioscience, San Diego, CA, United States) according to the manufacturer’s protocols.
Real-Time PCR analysis
Total RNA was extracted from cells using TRIzol Reagent (Thermo Fisher Scientific, Carlsbad, CA, United States) following the manufacturer’s instructions. qPCR was performed using SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA, United States) with primers that amplified the following genes: ROR-γt (forward, 5′-CTG​CTG​AGA​AGG​ACA​GGG​AG-3'; reverse, 5′-AGT​TCT​GCT​GAC​GGG​TGC-3′), Foxp3 (forward, 5′- GAG​AAG​GAG​AAG​CTG​AGT​GCC​AT-3'; reverse, 5′- AGC​AGG​AGC​CCT​TGT​CGG​AT-3′), T-bet (forward, 5′-AAC​ACA​GGA​GCG​CAC​TGG​AT-3'; reverse, 5′- TCT​GGC​TCT​CCG​TCG​TTC​A-3′), GATA-3 (forward, 5′-ACC​GGC​TTC​GGA​TGC​AA-3'; reverse, 5′-TGC​TCT​CCT​GGC​TGC​AGA​C-3′) and GAPDH (forward, 5′- ACC​ACA​GTC​CAT​GCC​ATC​AC-3'; reverse, 5′-TCC​ACC​ACC​CTG​TTG​CTG​TA-3′). The final volume of each PCR was 20 µl. The PCR conditions were as follows: 94°C for 3 min, 35 cycles of 94°C for 30 s, 30 s at 58°C, and 1 min at 72°C. Analysis of the melting curves confirmed that the fluorescence signal originated from specific PCR products and not from primer dimers or other artifacts.
Common Reagents and Antibodies
For T cell cultures, Round Bottom 96 Well TC-Treated Microplate (3,799, Corning, Corning, NY, United States), lymphocyte separation medium (LTS1077, TBD Bioscience, Tianjin, China), human naive CD4+ T cell Isolation Kit (130-094-131, Miltenyi Biotec, Cologne, Germany), AIM-V medium (0870112DK, Invitrogen, Carlsbad, NY, United States) and fetal bovine serum (Invitrogen) were used. Anti-human CD3 (85-16-0289-81) and anti-human CD28 (85-16-0037-81) antibodies were purchased from eBioscience. Human IL-2 protein (200-02-10) and human IL-6 protein (200-06-5) were obtained from PeproTech (Rocky Hill, NJ, United States). Recombinant human TGF-beta 1 protein (240-B-002) was purchased from R&D (Minneapolis, MN, United States). For FCM, the following reagents were used: Foxp3/Transcription Factor Staining Buffer Set (00-5523-00) was purchased from eBioscience. The Cytofix/Cytoperm™ Fixation/Permeabilization Solution Kit (554714), Leukocyte Activation Cocktail with BD GolgiPlug (550583), anti-human CD4 BB515 (564419), anti-human CD8 APC (555369), anti-human CD3 APC-cy7 (557832), anti-human Foxp3 PE (560046), anti-human IL-4 APC (554486), anti-human IFN-γ PE (559327), and anti-human IL-17 BV421 (562933) were obtained from BD Bioscience, Franklin Lakes, NJ, United States.
Statistical Analysis
All analyses were performed using GraphPad Prism version 8.0 (La Jolla, CA, United States). If samples followed a Gaussian distribution, one-way analysis of variance (ANOVA) was used to compare the differences in outcomes between groups. When samples did not pass the normality test, a nonparametric test (Mann–Whitney test) was applied. All data were presented as the mean ± SEM. p < 0.05 was considered to indicate statistical significance.
RESULTS
Characteristics of Centenarians
Overall, 218 centenarians, including 55 males and 163 females, were enrolled in this study. First, the general characteristics of centenarians were analyzed. The mean age of the group was 102.2 years. As expected, centenarians were more likely to be females (74.8%), and only 7.3% of participants were current smokers. For chronic diseases, the prevalence of hypertension, myocardial disease, diabetes mellitus, cerebrovascular disease, Parkinson’s disease, Alzheimer’s disease, respiratory disease, chronic kidney disease, tumors and osteoarthritis was 15.4, 7.8, 2.8, 4.1, 0.5, 10.6, 9.2, 1.8, 2.8 and 3.2%, respectively. Activities of daily living (ADL) scores and falls in the previous 12 months were classic indicators of physical function in elderly adults. The average ADL scores and falls for centenarians were 77.6 ± 22.3 and 1.6 ± 2.2, respectively. For the basic body measurements, the average values of body mass index (BMI), systolic pressures, diastolic pressures and heart rate were 21.8 ± 6.8 kg/m2, 144.4 ± 21.4 mmHg, 81.9 ± 14.8 mmHg and 61.1 ± 30.8 bpm, respectively. There were no sex differences across chronic diseases, ADL scores, the number of falls in the previous 12 months, BMI, blood pressure or heart rate. An overview of these data was given in Supplementary Table S1. Compared to the West China Health and Aging Trend (WCHAT) cohort from the same region (Wyz et al., 2020), with a mean age of 62.1 years, centenarians had a lower prevalence of chronic diseases, suggesting that centenarians have better health status than middle-aged adults (data not shown). This finding was consistent with previous reports that centenarians maintained relatively high levels of cognitive function and physical independence even compared with middle-aged adults (Yasumichi et al., 2014; Emily and schoenhofen, 2016), indicating that they were resistant to aging.
Routine blood tests and blood biochemical examinations were conducted. It was found that there was no significant difference in most hematology and blood biochemical tests between males and females, except for platelet (PLT), prealbumin (PA), estimated glomerular filtration rate (eGFR), creatinine (CREA), uric acid (UA), urea and kalium (K) (Supplementary Tables S2, S3).
Centenarians Have Unique Levels of Inflammation-Related Factors
According to previous studies (Baeza et al., 2011; Fülöp et al., 2013; Duggal et al., 2019; Goronzy and Weyand, 2019), elderly individuals have a state of immunosenescence, with high levels of inflammatory cytokines. Thus, we wondered whether centenarians as the oldest old have the highest levels of inflammation-related factors as important inflammaging hallmarks. Common inflammatory cytokines and mediators were measured in plasma to find evidence for this hypothesis. The characteristics of the study population were shown in Table 1. It was found that, compared with those in the plasma of young adults group, inflammation-related factors, including CRP, IL-12, TNF-α, IFN-γ, and IL-6, in the plasma of old adults and centenarians were increased, and they were positively correlated with age (Figures 1A–E). Interestingly, the anti-inflammatory cytokine IL-10 also showed a similar trend (Figure 1F). Intriguingly, some cytokines exhibited different patterns from the above cytokines in these groups. Among them, pro-inflammatory cytokines, including IL-17A, IL-1β, and IL-23, were increased, and the anti-inflammatory cytokine TGF-β was reduced in the old adults (Figures 1G–J). However, these cytokines in centenarians were closer to those in the young adults group, which is unexpected. The levels of these factors in different genders were also analyzed and no significant differences were found (data not shown). The above results indicated that centenarians had some degree of inflammaging, but the expression levels of some inflammatory cytokines were closer to those of young adults, which suggested that centenarians alleviated inflammaging compared with old adults.
TABLE 1 | Characteristics of the study population.
[image: Table 1][image: Figure 1]FIGURE 1 | Centenarians have unique levels of inflammation-related factors. Inflammatory cytokines and mediators in human plasma, including CRP (A), IL-12 (B), TNF-α (C), IFN-γ (D), IL-6 (E), IL-10 (F), IL-17A (G), IL-1β (H), IL-23 (I) and TGF-β (J), were detected by ELISA. n = 16, 104 or 218, respectively. Data were expressed as the mean ± SD. Asterisks (*) indicate significant differences (*p < 0.05; **p < 0.01).
The Th17/Treg Cell Ratio Decreased in the Centenarians.
Since IL-17A, IL-1β, IL-23, and TGF-β are mainly secreted by CD4+ T cells (Duggal et al., 2019), the levels of T cells and their subsets in PBMC were investigated in centenarians. It was found that there was no significant difference between CD4+ T cells, CD8+ T cells, or the CD4/CD8 ratio in the different age groups (Figures 2A–C). CD4+ T cells mainly consist of Th1, Th2, Th17, and Treg cells, all of which can secrete cytokines (Goronzy and Weyand, 2019). Therefore, these 4 cell subsets were investigated next. It was observed that there were no significant differences in Th1 cells among the three groups as well as the mRNA levels of the transcription factor T-bet in Th1 cells (Supplementary Figure S1A,B). Similarly, the levels of Th2 cells and the related transcription factor GATA-3 did not differ between the three groups (Supplementary Figure S1C,D). In addition, the Th1/Th2 ratio levels did not change significantly with age (Supplementary Figure S1E). As for Th17 and Treg cells, there was an increasing Th17 cell trend in old adults compared to the young adults group. The Th17 cells in the centenarian group did not continue to rise but instead decreased compared to those in the old adults group, but this decrease was not statistically significant (Figure 2D). What’s more, there was no significant difference in Treg cells among the three groups (Figure 2E). Interestingly, the ratio of Th17/Treg cells showed a clear trend in which the ratio was elevated in the old adults group compared with the young adults group. However, the ratio in centenarians was significantly lower than that in the old adults group and even lower than that in the young adults group (Figure 2F). The above data suggested that the changes in cytokines in centenarians may be due to the decrease in the Th17/Treg ratio.
[image: Figure 2]FIGURE 2 | The Th17/Treg cell ratio decreased in centenarians. PBMCs were extracted from young adults, old adults and centenarians. CD4+ T cells (A), CD8+ T cells (B), and the ratio of CD4+/CD8+ cells (C) were analyzed by FCM. Th17 cells (D) and Treg cells (E) and the ratio of Th17/Treg cells (F) were analyzed. Data were expressed as the mean ± SD. n = 8. Asterisks (*) indicate significant differences (*p < 0.05; **p < 0.01); NS, not significant.
CD4+ T Cells Derived From Centenarians Have Anti-Inflammatory Secretory Phenotypes.
To explore what changes occurred in the T cells of centenarians, naive CD4+ T cells were extracted from people of different ages and differentiated under Th17- or Treg-polarizing conditions in vitro. We found a strong tendency of naive CD4+ T cells to differentiate into Th17 cells with increasing age under Th17-polarizing conditions. The Th17 cells in the old adults group were nearly three times higher than those in the young adults group, but the number in the centenarian group did not increase further (Figure 3A). The same trend was observed in the mRNA level of the transcription factor of Th17 cells, retinoid-related orphan nuclear receptor (ROR)-γt (Figure 3B). Moreover, Th17-related proinflammatory cytokines, including IL-6, IL-17A, IL-1β, IL-23, IL-12, TNF-α, and IFN-γ, were observed in cell culture supernatants under Th17-polarizing conditions. It was seen that as the differentiation of Th17 cells increased, the levels of most cytokines in the old adults group were elevated compared to those in the young adults group. Intriguingly, in the centenarian group, the levels of these cytokines were significantly lower than those in the old adults groups and even lower than those in the young adults group (Figure 3C).
[image: Figure 3]FIGURE 3 | Increased Th17 cells in centenarians secreted fewer proinflammatory cytokines in vitro. Naive CD4+ T cells from young adults, old adults and centenarians were stimulated with immobilized anti-CD3 and anti-CD28 monoclonal antibodies under Th17-polarizing conditions for 5 days in vitro. (A) Th17 cells were measured by FCM. (B) ROR-γt mRNA levels were determined by qPCR in Th17-polarizing conditions. (C) The supernatants in Th17-polarizing conditions were collected to detect the levels of IL-6, IL-17A, IL-1β, IL-23, IL-12, TNF-α and IFN-γ by ELISA. Data were expressed as the mean ± SD. n = 8. Asterisks (*) indicate significant differences (*p < 0.05; **p < 0.01).
Under Treg-polarizing conditions, the proportion of naive CD4+ T cells that differentiated into Treg cells decreased with age in both the old adults group and the centenarian group compared with the young adults group, and there was a further reduction of Treg in the centenarians compared with that in the old adults. (Figure 4A). A similar trend of Forkhead box protein P3 (Foxp3) as the transcription factor of Treg was seen in the three groups (Figure 4B). Subsequently, the detection of the relevant anti-inflammatory cytokines in the Treg-polarizing cell culture supernatants revealed that although the number of Treg cells was significantly lower in the centenarian group than in the young adults group, the level of TGF-β was not significantly lower, and the levels of IL-10 were higher compared with those secreted by the old adults group (Figure 4C), suggesting that individual Treg in centenarians secretes more anti-inflammatory cytokines than in old adults.
[image: Figure 4]FIGURE 4 | Decreased Treg cells in centenarians secreted more anti-inflammatory cytokines in vitro. Naive CD4+ T cells from young adults, old adults and centenarians were stimulated with immobilized anti-CD3 and anti-CD28 monoclonal antibodies under Treg-polarizing conditions for 5 days in vitro. (A) Treg cells were measured by FCM. (B) Foxp3 mRNA levels were determined by qPCR in Treg-polarizing conditions. (C) The supernatants in Treg-polarizing conditions were collected to detect the levels of TGF-β and IL-10 by ELISA. Data were expressed as the mean ± SD. n = 8. Asterisks (*) indicate significant differences (*p < 0.05; **p < 0.01).
Altogether, the results suggested that naive CD4+ T cells derived from centenarians were more likely to differentiate into Th17 cells and less likely to differentiate into Treg cells in vitro. However, the secretory function of Th17 cells was inhibited, while Treg cells secreted more anti-inflammatory cytokines in centenarians.
DISCUSSION
Inflammaging is suggested to be one of the major contributory factors leading to the increased morbidity and mortality of older adults; however, the inflammaging status, especially the subsets of CD4+ T cells in centenarians is not clearly understood. Herein, it was found that centenarians had unique levels of inflammatory cytokines and reduced Th17/Treg levels. CD4+ T cells in centenarians tended to differentiate into pro-inflammatory cells with decreased secretory function. These results suggested the presence of a mechanism in centenarians that alleviated inflammaging. This may be through the reversal of the imbalance of Th17/Treg cells and the reduction of pro-inflammatory cytokines.
Associated with immune dysregulation, inflammaging has been attributed to a combination of age-related defects (Chambers and Akbar, 2020). One of the most evident characteristics of inflammaging is high blood levels of pro-inflammatory mediators, including CRP, TGF-β, TNF-α, IFN-γ, IL-1, and IL-6, in the absence of evident triggers (Ferrucci et al., 2010; Ferrucci and Fabbri, 2018). The levels of these pro-inflammatory mediators have an important relationship with the processes of longevity and aging-related diseases and are positively correlated with mortality (Chung et al., 2009; Ventura et al., 2017; Olivieri et al., 2021). In this study, we detected the levels of inflammation-related factors in the plasma of centenarians and demonstrated that many pro-inflammatory factors, namely, CRP, IL-12, TNF-α, IFN-γ, and IL-6, were elevated in centenarians. Intriguingly, other proinflammatory cytokines, such as IL-17A, IL-1β, and IL-23, were reduced in centenarians (Figure 1). This evidence suggested that centenarians partly alleviated inflammaging by affecting the secretion of these cytokines.
Inflammaging can be partially attributed to dysfunctional or senescent T cells (Mittelbrunn and Kroemer, 2021). Recent evidence suggests that T lymphocytes can directly promote inflammaging through the production of inflammatory cytokines (Desdín-Micó et al., 2020). Metabolic stress in T cells accelerates inflammaging (Lenaers et al., 2020), thus accelerating pathologies that constitute major causes of human frailty and mortality, such as neurodegenerative disorders, chronic kidney disease, metabolic and cardiovascular diseases (Furman et al., 2019). Notably, the presence of a subset of CD4+ T cells is associated with elevated circulating inflammatory cytokines (Elyahu et al., 2019). Studies have reported that with aging, CD4 increases and CD8 decreases (Aiello et al., 2019). Paradoxically, Alberro et al., found that senescent CD8 cells accumulate with age, while there is a partial reduction of senescent CD4 cells in nonagenarians and centenarians (Ligotti et al., 2021). In addition, expansion of age-associated cytotoxic CD4+ T cells has been identified in human supercentenarians (Hashimoto et al., 2019). However, in our study, CD4+ and CD8+ T cells were not found to change with age, nor was the CD4/CD8 ratio. In agreement with our findings, Ligotti et al., found a constant trend in the percentages of both CD4+ and CD8+ T cells with age. Consequently, they did not observe the described age-related increase in the rate of inversion of the CD4/CD8 ratio (Ligotti et al., 2021). Alberro et al. also found no significant differences in CD4/CD8 ratio, despite significant interindividual differences, especially in the old adults (Alberro et al., 2019).
Among CD4+ T cells, Th17 cells are unique proinflammatory cells identified by ROR-γt and IL-17 (Mangan et al., 2006). Treg cells are characterized by the expression of both surface CD4+ and CD25+ and the intracellular transcription factor Foxp3 (Mangan et al., 2006). Tregs promote anti-inflammatory cytokine production (TGF-β and IL-10) and exert a dominant-negative regulatory effect on other Th cells, including Th17 cells (Fantini et al., 2009). An increased Th17/Treg cell ratio was found in patients with autoimmune or inflammatory diseases and plays an important role in the occurrence and development of these diseases (Knochelmann et al., 2018; Zhou et al., 2018; Zhang et al., 2019; Zhang et al., 2020). However, there is still controversy over Th17 and Treg levels changing with age. For instance, Schmitt et al. found that compared with those under 65 years old, there was a significant increase in Th17 cells and a decrease in Tregs in 65 to 80-year-old people (Schmitt et al., 2013). It was also suggested that both Treg cells and Th17 cells increased with age (Van et al., 2014) and that the suppressive activity of Tregs on other cells decreased (Tsaknaridis et al., 2003; Gregg et al., 2005). These differences may be explained by the introduction of biases caused by age and health status differences of the selected population in different studies. In this study, we demonstrated that the level of Th17/Treg cells in centenarians showed an opposite trend with aging; that is, the Th17/Treg ratio decreased compared with that in old adults, which was consistent with the expression level of Th17/Treg-related cytokines (IL-17A, IL-1β, IL-23, and TGF-β), as shown in Figure 1. This evidence indicated that centenarians may reverse the age-related Th17/Treg imbalance (Figure 2). The decreased Th17/Treg ratio may play an important role in alleviating inflammaging and increasing lifespan in centenarians.
In vitro T cell cultures from different ages provided controversial results. We found that naive T cells of centenarians tended to differentiate into Th17 cells instead of Tregs, which was demonstrated in previous studies. Studies have shown that naive CD4+ T cells from aged animals differentiate into Th17 effectors more readily than T cells from young animals (Huang et al., 2008). This tendency of Th17 polarization seems to be an inherent characteristic of naive CD4+ T cells from older individuals. Furthermore, we demonstrated that they secreted fewer proinflammatory cytokines and relatively more anti-inflammatory cytokines (Figure 3 and Figure 4). This was consistent with previous studies (Bektas et al., 2013), and this phenomenon may be associated with altered metabolic activity (Bektas et al., 2014). Previous studies have found that CD4+ T cells in centenarians have a senescent pro-inflammatory phenotype (Alberro et al., 2019). This study showed that centenarians had very specific changes in CD4+ T cell populations, which were manifested by an elevated Th17/Treg ratio in vivo, as well as a changed secretory phenotype. Although the T cells of centenarians cannot resist the aging-related expression of proinflammatory genes, their secretory phenotype was altered, explaining the relatively low level of inflammation in centenarians. These results suggested the presence of a mechanism to ameliorate inflammaging in centenarians. This may be achieved by reversing the imbalance of Th17/Treg cells and reducing pro-inflammatory cytokines.
CONCLUSION
Aging is a highly complex process in which inflammaging plays a significant role. Many changes in the immune system with age have been described, most of which are thought to be deleterious and are considered causes of many age-related diseases. In this study, we demonstrated that centenarians alleviated inflammaging by regulating the homeostasis of Th17/Treg cells and related cytokines, which provided novel targets for antiaging drug development. Future research needs to further elucidate the trends described in this study to improve the healthspan and lifespan of older adults.
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Psoriasis is a recurrent chronic inflammatory skin disease. Unlike many of the latest psoriasis treatments that only confer limited curative effects and have certain side effects, oxymatrine effectively improves severe plaque psoriasis with mild adverse reactions. Here, we explored the genes and pathways underlying the effects of oxymatrine on psoriasis. Briefly, patients with severe plaque psoriasis were treated with oxymatrine and their lesioned skin samples were sequenced by full-length transcriptomics. Next, the differentially expressed genes (DEGs) in psoriatic lesions were identified and compared in oxymatrine-treated patients and healthy controls, their genes were functionally annotated, and protein–protein interaction network analysis and immunohistochemistry were performed. Both Psoriasis Area and Severity Index (PASI) and Body Surface Area (BSA) scores were recovered significantly from all 16 patients (all p < 0.001). The number of DEGs in patients before and after oxymatrine treatment was 4232, and 4105 DEGs were found between the psoriasis group (before oxymatrine treatment) and the normal control group [p < 0.01, |log2 fold change, (FC)| >1.5]. While most of the DEGs recovered significantly after oxymatrine treatment, only 650 DEGs were observed between the psoriasis group (after oxymatrine treatment) and the normal control group (p < 0.01, |log2FC|> 1.5). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis showed that 64 pathways were significantly activated after oxymatrine treatment (p < 0.05). Only 12 pathways were statistically significant between after oxymatrine treatment and the normal control group (p < 0 .05). Among all the restored pathways, the improvement of the IL-17 signaling pathway was the most significant (p = 1.18E-06). Gene loci of oxymatrine action was assessed by protein interaction analysis on 205 DEGs that were co-expressed in 5 patients before and after oxymatrine treatment (p < 0.05, FC > 1.5). After oxymatrine treatment, the expression of two mitosis-related genes namely, cyclin dependent kinase 1 (CDK1) and cyclin B1 (CCNB1), that affect cell proliferation recovered significantly. In light of these results, we conclude that oxymatrine likely alters the abnormal expression of some genes and pathways in psoriasis patients. Multipathway and multitarget therapy can greatly ameliorate abnormalities in genes and pathways and effectively treat psoriasis. Importantly, among the DEGs, the proliferation-related genes, such as CDK1 and CCNB1, are likely important targets for treating psoriasis by oxymatrine. We believe that these findings may lead to a new treatment strategy for psoriasis.
Keywords: psoriasis, oxymatrine, RNA sequencing, differentially expressed genes, enrichment analysis
INTRODUCTION
Psoriasis is a recurrent chronic inflammatory skin disease (Seldin, 2015). The currently available oral systemic therapies include retinoids (Chularojanamontri et al., 2019), methotrexate (Raaby et al., 2017), cyclosporine A (Papp et al., 2018), and apremilast (Papp et al., 2015). However, most of these treatments have side effects, and their curative effects are limited. Psoriasis can also be treated with biological agents, which have greatly improved its prognosis (Bai et al., 2019), as they effectively treat moderate to severe psoriasis and have relatively high safety and tolerance levels (Hu et al., 2018). However, biological agents can only be applied under certain conditions, and the potential long-term risks are also unknown (Bai et al., 2019). These agents are associated with an increased risk of infections, though mostly tend to be mild infections. The use of biological agents has certain contraindications and the risks of infection along with long-term usage may potentially lead to tumorigenesis in patients with active pulmonary tuberculosis, advanced congestive heart failure, hepatitis B infection, or demyelination diseases, including multiple sclerosis (Turbeville et al., 2017). Drug resistance and disease recurrence along with unintentional disruption of other pathways are a few shortcomings involved with the usage of biological agents (Reich et al., 2005). Therefore, currently no completely reliable and safe treatment for psoriasis exists, and new treatment methods are urgently needed (Huang et al., 2019).
Psoriasis is often stimulated by infection and certain other factors (Rademaker et al., 2019). It is characterized by excessive proliferation, inflammatory cell infiltration, angiogenesis and other pathological features (Greb et al., 2016) that result in abnormal metabolism and immune regulation imbalance (Gisondi et al., 2018). Oxymatrine is a chemical drug extracted from Sophora flavescens (Xia et al., 2011) and has antiproliferative (Shi et al., 2019), anti-inflammatory (Lan et al., 2020), antiviral (Wang et al., 2011), antioxidative (Li et al., 2011) blood lipid–lowering (Shi et al., 2013), and immunoregulatory effects (Xu et al., 2020). Oxymatrine therapy is a single-component drug that exerts multitarget and multi-pathway effects to achieve overall regulation of psoriasis (Lu M. L. et al., 2016). Oxymatrine effectively improves severe plaque psoriasis which is accompanied by mild to adverse reactions (Shi et al., 2019). It is reported that oxymatrine can also inhibit cell proliferation and improve the metabolic syndrome associated with psoriasis (Zhou et al., 2017). However, the mechanisms underlying the efficacy of oxymatrine remain poorly defined and it is imperative to systematically identify them.
In recent years, high-throughput gene expression methods have been widely used to discover pathogenesis and therapeutic response markers (Hrdlickova et al., 2017). Oxford Nanopore Technologies (ONT) sequencing is a unique third-generation sequencing technique that uses electrical signals to identify base sequences (Lu H. et al., 2016). The full-length transcriptome, without interruption, can be used to directly obtain the 5′ to 3′ high-quality full-length sequences of transcripts based on a third-generation sequencing platform (Grabherr et al., 2011). RNA sequencing (RNA-Seq) has been used to measure the expression of genes in patients with psoriasis and healthy individuals in order to identify the major differentially expressed genes (DEGs) in psoriatic lesions (Gudjonsson et al., 2009). The differentially expressed transcripts enriched in the pathogenesis of psoriasis can thus be identified by RNA-Seq. Therefore, full-length transcriptome sequencing can be used to find sensitive and specific biomarkers of psoriasis progression from a large number of genes, screen the genes and pathways most likely involved in the treatment of psoriasis, and clarify the related molecular mechanism. These results may provide a theoretical basis to support clinical application.
In this study, we used full-length transcriptome sequencing to analyze the DEGs in skin tissue from patients with psoriasis before and after oxymatrine treatment and normal controls. Next, we further performed serial analyses, including Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. Subsequently, a protein–protein interaction (PPI) network was constructed to identify the gene expression interactions and reveal those genes whose expression may be affected by oxymatrine.
MATERIALS AND METHODS
Subject Enrolment, Treatment, and Sampling
Patients were recruited between July 1 and 15 October 2019, from the General Hospital of Ningxia Medical University. They were diagnosed with psoriasis by clinical and/or histopathological examination in the outpatient department. The inclusion criteria were severe plaque psoriasis, a Psoriasis Area and Severity Index (PASI) score ≥12 (Mattei et al., 2014), a disease course ≥6 months, and at least one previous course of systemic treatment. The exclusion criteria were an allergy to oxymatrine; guttate psoriasis; erythrodermic psoriasis; psoriasis arthropathica; pustular psoriasis; severe liver and kidney damage, mental illness, haematopoietic dysfunction, or other serious organic diseases; treatment with immunosuppressants or high doses of glucocorticoids or retinoids in the past 8 weeks; pregnancy; and lactation. The criteria for removal from the trial were not using the drug, using the drug without following the instructions, stopping before the treatment was complete, or experiencing severe adverse reactions or complications. In this study, patients who met the criteria were recruited sequentially regardless of sex. All participants gave informed, signed consent, and all procedures involving human participants were carried out in accordance with the Declaration of Helsinki. The research project was approved by the Ethics Committee of Ningxia Medical University (clinical trial registration number: ChiCTR-TRC-14004301).
During this period, 18 consecutive patients were diagnosed with severe plaque psoriasis, but 2 patients declined to join the study. Sixteen patients were given 0.6 g/100 ml oxymatrine (Tianqingfuxin; Zhengdatianqing Company Ltd., Jiangsu, China) intravenously once a day for 8 weeks. The dose was based on the recommended dose for the treatment of chronic hepatitis B and has a low level of toxicity (Zhou et al., 2017). Skin biopsies (approximately 0.8 × 1.0 cm) were collected before and after treatment under local anaesthesia. All 16 patients completed oxymatrine treatment and were subjected to biopsies before and after treatment. Psoriatic skin lesions were observed during the course of treatment, and PASI (Mattei et al., 2014) and body surface area (BSA) (Bożek and Reich, 2017) scores were calculated for each patient accordingly. Five patients were randomly selected from the 16 cases using the random number table method. Skin samples were obtained from the healthy skin of patients in the operating room of the Department of Burn and Plastic Surgery. Therefore, we randomly selected 15 samples from 5 patients (pre- and post-treatment for psoriatic skin lesions) and 5 healthy skin samples for full-length transcriptome sequencing.
Differential Gene Expression Analysis and Statistical Analysis
The DEGs of multiple samples collected from patients with psoriasis and control group were analyzed using the DESeq R package (Gentleman et al., 2004). The p values were adjusted using the Benjamini and Hochberg’s approach to control the false discovery rate (FDR). p < 0.01 and |log2FC| >1.5 as well as p < 0.05 and FC > 1.5 were set as the thresholds for significant differential expression in comparisons between paired samples (before versus after oxymatrine treatment, before oxymatrine treatment versus control group and after oxymatrine treatment versus control group). The DEGs were analyzed using the R working environment with the Limma package (Ritchie et al., 2015; Law et al., 2016) from Bioconductor.
Functional Annotation and Enrichment Analysis
A large number of gene sets were obtained, and common functions or related pathways were investigated through GO node enrichment and KEGG pathway analysis, which are the most common gene analysis methods. Both KEGG and GO terms were defined as statistically significant at p < 0.05. To further study the functions of genes, these databases were used. Functional annotation and enrichment analysis were performed using PANTHER (www.pantherdb.org) (Mi et al., 2013; Mi et al., 2019). KEGG pathway analysis was performed to examine the enriched functions in defined biological systems (http://www.genome.ad.jpkegg/pathway.html) (Kanehisa et al., 2012). The distributions of identified DEGs and module genes in the biological process (BP), cellular component (CC) and molecular function (MF) categories were analyzed by GO enrichment utilizing a hypergeometric test (Mi et al., 2019).
Construction of the PPI Network and Identification of Genes
We searched the online STRING database (http://www.string-db.org/) to identify and predict interactions between genes or proteins. A PPI network of the DEGs was constructed using the haircut algorithm with following threshold conditions: a degree cut-off of 2, a node density cut-off of 0.1, a node score cut-off of 0.2, a K-core value of 2, and a maximum depth of 100. Next, Cytoscape software was used to visualize the PPI network for the DEGs, and its plug-in, Molecular Complex Detection (MCODE) was applied to identify significant modules.
Immunohistochemistry for CDK1 and CCNB1
IHC of skin tissue was conducted using cyclin dependent kinase 1 (CDK1) (EPR165, Abcam, UK) and cyclin B1 (CCNB1) (Y106, Abcam, UK) antibodies for immunostaining. Skin sections (4 mm) were deparaffinized, rehydrated, blocked and then antigen-repaired. Then, the slides were incubated with rabbit polyclonal antibodies at a dilution of 1:350 at 37°C for 1 h and rinsed with PBS 3 times. Reaction enhancement solution was added, and the slides were incubated at room temperature for 30 min and rinsed with PBS 3 times. Then, the slides were incubated for 30 min with secondary antibodies (Rabbit antibody) at room temperature and rinsed with PBS three times. Finally, 3,3′-Diaminobenzidine was used to develop the color, after which the slides were redyed and sealed. The slides were viewed and photographed under a microscope (Motic, China). The magnification is ×200.The Image-Pro Plus 6.0 immunohistochemical image analysis system was used to analyze the collected images.
Quantitative Real-Time PCR
The skin lesions of 15 patients were tested using quantitative real-time PCR. A total of 15 RNA samples were tested with GAPDH as the internal reference gene using SYBRGREENI to detect the expression of target genes in the samples. To prepare the cell samples, 1000 μl Trizol was added. Gene expression was quantified according to the 2–ΔΔCt method. Their sequences are listed as follows. CDK1-F: CTT​ATG​CCT​TGG​TCA​GAG​TAA, R: AGA​TGG​CTG​CTA​ATA​AAC​ACT. CCNB1-F: AGC​CAA​GTC​ATG​GAG​AAT​CT, R: GGC​AGC​AAT​CAC​AAG​AAG​AA.
Western Blotting
Skin lesions of 3 healthy individuals and 3 patients with psoriasis were selected (including before and after treatment). Total protein was extracted from the tissue using RIPA buffer (Epizyme, Shanghai, China) and measured using a BCA kit (Epizyme, Shanghai, China). Protein samples were isolated using 10% SDS-PAGE, transferred to a polyvinylidene fluoride (PVDF) membrane and blocked with 5% skim milk for 2 h. The main antibodies (Anti-CDK1, Rabbit, Cambridge, UK; anti-CCNB1, Rabbit, Abcam, Cambridge, UK) were at dilutions of 1:20000 and 1:50000, respectively. Image density analysis was performed using ImageJ software (NIH Image, Bethesda, MD).
Statistical Analyses
The data were analyzed using GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, United States)and are presented as the mean ± SD. Student’s t-test was used for comparisons between pre- and post-treatment, and p < 0.05 was the threshold for statistical significance.
RESULTS
Psoriasis Patient Information and Treatment Effects
The psoriatic lesions of the patients visibly improved with treatment (Figure 1A). The mean PASI score of 16 patients decreased from the baseline level of 36.29 ± 11.71 to 8.58 ± 5.98 after treatment (p < 0.001). The mean BSA score decreased from the baseline level of 36.69 ± 16.82 to 9.69 ± 7.62 after treatment (p < 0.001). The average change in PASI score from baseline until the time of evaluation (ΔPASI) was 76%. The mean PASI score of the 5 patients randomly selected for sample collection from the 16 patients with psoriasis was 42.06 ± 8.45, and their mean BSA was 48.4 ± 14.36 at the time of inclusion (baseline). After the 8-week-long treatment with oxymatrine, their PASI scores decreased to 7.10 ± 5.74 (p < 0.001), and their BSA scores decreased to 8.00 ± 4.53 (p < 0.001). Neither the PASI nor the BSA scores of the 5 patients randomly selected for skin sample collection were significantly different to the larger group of 16 patients (p > 0.05). (Figures 1B,C). A total of 15 samples of skin from 5 healthy individuals and 5 patients (before and after treatment of the lesions) were sequenced by full-length transcriptomics (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | Images of skin lesions and clinical data for patients with oxymatrine treatment. (A) Clinical photographs of skin lesions in the oxymatrine group before and 8 weeks after treatment. (B) PASI scores and (C) BSA scores of patients (before vs. after oxymatrine treatment). *p < 0.05, **p < 0.01,***p < 0.001 vs. before treatment (0 w in “5 group”), #p < 0.05, ##p < 0.01 ###p < 0.001 vs. before treatment (0 w in “16 group”).
Expression Profile Analysis With the Full-Length Transcriptome Sequencing Data
The results of gene sequencing were qualitatively controlled, and the overall distribution of gene expression in each sample was analyzed (Figure 2A). Transcriptome sequencing was performed using a random sampling process. To ensure that the number of fragments truly reflected the level of gene expression, the number of fragment reads was normalized to the number of mapped reads in the sample. The counts per million (CPM) value was used as an index to measure the level of gene expression (Figure 2B). To further examine the distribution of gene expression levels in a single sample and to clearly compare the overall gene expression levels in different samples, a box diagram was created to show the CPM distribution. Principal component analysis (PCA) (Zhou et al., 2014) was used to analyze the overall distribution trend (Figure 2C) among all 15 samples. It is important to assess the correlations among biological replicates when analyzing transcriptome sequencing data to evaluate not only the repeatability of biological experiments but also the reliability of the DEGs and to assist in the screening of abnormal samples. Spearman’s correlation coefficient was used to evaluate the biological replicate correlations (Figure 2D). Our findings showed that the results obtained with the samples we collected were consistent, reliable, and repeatable. There was a significant difference in distribution between the patients treated with oxymatrine and the same patients before treatment; the distribution of the patients after treatment tended to be consistent with that of the control group. These results indicated that oxymatrine is effective in the treatment of psoriasis, laying a foundation for our follow-up research.
[image: Figure 2]FIGURE 2 | Gene expression distribution The different colours in the contrast map of the gene CPM density distribution of each sample represent different samples, the abscissa represents the logarithm of the CPM of the corresponding sample, and the ordinate represents the probability density. (A) The abscissa in the CPM box plot represents the sample, and the ordinate represents the logarithm of the sample expression CPM. The figure shows the expression level of each sample from the point of view of the overall discreteness of the expression quantity. (B) PCA map drawn according to the gene expression (CPM) of each sample. Each point represents a sample, each colour represents a sample group, and the ellipse represents the confidence interval of the grouped sample. Orange: psoriasis patients after treatment; green: psoriasis patients before treatment; blue: normal controls. (C) Heatmap of the expression correlations in pairs of samples. The abscissa represents the sample, and the ordinate represents the Spearman correlation coefficient r, which was used to evaluate the correlations of biological replicates. (D) The expression quantity correlation heat map of pairwise samples: the Abscissa represents different samples; the Spelman correlation coefficient r (Spearman’s Correlation Coefficient) is used as the evaluation index of biological repetition correlation, which is expressed by ordinate.
Identification of DEGs After Oxymatrine Treatment by Full-Length Transcriptome Sequencing
To determine the DEGs, the correlations in gene expression before versus after oxymatrine treatment (r2 = 0.5776), before oxymatrine treatment versus in the control group (r2 = 0.6241), and after oxymatrine treatment versus in the control group (r2 = 0.6724) were analyzed (Figure 3A). In the figure, a greater concentration of points near the diagonal indicates a stronger correlation of gene expression before versus after treatment. The points that deviate from the diagonal represent DEGs. The DEGs are displayed in the heatmaps (before versus after oxymatrine treatment, before oxymatrine treatment versus control group, and after oxymatrine treatment versus control group) (Figure 3B). The MA image shows the DEGs among the three groups. There were 4232 DEGs before versus after oxymatrine treatment [p < 0.01, |log2 (fold change, FC)| >1.5], of which 2264 genes were upregulated, and 1968 genes were downregulated. Compared with the control group, patients with psoriasis before the treatment exhibited 4105 DEGs, of which 1968 were upregulated and 2137 were downregulated (p < 0.01, |log2FC| >1.5). Only 650 genes were differentially expressed in oxymatrine-treated patients with psoriasis compared to the control group, of which 346 genes were upregulated and 304 genes were downregulated (p < 0.01, |log2FC| >1.5) (Figure 3C). The decrease in the number of DEGs from more than 4,000 to 650 indicated that most of the abnormally expressed genes returned to normal after oxymatrine treatment.
[image: Figure 3]FIGURE 3 | DEGs. (A) Map of the expression correlations of all genes in the groups. Each point in the map represents a gene. The abscissa and ordinate correspond to the values of gene expression before and after oxymatrine treatment [log2 (CPM+1)]. (B) Heatmap. The abscissa represents the sample name and the sample cluster, and the ordinate represents the DEG and the gene cluster. The different lines represent different genes before vs. after oxymatrine treatment. The colour represents the level of gene expression in the sample [log2(CPM+1E-6)]. (C) MA map. Each dot in the MA map of DEGs represents a gene. The abscissa shows the A value [log2(CPM)], which is the logarithm of the mean expression quantity of the two samples. The ordinate shows the M value [log2(FC)], which is the logarithm of the FC in gene expression between the two samples (used to measure the difference in gene expression). Green dots represent downregulated DEGs, red dots represent upregulated DEGs, and black dots represent non-DEGs. A1, B1, C1 (before vs. after oxymatrine treatment). A2, B2, C3 (patients with psoriasis vs. normal controls). A3, B3, C3 (normal controls vs. patients after oxymatrine treatment).
KEGG Pathway Analysis
The enriched KEGG and GO pathways of the DEGs were analyzed and visualized using the R software KEGG pathway enrichment revealed 64 pathways with p < 0.05 in the before versus after treatment comparison in psoriatic skin, including 24 pathways related to metabolism; 14 pathways related to cell proliferation and differentiation; 8 pathways related to bacteria, viruses and parasites; 6 pathways related to tumors; 5 pathways related to inflammation and immunity; 4 pathways related to various hormones; and 3 pathways related to angiogenesis (Figure 4A). There were 52 pathways with significant differences in the before versus control comparison (p < 0.05), including 13 pathways related to metabolism; 12 pathways related to bacteria, viruses and parasites; 8 pathways related to cell proliferation, differentiation and apoptosis; 8 pathways related to tumors; 8 pathways related to immune response and inflammation; and 3 pathways related to various hormones (Figure 4B). Lastly, KEGG analysis showed that 12 pathways were significantly altered in oxymatrine-treated patients versus the control group (p < 0.05), including 4 pathways related to cell proliferation, 3 pathways related to metabolism of various substances, 2 pathways related to infection, 2 pathways related to immune response and inflammation and 1 pathway related to hormones (Figure 4C). Importantly, there were 33 common pathways between the 64 pathways in the before versus after oxymatrine treatment comparison and the 52 pathways in the before versus control group comparison, including 10 pathways related to metabolism of various substances, 7 pathways related to cell proliferation, 6 pathways related to infection, 5 pathways related to tumors, 2 pathways related to hormones, 2 pathways related to immune response and inflammation, and 1 pathway related to angiogenesis. Among the common pathways, 29 (88%) returned to normal after oxymatrine treatment (Figure 4D). Crucially, KEGG analysis revealed no significant alterations in these pathways in the after-treatment versus the control group, indicating that oxymatrine restored these pathways to normal levels. Of the 29 pathways, 28% were related to metabolism, 21% to proliferation, 17% to tumors, 17% to infection, 7% to hormones, 7% to immune response and inflammation, and 3% to angiogenesis. All the DEGs before versus after oxymatrine treatment were used to create a venn diagram (p < 0.05 and FC > 1.5), and a total of 205 common DEGs were found (intersection of the diagram). KEGG analysis based on these 205 genes showed that the pathway accounting for the highest number of DEGs was the IL-17 signaling pathway, and most of the genes related to this pathway returned to normal after treatment (Figure 4E). This pathway was also found among the 29 common pathways, indicating that the levels of the associated genes were significantly restored by oxymatrine treatment.
[image: Figure 4]FIGURE 4 | KEGG analysis. Enrichment and distribution map of KEGG pathways of DEGs. Each circle in the map represents a KEGG pathway. The ordinate represents the name of the pathway, and the abscissa (enrichment factor) represents the ratio of the proportion of genes annotated to a pathway among the DEGs to the proportion of genes annotated to a pathway among all genes. (A) KEGG pathways for the DEGs before vs. after oxymatrine treatment. (B) KEGG pathway for the DEGs in patients with psoriasis vs. normal controls. (C) KEGG pathway for the DEGs in oxymatrine-treated patients vs. normal controls. (D) Venn map. G0 indicates the number of pathways in the before vs. after oxymatrine treatment comparison. G1 indicates the number of pathways in the after treatment vs. normal control comparison. G2 indicates the number of pathways in the before treatment vs. normal control comparison. (E) KEGG pathways of 205 genes.
GO Enrichment Analysis
We conducted GO enrichment analysis of the DEGs in the three groups, and the results included annotated genes belonging to the BP, CC, and MF categories. The results for the before-versus-after oxymatrine treatment comparison with a threshold of p < 0.05 revealed 1618 BP pathways, 216 CC pathways, and 382 MF pathways. In the comparison between before oxymatrine treatment and the control group, there were significant differences in 1540, 227, and 356 pathways in the BP, CC, and MF categories, respectively (p < 0.05). In the comparison between after oxymatrine treatment and the control group, the results revealed 1469 pathways in the BP category, 221 pathways in the CC category and 354 pathways in the MF category (p < 0.05). We also selected the top 5 pathways in the three categories, which are shown in Table 1. Within the top pathways in the BP category (response to drug), the CC category (cytosol) and the MF category (protein binding), there were 63, 486, and 1191 DEGs, respectively, in patients with psoriasis compared with healthy individuals. Before versus after oxymatrine treatment, there were 74, 465, and 1166 DEGs, respectively, in these pathways. Thus, oxymatrine can effectively regulate these genes. Only 11, 48, and 195 genes, respectively, in these three pathways were differentially expressed between the oxymatrine-treated patients (after treatment) and the normal controls, indicating that oxymatrine can change the binding of proteins in the cytosol through the drug response biological process. In the drug response pathway, there were 51 common genes in the patient versus the control group comparison and in the before versus after treatment comparison (51/63, 51/74). There were no significant differences in these 51 genes between the patients after treatment and the control group. Thus, all 51 common genes returned to normal levels after treatment.
TABLE 1 | GO analysis.
[image: Table 1]From the above results, we found that the number of differentially activated pathways was the highest in the before versus after oxymatrine treatment comparison, indicating that many genes and gene pathways changed after oxymatrine treatment. Oxymatrine treatment stimulated a drug response; however, the cell stress response, protein modification, transcription, and other processes were also involved in the process by which oxymatrine ameliorated psoriasis. Most of these reactions occurred in organelles such as the cytosol, extracellular exosomes, and cytoplasm. However, between the treated patients (after treatment) and the normal controls, there were 149 fewer differentially activated pathways. This decrease in the number of GO pathways indicated that some genes and their pathways returned to normal. This finding also suggested that oxymatrine treatment improved the levels of multiple genes and pathways.
Notably, in the GO analysis of the top 5 terms for the before versus after oxymatrine treatment comparison, the genes Cyclin B-dependent kinase 1 (CDK1) and CCNB1 were both associated with the following terms: response to drug, cellular protein modification process, cytosol, cytoplasm, nucleoplasm, protein binding and protein serine/threonine kinase activity.
Construction of a PPI Network Based on DEGs
To explore the interactions among proteins in patients with psoriasis-related diseases, we constructed a PPI network. First, we performed PPI analysis on the core gene IL-17A in the IL-17 pathway, which had the most significant differential enrichment (p = 1.18E-06) (Figures 5A,B). Protein interaction analysis was carried out on the 205 DEGs co-expressed in 5 patients before versus after oxymatrine treatment to identify the gene loci of oxymatrine action (p < 0.05, FC > 1.5). From the resulting PPI network, the protein with the highest degree was selected. Among the 205 genes, there were 26 genes that interacted with each other. The interaction between the CDK1 and CCNB1 proteins ranked first. CDK1 and CCNB1 are related to mitosis and affect cell proliferation. After oxymatrine treatment, the expression of these two genes recovered significantly (Figure 5C).
[image: Figure 5]FIGURE 5 | PPI network analysis and IHC. (A) Coexpression network of IL-17A (before vs. after oxymatrine treatment). (B) Coexpression network of IL-17A (before oxymatrine treatment vs. normal control group). (C) PPI network of 205 common DEGs. (D) (D1-D3) IHC staining for CDK1, (D4-D6) IHC staining for CCNB1. D1, D4: normal control group; D2, D5: before oxymatrine treatment; D3, D6: after oxymatrine treatment. (E)Integrated optical density (IOD) values of CDK1 and CCNB1. (F) qRT-PCR of CDK1, CCNB1 (▲p < 0.05,▲▲p < 0.01,▲▲▲p < 0.001 vs. normal control group; ^p < 0.05, ^^p < 0.01,^^^p < 0.001 vs. before oxymatrine treatment). (G) Western blot of CDK1 and CCNB1 protein.
Effects of Oxymatrine on CDK1 and CCNB1 in the Skin of Patients With Psoriasis as Detected by Immunohistochemistry, Quantitative Real-Time PCR and Western Blotting
In patients with psoriasis, the expression of CDK1 was widely distributed in all layers of the epidermis. The cytoplasm and nuclei of the cells in each layer were also stained. The expression of CDK1 in the lesions of patients before treatment was significantly stronger than that in healthy skin (p < 0.001). Importantly, after oxymatrine treatment, the expression of CDK1 in the skin tissue of patients decreased significantly (p < 0.001). There was no significant difference between the after-treatment and the control groups (p > 0.05), indicating that oxymatrine treatment restored the expression of CDK1 in skin lesions to normal levels (Figure 5D).
Low expression levels of CCNB1 were found in the nucleus and cytoplasm in healthy skin, mainly in the basal cell layer of the epidermis and part of the hair follicle infundibulum. The expression of CCNB1 in psoriatic lesions and all layers of the epidermis was significantly higher than that in healthy skin (p < 0.001). However, the expression of CCNB1 in the skin tissues of patients treated with oxymatrine was significantly decreased (p < 0.001), such that there was no significant difference between patients treated with oxymatrine (after treatment) and the control group (p > 0.05). The results showed that oxymatrine treatment decreased the expression of CDK1 and CCNB1, restoring it to the same level as that in normal tissue (Figure 5E).
The expression of CDK1 and CCNB1 were analyzed by qRT-PCR. Following treatment with oxymatrine, the expression of CDK1 and CCNB1 decreased significantly compared to the levels before treatment (p < 0.05). These results suggested that oxymatrine does reduce the expression of CDK1 and CCNB1 in patients’ skin (Figure 5F).
Subsequently, using western blot analysis. We detected the expression of these two genes in skin tissue of patients before and after oxymatrine treatment. CDK1 expression was increased in patients with psoriasis (versus control group) (p < 0.01), but decreased significantly after oxymatrine treatment (vs. before treatment) (p < 0.05). This trend also occurred in the expression of the CCNB1 gene (Figure 5G).
DISCUSSION
Psoriasis is a chronic inflammatory skin disease (Griffiths and Barker, 2007) that is difficult to treat because these skin lesions are persistent and recurrent (Kaushik and Lebwohl, 2019). Although targeted therapy for psoriasis with biological agents has high efficacy, it interferes with immune homeostasis. Additionally, with increasing treatment time, related problems such as infection, autoimmune reactions, malignant tumors, drug failure and disease recurrence may appear (Armstrong and Read, 2020). The factors that induce psoriasis are extremely complex, and many of the current psoriasis treatments have limitations. Thus, it is imperative to improve our understanding of the mechanisms underlying treatments and to explore new and more effective treatments.
Our results showed that the PASI improvement rate was 76% after 8 weeks of oxymatrine treatment, indicating that it significantly improved the skin lesions of psoriasis patients. This result is in agreement with that of a previous study by Zhou et al., that oxymatrine is effective in the treatment of severe plaque psoriasis Zhou et al. (2017). In our study, we used full-length transcriptome sequencing to screen 4105 DEGs between psoriatic lesions and normal skin (|log2FC| >1.5, p < 0.01). This number of DEGs was similar to that reported by Li et al., who identified 3577 DEGs by RNA-Seq between psoriatic lesions and normal skin (Li et al., 2014). Following oxymatrine treatment, physical symptoms as indicated by PASI and BSA scores significantly improved, and the expression of more than 4232 genes in psoriasis patients was significantly altered. Additionally, only 650 genes were abnormally expressed, meaning their levels remained different between patients following oxymatrine treatment and the normal controls. Further, after oxymatrine treatment, although the expression of most of the genes returned to normal levels, the expression of some genes did not fully recover. These results showed that oxymatrine regulates the majority of the abnormally expressed genes in patients with psoriasis.
Psoriasis is often characterized by excessive proliferation, abnormal differentiation, angiogenesis and inflammatory cell infiltration triggered by infection and trauma (Greb et al., 2016). Patients often suffer from disrupted metabolism, abnormal hormone levels and immune system disorders (Sommer et al., 2006). In our study, the KEGG analysis results for the comparison between psoriasis patients before treatment with oxymatrine and normal controls showed that 52 pathways related to metabolism, proliferation, infection and immunity were significantly altered. This finding indicates that compared with normal subjects, patients with psoriasis have abnormal expression of molecules in these pathways, which is consistent with the literature on the pathogenesis of psoriasis (Greb et al., 2016). KEGG analysis also revealed that oxymatrine treatment ameliorated the alterations in a total of 64 pathways. Thirty-three pathways were shared between the patients with psoriasis and the control group. Of these 33 pathways, 29 (88%) pathways exhibited significantly improved alterations and returned to the same levels of activation as in the normal control group. The KEGG analysis from another study on patients with psoriasis treated with the adalimumab drug showed that only the cytokine–cytokine receptor interaction pathway was significantly enriched (Langkilde et al., 2016). In contrast, our enrichment analysis showed that alterations in many pathways related to metabolism, immune inflammation, cell proliferation and infection were greatly improved following oxymatrine treatment. In addition, KEGG analysis indicated that the IL-17 signaling pathway was the most significantly enriched after oxymatrine treatment. IL-17 increased the expression of antimicrobial peptides, including β-defensin regulates the expression of 8 genes in the IL-17 signaling pathway including S100A family proteins (S100A7, S100A9, S000A7A, CXCL1, CXCL8, DEFB4A, DEFB4B, and LCN2) (Lynde et al., 2014). Therefore, unlike the single-target therapy achieved by biological agents, oxymatrine improves psoriasis by altering not only the important IL-17 pathway but also affects the inflammatory pathway, the infection pathway, and the metabolic pathway, achieving multipathway and multitarget therapy. This finding provides a putative explanation for how some studies have shown that oxymatrine can treat and inhibit the recurrence of plaque psoriasis (Zhou et al., 2017). Unlike many previous studies, that have focused on the role of oxymatrine specific pathways and genes (Li et al., 2018; Gan et al., 2020; Xiang et al., 2020), our study provides a macroscopic perspective of oxymatrine action in psoriasis.
GO analysis found that in the response to the drug, 51 genes were shared between the patients versus the normal control group and the before versus after treatment comparison. After treatment, all 51 genes returned to normal levels. Among the 26 gene interactions, the interaction between CDK1 and CCNB1 (hub genes) was the most significant. In the normal control group versus after treatment comparison, the two DEGs CDK1 and CCNB1 were not enriched in any GO pathways. CDK1 promotes mitosis (Melero et al., 2018) and CCNB1 regulates the binding of maturation-promoting factor (MPF) and CDK1 to drive the phase transition of the cell cycle at the G2/M phase junction and initiate mitosis (Frouin et al., 2005). A similar role of cyclins in psoriasis has been reported by Miracco et al. (2000). Related research has found that the cell cycle is significantly shortened in patients with psoriasis and that high expression of CDK1 and CCNB1 promotes keratinocyte proliferation observed in psoriasis (Ni and Lai, 2020). This is consistent with the results of our GO analysis, IHC, qRT-PCR. And western blot analysis. Furthermore, oxymatrine is reported to inhibit epidermal proliferation and apoptosis (Shi et al., 2019). In view of these results, we speculate that oxymatrine can induce cell cycle arrest and apoptosis through the genes CDK1 and CCNB1 to inhibit cell activity and proliferation. CDK1 and CCNB1 may be important targets of oxymatrine in the treatment of psoriasis.
This study had some limitations. For example, the sample size of the designed dataset was relatively small, and the study was a single-centre study. Despite these limitations, we conclude that oxymatrine can greatly improve the expression of many abnormally expressed genes and pathways.
In summary, our results show that oxymatrine significantly reduced the erythema scales of the patients’ skin lesions and improves the abnormal state of expression of genes and inflammation and proliferation pathways. Whether this occurs via IL-17 signal pathway, or CDK1, CCNB1 and other proliferation-related genes is not clear. Oxymatrine treatment regulated several pathways related to metabolism, tumors, and infection and by regulating cell proliferation, apoptosis, inflammatory factor levels, and hormone levels. Based on these results, we speculate that the regulatory effect of oxymatrine on psoriasis is not unilateral but rather that multiple signaling pathways participate in the comprehensive effects of oxymatrine on pathological factors of psoriasis directly or indirectly. Moreover, the changes in DEGs represented by CDK1 and CCNB1 expression may be important biomarkers for oxymatrine efficacy in the treatment of psoriasis. These findings may facilitate the development of a new and effective strategy for psoriasis treatment.
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Nuanxinkang tablet (NXK), a Chinese herbal formula, can improve heart function and quality of life in patients with chronic heart failure (CHF). However, the mechanisms of action of NXK are not fully understood. In this study, we investigated the effects of NXK on inflammation in the CHF mouse model. This model was established by transverse aortic constriction (TAC) and treated with NXK for 8 weeks. Then, the cardiac function and myocardial fibrosis were evaluated. The monocytes/macrophages were evaluated by immunofluorescence. The mRNA levels of IL-1β, IL-6, TNF-α, ICAM-1, and VCAM-1 were measured by quantitative real-time polymerase chain reaction (qRT-PCR), while TLR4, MyD88, NF-κB p65, P-IκBα, TLR2, TLR7 and TLR9 protein levels were evaluated by Western blot. The results showed that NXK improved the left ventricular ejection fraction (LVEF) and left ventricular end-systolic dimension, reversed myocardial fibrosis, and inhibited pro-inflammatory (CD11b + Ly6C+) monocytes/macrophages in the TAC mouse model. NXK also reduced the mRNA and protein levels of the above markers. Taken together, NXK improved heart function and reduced inflammation through the TLR-mediated NF-κB signaling pathway, suggesting that it might be used as an innovative treatment strategy for CHF.
Keywords: chronic heart failure, inflammation, Chinese medicine, Nuanxinkang tablet, TLR-mediated NF-κB signaling pathway
INTRODUCTION
Chronic heart failure (CHF) is one of the leading causes of high morbidity and mortality worldwide. Over the last 2 decades, the clinical use of neurohormonal and sympathetic nervous system blockers, including the combination of angiotensin-converting enzyme inhibitor (ACEI)/angiotensin II receptor blockers (ARBs), β-blockers, and vasodilators, has revolutionized the care of patients with CHF (Packer et al., 2021). However, these drugs are not fully efficacious against CHF (Webber et al., 2020), and it has been reported that 2%–17% of CHF patients die at the first hospital admission. Ponikowski et al. (2014) reported a mortality rate of 17%–45% within 1 year after admission and >50% within 5 years. Therefore, developing new, safe, and effective therapeutics for CHF is crucial.
CHF involves a complex pathological process that simultaneously interferes with multiple genes and signaling pathways (Chen et al., 2020). Cardiac inflammation is an important pathogenesis of CHF and leads to adverse clinical outcomes. Necrotic, stressed and damaged heart cells can release dangerous substances as signals, which are called danger-associated molecular patterns (DAMPs). Several DAMPs can activate toll-like receptors (TLRs) and NF-κB signaling pathways, which would stimulate the expression of pro-inflammatory cytokines such as TNF-α, IL-1β, IL-18, etc (Prabhu and Frangogiannis, 2016).
Multi-targeted drugs for CHF treatment, such as traditional Chinese medicine (TCM), have attracted increasing attention in previous clinical trials (Xian et al., 2015). Yu et al. (2019) conducted a retrospective analysis of TCM in a random sample of hospitalizations for heart failure within a random sample of Western medicine hospitals in China in 2015 and found a similar effect of the two drugs for treating CHF.
Nuanxinkang (NXK) is a Chinese herbal formula that is widely utilized for CHF treatment in China. It is composed of Radix ginseng Rubra (Hong Shen) and llex pubescens (Mao DongQing). Our preclinical study showed that NXK has an anti-apoptotic effect against CHF, which is mediated by the AKT signaling pathway (Chen et al., 2019). Another study showed that combination therapy with NXK and basic CHF treatment effectively improved cardiac function in CHF patients compared to basic CHF treatment alone. It also exhibited better therapeutic effects on improving quality of life, controlling inflammation, and regulating neurohormones (Zhang, 2012). However, the exact mechanisms underlying the effects of NXK remain unclear.
In this study, we investigated the pharmacological functions of NXK on CHF mouse model established through transverse aortic constriction (TAC). We found that NXK is effective against CHF by down-regulating the signaling pathway of inflammation. This study provided evidence for an innovative treatment strategy and potential therapeutic targets for CHF.
MATERIALS AND METHODS
NXK Preparation
NXK consists of two herbs, Radix ginseng Rubra and llex pubescens. The herbs were mixed according to the ratio of 23:77. The concentrated NXK powders were produced by Sci-tech Industrial Park, Guangzhou University of Chinese Medicine, under internationally certified good manufacturing practice guidelines (Serial Number: TA2017014).
Animal Model
Four-week-old C57BL/6 male mice were obtained from the Guangdong Animal Experimental Center. The mice were housed in an environment with a temperature of 22 ± 1°C, relative humidity of 50 ± 1%, and a light/dark cycle of 12/12 h. The animal experiment protocols conformed to the Guidelines for the Care and Use of Laboratory Animals published by the National Academy Press (National Institutes of Health Publication No. 85-23, revised 1996) and were approved by the Animal Care and Use Committee of Guangzhou University of Chinese Medicine (permit number: 20200608003).
The mice were divided into two groups: the TAC group and the sham group. Heart failure was achieved via transverse aortic constriction (TAC) on eight-week-old mice. The animals were intubated and ventilated with room air using a small-animal respirator (Harvard Inspira ASVv, Massachusetts, United States) and anesthetized with 1.0% isoflurane inhalation. The left side of the chest was then opened at the second intercostal area. A 7-0 silk string was passed under the transverse thoracic aorta between the innominate and left common carotid arteries and snared around the aorta with a 28-gauge needle. After ligation, the needle was removed, and the skin was sutured. The sham group underwent the same surgery but without constriction.
The mice were then divided into six groups (10 mice/group): Sham, TAC, TAC + low dose NXK (NXK-L), TAC + medium-dose NXK (NXK-M), TAC + high-dose NXK (NXK-H), and TAC + Perindopril. Intramuscular injection of penicillin was administered to all groups for 3 days.
Drug Administration
To determine the optimal dose of NXK, we used 0.42 g/kg/d as the low dose, 0.83 g/kg/d as the medium dose, and 1.65 g/kg/d as the high dose. Three days after surgery, the TAC + NXK-L, TAC + NXK-M, and TAC + NXK-H groups were intragastrically administered 0.42 g/kg/d, 0.83 g/kg/d, and 1.65 g/kg/d NXK, while the TAC + Perindopril group was given 3.6 g/kg for 28 days.
Mice in the lipopolysaccharide (LPS) and TAK-242 groups were intraperitoneal injected with saline or TLR4 inhibitor (TAK-242; 2 mg/kg), respectively, followed by LPS (12 mg/kg; intraperitoneal injection) 1 h after the surgery. The sham and TAC groups were given sterile water. The mice were used for experiments 8 weeks after the surgery.
Echocardiography
Echocardiography studies were performed using a Vevo 2,100 imaging system (FUJIFILM Visual Sonics Inc., Canada). The mice were anesthetized with 2% isoflurane inhalation. The M-mode image of the middle layer of the nipple muscle was used to measure the left ventricular end-systolic volume (LVESV), left ventricular end-diastolic volume (LVEDV), left ventricular end-diastolic diameter (LVEDD), left ventricular end-systolic diameter (LVESD), end-systolic volume (ESV), end-diastolic volume (EDV), left ventricular posterior wall end-diastole (LVPWD) and end-systole (LVPWS). The left ventricular ejection fraction (LVEF) was calculated as (LVEDV—LVESV)/LVEDV; the left ventricular fraction shortening (LVFS) was calculated as (LVEDD—LVESD)/LVEDD; the stroke volume (SV) was calculated as (EDV − ESV). Blind observers used Vevo 2,100 workstation 1.7.1 to analyze the digital images offline.
Masson’s Trichrome Staining and Immunofluorescence
The heart tissue was fixed in 4% paraformaldehyde and then immersed in graded series of alcohol: 50% ethanol for 30 min, 70% ethanol for 60 min, 80% ethanol for 60 min, 90% ethanol twice for 30 min each, and absolute ethanol for 30 min, followed by 60 min in isobutanol + carbonic acid. Subsequently, the specimens were embedded in wax for 90 min and cooled. Masson’s Trichrome staining was performed on the paraffin-embedded heart sections to assess myocardial fibrosis. Sections were also blocked and then incubated with antibodies against CD11b and Ly6C. Nuclei were stained with DAPI. Nikon Eclipse microscope with NIS Elements software was used to capture the images. ImageJ software was used to measure the area of cardiac fibrosis (the ratio of fibrotic area to total myocardial area). At least 20 fields (200X) were analyzed in each section.
Quantitative Real-Time PCR Analysis
The heart samples were snap-frozen in liquid nitrogen and placed on ice for 30 min before extracting total RNA using TRIzol reagent. cDNA was synthesized using TIANScript RT kit® (TIANGEN BIOTECH, China) according to the manufacturer’s instructions. The RT-PCR amplification reaction was 20 μl, containing 10 μl LightCycler FastStart DNA MasterMix, 1 μl cDNA, 7 μl RNase/DNase-free water, and 500 nM of each primer. The primer sequences are listed in Supplementary Table S1. The expression of the target gene was quantified by the standard curve and the 2-ΔΔCt method. β-actin was used as an internal control to normalize the levels of the target genes.
Western Blotting
Total protein was extracted from the heart tissue according to the instructions provided in the total protein extraction kit, and the protein concentration was determined (Ca. P0013B, Beyotime, Shanghai, China). The proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (10% and 12%). Then, the protein was transferred to polyvinylidene fluoride (PVDF) membrane (Ca. IPVH00010, EMD Millipore, Billerica, MA, United States), blocked with 5% skimmed milk in Tris-buffered saline-Tween 20 (TBST) for 90 min at 37°C, and probed with the following primary antibodies: TLR4 at 1:500 dilution; MyD88, NF-κB p65, P-IκBα, IκBα, TLR2, TLR7, TLR9 and beta-tubulin at 1:1,000 dilution. Subsequently, the membranes were incubated with the corresponding secondary antibody. The immunoreactive bands were developed using ECL, and the ProteinSimple imaging system was utilized to scan the target protein. ImageJ software was used to analyze the image.
Statistical Analysis
All values were reported as mean ± standard error of the mean (SEM). The normality of data distribution was evaluated using the Shapiro-Wilk test. Data with skewed distribution were transformed by calculating their natural logarithm to approximate normal distribution. One-way analysis of variance (ANOVA) followed by Dunnett’s test or the Student Newman-Keuls (SNK) test were used to analyze the differences between the groups. Differences were considered statistically significant at p < 0.05.
RESULTS
NXK Improved the Cardiac Function of CHF
Cardiac function was evaluated via echocardiography (Figure 1A; Table 1). Compared to the sham group, LVDS was increased in the TAC group (p < 0.05), while LVEF and LVFS were decreased (all p < 0.01). Compared to the TAC group, the three NXK groups showed significant increases in LVEF and LVFS (all p < 0.01, Figure 1B; Table 1), thus suggesting a protective role of NXK in cardiac hypertrophy. However, there were no differences in LVPWD and LVPWS between the groups (all p > 0.05).
[image: Figure 1]FIGURE 1 | NXK improves the cardiac function of mice with heart failure. (A) Representative M-mode images via echocardiography. (B) Representative cardiac function (n = 10 per group). LVDD (mm), left ventricular end-diastolic dimension; LVDS (mm), left ventricular end-systolic dimension; LVEF (%), left ventricular ejection fraction. (C) mRNA expression levels of ANP and BNP were detected using RT-PCR. Quantification was performed after normalization to β-actin (n = 10 per group). Values are shown as means ± SD, <0.05, compared to the sham group *p < 0.05, **p < 0.01, ***p < 0.001, compared to the Tac group #p < 0.05, ##p < 0.01, ###p < 0.001.
TABLE 1 | Cardiac function of each group (mean ± SD).
[image: Table 1]RT-PCR was used to detect the RNA expression levels of BNP and ANP in all groups. The expression levels of BNP and ANP were significantly increased in the TAC group compared to the sham group (p < 0.001, Figure 1C, Supplementary Table S2). Furthermore, the expression levels of BNP and ANP in the Perindopril and the NXK low-, medium-, and high-dose groups were significantly lower than that of the TAC group (all p < 0.001, Figure 1C, Supplementary Table S2). Taken together, these results demonstrated the therapeutic efficacy of NXK in the heart failure model.
NXK Improved Myocardial Fibrosis
To further investigate the cardio-protective role of NXK, we examined the effect of NXK on myocardial fibrosis. HE staining showed that the hearts in the TAC group were significantly larger than that of the sham and drug groups, resulting in increased pressure load and myocardial hypertrophy. Next, we used Masson’s Trichrome staining to measure myocardial fibrosis. The degree of fibrosis was higher in the TAC group than in the sham and the drug groups (Figure 2A). Moreover, a larger fibrotic area was detected in the myocardium of the TAC group, where the greatest pressure load was observed compared to the sham group. In contrast, there was significantly smaller fibrotic area in the NXK group (Figures 2A,B, and Supplementary Table S3).
[image: Figure 2]FIGURE 2 | The effect of NXK on myocardial fibrosis in mice with heart failure. (A) Myocardial fibrosis was evaluated through Masson’s Trichrome staining (n = 10 per group). The fibrotic area is shown in blue. (B) Quantification of fibrosis area in the sham, TAC, low-, mid- and high-dose NXK groups. (C) mRNA expression levels of α-SMA and TGF-β quantified by RT-PCR (n = 10 per group). Quantification was performed after normalization to β-actin. (D) mRNA expression levels of Col1, Col3, and MMP9 quantified by RT-PCR (n = 6). Quantification was performed after normalization to GAPDH. Values are shown as means ± SD, compared to the sham group *p < 0.05, **p < 0.01, ***p < 0.001, compared to the Tac group #p < 0.05, ##p < 0.01, ###p < 0.001.
The mRNA expression levels of α-SMA, TGF-β, collagen I (Col1), collagen III (Col3), and matrix metalloprotein 9 (MMP9) were increased in the TAC group compared with the sham group (Figures 2C,D), and the mRNA expression levels of TGF-β in the NXK low, middle, high dose groups were significantly decreased vs. the TAC group (p < 0.05 vs. TAC, Figures 2C,D, Supplementary Table S4). The relative expression levels of Col1, Col3, α-SMA and MMP9 were significantly decreased in the NXK low, middle, high dose groups (p < 0.001 vs. TAC, Figures 2C,D, Supplementary Table S4). These results indicated that NXK treatment remarkably decreased myocardial fibrosis in the CHF model.
NXK Reduced the Inflammation of CHF the Infiltration of Pro-Inflammatory Monocyte/Macrophages
Immunofluorescence demonstrated that CD11b + Ly6C + monocytes/macrophages were significantly increased in the model group. In contrast, infiltration of CD11b + Ly6C + monocytes/macrophages were inhibited in the Perindopril and NXK groups (Figure 3A).
[image: Figure 3]FIGURE 3 | NXK reduces the inflammation due to heart failure by inhibiting the infiltration of pro-inflammatory monocytes/macrophages. (A) Representative images of heart tissue from the sham, TAC, perindopril, and NXK groups. DAPI staining (blue), CD11b (green), and Ly6c (red) are indicated (n = 6 per group). (B) mRNA expression levels of IL-1, IL-6, TNF-α, ICAM-1, and VCAM-1 quantified by RT-PCR (n = 10 per group). Values are shown as means ± SD, compared to the sham group *p < 0.05, **p < 0.01, ***p < 0.001, compared to the Tac group #p < 0.05, ##p < 0.01, ###p < 0.001.
Next, we detected the RNA expression levels of TNF-α, IL-6, IL-1, VCAM-1, and ICAM-1 among the groups. Compared to the sham group, the expression levels of IL-1, IL-6, TNF-α, VCAM-1, and ICAM-1 were significantly increased in the TAC groups (p < 0.001, Figure 3B; Table 2). Moreover, the expression levels of IL-1, IL-6, and TNF-α were decreased in the Perindopril group and the NXK high-, middle-, and low-dose groups (p < 0.001 vs. TAC). The results also showed decreased expression levels of VCAM-1 and ICAM-1 in the drug intervention group compared with the TAC group (p < 0.05, Figure 3B; Table 2).
TABLE 2 | RNA expression levels of IL-1, IL-6, TNF-α, VCAM-1, and ICAM-1 (mean ± SD).
[image: Table 2]The Effect of NXK on the TLR4/NF-κB Signaling Pathway
NF-κB is a pivotal transcription factor that regulates inflammation, immune responses, and cell survival. In this study, the levels of the target proteins, TLR4, MyD88, and NF-κB p65 (Figure 4), were significantly increased in the TAC group compared to the sham group. Moreover, the relative expression levels of TLR4 and MyD88 proteins in the high-, medium-, and low-dose groups of NXK and the Perindopril group were significantly lower compared to the TAC group (p < 0.01 vs. TAC, Figure 4 and Supplementary Table S5). The relative expression of NF-κB p65 was significantly lower in the high-, medium-, and low-dose groups compared to the TAC group (p < 0.05, Figure 4 and Supplementary Table S5). Besides, the expression of total IκBα and the phosphorylation of IκBα (P-IκBα) were further measured. The P-IκBα protein level was increased after TAC treatment and decreased after NXK treatment. Moreover, total IkBα was increased with decrease in p-IkBα after NXK treatment (p < 0.01 vs. TAC, Figure 5 and Supplementary Table S6).
[image: Figure 4]FIGURE 4 | Western blot analysis was used to measure the protein level of TLR4/NF-κB pathway proteins. (A) Expression of TLR4, MyD88, NF-κB p65 proteins in different mice groups (n = 10 per group). (B) Quantification was performed after normalization to Tubulin. Values are shown as means ± SD, <0.05, compared to the sham group *p < 0.05, **p < 0.01, ***p < 0.001, compared to the Tac group #p < 0.05, ##p < 0.01, ###p < 0.001.
[image: Figure 5]FIGURE 5 | Western blot analysis was used to measure the protein levels of IκBα and P-IκBα. Expression levels of IκBα and P-IκBα proteins in different mice groups (n = 6 per group). Quantification was performed after normalization to Tubulin. Values are shown as means ± SD, compared to the sham group *p < 0.05, **p < 0.01, ***p < 0.001, compared to the Tac group #p < 0.05, ##p < 0.01, ###p < 0.001.
Next, we used the TLR4 inhibitor TAK242 and agonist LPS to evaluate the effect of NXK. As shown in Figure 6A, the relative protein expression levels of NF-κB p65 were significantly decreased in the TAK242, NXK (M), LPS + NXK(M) and the TAK242 + NXK (M) groups compared with the LPS groups (p < 0.05, Figure 6A, Supplementary Table S7). Treatment with TAK242, NXK (M), LPS + NXK(M) and the TAK242 + NXK (M) significantly reduced the protein levels of P-IκBα (p < 0.01, Figure 6B, Supplementary Table S7).
[image: Figure 6]FIGURE 6 | Western blot analysis was used to measure the protein levels of NF-κB p65 and P-IκBα, treated by NXK (M), TAK242, and LPS. (A) Expression of NF-κB p65 protein in different mice groups. (B) Expression levels of NF-κB p65 and P-IκBα proteins in different groups (n = 6 per group). Quantification was performed after normalization to Tubulin. Values are shown as means ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, vs. LPS group.
The relative expression levels of TLR2, TLR7 and TLR9 were also evaluated. As shown in Figure 7A, the relative protein expression levels of TLR2, TLR7 and TLR9 were significantly increased in the TAC group compared with the sham group, and the protein levels of TLR2 and TLR9 in the NXK medium-dose group were significantly decreased compared with the TAC group (p < 0.01, Figure 7B). In addition, the expression of TLR7 in the NXK group showed no significant difference compared with the TAC group (p > 0.05, Figure 7B, Supplementary Table S8).
[image: Figure 7]FIGURE 7 | Western blot analysis was used to measure the protein levels of TLR2, TLR7, and TLR9 pathway proteins. (A) Expression levels of TLR2, TLR7, and TLR9 proteins in different mice groups and quantification was performed after normalization to GAPDH (n = 6 per group). (B) Values are shown as means ± SD, compared to the sham group *p < 0.05, **p < 0.01, ***p < 0.001, compared to the Tac group #p < 0.05, ##p < 0.01, ###p < 0.001.
DISCUSSION
CHF is the final stage of all cardiovascular diseases (CVDs) (Kurlianskaya et al., 2020), and a common and potentially fatal disease. The signs and symptoms of CHF include shortness of breath, excessive fatigue, swelling of the legs (Tendera, 2005), and decreased exercise tolerance, which reduce the ability to engage in normal daily life activities (Long et al., 2020b). In most industrialized countries, the number of CHF patients has been rapidly increasing due to population aging and longer survival after acute myocardial infarction (McMurray and Stewart, 2002). Over the years, TCM has been used to supplement the treatment of CVD (Long et al., 2020a; Zhi et al., 2020). Previous studies have shown that NXK can improve cardiac function and inflammatory state of CHF patients (Zhang, 2012). However, the mechanism of action of NXK in the treatment of CHF remains unclear.
The present study suggested that a simplified herbal formula, NXK, can improve the LVEF and LVED, and reverse myocardial fibrosis. Moreover, NXK reduced inflammatory cytokines and inhibited pro-inflammatory monocytes/macrophages in the CHF mouse model. The results also indicated that NXK might inhibit CHF and anti-inflammatory activity through the TLR4/NF-κB signaling pathway, which is a classical signaling pathway of inflammation. Taken together, NXK was identified as an innovative treatment strategy for CHF.
CHF and inflammation interact in a vicious feedback loop (Pugliese et al., 2020). In terms of pathogenesis, the accumulation of inflammatory factors could lead to CHF-related complications, such as diabetes, obesity, and atherosclerosis (Tall and Yvan-Charvet, 2015). Inflammatory factors can also induce cardiac remodeling and cause cardiac mechanical motor dysfunction. Moreover, CHF induces and worsens the occurrence and progression of chronic inflammation (Jahng et al., 2016). Hence, inflammation has an important role in the occurrence, development, and prognosis of CHF, which includes inflammatory immune cell infiltration. The recruitment of T cells, pro-inflammatory monocytes and macrophages to the heart play a key role in CHF. This study found that NXK can improve inflammatory immune cell infiltration and inhibit pro-inflammatory (CD11b + Ly6C+) monocytes/macrophages in the TAC mouse model. Our previous study revealed inflammatory immune cell infiltration in the TAC model, which suggested that inflammatory immune cells may be considered as potential therapeutic targets for CHF (Ni et al., 2021). We found that NXK could decrease the expression of inflammatory cytokines such as IL-1, IL-6, TNF-α, ICAM-1, and VCAM-1. Recent studies have shown that the expression of TNF-α and IL-6 genes increases in CHF patients, and are positively correlated with the severity of heart failure (Schumacher and Naga Prasad, 2018), thus indicating that the expression of pro-inflammatory cytokines is a significant factor in the severity of CHF. Moreover, increased expression of ICAM-1 and VCAM-1 was observed in heart failure patients (Wrigley et al., 2013). ICAM-1 regulates cardiac inflammation and cardiac function in the TAC mouse model, suggesting that ICAM-1 is associated with pressure overload (Salvador et al., 2017).
Ilex Pubescens is the main component of Mao holly. Clinical trials have shown that Ilex Pubescens reduces the levels of TNF-α and IL-6 in patients with CHF (Zhang and Xian, 2012). Furthermore, an animal study revealed that the levels of serum IL-1-β and NF-κB were significantly decreased in rats with myocardial infarction after intervention with Ilex Pubescens (Zheng et al., 2014). Moreover, several studies have shown that ginseng exerts a strong cardioprotective effect in cardiovascular diseases in vivo and ex vivo; which is reflected in ginseng medicine and ginseng extracts such as ginsenosides. In the animal model of myocardial ischemia-reperfusion injury, ginseng protected the heart through multiple signaling pathways, such as the nitric oxide (NO) signaling pathway, which improved vascular endothelial function and reduced apoptosis by anti-oxidation (Lee et al., 2019). In this study, we found that NXK, with red ginseng and Mao holly as the main components, exerted anti-inflammatory properties and inhibited the expression of inflammatory factors of CHF.
TLRs are a conserved family of transmembrane protein signaling receptors that mediate innate immunity. Importantly, ventricular TLR4 contributes to adverse cardiac remodeling during chronic pressure overload (Kessler et al., 2021). TLR4 can stimulate the expression of NF-κB, which is the primary transcription factor that activates and induces inflammation in cardiomyocytes (Huang et al., 2016), thereby stimulating the expression of inflammatory cytokines, such as TNF-α and IL-6 (Boyd et al., 2006). In this study, TLR4 was decreased in the perindopril and NXK groups, which indicated that NXK and ACEI might improve the inflammatory response of CHF by dampening the TLR4/NF-κB signaling pathway. Meanwhile, the expression levels of MyD88 and P-IκB were decreased by NXK. MyD88 is a central node of inflammatory signaling pathways and the canonical adaptor for inflammatory signaling pathways downstream of the TLR family (Deguine and Barton, 2014). MyD88-independent signaling pathway can trigger an inflammatory response by activating NF-κB (Huang et al., 2016). Several studies have shown that TLR4/NF-κB signaling pathways have a key role in the inflammatory response of CVD. TLR4 accelerates the progression of atherosclerosis and increases the expression of ICAM-1 and VCAM-1, leading to the synergistic activation of NF-κB in vascular walls in vivo and vascular smooth muscle cells in vitro (Shinohara et al., 2007). NF-κB remains inactive by binding with IκB proteins under physiological conditions. Upon stimulation, the IκB kinase is phosphorylated and degraded to enhance NF-κB nuclear translocation, thereby initiating the transcription of downstream genes, including inflammatory cytokines (Deng et al., 2019). Inhibition of the TLR4/NF-κB signaling pathway decreases the expression levels of inflammatory factors and protects against the effects of ischemia and reperfusion (Zhu et al., 2018). In this study, the mRNA levels of inflammatory cytokines TNF-α, IL-1β, and IL-6 were decreased in CHF mice treated with NXK. Interestingly, the inhibition of the TLR4/NF-κB signaling pathway reduces the expression levels of inflammatory factors, which improves cardiac function and heart failure progression. Hence, NXK might decrease the inflammation level of the CHF mouse model by down-regulating the TLR4/NF-κB signaling pathway. Although our study proved that NXK could decrease the expression of TLR2 and TLR9 proteins in TAC model mice, we did not use inhibitors of TLR2/9 or gene-editing mice to confirm the specific mechanism of NXK.
An inflammatory environment promotes myocardial remodeling and myocardial fibrosis, further decreasing myocardial contractility and heart failure. In this study, the degree of myocardial fibrosis and the mRNA expression levels of α-SMA, TGF-β, collagen I, collagen III, and MMP9 were evaluated. A larger fibrotic area was seen in the myocardium of the TAC group, while there was a significantly smaller fibrotic area in the NXK group. Furthermore, the relative expression levels of α-SMA, Col1, Col3, and MMP9 were significantly decreased in the NXK middle- and high-dose groups. In addition, NXK inhibited pro-inflammatory CD11b + Ly6C + monocytes/macrophages in the TAC mouse model. A recent study reported that macrophages expressing heterogeneous immunophenotypes participate in myocardial fibrosis (Koga et al., 2021). Multiple preclinical and clinical trials have examined the inflammatory response with the overall goal of inhibiting cardiac fibrosis and progression of ischemic heart failure, with satisfactory results (Zaidi et al., 2021). Therefore, these data suggested that NXK might improve fibrosis by reducing the level of inflammation, which is a potential treatment for CHF.
However, this study had some limitations. First, the effects of Radix ginseng Rubra and llex pubescens were not evaluated. Second, inhibitors or gene-editing mice were not used to confirm the specific mechanism of TLR2 and TLR9 in NXK, which we plan to do in the future.
CONCLUSION
Nuanxinkang tablet (NXK) improves heart function and reduces inflammation through the TLR-mediated NF-κB signaling pathway, and may be used as an innovative treatment strategy for CHF.
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Purpose: Secukinumab was approved for the treatment of psoriasis, psoriatic arthritis, and ankylosing spondylitis. However, the long-term safety of secukinumab in large sample population was unknown. The current study was to evaluate the secukinumab-assocaited adverse events (AEs) through data mining of the US Food and Drug Administration Adverse Event Reporting System (FAERS).
Methods: Reports in the FAERS from the first quarter of 2015 (FDA approval of secukinumab) to the third quarter of 2021 were collected and analyzed. Disproportionality analyses, including the reporting odds ratio (ROR), the proportional reporting ratio (PRR), the Bayesian confidence propagation neural network (BCPNN), and the multi-item gamma Poisson shrinker (MGPS) algorithms, were employed in data mining to quantify the signals of secukinumab-related AEs.
Results: A total of 89,228 reports of secukinumab as the “primary suspected (PS)” and 254,886 AEs induced by secukinumab were identified. Secukinumab-induced AE occurrence targeted 27 system organ classes (SOCs). A total of 257 signals of secukinumab-induced AEs in 19 SOCs were detected after conforming to the four algorithms simultaneously. Common significant signals of infections, respiratory disorders, skin and subcutaneous tissue disorders, immune system disorders, and ear and labyrinth disorders have emerged. Unexpected significant AEs such as injection site pain, vessel puncture site haemorrhage, arthralgia, hypokinesia, Bell’s palsy, parotid gland enlargement, and stress might also occur. The median onset time of secukinumab-associated AEs was 56 days (interquartile range [IQR] 5–214 days), and most of the onsets occurred within the first 1, 2, 3, and 4 months after initiation of secukinumab.
Conclusion: Our study found potential new AE signals and provided a broader understanding of secukinumab’s safety profiles, supporting its rational use in chronic systemic inflammatory diseases.
Keywords: adverse event, data mining, FAERS, pharmacovigilance, secukinumab
INTRODUCTION
Psoriasis (PsO) is an immune-mediated chronic, recurrent, inflammatory skin disease (Frieder et al., 2018). Analysis of epidemiological data from 40 countries showed that the prevalence of PsO in adults was about 0.51–11.43% and in children was 0–1.37% (Michalek et al., 2017). There are approximately 125 million PsO patients worldwide, with plaque psoriasis accounting for 90% (Armstrong and Read, 2020). The pathogenesis of PsO may involve heredity, immunity and environment, and PsO may be caused by the immune response mediated by T lymphocytes and other various immune cells, leading to excessive proliferation of keratinocytes and inflammation of synovial cells and chondrocytes in joints (Krueger et al., 2012).
Currently, there is no cure for PsO. Tumor necrosis factor α (TNF-α) antagonists have been the traditional biological treatment for moderate-to-severe plaque psoriasis (Campa et al., 2015). However, with great progress in the understanding of this disease, new drugs targeting the interleukin (IL), such as the IL-23/IL-17 pathway, have emerged, significantly improving the quality of life of PsO patients (Di Cesare et al., 2009; Rønholt and Iversen, 2017). Studies have shown that the new generation of monoclonal antibodies, such as IL-12/23, IL-23, and IL-17A inhibitors, could reverse the clinical, histological, and molecular characteristics of PsO in approximately 70–80% of patients, compared with only 45–50% with TNF-α antagonists (Chiricozzi and Krueger, 2013; Levin and Gottlieb, 2014). IL-17A has been identified as a key driver of pro-inflammatory cytokines in PsO pathogenesis (Helliwell and Coates, 2015; Mease et al., 2015; Ryoo et al., 2016).
Secukinumab is a recombinant, high-affinity fully humanized immunoglobulin G1 (IgG1)/κ monoclonal antibody that selectively targets IL-17A and blocks its interaction with the IL-17A receptor, thereby inhibiting the release of pro-inflammatory cytokines (i.e., TNF-α, IL-6 and IL-1β) and chemokines (i.e., CCL20, CXCL1 and CXCL8), interfering the key pathway of PsO while promoting normalization of immune function and skin histology (Harper et al., 2009; Frieder et al., 2018; Mease et al., 2018). Neutralization of IL-17A by secukinumab opened up a new strategy for the treatment of plaque psoriasis. Secukinumab was approved by the US Food and Drug Administration (FDA) in January 2015 for the treatment of moderate-to-severe plaque psoriasis (Fala, 2016). Subsequently, it was approved for the treatment of psoriatic arthritis (PsA), ankylosing spondylitis (AS), and non-radioactive axial spinal arthritis due to its distinct anti-inflammatory and anti-rheumatism efficacy (Frieder et al., 2018; Blair, 2019).
Despite its late introduction, secukinumab has been widely used in clinic due to its rapid onset of action, improved efficacy, and sustained long-term clinical responses (Ryoo et al., 2016). Reports of related adverse events (AEs) have gradually increased. Moreover, off-label adverse drug reactions (ADRs) have also appeared, such as injection site reactions reported by Grace et al. (2020). However, the safety data of secukinumab are mostly reported in short-term clinical trials, case reports, or meta-analyses, and ADRs are often concentrated on a single or multiple systems due to the strict diagnostic and selection criteria (Augustin et al., 2020; Zhou et al., 2020). The sample size is relatively small, and the follow-up duration and observable AEs are limited. In addition, long-term use of secukinumab may present previously unrecognized or serious safety concerns (Jin et al., 2021). Moreover, the time to onset of AEs was usually unknown. Therefore, it is of great significance and necessity to explore the potential ADR signals of secukinumab through data mining algorithm by large-sample post-marketing monitoring.
The FDA Adverse Event Reporting System (FAERS) database is a publicly accessible spontaneous reporting system (SRS), which covers tens of millions of case reports of adverse drug events (ADEs) submitted by physicians, pharmacists, manufacturers, and others (Grace et al., 2020). The FAERS is currently the world’s largest pharmacovigilance database and is an effective tool for detecting ADRs associated with drug exposure. In the present study, we aimed to evaluate AEs of secukinumab by post-marketing through FAERS data mining to provide a reference for its clinical monitoring and risk identification.
METHODS
Data Source
We performed a retrospective pharmacovigilance study using data from the FAERS database covering the period from the first quarter of 2015 (FDA approval of secukinumab) to the third quarter of 2021 (the most recent update of the FAERS database at the time the study was conducted). The FAERS data files contained seven types of datasets: patient demographic and administrative information (DEMO), drug information (DRUG), coded for the adverse events (REAC), patient outcomes (OUTC), report sources (RPSR), therapy start dates and end dates for reported drugs (THER), and indications for drug administration (INDI), and deleted cases. All the data downloaded from the U.S. FDA website were imported into MySQL 8.0 for further analysis. A total of 10,611,701 reports were obtained from the FAERS database. Since the database is updated quarterly, it will inevitably duplicate the previous public reports, so it needs to be reprocessed. The deduplication process is performed before statistical analysis according to FDA’s recommendations, by selecting the latest FDA_DT when CASEID were the same, and choosing the higher PRIMARYID when the CASEID and FDA_DT were the same, resulting in a reduction in the number of reports to 9,264,231 (Figure 1).
[image: Figure 1]FIGURE 1 | The process of selecting secukinumab-associated adverse events from Food and Drug Administration adverse event reporting database.
Adverse Event and Drug Identification
AEs in the FAERS database were coded by Medical Dictionary for Regulatory Activities 24.0 (MedDRA). The structural hierarchy of the MedDRA terminology was divided into five levels: system organ class (SOC), high-level group term (HLGT), high-level term (HLT), preferred term (PT), and lowest-level term (LLT) (Mascolo et al., 2021). All AEs of secukinumab reports taken from the REAC files in the FAERS database were identified to describe the frequency and intensity based on MedDRA at SOC and PT levels in our study. FAERS permits the reporting of arbitrary drug names approved by the FDA, and drug names in our study were classified into generic name and brand name including secukinumab and cosentyx, respectively, by using IBM Micromedex as the dictionary. The role_code about AEs had been assigned by reporters, including primary suspected (PS), secondary suspect drug (SS), concomitant (C), and interacting (I). In order to improve accuracy, we choose the role_cod as“PS” (primary suspected) in the DRUG files.
Data Mining
The disproportionality analysis is regarded as a fundamental tool of analytic methods in pharmacovigilance study to identify drug-associated AEs as signals, which compares the proportion of occurring AEs between a specific drug and all other drugs (Hu et al., 2020). The general principle is that a signal is considered to have been generated in the data extraction period, when the specific AE occurrence rate of a specific drug is significantly higher than the background frequency in the database and reaches a certain threshold or criteria. Both Frequentist and Bayesian methods in the disproportionality analysis were employed to investigate the association between a drug and an AE, by using the reporting odds ratio (ROR), the proportional reporting ratio (PRR), the information component (IC) and the empirical bayes geometric mean (EBGM) (van Puijenbroek et al., 2002; Song et al., 2020). In this study, the AEs signals could be detected when conforming to the four algorithm criteria simultaneously. The equations and criteria for the four algorithms are shown in Supplementary Table S1.
The time to onset and serious outcome probability of AEs were calculated. The onset time is defined as the interval between EVENT_DT (date of AE occurrence) and START_DT (start date for secukinumab use). In addition, reports with input errors (EVENT_DT earlier than START_DT), inaccurate date entries and missing specific data were excluded. Severe outcomes mainly included life-threatening events or those causing hospitalization, disability, or death. Moreover, reports with serious outcome events attributed to drug toxicity were counted, and the proportion was calculated as dividing the number of serious outcomes by the total number of reported events. All data processing and statistical analyses were performed using MYSQL 8.0, Navicat Premium 15, Microsoft EXCEL 2019 and the GraphPad Prism 8 (GraphPad Software, CA, United States).
RESULTS
Descriptive Analysis
From January 2015 to September 2021, a total of 9,264,231 reports were documented in the FAERS database after the exclusion of duplicates. There were 89,228 reports of secukinumab as the PS and 254,886 AEs induced by secukinumab as the suspected drug were identified. The clinical characteristics of events with secukinumab were described in Table 1. The number of AE reports with secukinumab had gradually increased from 2015 to 2021. Among all reports, females (56.32%) accounted for a larger proportion than males (38.21%). Patients were mainly aged >18 years old in the reports recording age, with a median age of 54. Most of reports were came from America (34.64%), followed by Canada (2.28%), Britain (1.46%), Germany (1.42%), and Japan (0.71%), mainly submitted by consumers (62.55%). Psoriasis (40.20%), psoriatic arthropathy (19.04%) and ankylosing spondylitis (7.26%) were the most reported indications, which were consistent with indications approved by FDA. Hospitalization (8.12%) was the most frequently reported serious outcome, and death or life-threatening events were reported in 1438 (1.61%) and 693 (0.78%) cases, respectively.
TABLE 1 | Clinical characteristics of reports with secukinumab from the FAERS database (January 2015 to September 2021).
[image: Table 1]Disproportionality Analysis
Signal strengths and reports of secukinumab at the System Organ Class (SOC) level were described in Table 2. Statistically, we found that secukinumab-induced AEs occurrence targeted 27 SOCs. The significant SOCs that at least one of the four algorithm meets the criteria were general disorders and administration site conditions (SOC: 10018065, 40825), skin and subcutaneous tissue disorders (SOC: 10040785, 30047), immune system disorders (SOC: 10021428, 20965), infections and infestations (SOC: 10021881, 19387), musculoskeletal and connective tissue disorders (SOC: 10028395, 17294), respiratory, thoracic and mediastinal disorders (SOC: 10038738, 15948), ear and labyrinth disorders (SOC: 10013993, 1610).
TABLE 2 | Signal strength of reports of secukinumab at the System Organ Class (SOC) level in the FAERS database.
[image: Table 2]A total of 257 signals of secukinumab-induced AEs in 19 SOCs were detected after conforming to the four algorithms simultaneously. The number of reporting PTs >100 were showed in Table 3, including 87 PTs and 11 corresponding SOCs, and others were listed in Supplementary Table S2. In our study, PTs of nasopharyngitis (PT: 10028810), upper respiratory tract infection (PT: 10046306), pharyngitis (PT: 10034835), lower respiratory tract infection (PT: 10024968), rhinorrhoea (PT: 10039101), oral herpes (PT: 10067152), oral candidiasis (PT: 10030963), inflammatory bowel disease (PT: 10021972), external ear inflammation (PT: 10065837), middle ear inflammation (PT: 10065838), skin exfoliation (PT: 10040844), C-reactive protein increased (PT: 10006825) and uveitis (PT: 10046851) were presented, which were indicated in the label for secukinumab. Of note, a lot of unexpected significant AEs that uncovered in the label were found in our data mining, such as PTs of vessel puncture site haemorrhage (PT: 10054092), injection site nerve damage (PT: 10022083), hypokinesia (PT: 10021021), anosmia (PT: 10002653), genital ulceration (PT: 10018180), musculoskeletal stiffness (PT: 10052904), joint swelling (PT: 10023232) and arthralgia (PT: 10003239). Hypercholesterolaemia (PT: 10020603), neutrophil count decreased (PT: 10029366) and transaminases increased (PT: 10054889), which were listed in the drug label, didn’t meet the criteria for at least one of the four algorithms.
TABLE 3 | Signal strength of reports of secukinumab at the Preferred Term (PT) level in the FAERS database.
[image: Table 3]Due to all the medical and health-related PTs were collected by FAERS, it was worth noting that we also found some signals unrelated to the drug (Supplementary Table S3), which mainly focused on injury, poisoning and procedural complications (SOC: 10022117), product issues (SOC: 10077536), social circumstances (SOC: 10041244) and surgical and medical procedures (SOC: 10042613).
Time to Onset of Secukinumab-Associated Adverse Events
Excluding inaccurate, missing or unknown onset time reports, a total of 23204 AEs reported onset time and the median time to onset was 56 days (interquartile range [IQR] 5–214 days). As Figure 2 illustrated, most of the onsets of secukinumab occurred within the first 1 (n = 9845, 42.43%), 2 (n = 2069, 8.92%), 3 (n = 1619, 6.98%) and 4 months (n = 1221, 5.26%) after initiation of secukinumab. About 15.13% (n = 3510) of AEs occurred 1 year later.
[image: Figure 2]FIGURE 2 | Time to onset of secukinumab-related AEs.
DISCUSSION
To the best of our knowledge, this is the first most comprehensive and systematic pharmacovigilance study on secukinumab-associated AEs by post-marketing based on the FAERS database. We presented a more accurate and detailed description and characterization of secukinumab-associated AEs to date. Three years after the approval of secukinumab, reports of AEs since 2018 have continued to increase (averaging over 17,000 cases per year) due to the widespread use and increased awareness of healthcare professionals, strongly underling the need for constant epidemiological surveillance. In our study, secukinumab demonstrated a higher AEs proportion in patients aged 18–65 years old (30.88%) with the average age of 54 possibly because of the fact that the safety and efficacy of secukinumab in children under 18 years old were not well established. In addition, the AEs signals detected appeared to mainly driven by a greater risk in those over age 50 years.
The most common and significant SOCs such as infections and infestations, respiratory, thoracic and mediastinal disorders, skin and subcutaneous tissue disorders, immune system disorders, and ear and labyrinth disorders were consistent with the safety data in the label and clinical trials (McInnes et al., 2015; Deodhar et al., 2019). Among the SOC of infections and infestations, AEs with the highest number of reports were nasopharyngitis, influenza, sinusitis, and respiratory tract infection. By integrating pooled clinical trial and post-marketing surveillance data, A. Deodhar et al. (2019) found that the exposure-adjusted incidence rates (EAIRs) for serious infections reached 1.4, 1.9 and 1.2 per 100 patient-years in secukinumab treatment of PsO, PsA and AS, respectively. Upper respiratory tract infection was the most common type of infection and other infections like esophageal and gastrointestinal candidiasis also included, which was in line with our findings. Multiple meta-analysis studies of the safety also showed that the most common AEs associated with the use of secukinumab were nasopharyngitis, headache, upper respiratory tract infection, diarrhea, arthralgia and pruritus (Ryoo et al., 2016; Bai et al., 2019). It is possible that IL-17A attracts myeloid cells to infected tissues when it induces some types of chemokines, including CXCL1, CXCL2, and IL-8 (McGeachy et al., 2019). Thus, IL-17A would recruit neutrophils during host defense against extracellular bacterial and fungal pathogens, promoting production of antibacterial molecules and acute phase proteins (Song et al., 2011; Loricera et al., 2021). Bacterial and candida infections are expected when IL-17 pathway is blocked by secukinumab. On the other hand, the frequency of these AEs demonstrated that secukinumab might suppress the immune response as evidenced by our study that decreased immune responsiveness was detected as significant signal strength being ROR 12.62 (11.49–13.85), PRR 12.55 (4711.97), IC 3.50 (3.33), EBGM 11.30 (10.29), respectively.
It was noteworthy that the long-term use of secukinumab was associated with a risk of dermatic AEs, and the most common AEs such as pruritus, skin exfoliation, and blister were detected in skin and subcutaneous tissue disorders. Several studies had also reported infective dermatitis, atopic dermatitis eczema-like and dyshidrotic eczema after treatment with secukinumab (Burlando et al., 2019; Bose and Beecker, 2020; Utiyama et al., 2022). The reason why dermatitis and eczema developed during secukinumab therapy might be attributed to that psoriasis and eczema were considered to be diseases caused by an imbalance in the Th1/Th2 immune response, with Th1 being more prominent in psoriasis and Th2 predominating in dermatitis and eczema (Eyerich et al., 2011; Burlando et al., 2019). Secukinumab can block Th1 pathway, and in turn Th2 balance will increase, inducing dermatitis and eczema. Consistent with our results, pharmacovigilance risk assessment committee (PRAC) put forward evaluation opinions on the safety signals of secukinumab through data mining of EudraVigilance database and literature reports. Based on this, the European Medicines Agency (EMA) also revised the instructions for secukinumab in 2019, adding exfoliative dermatitis to the list of adverse reactions. Then, in 2020, the Pharmaceuticals and Medical Device Agency (PMDA) in Japan made the same revision.
Studies using secukinumab for the treatment of PsO, PsA and AS, have previously reported both exacerbations and new-onset cases of inflammatory bowel disease (IBD) (Hueber et al., 2012; Fobelo Lozano et al., 2018). Similarly, IBD and irritable bowel syndrome (all values well above the threshold for significance) identified as the most common gastrointestinal AEs caused by secukinumab in our analysis were estimated to have a strong risk signal, but a relatively low frequency of occurrence in the clinical trials. Consistently, Stefan Schreiber et al. (Schreiber et al., 2019) retrospectively analyzed the safety of secukinumab for treatment of PsO, PsA, and AS in 21 clinical trials and found that the incidence rate of IBD caused by secukinumab was 0.56%. In general, IL-17A drives pathogenic inflammation in PsO. However, IL-17A has also been found to play a vital role in gastrointestinal homeostasis and tissue repair (O'Connor et al., 2009). IL-17A inhibition may have dual effects, alleviating inflammation, but also damaging the function of already impaired intestinal epithelial barrier, causing colitis (Ogawa et al., 2004; Schreiber et al., 2019). Hence, there is an implication for clinicians that patients should be screened for IBD or a family history of IBD before clinical use, and the symptoms and signs of IBD should also be closely monitored. In 2016, it was added to section of warnings and cautions when FDA revised the instructions for secukinumab.
In SOC of ear disorders, in addition to external ear inflammation and middle ear inflammation that presented in the drug label, new PT signals of otorrhoea and tympanic membrane perforation, which were not observed in clinical trials, were detected in our analysis, suggesting clinicians should pay more attention to it. Uveitis is a common AE of the eye disorders induced by secukinumab. In a cohort of 3616 spondyloarthritis patients treated with secukinumab or TNF-α inhibitors, the new-onset anterior uveitis occurred in only 1% of patients (Lindström et al., 2021). However, there were differences among the drugs, with adalimumab being the lowest at 0.5% and secukinumab (1.3%), certolizumab (1.6%) and etanercept (1.2%), but the frequency of occurrence was too low to draw any reliable conclusions (Lindström et al., 2021). In another analysis that pooled data from randomized controlled trials of secukinumab for ankylosing spondylitis, 1.5% of patients developed new-onset uveitis (Deodhar et al., 2020). In our study, uveitis was reported in 281 cases with significant AE signals, further strengthening the credibility of the clinical trial results.
Compared with a meta-analysis of 43 studies, which provided real-world evidence of secukinumab in PsO treatment, indicating that AEs were consistent with rates observed in clinical trials with no new or unexpected safety signals in duration from 3 to 24 months (Augustin et al., 2020), our study raised different safety concerns and suggested that secukinumab had the potential for unexpected and new significant AEs at SOC levels, such as general disorders and administration site conditions (SOC: 10018065, n = 40825), musculoskeletal and connective tissue disorders (SOC: 10040785, n = 30047). As high-molecular-weight biologics, the majority of secukinumab were injected subcutaneously, with few being given intravenously. The injection site adverse reactions were frequently associated with pain, erythema, hemorrhage and edema (Murdaca et al., 2013). Significant AEs signals of injection site pain, vessel puncture site haemorrhage and injection site nerve damage were examined in our study, corresponding to Elsie Grace’s study, who reported injection site adverse reactions caused by biologicals for the treatment of psoriasis through a pharmacovigilance study based on FAERS database with no onset time (Grace et al., 2020). Injection site pain was the most common AEs, which were reported in 20% ixekizumab and 25% secukinumab of all injection site adverse reactions (Grace et al., 2020). The main indications for secukinumab are patients with PsO, PsA, and AS, and the arthritis, psoriatic arthropathy, and ankylosing spondylitis AEs signals in this study might be considered to be due to disease progression or reduced efficacy of biologics. Sometimes, the curative effect of biological agents in clinical application maybe weakened to varying degrees during the treatment (Tsakok et al., 2021). Nevertheless, some AEs of musculoskeletal and connective tissue disorders, like arthralgia, musculoskeletal stiffness, joint stiffness and fibromyalgia might be thought to be associated with secukinumab treatment. However, the exact induction mechanisms remained unclear.
Some other unexpected and new significant AEs signals, which were not reported by regulatory trials, such as bone marrow oedema, hypokinesia, anosmia, Bell’s palsy, aortic elongation, parotid gland enlargement, angular cheilitis and stress were detected in our analysis. More importantly, serious AEs, such as cutaneous T-cell lymphoma and acral lentiginous melanoma, were also detected with significant signals strength. Several clinical studies also reported malignant or unspecified tumors by secukinumab treatment (Baraliakos et al., 2019; Braun et al., 2019; Pavelka et al., 2020). Physicians should be alert to these unexpected and serious AEs, and therefore monitor patients for extended periods of time after secukinumab administration, and FDA may revise and give warnings on the label if necessary.
Although AEs of hypercholesterolaemia, neutrophil count decreased and transaminases increased have been reported in some clinical trials and specifications, no significant signals of these AEs were detected in our data analysis, consistent with a report of post-marketing safety data of secukinumab based on a total of 5181, 1380 and 794 patients from PsO, PsA and AS clinical trials (Deodhar et al., 2019; Loricera et al., 2021). With large-sample cases in FAERS database, it is suggested that the reports proportion of these AEs may be low in the large population, which provides substantial evidence for the revision of the specification of secukinumab in the future.
Clinical trials have shown that oral candidiasis and erysipelas typically appeared in the first 16 weeks of secukinumab treatment, while tuberculosis occurred 2 months after the last dose (Kivitz et al., 2018; Braun et al., 2019). In the present study, the median time to onset was 56 days (interquartile range [IQR] 5–214 days), and most of the AEs occurred within the first 1 (n = 9845, 42.43%), 2 (n = 2069, 8.92%), 3 (n = 1619, 6.98%) and 4 months (n = 1221, 5.26%) after initiation of secukinumab, corresponding to previous clinical trials data. Hence, a more precise definition of the timing of onset and early recognition of already known AEs deserves clear attention from both patients and clinicians, which could help clinicians take effective measures to prevent, reduce and identify AEs in advance or in time.
At present, there are few real-world large-sample safety studies about secukinumab based on FAERS database, with only one article been searched in PubMed, focusing on injection site reactions (Grace et al., 2020). Other safety researches on secukinumab were meta-analyses or short-term clinical trials with limited sample size, follow-up time and observable AEs. Moreover, the time to onset of AEs was unknown. Excitingly, our study obtained the largest number of secukinumab cases with 89,228 reports and 254,886 AEs to date. In addition to adverse reactions that are consistent with drug specifications and clinical trials, we have identified a large number of new and unexpected significant AEs. Moreover, the onset time of AEs and the serious outcomes of AEs, including severity and proportion are also analyzed, in order to provide a comprehensive and valuable reference for the safety study of secukinumab.
Despite the advantages of real-world large-sample research and the data mining techniques in this study, there are still some limitations that warrant discussion. First, FAERS is a spontaneous reporting system with incomplete and incorrect information collected from different countries and professionals, thus the quality might be variable, which may lead to bias in the analysis. It is difficult to control confounders such as dosage, duration of use, comorbidities, drug combinations, and other factors that may influence AEs. Second, the incidence rate of each AEs can’t be calculated because of lacking total numbers of patients receiving secukinumab treatment. Third, this study fails to confirm the causal relationship between the target drug and AEs, because disproportionality analysis only provided an evaluation of the signal strength, which was only statistically significant, neither quantified risk nor existed causality. Further experimental studies are still needed to validate the results. Despite these limitations, our results would provide a valuable reference for healthcare professionals to closely follow-up patients and monitor the associated adverse reactions of secukinumab.
CONCLUSION
Our pharmacovigilance analysis explored reports of secukinumab-associated AEs in the FAERS database. 89,228 reports of secukinumab as the PS and 254,886 AEs induced by secukinumab were identified. Common AEs in SOC levels, such as infestations, respiratory tract infection, immune system disorders, eye and ear disorders, skin and subcutaneous tissue disorders and gastrointestinal disorders should be highly concerned. Unexpected and new significant AEs as vessel puncture site haemorrhage, injection site nerve damage, hypokinesia, anosmia, musculoskeletal stiffness and malignant or unspecified tumors might also occur. This long-term post-marketing safety evaluation provides a broader understanding of secukinumab’s safety and supports its safe and rational use in chronic systemic inflammatory diseases. Further studies are still needed to address the mechanisms underlying unexpected and new AEs associated with secukinumab and assess the causality of the cases to draw conclusions on the strength of the relationships.
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Immune and inflammatory mechanisms play key roles in the development and outcome of acute ischemic stroke (AIS). β2-Microglobulin (β2M) is the light chain of major histocompatibility complex-1 (MHC-1), which can directly and quickly reflect the immune and inflammatory state of the body. Previous studies have shown a close relationship between β2M and AIS, but its relationship with the recurrence of AIS has not been reported. This study attempted to explore the relationship between β2M and the recurrence of AIS. A single-center AIS cohort involving 135 patients was followed for approximately 26–46 months. Clinical and laboratory data from the patients were collected when hospitalized. The endpoint was the occurrence of recurrent AIS after patients were discharged. Propensity score matching was used to match cohort groups. Cox regression analysis was used to predict risk factors for recurrent AIS, and receiver operating characteristic curve (ROC) analysis was used to calculate the optimal cutoff value for discriminating recurrence in patients with AIS. The rate of recurrence was 29.6% [95% CI, 21.8%–37.3%] in the follow-up group. Patients with higher levels of serum β2M had a higher risk of AIS recurrence than patients with lower levels of β2M (adjusted hazard ratio, 3.214 [95% CI, 1.557–6.633]; adjusted hazard ratio after matching, 5.831, [95% CI, 2.052–16.572]). A β2M value of 2.31 mg/L was calculated by ROC analysis as the optimal cutoff value for AIS recurrence (area under the curve 0.770, [95% CI, 0.687–0.853]). As a quick responder to the body’s immune and inflammatory states, β2M may be a novel and reliable biomarker in predicting AIS recurrence.
Keywords: β2-microglobulin, acute ischemic stroke, recurrence, immunity and inflammation, propensity score matching
INTRODUCTION
Ischemic stroke (IS) is the leading cause of death and disability among adults worldwide (O'Donnell et al., 2016). With the aging of society and the acceleration of urbanization, the burden of IS in our country has exploded, and it has become an important public health problem that seriously affects the national economy and people’s livelihoods. In parallel with its high incidence, IS currently lacks effective prevention and treatment (Wu et al., 2019). Therefore, the etiology and pathology of IS have become the focus of research in recent years.
Chronic inflammation and an aberrant immune response are characteristic features of atherosclerosis, a leading cause of cardiovascular diseases and IS (Solanki et al., 2018). Additionally, immunity and inflammation are key factors in the pathobiology of AIS. For example, the inflammatory signaling pathway is associated with the ischemic cascade, and stroke is associated with immunosuppression and infection (Iadecola and Anrather, 2011). Immunity and inflammation are considered to be the core pathological mechanisms of IS.
β2-microglobulin (β2M) is the light chain of major histocompatibility complex-1 (MHC-1), a small-molecular-weight protein of 11.8 kD that is secreted by nucleated cells. β2M is an important structural protein by which CD8+ T lymphocytes regulate host immune recognition of self and nonself antigens as well as immunoglobulin transport (Nomura et al., 2014) and is closely associated with the innate and adaptive immune systems (Ardeniz et al., 2015), possibly being a potential initiator of inflammatory responses (Xie and Yi, 2003).
There are many reports about the relationship between β2M and peripheral organ diseases (including tumors) related to immunity and inflammation (Wilson et al., 2007; Josson et al., 2011; Hermansen et al., 2012; Mao et al., 2020), and the central nervous system (CNS) has traditionally been regarded as immune-privileged, though this has been questioned (Piehl and Lidman, 2001). The mechanism of β2M and poststroke immunity and inflammation may be complex, and there are relatively few reports.
Previous studies have found that high levels of β2M were associated with an increased risk of IS among women (Rist et al., 2017). Our previous work also found that serum β2M levels are positively correlated with an increased risk of AIS and adverse prognosis, and are strongly associated with the risk score for IS recurrence (Essen Stroke Risk Score, ESRS) (Hu et al., 2019; Qun et al., 2019). However, due to the lack of long-term follow-up, its relationship with IS recurrence has not been specifically studied. In this study, we conducted a detailed analysis of the relationship between β2M and the recurrence of cerebral infarction through 26–46 months of follow-up.
MATERIALS AND METHODS
Ethical Statements
This study was approved by the Research Ethics Committee of the First Affiliated Hospital of the University of Science and Technology of China (USTC). Written informed consent was obtained from all participants and their guardians while involved in this study.
Participant Recruitment
Patients admitted to the hospital for AIS were recruited from September 2015 to July 2017 and diagnosed as per their medical history, symptoms and signs, and diffusion-weighted magnetic resonance imaging (DWI). The patients were treated with antiplatelet drugs and statin therapy. Anticoagulant therapy was given for cardiac embolism and etiological treatment was given for other determined strokes. All patients were discharged in a stable condition.
The exclusion criteria for participants were as follows (O'Donnell et al., 2016): serious systemic diseases, such as acute or chronic renal dysfunction, or endocrine diseases (other than diabetes mellitus) (Wu et al., 2019); the use of immunosuppressant drugs (steroids) (Solanki et al., 2018); the presence of cancer (Iadecola and Anrather, 2011), trauma (Nomura et al., 2014), infectious diseases, or (Ardeniz et al., 2015) hematological disorders.
Laboratory Assays and Clinical Information
We collected blood samples for laboratory tests in the morning (between 6:00 and 7:00 a.m.) following an overnight fast. Serum β2M was tested by the particle-enhanced turbidimetric immunoassay method. The intra-assay coefficient of variation ranged from 2.4 to 3.8%, meanwhile, the inter-assay coefficient of variation ranged from 1.7 to 2.2%. C-reactive protein (CRP) was tested by the immune transmission turbidity method. Other biochemical parameters, including fasting blood glucose (GLU), homocysteine (Hcy), creatinine (Crea), urea nitrogen (BUN), uric acid (UA), low-density lipoprotein cholesterol (LDL), triglyceride (TG), total cholesterol (CHOL), high-density lipoprotein cholesterol (HDL), very low-density lipoprotein cholesterol (VLDL), cystatin C (CysC), were measured by enzymatic method. All serum biochemical parameters were assayed by an automatic biochemical analyzer (HITACHI Automatic Analyzer 7600-020, Japan). Laboratory personnel was blinded to clinical data as well as clinicians to laboratory data.
Information on patient demographic characteristics, including age, sex, stroke risk factors for hypertension referenced by systolic blood pressure (SBP) or diastolic blood pressure (DBP), type 2 diabetes, stroke history, coronary heart disease (CHD), and smoking and alcohol consumption was collected.
ESRS and the National Institute of Health Stroke Scale (NIHSS) were used to evaluate the patient situation (Weimar et al., 2009), (Lyden et al., 1994). The Trial of ORG 10172 in Acute Stroke Treatment (TOAST) was used to classify the five subtypes of acute ischemic stroke: large-artery atherosclerosis (LAA), cardiac embolism (CE), small-artery occlusion (SAO), a stroke of other determined cause (SOC), and stroke of undetermined cause (SUC) (Chen et al., 2012).
Endpoint
The participants were followed up after discharge from the hospital until the following events occurred: AIS, death, and loss to follow-up. The deadline was set on 26 July 2019.
Propensity Score Matching
The propensity score was calculated for each patient based on a multivariable logistic regression model. We only included age and CHD according to the significant differences in demographic characteristics between recurrent and no recurrent groups. A 1:1 ratio using a greedy nearest neighbor method with a tolerance of 0.02 was performed. Figure 1 presents the participants selection.
[image: Figure 1]FIGURE 1 | Data attrition flowchart.
Statistical Analysis
Statistical analysis was conducted with the Statistical Package for the Social Sciences version (SPSS) 22.0 (IBM Corp., Armonk, NY, USA). Quantitative data were tested for normality using the Shapiro–Wilk test. Variables that followed a normal distribution are expressed as mean ± standard deviation or as the median and interquartile range (IQR). Categorical variables are presented as frequencies and percentages. Differences between recurrent and no recurrent groups were assessed by the independent-samples t test, the Mann–Whitney U-test, the Chi-square test, or Fisher’s exact test, as appropriate. The optimal cutoff value of β2M for stroke recurrence was evaluated by the ROC analysis. Cox regression was used to develop a recurrence risk model.
Results
A total of 294 AIS patients were enrolled in this study, among those discharged patients, 135 received follow-up investigation, and 159 (54.1%) rejected follow-up. Table 1 shows baseline characteristics of no follow-up group and follow-up group, and there were no significant differences between the two groups (p > 0.05).
TABLE 1 | The characteristics between no follow-up group and follow-up group.
[image: Table 1]Up to the deadline, a total of 40 patients had recurrent AIS, and the rate of recurrence was 29.6% [95% CI, 21.8%–37.3%]. The recurrence rates were 0% [95% CI, 0.0%–7.0%] at 3 months, 6.7% [95% CI, 2.5%–10.9%] at 6 months, 17.0% [95% CI, 10.7%–23.3%] at 12 months, 23.7% [95% CI, 16.5%–30.9%] at 2 years, and 28.1% [95% CI, 20.6%–35.6%] at 3 years (Table 2). By propensity score matching, 27 no recurrent and 27 recurrent patients were matched.
TABLE 2 | Rate of ischemic stroke recurrence (N = 135).
[image: Table 2]Comparison of Patients With AIS Recurrence and Those With no Recurrence
Compared to the patients with no recurrence, those with recurrence had higher age, an increased prevalence of CHD, and increased levels of Crea, BUN, CysC, CRP, β2M, NIHSS, and ESRS (p < 0.05). Other variables were not significantly different between the two groups (Table 3).
TABLE 3 | Clinical and laboratory findings in recurrent and no recurrent patients.
[image: Table 3]β2M is a Reliable Predictive Risk Factor for Recurrent AIS
A β2M value of 2.31 mg/L was calculated by ROC analysis as the optimal cutoff value for AIS recurrence (area under the curve 0.770 [95% CI, 0.687–0.853]). The cutoff value had a sensitivity of 65.0% and a specificity of 75.8% (Figure 2A).
[image: Figure 2]FIGURE 2 | (A) ROC curve analysis showed a predictive serum level of β2M for stroke recurrence. (B) Cumulative hazard (%) of recurrent stroke between the low (0, β2M ≤ 2.31 mg/L) and high (1, β2M > 2.31 mg/L) β2M groups (Log-rank test, χ2 = 23.840, p < 0.001).
A Cox regression hazard model was used to predict the risk factors for recurrent AIS. The possible variables tested by univariate analysis (Table 3) were put into this model. Patients with higher levels of serum CRP (hazard ratio (HR) 1.033 [95% CI, 1.013–1.053]), β2M (HR 3.214 [95% CI, 1.557–6.633]), and attacked with CHD (HR 3.693 [95% CI, 1.614–8.453]) had higher risks of recurrent AIS, even after adjustments for other variables. The Kaplan–Meier curve showed the same result for β2M (Figure 2B). Variables including age, Crea, BUN, and CysC were not significantly different in terms of recurrent AIS (Table 4).
TABLE 4 | Predictive risk factors for recurrent AIS using Cox proportional hazard regression.
[image: Table 4]Comparison of Patients With AIS Recurrence and Those With no Recurrence After Propensity Score Matching
Table 5 shows that after propensity score matching, compared to patients with no recurrence, those with recurrence had a higher level of Hcy, Crea, CRP, and β2M (p < 0.05), and other variables were not a significant difference. In the multivariable Cox proportional hazard regression model, Table 6 shows that only a higher level of β2M indicated a higher risk of AIS recurrence (HR 5.831, [95% CI, 2.052–16.572]).
TABLE 5 | Clinical and laboratory findings in recurrent and no recurrent patients after propensity score matching.
[image: Table 5]TABLE 6 | Predictive risk factors for recurrent AIS using Cox proportional hazard regression after propensity score matching.
[image: Table 6]DISCUSSION
Ten risk factors are associated with 90% of the risk of AIS (O'Donnell et al., 2010), and nine out of 10 AIS are due to modifiable risk factors (Boehme et al., 2017). Thus, IS prevention has generally focused on modifiable risk factors. Hypertension, dyslipidemia, diabetes, smoking, alcohol consumption, air pollution, diets low in fruit and vegetables, and high sodium intake are the most common and modifiable risk factors for AIS in China (Guan et al., 2017; Wang et al., 2017). In view of these traditional risk factors, a series of prevention strategies have been developed. However, the incidence of IS is still expected to increase in China, and recurrence of IS may be the main cause (Del Brutto et al., 2019).
AIS survivors have a high risk of recurrence, and recurrent IS patients make up nearly one-third of all AIS (Bushnell et al., 2009; Pennlert et al., 2014). Recurrent AIS causes substantially higher morbidity and mortality than first-time AIS (Aarnio et al., 2014; Pennlert et al., 2014). Therefore, the prediction of recurrent IS may be a key strategy for IS prevention and treatment. Rapid identification of etiology is important for the prediction of recurrence of IS. Due to the complex etiology of ischemic stroke, reliable biomarkers of AIS recurrence are the focus of our attention.
In our cohort study, we found a strong correlation between plasma β2M levels and recurrence of AIS. After 26–46 months of follow-up, we found that a high level of serum β2M had nearly three times the risk of recurrent AIS (HR 3.105, 95% CI, 1.579–6.103) by means of the Cox proportional hazard regression model, suggesting that β2M is a reliable predictive risk factor for recurrent AIS. A β2M value of 2.31 mg/L was calculated by ROC analysis as the optimal cutoff value for stroke recurrence. We used propensity score matching to control the potential confounders. Considering the sample size, we only included covariates of age and CHD. After matching, the basic characteristics had no difference between the two groups, especially the NIHSS score. The result of Cox regression after matching still showed the positive relationship between β2M and recurrence of AIS.
Different from the above traditional risk factors, β2M is closely related to the innate and adaptive immune systems (Ardeniz et al., 2015), in addition, may be an initiator of inflammation (Xie and Yi, 2003). Atherosclerosis is a chronic inflammatory disease, and a previous study showed that β2M was independently and significantly associated with adverse cardiovascular outcomes in patients with prevalent asymptomatic carotid atherosclerosis (Amighi et al., 2011). Serum β2M may reflect levels of chronic inflammation in the body and thus serve as a risk marker for IS. However, the entire course of disease surrounding the occurrence, development, and outcome of IS is a vast array of immune-stimulating and inflammatory events (Iadecola and Anrather, 2011; Solanki et al., 2018). The serum level of β2M in our cohort may reflect a combination of two determinants: the basal level of the body and the emergency response state of the acute stage of AIS. As the basal state of the body’s immunity and inflammation, chronic inflammation is the core factor in the formation mechanism of atherosclerosis and the main cause of cardiovascular and cerebrovascular diseases (Diomedi et al., 2005; Ferrucci and Fabbri, 2018). Additionally, activation of both innate and adaptive immunity actively contributes to the initiation and progression of atherogenesis, from early endothelial dysfunction to the development of acute thrombotic complications triggered by plaque rupture or erosion (Ruparelia et al., 2017). On the other hand, AIS events are a concentrated expression process of immune stress and the inflammatory response: the immune system participates in the brain damage produced by ischemia. Subsequently, the brain actively promotes immunosuppression to avoid further brain damage but may promote stroke-associated infection and increase the mortality rate. Finally, regeneration and repair of ischemic brain tissue are regulated by adaptive immunity (Iadecola and Anrather, 2011). Serum β2M levels are also a concentrated reflection of immune and inflammatory states associated with post-AIS. As previously mentioned, IS-related immunity and inflammation are the results of the expression of systemic immune and inflammatory states before, during, and after stroke events. The physiological characteristics of β2M just meet the above requirements, so it can reflect the prognosis of stroke from the essential mechanism level of AIS. These studies provide a good explanation for β2M as a novel biological indicator of AIS recurrence. In the future, we will conduct relevant studies on β2M as a target to intervene in the recurrence of ischemic stroke, especially the relationship between β2M and the modifiable risk factors of AIS.
Limitations
First, the relatively low number of research subjects is an important limitation of this study. Second, many patients are lost to follow-up. Third, data from multiple medical centers are needed to confirm our results. In the future, we will increase the sample size and reduce the loss of follow-up rate and conduct a multicenter case-control study to overcome the limitations of the current study.
CONCLUSIONS
Following an AIS cohort of 26–46 months, we found that as a rapid responder of the immune and inflammatory state of the body, the level of peripheral blood β2M in patients with AIS has an important predictive value for the recurrence of AIS, suggesting that β2M is a novel and reliable predictor of recurrent AIS.
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S. patholobus suberectus Dunn, a traditional Chinese herbal medicine, has various pharmacological activities, such as anti-inflammatory properties. However, to the best of our knowledge, its therapeutic effect on atopic dermatitis (AD) has not been investigated. In this study, we explored the effect of S. suberectus Dunn water extract (SSWex) on AD in vivo and in vitro. In Dermatophagoides farina extract (DfE)–treated NC/Nga mice, the oral administration of SSWex alleviated AD-like symptoms, such as ear thickness, dermatitis score, epidermal thickness, immune cell infiltration, and levels of AD-related serum parameters (immunoglobulin E, histamine, and proinflammatory chemokines). In HaCaT cells, the production of proinflammatory chemokines induced by interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α) was inhibited by SSWex pretreatment. SSWex treatment inhibited the phosphorylation of mitogen-activated protein kinase and activation and translocation of transcriptional factors, such as signal transducer and activator of transcription 1 and nuclear factor kappa B in IFN-γ/TNF-α–stimulated HaCaT cells. These results indicate that SSWex may be developed as an efficient therapeutic agent for AD.
Keywords: Spatholobus suberectus DUNN, atopic dermatitis, NC/Nga mice, HaCaT cells, proinflammatory chemokines
INTRODUCTION
Atopic dermatitis (AD) is a chronic and allergic inflammatory skin disease caused by various environmental factors, including mite dust, smoking, and allergens. It is characterized by skin hypersensitivity, itching, eczema, erythema, and relapsed skin lesions (Langan et al., 2020). The prevalence of AD in adults globally, in 2018, ranged from 2.1% to 4.9% and is still increasing (Barbarot et al., 2018). Moreover, AD is the initial stage of the “atopic march,” leading to food allergy, asthma, and allergic rhinitis, which negatively affect the quality of life of patients (Spergel and Paller, 2003). In AD, levels of immunoglobulin (Ig) E, histamine, and several proinflammatory mediators, such as cytokines and chemokines, and infiltration of inflammatory cells, including mast cells and T cells, are elevated in the serum (Mansouri and Guttman-Yassky, 2015).
NC/Nga mice are the most extensively studied animal models for AD, and they exhibit symptoms similar to those of human patients with AD, for example, elevated serum levels of inflammatory factors and the infiltration of immune cells into AD-like skin lesions (Matsuda et al., 1997). These symptoms are induced by several environmental allergens. Among them, D. farina mites in house dust are the most common allergens that cause asthma, allergic rhinitis, and AD (Platts-Mills and Chapman, 1987; Holm et al., 1999). Repeated exposure of NC/Nga mice to the D. farina extract (DfE) effectively induces AD-like skin lesions in the skin when the mice are maintained under specific pathogen-free conditions (Oshio et al., 2009). Keratinocytes are the major form of epidermal cells and maintain skin homeostasis through regulation of immune cell recruitment via proinflammatory chemokine production (Albanesi et al., 2005). Several studies have reported that interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α) activate inflammatory reactions in keratinocytes (Ju et al., 2009; Yang et al., 2018; Song et al., 2021). These keratinocytes produce proinflammatory chemokines, such as interleukin (IL)-8, monocyte chemoattractant protein-1 (MCP-1), thymus and activation-regulated chemokines (TARC), macrophage-derived chemokines (MDCs), and regulated on activated normal T-cell expressed and secreted (RANTES) (Werfel, 2009; Yang et al., 2013; Cha et al., 2019). Thus, controlling the production of these proinflammatory chemokines in keratinocytes can contribute to the treatment of inflammatory skin in AD.
Corticosteroids, emollients, and antihistamines are commonly used in AD. However, the long-term use of these drugs can have serious side effects (Waljee et al., 2017). Therefore, alternative medicines, including herbal extracts, have been considered in the development of novel treatment agents for AD. S. suberectus Dunn is a traditional Chinese herbal medicine and is used to treat anemia, rheumatism, and menoxenia (Qin et al., 2019). It has various pharmacological activities, including antitumor (Wang et al., 2011), antifungal, and antibacterial effects (Zhang et al., 2013). In addition, it has been reported to have anti-inflammatory, antioxidant, and antirheumatic effects (Li et al., 2003; Ravipati et al., 2012; Ha et al., 2013). However, to the best of our knowledge, the effects of S. suberectus Dunn water extract (SSWex) on AD skin lesions have not been studied. Therefore, in this study, we hypothesized that SSWex could have anti-atopic and anti-inflammatory effects on AD-like symptoms in vivo and in vitro. We investigated whether SSWex could alleviate AD-related symptoms on the skin and inflammatory reactions in the DfE-treated NC/Nga mouse model and IFN-γ/TNF-α–stimulated HaCaT cells.
MATERIALS AND METHODS
Preparation of S. suberectus Dunn Water Extract
SSWex was purchased from KOC Biotech (Daejeon, South Korea). Dried S. suberectus Dunn (1 kg) was mixed with distilled water in a 1:10 ratio (v/w) and refluxed at 100 ± 2°C for 3 h. The extract was filtrated through a 53-μm mesh filter and finally dried in a lyophilizer to obtain a freeze-dried powder. The SSWex preparation procedure was performed as recommended by KOC Biotech. SSWex powder was stored in the herbarium of the Herbal Medicine Research Division at −20°C until further use. For in vivo and in vitro experiments, the SSWex powder was dissolved in water at a concentration of 100 mg/ml and then diluted according to each experimental condition.
Mice and Induction of Atopic Dermatitis
Eight-week-old male NC/Nga mice were purchased from Central Lab Animal Inc. (Seoul, South Korea). All mice were maintained in a specific pathogen-free environment at the Experimental Animal Center of Korea Institute of Oriental Medicine (KIOM). All animal experiments were performed in accordance with the standard of the Institutional Animal Care and Use Committee at the KIOM (approval No. 20-069). The mice were provided with ad libitum tap water and a standard laboratory diet (Purina 38057, Cargill Agri Purina Inc., Sungnam, South Korea). The mice were allowed to acclimatize for 1 week and further divided randomly into experimental groups (six mice/cage). The day before the start of AD induction, the fur on the back of all the mice was shaved. Thereafter, 150 μl of 4% sodium dodecyl sulfate (SDS; Sigma-Aldrich, St. Louis, MO, United States) was sprayed onto an area of over 4 cm2 (2 cm2 × 2 cm2) of the dorsal skin and ear surface for disruption of skin barrier. After 1 h, 100 mg of DfE (Biostir Inc., Kobe, Japan) ointment was applied onto the same areas (Pal et al., 2016; Park et al., 2020). The mice were treated with DfE twice a week for 3 weeks (Figure 1). Furthermore, 7 days after the first DfE application, SSWex (30, 100, and 300 mg/kg) or dexamethasone (Dexa; 3 mg/kg; positive control) dissolved in water was orally administered daily for 2 weeks. The NC/Nga mice were randomly divided into four groups: normal (untreated), DfE (DfE only), SSWex (DfE +3 0, 100, or 300 mg/kg SSWex), and Dexa (DfE + 3 mg/kg Dexa).
[image: Figure 1]FIGURE 1 | Experimental scheme for the Dermatophagoides farinae extract (DfE)–treated NC/Nga mouse model. The mice were sensitized with 150 μl 4% sodium dodecyl sulfate (SDS) and 100 mg DfE ointment on their shaved backs twice a week for 3 weeks. The S. suberectus Dunn water extract (SSWex) or dexamethasone (Dexa) was administrated orally daily from day 9 to day 22.
Measurement of Ear Thickness, Dermatitis Score, and Body Weight
Ear thickness, dermatitis score, and body weight of NC/Nga mice were recorded twice a week. A digital caliper (CAS©, Seoul, South Korea) was used to evaluate the ear thickness. The individual scores graded as 0 (no symptoms), 1 (mild), 2 (moderate), or 3 (severe) were calculated for each of the four symptoms (scarring/dryness, erythema/hemorrhage, edema, and excoriation/erosion). All dermatitis severity scores were quantified as the sum of all individual scores. The body weights of the mice were measured for monitoring.
Analysis of Serum Immunoglobulin E, Histamine, and Proinflammatory Chemokines
The serum samples were collected from NC/Nga mice that were killed on the last day of the experiment and then stored at −80°C until analysis. The LBIS Mouse Immunoglobulin E (IgE) ELISA Kit (Fujifilm, Shibukawa, Japan) was used to determine the total levels of IgE. Histamine levels were measured using Histamine Research ELISA™ (LDN, Nordhorn, Germany). The serum levels of total TARC, MDC, and RANTES were detected using mouse ELISA kits from R&D Systems (Minneapolis, MN, United States). These experiments were conducted according to the manufacturer’s instructions.
Histopathological Analysis and Immunohistochemistry
The ear and back skin tissues of the mice were removed, fixed with 10% formaldehyde, embedded in paraffin, and serially sectioned into 4–6-μm sections using a microtome (Leica Biosystems, Newcastle, United Kingdom). The tissues were mounted on slides and stained with hematoxylin/eosin solution (Sigma-Aldrich) or toluidine blue (Toluidine Blue Stain Kit, VitroVivo Biotech, Rockville, MA, United States). For immunohistochemical staining, the slide-mounted tissues were incubated overnight at 4°C with CD3 primary antibodies (1:150 dilution; cat.no. ab16669, Abcam, Cambridge, United Kingdom) and processed using a XT System Benchmark autostainer (Ventana Medical System, Tucson, AZ, United States) according to the manufacturer’s instruction. The cells positive for CD3 and toluidine blue staining as measured from the tissue sections were analyzed using Solution for Automatic Bio-Image Analysis software (Ebiogen, Seoul, South Korea).
Cells and Reagents
Human keratinocyte HaCaT cells were purchased from Elabscience (Catalog No. EP-CL-0090, Houston, TX, United States). The cells were cultured in a high-glucose-containing Dulbecco’s modified Eagle’s medium (Hyclone, Logan, UT, United States) supplemented with 1% penicillin/streptomycin (Gibco-BRL, Gaithersburg, MD, United States) and heat-inactivated 10% fetal bovine serum (Gibco-BRL) in a humidified incubator containing 5% CO2 at 37°C. Recombinant human IFN-γ, TNF-α, Alexa 594 goat anti-rabbit antibody (cat.no. A-11037), Alexa 488 goat anti-rabbit antibody (cat.no. A-11034), and Alexa 488 goat anti-mouse antibody (cat.no. A-10680) were purchased from Thermo Fisher Scientific (Waltham, MA, United States). DRAQ5™, p-IκBα (cat.no. 2859), IκBα (cat.no. 9242), p65 (cat.no. 8242), β-actin (cat.no. 3700), p-JNK (cat.no. 9251), JNK (cat.no. 9252), p-ERK (cat.no. 9101), ERK (cat.no. 9102), p-p38 (cat.no. 9211), p38 (cat.no. 9212), p-STAT1 (Tyr) (cat.no. 9167), p-STAT1 (Ser) (cat.no. 9177), and STAT1 (cat.no. 9172) antibodies were purchased from Cell Signaling Technology (Beverly, MA, United States). PCNA (cat.no. sc-56), p50 (cat.no. sc-8414), secondary horseradish peroxidase (HRP)–conjugated anti-mouse (cat.no. sc-2357), and anti-rabbit (cat.no. sc-516102) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, United States).
Cell Cytotoxicity
Cell cytotoxicity was determined using the CellTiter 96® AQueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI, United States). HaCaT cells were allowed to attach to 96-well plates overnight, treated with various concentrations of SSWex (0–500 μg/ml), and incubated for 24 h. Furthermore, a prewarmed 20 μl assay reagent was added to each well, and the cells were incubated at 37°C for 1 h. The absorbance was detected at 490 nm using a Synergy HTX Multi-Mode Reader (BioTek, Winooski, VT, United States).
Analysis of Secreted Proinflammatory Chemokines
The cells in the 96-well plate were preincubated with SSWex at indicated concentrations (50, 100, and 300 μg/ml) for 1 h and stimulated with 10 ng/ml of IFN-γ/TNF-α for 24 h at 37°C. After stimulation, the supernatant was collected and centrifuged at 4,000 rpm for 5 min to remove the particulate matter. The levels of secreted proinflammatory chemokines, such as MDC and RANTES, in stimulated HaCaT cells were detected using human ELISA kits (R&D Systems), in accordance with the manufacturer’s instructions. The released TARC, MCP-1, and IL-8 were calculated using the LEGENDplex™ Human Proinflammatory Chemokine Panel (BioLegend, San Diego, CA, United States). The bead-based immunoassay was performed according to the manufacturer’s instructions. The stained-bead samples were detected using a BD LSRFortessa™ Flow Cytometer (BD Biosciences, San Jose, CA, United States) and analyzed using BD CellQuest™ software. Data were formalized using LEGENDplex™ Software v8.0 (VigeneTech Inc., Carlisle, MA, United States).
Western Blot Analysis
HaCaT cells were pretreated with 300 μg/ml SSWex for 1 h and incubated with 10 ng/ml IFN-γ/TNF-α at 37°C for the indicated times (0–30 min). The cell lysates were prepared using ice-cold radioimmunoprecipitation assay buffer (Biosesang, Seongnam, South Korea) containing Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). The lysates were centrifuged at 13,000 rpm for 10 min at 4°C. Quantification of the collected proteins in supernatants was performed using the Pierce™ BCA assay kit (Thermo Fisher Scientific). Total proteins (20 μg) were separated using 4%–15% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad, Hercules, CA, United States) by electrophoresis and further transferred to Fluoro Trans® PVDF Membrane (Pall Corporation, Dreieich, Germany). The membranes were blocked with 5% skim milk (Sigma-Aldrich) or 3% bovine serum albumin (BSA; MP Biomedicals, Irvine, CA, United States) in tris-buffered saline with 1% tween-20 (TBST) for 2 h at 4°C, followed by overnight incubation with primary antibodies (1:1,000 dilution) in blocking solutions. After incubation with secondary antibodies (horseradish peroxidase–conjugated anti-IgG) diluted in blocking buffer at a ratio of 1:2500 for 1 h, the signals on the membranes were developed using the Super Signal West Femto Chemiluminescent Substrate (Thermo Fisher Scientific). Protein detection was performed using the ChemiDoc Imaging System (Bio-Rad).
Nuclear Fraction
HaCaT cells were pretreated with various concentrations of SSWex for 1 h, followed by stimulation with 10 ng/ml IFN-γ/TNF-α for 1 h at 37°C. The stimulated cells were immediately washed twice with ice-cold PBS and harvested. Nuclear proteins were isolated using NE-PER® Nuclear and Cytoplasmic Extraction Reagents (Pierce Biotechnology, Rockford, IL, United States) according to the manufacturer’s protocol.
Immunofluorescence Staining
HaCaT cells (6 × 105/dish) were seeded in a 12-mm Nunc Glass Base dish (Thermo Fisher Scientific). The cells were preincubated with 300 μg/ml of SSWex for 1 h, followed by stimulation with 10 ng/ml IFN-γ/TNF-α for 1 h at 37°C. The stimulated cells were washed twice with PBS and fixed in 3% paraformaldehyde (diluted with PBS) for 20 min at 4°C. The fixed cells were washed four times with 0.1% TritonX-100 buffer for 10 min, blocked with 3% BSA (diluted with 0.1% TritonX-100 buffer) for 1 h at room temperature, and incubated with the primary antibodies (1:500) overnight at 4°C. The primary antibodies used here were the same as those used in Western blot analysis. Subsequently, the cells were incubated with Alexa Fluor 594 or 488 anti-rabbit or mouse IgG secondary antibody (1:500) for 2 h at 4°C. The nuclei were stained using DRAQ5™ in blocking buffer. After incubation of 15 min, the cells were acquired using an FV10i confocal microscope (Olympus, Tokyo, Japan).
High-Performance Liquid Chromatography
To perform simultaneous determination and quantitative analysis of the four reference compounds [gallic acid, (+)-catechin, procyanidin B2, and epicatechin] in SSWex, a Waters e2695 liquid chromatography system (Waters Co., Milford, MA, United States) equipped with a Waters 2998 photodiode array detector was used. Empower software (version 3, Waters Co.) was used for data acquisition and processing. The four compounds were separated on a Phenomenex Luna C18 column (250 mm × 4.6 mm; particle size 5 μm; Phenomenex, Torrance, CA, United States) and detected at 280 nm. The mobile phase was 0.1% aqueous acetic acid (A) and acetonitrile (B) in a gradient elution mode. The gradient elution was set as follows: 0–10 min, 5%–15% B; 10–30 min, 15%–20% B; and 30–40 min, 20%–30% B. After each analysis, an 8-min wash with acetonitrile was performed, and a further equilibration time of 8 min was observed to return to the initial mobile phase composition. The flow rate of the mobile phase was 1.0 ml/min, and the injection volume was 20 μl. SSWex was dissolved in methanol (10 mg/ml) and filtered through a 0.2-μm syringe filter to prepare the sample solutions for quantitative analysis of the four compounds. The four reference compounds with purity > 98% were used for analysis. Gallic acid was purchased from ChemFaces Biochemical (Wuhan, China), and all other compounds [(+)-catechin, procyanidin B2, and epicatechin] were obtained from Biopurify Phytochemicals (Chengdu, China).
Statistical Analyses
All results from more than three independent experiments are indicated as the means ± standard error of mean (S.E.M.). Statistical analyses were performed using GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA, United States) by ordinary one-way analysis of variance. Between-group comparisons were performed using Tukey’s post hoc test to calculate statistical significance (p < 0.05).
RESULTS AND DISCUSSION
S. suberectus Dunn Water Extract Inhibits the Clinical Severity of Atopic Dermatitis–Like Skin Symptoms and Histological Features in D. farina Extract–Treated NC/Nga Mice
To investigate the effects of SSWex on AD-like symptoms in NC/Nga mice, DfE or Dexa was administrated twice a week for 3 weeks. Pathological symptoms of AD, such as skin swelling, erythema, cornification, exudation, dry skin, and increased ear thickness, were observed in DfE-treated NC/Nga mice (Yang et al., 2013; Kang et al., 2017). The application of SSWex significantly relieved AD-like symptoms, including ear thickness and dermatitis score, in DfE-treated NC/Nga mice. No difference in body weight was observed among the DfE-treated groups (Figures 2A,B). Dexa 3 mg/kg was used as a positive control (Kim et al., 2009). Repeated application of DfE to NC/Nga mice causes various symptoms of AD, such as epidermal thickening of the skin (Kang et al., 2017). The increase in epidermal thickness was due to epidermal proliferation, which is pathologically activated by the differentiation of keratinocytes in inflammatory skin lesions (Limandjaja et al., 2017). To histologically evaluate the effects of SSWex on AD-like skin lesions, we performed skin histological analysis using hematoxylin and eosin staining. Epidermis thickness increased in the DfE group compared with that in the normal group; however, SSWex treatment significantly reduced the epidermis thickness in the dorsal skin and ear tissue (Figures 2C,D). These results indicated that SSWex may alleviate AD-like symptoms and histological features of skin and ear lesions in DfE-treated NC/Nga mice.
[image: Figure 2]FIGURE 2 | Effect of SSWex on DfE-induced clinical and histopathological features of the AD-like skin lesions in NC/Nga mice. (A) Photographic images of the backs of mice from each group on the last day of the experiment. (B) Body weight, ear thickness, and dermatitis scores were measured twice a week for 3 weeks. (C) Skin and ear tissue sections were stained with hematoxylin and eosin (H&E). The stained sections were observed under a microscope at ×100 magnification. Scale bar = 100 μm. (D) Skin and ear epidermis thicknesses of the DfE-treated NC/Nga mice were analyzed and represented as a graph. Values are presented as the mean ± S.E.M (n = 6). #p < 0.05, ##p < 0.005, ###p < 0.0005, and ####p < 0.0001 vs. the normal group; *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001 vs. the DfE group.
S. suberectus Dunn Water Extract Reduces the Infiltration of Mast Cells and T Cells in Skin Lesions in D. farina Extract–Treated NC/Nga Mice
Patients with AD have increased infiltration of immune cells, such as mast and T cells, in AD skin lesions (Leung et al., 2004; Peng and Novak, 2015). Mast cells are innate immune cells that are thought to be involved in allergic diseases, including AD; they recognize specific antigens through high-affinity receptors for IgE (FcεRI) (Hofmann and Abraham, 2009). Mast cells are believed to be involved in the pathogenesis of AD through a wide range of proinflammatory mediators secreted from FcεRI-activated mast cells, along with an elevation in IgE levels and the number of mast cells (Kawakami et al., 2009). In addition, the sensory nerve density of the epidermis and dermis increases in AD-like skin lesions (Gupta and Harvima, 2018). Therefore, we examined the number of mast cells in the skin and ear of DfE-treated NC/Nga mice. Toluidine blue staining revealed that the number of mast cells increased in the DfE group compared with that in the normal group, whereas SSWex administration reduced the number of mast cells in AD-like lesions in the dorsal skin and ear (Figure 3). In addition, to investigate the effect of SSWex on T-cell infiltration in AD-like skin lesions, we analyzed the number of CD3+ (T-cell marker) cells using immunohistochemistry. We observed an increased number of CD3+ cells in AD-like skin lesions, consistent with previous studies (Park et al., 2012; Yang et al., 2014a). SSWex treatment decreased T-cell infiltration in DfE-induced AD on the skin (Figure 3). AD is caused by an imbalance between T-helper (Th) 1 and Th2 cells (Bieber, 2010). Among the infiltrating T cells, Th2 cells are one of the major cell types involved in AD development (Purushothaman et al., 2018). Although Th2-mediated responses are more prominent in the acute AD phase, Th1-mediated responses are more prominent in the chronic AD phase (Leung et al., 2004). Therefore, reducing the infiltration of mast and T cells in skin lesions in AD is important. Our results demonstrated that SSWex treatment could reduce this infiltration and thus alleviate skin lesions in DfE-treated NC/Nga mice.
[image: Figure 3]FIGURE 3 | Effect of SSWex on the infiltration of mast and T cells in skin lesions of DfE-treated NC/Nga mice. (A,B) Sectioned dorsal skin and ears were stained with toluidine blue to evaluate mast cell infiltration. Dorsal skin tissue sections were immunostained with anti–CD3 antibodies to confirm T-cell infiltration. The stained sections were observed under a microscope at ×400 magnification. Scale bar = 100 μm. Data are represented as the mean ± S.E.M. (n = 6). #p < 0.05, ##p < 0.005, ###p < 0.0005, and ####p < 0.0001 vs. the normal group; *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001 vs. the DfE group.
S. suberectus Dunn Water Extract Inhibits D. farina Extract–Induced Serum Immunoglobulin E, Histamine, and Proinflammatory Chemokine Production in NC/Nga Mice
IgE is an important component of allergic diseases and is closely associated with Th2 immune response (Leung, 1993). It leads to the secretion of various allergic mediators, including histamines and cytokines, by binding to mast cells (O’Mahony et al., 2011). Particularly, the IgE–mast cell–histamine axis has been well-understood for decades, and this pathway is known to cause AD-associated itching disorders (Yang and Kim, 2019). The inhibitory effects of SSWex on AD-induced serum IgE and histamine release were measured using ELISA. DfE-induced AD-like skin inflammation was accompanied by an increase in serum IgE and histamine levels; however, SSWex treatment inhibited this increase in DfE-treated NC/Nga mice (Figure 4A).
[image: Figure 4]FIGURE 4 | Effect of SSWex on serum immunoglobulin E (IgE), histamine, and proinflammatory chemokine levels in DfE-induced atopic dermatitis (AD)–like skin lesions in NC/Nga mice. The serum samples were collected on the last day of the experiment. The serum samples were diluted ×100 times and analyzed. (A) Total IgE and histamine levels in serum were detected using ELISA. (B) Levels of proinflammatory chemokines (MDC, RANTES, and TARC) were determined using ELISA. Data are expressed as the mean ± S.E.M. (n = 6). #p < 0.05, ##p < 0.005, ###p < 0.0005, and ####p < 0.0001 vs. the normal group; *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001 vs. the DfE group.
Proinflammatory chemokines play a major role in various processes of AD progression, such as immune cell activation, differentiation, and infiltration of inflammatory sites (Sebastiani et al., 2002). Proinflammatory chemokines can be produced by various immune cells, including mast cells, T cells, dendritic cells, keratinocytes, and eosinophils, activated by various stimuli in AD (Nedoszytko et al., 2014; Pucheu-Haston et al., 2015). Among these chemokines, TARC and MDC are CC chemokine receptor type (CCR) 4 ligands, which play important roles in the infiltration of Th2 cells into AD skin lesions (Oshio et al., 2009). In addition, RANTES is one of the CCR ligands that play an active role in regulating the infiltration and activation of immune cells, including Th2 and mast cells, in AD-related inflammatory tissues (Alam, 1997). TARC, MDC, and RANTES are highly expressed in AD patients and mouse models (Hashimoto et al., 2006; Oshio et al., 2009; Lim et al., 2014; Ko et al., 2019). Thus, the role of SSWex in inhibiting the production of these proinflammatory chemokines in DfE-treated NC/Nga mice was evaluated. SSWex treatment significantly reduced the serum levels of TARC, MDC, and RANTES (Figure 4B). These results support the inhibitory action of SSWex on the infiltration of immune cells, including mast and T cells. In this study, in vivo data demonstrated that SSWex administration improved AD-like skin lesions in NC/Nga mice via alleviating multiple DfE-induced events.
S. suberectus Dunn Water Extract Suppresses the Production of Proinflammatory Chemokines in IFN-γ/TNF-α–Stimulated HaCaT Cells
Epidermal keratinocytes in AD skin lesions play a major role in the immune response through the secretion of inflammatory mediators, such as proinflammatory chemokines. The inflammatory responses of synergistically activated keratinocytes by IFN-γ/TNF-α are mainly used in studies for inflammatory skin diseases, including AD (Yang et al., 2015; Lee et al., 2018; Lee et al., 2020). The keratinocytes activated by IFN-γ/TNF-α release proinflammatory chemokines, such as TARC, MDC, and RANTES, which play an important role in the infiltration of Th2 cells into AD skin lesions (Yang et al., 2015). In addition, co-stimulation of IFN-γ/TNF-α is known to release monocyte- and neutrophil-specific chemokines, such as MCP-1 and IL-8, in inflamed keratinocytes. The release of these chemokines is considered to play a major role in the recruitment and accumulation of inflammatory cells in skin inflammatory diseases (Sebastiani et al., 2002; Cha et al., 2019). Therefore, inhibition of the release of these proinflammatory chemokines in keratinocytes of AD skin lesions is considered important in AD treatment.
To determine the cytotoxicity of SSWex, HaCaT cells were incubated with SSWex in a dose-dependent manner for 24 h. SSWex appeared to be non-toxic till a level of 500 μg/ml (Figure 5A). To investigate the inhibitory effects of SSWex on IFN-γ/TNF-α–induced proinflammatory chemokine production, HaCaT cells were pretreated with SSWex for 1 h and further stimulated with IFN-γ/TNF-α for 24 h. The proinflammatory chemokines released in the cell culture medium supernatant were analyzed using ELISA or bead-based immunoassay. SSWex (50–300 μg/ml) significantly inhibited the production of IFN-γ/TNF-α–induced TARC, MDC, RANTES, MCP-1, and IL-8 in HaCaT cells (Figure 5B). Therefore, the in vitro anti-atopic effects of SSWex were confirmed.
[image: Figure 5]FIGURE 5 | Effects of SSWex on proinflammatory cytokines and chemokines in IFN-γ-/TNF-α–induced HaCaT cells. (A) HaCaT cells treated with SSWex at different concentrations (0–500 μg/ml) for 24 h. Cell viability was determined using a cell proliferation assay kit. (B) HaCaT cells were pretreated with SSWex for 1 h and then stimulated with 10 ng/ml of IFN-γ/TNF-α for 24 h. Secreted MDC and RANTES were measured via ELISA. Secreted TARC, MCP-1, and IL-8 were detected using the bead-based immunoassay. The data are shown as the mean ± S.E.M. of three independent experiments. #p < 0.05, ##p < 0.005, ###p < 0.0005, and ####p < 0.0001 vs. untreated; *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001 vs. IFN-γ/TNF-α.
S. suberectus Dunn Water Extract Inhibits IFN-γ/TNF-α–Induced MAPK/STAT1/NF-κB Activation in HaCaT Cells
IFN-γ and TNF-α activate the extracellular signal–regulated kinases (ERK), c-Jun N-terminal kinases (JNK), and p38 mitogen–activated protein kinase (MAPK) pathways in various cell types, including keratinocytes (Sung et al., 2012; Jeong et al., 2016). The MAPKs regulate the synthesis of proinflammatory molecules, such as chemokines, in AD through their intracellular signaling pathways, including signal transducer and activator of transcription 1 (STAT1) and nuclear factor kappa B (NF-κB) (Kwon et al., 2012; Park et al., 2015a; An et al., 2017). STAT1 and NF-κB are important transcription factors in the immune system and are stimulated by IFN-γ/TNF-α to produce proinflammatory chemokines in HaCaT cells (Park et al., 2015b; Yang et al., 2018). Upon stimulation with IFN-γ/TNF-α, STAT1 is activated, phosphorylated, and further translocated to the nucleus where it can activate the target genes by binding to promoters. Similarly, activation of NF-κB by the phosphorylation and degradation of inhibitor kappa B-alpha (IκB-α) causes translocation of NF-κB (p65 and p50) to the nucleus where it can activate the target genes by binding to promoters (Sung et al., 2012). Thus, inhibition of the MAPK/STAT1/NF-κB signaling pathway can alleviate the symptoms of AD and is considered an important strategy in the development of novel therapeutics for AD.
To investigate the molecular mechanism of the inhibitory effect of SSWex in IFN-γ-/TNF-α–stimulated HaCaT cells, we first determined whether SSWex inhibits the activation of the MAPK signaling pathway using Western blot analysis. SSWex 300 μg/ml inhibited the IFN-γ-/TNF-α–induced phosphorylation of p38, ERK, and JNK in HaCaT cells (Figure 6A). In addition, SSWex treatment inhibited the IFN-γ-/TNF-α–induced phosphorylation of STAT1 and IκBα and degradation of IκBα in HaCaT cells (Figure 6B).
[image: Figure 6]FIGURE 6 | Effect of SSWex on MAPK/NF-κB/STAT1 activation by IFN-γ-/TNF-α in HaCaT cells. The cells were preincubated with SSWex for 1 h and further stimulated with IFN-γ/TNF-α for various time intervals (0, 5, 15, and 30 min). Using a Western blot analysis, (A) the phosphorylated and total MAPK (p38, ERK, and JNK) protein levels were quantified and (B) phosphorylation or degradation of IκBα and STAT1 proteins was detected in the cells. Quantified Western blot data are shown as the means ± S.E.M. of three separate experiments. *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001 vs. IFN-γ/TNF-α.
Furthermore, we studied the effect of SSWex on the nuclear translocation of STAT1 and NF-κB using Western blot after nuclear fractionation. SSWex treatment suppressed the IFN-γ-/TNF-α–induced nuclear translocation of p-STAT1, p65, and p50 in a dose-dependent manner (Figure 7A). This inhibitory effect of SSWex was also demonstrated by immunofluorescence staining (Figures 7B,C). These results demonstrated that SSWex inhibited the activation of keratinocytes by inhibiting proinflammatory chemokine production via regulation of the MAPK/STAT1/NF-κB signaling pathway.
[image: Figure 7]FIGURE 7 | Effect of SSWex on IFN-γ-/TNF-α–induced NF-κB and STAT1 translocation to the nucleus in HaCaT cells. The cells were pretreated with 50, 100, or 300 μg/ml SSWex for 1 h and further incubated with 10 ng/ml IFN-γ/TNF-α for 1 h. (A) For Western blot analysis, nuclear fractionation was performed to confirm p-STAT1, STAT1, and NF-κB (p65 and p50) subunits in the nucleus. β-Actin and PCNA were used as loading controls. (B,C) Quantified Western data are shown as the mean ± S.E.M. of three independent experiments. #p < 0.05, ##p < 0.005, ###p < 0.0005, and ####p < 0.0001 vs. untreated; *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001 vs. IFN-γ/TNF-α. The nuclear translocation of p-STAT1 (Tyr; green and Ser; red) and NF-κB (p65; red and p50; green) was detected by immunofluorescence combined with DRAQ5™ (blue) staining for the nucleus (scale bar = 20 μm).
High-Performance Liquid Chromatography Analysis of Four Compounds in the S. suberectus Dunn Water Extract
High-performance liquid chromatography (HPLC) analysis was performed with an analytical method established to separate the marker compounds in SSWex. The four compounds in SSWex were detected simultaneously: gallic acid, (+)-catechin, procyanidin B2, and epicatechin with the retention times of 7.11, 14.85, 16.15, and 17.99 min, respectively. The representative HPLC chromatogram is shown in Figure 8A, and the chemical structure of each compound is shown in Figure 8B. The coefficients of determination (r2) calculated from the calibration curves of the four compounds were all ≥0.9997, indicating good linearity. The quantitative analysis revealed that the amounts of gallic acid, (+)-catechin, procyanidin B2, and epicatechin in SSWex were 0.409, 6.129, 1.884, and 3.951 mg/g, respectively (Table 1).
[image: Figure 8]FIGURE 8 | (A) HPLC chromatograms of the standard mixture (a) and SSWex (b) at 280 nm. (B) Chemical structures of the four compounds in SSWex: gallic acid (1), (+)-catechin (2), procyanidin B2 (3), and epicatechin (4).
TABLE 1 | Calibration curves and contents of the four compounds in Spatholobus suberectus Dunn.
[image: Table 1]Gallic acid, one of the most important polyphenols, has been found in many plants and fruits, such as grapes, strawberries, bananas, gallnuts, and green tea (Zuo et al., 2002; Yeganeh Ghotbi and bin Hussein, 2010; Bhat et al., 2016). It possesses antitumorigenic and anti-inflammatory activities (Faried et al., 2007; Kaur et al., 2009). Moreover, it can exhibit anti-allergic inflammatory activity on crucial effector cells in allergic inflammation, such as basophils, eosinophils, and dendritic cells (Liu et al., 2013; Chan et al., 2015; Tsang et al., 2016). Catechins, including (+)-catechin and epicatechin, are widely present in foods and herbs, such as berries, grapes, cacaos, and apples. They are particularly present in high amounts in tea (Isemura, 2019). Catechins have many beneficial properties for human health, such as antimicrobial, anticancer, ROS regulatory, anti-aging, antioxidant, anticardiovascular disease, and anti-inflammatory activities (Isemura, 2019; Nakano et al., 2019). Procyanidin B2 is a phenolic compound and is mainly found in grapes, apples, blueberries, cocoa, and tea (Su et al., 2018; Xiao et al., 2018). Procyanidin B2 is reported to exhibit various pharmacological activities, including antioxidant, antitumor, and anti-inflammatory properties (Sakano et al., 2005; Suda et al., 2013; Yang et al., 2014b). Among these activities of procyanidin B2, anti-inflammatory effects occur through regulation of various inflammatory mediators, including cytokines, chemokines, and nitric oxide. Procyanidin B2 regulates these inflammatory mediators via the regulation of MAPK/NF-κB activity (Martinez-Micaelo et al., 2012a; Martinez-Micaelo et al., 2012b). Therefore, the anti-inflammatory effects of these four compounds could be responsible for the anti-inflammatory action of SSWex. In addition, the anti-atopic effects of gallic acid (Hu and Zhou, 2021) and epicatechin (Song et al., 2021) have already been reported. Since there are no reports of the anti-atopic effects of (+)-catechin or procyanidin B2, we will evaluate these in subsequent studies.
CONCLUSION
The topical application of SSWex suppressed AD symptoms in skin lesions in DfE-treated NC/Nga mice. SSWex inhibited immune cell infiltration in AD-like skin lesions and increase in AD-related serum parameters, such as IgE, histamine, and proinflammatory chemokines. Moreover, we observed that SSWex regulated the expression of proinflammatory chemokines via the MAPK/STAT1/NF-κB pathway in IFN-γ-/TNF-α–stimulated HaCaT cells. Our study provides evidence of the potential of SSWex as a novel agent or food supplement for the prevention and treatment of AD.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
All animal experiments were conducted under the approval (No. 20-069) of the Institutional Animal Care and Use Committee at the Korea Institute of Oriental Medicine (KIOM).
AUTHOR CONTRIBUTIONS
TK: conceptualization and supervision. H-KS, SP, HK, and SJ: experimentation. H-KS: data analysis and manuscript writing.
FUNDING
This work was supported by the Korea Institute of Oriental Medicine, Ministry of Education, Science and Technology, Republic of Korea (Grant No. KSN2021330).
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.
REFERENCES
 Alam, R. (1997). Chemokines in Allergic Inflammation. J. Allergy Clin. Immunol. 99, 273–277. doi:10.1016/s0091-6749(97)70042-3
 Albanesi, C., Scarponi, C., Giustizieri, M. L., and Girolomoni, G. (2005). Keratinocytes in Inflammatory Skin Diseases. Curr. Drug Targets Inflamm. Allergy. 4, 329–334. doi:10.2174/1568010054022033
 An, S. Y., Youn, G. S., Kim, H., Choi, S. Y., and Park, J. (2017). Celastrol Suppresses Expression of Adhesion Molecules and Chemokines by Inhibiting JNK-STAT1/NF-Κb Activation in poly(I:C)-stimulated Astrocytes. BMB Rep. 50, 25–30. doi:10.5483/bmbrep.2017.50.1.114
 Barbarot, S., Auziere, S., Gadkari, A., Girolomoni, G., Puig, L., Simpson, E. L., et al. (2018). Epidemiology of Atopic Dermatitis in Adults: Results from an International Survey. Allergy 73, 1284–1293. doi:10.1111/all.13401
 Bhat, P. B., Hegde, S., Upadhya, V., Hegde, G. R., Habbu, P. V., and Mulgund, G. S. (2016). Evaluation of Wound Healing Property of Caesalpinia Mimosoides Lam. J. Ethnopharmacol. 193, 712–724. doi:10.1016/j.jep.2016.10.009
 Bieber, T. (2010). Atopic Dermatitis. Ann. Dermatol. 22, 125–137. doi:10.5021/ad.2010.22.2.125
 Cha, K. J., Kashif, A., Hong, M. H., Kim, G., Lee, J. S., and Kim, I. S. (2019). Poncirus Trifoliata (L.) Raf. Extract Inhibits the Development of Atopic Dermatitis-like Lesions in Human Keratinocytes and NC/Nga Mice. Int. J. Med. Sci. 16, 1116–1122. doi:10.7150/ijms.34323
 Chan, B. C., Li, L. F., Hu, S. Q., Wat, E., Wong, E. C., Zhang, V. X., et al. (2015). Gallic Acid Is the Major Active Component of Cortex Moutan in Inhibiting Immune Maturation of Human Monocyte-Derived Dendritic Cells. Molecules 20, 16388–16403. doi:10.3390/molecules200916388
 Faried, A., Kurnia, D., Faried, L. S., Usman, N., Miyazaki, T., Kato, H., et al. (2007). Anticancer Effects of Gallic Acid Isolated from Indonesian Herbal Medicine, Phaleria Macrocarpa (Scheff.) Boerl, on Human Cancer Cell Lines. Int. J. Oncol. 30, 605–613. doi:10.3892/ijo.30.3.605
 Gupta, K., and Harvima, I. T. (2018). Mast Cell-Neural Interactions Contribute to Pain and Itch. Immunol. Rev. 282, 168–187. doi:10.1111/imr.12622
 Ha, H., Shim, K. S., An, H., Kim, T., and Ma, J. Y. (2013). Water Extract of Spatholobus Suberectus Inhibits Osteoclast Differentiation and Bone Resorption. BMC Complement. Altern. Med. 13, 112. doi:10.1186/1472-6882-13-112
 Hashimoto, S., Nakamura, K., Oyama, N., Kaneko, F., Tsunemi, Y., Saeki, H., et al. (2006). Macrophage-derived Chemokine (MDC)/CCL22 Produced by Monocyte Derived Dendritic Cells Reflects the Disease Activity in Patients with Atopic Dermatitis. J. Dermatol. Sci. 44, 93–99. doi:10.1016/j.jdermsci.2006.08.004
 Hofmann, A. M., and Abraham, S. N. (2009). New Roles for Mast Cells in Modulating Allergic Reactions and Immunity against Pathogens. Curr. Opin. Immunol. 21, 679–686. doi:10.1016/j.coi.2009.09.007
 Holm, L., Van Hage-Hamsten, M., Ohman, S., and Scheynius, A. (1999). Sensitization to Allergens of House-Dust Mite in Adults with Atopic Dermatitis in a Cold Temperature Region. Allergy 54, 708–715. doi:10.1034/j.1398-9995.1999.00010.x
 Hu, G., and Zhou, X. (2021). Gallic Acid Ameliorates Atopic Dermatitis-like Skin Inflammation through Immune Regulation in a Mouse Model. Clin. Cosmet. Investig. Dermatol. 14, 1675–1683. doi:10.2147/CCID.S327825
 Isemura, M. (2019). Catechin in Human Health and Disease. Molecules 24, 528. doi:10.3390/molecules24030528
 Jeong, Y. H., Oh, Y. C., Cho, W. K., Lee, B., and Ma, J. Y. (2016). Anti-Inflammatory Effects of Melandrii Herba Ethanol Extract via Inhibition of NF-Κb and MAPK Signaling Pathways and Induction of HO-1 in RAW 264.7 Cells and Mouse Primary Macrophages. Molecules 21, 818. doi:10.3390/molecules21060818
 Ju, S. M., Song, H. Y., Lee, S. J., Seo, W. Y., Sin, D. H., Goh, A. R., et al. (2009). Suppression of Thymus- and Activation-Regulated Chemokine (TARC/CCL17) Production by 1,2,3,4,6-Penta-O-Galloyl-Beta-D-Glucose via Blockade of NF-kappaB and STAT1 Activation in the HaCaT Cells. Biochem. Biophys. Res. Commun. 387, 115–120. doi:10.1016/j.bbrc.2009.06.137
 Kang, H., Lee, C. H., Kim, J. R., Kwon, J. Y., Son, M. J., Kim, J. E., et al. (2017). Theobroma Cacao Extract Attenuates the Development of Dermatophagoides Farinae-Induced Atopic Dermatitis-like Symptoms in NC/Nga Mice. Food Chem. 216, 19–26. doi:10.1016/j.foodchem.2016.07.141
 Kaur, M., Velmurugan, B., Rajamanickam, S., Agarwal, R., and Agarwal, C. (2009). Gallic Acid, an Active Constituent of Grape Seed Extract, Exhibits Anti-proliferative, Pro-apoptotic and Anti-tumorigenic Effects against Prostate Carcinoma Xenograft Growth in Nude Mice. Pharm. Res. 26, 2133–2140. doi:10.1007/s11095-009-9926-y
 Kawakami, T., Ando, T., Kimura, M., Wilson, B. S., and Kawakami, Y. (2009). Mast Cells in Atopic Dermatitis. Curr. Opin. Immunol. 21, 666–678. doi:10.1016/j.coi.2009.09.006
 Kim, J. Y., Lee, I. K., Son, M. W., and Kim, K. H. (2009). Effects of Orally Administered Actinidia Arguta (Hardy Kiwi) Fruit Extract on 2-Chloro-1,3,5-Trinitrobenzene-Induced Atopic Dermatitis-like Skin Lesions in NC/Nga Mice. J. Med. Food 12, 1004–1015. doi:10.1089/jmf.2009.0080
 Ko, E., Park, S., Lee, J. H., Cui, C. H., Hou, J., Kim, M. H., et al. (2019). Ginsenoside Rh2 Ameliorates Atopic Dermatitis in NC/Nga Mice by Suppressing NF-kappaB-Mediated Thymic Stromal Lymphopoietin Expression and T Helper Type 2 Differentiation. Int. J. Mol. Sci. 20, 6111. doi:10.3390/ijms20246111
 Kwon, D. J., Bae, Y. S., Ju, S. M., Goh, A. R., Youn, G. S., Choi, S. Y., et al. (2012). Casuarinin Suppresses TARC/CCL17 and MDC/CCL22 Production via Blockade of NF-Κb and STAT1 Activation in HaCaT Cells. Biochem. Biophys. Res. Commun. 417, 1254–1259. doi:10.1016/j.bbrc.2011.12.119
 Langan, S. M., Irvine, A. D., and Weidinger, S. (2020). Atopic Dermatitis. Lancet 396, 345–360. doi:10.1016/S0140-6736(20)31286-1
 Lee, J. H., Lim, J. Y., Jo, E. H., Noh, H. M., Park, S., Park, M. C., et al. (2020). Chijabyukpi-Tang Inhibits Pro-inflammatory Cytokines and Chemokines via the Nrf2/HO-1 Signaling Pathway in TNF-Α/ifn-γ-Stimulated HaCaT Cells and Ameliorates 2,4-Dinitrochlorobenzene-Induced Atopic Dermatitis-like Skin Lesions in Mice. Front. Pharmacol. 11, 1018. doi:10.3389/fphar.2020.01018
 Lee, K. S., Chun, S. Y., Lee, M. G., Kim, S., Jang, T. J., and Nam, K. S. (2018). The Prevention of TNF-Α/ifn-γ Mixture-Induced Inflammation in Human Keratinocyte and Atopic Dermatitis-like Skin Lesions in Nc/Nga Mice by Mineral-Balanced Deep Sea Water. Biomed. Pharmacother. 97, 1331–1340. doi:10.1016/j.biopha.2017.11.056
 Leung, D. Y., Boguniewicz, M., Howell, M. D., Nomura, I., and Hamid, Q. A. (2004). New Insights into Atopic Dermatitis. J. Clin. Invest. 113, 651–657. doi:10.1172/JCI21060
 Leung, D. Y. (1993). Role of IgE in Atopic Dermatitis. Curr. Opin. Immunol. 5, 956–962. doi:10.1016/0952-7915(93)90112-6
 Li, R. W., David Lin, G., Myers, S. P., and Leach, D. N. (2003). Anti-inflammatory Activity of Chinese Medicinal Vine Plants. J. Ethnopharmacol. 85, 61–67. doi:10.1016/s0378-8741(02)00339-2
 Lim, H. S., Ha, H., Lee, M. Y., Jin, S. E., Jeong, S. J., Jeon, W. Y., et al. (2014). Saussurea Lappa Alleviates Inflammatory Chemokine Production in HaCaT Cells and House Dust Mite-Induced Atopic-like Dermatitis in Nc/Nga Mice. Food Chem. Toxicol. 63, 212–220. doi:10.1016/j.fct.2013.10.050
 Limandjaja, G. C., Van Den Broek, L. J., Waaijman, T., Van Veen, H. A., Everts, V., Monstrey, S., et al. (2017). Increased Epidermal Thickness and Abnormal Epidermal Differentiation in Keloid Scars. Br. J. Dermatol. 176, 116–126. doi:10.1111/bjd.14844
 Liu, K. Y., Hu, S., Chan, B. C., Wat, E. C., Lau, C. B., Hon, K. L., et al. (2013). Anti-inflammatory and Anti-allergic Activities of Pentaherb Formula, Moutan Cortex (Danpi) and Gallic Acid. Molecules 18, 2483–2500. doi:10.3390/molecules18032483
 Mansouri, Y., and Guttman-Yassky, E. (2015). Immune Pathways in Atopic Dermatitis, and Definition of Biomarkers through Broad and Targeted Therapeutics. J. Clin. Med. 4, 858–873. doi:10.3390/jcm4050858
 Martinez-Micaelo, N., González-Abuín, N., Ardèvol, A., Pinent, M., and Blay, M. T. (2012a). Procyanidins and Inflammation: Molecular Targets and Health Implications. Biofactors 38, 257–265. doi:10.1002/biof.1019
 Martinez-Micaelo, N., González-Abuín, N., Terra, X., Richart, C., Ardèvol, A., Pinent, M., et al. (2012b). Omega-3 Docosahexaenoic Acid and Procyanidins Inhibit Cyclo-Oxygenase Activity and Attenuate NF-Κb Activation through a P105/p50 Regulatory Mechanism in Macrophage Inflammation. Biochem. J. 441, 653–663. doi:10.1042/BJ20110967
 Matsuda, H., Watanabe, N., Geba, G. P., Sperl, J., Tsudzuki, M., Hiroi, J., et al. (1997). Development of Atopic Dermatitis-like Skin Lesion with IgE Hyperproduction in NC/Nga Mice. Int. Immunol. 9, 461–466. doi:10.1093/intimm/9.3.461
 Nakano, E., Kamei, D., Murase, R., Taki, I., Karasawa, K., Fukuhara, K., et al. (2019). Anti-inflammatory Effects of New Catechin Derivatives in a Hapten-Induced Mouse Contact Dermatitis Model. Eur. J. Pharmacol. 845, 40–47. doi:10.1016/j.ejphar.2018.12.036
 Nedoszytko, B., Sokołowska-Wojdyło, M., Ruckemann-Dziurdzińska, K., Roszkiewicz, J., and Nowicki, R. J. (2014). Chemokines and Cytokines Network in the Pathogenesis of the Inflammatory Skin Diseases: Atopic Dermatitis, Psoriasis and Skin Mastocytosis. Postepy Dermatol. Alergol. 31, 84–91. doi:10.5114/pdia.2014.40920
 O’mahony, L., Akdis, M., and Akdis, C. A. (2011). Regulation of the Immune Response and Inflammation by Histamine and Histamine Receptors. J. Allergy Clin. Immunol. 128, 1153–1162. doi:10.1016/j.jaci.2011.06.051
 Oshio, T., Sasaki, Y., Funakoshi-Tago, M., Aizu-Yokota, E., Sonoda, Y., Matsuoka, H., et al. (2009). Dermatophagoides Farinae Extract Induces Severe Atopic Dermatitis in NC/Nga Mice, Which Is Effectively Suppressed by the Administration of Tacrolimus Ointment. Int. Immunopharmacol. 9, 403–411. doi:10.1016/j.intimp.2008.12.013
 Pal, A., Alam, S., Mittal, S., Arjaria, N., Shankar, J., Kumar, M., et al. (2016). UVB Irradiation-Enhanced Zinc Oxide Nanoparticles-Induced DNA Damage and Cell Death in Mouse Skin. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 807, 15–24. doi:10.1016/j.mrgentox.2016.06.005
 Park, J.-H., Kim, M.-S., Jeong, G.-S., and Yoon, J. (2015b). Xanthii Fructus Extract Inhibits TNF-Α/ifn-γ-Induced Th2-Chemokines Production via Blockade of NF-Κb, STAT1 and P38-MAPK Activation in Human Epidermal Keratinocytes. J. Ethnopharmacol. 171, 85–93. doi:10.1016/j.jep.2015.05.039
 Park, J. H., Lee, K. Y., Park, B., and Yoon, J. (2015a). Suppression of Th2 Chemokines by Crocin via Blocking of ERK-MAPK/NF-κB/STAT1 Signalling Pathways in TNF-Α/ifn-γ-Stimulated Human Epidermal Keratinocytes. Exp. Dermatol. 24, 634–636. doi:10.1111/exd.12726
 Park, S. H., Jang, S., An, J. E., Choo, B. K., and Kim, H. K. (2020). I. Inflexus (Thunb.) Kudo Extract Improves Atopic Dermatitis and Depressive-like Behavior in DfE-Induced Atopic Dermatitis-like Disease. Phytomedicine 67, 153137. doi:10.1016/j.phymed.2019.153137
 Park, S. J., Lee, H. A., Kim, J. W., Lee, B. S., and Kim, E. J. (2012). Platycodon Grandiflorus Alleviates DNCB-Induced Atopy-like Dermatitis in NC/Nga Mice. Indian J. Pharmacol. 44, 469–474. doi:10.4103/0253-7613.99306
 Peng, W., and Novak, N. (2015). Pathogenesis of Atopic Dermatitis. Clin. Exp. Allergy 45, 566–574. doi:10.1111/cea.12495
 Platts-Mills, T. A., and Chapman, M. D. (1987). Dust Mites: Immunology, Allergic Disease, and Environmental Control. J. Allergy Clin. Immunol. 80, 755–775. doi:10.1016/s0091-6749(87)80261-0
 Pucheu-Haston, C. M., Bizikova, P., Marsella, R., Santoro, D., Nuttall, T., and Eisenschenk, M. N. (2015). Review: Lymphocytes, Cytokines, Chemokines and the T-Helper 1-T-Helper 2 Balance in Canine Atopic Dermatitis. Vet. Dermatol. 26, 124–e32. doi:10.1111/vde.12205
 Purushothaman, B., Arumugam, P., and Song, J. M. (2018). A Novel Catecholopyrimidine Based Small Molecule PDE4B Inhibitor Suppresses Inflammatory Cytokines in Atopic Mice. Front. Pharmacol. 9, 485. doi:10.3389/fphar.2018.00485
 Qin, S., Wu, L., Wei, K., Liang, Y., Song, Z., Zhou, X., et al. (2019). A Draft Genome for Spatholobus Suberectus. Sci. Data 6, 113. doi:10.1038/s41597-019-0110-x
 Ravipati, A. S., Zhang, L., Koyyalamudi, S. R., Jeong, S. C., Reddy, N., Bartlett, J., et al. (2012). Antioxidant and Anti-inflammatory Activities of Selected Chinese Medicinal Plants and Their Relation with Antioxidant Content. BMC Complement. Altern. Med. 12, 173. doi:10.1186/1472-6882-12-173
 Sakano, K., Mizutani, M., Murata, M., Oikawa, S., Hiraku, Y., and Kawanishi, S. (2005). Procyanidin B2 Has Anti- and Pro-oxidant Effects on Metal-Mediated DNA Damage. Free Radic. Biol. Med. 39, 1041–1049. doi:10.1016/j.freeradbiomed.2005.05.024
 Sebastiani, S., Albanesi, C., De, P. O., Puddu, P., Cavani, A., and Girolomoni, G. (2002). The Role of Chemokines in Allergic Contact Dermatitis. Arch. Dermatol. Res. 293, 552–559. doi:10.1007/s00403-001-0276-9
 Song, H. K., Park, S. H., Kim, H. J., Jang, S., and Kim, T. (2021). Alpinia Officinarum Water Extract Inhibits the Atopic Dermatitis-like Responses in NC/Nga Mice by Regulation of Inflammatory Chemokine Production. Biomed. Pharmacother. 144, 112322. doi:10.1016/j.biopha.2021.112322
 Spergel, J. M., and Paller, A. S. (2003). Atopic Dermatitis and the Atopic March. J. Allergy Clin. Immunol. 112, S118–S127. doi:10.1016/j.jaci.2003.09.033
 Su, H., Li, Y., Hu, D., Xie, L., Ke, H., Zheng, X., et al. (2018). Procyanidin B2 Ameliorates Free Fatty Acids-Induced Hepatic Steatosis through Regulating TFEB-Mediated Lysosomal Pathway and Redox State. Free Radic. Biol. Med. 126, 269–286. doi:10.1016/j.freeradbiomed.2018.08.024
 Suda, M., Katoh, M., Toda, K., Matsumoto, K., Kawaguchi, K., Kawahara, S., et al. (2013). Syntheses of Procyanidin B2 and B3 Gallate Derivatives Using Equimolar Condensation Mediated by Yb(OTf)3 and Their Antitumor Activities. Bioorg. Med. Chem. Lett. 23, 4935–4939. doi:10.1016/j.bmcl.2013.06.061
 Sung, Y. Y., Kim, Y. S., and Kim, H. K. (2012). Illicium Verum Extract Inhibits TNF-α- and IFN-γ-Induced Expression of Chemokines and Cytokines in Human Keratinocytes. J. Ethnopharmacol. 144, 182–189. doi:10.1016/j.jep.2012.08.049
 Tsang, M. S., Jiao, D., Chan, B. C., Hon, K. L., Leung, P. C., Lau, C. B., et al. (2016). Anti-inflammatory Activities of Pentaherbs Formula, Berberine, Gallic Acid and Chlorogenic Acid in Atopic Dermatitis-like Skin Inflammation. Molecules 21, 519. doi:10.3390/molecules21040519
 Waljee, A. K., Rogers, M. A., Lin, P., Singal, A. G., Stein, J. D., Marks, R. M., et al. (2017). Short Term Use of Oral Corticosteroids and Related Harms Among Adults in the United States: Population Based Cohort Study. BMJ 357, j1415. doi:10.1136/bmj.j1415
 Wang, Z. Y., Wang, D. M., Loo, T. Y., Cheng, Y., Chen, L. L., Shen, J. G., et al. (2011). Spatholobus Suberectus Inhibits Cancer Cell Growth by Inducing Apoptosis and Arresting Cell Cycle at G2/M Checkpoint. J. Ethnopharmacol. 133, 751–758. doi:10.1016/j.jep.2010.11.004
 Werfel, T. (2009). The Role of Leukocytes, Keratinocytes, and Allergen-specific IgE in the Development of Atopic Dermatitis. J. Invest. Dermatol. 129, 1878–1891. doi:10.1038/jid.2009.71
 Xiao, Y., Dong, J., Yin, Z., Wu, Q., Zhou, Y., and Zhou, X. (2018). Procyanidin B2 Protects against D-Galactose-Induced Mimetic Aging in Mice: Metabolites and Microbiome Analysis. Food Chem. Toxicol. 119, 141–149. doi:10.1016/j.fct.2018.05.017
 Yang, F., Tanaka, M., Wataya-Kaneda, M., Yang, L., Nakamura, A., Matsumoto, S., et al. (2014a). Topical Application of Rapamycin Ointment Ameliorates Dermatophagoides Farina Body Extract-Induced Atopic Dermatitis in NC/Nga Mice. Exp. Dermatol. 23, 568–572. doi:10.1111/exd.12463
 Yang, G., Choi, C. H., Lee, K., Lee, M., Ham, I., and Choi, H. Y. (2013). Effects of Catalpa Ovata Stem Bark on Atopic Dermatitis-like Skin Lesions in NC/Nga Mice. J. Ethnopharmacol. 145, 416–423. doi:10.1016/j.jep.2012.10.015
 Yang, H., Xiao, L., Yuan, Y., Luo, X., Jiang, M., Ni, J., et al. (2014b). Procyanidin B2 Inhibits NLRP3 Inflammasome Activation in Human Vascular Endothelial Cells. Biochem. Pharmacol. 92, 599–606. doi:10.1016/j.bcp.2014.10.001
 Yang, J. H., Hwang, Y. H., Gu, M. J., Cho, W. K., and Ma, J. Y. (2015). Ethanol Extracts of Sanguisorba Officinalis L. Suppress TNF-Α/ifn-γ-Induced Pro-inflammatory Chemokine Production in HaCaT Cells. Phytomedicine 22, 1262–1268. doi:10.1016/j.phymed.2015.09.006
 Yang, J. H., Lee, E., Lee, B., Cho, W. K., Ma, J. Y., and Park, K. I. (2018). Ethanolic Extracts of Artemisia Apiacea Hance Improved Atopic Dermatitis-like Skin Lesions In Vivo and Suppressed TNF-Alpha/IFN-Gamma⁻Induced Proinflammatory Chemokine Production In Vitro. Nutrients 10, 806. doi:10.3390/nu10070806
 Yang, T. B., and Kim, B. S. (2019). Pruritus in Allergy and Immunology. J. Allergy Clin. Immunol. 144, 353–360. doi:10.1016/j.jaci.2019.06.016
 Yeganeh Ghotbi, M., and Bin Hussein, M. Z. (2010). Gallate-Zn-Al-layered Double Hydroxide as an Intercalated Compound with New Controlled Release Formulation of Anticarcinogenic Agent. J. Phys. Chem. Solids 71, 1565–1570. doi:10.1016/j.jpcs.2010.08.003
 Zhang, L., Ravipati, A. S., Koyyalamudi, S. R., Jeong, S. C., Reddy, N., Bartlett, J., et al. (2013). Anti-fungal and Anti-bacterial Activities of Ethanol Extracts of Selected Traditional Chinese Medicinal Herbs. Asian pac. J. Trop. Med. 6, 673–681. doi:10.1016/S1995-7645(13)60117-0
 Zuo, Y., Chen, H., and Deng, Y. (2002). Simultaneous Determination of Catechins, Caffeine and Gallic Acids in Green, Oolong, Black and Pu-Erh Teas Using HPLC with a Photodiode Array Detector. Talanta 57, 307–316. doi:10.1016/s0039-9140(02)00030-9
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 © 2022 Song, Park, Kim, Jang and Kim. 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: 24 June 2022
doi: 10.3389/fphar.2022.937490


[image: image2]
The Inflammatory Factor SNP May Serve as a Promising Biomarker for Acitretin to Alleviate Secondary Failure of Response to TNF-a Monoclonal Antibodies in Psoriasis
Lanmei Lin1†, Yilun Wang1†, Xiaonian Lu1†, Tianxiao Wang2, Qunyi Li2, Runnan Wang1, Jinfeng Wu1*, Jinhua Xu1* and Juan Du1*
1Department of Dermatology, Huashan Hospital Affiliated to Fudan University, Shanghai, China
2Department of Pharmacy, Huashan Hospital Affiliated to Fudan University, Shanghai, China
Edited by:
Jian Gao, Shanghai Children’s Medical Center, China
Reviewed by:
Lingjun Kong, Shanghai University of Traditional Chinese Medicine, China
Xiaoyan Lyu, Sichuan University, China
* Correspondence: Jinfeng Wu, wujinfeng21@163.com; Jinhua Xu, jinhuaxu@fudan.edu.cn; Juan Du, dendritic_jj@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: 06 May 2022
Accepted: 13 May 2022
Published: 24 June 2022
Citation: Lin L, Wang Y, Lu X, Wang T, Li Q, Wang R, Wu J, Xu J and Du J (2022) The Inflammatory Factor SNP May Serve as a Promising Biomarker for Acitretin to Alleviate Secondary Failure of Response to TNF-a Monoclonal Antibodies in Psoriasis. Front. Pharmacol. 13:937490. doi: 10.3389/fphar.2022.937490

Psoriasis is a common immune-mediated inflammatory skin disease. Although biological agents have achieved good clinical efficacy in the treatment of moderate-to-severe psoriasis, the phenomenon of secondary non-response (SNR) has been gradually recognized. SNR refers to the gradual decline of efficacy after the patient achieves clinical remission with biological agents such as TNF-α biologics. Acitretin, as an immunomodulatory systemic drug for psoriasis, can improve the SNR to biological agents with good tolerance, but there are still individual differences in efficacy. Single-nucleotide polymorphisms (SNPs) of many related inflammatory cytokines have been shown to be important factors of individual differences in drug response in psoriasis, but there have been few reports on the use of pharmacogenomics to alleviate the SNR to biological agents. This study recruited 43 patients with psoriasis and 24 normal controls to investigate whether SNPs of inflammatory cytokines could be used as biomarkers for acitretin to alleviate SNR to TNF-α biologics in psoriasis, including rs1800795 (IL-6), rs6887695 (IL-12b), rs3212227 (IL-12b), rs10484879 (IL-17a), rs4819554 (IL-17ra), rs763780 (IL-17F), rs11209032 (IL23R), rs11209026 (IL23R), and rs2201841 (IL23R). The study also analyzed the correlation between the abovementioned SNPs and the efficacy of acitretin-only patients so as to understand whether the improvement is attributable to the intervention of acitretin on SNR or a simple response of acitretin. We found that in patients with homozygous AA (χ2 = 6.577, p = 0.02) at the SNP rs112009032 (IL-23R), acitretin could improve the SNR to TNFα monoclonal antibody. Patients with the genotype of TG (χ2 = 6.124, p = 0.035) at rs3212227 (IL-12B) were more sensitive to using acitretin in the treatment of psoriasis. Rs3212227 (χ2 = 7.664, p = 0.022) was also associated with the susceptibility to psoriasis. The study might provide a clinical decision reference for personalized treatment of secondary loss of response to psoriasis biologics.
Keywords: psoriasis, biologics, single-nucleotide polymorphism (SNP), acitretin, secondary non-response
INTRODUCTION
Psoriasis is an autoimmune disease mediated by inflammatory cytokines. Genetic and environmental factors contribute to the disease together (Ray-Jones et al., 2016; Billi et al., 2019). Both innate immunity and adaptive immunity are involved in the pathogenesis, and inflammatory cytokines such as IL-17, IL-12, and IL23 run through the entire course (Girolomoni et al., 2012; Chiricozzi and Krueger, 2013). Biologics targeting inflammatory cytokines such as tumor necrosis factor (TNF)-α and interleukins (ILs) 12/23/17 have been used in the treatment of psoriasis (Mahil et al., 2016). While biologics are effective treatments, they are not always valid for all patients with psoriasis. During the long-term use of biological agents, the phenomenon of secondary non-response (SNR) to biological agents such as TNF-α monoclonal antibody (mab) has been gradually recognized (Rubbert-Roth et al., 2019). SNR refers to the gradual decline of efficacy after the patient achieves clinical remission with biological agents during the first six months. SNR is not uncommon even for the latest interleukin-17 monoclonal antibody (Weng et al., 2018). Part of the mechanism of SNR may be related to the production of the anti-drug antibodies, which is more common than primary unresponsiveness (Vallejo-Yagüe et al., 2021). It has been reported that the traditional systemic drugs (such as MTX and acitretin) can improve the secondary non-response to the biologics (Cather and Crowley, 2014). The combination therapy of MTX and biologics has been widely used to treat other inflammatory diseases, including rheumatoid arthritis (RA) and inflammatory bowel disease (IBD) (Busard et al., 2018). However, the adverse reactions of hepatotoxicity and gastrointestinal limit the clinical use of MTX (Cather and Crowley, 2014), and its combination with TNF-α mab increases the risk of reactivation of tuberculosis (Lorenzetti et al., 2014). Acitretin, as a traditional antiproliferative and immunomodulatory systemic drug for psoriasis, reduces the proliferation of keratinocytes, promotes the differentiation of keratinocytes, and also inhibits the induction of Th17 cells (Booij and Van De Kerkhof, 2011). It can also be used in patients with immunosuppression, such as those with infections or those susceptible to cancer (Gisondi et al., 2008). The combination of acitretin and biological agents can increase the efficacy of acitretin and also improve the SNR to biological agents (Gisondi et al., 2008) with good tolerance. But there are individual differences in the effect of acitretin (Cather and Crowley, 2014), especially in treating the SNR with the biologics, which should be investigated more precisely.
Single-nucleotide polymorphisms (SNPs) are the sequence polymorphisms of DNA caused by variation of a single nucleotide at the genome level, which is widespread in the human genome (Lander, 1996). Some SNPs have been used to identify genetic factors associated with complex diseases (Li et al., 2015), and more than 40 SNPs are confirmed to be related to psoriasis (Tsoi et al., 2012). The pro-inflammatory cells such as Th1 and Th17 cells are regulated at the genetic level (Farh et al., 2015). The SNPs of TNF-a (rs1799724 (Murdaca et al., 2017)), IL-6 (rs1800795 (Białecka et al., 2015)), IL-17 (rs10484879 (Murdaca et al., 2017), rs4819554 (Villalpando-Vargas et al., 2021)) IL-23 (rs11209032 (Karaderi et al., 2009), rs11209026 (Teng et al., 2015), rs2201841 (Zhu et al., 2012)), IL-12B (rs6887695 (Eiris et al., 2012), rs3212227 (Cargill et al., 2007)) and other pro-inflammatory cytokines are significantly associated with the pathogenesis of psoriasis. With the development of pharmacogenomics, genetic polymorphisms have been shown to be important factors of individual differences in drug response (Franke et al., 2008). Vinod Chandran et al.(Chandran et al., 2010) have shown that SNP (rs1232027) is related to the efficacy of methotrexate in the treatment of psoriatic arthritis, while the liver damage effect of cyclosporine (a medicine for the systemic treatment of psoriasis) has been shown to be related to CYP3A4*18B (Xin et al., 2014). Pharmacogenomics can be used to judge the efficacy of traditional systemic drugs or biological agents in the treatment of psoriasis (Murdaca et al., 2017; Ovejero-Benito et al., 2018), but there have been few reports on the use of pharmacogenomics to alleviate the SNR to biological agents. In order to screen out patients who are more suitable for using acitretin to reduce SNR to TNF-a monoclonal antibody, the study analyzed the relationship between different inflammatory cytokine-related SNPs and the therapeutic effect of acitretin alleviating SNR, so as to identify relevant genetic prognostic biomarkers and provide a reference for individualized treatment of patients.
MATERIALS AND METHODS
Subjects
The study was retrospective, including 43 patients with psoriasis and 24 normal controls. As shown in Figure 1, the patients with psoriasis were divided into two groups: patients who used acitretin after the secondary loss of response to TNF-α mab, and patients who used acitretin-only. In order to find out the relationship between different SNPs and the effect of acitretin alleviating SNR on biological agents, the study detected and analyzed the differences in SNPs between the effective and ineffective patients within each treatment group. Patients with SNR to TNF-α mab were retrospectively assessed by experienced dermatologists. SNR referred to the gradual decline of efficacy after the patient achieves clinical remission with TNF-α mab during the first 6 months. Recruited psoriasis patients were based on the following inclusion criteria: 18 years of age or older and their clinically diagnosed course of psoriasis was at least 6 months. TNF-α mab we used in the study included 16 cases of adalimumab and 3 cases of etanercept. The Exclusion criteria of patients were as follows: drug-induced psoriasis; the presence of skin diseases other than psoriasis that might interfere with clinical assessment (eg, eczema); somatic diseases which significantly reduced the immunity of patients (hematological diseases, neurological diseases, infectious diseases, liver diseases, kidney diseases, and lung diseases). The PASI score (Oakley, 2009) was used to evaluate the clinical severity of psoriasis. According to the different treatment goals of traditional systemic drugs and the biologics of psoriasis in the guidelines and literature, PASI50 was defined as effective in patients who only used acitretin for treatment, and PASI75 was defined as effective in patients who used acitretin after secondary non-response to TNF-α mab (Chiu and Tsai, 2019).
[image: Figure 1]FIGURE 1 | The flowchart of clinical trials and analysis in this study.
Gene Typing
5 ml of venous blood was drawn from each participant for genotyping. All blood samples were stored at −80°C until use. DNA was extracted using the Ezup Column Blood Genomic DNA Extraction Kit according to the manufacturer’s protocol (Sangon biotech, B518253). The allele of psoriasis-susceptible inflammatory cytokines loci including rs1800795 (Białecka et al., 2015) (IL-6), rs6887695 (Eiris et al., 2012) (IL-12b), rs3212227 (Cargill et al., 2007) (IL-12b), rs10484879 (Murdaca et al., 2017) (IL-17A), rs4819554 (Villalpando-Vargas et al., 2021) (IL-17RA), rs763780 (Villalpando-Vargas et al., 2021) (IL-17F) and rs11209032 (Karaderi et al., 2009) (IL23R), rs11209026 (Teng et al., 2015) (IL23R), rs2201841 (Zhu et al., 2012) (IL23R) were detected. SNPs were genotyped by allele-specific matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MassARRAY® MALDI-TOF System).
Statistical Analysis
All analyses were performed using SPSS 18.0 statistical software package (IBM SPSS, IL, United States). The frequency distribution of alleles in different subgroups was tested by Fisher’s exact test analysis. Analysis of variance was used to analyze different allele and genotype frequencies and PASI baseline scores. Efficacy comparisons between different genotypes and patients were analyzed using the Kruskal–Wallis test. Two-tailed p-values less than 0.05 were considered significant.
RESULTS
Epidemiological Data of the Participants and the Association Between Their Detected SNPs and Psoriasis
A total of 43 patients with psoriasis (19 patients treated with TNF-α mab and acitretin, 24 patients treated with acitretin only) and 24 normal controls were included in this study. The enrolled patients with psoriasis were all severe (PASI score 25.45 ± 12.66), of which 35 were psoriasis vulgaris, three were erythrodermic psoriasis, two were arthritic psoriasis, two were pustular psoriasis, and one was psoriasis guttate. The average age of the psoriasis patient was 52.56 ± 16.13, including 25 males and 18 females. The average age of the normal controls was 58.83 + 10.44, including 11 males and 13 females. There was no statistically significant difference in the distribution of age and gender between patients and normal controls (Table 1). The enrolled individuals were genotyped for the SNPs including rs1800795 (IL-6), rs6887695 (IL-12b), rs3212227 (IL-12b), rs10484879 (IL-17A), rs4819554 (IL-17RA), rs763780 (IL-17F), rs11209032 (IL23R), rs11209026 (IL23R), and rs2201841 (IL23R). There was no significant difference between SNPs rs11209026, rs10484879, and rs1800795 between the two groups. It was suggested that the population of GG genotype at the IL-12b rs3212227 variants was dominated by normal controls rather than the psoriasis population (χ2 = 7.664, p = 0.022), and the T allele showed a higher frequency in the psoriasis population (p = 0.036). The allele and genotype frequencies of the other five SNPs (rs6887695, rs4819554, rs763780, rs11209032, and rs2201841) were not statistically associated with psoriasis susceptibility (Table 2). None of the selected SNPs was found to be associated with the severity and type of psoriasis (Table 3).
TABLE 1 | The demographics data of psoriasis patients and controls.
[image: Table 1]TABLE 2 | Association of the alleles at SNPs and the genotype frequency with susceptibility to psoriasis.
[image: Table 2]TABLE 3 | The relationship between each SNP and the inflammatory degree (PASI score)/different types of psoriasis.
[image: Table 3]Relationship Between SNP Genotype and the Effect of Acitretin Reducing SNR to TNF-α Mab
The patients who used acitretin after SNR to TNF-α mab (T&A) were divided into an effective group and a noneffective group. There were four patients in the effective group, and their PASI score improved 84.90 ± 10.48% compared with the baseline. There were 15 patients in the non-effective group, and the PASI score improved by 56.39 ± 9.37%. The patients who were treated with acitretin only (A) were also divided into an effective group and a noneffective group. There were six patients in the effective group, and the PASI score improved 59.89 ± 5.10% compared with the baseline. There were 18 patients in the non-effective group, and the PASI score improved by 33.95 ± 11.88%. There was difference at IL-23R SNP (rs11209032, χ2 = 6.577, p = 0.02) between the effective group (T&A) and the non-effective group (T&A). The frequency of AA genotype in the effective group (T&A) was higher than that in the noneffective group (66.7%). No correlation between rs11209032 and the efficacy was found in patients who used acitretin only, so the effect of this SNP on the sensitivity of acitretin was excluded. Moreover, in patients treated with acitretin alone (A), the SNP (rs3212227, χ2 = 6.124, p = 0.035) at the IL-12b was significantly different between the effective group and the non-effective group. The frequency of the TG (50.0%) genotype was significantly higher than that of the GG (16.7%) genotype in the effective group (A). The frequency of the GG (72.20%) genotype in the non-effective group (A) was significantly higher than that of the TG (11.1%) genotype. The other SNPs were not found to be associated with the efficacy of acitretin alleviating SNR or acitretin alone (Table 4).
TABLE 4 | Comparison of the relationship between each SNP and the efficacy of acitretin alone or the efficacy of acitretin treating secondary non-response to TNF-a biological agents.
[image: Table 4]DISCUSSION
With the continuous development of molecular biology, the research on inflammatory pathways in the pathogenesis of psoriasis has gradually become precise. The biological therapies targeting the inflammatory cytokines such as tumor necrosis factor (TNF)-α and interleukins (ILs)-12/23/17 have shown good efficacy, which have been the first-line systemic treatment for psoriasis in many national guidelines (Mahil et al., 2016; Amatore et al., 2019; Smith et al., 2020; Nast et al., 2021). Although their effect on most patients is good, there are still some patients with limited response to the biologics, which is called primary nonresponse. Secondary non-response refers to the gradual decline of efficacy after the patient achieves clinical remission with biological agents during the first 6 months (Vallejo-Yagüe et al., 2021). For patients with SNR to the biologics, current interventions include increasing the dose or switching to another therapy, such as adding traditional systemic drugs. Methotrexate is an immunosuppressant in combination with a TNF-α inhibitor that can eliminate antidrug antibodies and restore clinical response (Ben-Horin et al., 2013), but hepatotoxicity and reactivation of tuberculosis of methotrexate greatly limit its use (Lorenzetti et al., 2014; Vallejo-Yagüe et al., 2021). Therefore, our study turned attention to acitretin. As a routine clinical drug for psoriasis, the effectiveness of acitretin in alleviating SNR to the biological agents has been reported (Gisondi et al., 2008; Cather and Crowley, 2014). In patients with refractory psoriasis, the combination of acitretin and the TNF-α monoclonal antibody like etanercept has achieved a good result (Armstrong et al., 2015). In the era of biologics treating psoriasis, it is required more precise guidance in order to reduce the possible drug resistance and economic losses caused by random drug switches. An increasing number of studies are dedicated to finding predictors to guide the dosing of biologics (Gisbert and Chaparro, 2020), and SNP is one of the common biomarkers (Franke et al., 2008). To take advantage of the robust SNP data and to better understand the genetic susceptibility to psoriasis, our study utilized known risk genes to search for novel prognostic markers for acitretin reducing secondary non-response to TNF-α mab.
This study included the patients who received acitretin after the secondary non-response to the TNF-a inhibitor. Since the relationship between the efficacy of TNF-α monoclonal antibodies and different inflammatory SNPs has been reported, it could be used to further exclude the potential impact of different SNPs on the sensitivity of TNF-α mab (van den Reek et al., 2017; Murdaca et al., 2017). In order to distinguish that the improvement in efficacy was due to the acitretin alleviating SNR to TNF-α mab rather than the response of acitretin itself, we also included patients who received acitretin-only for comparison. In the traditional systemic therapy, patients were defined as remission when they improved more than 50% compared to the baseline PASI score (PASI50). With the clinical use of biological agents, the overall efficacy of psoriasis has been greatly improved, and the treatment goals have also increased. PASI75 has been used as an indicator to evaluate the therapeutic effect of psoriasis biological agents (Chiu and Tsai, 2019). Therefore, we used different efficacy-judging indicators in the acitretin alleviating SNR in the TNF-α mab group and the acitretin-only group. For patients with SNR to TNF-α mab, we found that the genotype of rs11209032 (IL-23R) was biased towards an AA in patients who responded to the combination therapy, and the genotype of rs11209032 was biased towards AG in patients who did not respond to the therapy. But we did not find a meaningful association of rs11209032 in acitretin-only patients. Therefore, we suggested that in patients with AA genotype of rs11209032, acitretin can better alleviate the SNR to TNF-α monoclonal antibody, which was not due to the effect of acitretin itself. The correlation between the efficacy of TNF-α monoclonal antibody and IL-23R genetic polymorphism has not been found in the current pharmacogenomics studies, so the potential impact of rs11209032 on the initial response of biologics could be excluded (van den Reek et al., 2017; Murdaca et al., 2017). In patients treated with acitretin alone, the genotype of rs3212227 (IL-12B) was biased to genotype TG in patients who had achieved PASI50 and genotype GG in patients who did not achieve PASI50. While rs3212227 was also significantly different in the distribution of psoriasis and normal controls (χ2 = 7.664, p = 0.022), and T allele also showed a higher frequency in the psoriasis population (p = 0.036) (χ2 = 6.317, p = 0.048). IL-12 and IL-23 play important roles in the pathogenesis of psoriasis by sharing the p40 subunit required for binding to their receptors which have been shown to be overexpressed in psoriatic lesions. IL-12 and IL-23 can induce cells to differentiate into Th1/Th17, thereby increasing the production of pro-inflammatory cytokines, including IL-17A, IL-17F, IL-22, IL-26, IFN-γ, CCL20, and TNF-α(Jeon et al., 2017). In addition, the role of interleukin 12/23p40 cytokines in psoriasis and other inflammatory diseases is also supported by the effectiveness of interleukin 12/23 mAb therapy (Eiris et al., 2012). Rs11209032 has been shown to be associated with many diseases, including psoriasis, Behcet’s disease, and ankylosing spondylitis and is related to the efficacy of immunotherapy in aplastic anemia (Jiang et al., 2010; Roberts et al., 2016; Zhao et al., 2018). Rs3212227 has been extensively studied in diseases (for example, rheumatoid arthritis (Shen et al., 2015), cervical cancer (Chen et al., 2009)) and the possibility of being a relevant marker of prognosis has been proposed in different tumors (Cerhan et al., 2007; Yuzhalin and Kutikhin, 2012). Therefore, this study suggested that rs11209032(IL-23R) and rs3212227(IL-12B) may be used as genetic biomarkers for clinic use. In patients with psoriasis, the genotype of rs11209032 can be detected to determine whether acitretin is suitable to reduce the SNR and the genotype of rs3212227 can also be detected to know their response to acitretin in advance. In addition, there was no significance of rs11209026, rs10484879, rs1800795, rs6887695, rs4819554, rs763780, and rs2201841 between each group. The sample size may need to be further expanded.
The combination of traditional medications and biologics has potential synergistic effects. In addition to alleviating SNR to the biological agents, combination therapy can improve drug efficacy, accelerate the remission and reduce the costs of disease (Cather and Crowley, 2014). Improving the long-term efficacy of TNF-α monoclonal antibodies can reduce the incidence of cardiovascular events and mortality (Hugh et al., 2014; Rubbert-Roth et al., 2019). In addition, since the elevation of psoriasis-related inflammatory cytokines may also be associated with other inflammatory comorbidities (Cather and Crowley, 2014), enhancing the long-term efficacy of monoclonal antibodies may also provide broader benefits for patients.
CONCLUSION
Our study investigated the possibility of inflammatory cytokines SNPs as biomarkers for the prediction of acitretin alleviating SNR to TNF-α mab. We found that in patients with homozygous AA at the SNP rs112009032 (IL-23R), acitretin could improve the SNR to TNF-α monoclonal antibody. Patients with the genotype of TG at rs3212227 (IL-12B) were more sensitive to using acitretin in the treatment of psoriasis. Rs3212227 was also associated with the susceptibility to psoriasis. The study is an exploration of using the data of SNPs to provide a clinical decision reference for personalized treatment of secondary loss of response to psoriasis biologics.
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Following spinal cord injury (SCI), microglia gradually migrate to the edge of the lesion, interweaving around the border of the lesion to form the microglial scar, which performs inflammatory limiting and neuroprotective functions. Recent reports showed that Yes-associated protein (YAP) was expressed in astrocytes and promoted the formation of astrocytic scars, while YAP was not expressed in microglia after SCI. YAP and its paralogue transcriptional coactivator with PDZ-binding motif (TAZ) are transcriptional coactivators, which have a similar functional role as both are negatively regulated by the Hippo signalling pathway. However, the expression and function of TAZ after SCI are unclear. Our research group previously found that Fascin-1 was highly expressed in microglia and promoted migration of microglia after SCI, and that, there was a close regulatory relationship between Fascin-1 and YAP/TAZ. In this study, we demonstrated that TAZ was significantly upregulated and mainly expressed in microglia after SCI, and accumulated in the nuclei of microglia in the spinal cord at 14 days post-SCI. Moreover, TAZ was upregulated and accumulated in the nuclei of anti-inflammatory M2-like (M2-L) polarized or myelin-treated microglia. Additionally, XMU-MP-1 (an inhibitor of the Hippo kinase MST1/2 to active TAZ) promoted the aggregation of microglia around the lesion core, resulting in the formation of microglial scars and the functional recovery of mice after SCI. Our findings also indicated that TAZ promoted microglial migration in vitro. Mechanistically, Fascin-1 interacted with TAZ, which upregulated TAZ expression and induced TAZ nuclear accumulation in microglia to promote microglial migration. These findings revealed that TAZ mediated microglial migration to the edge of the lesion core, promoting the formation of microglial scars and functional recovery after SCI. Moreover, TAZ was downstream of Fascin-1, which positively regulated microglial migration after SCI.
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INTRODUCTION
Spinal cord injury (SCI) is a destructive neurological disease that causes loss of motor and sensory functions (Wang, Botchway et al., 2021). The pathophysiology of SCI is related to complicated molecular and cellular biological processes, that can be split into two phases: primary and secondary damage. The primary damage is generated by the initial injury to the spinal cord, which directly results in a cascade of secondary damages that lasts several weeks until the incision closes and the glial scar forms (Tran, Warren et al., 2018). This damage can cause a complex series of inflammatory and pathological processes that eventually lead to scarring. Following SCI, the scars mostly consist of astrocytic scars, fibrotic scars and microglial scars. Microglia migrate around the margin of the lesion core, and encircle the injury centre to form the microglial scar at the interface between the fibrotic scar and the astrocytic scar, which contributes to decreasing axon contraction and neuronal death, reducing lesion size, and promoting functional recovery (Bellver-Landete, Bretheau et al., 2019). However, the mechanism by which microglia migrate around the lesion core to form microglial scars is still unclear.
Our previous research confirmed that Fascin-1 was highly expressed specifically in microglia and promoted microglial migration after SCI, but the downstream molecules of Fascin-1 that promote microglial migration were not clear (Yu, Cheng et al., 2021). Fascin-1 is a F-actin bundling protein, mainly located at the fascicle core, that enables cells to form pseudopod-like structures and thus increases cell migration (Sun, He et al., 2011). Recent reports suggested that Fascin-1 can regulate the activity of Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ), and that YAP/TAZ is the transcriptional coactivator of the Hippo signalling pathway, which can mediate cell migration (Kang, Wang et al., 2018; Zhou, Shen et al., 2020; Pu, Huang et al., 2021). This suggested that YAP/TAZ may mediate the promigratory effect of Fascin-1 on microglia after SCI. YAP is elevaled and activated in astrocytes after SCI, whereas, YAP is not expressed in microglia after SCI (Xie, Shen et al., 2020). Therefore, Fascin-1 cannot facilitate microglial migration by acting on YAP after SCI. At present, it is not clear whether the cellular localization and function of TAZ follow SCI and whether TAZ mediates the promigratory effect of Fascin-1 on microglia after SCI.
In this study, we demonstrated that the TAZ protein was elevated and displayed nuclear distribution in microglia at 14 days after SCI. TAZ was upregulated and entered the nucleus in myelin-treated microglia or anti-inflammatory M2-like (M2-L) microglia. Additionally, we found that XMU-MP-1 (an inhibitor of the Hippo kinase MST1/2 to active TAZ) increased the formation of microglial scars and improved the functional recovery of SCI. TAZ promoted microglial migration in vitro. Finally, our data indicated that Fascin-1 interacted with TAZ, and facilitated the migration of microglia by upregulating TAZ and inducing the entry of TAZ into the nucleus of microglia after SCI, and that there may be Fascin-1-TAZ pathway regulated microglial migration after SCI. Targeted activation of the Fascin-1-TAZ pathway is a potential means of treating SCI.
MATERIALS AND METHODS
Animals
All study protocols involving mice complied with the principles of the Animal Committee of Ethics of Anhui Medical University (Approval No: LLSC20160052). Seven-week-old female C57BL/6J mice (weighing 17–22 g) were acquired from the Experimental Animal Center of Anhui Medical University. All mice were raised in a temperature-controlled room (23 ± 2°C) on a 12 h light-dark cycle with free access to water and food.
Spinal Cord Injury Model and Treatment
The mice were anaesthetized with pentobarbital, which was injected intraperitoneally with 50 mg/kg. The spinal cords were completely exposed at the level of the T10 site through laminectomy. The exposed spinal cords were clamped with modified forceps for 5 s from both sides (McDonough, Monterrubio et al., 2015). Then, the wound was sutured layer by layer with thread after disinfection of the incision. The mice with SCI received routine anti-infective care and assisted urination care every day during their recovery. The sham-operated control group underwent laminectomy without injury. As reported in a previous study, intraperitoneal injection of XMU-MP-1 may be able to cross the blood-brain barrier (Qu, Zhao et al., 2018). XMU-MP-1 (Y-100526, MedChemExpress), dissolved in DMSO, was injected intraperitoneally at a dose of 1 mg/kg administered every 2 days (Fan, He et al., 2016).
Myelin Preparation
The purification of myelin debris from mouse brain tissue via sucrose density gradient centrifugation, was performed as previously reported (Norton and Poduslo 1973). Briefly, the brain tissues were homogenized in a 0.35 M sucrose solution. We isolated myelin debris from brain tissues via sucrose density gradient centrifugation, including ultracentrifugation in 0.85 M sucrose (100,000 g, 4°C, 40 min), resuspension in Tris-Cl buffer (100, 000 g, 4°C, 40 min), washing (200,000 g, 4°C, 15 min) and resuspension in 10 ml buffer. A final concentration of 1 mg/ml was used to stimulate cells in all tests.
Cell Culture and Transfection
The BV-2 microglial cell line was provided by the BeNa Culture Collection (Beijing, China, Resource ID: BNCC337749). BV-2 cells were cultured in DMEM (HyClone/Thermo), supplemented with 10% foetal bovine serum (FBS, Thermo -Fisher Scientific) at 5% CO2 and 37°C in a humidified atmosphere.
BV-2 cells were seeded in 6-well plates or 24-well plates at approximately 60%–70% confluency. Following the manufacturer’s transfection protocol, three different siRNAs targeting TAZ mRNA (siTAZ#1, siTAZ#2, siTAZ#3) were transfected into BV-2 cells using jetPRIM (Polyplus Transfection, 114–15). The sequences of siTAZ#1, siTAZ#2, and siTAZ#3 were as follows: siTAZ#1 sense (5′-CCC​UCU​UCA​ACU​CUG​UCA​UTT-3′), siTAZ#2 sense (5′-GCC​AGA​GAU​ACU​UCC​UUA​ATT-3′), and siTAZ#3 sense (5′-CUG​CCU​UCC​AGG​AAC​AAA​UTT-3′). Three different siRNA targeting Fascin-1 mRNA (siFascin-1#1, siFascin-1#2, siFascin-1#3) were transfected into BV-2 cells through using jetPRIM (Polyplus Transfection, 114–15). The sequences of siFascin-1#1, siFascin-1#2, siFascin-1#3 were as follows: siFascin-1#1 sense (siRNA:5′-CAGCCAAUCAGGAUGAAGATT-3′), siFascin-1#2 sense (siRNA:5′-CCGCAGGUUAACAUCUACATT-3′), siFascin-1#3 sense (siRNA:5′-GAUGCCAACCGUUCCAGUUTT-3′). The siRNA and nonspecific control (siNC) were designed and synthesized by GenePharma (Shanghai, China). The TAZ overexpression plasmid pCMV-HA-TAZ (HA-TAZ), Fascin-1 overexpression plasmid pcDNA3.1-Flag-Fascin-1 (Flag-Fascin-1), and the empty vectors pCMV-HA (HA) and pcDNA3.1-Flag (Flag) were designed and synthesized by Shanghai Haoge Biotechnology Limited Company. The plasmids were transfected into BV-2 cells by Lipofectamine 2000 (Invitrogen). These cells were further cultured in DMEM for 24 h in 5% CO2 at 37°C and collected for subsequent experiments.
Tissue Preparation
The mice wereanaesthetized with 0.9% normal saline and 4% paraformaldehyde (PFA), and a 6 mm portion of the spinal cord surrounding the injury centre was extracted. The tissues were placed into the dewatering tank for dehydration: 75% alcohol for 4 h, 85% alcohol for 2 h, 95% alcohol for 1 h, anhydrous ethanol twice, for 30 min each time, alcohol benzene for 5–10 min, xylene twice, for 5–10 min each time, and a wax soak for 3 h. After the dehydration process was complete, the wax-soaked tissue was embedded in the embedding machine. Then, the wax block was placed on the paraffin slicer to obtain 6 µM thick sagittal sections. During western blot analysis, the blood of mice was removed by 0.9% normal saline perfusion through the heart after anaesthesia, and spinal cord tissue 6 mm from the lesion centre was collected.
Immunofluorescence Staining Analysis
The spinal cord sections were fixed with 4% PFA for 48 h at 4°C. The sections were dehydrated, cleared, wax-soaked, and paraffin-embedded. The sections were sliced into 6 µM thick sections with a microtome for drying, dewaxing, and antigen retrieval. Subsequently, the spinal cord tissue sections were blocked with 5% goat serum (Beyotime) −0.3% Triton X-100- phosphate buffered saline (PBS) at room temperature for 1 h. The sections were incubated overnight with the following primary antibodies at 4°C: mouse anti-TAZ (1:100, Proteintech, 66500-1-lg), rabbit anti-Fascin-1 (1:100, Abcam, ab126772), goat anti-Iba1 (1:100, Novus Biologicals, NB100-1028), rabbit anti-CX3CR1 (1:200, Abcam, ab8021), rabbit anti-GFAP (1:100, Proteintech, 16825-1-AP), and goat anti-PDGFRβ (1:100, R&D Systems, AF1042-SP). The sections were subsequently incubated with secondary antibodies for 1 h at room temperature in the dark. We used the secondary antibodies conjugated with Alexa Fluor 488(Invitrogen), and Alexa Fluor 594 (1:500, A-21202, A-21207, A-11058, Invitrogen). Finally, the tissues were stained with 4′,6-diamidino-2-phenylindole (DAPI 1:1000, Sigma Millipore) to visualize the nuclei. The images were acquired through a fluorescence microscope (Zeiss).
Immunocytochemistry Staining
After BV-2 cells were cultured with different treatments, they were fixed in 4% PFA for 25 min. Then, they were blocked with 5% goat serum-0.3% Triton X-100- PBS at room temperature for 50 min. The cells were incubated overnight at 4°C with primary antibodies, the primary antibodies included mouse anti-TAZ (1:100, Proteintech, 66500-1-lg), rabbit anti-Fascin-1 (1:100, Abcam, ab126772). The next day, the cells were treated with secondary antibodies for 1 h at room temperature as outlined above. Finally, the cells were stained with DAPI (1:1000, Sigma Millipore) and the images were photographed using a fluorescence microscope (Zeiss).
Microglial Polarization
BV-2 cells were cultured in 6-well plates or 24-well plates to approximately 70–80% confluence. After incubating in serum-free DMEM for 24 h, the cells were treated with lipopolysaccharide (LPS; 100 ng/ml, Beyotime Biotechnology, ST1470, Shanghai, China) plus IFNγ (20 ng/ml, Beyotime Biotechnology, China) for M1-L polarization, and IL-4 (20 ng/ml, Beyotime Biotechnology, P5916) for M2-L polarization, after which the BV-2 cells were cultured for 24 h.
Western Blot Analysis
The spinal cords or cultured microglia were extracted using RIPA buffer (Solarbio Science & Technology Co., Ltd. Beijing, China), which included protease and phosphatase inhibitors. Next, equal amounts of protein samples were separated by 10% SDS-PAGE gels and subsequently blotted onto PVDF membranes. The membranes were blocked with 5% fat-free milk at room temperature for 1 h. Afterwards, the membranes were incubated with various primary antibodies, including mouse anti-GAPDH (1:5000, Proteintech, 60004-1-Ig), rabbit anti-Fascin-1 (1:300, Abcam, ab126772), rabbit anti-TAZ (1:500, Affinity, DF4653), mouse anti-TAZ (1:500, Proteintech, 66500-1-lg) at 4°C overnight. The membranes were incubated with goat anti-mouse (1:5000, A4416, Sigma, United States), and goat anti-rabbit (1:10000, 19003-1-AP, Proteintech) secondary antibodies for 2 h. GAPDH was used as an internal control. The protein bands were detected using enhanced chemiluminescence (ECL LI-COR Inc. United States). ImageJ was used for quantitative analysis.
Transwell Assay
The migration ability of BV-2 cells was assessed by Transwell assays using Transwell chambers (Costar, 3415). Different treatment groups were designed according to the experimental requirements. Serum-free cell suspensions were seeded in the upper chamber (1×105 cells per chamber), and the lower chamber was filled with 10% FBS for 24 h. The chamber cells were fixed with 4% PFA for 20 min and stained with crystal violet for 15 min, after washing with ddH2O water 3 times. The stained cells were observed and counted under an inverted microscope.
Scratch Assay
BV-2 cells were seeded in 6-well plates until reaching approximately 90–100% confluence. Then, according to the different design groups, BV-2 cell monolayers in the control group and treatment group were scratched with 200 μl sterile pipets to form a wound-like gap. At 0 h, dead cells and floating cells were removed with PBS, after which the cell monolayer was cultured in DMEM. The migration of the cells was observed, and images were recorded at 0 h and 24 h. The wound healing closure rate was analysed using ImageJ.
Coimmunoprecipitation
The relationship between Fascin-1 and TAZ in 7-day SCI tissues and myelin-treated microglia was assessed by coimmunoprecipitation (Co-IP) assay. The 7-day SCI tissues and myelin-treated microglia were lysed using Co-IP lysis buffer containing protease/phosphate inhibitors (P1050, Beyotime Biotechnology, Shanghai, China) for 30 min. The supernatants were extracted after centrifugation at 12,000 g for 30 min at 4°C. The supernatants were incubated with the primary antibodies, an anti-Fascin-1 antibody or IgG overnight at 4°C. After the immunoprecipitation reaction, the immunoprecipitated protein was mixed with protein A/G beads, and the mixture was incubated for 3 h at 4°C. The beads were washed three times with ice-cold washing buffer, and then eluted by heating in 2 × SDS loading buffer for 10 min. The proteins were collected for subsequent immunoblotting of Fascin-1 and TAZ.
Behavioural Assessment
The mice were tested for recovery of locomotor function 0, 3, 7, 14, and 28 days after SCI via the Basso Mouse Scale (BMS). This rating scale evaluated not only trunk stability, but also limb movement, stepping, and coordination in an open field. The scale ranges from 0 (completely paralyzed) to 9 (completely normal) (Basso, Fisher et al., 2006). Footprint analysis was used to assess the locomotor capacity of the front and back limbs at 28 days after SCI, the forelimbs and hind limbs were immersed in green and red dyes, and the mice walked on a narrow track lined with white paper to measure paw rotation, stride length and width (Ma, Basso et al., 2001). The behavioural tests were performed independently by four reviewers who were blinded to the groups of mice.
Statistical Analysis
All experiments were carried out independently, and GraphPad Prism software (version 8.0, GraphPad Software, USA) was used for statistical analysis. The results are expressed as the means ± standard error of the mean (SEM), and multiple-group comparisons were statistically analysed by one-way analysis of variance (ANOVA) with Tukey’s method. p <0.05 suggested a significant difference.
RESULTS
Transcriptional Coactivator With PDZ-Binding Motif is Upregulated After Spinal Cord Injury, Primarily in Iba1+ Cells Around the Lesion Core
To explore the changes in TAZ expression at different stages after SCI, western blotting was performed, and the results suggested that the expression of TAZ protein was notably upregulated at the lesion site from 3 days and reached its peak at 7 days following SCI in comparison to that before injury (Figures 1A,B). Iba1 is a common marker of microglia, that can be used to identify microglia after SCI (McDonough, Hoang et al., 2013; Ullah, Choe et al., 2018). To explore the temporal and spatial expression pattern of TAZ in the tissues on different days after SCI, we performed double immunostaining of TAZ and Iba1. The results showed that compared with before SCI, TAZ was increased significantly at 7 and 14 days after SCI. TAZ and Iba1 were predominantly colocalized around the injury core, which was corresponded to the localization of microglia after SCI. In addition, the TAZ protein was expressed in the cytoplasm at 7 days after SCI, and displayed the nuclear distribution in Iba1+ microglia at 14 days after SCI (Figure 1C). After SCI, the spinal cord tissue is injured, and activated astrocytes, microglia and pericytes together form a dense border to isolate the severely injured region (Tran, Warren et al., 2018). To further analyse the spatial expression pattern of TAZ after SCI, we performed double immunostaining with TAZ and several cell markers, including CX3CR1 (microglia marker), PDGFRβ (pericytes marker) and GFAP (astrocytes marker), in the mouse spinal cords. Our data suggested that TAZ was highly expressed in CX3CR1+ microglia, and slightly expressed in GFAP+ astrocytes or PDGFRβ+ pericytes around the lesion core. Moreover, TAZ protein exhibited nuclear distribution in CX3CR1+ microglia 14 days after SCI (Figure 2). In summary, these results indicated that TAZ was significantly upregulated after SCI, principally surrounded the injury core, and its expression pattern was similar to that of microglia, implying that TAZ may be involved in the formation of microglial scars after SCI.
[image: Figure 1]FIGURE 1 | TAZ was significantly increased and localized in microglia. (A) Western blot analysis of TAZ expression in spinal cords at 3d, 7d, 14d, and 28d after SCI, compared with Pre (pre-operation, Pre). (B) Quantitative analysis of TAZ level as shown in (A). The blots (n = 3 per group) were quantified by a densitometric method using ImageJ software. GAPDH was used as the loading control. Data were mean ± SEM. *p<0.01(Pre vs. 3d or 28d); ***p<0.001 (Pre vs. 7d or 14d). (C) Immunofluorescence labeling in sagittal section of spinal cords showing the spatiotemporal distribution of Iba1 (red), TAZ (green), and DAPI (blue) at Pre, 7d and 14d after SCI. White arrows indicated that TAZ aggregated in the nuclei of Iba1+ cells. The asterisks indicated the centre of the lesion. Scale bars: low magnification, 100 μM; high magnification, 20 μM.
[image: Figure 2]FIGURE 2 | The expression pattern of TAZ in spinal cord tissues at 14 days after SCI. (A–C) Double immunostaining of TAZ (green) and CX3CR1 (red) (A), TAZ (green) and PDGFRβ (red) (B), or TAZ (green) and GFAP (red) (C) in spinal cords at 14 days after SCI. White arrows indicated that TAZ aggregated in the nuclei of CX3CR1+ cells (D) Quantitative analysis of the percentage of TAZ+CX3CR1+, TAZ+PDGFRβ+ and TAZ+GFAP+ cells in total TAZ+ cells in injured spinal cords. Scale bars: low magnification, 100 μM; higher magnification, 20 μM. The asterisks indicated the centre of the lesion. Data were mean ± SEM (n = 3 independent experiments). ****p<0.0001 (TAZ+PDGFRβ+ or TAZ+GFAP+ vs. TAZ+CX3CR1+).
Transcriptional Coactivator With PDZ-Binding Motif Upregulates and Accumulates in the Nuclei in M2-L or Myelin-Treated Microglia
According to relevant studies, microglial polarization is a critical event in secondary damage after SCI, and the aggregation of microglia at the damage core plays a vital role in the inflammatory response to secondary injury (Xu, Wang et al., 2021). Microglia can be polarized into proinflammatory M1-like (M1-L), anti-inflammatory M2-like (M2-L), and resting, unstimulated (M0-L) phenotypes, which participate in the regulation of the SCI microenvironment (Fu, Chen et al., 2022). In addition, some studies have shown that myelin uptake predisposes microglia/macrophages to immunosuppressive and neurotrophic phenotypes, and that the elimination of myelin fragments (phagocytosis) at the site of demyelination by microglia is crucial for remyelination in the central nervous system (Miron, Boyd et al., 2013). We further explored the changes in the expression and localization of TAZ in different microglial states by simulating the in vivo microenvironment of SCI in vitro, through BV-2 microglia cultured to induce microglial polarization and with myelin-treated microglia. Western blot results showed that compared with that in M0-L microglia, TAZ expression was downregulated in M1-L microglia, whereas, TAZ expression was upregulated in M2-L or myelin-treated microglia (Figures 3A,B). Furthermore, analysis of TAZ by immunofluorescence staining revealed that TAZ accumulated around the nucleus in M1-L microglia, nevertheless, TAZ accumulated in the nucleus of M2-L microglia or myelin-treated microglia (Figure 3C). These results suggested that TAZ was upregulated and entered the nucleus in myelin-treated or M2-L microglia.
[image: Figure 3]FIGURE 3 | The changes of TAZ after the polarization of microglia and myelin treatment. (A) Western blot was used to detect the changes of TAZ expression in the different microglial phenotypes and myelin treatment (n = 3 per group), microglia were differentiated into pro-inflammatory M1-like (M1-L), anti-inflammatory M2-like (M2-L), and resting, unstimulated (M0-L) phenotypes. (B) Quantitative analysis of TAZ expression in (A). GAPDH was used as the loading control. Data were mean ± SEM. *p<0.05 (M0-L vs. M2-L); **p<0.01 (M1-L vs. M2-L); **p<0.01 (M0-L vs. Meylin); ***p<0.001 (M1-L vs. Meylin). (C) Representative immunofluorescence images of TAZ (green) in M0-L, M1-L, M2-L microglia and myelin-treated microglia, and the nuclei were stained with DAPI (blue). Yellow arrows indicated that TAZ gathered around the nuclei of microglia. White arrows indicated that TAZ accumulated the nuclei of microglia. Scale bars: low magnification, 100 μM; higher magnification, 20 μM.
Activation of Transcriptional Coactivator With PDZ-Binding Motif Signalling by XMU-MP-1 Promotes the Formation of Microglial Scar and Improves Functional Recovery after Spinal Cord Injury
Based on the high expression and activation of TAZ in microglia after SCI, we further examined the functions exerted by TAZ after SCI. Recent studies have suggested that XMU-MP-1 can inhibit mammalian STE20-like protein kinase 1 (MST1) and mammalian STE20-like protein kinase 2 (MST2) to facilitate their downstream TAZ activation. Next, we tested whether XMU-MP-1 could promote the formation of microglial scars and functional recovery after SCI. Immunostaining results showed that compared with the control group, the formation of microglial scars was notably increased following XMU-MP-1 therapy (Figures 4A–C). Furthermore, the footprint analysis and BMS score revealed that XMU-MP-1 notably promoted functional recovery in mice following SCI in comparison to the control treatment (Figures 4D–H). These results showed that activation of TAZ facilitated the migration and accumulation of microglia to form microglial scars at the lesion border and improve the functional recovery of mice after SCI.
[image: Figure 4]FIGURE 4 | Activation of TAZ by XMU-MP-1 promoted the formation of microglial scars and functional recovery after SCI. (A) Immunostaining of CX3CR1 (red) in the spinal cords of control and XMU-MP-1 treated mice at 14, 28 days after SCI (n = 3 per group). (B, C) Quantitative analysis of the number of CX3CR1+ microglia per mm2 as shown in (A). Data were mean ± SEM. *p<0.05 (control vs. XMU-MP-1) in (B, C). Scale bars: low magnification, 100 μM; higher magnification, 20 μM. (D) Representative the footprint analyses treated with XMU-MP-1 and control group at 28 days after SCI (n = 8 per group). (E–G) Quantitative data were analyzed the grip walk tests treated with XMU-MP-1 and control group at 28 days after SCI in (D). The asterisks indicated the centre of the lesion. Data were mean ± SEM. ****p<0.0001, **p<0.01, *p<0.05, compared with control group. (H) The time course of the functional recovery based on the Basso Mouse Scale score treated with XMU-MP-1 and control group after SCI (n = 8 per group).
Transcriptional Coactivator With PDZ-Binding Motif Promotes Microglial Migration in Vitro
Given that the migration of microglia to the lesion core after SCI is the key process of microglial scar formation, and that TAZ can also promote cell migration, we next examined whether TAZ was required for the migration of microglia in vitro. The TAZ knockdown model was constructed by three different siRNAs targeting TAZ mRNA (siTAZ#1, siTAZ#2, siTAZ#3), of which siTAZ#3 was determined to have the optimal knockdown efficiency as evaluated by Western blot, and therefore siTAZ#3 was used in the subsequent experiments (Figures 5A,B). Scratch tests were used to investigate the effect of TAZ knockdown on microglial migration. The results showed that the healing rate of the siTAZ#3 group was significantly less than that of the siNC group (Figures 5C,D). In addition, the Transwell assays were performed to explore the effect of TAZ knockdown on the migration of microglia. The number of cells crossing the lower chamber in the siTAZ#3 group was less than in the siNC group, which was consistent with the scratch assay results (Figures 5E,F). This suggested that TAZ knockdown inhibited the migration ability of microglia. To further investigate the effect of TAZ on regulating microglial migration, we transfected the HA-tagged expression vector HA-TAZ into microglia to upregulate TAZ expression levels. Western blot results indicated upregulation of the TAZ protein in microglia transfected with HA-TAZ compared with those transfected with the empty HA vector (Figures 5G,H). Then, the scratch assays were conducted to assess the effect of TAZ overexpression on microglial migration. The findings revealed that the healing rate of the HA-TAZ group was notably higher than that of the HA group (Figures 5I,J). In addition, to explore the effect of TAZ overexpression on microglial migration, the Transwell tests were used. More cells crossed the lower chamber in the HA-TAZ group than in the HA group, which was consistent with the scratch assay results (Figures 5K,L). These results suggested that TAZ promoted migration of microglia.
[image: Figure 5]FIGURE 5 | TAZ promoted microglial migration in vitro. (A) Western blot analysis of the expression of TAZ was detected after transfection with siTAZ (knockdown) and siNC (control). (B) Quantitative analysis of TAZ expression in (A). GAPDH was used as the loading control. The blots (n = 3 per group) were quantified as previously described. Data were mean ± SEM. *p<0.05 (siNC vs. siTAZ#1); **p<0.01 (siNC vs. siTAZ#2 or siTAZ#3). According to the results, siTAZ#3 knockdown was the best effect on transfection, and siTAZ#3 was selected for transfection. (C,E) For the scratch assay and Transwell analysis were used to detect the migration of microglia after transfection with siNC and siTAZ#3 for 24 h, and cell migration was recorded 0 and 24 h (n = 3 per group). Scale bar: 200 μM. (D) Quantification of blank area ratio in (C). Data were mean ± SEM. **p<0.01 (siNC vs. siTAZ). (F) Quantitative analysis of the number of transmembrane cells in (E). Data were mean ± SEM. **p<0.01 (siNC vs. siTAZ). Scale bars: 200 μM. (G) Western blot analysis of the expression of TAZ was detected after plasmid HA-TAZ (overexpression) and HA (control) were transfected into microglia. (H) Quantitative analysis of TAZ expression in (G). The imprints (n = 3 per group) were quantified by densitometry using ImageJ software. Data were mean ± SEM. **p<0.01 (HA vs. HA-TAZ). (I,K) Scratch and Transwell analysis, which were used to detect microglial migration after transfection with plasmid HA-TAZ and HA into microglia for 24 h (n = 3 per group), cell migration was recorded 0 and 24 h. Scale bar: 200 μM. (J) Quantification of blank area ratio in (I). Data were mean ± SEM. **p<0.01 (HA vs. HA-TAZ). (L) Quantitative analysis of the number of transmembrane cells in (K). Data were mean ± SEM. **p<0.01 (HA vs. HA-TAZ). Scale bars: 200 μM.
Fascin-1 Upregulates Transcriptional Coactivator With PDZ-Binding Motif and Mediates Transcriptional Coactivator With PDZ-Binding Motif Translocation Into the Nucleus in Vitro
Our team previously revealed that Fascin-1 was highly expressed specifically in microglia and promoted microglial migration after SCI. Recent report indicated that Fascin-1 can mediate TAZ activity (Yu, Cheng et al., 2021). The above results suggested that TAZ was upregulated and accumulated in the nucleus in microglia after SCI. Moreover, TAZ was involved in microglial migration after SCI, and this process might be closely linked to the upregulation of Fascin-1 expression after SCI. Therefore, we explored the effect of Fascin-1 on the subcellular localization and expression of TAZ in microglia. The Fascin-1 knockdown model was constructed by three different siRNAs targeting Fascin-1 mRNA (siFascin-1#1, siFascin-1#2, siFascin-1#3). Western blot results confirmed that Fascin-1 knockdown notably inhibited Fascin-1 and TAZ expression in microglia, siFascin-1#3 showed the optimal knockdown efficiency as assessed by Western blotting and was therefore used for subsequent experiments (Figures 6A–C). To examine the effects of Fascin-1 on the subcellular localization of TAZ in microglia, immunofluorescence staining revealed that knockdown of Fascin-1 caused TAZ to accumulate around the nucleus in microglia compared with the control group (Figure 6D). This result indicated that Fascin-1 knockdown inhibited TAZ from entering the nucleus of microglia. We further explored the regulatory effect of Fascin-1 on TAZ in microglia. Western blot results suggested that the expression of TAZ and Fascin-1 was significantly upregulated in microglia transfected with the Flag-tagged expression vector Flag-Fascin-1 compared with those transfected with the empty vector Flag (Figures 6E–G). Subsequently, Fascin-1 overexpression induced TAZ nuclear accumulation of microglia in comparison to that in the control group, as observed by immunofluorescence staining (Figure 6H). These results illustrated the relationship that Fascin-1 upregulated TAZ expression and mediated TAZ entry into the nucleus of microglia in vitro.
[image: Figure 6]FIGURE 6 | Fascin-1 upregulated TAZ and mediated TAZ into the nuclei of microglia in vitro. (A) Western blot was used to detect the expression levels of Fascin-1 and TAZ after transfection with siFascin-1 (knockdown) and siNC (control) (n = 3 per group). (B,C) Quantitative analysis of the relative levels of Fascin-1 (B) and TAZ (C) as shown in (A). Protein expression was normalized to GAPDH. Data were mean ± SEM. *p<0.05 (siNC vs. siFascin-1#2) in (B); **p<0.01 (siNC vs siFascin-1#3) in (B); *p<0.05 (siNC vs. siFascin-1#2 or siFascin-1#3) in (C). The results showed that knockdown siFascin-1#3 was the best effect on transfection. (D) After transfection of siFascin-1 and siNC into microglia in vitro, double immunostaining analysis of TAZ (green) and Fascin-1 (red) in microglia. Scale bars: low magnification, 100 μM; higher magnification, 20 μM. Yellow arrows indicated that TAZ gathered around the nuclei of microglia. (E) Western blot was used to exam the expression levels of Fascin-1 and TAZ after transfection with plasmid Flag-Fascin-1 (overexpression) and Flag (control) (n = 3 per group). (F,G) Quantitative analysis of the relative levels of Fascin-1 (F) and TAZ (G) as shown in (E). Data were mean ± SEM. **p<0.01 (Flag vs Flag-Fascin-1) in (F). *p<0.05 (Flag vs. Flag-Fascin-1). (H) Double immunostaining analysis of TAZ (green) and Fascin-1 (red) in microglia after transfection with Flag and Flag-Fascin-1. White arrows indicated that TAZ accumulated the nuclear of microglia. Scale bars: low magnification, 100 μM; higher magnification, 20 μM.
The Interaction of Fascin-1 With Transcriptional Coactivator With PDZ-Binding Motif May Lead to Transcriptional Coactivator With PDZ-Binding Motif Nuclear Accumulation in Microglia
It has been previously shown that Fascin-1 can regulate TAZ, conversely, TAZ can also regulate Fascin-1 expression (Lim, Park et al., 2014; Kang, Wang et al., 2018), suggesting mutual regulation between Fascin-1 and TAZ, and therefore we further examined the interaction between Fascin-1 and TAZ in microglia and SCI. The endogenous interaction of Fascin-1 and TAZ was demonstrated by Co-IP assays in the spinal cord at 7 days after SCI and in myelin-treated microglia, which have been widely used in vitro to simulate the microenvironment of SCI (Yu, Cheng et al., 2021). The results showed that the anti-Fascin-1 antibody specifically coprecipitated TAZ, indicating that Fascin-1 could interact with TAZ after SCI (Figure 7A). Subsequently, we tested the changes in the distribution of Fascin-1 and TAZ in spinal cord tissue on different days after SCI. At 7 days, we observed that Fascin-1 colocalized with TAZ in the cytoplasm of microglia. Interestingly, at 14 days, Fascin-1 was expressed in the cytoplasm of microglia, while TAZ displayed a nuclear distribution in microglia (Figure 7B). Taken together, these results revealed that the interaction of Fascin-1 with TAZ may lead to TAZ nuclear accumulation in microglia after SCI.
[image: Figure 7]FIGURE 7 | Fascin-1 interacted with TAZ and mediated the entry of TAZ into the nuclei of microglia in vivo. (A) Coimmunoprecipitation (Co-IP) analysis of the interaction between Fascin-1 and TAZ in myelin-treated microglia and 7 days SCI tissues. IP, immunoprecipitation; Input, total cells and tissue lysate; WB, Western blot analysis. IgG was used as a control IP. Pull down of the endogenous Fascin-1 protein complex was performed using mouse monoclonal Fascin-1 antibody. Fascin-1 and TAZ proteins were detected after Western blot the resulting immunoprecipitates using the rabbit polyclonal Fascin-1 antibody, rabbit monoclonal TAZ antibody. (B) Immunofluorescence markers from the sagittal section of the spinal cords showed the spatio-temporal distribution of Fascin-1 (red), TAZ (green), and DAPI (blue) at pre, 7 and 14 days after SCI. White arrows indicated that TAZ accumulated the nuclei of Fascin-1+ microglia. The asterisks indicated the centre of the lesion. Scale bars: low magnification, 100 μM; higher magnification, 20μM.
Transcriptional Coactivator With PDZ-Binding Motif is Downstream of Fascin-1 in the Regulation of Microglial Migration
The above data confirmed that TAZ was involved in the migration of microglia. Fascin-1 upregulated TAZ expression, induced TAZ nuclear accumulation in microglia, and interacted with TAZ in microglia. Next, we clarified the effect of Fascin-1 regulation of TAZ on microglial migration. We designed a rescue experiment, in which microglia were transfected with Flag+siNC, Flag-Fascin-1+siNC and Flag-Fascin-1+siTAZ. Western blot analysis showed that Fascin-1 overexpression enhanced the expression of Fascin-1 and TAZ, simultaneous Fascin-1 overexpression and TAZ knockdown reversed the upregulated the expression of TAZ caused by Fascin-1 overexpression (Figures 8A–C). The results of Transwell and scratch assays showed that Fascin-1 overexpression significantly promoted the migration of microglia, compared with that of the control group. Moreover, simultaneous Fascin-1 overexpression and TAZ knockdown reversed the enhanced microglial migration caused by Fascin-1 overexpression (Figures 8D–G). These results demonstrated that TAZ was a downstream molecule of Fascin-1 for regulating microglial migration.
[image: Figure 8]FIGURE 8 | TAZ was downstream of Fascin-1 for regulating microglial migration. (A) Western blot was used to detect protein expression changes of Fascin-1 and TAZ after different treatment groups, including Flag+siNC, Flag-Fascin-1+siNC, Flag-Fascin-1+siTAZ (n = 3 per group). (B,C) Quantitative analysis of the relative levels of Fascin-1 (B) and TAZ (C) as shown in (A). The protein expression was normalized to GAPDH. Data were mean ± SEM. *p<0.05 (Flag-Fascin-1+siNC vs Flag+siNC); **p<0.01 (Flag-Fascin-1+siTAZ vs Flag-Fascin-1+siNC) in (B and C). (D,F) Scratch and Transwell tests were used to detect microglial migration in the above treatment groups (n = 3 per group). (E) Quantitative analysis of the number of transmembrane cells in (D). Data were mean ± SEM. **p<0.01 (Flag-Fascin-1+siNC vs. Flag+siNC), **p<0.01 (Flag-Fascin-1+siTAZ vs. Flag-Fascin-1+siNC). Scale bar: 200 μM. (G) Quantification of blank area ratio in (F). Data were mean ± SEM. ****p<0.0001 (Flag-Fascin-1+siNC vs. Flag+siNC), ****p<0.0001 (Flag-Fascin-1+siTAZ vs. Flag-Fascin-1+siNC). Scale bar: 200 μM.
DISCUSSION
In this study, we present three important findings. First, we demonstrated that the TAZ protein was upregulated and displayed nuclear distribution in microglia 14 days after SCI. Additionally, TAZ was upregulated and entered the nucleus in M2-L microglia or myelin-treated microglia. Second, XMU-MP-1 (an inhibitor of Hippo kinase MST1/2 to activate TAZ) facilitated the formation of microglial scars and functional recovery following SCI, and TAZ promoted the microglial migration in vitro. Third, Fascin-1 interacted with TAZ, and Fascin-1 upregulated TAZ and mediated TAZ entry into the nucleus. We demonstrated that TAZ was a downstream molecule of Fascin-1 that regulates microglial migration to form microglial scars around the lesion core after SCI (Figure 9).
[image: Figure 9]FIGURE 9 | TAZ can promote the migration and accumulation of microglia around the lession core to form microglial scar after SCI and Fascin-1-TAZ pathway axis for positively regulating the migration of microglia. In this model, TAZ was downstream of Fascin-1 for regulating microglial migration. TAZ promoted the migration of microglia by Fascin-1 inducing TAZ nuclear accumulation of microglia, which contributed to the migration and accumulation of microglia around the lesion border to form microglial scars and promote functional recovery after SCI.
Glial scars are dense barriers formed by proliferating scar-forming microglia, which are essential for repair and recovery injuries in the central nervous system (CNS) (Tran, Warren et al., 2018). Glial scars impede the diffusion of inflammation, and stimulate vascular remodelling to heighten nutritional and metabolic support to the nervous tissue and promote the recovery of neurological functions (Stichel and Müller 1998). Microglia that migrate to the lesion edge cause secondary damage by secreting proinflammatory cytokines, reactive oxygen species, and proteases (Xu, Wang et al., 2021). However, a recent study revealed that scar forming microglia efficiently facilitated the neurological function recovery (Qian, Kong et al., 2022). This finding suggested that the formation of microglial scars may facilitate neurological function recovery after SCI. Consistently, in this study, we found that promoting the formation of glial scars by activating microglial TAZ improved behavioural recovery after SCI. Interestingly, our data revealed that TAZ was upregulated and activated in microglia after SCI, which was consistent with a previous report that revealed that TAZ was mostly found in secondary neurons and microglia of the spinal cord (Li, Lim et al., 2013). Therefore, we speculated that microglial TAZ may promote functional recovery by promoting microglial migration to affect the formation of glial scars after SCI.
Microglia are deemed one of the earliest and most crucial participants in neuroinflammation of the CNS, having harmful or advantageous influences on remyelination and neural regeneration (Colonna and Butovsky 2017). Following SCI, microglia initially differentiate into the M1-L and M2-L phenotypes, which are essential for regulating the microenvironment of SCI (Han, Yu et al., 2018). M1-L microglia aggravate neuroinflammation, in contrast, M2-L microglia facilitate tissue repair and play a crucial role in anti-inflammatory processes and the removal of cellular debris (Miron, Boyd et al., 2013). Unlike other tissues that possess self-generative ability, M2-L microglia do not persist for a long time following SCI, and M1-L microglia ultimately predominate over M2-L microglia (Kigerl, Gensel et al., 2009). Our study revealed that TAZ was upregulated and accumulated in the nuclei of M2-L microglia in vitro. However, more research is needed to see if there is a link between microglial polarization and TAZ expression in vivo.
Neural repair within the CNS has been extremely challenging because of the limited abilities of neurons to regenerate, particularly in a harmful inflammatory microenvironment that is also filled with myelin debris, therefore, clearance of damaged myelin debris is essential for improving CNS repair (Miron, Boyd et al., 2013). Myelin debris is a hallmark of SCI, and not only includes suppressive molecules that hinder remyelination and axon regeneration, but can also induce inflammatory responses (Kopper and Gensel 2018). Microglia are crucially involved in myelin uptake at demyelinated lesions (Neumann, Kotter et al., 2009). It has been reported that microglia tend to alter their phenotype towards the M2-L phenotype during the process of myelin debris clearance (Miron, Boyd et al., 2013). Consistently, our data suggested that TAZ was upregulated and accumulated in the nucleus in myelin-treated microglia in vitro, and the results were consistent with those of TAZ in M2-L microglia. However, the relationship between microglial phagocytosis of myelin and TAZ expression in vivo needs to be further clarified.
A recent report suggested that the Hippo signalling pathway was crucial to neuronal development and diseases (Emoto 2011). The key elements of the Hippo pathway, such as MST1 and large tumour suppressor 1 (LATS1), participate in neural regeneration and functional recovery. MST1 is an the upstream suppressor protein whose deficiency promotes spinal motor neuron survival by heightening autophagic flux (Zhang, Tao et al., 2017). Furthermore, suppression of LATS1 facilitated astrocyte proliferation after SCI (Wang and Chen 2018). YAP/TAZ are the core components of the Hippo pathway and regulate related target genes for tumour invasion and metastasis (Jeong, Kim et al., 2021). YAP mainly promoted astrocytic proliferation after SCI (Xie, Shen et al., 2020). This finding indicated that TAZ may participate in microglial migration after SCI. Our results confirmed that TAZ promoted microglial migration in vitro. Moreover, treatment with XMU-MP-1 (an inhibitor of Hippo kinase MST1/2 to activate TAZ) facilitated the migration and accumulation of microglia to form microglial scars at the lesion border and improved the functional recovery of mice after SCI, which was consistent with other studies reporting that TAZ can promote the migration of cells (Jeong, Kim et al., 2021). However, the specific effect of TAZ on functional recovery and the formation of microglial scars following SCI should be further confirmed utilizing microglial TAZ-conditional knockout (CKO) transgenic mice.
Fascin-1 is a cytoskeleton-organizing protein that induces membrane protrusions and cell migration by binding to core actin bundles inside microvillar projections and filopodia extensions (Sun, He et al., 2011). Recent reports have shown that Fascin-1 plays an important role in the migratory and intrusiveness of tumour cells through the Hippo pathway (Tong, Yee et al., 2005). YAP and its paralogue TAZ are downstream effectors of the Hippo pathway, and the functional role of TAZ is similar to that of YAP, as YAP and TAZ are negatively regulated by the Hippo signalling pathway (Jeong, Kim et al., 2021). It has been reported that YAP and TAZ can be regulated via Fascin-1. For instance, Fascin-1 promotes liver cancer cell migration and invasion by decreasing YAP and LATS1 phosphorylation and raising total and nuclear levels of YAP activation in liver cancer cells (Pu, Huang et al., 2021). A previous study showed that YAP was elevated and activated in astrocytes after SCI, whereas, Fascin-1 was specifically expressed in microglia and regulated the migration of microglia after SCI (Xie, Shen et al., 2020; Yu, Cheng et al., 2021). Hence, the Fascin-1-YAP pathway cannot facilitate microglial migration after SCI. Furthermore, increasing evidence suggests that the Hippo/TAZ signalling pathway is involved in cancer cell migration, invasion and actin cytoskeleton remodeling (Jeong, Kim et al., 2021). This finding implied that Fascin-1 activity in microglial migration could mediate Hippo/TAZ after SCI. Consistently, we confirmed that TAZ was highly expressed in microglia and that Fascin-1 upregulated the expression of TAZ to promote microglial migration. Additionally, our data indicated that TAZ may enter the nucleus of microglia after the interaction between Fascin-1 and TAZ and that interaction of Fascin-1 with TAZ may lead to TAZ nuclear accumulation in microglia after SCI. Unfortunately, the underlying mechanism of the influence of Fascin-1 on TAZ in the SCI microenvironment, and the interaction domain between Fascin-1 and TAZ need to be further investigated.
In summary, our study revealed that TAZ was elevated and activated in microglia after SCI. Functionally, TAZ may promote the migration and accumulation of microglia around the injury edge to form microglial scars and the recovery of neurological function after SCI. Mechanistically, TAZ was downstream of Fascin-1 in the positive regulation of microglial migration. Therefore, clarifying this mechanism will provide new ideas for the treatment of SCI.
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It is acknowledged that chronic inflammation is associated with a rise in extracellular proton concentrations. The acid-sensing ion channel 1a (ASIC1a) belongs to the extracellular H+-activated cation channel family. Recently, many studies have been conducted on ASIC1a and inflammatory immune diseases. Here, in this review, we will focus on the role of ASIC1a in several inflammatory immune diseases so as to provide new perspectives for clinical treatment.
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INTRODUCTION
Acid-sensing ion channels (ASICs) are a subfamily of degenerin/epithelial Na+ channel family of non-voltage gated cation channels, currently classified as ligand-gated ion channels, including ASIC1, ASIC2, ASIC3, and ASIC4, which are widely expressed in both the peripheral and central nervous systems. ASICs regulation may occur through various means: multitudinous classes of drugs including small molecules, individual chemical entities, protein–protein interactions including toxins and venoms, metals, signal transduction pathways including receptor–receptor initiated activity, and even endogenous compounds (Alvarez de la Rosa et al., 2000; Zha et al., 2006; Zeng et al., 2014; Wang et al., 2016). Numerous studies have illustrated that ASICs are directly activated by extracellular protons, are shown to contribute to a variety of pathophysiological condition that involves tissue acidosis (Ziemann et al., 2008; Wang and Xu, 2011; Wang et al., 2016; Salinas Castellanos et al., 2021; Xu et al., 2022). ASIC1a is a kind of cation channel protein complex made up of intracellular amino terminal and carboxyl terminal, two membrane spaning domains and an extracellular loop, which can be activated by extracellular H+, open channel has permeability to Na+,Ca2+ (Figure 1) (Zha et al., 2006; Baconguis et al., 2014; Yoder et al., 2018; Zhu et al., 2020; Wang et al., 2021).
[image: Figure 1]FIGURE 1 | The structure of ASIC1a is comprised of three identical 1a subunits, intracellular amino terminal and carboxyl terminal, two membrane spaning domains and an extracellular loop, which can be activated by extracellular H+, open channel has permeability to Na+, Ca2+.
Recently there is increasing evidence that ASIC1a plays an important role in the occurrence and development of diseases involving the central and peripheral nervous systems (Zhang et al., 2020; Kong et al., 2021; Qi et al., 2022). It is acknowledged that chronic inflammation is associated with a rise in extracellular proton concentrations. Recently there is considerable evidence that extracellular acidification is a common phenomenon that is relevant to the physiological and pathological mechanism of inflammation, including infectious diseases, early wound healing and tumorigenesis et al. (Riemann et al., 2015; Riemann et al., 2019). The drop in pH occurs during inflammation as a result of the infiltration of inflammatory cells into the tissue, which causes the tissue to burn more energy and oxygen as well as increase its glucose consumption via glycolysis and thus increased lactic acid secretion (Xu and Chen, 2020a). Meanwhile, researches show that ASIC1a plays a key role in infiltration and activation of inflammatory cells, which has been detected in different kinds of inflammatory cells, including macrophages, dendritic cells, central microglia, Th cells, eosinophils, neutrophils, mast cells, B cells, plasma cells, and T cells (Tong et al., 2011; Yu et al., 2015; Ni et al., 2018; Tang et al., 2021). In addition, studies also have shown that inflammatory cytokines IL-1β, IL-6, and TNF-α are also closely associated with ASIC1a, which can affect the expression of ASIC1a (Zhou et al., 2015; Zhou et al., 2018). These inflammatory cells involved in ASIC1a are highlighted in Table 1.
TABLE 1 | The inflammatory cells involved in ASIC1a.
[image: Table 1]It is also remarkable that inflammation and trauma can lead to enhanced pain sensitivity, which is closely related to ASICs. Research suggested that ASICs in dorsal horn neurons are involved in central sensory transmission and modulation and may play a role in inflammation-related persistent pain (Wu et al., 2004). In a later study, Ca2+ signaling in spinal dorsal horn neurons is enhanced following peripheral inflammation via upregulation of ASIC1a channels, which contributes to the hypersensitivity of the dorsal horn neurons and inflammatory processes. Blocking Ca2+ permeable ASIC1a channels can result in antinociceptive effects by minimizing or preventing the development of central sensitization induced by inflammation pain (Duan et al., 2007). Further evidence has shown that hyperalgesia is associated with increased mRNA expression of ASIC1a, 1b, and three in the dorsal root ganglions (DRGs) on the ipsilateral side (Nagae et al., 2006; Fu et al., 2016). In this review, we mainly focus on ASIC1a involved in inflammatory immune diseases, in order to provide new perspectives for clinical treatment.
THE CENTRAL NERVOUS SYSTEM
It is acknowledged that microglia are the most important innate immune cells in the brain and play a vital role in CNS homeostasis, which act as agents of surveillance and scavengers of immune defense and inflammatory response. Yu et al. (2015) identified the existence of ASICs in cultured and in situ rat microglia. They found the expression of ASIC1 and ASIC2a in microglia are increased upon stimulation with LPS. Furthermore, ASIC1a blocker amiloride and PcTx1 reduced the expression of inflammatory cytokines, including inducible nitric oxide synthase and cyclooxygenase 2 activated by LPS. Overall, their results suggest that ASICs are involved in the neuroinflammatory response.
Here, we focus on two common central nervous system diseases and review the relationship with ASIC1a to develop a novel therapeutic approach for the control of neuronal diseases related to inflammation.
Parkinson’s Disease
Parkinson’s Disease (PD), the second-most common neuro-degenerative disease, is characterized by the progressive and selective destruction of dopaminergic neurons located in the substantia nigra pars compacta (SNpc) area of the brain and cytoplasmic inclusions of alpha-synuclein (Mango and Nisticò, 2021; Zhang et al., 2021). Presently available treatments for PD are limited, mostly symptomatic, and associated with decreasing effectiveness and unwanted side effects over time. Treatment strategies targeting the underlying pathogenesis of the disease in order to slow down or halt disease progression, together with reliable and sensitive tests for early detection of the disease, which represents a large unmet medical need (Gelders et al., 2018). The involvement of the innate and adaptive immune systems in neurodegeneration has been documented by a number of postmortem, brain imaging, epidemiological, and animal studies (Chen et al., 2005; Theodore et al., 2008; Sanchez-Guajardo et al., 2010; Harms et al., 2018). Multiple studies have indicated that there were elevated levels of proinflammatory interleukins IL1β, IL2, IL6, TNF-α, and TGFβ1 in the striatum, in addition, concentrations of TNF-α, IL1β, IFNγ, NOS, and ROS were also found to be increased in the substantia nigra of postmortem samples (Mogi et al., 1994; Mogi et al., 1995; Mogi et al., 1996). Furthermore, these findings support the idea that microglia initiate both pro- and anti-inflammatory events, pointing towards that there are multiple phenotypes and distinct roles in PD. As for the association between PD and ASIC1a, Arias et al. (2008) established a model of PD accompanying lactic acidosis by MPTP, they explored the effects of amiloride in the MPTP-treated mouse, and found that amiloride can protect substantia nigra neurons from MPTP-induced degeneration. Moreover, amiloride also preserved dopaminergic cell bodies in the SNc. Parkin encodes a 465 amino acid protein that is expressed in multiple tissues as an E3 Ub-ligase within the ubiquitin (Ub) system, mutations in the parkin gene cause an autosomal recessive form of Parkinson’s disease that develops at a young age (Shimura et al., 2000). Joch et al. (2007) found by knocking out parkin, hippocampal neurons of parkin knockout mice exhibit prominent potentiation of native ASIC currents that are normally suppressed by endogenous parkin in wild-type neurons, which indicated that ASIC1a may be crucially involved in the pathophysiology of PD. Even so, the role of ASIC1a on PD remains unclear.
Multiple Sclerosis
Multiple Sclerosis (MS) is a chronic autoimmune inflammatory disease which can lead to motor deficit by neuronal damage-induced inflammation and demyelination in the central nervous system. Generally, it is considered to be an autoimmune and T cell-mediated disease. Chronic neuropathic pain is the most serious symptom which severely reduces quality of life (Friese et al., 2014). Roles of ASIC1a in MS were explored by many studies. The experimental autoimmune encephalomyelitis (EAE) model is a well-accepted animal model of MS (Friese et al., 2007; Bjelobaba et al., 2018). To explore the effect of ASIC1 on MS, Friese et al. (2007) established EAE model and ASIC1−/− mice were used, results showed clinical defificit and axonal degeneration markedly reduced compared to wild-type mice. Moreover, pH measurements in the spinal cord of EAE mice indicated tissue acidosis could lead to ASIC1 open. Therefore, they consider that ASIC1 blockers could provide neuroprotection in MS. Vergo et al. (2011) found that ASIC1 was upregulated in axons and oligodendrocytes within lesions from mice with acute EAE and from patients with active multiple sclerosis. Furthermore, ASIC1 co-localization with the axonal injury marker beta amyloid precursor protein indicated ASIC1 was closely related to axonal damage, meanwhile, they found there was a significant decrease in disease severity in amiloride-treated EAE mice compared with vehicle-treated EAE mice, blocking ASIC1 with amiloride protected both myelin and neurons from damage in the acute model. They also examined the role of ASIC1 expression in the oligodendrocytes, results showed in longitudinal white matter tissue sections of acute EAE, there was a significantly increased number of ASIC1a mRNA positive and ASIC1+ve oligodendrocytes in EAE. Taken together, their findings indicate that blockade of ASIC1 has the potential to provide both neuro- and myelo-protective benefits in MS. Similarly, Arun et al. (2013) also found ASIC1 was increased in axons and oligodendrocytes in chronic inactive lesions of cases with progressive MS, axons with an injury profile were continually seen to co-express ASIC1, while ASIC1-positive oligodendrocytes were also identified in chronic MS lesions, indicating a molecular signature that may contribute to cellular damage. And they recruited a group of patients with primary progressive MS participating in a longitudinal imaging protocol to assess whether amiloride could impact on surrogate imaging markers of neurodegeneration, results showed there was statistically significant MRI evidence of benefit during the amiloride phase in progressive MS using small numbers of patients. Their results further extend evidence of the role of ASIC1 to neurodegeneration in MS and indicate that amiloride may exert neuro-protective effects in patients with progressive MS. As for mechanisms of ASIC1a involved neurodegeneration and axonal dysfunction in MS, it is acknowledged that Ca2+ plays an important role in this process. Friese et al. (2014) summarized that ASIC1 promotes further Ca2+ influx and potentiates Na+ influx. While reduced ATP levels lower Na+/K+-ATPase activity, leading to reverse operation of NCX and increasing intracellular Ca2+ and Na+ levels. Eventually Ca2+ overload activates degradative enzymes and NOS which can lead to neuronal apoptosis and necrosis.
It is recognized that inflammation is characterized by edema, redness, fever, and pain (Kim et al., 2018; Reis et al., 2019). The inflammatory process of the CNS is accompanied by cerebral edema. Recent researches show Piroxicam may play a neuroprotective role in cerebral ischemia by inhibiting aquaporin 4 (AQP4) and ASIC1a, which may indicate a potential association between AQP4 and ASIC1a (Bhattacharya et al., 2012; Mazumder and Borah, 2015). Here, we also briefly introduce AQP4 in order to provide new understanding about the mechanism of ASIC1a in the process of CNS inflammatory. Aquaporins (AQPs) are plasma membrane channels that aid in the bidirectional transmembrane transport of water, which is an important component of cytotoxic edema. AQP4 is the main member of this family expressed in the CNS, an abundance of which is found in astrocytes, which appears to play different roles in CNS edema development and resolution. Therefore, reversible inhibition of AQP4 function during the acute phase may help prevent CNS edema (Kitchen et al., 2020; Liu et al., 2021; Sylvain et al., 2021). The results of previous studies on a single representative water channel protein suggest narrow channels conduct water, whereas wider channels permit solutes to pass through. Kitchen et al. found that single amino acid substitutions in the selectivity filters of AQP1, AQP4, and AQP3 differentially affect glycerol and urea permeability in an AQP-specific manner. Their data showed that substrate discrimination in water channels relies on a complex interplay between the solute, pore size, and polarity, and that using single water channel proteins as representative models has led to an underestimation of this complexity (Hara-Chikuma and Verkman, 2006; Kitchen et al., 2019). The role of water homeostasis in buffering the ion concentration which is mediated mainly by glial cells through the function of water channels. When inflammation occurs, both AQP4 and ASIC1a may be open at the same time, whether there is a certain association between AQP4 and ASIC1a in inflammatory diseases of CNS, relative research should be studied in the future. Targeting the subcellular relocalization mechanisms of aquaporins and ASIC1a will provide an alternative strategy for developing drugs. The definition of signature motifs and molecular mechanisms of ion transport also will provide new avenues for future drug discovery (Markou et al., 2022; Salman et al., 2022; Wagner et al., 2022).
Rheumatoid Arthritis
Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by synovial cell proliferation, multiple inflammatory cell infiltration, pannus formation, cartilage and bone tissue destruction, which eventually results in joint deformity and loss of function (Gibofsky, 2014). Recently, it has been reported that ASIC1a was closely related to RA, numerous studies have been conducted on ASIC1a and RA. To explore the roles of IL-1β and TNF-α in acid-induced apoptosis of chondrocytes, Zhou et al. (2018) studied rat adjuvant arthritis and primary articular chondrocytes as in vivo and in vitro models, they found that IL-1β and TNF-α simultaneously increased ASIC1a expression in articular chondrocytes on a time- and dose-dependent basis. Their results indicated that these cytokines activated MAPK and NF-κB pathways in chondrocytes, and inhibitors of these pathways suppressed the ASIC1a upregulation caused by IL-1β and TNF-α. Furthermore, results showed IL-1β and TNF-α induced ASIC1a promoter activity in chondrocytes by increasing binding to DNA by NF-κB. Additionally, IL-1β and TNF-α decreased cell viability while enhanced LDH release, intracellular Ca2+ concentration elevation, loss of mitochondrial membrane potential, cleaved PARP and cleaved caspase-3/9 expression, and apoptosis in acid-stimulated chondrocytes. Their results indicated that IL-1β and TNF-α can enhance acidosis-induced cytotoxicity through increasing the expression of ASIC1a in primary articular chondrocytes. Pyroptosis is a type of proinflammatory programmed cell death that involves the activation of caspase-1 and the production of interleukin IL-1β/18. There has been previous evidence that pyroptosis may be related to the development of some autoimmune diseases, such as RA (Choulaki et al., 2015). Wu et al. (2019) found extracellular acidosis significantly increased the expression of ASIC1a, IL-1β, IL-18, ASC, NLRP3, and caspase-1, while PcTX1 inhibited these effects. Simultaneously, in rats with AA, there were higher levels of the proinflammatory cytokines IL-1β and IL-18 than in rats with normal blood, but aspirin and amiloride suppressed these effects. According to these results, they concluded that ASIC1a is required for pyroptosis to occur in chondrocytes from AA rats, which may be related to ASIC1a’s ability to activate Ca2+ inflow, drugs targeting pyroptosis and IL-1β/18 might be developed that can effectively treat RA in the future. Moreover, to identify the role of ASIC1a, calpain, calcineurin, and NLRP3 inflammasome proteins in regulating acid-induced articular chondrocyte pyroptosis, in Zu’s research, chondrocytes from primary rat articular articular cartilage were exposed to different pH, different time, and different treatments including or without ASIC1a, calpain-2, and calcineurin, respectively. They found that extracellular acidosis increased the protein expression of ASIC1a in a pH- and time-dependent manner, and the messenger RNA and protein levels of calpain, calcineurin, NLRP3, and apoptosis-associated speck-like protein were also increased in a time-dependent manner. Interestingly, they also indicated that inhibiting ASIC1a, calpain-2, or calcineurin could decrease the cell death. As a result, they concluded that extracellular acidosis activated ASIC1a, causing pyroptosis of chondrocytes in rat articular cartilage, mechanisms for which may be partly linked to calpain-2/calcineurin activation (Zu et al., 2020). In addition, ASIC1a is also involved in synovial invasion. Niu et al. (2020) investigated the roles of ASIC1a in synovial invasion in vivo as well as the migration and invasion of RA-FLS in vitro. They found that ASIC1a was highly expressed in RA synovial tissues and RA-FLSs, ASIC1a inhibition by PcTX-1 reduced synovial invasion and expression of MMPs2, 9, and p-FAK to prevent cartilage degradation in AA rats. Furthermore, they also showed that ASIC1a-RNAi and PcTX-1 inhibited the acidity-induced invasion and migration of RA-FLSs while overexpression of ASIC1a increased their expression of MMP2, MMP9, and p-FAK. And in this process Ca2+ influx through ASIC1a activated the Ras-related calcium chelating agent Rab1 (Rac1), which was decreased by BAPTA-AM, an intracellular calcium chelating agent. Similarly, Rac1 specific blocker NSC23766 reduced migration and invasion of RA-FLSs as well as MMP2, MMP9 and p-FAK expressions. As a result of their study, they concluded that ASIC1a may be a master regulator of synovial invasion via the Ca2+/Rac1 pathway. Meanwhile, Zhang et al. (2020) indicated that ASIC1a induces synovial inflammation, which leads to the progression of RA, it was found that ASIC1a was significantly expressed in RA synovial tissues and in human primary RASF as well as in the ankle synovium of AA rats in their research. They showed that activation or overexpression of ASIC1a in RASF enhanced inflammatory cytokines RANTES, sTNF RI, MIP-1a, IL-8, sTNF RII, and ICAM-1, with RANTES increasing most prominently. Furthermore, in vivo they found activation of ASIC1a also led to inflammation, synovial hyperplasia, articular cartilage destruction, and bone destruction, resulting in the progression of AA. In summary, these findings offer a rationale for ASIC1a as a potential therapeutic target for RA.
Asthma
Asthma is a chronic obstructive disease of the airways worldwide, characterized by airway inflammation and airway hyperreactivity (AHR) (Alwarith et al., 2020; Aghapour et al., 2022). Treatment of asthma is a complicated problem, current drug treatments mainly include long-term control treatments, such as inhaled corticosteroids, long-acting beta-agonists, and oral medications. The active search for new therapeutic drugs and methods is concerned by scholars (Chen et al., 2015; Vasileiadis et al., 2019). The study of ASIC1a in asthma is now being slowly recognized. Faisy et al. (2007) found the pH-induced relaxation of airway basal tone was inhibited by ASIC1a inhibitor and the initial pH-induced airway relaxation may be independent of sensory nerves, indicating a regulation of airway basal tone mediated by ASICs on smooth muscle. Reznikov et al. (2016) found ASIC1a protein in vagal ganglia neurons and they induced AHR by sensitizing mice to ovalbumin, results showed that ASIC1a−/− mice did not exhibit AHR while accompanied by a strong inflammatory response. They assessed inflammation using quantitative histopathology and found that OVA-sensitization increased bronchovascular inflammation in both wild-type and ASIC1a−/− mice but there was no difference between two genotypes, therefore they concluded that loss of ASIC1a decreases AHR without alleviating the inflammatory response. Interestingly, they found that IL-13 was increased in the bronchoal veolar lavage fluid of OVA-sensitized ASIC1a−/− mice, but the underlying mechanism of IL-13 upregulation is uncertain, it is considered that ASIC1a deficiency may prevent proton-mediated repression of IL-13 release and/or transcription. Moreover, in this project, levels of substance P was decreased in OVA-sensitized ASIC1a−/− mice bronchoalveolar lavage fluid, which is acknowledged to contribute AHR. Collectively, their results suggest that ASIC1a plays an important role in AHR and can support the possibility that inhibiting ASIC1a might be beneficial in asthma.
Chronic Rhinosinusitis
Chronic rhinosinusitis with nasal polyps (CRSwNP) is a chronic inflammatory disease, characterized by nasal congestion, rhinorrhea, and diminished smell, as well as headache (Nguyen et al., 2020). On histologic examination, CRSwNP exhibits infiltration of numerous inflammatory cells within the sinuses. A complex interaction between inflammatory cells and mediators plays an integral role in the pathogenesis of CRSwNP (Terna et al., 2016; Schleimer, 2017). Tang et al. (2021) focused on the pathogenesis of CRSwNP and the role of ASIC1a. First, they measured pH values in nasal secretions from control subjects and CRSwNP patients with and without asthma, as well as ASIC1a expression and co-localization in inflammatory cells located in nasal tissue samples from CRSwNP subjects. Then within dispersed nasal polyp cells’ (DNPCs) cultures in vitro, they quantified ASIC1a, LDH activity, HIF-1α, and inflammatory cytokines levels. Results showed there were lower pH values and increased levels of ASIC1a protein and mRNA in CRSwNP with asthma, ASIC1a protein was also found in various types of inflammatory cells, while amiloride can reverse this effect. Based on these results, they considered that ASIC1a upregulation may play a key role in sensing acidification and triggering inflammatory responses by enhancing HIF-1α expression and LDH activity, which involved activating inflammatory cells in the pathogenesis of CRSwNP, especially in CRSwNP with asthma.
DISCUSSION
ASIC1a desensitization causes a dilemma for neurophysiologists studying ASICs, after rapid desensitization induced by acidification, how can ASIC1a function properly in chronic inflammation? Xu et al. indicated that desensitization of the ASIC1a channel by moderate pH decreases suppressed subsequent activation of the ASIC1a current, but do not prevent acid-induced neuronal death. Their results demonstrated that ASIC1a channels play a vital role in mediating neuronal necroptosis in response to extracellular acidification, however, they discovered the ion-conducting mechanisms of the ASIC1a channels do not seem to be essential in this process. Although it cannot be excluded that ionic fluxes via the channel pore may play a modulatory role, it seems that RIP1 activation and not ionic conduction per se is essential for acid-induced necroptosis (Wang et al., 2015). Furthermore, in subsequent studies, they showed that the N-terminus (NT) of ASIC1a interacts with its CT to form an auto-inhibition that prevents RIPK1 recruitment/activation under resting conditions. This interaction is disrupted by acidosis by the involvement of glutamate residues at the distal NT. In the presence of mutant ASIC1a containing glutamate-to-alanine substitutions at distal NT, constitutive cell death occurs. N-ethylmaleimide-sensitive fusion ATPase (NSF) further disrupts NT-CT interactions, which corelated with ASIC1a-NT under acidosis, facilitating RIPK1 interaction with ASIC1a-CT (Wang et al., 2020). The results by Xu et al. may partly explain the mechanism after desensitization. On the other hand, it is recognized that plasma membrane expression is critical to the function of ASICs, which act as extracellular proton sensors. In part, the number and function of receptors on the plasma membrane depend on protein synthesis and degradation processes as well as dynamic trafficking processes (Waldmann and Lazdunski, 1998; Zeng et al., 2014; Xu and Chen, 2020b). Therefore, we consider that increased ASIC1a expression and membrane transport can occur after desensitization, which may maintain subsequent function of ASIC1a in inflammatory. Of course, further research is necessary to support this claim. In this review, we focused on inflammatory immune diseases including PD, MS, RA, asthma, and chronic rhinosinusitis, summarized the effects and related mechanisms of ASIC1a, however, there are still few studies of ASIC1a in inflammatory immune diseases, we need to pay more attention in the future.
CONCLUSION
Recent studies have shown that ASIC1a plays a vital role in the occurrence and development of diseases involved in the central and peripheral nervous system. In this review, we concluded that ASIC1a is closely associated with inflammation and immunity, which may be a promising target. A deeper understanding of the role of ASIC1a in inflammatory immune diseases will present the potential of using ASIC1a as a new targeting agent for inflammatory conditions. In addition, in the future, for potential targets identified in research, high-throughput screening and computer-aided drug design can be used for novel drug discovery in the field of pharmaceutics, which can provide a novel insight and support target validation in future studies (Aldewachi et al., 2021; Salman et al., 2021).
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Low back pain is a major cause of disability worldwide that declines the quality of life; it poses a substantial economic burden for the patient and society. Intervertebral disc (IVD) degeneration (IDD) is the main cause of low back pain, and it is also the pathological basis of several spinal degenerative diseases, such as intervertebral disc herniation and spinal stenosis. The current clinical drug treatment of IDD focuses on the symptoms and not their pathogenesis, which results in frequent recurrence and gradual aggravation. Moreover, the side effects associated with the long-term use of these drugs further limit their use. The pathological mechanism of IDD is complex, and oxidative stress and inflammation play an important role in promoting IDD. They induce the destruction of the extracellular matrix in IVD and reduce the number of living cells and functional cells, thereby destroying the function of IVD and promoting the occurrence and development of IDD. Phytochemicals from fruits, vegetables, grains, and other herbs play a protective role in the treatment of IDD as they have anti-inflammatory and antioxidant properties. This article reviews the protective effects of phytochemicals on IDD and their regulatory effects on different molecular pathways related to the pathogenesis of IDD. Moreover, the therapeutic limitations and future prospects of IDD treatment have also been reviewed. Phytochemicals are promising candidates for further development and research on IDD treatment.
Keywords: intervertebral disc degeneration, oxidative stress, inflammation, phytochemicals, therapeutic implication
INTRODUCTION
Low back pain (LBP) is one of the most prevalent musculoskeletal disorders in the world, and it is estimated that nearly 80% of the population suffers from LBP during their lifetime. The occurrence of LBP in a patient induces a severe burden on their families and society. Intervertebral disc (IVD) degeneration (IDD) is currently believed to be an essential cause of LBP, and it forms the pathophysiological basis of several spinal degenerative diseases, such as intervertebral disc herniation and spinal stenosis (Wang et al., 2014; Vo et al., 2016; Oichi et al., 2020). The conservative clinical treatment for the early stages of IDD primarily includes nonsteroidal anti-inflammatory drugs, physical therapy, and rest. However, such treatment is limited to reducing or controlling pain and does not reverse the process of IDD. Moreover, the long-term use of nonsteroidal anti-inflammatory drugs has apparent side effects (Conaghan, 2012; Bindu et al., 2020). If IDD develops to an advanced stage, surgical treatment, including discectomy and interbody fusion, is required. Although surgical treatment is recommended to be effective for IDD, it is expensive and is associated with several complications, such as adjacent segment disease (Lau et al., 2021), decreased spinal mobility, and limited function. Hence, it is imperative to explore new methods for the treatment of IDD.
The IVD, which is the largest avascular structure, is an important component of the load-bearing capacity of the spine. It comprises three distinct regions: the centrally located nucleus pulposus (NP), peripheral annulus fibrosus (AF) surrounding NP, and cartilage endplate (CEP) located above and below (Adams and Roughley, 2006). The NP is composed mainly of water and a rich extracellular matrix (ECM), which provides resistance to IVD against axial pressures that are transmitted down the spine. The AF consists of concentrically arranged fibrous layers (15–25 layers) that resist the lateral expansion of the IVD during weight-bearing activities. The CEP not only seals the IVD, but also attaches it to the vertebral body. Most importantly, CEP furnishes a permeable barrier between the IVD and the vertebral body to provide nutrition for the IVD cells, but its ability to provide nutrition is limited. Therefore, it is difficult for IVD to repair itself in case of injury (Freemont, 2009).
The presence of three distinct anatomical regions generates the structural complexity of the disc. Healthy discs transmit and absorb stresses in the spine and maintain the multi-axial flexibility of the spine. In contrast, degenerating discs show structural damage that is characterized by high disc collapse, AF rupture, NP tissue loss, decreased water content, and CEP calcification (Ding et al., 2013). IDD is a multifactorial disease with etiologies including infection, genetic susceptibility, aging, trauma, smoking, and diabetes. Many signaling pathways and effector molecules have been implicated in the IDD process, and elucidation of the pathological mechanisms of IDD will facilitate the improvement of its treatment options. Recently, a growing number of studies have revealed a close relationship between inflammation, oxidative stress, and the incidence of IDD (Dowdell et al., 2017). Therefore, antioxidant and anti-inflammatory treatments have been proposed as promising strategies for the treatment of IDD. The following section details the roles of inflammation and oxidative stress in the pathogenesis of IDD.
INFLAMMATION IN INTERVERTEBRAL DISC DEGENERATION
Increasing evidence has shown that inflammation is implicated in the occurrence and development of IDD. Several pro-inflammatory cytokines, such as IL-6, IL-17, IL-1α, TNF-α, IL-1β, and IL-8, significantly contribute to an increase in degenerative IVD. These cytokines are closely associated with several key pathophysiological processes of IDD (Johnson et al., 2015; Wang Y. et al., 2020). IL-1β stimulation has been reported to significantly enhance the expression of IL-6, IL-8, and IL-17 in human IVD cells, resulting in an inflammatory cascade. Simultaneously, a feedback loop is formed between these pro-inflammatory cytokines, which forms a persistent local inflammatory microenvironment (Jimbo et al., 2005; Jia et al., 2020). Furthermore, the balance between catabolism and anabolism of ECM is essential for maintaining the structural and functional integrity of IVD, i.e., if the ECM catabolic activity is higher than anabolic activity, it can result in the occurrence of IDD. The primary enzymes that cleave ECM components include matrix metalloproteinases (MMPs) and a disintegrin and metalloprotease with thrombospondin motifs (ADAMTS) (Le Maitre et al., 2007; Vo et al., 2013). Some ECM-degrading enzymes, such as MMP-1/3/7/9 and ADAMTS-1/4/5/9 are significantly increased in degenerative IVD (Le Maitre et al., 2007). Furthermore, pro-inflammatory cytokines can contribute to ECM degradation and the subsequent destruction of the IVD structure by promoting the expression of ECM-degrading enzymes. Apoptosis refers to the spontaneous and orderly death of cells regulated by genes in order to maintain tissue homeostasis. Under physiological conditions, apoptosis plays an important role in maintaining tissue homeostasis. However, in the pathological state, excessive apoptosis stimulated by risk factors will lead to a significant reduction in the number of IVD cells, resulting in the destruction of the structure and function of IVD. Notably, several studies have shown that pro-inflammatory cytokines can induce apoptosis of IVD cells, and then lead to the occurrence and development of IDD. Cell senescence is an irreversible cell cycle arrest caused by a number of factors, such as oxidative stress, pro-inflammatory cytokines, DNA damage. Senescent cells are active and exhibit pro-inflammatory and catabolic phenotypes. Pro-inflammatory cytokines can also accelerate the senescence of IVD cells. Senescent cells can produce more matrix-degrading enzymes and pro-inflammatory cytokines, resulting in further deterioration of the IVD microenvironment (Zhang et al., 2020). Recently, the relationship between inflammation and oxidative stress has also attracted much attention. Pro-inflammatory cytokines have been proved to promote the excessive production of ROS in IVD cells, and then induce oxidative injury of IVD cells (Wang Y. et al., 2020). Vascular endothelial growth factor (VEGF) is an essential member of the pro-angiogenic factor. The expression of VEGF in degenerative IVD is significantly upregulated. Studies have revealed that pro-inflammatory cytokines can upregulate the expression of VEGF in IVD (Kwon et al., 2017). Most importantly, these pro-inflammatory factors can induce stimulation of sinus vertebral nerve endings (Ohtori et al., 2012a; Ohtori et al., 2012b). These nerve endings grow into the IVD and cause nerve root pain (Freemont et al., 2002; Orita et al., 2010), which is the main cause of chronic LBP (Johnson et al., 2001). These findings highlight that inflammation has a central role in the pathogenesis of IDD (Francisco et al., 2022) and suggest that anti-inflammatory strategies can be promising for the treatment of IDD.
OXIDATIVE STRESS IN INTERVERTEBRAL DISC DEGENERATION
Reactive oxygen species (ROS) are unstable and highly reactive molecules (Feng et al., 2017). They include superoxide anions (O2−), hydrogen peroxide (H2O2), hydroxyl radicals (OH−), and hypochlorite ions (OCL−) (Cao et al., 2022). They are the by-products of oxidative metabolism (Reuter et al., 2010; Kim and Yim, 2015). Although the nutrition supply of IVD is low, the NP, AF, and CEP cells are not anaerobic (Bartels et al., 1998; Lee et al., 2007). During IDD, neovascularization increases the blood supply in IVD cells, thereby increasing the nutrient supply, which promotes ROS production from the original nutrient-deficient disc cells and results in oxidative stress (Gille and Nohl, 2001; Turrens, 2003). Oxidative stress is attributed to an imbalance between ROS production and the protective mechanism of antioxidants, resulting in molecular oxidative damage and cell destruction, which has adverse implications on the body. Studies have shown that ROS are widely involved in signal transduction, metabolic regulation, apoptosis, cell senescence, and the phenotypic transformation of cells in IDD (Feng et al., 2017; Cao et al., 2022). Excessive ROS activates the NF-κB and MAPK pathways, resulting in an imbalance between degradation and synthesis of ECM in disc cells and an increase in the secretion of pro-inflammatory factors. These changes eventually lead to the loss of disc cells and the persistence of the inflammatory microenvironment, which further leads to the destruction of IVD and the production of ROS (Zhou et al., 2010; Zhu et al., 2019). Autophagy is a protective process in which cells degrade metabolic waste and further reuse it; however continuous oxidative stress can induce excessive autophagy and lead to cell death (Chen et al., 2015; Filomeni et al., 2015; Cao et al., 2022). In addition, oxidative stress can destroy mitochondria and release pro-apoptotic molecules from the mitochondria into the cytoplasm, causing cascade reactions and cell apoptosis (Chen et al., 2014; Yang et al., 2015). Excessive ROS production can also promote IVD cell senescence, thus promoting the secretion of pro-inflammatory factors, leading to adjacent IVD cell senescence, apoptosis, and ECM degradation (Dimozi et al., 2015). Moreover, the increase of ROS production leads to the triggering of glycosylation reaction which further results in the increase of endogenous active by-products and the generation of advanced glycation end products (AGEs) (Vistoli et al., 2013). AGEs have been proved to be closely related to the pathogenesis of IDD. They can promote the inflammation, apoptosis, and ECM degradation of IVD cells, resulting in the destruction of IVD structure and function (Song et al., 2017; Song et al., 2018). These findings indicate that antioxidation is a new and effective treatment for IDD. Figure 1 provides an overview of the mechanisms by which inflammation and oxidative stress participate in the occurrence and development of IDD.
[image: Figure 1]FIGURE 1 | Inflammation and oxidative stress are involved in multiple pathological processes of IDD.
PHYTOCHEMICALS FOR THE TREATMENT OF IDD BY TARGETING INFLAMMATION AND OXIDATIVE STRESS
In recent years, several phytochemicals from traditional medicinal plants have been studied owing to their low cost, wide availability, and diverse biological activities. Owing to their anti-inflammatory and antioxidant properties, phytochemicals have been used to treat several diseases, such as myocardial ischemia, traumatic brain injury, osteoarthritis, and cancer (Cai et al., 2021; Deng et al., 2021; Tian et al., 2021; Chen C. et al., 2022). Several in vivo and in vitro experiments (Zhu et al., 2020; Chen et al., 2021) have shown that phytochemicals can play a protective role against IDD by targeting inflammation and oxidative stress. The effects and mechanisms of various phytochemicals against IDD are described in the following sections (Table 1).
TABLE 1 | Phytochemicals possess multiple pharmacological effects via the anti-inflammatory and antioxidant mechanism in various in vitro and in vivo models of IDD.
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Curcumin (CUR)—an active polyphenol extracted from the dried rhizomes of Curcuma longa—has been traditionally used for dietary and medical purposes worldwide (Li KX. et al., 2022; Jin et al., 2022; Ojo et al., 2022). CUR shows a wide range of pharmacological activities, including anti-inflammatory and antioxidant activities, in various disease models (Yang et al., 2020; Uddin et al., 2021; Fan and Lei, 2022). Kang et al. confirmed the protective effect of CUR against IDD using in vivo and in vitro experiments (Kang et al., 2019). CUR induces autophagy and enhanced autophagic flux via the AMPK pathway (Kang et al., 2019), thereby inhibiting oxidative stress and mitochondrial dysfunction. Moreover, the apoptosis, ECM degradation, and senescence were reversed by CUR in NP cells that were treated with tert-butyl hydroperoxide (TBHP). This study provides sufficient evidence suggesting that CUR delays IDD development by inhibiting oxidative stress.
Resveratrol
Resveratrol (RES) is a polyphenolic compound present in many plants, such as berries and peanuts (Li KX. et al., 2021; Izzo et al., 2021). It has strong protective effects against many diseases, such as osteoarthritis and cancer (Mobasheri et al., 2012; Nguyen et al., 2017; Xiao et al., 2018; Deng et al., 2019; Cháirez-Ramírez et al., 2021). Li et al. found that RES protects rat NP cells from apoptosis induced by sodium nitroprusside by scavenging ROS in vitro experiments (Li et al., 2018). Moreover, ex vivo experiments showed that RES could reduce the development of experimental IDD. The secretion of pro-inflammatory cytokines by IVD cells appears to be the key mediator in the development of pain. Wuertz et al. found that RES significantly reduces the expression of IL-6 and IL-8 in NP cells (Wuertz et al., 2011). Therefore, RES may inhibit the progression of IDD through its dual effects of anti-inflammatory and antioxidant activities. Hence, it can be explored as a new method for IDD treatment.
Mangiferin
Mangiferinis mainly extracted from Mangifera persiciformis, Anemarrhena asphodeloides, and Mangifera indica (Akter et al., 2022; Wang et al., 2022). It plays an important role in the progression of kidney disorders (Lum et al., 2022), diabetes (Aswal et al., 2020), cancer (Morozkina et al., 2021), and osteoarthritis (Qu et al., 2017; Li et al., 2019). It has crucial anti-inflammatory (Wang R. et al., 2021; Li N. et al., 2021) and antioxidant functions (Huang et al., 2020; Samadarsi and Dutta, 2020; Ismail et al., 2021); its application has also been reported in the treatment of IDD. Yu et al. found that mangiferin treatment can inhibit the loss of ECM by inhibiting TNF-α-induced inflammatory cytokines such as iNOS and COX-2 (Yu et al., 2021). In addition, it can alleviate mitochondrial damage and apoptosis indicators, such as cleaved-caspase-3 and Bax, by reducing ROS production. Moreover, in vivo experiments have confirmed the protective effect of mangiferin against IDD (Yu et al., 2021). These results suggest that mangiferin can provide a potential treatment for IDD.
(-)-Epigallocatechin-3-Gallate
(-)-Epigallocatechin-3-gallate (EGCG) is a polyphenol that is abundantly found in tea (Butt et al., 2015). EGCG shows a variety of functions in many diseases, such as antiarteriosclerosis (Liu S. et al., 2017), antioxidant (Park et al., 2021), antibacterial (Noor Mohammadi et al., 2019), anti-inflammatory (Ma et al., 2021), and anti-tumor activities (Farabegoli and Pinheiro, 2022). The flow cytometry results of the study (Tian et al., 2020) conducted by Tian et al. showed that EGCG could inhibit the apoptosis and cell cycle arrest induced by H2O2. Western blot results showed that EGCG upregulates the anti-apoptotic proteins expression and downregulates the pro-apoptotic protein expression in H2O2-treated cells. Tian et al. analyzed the expression of IL-6,IL-1β, IL-10, and TNF-α in NP cells to explore the effect of EGCG on the NP cell’s inflammatory response. It was found that H2O2 could promote their expression, whereas EGCG could reverse the changes induced by H2O2. These results suggest that EGCG may be an alternative treatment for IDD.
Chlorogenic Acid
Chlorogenic acid (CGA) is a natural biologically active compound that is abundantly present in coffee, fruits, and vegetables (Nwafor et al., 2022). It is also the main active ingredient in Chinese herbal medicines, such as Honeysuckle and Eucommia. Its biological functions in disease treatment, such as antioxidant, anti-inflammatory, and immune protective functions, have attracted considerable attention (Liang and Kitts, 2015; Bagdas et al., 2020; Kzhyshkowska, 2022). Ge et al. showed that CGA could reverse the downregulation of aggrecan, the main protein involved in the extracellular matrix anabolism of CEP cells induced by IL-1β, and inhibit the upregulation of MMP-13, the main protein involved in extracellular matrix catabolism (Ge et al., 2021). It can also inhibit the expression of inflammatory factors. Exploration of the molecular mechanisms revealed that the NF-κB signaling is the anti-degenerative effector molecule of CGA. Considering the important role of the NF-κB in the pathogenesis of IDD, these results suggest that CGA can reverse IDD development by regulating this pathway.
Icariin
Icariin (ICA) is a flavonoid compound extracted from the widely known Chinese herbal medicine Epimedium (Wang M. et al., 2020), which is also recognized as “Yin Yang Huo”. ICA has been revealed by many studies to play a crucial role in antioxidation (Liu XJ. et al., 2021; Zheng et al., 2021) and anti-inflammatory (Guangtao et al., 2021; Zhang et al., 2022). Hua et al. found that IL-1β induces significant expression of COX-2 and iNOS and stimulates the production of PGE2 and nitric oxide in human NP cells (Hua et al., 2018). ICA usage can significantly reduce the levels of these inflammatory mediators. In addition, ICA reduces the expression levels of MMP-3/9/13 and ADAMTS-4/5 induced byIL-1β and increases the expression levels of type II collagen and aggrecan (Hua et al., 2018). A molecular mechanism study showed that MAPK and NF-κB are closely related to ICA. The research group also conducted relevant studies on oxidative stress. They found that ROS production increased in H2O2-treated human NP cells; however, this increase was inhibited by ICA in a dose-dependent manner (Hua et al., 2020). ICA can inhibit the mitochondrial cytochrome c translocation to cytoplasm, decrease Bax and caspase-3 levels, and increase Bcl-2 in H2O2-treated NP cells (Hua et al., 2020). The Nrf2 signaling pathway is an important member of the anti-oxidative stress system in cells. It has been shown to be involved in the antioxidant effects of ICA. Therefore, the study of ICA against inflammation and oxidative stress to maintain IVD cell homeostasis could prove the significance of ICA in the treatment of IDD.
Lycopene
Lycopene is a naturally occurring, effective antioxidant found in reddish pink-colored fruits and vegetables, such as tomatoes (Mozos et al., 2018). The human body cannot synthesize lycopene and must be ingested through the diet. The powerful antioxidant effects of lycopene have attracted considerable attention and have been verified in many disease models (Müller et al., 2016; Chen et al., 2019; Imran et al., 2020). The upregulation of Bax and downregulation of Bcl-2 in H2O2-treated human NP cells were attenuated by lycopene (Lu et al., 2020). Flow cytometry also showed that lycopene inhibits NP cell apoptosis. In addition, lycopene can promote the expression of type II collagen, aggrecan, and Sox9, in NP cells. The molecular mechanism of lycopene involves Nrf2, which is a powerful antioxidant transcription factor closely related to the role of lycopene in H2O2-treated human NP cells. Therefore, lycopene has the potential to mediate antioxidation and treat IDD.
Celastrol
Celastrolis a natural triterpenoid found in Tripterygium wilfordii that has been used to treat a variety of common diseases because of its strong anti-inflammatory activity (Jing et al., 2021; Zhu et al., 2021; Li M. et al., 2022). Celastrol can inhibit the upregulation of IL-6andTNF-α expression in NP cells induced by IL-1β (Chen et al., 2017). IL-1β can promote the MMP-3/9/13 and ADAMTS-4/5 expression. Celastrol inhibits the upregulation of these ECM-degrading enzymes. Moreover, since NF-κB acts as a crucial factor in promoting the inflammatory responses during IDD, celastrol can inhibit the activation of the NF-κB pathway (Chen et al., 2017). Therefore, celastrol has the potential for the treatment of IDD.
Isofraxidin
Isofraxidin is a coumarin compound found in traditional Chinese herbs (Majnooni et al., 2020) and has been clearly shown by previous studies to have strong anti-inflammatory activity (Lin et al., 2018; Chen et al., 2020). Su et al. found that isofraxidin alleviated the IL-1β-induced upregulation of inflammatory mediators and cytokines (Su et al., 2019). In NP ECM metabolism, it can inhibit the expression of the ECM-degrading enzymes and promote the expression of type II collagen and aggrecan. In terms of the molecular mechanism, isofraxidin can inhibit the nuclear translocation and phosphorylation of p65, indicating that the NF-κB pathway is involved in the anti-inflammatory effect of isofraxidin. These studies show that isofraxidin can be used for treating IDD.
Higenamine
Higenamine was extracted initially from the traditional Chinese herb aconite root in 1976 and later was identified as the main active component of many Chinese herbs (Ha et al., 2012). Higenamine has been found to have many biological activities (Bai et al., 2019; Zhang et al., 2019; Romeo et al., 2020; Yang et al., 2021), such as anti-inflammatory and antioxidant. Bai et al. found that the IL-1β-induced iNOS, PGE2, COX-2, TNF-α, and IL-6 levels, were attenuated by higenamine in NP cells (Bai et al., 2019). Moreover, Bai et al. have also found that higenamine suppressed the IL-1β-induced activation of the NF-κB signaling pathway.
Sesamin
Sesamum indicum (sesame) is often used as a source of spices and edible oil. Sesamin is a type of sesame lignans that can be extracted from sesame oil (Dalibalta et al., 2020). Many studies have shown that sesamin has potential anti-inflammatory, antioxidant, and anti-tumor effects in different tissues (Majdalawieh et al., 2017; Dalibalta et al., 2020). The role of sesamin in IDD development has also been confirmed. The anti-inflammatory effects of sesamin on rat IVD have been examined by Li et al. The expression of inflammation factors and the migration of macrophages can be suppressed by sesamin treatment (Li et al., 2016). Subsequently, the inhibition of MAPK pathway activation was involved in its anti-inflammatory effect. In addition, Li et al. proved the inhibitory effects of sesamin on the occurrence and development of IDD through in vivo experiments (Li and Lv, 2020). These results suggest that sesamin can reverse the process of IDD by inhibiting inflammation.
Honokiol
Honokiol (HKL) is a natural compound extracted from the roots and bark of Magnolia trees (Prasad and Katiyar, 2016). Previous studies have shown that it has apparent antagonistic effects on oxidative stress, inflammation, and tumor, and hence has been reported to be used in disease treatment (Chiu et al., 2021; Liu Y. et al., 2021; Lu et al., 2022). Tang et al. demonstrated that HKL inhibited the expression of NP cell apoptosis-related proteins induced by H2O2, the production of oxidative stress marker molecules, the level of inflammatory mediators, the expression of major extracellular matrix-degrading proteases, and then enhanced the expression of ECM anabolic proteins (Tang et al., 2018). The molecular mechanism of the action of HKL involves the inhibition of NF-κB/JNK signaling and TXNIP/NLRP3/caspase-1/IL-1β activation. SIRT3 is an important deacetylation modifying enzyme in mitochondria and is important for mitochondrial health. Wang et al. reported that HKL induced the upregulation of SIRT3 through the AMPK-PGC-1α axis, which improves the activity of antioxidant enzymes in mitochondria, and further prevents oxidative damage toNP cells (Wang et al., 2018b). In vivo experiments also confirmed the results of in vitro experiments. Therefore, HKL has the potential to treat IDD.
Salvianolic Acid B
Salvia miltiorrhiza Bunge, also called Danshen, is atraditional Chinese herb. It has been used in Chinafor centuries (Wu et al., 2020; Xiao et al., 2020). Salvianolic acid B (SAB) is an abundant active ingredient from Danshen. SAB has been proved to have antioxidant (Zhao et al., 2019; Xiao et al., 2020) and anti-inflammatory activities (Ho and Hong, 2011). Dai et al. found that SAB slowed down the process of IDD and reconstructed the structure of IVD through in vivo experimental study. Subsequently, it was also confirmed that the levels of GSH and SOD2 in the degenerative IVD were reduced, and SAB treatment significantly reversed this change (Dai S. et al., 2021). In additional in vitro experiments, SAB was found to reduce the levels of ROS and MDA and increase the levels of GSH and SOD2. JAK2/STAT3 signaling pathway is suggested to be related to the antioxidant effect of SAB.
Polydatin
Polydatin is the abundant form of resveratrol found in nature, and its average concentration in Polygonum cuspidatumandred wine is about 10times that of resveratrol (Liu W. et al., 2017). Polydatin, like resveratrol, has anti-inflammatory and antioxidant activities. It is worth noting that, unlike resveratrol, polydatin can enter cells through an active mechanism using glucose carriers and has a stronger anti-enzymatic oxidation ability than resveratrol. These properties allow polydatin to exhibit a higher absorption and better bioavailability relative to resveratrol (Tang, 2021). Wang et al. found that polydatin reduced the production of ROS through theNrf2 signaling pathway and protected rat NP cells from TNF-α-induced mitochondrial dysfunction and ECM degradation (Wang et al., 2018a). Moreover, Kang et al. found that polydatin upregulated Parkin and Nrf2 pathways, protecting CEP cells from H2O2-induced mitochondrial dysfunction, oxidative stress, and apoptosis, thereby inhibiting the development of IDD (Kang et al., 2020).
Naringin
Naringin is a bioflavonoid found in the tangerine peel (Lavrador et al., 2018). It reportedly has a wide range of pharmacological activities, including antioxidant (Long et al., 2020; Bao et al., 2022) and anti-inflammatory effects (Zhao et al., 2020; Wu et al., 2021). Naringin has been confirmed to increase autophagy flux by activating the AMPK/SIRT1 pathway, thereby protecting NP cells from inflammatory response, oxidative stress, and impaired cellular homeostasis (Chen R. et al., 2022). Naringin can be developed into an effective drug to treat IDD.
Baicalein
Baicalein is a flavonoid compound naturally found in the Chinese herb Scutellaria baicalensis. Baicalein possesses several pharmacological activities, including alleviation of inflammation (Wang X. et al., 2021; Jiang et al., 2022) and oxidative stress (Dai C. et al., 2021; Liu BY. et al., 2021). Baicalein helps treat IDD mainly via countering inflammation. It can inhibit NO, PGE2, TNF-α, and IL-6 induced by IL-1β (Jin et al., 2019). At the same time, it can reduce the expression of degrading enzymes MMP-13 and ADAMTS5 and upregulate the expression of aggrecan and type II collagen. A study examining its mechanism found that baicalein inhibited NF-κB and MAPK pathways. In vivo experiments also showed that baicalein could inhibit the process that led to IDD.
Berberine
Berberine (BBR) is an isoquinoline alkaloid found in the long-used traditional Chinese herbs Rhizomacoptidis, Cortex Phellodendri, and Mahonia bealei. BBR reportedly has anti-inflammatory (Li Y. et al., 2022; Dai et al., 2022) and antioxidant properties (Cao et al., 2021; Seth et al., 2021). BBR has therapeutic effects on various diseases, including osteoarthritis. Its therapeutic potential in IDD has also been tested. Luo et al. demonstrated that BBR could inhibit oxidative stress-induced cell damage by regulating ER stress and autophagy (Luo et al., 2019). In vivo studies have also yielded similar evidence, suggesting that BBR treatment can delay the IVD destruction process induced by puncture in the rat model. Lu et al. found that BBR can inhibit the upregulation of NP extracellular matrix-degrading enzymes and the downregulation of the key components of the matrix, and excessive apoptosis induced by IL-1β (Lu et al., 2019).
Genistein
Genistein is an isoflavone primarily identified in Glycine max (soybean) extract, among many other sources, such as peanuts, green peas, and legumes. Genistein reportedly prevents various diseases, such as anti-inflammatory, reducing osteoporosis, improving obesity, and anti-tumor (Fuloria et al., 2022; Goh et al., 2022; Ji et al., 2022). Wang et al. found that genistein can activate the Nrf2-mediated antioxidant defense system in NP cells (Wang et al., 2019) and subsequently inhibit TBHP-induced apoptosis and ECM degradation.
Acacetin
Acacetin is a flavonoid compound from Saussurea involucrata plant and Damiana. Acacetin has been found to have anti-inflammatory (Ren et al., 2020; Singh et al., 2020), antioxidant (Song et al., 2022; Wu et al., 2022), anti-cancer (Wang S. et al., 2020; Yun et al., 2021), anti-osteoporosis (Jin et al., 2021; Lin et al., 2022), anti-diabetic (Han et al., 2020; Song et al., 2022) and other properties. Acacetin reportedly inhibits TBHP-induced ROS production by upregulating the expression of antioxidant proteins such as HO1, NQO1, and SOD in NP cells (Wang H. et al., 2020). Acacetin can also reduce the expression of inflammatory mediators such as COX-2 and iNOS induced by TBHP and also inhibits the degradation of extracellular matrix in NP cells. The activation of the Nrf2 pathway and the inhibition of the MAPK pathway are the specific mechanisms of the biological action of Acacetin. In vivo experiments also confirmed that Acacetin can reduce the process of IDD induced by puncture.
Wogonin
Wogonin is an important flavonoid, isolated from the root of Scutellaria baicalensis Georgi (Chirumbolo, 2013). It has many pharmacological effects, including antioxidant and anti-inflammatory (Zheng et al., 2020; Feng et al., 2022; Shao et al., 2022). Fang et al. found that wogonin can inhibit IL-1β-induced inflammatory response and extracellular matrix degradation in NP cells (Fang et al., 2018). Further studies revealed that wogonin playsa key role by activating Nrf2/HO-1 pathway and inhibiting MAPK signaling pathway.
Luteoloside
Luteoloside, a type of flavonoid glycoside, can be isolated from the plant Lonicera japonica (Xiong et al., 2013; Lin et al., 2019; Shi et al., 2020). It has recently been reported to possess anti-inflammatory and antibacterial properties. Lin et al. found that luteoloside inhibited IL-1β-induced the level of TNF-α, iNOS, NO, IL-6, COX-2, and PGE2 in rat NP cells (Lin et al., 2019). The level of apoptosis and ECM degradation were also improved by luteoloside (Lin et al., 2019). In addition, luteoloside has been proved to play a role by activating the Nrf2 pathway and then inhibiting the NF-κB pathway.
Quercetin
Quercetin is a type of natural flavonoid isolated from various fruits and vegetables (Mirazimi et al., 2022). Previous studies have shown that quercetin possesses many functions, including anti-cancer, anti-oxidative, and anti-inflammatory properties (Pinheiro et al., 2021; Yin et al., 2021; Sun et al., 2022). Wang et al. found that quercetin can activate the autophagy pathway through SIRT1 so as to reduce the level of ROS and alleviate apoptosis and extracellular matrix degeneration (Wang D. et al., 2020). These findings hint at a new and effective treatment for IDD.
SUMMARY AND PROSPECT
Oxidative stress and inflammation play an important role in the progression of IDD. Elevated levels of ROS and increased production of inflammatory cytokines in the degenerative discs can activate multiple signaling pathways that cause damage to IVD cells, resulting in structural damage and dysfunction of IVD, which in turn leads to the development of IDD (Johnson et al., 2015; Feng et al., 2017; Cao et al., 2022). Therefore, using oxidative stress and inflammation as therapeutic targets for IDD has wide-ranging prospects. In recent years, the research and application of phytochemicals have attracted significant attention. This review revealed that various phytochemicals could exert inhibitory effects on IDD based on the data from in vitro and in vivo experiments, mainly by inhibiting oxidative stress and inflammation. Also, given the cost-effectiveness and the availability of phytochemicals and their therapeutic role in IDD, research on the use of phytochemicals to improve IDD is rapidly increasing. Phytochemicals have emerged as an important source for developing therapeutic agents for IDD. Future research needs to consider several key points. The first is that phytochemicals can often have multiple targets; therefore, the synergistic effects between multiple signaling pathways and the broad range of cellular functions involved must be analyzed in an integrated manner when designing therapeutic agents for IDD to minimize side effects and expand therapeutic effects. Secondly, most of the research on the role of phytochemicals in IDD treatment is to deliver drugs to animals through IVD injection and other methods. However, very few studies have focused on the metabolism and distribution of phytochemicals in animals. Due to the extensive distribution of phytochemicals in animals, side effects may be encountered in other organs apart from the therapeutic effect on IDD. Exploring the panorama of the metabolic processes and organ distribution of phytochemicals in animals can help select appropriate phytochemicals and delivery methodsso as to improve the therapeutic efficacy of phytochemicals on IDD. Additionally, the dose of phytochemicals also needs to be focused upon in future studies. Currently, many in vitro experiments are focusing on the therapeutic effect and toxicity of different doses of phytochemicals on IDD models. In contrast, little attention is paid to the therapeutic effect of different doses and long-term toxicity to animals in vivo experiments. Therefore, in future studies, it may be necessary to perform multiple-dose in vivo experiments to verify its therapeutic effect so as to evaluate the effect of phytochemicals more comprehensively. Finally, although many studies have uncovered the favorable effects of phytochemicals for treating IDD, a large number of clinical trial studies are needed to further confirm their effects when applying them to the treatment of patients. Researchers and experts need to work together to develop a systematic experimental design and experimental analysis and establish an effective evaluation system to evaluate phytochemicals more safely and rationally and make these phytochemicals more effective in benefiting patients with IDD.
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ABBREVIATIONS
LBP, low back pain; IVD, intervertebral disc; IDD, intervertebral disc degeneration; NP, nucleus pulposus; AF, annulus fibrosus; CEP, cartilage endplate; ECM, extracellular matrix; MMPs, matrix metalloproteinases; ADAMTS, a disintegrin and metalloprotease with thrombospondin motifs; VEGF, vascular endothelial growth factor; ROS, reactive oxygen species; AGEs, advanced glycation end products; CUR, curcumin; TBHP, Tert-butyl hydroperoxide; RES, resveratrol; EGCG, (-)-Epigallocatechin-3-gallate; CGA, chlorogenic acid; ICA, icariin; HKL, honokiol; SAB, salvianolic acid B; BBR, berberine.
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Objective: Osteoarthritis (OA) is a degenerative joint disease. Excessive nitric oxide (NO) mediates the chondrocyte inflammatory response, apoptosis, and extracellular matrix (ECM) degradation during the occurrence and development of OA. NO in chondrocytes is mainly produced by inducible nitric oxide synthase (iNOS). The aim of this study was to design and synthesize an iNOS dimerization inhibitor and evaluate its effects on chondrocyte inflammation and articular cartilage injury in OA via in vitro and in vivo experiments.
Design: The title compound 22o was designed, synthesized, and screened based on a previous study. The effects of different concentrations (5, 10, and 20 μM) of compound 22o on chondrocyte inflammatory response and ECM anabolism or catabolism were evaluated by Western blot and real-time quantitative reverse transcription-polymerase chain reaction using the rat chondrocyte model of IL-1β-induced OA. Furthermore, different doses (40 and 80 mg/kg) of compound 22o were administered by gavage to a rat OA model induced by anterior cruciate ligament transection (ACLT), and their protective effects on the articular cartilage were evaluated by histopathology and immunohistochemistry.
Results: Compound 22o showed effective iNOS inhibitory activity by inhibiting the dimerization of iNOS. It inhibited the IL-1β-induced expression of cyclooxygenase-2 (COX-2) and matrix metalloproteinase 3 (MMP3) in the chondrocytes, decreased NO production, and significantly increased the expression levels of the ECM anabolic markers, aggrecan (ACAN), and collagen type II (COL2A1). Gavage with compound 22o was found to be effective in the rat OA model induced by ACLT, wherein it regulated the anabolism and catabolism and exerted a protective effect on the articular cartilage.
Conclusions: Compound 22o inhibited the inflammatory response and catabolism of the chondrocytes and reduced articular cartilage injury in the rat OA model, indicating its potential as a disease-modifying OA drug.
Keywords: osteoarthritis, nitric oxide, inducible nitric oxide synthase, inhibitor, extracellular matrix
INTRODUCTION
Osteoarthritis (OA) is the most common musculoskeletal disease and one of the main causes of disability and decline in quality of life among older people (Glyn-Jones et al., 2015; GBD 2019 Diseases and Injuries Collaborators, 2020). As an age-related joint disease, OA affects the health of 303 million people worldwide (GBD 2017 Diseases and Injuries Collaborators, 2018), and its prevalence continues to rise (Peat and Thomas, 2021). So far, most treatment strategies can only alleviate the symptoms of OA but not prevent disease progression. Joint replacement is the only option for patients with end-stage OA (Glyn-Jones et al., 2015; Peat and Thomas, 2021), and this poses a huge economic burden for both the individual and society.
Although OA is a complex disease and its pathogenesis is not fully understood, the inflammatory response certainly plays an important role in the progression of this condition (Robinson et al., 2016; Hunter and Bierma-Zeinstra, 2019). Nitric oxide (NO) is a free radical with multiple functions that are widely involved in a variety of physiological processes in the cells. However, excessive NO, which can act as an important inflammatory mediator, can affect the pathological process of OA by inducing the apoptosis of chondrocytes and maintaining the expression of proinflammatory cytokines (Chen et al., 2018; Ahmad et al., 2020). In addition, excessive NO-derived reactive oxygen species and reactive nitrogen species can lead to mitochondrial dysfunction and affect the survival of the chondrocytes (Maneiro et al., 2005). NO is mainly mediated by nitric oxide synthase (NOS) (Cinelli et al., 2020), which consists of three subtypes: inducible nitric oxide synthase (iNOS), endothelial NOS (eNOS), and neuronal NOS (nNOS). The production of NO in chondrocytes is mainly regulated by iNOS. iNOS does not always exist in the cells but is expressed only when chondrocytes are stimulated by bacterial lipopolysaccharide or proinflammatory cytokines resulting in the excessive production of NO (Sharma et al., 2007; Minhas et al., 2020), which finally leads to chondrocyte apoptosis and extracellular matrix (ECM) degradation. It has been shown that the iNOS inhibitor S-methylisothiourea can play an analgesic role by reducing NO production in the synovial fluid and delaying the progression of OA (More et al., 2013). Moreover, the selective iNOS inhibitor n-iminoethyl-L-lysine can prevent lipid peroxidation and reduce the apoptosis of OA chondrocytes, thereby delaying the progression of OA (Pelletier et al., 2000; Bentz et al., 2012). Therefore, iNOS inhibitors might be considered as potential disease-modifying OA drugs (DMOADs) in the future.
iNOS inhibitors are divided into two types: direct and indirect inhibitors. Direct inhibitors directly bind to iNOS and inhibit its activity, whereas indirect inhibitors target the NF-κB or STAT-1 signaling pathway and down-regulate iNOS (Ahmad et al., 2020). In the present study, a novel iNOS dimerization inhibitor 22o, which is a direct inhibitor, is chemically synthesized. The aim of this study was to evaluate the anti-inflammatory effect of the compound on chondrocytes and its protective effect on the articular cartilage in rats with OA. And its effects on the inflammatory response and articular cartilage injury were evaluated using a rat chondrocyte model of OA (in vitro) and a rat OA model (in vivo).
MATERIALS AND METHODS
Synthesis of Compound 22o
The compound 22o (E)-N-(4-methylbenzyl)-2-(3,4,5-trimethoxystyryl)thieno[3,2-d]pyrimidin-4-amine (22o) was synthesized as described in a previous study (Chen et al., 2021).
Regents
Phosphate-buffered saline (PBS) and Dulbecco’s modified Eagle’s medium (DMEM) were procured from Hyclone (United States). Type II collagenase and fetal bovine serum (FBS) were procured from Gibco (United States). 1% penicillin/streptomycin solution (100×), methyl thiazolyl tetrazolium (MTT), dimethyl sulfoxide (DMSO), NO synthase detection kit, NO detection kit, RIPA cell lysis buffer, phenylmethanesulfonyl fluoride (PMSF), and 5 × SDS-PAGE protein loading buffer were supplied by Beyotime (China). Recombinant rat IL-1β was purchased from Peprotech (United States). Antibodies against iNOS (ab178945), collagen type II (COL2A1; ab34712), matrix metalloproteinase 3 (MMP3; ab52915), cyclooxygenase-2 (COX-2; ab179800), matrix metalloproteinase 13 (MMP13; ab39012), and iNOS inhibitor 1400W (ab120165) were supplied by Abcam (United States). Antibodies against aggrecan (ACAN; DF7561), glyceraldehyde phosphate dehydrogenase (GAPDH; AF7021), Goat anti-rabbit IgG (H + L) HRP (S0001), and Goat anti-rabbit IgG (H + L) FITC (S0008) were procured from Affinity (China).
Isolation and Culture of Chondrocytes
Primary rat chondrocytes were isolated from 5-day-old male SD rats, which were purchased from the Experimental Animal Center of Anhui Medical University. Specifically, the cartilage tissues obtained from the femoral heads of the SD rats were excised and washed three times with PBS containing 1% penicillin/streptomycin solution. Subsequently, 0.25% of type II collagenase was added and fully digested at 37°C for 6 h. The cell suspension was collected in a centrifuge tube and centrifuged at 1,200 rpm/min for 5 min. After centrifugation, the cell precipitate was resuspended in DMEM containing 10% FBS and 1% penicillin/streptomycin solution and cultured in a humidified incubator containing 5% CO2 at 37°C. Third-generation chondrocytes were used for subsequent experiments.
Cell Viability Assay
Cell viability was determined using the MTT assay. Specifically, the rat chondrocytes were inoculated into 96-well plates at a density of 1 × 104 cells/well. After the adherence of the cells to the walls of the plates, they were treated with different concentrations (0, 5, 10, 20, and 40 μM) of compound 22o for 24 h. Next, 20 μL of MTT solution (5 mg/ml prepared with PBS) was added to each well, and the plates were incubated in a cell incubator at 37°C for 4 h. The culture medium was removed, and 150 μL DMSO was added to each well. Subsequently, the absorbance of each well was measured at 490 nm using a microplate reader.
Inducible Nitric Oxide Synthase Activity Assay
The activity of iNOS was determined using a NO synthase detection kit. The rat chondrocytes were inoculated into 96-well plates at a density of 1 × 104 cells/well. After the adherence of the cells to the walls, 10 ng/ml of IL-1β was used alone or in combination with different concentrations (5, 10, and 20 μM) of compound 22o to the rat chondrocytes and incubated for 24 h. The culture medium was sucked out, 100 μL detection buffer +100 μL reaction solution (see the product manual for the solution preparation method) were added to each well, and the plates were incubated at 37°C for 30 min. Subsequently, the absorbance of each well was measured at 495 nm using a microplate reader. The relative activity of iNOS was calculated according to the given formula.
Determination of Nitric Oxide Content
NO content was determined using a NO detection kit. The rat chondrocytes were inoculated onto 24-well plates at a density of 7 × 104 cells/well. After the adherence of the cells to the walls, 10 ng/ml of IL-1β was used alone or in combination with different concentrations (5, 10, and 20 μM) of compound 22o and incubated for 24 h. Next, 50 μL of the supernatant was removed from the 96-well plates, and 50 μL of Griess Reagent I and 50 μL Griess Reagent II were added to each well. Subsequently, the absorbance of each well was measured at 540 nm using a microplate reader. The content of NO was calculated according to the standard curve.
Total Protein Extraction and Western Blot Analysis
The cells were lysed with RIPA cell lysis buffer containing 1% PMSF and incubated on ice for 30 min. The total lysate was collected and centrifuged at 12,000 rpm/min and 4°C for 10 min, and the supernatant (total protein) was extracted. Subsequently, 5 × SDS-PAGE protein loading buffer was added and boiled at 100°C for 10 min to denature the total protein. Protein samples were isolated using 8% or 10% SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Millipore Immobilon-P, United States), which was blocked with Tris-buffered saline Tween containing 5% skimmed milk powder at room temperature for 2 h; the membranes were then incubated with primary antibodies at 4°C overnight. Incubation with secondary antibodies was performed at room temperature for 1 h. Finally, the proteins were photographed using the gel imaging system and quantified using Image-J. The expression levels of the protein were relatively quantified using GAPDH as the internal reference.
Total RNA Extraction and Real-Time Quantitative Reverse Transcription-Polymerase Chain Reaction
Total RNA was extracted using the TRIzol reagent (Invitrogen, United States), and the purified RNA was reversely transcribed using the Servicebio® RT First Strand cDNA Synthesis Kit (Servicebio, China). RT-qPCR was carried out using the 2×SYBR Green qPCR Master Mix (Servicebio, China). The relative gene expression was presented as multiple changes, with GAPDH as the internal reference, and calculated using the 2−ΔΔCT method. The sequences of the primers used in this study are shown in Table 1.
TABLE 1 | Primers used in RT-qPCR detection.
[image: Table 1]Induction and Treatment of the Rat Osteoarthritis Model
The OA model was induced by anterior cruciate ligament transection (ACLT) in male SD rats weighing 250–280 g. The rats were operated on after adapting to the environment in the animal room for 1 week. In brief, the rats were anesthetized with chloral hydrate, and the left knee joint was exposed using the medial parapatellar approach. Then, the ACL was excised and the knee joint was sutured layer by layer. In the sham operation group, only the knee joint was exposed, without the excision of the ACL (The mortality is less than 10 percent and state of the animals are fine during the modeling process). The rats were randomly divided into five groups as follows (six rats in each group): normal, sham-operated, and ACLT (treated with vehicle, or 40 and 80 mg/kg of compound 22o). The compound 22o was dissolved in 0.5% sodium carboxymethylcellulose solution. One week after surgery, gavage was performed once a day for 6 weeks (The structure of the compound does not change after entering the body, and the substance producing the therapeutic effect is still the original compound). The rats were sacrificed 24 h after the last gavage. The knee joints of the rats were collected and fixed with 4% paraformaldehyde (Servicebio, China) after pruning. They were decalcified in 10% ethylenediaminetetraacetic acid (Servicebio, China) solution for 2 months for subsequent experiments. The heart, liver, spleen, lungs, and kidneys of the rats were removed to evaluate the toxicity of compound 22o in the rats.
Histological and Immunohistochemical Analyses
The decalcified rat knee tissues were collected, dehydrated, and embedded in paraffin. They were cut into 4 μm-thick sections and stained with hematoxylin and eosin (HE) (Servicebio, China), safranin O-fast green (Servicebio, China), alcian blue (Servicebio, China), and toluidine blue (Servicebio, China). Additionally, immunohistochemical staining was performed using specific antibodies against ACAN, COL2A1, MMP3, and MMP13. The heart, liver, spleen, lung, and kidney of the rats were stained only with HE.
For the immunofluorescence staining, the sections were dewaxed, rehydrated, repaired with citrate buffer (Servicebio, China), blocked with 3% H2O2 for 30 min, and then blocked with 5% bovine serum albumin (Servicebio, China) for 1 h. Subsequently, the sections were incubated with the specific antibody against COL2A1 at 4°C overnight and incubated with the corresponding secondary antibody at room temperature in the dark for 30 min on the next day. The nuclei were stained with destination access point identifier dye (Servicebio, China), and the sections were observed under a fluorescence microscope.
Ethical Approval
This study was approved by the ethics committee of Anhui Medical University (LLSC20210373). All animal experiments were conducted in accordance with the international guidelines on the ethical use of animals, and all efforts were made to minimize the amount of pain or discomfort experienced by the animals.
Statistical Analysis
All data are expressed as mean ± standard deviation. All data were statistically analyzed using one-way analysis of variance and Tukey’s multiple comparisons test in GraphPad Prism 8. A p value of <0.05 was considered statistically significant. All experiments were conducted at least three times.
RESULTS
Design and Optimization
The analysis of a few small-molecule iNOS inhibitors showed that they contained pyrazolopyrimidine heterocyclic structures, leading us to speculate that these heterocyclic structures might constitute the structural parent nucleus of iNOS inhibitors. Besides, tetrahydrobiopterin (BH4), a critical coenzyme of iNOS, is essential for the formation of an iNOS dimer. Therefore, the binding regions of BH4 and iNOS can be used as ideal targets for the synthesis of novel iNOS inhibitors. Subsequently, through computer DOCK, it was noted that when styryl pyrazolopyrimidine heterocycle is bound to the iNOS oxygenase domain (iNOSox), it completely occupiedoccupies the binding site between BH4 and iNOSox, showing consistent orientation to that of BH4. This indicated that the styryl pyrazolopyrimidine heterocyclic parent nucleus can compete for the site of BH4 and affect the formation of an iNOS dimer. Finally, we designed and synthesized a compound library based on styryl pyrazolopyrimidine heterocycles. Based on the balance between toxicity and anti-inflammatory activity, aiming to improve the physicochemical properties and to enhance drug-like properties, we continuously optimized, screened and finally determined the title compound 22o (Figure 1A).
[image: Figure 1]FIGURE 1 | Effects of compound 22o on cell viability. (A) Chemical structure of compound 22o. (B) Rat chondrocytes were treated with compound 22o (5, 10, 20, and 40 μM) for 24 h and cell viability was assessed by MTT assay (n = 3). NS indicated no significance.
Effect of Compound 22o on Cell Viability
Different concentrations of compound 22o were used to treat rat chondrocytes for 24 h to test its cytotoxicity. The cytotoxicity was determined using the MTT assay. As seen in Figure 1B, no toxic effects were observed on the chondrocytes at concentrations 5, 10, 20, and 40 μM. Therefore, the concentration gradient of 5, 10, and 20 μM was used in subsequent experiments.
Compound 22o Inhibits Inducible Nitric Oxide Synthase Activity and Nitric Oxide Production
Rat chondrocytes were treated with IL-1β (10 ng/ml) alone or in combination with compound 22o for 24 h to investigate whether compound 22o can inhibit IL-1β-induced iNOS activity and reduce NO release by measuring iNOS activity and NO content in each group. As shown in Figure 2A, IL-1β significantly enhanced the activity of iNOS in the chondrocytes, whereas compound 22o inhibited this process at 20 μM concentration. In addition, the release of NO in the IL-1β + 20 μM compound 22o group was also significantly reduced compared to that in the IL-1β group (Figure 2B). Moreover, a selective iNOS inhibitor 1400W (100 μM) inhibited IL-1β-induced NO accumulation indicating that it was synthesized through iNOS pathway (Figure 2C). These results demonstrated that compound 22o could reduce NO release in the OA chondrocytes by inhibiting the activity of iNOS.
[image: Figure 2]FIGURE 2 | Compound 22o inhibits iNOS activity and NO production. Rat chondrocytes were treated with different concentrations of compound 22o in the presence or absence of IL-1β (10 ng/ml) for 24 h. (A) The activity of iNOS was evaluated by Nitric Oxide Synthase Assay Kit (n = 3). (B,C) Griess reagent was used to measure the NO levels in the culture supernatants (n = 3). #p < 0.05 vs. control group; *p < 0.05 vs. IL-1β group.
Compound 22o Inhibits the Formation of the Inducible Nitric Oxide Synthase Dimer
Compound 22o directly binds to iNOS to inhibit its activity but does not affect the total iNOS protein expression (Figures 3A,B). Additionally, compound 22o is a dimerization inhibitor that inhibits the formation of the iNOS dimer. To confirm this, the effect of compound 22o on the formation of the iNOS dimer was evaluated via non-denaturing low-temperature gel electrophoresis. As expected, compound 22o inhibited the dimerization of the iNOS protein (Figures 3C,D). Moreover, since iNOS is active in the dimer form (Cinelli et al., 2020), compound 22o might inhibit its activity by inhibiting the formation of the iNOS dimer.
[image: Figure 3]FIGURE 3 | Compound 22o inhibits the formation of iNOS dimer. Rat chondrocytes were treated with different concentrations of compound 22o in the presence or absence of IL-1β (10 ng/ml) for 24 h. (A) Western blots and (B) quantitative analysis of iNOS. (C) Western blots and (D) quantitative analysis of iNOS dimer and monomer. GAPDH was employed as the internal control (n = 3). #p < 0.05 vs. control group; *p < 0.05 vs. IL-1β group.
Compound 22o Alleviates IL-1β-Induced Chondrocyte Inflammatory Response and Extracellular Matrix Degradation
Rat chondrocytes were treated with IL-1β (10 ng/ml) alone or in combination with compound 22o for 24 h to investigate whether compound 22o can improve IL-1β-induced inflammatory response and ECM degradation. The results show that treatment with 20 μM of compound 22o significantly reduced the IL-1β-induced overexpression of COX-2 (Figures 4A,B). The ACAN, COL2A1, and MMP3 were used to evaluate cartilage ECM degradation. As shown in Figure 4C, D, IL-1β significantly induced the down-regulation of ACAN and COL2A1 and up-regulation of MMP3 in the OA chondrocytes; however, treatment with different concentrations of compound 22o partially reversed this change. This was further confirmed by the RT-qPCR (Figure 4E).
[image: Figure 4]FIGURE 4 | Compound 22o alleviates IL-1β-induced chondrocyte inflammatory responses and ECM degradation. Rat chondrocytes were treated with different concentrations of compound 22o in the presence or absence of IL-1β (10 ng/ml) for 24 h. (A) Western blots and (B) quantitative analysis of COX-2. (C) Western blots and (D) quantitative analysis of ACAN, COL2A1 and MMP3. GAPDH was employed as the internal control (n = 3). (E) Quantification of mRNA levels for COX-2, ACAN, COL2A1 and MMP3. Fold changes relative to control group are shown (n = 3). #p < 0.05 vs. control group; *p < 0.05 vs. IL-1β group.
Compound 22o Alleviates the Progression of Osteoarthritis
Next, the effect of compound 22o on rat OA was investigated in vivo. The experimental design for establishing the rat OA model via ACLT is shown in Figure 5A. The vehicle group showed apparent signs of cartilage injury, such as extensive cartilage erosion, proteoglycan loss, and chondrocyte disintegration (Figure 5B). However, compound 22o significantly inhibited the erosion of the OA articular cartilage and inhibited the loss of proteoglycans. The cartilage in the compound 22o treatment group exhibited a smoother and more complete structure than vehicle group. Immunohistochemical analysis showed that compound 22o significantly increased the expression of ACAN and COL2A1 and decreased the expression of MMP3 and MMP13 in the OA cartilage, which is consistent with the results of the in vitro experiments (Figures 5C,D). This was further confirmed by immunofluorescence staining with COL2A1; the level of COL2A1 in the compound 22o treatment group was significantly increased compared to that in the vehicle group (Figures 6A,B).
[image: Figure 5]FIGURE 5 | Compound 22o alleviates the progression of OA. (A) Schematic diagram of the animal experiment design. (B) Representative images of HE, safranin O-fast green, alcian blue and toluidine blue staining of cartilage samples from five groups 6 weeks after treatment (scale bars, 100 μm). (C) Representative images of immunohistochemistry staining and (D) quantitative analysis of ACAN, COL2A1 MMP3 and MMP13 in the cartilage samples from five groups 6 weeks after treatment (scale bars, 50 μm, n = 6). #p < 0.05 vs. normal group; &p < 0.05 vs. sham group; *p < 0.05 vs. vehicle group.
[image: Figure 6]FIGURE 6 | Compound 22o alleviates the progression of OA. (A) Representative images of immunofluorescent staining and (B) quantitative analysis of COL2A1 in the cartilage samples from three groups 6 weeks after treatment (scale bars, 20 μm, n = 6). (C) Representative images of HE staining of rat heart, liver, kidney, lung, and spleen from five groups 6 weeks after treatment (scale bars, 50 μm). #p < 0.05 vs. sham group; *p < 0.05 vs. vehicle group.
To evaluate the toxicity of compound 22o in the rats, the anatomical characteristics and HE staining of the heart, liver, spleen, lung, and kidney of the rats were examined. The anatomical structures of the heart, liver, spleen, lung, and kidney of the OA rats treated with compound 22o for 6 weeks appeared normal (Figure 6C), indicating that the compound was not toxic.
DISCUSSION
It is a fact that OA is a complex degenerative joint disease with an etiology involving age, obesity, joint trauma, chronic inflammation, and heredity (Creamer and Hochberg, 1997). However, the current therapeutic drugs used for OA can only alleviate the symptoms; no satisfactory DMOADs are available to date. In our previous study, we demonstrated the therapeutic effect of compound 22o on Freund’s adjuvant-induced rheumatoid arthritis (Chen et al., 2021), but its effect on OA remains unclear. Therefore, this study aimed to evaluate the anti-inflammatory and protective effect of the compound 22o on chondrocytes and the articular cartilage, respectively, in rats with OA. Compound 22o inhibited the activity of iNOS by inhibiting its dimerization, thereby reducing the production of NO and protecting the chondrocytes. Our results showed that compound 22o inhibited the inflammatory response and promoted the synthesis of cartilage ECM in the OA chondrocytes and the rat OA model, thus introducing a new potential candidate DMOAD that targets iNOS.
Various DMOADs have been reported in experimental and clinical studies for OA progression thus far. An experimental study found that BNTA could reverse the progression of OA by activating SOD3 and promoting the synthesis of cartilage ECM (Shi et al., 2019). Additionally, methylene blue can improve oxidative stress by regulating Nrf2/PRDX1 to prevent OA progression and relieve pain (Li et al., 2021). In other clinical studies, Sprifermin (Eckstein et al., 2021), TissueGene-C (Kim et al., 2018), and Lorecivivint (Yazici et al., 2020) demonstrated the potential to slow down the progression of OA. Nevertheless, these compounds have not yet been approved and are not available on the market. In this study, we chemically synthesized an iNOS dimerization inhibitor (compound 22o) that alleviated the progression of OA by regulating OA chondrocyte inflammation and ECM synthesis.
A local inflammatory response is vital for the occurrence and development of OA. In OA, many pro-inflammatory cytokines, such as IL-1β, TNF-α, and NO, are secreted in the joints. At the physiological level, NO, a key inflammatory mediator, is involved in the host defense function (Gantner et al., 2020). However, excessive NO can lead to abnormalities in the nervous system (Liu et al., 2015), vascular system (Tejero et al., 2019), gastrointestinal tract (Petersson et al., 2007), and immune system (Bogdan, 2011). Excess NO in OA not only inhibits the synthesis of cartilage ECM (Taskiran et al., 1994) and induces the expression of MMPs (Sasaki et al., 1998; Lepetsos and Papavassiliou, 2016) but also leads to chondrocyte apoptosis (Wu et al., 2007) and joint pain (Hancock and Riegger-Krugh, 2008). Therefore, controlling the amount of NO is particularly important for the occurrence and development of OA. The key to achieving this goal is to understand the regulatory mechanism of NO in chondrocytes and explore a new method to target it specifically.
NO is an important cell signal molecule produced by the NOS family via the oxidation of L-arginine to L-citrulline (Cinelli et al., 2020). In chondrocytes, NO is primarily induced by iNOS (Cheng et al., 2011). Abnormally increased pro-inflammatory cytokines induce the expression of iNOS and produce large amounts of NO, aggravating the pathological process of OA. Therefore, iNOS is a potential target for the treatment of OA. In this study, compound 22o significantly inhibited the activity of iNOS, thus reducing the production of NO as a result of compound 22o inhibiting the formation of dimer in the active form of iNOS. Our results show that compound 22o significantly inhibited the erosion of the OA articular cartilage and inhibited the loss of proteoglycans. The cartilage in the compound 22o treatment group exhibited a smoother and more complete structure than the vehicle group. Moreover, compound 22o alleviates the progression of OA. We believe that compound 22o can effectively protect the damaged joints in OA.
The iNOS inhibitors are a class of small molecules used to develop DMOADs. The iNOS inhibitors L-NMMA, L-NIL, and 1400W have been found to exert protective effects on the cartilage; however, the mechanisms have not yet been confirmed in clinical trials (Ahmad et al., 2020). Furthermore, almost all the existing NOS dimerization inhibitors contain imidazole moiety that interferes with the function of P450 enzymes resulting in some side effects. Compound 22o is a non-imidazole-based iNOS dimerization inhibitor. The iNOS dimerization inhibitor 22o showed a promising protective effect on the cartilage both in vitro and in vivo in the present study. In our previous study, compound 22o was found to have good drug-like properties and a high oral bioavailability; additionally, the acute toxicity and subacute toxicity tests revealed the safety of the compound in vivo (Chen et al., 2021). Further long-term toxicity tests are being conducted to provide a basis for subsequent clinical trials.
There are certain limitations to our study. The in vitro model involving IL-1β-induced chondrocytes is widely used, although it does not fully recapitulate the OA disease characteristics in vivo. Furthermore, chondrocytes are prone to dedifferentiation into fibroblasts after a small amount of passage, and both time- and concentration-dependent effects are also different. In addition, in the in vivo model of OA, we ignored the detection of circulating inflammatory markers.
CONCLUSION
In conclusion, an iNOS dimerization inhibitor 22o was designed and synthesized in this study. It was found to inhibit the activity of iNOS and reduce the production of NO by inhibiting the formation of iNOS dimers, thus regulating OA chondrocyte inflammation and ECM synthesis. Considering the limitations associated with preclinical studies, subsequent clinical and experimental studies will be conducted to further support compound 22o as a DMOAD for the treatment of OA.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by the ethics committee of Anhui Medical University.
AUTHOR CONTRIBUTIONS
SB, WJ, and CC contributed to conception and design of the study. WZ, ZK, and GH performed the statistical analysis. SB wrote the first draft of the manuscript. MS, WC, MX, and HY wrote sections of the manuscript. YR, ZS, and CD were responsible for the revision of the manuscript for important intellectual content. All authors contributed to manuscript revision, read, and approved the submitted version.
FUNDING
This work was funded by the fund of the Science Technology Department of Anhui Province (contract no. 202007d07050007).
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.
REFERENCES
 Ahmad, N., Ansari, M. Y., and Haqqi, T. M. (2020). Role of iNOS in Osteoarthritis: Pathological and Therapeutic Aspects. J. Cell. Physiol. 235 (10), 6366–6376. doi:10.1002/jcp.29607
 Bentz, M., Zaouter, C., Shi, Q., Fahmi, H., Moldovan, F., Fernandes, J. C., et al. (2012). Inhibition of Inducible Nitric Oxide Synthase Prevents Lipid Peroxidation in Osteoarthritic Chondrocytes. J. Cell. Biochem. 113 (7), 2256–2267. doi:10.1002/jcb.24096
 Bogdan, C. (2011). Regulation of Lymphocytes by Nitric Oxide. Methods Mol. Biol. 677, 375–393. doi:10.1007/978-1-60761-869-0_24
 Chen, L., Deng, H., Cui, H., Fang, J., Zuo, Z., Deng, J., et al. (2018). Inflammatory Responses and Inflammation-Associated Diseases in Organs. Oncotarget 9 (6), 7204–7218. doi:10.18632/oncotarget.23208
 Chen, L. Z., Shu, H. Y., Wu, J., Yu, Y. L., Ma, D., Huang, X., et al. (2021). Discovery and Development of Novel Pyrimidine and Pyrazolo/Thieno-Fused Pyrimidine Derivatives as Potent and Orally Active Inducible Nitric Oxide Synthase Dimerization Inhibitor with Efficacy for Arthritis. Eur. J. Med. Chem. 213, 113174. doi:10.1016/j.ejmech.2021.113174
 Cheng, A. W., Stabler, T. V., Bolognesi, M., and Kraus, V. B. (2011). Selenomethionine Inhibits IL-1β Inducible Nitric Oxide Synthase (iNOS) and Cyclooxygenase 2 (COX2) Expression in Primary Human Chondrocytes. Osteoarthr. Cartil. 19 (1), 118–125. doi:10.1016/j.joca.2010.10.019
 Cinelli, M. A., Do, H. T., Miley, G. P., and Silverman, R. B. (2020). Inducible Nitric Oxide Synthase: Regulation, Structure, and Inhibition. Med. Res. Rev. 40 (1), 158–189. doi:10.1002/med.21599
 Creamer, P., and Hochberg, M. C. (1997). Osteoarthritis. Lancet 350 (9076), 503–508. doi:10.1016/S0140-6736(97)07226-7
 Eckstein, F., Hochberg, M. C., Guehring, H., Moreau, F., Ona, V., Bihlet, A. R., et al. (2021). Long-Term Structural and Symptomatic Effects of Intra-Articular Sprifermin in Patients with Knee Osteoarthritis: 5-Year Results from the FORWARD Study. Ann. Rheum. Dis. 80, 1062–1069. doi:10.1136/annrheumdis-2020-219181
 Gantner, B. N., Lafond, K. M., and Bonini, M. G. (2020). Nitric Oxide in Cellular Adaptation and Disease. Redox Biol. 34, 101550. doi:10.1016/j.redox.2020.101550
 GBD 2017 Diseases and Injuries Collaborators (2018). Global, Regional, and National Incidence, Prevalence, and Years Lived with Disability for 354 Diseases and Injuries for 195 Countries and Territories, 1990-2017: A Systematic Analysis for the Global Burden of Disease Study 2017. Lancet 392 (10159), 1789–1858. doi:10.1016/S0140-6736(18)32279-7
 GBD 2019 Diseases and Injuries Collaborators (2020). Global Burden of 369 Diseases and Injuries in 204 Countries and Territories, 1990-2019: a Systematic Analysis for the Global Burden of Disease Study 2019. Lancet 396 (10258), 1204–1222. doi:10.1016/S0140-6736(20)30925-9
 Glyn-Jones, S., Palmer, A. J., Agricola, R., Price, A. J., Vincent, T. L., Weinans, H., et al. (2015). Osteoarthritis. Lancet 386 (9991), 376–387. doi:10.1016/S0140-6736(14)60802-3
 Hancock, C. M., and Riegger-Krugh, C. (2008). Modulation of Pain in Osteoarthritis: The Role of Nitric Oxide. Clin. J. Pain 24 (4), 353–365. doi:10.1097/AJP.0b013e31815e5418
 Hunter, D. J., and Bierma-Zeinstra, S. (2019). Osteoarthritis. Lancet 393 (10182), 1745–1759. doi:10.1016/S0140-6736(19)30417-9
 Kim, M. K., Ha, C. W., In, Y., Cho, S. D., Choi, E. S., Ha, J. K., et al. (2018). A Multicenter, Double-Blind, Phase III Clinical Trial to Evaluate the Efficacy and Safety of a Cell and Gene Therapy in Knee Osteoarthritis Patients. Hum. Gene Ther. Clin. Dev. 29 (1), 48–59. doi:10.1089/humc.2017.249
 Lepetsos, P., and Papavassiliou, A. G. (2016). ROS/Oxidative Stress Signaling in Osteoarthritis. Biochim. Biophys. Acta 1862 (4), 576–591. doi:10.1016/j.bbadis.2016.01.003
 Li, J.-W., Wang, R.-L., Xu, J., Sun, K.-Y., Jiang, H.-M., Sun, Z.-Y., et al. (2021). Methylene Blue Prevents Osteoarthritis Progression and Relieves Pain in Rats via Upregulation of Nrf2/PRDX1. Acta Pharmacol. Sin. 43, 417–428. doi:10.1038/s41401-021-00646-z
 Liu, H., Li, J., Zhao, F., Wang, H., Qu, Y., and Mu, D. (2015). Nitric Oxide Synthase in Hypoxic or Ischemic Brain Injury. Rev. Neurosci. 26 (1), 105–117. doi:10.1515/revneuro-2014-0041
 Maneiro, E., López-Armada, M. J., de Andres, M. C., Caramés, B., Martín, M. A., Bonilla, A., et al. (2005). Effect of Nitric Oxide on Mitochondrial Respiratory Activity of Human Articular Chondrocytes. Ann. Rheum. Dis. 64 (3), 388–395. doi:10.1136/ard.2004.022152
 Minhas, R., Bansal, Y., and Bansal, G. (2020). Inducible Nitric Oxide Synthase Inhibitors: A Comprehensive Update. Med. Res. Rev. 40 (3), 823–855. doi:10.1002/med.21636
 More, A. S., Kumari, R. R., Gupta, G., Lingaraju, M. C., Balaganur, V., Pathak, N. N., et al. (2013). Effect of iNOS Inhibitor S-Methylisothiourea in Monosodium Iodoacetate-Induced Osteoathritic Pain: Implication for Osteoarthritis Therapy. Pharmacol. Biochem. Behav. 103 (4), 764–772. doi:10.1016/j.pbb.2012.12.013
 Peat, G., and Thomas, M. J. (2021). Osteoarthritis Year in Review 2020: Epidemiology & Therapy. Osteoarthr. Cartil. 29 (2), 180–189. doi:10.1016/j.joca.2020.10.007
 Pelletier, J. P., Jovanovic, D. V., Lascau-Coman, V., Fernandes, J. C., Manning, P. T., Connor, J. R., et al. (2000). Selective Inhibition of Inducible Nitric Oxide Synthase Reduces Progression of Experimental Osteoarthritis In Vivo: Possible Link with the Reduction in Chondrocyte Apoptosis and Caspase 3 Level. Arthritis Rheum. 43 (6), 1290–1299. doi:10.1002/1529-0131(200006)43:6<1290::AID-ANR11>3.0.CO;2-R
 Petersson, J., Schreiber, O., Steege, A., Patzak, A., Hellsten, A., Phillipson, M., et al. (2007). eNOS Involved in Colitis-Induced Mucosal Blood Flow Increase. Am. J. Physiol. Gastrointest. Liver Physiol. 293 (6), G1281–G1287. doi:10.1152/ajpgi.00357.2007
 Robinson, W. H., Lepus, C. M., Wang, Q., Raghu, H., Mao, R., Lindstrom, T. M., et al. (2016). Low-Grade Inflammation as a Key Mediator of the Pathogenesis of Osteoarthritis. Nat. Rev. Rheumatol. 12 (10), 580–592. doi:10.1038/nrrheum.2016.136
 Sasaki, K., Hattori, T., Fujisawa, T., Takahashi, K., Inoue, H., and Takigawa, M. (1998). Nitric Oxide Mediates Interleukin-1-Induced Gene Expression of Matrix Metalloproteinases and Basic Fibroblast Growth Factor in Cultured Rabbit Articular Chondrocytes. J. Biochem. 123 (3), 431–439. doi:10.1093/oxfordjournals.jbchem.a021955
 Sharma, J. N., Al-Omran, A., and Parvathy, S. S. (2007). Role of Nitric Oxide in Inflammatory Diseases. Inflammopharmacology 15 (6), 252–259. doi:10.1007/s10787-007-0013-x
 Shi, Y., Hu, X., Cheng, J., Zhang, X., Zhao, F., Shi, W., et al. (2019). A Small Molecule Promotes Cartilage Extracellular Matrix Generation and Inhibits Osteoarthritis Development. Nat. Commun. 10 (1), 1914. doi:10.1038/s41467-019-09839-x
 Taskiran, D., Stefanovic-Racic, M., Georgescu, H., and Evans, C. (1994). Nitric Oxide Mediates Suppression of Cartilage Proteoglycan Synthesis by Interleukin-1. Biochem. Biophys. Res. Commun. 200 (1), 142–148. doi:10.1006/bbrc.1994.1426
 Tejero, J., Shiva, S., and Gladwin, M. T. (2019). Sources of Vascular Nitric Oxide and Reactive Oxygen Species and Their Regulation. Physiol. Rev. 99 (1), 311–379. doi:10.1152/physrev.00036.2017
 Wu, G. J., Chen, T. G., Chang, H. C., Chiu, W. T., Chang, C. C., and Chen, R. M. (2007). Nitric Oxide from Both Exogenous and Endogenous Sources Activates Mitochondria-Dependent Events and Induces Insults to Human Chondrocytes. J. Cell. Biochem. 101 (6), 1520–1531. doi:10.1002/jcb.21268
 Yazici, Y., Mcalindon, T. E., Gibofsky, A., Lane, N. E., Clauw, D., Jones, M., et al. (2020). Lorecivivint, a Novel Intraarticular CDC-like Kinase 2 and Dual-Specificity Tyrosine Phosphorylation-Regulated Kinase 1A Inhibitor and Wnt Pathway Modulator for the Treatment of Knee Osteoarthritis: A Phase II Randomized Trial. Arthritis Rheumatol. 72 (10), 1694–1706. doi:10.1002/art.41315
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 © 2022 Xian Bo, Yan Jie, De Chao, Sai, Zhe, Ya Kun, Hui Hui, Chen, Xiao, Zhong Yao, Hao Ran, Ji Sen and Wen Dan. 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: 19 July 2022
doi: 10.3389/fphar.2022.964559


[image: image2]
The Herbal Combination of Radix astragali, Radix angelicae sinensis, and Caulis lonicerae Regulates the Functions of Type 2 Innate Lymphocytes and Macrophages Contributing to the Resolution of Collagen-Induced Arthritis
Guiyu Feng1†, Dongyang Li1†, Juan Liu1†, Song Sun1†, Pingxin Zhang1, Wei Liu1, Yingkai Zhang1, Boyang Meng2*, Jinyu Li3* and Limin Chai1*
1Key Laboratory of Chinese Internal Medicine of Ministry of Education and Beijing, Dongzhimen Hospital, Beijing University of Chinese Medicine, Beijing, China
2Department of Pharmacy, The Third Affiliated Hospital of Beijing University of Chinese Medicine, Beijing, China
3Department of Orthopedic, Dongzhimen Hospital, Beijing University of Chinese Medicine, Beijing, China
Edited by:
Jian Gao, Shanghai Children’s Medical Center, China
Reviewed by:
Cheng Xiao, China-Japan Friendship Hospital, China
Yong Nin Sun, Shanghai Municipal Hospital of Traditional Chinese Medicine, China
* Correspondence: Boyang Meng, clock19850127@163.com; Jinyu Li, leery_5566@163.com; Limin Chai, liminchai@hotmail.com
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Inflammation Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 08 June 2022
Accepted: 21 June 2022
Published: 19 July 2022
Citation: Feng G, Li D, Liu J, Sun S, Zhang P, Liu W, Zhang Y, Meng B, Li J and Chai L (2022) The Herbal Combination of Radix astragali, Radix angelicae sinensis, and Caulis lonicerae Regulates the Functions of Type 2 Innate Lymphocytes and Macrophages Contributing to the Resolution of Collagen-Induced Arthritis. Front. Pharmacol. 13:964559. doi: 10.3389/fphar.2022.964559

Type 2 innate lymphocytes (ILC2s), promoting inflammation resolution, was a potential target for rheumatoid arthritis (RA) treatment. Our previous studies confirmed that R. astragali and R. angelicae sinensis could intervene in immunologic balance of T lymphocytes. C. lonicerae also have anti-inflammatory therapeutic effects. In this study, the possible molecular mechanisms of the combination of these three herbs for the functions of ILC2s and macrophages contributing to the resolution of collagen-induced arthritis (CIA) were studied. Therefore, we used R. astragali, R. angelicae sinensis, and C. lonicerae as treatment. The synovial inflammation and articular cartilage destruction were alleviated after herbal treatment. The percentages of ILC2s and Tregs increased significantly. The differentiation of Th17 cells and the secretion of IL-17 and IFN-γ significantly decreased. In addition, treatment by the combination of these three herbs could increase the level of anti-inflammatory cytokine IL-4 secreted, active the STAT6 signaling pathway, and then contribute to the transformation of M1 macrophages to M2 phenotype. The combination of the three herbs could promote inflammation resolution of synovial tissue by regulating ILC2s immune response network. The synergistic effects of three drugs were superior to the combination of R. astragali and R. angelicae sinensis or C. lonicerae alone.
Keywords: R. astragali, R. angelicae sinensis, C. lonicerae, type 2 innate lymphocytes, inflammation resolution, collagen-induced arthritis
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by symmetrical, progressive, and erosive arthritis (Smolen et al., 2016). The key pathological changes of RA are the continuous infiltration of immune cells into the synovial tissues, leading to the occurrence of autoimmune inflammation in the synovial tissues. Effector T-cells and B cells form a complex immune network in the damaged tissues, promote the production of inflammatory cytokines, stimulate the inflammatory proliferation of fibroblast-like synoviocytes (FLSs) in synovial tissues of inflamed joints, and secrete inflammatory cytokines, induce autoimmune inflammation and lead to the damage of articular cartilage (McInnes and Schett, 2007; Schett et al., 2013; McInnes and Schett, 2017). Previous studies have confirmed that macrophages polarize into a pro-inflammatory “M1” phenotype in RA, increases the production of pro-inflammatory mediators and decreases the secretion of anti-inflammatory cytokines, such as interleukin (IL)-4, IL-13, and IL-10 (Murray et al., 2014). The Janus tyrosine kinase/signal transducer and activator of transcription (JAK-STAT) signaling pathway plays an important role in the pathogenesis of RA synovitis. Anti-arthritis by interfering with JAK/STAT pathway has been reported, further establishing the key role of JAK/STAT pathway activation in RA (Banerjee et al., 2017; Malemud, 2018).
Current treatment regimens for RA mainly focus on targeting the production of pro-inflammatory cytokines and the activation of autoimmune inflammation (Smolen et al., 2020). Neutralizing antibodies, targeting to tumor necrosis factor (TNF), IL-6 and Janus tyrosine kinase (JAK), can effectively inhibit the process of synovitis and articular cartilage injury. This therapeutic has been widely used for RA treatment (Schmid and Neri, 2019; Silvagni et al., 2020). Nevertheless, immunosuppressive therapy often brings the risk of secondary infection because of excessive suppression (Bongartz et al., 2006; Singh et al., 2015). At present, the therapeutic goal of RA is focus on induce inflammation remission. Innate lymphoid cells (ILCs) play complex roles throughout the duration of immune responses (McKenzie et al., 2014). Activation of different types of ILCs through different immune response networks can aggravate or slow down the inflammatory and pathological process of autoimmune diseases (Klose and Artis, 2016). Several researches showed that ILC2s could attenuate inflammatory arthritis and protect from bone destruction (Omata et al., 2018). ILC2s should be a potential therapeutic target for the novel treatment strategies in RA.
Chinese herbal treatment has promising immunomodulatory effects via multiple targets for RA treatment (Ma et al., 2013). R. astragali, R. angelicae ainensis, and C. lonicerae have been widely used in clinical practice for a long time and proved to be safe and effective. Pharmacological researches indicated that both R. astragali and R. angelicae sinensis have therapeutical effect on RA, including regulating the immune system (Yang et al., 2006; Chen et al., 2020), anti-inflammation (Magdalou et al., 2015; Wang et al., 2016), anti-oxidation (Zhang et al., 2010; Shahzad et al., 2016) and promoting bone formation (Yang et al., 2014). Pharmacological studies confirmed that C. lonicerae had broad spectrum of pharmacological activities, such as anti-inflammation (Su et al., 2021), anti-oxidation (Li et al., 2020), and anti-angiogenic (Yoo et al., 2008). In our previous studies, we proved that chlorogenic acid and Luteolin, the main components of C. lonicerae, could inhibit inflammatory proliferation of FLSs induced by IL-1β and IL-6 through activating FLSs apoptosis (Lou et al., 2015; Lou et al., 2016). Furthermore, herbal formula (Xianfanghuomingyin, XFHM), C. lonicerae as the main ingredient, has been proved which had therapic effect on alleviating cartilage destruction and pannus formation in collagen-induced arthritis (CIA) mice (Nie et al., 2016; Li et al., 2017). Therefore, we suggest that the combination of R. astragali, R. angelicae sinensis and C. lonicerae can promote the resolution of synovial inflammation and inhibit the subsequent destruction of cartilage.
In this study, we used CIA mice as animal model. Leflunomide (LEF) was used as a positive control medicine. We want to investigate the mechanism of the combination of R. astragali, R. angelicae sinensis, and C. lonicerae for inhibiting abnormal immune response and promoting inflammation resolution in synovial tissues of CIA mice through regulating the functions of ILC2s and macrophages.
MATERIAL AND METHODS
Preparation of the Herbal Medicine and HPLC-ESI/MSn Analysis
A total of 100 g of raw herbal pieces, including R. astragali (origin: Inner Mongolia, China, 80 g), R. angelicae sinensis (origin: Gansu, China, 20 g), were soaked in water for 30 min and then decocted to an extract solution (500 mg/ml). C. lonicerae (origin: Henan, China, 60 g), were soaked in water for 30 min and then decocted to an extract solution (300 mg/ml). A total of 160 g of raw herbal pieces, including R. astragali (origin: Inner Mongolia, China, 80 g), R. angelicae sinensis (origin: Gansu, China, 20 g), C. lonicerae (origin: Henan, China, 60 g), were soaked in water for 30 min, and then decocted to an extract solution (800 mg/ml). The herbs were provided by the Pharmacy Department of Dongzhimen Hospital of Beijing University of Chinese Medicine.
The constituents of R. astragali, R. angelicae sinensis, and C. lonicerae were detected using HPLC-ESI/MSn. The specific detection methods were based on our previous description (Nie et al., 2016; Li et al., 2017). The Peak View Software™ 2.2 (SCIEX, Foster City, CA, United States) was used to analyze the data by signal intensity and retention time.
Collagen-Induced Arthritis Induction in DAB1/J Mice and Drug Treatment
DBA1/J male mice (n = 8 per group, 7–8 weeks old, 18 ± 2 g weight) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Animal care and use were in accordance with institutional guidelines. All animal experiments were approved by the Animal Ethics Committee of Beijing University of Chinese Medicine.
Mice, except the control group, were immunized intradermally with 100 μg of bovine type II collagen (CII) (Batch number 190209, Chondrex, Seattle, WA, United States) emulsified with an equal volume of complete Freund’s adjuvant (CFA) (Batch number 190214, Chondrex, Seattle, WA, United States). Injection was performed on the base of the tail and back. Mice were boosted by intradermal injection with 100 μg of CII emulsified with incomplete Freund’s adjuvant (IFA) (Batch number 190269, Chondrex, Seattle, WA, United States) on the 21st day after first immunization. The model was completed on the 28th day after the first immunization (incidence rate 94.4%). Then the sagittal plane radius of the hind limb was measured every 7 days, the thickness of metatarsal joint of the hind limb was also measured by vernier caliper with 50-divisions.
Drug treatment began at 7 days after booster immunization and lasted for 28 days. Mice were divided into six groups as follows: control group, mice fed the control diet, and orally given sterile saline; model group, mice fed the same as the control group; LEF group, mice fed the control diet, and orally daily given 3 mg/kg/d LEF (No. H20080047, Suzhou Changzheng-Xinkai Pharmaceutical Co., Ltd., China) for 28 days; R. astragali and R. angelicae sinensis combination group (R + A group), mice fed the control diet and orally given 7.5 g/kg/d the two-herb combination daily for 28 days; C. lonicerae group (C group), mice fed the control diet and orally given 4.5 g/kg/d herb daily for 28 days; R. astragali, R. angelicae sinensis, and C. lonicerae combination group (R + A + C group), mice fed the control diet and orally given 12 g/kg/d the three-herb combination daily for 28 days. The mice were sacrificed on the 29th day after treatment.
Clinical Scores of Collagen-Induced Arthritis
Clinical scores of CIA were monitored every 7 days after booster immunization. Scores for swelling of paws were classified as follows: as 0 (normal joints), 1 (swelling in one digit or joint inflammation), 2 (swelling in two or three digits, or slight paw swelling), 3 (swelling in more than four digits and moderate swelling in the entire paw), and 4 (severe swelling and deformation of the paw). The clinical score is the sum of the scores of all four paws of each mouse, with a maximum score of 16.
Histology
The left legs and hind paws of mice were removed, fixed overnight in 4% paraformaldehyde at 4°C. After fixation, skin, and muscle were completely removed, and the plantar joints of mice were dissected, and immersed in 10% EDTA for sufficient decalcification. Then embedded in paraffin and sectioned at 5 μm thickness. The paraffin sections were deparaffinized with xylene and rehydrated with gradient ethanol, then stained with hematoxylin-eosin (HE), safranin O-fast green (Safranin O) or tartrate-resistant acid phosphatase (TRAP), the specimens were observed and photographed by a light microscope (DM RAS2 Leica, Solms, Germany). Histopathological changes in synovial inflammation, cartilage destruction, and bone erosion were assessed according to previously reported methods (Feng et al., 2019). The scores of Loss of safranin O staining (Rauber et al., 2017) were defined as follows: no loss (0 score); slight loss (1 score); moderate loss (2 score); severe loss (3 score); completely loss (4 score).
Immunofluorescence Staining
After deparaffinization and rehydration through standard protocols, the paraffin sections were washed by PBS. Then sections were alternately bathed in boiling sodium citrate buffer for 20 min. After returning to room temperature, sections were washed. The membrane was permeated in 0.3% PBST (100 ml PBS, 0.3 ml Triton X-100) for 20 min. Sections were washed and then blocked by donkey serum at 37°C for 30 min. Sections were incubated by primary antibodies overnight at 4°C, including anti-F4/80 antibody (1:100, abcam), anti-INOS antibody (1/100, abcam), and anti-CD206 antibody (1:100, R&D). After incubtion the sections were restored to room temperature, washed by PBS, and then incubated by secondary antibodies, including donkey secondary antibodies to rat (1:2,000, Alexa Fluor®488, abcam), donkey secondary antibodies to rabbit (1:2,000, Alexa Fluor®647, abcam), and donkey secondary antibodies to goat (1:2,000, Alexa Fluor®555, abcam). After antibody incubation, sections were washed and finally sealed in a sealant containing DAPI. Images were acquired through a Leica confocal laser scanning microscopy (Leica).
Flow Cytometry Analysis
Lymph nodes and synovial tissues were respectively removed, diced, and expressed through a 70 μm Nylon mesh. All isolated lymphocytes and synovial cells were re-suspended as a single cell suspension. To determine the percentage of Th17 cells, cells derived from synovial tissues were washed and stained with FITC anti-mouse CD4 Antibody (Biolegend). Following CD4 staining, cells were blocked, fixed, and permeabilized through a Fixation/Permeabilization kit according to manufacturers’ instructions (BD Bioscience), and then further stained with PE/Cyanine7 anti-mouse IL-17A Antibody (Biolegend). To determine the percentage of Treg cells, cells were washed and stained with FITC anti-mouse CD4 Antibody (Biolegend) and PE anti-mouse CD25 Antibody (Biolegend). Following CD4 and CD25 staining, cells were blocked, fixed, and permeabilized using a Fixation/Permeabilization kit according to manufacturers’ instructions (BD Bioscience), and stained with FOXP3 Monoclonal Antibody (eBioscience). To determine the percentage of Memory T-cells, Effector T-cells, and Naïve T-cells, cells were washed and stained with PE anti-mouse/human CD44 Antibody (Biolegend) and CD62L Monoclonal Antibody (eBioscience). To determine the percentage of ILC2s, cells derived from lymph nodes were washed and stained with Pacific Blue™ anti-mouse Lineage Cocktail with Isotype Ctrl (Biolegend), PE anti-mouse/human KLRG1 (MAFA) Antibody (Biolegend), FITC anti-mouse CD127 (IL-7Rα) Antibody (Biolegend), and anti-human/mouse/rat CD278 (ICOS) Antibody (Miltenyi). Flow cytometry was performed by a FACS Calibur cytometer and analyzed using CellQuest software (Beckman Coulter, CA, United States).
Enzyme-Linked Immunosorbent Assay
Twenty-four hours after the last administration, 0.8 ml of peripheral blood was collected from each mouse by eyeball extirpation. Sera were isolated by centrifuging at 3,000 rpm and 4°C for 10 min. The ELISA kit (eBioscience) was used to quantitate the contents of IFN-γ, IL-17, and IL-4 in serums following the instructions strictly.
Western Blotting Analysis
Proteins for western blotting analysis were extracted from the synovial tissues and lysed by RIPA Lysis Buffer (Boster, Wuhan, China) with protease and phosphatase inhibitors (Boster, Wuhan, China). The protein concentration was quantified preliminarily with the BCA kit (Boster, Wuhan, China). The total proteins were separated using 7.5% SDS-PAGE (Epizyme, Shanghai, China), and then transferred onto nitrocellulose membranes. The membranes were blocked by TBST containing 5% skimmed milk for 1 h at room temperature. The primary antibodies including JAK2 polyclonal antibody (1:1,000, Thermo Fisher), phospho-JAK2 polyclonal antibody (1/1,000, Thermo Fisher), JAK3 polyclonal antibody (1:1,000, Thermo Fisher), phospho-JAK3 polyclonal antibody (1:1,000, Thermo Fisher), STAT6 polyclonal antibody (1:1,000, Thermo Fisher), phospho-STAT6 polyclonal antibody (1:1,000, Thermo Fisher) were incubated overnight at 4°C. Next, the membranes were incubated with HRP-conjugated secondary antibody (1/8,000, Boster, Wuhan, China) for 1 h, and then treated with ECL chemiluminescence reagents. Densitometry plots showing protein expression were analyzed by ImageJ (Bethesda, United States). Densitometry plots of the protein expression levels were normalized to GAPDH (1/2,000, Thermo Fisher).
Statistical Analysis
All data are presented as the mean ± standard deviation (SD). Statistical analyses were performed using SPSS 20.0. One-way analysis of variance (ANOVA) followed by the Tukey-Kramer test for multiple comparisons was used to compare with the treatment groups. p < 0.05 was considered statistically significant.
RESULTS
Identification of Chemical Constituents in Three Herbs by HPLCESI/MSn
Seven constituents of R. astragali, six constituents of R. angelicae sinensis, and eleven constituents of C. lonicerae (Figure 1) were identified based on the target peaks. The identified compounds of these herbs are shown in Tables 1–3.
[image: Figure 1]FIGURE 1 | Characteristics of pure compounds from the aqueous extract of R. astragali, R. angelicae sinensis, and C. lonicerae. The abscissa represents the retention time, and the ordinate represents the chromatographic peak intensity. (A) HPLC-ESI/MSn total ion chromatogram of R. astragali and the molecular formulas of identified components. (B) HPLC-ESI/MSn total ion chromatogram of R. angelicae sinensis and the molecular formulas of identified components. (C) HPLC-ESI/MSn total ion chromatogram of C. lonicerae and the molecular formulas of identified components.
TABLE 1 | Chemical components identified from R. astragali by HPLC-ESI/MSn.
[image: Table 1]TABLE 2 | Chemical components identified from R. angelicae sinensis by HPLC-ESI/MSn.
[image: Table 2]TABLE 3 | Chemical components identified from C. lonicerae by HPLC-ESI/MSn.
[image: Table 3]The Combination of Herbs Relieved the Joints Swelling of Collagen-Induced Arthritis Mice
Drug intervention was initiated on the 28th day after immunization and lasted 28 days. The thickness of the bilateral plantar joints and clinical scores were detected and measured weekly. As shown in Figure 2, the R + A, C, R + A + C, and LEF treatment significantly decreased the thickness of the bilateral plantar joints (p < 0.01, Figure 2A) and significantly reduced the clinical scores (p < 0.01, Figure 2B) on the 56th day. The curative effect of R + A + C group was better than those of other herbal groups.
[image: Figure 2]FIGURE 2 | The combination of three herbs reduced the severity of joint swelling in CIA mice. (A) Joint thickness of control and CIA mice. (B) Clinical scores of control and CIA mice. (C) Hematoxylin-eosin (HE) staining of synovial tissue of joint (magnification ×200). The triangle indicates articular cartilage. (a), control group; (b), model group; (c), LEF group; (d), R. astragali + R. angelicae sinensis (R + A) group; (e), C. lonicerae (C) group; and (f), R. astragali + R. angelicae sinensis + C. lonicerae (R + A + C) group. All data are shown as mean ± SD (n = 8); #p < 0.05, ##p < 0.01, compared with the normal group; *p < 0.05, **p < 0.01, compared with the model group.
Histopathological lesions in the joints were observed through HE staining (Figure 2C). The synovial hyperplasia, cartilage destruction, and bone erosion in the joints were assessed. As shown in Figure 2C, the histopathological lesions of CIA mice were alleviated by treatment with R + A, C, R + A + C, and LEF. The ameliorative effect of R + A + C group was better than those of R + A and C groups.
The Combination of Three Herbs Repaired the Bone Destruction in the Joints of Collagen-Induced Arthritis Mice
Safranin O staining can directly reflect the structure of articular cartilage and subchondral bone. After staining, the cartilage appears red. There were also differences in Safranin O staining observed among the groups (Figure 3A). The intensity of Safranin O staining in CIA mice decreased significantly compared with the control mice. As shown in Figure 3C, after treated by LEF, R + A, C, and R + A + C, the loss scores of Safranin O staining decreased. Thus, herbal treatment increased the staining significantly, and the enhancement effect of R + A + C group was better than those of other herbal treatment groups.
[image: Figure 3]FIGURE 3 | The combination of three herbs improved bone destruction in CIA mice. (A) Saffron O staining of articular tissue (magnification ×200). The arrow indicates articular cartilage. (B) Tartrate-resistant acid phosphatase (TRAP) staining of articular tissue (magnification of the first row ×200). The arrow points to osteoclasts. (C) score of loss of safranin O staining. (D) number of osteoclasts. (a), control group; (b), model group; (c), LEF group; (d), R. astragali + R. angelicae sinensis (R + A) group; (e), C. lonicerae (C) group; and (f), R. astragali + R. angelicae sinensis + C. lonicerae (R + A + C) group. All data are shown as mean ± SD (n = 8); #p < 0.05, ##p < 0.01, compared with the normal group; *p < 0.05 **p < 0.01, compared with the model group. The scale bar corresponds to 100 µm or 200 µm.
As shown in TRAP staining (Figure 3B), the purplish red osteoclasts were mostly expressed on the bone surface. The significant differences were observed between normal mice and CIA mice. R + A, C, and R + A + C treatment reduced the abnormal expression of osteoclasts (Figure 3D).
The Proliferation and Differentiation of CD4+ T-Cells Were Regulated by Herbal Treatment
CD4+ T-cells coordinate diverse immune responses to deal with various disease-causing pathogens. Activated naïve CD4+ T-cells differentiate into several subsets of effector cells that have different functions, including Th17 and Treg cells. The final fate is primarily determined by the external milieu (e.g., cytokines) present during activation (Lee, 2018). As shown in Figure 4, R + A, C, and R + A + C treatment decreased the level of naive (CD4+CD44LowCD62L+) T-cells (p < 0.01) significantly and increased the level of effector (CD4+CD44LowCD62L−) T-cells in CIA mice after treatment, whereas the decreasing effect on the memory (CD4+CD44HighCD62L−) T-cells was not obvious. The intervention effect of R + A + C group was better than those of other herbal treatment groups.
[image: Figure 4]FIGURE 4 | The percentages of CD4+CD44HighCD62L− T-cells, CD4+CD44LowCD62L− T-cells and CD4+CD44LowCD62L+ T-cells. (a), control group; (b), model group; (c), LEF group; (d), R. astragali + R. angelicae sinensis (R + A) group; (e), C. lonicerae (C) group; and (f), R. astragali + R. angelicae sinensis + C. lonicerae (R + A + C) group. Results are presented in a bar chart. Data are presented as mean ± SD (n = 8); #p < 0.05, ##p < 0.01, compared with the normal group; *p < 0.05, **p < 0.01, compared with the model group.
The Herbal Treatments Intervened in the Proliferation and Differentiation of Th17 and Tregs
As shown in Figure 5A, the percentages of Th17 (CD4+IL-17+) cells in the model group was markedly higher than that of the control group (p < 0.01). R + A, C, R + A + C, and LEF treatments could downregulate the level of Th17 cells (p < 0.01) significantly. As shown in Figure 5B, the percentage of Treg (CD4+CD25+ Foxp3+) cells of model group was lower than that of the control group (p < 0.01), and the percentages of Treg cells of the R + A, C, R + A + C, and LEF groups were upregulated significantly (p < 0.01). These results indicate that R + A, C, and R + A + C treatment could inhibit the proliferation and differentiation of Th17 and promote the proliferation and differentiation of Treg cells in CIA mice. The effect of R + A + C group was better than those of R + A, and C groups.
[image: Figure 5]FIGURE 5 | The percentages of Th17 and Treg cells. (A) The percentages of CD4+IL-17+ T-cells. (B) The percentages of CD4+CD25+FOXP3+ T-cells. (a), control group; (b), model group; (c), LEF group; (d), R. astragali + R. angelicae sinensis (R + A) group; (e), C. lonicerae (C) group; and (f), R. astragali + R. angelicae sinensis + C. lonicerae (R + A + C) group. The results are presented in the bar charts (n = 8). Data are presented as the mean ± SD (n = 8); #p < 0.05, ##p < 0.01, compared with the normal group; *p < 0.05, **p < 0.01, compared with the model group.
The Proliferation and Differentiation of ILC2s in Synovial Tissue Increased After Herbal Treatments
ILC2s could maintain immune homeostasis in the microenvironment of pathological tissue, play an important regulatory role in the activation of Treg cells. Our data showed that the level of ILC2s (Lin−CD127+CD278+) in synovial tissue of mice in the model group was lower than that in the control group (p < 0.01). Compared with the model group, the percentages of ILC2s in all treatment groups were increased significantly (p < 0.01). The promoting effect of R + A + C group was slightly better than those of the R + A and C groups (Figure 6).
[image: Figure 6]FIGURE 6 | The percentages of Lin−CD127+CD278+ cells. (a), control group; (b), model group; (c), LEF group; (d), R. astragali + R. angelicae sinensis (R + A) group; (e), C. lonicerae (C) group; and (f), R. astragali + R. angelicae sinensis + C. lonicerae (R + A + C) group. The results are presented in the bar charts (n = 8). Data are presented as the mean ± SD (n = 8); #p < 0.05, ##p < 0.01, compared with the normal group; *p < 0.05, **p < 0.01, compared with the model group.
The Herbal Treatment Induced the Transformation of M1 Macrophages to M2 Subtype in Synovial Tissue
F4/80, INOS, and CD206 antibodies were used to stain the macrophages triply in immunofluorescence staining. As displayed in Figure 7, INOS were strongly expressed in CIA model group, CD206 were observably expressed in control and treatment groups. R + A, C, R + A + C, and LEF treatment could promote the transformation of M1 (F4/80+INOS+CD206−) macrophages to M2 (F4/80+INOS−CD206+) macrophages. The inducing effect of R + A + C group was better than those of R + A and C groups. These results demonstrate that the therapeutical effect on inflammation suppression of herbal treatment should be related with the polarization of macrophages in synovial tissue of CIA mice.
[image: Figure 7]FIGURE 7 | Representative immunofluorescence images of macrophage distribution. Three types of fluorescence labeled M1 and M2 macrophages: F4/80+INOS+CD206− cells are M1 macrophages, F4/80+INOS−CD206+ cells are M2 macrophages, and F4/80+NOS2+CD206+ cells are M1 and M2 mixed macrophages. The scale bar corresponds to 20 µm throughout.
The Productions of Pro-Inflammatory and Anti-Inflammatory Cytokines Were Regulated by Herbal Treatments
As shown in Figure 8, compared with model group, the levels of IL-17 was significantly decreased in R + A, C and R + A + C group (p < 0.01). The secretions of IFN-γ were decreased in R + A, C and R + A + C group (p < 0.01). The quantities of IL-4 were increased significantly in R + A, C and R + A + C (p < 0.01). These results indicated that R + A, C and R + A + C treatment could alleviate synovial inflammation through inhibiting the productions of IL-17 and IFN-γ and increasing IL-4 production. The efficacy of herbal combination of R + A + C was better than those of other herbal treatment.
[image: Figure 8]FIGURE 8 | The levels of IL-17, IFN-γ, and IL-4 of control and CIA mice after drug treatment. (A) The levels of IL-17. (B) The levels of IFN-γ. (C) The levels of IL-4. The results are presented in a bar chart. Data are presented as mean ± SD (n = 8); #p < 0.05, ##p < 0.01, compared with the normal group; *p < 0.05, **p < 0.01, compared with the model group.
The Treatment of Herbal Combination Regulated the Expression Levels of the Key Proteins of JAK/STAT Signaling Pathway
Western blotting analysis was performed to detect the expression and phosphorylation levels of the key proteins of JAK/STAT signaling pathway in the synovial. Compared with the control group, the protein productions, and phosphorylation levels of JAK2 and JAK3 in synovial tissue of CIA mice in model group were increased significantly (p < 0.01). As shown in Figure 9, these abnormally elevated molecular levels were reduced after R + A, C, R + A + C or LEF treatments (p < 0.01), and the productions of STAT6 were increased significantly (p < 0.01) compared with those of model group. These results indicated that the treatment of herbal combination could alleviate synovial inflammation through inducing the activation of STAT6 signals and inhibiting the expression and phosphorylation of JAK2 and JAK3.
[image: Figure 9]FIGURE 9 | The levels of key molecules in the JAK-STAT signaling pathway of control and CIA mice. (A) The protein expression levels of JAK2 and P-JAK2. (B) The protein expression levels of JAK3 and P-JAK3. (C) The protein expression levels of STAT6 and P-STAT6. Results are presented in a bar chart. The results are presented in a bar chart. Data are presented as mean ± SD (n = 3); #p < 0.05, ##p < 0.01, compared with the normal group; *p < 0.05, **p < 0.01, compared with the model group.
DISCUSSION
In traditional Chinese medicine (TCM), the herbal formulas consist of several medicinal herbs. The multiple components of herbal combination could act on multiple targets, exert synergistic therapeutic efficacies. In this study, the main components in the aqueous extract of R. astragali, R. angelicae sinensis, and C. lonicerae were analyzed by HPLC-ESI/MSn. It has identified seven ingredients in R. astragali, six ingredients R. angelicae sinensis and eleven ingredients in C. lonicerae. Calycosin-7-O-β-glucoside, a bioactive compound isolated from R. astragali, has biological effects on triggering the processes of bone formation and repair (Park et al., 2021). Moreover, Ononin has been shown to induce apoptosis and reduce inflammation of FLSs in RA (Meng et al., 2021). Calycosin and formononetin, the major compounds of R. astragali, can regulate the activation of anti-oxidative enzymes (Yu et al., 2009) and promote the osteogenesis of osteoblasts (Kong et al., 2018). Ferulic acid, the main component of R. angelicae sinensis, has low toxicity and possesses many pharmacological functions including antiinflammatory, antioxidantion, and antimicrobial activity (Zduńska et al., 2018). In addition, vanillic acid can reduce osteoarthritis inflammation and attenuate cartilage degeneration (Huang et al., 2019). Senkyunolide H can attenuate osteoclastogenesis (Yang et al., 2020). The dominant constituents of C. lonicerae were glycoside, including 3-O-caffeoylquinic acid, loganin, sweroside, secoxyloganin, and so on. Pharmacological studies have confirmed that loganin can ameliorate cartilage degeneration and osteoarthritis development (Hu et al., 2020). Sweroside has been known to promote osteoblast differentiation (Choi et al., 2021). Cynaroside possesses chondroprotective effects (Lee et al., 2020). Therefore, we hypothesis that the herbal combination of R. astragali, R. angelicae sinensis, and C. lonicerae can alleviate synovial inflammation and repair cartilage injury by synergistic effect of multiple components and multiple targets.
TNF and IL-6, as the core hub of RA synovial cytokine network, induce the productions of pro-inflammatory mediators. It can also stimulate the formation of osteoclasts, leading to bone destruction (Choy and Panayi, 2001; Ridgley et al., 2018). Due to the invasion of macrophage like cells and the inflammatory proliferation of FLSs, the synovial lining composed of 1–3 cell layers is significantly thickened. The degree of synovial hyperplasia correlates with the severity of cartilage erosion, leading to the formation of inflammatory pannus, adhesion, and erosion of articular cartilage, resulting in progressive degeneration of articular cartilage (McInnes and Schett, 2011).
Our previous studies have confirmed that the combination of R. astragali and R. angelicae sinensis can intervene in T lymphocytes and restore the balance of immune network (Liu et al., 2019). C. lonicerae can inhibit the inflammatory proliferation of FLSs (Wang et al., 2021). To evaluate the therapeutic effects of the three herbs on RA, we chose the CIA mouse model which mimics the pathological features occurring in human. The histological photographs of CIA mice showed substantial inflammatory cell infiltration, synovial hyperplasia, and cartilage damage in joints. Daily treatment by the combination of these three herbs could alleviate both the ankle swelling and inflammatory cell infiltration, thus the reversals of cartilage damage in the RA-induced histological joint changes.
ILCs are innate immune cells that do not express recombinant antigen receptors and have no antigen specificity (Vivier et al., 2018). ILCs are divided into three different subunits: ILC1s, ILC2s, and ILC3s, according to the cytokines produced by them, have specific nuclear transcription factors and Th cells corresponding to them in the innate immune system (Spits et al., 2013; Eberl et al., 2015). Antigen-specific autoantibodies and autoimmune responsive T-cells activate different types of ILCs through different immune response networks, aggravating or slowing down the inflammatory pathological process of autoimmune diseases (Sonnenberg and Artis, 2015; Exley et al., 2016). ILC1s, coordinating with Th1 cells, secrete IFN-γ, participate in the occurrence and development of autoimmune inflammation in RA (Fang et al., 2020). Th17 cells in the synovial tissues of RA stimulate FLSs through producing large amounts of IL-17, initiating synovial inflammation, and inducing the proliferation and activation of ILC3s. Activation of ILC3s could induce the polarization of monocytes, maintained the persistent inflammation of synovial tissue (Hirota et al., 2018).
However, ILC2 has immunomodulatory and anti-inflammatory effects on the resolution of chronic inflammation in RA (Biton et al., 2016; Omata et al., 2018). Activated ILC2S and Th2 cells both produce powerful anti-arthritis cytokines IL-4 and IL-13 (Bessis et al., 1996; Horsfall et al., 1997). The inhibitory effect of IL-4 is stronger than that of IL-13 on osteoclast differentiation and cartilage destruction (Joosten et al., 1999; Yamada et al., 2007). These cytokines binding to macrophages induce them transforming to a regulatory M2 phenotype through signal transducer and activator of transcription (STAT) 6 activation. M2 macrophages secrete anti-inflammatory effector cytokines such as IL-10 and transforming growth factor (TGF)-β. ILC2s also can produce IL-5 to recruits eosinophils, which shift the balance of macrophages from predominantly being pro-inflammatory M1 macrophages to predominantly being regulatory M2 macrophages, thereby reducing the production of pro-inflammatory cytokines such as TNF and IL-1β by M1 macrophages. Ultimately, this leads to inhibiting the production of pro-inflammatory cytokines and infiltration of pro-inflammatory macrophages and neutrophils in synovium, slowing down the process of synovial inflammation (Chen et al., 2019). In this study, our results showed that the herbal combination of these three herbs could induce the activation of STAT6 signaling pathway stimulated by IL-4. Macrophage polarization played subsequent transformation to anti-inflammatory “M2-like” phenotype, contributing to resolution of synovial inflammation after herbal combination treatment of R. astragali, R. angelicae sinensis, and C. lonicerae treatment. Surprisingly, the therapeutical effect of herbal combination of these three herbs was superior to these of the combination of R. astragali and R. angelicae sinensis or C. lonicerae alone.
Moreover, IL-9 induces the binding of glucocorticoid-induced TNFR-related protein (GITR) ligand (GITRL) to GITR and inducible co-stimulator (ICOS) ligand (ICOSL) to ICOS, increases the proliferation of ILC2s, and then activates the proliferation and differentiation of Treg cells in pathological synovial tissue. Treg cells inhibit the secretion of IL-17 and the proliferation of Th17 cells, promote the resolution of inflammation, repair the inflammatory damage of articular cartilage (Rauber et al., 2017; Chen et al., 2019). We quantified the percentages of Th17 and Treg cells in lymphocytes after the herbal treatment by flow cytometry. The results showed that the combination of R. astragali, R. angelicae Sinensis, and C. lonicerae could inhibit the proliferation and differentiation of Th17 cells, promote the proliferation and differentiation of Treg cells.
Furthermore, abnormal activation of JAK-STAT signaling in RA synovial joints results in the elevated level of matrix metalloproteinase gene expression, increased frequency of apoptotic chondrocytes and prominent “apoptosis resistance” in the inflamed synovial tissue, contributing to progressive degeneration of articular cartilage (Malemud, 2018). In this study, the results indicated that herbal combination treatment could decrease the protein expression of key molecules of JAK/STAT signaling pathway in synovial tissues, suppress the activation of this signaling pathways. Thus, these data indicate that the inhibitory effects on the activation of JAK/STAT signaling pathways may be an important mechanism of R. astragali, R. angelicae sinensis, and C. lonicerae treatment for the alleviation of synovial inflammation.
Our results showed that the combination of these three herbs could increase the levels of ILC2s cells in synovium tissue of CIA mice and induce the polarization of macrophages. Therefore, the main mechanism of inflammation resolution may be related to promoting the proliferation and differentiation of ILC2s, then producing a powerful anti-arthritis cytokine IL-4, which induces the activation of STAT6 signaling pathway and enabling macrophages to transform from pro-inflammatory M1 type to anti-inflammatory M2 type. The decrease of levels of pro-inflammatory cytokines leads to reduced osteoclast formation, alleviated cartilage destruction and bone erosion. The therapeutical effect of herbal combination of these three herbs was superior to these of the combination of R. astragali and R. angelicae sinensis or C. lonicerae alone.
CONCLUSION
Overall, our study confirmed that the herbal combination of R. astragali, R. angelicae sinensis, and C. lonicerae could relieve synovial inflammation by regulating the functions of ILC2s and macrophages. Hence, fostering ILC2s activation may offer a novel therapeutic approach for the resolution of inflammation. Moreover, the herbal combination of these three herbs should be prescribed in TCM as a supplement or alternative drugs for RA treatment.
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Synovial sarcoma (SS) is an epithelial-differentiated malignant stromal tumor that has the highest incidence in young people and can occur almost anywhere in the body. Many noncoding RNAs are involved in the occurrence, development, or pathogenesis of SS. In particular, the role of MicroRNAs (miRNAs) in SS is receiving increasing attention. MiRNA is a noncoding RNA abundant in cells and extracellular serums. Increasing evidence suggests that miRNA has played a significant role in the incidence and development of tumors in recent years, including sarcomas. Previous studies show that various sarcomas have their unique miRNA expression patterns and that various miRNA expression profiles can illustrate the classes of miRNAs that may elicit cancer-relevant activities in specific sarcoma subtypes. Furthermore, SS has been reported to have the most number of differentially expressed miRNAs, which indicated that miRNA is linked to SS. In fact, according to many publications, miRNAs have been shown to have a role in the development and appearance of SS in recent years, according to many publications. Since many studies showing that various miRNAs have a role in the development and appearance of SS in recent years have not been systematically summarized, we summarize the recent studies on the relationship between miRNA and SS in this review. For example, miR-494 promotes the development of SS via modulating cytokine gene expression. The role of miR-494-3p as a tumor suppressor is most likely linked to the CXCR4 (C-X-C chemokine receptor 4) regulator, although the exact mechanism is unknown. Our review aims to reveal in detail the potential biological value and clinical significance of miRNAs for SS and the potential clinical value brought by the association between SS and miRNAs.
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INTRODUCTION
Synovial sarcoma (SS) is a high-grade soft tissue sarcoma (STS), which arises from undifferentiated mesenchymal cells and is very rare (Serinelli et al., 2021). The age-adjusted incidence is 0.81/1,000,000 in children and 1.42/1,000,000 in adults (Gazendam et al., 2021). SS can occur in almost any tissue of the human body at any age. However, SS occurs more often in soft tissues, among which the limbs are the most common. Likewise, although SS can occur in any age group, it is most prevalent in adolescents and adults under 30 (Vlenterie et al., 2015). To date, the pathogenesis of SS has not been fully elucidated. One of the causes of SS is widely thought to be a chromosome abnormality known as T (x; 18) (P11.2; q11.2) (Aytekin et al., 2020). At present, the most urgent task for treatment is to find new targets or regulation methods.
MiRNA is short RNA molecules of 19–25 nucleotides in size. MiRNA regulates gene expression after transcription and has been implicated in the development of cancer (Gillespie et al., 2018). The expression profile of miRNA varies in cancer and normal tissues. In the SS field that our research group has been focusing on, the expression of miRNA is also different in SS patients and normal people. An investigation found that serum miR-92b-3p expression levels were significantly higher in SS patients than in healthy subjects (Uotani et al., 2017a). The mechanism by which miRNA functions in the occurrence and development of tumor is still being explored, especially in SS.
In this review, the regulatory functions and mechanisms of various miRNAs in SS are summarized. Based on this, we also discussed the potential clinical value of miRNAs in the diagnosis, treatment, and prognosis of SS, which provides new thought on the clinical application of miRNAs in SS and also a new direction for subsequent research.
OVERVIEW OF SYNOVIAL SARCOMA
Synovial sarcoma is a malignant soft tissue tumor that can develop from the surface of any serosal and causes invasive metastasis (Corey et al., 2014). It accounts for 5–10% of all STS (Sultan et al., 2009). Among children and adolescents with STS, SS is the most common nonrhabdomyosarcoma STS (NRMS-STS) (Kerouanton et al., 2014). Between 1983 and 2012, the incidence of SS increased from 0.906 to 1.548 per 1,000,000,000,000 cases (Wang et al., 2017). SS can be divided into three types according to its form: monophasic SS with spindle cell bundles, biphasic SS with different areas of spindle cells and adenoid epithelium, and poorly differentiated SS commonly including sheets of small blue round cells (Guillou et al., 2004).
SS is characterized by the translocation of ss18 gene on chromosome 18 and synovial sarcoma x (SSX) gene on chromosome X (usually SSX1 or SSX2), which is the driving factor of tumorigenesis and leads to the expression of SS18-SSX fusion protein (Guillou et al., 2004). SS18-SSX fusion protein-mediated apparent genetic disorders may be related to the expression of cancer testicular antigen (CTA) (Mitchell et al., 2021). Compared with most other cancer types, the CTA in SS is extremely high and uniform (Mitchell et al., 2021). CTA is a set of tumor-associated antigens (TAA), which is highly expressed in malignant tumors, such as melanoma, lung cancer, ovarian cancer, and sarcoma but none of the normal tissues except in testicles, embryos, and placenta (Wei et al., 2020). In addition to the specificity of CTA expression, SS has another unique immune microenvironment. SS has almost no invasive T cells and low expression levels related to antigen expression, including the component of the major tissue compatibility complex. Therefore, SS has an immunology “cool” tumor microenvidic environment (El Beaino et al., 2020).
Although the pathogenesis of SS is complicated, it is also exploring clinical diagnosis methods at the same time. In an ideal sense, the diagnosis of SS should be based on the combination of test results, including the traditional morphology, identification of the chromosomal t(X;18) translocation, and a set of immunohistochemical marks (El Beaino et al., 2017). At present, T (x; 18) analysis is an important tool for the diagnosis of SS. However, the diagnosis of SS is still defective. For example, in a few cases, patients who do not carry SS18-SSX fusion genes cannot analyze and identify through T (x; 18) (Sandberg and Bridge, 2002; Storlazzi et al., 2003; Przybyl et al., 2012). At the same time, SS’s pathological diagnosis is not feasible, because the appearance of SS is overlapped with other tumor types (El Beaino et al., 2017). Another method is to diagnose the use of immunohistochemical markers. Although existing biomarkers are useful, their specificity and sensitivity are limited (Jørgensen et al., 1994; Fisher et al., 2003; Kohashi et al., 2010).
In terms of SS treatment, several methods have been applied in clinical treatment, including extensive resection, radiation therapy, chemotherapy, and targeted therapy. Among them, resection and radiation therapy are used to treat local SS, and chemotherapy and targeted therapy can be used to treat metastatic SS (Desar et al., 2018; Guo et al., 2020). Chemical therapy is divided into neoadjuvant chemotherapy and palliative chemotherapy. Neoadjuvant chemotherapy is not commonly used but is considered to be induced therapy under certain circumstances to improve the surgical results of the limbs and chest wall high-risk sarcoma (Le Cesne et al., 2014). Palliative chemotherapy is mainly suitable for metastatic SS patients. At present, doxorubicin is a standard first-line drug for palliative chemotherapy. It is also reported that a more beneficial method is a combination of ifosfamide and doxorubicin (Desar et al., 2018). Thus far, the available treatment drugs for targeted therapy are limited, and Pazopanib is still the only targeted drug that approves for the treatment of SS (Desar et al., 2018). Generally speaking, although there are many treatment methods for SS, there remain difficulties in the treatment of advanced metastasis in the treatment, and there is no approved systematic therapy for histological or genomic characteristics.
The treatment method mentioned above does not achieve the ideal effect in the treatment of metastatic SS. Therefore, new treatment methods should be developed, and immunotherapy is one of them. Immunotherapy is to manipulate the immune response to tumors for the purpose of treatment (Esfahani et al., 2020).
The implementation of immunotherapy must consider the immunology characteristics of cancer. The immunology characteristics of SS are as follows. As a kind of genetically simple tumors, SS has a single disease-specific translocation and a limited number. In addition, SS expresses high levels of self-antigens, such as New York squamous cell carcinoma 1 (NY-ESO-1) (Lai et al., 2012; D'Angelo et al., 2018). NY-ESO-1 is a tumor-related antigen (TAA), which is expressed in approximately 70% of SS (Ramachandran et al., 2019). In addition to TAA, there are tumor-specific antigens on SS cells, such as P53, RAS, and fusion-derived neoantigens produced by the t (X; 18) (p11; q11) (Kawaguchi et al., 2012). These immunology characteristics of SS make the treatment strategy of T cell infiltration more beneficial to the treatment of SS.
Immunotherapies of SS include T cell receptor (TCR) gene therapy and cancer vaccine. TCR gene therapy is performed by isolating peripheral blood T cells and genetically modifying them under in vitro conditions to express TCRs that target specific cancer antigens for the use of adoptive cell therapy (ACT) (Dallos et al., 2016). Thus far, NY-ESO-1 is the most researched ACT antigen target in SS (Nakata et al., 2021). The results of a clinical trial show that 36% of SS patients receiving TCR gene therapy have achieved meaningful clinical results in the test group (Ramachandran et al., 2019). According to previous studies, NY-ESO-1 TCR gene therapy may be a good candidate for metastatic SS (Robbins et al., 2011; Robbins et al., 2015). Cancer vaccines use SYT-SSX fusion peptide, which results from characteristic SS translocation as vaccines for advanced SS patients (Kawaguchi et al., 2012). Cancer vaccine is usually combined with other immunotherapy, and clinical trials show possible effects (Kawaguchi et al., 2012). All in all, SS immunotherapy is hopeful, but it is still under development and must overcome many challenges.
Therefore, to diagnose and treat SS, new ideas are required. It is worth noting that miRNA, as a commonly used regulator for gene expression, is considered to be a potential new choice for diagnosis and treatment of local recurrence of SS or distant metastasis (Fricke et al., 2015).
OVERVIEW OF MICRORNA
miRNA is a small endogenous RNA that has been found first in C. elegans and can affect the posttranscriptional gene expression of it. It is found in a wide range of species from single-celled algae to humans. At the same time, miRNA has a wide tissue distribution, most of which is located in cells but also exists in a large number of extracellular serums (Hanson et al., 2009; Wang et al., 2010; Weber et al., 2010; Zubakov et al., 2010; Zen and Zhang, 2012). The process of miRNA generation is the modification of primary miRNA (Pri-miRNA) into precursor miRNA (Pre-miRNA) through complex nuclear and cytoplasmic mechanisms (Carmell and Hannon, 2004). Thus, hairpin-shaped Pre-miRNAs are transformed into mature miRNAs in response to the cytoplasmic ribonucnavase III enzyme (Ha and Kim, 2014). miRNA leads to corresponding mRNA degradation and/or translation inhibition by inducing silencing complex via RNA binding to the 3′ untranslated region of the target mRNA (Smolle et al., 2017).
MiRNA is “extracellular communication RNA” that plays a role in cell proliferation and differentiation. It is involved in immune response, neurodevelopment, DNA repair, apoptosis, oxidative stress, and tumorigenesis. Therefore, abnormal miRNA expression plays a role in a variety of disease processes, including cancer. Abnormal expression of specific miRNA is almost common in malignant cancer patients, which may be related to the occurrence, maintenance, or progression of malignant cancer (Calin et al., 2002; Kumar et al., 2007; Wang et al., 2013). As a tumor suppressor, the expression of specific miRNA is downregulated in the corresponding malignancy or overexpressed to play a carcinogenic role (D'Angelo et al., 2016). Specific mechanisms of miRNA abnormal expression include defective processing pathways, epigenetic modifications, or miRNA gene mutations, which lead to miRNA dysfunction in human cancer. For example, in lung cancer and acute myeloid leukemia, miR-29b plays a role through the demethylation and reactivation of relevant cancer suppressor genes (Amodio et al., 2013). Furthermore, as an effective miRNA oncogene, miR-17–92, is highly expressed in a variety of hematopoietic malignancies and a variety of solid tumor types (Olive et al., 2013). As a certainty, miRNA also functions in SS. Previous studies have shown that miR-494-3pplays a cancer suppressor role in SS through modulating CXCR4. In conclusion, miRNA, as a common gene expression regulator, is related to the occurrence and development of many cancers, including SS, and may be used to diagnose and treat local recurrence or distant metastasis of SS in the future.
FUNCTION ROLE OF MIRNAS IN SYNOVIAL SARCOMA
Abundance of evidence has demonstrated that miRNA plays a significant role in the incidence and development of tumors in recent years, including sarcomas. Previous studies have indicated that miRNA expression profiles could elucidate classes of miRNAs that may elicit tumor-relevant activities in specific sarcoma subtypes (Yu et al., 2016). Various miRNA expression patterns have been reported unique to many of the different classes of sarcomas, which could potentially be used to identify the histologic type of sarcoma (Miska, 20052005; Subramanian and Kartha, 20122012). Furthermore, relevant research results showed that in sarcomas, SS had the most number of differentially expressed miRNAs with 99 overexpressed miRNAs and 24 underexpressed miRNAs (Yu et al., 2016). This suggested the potential importance of miRNAs in SS. In addition, with a further investigation of unique miRNA expression patterns, it could be very probable to get a better understanding of the oncogenic mechanisms and future therapeutic strategies for SS (Subramanian and Kartha, 20122012). Among these miRNAs in SS, the upregulated expression of miR-17, miR-214, miR-92b-3p, and miR-9 and the downregulated expression of miR-494-3p have been reported in terms of previous publications. The regulation expression in SS and the location on chromosome of miRNA are listed in Table 1. In this section, we will have a conclusion on the effects of these miRNAs mentioned above in the occurrence and development of SS.
TABLE 1 | The Regulation Expression in SS and the Location on Chromosome of MiRNA.
[image: Table 1]miR-494-3p
miR-494-3p is a multifunctional miRNA located on human chromosome 14 and is linked to many biological processes in the human body. To date, miR-494-3p has been detected in multiple human tissues, such as the lung tissue, prostate tissue, breast tissue, and retina tissue. More and more research studies have shown that several pieces of research are related to miR-494-3p accumulated in the field of cancer, and there are associations that have even been identified by some experimental research studies between miR-494-3p and certain malignancies. For example, miR-494-3p has been reported to be downgraded in prostate cancer (Ambs et al., 2008), lung cancer (Ohdaira et al., 2012), and head and neck squamous cell carcinoma (Kumar et al., 2007) and to be upregulated in retinoblastoma (Zhao et al., 2009). It should be noted that miR-494 has been demonstrated by previous publications to be downregulated or correlated with poor prognosis in cancers, and the overexpression of miR-494 could inhibit the proliferation, migration, and invasion in breast cancer (Zhan et al., 2017), ovarian cancer (Han et al., 2016; Yuan et al., 2016), gastric cancer (Zhao et al., 2016), and osteosarcoma (Zhi et al., 2016). Moreover, because miR-494-3p is downregulated in SS, miR-494-3p may have similar effects in SS.
In addition, it is worth noting that some scientific studies, including many of those that examine these malignant tumors mentioned above associated with miR-494-3p, have indicated that there is a biological association between miR-494-3p and a certain chemokine receptor—C-X-C chemokine receptor 4 (CXCR4)—in different malignant tumors. As a seven-transmembrane G protein-coupled chemokine receptor, CXCR4, which plays a role in cell motility, invasion, and angiogenesis in tumor cells, has also been found to be a prognostic marker in various types of cancer and to be upregulated in cancer metastasis, thereby implying the importance of CXCR4 to the development of tumors (Furusato et al., 2010). Furthermore, in many kinds of cancers, the C-X-C motif chemokine ligand 12 (CXCL12)/CXCR4 axis plays a role in tumor formation and metastatic dissemination. A series of proofs by several researchers showed the presence of influence of the CXCR4-SDF-1 (CXCL12) axis on tumors: many kinds of tumors, including breast cancer, ovarian cancer, prostate cancer, rhabdomyosarcoma, and neuroblastoma metastasize to the bones through the bloodstream in a CXCL12-dependent manner (Geminder et al., 2001; Müller et al., 2001; Libura et al., 2002; Dontu et al., 2003; Hall and Korach, 2003; Jankowski et al., 2003; Sun et al., 2003; Porcile et al., 2004).
In prostate cancer cells, CXCR4 has previously been characterized as a target gene of miR-494-3p. Some researchers who analyze the potential role and mechanism of miR-494-3p in regulating CXCR4 posttranscriptionally in human prostate cancer cell lines. Then, the results showed that the overexpression of miR-494-3p might play a crucial role in posttranscriptionally regulating CXCR4 in human prostate cancer cells (Shen et al., 2014). Meanwhile, miR-494-3 has been implicated as a regulator of CXCR4 not only in prostate cancer but also in many other tumors, including SS, according to previous bioinformatics and biological evidence. It indicated that miR-494.3p may be related to the progression of SS through targeting CXCR4.
A previous study by a research team has shown that CXCR4 plays a facilitating role in the migration and invasion of SS cells and that miR-494-3p functions in SS through the CXCR4 as a potential target gene (Pazzaglia et al., 2019).
Because earlier research showed that high levels of CXCR4 expression are linked to a poor prognosis and a high incidence of metastasis in bone and STS (Kim et al., 2011; Li et al., 2017), the results of the research team mentioned in the preceding paragraph (Pazzaglia et al., 2019) suggested that CXCR4 plays an important role in cancer cell movement between the main and metastatic sites in SS. Therefore, the research team mentioned in the preceding paragraph examined CXCR4 mRNA levels in a series of monophasic localized and metastatic SS specimens and discovered considerably increased expression of the CXCR4 gene in the tumor compared to normal tissue, confirming that CXCR4 promotes the incidence and progression of SS (Pazzaglia et al., 2019). In their experiments, which included analyzing CXCR4 and miR-494-3p expression in SS surgical specimens as well as some vitro experiments, the data revealed a significant negative correlation between CXCR4 and miR-494-3p expression in SS surgical specimens. They also found that the CXCR4 expression is lower and the miR-494-3p expression is higher in nonmetastatic patients than in metastatic ones. Therefore, low expression of miRNA-494-3p signals the increased expression of CXCR4, thus promoting the development of SS. The eventual result from the research team revealed that ectopic expression of miR-494-3p inhibited SS cell proliferation and migration through modulating CXCR4 (Pazzaglia et al., 2019).
To sum up, CXCR4 can promote the incidence and progression of SS, and miR-494-3p plays a cancer suppressor role in SS through modulating CXCR4 (Figure 1).
[image: Figure 1]FIGURE 1 | Low expression of miRNA-494-3p results in the increased expression of CXCR4, thus promoting the development of synovial sarcoma.
miR-17
miR-17 is located in the third intron on human chromosome 13, which is an amplified genomic site in many cancers (Yu et al., 2022). Moreover, many publications showed that miR-17 has been found in many human tissues. Research on miR-17 in the field of cancer has accumulated to some extent, and it has been reported that miR-17 is involved in the regulation of chordoma (Dong et al., 2021), bladder cancer (Geminder et al., 2001), myeloma (Xiang et al., 2021), nasopharyngeal carcinoma (Chen et al., 2016), and so on. In addition, previous research has indicated that miR-17, overexpressed miRNAs in cancers, may function as a carcinogenic substance and promote cancer development by negatively regulating tumor suppressor genes and/or genes that control cell differentiation or apoptosis (Zhang et al., 2007). In fact, miR-17 plays a carcinogenic role in these miRNAs mentioned above.
It is worth mentioning that there is a cyclin-dependent kinase inhibitor named p21 that inhibits cyclin-dependent kinases complex activity and can be considered to be a tumor suppressor (Abbas and Dutta, 2009). P21 could play a role in the regulation of miR-17 in some tumors, and miR-17 has been identified to directly target p21 in various cancers, according to some studies (Chen et al., 2016; Wang and Ji, 2018). For example, in chordoma tumors, in which miR-17 has a potential oncogenic role, the upregulation of miR-17 promoted cell proliferation, colony formation, and invasion via targeting p21 in chordoma cells (Dong et al., 2021). Furthermore, in bladder cancer, the sponging to miR-17 and the regulating of p21 expression are involved in the inhibition of circ-ITCH (a circular RNA) to bladder cancer progression (Yang et al., 2018). In addition, by targeting P21, miR-17 can promote the development of nasopharyngeal carcinoma (Chen et al., 2016).
In fact, there are also miR-17 and p21 in SS. Several researchers found that SS can generate oncoproteins, such as SS18-SSX1 and SS18-SSX2, which induces the expression of miR-17 (Minami et al., 2014). To identify the role of miR-17 in SS, they conducted a series of experiments whose results showed that miR-17 straightly targets the 3′-UTR of p21 mRNA and inhibits its expression. It is noteworthy that there is a broad-spectrum anticancer drug called doxorubicin, which can lead to the high expression of p21 and inhibit the development of SS. In their experiments, they found that p21 levels were drastically reduced in miR-17-overexpressing SS cells in a p53-independent manner and even in the presence of doxorubicin-induced giant p21 expression. Those resulted in the profound growth of SS in mice both in vivo and in vitro. Meanwhile, with the introduction of anti-miR-17 in these cells, the growth of these cells was decreased consistently with the rescued expression of p21. It is further verified that miR-17 acts in the development of SS through interaction with P21 (Minami et al., 2014).
In brief, SS cells generated SS18-SSX fusion oncoprotein when chromosomes 18 and X were ectopic. The expression of miR-17 is then promoted by these fusion oncoproteins. After then, miR-17 attaches to p21 mRNA and prevents it from performing its regular role. It is known that p21, as a cyclin-dependent kinase inhibitor, may block the G1/S transition of cells by targeting the Cyclin-CDK2 and Cyclin-CDK4 complexes and so fulfill its tumor suppressor role. When p21 interacts with miR-17, it becomes inactive, which implies that SS will continue to grow.
In conclusion, miR-17 acts as an oncogene, causing SS cells to proliferate aggressively by directly suppressing the production of p21 (Figure 2).
[image: Figure 2]FIGURE 2 | With the occurrence of chromosome 18 and X chromosome ectopic, synovial sarcoma cells produce synovial sarcoma (SS)18-SSX fusion oncoprotein. Then, these fusion oncoproteins promoted the expression of miR-17. Afterward, miR-17 binds to p21 mRNA and inhibits its normal function. Since in normal functioning, p21 can inhibit cell’s G1⁄S transition with Cyclin-CDK2 and Cyclin-CDK4 complexes as its targets and then fulfill its tumor suppressor role. Therefore, miR-17 finally leads to the invasive growth of synovial sarcoma cells by posttranscriptional suppression of p21.
miR-214
MiR-214 lies in the antisense complementary sequence of the DNM3 gene, which is located in the q24.3 arm of human chromosome 1 NC_000001.11 (Weber, 2005; Scott et al., 2012). Several studies have reported that miR-214 presents in many tissues in humans and its upregulation and downregulation can cause a variety of different human malignancies, such as pancreatic (Zhang et al., 2010), cervical (Qiang et al., 2011), hepatoblastoma (Magrelli et al., 2009), hepatocellular (Duan et al., 2012), lung (Yanaihara et al., 2006), breast (Sempere et al., 2007), gastric (Yang et al., 2013), osteosarcoma (Wang et al., 2014), esophageal squamous cell carcinoma (Zhou and Hong, 2013), prostate (Srivastava et al., 20132013), ovarian (Yang et al., 2008), bladder (Ratert et al., 2013), and melanoma (Penna et al., 2011) cancers. Moreover, miR-214 can induce angiogenesis, target tumor suppressor genes, and serve as a potential tumor inhibitor, an anticancer therapeutic agent, and a biomarker (Sharma et al., 2015).
In fact, miR-214 also functions as a prognostic biomarker in SS. According to previous research, miR-214 functions in the development and progression of SS in cooperation with SS18-SSX1. As a character to SS which can be observed in most SS, SS18-SSX gene fusion proteins play a key role in the development of SS (Ladanyi, 2001).
Some researchers looked at the collaboration between miR-214 and SS18-SSX1 using a series of sarcoma induction assays and found that miR-214 and SS18-SSX1 were co-introduced into mice with SS. The co-introduction enhanced sarcoma onset, showing that miR-214 functions as a cooperative carcinogen in SS genesis. Based on the findings of Tanaka et al. (2020), miR-214 significantly accelerated the development of SS18-SSX1-induced SS.
In vitro, overexpression of miR-214 in SS cells did not improve cell growth, migration, or invasion capacities, indicating that it may promote tumor formation in a cell nonautonomous manner (Fang and Greten, 2011; Bellazzo et al., 2018). MiR-214 may promote intracellular signaling of inflammatory cells to release tumor growth-promoting substances. It was also found that cytokine Genes Cxcl15, which encodes IL-8 was upregulated in SS and induces migration and activation of granulocytes and macrophages (Baggiolini and Clark-Lewis, 1992; Xie, 2001). IL-8 expression was shown to be higher in a variety of human cancers, and it was linked to more aggressive phenotypes (Abdul-Aziz et al., 2017; Manfroi et al., 2017; Kahraman et al., 2019; Maynard et al., 2020). Some researchers supposed that IL-8 enhances tumor cell invasiveness by interacting with the tumor microenvironment (Tanaka et al., 2020). The functional regulation of tumor-associated neutrophils by IL-8 has also been characterized as a poor prognostic factor for malignancies (Manfroi et al., 2017; Nie et al., 2019), which might explain why miR-214 was linked to a poor prognosis.
Existing evidence suggests that SS18-SSX1 and miR-214 expression cooperate in the development and malignant characteristics of SS. In short, the overexpression of miR-214 promotes the development of SS via modulating cytokine gene expression and the tumor microenvironment while interacting with SS18-SSX1. Because of its link to a poorer prognosis in SS, miR-214 may be applied as a prognostic biomarker (Tanaka et al., 2020).
miR-92b-3p
MiR-92b-3p is a multifunctional miRNA located on human chromosome 1, and it has been found in many human tissues and cancers. Some reports indicated that the expression of miR-92b-3p is increased in some cancers, such as colorectal (Gong et al., 2018), prostate (Wang et al., 2021), and cervical (Kurata and Lin, 2018). Among these cancers, miR-92b-3p has a potential role in the occurrence and metastasis of colorectal cancer (Gong et al., 2018), and its upregulation is closely related to distant metastasis, lymph node metastasis, and poor prognosis in prostate cancer patients (Wang et al., 2021). In addition, miR-92b-3p can act as a cancer suppressor in pancreatic cancer (Long et al., 2017), a potential dynamic biomarker to monitor chemoresistance in small cell lung cancer (Li et al., 2021), and a potential biomarker for screening hepatocellular carcinoma (Sorop et al., 2020). Moreover, miR-92b-3p is reported to appear in human SS and is associated with SS.
There is previous research about miR-92b-3p in SS. Several researchers have found that miR-92b-3p was the only one that is clearly secreted from SS cells and might be a biomarker for SS by studying the expression patterns of serum cell-free miRNAs and then analyzing four upregulated miRNAs with statistical significance (Uotani et al., 2017b). To evaluate whether miR-92b-3p can be a useful biomarker of SS, they used mice to conduct some experiments and found that serum miR-92b-3p levels significantly decreased after tumor resection, with relevant data with statistical significance, indicating that the serum miR-92b-3p levels can reflect the tumor burden in experimental mice. By analyzing the serum miR-92b-3p levels in a validation cohort of SS patients, age-matched patients with benign tumors, and healthy individuals, they obtained the data that the sensitivity and specificity of serum miR-92b-3p levels were respectively 81.8% and 63.6%, which means that miR-92b-3p also can reflect the tumor burden to SS patients. Afterward, they discovered that serum miR-92b-3p expression levels may be applied in clinical tumor monitoring by assessing the demographics and clinical features of patients and healthy persons in the validation cohort and investigating certain cases. In their experiment, the miR-92b-3p expression level is considerably higher in the culture medium of SS cells rather than of STS cells, indicating that serum miR-92b-3p is effective in distinguishing SS patients from other STS patients and reflecting tumor load in SS patients (Uotani et al., 2017b).
In conclusion, miR-17 acts as an oncogene, causing SS cells to proliferate aggressively via posttranscriptional suppression of p21.
miR-9
MiR-9 has three separate forms in humans: miR-9-1, miR-9-2, and miR-9-3, and they are respectively transcribed from different independent genomic loci mapping to chromosomes 1q22 (miR-9-1), 5q14.3 (miR-9-2), and 15q26.1 (miR-9-3) (Roese-Koerner et al., 2016). miR-9 has been found in multiple tissues in the human body and has been associated with the occurrence, development, and metastasis of a variety of cancers, such as lung, gastric, bladder, breast, cervical, prostate, and glioblastoma. Relevant research showed that miR-9 can play carcinogenic and inhibitory roles in gastric cancer and lung cancer, may have a carcinogenic role in prostate cancer, and also play different roles in some other cancers, such as inhibiting the expression of genes related to cell growth, angiogenesis, and migration (Khafaei et al., 2019). In addition, according to previous studies, miR-9 is a good biomarker for evaluating the prognosis of various cancers (Xu et al., 2016).
In fact, it has been reported in a study that miR-9 is significantly upregulated in SSs (over 30 times) (Yu et al., 2016). Therefore, there might be some connection between miR-9 and SS.
In previous research, several researchers thought that miR-9 can promote the migration and invasion of SS cells by targeting E-cadherin (also known as CDH1), which involved a process, namely, the epithelial–mesenchymal transition (EMT) (Xu et al., 2019). EMT is a process in which polarized epithelia lose their polarity under certain physiological or pathological conditions and are converted into interstitial cells with mobility and the ability to move freely between cellular matrixes (Nistico et al., 2012), which is linked to tumor invasion and metastasis. CDH1 as one of the common marks of EMT can take part in epithelial adhesion and desmosomal junction, cell differentiation, maintenance of cell morphology, and regulation of intercellular adhesion (Onder et al., 2008; Zeisberg and Neilson, 2009; Nistico et al., 2012). CDH1 is an essential intercellular adhesion molecule that inhibits tumor metastasis (Petrova et al., 2016), and its absence is a key marker of EMT and a need for epithelial tumor cells to invade.
These researchers mentioned above found the changes between miR-9 and CDH1 are significantly negatively correlated with statistical significance, according to bioinformatic analysis. Then, after some experiments and analysis, they found out that miR-9 can induce EMT of human SS cells as well as cell migration and invasion via targeting CDH1 (Xu et al., 2019). Overexpression of miR-9 boosted human SS cell proliferation, knockdown of miR-9 decreased cell proliferation, and overexpression of CDH1 reversed the impact of miR-9 on cell proliferation, according to the findings of the colony formation experiment. The findings, when combined with data analysis using RT-qPCR and western blot, revealed that miR-9 may target CDH1 in the mouse model, hence inducing EMT and enhancing human SS carcinogenesis in mice through activating the mitogen-activated protein kinase/extracellular signal-reduced kinase (MAPK/ERK) and Wnt/β-catenin signaling pathways (Xu et al., 2019).
The simplified process of that signal pathways function in SS can be summarized as follows. Overexpression of miR-9 stimulated the MAPK/ERK and Wntβ-catenin signaling pathways. In the Wnt/β-catenin signaling system, inappropriately activated Wnt genes may suppress the phosphorylation of β-catenin by the GSK3/APC/Axin complex, resulting in reduced phosphorylation degradation of β-catenin. The accumulating β-catenin may then attach to CDH1 to create a complex, which may aid tumor cell invasion and metastasis. Previous studies confirmed that MAPK signaling pathways act in tumor EMT process. The overexpression of miR-9 can significantly promote the expression of ERK proteins and then activate the MAPK/ERK signaling pathway, which stimulates proliferation and inhibits apoptosis of human SS cells (Xu et al., 2019).
In other words, miR-9 promotes human SS by inducing EMT by targeting CDH1 and activating the MAPK/ERK and Wnt/β-catenin signal pathways (Figure 3).
[image: Figure 3]FIGURE 3 | MiR-9 overexpression activated mitogen-activated protein kinase/extracellular signal-reduced kinase (MAPK/ERK) and Wnt/β-catenin signaling pathway. On the one hand, in the Wnt/β-catenin signaling system, the abnormally activated Wnt gene in tumor tissue can reduce the phosphorylation degradation of β-catenin. The accumulating β-catenin may then attach to CDH1 to create a complex, which may aid tumor cell invasion and metastasis. On the other hand, the overexpression of miR-9 can significantly promote the expression of ERK protein and then activate MAPK/ERK signaling pathway, to stimulate the proliferation of SS cells and inhibit apoptosis.
CLINICAL SIGNIFICANCE OF MICRORNA IN SYNOVIAL SARCOMA
Various miRNAs play pivotal roles in SS from diagnosis and treatment to prognosis, and they even have a significant connection with the occurrence and development of SS. First, in the diagnosis aspect, there is a problem long time puzzled many medical workers who seek better ways to diagnose SS, which is the lack of useful biomarkers for SS. However, if there are more in-depth studies on miR-92b-3p, the problem may get well solved. In previous research, the related experiments in a validation cohort of SS patients, age-matched patients with benign tumors, and healthy individuals, successfully showed that miR-92b-3p could reflect the tumor burden of SS patients and could be a useful biomarker for SS, which gives us an inspiration that miR-92b-3p has a possibility to become a biomarker to SS in humans in the future (Uotani et al., 2017a).
As for the treatment of SS, considering that different miRNAs can function as tumor suppressors or oncogenes in SS, making full use of the role acted by miRNA to deal with SS is a feasible idea. For example, the difference in miR-494-3p between metastatic and nonmetastatic patients suggests that we may be able to use miRNAs to do something clinically relevant with enough studies (Pazzaglia et al., 2019).
Some miRNAs may have a role in SS prognosis. The experiment that the co-introduction of SS18-SSX and miR-214 into experimental mice led to the rapid development of SS and the finding that miR-214 could be the prognostic biomarker indicates that we can measure the level of miR-214 to preliminarily assess the prognosis of SS patients (Tanaka et al., 2020).
In fact, the clinical diagnostic value of miRNAs is important very much, and it is of great diagnostic value in many aspects of SS, such as diagnosis, treatment, and prognosis. If we can understand exactly how these miRNAs work in SS, we can not only take care of this disease as well as similar diseases and save many lives but also even apply the same thinking to other types of diseases in the future.
FUTURE PERSPECTIVES
It has previously shown that miRNA plays a role in the development of SS and may also provide new ideas for SS diagnosis and treatment. However, there are many obstacles to the current exploration of miRNA in SS.
First is that the mechanism by which miRNA plays a role in SS is unclear. The signal conduction pathway or specific mechanism between many miRNAs and SS is unclear, and most of the existing calculation methods that study miRNA regulation are based on a large number of miRNA and mRNA expressing data, using statistical tools to infer the relationship. However, it is important to pay attention to miRNA regulation in each cell, so a large amount of RNA sequencing expression data based on a large number of cells from a large number of cell groups may not cover the heterogeneity of miRNA regulated in a single cell in these people. With the current development and application of new technologies, single-cell RNA sequencing makes miRNA regulation at a single-cell level possible. Studies have been conducted using a hemi-cell genomics approach to generate single-cell miRNA mRNA co-sequencing expression data from 19 K562 hemi-cells and then apply Pearson correlation to identify miRNA targets (Wang et al., 2019). Based on this, the application of single-cell RNA sequencing technology to explore miRNA regulation in SS cells can be reasonably speculated. In addition, spatially resolved single-cell transcriptomics may be a new method for detecting miRNA regulation in SS cells. Spatially resolved single-cell transcriptomics can display the spatial heterogeneity distributed by miRNA in cells. The miRNA distribution in hepatocytes has been investigated by spatially resolved single-cell transcriptomics (Ben-Moshe et al., 2019). Likewise, the spatial distribution of miRNA in SS cells can be explored through spatially resolved single-cell transcriptomics. These emerging technologies provide new options for observing the mechanism of miRNA in SS, which is conducive to a deeper understanding and clarification of the mechanism of miRNA, and a clear direction for miRNA’s diagnosis and treatment in SS.
Secondly, to achieve the purpose of treatment, it is necessary to extract a specific miRNA and fed into patients to reach specific organs, tissues or cells. In the meantime, how to pass miRNA to specific targets more effectively must still be resolved. miRNA’s delivery includes viruses and nonvirus vectors, and the use of these systems has shortcomings. The limitations of the virus carrier are limited in large-scale production, immunogenicity, and toxic forces (Gardlik et al., 2005). Instead, the nonvirus vector overcomes the above problems in the virus carrier, but it has the disadvantage of low transfusion efficiency (Wang et al., 2016). According to available experiments, the disadvantages of one carrier can be compensated by the advantages of another carrier with synergy (Ban et al., 2019). Therefore, the use of a miRNA co-delivery vector may solve the problem of how to better pass miRNA to a specific target. These must be further explored in future clinical trials involving miRNA treatment.
Overall, in the future, through innovation and improvement of other related technologies, the application of miRNA in SS will be accelerated, which will provide new ideas for SS’s pathogenesis and treatment.
CONCLUSION
Through extensive evidence and analysis, the important roles that certain miRNAs play in the pathogenesis and clinical application of SSs, such as occurrence, development, diagnosis, treatment, and prognosis, have been demonstrated. The five types of miRNAs described in the review have different connections with SS. First, for miR-494-3p, the modulation of CXCR4 mediated by the ectopic expression of miR-494-3p can suppress the proliferation and migration of the cells of SS, which means that miR-494-3p functioned as a tumor suppressor in SS. This implicates the possibility in clinical application that we can promote the expression of miR-494-3p or other related ways to inhibit the development of SS. Next, miR-17 can play a carcinogenic role and cause an aggressive growth of SS cells via posttranscriptional suppression of p21. Likewise, miR-9 can cause SS. It promotes human SS cancer by inducing EMT by targeting CDH1 and activating the MAPK/ERK and Wnt/β-catenin signaling pathways. Therefore, it may be of clinical significance to prevent and treat SS by inhibiting the effects of these two miRNAs. Because liquid biopsy based on serum miR-92b-3p expression levels may provide a unique strategy for monitoring tumor dynamics in SS, miR-92b-3p may be employed in the diagnosis of SS. Thus, miR-214 could be used as a prognostic biomarker because of its association with a worse prognosis of SS. Moreover, in collaboration with SS18-SSX1, the overexpression of miR-214 promotes the development of SS via modulating cytokine gene expression and the tumor microenvironment. As our understanding of miRNAs grows, we can provide more new ideas for the prevention and treatment of SSs and other similar diseases.
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Taohong siwu decoction attenuates AIM2 and NLRC4 inflammasomes by ameliorates deoxyribonucleic acid damage after ischemic stroke
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Taohong siwu decoction (THSWD) has been shown to have a therapeutic effect on ischemic strokes (IS). However, it is not clear to us whether THSWD reduces deoxyribonucleic acid (DNA) damage after stroke and reduces the inflammatory response caused by the damage. Therefore, we constructed an IS model (I/R) in rats and performed oxygen-glucose deprivation/reoxygenation (OGD/R) on BV2 cells. Then ELISA, immunofluorescence staining, immunohistochemistry staining, and RT-qPCR were performed to detect the expressions of absent in melanoma 2 (AIM2), NLRC4, and Caspase-1 inflammasomes and other inflammatory factors. Experimental stroke causes DNA damage, and we found that the aforementioned inflammasomes as well as inflammatory factors were significantly inhibited after treatment with THSWD by comparing the model group with the model administration group. In addition, we examined the expression of AIM2, NLRC4, and Caspase-1 in BV2 cells of OGD/R and found that the expression of the aforementioned inflammasomes was significantly decreased in OGD/R by administration of THSWD-containing serum. Our data suggest that THSWD can reduced DNA damage after stroke as well as the inflammatory response caused by the damage.
Keywords: Taohong Siwu Decoction, ischemic stroke, AIM2, NLRC4, inflammasomes
INTRODUCTION
Ischemic stroke (IS) is caused by the occlusion of the arteries in the brain, causing brain damage and inflammatory response (Pluta et al., 2021). Brain damage caused by IS includes excitatory toxicity, oxidative stress, neuroinflammation, apoptosis, and other phenomena (Sekeljic et al., 2012; Radenovic et al., 2020). Damaged brain areas get progressively worse as blood flow decreases (Majid, 2014). The main principles of treatment for IS include dissolving blood clots and restoring blood supply, but blood recirculation can cause cerebral ischemia-reperfusion injury (Omoto et al., 2022). Among them, deoxyribonucleic acid (DNA) damage and inflammatory response are considered to be important pathological mechanisms of cerebral ischemia-reperfusion injury (Dasdelen et al., 2021; Franke et al., 2021).
Oxidation-induced secondary damage occurs during IS, resulting in oxidative damage to DNA (Lorente et al., 2021). Too much production and release of pro-inflammatory cytokines in response to DNA damage severely affect the ability of cells to regenerate. Among them, NLRP3 and AIM2 inflammasomes are the main inflammasomes involved in DNA damage and associated cytokine release (Cinat et al., 2021). Inflammasomes have now been shown to be key mediators in triggering inflammation after IS, and it is a novel multimeric protein complex (Mohamed et al., 2015). NLRC4 is a member of the NLR family, which activates caspases, forms inflammasomes, and participates in the regulation of inflammatory responses (Sundaram and Kanneganti, 2021). Absent in melanoma 2 (AIM2) is derived from damaged cells and can trigger an inflammatory response by recruiting caspase-1 (Zhang et al., 2020). It has been shown that AIM2 inflammasome and NLRC4 inflammasome expression is upregulated after IS. AIM2 inflammasome leads to brain damage and cognitive impairment after chronic stroke in mice (Habib et al., 2020).
Taohong Siwu Decoction (THSWD) was first recorded in “Yizong Jinjian” written by Wu Qian. It is a classic formula for activating blood circulation and resolving blood stasis, with the effect of nourishing blood circulation, eliminating blood stasis, and creating new blood (Xia et al., 2021). Zhang et al. (2018) explained the mechanism of THSWD intervention in acute blood stasis model rats based on liquid chromatography with quadrupole time-of-flight mass spectrometry (LC/Q-TOF-MS) of urine metabolomics, and they found that the intervention mechanism may be mainly related to the regulation of lipid metabolism and amino acid metabolism. It has been shown that THSWD reduces the activation level of NLRP3 inflammatory vesicles in MCAO/R rats, downregulates GSDMD, and inhibits cellular scorching (Wang et al., 2020). Using network pharmacology, Pan et al. (2022) conducted a preliminary exploration of the mechanism of action of THSWD for IS and found that THSWD reversed the high expression levels of C1qb, C1qc, C3ar1, C5ar1, and Cfd proteins and inhibited the inflammatory response after cerebral ischemia. Our group’s previous study showed that THSWD could reverse the expression of inflammation in IS and reduced the pathological manifestations (Wang et al., 2021). However, it is not clear to us whether THSWD reduces DNA damage after stroke and reduces theinflammatory response caused by the damage. Experimental stroke causes DNA damage. We observed DNA damage by gavage of THSWD in stroke rats and assessed the effect of THSWD on AIM2 and NLRC4 inflammasomes vesicles in rat brains after stroke. In addition, to provide ideas for further studies of THSWD, we evaluated the expression and regulation of AIM2 and NLRC4 inflammasomes in BV2 cells after oxygen-glucose deprivation/reoxygenation by THSWD-containing serum.
MATERIALS AND METHODS
Herbal medicine and animals
The specific information on herbs is shown in Table 1. According to the proportion of herbs in Table 1, the medicinal materials were first extracted with 10 times the amount of water for 2 h and filtered, and the filtrate was stored. The filtrate was extracted with eight times the amount of water for 1.5 h, filtered, and then combined twice and concentrated (Wang et al., 2021). Fifty male Sprague–Dawley (SD) rats were obtained from the Experimental Animal Center of Anhui University of Traditional Chinese Medicine. The rats were confined in a room with appropriate temperature and humidity and given feed and water on a daily basis. All animal experiments were approved by the Animal Experiment Ethics Committee of Anhui University of Chinese Medicine (license number: LLSC20160336).
TABLE 1 | Constituents of THSWD.
[image: Table 1]Animal model establishment and grouping
After 1 week of rats rearing, based on the literature by Longa et al. (1989), a rat middle cerebral artery occlusion model (I/R) was constructed in SD rats. The specific operations are as follows: we made a hole with scissors 1 cm from the bifurcation of the common carotid artery in the rat; inserted a fish line into the hole, approximately 18–22 mm; and partially withdrew the line after 2 h to restore blood flow and then sutured the wound. The animals were scored for neurological function within 12 h after the establishment of the animal model, and the rats were randomly divided into the model group and the drug administration group. A Zea Longa 5-point scale was used for neurological function scores. The specific scored criteria are shown in Table 2. Longa scores of 1–3 were considered appropriate for inclusion in the study.
TABLE 2 | Neurological function score.
[image: Table 2]Rats were assigned into three groups with 10 rats each: Sham, I/R, and I/R + THSWD. In the I/R + THSWD group, 9 g/(kg-d) of THSWD was continuously administered intragastrically for 7 days, and in the remaining groups, the same amount of normal saline was administered intragastrically.
Preparation of hippocampal cell suspension
The hippocampus was removed from the rat brain and put into a Petri dish containing PBS solution, and then, the hippocampus was transferred to a 1.5 ml PE tube and digested with 0.25% trypsin 1 ml in a 37°C water bath for 10 min. After the digestion was finished, serum was added, filtered through 300 mesh nylon mesh, and centrifuged at 1000 rpm for 5 min, and the precipitate was cells.
Taohong siwu decoction drug-contained serum intervention
SD rats were assigned into two groups with 10 rats each: the normal group and the drug-containing serum group. In the drug-contained serum group, 9 g/(kg-d) of THSWD was continuously administered intragastrically twice a day for 7 days, and in the normal group, the same amount of normal saline was administered intragastrically. Anesthetized rats had their blood taken from the abdominal aorta, centrifuged, and passed through the filter membrane.
Oxygen-glucose deprivation/reoxygenation model
BV2 cells were maintained in a humidified environment at 37°C with 5% CO2. The cells were cultured in Dulbecco’s modified Eagle medium (DMEM, Gibco Biotech, United States) supplemented with 10% fetal bovine serum (FBS, DMEM, Gibco Biotech, United States) and 0.5% penicillin–streptomycin (PS, DMEM, Gibco Biotech, United States). EDTA (DMEM, Gibco Biotech, United States) treatment was used to detach cells for splitting. During the logarithmic growth phase of BV2 cells, the cell medium was replaced with DMEM without glucose (90,113, Solarbio, Beijing, China). Cells were placed in anoxic chambers containing 5% CO2 and 95% N2, which were placed in an incubator for 1, 2, 3, 4, 6, or 8 h to establish an OGD model. At the end of OGD, the medium was replaced with high-glucose DMEM for subsequent culture in an aerobic incubator for 12 h to establish the OGD/R model in BV2 cells. Cells in the control group were always cultured under normal conditions. THSWD-contained serum was dissolved in water at various concentrations before co-incubation with OGD/R-induced BV2 cells. Based on literature reports, to explore the effective concentration of THSWD-contained serum that could improve the viability of BV2 cells, OGD/R-induced BV2 cells were co-incubated with 0, 2.5, 5, 10, 15, and 20% THSWD-contained serum, and viability was detected via MTT assay. Therefore, the drug concentration that improves the vitality of BV2 cells is selected. Cells in OGD/R + THSWD group were co-incubated with THSWSD rat serum, and cells in the control (CN) group were co-incubated with the same volume of the corresponding solvent.
Cell viability assay
The BV2 cells (1 × 104/well) were seeded into 96-well plates for assessment of viability with an MTT kit (Beyotime, Shanghai, China).
Immunohistochemistry
The fixed rat brain tissue was paraffin-embedded, and sections were made. Then, the following were performed: dewaxing, hydration, antigen repair, closure with normal serum, addition of γ-H2AX antibody (Proteintech, 10856-1-AP, 1:200), staining using DAB, staining again where the color turns blue, gradient dehydration with alcohol, making clear blocked slices, and finally observation (400×, ischemic area or corresponding area) under a microscope.
Immunofluorescence stainings
Fixed samples were incubated with PBS containing 0.5% Triton X-100 for 20 min. PBS was added and washed three times, followed by blocking with 5% BSA for 30 min. Sections were then washed, and primary antibodies (AIM2, A3356, 1:100, Abclonal, CN; Caspase-1, 22915-1-AP, 1:100, Proteintch, CN; NLRC4, A7382, 1: 100, Abclonal, CN) were added and then incubated overnight at 4°C. A secondary antibody (Cy3 GoatAntiRabbit IgG (H+L) (AS007, 1:200, Abclonal, CN) or FITC Goat AntiRabbit IgG (H+L) (AS011, 1:200, Abclonal, CN)) was added and incubated for 50 min at room temperature (23°C ± 2°C), and cell nuclei were stained with DAPI.
Enzyme-linked immunosorbent assay
Blood was collected from the rat’s abdominal aorta and left at room temperature for 30 min, and the supernatant was centrifuged to detect IL-1β and IL-18 using an ELISA kit.
Quantitative real-time PCR
Total RNA was extracted from each group of rat brain tissue according to the instructions of the EZ-10 Total RNA Mini-Preps Kit, reverse transcribed into cDNA, and analyzed using the 2−∆∆Ct method for relative quantification. The primer sequences are shown in Table 3.
TABLE 3 | Primer sequence.
[image: Table 3]Detection of cytosolic deoxyribonucleic acid
After the I/R and ODG/R ended, total DNA and cytosolic DNA were extracted from hippocampal and BV2 cells and assayed based on the literature by Yang et al. (2021). The primers for gDNA are Tert and Plog1, and the primers for mtDNA are Dloop1 and Dloop2.
Statistical analysis
SPSS and GraphPad software were used to analyze the data. Normal distributed measures were expressed as mean ± standard deviation, and one-way ANOVA and t-test were used. p < 0.05 was statistically significant.
RESULTS
Neurological functional scores
After the rats were modeled, all rats in all groups except the Sham group had significant neurological deficits, indicating successful modeling, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Neurofunctional score analysis of taohong siwu decoction (THSWD). Notes: *p < 0.05 vs. Sham group; #p < 0.05 vs. I/R group.
Taohong siwu decoction-contained serum increased the viability of BV2 cells following induction by oxygen-glucose deprivation/reoxygenation
To establish a suitable OGD/R model of BV2 cells, BV2 cells were first exposed to OGD for 1, 2, 3, 4, 5, 6, or 8 h and then reoxygenated for 12 h. The MTT assay results (Figure 2A) revealed that OGD 3 h/R 12 h significantly decreased cell viability, whereas OGD 4 h/R 12 h, OGD 5 h/R 12 h OGD 6 h/R 12 h, and OGD 8 h/R 12 h more significantly decreased viability, suggesting excessive cell injury. In addition, OGD 5 h/R 12 h could inhibit nearly 50% cell viability, and we chose it as the best condition. To explore the effective concentration of THSWD-contained serum that could improve the viability of BV2 cells, OGD/R-induced BV2 cells were co-incubated with 0, 2.5, 5, 10, 15, and 20% THSWD-contained serum, and viability was detected via MTT assay (Figure 2B). Among the tested concentrations, cell viability was most obviously improved with 10% THSWD-contained serum. Therefore, we chose 10% THSWD-contained serum as an effective drug concentration for follow-up experiments.
[image: Figure 2]FIGURE 2 | Inhibition rate and different concentrations of THSWD-containing serum. Notes: (A) inhibition rate (B) cell viability.
Taohong siwu decoction reduced the expression of absent in melanoma 2,NLRC4, and Caspase-1 in the ischemic stroke model
Experimental stroke causes DNA damage, where AIM2 inflammasomes are the main inflammasomes involved in DNA damage, and NLRC4 can form inflammasomes involved in regulating host immune and inflammatory responses (Cui et al., 2000; Guo et al., 2018). AIM2 is activated by the cleavage of procaspase-1, which is cleaved to caspase-1, which is closely associated with the inflammatory form of cell death (Sun and Scott, 2016). The results are shown in Figure 3. By comparison, it was found that the expression levels of AIM2, NLRC4, and Caspase-1 were significantly inhibited in the I/R + THSWD group after the gavage of THSWD to stroke rats.
[image: Figure 3]FIGURE 3 | Expression of absent in melanoma 2 (AIM2), NLRC4, and caspase-1 inflammasomes in animal models. Notes: #p < 0.01 vs. Sham group; ##p < 0.01 vs. I/R group.
Taohong siwu decoction reduced the expression of absent in melanoma 2, NLRC4, and Caspase-1 in oxygen-glucose deprivation/reoxygenation-induced BV2 cells
To further evaluate the inhibitory effects of THSWD on AIM2 and NLRC4 DNA recognizers and their downstream caspase-1 inflammatory factors, we constructed an OGD/R for BV2 cells and administered THSWD-containing serum for immunofluorescence assays. We found that the expression levels of AIM2, NLRC4, and Caspase-1 were higher in the OGD/R group than in the CN group. After administration of THSWD-containing serum, we found that the OGD/R + THSWD group had a significant inhibitory effect on the high expression levels of AIM2, NLRC4, and Caspase-1, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Expression of AIM2, NLRC4 and caspase-1 inflammasomes in cellular models. Notes: #p < 0.01 vs. Sham group; ##p < 0.01 vs. I/R group.
Taohong siwu decoction reduced the release of inflammatory factors from the ischemic stroke model
Activated caspase-1 is able to activate IL-1β and IL-18 inflammatory factors and induce their release, which in turn recruits other inflammatory cells and amplifies the inflammatory response (Broz and Dixit, 2016). We used ELISA to detect IL-1β and IL-18 inflammatory factors, and the results showed that the levels of IL-1β and IL-18 were significantly increased in the I/R group compared with those in the Sham group and decreased in the I/R + THSWD group compared with those in the I/R group, as shown in Figure 5. THSWD can prevent the release of the above indicators.
[image: Figure 5]FIGURE 5 | ELISA analysis of THSWD. Notes: #p < 0.01 vs. Sham group; ##p < 0.01 vs. I/R group.
Taohong siwu decoction reduced the release of inflammatory factors from oxygen-glucose deprivation/reoxygenation-induced BV2 cells
To examine whether THSWD-contained serum could inhibit the inflammatory response of OGD/R-induced BV2 cells, qPCR was performed to detect levels of several major inflammatory factors. The results demonstrated that the release of IL-1β and IL-18 were significantly increased in the OGD/R group compared with those in the CN group but significantly decreased in the OGD/R + THSWD-contained serum group compared with those in the OGD/R group after treatment, as shown in Figure 6. These findings suggest that THSWD-contained serum prevented the inflammatory response of BV2 cells following induction by OGD/R.
[image: Figure 6]FIGURE 6 | mRNA expression of IL-1β and IL-18. Notes: *p < 0.05, #p < 0.01 vs. Sham group; **p < 0.05 vs. I/R group.
Reduce deoxyribonucleic acid damage
γ-H2AX is a specific biomarker for characterizing DNA damage, especially DNA double-strand breaks (DSBs) (Lin et al., 2019). Although experimental stroke produces DNA damage, we established a rat stroke model and used immunohistochemistry for the detection of γ-H2AX, a marker of DNA damage. We found that the expression of γ-H2AX was clearly observed to be higher in the I/R group than in the Sham group, and after THSWD treatment, the expression of γ-H2AX was significantly inhibited in the I/R + THSWD group, as shown in Figure 7. Suggesting that THSWD can reduce stroke-induced DNA damage. To further prove that THSWD can reduce DNA damage, DNA was extracted from both animal and cellular models and examined via RT-qPCR, and the results are shown in Figures 8A,B. It can be seen that DNA damage was reduced after the administration of THSWD and THSWD-containing serum.
[image: Figure 7]FIGURE 7 | Expression of γ-H2AX in each group. Notes: #p < 0.01 vs. Sham group; **p < 0.05 vs. I/R group.
[image: Figure 8]FIGURE 8 | DNA) testing. Notes: (A) animal models (B) cellular models. A *p < 0.05, #p < 0.01 vs. Sham group; **p < 0.05 vs. I/R group. B *p < 0.05, #p < 0.01 vs. CN group; **p < 0.05, ##p < 0.01 vs. oxygen-glucose deprivation/reoxygenation (OGD/R) group.
DISCUSSION
In the present study, we demonstrated that THSWD attenuated mitochondrial DNA and nuclear DNA damage during stroke; reduced AIM2, NLRC4, and Caspase-1 inflammasomes; and inhibited IL-1β and IL-18 inflammatory factor release after IS. In particular, THSWD may reduce the neuroinflammatory response after cerebral ischemia by ameliorating DNA damage after IS and inhibiting inflammatory somatization.
Injured cells can release free DNA such as mitochondrial DNA and nuclear DNA, which induce an inflammatory response by binding to receptors (Kanou et al., 2021). Inadequate blood flow supply to the brain enhances oxidative stress, resulting in DNA damage (Li et al., 2018). Experimental stroke causes DNA damage, a common precursor event for nerve cell death (Cui et al., 2000). Therefore, DNA damage has become a major focus of stroke research. γ-H2AX is a specific biomarker for DNA damage, especially DNA DSB, and the number of focal points formed by γ-H2AX corresponds to the number of DSB. It has been suggested that IS leads to a significant increase in γ-H2AX injury (Lin et al., 2019). We detected the expression of γ-H2AX in the I/R model and the accumulation of cytoplasmic DNA in I/R and OGD/R cells. It was found that γ-H2AX decreased significantly after THSWD intragastric administration in rats with IS. In the I/R and OGD/R models, there was DNA damage, and damage was reduced after administration of THSWD and THSWD-containing serum.
In most cases, activated NLRs and ALRs recruit a two-component protein called apoptosis-associated spot protein that can induce the protein hydrolysis of pro-IL-1β and pro-IL-18 (Man and Kanneganti, 2015). AIM2 contains two typical domains of the hIN-200 protein family structurally, one of which is the N-terminal thermoprotein domain Pyrindo-main and the other is the C-terminal HIN domain. When abnormal double-stranded DNA is present in the cytoplasm, the HIN domain of AIM2 binds to the cytoplasm double-stranded DNA in a sequence-independent manner. AIM2 can be activated by procaspase-1 cleavage (Ravichandran and Heneka, 2021). Activated caspase-1 cleaves pro-inflammatory cytokines such as pro-IL-1β and pro-IL-18 into mature forms of IL-1β and IL-18 and induces their release, which recruits other inflammatory cells and amplifies the inflammatory response (Broz and Dixit, 2016; Sun and Scott, 2016).
It has been shown that cerebrospinal fluid induces the activation of neurons by AIM2 inflammasomes in patients with traumatic brain injury, suggesting that AIM2 may play a potential pathogenic role in neuronal disease (Adamczak et al., 2014). In addition, the deleterious effect of AIM2 on ischemic brain injury has also been shown in rodent models of stroke (Denes et al., 2015). NLRC4 is both an NLR protein and an inflammasome activator that interacts directly with procaspase-1, which in turn mediates the cleavage of IL-1β and IL-18 precursors, converting them into mature inflammatory factors and ultimately creating a “waterfall effect” that leads to a severe inflammatory response (Duncan and Canna, 2018). Recent studies have further highlighted the role of AIM2 and NLRC4 in post-ischemic pathophysiology (Heinisch et al., 2022). It was found that cerebral ischemia-reperfusion injury induces the activation of AIM2 and NLRC4 inflammasomes, promotes the maturation and release of inflammatory factors, amplifies the inflammatory response, and aggravates brain injury (Li et al., 2020). We established an animal stroke model and gave THSWD treatment. We detected the expression of three inflammasomes, AIM2, NLRC4, and Caspase-1 using immunofluorescence and found that the expression of the three inflammasomes was significantly decreased in stroke rats after THSWD administration. Then, we examined the expression and regulation of AIM2, NLRC4, and Caspase-1 inflammasomes in BV2 cells after OGD/R by THSWD-containing serum and found that THSWD-containing serum significantly inhibited the high expression levels of AIM2, NLRC4, and Caspase-1. Next, we examined the expression of IL-1β and IL-18 inflammatory factors in the I/R model and the OGD/R model using ELISA and RT-qPCR and found a significant increase in the model group and a significant decrease in the administered group, indicating that THSWD can inhibit IL-1β and IL-18 inflammatory factors.
CONCLUSION
In summary, our results suggest that THSWD may be effective in the treatment of IS by reducing DNA damage after IS, inhibiting the expression of AIM2, NLRC4, and Caspase-1 inflammasomes and the release of IL-1β and IL-18 inflammatory factors. To provide an experimental and theoretical basis for further study of THSWD treatment of IS.
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Xin-Ji-Er-Kang protects heart from ischemia-reperfusion injury by rebalancing lipid metabolism
Li-Jun Sun1†, Xiao-Yu Wang1†, Jie Xia1†, Yan-Mei Xu1, Yu-Feng Liao1, Yuan-Yuan Qin1, Xue-Wan Ge1, Pei-Wen Zhao1, Tong Xu1, Xiao-Ling Zhu2, Shan Gao1*, Rui Xiao3*, Xue-Sheng Liu2* and Kai Zhou1*
1Department of Pharmacology, School of Basic Medical Sciences, Anhui Medical University, Hefei, China
2Department of Anesthesiology, The First Affiliated Hospital of Anhui Medical University, Hefei, China
3Ipswich Hospital, East Suffolk and North Essex NHS Foundation Trust, Ipswich, United Kingdom
Edited by:
Jian Gao, Shanghai Children’s Medical Center, China
Reviewed by:
Syed Shams Ul Hassan, Shanghai Jiao Tong University, China
Xiaojiaoyang Li, Beijing University of Chinese Medicine, China
* Correspondence: Shan Gao, gaoshan@ahmu.edu.cn; Rui Xiao, rui.xiao@esneft.nhs.uk; Xue-Sheng Liu, liuxuesheng@ahmu.edu.cn; Kai Zhou, fish00807@126.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: 29 June 2022
Accepted: 29 July 2022
Published: 23 August 2022
Citation: Sun L-J, Wang X-Y, Xia J, Xu Y-M, Liao Y-F, Qin Y-Y, Ge X-W, Zhao P-W, Xu T, Zhu X-L, Gao S, Xiao R, Liu X-S and Zhou K (2022) Xin-Ji-Er-Kang protects heart from ischemia-reperfusion injury by rebalancing lipid metabolism. Front. Pharmacol. 13:981766. doi: 10.3389/fphar.2022.981766

Background and Purpose: We have previously reported a cardioprotective effect with Xin-Ji-Er-Kang (XJEK) treatment in mice with myocardial infarction (MI)-induced heart failure, but no report about its potential functions in myocardial ischemia-reperfusion (MIR) injury. Here we studied the therapeutic effects of XJEK on MIR injury and investigated the mechanisms involved.
Experimental Approach: MIR model of Balb/c mice induced by left anterior descending coronary artery ligation for half an hour, followed by reperfusion, was utilized to study the potential therapeutic effects of XJEK on MIR-induced cardiac injury. Ultra-performance liquid chromatography tandem Orbitrap mass spectrometry platform was used for studying serum lipid metabolic signatures.
Key Results: MIR caused cardiac dysfunctions, cardiac injury, myocardial fibrosis, and increased inflammation, and all the observed abnormalities caused by MIR were largely corrected by XJEK treatment. Mechanistically, XJEK exerts its cardioprotective effect in the context of MIR injury by suppressing MIR-induced inflammation and dysregulation of serum lipid metabolism.
Conclusion and Implications: We have demonstrated for the first time that XJEK protects heart from MIR injury by restoring dysregulated lipidomics. Our data provide new evidence to support a therapeutic effect for XIEK on MIR-induced cardiac injury, and pave the way for exploring the therapeutic potential of XJEK in large animal study and early clinical trial.
Keywords: anti-inflammatory effect, lipid metabolism, lipidomics, Xin-Ji-Er-Kang, myocardial ischemia-reperfusion injury
1 INTRODUCTION
Despite that the annual death rate attribute to coronary heart diseases (CHD) had declined 28.1% from 2007 to 2017 due to the increasing successful use of interventional coronary reperfusion strategies including percutaneous coronary intervention (PCI), cardiovascular diseases remain the leading cause of death worldwide (Virani et al., 2020). Although early thrombolytic therapy and primary PCI are the most effective strategies for restoring blood flow to the ischemic myocardium and improving the clinical outcome after acute myocardial infarct (MI), such interventional processes also cause cardiac injury, namely myocardial ischemia-reperfusion (MIR) injury (Hausenloy and Yellon, 2013). Subsequently, extensive studies aiming at uncovering the underlying molecular mechanism of MIR injury have been conducted in order to identify an effective therapy for preventing MIR injury (Xu et al., 2019). However, there still a big challenge to translate the preclinical findings of infarct size reduction into better clinical outcomes on patients.
Both the inflammatory reactions and dysregulated cell metabolism have been suggested as the key underpinning pathological causes of MIR injury (Goetzman et al., 2022; Li et al., 2022). It has been reported that alteration of fatty acid metabolism occurs in cardiomyocytes under hypoxia and reoxygenation condition (Ford, 2002). Lipids serves not only as a store of fatty acids for energy production, but also as the cellular building blocks for the synthesis of other signaling intermediates molecules. Therefore, it is plausible to think that lipid metabolic disorder may play a key role in MIR injury. Indeed, elevated circulating triacylglycerols (TG) and very-low-density lipoprotein (VLDL) were observed in patients who suffered MIR injury (Kjellqvist et al., 2016). However, a comprehensive investigation into the lipid metabolism after MIR injury has not been reported yet.
Xin-Ji-Er-Kang (XJEK) is a traditional Chinese formula with a clinically proven cardiovascular protective effect for CHD patients. In previous studies, we have also reported a cardioprotective effect with XJEK treatment in mice with MI-induced heart failure (Hu et al., 2018; Cheng et al., 2019). The protective effect of XJEK was considered to be connected with the endothelial dysfunction and oxidative stress. However, little is known about a potential therapeutic effect of XJEK on MIR injury. Moreover, a comprehensive lipidomic profile after MIR injury remains to be determined. In this study, MIR mice model induced by the left anterior descending coronary artery ligation and reperfusion was used to investigate the potential therapeutic effects of XJEK on MIR. Serum lipidomics, which has been recently developed platform with a power to determine the global changes of different lipids in eukaryotes including sphingolipids, glycerophospholipids, glycerolipids and non-esterified fat (Züllig et al., 2020), was performed to uncover the global changes of lipid contents and metabolic pathways after MIR injury with or without XJEK treatment. We found that XJEK could protect heart from MIR injury, and partially restore the dysregulated lipid metabolism induced by MIR injury.
2 MATERIALS AND METHODS
2.1 Animal experiments
A total of 50 male Balb/c mice weighing 28–30 g, aged 8 weeks, were purchased from Shanghai Slac Laboratory Animal Corp. Ltd. [Certificate No. SCXK (JING) 2016–0260]. A MIR model was established by following steps: the mice were anesthetized with pentobarbital sodium at the dose of 45 mg/kg, and ventilated with positive pressure via a tube inserted into the trachea which connected to a small animal respirator (BL420S, Chengdu Techman Software Co.,Ltd., China). After the animal chest was shaved, a left thoracotomy was conducted in the intercostal space of the apex beat, and then the heart was fast exposed. The left anterior descending coronary artery was ligated with a 7–0 thread for 30 min. Subsequently, the ligation line was untied to recover blood supply.
After MIR surgery, survived mice were randomly divided into 4 groups: sham, MIR, MIR/XJEK, and MIR/fosinopril groups. For sham/control group, mice underwent the same surgical procedure, but without ligation of left coronary artery, and received an intragastric gavage of distilled water. For MIR, MIR/XJEK, and MIR/fosinopril (positive control) groups: after MIR surgery, mice were randomly received an intragastric gavage of distilled water, XJEK (8 g/kg/day), and fosinopril (2 mg/kg/day), respectively, for 6 weeks. XJEK decoction was prepared by decocting original materials, then spray dried for long-term store, and suspended with water before gastric gavage to animals. All animals were allowed free access to food or water, and fed under the controlled temperature (25°C and 12 h light-dark cycle). Body weight and food intake were checked weekly. All experimental steps were approved by the Committee on the Ethics of Animal Experiments of Anhui Medical University (No. 14–862).
2.2 Echocardiographic measurements
Mice were anesthetized intraperitoneally with 1% pentobarbital sodium and fixed on a tin foil board with medical tape. To monitor the change of electrocardiogram during the MIR surgery, mice were monitored with a BL-420S Data Acquisition & Analysis System (Chengdu TME Technology Co., Ltd., China) and electrocardiogram results were recorded 3 min preoperatively, 30 min postoperatively and 5 min post-reperfusion. Non-invasive tests of cardiac function were performed before the mice sacrificed. Cardiac function indicators such as left ventricular ejection fraction (LVEF), fractional shortening (LVFS), and internal diameter end diastole (LVIDd) and end systole (LVIDs) were collected using a Doppler ultrasound diagnostic instrument (VINNO 6vet) as previously reported (Yang et al., 2022).
2.3 Pathological examination
A portion of the heart (20%) was immersion-fixed in neutral 10% buffered formalin for histological analysis. Serial sections (5 μm) were subjected to hematoxylin and eosin (H&E) and masson staining analysis according to the standard protocol, followed by measurements of the myocyte cross-sectional area (CSA), collagen volume fraction (CVF) and perivascular collagen area (PVCA) using Image J.
2.4 Enzyme-linked immunosorbent assay
Serum NT-proBNP, cTnI, IL-1β and TNF-α levels were assessed using respective ELISA kits according to the manufacturers’ instructions, generally comply with the following procedures: Samples were diluted with dilution buffer, and added with HRP labeled antibody. All samples were incubated at 37°C before the reaction stopped. The OD valves of all samples were measured with Microplate Reader at 450 nm.
2.5 Serum lipidomics analysis
2.5.1 Sample collection and preparation
Mouse blood was collected via orbital venous plexus before sacrificed, and stored in a refrigerator at −80°C until use. For serum lipidomic studies, 200 μl of serum was mixed with 200 μl of extractant (CH3OH:CHCl4 = 1:2, pre-chilled for 30 min at −20°C) with shaking at 1,200 rpm/min for 30 min at room temperature (RT). The mixture was incubated with 125 μl of ultrapure water on a shaker at 1,200 rpm/min at RT for additional 10 min. After span at 12,000 rpm/min at 4°C for 10 min, the lower organic phase of the aqueous and protein phases was transferred into a new EP tube, then blow dried with nitrogen. After then, 100 μl C3H8O and 100 μl C2H3N were pre-mixed and added to the EP tube to re-suspend the dried pellet. The sample was vortexed for 5 min and sonicated for another 5 min, then was filtered through a 0.22 μm filter membrane. Ten μl of the filtered solution from 9 samples were pooled together and used as quality control (QC) sample to monitor the system suitability, stability and mass accuracy in positive and negative ionization modes with ESI source.
2.5.2 Chromatography and mass spectrometry analysis
Ultra-high performance liquid chromatography (UPLC) coupled with high resolution mass spectrometry (Q Exactive plus, Thermo Fisher, United States) was used to determine serum lipidomic profiles, with acetonitrile/water (60:40, containing 0.1% formic acid and 0.1% ammonium formate, v-v) used as mobile phase A, isopropanol/acetonitrile (90:10, 0.1% formic acid, 0.1% ammonium formate, v-v) as mobile phase B, and Acclaim C30 (3.0 μm, 2.1 mm*150 mm) as the Separation column, respectively. QC, along with other samples were repeatedly analyzed throughout the whole analytical sequence, with a scanning range from 100 m/z to 1,500 m/z and a resolution of 70,000 FWHW.
2.5.3 Data processing and description
Xcalibur 4.1 software was used for peak identification, peak extraction, and lipid identification of lipid molecules and internal standard lipid molecules. For statistical description of metabolomics, standardized data were imported into SIMCA 14.1 software (Umetrics AB, Umeå, Sweden) for multivariate data analysis. Principal component analysis (PCA) was analyzed to provide a comprehensive view of clustering trends and outliers. The orthogonal projection to latent structure discriminant analysis (OPLS-DA) model was developed to further improve the resolution and validity of the model by filtering out the noise unrelated to the classification information. The variable importance for the projection (VIP) in the OPLS-DA model was used to determine biologically significant differential lipid molecules. In this experiment, VIP >1 and p < 0.05 of OPLS-DA were used as the screening criteria for significant differential lipid molecules. A 200-iteration permutation test was used to verify the robustness of the supervised OPLS-DA model and to assess the degree of overfitting.
2.6 Statistical analysis
The data are expressed as mean ± SD. For all the statistical analysis, multiple comparisons were performed by one-way ANOVA with the Tukey-Kramer exact probability test. Also, the least-squares method was applied for linear correlation between the selected variables. The p value of less than 0.05 was considered statistically significant.
3 RESULTS
3.1 Xin-Ji-Er-Kang improves cardiac function after myocardial ischemia-reperfusion injury
Echocardiography data showed that compared to sham control group the left ventricular diastolic and systolic diameters (LVIDd and LVIDs) were significantly increased, and left ventricular ejection fraction (EF) and left ventricular fraction shorting (FS) were significantly decreased in the MIR group (Figure 1), confirming MIR injury. Interestingly, the above-described MIR-induced cardiac dysfunctions were largely improved at the end of 6-week treatments with XJEK (Figure 1), showing an excellent therapeutic effect of XJEK, which is comparable with the positive treatment group (fosinopril). Moreover, increased ratios of heart/body weight (HW/BW, Figures 2A,B) and lung/body weight (LW/BW, Figure 2C) were observed in MIR groups compared with control group, with such increases were completely blunted by XJEK and fosinopril, respectively. Finally, ELISA results showed that the myocardial injury markers, serum NT-proBNP and cTnI, were significantly increased in the MIR group, with such elevations were reversed by both XJEK and fosinopril (Figures 2D,E). These data have collectively demonstrated that XJEK has a very good therapeutic effect on MIR injury.
[image: Figure 1]FIGURE 1 | MIR-induced cardiac dysfunctions were reverted by XJEK. (A) Representative images of echocardiography with M-mode. Quantitative data of LVEF (B), LVFS (C), LVIDd (D) and LVIDs (E) from mice were presented here. ∗∗p < 0.01 versus control group; ##p < 0.01 versus MIR model group. Data were expressed as mean ± SD (n = 6 mice for each group).
[image: Figure 2]FIGURE 2 | XJEK attenuated MIR-induced cardiac injury. (A) Pictures of the hearts from mice. (B) Ratios of heart weight to body weight (mg/g). (C) Ratios of lung weight to body weight (mg/g). Serum cTnI (D) and NT-proBNP (E) levels at 6 weeks post MIR. ∗∗p < 0.01 versus control group, ##p < 0.01 versus MIR model group. Data were expressed as mean ± SD (n = 6 mice for each group).
3.2 XJEK reverses myocardial ischemia-reperfusion-induced adverse cardiac remodeling
H&E staining showed that compared with the control group MIR group displayed increased cross-sectional area (CSA) and longitudinal diameter of cardiomyocytes, indicative of cardiomyocyte hypertrophy, which was significantly attenuated by both XJEK and fosinopril (Figures 3A,B). Additionally, Masson-trichrome staining of the myocardium showed that MIR-induced infarct area was dramatically reduced by XJEK and fosinopril (Figures 3C,D). Finally, MIR-induced cardiac fibrosis was significantly attenuated by both drug interventions, as evidenced by that MIR-induced both myocardial collagen volume fraction (CVF) and perivascular collagen area (PVCA) were dramatically reduced by XJEK and fosinopril (Figures 3E,F). These data have collectively shown that XJEK attenuates MIR-induced adverse cardiac remodeling.
[image: Figure 3]FIGURE 3 | XJEK reduced MIR-induced cardiomyocyte hypertrophy and collagen deposition. (A) Representative images of myocardial slices with H&E staining. (B) Quantitative analyses of cardiomyocyte cross-section area. (C) Representative images of cardiac Masson-trichrome staining, with blue staining indicates infract area. Quantitative analyses of the scar size (D), CVF (E) and PVCA (F) were presented. ∗∗p < 0.01 versus control group, ##p < 0.01 versus MIR model group. Data were expressed as mean ± SD (n = 6 mice for each group).
3.3 Xin-Ji-Er-Kang blunts myocardial ischemia-reperfusion induced inflammation
As discussed early, inflammatory response is one of the key underlying pathological causes of MIR-induced cardiac dysfunctions and adverse remodeling. Moreover, we have so far demonstrated that XJEK could restore cardiac abnormalities induced by MIR injury. We therefore wondered if XJEK exerts such beneficial effects through modulating inflammation. Indeed, we observed that at 6 weeks after MIR surgery, both serum levels of TNF-α and IL-1β were significantly increased in MIR alone group (model group), while such increases were almost abrogated by both XJEK and fosinopril (Figure 4). Our data, therefore, suggest that XJEK restores MIR-induced cardiac dysfunctions and abnormalities at least partially through attenuating MIR-induced inflammation.
[image: Figure 4]FIGURE 4 | Serum levels of inflammatory cytokines. Serum TNF- α (A) and IL-1β (B) levels at 6 weeks post-MIR were presented here. ∗∗p < 0.01 versus control group, ##p < 0.01 versus MIR model group. Data were expressed as mean ± SD (n = 6 mice for each group).
3.4 Xin-Ji-Er-Kang restores myocardial ischemia-reperfusion-induced dysregulation of serum lipidomic profiles
To further explore the possible mechanisms underlying the therapeutic effects of XJEK on MIR injury, serum lipidomic profiles in mice received shame surgery (control), MIR surgery alone, and MIR surgery plus XJEK treatments, respectively, were analyzed using UPLC-MS based lipidomic platform. We first checked sample grouping trends and outliers by conducting an unsupervised PCA analysis of serum lipid contents in positive mode. The PCA scoring plots in positive model showed a tight aggregation of quality control (QC) samples, showing a good reproducibility of the instrument throughout the analysis period (Figure 5A). As expected, we observed a clear separation between the MIR and control groups, with no extreme outliers to exclude (Figure 5A), suggesting that MIR injury induces a dysregulated lipidomic profiling. Importantly, the PCA scoring plots also showed a clear aggregation of XJEK treatment with control samples (Figure 5A), indicating that the serum lipidomic dysregulation induced by MIR injury could be restored by XJEK. Such distributions and changing trends in aggregation and separation among MIR, and XJEK groups become more apparent with OPLS-DA analysis (Figure 5B). To further verify the above observations, we performed a permutation procedure test using the OPLS-DA model with the same number of component. In total, 200 rounds of random permutations of the y variable were performed, and the results showed that while the R2 values (R2 represents the validity of the model and indicates the goodness of fit) were largely steady, the Q2 values which represents the accuracy of the model prediction were substantially decreased with increasing cycles of interaction validation (Figure 5C). We found that both goodness-of-fit parameters (R2 and Q2) calculated for the ranked data were lower than the corresponding original points on the right-hand side (1 on X-axis), and the Q2 regression line had an intercept of 0.00897, indicating little overfitting in the original prediction model. Therefore, these analyses show that the separation model is statistically valid, and that the high value of predictability is not caused by overfitting.
[image: Figure 5]FIGURE 5 | Serum lipid metabolic profiles. Serum lipid metabolic profiles were analyzed in both positive (A–D) and negative (E–H) model, respectively. (A–E) PCA analysis of lipid contents. (B–F) OPLS-DA analysis between MIR group and XJEK group. (C–G) Permutation test of OPLS-DA model. R2 represents the goodness of fit, and Q2 indicates the predictability of the models. (D–H) A variable importance of projection (VIP) plot with jack-knifed confidence intervals.
The variable importance in projection (VIP) plot with jack-knifed confidence intervals based on the OPLS-DA analysis and the univariate test showed that nearly 200 lipid metabolites were significantly changed in XJEK group compared to MIR group (Figure 5D). Importantly, we observed similar changes of the serum lipidomic profiling in negative ionization (ESI-) model (Figures 5E–H).
3.5 Metabolic pathway analysis
To further clarify the possible metabolic pathways that were affected by XJEK, the differential lipids then were screened based on following criteria: 1) the variables with VIP value more than 1 is an important screening parameter; 2) the p value less than 0.05 is considered as a significant difference in the candidate lipids, both between the Control group and MIR groups, MIR groups and XJEK groups; Specifically, over 600 lipid metabolites were profiled in our samples, with 30 lipid metabolites including ceramide (CER), diacylglycerol (DG), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphoinositide (PI), triacylglycerol (TG) and sphingomyelin (SM) were significantly altered by MIR injury (Figure 6A). We observed that all TG and DG were significantly increased, while other lipid metabolites including PC, PE and PI were dramatically decreased in MIR group compared with control group. Importantly, except LPC (16:0), 29 of the 30 MIR-altered lipid metabolites were at least partially restored by XJEK treatment (Figure 6A). Metabolism pathway analysis using the MetaboAnalyst platform in combination with KEGG databases showed that these altered lipid metabolites could be mapped into 5 metabolic pathways, with the glycerophospholipid metabolism pathway showing the largest impact and highest significance (Figure 6B). Moreover, enrichment analysis revealed a significant enrichment in metabolites associated with glycerophosphocholine, glycerophosphoethanolamine, and glycerophosphoinositol metabolism (Figure 6C).
[image: Figure 6]FIGURE 6 | XJEK corrected dysregulated lipid metabolism. (A) Heatmap of hierarchical clustering analysis showing differentially expressed lipids among all the groups. The horizontal axis represents the samples; the vertical axis represents the lipid metabolites. Pathway (B) and enrichment (C) analysis based on differentially expressed lipids by MetaboAnalyst software.
4 DISCUSSION
In this study, we have provided clear evidences to show that XJEK protects heart from MIR injury, as evidenced by improving cardiac function and reducing cardiac pathological remodeling in MIR mice with XLEK treatment. Moreover, by using high resolution Orbitrap mass spectrum we detected over 600 lipid metabolites including glycerides, phosphoglycerides and sphingolipids in mouse serum, and found apparent lipid dysregulation induced by MIR. Importantly, the altered profiling of lipid metabolites were shifted back toward to the normal levels by XJEK treatment. These data clearly suggested that XJEK exerts its cardioprotective effect upon MIR injury by correcting lipid dysregulation.
Dysregulation of lipid metabolism had been reported in ischemic and acute heart diseases, and was regarded as one of the leading causes of the development of cardiovascular disorders. Indeed, we found apparent changes with the content of the phosphoglycerides, glycerides and sphingolipids in MIR mice. Specifically, increased ceramides and sphingolipids were observed after MIR injury, which is consistent with the previous findings that elevated serum ceramides were proved to play causative roles in heart disease and could be treated as the biomarker of cardiovascular disease (Choi et al., 2021). The increasement of ceramides after ischemic injury could lead to cardiomyocyte apoptosis by inducing reactive oxygen species formation and promoting cytochrome c release (Obeid et al., 1993). Moreover, accumulation of ceramides in the mitochondrial could disrupt electron transport chain activity, thereby impairing mitochondrial energetics and inducing cell apoptosis (Hammerschmidt et al., 2019). In this study, we found that XJEK treatment could downregulate ceramide content in the context of MIR injury, explaining the beneficial effect of XJEK on MIR injury.
Moreover, both TG and DG, the representative glycerides, were found to be altered by MIR in our study. Hypertriglyceridaemia is often associated with atherosclerosis and cardiovascular diseases (Raposeiras-Roubin et al., 2021). It has been suggested that there is a close relationship between high triglyceride and MIR injury, as evidenced by accumulated TG in the circulation or heart tissues with ischemia cardiac injury (Balling et al., 2020). A similar finding was observed in our MIR mice. It has been well-known that high concentration of TG is the potential detrimental factor for cardiomyocyte injury. Even the TG itself may not lead to direct cytotoxic, the fatty acids come from TG hydrolyzation process can lead to lipotoxicity. The free fatty acids that entered into lean tissues could activate multiple pathways including oxidative stress or endoplasmic reticulum stress, then inducing cell death (Han, 2016). Importantly, we found that XJEK treatment could bring the increased TG and DG back to a normal level, which could also attribute to its beneficial effect on MIR-induced cardiac injury.
Interestingly, most of the lipids involved in the de novo synthesis of phospholipids were found to be decreased after MIR surgery. Phospholipids including PC, PE, PS, and PI are a general term for lipids containing phosphate group. They are the most substantial lipids which constitute the basic structures of cellular membranes including nuclear and plasma membranes. Most phospholipids are proved to be critical for the stability of cellular plasma membrane and mitochondrial membrane (Han, 2016). As such, alterations of phospholipids could severely impact cellular structures, stability and functions. For instance, decrease of mitochondrial PE content in mice has been shown to be harmful on cell survival, oxygen consumption, and ATP production (van der Veen et al., 2017). Moreover, PC has also been considered to be an independent risk factor for atherosclerosis (Kuschner et al., 2021). In the current study, we found apparent decline of serum phospholipids in MIR mice, which was reversed by XJEK treatment. Decreased phospholipids could lead to the shortage of phospholipids for cardiomyocytes in maintaining their cell membrane integrity and functions, thereby causing cardiac injury. Therefore, reverting the MIR-induced dysregulated glycerides and phosphoglycerides by XJEK may partially explain the therapeutic effects of XJEK on MIR injury.
Lipid dysregulation has a well-established role in modulation of inflammatory reactions after MIR injury. Phospholipase A2, inflammasome and NF-κB pathways have been indicated in MIR-induced inflammation. In consistent with this finding, we have observed that both serum IL-1β and TNF-α levels were significantly induced by MIR, which were completely blunted by XJEK treatment. Among numerous modified lipids we detected, TG may have the closest relationship with inflammation. TG, and their specific transporters like ApoC3, could participate in the inflammation by upregulating the pro-inflammatory genes encoding cytokines and increasing expression of leukocyte activation markers (Zewinger et al., 2020). Moreover, several inflammatory inducers such as LPS, IL-1β, or TNF-α were reported to increase TG lipolysis in liver, muscle and adipose, thus increasing serum TG (Lewis and Hegele, 2022). Furthermore, it has been recently suggested that accumulation of arachidonate 12-lipoxygenase (ALOX12)-dependent 12-HETE exacerbates MIR-induced cardiac inflammation and injury by suppressing AMPK signaling pathway (Zhang et al., 2021). Accordingly, we could speculate that XJEK protects cardiac tissues from MIR injury partially through suppressing inflammation.
5 CONCLUSION
In the current study, we have demonstrated a therapeutic potential for XJEK in MIR injury. Moreover, by utilizing non-targeted Orbitrap-MS methodology we have revealed a dysregulated serum lipidomic profile upon MIR injury. Importantly, we also provide clear evidence to support that XJEK exerts its profound anti-inflammatory and cardioprotective effect after MIR injury through suppressing inflammation and restoring the dysregulated lipid metabolism.
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Creatinine accelerates APAP-induced liver damage by increasing oxidative stress through ROS/JNK signaling pathway
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Serum creatinine is an endogenous biomarker to estimate glomerular filtration rate (GFR) and is commonly used to assess renal function in clinical practice. Acetaminophen (APAP), the most available analgesic and antipyretic medication, is recommended as the drug of choice for pain control in patients with renal diseases. However, an overdose of APAP can lead to severe acute liver injury, which is also the most common cause of acute liver failure in western countries. The role of creatinine in APAP-induced liver injury is unclear and should be further explored. Herein, clinical data on patients with drug-induced liver injury revealed that the creatinine concentration between 82-442 μmol/L for female and 98–442 μmol/L for male is positively correlated with alanine aminotransferase (ALT), aspartate aminotransferase (AST). While there was no correlation between creatinine and ALT and AST when creatinine concentration is over 442 μmol/L. In addition, mice were administrated with creatinine intraperitoneally for 1 week before APAP injection to investigated the pathophysiological role of creatinine in APAP-induced acute liver injury. The results showed that creatinine administration aggravated hepatic necrosis and elevated serum lactate dehydrogenase (LDH) and ALT levels in mice upon APAP injection. The mechanism study demonstrated that creatinine could increase the production of reactive oxygen activation (ROS) and the activation of c-Jun N-terminal kinase (JNK). Furthermore, the liver injury was alleviated and the difference between APAP-treated mice and APAP combined with creatinine-treated mice was blunted after using specific ROS and JNK inhibitors. Significantly, creatinine stimulation aggravates APAP-induced cell death in HepaRG cells with the same mechanism. In summary, this study proposed that creatinine is closely related with liver function of drug-induced liver injury and exacerbates APAP-induced hepatocyte death by promoting ROS production and JNK activation, thus providing new insight into the usage of APAP in patients with kidney problems.
Keywords: creatinine, acetaminophen, reactive oxygen species, C-jun N-terminal kinase, hepatotoxicity
INTRODUCTION
Acetaminophen (APAP) is commonly used as an antipyretic and analgesic in clinical around the world (Larson et al., 2005; Jaeschke, 2015). At therapeutic dose, APAP can be glucuronidated or sulfated in the liver or neutralized by conjugation with glutathione (GSH) through metabolism into the electrophilic intermediate N-acetyl-p-benzoquinoneimine (NAPQI) and then excreted in the urine. However, exposure to an overdose of APAP can lead to an accumulation of NAPQI and a depletion of GSH. Subsequently, excess NAPQI binds directly to cell proteins to produce NAPQI-protein complexes, leading to mitochondrial aberration, oxidative stress, and nuclear DNA damage, which drives hepatocyte damage and necrosis (Jaeschke, 1990; Nelson, 1990; Botta et al., 2006). Indeed, the mitochondrial ROS generation resulting from hepatic GSH depletion in response to APAP can activate the C-jun-N-terminal kinase (JNK) pathway (Cover et al., 2005; Theruvath et al., 2008; Singh et al., 2009; Du et al., 2016). Additionally, JNK activation in APAP toxicity leads to the release and translocation of Bax to mitochondria (Wang et al., 2018; Li et al., 2019).
Serum creatinine is a product of muscle catabolism and is mainly secreted by tubules, which universally used to be evidence of any health issue related with renal, muscular function (Perrone et al., 1992; Wyss and Kaddurah-Daouk, 2000). It was revealed that the high level of serum creatinine is relative to several diseases, including chronic kidney disease (CKD), different types of muscular disorders, cardiovascular problems (Cánovas et al., 2019). Emerging evidence suggested serum creatinine is also closely associated with the progression of liver diseases. A cross-sectional analysis in a middle-aged and older Chinese population showed that subjects with non-alcoholic fatty liver disease (NAFLD) had higher serum creatinine than those without NAFLD. Moreover, serum creatinine levels were correlated with the levels of ALT and AST (Niu et al., 2021). The creatinine level in serum is also applied to define hepatorenal syndrome (HRS) in patients with progressive liver disease (Boyer et al., 2011). Interestingly, a previous report showed that patients with severe hepatic failure have abnormally low serum creatinine concentrations (Takabatake et al., 1988). It is worthy to mention that APAP is the drug often recommended for occasional use in patients with kidney diseases. However, the potential function of serum creatinine in APAP-associated acute liver injury is undefined, which remains further investigation. In the present study, the direct connection between creatinine and liver function of drug-induced liver injury and the underlying mechanism of creatinine in APAP-induced liver injury were studied.
METHODS AND MATERIALS
Clinical data
Clinical information of 23,920 patients according to international classification of diseases code-10 (ICD-10 code K71.901) who had received a drug-induced liver injury diagnosis were obtained from the clinical information system in Nanfang Hospital, Southern Medical University. The diagnosis criteria for drug-induced liver injury refers to the “Guidelines for the management of drug-induced liver injury” from Chinese Medical Association. Patients complicated with the following diseases were excluded: 1) solid or haematological malignancies, 2) pregnancy. Then 2,282 patients (1,692 with normal creatinine and 590 with increased creatinine) were identified eligible in this study (Figure 1). These patients were separated into six groups according to CKD staging guidelines based on serum creatinine, including group 1: 41–81 μmol/L for female (n = 657) and 57–97 μmol/L for male (n = 1,035). Group 2: 82–132 μmol/L for female (n = 90) and 98–132 μmol/L for male (n = 220), group 3: 133–176 μmol/L for female (n = 28) and male (n = 91), group 4: 177–442 μmol/L for female (n = 18) and male (n = 61), group 5: 443–707 μmol/L for female (n = 28) and male (n = 22), group 6: >707 μmol/L for female (n = 10) and male (n = 22). A detailed description of the patients is provided in the Supplementary Material (Table 1). In addition, the employed data belong to in-hospital desensitization text data, not involving any patient privacy information, and only for scientific research.
[image: Figure 1]FIGURE 1 | Flow chart of the clinical study. Clinical data of 23,920 patients who have been diagnosed as drug-induced liver injury in the Medical Big Date Platform of the Nanfang Hospital of Southern Medical University were collected. After excluding patients with recurrent and metastatic tumors, malignancies, pregnancy, 2,282 patients (1,692 with normal creatinine and 590 with increased creatinine) were identified eligible in this study (Figure 1).
TABLE 1 | Main baseline clinical data.
[image: Table 1]Bioinformatic analysis
Two available human datasets (GSE30718 and GSE62792) were retrieved using the Gene Expression Omnibus (GEO) database https://www.ncbi.nlm.nih.gov/geo and the Array Express database www.ebi.ac.uk/arrayexpress. The GSE30718 dataset contained 28 patients with acute kidney injury and 3 healthy people. The GSE62792 dataset contained 12 patients with CKD and 6 healthy people. Gene expression profiles of high serum creatinine patients (acute kidney injury or CKD) and normal people (healthy people) were obtained and compared to calculate the enrichment score and p value of each KEGG pathway about oxidative stress by a non-parametric Wilcoxon rank sum test.
Animals
Male C57BL/6 mice were purchased from the Animal Institute of Nanfang Hospital, Southern Medical University of Guangdong Province and kept under specific pathogen-free conditions. The animal experiments were approved by the Welfare and Ethical Committee for Experimental Animal Care of Nanfang Hospital of Southern Medical University. All experiments were carried out under the approved protocol (NFYY-2021-0342).
Mice model
Mice (male, 8–10 weeks old) were randomized into 8 groups (n = 3/group): Control group, Creatinine group, APAP group, APAP + Creatinine group, APAP + N-acetyl-L-cysteine (NAC) group, APAP + Creatinine + NAC group, APAP + SP600125 group and APAP + Creatinine + SP600125 group. For the creatinine pre-treatment groups, the mice were injected intraperitoneally with creatinine (C4255, Sigma-Aldrich, United States ) at the dose of 16 mg/g for 1 week before APAP treatment. For the APAP-induced acute liver injury model, mice were fasted overnight and then administered with APAP (A7085, Sigma-Aldrich, United States ) intraperitoneally at the dose of 400 mg/kg. The other groups were intraperitoneally administrated with equal volume of 0.9% saline solution. In some experiments, mice were given 150 mg/kg of NAC (A7250, Sigma-Aldrich, United States ) 1 h before the APAP administration to minimize the effect of ROS. In some cases, the pharmacologic inhibitor SP600125 (S1460, Selleck, United States ) was used at a dose of 15 mg/kg 1 h prior to the APAP injection to inhibit the activation of JNK. Mice were finally intraperitoneal injected with 1% pentobarbital (50 mg/kg) for anaesthetization and sacrificed at 6 h for flow cytometric assay and 24 h for biochemical and histological detection.
Reagents and antibodies
Colorimetric TUNEL assay kit (C1098, Beyotime, China) and Mitochondrial membrane potential assay kit (M36008, Invitrogen, United States ) as well as JC-1 (C2006, Beyotime, China) were purchased. Annexin V-FITC/PI apoptosis kits got from MultiSciences (AP101, Hangzhou, China). The primary antibodies against Bcl2(66,799), Bax (50,599) and β-actin (66,009) were obtained from Proteintech (Wuhan, China). The primary antibodies, including the antibodies against phospho-JNK (81E11) and JNK (9,252) were purchased from Cell Signaling Technology (Danvers, MA, United States ). The kits including ALT (C009-2-1), lactate dehydrogenase (LDH, A020-02-2), Malondialdehyde (MDA, A003-1-2) and GSH (A0062-1) were purchased from Jiancheng Biotech (Nanjing, China). Cell-Counting-Kit-8 (K1018) was bought from APE-BIO.
Cell culture and treatment
HepaRG cells were purchased from Biopredic International (Rennes, France) and cultured with RPMI 1640 medium containing 10% fetal bovine serum (FBS). The cells were stimulated with 20 mM APAP in the presence or absence of 20 mM creatinine. For cell cytotoxicity experiment, cells were seeded in 96-well culture plates and then stimulated with different concentration of creatinine to assess cell viability using CCK8 at 24, 48 h.
Histological assessment
Paraffin-embedded liver tissues were stained with hematoxylin and eosin (H&E) to assay the severity of the liver injury. The TdT-mediated dUTP Nick-End Labeling method (TUNEL) was used to evaluate the apoptosis of hepatocytes in APAP-induced liver injury. The experiments were performed according to the manufacturer’s instructions.
ALT and lactate dehydrogenase detection
Mice sera were collected at 24 h after the APAP challenge with or without creatinine pretreatment. The activities of serum ALT and LDH were assayed with the commercial kits, referring to the manufacturer’s instruction.
Malondialdehyde and generation resulting from hepatic Assay
Aliquot liver tissues were homogenized with ultrasound in ice-cold phosphate-buffered saline (PBS). The MDA and GSH levels in liver homogenates were detected using commercial kits, referring to the manufacturer’s instruction.
Western blotting analysis
Protein samples were obtained from mice live tissues or HepaRG cells. The equal amounts of protein were separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto PVDF (Millipore, Germany) membranes. Then the PVDF membranes were incubated overnight at 4°C with primary antibodies after blocking with bovine serum albumin (BSA, 5%) for 1 h at room temperature. Subsequently, the membranes were incubated with the horseradish peroxidase-conjugated corresponding secondary antibody for 1 h at room temperature and detected the target protein expression with enhanced chemiluminescence (Thermo Fisher, United States ).
Flow cytometric assay
Hepatocytes after the APAP challenge were isolated using the two-step pronase-collagenase perfusion method. The HepaRG cells after exposure to APAP with or without creatinine for 6 h were collected. The intracellular ROS and Mito-sox, as well as the mitochondrial membrane potential and cellular apoptosis were evaluated using commercial kits, referring to the manufacturer’s instruction.
Fluorescence Monitoring
The HepaRG treated with APAP in presence or absence of creatinine were collected and incubated with 10 μg/ml of the JC-1 dye at 37°C for 20 min. The mitochondrial membrane potential in cells was analyzed using fluorescence microscopy (Olympus, Shinjuku, Tokyo, Japan).
Statistical analysis
The clinical data were expressed as the mean plus or minus the standard deviation (SD) and compared using non-parametric t-tests. The Spearman correlation coefficient was used to analyse the relationships between creatinine and ALT and AST. The experimental data were expressed as mean ± SEM. For the comparison between multiple groups, the One-way ANOVA was used. Differences between two groups in the experiments were evaluated by Student’s t-test. Statistical analysis was performed using GraphPad Prism (GraphPad Software, La Jolla, CA,United States), and differences were considered statistically significant at p < 0.05.
RESULTS
Serum creatinine concentration is correlated with ALT and AST in patients with diagnosis of drug-induced liver injury
When analysed by creatinine level, the subjects with increased creatinine in group 3 and 4 were more likely to have higher level of ALT for female and male than those with normal creatinine in group 1 (p = 0.0006/p = 0.0311 for female/male in group 1 vs. group 3; p < 0.0001/p < 0.0001 for female/male in group 1 vs. group 4). While it had no statistical difference when the creatinine is 82/98-132 and over 442 μmol/L (Figures 2A,C). As shown in Figure 2B, compared with group 1, the serum AST levels from group 2 to group 5 were increased in female (p = 0.035 in group1 vs. group2; p < 0.0001 in group1 vs. group 3, 4, and 5). Difference from female, the level of AST in male showed higher only in group 3 and group 4 than those in group 1 and showed no difference between group1 and group 2, 5, and 6 (Figure 2D). Additionally, the clinical data analysis about 590 patients with increased creatinine showed the serum ALT and AST levels were upregulated with gradual increase of creatinine from group 2 to group 4 both in female and male (p = 0.008/p = 0.04 in group 2 vs. group 3, p = 0.003/p = 0.036 in group 2 vs. group 4, p = 0.0017/p = 0.039 in group 3 vs. group 4 for female about ALT/AST; p = 0.0151/p = 0.0062 in group 2 vs. group 3, p < 0.0001/p < 0.0001 in group 2 vs. group 4, p = 0.0481/p = 0.0372 in group 3 vs. group 4 for male about ALT/AST). However, when the creatinine is over 442 μmol/L, the levels of ALT and AST were downregulated compared to group 4 and there was no statistical difference between group 5 and group 6 (p = 0.028/p = 0.041 in group 4 vs. group 5 for female about ALT and AST; p = 0.0289/p = 0.0389 in group 4 vs. group 5 for male about ALT and AST) (Figures 2A–D), which is consistent with previous report that AST and ALT values tended to be higher among patients classified as stage 3 compared with those classified as stage 4 or 5 (Sette and Lopes, 2015). As showed in Figures 2E,F further analysis in female suggested that the creatinine concentration between 41-81 μmol/L is positively correlated with AST (p = 0.037), but no correction with ALT. The creatinine concentration between 82–442 μmol/L in female is positively correlated with ALT and AST (p = 0.044 and p = 0.008, respectively) (Figures 2G,H). While there was no correlation between creatinine and ALT/AST when creatinine concentration is over 442 μmol/L (Figures 2I,J). Interestingly, the creatinine concentration between 57–97 μmol/L in male showed no correction with ALT/AST (Figures 2K,L). Consisting with results in female, the creatinine concentration between 98–442 μmol/L in male is also positive correlation with ALT/AST (p = 0.0003 and p = 0.00046) (Figures 2M,N). When creatinine concentration is over 442 μmol/L, it showed no correlation between creatinine and ALT/AST (Figures 2O,P). These results suggested that serum creatinine is closely related to liver function of drug-induced liver injury, but only when the creatinine concentration is between 82/98–442 μmol/L for female/male. In addition, the creatinine between 41–81 μmol/L in female was also a positive correlation with AST.
[image: Figure 2]FIGURE 2 | The correlation between serum creatinine concentration and ALT and AST in patients with diagnosis of drug-induced liver injury. From (A–D), the serum ALT and AST levels of female and male were showed in different groups. From (E–P), the relationship between ALT/AST and creatinine were analyzed in female or male patients. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001, NS, not significant.
Creatinine challenge aggravates APAP-induced liver damage in mice
To further explore the impact of creatinine in APAP-induced liver damage, serum biochemistry and histopathology in mice after APAP with or without creatinine challenge were detected. The serum levels of ALT and LDH were higher in creatinine-pretreated mice than those in normal saline-administrated mice upon APAP challenge for 24 h (Figures 3A,B). Furthermore, histological analysis and the TUNEL staining together showed that liver tissues after treatment with creatinine combined with APAP exhibited severe liver damage and much more hepatocyte death than that treatment with only APAP (Figures 3C,D). Together, these data suggested that creatinine renders mice more susceptible to APAP hepatotoxicity.
[image: Figure 3]FIGURE 3 | Creatinine aggravates APAP-induced liver damage in mice. Mice were pre-injected intraperitoneally with creatinine (16 mg/g) or saline for 1 week before injecting intraperitoneally with APAP (400 mg/kg) and then sacrificed after APAP-treatment for 24 h (n = 3/group). (A,B) The serum level of ALT and LDH were assessed. (C) Histological analysis of mouse livers was performed with H&E staining after APAP exposure for 24 h. (D) The hepatocyte death in mice liver tissues was evaluated by TUNEL staining. Scale bars = 50 μm *p < 0.05, **p < 0.01, NS, not significant. Data are representative of three independent experiments.
Creatinine treatment enhances the hepatic damage induced by oxidative stress in APAP-induced liver injury.
The bioinformatics analysis about normal creatinine in healthy people and increased creatinine in acute kidney injury or CKD patients from two available human dataset (GSE30718, GSE62792) revealed that the enrichment score of oxidative stress signaling in patients with acute kidney injury or CKD were higher than that in healthy people (Figure 4A). Oxidative stress is also involved in the various toxicities associated with APAP. We focused on oxidative stress-related signaling. The GSH anti-oxidant system plays a significant role in detoxifying hepatotoxicants in APAP-induced acute liver injury. APAP challenge induced a rapid GSH depletion and excessive malondialdehyde (MDA) accumulation, thereby causing oxidative insult in the mouse liver. The data showed that creatinine challenge accelerated GSH consumption in APAP-induced liver injury (Figure 4B). Besides, the hepatic level of MDA was significantly higher in creatinine-pretreated mice than that in control mice after APAP administration (Figure 4C). Meanwhile, the intracellular and mitochondrial ROS levels in liver cells were measured by flow cytometry, respectively (Figures 4D,E). Moreover, primary mouse hepatocytes were isolated and a decreased JC-1 red/green fluorescence ratio in hepatocytes from mice pretreated with creatinine than those from mice treated with APAP was measured (Figure 4F). The expression of Bax and Bcl2 is considered a critical role in underlying APAP-induced hepatotoxicity. Herein, enhanced Bax level and downregulated Bcl2 expression were observed in liver tissue from mice treated with APAP combined with creatinine compared with mice treated with APAP alone (Figure 4G). Collectively, these results suggested that creatinine treatment enhances the hepatic damage in APAP-induced liver injury by promoting oxidative stress responses.
[image: Figure 4]FIGURE 4 | Hepatic oxidative stress level is increased after APAP exposure with creatinine treatment. (A) Bioinformatics analysis about oxidative stress signaling in normal creatinine (healthy people) and increased creatinine (acute kidney injury or CKD patients) from two available human dataset (left: GSE30718, right: GSE62792) was performed. After pretreatment with creatinine (16 mg/g) for 1 week, the mice were exposed to APAP (400 mg/kg) for 24 h and the GSH depletion and the MDA accumulation in liver tissue was evaluated following the instructions provided by manufacturers (B,C), (n = 3). The generation of intracellular and mitochondria ROS were assayed after exposure to APAP for 6 h using flow cytometry (D,E), (n = 3). (F) Mitochondrial membrane potential was detected by JC-1 staining after APAP challenge for 6 h (n = 3). (G) Western blotting analysis assessed the protein expression of Bax and Bcl2 in liver tissue after APAP exposure with or without creatinine pretreated for 24 h (n = 3). *p < 0.05, **p < 0.01, NS, not significant. Data are representative of three independent experiments.
ROS inhibition can rescue aggravated liver damage caused by creatinine after APAP exposure
The above results revealed creatinine enhances the hepatic damage through ROS accumulation in APAP-induced liver injury. Therefore, a well-known anti-oxidant, NAC was used to block the ROS and evaluate the pathophysiological role of ROS in creatinine regulating APAP-related liver injury. Notably, the severity of liver damage was reduced and comparable between APAP-injected mice treated with or without creatinine by pretreating with NAC (Figure 5A). Additionally, the hepatic levels of Bax and Bcl2 were similar between APAP-treated mice with or without creatinine administration after NAC treatment (Figure 5B). Also, hepatic levels of GSH and MDA were comparable between APAP-injected mice in the presence or absence of creatinine mice when ROS was inhibited (Figures 5C,D). The biochemical analysis determined that the sera from creatinine-pretreated mice and control mice in response to APAP showed no significant difference in the levels of ALT activity and LDH activity when ROS was blocked (Figures 5E,F). Collectively, the results confirmed that creatinine aggravates APAP-related liver injury by oxidative stress.
[image: Figure 5]FIGURE 5 | ROS inhibition rescues aggravated APAP-induced liver injury by creatinine.After 1 week pretreated with creatinine, mice were treated with 150 mg/kg of NAC 1 h before APAP challenge for 24 h (n = 3/group). (A) Histological analysis was exploited to assess the severity of liver injury. (B) The expression of Bax and Bcl2 in liver tissue were evaluated by Western Blotting. (C–F) The biochemical indicators including GSH and MDA in liver tissue and ALT and LDH in serum were determined after inhibition ROS. Scale bars = 50 µm *p < 0.05, **p < 0.01, NS, not significant. Data are representative of three independent experiments.
Creatinine treatment exacerbates APAP-induced liver injury through activation of the ROS/JNK signaling pathway
ROS generation in APAP-induced liver injury can activate JNK, thus initials hepatocyte cell death. The role of the JNK pathway in creatinine-mediated exacerbation of APAP-induced liver injury was investigated. The results showed that APAP induced a strongly higher level of JNK phosphorylation in livers from creatinine pre-treated mice than those from control mice (Figure 6A). Moreover, the specific JNK inhibitors, SP600125, could rescue mice from APAP-induced liver injury and eliminate the differences between APAP plus creatinine-treated mice and only APAP-treated mice (Figure 6B). The hepatic levels of Bax and Bcl2 were similar between APAP-treated mice with or without creatinine administration after JNK inhibition (Figure 6C). Biochemical analyses showed that the sera from creatinine-pretreated mice and control mice in response to APAP showed no significant difference in the activities of ALT and LDH when JNK activation was blocked (Figures 6D,E). Together, these data suggested that creatinine accelerates the development of APAP-induced liver injury by inducing JNK activation.
[image: Figure 6]FIGURE 6 | Creatinine exacerbates APAP-induced liver injury through activation of JNK. (A)Mice were pre-injected intraperitoneally with creatinine for 1 week and then exposure to APAP (400 mg/kg) for 24 h (n = 3/group). Western blotting analysis was used to detect the JNK phosphorylation. From figure (B–E), mice were injected intraperitoneally with the JNK inhibitor SP600125 1 h prior the APAP injection. (B) H&E staining was performed to analyse the mouse liver injury after blocking JNK. (C)The protein level of Bax and Bcl2 were determined using western blotting. (D,E) The ALT and LDH activities in serum were measured. Scale bars = 50 µm *p < 0.05, **p < 0.01, NS, not significant. Data are representative of three independent experiments.
Creatinine increases APAP-induced cell death in human HepaRG cells
So far, all the in vivo studies demonstrated that creatinine could aggravate APAP-induced liver damage through activating ROS/JNK signaling pathway. Human HepaRG cells were stimulated with APAP in the presence or absence of creatinine to evaluate the effect of creatinine in APAP-stimulated HeapRG cells. Here, different concentrations of creatinine (0, 10, 20, 40, and 80 mM) was used to assess cytotoxicity in HepaRG by CCK8 assay (Figure 7A). Then 20 mM creatinine concentration, which showed no detrimental cytotoxicity in the HepaRG and reported to inhibit the replication of S. aureus (Smithee et al., 2014), was used to further substantiate the effect of creatinine on APAP-induced liver damage. Compared with the cells treated with APAP alone, the HepaRG treated with APAP plus creatinine produced increased levels of ALT and LDH (Figures 7B,C). Besides, decreased GSH level while elevated MDA production was found in cells treated with APAP combined with creatinine compared to the cells treated with APAP only (Figures 7D,E). Moreover, the intracellular and mitochondrial ROS levels were increased in the creatinine plus APAP treated cells than that in APAP-treated cells (Figures 7F,G). Then the downregulated membrane potential was observed in HepaRG cells challenged with APAP plus creatinine compared to the cells treated with APAP alone, as determined by JC-1 dye staining (Figure 7H). Notably, more apoptotic cells were exhibited in HepaRG cells treated with creatinine plus APAP than those treated with APAP only (Figure 7I). Additionally, increased Bax and reduced Bcl2 were found in HepaRG cells treated with APAP combined with creatinine (Figure 7J). APAP-stimulated HepaRG cells exhibited much more phosphorylation of JNK in the presence of creatinine (Figure 7J). Taken together, the data indicated that creatinine can potentiate APAP-induced hepatocyte death through ROS/JNK signaling pathway.
[image: Figure 7]FIGURE 7 | Creatinine enhances APAP-induced cell death in human HepaRG cells by ROS/JNK signaling pathway. (A) The HepaRG cells were stimulated with different concentration of creatinine for 24 or 48 h to detect the drug toxicity using CCK8. From (B–J), the cells were administrated with 20 mM APAP accompanying with or without 20 mM creatinine for 24 h (B,C) The ALT and LDH release in HepaRG cells were determined. (D,E) The intracellular level of GSH and MDA were assayed. (F,G) The ROS generation inside the cell and mitochondria were analyzed by flow cytometry labeling with fluorescent probe DCFH-DA and Mitosox following exposure to APAP for 6 h. (H) Mitochondrial membrane potential was detected by JC-1 staining after APAP challenge for 6 h using immunofluorescence. (I)The cell death was determined by flow cytometry at 6 h post- APAP administration. (J)Western blotting was used to analyze the phosphorylation of JNK, Bcl2 and Bax after APAP challenge for 24 h *p < 0.05, **p < 0.01, NS, not significant. Data are representative of three independent experiments.
DISCUSSION
The serum creatinine is widely interpreted as a measure of the GFR and a novel biomarker for CKD (Perrone et al., 1992; Cánovas et al., 2019). APAP is the most available analgesic and antipyretic medication, which is also as a clinical pharmacology considerations for pain management in patients with kidney diseases (Koncicki et al., 2017). However, APAP overdose is the most frequent cause of acute liver failure in the United States and many other countries (Lee, 2013). The role of creatinine in APAP-induced liver injury should be clarified to guide APAP usage in renal patients. In the present study, it suggested that serum creatinine levels were correlated with the levels of ALT and AST in drug-induced liver injury. Creatinine aggravated APAP hepatotoxicity, as evidenced by severe hepatocyte death as well as elevated serum LDH and ALT levels in mice after intraperitoneal injection with creatinine and APAP. The mechanistic studies indicated that creatinine treatment promoted ROS production and JNK activation, thereby promoting the APAP-induced liver damage. It may provide new insight into the usage of APAP in patients with kidney problems.
Current evidence showed that creatinine could be a critical index of model for end-stage liver disease (MELD) and hepatorenal syndrome (HRS) to assess liver disease severity and mortality risk (Kamath et al., 2001; Belcher et al., 2015). A cross-sectional analysis also revealed that NAFLD subjects have higher serum creatinine than those without NAFLD (Niu et al., 2021). Elevated serum uric acid-to-creatinine ratio (SUA/Cr) may be a reliable marker for predicting NAFLD (Seo and Han, 2021). However, low serum concentrations of creatinine were observed in severe hepatic failure patients like fulminant hepatitis (Takabatake et al., 1988). Some reports showed that the creatinine-lactate score could predict the mortality of acute liver failure in patients listed for liver transplantation (Figueira et al., 2021). While the role of creatinine in drug-induced liver injury is unclear. The clinical data on drug-induced liver injury in present study demonstrated that patients with elevated creatinine, especially those with creatinine between 133–442 μmol/L, were more likely to have higher level of ALT and AST than subjects with normal creatinine. Creatinine ranging from 82/98 μmol/L to 442 μmol/L was positively correlated with ALT and AST. However, when the creatinine is over 442 μmol/L, the level of ALT and AST tended to decrease and it showed no correlation between creatinine and ALT/AST.
APAP toxicity comprises multi-stages and multi-signaling pathways, including APAP metabolism, oxidative stress, endoplasmic reticulum (ER) stress, autophagy, sterile inflammation, microcirculatory dysfunction, and compensatory liver regeneration. Many studies indicated that oxidative stress is involved in the various toxicities associated with APAP. Mitochondrial oxidative stress is the predominant cellular event in APAP-induced liver injury (Yan et al., 2018). Overdose of APAP was metabolized into NAPQI, which can deplete GSH and subsequently increase H2O2 release from mitochondria to the cytoplasm. The GSH is an important anti-oxidant, whereas MDA indirectly reflects the severity of damage induced by free radicals and is an important biomarker of oxidative damage (Halder et al., 2018). The GSH consumption and MDA accumulation are exhibited in oxidative stress-related diseases, including APAP-induced liver injury (Wu et al., 2019). Indeed, the mechanism underlying APAP-induced hepatotoxicity in humans and mice involves intracellular and mitochondrial damage and nuclear DNA fragmentation. Importantly, NAC, a known scavenger of reactive oxygen species, can really rescue the liver injury induced by APAP (Adil et al., 2018). Consistent with these studies, the results in this study showed that creatinine accelerates GSH depletion and MDA accumulation, accompanied by ROS generation. Most strikingly, blocking the ROS using NAC can ameliorate the aggravated liver injury induced by APAP plus creatinine. The mechanistic study showed that ROS/JNK signaling pathway is responsible for the creatinine-mediated exacerbation of APAP-induced liver damage. It revealed that creatinine is pivotal for oxidative stress-induced hepatocyte death during APAP-induced liver injury.
ROS generation resulting from GSH depletion in response to APAP can activate JNK signaling pathway (Win et al., 2016). Sustained activation of JNK plays an essential role in APAP-induced liver damage. It induces mitochondrial permeability transition, inhibits mitochondria bioenergetics, amplifies mitochondrial ROS, and consequently leads to the death of hepatocytes (Hanawa et al., 2008). Permeabilization of the mitochondrial outer membrane is a crucial step in the intrinsic apoptosis pathway. This process can be regulated by Bcl-2 family proteins, which can be either pro-or anti-apoptotic proteins (Hengartner, 2000; Oz and Chen, 2008; Gillies and Kuwana, 2014). Previous studies suggested that activation of JNK can cause Bax activation and translocation to mitochondria and then trigger the opening of the mitochondrial permeability transition and then release of mitochondrial intermembrane proteins, like apoptosis-inducing factor, which leads to DNA fragmentation and necrosis (Gunawan et al., 2006; Kim et al., 2006; Wang et al., 2018). In present study, the results showed that creatinine significantly enhanced the APAP-induced phosphorylation of JNK. Interestingly, SP600125, a classical inhibitor of JNK (Latchoumycandane et al., 2007), abrogated the increased Bax expression and reduced bcl2 expression in hepatocytes induced by creatinine plus APAP stimulation. All of these data indicated that creatinine may play its destructive factor in APAP-induced acute liver injury through activation of JNK signaling pathway.
Apoptosis is identified as a dominant mode of cell death in liver diseases, like alcoholic/non-alcoholic liver disease, viral hepatitis, and hepatocellular carcinoma (Guicciardi and Gores, 2005). Whether APAP-induced hepatocyte death is apoptosis-dependent is controversial. Some researchers regarded although APAP-induced hepatic cells death shares some features of apoptosis, apoptotic cell death was ruled out for the absence of caspase activation and lack of protection by caspase inhibitors and missing morphological characteristics of apoptotic cells (Jaeschke and Ramachandran, 2020). As showed in apoptosis ratio detected by flow cyctometer in HepaRG cells, APAP plus creatinine treatment induced a more significant increase in late apoptotic cells than early apoptotic cells compared with only APAP exposure. The changes of Bax and Bcl2 were also observed in responses to APAP challenge in the presence or absence of creatinine. These results indicated creatinine modulates the cellular apoptosis during APAP induced oxidative stress mediated hepatocyte toxicity.
Notably, there are several limitations in this study. First, the clinical data belongs to in-hospital desensitization text data. The potential variates including detailed treatment process and different hepatotoxic drugs usage, etc. cannot be controlled. Second, we here pay more attention to the relation between creatinine and ALT/AST, more liver function indicators such as albumin, alkaline phosphatase, etc. can be studied in the future. Finally, the number of subjects with increased creatinine is limited, which may result in a weak correlation between creatinine and ALT and AST. Therefore, prospective studies are also needed to determine whether creatinine contributes to the development of APAP-induced liver injury.
In conclusion, the study demonstrated that creatinine is closely related to ALT and AST in drug-induced liver injury. Creatinine aggravates APAP-induced liver injury through increasing ROS generation, resulting in enhanced JNK activation and thus leading to the exacerbated liver injury. The study uncovered the function of creatinine in APAP hepatotoxicity and implicated the importance of toxicity management of acetaminophen in patients with kidney diseases.
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Background: Due to the lack of comprehensive evidence based on prospective studies, the efficacy and safety of Janus Kinase (JAK) inhibitors (including tofacitinib, ruxolitinib, baricitinib, ritlecitinib and brepocitinib) for alopecia areata (AA) are yet to be proved.
Methods: The systematic review and meta-analysis was performed pursuant to the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guideline and registered on PROSPERO (CRD42022303007).
Results: Fourteen prospective studies (5 RCTs and 9 non-RCTs), enrolling a total of 1845 patients with AA, were included for quantitative analysis. In RCTs, oral JAK inhibitors resulted in higher good response rate compared with control (RR: 6.86, 95% CI: 2.91–16.16); topical JAK inhibitors did not show any difference compared with control (RR: 1.00, 95% CI: 0.31–3.18). In non-RCTs, the pooled rate of good response to oral, topical and sublingual JAK inhibitors were 63% (95% CI: 44%–80%), 28% (95% CI: 1%–72%) and 11% (95% CI: 1%–29%), respectively. The pooled recurrence rate in patients treated with JAK inhibitors was 54% (95% CI: 39%–69%), mainly due to the withdrawal of JAK inhibitors. In RCTs, no difference was found in the risk of experiencing most kind of adverse events; in non-RCTs, the reported adverse events with high incidence rate were mostly mild and manageable.
Conclusion: JAK inhibitors are efficacious and generally well-tolerated in treating AA with oral administration, whereas topical or sublingual administration lacks efficacy. Subgroup analyses indicate that baricitinib, ritlecitinib and brepocitinib seem to have equal efficacy for AA in RCTs; ruxolitinib (vs. tofacitinib) and AA (vs. AT/AU) are associated with better efficacy outcomes in non-RCT. Due to the high recurrence rate after withdrawal of JAK inhibitors, continuous treatment should be considered to maintain efficacy.
Systematic Review Registration: PROSPERO: CRD 42022303007
Keywords: alopecia areata, JAK inhibitors, janus kinase inhibitors, tofacitinib, ruxolitinib, baricitinib, meta-analysis, systematic review
INTRODUCTION
Alopecia areata (AA) is a common, inflammatory, non-scarring type of hair loss. AA presents most commonly as limited patches of hair loss (patchy AA) that can progress to loss of all scalp hairs (alopecia totalis, AT) or all body hairs (alopecia universalis, AU) (Strazzulla et al., 2018). The risk of progression from patchy AA to AT or AU is approximately 5%, and an extensive involvement portends a worse prognosis (Safavi et al., 1995; Tosti et al., 2006). As a common type of alopecia in human, the estimated prevalence of AA is approximately between 0.1% and 0.2%, second only to male and female pattern alopecia (Pratt et al., 2017). And the lifetime incidence risk of AA is approximately 2% (Mirzoyev et al., 2014). The chronic course and frequent relapse of AA can be distressing for patients, even leading to psychosocial disorder and reduction in quality of life. Therefore, the importance should be attached to the treatment of AA.
There are several treatment approaches available for the management of AA, including corticosteroids, minoxidil, topical immunotherapy, cyclosporine, methotrexate, etc (Meah et al., 2020). However, the response of AA patients to these treatments varies widely and adverse events occur frequently especially in systemic medications; few robust and well-designed clinical trials have evaluated and supported these therapies (Lai et al., 2019). Therefore, more effective and less toxic drugs for AA are needed.
As the molecular mechanisms of AA are further defined, targeted therapies including Janus kinase (JAK) inhibitors are considered to be a preferable treatment option. Genome-wide association studies and functional immunological studies have identified that CD8+NKG2D + T cells are the major effectors of AA pathogenesis, which promote the inflammation of hair follicles through interferon-γ (IFN-γ) and interleukin-15 (IL-15) signaling pathways. JAK/signal transducer and activator of transcription (STAT) is in the downstream molecular pathway of IFN-γ and IL-15 receptors (Petukhova et al., 2010; Betz et al., 2015), (Xing et al., 2014). Therefore, JAK inhibitors can blockade the signaling pathway of AA by inhibiting JAK/STAT activation, leading to the reverse of AA. Among the JAK inhibitors for AA, baricitinib is the first treatment approved for the indication of AA by the Food and Drug Administration (FDA) in 13 June 2022; tofacitinib and ruxolitinib were approved for the treatment of rheumatoid arthritis and other inflammatory disorders; ritlecitinib and brepocitinib are under investigation and not available for routine clinical use. Hence, clinical statistics regarding the efficacy and safety of JAK inhibitors are required to provide a better insight in this new treatment strategy.
Thus, we systematically reviewed the evidence 1) to evaluate the efficacy and safety of JAK inhibitors for AA, 2) to determine the relative efficacy of JAK inhibitors in different administration route (oral vs. topical vs. sublingual administration), and 3) to identify more factors influencing the good response to JAK inhibitors in AA patients.
METHODS
This systematic review and meta-analysis was performed according to the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guideline and registered on PROSPERO (CRD42022303007) (Moher et al., 2009).
Search strategy
Electronic searches were performed in PubMed, EMBASE and Cochrane library from inception to 17 June 2022, using MeSH or Emtree terms including ‘‘alopecia areata,’’ ‘‘JAK inhibitors,” ‘‘tofacitinib,’’ “ruxolitinib,” ‘‘baricitinib,’’ “ritlecitinib,” and “brepocitinib” and their synonyms. The detailed search strategy for each database is described in the Supplement. We searched the reference lists from retrieved full text articles and previous systematic reviews for further identification of potentially relevant studies. We also searched through PROSPERO for any related systematic reviews.
Eligibility criteria
Studies were selected based on the following inclusion criteria: 1) studies enrolling human participants with AA/AT/AU; 2) studies in which patients were treated with JAK inhibitors; 3) studies reporting efficacy outcomes including scalp hair regrowth or recurrence rate, or safety outcomes including adverse events; 4) studies of prospective studies including RCTs, clinical trials and prospective cohort studies; 5) studies published in English. Studies were excluded based on the following exclusion criteria: 1) studies enrolling patients without scalp involvement, but only with nails, eyelashes or eyebrows involvement; 2) studies of observational studies, case series, case reports, repeated publications, abstracts, conference presentations, editorials and reviews.
Data extraction
Two authors independently reviewed the included articles and extracted data on the trial characteristics, baseline characteristics of participants, interventions, comparisons, efficacy and safety outcomes from each trial. Faced with the absence of data, we transformed or estimated measures of variance using the recommendations from the Cochrane Handbook for Systematic Reviews of Interventions (Akl et al., 2019). Any disagreement was resolved by discussion until consensus was reached or by consulting a third author.
The choice of outcomes was based on the usually reported primary and secondary outcomes in clinical trials of AA, AA investigational assessment guidelines (Olsen et al., 2004), and other systematic reviews of AA (Lee et al., 2018; Phan et al., 2019; Phan and Sebaratnam, 2019; Guo et al., 2020). The efficacy outcomes included good response [defined as 50% improvement in Severity of Alopecia Tool (SALT) scores (SALT50)], complete response [defined as 90% improvement in SALT scores (SALT90)], the percent change from baseline in SALT score and recurrence. The safety outcomes included the incidence rates of adverse events.
Risk of bias assessment
Two authors independently appraised risk of bias of each study using the Cochrane risk of bias tool for RCTs and ROBINS-I (Risk of Bias In Non-randomized Studies-of Interventions) for non-RCTs (including single-arm trials, non-randomized controlled trials and extension periods of RCT) (Higgins et al., 2011) (Sterne et al., 2016). Any disagreement was resolved by discussion until consensus was reached or by consulting a third author.
Statistical analysis
We conducted meta-analysis of each outcome using the available data for response rates, recurrence rate, and incidence rates of adverse events. All outcomes were reported with associated 95% confidence intervals (CI). Meta-analysis for RCTs and non-RCTs (including single-arm trials, non-randomized controlled trials and extension periods of RCT) were conducted separately. Heterogeneity of the included studies was calculated using Cochran Q statistic (significant at p < 0.1) and I2 test (significant at I2 > 50%). Overall, there was a significant heterogeneity, so a random effects model was used. Preplanned subgroup analysis was conducted according to administration route (oral vs. topical vs. sublingual administration), types of JAK inhibitors (baricitinib vs. ritlecitinib vs. brepocitinib, ruxolitinib vs. tofacitinib), treatment duration (<24 weeks vs. ≥24 weeks) and AA subtype (AA vs. AT/AU). All analyses were performed by the meta package (version 5.1-1) for R (version 4.1.1). p value < 0.05 was considered statistically significant.
RESULTS
Study selection
Overall, 649 records were identified through three databases. After removing 208 duplicates, we excluded 290 records on the basis of the title and abstract. The remaining 151 potentially relevant reports were reviewed in full text. After detailed evaluation of these reports, 14 studies (5 RCTs and 9 non-RCTs) (Kennedy Crispin et al., 2016; Mackay-Wiggan et al., 2016; Almutairi et al., 2018; Jabbari et al., 2018; Liu et al., 2018; Olsen et al., 2020; King et al., 2021a; AlMarzoug et al., 2021; King et al., 2021b; Lai et al., 2021; Peeva et al., 2021; King et al., 2022), enrolling a total of 1,845 patients, were included for analysis (Figure 1).
[image: Figure 1]FIGURE 1 | PRISMA flow diagram of record selection process.
Study characteristics and risk of bias assessment
Characteristics of included studies were described in Table 1. Among the included 5 RCTs, 3 compared oral baricitinib with placebo (King et al., 2021b; King et al., 2022), 1 compared oral ritlecitinib and brepocitinib with placebo (King et al., 2021a), and 1 compared topical ruxolitinib with placebo (Olsen et al., 2020). Among the included 9 non-RCTs, 7 single-arm clinical trials evaluated the efficacy and safety of oral/topical ruxolitinib and oral/topical/sublingual tofacitinib (Kennedy Crispin et al., 2016; Mackay-Wiggan et al., 2016; Jabbari et al., 2018; Liu et al., 2018; Olsen et al., 2020; AlMarzoug et al., 2021; Lai et al., 2021), 1 study of extension periods of RCT investigated the maintenance and withdrawal with oral ritlecitinib and brepocitinib (Peeva et al., 2021), and 1 non-randomized controlled trial compared oral ruxolitinib with oral tofacitinib (Almutairi et al., 2018).
TABLE 1 | Characteristics of included studies.
[image: Table 1]Risk of bias assessment of included studies was described in Table 2. Given the limited number of included studies, we did not remove the studies with high risk of bias.
TABLE 2 | Risk of bias in (A) included RCTs and (B) included non-RCTs.
[image: Table 2]Efficacy outcomes
A good response was defined as the achievement of SALT50. Meta-analysis based on 5 RCTs and 8 non-RCTs evaluated the rate of good response to JAK inhibitors in patients with AA (Figure 2). In RCTs, JAK inhibitors were associated with an increase in the pooled good response rate compared with control (RR: 5.06, 95% CI: 1.87–13.70). Due to high heterogeneity, subgroup analysis was conducted based on the route of administration, and this difference was significant (p < 0.01). A significant difference was found in studies where JAK inhibitor was orally administered that the intervention group showed a higher good response rate compared with a controlled group (RR: 6.86, 95% CI: 2.91–16.16), yet such significance was not observed in the study where JAK inhibitor was topically administered (RR: 1.00, 95% CI: 0.31–3.18). In non-RCTs, the pooled rate of good response to JAK inhibitors in AA was 50% (95% CI: 30%–70%). From subgroup analysis, the pooled good response rate in studies where JAK inhibitor was orally administered was 63% (95% CI: 44%–80%), significantly higher than that in studies where participants were treated with topical (28%, 95% CI:1%–72%) and sublingual JAK inhibitors (11%, 95% CI: 1%–29%, p < 0.01).
[image: Figure 2]FIGURE 2 | Forest plot of the pooled rate of good response to JAK inhibitors in patients with AA based on (A) RCTs and (B) non-RCTs.
A complete response was defined as the achievement of SALT90. Meta-analysis based on 5 RCTs and 4 non-RCTs evaluated the rate of complete response to JAK inhibitors in AA (Figure 3). In RCTs, JAK inhibitors were associated with an increase in the pooled complete response rate compared with control (RR: 9.57, 95% CI: 4.07–22.51). There was no significant difference in subgroup analysis based on the route of administration (p = 0.62). However, a significant difference was found in studies where JAK inhibitor was orally administered that the intervention group showed a higher complete response rate compared with a controlled group (RR: 11.13, 95% CI: 4.02–30.84), but not found in the study where JAK inhibitor was topically administered (RR: 5.00, 95% CI: 0.25–100.85). In non-RCTs, the pooled rate of complete response to JAK inhibitors in AA was 25% (95% CI: 15%–36%). From subgroup analysis, the complete response rate in studies where JAK inhibitor was orally administered (27%, 95% CI: 14%–42%) was higher than that in where JAK inhibitor was topically administered (17%, 95% CI: 2%–42%), but the difference was insignificant (p = 0.46).
[image: Figure 3]FIGURE 3 | Forest plot of the pooled rate of complete response to JAK inhibitors in patients with AA based on (A) RCTs and (B) non-RCTs.
Meta-analysis based on 5 RCTs and 6 non-RCTs evaluated the percent change from baseline in SALT score in patients taking JAK inhibitors for AA (Figure 4). In RCTs, JAK inhibitors were associated with an increase in the percent change from baseline in SALT score compared with control (MD: 31.77, 95% CI: 19.86–43.67). The subgroup analysis revealed that there was a significant difference between oral (MD: 36.05, 95% CI: −31.69–40.42) and topical JAK inhibitors (MD: −0.30, 95% CI: −20.88 to 20.28, p < 0.01). In non-RCTs, the pooled percent change from baseline in SALT score was 53.17% (95% CI: 25.69%–80.64%). From subgroup analysis, there was a significant difference among oral (81.18%, 95% CI: 62.65%–99.70%), topical (10.89%, 95% CI: 1.70%–20.09%) and sublingual JAK inhibitors (15.57%, 95% CI: 4.76%–26.38%, p < 0.01).
[image: Figure 4]FIGURE 4 | Forest plot of the percent change from baseline in SALT score in patients taking JAK inhibitors for AA based on (A) RCTs and (B) non-RCTs.
Subgroup analysis outcomes
Further subgroup analysis was conducted with the good response rate (Table 3). In RCTs, a significant difference was found in terms of administration route (oral vs. topical administration, p < 0.01), and no significant difference was observed in terms of types of oral JAK inhibitors (baricitinib vs. ritlecitinib vs. brepocitinib, p = 0.55). In non-RCTs, oral administration (vs. topical and sublingual administration, p < 0.01), oral ruxolitinib (vs. oral tofacitinib, p = 0.02), topical ruxolitinib (vs. topical tofacitinib, p = 0.03) and AA (vs. AT/AU, p = 0.04) were associated with better response outcomes, with statistical significance; no significant difference was found in terms of treatment duration (≥24 weeks vs. <24 weeks, p = 0.28).
TABLE 3 | Subgroup analysis based on (A) RCTs and (B) non-RCTs.
[image: Table 3]Recurrence outcomes
Meta-analysis based on 5 non-RCTs evaluated the recurrence rate in patients treated with JAK inhibitors (Figure 5). The pooled recurrence rate was 54% (95% CI: 39%–69%). The main cause of recurrence was the withdrawal of JAK inhibitors.
[image: Figure 5]FIGURE 5 | Forest plot of recurrence rate in patients treated with JAK inhibitors based on non-RCTs.
Safety outcomes
Meta-analysis based on 5 RCTs and 5 non-RCTs evaluated the safety of JAK inhibitors in patients with AA (Table 4). The types and reporting of adverse events varied across different studies. In RCTs, there was no significant difference between JAK inhibitors and placebo in the risk of experiencing treatment-emergent adverse event (TEAE, RR: 1.05, 95% CI: 0.96–1.14), serious AE (RR: 1.61, 95% CI: 0.70–3.68), upper respiratory tract infection (URTI, RR: 1.12, 95% CI: 0.76–1.67), headache (RR: 1.13, 95% CI: 0.72–1.77) and nasopharyngitis (RR: 1.00, 95% CI: 0.64–1.58). Acne was more common with baricitinib than with placebo (RR: 3.48, 95% CI: 1.55 to 7.82, p < 0.01). In non-RCTs, the highest risk was observed for URTI (37.05%), followed by diarrhea (19.65%), acne (9.31%), urinary tract infection (UTI, 6.98%), headache (6.33%) and folliculitis (4.48%).
TABLE 4 | Adverse events and incidence rate in (A) RCTs and (B) non-RCTs.
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Main findings
In this systematic review and meta-analysis, 14 prospective studies (5 RCTs and 9 non-RCTs), including a total of 1845 participants with AA, were enrolled for syntheses. Overall, our results confirm that oral JAK inhibitors can be a promising option for the treatment of AA, which is corroborated as the JAK inhibitor was first approved for treatment of AA by FDA.
The efficacy outcomes demonstrated, based on both RCTs and non-RCTs, that oral JAK inhibitors could induce hair regrowth significantly in terms of all efficacy outcomes (including good response rate, complete response rate and the percent change from baseline in SALT score). On the contrary, there was no significant difference in efficacy outcomes between topical JAK inhibitors and placebo control based on RCTs; topical and sublingual JAK inhibitors induced minimal hair regrowth in terms of all efficacy outcomes based on non-RCTs, and the improvement was too little to be clinical meaningful or to be distinguished from the spontaneous remission and placebo effect. Our results were in line with previous study. Olsen et al. reported potential efficacy of topical ruxolitinib in part A (an open-label and single-arm clinical trial), but there was no significant difference in hair regrowth between topical ruxolitinib group and control group in part B (an RCT) (Olsen et al., 2020). The different findings between the two parts could be explained by the fact that the spontaneous remission of AA and placebo effect were mistakenly attributed to topical ruxolitinib in non-RCT, whereas the placebo control eliminated such biases in RCT, thus revealing the true response to topical ruxolitinib. Therefore, the finding of part B that topical ruxolitinib did not have a significant effect for AA was more convincing.
Cytokine receptors are paired with different JAKs [including JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2)], which are activated upon cytokine binding. JAK2 mediates IFN-γ receptor signaling, JAK3 mediates γc cytokine receptor signaling, TYK2 mediates IFN-α/β receptor signaling, and JAK1 mediates these three cytokine receptor signaling pathways (O'Shea et al., 2013). Among 5 types of JAK inhibitors included in this study, tofacitinib is a JAK1/3 inhibitor, ruxolitinib and baricitinib are JAK1/2 inhibitors, ritlecitinib is a JAK3 selective inhibitor, and brepocitinib is a JAK1/TYK2 inhibitor (Xing et al., 2014; King et al., 2021a; King et al., 2021b). According to the results of subgroup analysis based on types of JAK inhibitors, there was no significant difference observed among baricitinib, ritlecitinib and brepocitinib in RCTs. In non-RCTs, ruxolitinib was associated with better response outcomes, compared with tofacitinib. But the results of subgroup analysis need further verification because of inadequate reporting data and limited number of participants. Additionally, due to the limited types of selective JAK inhibitors included, it is hard to identify the relative contribution of JAK1, JAK2, JAK3, and TYK2 inhibition to the therapeutic effect on AA. However, some other studies demonstrated that IFN-γ (via JAK1/2) and γc cytokine (via JAK1/3) signaling pathways play key roles in AA pathogenesis, but the role of IFN-α/β (via JAK1/TYK2) in AA remains undefined. Besides, JAK2 is essential for the function of hematopoiesis-related cytokines, including erythropoietin, thrombopoietin, growth hormone, and granulocyte-macrophage colony-stimulating factor (GM-CSF) (Neubauer et al., 1998). Hence, the blockade of JAK2 may lead to potential side effect, including anemia, thrombocytopenia, and neutropenia. Dai et al. found that JAK1 and JAK3 selective inhibitors robustly induced hair regrowth and decreased AA-associated inflammation, whereas JAK2 selective inhibitors failed to restore hair growth in C3H/HeJ mice with AA (Dai et al., 2021). Furthermore, unlike JAK1, which is broadly expressed in many tissues, the expression of JAK3 is mainly restricted to lymphocytes (Elwood et al., 2017), so that the inhibition of JAK3 signaling may be sufficient to reverse AA. Overall, JAK1 or JAK3 (especially JAK3) selective inhibitors may be a wise choice for AA, for they are theoretically related to less hematologic toxicity and more precise efficacy.
There was a contradiction among the results of subgroup analysis, recurrence and safety assessment. The results of subgroup analysis based on treatment duration showed that no significant difference was found between the treatment duration ≥24 weeks and <24 weeks. Paradoxically, the recurrence assessment indicated that approximately a half of patients treated with JAK inhibitors experienced disease relapse, and the main cause of recurrence was the withdrawal of JAK inhibitors. Peeva et al. reported 16 of 29 (55%) relapsed patients receiving re-treatment with JAK inhibitors achieved primary endpoint again (Peeva et al., 2021). Therefore, several studies suggested that to maintain hair regrowth, continuous treatment should be considered in patients who are tolerated and responsive to JAK inhibitors (Kennedy Crispin et al., 2016; Almutairi et al., 2018; Peeva et al., 2021). Unfortunately, to our knowledge there is no consensus on the optimal interval or duration of maintenance treatment. In addition, although the safety assessment reflects that JAK inhibitors are safe, the long-term safety is still in doubt because of limited experience with JAK inhibitors for the treatment of AA. According to the molecular mechanism of JAK inhibitors, immunosuppression will increase the risk of infection (O'Shea et al., 2004). Some studies on the safety of JAK inhibitors in rheumatic disease indicated that JAK inhibitors were associated with a decrease in neutrophil count and an increased risk of viral infection, particularly herpes zoster (Winthrop, 2017; Harigai, 2019). Based upon the above, the acceptable benefit-risk ratio can be obtained by early identifying strong responders, slow responders and non-responders to JAK inhibitors and then respectively applying optimal courses of treatment. AA disease activity index (ALADIN) score and AA responsiveness to JAK/STAT inhibitors (AARSIN) score were developed to effectively stratify AA patients based on disease phenotype, which may be useful as predictive biomarkers for response to JAK inhibitors (Xing et al., 2014; Kennedy Crispin et al., 2016; Mackay-Wiggan et al., 2016; Jabbari et al., 2018). Kennedy et al. stratified AA patients by AARSIN score, and 2 patients in the slow responder group who continued tofacitinib for an additional 3 months achieved SALT50, which demonstrated that longer treatment course or more potent JAK inhibitors could be beneficial to slow responders (Kennedy Crispin et al., 2016).
Strengths and weaknesses
Different from the previous systematic reviews (Phan and Sebaratnam, 2019; Guo et al., 2020), which were mainly based on observational studies of low-quality, we included multiple varieties of JAK inhibitors evaluated in prospective studies (including RCTs, single-arm clinical trials, non-randomized controlled trials and extension periods of RCT) so that the more comprehensive evidence on the efficacy and safety of JAK inhibitors were obtained. To appraise the risk of bias of each study, we used the Cochrane risk of bias tool for RCTs and ROBINS-I for non-RCTs separately (Higgins et al., 2011; Sterne et al., 2016). Considering the differences of methodology and quality between RCTs and non-RCTs, we performed meta-analysis for them respectively.
Due to inadequate data reporting, we did not include several relevant trials in meta-analysis (King et al., 2021c; Ko et al., 2021; Senna et al., 2021). The publication language was restricted to English so that some relevant trials could have been missed. Although we included updated information based on prospective studies, better evidence could have been provided if there were more robust and well-designed RCTs comparing JAK inhibitors with negative or positive control. One of the major limitations of this review was the high heterogeneity of the studies, which could result from the inclusion of three routes of administration. For this reason, a random effects model was used and subgroup analyses were conducted to reduce heterogeneity.
CONCLUSION
JAK inhibitors are efficacious and generally well-tolerated in treating AA with oral administration, whereas topical or sublingual administration lacks efficacy. Subgroup analyses indicate that baricitinib, ritlecitinib and brepocitinib seem to have equal efficacy for AA in RCTs; ruxolitinib (vs. tofacitinib) and AA (vs. AT/AU) are associated with better efficacy outcomes in non-RCT. Given the high recurrence rate after withdrawal of JAK inhibitors, continuous treatment should be considered to maintain efficacy.
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DNA methylation is one of the most essential epigenetic mechanisms to regulate gene expression. DNA methyltransferases (DNMTs) play a vital role in DNA methylation in the genome. In mammals, DNMTs act with some elements to regulate the dynamic DNA methylation patterns of embryonic and adult cells. Conversely, the aberrant function of DNMTs is frequently the hallmark in judging cancer, including total hypomethylation and partial hypermethylation of tumor suppressor genes (TSGs), which improve the malignancy of tumors, aggravate the ailment for patients, and significantly exacerbate the difficulty of cancer therapy. Since DNA methylation is reversible, currently, DNMTs are viewed as an important epigenetic target for drug development. However, the impression of DNMTs on cancers is still controversial, and therapeutic methods targeting DNMTs remain under exploration. This review mainly summarizes the relationship between the main DNMTs and cancers as well as regulatory mechanisms and clinical applications of DNMTs in cancer and highlights several forthcoming strategies for targeting DNMTs.
Keywords: DNMT, cancer, cellular signaling pathways, epigenetics, anticancer therapy
1 INTRODUCTION
DNA methylation and histone modification are both epigenetic modifications; that is, mammalian cells have unchanged DNA sequences and genetically altered gene expression. Both are mediated by the interaction between DNA methyltransferases (DNMTs) and histone deacetylases (Pan et al., 2019). Under normal circumstances, DNA hypermethylation is mainly regulated by the DNMT family, including DNMT1, DNMT3A, and DNMT3B. Promoter hypermethylation and TSG deacetylation mediated by DNMTs caused gene transcriptional silencing, which suggested a major role for DNMTs in tumorigenesis. For example, there is a positive correlation between DNMT overexpression and induction in hepatocellular carcinoma (HCC) (Sanaei et al., 2018). Some results also showed that DNMT1 regulated epithelial–mesenchymal transition and cancer stem cells to promote prostate cancer (PCa) metastasis (Lee et al., 2016).
Cancer, a puzzling and frightening disease or set of diseases, is the leading cause of clinical, social, and economic burden (Kiisholts et al., 2021). Currently, cancer has become the second reason of death worldwide after ischemic heart disease and is projected to become the first in 2060 (Hu et al., 2022). According to the latest GLOBOCAN 2020 estimates, a total of 19.3 million new cases were diagnosed in that year, among which were the common cancers: over 2.2 million cases each of lung and breast cancer (BC) and 1.41 million cases of PCa (Sung et al., 2021). It is well known that aberrant activation of oncogenes or inactivation of tumor suppressor genes (TSGs) is considered to induce the deregulation of critical signaling pathways governing cell proliferation and apoptosis, causing the malignant transformation of stem cells and carcinogenesis (Zhou et al., 2016). Therefore, it is imperative to explore novel therapies for cancer treatment at the genetic level. Cancer, habitually believed as a hereditary disease, is now regarded as resulting from epigenetic irregularities associated with genetic changes. However, the lack of profound research on epigenetics of cancer is a major obstacle to curing cancer nowadays. To carry out effective anticancer therapy, understanding the role of methylation on oncogenes and TSGs may be a breakthrough.
In this review, we generalized the functions and regulatory roles of DNMTs among cancers. Also, their potential clinical applications in these cancers will be discussed. Therefore, it can be tentatively concluded that DNMTs have the potential as diagnostic and prognostic markers for cancer.
2 OVERVIEW OF DNMTS
DNA methylation refers to the process of obtaining one methyl (CH3) group in a covalently bound manner, which is a chemical modification process of S-adenosylmethionine (SAM) as a CH3 donor under the catalysis of DNMTs at a specific base on DNA sequence (Li et al., 2021). During the process, cytosine (C) is the most common base that can be methylated. It is worth noting that the methylation of the C site mainly occurs on the CpG sequence. Among mammals, parts of the CpG dinucleotides are dispersed in the genome, while others appear in dense clusters named CpG islands. CpG islands are generally unmethylated, which are usually located in gene promoter regions that modulate transcriptional initiation and repression (Erdmann et al., 2015). The hypermethylation of CpG sites in enhancers or promoters usually resulted to transcriptional silencing, while the hypomethylation of CpG sites in genomes usually leads to the activation of gene expression (Morgan et al., 2018) (Figure 1). Thus, methylation often regulates gene expression through the transcription of genes. It was mentioned earlier that DNA methylation is mainly dependent on DNMTs, whereas there are five members in the DNMT family: DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L (Bestor et al., 1988). DNMT1 is involved in the holding of sequence methylation during cellular proliferation (Jeltsch and Jurkowska, 2014), which is necessary for the faithful maintenance of DNA methylation patterns, as well as abnormal silencing of TSGs in cancer cells (Chen et al., 2007). Nonetheless, DNMT2 acts as an RNA methyltransferase modifying the 38th cytosine residue in the anticodon loop of certain tRNAs (Ashapkin et al., 2016). Moreover, the major role of DNMT3A and DNMT3B is de novo methylation (Shen and Laird, 2013), while DNMT3L belongs to the DNMT3 family but lacks methyltransferases activity (Liao et al., 2012). However, DNMT3L can interact with DNMT3A/B to facilitate de novo DNA methylation (Yu Y. C. et al., 2020). DNMT3A has two distinct isoforms, while DNMT3B has more than 30 isoforms. Their common feature is that both have a catalytically active and structurally conserved C-terminal domain, responsible for binding the SAM cofactor and targeting cytosine. That is why they can therefore catalyze the transfer of a CH3 group from SAM to the C5 position of cytosine to form 5-methylcytosine (Reichard and Puga, 2010). Taken together, DNMT1 is involved in the maintenance of sequence methylation, whereas the main role of DNMT3A and DNMT3B is de novo methylation. They can also be involved in the maintenance of methylation.
[image: Figure 1]FIGURE 1 | DNMTs promote tumorigenesis. DNMTs cause gene silencing and promote tumorigenesis.
Additionally, these three DNMTs are frequently found to be overexpressed in several cancer tissues and cell lines. Combined with the reversibility of DNA methylation, DNMTs are known as important epigenetic targets for drug development (Zhou et al., 2018). An increasing number of studies have observed methylation alterations at the CpG sites in tumor cells, which represent aberrant DNA methylation that may be present in cancer and many nonmalignant diseases. Fortunately, these changes showed concordance with the differentiation caused by DNA methylation at promoters, enhancers, gene bodies, and sites that control higher-order chromatin structure. Thus, aberrant changes in DNA methylation may be a breakthrough in the study of cancer formation and tumor progression. In addition to cancer, aberrant DNA methylation is associated with some neurological diseases, immune disorders, atherosclerosis, and osteoporosis (Zhou et al., 2018; Ehrlich, 2019). Therefore, understanding the molecular roles of aberrant DNMTs will lay theoretical foundations for clinical research and the development of new drugs.
3 OVERVIEW OF CANCER
Cancer has become a major global public health problem (Siegel et al., 2019). Some hallmarks constitute an organizing principle for rationalizing the complexities of neoplastic disease, including maintaining cancer-promoting inflammation, proliferative signaling, escaping growth suppressors, evading immune destruction, fighting back cell death, achieving replicative immortality, causing angiogenesis, inducing invasion and metastasis, genome instability, and reprogramming of energy metabolism (Hanahan and Weinberg, 2011; Hanahan, 2022). According to the WHO statistics, cancer caused the greatest burden worldwide with up to 244.6 million disability-adjusted life years (DALYs), of which 137.4 million and 107.1 million DALYs are ,respectively, for men and women (Mattiuzzi and Lippi, 2019). In recent years, both the incidence and mortality of cancer have been increasing, and it has become the leading cause of death in China and America (Siegel et al., 2022; Xia et al., 2022). In addition, analyzing the statistics of China in 2020, the most common cancers in China were mainly lung cancer (accounting for 17.9%, about 0.82 million new cases), colon cancer (accounting for 12.2%, about 0.56 million new cases), and stomach cancer (accounting for 10.5%, about 0.48 million new cases) (Sung et al., 2021).
Cancer is generally considered to be a disease driven by progressive genetic abnormalities, including TSG mutations, oncogene mutations, and chromosomal abnormalities (Litwin et al., 2017). Meanwhile, cancer is also caused by epigenetic alterations, and the reversibility of epigenetic alterations allows the effect on biological traits to be achieved by removing epigenetic alterations under the condition of certain factors (Yang Y. et al., 2017). From this, it can be seen that the rapid development of epigenetics has revealed complex genetic phenomena not only at the molecular level but has raised hope for conquering diseases, especially in the field of cancer. The regulation of DNA methylation, histone modifications, and noncoding RNAs turn into candidates for epigenetic therapy. Among them, disruption of DNA methylation is demonstrated to be closely related to multiple types of cancer, especially related to TSGs that play important roles in tumor development and progression (Liang et al., 2019). Owing to the fact that DNA methylation happened in the early stages of cancer, the transcriptional status of these genes can be regulated by the inhibition of DNMT activity. Thus, these genes not only provide valuable biomarkers but also potential targets for therapy. For instance, DNA demethylating agents, such as the nucleosides 5-azacytidine and decitabine, have been successfully used at low doses to treat leukemia and myelodysplastic syndromes (MDSs) (Li et al., 2013). In summary, the application of target-specific DNMT inhibitors in cancer therapy is of great potential, but its role in treating solid tumors remains unclear.
4 THE FUNCTIONAL ROLE OF VARIOUS TYPES DNMTS IN CANCER
Carcinogenesis of normal cells is mostly derived from functional changes in genetic materials caused by oncogenic factors (Rider and Cramer, 2015). Aberrant methylation patterns have been frequently found in various types of tumors by many researchers, indicating that the occurrence and development of cancers were accompanied by changes in DNMT, such as some hematological malignancies. Recently, some studies have shown that the great difference in DNMT1 expression is one of the bases for its possible use as a potential biomarker for demethylation therapy (Honeywell et al., 2018). In addition, DNMT3A is found to be mutated at a high rate in acute myeloid leukemia (AML) and associated with poor prognosis. DNMT3B is also often proved to be overexpressed in tumor cells, for instance, it plays a cancer-promoting role in human melanoma. Similarly, the lack of DNMT3B significantly inhibits melanoma formation in the BRAF/phosphatase and tensin homolog (PTEN) mouse melanoma model (Zhang et al., 2020). These findings have suggested that different DNMTs played vital roles in carcinogenesis. In this review, we mainly summarize the roles of DNMT1, DNMT3A, and DNMT3B in cancer, hoping to shed new light on the treatment of cancer (Tables 1, 2).
TABLE 1 | DNMTs and their expression in various cancers.
[image: Table 1]TABLE 2 | Downstream genes or proteins of DNMTs in cancers.
[image: Table 2]4.1 DNMT1 in cancer
DNMT1 gene, which is situated on chromosome 19p13.2, has a global protein-coding region of 4,851 bp and encodes approximately 183 kDa protein (Li and Tollefsbol, 2010). Moreover, DNMT1, which is able to maintain a DNA methylation pattern, is regarded to have a high affinity for hemimethylated DNA templates (Holliday et al., 2018). It is well-documented that DNMT1 is an oncoprotein in both solid and hematological malignancies (Pathania et al., 2015; Wong et al., 2019), and DNMT1 has been reported to exert oncogenic effects in multiple cancers, such as BC (Li H. et al., 2020; Zhu et al., 2022), lung cancer (Wu et al., 2020), colon cancer (Chen et al., 2019), and osteosarcoma. Therefore, researchers have been pushing to investigate the mechanism of DNMT1 in cancer, aiming to improve the effectiveness of comprehensive treatment.
Fortunately, Belinsky et al. (2003) used a mouse model containing an allele with the DNMT1 gene, disrupted to study the role of DNMT in cancer formation. In the process, they found that the decrease of DNMT1 caused a reduction in the occurrence of lung cancer resulting from tobacco tormogens, and DNMT activity was also suppressed in pneumocytes that could induce lung cancer. The results revealed that decrease in DNMT1 and histone deacetylase activities, that probably block epigenetically mediated gene silencing, might provide an emerging clinical strategy to help prevent lung cancer. In addition, compelling evidence suggests that human MutL Homolog 1 (hMLH1) and human MutS Homolog 2 (hMSH2) are closely associated with the development and drug resistance of cancer (Xing et al., 2019). Based on the previous study, Wu et al. (2020) found that DNMT1 could suppress the expressions of hMLH1 and hMSH2 via promoting their promoter methylation, thus promoting cell proliferation in epidermal growth factor receptor (EGFR)-mutated non-small-cell lung cancer (NSCLC). Moreover, EGFR has been a therapeutic target in human malignancies because of its frequent overexpression and overactivation, which is reflected in the results. Notably, microtubule-associated tumor suppressor 1 (MTUS1) has been recognized as a TSG in a variety of tumors (Sengupta et al., 2018). In a previous study of Parbin et al. (2019), treatment with DNMTs inhibitor resulted in both reduced promoter methylation accompanied by the enrichment of H3K9Ac and upregulated MTUS1 expression. Hence, they concluded that DNMT1 expression level was upregulated in NSCLC cell line A549, and there was an inverse correlation between DNMT1 and MTUS1 function.
To date, aberrant DNA methylation has been also shown to play an important role during carcinogenesis in pancreatic ductal adenocarcinoma (PDAC), with approximately 80% of cancer overexpressing the DNMT1 protein (Xu et al., 2010). For instance, Li et al. (2010) analyzed 20 pancreatic cancer (PC) cell lines and found that 16 of them had approximately 2–5 fold higher expression levels than the reference non-neoplastic cell lines. Additionally, it is well-documented that p53 is an important TSG and its inactivation is highly correlated with tumorigenesis (Duffy et al., 2022). On the basis of this, Godfrey JD et al. demonstrated that a large proportion of PDACs carried specific mutations in TP53, such as p53R172H, which imparted additional gain-of-function characteristics that promote metastasis. This study revealed that the DNMT1 expression level was all elevated from the PDAC models, the Kras p53R172H tissues, and Kras p53R172H cell line compared to the normal group (Godfrey et al., 2018). In this experiment, rat sarcoma (RAS) is the most regularly mutated oncogene in cancer, with Kirsten rat sarcoma (KRAS) becoming the most frequently mutated RAS isoform, accounting for over 80% of RAS mutations observed in human cancer (Liu et al., 2019). Apart from abovementioned studies, Wong et al. validated that DNMT1 plays oncogenic roles in inhibiting PDAC cell differentiation and promoting its proliferation, invasion, and migration, as well as in the induction of the self-renewal capacity of PDAC cancer stem cells via promoter hypermethylation of TSGs (Wong, 2020).
Etoh et al. found that DNMT1 could not be discovered in normal epithelium, but was discovered in most gastric cancers (GC). In addition, the hyperexpression of DNMT1 in GC tissues was greatly correlated to reduced E-cadherin expression, which indicated that an increase in the DNMT1 expression level would elevate the migration ability of the cancer cells (Etoh et al., 2004). LncRNAs have been reported to modulate the target genes via methylation modification, such as lncRNA SAMD12-AS1. Functionally, lncRNA SAMD12-AS1 could enhance the binding of DNMT1 to p53 and accelerate its degradation of p53, thereby inhibiting the occurrence and development of GC (Lu et al., 2021). Similarly, it has been demonstrated that the increased expression level of DNMT1 was regulated by tumor-associated macrophages (TAMs), while the upregulated DNMT1 in turn aggravated GC via tumor suppressor gelsolin, that mediated epigenetic repression (Wang H. C. et al., 2017).
Previous research has shown that antigen presentation mediated by major histocompatibility complex (MHC) was also recognized as one of the considerable modifiers of antitumor immunity and response to PD-1/L1 targeted therapy (Ebert et al., 2016). With this conclusion as a background, using immunohistochemistry, Luo et al. (2018) found that there were no remarkable changes in the total CD8+ T cell infiltrate after treating by guadecitabine (DMTi, DNA methyltransferase inhibitors). Instead, a significant increase was observed in the proportion of CD8+ T cells infiltrating into the tumor region compared to the stromal parenchyma (p = 0.024). In addition, further experiments uncovered that EpCam (epithelial cell adhesion molecule) is a type I transmembrane glycoprotein, which was originally identified as a tumor-associated antigen (Huang et al., 2018). MHC-I on EpCam+ tumor cells demonstrated an upregulation of MHC-I on tumor cells with DMTi. These data suggested that DNMT1 could affect MHC-I promoter methylation, and change the immune microenvironment. Additionally, G protein subunit alpha O1 (GNAO1), one of the members of Guanine nucleotide-binding protein (G protein), has been recognized to be a tumor suppressor protein whose deregulation can promote carcinogenesis. A study has demonstrated that DNMT1 mediated hypermethylated promoters silence the GNAO1 gene (Pei et al., 2013), leading to the development of HCC (Xu et al., 2018). Taken together, the abovementioned studies suggest that DNMT1 has cancer-promoting effects and served as the potential target in cancer treatment.
4.2 DNMT3A in cancer
The DNMT3A gene, located on chromosome 2, has a protein-coding region of 2,172 bp and encodes a protein of about 130 kDa (Xie et al., 1999). According to previous research, DNMT3A binding to DNA is mainly mediated by a loop from the target recognition domain (TRD), the catalytic loop, and the homodimeric interface of DNMT3A, which jointly establishes a continuous DNA-binding surface (Zhang et al., 2018). Typically, DNMT3A is thought to have a preference for unmethylated DNA, resulting in de novo methylation (Lakshminarasimhan and Liang, 2016). Data from several studies suggested that the two DNMT3A monomers can comethylate two adjacent CpG dinucleotides in one DNA-binding event (Ren et al., 2018). Among the DNMTs, mutations in DNMT3A have been reported to be most frequent in cancer. Moreover, research from several sources has identified that hyperexpression of DNMT3A was associated with malignant characteristics of vulvar squamous cell carcinomas (Leonard et al., 2016), pituitary adenomas (Ma et al., 2018), and colorectal cancer (CRC) (Zhang et al., 2022), such as high invasion and migration.
Interestingly, Liu et al. and Husni et al. (Husni et al., 2016) pointed out different views that both the overexpression and deletion of DNMT3A favor the development of lung cancer. Up till now, increasing evidences have indicated that miRNAs took roles in cancer progression and participated in the process of cancer (He et al., 2020), consisting of miR-708-5P and miR-101. In the experiments of Liu et al. (2018), protein translation of DNMT3A was suppressed by miR-708-5P that functions as a protective factor, which reduced the tumorigenicity of NSCLC cells. In addition, miR-101 is frequently silenced in human cancers, more importantly, exhibiting antitumorigenic properties when it was overexpressed (Wang et al., 2010; Yao et al., 2015; Huang et al., 2017). However, DNMT3A counteracted the inhibitory effect of miR-101 on the invasive migration of lung cancer cells and also disrupted the miR-101-activated caspase-3 (an apoptotic enzyme) (Yan et al., 2014), which led to the inhibition of NSCLC proliferation (Wang L. et al., 2017). Conversely, Husni et al. observed that almost noninvasive lung adenocarcinomas displayed significant overexpression of DNMT3A and these subtypes had a comparatively better prognosis than others (Weichert and Warth, 2014). Therefore, it was demonstrated that the downexpression of DNMT3A in lung adenocarcinoma might be together with a poor prognosis. Furthermore, Gao et al. (2011) have illustrated that the deletion of DNMT3A promoted the progression of lung cancer in a mouse model. The data uncovered that DNMT3A might act as a TSG, and its suppression might result in the progression of lung cancer. In another study, CD147 has been reported to be closely associated with chemoresistance and aggressiveness, and it stimulates hyaluronan synthesis, thereby affecting the cancer microenvironment (Toole, 2020). Subsequently, Liao et al. (2022) also presented that DNMT3A-associated targeted methylation system downmodulated the CD147 expression level and inhibited NSCLC invasion and metastasis.
In addition to discoveries of roles in lung cancer, DNMT3A has recently attracted considerable attention due to its high expression in the tissues of CRC. In a study on the molecular mechanism of thymine-DNA glycosylase (TDG) treatment for CRC, Miao et al. (2022) found that TDG could bind to and promote the ubiquitination and degradation of DNMT3A, by inhibiting CRC migration and invasion. In the same vein, Zhang et al. noted that targeting the 3′-UTR of DNMT3A mRNA decreased the protein level of DNMT3A and inhibited the proliferation, migration, and invasion of CRC cells (Zhang et al., 2022).
According to the literature, DNMT3A mutations in AML were first described by Ley et al. (2010), and since then several exomes and targeted resequencing studies have identified DNMT3A mutations in AML (Spencer et al., 2017). In addition, the transcription factor CCAAT enhancer-binding protein alpha (CEBPA) controls lineage-specific gene expression and is mutated in a subset of AML (Mannelli et al., 2017). In a significant analysis and discussion on oncogenic role of DNMT3A in AML, Chen et al. (2022) revealed that CEBPA interacted with DNMT3A N terminus (a required structure for normal development and DNA methylation at DNMT3A1-enriched regions) (Gu et al., 2022), preventing DNMT3A from binding DNA and catalyzing CpG methylation. Once cancer-associated mutations in CEBPA, it relieved DNMT3A inhibition and promoted AML. Nonetheless, DNMT3A has some properties that indicate it is also a tumor suppressor in hematologic malignancies. The data from several studies supported this hypothesis owing to the fact that the DNMT3A-deficient model could develop lethal hematologic malignancies after the acquisition of cooperating mutations (Celik et al., 2015; Guryanova et al., 2016), and the overmethylation of CpG islands by DNMT3A may represent a residual trace of a failed attempt to limit proliferation and/or aberrant self-renewal (Miao et al., 2022).
Overall, there seems to be some evidence to indicate that DNMT3A can serve both as an oncogene and as a TSG. The paradoxical effect promoted more researchers to focus on the exploration of DNMT3A, which is conducive to further leaps in tumor-targeted therapy.
4.3 DNMT3B in cancer
The DNMT3B gene, located on chromosome 20, has a total protein-coding region of 2,538 bp and encodes a protein of about 95 kDa (Xie et al., 1999). It is hyperexpressed in totipotent embryonic stem cells during the early developmental stages in mesenchymal cells than DNMT3A (Takeshima et al., 2006). Furthermore, there are few reports on DNMT3B in cancer. However, studies have previously reported that DNMT3B was an oncogene that played a crucial role in the progression of various types of cancer, including endometrial cancer (EC) (Gui et al., 2021), lung cancer (Yang et al., 2014), and PCa(Agarwal et al., 2013), and conversely DNMT3B has implicated as a TSG in lymphoma (Hlady et al., 2012).
By using the assays of cell viability, cell cycle, and colony formation, Gui et al. (2021) have been able to identify that DNMT3B was upregulated in EC samples from patients, and promoted EC cell proliferation. This is consistent with the findings of Xiong et al. and Yang et al. (Xiong et al., 2005; Yang L. et al., 2017). Additionally, Ibrahim et al. (2018) found that DNMT3B was highly expressed in colon cancer and was a key link between chronic inflammation and cancer. It was found that DNMT3B mediated epigenetic reprogramming in metastases, innovatively linking the metastatic microenvironment to epigenetic alterations occurring in metastases, which suggested that DNMT3B could be an underlying target for the treatment of metastatic cancer (So et al., 2020). Moreover, Roll et al. (2008) investigated the relationship between the DNMT3B expression levels and methylation levels in BC cell lines. They demonstrated that DNMT3B was significantly elevated in the hypermethylated cell lines. Similarly, DNMT3B mediated the transcriptional repression of the plakoglobin gene through the induction of its promoter hypermethylation, which in turn caused a phenotypic transformation of BC cells (Shafiei et al., 2008). Although there were ample evidences for the cancer-promoting effects of DNMT3B, a study on its role in lymphoma suggested a different perspective. Hlady et al. (2012) deliberately inactivated DNMT3B in T-cells in a mouse model of MYC-induced lymph angiogenesis, leading to increased cell proliferation and accelerated lymphoma development. In the study process, they found that numerous gene promoter was not methylated in DNMT3B−/- pretumor thymocytes, which implicated that DNMT3B maintained cytosine methylation in cancer. In short, the findings identified that DNMT3B was a lymphopoietic potentiator that contributed to a potential target for anticancer therapies.
Certain genes have a double-edged role in cancer, as is the case with DNMT3B, thus it is worth exploring the further mechanism of DNMT3B’s role in cancer.
4.4 DNMT intermediates in cancer
Mechanistically, the review of the extensive literature indicated that the various subtypes of DNMT not only functioned independently but were also closely interconnected and collectively influenced cancer progression. It has been reported that DNMT3B can act as an important cofactor, usually in conjunction with other DNMTs. For instance, Rhee et al. (2002) demonstrated that DNMT1 and DNMT3B collectively maintained virtually all methylation in HCT116 cells (a cell from CRC), including the normal methylation of repeated sequences and the silencing-associated methylation genes like insulin-like growth factor 2 (IGF2), TIMP metallopeptidase inhibitor 3 (TIMP3), and p16. In addition, the results also showed a more significant demethylation effect of the double mutant clone compared to the single DNMT1 and DNMT3B mutants. Apart from that, recent studies have also revealed that the diverse functions of C-X-C Motif Chemokine Ligand 11 (CXCL11) included restraining angiogenesis, disrupting the proliferation of different cell types, playing a role in cancer invasion, and upregulating adhesion properties (Gao and Zhang, 2021). Based on that, a study has shown that DNMT3B could comediate CXCL11 with DNMT1 to suppress BC malignant phenotype (Li et al., 2022). By coincidence, in DU145 cell (a cell line of PCa), the related gene was regulated epigenetically by DNMT1 and DNMT3B via targeted hypermethylation, and that consequent gene overexpression promoted prostate carcinogenesis (Zhu et al., 2021). In another research, the findings have shown here that DNMT1 and DNMT3A functionally cooperated in de novo methylation of DNA, for the reason that a five-fold stimulation of methylation activity is found if both enzymes are present (Fatemi et al., 2002). Additionally, it has been demonstrated that the active features of BC-associated fibroblasts cells, major components of the tumor microenvironment, could be normalized through drug targeting of DNMT1/DNMT3A and the consequent modulation in gene methylation (Al-Kharashi et al., 2021). Apart from that, in multivariate logistic regression, Ma et al. (2018) revealed that the obvious association between DNMT1 or DNMT3A and hypermethylation status persisted after adjusting for the clinicopathological characteristics. It was subsequently concluded that the overexpression of DNMT1 and DNMT3A in cancer was associated with aggressive behavior and hypermethylation status of pituitary adenomas.
Considering all these evidences, it seems that DNMTs are inextricably linked to each other and they act as cofactors with each other in cancer. Therefore, in the future, multipoint strikes against the network of DNMTs will become a new idea for anticancer therapy.
5 REGULATED MECHANISM OF DNMTS IN THE PATHOGENESIS OF CANCER
Exploring the function and signaling pathways involved in genes is often a practical way of exploring the molecular mechanisms of disease. It must be accepted that the occurrence, progression, metastasis, invasion, and other processes of cancer tumor touch upon complex molecular mechanisms, while the current comprehension of them is incomplete, which induces a low recovery rate of cancer. Therefore, the researchers focused on the role of DNMTs on cancer at a molecular level and found that the mitogen-activated protein kinase (MAPK) signaling pathway, the ubiquitous, growth factor-regulated phosphoinositide 3-kinase (PI3K)/AKT signaling pathway, as well as the Wnt/β-catenin signaling pathway, were activated in the development of cancer.
The MAPK signaling pathway is a key signaling system in eukaryotic cells mediating the intracellular response to extracellular signals and transducing extracellular signals through a tertiary kinase cascade. It has been shown to regulate a variety of cellular activities participated in cancer progression, including proliferation, apoptosis, and immune escape (Peluso et al., 2019). In a study of Cui et al., Zinc finger protein 263 (ZNF263) acts as a functional endoplasmic reticulum stress (ERS)-related tumor activator, increasing cancer chemoresistance by activating ERS-related autophagy (Cui et al., 2020). Under the study background, Yu et al. (Yu Z. et al., 2020) found that the MAPK signaling pathway can be activated by EGFR and subsequently inhibits ZNF263 ubiquitination. When ZNF263 protein was enriched, it continued to recruit DNMT1/DNMT3A/HMT, induced transcriptional silencing of the SIX homeobox 3 (SIX3) promoter, and triggered or enhanced the oncogenic activity of glioblastoma (Figure 2). Moreover, a study of PC also revealed that the activation of MAPK signaling pathway in pancreatic epithelial cells mediated the upregulation of DNMT3A and DNMT3B, which further induced aberrant hypermethylation of TSGs, thereby leading to PC development (Jin et al., 2018). As well-known, PCa is a heterogeneous tumor that commonly occurs among males worldwide. In addition, it has been found that Neuropeptide Y1 receptor (NPY1R) promoted proliferation, vascularization, and stimulate migration in tumor (Dawoud et al., 2021). Most recently, a study showed that DNMT1/DNMT3 (A/B) promoted the methylation of the NPY1R promoter, which downregulated NPY1R expression to activate the MAPK signaling pathway and worsen PCa (Li X. et al., 2020).
[image: Figure 2]FIGURE 2 | MAPK/ZNF363/DNMTs/SIX3 signaling pathway. The MAPK signaling pathway represses SIX3 transcription by regulating ZNF263, a repressor gene of Six3, in the nucleus.
The PI3K/AKT signaling pathway is the most frequently activated pathway in cancers and works for disconnecting the control of cell growth, survival, and metabolism from exogenous growth stimuli (Lawrence et al., 2014). The genes that make up this pathway have been extensively studied and found to be usually activated in human cancer (Alzahrani, 2019). Some studies have revealed that thioredoxin-interacting protein (TXNIP) is a thioredoxin-binding protein that can inhibit cell proliferation and induce apoptosis, acting as a tumor suppressor in some cancers (Chen et al., 2020). Based on this conclusion, a functional experiment revealed that DNMT1 and DNMT3A upregulation was involved in TXNIP hyperexpression in high glucose-stimulated RSC96 cells. In this process, the inhibition of the PI3K/AKT signaling pathway mediated DNMT1 and DNMT3A overexpression, which caused cell autophagy and apoptosis in Shewan cells of diabetic peripheral neuropathy (DPN) (Zhang et al., 2021). Additionally, PTEN is a classic TSG that downregulates the PI3K/AKT signal pathway, thereby negatively regulating the signaling pathway and inhibiting cancer development (Bazzichetto et al., 2019). Studies have demonstrated that DNMT3A affected the development of lung cancer cells (A549 cells) via the PTEN/PI3K/AKT signaling pathway (Wang L. et al., 2017). Furthermore, angiogenesis is a major feature in the development of malignant cancers, resulting in poorly perfused cancers and promoting their aggressiveness. In a recent study on BC, the results have demonstrated that the overexpression of DNMT1 activated the PI3K/AKT signaling pathway, thereby increasing BC angiogenesis (Figure 3).
[image: Figure 3]FIGURE 3 | DNMTs may be involved in PTEN/PI3K/AKT. The PTEN/PI3K/AKT signaling pathway is involved in the regulation of apoptosis. Interestingly, the high expression of DNMTs leads to a decrease in PTEN expression. Therefore, DNMTs may further inhibit apoptosis through this pathway.
The Wnt/β-catenin signaling pathway is a common class of signaling pathways in cancer and its activation endows cancer cells with sustained self-renewing growth properties and is associated with therapy resistance (Bugter et al., 2021). In an experiment of Carbajo–García MC et al., the findings have demonstrated that in human uterine leiomyoma primary (HULP) cells, aberrant overexpression of DNMT1 induced abnormal DNA methylation and subsequently activated the Wnt/β-catenin signaling pathway, contributing to cell proliferation and extracellular matrix (ECM) formation (Carbajo-Garcia et al., 2021). In addition, a significant study on the mechanism of treatment for mantle cell lymphoma (MCL) indicated that the inactivation of the Wnt/β-catenin signaling pathway and downregulation of DNMT1 synergistically suppressed MCL, and these results could guide the dosing in the clinical treatment of MCL (Li et al., 2017).
Overall, the DNMTs joined the regulation of many cellular signaling pathways and played the important role in the occurrence, development, and clinical manifestations of various cancers, suggesting DNMTs as a potential target for cancer therapy.
6 POTENTIAL CLINICAL SIGNIFICANCE OF DNMTS IN INFLAMMATION AND CANCER
Cancer is difficult of being detected in the early stage, which leads to almost all cancer patients to miss the best time for surgical treatment when they are diagnosed, causing a low survival rate (Siegel et al., 2020). In recent years, increasing emerging markers provided a better reference to the diagnosis and cure of cancer, and sensitive molecular biomarkers could be of help to identify cancer origin, differentiate precancerous lesions from cancer, and define tumor malignancy, which were helpful for the early diagnosis and treatment of cancer. It is well-known that an ideal biomarker should meet various criteria such as easy accessibility, high sensitivity (allowing early diagnosis), and timely changes in response to treatment and disease progression. Importantly, its detection value should have a quite high correlation with the pathological features and clinical parameters of cancer, such as high Gleason score, advanced cancer stage, positive lymph node status, and incomplete tumor resection (Skovgaard et al., 2016). The relevant research reported that DNMTs expression level was significantly associated with intrusive depth, metastasis, prognosis, and drug resistance of cancer (McMullen et al., 2020; Zhang et al., 2020; Nagaraju et al., 2021). Therefore, this section summed up the reports on potential clinical significance of DNMTs in cancer.
A trial on gemcitabine resistance in AML showed that among 122 patients in a combined phase I and phase II cohorts, cluster R (resistant) patients characterized by downregulated DNMT1 and upregulated DNMT3A/DNMT3B were resistant to gemcitabine, with composite complete response (CRc) observed in 0/27 (0%) patients and 28/95 (29%) patients for cluster S (sensitive) (p = 0.0005). In addition, further analysis using univariate Cox regression showed that the overexpression of DNMT3B was related to worse overall survival (OS) (hazard ratio (HR) = 1.26, 95% CI 1.07–1.49, p = 0.005) (Chung et al., 2019). Apart from AML, similar results have been also found in PCa. The comparison between the samples from drugged or unmedicated PCa patients showed that DNMT3B [9/39 (23.0%) vs. 24/51 (47.1%) (p = 0.034)] and DNMT3A [21/39 (53.9%) vs. 41/51 (80.4%) (p = 0.014)] were upregulated in the treatment group, while DNMT1 expression did not change [25/39 (64.1%) vs. 37/51 (72.5%) (p = 0.530)]. Moreover, the expression level of DNMT also changed with tumor differentiation, from 52.9% to 68.4% (p = 0.543) for DNMT1, 29.4%–68.4% (p = 0.045) for DNMT3A, and 5.9%–31.6% (p = 0.128) for DNMT3B when changing from Gleason less than or equal to six to Gleason 7, of which only DNMT3A expression differences were significant, with a Gleason score of 8–10, DNMT1 (p = 0.252) and DNMT3A (p = 0.016) expression was 100% and DNMT3B expression was 66.7% (p = 0.033) (Gravina et al., 2011). Together, these studies statistically proved the potential of DNMTs as diagnostic biomarker.
In addition to the statistical data analysis, some studies have validated the effect of DNMTs on tumors through in vivo trials. In a recent study, Pathania R et al. (Wang et al., 2018) built mammary gland-specific conditional Dnmt1-knockout mice to identify the role of DNMT1 in regulating mammary stem/progenitor cells. After crossing Dnmt1Δ/Δ mice with MMTV-Neu-Tg mice, which mimic human luminal progenitor (LP) cell of origin, and C3 (1)-SV40-Tg, which mimic human basal triple-negative BC, results showed that Dnmt1-knockout remarkably suppressed cancer incidence, tumor size, and tumor sphere formation capacity. Additionally, another study supports this finding. The result was initiated using the subcutaneous injection of mouse PCa cells transfected with HSV1tk-GFP-luciferase (SFG-nTGL) reporter gene expression vector into the right flank region of C57BL/6 mice. Subsequently, following intraperitoneal injections with the specific anti-TGF-β neutralizing antibody 1D11 or control antibody 13C4, the mice were randomly assigned to three groups. The results showed that DNMTs were significantly lower in those mice regularly injected with the 1D11 antibody than in other groups, and tumor growth was significantly inhibited (Zhang et al., 2011).
Taken together, DNMTs are of clinical importance in cancer diagnosis. Nonetheless, the mechanisms involved remain unclear, in which case more in-depth exploration and more complete trials are necessary for elucidating the role of DNMTs in cancer.
7 FUTURE OUTLOOK
With more and more in-depth studies, the vital role of DNMTs in cancer is being concerned and understood. Recent studies have indicated that the expression level of DNMTs were abnormally elevated in BC (Zhu et al., 2022), EC (Gui et al., 2021), and GC (Lu et al., 2021), and therefore promoted carcinogenesis process and subsequent metastasis and invasion. Therefore, targeting DNMTs to improve disease progression is supposed to be a novel and effective strategy to treat cancer. In this section, we will fully look forward to the full DNMTs, based on the novel technologies and latest research results in life sciences.
Recently, the improvement of surgery, radiotherapy, and chemotherapy has made a major breakthrough in cancer treatment. However, the side effects brought by the abovementioned treatment and the drug resistance of anticancer drugs have not improved the life expectancy and the survival rate (Jung et al., 2019; Codolo et al., 2022). It is well-known that the occurrence of cancer is due to the changes in the genome and epigenome, mainly manifested in the activation of oncogenes or the inactivation of tumor suppressor genes (Khan et al., 2016). Therefore, researchers hope to improve the therapeutic effect and prognosis of cancer at the gene level, that is, from the perspective of the fundamental mechanism of cancer pathogenesis. Researchers have previously induced endogenous siRNA process pathways for RNA interference to trigger post-transcriptional gene silencing, or used DNA targeted homologous recombination to achieve gene targeting (including gene knockout or knock-in) (Yi and Liu, 2011). Fortunately, with the emergence of the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated nuclease 9 (Cas9) system which acted as an RNA-guided genome editing tool, therapeutic gene editing is becoming a viable biomedical tool and was first tested in a person in 2016 (Cyranoski, 2016; Luther et al., 2018). The modular organization of this tool allows it to be used not only for DNA modifications but also for introducing epigenetic modifications in DNA, like methylation and demethylation (Jeffries, 2018; Ignatova et al., 2019). Therefore, it is easy for us to associate that editing DNMTs by CRISPR/Cas9 might be an effective and prospected strategy against cancer. Moreover, previous results have demonstrated that DNMT1 acts as a promoter of lung cancer, and the safety and feasibility of CRISPR/Cas9 gene-editing approaches in NSCLC have been verified (Lu et al., 2020). Thus, the knockdown of DNMT1 by using the CRISPR/Cas9 system would be a new strategy to repress proliferation, migration, and invasion of lung cancer cells. Subsequently, for the CRISPR/Cas9 system to efficiently engage in epigenetic alterations, researchers have noticed an inactivated Cas9 protein variant, leading to the discovery of the dCas9 system, a novel dCas9-mediated editing system (Jinek et al., 2012). In one of the designs, DNMT3A is fused with dCas9 resulting in the dCas9-DNMT3A complex, which causes the suppression of genes by increasing methylation in the promoter region through the enzymatic action of DNMT3A (McDonald et al., 2016). Hence, it was further speculated that designing a CRISPR-dCas9-DNMT3A system to target the downstream genes of DNMT3A could achieve the suppression of tumorigenesis. In several studies, the dCas9-Effector system has been utilized to understand or identify the role of the gene in oncogenesis or tumorigenesis and to identify the epigenetic targets for cancer therapy (Saunderson et al., 2017; Wu et al., 2019). Thus, DNMTs, as an epigenetic modifier, are expected to apply to epigenome editing therapies. In sum, CRISPR/Cas9 addresses or corrects epigenetic alterations through DNMTs, an approach that will open up new frontiers for cancer therapy in the future.
Lately, the interlink between epigenetic mechanisms in cancer has aroused widespread concern, especially DNA methylation and histone deacetylation. A significant correlation between epigenetic mechanisms DNA methylation and histone deacetylation has been reported by Nan et al., which showed that two most studied epigenetic mechanisms, that is, DNA methylation and histone modification, can be linked by Methyl-CpG binding protein 2 (MeCP2) (Nan et al., 1998). Furthermore, this growing body of evidence has demonstrated that histone deacetylases (HDACs) are linked to the initiation and/or maintenance of repression for DNA hypermethylated genes, and studies have revealed that the simultaneous targeting of both DNA methylation and histone deacetylation leads to additive or synergistic effects to reactivate the aberrantly silenced genes (Arrowsmith et al., 2012). Meanwhile, it has been observed that in the case of histone methylation, methylation of histones H3 and H4 is a very common feature of cancer cells (Tan et al., 2022). Notably, it was reported that DNMT demethylating agents and histone deacetylase inhibitors could be combined to exert antitumor effects (Zahnow et al., 2016; Myasoedova et al., 2019). In summary, we hypothesized that there was a relationship between DNMT methylation and histone acetylation, and the effects of both on cancer deserve further investigation.
In conclusion, DNMTs are not only the novel connecting point of basic life science and clinical medicine research but also can be applied in combination with many other Frontier research results, representing a promising research direction and providing new ideas for clinical cancer treatment.
8 CONCLUSION
Recent evidence has suggested a close link between DNMTs and the tumors’ pathogenesis, throughout tumor invasion, proliferation, metastasis, diagnosis, and prognosis. DNMTs have been found to be aberrantly expressed in a variety of malignancies, including BC, PCa, and CRC, in which the regulation of lymphoma shows a dual nature. Also, it has been shown that DNMTs regulate tumors both in vivo and in vitro and are associated with OS and distant metastasis of cancer. Meanwhile, DNMTs were implicated in the regulation of several signaling pathways in cancer cells. For instance, the alpha 7 nicotinic acetylcholine receptor (alpha7nAChR) and MAPK signaling pathways induce aberrant hypermethylation of TSGs by regulating DNMT in pancreatic epithelial cells. Nevertheless, up to now, reported studies are only the tip of the iceberg in the exploration of DNMTs. In conclusion, more high-quality clinical trials and intensive exploration of mechanisms will be the future research priorities and directions for DNMT.
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Poldip2 knockdown protects against lipopolysaccharide-induced acute lung injury via Nox4/Nrf2/NF-κB signaling pathway
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Polymerase δ-interacting protein 2 (Poldip2) has been reported to mediate acute lung injury (ALI); however, the underlying mechanism is not fully explored. Male C57BL/6 mice and A549 cells were used to establish the lipopolysaccharide (LPS)-induced ALI model, then the expression of Poldip2 and its effect on oxidative stress and the resulting inflammation were detected. Adeno-associated virus serotype 6 (AAV6) mediated Poldip2 knockdown was transfected into mice via intratracheal atomization. And A549 cells stimulated with LPS was used to further confirm our hypothesis in vitro. ML385, specifically inhibited the activation of the Nrf2 signaling pathway. Our data suggested that LPS stimulation remarkably increased protein levels of Nox4 and p-P65, activities of NADPH and MPO, and generation of ROS, TNF-α, and IL-1β while decreased protein levels of Nrf2 and HO-1 compared with those in NC shRNA + Saline group, which were obviously reversed by Poldip2 knockdown. Concomitantly, Poldip2 knockdown dramatically reduced contents of MDA and enhanced activities of SOD and GSH-Px compared to NC shRNA + LPS group. In vitro, we found that knockdown of Poldip2 significantly reversed LPS-induced increase protein levels of Nox4 and p-P65, activity of NADPH, and generation of ROS, TNF-α, and IL-1β, and decrease protein levels of Nrf2 and HO-1, ML385 pretreatment reversed the effects of Poldip2 knockdown mentioned above. Our study indicated that Poldip2 knockdown alleviates LPS-induced ALI via inhibiting Nox4/Nrf2/NF-κB signaling pathway.
Keywords: Poldip2, acute lung injury, LPS, oxidative stress, inflammation
HIGHLIGHTS

1) Poldip2 knockdown inhibits LPS-induced ALI in C57BL/6 mice and A549 cells via Nox4/ Nrf2/NF-κB signaling pathway.
2) Pretreatment with ML385 reversed the inhibitory effects of Poldip2 knockdown in A549 cells.
3) Poldip2 is an important regulator of oxidative stress and the resulting inflammation and may be a new target for ALI.
INTRODUCTION
Acute lung injury is a life-threatening respiratory disorder in the department of critical care medicine, with a high mortality rate of over 40% (Fan et al., 2018). ALI is characterized by disruption of the alveolar-capillary barrier, impairment of gas exchange, formation of pulmonary edema, and even progressive respiratory failure (Tu et al., 2019). Advances have been made to improve the management of ALI with medical interventions, however, no treatments are currently proved effective for ALI. Therefore, targeting the key protein in inflammatory signaling cascade may represent a promising strategy for ALI.
NADPH oxidase (Nox) family of proteins are considered as a primary enzymatic sources of ROS in respiratory disorders including ALI, which catalyzes the reduction of O2- to ROS and leads to constant oxidative stress (Jarman et al., 2014). NADPH oxidase 4 (Nox4) is the most well-characterized Nox isoform in mammals and is considered to play a fundamental role in lung injury. Prior studies have suggested that inhibition of Nox4 reduced oxidative stress and lung injury caused by various diseases or conditions such as sepsis (Jiang et al., 2020), ischemia-reperfusion (Cui et al., 2018), influenza A virus infection (Yu et al., 2020) and paraquat poisoning (Liu et al., 2019), suggesting Nox4 inhibition exerts protective effects against lung injury.
Poldip2 has attracted a multitude of attention because of its role in a variety of inflammatory conditions, including sepsis-associated encephalopathy (Lv et al., 2017) and ARDS (Fão et al., 2019). Fão and collaborators suggested that heterozygous deletion of the Poldip2 gene significantly attenuates superoxide generation and improves survival in ARDS mouse model, and mechanism analysis indicated that reduced Poldip2 inhibited LPS-induced lung injury via regulating mitochondrial ROS-induced inflammatory signaling (Fão et al., 2019). Importantly, a previous study suggested that Poldip2 directly interacted with Nox4 and upregulated Nox4 enzymatic activity and ROS generation (Lyle et al., 2009). However, the mechanism by Poldip2 mediates acute lung injury is poorly understood.
Therefore, we aimed to elaborate the potential mechanism of Poldip2 in LPS-induced ALI, and to underline the relationship between Poldip2 and oxidative stress and the resulting inflammation in mice and A549 cells, consequently to reveal whether Poldip2 knockdown mediates inhibition of Nox4/Nrf2/NF-κB signaling pathway during acute lung injury.
MATERIALS AND METHODS
Reagents and chemical
LPS (Escherichia coli 055:B5) was provided by Sigma (St. Louis, United States). ML385 was purchased from Med Chem Express (MCE, United States). TNF-α and IL-1β ELISA kits were obtained from Absin (Shanghai, China) and Cusabio (Wuhan, China), respectively. Myeloperoxidase (MPO), malondialdehyde (MDA), superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) commercial kits were purchased from Jiancheng Corporation (Nanjing, China). NADPH oxidase activity commercial kit was supplied by Genmed Company (Shanghai, China). The ROS detection kit, BCA Protein Assay Kit, and 2′7′-dichloro-dihydro-fluorescein diacetate (DCFH-DA) were provided by the Beyotime Company (Shanghai, China). Antibodies against Poldip2, Nox4, Nrf2, Heme Oxygenase-1 (HO-1), phosphorylated IκB kinase α/β (p-IKKα/β), IKKα, phosphorylated IκBα (p-IκBα), IκB-α, p-P65, and P65 were obtained from Abcam (Cambridge, United States) or Novus (Littleton, United States). Antibody against β-actin was provided by Proteintech Corporation (Wuhan, China).
Establishment of mice models
The experimental protocols were approved by the Ethics of Animal Care and Use of the First Affiliated Hospital of USTC. Male C57BL/6 mice (10–12 weeks old) weighing 20–25 g were randomly assigned to four groups (n = 6 per group), then were anesthetized via ether inhalation and intratracheally atomized with 6.5 × 1,010 vg/mouse (in 50 µl) of recombinant AAV6 vector expressing Poldip2 short hairpin RNA (shRNA) or NC shRNA (Hanbio, Shanghai, China) following the previously study (Kurosaki et al., 2018). The shRNA sequences of Poldip2 are as follows: Top strand: 5’ -AAT​TCG​CGC​TAT​TGT​ATA​CGC​TTG​GAA​TTC​AAG​AGA​TTC​CAA​G CGT​ATA​CAA​TAG​CGT​TTT​TTG-3′ and Bottom strand: 5’ -GAT​CCA​AAA​AAC​GCT​ATT​GTA TAC​GCT​TGG​AAT​CTC​TTG​AAT​TCC​AAG​CGT​ATA​CAA​TAG​CGC​G-3’. After 35 days, ALI was induced following the previous study (Zhong et al., 2019). Briefly, 5 mg/kg LPS dissolved in 50 µl sterile saline was intratracheally atomized into the lungs of mice. Twenty-4 hours post LPS administation, all mice were sacrificed, then histological and biochemical examinations were carried out (Figure 1A).
[image: Figure 1]FIGURE 1 | Poldip2 knockdown alleviates inflammation in LPS-induced mice ALI. (A) Diagram shows the experimental design. (B,C) The protein level of Poldip2 was detected by western blot (B) and quantitatively analyzed (C). Male C57BL/6 mice were intratracheally atomized with AAV6 vector expressing Poldip2 shRNA or NC shRNA. Thirty-five days later, 5 mg/kg of LPS or saline was given via intratracheal atomization for 24 h (D) Representative images showing H&E staining in lung tissue sections, the original image is ×200, the magnified images showed cropped images outlined correspondingly. (E) Representative images showing immunohistological staning of Ly6G in lung tissue sections, the original image is ×200, the magnified images showed cropped images outlined correspondingly (F) Pathological score of the lungs. (G) The MPO activity in lung homogenates were detected. (H–L) The protein levels of p-IKKα/β, IKKα, p-IκBα, IκB-α, p-P65, and P65 were detected by western blot (H) and quantitatively analyzed (I–L). (M) Representative images showing immunohistological staning of p-P65 in lung tissue sections (magnification, ×200). Scale bars are 50 µm. (N,O) The levels of TNF-α and IL-1β in BALF were determined by ELISA. n = 6 mice per group. Results are represented as mean ± SEM. Statistically significant differences are indicated as ***p < 0.001, **p < 0.01, *p < 0.05.
Lung histology and pathological score
The left lungs were lavaged for 3 times with phosphate buffered saline (PBS, 500 μl per time), and bronchoalveolar lavage fluid (BALF) was centrifuged and the supernatants were collected and kept frozen at −80°C, which were used for protein concentrations and inflammatory cytokines detection. Total protein concentrations were detected via BCA assay. Part of right lungs were taken and homogenized for western blot assay. The remaining right lungs were excised and fixed in 4% (v/v) paraformaldehyde for 24 h, embedded in paraffin, and sectioned into 5 μm thickness. Histopathological changes were evaluated on lung sections stained with hematoxylin/eosin (H&E).
Pathological scores were performed by two experienced pathology experts blinded to the experimental groups as described previously (Liu et al., 2014; Sun et al., 2021). Five independent random fields (magnification, ×400) were scored per mouse based on the alveolar walls and epithelial thickening, neutrophil infiltration in the alveoli, and elevations in peribronchial and perivascular cuff area. The resulting pathological score is a continuous value between 0 and 5.
Determination of inflammatory cytokines
The concentrations of TNF-α and IL-1β in BALF supernatants were quantified via commercial ELISA kits. In addtion, A549 cells at passages 2–6 were seeded and cultured for 24 h at 50–70% confluence were stimulated with 10 μg/ml LPS for 12 h, the culture medium were harvested for detecting the TNF-α and IL-1β concentration.
Detection of lung tissues NADPH enzymatic activity
NADPH enzymatic activity was detected according to the manufacturers’ instructions. Briefly, the supernatants of lung homogenates and A549 cells were incubated for 3 min at 30°C with oxidized cytochrome c in a spectrophotometer cuvette, then Nox substrate (NADPH) was mixed together and incubated for 15 min. All values for absorbance was followed at 340 nm by a spectrophotometer.
Determination of malondialdehyde, superoxide dismutase, glutathione peroxidase and myeloperoxidase
To evaluate the oxidative damage in LPS-induced lung injury, the supernatants of lung homogenate were collected after centrifugation, and the levels of oxidative indicators (MDA and SOD) and antioxidant enzyme (GSH-Px) were determinated using the commercial available kits. Moreover, the activity of MPO was associated with pulmonary neutrophil infiltration and activation, involving in lung inflammation.
A549 cells culture and RNA interference
The human alveolar epithelial cell line A549 cells were cultured in DMEM with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin. Cells were maintained at 37°C in a humidified atmosphere with 5% CO2. Lentivirus vectors containing Poldip2-specific shRNA (Poldip2 shRNA) or nonspecific shRNA (NC shRNA) were synthesized by Hanbio Corporation (Shanghai, China). Cells at 30–50% confluence were transducted by lentivirus following the manufacturer’s protocols. The Poldip2 shRNA sequences are listed as follows: Top strand: 5′-GAT​CCG​GCG​CTA​CTG​TAT​CCG​TTT​GGA​GAA​TTC​AAG​AGA​TTC​TCC​AAA​CGG​ATA​CAG​TAG​CGC​CTT​TTT​TG-3′ and Bottom strand: 5′-AAT​TCA​AAA​AAG​GCG​CTA​CTG​TAT​CCG​TTT​GGA​GAA​TCT​CTT​GAA​TTC​TCC​AAA​CGG​ATA​CAG​TAG​CGC​CG-3′.
Determination of ROS in A549 cells
Production of ROS in A549 cells was detected with oxidation-sensitive fluorimetric probe DCFH-DA as described previously (Chen et al., 2021). Briefly, A549 cells were probed by 10 µM DCFH-DA at 37°C for 20 min, fluorescence emission was determined with CytoFLEX Flow Cytometer (Beckman Coulter, United States). The fluorescent intensities were measured from 10,000 cells at 488 nm (excitation) and 530 nm (emission).
Immunofluorescence
A549 Cells were fixed with 4% paraformaldehyde for 15 min at room temperature and blocked with 5% bovine serum albumin (BSA) for 2 h at 4°C. Then specific primary antibodies of Nox4 (1: 120), p-P65 (1:400), Nrf2 (1:100) or HO-1 (1: 100) were added and incubated at 4°C. Twelve hours later, appropriate secondary antibodies (1:1000) were added for 1 h, and nuclei were stained with DAPI for 5 min. Photographs were taken using an inverted laser confocal microscope (Carl Zeiss, Germany).
Immunohistochemistry
The paraffin-embedded sections were routinely deparaffinized and rehydrated. After retrieving antigens with a citrate acid buffer and blocking with 3% H2O2 for 20 min, the sections were incubated with primary antibodies of Nox4 (1:200), Ly6G (1:200), p-P65 (1:200), Nrf2 (1:250) or HO-1 (1:200). Before mounting, the sections were counterstained with hematocylin and subsequently photographed using microscopy (Olympus, Japan).
Western blot analysis
Protein lysates from lung tissues and A549 cells were extracted and quantified as described previously (Lv et al., 2017). Lysates (30 μg protein) were loaded per lane and separated electrophoretically by 10% SDS-PAGE gels, and transferred onto polyvinylidene fluoride membranes (pre-activated with anhydrous methanol for 1 min), then the membranes were blocked with 5% skim milk in TBST for 1 h and incubated with primary antibodies (1:1,000) for 12 h at 4°C. Appropriate secondary antibodies (1:5000) were added for 1 h at room temperature, immunoreactive bands were visualized with a chemiluminescence detection kit.
Statistical analysis
Data were analysed by Graph Pad Prism 8.0 software. Data was presented as mean ± SEM of three independent experiments. Student’s t-test was conducted to evaluate differences between two groups, and ANOVA was used to for multiple groups. p < 0.05 was considered statistically significant.
RESULT
Poldip2 knockdown alleviates lipopolysaccharide-induced lung inflammation in acute lung injury mice
We first determined the expression of Poldip2 in Poldip2 gene knockdown mice. Recombinant AAV6 vector expressing Poldip2 shRNA or NC shRNA was administered via intratracheal atomization in mice. Thirty-five days after administration of AAV6-mediated shRNA, western blot analysis showed that Poldip2 knockdown mice showed a remarkable decrease in Poldip2 expression compared to the NC shRNA group (Figures 1A–C).
To confirm whether Poldip2 knockdown alleviates lung inflammation in mice, NC shRNA and Poldip2 shRNA mice were challenged with saline or LPS for 24 h, then histopathologic examination was performed (Figure 1D). We next evaluated the pathological score during lung injury in mice and found that Poldip2 knockdown markedly decreased the pathological score compared with those in NC shRNA + LPS group (Figure 1F). In addition, neutrophil (Ly6G) infiltration was examined via immunohistochemical assay (McCracken et al., 2020). Our results showed a significant increase of neutrophil inflitration in alveolar and interstitial spaces in NC shRNA + LPS group as compared with those in NC shRNA + Saline group, whereas this histopathologic feature was attenuated in Poldip2 knockdown mice (Figure 1E). The MPO activity was detected in lung tissues to further confirm the histopathological findings. The results suggested that activity of MPO was significant decreased in Poldip2 shRNA + LPS group compared with those in NC shRNA + Saline group (Figure 1G).
The nuclear factor kappa B (NF-κB) pathway is an prototypical proinflammatory signaling pathway that regulates inflammatory cytokines production under LPS challenge (Ling et al., 2020). Therefore, we next investigated whether knockdown of Poldip2 reduced lung inflammation via downregulating the IKK/IκB/NF-κB signaling pathway. Western blot showed Poldip2 knockdown significantly reversed LPS stimulation induced increases in protein levels of the p-IKKα/β, p-IκBα, and p-P65 and decreases in protein level of the IκBα (Figures 1H–L). Moreover, similar results were found in our immunohistochemical assays (Figure 1M). Additionally, BALF samples were collected to determine the levels of inflammatory cytokines in mice. As shown in Figures 1N,O, we observed that Poldip2 knockdown remarkably inhibited LPS-induced increases in TNF-α and IL-1β levels in BALF in ALI mice. Collectively, our results suggested that Poldip2 knockdown attenuated LPS-induced lung inflammation via inhibits NF-κB signaling pathway.
Poldip2 knockdown ameliorates lipopolysaccharide-induced oxidative stress in acute lung injury mice
Nox4 is a major source of ROS and has been reported to be rapidly activated under LPS challenge (Fisher et al., 2019; Jiang et al., 2020). Herein, we aimed to elucidate the mechanisms that underlie Poldip2 regulates protein level and oxidase activity of Nox4. The results indicated that Nox4 protein level and NADPH oxidase activity were markedly attenuated in Poldip2 shRNA group compared with those in NC shRNA group following LPS challenge (Figures 2A,B,D), indicating that Poldip2 upregulates Nox4 gene. Similar results were found in our immunohistochemical assays (Figure 2C).
[image: Figure 2]FIGURE 2 | Poldip2 knockdown suppresses oxidative stress in LPS-induced mice ALI. (A) Male C57BL/6 mice were intratracheally atomized with AAV6 vector expressing Poldip2 shRNA or NC shRNA. Thirty-five days later, 5 mg/kg of LPS or saline was given via intratracheal atomization for 24 h (A,B) The protein level of Nox4 were detected by western blot (A) and quantitatively analyzed (B) (C) Representative images showing immunohistological staning of Nox4 in lung tissue sections (magnification, ×200). Scale bars are 50 µm (D) The NADPH oxidase activity in lung homogenates was detected by spectrophotometer. (E–G) The MDA concentrations and SOD and GSH-Px activities in lung homogenates were determined. n = 6 mice per group. Results are represented as mean ± SEM. Statistically significant differences are indicated as ***p < 0.001,**p < 0.01, *p < 0.05.
Furthermore, to determine whether Poldip2 knockdown attenuates LPS-induced oxidative stress, levels of MDA, SOD, and GSH-Px, as indicators of lipid peroxidation and the activity of antioxidant enzymes, were detected in lung tissues, respectively. As shown in Figures 2E–G, in response to LPS stimulation, the content of MDA was absolutely increased, while the activities of SOD and GSH-Px were remarkably reduced compared with those in NC shRNA + Saline group, but were reversed in Poldip2 shRNA + LPS group. Collectively, our data showed that Poldip2 knockdown suppresses oxidative stress in ALI mice.
Poldip2 knockdown attenuates lipopolysaccharide-induced acute lung injury through Nrf2 Signaling pathway activation
Mounting evidence has indicated that Nrf2/HO-1 signaling pathway is an important endogenous antioxidant defense system and participates in regulation of oxidative stress and inflammation (Ahmad et al., 2020; Yao et al., 2020). Herein, we evaluated the effect of LPS stimulation on protein levels of Nrf2 and HO-1 in lung tissues. Mice were treated with LPS at different times (0–48 h). As shown in Figures 3A–D, we observed an increase in Nrf2 and HO-1 above baseline at 3 h, peaked at 12 h and decreased below baseline at 24 h. Our results indicated that LPS challenge induced Nrf2 and HO-1 expression in a time-dependent manner in mice.
[image: Figure 3]FIGURE 3 | Poldip2 knockdown inhibits LPS-induced ALI through activating Nrf2 signaling pathway. Male C57BL/6 mice were intratracheally atomized with 5 mg/kg of LPS for different times (0–48 h) (A–D). The protein levels of Nrf2 and HO-1 were detected by western blot (A,C) and quantitatively analyzed (B,D). Male C57BL/6 mice were intratracheally atomized with AAV6 vector expressing Poldip2 shRNA or NC shRNA. Thirty-five days later, 5 mg/kg of LPS or saline was given via intratracheal atomization for 24 h (E–G) The protein levels of Nrf2 and HO-1 were detected by western blot (E) and quantitatively analyzed (F,G) (H,I) Representative images showing immunohistological staning of Nrf2 and HO-1 (magnification, ×200). Scale bars are 50 μm n = 6 mice per group. Results are represented as mean ± SEM. Statistically significant differences are indicated as ***p < 0.001,**p < 0.01, *p < 0.05.
Additionally, the effects of Poldip2 knockdown on the Nrf2/HO-1 pathway were detected via western blot and immunohistochemical assays. As shown in Figures 3E–G, LPS challenge significantly inhibited protein levels of Nrf2 and HO-1 compared with those in NC shRNA + Saline group, which were reversed in Poldip2 shRNA + LPS group. Results obtained from immunohistochemistry analysis (Figures 3H,I) were consistent with Western blot experiments (Figures 3E–G). Collectively, these results indicated that Poldip2 knockdown could reverse LPS-induced Nrf2 signaling pathway.
Poldip2 knockdown inhibits lipopolysaccharide-induced oxidative stress and inflammation in a549 cells
To further determine whether Poldip2 mediates oxidative stress and inflammation is via regulating the Nox4/Nrf2/NF-κB signaling pathway. A549 cells were transfected with either NC shRNA or Poldip2 shRNA and stimulated with PBS or 10 μg/ml LPS for 12 h. Our study suggested that increased protein levels of Nox4 and p-P65, as well as decreased protein levels of Nrf2 and HO-1 were detected under LPS challenge compared with those in NC shRNA group. Conversely, knockdown of Poldip2 notably reduced Nox4 and p-P65 protein levels and increased Nrf2 and HO-1 protein levels compared with those in NC shRNA + LPS group (Figures 4A–E). Similar results were obtained in our immunofluorescence assays, suggesting that knockdown of Poldip2 attenuates Nox4 and p-P65 expression (Figures 4F,H,J,K), but enhanced Nrf2 and HO-1 expression (Figures 4G,I,L,M) in response to LPS stimulation.
[image: Figure 4]FIGURE 4 | Poldip2 knockdown inhibits LPS-induced oxidative stress and the resulting inflammation in A549 cells. Confluent A549 cells were transfected with lentivirus vector expressing NC shRNA or Poldip2 shRNA for 72 h, and treated with PBS or 10 μg/ml LPS for 12 h. (A–E) The protein levels of Nox4, Nrf2, HO-1, p-P65 and P65 were detected by western blot (A) and quantitatively analyzed (B–E). (F–M) Representative images showing immunofluorescence staning of Nox4, p-P65, Nrf2 and HO-1. Cells were stained with Nox4, p-P65 or Nrf2 (green) and HO-1(red), and counter-stained with DAPI (blue) (magnification of ×400), Scale bars are 20 µm. (N,O) The generation of intracellular ROS were detected by flow cytometry. (P) The NADPH oxidase activity in A549 cells was detected by spectrophotometer. (Q,R) The levels of TNF-α and IL-1β in the supernatant were detected by ELISA. Results are represented as mean±SEM of 3 independent experiments. Statistically significant differences are indicated as ***p < 0.001, **p < 0.01, *p < 0.05.
Then, we evaluated the role of Poldip2 knockdown on ROS generation, NADPH oxidase activity, and TNF-α and IL-1β generation in LPS-treated A549 cells. After LPS stimulation for 12 h, cells were probed by 10µM DCFH-DA at 37°C for 20 min, and ROS generation was determined with flow cytometry. We found that LPS stimulation substantially induced ROS generation compared to those in NC shRNA group, but was inhibited by Poldip2 knockdown (Figures 4N,O). Furthermore, knockdown of Poldip2 significantly suppressed LPS-induced increase of NADPH oxidase activity and generation of TNF-α and IL-1β compared with those in NC shRNA + LPS group (Figures 4P–R). Taken together, the present results suggested that Poldip2 knockdown suppresses LPS-induced oxidative stress and inflammation in A549 cells.
The Nrf2 inhibitor ML385 attenuates the inhibitory action of Poldip2 knockdown in lipopolysaccharide-stimulated A549 cells
To further determine whether Poldip2 knockdown inhibited LPS-induced NF-κB signaling pathway activation was dependent on Nrf2 protein, Nrf2 signaling inhibitor ML385 was used in vitro. Transfected A549 cells (NC shRNA or Poldip2 shRNA) were pretreated with or without 5 μM ML385 for 1 h then incubation with 10 μg/ml LPS for 12 h. As shown in Figures 5A–C, LPS challenge dramatically decreased protein levels of Nrf2 and HO-1 as compared to those in NC shRNA or Poldip2 shRNA group, while administration of ML385 further enhanced these effects, suggesting ML385 pretreatment could block Nrf2 signaling pathway. In addition to that, the protein level of p-P65 significant increased under LPS challenge were further upregulated by ML385 pretreatment (Figures 5A,D), suggesting that Nrf2 acted as an upstream regulator of p-P65 and its activation contributed to inhibit NF-κB signaling pathway.
[image: Figure 5]FIGURE 5 | Protective effects of Poldip2 knockdown in attenuating oxidative stress and the resulting inflammation are reversed by ML385. Transfected A549 cells (NC shRNA or Poldip2 shRNA) were pretreated with or without 5 μM ML385 for 1 h, and treated with 10 μg/ml LPS for 12 h (A–D) The protein levels of Nrf2, HO-1, p-P65 and P65 were detected by western blot (A) and quantitatively analyzed (B–D). (E,F) The levels of TNF-α and IL-1β in the supernatant were detected by ELISA. Results are represented as mean ± SEM of three independent experiments. Statistically significant differences are indicated as ***p < 0.001,**p < 0.01, *p < 0.05.
Then, we evaluated whether LPS-induced increase of inflammatory cytokines generation were further enhanced by ML385 pretreatment in A549 cells. As shown in Figures 5E,F, knockdown of Poldip2 remarkably suppressed generation of TNF-α and IL-1β compared with those in NC shRNA + LPS group. Importantly, compared to LPS-challenged groups, pretreatment with ML385 further increased generation of TNF-α and IL-1β. Collectively, these findings suggested that ML385 attenuated the inhibition of Poldip2 knockdown in LPS-induced NF-κB signaling pathway activation in A549 cells.
DISCUSSION
In this study, we showed the beneficial effects of Poldip2 knockdown against LPS-induced oxidative stress and the resulting inflammation in mice and A549 cells via inhibiting of Nox4/Nrf2/NF-κB signaling pathway. Pretreatment with ML385 significantly reversed the inhibitory effects of Poldip2 knockdown in A549 cells.
It has been established that Poldip2 is emerging as a novel therapeutic target for several inflammatory disorders (Forrester et al., 2019; Kikuchi et al., 2019). Recent evidence indicated that Poldip2 deficiency attenuated pulmonary edema and vascular inflammation in a LPS-induced ARDS mouse model via inhibiting mitochondrial ROS production (Forrester et al., 2019). Consistent with this data, our results suggested that LPS-induced neutrophil infiltration and histopathological damage were markedly alleviated in Poldip2 knockdown mice. Furthermore, it is widely known that the recruitment of neutrophil generates MPO, which is considered to be major pathogenic components in ALI (Chniguir et al., 2019). Here, our data indicated that knockdown of Poldip2 obviously decreased LPS-induced MPO production.
Invariably, NF-κB activition is a crucial regulator of the stress and immune responses, proliferation, inflammation, differentiation, and apoptosis (Oeckinghaus et al., 2011; Li et al., 2021). A previous study has indicated that phosphorylation of NF-κB P65 leaded to the generation of TNF-α and IL-1β, and NF-κB pathway inhibition was proven to alleviate ALI (Huang et al., 2018). Herein, we found that knockdown of Poldip2 effectively reduced protein levels of p-IKKα/β, p-IκBα, and p-P65 but enhanced protein level of IκBα in ALI mice, suggesting that the protective effects of Poldip2 knockdown in alleviating LPS-induced inflammation may be in relation to NF-κB signaling inactivation. In addition, the generation of cytokines in BALF is one of the hallmarks during ALI. Our data also suggested that levels of TNF-α and IL-1β in BALF were substantially inhibited in Poldip2 knockdown mice compared with those in NC shRNA + LPS mice. Taken together, the obtained results demonstrated that the contribution of Poldip2 knockdown to LPS-induced lung inflammation was at least associated with the downregulation of neutrophil infiltration and cytokines production.
Numerous studies have implicated oxidative stress exerts an important role in the development of ALI (Gao et al., 2020; Meng et al., 2021). Nox4-derived ROS leads to sustained oxidative stress may be one important mechanism involved (Cui et al., 2018; Jiang et al., 2020; Yu et al., 2020). Poldip2, a newly discovered Nox4 enhancer protein, had attracted widespread attention (Lyle et al., 2009). Our previous study showed that Poldip2 interacted with Nox4 and mediated oxidative stress and inflammation in LPS-stimulated A549 and Beas-2B cells (Wang et al., 2022), indicating a plausible underlying mechanism of excessive oxidative stress leading to cellular injury and that the molecular events are associated with Poldip2. Collectively, we found that Poldip2 knockdown attenuated the activation of LPS on Nox4 protein level and NADPH oxidase activity in ALI mice.
In addition, excessive oxidative stress reflects an oxidant and antioxidant imbalance in the organism (Sies, 2015). MDA, a product of polyunsaturated fatty acids peroxidation, is commonly known as an marker in evaluating the degree of oxidative stress (Tsikas, 2017). While the antioxidant enzymes (SOD and GSH-Px) are known to eliminate the toxic effects of superoxide radicals, their activities is related to oxidative stress (SreeHarsha, 2020). Herein, we observed that increased MDA content and reduced SOD and GSH-Px activities in ALI mice were reversed by Poldip2 knockdown, suggesting that knockdown of Poldip2 protects mice against accelerated LPS-induced oxidative stress via enhancing antioxidant enzymes expression and inhibiting lipid peroxidation.
Nuclear factor erythroid 2-related factor 2(Nrf2), a redox-sensitive transcription factor involves in antioxidative and cytoprotective pathways and is a primary target of many diseases (Fão et al., 2019; Liu et al., 2019; He et al., 2020). Mounting studies indicated that Nrf2 pathway activation effectively protected the lung tissues from oxidative stress and inflammation under LPS stimulation (Lv et al., 2017; Huang et al., 2020). As oxidative stress occurs, the Nrf2 activation contributes to induction of antioxidant enzymes (SOD and GSH-Px) and its downstream antioxidant protein (HO-1), which eventually exerts antioxidant and protective functions under ALI. Previously studies demonstrated that Nox restrained gastric aspiration-induced ALI via a Nrf2-dependent mechanism (Davidson et al., 2013). In this study, our study suggested that Nrf2 signaling pathway was activated under LPS challenge in a time-dependent manner, it decreased below the baseline at 24 h after LPS stimulation, similar result has been found in HO-1 protein expression. Excessive production of ROS under pathological conditions leaded to the exhaustion of Nrf2 and reduced the expression of HO-1 confirmed our observations, similar results have been observed in LPS-induced ALI mice (Fei et al., 2019; Huang et al., 2019; Yang et al., 2019). More importantly, we observed that knockdown of Poldip2 effectively reversed LPS-induced inhibition of Nrf2 and HO-1, suggesting that the protective effects exhibited by Poldip2 knockdown against oxidative stress and the resulting inflammation under LPS stimulation may associated with the Nrf2 signaling pathway activation.
Furthermore, ALI is the clinical syndrome associated with histopathological diffuse alveolar damage, and oxidative stress can exaggerate disruption of alveolar cells (Gong et al., 2018). Based on the above observations, our data further investigated the underlying molecular mechanisms of Poldip2 knockdown on oxidative stress and the resulting inflammation under LPS stimulation in vitro. Herein, we constructed lentiviral vectors expressing Poldip2 shRNA or NC shRNA and transfected into A549 cells and incubated with LPS for 12 h. Consistent with our in vivo studies, the results indicated that Poldip2 knockdown notably inhibited Nox4/Nrf2/NF-κB signaling pathway in A549 cells under LPS-stimulation. Importantly, we also revealed that knockdown of Poldip2 absolutely attenuated LPS-induced ROS production, and TNF-α and IL-1β activation. In addition, we further explored whether Poldip2 knockdown mediated inhibition of inflammatory cytokines was dependent on the Nrf2 signaling pathway activation. ML385, a small molecular Nrf2 inhibitor, which directly interacts with Nrf2 protein and blocks its downstream genes expression has been used (Qiu et al., 2020). Our results suggested that ML385 pretreatment further enhanced LPS-induced NF-κB pathway activation and cytokines generation in A549 cells transfected with Poldip2 shRNA. In line with our findings, previously studies suggested that Nrf2 deficiency induced an exacerbation of inflammation including sepsis and intestinal ischemia/reperfusion induced ALI (Thimmulappa et al., 2006; Yan et al., 2018).
CONCLUSION
In summary, our present study suggests that Poldip2 knockdown is required to inhibit Nox4/Nrf2/NF-κB signaling pathway in LPS-induced ALI in mice and A549 cells. Moreover, Poldip2 is crucial for regulating oxidative stress and the resulting inflammation, and may be a new target for ALI.
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IL-23 is a heterodimeric pro-inflammatory cytokine secreted by dendritic cells and macrophages that belongs to the IL-12 family. It has pro-inflammatory effects and is a key cytokine and upstream regulatory cytokine involved in protective immune responses, stimulating the differentiation and proliferation of downstream effectors such as Th17 cells. It is expressed in various autoimmune diseases such as psoriasis, systemic lupus erythematosus (SLE), rheumatoid arthritis (RA). The IL-23/TH17 axis formed by IL-23 and TH17 has been confirmed to participate in autoimmune diseases pathogenesis. IL-23R is the receptor for IL-23 and plays an activating role. Targeting IL-23 is currently the main strategy for the treatment of various autoimmune diseases. In this review we summarized the mechanism of action and clinical application potential of IL-23 in autoimmune diseases by summarizing the latest research results and reviewing the literature, which would help to further understand IL-23 and provide a theoretical basis for future clinical targeting and drug development.
Keywords: IL-23, IL-23R, IL-23/TH17 axis, autoimmune diseases, RA
INTRODUCTION
Autoimmune diseases (AD) are immunopathological states in which the body’s autoimmune tolerance mechanisms are dysregulated or disrupted, leading to damage or functional abnormalities in its own tissues and organs, and are considered to be a heterogeneous group of “common complex diseases.” It evolved from a complex interaction between the immune system and autoantigens, involving multiple genetic attributes, environmental triggers, and multiple cell types (da Costa et al., 2019). AD was first identified as a rare disease, but statistics have found that it affects 3%–5% of the population worldwide (JONES et al., 2007), rising to 5%–8% by 2020 (Fugger et al., 2020). According to the location of the lesion, AD is generally divided into two categories (Gao et al., 2021), organ-specific AD, such as myasthenia gravis (MG) with neurological involvement, and systemic AD, such as systemic lupus erythematosus (SLE). Genetic factors (Jonkers and Wijmenga, 2017) (including epigenetic (Jeffries, 2018), monogenic and polygenic inheritance (CANDORE et al., 2002)) and environmental factors (Cui et al., 2013) are considered to be common pathogenic factors in AD. Patients with AD usually have no obvious symptoms in the early stages of the disease, but there are distinctive features in the developmental stages of the disease, such as abnormal development and dysfunction of immune cells, production of large amounts of cytokines, disturbance of immune regulation, and disruption of T-cell homeostasis (Qian et al., 2022). The production and changes of immune cells and inflammatory cytokines may promote the development of autoimmune diseases and lead to persistent inflammation and tissue damage (Sumida et al., 2018). Currently, with the development of science and technology, some new immune cytokines are receiving more and more attention (Han et al., 2021).
IL-23 is a heterodimeric pro-inflammatory cytokine secreted by dendritic cells and macrophages that belongs to the IL-12 family (McKenzie et al., 2006). It is pro-inflammatory and can stimulate the differentiation and proliferation of downstream effectors such as Th17 cells and is expressed in a variety of diseases, such as tumors (Yan et al., 2018), periodontal disease (Bunte and Beikler, 2019), ocular diseases (Cui et al., 2022), and auto immune diseases, among others. Since its discovery, it has received widespread attention because it affects phagocytes and lymphocytes, has autocrine effects on macrophages (Cua et al., 2003) and dendritic cells (Belladonna et al., 2002), links innate and adaptive cellular immunity, it can also promote the occurrence of auto-inflammation and induce the proliferation and changes of tumor cells (Chan et al., 2014). IL-23R is the receptor for IL-23 and plays an activating role in AD. Targeting IL-23 and IL-23R remains an effective strategy for treating autoimmune diseases today.
An increasing number of studies have found that IL-23 is involved in the pathogenesis of AD. In this review we summarized the mechanism of action and clinical application potential of IL-23 in AD by searching PubMed and Web of Science electronic databases systematically without restricting the languages and years (up to 2022). Search terms included “IL-23” combined with “autoimmune diseases” or “Psoriasis” or “systemic lupus erythematosus (SLE)” or “rheumatoid arthritis (RA)” or “inflammatory bowel disease (IBD)” or “ankylosing spondylitis (AS)” or “nucleic acid aptamer” or “genome editing.” This review mainly elaborates the regulatory mechanism of action and clinical application potential of IL-23 in AD, which would help to further understand IL-23 and provide a theoretical basis for future clinical targeting and drug development.
Overview of IL-23 and IL-23R
IL-23, belongs to the IL-12 cytokine family, is a heterodimeric pro-inflammatory cytokine. It is composed of a p40 subunit shared with IL-12 and its own unique p19 subunit (Tang et al., 2012) linked by disulfide bonds. The gene on human chromosome 5 encodes the p40 subunit, while the gene encoding the p19 subunit is located on human chromosome 12 (Kleinschek et al., 2006). IL-23p40 is a glycosylated type I soluble protein with a molecular weight of 34.7 kDa (Gubler et al., 1991), while IL-23p19 is a non-glycosylated protein with a molecular weight of 18.7 kDa (Oppmann et al., 2000).
IL-23 is mainly produced by dendritic cells and macrophages (McKenzie et al., 2006), but non-immune cells such as keratinocytes and synoviocytes can as well secrete it. There are also some immune receptors that enhance the production of IL-23, e.g., Gram-positive bacteria release peptidoglycan, which binds to the toll-like receptor (TLR) 4 (Re and Strominger, 2001) and Gram-negative bacteria produce lipopolysaccharide (LPS), which binds to the TLR3 receptor (Smits et al., 2004), which can effectively induce IL-23 secretion. There are several cytokines involved in the regulation of IL-23, e.g., TNF-α can increase IL-23 expression in fibroblast-like synoviocytes (FLs) (Goldberg et al., 2009), while TNF-α receptor 1 (TNFR1), which has hair-raising effects on macrophages and DC cells, can decrease IL-23 expression by downregulating p40 (Zakharova and Ziegler, 2005). In addition, the cytokine IL-10 has an anti-inflammatory effect and can also decrease IL-23 expression (Liu et al., 2009).
IL-23R is the receptor for IL-23, which is a heterodimeric structure composed of a heterodimer with the IL-12Rβ1 subunit and its own unique IL-23R subunit, located on human chromosome 19 encoding the gene that forms the IL-12Rβ1 subunit and on human chromosome 1 encoding the gene that forms the IL-23R subunit (Zhu et al., 2016). IL-12Rβ1 subunit is mainly expressed on T cells, monocytes/macrophages, natural killer (NK) T cells, and DC cells (Pahan and Jana, 2009), whereas IL-23 subunit is expressed on specific T cells (Gaffen et al., 2014) and minor expression on B cells and lymphoid cells (Chognard et al., 2014).
Studies have shown that IL-23 has pro-inflammatory effects and is a key cytokine (Curtis and Way, 2009) and upstream regulatory cytokine (Aggarwal et al., 2003) that can participate in protective immune responses to bacterial and fungal infections. The combined effect of IL-23 and IL-2 leads to a significant decrease in IgG and a significant increase in IgM in humans, indicating the critical composition of IL-23 in the primary immune response (Cocco et al., 2011). In addition, IL-23 promotes T cell proliferation, stimulates the differentiation and proliferation of downstream effectors such as Th17 cells (Stritesky et al., 2008), and induces the production of IL-17 (Li et al., 2016), which has been shown to be a major pro-inflammatory cytokine and a major medium in the pathogenesis of inflammatory and autoimmune diseases (Amatya et al., 2017), thus also demonstrating a role for IL-23 in autoimmune diseases.
Function of IL-23 in autoimmune diseases
IL-23 functions in immune cells, affecting phagocytes and lymphocytes, and exerts autocrine effects on macrophages and dendritic cells, which in turn are closely related to autoimmune diseases (Singh et al., 2012), as a result, IL-23 plays a critical role in many autoimmune diseases development (Fragoulis et al., 2016) acting as a pro-inflammatory mediator and is expressed in a variety of autoimmune diseases like psoriasis, SLE, RA, IBD, etc, and differently (Tables 1–3) (Figure 1).
TABLE 1 | Expression and function of IL-23 in autoimmune diseases.
[image: Table 1]TABLE 2 | The expression level of IL-23 in autoimmune disease tissues (clinical research).
[image: Table 2]TABLE 3 | The expression level of IL-23 in autoimmune disease tissues (pre-clinical research).
[image: Table 3][image: Figure 1]FIGURE 1 | Expression of IL-23 in psoriasis, SLE, RA, IBD, AS and other diseases. IL-23 is expressed in skin, joint, spine, etc., and causes related autoimmune diseases, such as psoriasis, SLE, RA, AS, etc.
Psoriasis
Psoriasis is an immune-mediated chronic inflammatory skin disease (Greb et al., 2016), and as a systemic disease, the mainly features are epidermal hyperplasia, skin changes, and dermal inflammatory cell infiltration (Armstrong and Read, 2020). Approximately 2%–3% of the global population suffers from psoriasis (Schonmann et al., 2019), which severely affects the quality of life of patients. The pathogenesis of the disease is also multifactorial, including ethnicity, geography, environment, genetics, and lifestyle (Huerta et al., 2007).
The pathogenesis of psoriasis is not yet fully understood, and immune cell dysfunction and abnormal expression of related cytokine levels are the main features of its pathogenesis. Studies have shown that the pathogenesis of psoriasis is related to cytokines such as IL-23 and IL-17 (Wang et al., 2020), and a large number of IL-17-producing lymphocytes and the p40 and p19 subunits of IL-23 were detected in psoriatic plaques (Lee et al., 2004). Experiments by Xiao et al. (2018), also found a significant upregulation of IL-17 and IL-23 compared with healthy controls in patients with psoriasis vulgaris. Psoriasis lesions are marked by infiltration of immune cells in the dermis, such as macrophages, dendritic cells and neutrophils (Sabat et al., 2019), and macrophages and dendritic cells secrete IL-23, which in turn induces IL-17 production by CD4+T cells (Hansel et al., 2011), thus suggesting that IL-23 is the main upstream regulator leading to the development of psoriasis lesions. Moreover, in the mouse experiments of van der Fits et al. (2009), it was found that inflammation was completely blocked in mice lacking IL-23 in a mouse model of psoriasis induced by IMQ, suggesting that down-regulation of IL-23 is a protective factor in the treatment of psoriasis. In addition, studies in humans have shown that direct injection of IL-23 through the dermis induces epidermal hyperplasia common in psoriasis patients (CHAN et al., 2006), reinforcing that upregulation of IL-23 expression is likely to be a key marker for psoriasis diagnosis.
Systemic lupus erythematosus
SLE is a chronic autoimmune connective tissue disease that develops mainly due to an imbalance between pro-inflammatory factors (e.g., IFN-g, TH17) and regulatory cytokines (e.g., IL-2) (Gatto et al., 2013), leading to the production of multiple antibodies, the formation and deposition of immune complexes, and the interaction between the two leading to organ and tissue damage (Leng et al., 2010), resulting in clinical manifestations such as fever, headache, rash, and kidney damage. There are significant regional differences in the prevalence of SLE, with a global prevalence of approximately 0–241 per 100,000 and a prevalence of 30–70 per 100,000 in mainland China (Frances et al., 2017), and an adjusted global prevalence of 50–100 per 100,000 for SLE in 2021 (Fanouriakis et al., 2021).
The role of cytokines in the pathogenesis of SLE has been demonstrated (Illei et al., 2004), in particular TH17 has been detected in SLE patients and is thought to be responsible for the development of local inflammation in lupus patients (Crispin et al., 2008). Recent experiments in mice found high IL-23 levels expressed in SLE susceptible mice (Zhang et al., 2009) which suggests that IL-23 is also involved in its pathogenesis. In addition, IL-23 levels have also been found to be significantly elevated in the serum of SLE patients in human studies, such as Milena et al. (Vukelic et al., 2020) who measured serum levels of IL-23 in 56 subjects meeting the ACR SLE criteria by ELISA and showed that IL-23 levels were positively correlated with overall SLE disease activity as measured by SLEDAI, suggesting that IL-23 serum levels may be a possible biomarker for detecting SLE prevalence. First, IL-23 is able to differentiate T cells into pro-inflammatory cells TH17 (Korn et al., 2009), and second, IL-23 also has an effect on the T cell phenotype of SLE by inducing extrafollicular helper T cells (eTfh), driving B cell autoantibody production, while limiting IL-2 production and regulatory T cell (Treg) differentiation (Dai et al., 2017). To summarize, the regulation pathogenesis of SLE is affected by IL-23.
Rheumatoid arthritis
RA is an autoimmune disease that leads to chronic joint inflammation disease and bone destruction, which is mainly characterized by systemic inflammation, articular cartilage, persistent synovitis and progressive joint destruction (Li et al., 2010), resulting in structural damage, functional disability and decline (Bingham, 2002). The preclinical manifestations of RA patients are pain or stiffness of joints with weakness, fatigue or anorexia (Rindfleisch and Muller, 2005). According to data, the global prevalence of RA is around 1% in 2021 (Hansildaar et al., 2021), and the prevalence is higher in women than in men, 2–3 times higher than in men (Salgado and Maneiro, 2014). It is generally believed that the pathogenesis of RA is related to genetic, infectious, and sex hormone factors, but it has also been shown that cytokines play a fundamental role in causing RA-related inflammation, joint destruction, and extra-articular manifestations (Brennan and McInnes, 2008), and RA synovitis is characterized by inflammatory infiltration and a synovial environment dominated by pro-inflammatory cytokines and chemokines (McInnes and Schett, 2007), in which IL-23, as a pro-inflammatory cytokine, is involved.
In a study by Craig et al. (Murphy et al., 2003) in an experimental RA mouse model, mice lacking IL-23p19 were found to be resistant and protective against arthritis induced by collagen, and mice targeting IL-23 did not show clinical signs of RA. In addition, studies by Rong et al. (2012) showing increased expression of IL-23 in synovial fibroblasts and plasma of RA patients, as well as Rasmussen et al. (2010) who found significantly higher plasma IL-23 levels in RA patients by performing a comparative study between RA patients and healthy controls, showed a correlation between IL-23 levels and RA activity and supported the hypothesis that IL-23 is a risk factor for RA. In fact, IL-23 can stimulate the proliferation and activation of TH17 in a pro-inflammatory state, and activated TH17 cells release inflammatory cytokines such as IL-17A (Paradowska-Gorycka et al., 2010). IL-17A can accelerate the proliferation and differentiation of osteoclasts (Hashizume et al., 2008), which can cause damage to joints and bone (Steinman, 2007). Therefore, the interaction between IL-23 and IL-17 is crucial for the pathogenesis of RA.
Inflammatory bowel disease
IBD is a chronic inflammatory autoimmune disease of the gastrointestinal tract mediated by T lymphocytes and characterized by chronic intestinal inflammatory injury (Xavier and Podolsky, 2007), with the typical clinical presentation of abdominal pain, diarrhea and blood in the stool. It includes Crohn’s disease (CD), ulcerative colitis (UC) and indeterminate colitis (when overlapping features of CD and UC are observed) (Geremia and Jewell, 2012). The prevalence of IBD is higher in industrialized countries, such as Europe and the Americas (Loftus, 2004), and it is estimated that in 2020, there will be three million people with IBD in Europe, three million in the United States and more than 80,000 in Australia (Jakubczyk et al., 2020).
Studies have shown that the pathological mechanism of IBD is a chronic pathological inflammatory immune response in the intestinal lumen due to intestinal mucosal barrier damage and dysbiosis (Yoo and Donowitz, 2019), while its pathogenesis may be related to environmental, genetic, biological, and immunological causes. Indeed, many cytokines are also involved in the development and progression of chronic intestinal inflammation in IBD, for example, higher expression of IL-12 and TNF-a in patients with CD (Niessner and Volk, 1995); Increased IL-5 and IL-13 expression in UC patients (Heller et al., 2005); Increased expression of IL-23 observed in experimental models of colitis such as TNBS colitis and DSS colitis (Karaboga et al., 2017); in In experimental mouse TNBS model, the use of IL-23p40 antibody was effective in suppressing mucosal inflammation and pro-inflammatory cytokine production (Neurath et al., 1995). Similarly, IL-23 has been shown to be involved in the pathogenesis of IBD (Kim et al., 2007), and Zhu et al. (2017) used ELISA kits to detect serum levels of pediatric IBD patients, and detected the expression of IL-17A and IL-23 mRNAs; Liu et al. (2011) also found in their study that, compared to controls, adult IBD patients showed high expression of IL-23 mRNA protein and IL-17A levels in inflammatory bowel tissues in vivo, and further found that IL-23 significantly promoted the activation of intraepithelial lymphocytes and natural killer cells and their cytotoxicity in IBD patients, which caused inflammatory damage in a variety of tissues and organs (Wu and Wan, 2020). In fact, a p19 peptide-based vaccine for the treatment of colitis has been developed by a research group (Guan et al., 2013) and used in an experimental mouse TNBS model, which showed that the vaccine inhibited IL-23 production and reduced colitis activity, suggesting that IL-23 could be used as a target for the treatment of IBD.
Ankylosing spondylitis
AS is a chronic inflammatory autoimmune disease associated with human leukocyte antigen B27 and is part of the spondyloarthritis group (SpA). The main manifestation of the disease is spinal stiffness and progressive ankylosis deformity, and as the disease progresses, the location of the lesions can involve the mesial bony joints, paravertebral soft tissues, and large peripheral joints, and even organs such as the eyes, lungs, kidneys, and cardiovascular system, eventually leading to functional impairment (Chatzikyriakidou et al., 2009). According to data, the prevalence of AS is around 0.09%–0.3%, and the prevalence is higher in males, and about 80% of AS patients will have their first symptoms before the age of 30 (Wang and Ward Michael, 2018).
The pathogenesis of AS may be related to the interaction of genetic, epigenetic and environmental factors, with the involvement of many cytokines (ZWIERS et al., 2012). In fact, the culprit in the pathogenesis of AS is the leukocyte antigen (HLA) B27, Peersen and Maksymowych (2019) and others mentioned in their article that HLA-B27, due to its unique biological and biochemical properties, leads to its ability to misfold, induce endoplasmic reticulum stress response, and produce folded protein response (UPR) (Colbert et al., 2010) and autophagy. In the rat experiments of DeLay et al. (2009), upregulation of the UPR gene was found to induce an increase in helper T cells (TH17) and the pro-inflammatory cytokines IL-17 and IL-23 as well as IFN-γ, suggesting that IL-23 plays a role in it. In a clinical study, Jansen et al. (2015), founded that AS patients expressed elevated levels of IL-17A and IL-23, which showed that IL-23 was pro-inflammatory in the pathogenesis of AS as well as promoting the proliferation and differentiation of osteoclasts. The presence of IL-23 expression in the terminal ileum of patients with subclinical intestinal disease AS (Ciccia et al., 2009) and in the cartilage bone marrow of patients (Appel et al., 2013) further confirmed the involvement of IL-23 in the pathogenesis of AS. In conclusion, IL-23 is indeed involved in AS pathogenesis, but the specific pathogenesis needs further study.
Regulatory mechanism of IL-23 in autoimmune diseases
The pathogenesis of autoimmune diseases is inextricably linked to the regulatory mechanisms of signaling pathways (Banerjee et al., 2017), with different signaling pathways between different cells; for example, the NF-κB signaling pathway is associated with T cells and can also inhibit B cell differentiation and development (Blanchett et al., 2021). Similarly, IL-23 is involved in mediating through the IL-23/TH-17 axis, activating signaling pathways such as JaK-STAT, PI3K/Akt and NF-κB, which drive chronic inflammation and autoimmunity by promoting TH17 cells differentiation, thus contributing to autoimmune diseases pathogenesis (Gaffen et al., 2014).
First, IL-23 activates the JaK-STAT signaling pathway, a signal transduction pathway composed of tyrosine kinase-related receptors, JaK kinase and STAT, activated by cytokines and their receptors (Bolli et al., 2003), which has been shown to be involved in cell proliferation, differentiation, survival, apoptosis, and autoimmune regulation (Koenders and Wimvan den Berg, 2015). It participates in the formation of skin lesions in a variety of autoimmune diseases and plays a role for initiating innate immunity, coordinating immunity mechanisms, and promoting anti-inflammatory immunity. There has been a great deal of research showing that the JaK-STAT signaling pathway plays an essential role in psoriasis (Sakkas and Bogdanos, 2017), SLE (Mathias and Stohl, 2020), RA (Malemud, 2018), and IBD (Banerjee et al., 2017). Four JaK proteins have been identified: JaK1, JaK2, JaK3, and TyK2, of which JaK2 and TyK2 are widely distributed and activated by IL-23 and its receptors in the human body. In this process, IL-23 binds to IL-23R and IL-12Rβ1 receptor complexes, respectively, and activates downstream JaK2 and TyK2, the receptor complexes generate phosphorylation reactions and the formation of STAT1, 3, 4, and 5 docking sites, which are then mediated by the involvement of activated JaK2 (Parham et al., 2002), followed by phosphorylation of STAT3 by docking, thereby promoting Th17 cell-specific transcription factor ROR-γt expression and enhance the level of IL-17 secretion by Th17 cells, and finally synthesize IL-17A, IL-17F and other inflammatory factors, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Regulatory mechanism of IL-23 in autoimmune diseases. IL-23 is involved in immune mediation by activating signaling pathways such as JaK-STAT, PI3K/Akt and NF-κB, thereby promoting the differentiation of TH17 cells to drive chronic inflammation and autoimmunity.
Second, in addition to the JaK-STAT signaling pathway, it has been shown that signaling pathways such as PI3K/Akt and NF-κB may also be involved in the regulation of AD by IL-23 (Watford et al., 2004). PI3K/Akt has been well demonstrated to be a signaling pathway associated with cell proliferation (Jones et al., 2005) and is widely expressed in a variety of cell types. Cho et al. (2006) found in mouse experiments that IL-23 binding to its receptor activates JaK2 protein, which in turn activates PI3K/Akt and NF-κB signaling pathways, and the activated PI3K/Akt pathway can also directly stimulate STAT3, resulting in a phosphorylation response that induces IL-17 production. In a study by Kim et al. (2005), they found that an increase in IL-17 expression in activated T cells in RA patients may be a consequence of the activation of PI3K/Akt and NF-κB signaling pathways.
In summary, although there is no clear research evidence, the above studies have sufficiently demonstrated that the possibility of IL-23 being involved in activating PI3K/Akt and NF-κB signaling pathways is very high, and if it is clear that IL-23 can activate PI3K/Akt and NF-κB signaling pathways and be involved in the regulation of AD, it will provide new ideas for future targeted therapies.
Potential of IL-23 in clinical applications
Summarizing the above studies, we found that IL-23 is an upstream factor in the development of AD (e.g., SLE, IBD, RA, psoriasis, etc.), and induces the proliferation of psoriatic inflammation, the formation of RA osteoclasts by stimulating the proliferation and differentiation of IL-17 (Abdo and Tye, 2020), etc. And, in a study by Rasmussen et al. (2010), it has been shown that the plasma levels of IL-23 are significantly elevated in patients with early RA, indicating that IL-23 can be used for the purpose of a biomarker of early RA inflammation; serum IL-23 levels have also been shown to be positively correlated with RA disease activity (r = 0.697, p = 0.004) (Melis et al., 2010). Mirsattari et al. (2012) confirmed that there is a positive correlation between serum IL-23 levels and ulcerative colitis (UC) (r = 0.27, p = 0.04) and directly related to the severity of the disease (mean IL-23 serum levels in patients with mild UC = 296.2 ± 51.2 pg/ml; moderate = 356.1 ± 142.9 pg/ml; severe = 399.3 ± 163.8 pg/ml, p = 0.04), putting out that IL-23 may become the marker of disease diagnosis. In conclusion, both serum or plasma IL-23 levels have been shown to be associated with autoimmune disease pathogenesis and may provide a clinical basis for early detection, early treatment, and dynamic assessment of patient outcomes in AD patients.
In addition, in terms of clinical drugs, IL-23 can potentially be targeted to treat the symptoms of AD like SLE, psoriasis, IBD, and RA (Floss et al., 2015), preventing IL-23 from binding to its receptor has become a mechanism of current therapy, and IL-23 inhibitors have been shown to be effective (Han et al., 2020). The main IL-23 inhibitors that have been applied clinically are ustekinumab, guselkumab, and risankizumab.
Ustekinumab is the first FDA-approved biologic agent for psoriasis treatment that directly inhibits IL-23 (Tait Wojno et al., 2019). According to the clinical trial by Leonardi et al., 2008 and the long-term follow-up study by Papp et al., 2013 the experimental group treated with ustekinumab had higher PASI75 and PASI90 response rates than the control group treated with placebo. Treatment in the control group, demonstrating its effectiveness in the treatment of psoriasis. In a trial of ustekinumab in 20 patients with AS, it was observed that at week 24, 65% of patients achieved ASAS40 and 30% achieved partial remission of ASAS (Baraliakos et al., 2011), demonstrating the effectiveness of ustekinumab in the treatment of AS. Ustekinumab was approved as a treatment for Crohn’s disease (CD) in 2016 (Moschen et al., 2019). Thus, ustekinumab preparations can be used to treat a variety of autoimmune diseases.
Guselkumab is the first IL-23-specific inhibitor approved by the FDA to treat moderate-to-severe psoriasis (Megna et al., 2018). Sbidian et al. (2021)showed that guselkumab was more effective than ustekinumab, so in 2020 guselkumab was also approved by the European Medicines Agency (EMA) (Ghoreschi et al., 2021).
Risankizumab inhibitor has now completed two phase III studies (Reich et al., 2017) and is believed to be available in the near future.
In summary, the potential of IL-23 in clinical treatment is mainly manifested in two aspects. One is that IL-23 can be used as a diagnostic marker of disease, providing a basis for early detection and early treatment of patients. Another is drug therapy by targeting IL-23, such as IL-23 inhibitors (as shown in Figure 3).
[image: Figure 3]FIGURE 3 | Targeting IL-23 in autoimmune diseases. IL-23 inhibitors have been shown to be effective. Ustekinumab is an inhibitor targeting IL-23p40, Guselkumab and Risankizumab are specific inhibitors targeting IL-23p19. They each block the IL-23 signaling pathway by binding to the p40 subunit and p19 subunit, thereby inhibiting the immune response of TH17.
Future expectation
The current approach of anti-IL-23 treatment with biological agents is hardly enough to meet the current clinical treatment needs, and the medical community has started to explore new IL-23-based treatment techniques. For example: IL-23R-Fc fusion protein, nucleic acid aptamers, genome editing technology and the combined use of nanomaterials, all of which provide new ideas for future disease treatment.
IL-23R-Fc fusion protein, a new and reliable technique currently proposed in the medical community, allows the fusion of the extracellular structural domain (ECO) of IL-23R protein with the Fc fragment, possessing the ability to bind IL-23 while extending its serum half-life (up to 90 h) (Suen et al., 2010). Gao et al. (2019) tested the efficacy of this technique in alleviating PS and suppressing the inflammatory response through experiments in PS mice.
Nucleic acid aptamer, a new technology for specific molecular targeting using single-stranded DNA or RNA (Lakhin et al., 2013), has gradually entered the public perspective, and compared with antibodies, nucleic acid aptamer has advantages in cost, production difficulty and efficacy. At present there have been preclinical studies on aptamers for TNF-α, IL-6, and IL-17 in the medical community (Boshtam et al., 2017), Neil et al. (2017) have conducted an IL-23 aptamer study and successfully created the first IL-23 aptamer, which was delivered into human skin by topical administration and was shown to inhibit the mRNA levels of IL-17.
In addition, genome editing technology as a new technology is now widely used in treating autoimmune diseases (Mohammadzadeh et al., 2020), for example, by genome editing IL-37 can enhance mesenchymal stem cells (MSCs) thus providing a new and reliable approach for the treatment of SLE (Xu et al., 2020b). This offers new possibilities for IL-23 therapy, and in the future, altering IL-23 levels by genome editing techniques may also offer new approaches for the treatment of autoimmune diseases.
Furthermore, nanomaterials including environmental ultrafine particles (UFPs) and engineered nanoparticles (ENPs) (Pollard, 2020) have a wide range of roles in disease prevention and control as a relatively recent hot new technology in the scientific community (Zaheer et al., 2021). For example, it has been shown that IL-27 is able to inhibit multi-walled carbon nanotubes-induced TH17 cells (Moraes et al., 2013), thereby reducing the effects of EVE. This suggests that IL-23 can also be used in combination with nanotechnology to inhibit TH17 by reducing IL-23 activity levels to autoimmune diseases. In conclusion, IL-23 has unlimited potential in the treatment of autoimmune diseases, and new technologies and methods can provide new directions and options for future treatments.
CONCLUSION
IL-23, a cytokine belongs to the IL-12 family, has common characteristics of IL-12 family cytokines and also interacts with TH17 cells due to its unique cellular structure, regulates each other and forms the IL-23/TH-17 axis that affects autoimmune diseases such as psoriasis, SLE, RA, etc. IL-23 is of interest for its unique ability to convert activated T cells into brain pro-inflammatory and potentially self-mutilating effector cells, and targeting IL-23 remains an effective strategy for treating autoimmune diseases today.
Of course, the regulatory mechanism of IL-23 in autoimmune diseases is not yet fully understood, and the exploration of new therapies for IL-23 needs to be further explored. It is believed that the mystery of IL-23 will be unveiled in the future research.
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It is worth noting that neuroinflammation is well recognized as a symptom of neurodegenerative diseases (NDs). The regulation of neuroinflammation becomes an attractive focus for innovative ND treatment technologies. There is evidence that IL-22 is associated with the development and progression of a wide assortment of NDs. For example, IL-22 can activate glial cells, causing them to generate pro-inflammatory cytokines and encourage lymphocyte infiltration in the brain. IL-22 mRNA is highly expressed in Alzheimer’s disease (AD) patients, and a high expression of IL-22 has also been detected in the brains of patients with other NDs. We examine the role of IL-22 in the development and treatment of NDs in this review, and we believe that IL-22 has therapeutic potential in these diseases.
Keywords: neurodegenerative disease, IL-22, central nervous system, neuroinflammatory, immune infiltration, nanotherapy
INTRODUCTION
NDs are a leading cause of death and morbidity worldwide, particularly among the elderly. The clinical manifestations and pathological changes vary among patients with NDs. However, they often share certain characteristics such as progressive malfunction and neuronal loss. These shared changes may be associated with abnormal deposition of misfolded proteins in the brains of patients with NDs. These shared changes may be related to the abnormal deposition of misfolded proteins in the brains of patients with NDs, which are inducers of neuroinflammation and glial cell activation (Cai et al., 2014). Glial cells play a key role in the occurrence and development of NDs (Heneka et al., 2015). Activated glial cells can produce and release high doses of toxic substances such as IL-1α, IL-1β, and TNF-α, as well as oxygen-free radicals and nitrous oxide, leading to an inflammatory response that affects synaptic function and kills neurons (Cao et al., 2018).
Immune cells, including a fraction of T helper (Th) cells and innate lymphocytes, generate IL-22, a unique cytokine. In diverse tissues, IL-22 exhibits opposing effects, ranging from pro-inflammatory to protective effects (Sonnenberg et al., 2011; Zenewicz and Flavell, 2011), which are largely depending on the environment. On the one hand, IL-22 can amplify inflammation alone or in combination with other cytokines and cause abnormal epithelial cell proliferation and differentiation. On the other hand, IL-22 induces the expression of pro-survival and anti-apoptotic genes like Bcl-2 and Bcl-xL and the expression of proliferation-related cytokines like c-Myc and cyclin D1. IL-22 also enhanced tissue protection by improving the barrier function. IL-22 has been implicated in the pathophysiology of a variety of organs in several studies (Table 1).
TABLE 1 | Target tissues and physiological effects of IL-22.
[image: Table 1]IL-22 has been linked to a number of chronic autoimmune and inflammatory illnesses, including multiple sclerosis (MS) and psoriasis (Pan et al., 2013). Significantly, higher amounts of IL-22 have also been found in the brains of patients with a range of NDs, and recent research showed that IL-22 generated by leukocytes that invade the brain leads glial cells to activate, promoting disease development. In this review, we will detail the basic properties of IL-22 and its role in the development and treatment of NDs, especially in AD and MS.
OVERVIEW OF IL-22
IL-22 is a cytokine belonging to the IL-10 family, which was initially discovered as an IL-10-related T-cell-derived inducer (Sabat, 2010). Like other members of the IL-10 family, the secondary structure of IL-22 is helical (Wolk and Sabat, 2006), and IL-22 in humans consists of 146 amino acids, which is 80.8% similar to IL-22 in mice. IL-22 is derived from a variety of leukocytes, and its expression is regulated by a variety of transcription factors (Pan et al., 2013) (Figure 2).
T lymphocytes were the first cell type to be recognized as an origin of IL-22. Among them, Th1 cells were the first Th cell subset found to produce IL-22 (Wolk et al., 2002). In the existence of IL-12, Th1 cells develop and release the cytokine interferon-γ (IFN-γ). On the other hand, Th17 cells that generate IL-17 and exhibit RORt are considered to be the main source of IL-22 in Th cells (Chung et al., 2006; Zheng et al., 2007). The expression of IL-22 is not linked to IL-17 or RORt expression in human CD4+ T cells (Volpe et al., 2008; Volpe et al., 2009). Only 10–18% of IL-22-producing CD4+ T cells in human peripheral blood also produce IL-17 (Duhen et al., 2009). Naive T cells develop into IL-17-producing Th17 cells when IL-6, IL-1β, and TGF-β simultaneously stimulate naive T cells, and IL-23 promotes the survival of Th17 cells. Except for TGF-β, all of these cytokines stimulate IL-22 synthesis in T cells (Zheng et al., 2007). In mouse Th17 cells, TGF-β suppresses IL-22 synthesis while increasing IL-17 synthesis (Zheng et al., 2007; Rutz et al., 2011). The foregoing clarifies why various Th17 cells are classified as IL-17-only Th17 cells or IL-17/IL-22 Th17 cells. In addition, there is a Th cell that produces only IL-22 without co-expressing IL-17 or IFN-γ. These cells are defined as Th22 cells (Duhen et al., 2009; Eyerich et al., 2009; Trifari et al., 2009). They do not express T-β and have undetectable low levels of RORt (Duhen et al., 2009). Both Th22 cells and Th17 cells require IL-6 stimulation for activation. IL-6 and TNF-β have a synergistic effect in the activation and promotion of IL-22 secretion of Th22 cells, whereas vitamin D boosts IL-22 production even more. Clones derived from Th22 cells were shown to have rather consistent cytokine profiles across a variety of polarization regimes (Eyerich et al., 2009). However, adding extra IL-1β caused the creation of IL-17 and IL-22. On the other side, TGF-β increases the synthesis of IL-17 while effectively inhibiting the production of IL-22 in Th22 cells (Duhen et al., 2009).
The IL-22 receptor (IL-22R) is a member of the cytokine receptor class II family. It is constituted by the IL-22 receptor complex, which includes IL-22R1 and IL-10R2 (also known as IL10RB). IL-22R1 expression may be seen in non-immune organs such as the skin, lungs, and kidney, as well as, greatest notably, the pancreas (Wolk et al., 2004). However, IL-10R2 is widely expressed in lymphocytes (such as T, B, and NK cells) (Wolk et al., 2004). In recent studies, researchers discovered that IL-22R is expressed in the brain tissue. The IL-22-binding protein (IL-22BP), which is produced by a separate gene and contains the ectodomain of class II cytokine receptors, is a kind of soluble IL-22 receptor. It has been demonstrated to inhibit cellular binding and signal transduction of IL-22 and modify IL-22 bioavailability in vitro (Xu et al., 2001; Nikoopour et al., 2015). IL-22 and IL-22BP have a greater affinity than IL-22 and IL-22R1 (Andoh et al., 2005). The low dissociation rate of the IL-22/IL-22BP complex indicates that it is relatively stable. The fact that IL-22 is the only IL-10 family member with additional binding proteins underscores the need to fine-tune its activity. IL-22BP may partly assist the stability and systemic spread of IL-22, in addition to limiting its local effects (Andoh et al., 2005).
IL-22 IN NEURODEGENERATIVE DISEASE
IL-22 in Alzheimer’s disease
AD is an ND and the most prevalent cause of dementia. Up to now, about 50 million people worldwide suffer from dementia due to aging populations, and the number of people with dementia is projected to reach 152 million by mid-century, with the largest increase in low- and middle-income countries (Qiu et al., 2009). Over the past few decades, community surveys in Japan and China have found a marked increase in the prevalence of AD (Chan et al., 2013; Ohara et al., 2017). In particular, women have higher morbidity and mortality than men (Collaborators G. B. D. D., 2019). Additionally, from 2000 to 2018, the number of patients dying from AD in the United States increased by 146.2%, making AD the fifth leading cause of death among older adults in the United States. The pathological hallmarks of AD are neurofibrillary tangles and amyloid-β peptide (Aβ) deposition in the brain. Aβ is a major cause of neuronal death in vulnerable areas including the neocortex and hippocampus, which may contribute to behavioral and functional abnormalities in AD (Gandy and Greengard, 1994). The buildup of Aβ in the brain, according to the amyloid hypothesis, is the key factor underlying the pathogenesis of AD. Tau-containing neurofibrillary tangles arise when extracellular Aβ production and clearance are out of equilibrium. However, the amyloid cascade theory cannot completely explain the pathophysiology of AD (Hardy and Selkoe, 2002). Later studies on AD pathogenesis have extensively recognized the close functional relationship between the immune system and the central nervous system (CNS). Microglia are the most significant immune cells in the neural milieu in the CNS, and they may be stimulated to phagocytose and remove Aβ, as well as enhance the production of inflammatory cytokines to speed up a neuronal injury (Hong et al., 2016). These findings suggest that immune system dysfunction is linked to the onset of AD. Additionally, in AD, peripheral immune processes interact with the CNS. Monocytes, macrophages, neutrophils, and T cells from the peripheral blood may infiltrate the brain and play a major role in the genesis of AD (Polfliet et al., 2001; Ziegler-Heitbrock, 2007; Baik et al., 2014; Gate et al., 2020). Recent research found that high levels of activated CD4+ and CD8+ T lymphocytes in the peripheral blood were highly linked to cognitive impairment and magnetic resonance imaging (MRI) abnormalities in particular brain areas in AD patients (Lueg et al., 2015). The etiology of AD is unknown, but it may be linked to the activation of cytokine production in the brain by Aβ since research found that peripheral T cells activated with Aβ in vitro secreted more pro-inflammatory cytokines (Monsonego et al., 2006).
Prior research found that AD patients had no change in the total number of CD4+ and CD8+ cells but an increased percentage of circulating immune cells, particularly lymphocytes that generate IL-17, IL-6, IL-22, and IFN-γ (Gouya et al., 2014). In AD patients, interleukins (IL-21 and IL-22, etc.) generated by Th17 cells, as well as transcription factors (RORγ, etc.) involved in Th17 cell growth, are significantly increased (Saresella et al., 2011). Although further research is needed on the role and regulatory mechanism of Th17 cells in AD occurrence and development, current research practices reveal that their functions are related to released cytokines, such as Th17 cell infiltration in AD patients’ brains induced by β-42 injection, and in an AD rat model, levels of IL-17 and IL-22 were found to be higher in the brain parenchyma, cerebrospinal fluid, and serum (Zhang et al., 2013). According to Kebir et al. (2007), IL-22 seems to be involved in the breakdown of the blood–brain barrier (BBB). IL-17R and IL-22R were increased in AD patients’ BBB endothelial cells, according to Vitaliti et al. (2019). When IL-22 and IL-17 were co-cultured with human brain endothelial cells, occludin and zonula occludens (ZO)-1 levels were found to be dramatically decreased; this result was also confirmed in experimental autoimmune encephalomyelitis (EAE) mice. Nevertheless, the specific mechanism through which IL-22 causes BBB permeability is unknown. In addition, immune cells that penetrate the brain, such as Th17 cells, may create cytokines that bind to receptors on neurons, resulting in neuronal death and NDs (Tzartos et al., 2011).
IL-22 in multiple sclerosis
MS is by far the most prevalent chronic inflammatory disease of the CNS in the world, impacting over 2.5 million individuals globally. According to a systematic analysis of MS (Collaborators G. B. D. M. S., 2019), in 2016, an estimated 2,221,188 people worldwide were living with MS, equivalent to a prevalence of 30·1 cases per 100,000 people. From 1990 to 2016, the age-standardized prevalence rate was estimated to have increased by 22·47 cases per 100,000 people. Age-standardized prevalence rates are higher than 120 per 100,000 in North America and some Nordic countries, moderate (60–120 per 100,000) in some countries in Europe and Oceania, and lowest (<60 per 100,000) in northern Africa and the Middle East, Latin America, Asia, Oceania, the Caribbean, and Sub-Saharan Africa. Notably, the global prevalence of MS varies by gender. Among prepubertal children, the prevalence of MS is similar in boys and girls. During adolescence, the curve begins to diverge, with the prevalence increasing more in girls than in boys. This pattern continued until the end of the sixth decade of life when the sex ratio was 2:1 in favor of women. Among older adults, prevalence rates generally continue to climb in women but decline slowly in men. Although the exact etiology of MS is uncertain, it is assumed to be an autoimmune disease caused by autoreactive lymphocytes reacting to CNS autoantigens (Dendrou et al., 2015). MS has a wide range of clinical symptoms, including sensory and visual difficulties, tiredness, cognitive abnormalities, and motor dysfunction (Compston and Coles, 2008). BBB damage, infiltration of macrophages, T cells, and B cells into the CNS, and local activation of microglia and astrocytes all contribute to inflammation, demyelination, gliosis, neurodegeneration, and primary axonal damage in MS (Frischer et al., 2009; Dendrou et al., 2015). This process can be explained by the “molecular mimicry” theory (Figure 1).
[image: Figure 1]FIGURE 1 | Overview of molecular mimicry. Mononuclear macrophages in the body phagocytose and digest antigenic substances (such as erroneous protein deposits in neurodegenerative diseases) and transmit antigenic signals that have common antigenicity with myelin basic protein to helper T cells. After activation, it enters the CNS, activates effector T cells, releases a large number of cytokines, and activates complement and B cells, resulting in the activation of microglia and astrocytes and the release of neurotoxic substances, oligodendrocyte apoptosis, and myeloid cells. The sheath is damaged, eventually leading to the onset of neurodegenerative diseases.
T cells, B cells, and activated macrophages/microglia are the main immune cells in the immune infiltrating brain of MS patients (Pittock and Lucchinetti, 2007). Different CD4+ T cell subsets all play essential roles in MS immunopathogenesis. Th1 and Th17 cells play an important role in the initiation and progression of MS. IL-17, IL-6, IL-21, IL-22, IL-23, and TNF-α are inflammatory cytokines generated by Th17 cells, of which IL-17A is the most important cytokine in Th17-mediated encephalopathy. However, new research has shown that IL-17A has only a minor impact on the onset and course of MS. In contrast, the importance of IL-22 in MS advancement has increased significantly. IL-23 is crucial for the development of autoimmune diseases. IL-23 can encourage Th cells to generate IL-17. However, a new study has shown that the IL-22 gene is the most highly expressed gene in Th cells after IL-23 stimulation. IL-22 receptor (IL-22R) is a heterodimer composed of IL-10 receptor-2 (IL-10R2) and IL-22R1, and its expression site is similar to that of the IL-17A receptor (IL-17RA), which mainly exists on the stromal cells of the CNS, such as endothelial cells, epithelial cells, and IL-17RA (Weiss et al., 2004; Boniface et al., 2005; Bettelli et al., 2007). Because of the apparent close relationship between IL-22 and IL-17, including that their receptors are expressed by similar cell types, IL-22 may have a synergistic role with IL-17 in the development of CNS disease. IL-22 also affects barrier surface integrity in a variety of clinical diseases, and when combined with IL-17, IL-22 appears to disrupt the integrity of the BBB (Sonnenberg et al., 2010). This procedure has been demonstrated in the brains of AD patients. The mechanism by which they alter BBB permeability in MS patients may be similar to that in AD patients’ brains. Lymphocytes penetrate the CNS via a breach in the BBB, and the infiltrating lymphocytes secrete numerous cytokines that exacerbate disease progression (Kebir et al., 2007). To further explore the relationship between IL-22 and MS, Katharina K et al. (Kreymborg et al., 2007) induced EAE using IL22−/− mice, which were surprisingly fully sensitive to EAE compared to controls. Further study found that these EAE mice had significantly increased the expression levels of IL-22 in the brain and spinal cord. The finding in human patients is also consistent with the results of animal experiments, with MS patients having elevated IL-22 levels in the plasma, white matter, and MS plaques compared with normal controls (Perriard et al., 2015). During EAE onset (Vellios and van der Zee, 2020), IL-22 levels increased markedly at the peak of the disease and dropped sharply during recovery, while IL-10 and IL-17 levels remained unchanged (Almolda et al., 2011). These findings suggest that IL-22 may have a more important role in the development of MS than IL-10 and IL-17.
Another key subset of CD4+ T cells, Tregs, is impaired in MS patients. Tregs are one of the most critical cells in autoimmune illnesses, and they may play a role in both controlling and preventing disease progression. Despite the fact that the amount of Tregs in MS is unaffected, their function is diminished, which may contribute to disease development and progression (Huan et al., 2005). CD4+CD25+FOXP3+ Tregs have been reported to inhibit effector T-cell activation and proliferation. The expression of the cellular marker CD25 and the transcription factor forkhead box P3 (FOXP3) characterizes them. Compared with the healthy control group, the FOXP3 mRNA level in MS patients was decreased, and further detection showed that the proportion of CD4+CD25+FOXP3+ Tregs in the total peripheral blood mononuclear cells (PBMC) of the patients was decreased. Jin Z et al. (Zhen et al., 2017) suggested that IL-22 is involved in inhibiting the function of Tregs cells in MS patients, thereby indirectly promoting the activation and proliferation of effector T cells and promoting the development of the disease. When Jin Z et al. stimulated CD4+ T cells from MS patients with IL-22, the expression of FOXP3 was significantly downregulated.
However, the mechanism of action of IL-22 in the pathogenesis of MS is not fully understood. Existing studies suggest that IL-22 may play a pathogenic role by regulating the activity of glial cells. In EAE-induced animal brain tissue, IL-22R expression increased with disease progression, and high expression levels of IL-22R were found in microglia, astrocytes, and oligodendrocytes.
In active MS lesions, “classically activated” microglia are assumed to be important for myelin phagocytosis, antigen presentation to T cells, and the production of pro-inflammatory cytokines (Lassmann et al., 2012). In a mouse model of EAE, microglial paralysis had been found to postpone the development of EAE and lower clinical severity (Heppner et al., 2005). However, whereas IL-22 activation of microglia in the brain has been extensively described in other ND models, the effects of IL-22 on microglia in MS have not been explored. Microglia as a therapeutic target for MS has been a hot topic in recent years, and thoroughly understanding the control of IL-22 on the activity of microglial cells in MS patients might aid with targeted treatment.
Traditionally, astrocytes are thought to respond only when neurons are demyelinated and formed glial scars (Brosnan and Raine, 2013). However, recent research has shown that astrocytes are important players in the early stages of MS (Farina et al., 2007; Sofroniew, 2015; Ponath et al., 2017). Astrocytes perform several functions in the progression of MS, including recruiting lymphocytes (Farina et al., 2007; Ransohoff and Brown, 2012; Liddelow and Hoyer, 2016), encouraging tissue damage (Bleasel and Frost, 1986; Warren et al., 1992; Pitt et al., 2000; Smith et al., 2000; Nourbakhsh et al., 2021), limiting inflammation, and promoting lesion healing (Sofroniew, 2015; Tschoe et al., 2020). In recent years, it has also been found that astrocytes in the brain also support B-cell survival and have been implicated in CNS-compartmentalized inflammation and progressive CNS damage (Touil et al., 2018). IL-22R is strongly expressed on astrocytes in the brains of MS patients, particularly in MS plaques or surrounding blood vessels. IL-22 has been found to protect astrocytes in an inflammatory environment in a study as by Perriard et al. (2015). They found that primary human astrocytes treated with IL-22 had a better survival rate. It is possible that anti-apoptotic pathways are involved (Ponath et al., 2018).
The development of MS is accompanied by oligodendrocyte (OL) dysfunction and death, which leads to demyelination and neurodegeneration that exacerbate MS. Furthermore, increased expression of Fas on the glial membrane surface in MS lesions has been observed (Dowling et al., 1996; Hoftberger et al., 2004). FasL on CD8+ T cells increased Fas on glial cell interaction, leading to the apoptosis of glial cells (Hovelmeyer et al., 2005).
IL-22 mediates neuroinflammation in neurodegenerative diseases
Most NDs, including AD, Parkinson’s disease (PD), MS, and amyotrophic lateral sclerosis (ALS), are related to neuroinflammatory processes (Lucin and Wyss-Coray, 2009), for example, highly insoluble Aβ peptide deposits and neurofibrillary tangles constitute a unique trigger for inflammation in the brains of AD patients (Akiyama et al., 2000; Gonzalez et al., 2014). Inflammatory mediators also increase the processing of amyloid precursor protein (APP) in multiple ways, generating a vicious cycle of AD development (Heneka et al., 2010). This adds to the evidence that IL-22 has a function in NDs.
IL-22 is a powerful pro-inflammatory cytokine. Inflammatory cytokines including COX-2, PGE2, IL-6, and TNF-α have a role in various degenerative brain illnesses, according to pathological research (Ennerfelt and Lukens, 2020; Shahdadi Sardou et al., 2020; Daily et al., 2021). The expression levels of inflammatory cytokines were upregulated in IL-22-treated neuronal cells and glial cells. IL-22R is constitutively expressed in BV2 mouse microglia and HT22 hippocampal neurons, and the same results were obtained in mouse brain tissue, particularly its expression in the hippocampus and cerebellum with increased inflammation. Although microglia have protective activity, hyperactivated microglia release high levels of inflammatory cytokines such as IL-6, IL-1β, and TNF-α, leading to neuronal death and chronic inflammation, which is the degenerative main cause of encephalopathy (Cervellati et al., 2020; Wu et al., 2021). In addition, the expression level of COX-2 is quickly upregulated in inflammatory circumstances, and IL-22-treated BV2 and HT22 cells revealed a considerable rise in COX-2 mRNA expression (Lee et al., 2022), and PGE2 synthesis in both cells enhanced (Nikoopour et al., 2015). This shows that by activating COX-2, IL-22 may boost PGE2 synthesis. Using the Affymetrix GeneChip Mouse Gene 2.0 ST array, Dahae Lee et al. (2022) evaluated the expression levels of inflammatory cytokine genes in HT22 cells, following IL-22 administration and discovered that roughly one-third of inflammatory cytokines were upregulated.
Regulatory mechanism of IL-22 in neurodegenerative diseases
A lot of research has been conducted on NDs in recent years. However, in-depth research into its molecular processes is still lacking. It is worth mentioning that the involvement of the JAK/STAT signaling pathway in NDs has been steadily uncovered, and it is safe to say that the JAK/STAT signaling pathway plays a key role in ND pathogenesis (Trager et al., 2013; Yan et al., 2018; Jain et al., 2021).
The JAK/STAT signaling pathway is a signal transduction pathway stimulated by cytokines involving the activation of two families of proteins discovered and cloned in the early 1990s: the Janus kinase (JAK), which comprises four tyrosine kinases (JAK1, JAK2, JAK3, and TYK2), and the signal transducer and activator of transcription (STAT) contains seven structurally and functionally related proteins (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6). In the CNS, the aberrant JAK/STAT signaling pathway is associated with hormone secretion, neuroinflammation, and tumorigenesis, which will lead to CNS dysregulation. Dysregulation of the CNS mainly affects the state of neurons/glial cells. Nevado-Holgado et al. (2019) studied AD patients, demonstrated that the JAK/STAT signaling pathway has a key role in the development and progression of AD, and pointed out some potential AD therapeutic targets in this signaling pathway. Reichenbach et al. (2019) studied STAT3-deficient APP/PS1 mice and found that STAT3-mediated astrogliosis is an important therapeutic target for AD. In addition, in the EAE animal model, the role of the JAK/STAT signaling pathway was also confirmed. In the EAE animal model, STAT4 regulates IFN-γ production by autoreactive Th1 cells. IFN-γ can promote macrophage STAT1 expression and stimulate macrophage M1 differentiation. Th17 cells also generate GM-CSF in the CNS, which promotes macrophage pro-inflammatory polarization through the JAK2/STAT5 signaling pathway (Andersson et al., 2015).
Although the JAK/STAT signaling pathway has been shown to be activated in NDs, the underlying mechanisms remain unknown. The relationship between IL-22 and the JAK/STAT signaling pathway is well known (Figure 2). JAKs (JAK1 and Tyk2) are used in IL-22 signaling to transmit downstream phosphorylation signals such as mitogen-activated protein kinase (MAPK) signaling (ERK1/2, MEK1/2, JNK, and p38 kinase), signal transducers, and transcription activators (STAT1, STAT3, and STAT5) (Lejeune et al., 2002). When IL-22 binds to its receptor complex, receptor-associated JAK1/Tyk2 kinases are activated, causing phosphorylation of downstream proteins. Meng et al. described the function of Src homologue-2, consisting of protein tyrosine phosphatase 2 (Shp2), in the IL-22 signaling pathway. Studies had shown that IL-22 induced IL-22R1 phosphorylation, and Shp2 bound to tyrosine-phosphorylated IL-22R1 upon IL-22 stimulation. Furthermore, Tyr251 and Tyr301 of IL-22R1 were required for Shp2 binding to IL-22R1. The binding of Shp2 to IL-22R1 and activation of Shp2 protein tyrosine phosphatase were critical for MAP kinase activity, signal transduction, and IL-22-activated STAT3 transcriptional phosphorylation. These research studies showed that Shp2 plays a crucial role in the IL-22-mediated signal transduction pathway (Meng et al., 2010).
[image: Figure 2]FIGURE 2 | Overview of the production and action signaling pathways of IL-22. IL-22 is often, but not always, correlated with IL-17 expression. Subpopulations of CD4+ T cells, CD8+ T cells, innate T cells, and innate lymphoid cells are sources of IL-22, IL-22, and IL-17 or IL-17. The main cytokines driving IL-22 expression are IL-23, IL-6, and IL-1β. Certain cell types require IL-12, IL-18, IL-21, and TNF-α to produce IL-22. TGF-β inhibits IL-22 production in all T-cell subsets but induces IL-17 in these cells; IL-22 signals through its cognate receptor/JAK complex, resulting in downstream phosphorylation of STAT (homo- or heterodimer). Translocation of these STAT complexes to the nucleus drives transcription of genes involved in processes ranging from inflammation to angiogenesis and survival. The control of activity of this pathway involves different mechanisms including regulation of the phosphorylation state of JAK and STAT by phosphatases, or of the JAK kinase activity by SOCS (suppressor of cytokine signaling), for example.
In addition to the JAK/STAT signaling pathway, the binding of IL-22 to cellular receptors also promotes the activation of MAPK and the p38 signaling pathway (Andoh et al., 2005; Ikeuchi et al., 2005; Wolk et al., 2006; Liu et al., 2012; Mitra et al., 2012). However, these IL-22-activated MAPK and p38 signaling pathways are both cross-linked with the JAK/STAT signaling pathway. The NF-κB signaling pathway is also involved in the development of NDs, with increased cell surface FAS expression in IL-22-treated CG4 cells and mouse oligodendrocytes. Compared with the controls, IL-22 greatly enhanced the phosphorylation of MSK-1 and then activated p65, a key protein in the NF-κB signaling pathway, demonstrating that IL-22 activated the MSK-1/NF-κB signaling pathway and enhanced the Fas expression on the surface of glial cells (Zhen et al., 2017). In NDs, all of the aforementioned signaling pathways influence disease progression (Jiang et al., 2009; Jia et al., 2011; Noubade et al., 2011; Arumugam et al., 2012; Tagoe and Putterman, 2012). Therefore, manipulating IL-22 and its signaling pathway might be a viable treatment method for NDs (Pan et al., 2013).
IL-22 as a clinical therapeutic target potential
Disease-modifying therapy (DMT) has been widely used in recent decades as an effective disease-modifying therapy to treat NDs (Gross and Corboy, 2019; Cole et al., 2021), and there are now two approved drugs used to treat AD, namely, cholinesterase inhibitors and N-methyl-D-aspartate (NMDA) antagonists. However, cholinesterase inhibitors and NMDA antagonists are only effective for treating AD symptoms but do not completely cure or prevent AD. In addition, the enormous limitations to the vast majority of drugs (98% of small-molecule drugs and 100% of large-molecule drugs) in crossing the BBB further increase the therapeutic difficulty of treating NDs. Stem cell therapy, also known as regenerative therapy, uses stem cells or their derivatives to improve the repair response of dysfunctional and damaged tissue. The goal of stem cell therapy is often focused on cell replacement or providing environmental enrichment. Stem cell therapy has revolutionized medicine over the years, and its therapeutic applications provide a valuable and attractive option for the treatment of a variety of diseases, including NDs (Sakthiswary and Raymond, 2012). However, there are some inevitable adverse consequences to this strategy. As a result, developing better therapies is critical. Immunotherapy has received increased attention in recent years, and excellent therapeutic benefits have been established in the clinical treatment of a variety of disorders. IL-22 has promise as a possible target for treating AD, MS, and other NDs due to its crucial involvement in the inflammatory and proliferative cascades. As previously observed, IL-22BP has an inhibitory influence on the function of IL-22 and has been identified as a risk gene for MS (Beyeen et al., 2010). We think that IL-22 neutralizers are prospective medications not only just for MS but also for other NDs since soluble cytokine receptors have been demonstrated to be useful as a treatment for inflammatory diseases (Moreland, 1999). Wang et al. (2012) found that the expression levels of inflammatory cytokines (TNF-α and IL-6) were considerably lowered in the mouse brain using the IL-22−/− mouse model. TNF-α and IL-6, as previously indicated, aid in the recruitment and maintenance of inflammatory Th17 cells in the tissue (Kebir et al., 2007) and may contribute to disease development and progression (Paganelli et al., 2002; Ng et al., 2018). Wang et al. (2017) injected Aβ1-42 into the mouse hippocampus to create an Alzheimer’s animal model, and they found that the model mice had a higher level of IL-22 in the hippocampus and cortex. After IL-22 was highly expressed in the mouse brains, the mice’s disease improved significantly. According to the findings, IL-22 may be a possible therapeutic target for NDs, and this is a promising therapeutic strategy.
Hu et al. (2019)analyzed cerebrospinal fluid samples from AD, MS, PD, and DLB patients and found that four cytokines (IL-10, IP-10, IL-8, and TNF-α) related to innate immunity and subtypes of helper T cells (Th1, Th2, and Th17) have much greater levels of expression in the cerebral fluid of patients with degenerative disorders than healthy people. Rodrguez-Sáinz Model C et al. performed a cross-sectional investigation of 17 randomly chosen patients during an MS episode, measuring TNF-α and IL-10 expression levels in the blood and cerebrospinal fluid (CSF) of the patients. The results showed that TNF-α and IL-10 expression levels in the blood and CSF of MS patients were greater than in healthy controls. The high levels of TNF-α and IL-10 (in the serum and cerebrospinal fluid) that accompany the onset of NDs indicate simultaneous expression of cytokines Th1, Th2, and Th17, and given the relationship of IL-22 to these three cells, we suspect IL-22 also has untapped clinical potential in patients with NDs.
FUTURE OUTLOOK
Nanotherapy is a new treatment method with lower toxicity and fewer side effects that has become more popular in recent years. Therapeutics and theranostics based on nanoparticles (NPs) have been developed for a variety of ailments, particularly for the treatment of different kinds of malignancies (Muntimadugu et al., 2017; Gong et al., 2019). However, crossing the BBB with a carrier for small-molecule therapies is particularly challenging because the BBB significantly restricts the use of nanotherapeutics in CNS illnesses like NDs. Finding effective delivery systems to help drugs cross the BBB and successfully localize and bind to targets is a challenge in the field of treatment of NDs.
Lohan et al. (2017) employed carbon nanotubes as a carrier for the medication BRB, effectively delivering neuro drugs to brain microglia and slowing the course of AD. BRB has several limitations, including low bioavailability, poor intestinal absorption, and limited CNS penetration, despite its great therapeutic benefits. Conti et al. (2017) developed a functional liposome that removed Aβ42 and delayed disease progression. NLCs offer excellent biodegradability, physical durability, low toxicity, and superior degradability, but they have drawbacks such as gelation, lipid compartment development, and fundamentally poor integration rates, among others. These issues obstruct their use in clinical practice (Naseri et al., 2015). Li et al. (2021) recently developed poly (lactic-co-glycolic acid) (PLGA)-based NPs. The researchers discovered that the nanoparticles’ surface coating interacted with the BBB and nerve cells in many ways to improve drug absorption and that PS 80-coated NPs (PS 80-NPs) loaded with tau siRNA effectively suppressed tau expression in mouse nerve cells. In addition, inorganic nanoparticles, such as magnetic nanoparticles (Cui et al., 2018), metal-rich nanoparticles (Naziroglu et al., 2017), and quantum nanoparticles (Gupta et al., 2010), are also promising options for treating NDs.
Despite the fact that there have been several studies published on the use of nanocarriers to cure and regulate NDs, no relevant clinical trials have been reported. The use of simple, repeatable, and low-cost nanomaterial preparation methods is a key barrier to scaling up these materials. The protein corona effect, the impact of cell sex, type, and passage number on cell therapy, and the need for patient-specific cells are all difficulties that must be addressed in nanocarrier clinical trials. The majority of the scholarly literature on nanomedicine ignores these difficulties (Mahmoudi, 2018). Overall, there are still numerous issues in the clinical translation of nanocarriers to be resolved. The creation of vectors that target IL-22 silencing has considerable advantages for ND remission, and it may be a major approach for ND therapy.
CONCLUSION
A variety of cytokines are related to the occurrence and development of NDs, among which IL-22 is a key factor in the process of NDs. Although the mechanism of IL-22 in NDs is yet unknown, a growing body of evidence from in vivo and in vitro models suggests that IL-22 might be a feasible therapeutic target for NDs. However, it should be emphasized that the majority of the data on IL-22 came from animal models, which may or may not be relevant to people (or other experimental ones). Furthermore, the function of IL-22 in prevalent NDs such as PD and ALS has not been investigated. As a result, further research is required, particularly in human systems, to fully comprehend the function of IL-22 in NDs.
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Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a group of systemic autoimmune diseases, which is typified by inflammatory necrosis predominantly affecting the small vessels and often accompanied by positive ANCA. Clinically, AAV primarily includes microscopic polyangiitis (MPA), granulomatosis with polyangiitis (GPA), and eosinophilic granulomatosis with polyangiitis (EGPA). It has been found that in AAV pathogenesis, both innate and adaptive immunity are related to neutrophil function mutually. Many proteins, such as myeloperoxidase (MPO) and proteinase 3 (PR3), in neutrophil cytoplasm lead to the production of proteins such as MPO-ANCA and PR3-ANCA by activating adaptive immunity. In addition, through the process of neutrophil extracellular trap (NET) formation, activation of an alternative complement pathway and the respiratory burst can stimulate the neutrophils close to vascular endothelial cells and will participate the vessel inflammation. This review aims to reveal the potential mechanisms regulating the association between the neutrophils and various types of AAVs and to emphasize the results of recent findings on these interactions. Moreover, multiple underlying signaling pathways involved in the regulation of neutrophils during AAV processes have also been discussed. The ultimate goal of this review is to identify novel biomarkers and therapeutic targets for AAV management in the future.
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1 INTRODUCTION
Vasculitis is the presence of inflammatory cell infiltration in and around the vessel wall, which accounts for vascular injury, including cellulose deposition, collagen fiber degeneration, and endothelial cell and smooth muscle necrosis. AAV stands for antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis. As one major sub-group of vasculitis, AAV is mainly characterized by inflammation and destruction primarily affecting the small blood vessels (arterioles, capillaries, and venules) and is often accompanied by the presence of circulating ANCA (Geetha and Jefferson 2020; Kitching et al., 2020). It principally consists of granulomatosis with polyangiitis (GPA), microscopic polyangiitis (MPA), and eosinophilic granulomatosis with polyangiitis (EGPA) (Jennette et al., 2013).
Neutrophils are the major components of white blood cells and an important constituent of the host’s innate immune system. Neutrophils, by virtue of their natural functions of chemotaxis, phagocytosis, bactericidal effects, formation of neutrophil extracellular traps (NETs), etc., not only play critical roles in the defense of infectious diseases but also in the process of tissue regeneration (Nauseef and Borregaard, 2014; Papayannopoulos, 2018). Nevertheless, in some circumstances, the activity of neutrophils may be damaging to the host, such as in autoimmune diseases and cancers (van Rees et al., 2016). One of its fascinating functions, which is becoming increasingly well recognized, is that neutrophils could potentially act as a key link between innate and adaptive immunity, especially in AAV (Thieblemont et al., 2016). ANCAs composed of various autoantibodies are the key hallmark of AAV. The autoantigens recognized by ANCAs mainly exist in the plasma of neutrophils but are also found in small amounts in the monocytes. Therefore, the neutrophil plays a vital role in AAV pathogenesis as both the target cell is attacked by autoantibodies (ANCAs) and as the main participating cell regulating the inflammatory process. Among the various autoantigens in the neutrophil cytoplasm, MPO (myeloperoxidase) and PR3 (proteinase 3) have been demonstrated to be most associated with AAV. The autoantibodies identifying them are called MPO-ANCA and PR3-ANCA, respectively. They have been reported to be related to different AAVs to varying degrees (Guchelaar et al., 2021).
Here, by reviewing the regulating role and mechanism of neutrophils in AAVs, our aim is to reveal the potential therapeutic targets and novel biomarkers for AAV diagnosis and prognosis. The literature review might form the basis for the identification of valuable unexplored spots for further study to improve AAV diagnosis, treatment, and prognosis.
2 OVERVIEW OF AAV
AAV disorders are characterized by blood vessel inflammation, endothelial injury, and tissue damage. MPA, GPA (formerly known as Wegener granulomatosis, WG), and EGPA (formerly known as Churg–Strauss syndrome, CSS) are three major kinds of small-vessel vasculitis marked by significant loss of immune tolerance to primary zymoproteins in neutrophil plasma, most commonly myeloperoxidase (MPO) and proteinase 3 (PR3) to produce MPO-ANCA and PR3-ANCA, respectively (Kitching et al., 2020).
Epidemiological research related to AAV presents many complex challenges due to the rarity of the disease, the sort of clear definition to identify the diseases and the differences found in the classification criteria recognized to differentiate the diseases from other disorders in the past. In addition, available data of the various epidemiological studies on AAV suggested that incidence and prevalence might have increased over the past 30 years. For instance, in the past three decades, the annual incidence rate per million of GPA and MPA in the United States increased from 8.6 and 2.9 to 13 and 16, respectively, whereas this incidence rate ascended from 6 and 3 to 34 and 13, respectively, in Germany, and from 6.6 and 2.7 to 15.6 and 6.5, respectively, in Norway. As for the prevalence, the rate per million of GPA increased from 32 to 218 in the United States, from 42 to 210 in Germany, and from 53 to 261 in Norway. The prevalence rate per million of MPA was reported to be 184, 46, and 58.2 in the United States (1996–2015), Germany (2013–2016), and Norway (1999–2013), respectively (Ntatsaki et al., 2010; Berti et al., 2017; Mohammad 2020; Nilsen et al., 2020; Hellmich et al., 2021). Moreover, compared with GPA and MPA, EGPA was found to be the rarest of the three. Its annual incidence rate per million was 1, 1.4, and 4 in Germany (1998–2002), the United Kingdom (2000–2004), and the United States (1996–2015), respectively (Watts et al., 2008; Ntatsaki et al., 2010; Berti et al., 2017), also showing an increasing trend. Many possible explanations for the increase in AAV incidence and prevalence have been proposed. It may be a genuine increase due to various environmental changes, the evolution of classification criteria and the definition, the wider use of the ANCA test to aid proper diagnosis, greater physician awareness through education and training, and greater survival as a result of novel therapeutic advancements (Watts et al., 2022). Moreover, AAV epidemic characteristics were reported to vary in different geographical areas throughout the world. It was more prevalent in white and Asian people but less prevalent in African-Americans (Geetha and Jefferson, 2020; Watts et al., 2022). In Japan, the annual incidence of MPA with renal complication was 14.8/million, and MPA with positive MPO-ANCA was the most common in AAV, whereas in the United Kingdom, GPA with positive PR3-ANCA was the most common AAV. Furthermore, clinical characteristics of renal vasculitis second to AAV were also reported to be significantly different between Japan and the United Kingdom (Fujimoto et al., 2006; Watts et al., 2008). AAV in China seemed to share AAV epidemic and clinical characteristics with cases found in Japan (Liu et al., 2008).
Though the exact cause of AAV remains an enigma, it is widely accepted today that the interplay of infectious, genetic susceptibility, and environmental factors could account for AAV onset by immune intolerance to autoantigens in neutrophil cytoplasm (Salvador 2020). Autoantibodies, mainly including MPO-ANCA and PR3-ANCA, not only are current practical diagnostic biomarkers (Grayson et al., 2022; Robson et al., 2022; Suppiah et al., 2022) but also play important pathogenic roles in the mechanism of AAV (Hutton et al., 2017; Massicotte-Azarniouch et al., 2022). Moreover, the formation of NETs, activation of an alternative complement pathway (ACP), and immune imbalance of T-cell subgroups specific to the same autoantigens with ANCA might all be involved in the pathogenesis of this vasculitis (Brilland et al., 2020; Wang et al., 2020; Negreros and Flores-Suarez 2021). The various clinical manifestations of AAV often include a wide range of symptoms and signs due to the disorders of general status and damage to the renal, respiratory, nervous, and other systems (Hunter et al., 2020). Moreover, some of the injury complications may be fatal to life, such as acute renal failure and alveolar hemorrhage (Quartuccio et al., 2020; Oristrell et al., 2021).
AAV treatment development is primarily based on our understanding of its pathogenesis. As a group of autoimmune diseases, glucocorticoids (GC) and other immunosuppressants have been employed as the classical drugs for the management of AAV (Yates et al., 2016; Chung et al., 2021). The dose of GC used depends on the patient’s clinical condition. Cyclophosphamide (CTX) has been used as the first choice of immunosuppressants to induce AAV remission. Moreover, other immunosuppressants, such as azathioprine (AZP), mycophenolate mofetil (MMF), and methotrexate (MTX), are often selected to maintain the remission (Yates et al., 2016; Chung et al., 2021). ANCA are characterized by autoantibodies produced by plasma cells derived from B cells which play the primary pathogenic role in AAV, and thus, targeted deletion of B lymphocytes to decrease the level of ANCA by the monoclonal antibody (Rituximab) against CD20 has been proved to be very effective in AAV treatment (Raffray and Guillevin 2020). In fact, Rituximab has been recommended to induce and maintain the remission of AAV in clinical settings (Yates et al., 2016; Chung et al., 2021). Its clinical efficacy is equal to or even better than that of CTX (Charles et al., 2020; Tieu et al., 2020). In addition, patients diagnosed with AAV in critical conditions (such as alveolar hemorrhage and rapidly progressive nephritis) can be treated by plasmapheresis, which can effectively remove ANCA and reduce the levels of various proinflammatory cytokines directly and rapidly (Yates et al., 2016), although the long-term efficacy of this treatment seems to be controversial recently (Walsh et al., 2020; De Vriese and Fervenza 2021). The phase III clinical trials on the effectiveness and safety of Avacopan in the treatment of AAV have been lately reported to be successful (Jayne et al., 2021). Avacopan is the first oral C5a (fragment a of the fifth complement) receptor inhibitor employed to block the binding of this receptor on the neutrophil with C5a because it has been established that C5a derived from the activation of ACP plays a key role in the pathogenesis of AAV (Bekker et al., 2016; Jayne et al., 2017). However, without appropriate treatment in time, the prognosis of AAV could be very poor, and its death rate was roughly 60% in half a year and 80% in 1 year (Booth et al., 2003). Even under the available treatment today, the 5-year survival for GPA, MPA, and CSS was 74–91%, 45–76%, and 60–97%, respectively (Mukhtyar et al., 2008), and the average mortality of AAV has still increased by 2.7-fold compared with the general population (Tan et al., 2017).
As outlined previously, although some of the pathogenesis, clinical manifestations, and treatments are common between GPA, MPA, and EGPA, the main vasculitis in AAV has its own characteristics due to the diverse roles of neutrophils, which will be briefly described as follows.
Many studies have shown that ANCA can exhibit distinct pathogenic functions in ANCA vasculitis (Hutton et al., 2017). Neutrophils are the main mediators of vessel injury. In response to infection or inflammation, neutrophils are exposed to different inflammatory cytokines (tumor necrosis factor-α and interleukin-1), lipopolysaccharide, or complement C5a and become primed with the movement of MPO and PR3 from the primary granules to the neutrophil surface. In this primed state, ANCAs can bind to these autoantigens on the cell surface, thus resulting in robust cellular activation.
3 OVERVIEW OF NEUTROPHILS
Neutrophils are a homogenous population of cells with antimicrobial capabilities such as phagocytosis, degranulation, and the formation of NETs (Silvestre-Roig et al., 2019). It has been reported that by activating many effector pathways, neutrophils can not only help the host defense against pathogens but also clear aging, damaged, and necrotic tissues (Nauseef and Borregaard, 2014; van Rees et al., 2016). Under normal circumstances, neutrophils are in an inactive state and move slowly in the direction of the peripheral blood circulation. Once the body is stimulated to enter into an inflammatory state, neutrophils will be activated, released quickly from the neutrophil storage pool, and stimulated to undergo proliferation in the bone marrow. Neutrophils activated in the peripheral circulation will show a tendency to migrate to the injury site. One of the most important potentials of the neutrophil in this movement is chemotaxis for neutrophil migration, which involves two related capabilities, namely, mobility and directionality. The migration process of a neutrophil typically involves rolling, activation, and adhesion, all of which occur before cross endothelial cell movement. This process is the result of the interaction between the different receptors expressed on neutrophils and ligands expressed on the vascular endothelium (Nauseef and Borregaard 2014). Upon migration to the inflammatory location, neutrophils can devour foreign bodies including degenerated cells and pathogenic microorganisms through chemotaxis, conditioning, swallowing, and sterilization. In addition, neutrophils activated can gather and increase their numbers, change their shapes, release their NETs, practice their respiratory burst, degranulate their superoxide and lysosomal enzymes, and thereby effectively eliminate intrusive microbes, thereby executing their physiologic functions to protect the organism by clearing invading pathogens and aging necrotic tissues (Nauseef and Borregaard, 2014; van Rees et al., 2016).
However, under certain conditions, extensive damage caused by activated neutrophils can lead to some disorders, even autoimmune diseases (Thieblemont et al., 2016). One typical instance of such an autoimmune disease is AAV. Neutrophil cytoplasm contains a large number of different proteases, among which PR3 and MPO are the most important in AAV. After being activated by inducing factors such as inflammatory cytokines (tumor necrosis factor-α and interleukin-1), lipopolysaccharide or complement C5a, neutrophils are primed with the movement of MPO and PR3 from the granules in its cytoplasm to its membrane surface. Neutrophils can be further activated by ANCA and C5a and then they can respectively combine with specific antigens (PR3 and MPO) and the C5a receptor expressed on the neutrophil surface. Activated neutrophils can then attach to vascular endothelial cells and can be transported to the vascular wall to accumulate, produce reactive oxygen species free radicals, and finally elicit cell apoptosis and tissue lesions, resulting in vascular endothelial inflammatory destruction and substantial tissue damage. Endothelial injury can lead to the leakage of serum proteins and coagulation factors, causing vascular wall cellulose necrosis and even thrombosis (Al-Hussain et al., 2017; Brilland et al., 2020).
4 FUNCTIONAL ROLE OF NEUTROPHILS IN AAV
Neutrophils can play diverse key roles in the pathogenesis of MPA, GPA, and EGPA. It has been reported that compared with neutrophils in the resting state, neutrophils activated by pro-inflammatory factors such as ANCA and C5a can release more pro-inflammatory factors to further activate themselves, activate ACP to produce additional C5a, and promote degranulation and NET formation to discharge more MPO and PR3 from neutrophils. These events can benefit adaptive immunity to produce more MPO-ANCA and PR3-ANCA (Sangaletti et al., 2012; Geetha and Jefferson 2020), thus forming a vicious cycle to deteriorate AAV (Table 1). In addition, eosinophils activated in EGPA can also participate in EGPA pathogenesis by releasing eosinophil cationic protein (ECP), eosinophil-derived neurotoxin (EDN), eosinophil peroxidase (EPO), and others (Gioffredi et al., 2014; Furuta et al., 2019), which could specifically contribute to the distinct clinical features of EPGA (Table 1). These neutrophil-related pathogeneses can result in the clinical characteristics of specific forms of AAV via the respective immune mechanism (Table 2). ANCAs can not only serve as valuable biomarkers for identifying the different subtypes of AAV (GPA, MPA, and EGPA) (Grayson et al., 2022; Robson et al., 2022; Suppiah et al., 2022) but also might be related to different clinical damages (Table 2). In fact, the potential roles of neutrophils in various AAVs are getting increasing attention and these will remain one of the hotspots worthy of further research in the future. The roles of neutrophils in the pathogenesis of different AAVs have been summarized as follows.
TABLE 1 | Neutrophils/eosinophils and major inflammatory substances involved in the pathogenesis of ANCA-associated vasculitis (AAV).
[image: Table 1]TABLE 2 | Main immune factors involved and clinical manifestations of the three major kinds of ANCA-associated vasculitis (AAV).
[image: Table 2]4.1 Microscopic polyangiitis
MPA is an inflammatory illness characterized by systemic vasculitis that mainly affects small-caliber blood vessels and is related to ANCA (Chung and Seo 2010). In terms of MPA pathogenesis, the current accepted views suggest that the pathogenic process of MPA is composed of two phases, with neutrophils serving as the primary executant. The first stage involves priming neutrophils by exposing them to modest amounts of pro-inflammatory cytokines such as IL-1 (interleukin-1) and TNF-α (tumor necrosis factor-α) (Kallenberg et al., 2006). This causes neutrophils expressing MPO and PR3 on their surface to stick to the vascular endothelial cells. In addition to the pro-inflammatory cytokines, lipopolysaccharide and C5a can also promote the migration of MPO and PR3 from the primary granules present in the cytoplasm of neutrophils to their surface. C5a in AAV is mainly from the cascade of ACP activation (Xiao et al., 2007; Ohlsson et al., 2019; Brilland et al., 2020). It is very important in the regulation of innate immune response by C5a receptor 1 (C5aR1) and C5a receptor 2 (C5aR2) (Pandey et al., 2020). ANCAs can specifically bind to their autoantigens (MPO and PR3) on the neutrophil surface in this primed condition, thereby resulting in powerful cellular activation (Kettritz 2012; Geetha and Jefferson 2020). In the second phase, neutrophils can be activated by the interactions between ANCA and either its specific antigens or the Fc receptor on neutrophils (Guilpain et al., 2007; Pankhurst et al., 2011). Activated neutrophils can substantially alter the expression of adhesion molecules and adhere to the endothelium of the vascular system. The increased production of reactive oxygen species and proteases by neutrophil degranulation can cause extensive tissue damage (Wang C. et al., 2017). Activated neutrophils also undergo a process known as NETosis, in which NETs are extruded from the cells, encasing MPO, PR3, and complement components in a chromatin web (Yoshida et al., 2016). NETs can also cause endothelial damage and transport MPO/PR3 to vascular endothelium and dendritic cells for antigen presentation, thereby activating the ACP (O'Sullivan and Holdsworth, 2021; Sangaletti et al., 2012). The various chemokines and PR3 and MPO deposited in the tissue result in the recruitment of autoreactive T cells and monocytes, which can effectively exacerbate and maintain tissue damage (Gapud et al., 2017; Geetha and Jefferson 2020). Several animal experiments have demonstrated that MPO-ANCA might be a directly pathogenic autoantibody involved in MPA pathogenesis (Xiao et al., 2002; Little et al., 2005; Wang Q. et al., 2017), thus indicating that MPO-ANCA could be sufficient to cause pulmonary capillaritis and glomerulonephritis in certain biological environments (Figure 1). Moreover, there was a report that a mother with positive MPO-ANCA gave birth to her neonate who manifested fetal pulmonary hemorrhage and renal failure, and supporting MPO-ANCA from the mother may be able to result in MAP (mean airway pressure) damage in the newborn (Schlieben et al., 2005). However, a later case report revealed that MPO-ANCA transferred through the placenta was not enough to cause neonate illness (Silva et al., 2009). Other co-factors, including genetic predisposition, are likely required for the development of vasculitis caused by ANCA (Chung and Seo 2010). In addition, there are a considerable proportion of MPA patients whose ANCA was always found to be negative (Falk and Hoffman 2007; Geetha and Jefferson 2020). Furthermore, the titer of MPO-ANCA does not always correspond with the disease activity of MPA (Tomasson et al., 2012). These findings suggested that ANCA was not essential for the pathogenesis of all MPA, or that many other mechanisms might contribute to the same clinical manifestations (Chung and Seo 2010).
[image: Figure 1]FIGURE 1 | Diagrammatic sketch of AAV pathogenesis. ANCA autoantigens proteinase 3 (PR3) and myeloperoxidase (MPO) identified by ANCA are normally sequestered in the primary granules of neutrophils. Infection or other environmental stimuli result in neutrophil priming, with the movement of PR3 and MPO to the cell surface and activate the neutrophils, which adhere to the vascular endothelium. Neutrophil degranulation leads to the release of reactive oxygen species (ROS), proteases, and neutrophil extracellular traps (NETs), damaging the endothelium. Chemokines and tissue deposition of PR3 and MPO lead to the recruitment of autoreactive T cells and monocytes, augmenting tissue injury.
4.2 Granulomatosis with polyangiitis
GPA (previously Wegener’s granulomatosis) is an autoimmune small vessel vasculitis that has been strongly linked to antineutrophil cytoplasmic antibodies (ANCA). Systemic necrotizing vasculitis, necrotizing granulomatous inflammation, and necrotizing glomerulonephritis are all synonyms of this illness (Lutalo and D'Cruz 2014). GPA can affect both men and women between the ages of 45 and 60, but it is uncommon in black people. Recurrent sinusitis, crusting rhinorrhea, pulmonary nodules, progressive necrotizing glomerulonephritis with extra-capillary crescent, and other related disorders can all be caused by GPA in its complete form, which includes symptoms contributed to ENT (ears, nose, and throat), lung, and kidney involvement. The presence of c-ANCAs in approximately 90% of systemic forms and 50% of localized forms directed against PR3 in most instances is one of the main hallmarks of GPA (Puéchal 2020). GPA exhibits a complicated immunopathogenesis that includes the production of ANCA against PR3 in roughly 80% of GPA patients and MPO in approximately 10% of GPA patients (Flint et al., 2010). Antibodies against the lysosome-associated membrane protein-2 (LAMP-2) can potentially contribute to the pathophysiology of GPA by affecting the molecular mimicry pathway (Flint et al., 2010). Currently, environmental or viral triggers in a genetically predisposed person who displays tolerance to the ANCA self-antigen have been assumed to be the main immunopathogenesis of GPA (Lutalo and D'Cruz 2014).
In genetically predisposed people, noxious stimuli can cause an inflammatory response that includes the release of pro-inflammatory cytokines and the formation of ANCA. The recurrent, relapsing pattern of GPA might be connected to chronic colonization of nasal passages with Staphylococcus aureus, a common microbe involved in the etiology of the illness. This Gram-positive bacteria produce super-antigens that can activate both B and T cells, and it can also generate AAV by modulating the molecular mimicry pathway (Flint et al., 2010). When compared to healthy persons, patients with GPA often exhibit significantly higher levels of B-lymphocyte stimulator factors, such as B-cell activation factor (BAFF), and a higher proportion of T follicular helper cells (TFH) (Abdulahad et al., 2013; Watts et al., 2022). This might explain the observation of why GPA patients display a higher rate of self-reactive B cells. These self-reactive B lymphocytes can develop into long-lived plasma cells that release ANCA, a pathogenic autoantibody linked to GPA that can interact with PR3 found on the surface of neutrophils and monocytes. When neutrophils and monocytes are exposed to ANCA, they can produce and release many mediators, including reactive oxygen species, proteases, cytokines, and neutrophil extracellular trap products (NET-derived products) (Flint et al., 2010). Toll-like receptors (TLRs) can be triggered by NET-derived products, and the production of interferon-α (IFN-α) can inhibit the functions of T-regulatory cells (Flint et al., 2010). The membrane attack complex (C5b6789 MAC) is formed when the alternative complement signal pathway is activated, which can then enhance ANCA-related neutrophil activation, inflammation, and tissue damage (Flint et al., 2010). These pro-inflammatory signaling pathways can cause necrotizing systemic vasculitis, necrotizing glomerulonephritis, and granulomatous inflammation of the airways, all of which are regarded as key hallmarks of GPA.
4.3 Eosinophilic granulomatosis with polyangiitis
EGPA, formerly known as Churg–Strauss syndrome, is a systemic necrotizing vasculitis of small and medium-sized arteries, which is primarily characterized by asthma and blood eosinophilia. EGPA is a disorder that can affect multiple organs including the skin, lungs, and peripheral nerves in those who already have been diagnosed with asthma (Nguyen and Guillevin 2018). In 2012, the Chapel Hill Consensus Conference replaced the old eponym (Churg–Strauss syndrome) with EGPA and classified the condition as an AAV disease (Jennette et al., 2013). Furthermore, EGPA mainly differs from GPA and MPA in terms of ANCA expression. ANCA has been identified in just 30–40% of EGPA patients (Sinico et al., 2005; Comarmond et al., 2013; Moosig et al., 2013), but in 70–90% of GPA and MPA patients (Villiger and Guillevin, 2010; Comarmond et al., 2013; Moosig et al., 2013; Comarmond and Cacoub, 2014). In addition, a few EGPA patients who do not display any histologic signs of vasculitis might be affected by this condition. In fact, these individuals might be categorized as having hyper-eosinophilic syndromes (HES) or suffering from eosinophil lung disease (Valent et al., 2012).
EGPA is associated with diverse clinical and pathological patterns and arises because of different mechanisms of immunological dysregulations. CD4+ T cell is an important immune cell in the human immune system and its multifaceted immune functions are very valuable for analyses of its potential roles in GPA mechanisms. Both Th1 and Th2 are important subgroups of CD4+ T cells, and their signaling pathways are active with eosinophils being responsible for the majority of tissue damage (Trivioli et al., 2020). CD4+ T cells derived from peripheral blood or broncho-alveolar lavage have been reported to produce more Th2-related cytokines, including IL-5, IL-10, and IL-13, which can effectively promote eosinophil maturation in the bone marrow and play a vital role in peripheral activation (Kiene et al., 2001). The success of therapy based on IL-5 antagonism underpins the importance of this signaling route. Furthermore, CD4+ T cells can shield eosinophils from apoptosis and aid them to survive longer (Tsurikisawa et al., 2013). However, recent studies have revealed that eosinophil proliferation triggered by tyrosine-kinase signaling pathways might potentially be implicated (Emmi et al., 2015). Endothelial cells can emit eotaxin-3, which can cause eosinophils to infiltrate into the tissues and release cytotoxic granule proteins such as ECP and major basic proteins (MBP) (Polzer et al., 2008). In addition, ECP might promote cell death and present antigens to Th cells, thus perpetuating a vicious cycle (Terrier et al., 2010). Interferon can mediate granuloma development, which is a strategy to keep the harmful compounds secreted by eosinophils at bay. Neutrophils are commonly observed in vascular lesions. It is worth indicating that the levels of IL-17, which can promote recruitment and activation of neutrophils are significantly increased in active EGPA (Jakiela et al., 2011). B cells may also potentially play a role, according to the results of CD20+ B-cell depletion. It is an important progenitor of ANCA-producing plasma cell, and thus, might deliver antigens to activate Th cells. Th2-related cytokines, in turn, can boost the isotopic shift toward IgE and IgG4. However, the latter are ineffective at activating complement signaling pathways, and their functions are relatively unknown. Furthermore, the various etiological and triggering factors in EGPA have been poorly understood. Infectious agents and immunizations have not yet been recognized as triggers of illness. Immunogenetic variables can confer vulnerability to EGPA, according to candidate gene association studies (Vaglio et al., 2007). Furthermore, the IL-10.2 haplotype of the IL-10 gene promoter is predominantly linked with higher production of IL-10, a Th2-related cytokine, in ANCA-negative individuals (Wieczorek et al., 2008). The genetic susceptibility patterns of EGPA and the related sub-phenotypes are expected to be clarified by ongoing genome-wide association studies (Trivioli et al., 2020).
5 REGULATORY MECHANISMS IN AAV
The onset, development, prognosis, and other processes of AAV are known to involve complicated molecular signaling pathways, and our present understanding of these mechanisms is insufficient, thus resulting in a poor cure rate of AAV. Even so, the mechanisms of signaling pathways implicated in modulating the neutrophils in AAV have been better understood, which will be summarized in the following sections.
5.1 MAPK signaling pathway in the pathogenesis of AAV
The mitogen-activated protein kinases’ (MAPK) signaling system plays a key role in the regulation of cell proliferation, differentiation, apoptosis, invasion, and migration throughout the life span of the cell cycle. The MAPK cascade is mainly activated when neutrophils are exposed to numerous stimuli such as UV irradiation, growth factors, and cytokines. Protein phosphorylation is the fundamental, most prevalent, and important mechanism by which protein viability and function can be effectively regulated and controlled. Protein phosphorylation occurs primarily on two amino acids, serine (including threonine) and tyrosine (Hunter 2014). The activation of human neutrophils by ANCA relies heavily on the phosphorylation of tyrosine residues, particularly MAPK (Hao et al., 2012). MAPKs are triggered by upstream dual-specificity kinases phosphorylating threonine and tyrosine residues and they serve as powerful inflammatory signaling pathways (Hao et al., 2012).
Complement activation can also play a crucial role in the pathogenesis of AAV, according to a recent study (Xiao et al., 2007). C5a is one of the most powerful inflammatory peptides among the complement activation products, having a wide range of actions. C5a acts as a potent neutrophil chemoattractant and can display chemotactic action in both monocytes and macrophages (Guo and Ward 2005). C5a works by primarily binding to the high-affinity C5a receptor on neutrophils. The activation of p38MAPK, extracellular signal-regulated kinase (ERK), and phosphoinositide 3-kinase (PI3K) is possibly involved in the translocation of ANCA antigens and C5a-induced neutrophil activation by ANCA. To further understand how ANCAs can potentially stimulate neutrophils, several experiments to identify the signaling pathways have been conducted (Schreiber et al., 2010; von Vietinghoff et al., 2007; Hao et al., 2012). The most noteworthy discovery in these experimental studies was that the p38MAPK, ERK, and PI3K signaling pathways have been implicated in ANCA-mediated modulation in C5a-primed neutrophils. Moreover, targeted suppression of the membrane expression of the ANCA-specific antigen by employing p38MAPK, ERK, and PI3K inhibitors could effectively prevent C5a-primed neutrophils from undergoing respiratory burst induced by ANCA (Hao et al., 2012). In addition, only p38MAPK and ERK have been reported to be involved in human neutrophils, despite the fact that three MAPK signaling pathways have been identified (Hao et al., 2012). Moreover, accumulating pieces of evidence indicate that tyrosine phosphorylation and p38MAPK regulation on the translocation of the ANCA antigen to the cell surface primed with TNF-α might be the probable mechanisms of ANCA-stimulated respiratory burst in provoked neutrophils (Kettritz 2012), (Figure 2).
[image: Figure 2]FIGURE 2 | MAPK signaling pathway in the pathogenesis of AAV. ANCA activates the p38MAPK-mediated signaling pathway in human neutrophils. This signal cascade is responsible for the translocation of ANCA-specific antigens from the cytoplasmic granulosa to the neutrophil surface. This translocation enables these antigens to bind with their specific autoantibodies. IL-18 initiates ANCA-induced production of neutrophil superoxide by phosphorylating p38MAPK.
5.2 PI3K signaling pathway in the pathogenesis of AAV
The phosphatidylinositol 3-kinase (PI3K) family can actively participate in a variety of signaling pathways and is involved in regulating cell proliferation, differentiation, apoptosis, and glucose transport. The PI3K-mediated signal transduction system has been also found to be indispensable in the pathogenesis of AAV. For instance, under in vitro settings, ANCA can activate human polymorphonuclear neutrophils (PMN) that have been primed with TNF-α (von Vietinghoff et al., 2007). Protein-serine/threonine kinase Akt and PI3K have been reported to be involved in the modulation of the phagocyte respiratory burst, and PI3K can control the ANCA-induced respiratory burst. Phosphatidylinositol-3,4,5-triphosphate (PIP3) and phosphatidylinositol-4-diphosphate (PIP4) are mainly produced by phosphatidylinositol 4,5-bisphosphate (PIP2). Both the products are required for the recruitment of serine/threonine kinase Akt to the plasma membrane, where they may be phosphorylated by phosphoinositide-dependent kinase-1 (PDK1) at threonine 308 (T308) and phosphoinositide-dependent kinase-2 (PDK2) at S473 by PDK1. In addition, PI3K products or the p38MAPK substrate MK-2 can both activate Akt (von Vietinghoffet al., 2007). The Akt signaling module has been investigated in detail and it was discovered that Akt, p21 activated kinase 1 (PAK1), heat-shock protein 27 (HSP27), and Ras-related C3 botulinum toxin substrate 1 (Rac1) reside in the complex in the cytoplasm of resting PMNs, and that TNF-α stimulation enhanced PAK1 interaction with Akt (von Vietinghoff et al., 2007). Moreover, changes in the cytoskeleton are required for stimulating the PMN respiratory burst and the translocation of ANCA antigens (Matsushima et al., 2014). In human PMN, Akt, p38MAPK, MK-2, and HSP27 can form a signaling complex, and cellular activity can change based on the composition of the complex. The interaction of Akt with cytoskeleton-regulating proteins might represent a site of convergence of the various signaling pathways implicated in the response to TNF-α and ANCA (von Vietinghoff et al., 2007).
In conclusion, PI3K and p38MAPK are both reported to be involved in the ANCA-induced respiratory burst. TNF-α induced translocation of ANCA is mainly aided by p38MAPK activation, whereas PI3K is required for ANCA-induced respiratory burst. Because PI3K can operate as an upstream activator of p38MAPK, it appears that PI3K activation is essential for the activation of human neutrophils by TNF-α and ANCA (von Vietinghoff et al., 2007). In fact, all cellular signaling pathways involved in the regulation of neutrophils might play a crucial role in the occurrence, development, and multiple clinical damages of AAVs, thus implying that neutrophils can serve as a potential target for AAV therapy and as a key factor determining the prognosis of AAVs (Figure 3).
[image: Figure 3]FIGURE 3 | PI3K signaling pathway in the pathogenesis of AAV. ANCA and TNF-α activated human polymorphonuclear neutrophils. PI3K was activated during TNF-α initiation. PI3K and Akt are involved in the control of phagocyte respiratory burst, while PI3K can control ANCA-induced respiratory burst. Akt can be activated and phosphorylated by the product of PI3K or p38MAPK substrate MK-2.
6 CLINICAL POTENTIAL OF THE ROLE OF NEUTROPHILS IN AAV
At present, the clinical treatment for AAV, irrespective of the stage of diagnosis, is composed of two phases, namely, induced remission and maintain remission therapy (Yates et al., 2016; Chung et al., 2021). Therapeutic regimes in both of these phases are directly or indirectly related to neutrophils as the autoimmune disorder leading to AAV primarily targets the autoantigens in neutrophils, and as discussed previously, neutrophils can play a critical role in AAV pathogenesis. Moreover, in approved clinical treatment for AAVs, in addition to GC and conventional immunosuppressants such as CTX, MTX, MMF, and AZP, the monoclonal antibodies against CD20 (rituximab and RTX) and the blocker of C5aR1 (Avacopan) are conspicuous new drugs (Yates et al., 2016; Chung et al., 2021; Jayne et al., 2021). For instance, RTX is a biological agent initially developed for targeting B-cell lymphoma. It can significantly decrease the source of pathogenic autoantibody ANCA by deleting B cells in AAV patients. Accumulating pieces of evidence based on clinical research have demonstrated that RTX is relatively safe and effective for AAV therapy. It tends to be used instead of CTX in the treatment for induced remission of active AAV, especially for induced remission of refractory and recurrent AAV as CTX and RTX have similar effects and CTX has been related to higher rates of infection (Chung et al., 2021; Thomas et al., 2021). Avacopan is the first oral C5aR antagonist developed to block the activation of neutrophils by C5a. Many prior clinical studies have shown that Avacopan could markedly reduce or even replace GC in the treatment of AAV, which clearly demonstrates its booming prospect in management of AAV (Jayne et al., 2021). Therefore, Avavcopan has been approved for the treatment of ANCA-related diseases (ANCA vasculitis and nephritis) by the FDA on 8 October 2021, soon after its successful results in phase III clinical trials were obtained.
In addition to AAV treatment, immune indicators related to neutrophil autoimmunity can also be employed to predict AAV relapse early enough to avoid substantial organ damage and enhance survival. It has been reported that ANCA- and B-cell status could be predictive of the majority of relapses in a large cohort of AAV patients following remission-induction therapy with RTX, and their absence can potentially indicate highly predicted relapse-free status. Relapses occurred in 96% of PR3-ANCA-positive individuals with persistent or reappearing PR3-ANCAs and 81% with B-cell repopulation. All the relapses in MPO-ANCA-positive individuals were mainly limited to those with persistent MPO-ANCAs and B-cell repopulation. Thus, it can be concluded that the majority of relapses were predicted by ANCA and B-cell status, and their absence could accurately predict relapse-free status. Therefore, the application of ANCA and B-cell surveillance to aid the therapeutic decision-making in AAV patients treated with RTX might help to avoid relapses (Tieu et al., 2020; van Dam et al., 2021).
The aforementioned studies have clearly suggested that immunity related to neutrophils might provide very valuable utilities in AAV treatment and prognosis. However, the precise processes involved remain unknown currently, thereby necessitating more investigation and proper confirmation to determine the optimal therapeutic potential related to neutrophils in AAV.
7 FUTURE EXPECTATIONS
With more bench and clinical in-depth studies, the important role of neutrophils in AAV pathogenesis is continuously evolving and has been better understood. Neutrophils are predicted to represent one of the novel targets for AAV therapy. Although the current treatment methods stated previously have been significantly improved, they still have exhibited limited effects in significantly improving the diagnosis and survival rate of AAVs. To develop the potential of neutrophils in the future treatment of AAV, further investigations should mainly focus on NETs, receptors, and signal transmission pathways. In addition, the efficacy and prognostic effects of the conventional treatment, such as plasma exchange (PLEX), need to be further confirmed.
As discussed in the previous section, NETs can play a characteristic role in the pathogenesis of AAV, thereby contributing to innate immunity and adaptive immunity in AAV (Sangaletti et al., 2012; Yoshida et al., 2016; Papayannopoulos, 2018; Negreros and Flores-Suarez, 2021). To prevent the formation of NETs, an important strategy can be the identification of novel inhibitors of peptidyl arginase deiminases, which is a key enzyme for NET generation. Another way could be to investigate the potential inhibitors of neutrophil elastase (NE), which may act in conjunction with Gasdermin D synergistically to break down the nuclear envelope and the outer cell membrane during NET production (Sollberger et al., 2018). Moreover, to facilitate the destruction of the already formed NETs, deoxyribonucleases (DNase), especially DNase I (Schreiber et al., 2017), might be another important therapeutic approach worth further exploring for the treatment of AAV (O'Sullivan and Holdsworth 2021).
Furthermore, for the maintenance of innate immune responses, rapid neutrophil recruitment to areas of inflammation remains critical (Etzioni 2009). It has been found that G-protein-coupled receptor (GPR35)-mediated neutrophil recruitment to inflamed tissue is eliminated in mice lacking 5-hydroxyin doleacetic acid (5-HIAA). This finding identified 5-HIAA as a GPR35 ligand and neutrophil chemoattractant, thereby implying a possible role for 5-HIAA generated by platelets and mast cells in cell recruitment to inflammatory areas and bacterial clearance (De Giovanni et al., 2022). GPR35 has been also linked to the development of heart, vascular, and colon cancers (Divorty et al., 2018). Furthermore, next-generation drugs, such as small molecule inhibitors, might target this ligand–receptor axis to alter GPR35+ cellular responses in the setting of AAV. For more accurate targeted therapy in the future, it is one of the most attractive therapeutic directions for AAV and can effectively aid in further clarifying the signaling pathways linked to MAPK and PI3K activation, and thus, open novel avenues in AAV treatment by intervening protein activity in these signaling pathways.
Theoretically, for rapidly reducing the remission of autoimmune diseases, PLEX therapy can rapidly remove the immune active molecules in the patient, including autoantibodies and various proinflammatory cytokines. A few studies have shown that PLEX treatment is effective for acute renal damage of AAV (Walsh et al., 2011). In 2016, the European League Against Rheumatism (EULAR) recommended the treatment of life-threatening complications (severe diffuse alveolar hemorrhage and rapidly progressive glomerulonephritis) due to active AAV (Yates et al., 2016). However, a recent study has indicated that PLEX could not significantly reduce the incidence of death or end-stage renal disease (Walsh et al., 2020), which has led to clinical controversy (De Vriese and Fervenza 2021). Therefore, the therapeutic value of PLEX therapy in AAV needs to be carefully evaluated by using more extensive and rigorous clinical studies in the future.
8 CONCLUSION
Accumulating pieces of evidence have clearly demonstrated the important role of neutrophils in the pathogenesis and clinical damage of AAV. In AAV pathogenesis, neutrophil-related innate and adaptive immunity can function to promote the actions of each other. The various proteins in neutrophil cytoplasmic granules, such as MPO and PR3, contribute to producing MPO-ANCA and PR3-ANCA by activating adaptive immunity. These autoantibodies can exhibit multiple pathogenic effects. At the same time, the neutrophils can lead to AAV onset and cause clinical damage by activating ACP to produce C5a, expressing C5aR, producing NETs, exerting respiratory burst, and promoting degranulation. Many important signaling pathways have been reported to be involved in the regulation of neutrophil activity and function during AAV processes. Hence, with further understanding of neutrophils in the pathogenesis of AAV, novel targeted therapeutic have been developed, including Avacopan and RTX. In addition, some immune factors have been reported to be valuable for both the diagnosis and prognosis of AAV. Overall, an in-depth study on the potential role of neutrophils in AAV pathogenesis can lead to novel ideas and discoveries, which will contribute to better prognosis and longer life expectancy for AAV patients.
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GLOSSARY
5-HIAA 5-hydroxyin doleacetic acid
AAV antineutrophil cytoplasmic antibody-associated vasculitis
ACP alternative complement pathway
ANCA antineutrophil cytoplasmic antibody
AZP azathioprine
BAFF B-cell activation factor
C5a fragment a of fifth complement
C5aR C5a receptor
CSS Churg–Strauss syndrome
CTX Cyclophosphamide
DNase deoxyribonuclease
ECP eosinophil cationic protein
EDN eosinophil-derived neurotoxin
EGPA eosinophilic granulomatosis with polyangiitis
ENT ears, nose, and throat
EPO eosinophil peroxidase
ERK extracellular signal-regulated kinase
EULAR European League Against Rheumatism
FDA Food and Drug Administration
GC glucocorticoids
G-CSF granulocyte colony stimulating factor
GM-CSF granulocyte macrophage colony stimulating factor
GPA granulomatosis with polyangiitis
GPR G-protein-coupled receptor
HES hyper-eosinophilic syndromes
HMGB1 high-mobility group box 1
HSP27 heat-shock protein 27
IFN-α interferon-α
IL-1 interleukin-1
LAMP-2 lysosome-associated membrane protein-2
MAP mean airway pressure
MAPK mitogen-activated protein kinases
MBP major basic protein
MIF macrophage migration inhibitory factor
MMF mycophenolate mofetil
MPA microscopic polyangiitis
MPO myeloperoxidase
MTX methotrexate
NE neutrophil elastase
NET sneutrophil extracellular traps
NOX NADPH oxidase
PAK1 p21 activated kinase 1
PDK1 phosphoinositide-dependent kinase-1
PDK2 phosphoinositide-dependent kinase-2
PI3K phosphoinositide 3-kinase
PIP2 phosphatidylinositol 4,5-bisphosphate
PIP3 phosphatidylinositol-3,4,5-triphosphate
PIP4 phosphatidylinositol-4-diphosphate
PLEX plasma exchange
PMN polymorphonuclear neutrophils
PR3 proteinase 3
Rac1 Ras-related C3 botulinum toxin substrate 1
RTX Rituximab
T308 threonine 308
TFH T follicular helper cells
TLRs Toll-like receptors
TNF-α tumor necrosis factor-α
WG Wegener granulomatosis
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The incidence rate of acute pancreatitis is increasing, and severe acute pancreatitis (SAP) is associated with a high mortality rate, which may be reduced by a deeper understanding of its pathogenesis. In addition, an early determination of the severity of acute pancreatitis remains challenging. The aim of this study was to match potential biomarkers for early identification and monitoring of acute pancreatitis and to shed light on the underlying pathogenic mechanisms of SAP. The expression levels of plasma exosomal microRNA (miRNA) in patients with pancreatitis have been associated with the disease. Thus, this study compared the expression levels of exosomal miRNA in plasma collected from four patients with SAP and from four healthy participants. Analyses of the miRNA expression profiles indicated that three previously unreported miRNAs were differentially expressed in the patient group: Novel1, which was downregulated, and Novel2 and Novel3, which were upregulated. The miRNA target genes for those novel miRNAs were predicted using Metascape. Of these miRNA target genes, those that were also differentially expressed at different time points after disease induction in a mouse model of acute pancreatitis were determined. The gene for complement component 3 (C3), a target gene of Novel3, was the only gene matched in both the patient group and the mouse model. C3 appeared at most of the time points assessed after induction of acute pancreatitis in mice. These findings are foundational evidence that C3 warrants further study as an early biomarker of SAP, for investigating underlying pathogenic mechanisms of SAP, and as a therapeutic target for ameliorating the occurrence or development of SAP.
Keywords: severe acute pancreatitis, exosome, microRNA, target genes, biomarker, diagnosis
INTRODUCTION
The rate of new cases of acute pancreatitis (AP), a serious threat to human health and life, is increasing (Banks et al., 2013). AP may be induced by cholelithiasis, excessive alcohol intake, hyperlipidemia, endoscopic retrograde cholangiopancreatography, and various drugs, all of which may cause pancreatin to leak into the pancreas, leading to inflammatory reactions, edema, hemorrhage, and even necrosis (Zhao et al., 2018; Stenwall et al., 2019). Damage to pancreatic tissue may lead to a clinical syndrome that includes acute upper abdominal pain, nausea, vomiting, fever, and increased blood levels of pancreatin. AP varies in severity. Moderate pancreatitis is characterized by edema of the pancreas and is typically a self-limiting disease with a good prognosis. Severe acute pancreatitis (SAP) often leads to pancreatic hemorrhage and necrosis with secondary infections, peritonitis, and shock and has a high mortality rate (Kitamura et al., 2017; Chatterjee et al., 2020). Recent clinical studies have shown that AP not only has an increased incidence rate but also a high mortality rate (Ji et al., 2016; Rijkers and van Eijck 2017; Vivian et al., 2019). During the last 50 years, as treatment for SAP has improved, cure rates have increased, but the pathogenesis associated with SAP is still not fully understood (Sandler et al., 2002; Fagenholz et al., 2007). In addition, it is challenging to make an early determination of the severity of AP. Therefore, it remains critical to find new and effective biomarkers for early identification and for monitoring AP.
Originally discovered in sheep reticulocytes in 1987, exosomes are round or oval vesicles with a diameter of approximately 30–120 nm and lipid membranes (Yáñez-Mó et al., 2015). They are released into the extracellular matrix after the fusion of intracellular multivesicular bodies with the cell membrane (Johnstone et al., 1987; Théry et al., 2002). Exosomes have been shown to play key roles in immunity, cellular homeostasis, autophagy, and cancer. (Pegtel and Gould 2019). Numerous studies have shown that exosomes contain microRNA (miRNA), small non-coding RNA present in human blood, urine, saliva, cerebrospinal fluid, and other body fluids (Bartel 2004; Chen et al., 2004; Bartel 2009). Exosomes may participate in the occurrence or development of diseases by transporting signal peptides, nucleic acids, lipids, and other biologically active molecules, especially by carrying miRNA, and play an important role in communication between cells (Simpson et al., 2009; Guiot et al., 2019; McVey et al., 2019; Ni et al., 2020). The miRNA may promote target gene degradation or inhibit target gene expression through post-transcriptional regulatory mechanisms. Importantly, exosomes have been used as biomarkers for the diagnosis and prognosis of diseases or even as clinical therapeutic targets (Meldolesi 2018; Lu et al., 2019; Manna et al., 2020). Thus, the expression level of plasma exosomal miRNA in patients with AP may provide important diagnostic or prognostic markers of this disease although, to date, this has been understudied.
Therefore, the present study used next-generation sequencing techniques to compare the plasma exosomal miRNA expression profile of patients with SAP with that of healthy participants. We used bioinformatics analyses to determine key miRNAs that were specific to patients with SAP, to predict target genes associated with these differentially expressed miRNAs, and to determine the key signaling pathways annotated with the target genes.
MATERIALS AND METHODS
Participants
Blood samples were collected from four patients with SAP (the patient group) admitted to the Emergency Department of the Second Affiliated Hospital of Anhui Medical University from March 2018 to August 2018 and from four healthy control participants (the control group) who visited the physical examination center of this hospital during that same time. Patients who met two of the following three criteria were regarded as having AP: 1) typical findings from computed tomography or abdominal ultrasonography; 2) characteristic symptoms with continuous abdominal pain; and 3) serum lipase or amylase levels that were higher than three times the normal reference upper limit. The Atlanta classification criteria revised in 2012 were used to define SAP as AP accompanied by continuous single or multiple organ dysfunction lasting at least 48 h (Banks et al., 2013). Patients with SAP who met all four of the following conditions were included: 1) admitted to the hospital within 24 h after onset; 2) received no treatment before admission and received treatment in our hospital after admission; 3) between 18 and 65 years of age; and 4) patient or guardian able to complete the investigation and provide all clinical data. Patients with SAP who met any of the following conditions were excluded: 1) previous history of AP; 2) failure to provide a specific time for the onset of sensory symptoms; 3) trauma history within 1 month; 4) having a malignant tumor; or 5) having a long history of hormone or immune-related drug use. The Medical Ethics Committee of the Second Affiliated Hospital of Anhui Medical University reviewed and approved our research protocol and an informed patient consent form. The study was conducted according to the principles of the Declaration of Helsinki, and written informed consent was obtained from the study participants prior to study commencement.
Plasma exosome extraction
Blood samples were collected and centrifuged at 3,000 × g for 15 min to remove cells and cell debris. After transferring the supernatant to a sterile tube and adding an appropriate volume of ExoQuick Exosome Precipitation Solution (System Biosciences, Cat. No. EXOQ5A-1), we refrigerated the samples at 4 °C for at least 30 min. The samples were then centrifuged at 1,500 × g for 5 min. The supernatant was discarded and the precipitated exosomes were retained in the pellet.
Nanoparticle tracking analysis
The freshly extracted exosomes were blown and mixed, and 10 μL was retained for detection. The exosomes were stained with the phosphotungstate (2%) negative staining technique, and the morphology of the exosomes was observed by transmission electron microscopy. Nanoparticle Tracking Analysis was used to determine the particle size distribution of the exosome samples. The exosome samples were also analyzed with Zetasizer Nano software.
Western blot
Western blot analyses were used to detect the expression of the exosome surface marker proteins CD63 and TSG101. A radioimmunoprecipitation assay buffer was used to extract the exosomes. The proteins were separated on a sodium dodecyl sulfate polyacrylamide gel (10%) by using electrophoresis. The proteins were transferred to polyvinylidene fluoride membranes (Millipore, United States), which were blocked with 5% skimmed milk at room temperature for 2 h. Anti-CD63 (ab134045, Abcam, Britain) and anti-TSG101 (ab133586, Abcam, Britain) primary antibodies were added and incubated at 4 °C overnight. The next day, after three washouts using phosphate-buffered saline (PBS) with Tween 20, the horseradish peroxidase–conjugated secondary antibody (ab205718, Abcam, Britain) was added and the membrane was incubated at room temperature for 1 h. After washout, the proteins on the membrane were detected using an enhanced chemiluminescence detection system.
Extraction of exosomal RNA
After exosomes were extracted by ultracentrifugation, the exosome precipitant was resuspended with 50 μL of PBS. We then added 700 μL of lysate to the samples and mixed well. The homogenate was incubated at room temperature for 5 min. After 140 μL of chloroform was added to mixture, the sample was shaken for 15 s, incubated at room temperature for 2–3 min, and centrifuged at 1.2 × 104 g and 4 °C for 15 min. The upper aqueous phase was transferred to a new plastic tube, and anhydrous ethanol was added at 1.5 times the volume of the aqueous phase. Samples of 700 μL were placed on a filter column in a 2-ml collection tube, and the tube was centrifuged at room temperature (>8,000 × g) for 15 s to remove the fluid. Following washout with 80% ethanol, enzyme-free water was added to the filter column membrane, and it was centrifuged at 1.2 × 104 g for 1 min to obtain RNA.
Next-generation sequencing of miRNA and raw data quality control
A miRNA Sample PreKit was used to construct the library according to the instructions provided with the kit. The quality of the constructed library was tested and the qualified library was sequenced using a HiSeq 2,500 System.
Sequence quality control of the original sequence assessed using the sRNA library was conducted as follows: 1) for each sample, sequences with low quality values were removed; 2) reads with unknown base N (N is an unrecognized base) content greater than or equal to 10% were removed; 3) reads without a 3′ adaptor sequence were removed; 4) the 3′ joint sequence was cut off; 5) sequences shorter than 15 or longer than 35 nucleotides were removed. The sequencing data were submitted to the National Center for Biotechnology Information [NCBI]NCBI database (DATA number: PRJNA841245; Supplementary Table S1).
Bioinformatics analysis
Cluster analysis was conducted using R language on the acquired miRNA expression profile to obtain information about the miRNAs and their sequences. The top 20 target genes of the miRNAs matched in our study were analyzed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. To find genes that were potentially specifically associated with SAP, we determined the target genes of the differentially expressed miRNAs found in our study that were common to the results found by other group who assessed the RNA sequence profile in a mouse model of AP and uploaded their results as transcription profile GSE65146 to the National Center for Biotechnology Information GEO database (http://www.ncbi.nlm.nih.gov/geo/). The authors of that study used consecutive abdominal injections of caerulein to induce AP. Caerulein or a control salt solution was injected at 0 h, and tissue samples were collected at 0, 3, 12, 24, 36, 48, 60, 72, 84, 96 h, 5, 7, and 14 days. Each time point had three mice. After the mice were killed, pancreatic total tissues were collected and Affymetrix GeneChip Mouse Gene 1.0 ST arrays were used for RNA sequencing. We matched the differentially expressed genes (DEGs) in these wild-type mice by using GEO2R (p < 0.05, Log2 fold change absolute value > 1). We then found the target genes of the miRNAs matched in our study that intersected with the DEGs obtained at different time points in the mouse model of AP.
Statistical analysis
Measurement and count data obtained from the study participants are showed as means ± standard deviations or as percentages, respectively. We used SPSS, version 23.0 (SPSS Inc.) and R (version, 4.0.3) software to perform statistical analyses. Comparisons between two groups were performed using the Fisher exact test and unpaired Student’s t-test. Two-tailed p values <0.05 were considered statistically significant.
RESULTS
Demographic and clinical characteristics of participants
In total, eight participants were enrolled in this study, including four healthy volunteers and four patients with SAP. The baseline characteristics of these eight participants are given in Table 1. The fasting blood glucose (patient group, 12.25 ± 3.08 vs. control group, 5.06 ± 0.52 mmol/L; n = 8, p = 0.017), total cholesterol (patient group, 9.97 ± 1.64 vs. control group, 4.81 ± 0.86 mmol/L; n = 8, p = 0.001), triglycerides (patient group, 3.47 ± 0.56 vs. control group, 1.15 ± 0.22 mmol/L; n = 8, p < 0.001), white blood cell (patient group, 15.06 ± 2.15 × 109/L vs. control group, 6.52 ± 1.29 × 109/L; n = 8, p < 0.001), and amylase (patient group, 723.25 ± 49.03 vs. control group, 58.50 ± 5.00 U/L; n = 8, p < 0.001) were significantly lower in the control group than in the patient group (Table 1).
TABLE 1 | Demographic and clinical characteristics of patients with severe acute pancreatitis and of healthy participants.
[image: Table 1]Identification of exosomes
The exosomes extracted from the plasma samples of participants were observed by transmission electron microscopy. The exosomes appeared as saucer-shaped microvesicles (Figure 1A, arrows). The Nanoparticle Tracking Analysis results indicated that the diameters of the exosomes ranged from 40 to 150 nm, with a peak of 80 nm (Figure 1B). To confirm that the microvesicles were exosomes, we used Western blotting to match protein biomarkers specific to exosomes. Figure 1C shows that the microvesicles expressed the exosome-specific surface marker proteins TSG101 and CD63. Thus, our extraction of exosomes from the plasma of patients with SAP and from healthy control participants was successful.
[image: Figure 1]FIGURE 1 | Plasma exosome identification (A) Morphology of plasma exosomes. Image captured using transmission electron microscopy. Arrows point to exosomes. (B) Plasma exosomes size distribution by volume (C) Representative images showing the expression of the exosome-specific surface markers CD63 and TSG101 in exosomes extracted from the plasma of patients with severe acute pancreatitis (SAP) and healthy control (Ctrl) participants.
Quality of exosomal miRNA sequencing data
FastQC software was used to perform quality control checks on the obtained forward sequences. As shown in Figure 2A, all sequences scored above the Q30 line, that is, they all had a sequence quality score of 30 or higher, indicating that the data quality was sufficient for use in this study. In addition, the sequence lengths were mostly distributed around 28 bp (Figure 2B), consistent with the size of miRNA.
[image: Figure 2]FIGURE 2 | Quality control results of miRNA in plasma exosomes (A) Sequence quality of the plasma exosomal miRNA extracted from patients with severe acute pancreatitis. (B) Read length distribution of the plasma exosomal miRNA sequences extracted from patients with severe acute pancreatitis.
Comparison of plasma exosomal miRNA between patients with SAP and healthy control participants
The exosomal miRNA sequence data obtained from patients with SAP and from control participants were compared with the human reference genome HG19. Figure 3A shows the percentages of the whole reference genome of HG19 that were miRNA sequences from patients with SAP and from control participants. The mean percentage of the reference genome that was exosomal miRNA extracted from four patients with SAP was 22.05 ± 14.77%, whereas the mean expression level extracted from four healthy participants was much lower, only 8.60 ± 0.66% (Figure 3A). When the total miRNA expression levels in each sample were compared, we found that the expression levels of plasma exosomal miRNA were increased in patients with SAP compared with healthy controls (Figure 3B). All samples were compared to reads on each chromosome of the genome for density statistics, and Circos was used to draw a map to check the distribution of reads on each chromosome (Figure 3C).
[image: Figure 3]FIGURE 3 | Comparison of plasma exosomal miRNA extracted from patients with severe acute pancreatitis (SAP) vs. healthy controls (Ctrl) (A) Mapping ratio of the plasma exosomes and (B) total plasma exosomal miRNA expression in patients with SAP and healthy controls (Ctrl). (C) Distribution density of reads in each chromosome. Numbers one to four refer to the patient or participant identification number.
Cluster analysis of exosomal miRNA
Cluster analysis showing exosomal miRNA expression profiles was performed using R language (Figure 4). Obvious differences were observed in the profiles between patients with SAP and healthy controls. In addition, one novel miRNA, termed Novel1, was significantly downregulated, and two novel miRNAs, termed Novel2 and Novel3, were significantly upregulated in patients with SAP compared with healthy controls (Supplementary Table S2). The mature sequences and precursor sequences are provided in Supplementary Table S2. Additional information and sequence structures of three novel miRNAs are shown in Figure 5.
[image: Figure 4]FIGURE 4 | Cluster analysis of miRNA expression profile. Cluster analysis data showing the expression levels of plasma exosomal miRNA in patients with severe acute pancreatitis (SAP) and healthy control (Ctrl) participants. Novel1, Novel2, and Novel3 are indicated. Red represents high level of expression; green, low level of expression.
[image: Figure 5]FIGURE 5 | Basic information and sequence structures of three novel miRNAs (A) Novel1, (B) Novel2 and (C) Novel3.
Signaling pathway analysis of miRNAs target genes
The miRNA target genes were predicted using the online tool Metascape. The downregulated miRNA Novel1 had 1,549 predicted target genes, the upregulated miRNA Novel2 had 2,431 predicted target genes, and the upregulated miRNA Novel3 had 1,549 predicted target genes. The target genes of these three novel miRNAs were analyzed using KEGG and GO, and the top 20 signaling pathways associated with the target genes are shown in Figure 6. As shown in Figure 6A, numerous Novel1 target genes were involved in the estrogen signaling pathway, activation of protein kinase activity, and EGFR tyrosine kinase inhibitor resistance. In addition, numerous target genes of Novel2 and Novel3 were involved in morphogenesis of an epithelium, regulation of vesicle-mediated transport, and embryonic morphogenesis (Figure 6B).
[image: Figure 6]FIGURE 6 | Kyoto Encyclopedia of Genes and Genomes and Gene Ontology analyses. Data showing downregulated (A) and upregulated (B) miRNA target genes in plasma exosomes extracted from patients with severe acute pancreatitis, compared with healthy control participants.
DEGs in pancreatic tissue of a mouse model of AP that intersect with target genes of novel plasma exosomal miRNAs from patients with SAP
To find genes that may play potentially key roles in SAP, we downloaded from the National Center for Biotechnology Information website an RNA sequence dataset from a mouse model of AP. We used GEO2R to find DEGs in the pancreatic tissues of the mouse model at each time point following an injection of caerulein to induce AP (Supplementary Figure S1). We then compared these DEGs with the target genes of Novel1, Novel2 and Novel3 to match those that were common to both. The results indicated that one target gene of Novel3, the gene for complement component 3 (C3), intersected with the DEGs in the mouse model of AP at 3, 24, 36, 48, 60, 72, 84, 96 h, 5 days and 7 days (Supplementary Figure S2). This finding suggested that C3 may be a key gene involved in AP.
DISCUSSION
In this study, plasma samples were collected from four patients with SAP and from four healthy participants, and a large number of miRNAs were detected in the extracted exosomes. Compared with those in the healthy control group, three differentially expressed miRNAs were matched in the exosomes of patients with SAP, namely Novel1, which was downregulated, and Novel2 and Novel3, which were upregulated. After comparing the predicted target genes of miRNA Novel1, Novel2, and Novel3 with the genes differentially expressed at various times after induction of a mouse model of AP (Kong et al., 2016), we found that one miRNA Novel3 target gene, C3, intersected with the mouse DEGs at nearly every time point.
From a pathophysiological point of view, the occurrence and development of mild AP (MAP) and SAP have common characteristics involving recruitment and activation of neutrophils, production of various cytokines and vasoactive substances, and activation of related signaling pathways; however, MAP and SAP are diametrically opposite in their courses and severity (Weber and Adler 2001; Makhija and Kingsnorth 2002). MAP is not typically associated with local or systematic severe complications but accompanies a milder disease course, with most patients recovering spontaneously (Beger et al., 1997). By contrast, more than 20% of AP may gradually worsen to SAP, with patients experiencing severe complications, such as pancreatic necrosis, systemic inflammatory response syndrome, and even multiple organ dysfunction syndrome (Garg et al., 2005), resulting in an overall mortality rate of approximately 40%. Although some researchers have attempted to describe the pathogenesis of AP based on changes in proteins and signaling pathways (Shields et al., 2002; Gukovsky et al., 2004; Pereda et al., 2004), the pathogenesis remains unclear owing to the complexity of the disease.
Increasingly more attention is being paid to the biological functions of exosomes. For example, exosomes have been suggested as biomarkers for the diagnosis and prognosis of diseases and even as clinical therapeutic targets (Meldolesi 2018; Lu et al., 2019; Manna et al., 2020). The present study focused on changes in the miRNA expression profile of plasma exosomes in patients with SAP and the association of these changes with the pathogenesis of SAP. Through next-generation sequencing, three differentially expressed miRNAs were found, none of which has been previously reported. We compared the target genes of the three differentially expressed miRNAs, matched by sequencing, with the differentially expressed genes matched in the GSE65146 sequencing data from the mouse model of AP published in an existing database (Kong et al., 2016). We found one common gene: C3.
C3 is a 185-kDa glycoprotein encoded by the C3 gene and consists of a 110-kDa α chain and a 75-kDa β chain (de Bruijn and Fey 1985). C3, synthesized primarily by liver cells and distributed in blood vessels (Morgan and Gasque 1997), is one of the most abundant plasma proteins in the circulation. Its high plasma levels and low biological reactivity enable it to act as a sentinel in its natural state such that it can quickly respond as an acute phase reactant in the face of potential threats. C3 participates in all three complement pathways by cleavage into two active components: C3a and C3b (Asgari et al., 2013). C3b binds to complement receptor 1 (CR1, CD53) to increase the conditioning effect of the immune complex. At present, there are few studies on the function of the complement system in AP (Linders et al., 2020). In a mouse model, Linders et al. (Linders et al., 2020) demonstrated that C3 induces neutrophil aggregation and plays a critical role in ensuring the formation of neutrophil extracellular traps. Neutrophil extracellular traps induce pancreatic tissue inflammation by triggering trypsinogen activation (Merza et al., 2015). Therefore, C3 may warrant further study as an important target for ameliorating local pancreatic injury. Several reports have confirmed the detection of low levels of C3 in the plasma of patients with AP (Whicher et al., 1982; Ueda et al., 2006; Zhang et al., 2020). Further evidence suggests that C3 is even more sensitive than C-reactive protein, a general inflammatory marker, for the early prediction of SAP (Zhang et al., 2020). In addition, low levels of C3 are considered to be an adverse prognostic factor for SAP (Ueda et al., 2006). However, a few studies have suggested that C3 is not correlated with AP, that the low level of C3 is only due to trypsin digestion (Whicher et al., 1982). By contrast, more studies have indicated that trypsin cleaves and activates the central complement component, leading to the formation of C3a, suggesting that complement may indeed be involved in the development of AP (Minta et al., 1977). Moreover, Balldin et al. have shown that catabolism of complement occurs primarily in the abdominal cavity and is the result of a protease-antiprotease imbalance (Balldin et al., 1981). Another study also provides evidence supporting the idea that C3a levels are associated with disease severity and are good predictors of AP (Gloor et al., 2003).
In addition to its role in AP, C3 is involved in other diseases, especially in immune diseases (Lintner et al., 2016; Kim et al., 2019; Smith et al., 2019). The pathology of systemic lupus erythematosus is a highly complement-dependent process, and plasma concentrations of C3 and its lysates can be used as biomarkers of systemic lupus erythematosus disease activity (Atkinson 1986; Kim et al., 2019). A large number of studies have shown that C3 and its lysates may promote the occurrence and development of age-related macular degeneration. Although the specific mechanism underpinning its role in this degeneration is not clear, evidence at the gene level (Yates et al., 2007) and plasma test results (Maller et al., 2007) agree with its involvement. In addition, C3 is involved in the occurrence and development of Alzheimer disease. The main pathological feature of Alzheimer disease is the aggregation of neurofibrillary tangles caused by hyperphosphorylation of Tau protein (Rafii 2016; Bejanin et al., 2017). C3a receptor antagonists have been found to significantly reduce the phosphorylation of Tau at Ser396 and Thr231 (Shi et al., 2015; Hu et al., 2019). This evidence suggests that the complement system is a promising therapeutic target for Alzheimer disease. In addition, complement fragments C3a and C5a regulate the transport of normal hematopoietic cells but have no effect on cell proliferation and survival (Lenkiewicz et al., 2019). Unfortunately, this physiological effect also enhances the ability of malignant cells in patients with leukemia/lymphoma to move and thus to spread (Wysoczynski et al., 2015; Abdelbaset-Ismail et al., 2017). Complement proteins affect not only the locomotion ability of hematopoietic cells but also the phenotype of macrophages (Phieler et al., 2013; Ruan et al., 2015). In a mouse model of unilateral ureteral obstruction, Cui et al. (Cui et al., 2019) found that C3 knockout reduces M1 macrophages in the kidney but increases M2 macrophages. M1 macrophages are thought to aggravate cell damage, whereas M2 macrophages are involved in cell repair (Lee et al., 2011; You et al., 2013; Zhang et al., 2017). In addition to the circulating C3 produced mainly by the liver, local C3 produced by other tissues also plays important roles in physiological processes of the body (Tang et al., 1999; Fisher et al., 2017). For example, locally synthesized C3 promotes renal fibrosis via the C3a receptor in the mouse model of unilateral ureteral obstruction (Xavier et al., 2017; Liu et al., 2018). Although C3 is important in regulating the functional expression of neutrophils and macrophages, the specific regulatory mechanisms of C3 in AP were neither investigated nor clarified in this study; this is the direction of our future research.
In summary, this study compared plasma exosomal miRNA profiles extracted from patients with AP and from healthy participants and found three differentially expressed miRNAs. By using robust prediction and comparison analyses, we determined that one of the predicted miRNA target genes, C3, was associated with AP. In addition, although this study found some differentially expressed miRNAs through rigorous methods, there were still some limitations. The sample size of this research was small. Secondly, the suboptimal sample size may increase the bias of some parameters, such as gender. Finally, we have not clarified the mechanism of this differentially expressed miRNAs and target gene C3 on AP in this study. In the future, we can show via gain- and/or loss-of-function studies that Novel1,2, and/or three biologically regulate mRNA levels of C3 in any immune cell or parenchymal cell relevant to SAP.
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.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Ethics Committee of the Second Affiliated Hospital of Anhui Medical University. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
YX, YS, RY, and TD designed and performed the experiments. YX, YS, KS, and YF analyzed the data and co-wrote the manuscript. HL, BS, and GL guided and supervised the study. All authors read and approved the final manuscript to be published.
FUNDING
The present work was supported by Key Research and Development Program of Anhui Province (Grant No. 201904a07020066), Anhui Provincial Education Foundation (Grant No. KJ2020ZD13) and Project Funded by Scientific Research Platform and Base Upgrading Plan of Anhui Medical University (Grant No. 2021xkjT048).
ACKNOWLEDGMENTS
We would like to express our gratitude to Yunxia Lu, Ph.D., and the technicians in the Comprehensive Experiment Center of Basic Medical Sciences, Anhui Medical University, for facility support of this work, and the Center for Scientific Research of Anhui Medical University for valuable assistance with our study.
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.2022.980930/full#supplementary-material
REFERENCES
 Abdelbaset-Ismail, A., Borkowska-Rzeszotek, S., Kubis, E., Bujko, K., Brzeźniakiewicz-Janus, K., Bolkun, L., et al. (2017). Activation of the complement cascade enhances motility of leukemic cells by downregulating expression of HO-1. Leukemia 31, 446–458. doi:10.1038/leu.2016.198
 Asgari, E., Le Friec, G., Yamamoto, H., Perucha, E., Sacks, S. S., Köhl, J., et al. (2013). C3a modulates IL-1β secretion in human monocytes by regulating ATP efflux and subsequent NLRP3 inflammasome activation. Blood 122, 3473–3481. doi:10.1182/blood-2013-05-502229
 Atkinson, J. P. (1986). Complement activation and complement receptors in systemic lupus erythematosus. Springer Semin. Immunopathol. 9, 179–194. doi:10.1007/bf02099021
 Balldin, G., Eddeland, A., and Ohlsson, K. (1981). Studies on the role of the plasma protease inhibitors on in vitro C3 activation and in acute pancreatitis. Scand. J. Gastroenterol. 16, 603–609. doi:10.3109/00365528109182018
 Banks, P. A., Bollen, T. L., Dervenis, C., Gooszen, H. G., Johnson, C. D., Sarr, M. G., et al. (2013). Classification of acute pancreatitis--2012: revision of the atlanta classification and definitions by international consensus. Gut 62, 102–111. doi:10.1136/gutjnl-2012-302779
 Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281–297. doi:10.1016/s0092-8674(04)00045-5
 Bartel, D. P. (2009). MicroRNAs: target recognition and regulatory functions. Cell 136, 215–233. doi:10.1016/j.cell.2009.01.002
 Beger, H. G., Rau, B., Mayer, J., and Pralle, U. (1997). Natural course of acute pancreatitis. World J. Surg. 21, 130–135. doi:10.1007/s002689900204
 Bejanin, A., Schonhaut, D. R., La Joie, R., Kramer, J. H., Baker, S. L., Sosa, N., et al. (2017). Tau pathology and neurodegeneration contribute to cognitive impairment in Alzheimer's disease. Brain 140, 3286–3300. doi:10.1093/brain/awx243
 Chatterjee, R., Parab, N., Sajjan, B., and Nagar, V. S. (2020). Comparison of acute physiology and chronic health evaluation II, modified computed tomography severity index, and bedside index for severity in acute pancreatitis score in predicting the severity of acute pancreatitis. Indian J. Crit. Care Med. 24, 99–103. doi:10.5005/jp-journals-10071-23343
 Chen, C. Z., Li, L., Lodish, H. F., and Bartel, D. P. (2004). MicroRNAs modulate hematopoietic lineage differentiation. Science 303, 83–86. doi:10.1126/science.1091903
 Cui, J., Wu, X., Song, Y., Chen, Y., and Wan, J. (2019). Complement C3 exacerbates renal interstitial fibrosis by facilitating the M1 macrophage phenotype in a mouse model of unilateral ureteral obstruction. Am. J. Physiol. Ren. Physiol. 317, F1171–f1182. doi:10.1152/ajprenal.00165.2019
 de Bruijn, M. H., and Fey, G. H. (1985). Human complement component C3: cDNA coding sequence and derived primary structure. Proc. Natl. Acad. Sci. U. S. A. 82, 708–712. doi:10.1073/pnas.82.3.708
 Fagenholz, P. J., Fernández-del Castillo, C., Harris, N. S., Pelletier, A. J., and Camargo, C. A. (2007). Direct medical costs of acute pancreatitis hospitalizations in the United States. Pancreas 35, 302–307. doi:10.1097/MPA.0b013e3180cac24b
 Fisher, A. J., Cipolla, E., Varre, A., Gu, H., Mickler, E. A., and Vittal, R. (2017). Potential mechanisms underlying TGF-β-mediated complement activation in lung fibrosis. Cell. Mol. Med. Open Access 3, 14. doi:10.21767/2573-5365.100037
 Garg, P. K., Madan, K., Pande, G. K., Khanna, S., Sathyanarayan, G., Bohidar, N. P., et al. (2005). Association of extent and infection of pancreatic necrosis with organ failure and death in acute necrotizing pancreatitis. Clin. Gastroenterol. Hepatol. 3, 159–166. doi:10.1016/s1542-3565(04)00665-2
 Gloor, B., Stahel, P. F., Müller, C. A., Schmidt, O. I., Büchler, M. W., and Uhl, W. (2003). Predictive value of complement activation fragments C3a and sC5b-9 for development of severe disease in patients with acute pancreatitis. Scand. J. Gastroenterol. 38, 1078–1082. doi:10.1080/00365520310005965
 Guiot, J., Struman, I., Louis, E., Louis, R., Malaise, M., and Njock, M. S. (2019). Exosomal miRNAs in lung diseases: From biologic function to therapeutic targets. J. Clin. Med. 8, E1345. doi:10.3390/jcm8091345
 Gukovsky, I., Cheng, J. H., Nam, K. J., Lee, O. T., Lugea, A., Fischer, L., et al. (2004). Phosphatidylinositide 3-kinase gamma regulates key pathologic responses to cholecystokinin in pancreatic acinar cells. Gastroenterology 126, 554–566. doi:10.1053/j.gastro.2003.11.017
 Hu, J., Yang, Y., Wang, M., Yao, Y., Chang, Y., He, Q., et al. (2019). Complement C3a receptor antagonist attenuates tau hyperphosphorylation via glycogen synthase kinase 3β signaling pathways. Eur. J. Pharmacol. 850, 135–140. doi:10.1016/j.ejphar.2019.02.020
 Ji, L., Sun, B., Cheng, C. D., Bai, X. W., Wang, G., Kong, R., et al. (2016). Clinical experience on the employment of the staged step-up approach in the treatment of local complications secondary to severe acute pancreatitis. Zhonghua Wai Ke Za Zhi 54, 839–843. doi:10.3760/cma.j.issn.0529-5815.2016.11.010
 Johnstone, R. M., Adam, M., Hammond, J. R., Orr, L., and Turbide, C. (1987). Vesicle formation during reticulocyte maturation. Association of plasma membrane activities with released vesicles (exosomes). J. Biol. Chem. 262, 9412–9420. doi:10.1016/s0021-9258(18)48095-7
 Kim, A. H. J., Strand, V., Sen, D. P., Fu, Q., Mathis, N. L., Schmidt, M. J., et al. (2019). Association of blood concentrations of complement split product iC3b and serum C3 with systemic lupus erythematosus disease activity. Arthritis Rheumatol. 71, 420–430. doi:10.1002/art.40747
 Kitamura, K., Horibe, M., Sanui, M., Sasaki, M., Yamamiya, A., Ishii, Y., et al. (2017). The prognosis of severe acute pancreatitis varies according to the segment presenting with low enhanced pancreatic parenchyma on early contrast-enhanced computed tomography: A multicenter cohort study. Pancreas 46, 867–873. doi:10.1097/mpa.0000000000000851
 Kong, B., Bruns, P., Behler, N., Fritzsche, S., Valkovska, N., Irmler, M., et al. (2016). Expression data of caerulein-treated wild-type mice and KrasG12D-mutated mice at different stages of pancreatic regeneration after inflammatory injury. Available at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE65146 (accessed -01-01). 
 Lee, S., Huen, S., Nishio, H., Nishio, S., Lee, H. K., Choi, B. S., et al. (2011). Distinct macrophage phenotypes contribute to kidney injury and repair. J. Am. Soc. Nephrol. 22, 317–326. doi:10.1681/asn.2009060615
 Lenkiewicz, A., Bujko, K., Brzezniakiewicz-Janus, K., Xu, B., and Ratajczak, M. Z. (2019). The complement cascade as a mediator of human malignant hematopoietic cell trafficking. Front. Immunol. 10, 1292. doi:10.3389/fimmu.2019.01292
 Linders, J., Madhi, R., Mörgelin, M., King, B. C., Blom, A. M., and Rahman, M. (2020). Complement component 3 is required for tissue damage, neutrophil infiltration, and ensuring NET formation in acute pancreatitis. Eur. Surg. Res. 61, 163–176. doi:10.1159/000513845
 Lintner, K. E., Wu, Y. L., Yang, Y., Spencer, C. H., Hauptmann, G., Hebert, L. A., et al. (2016). Early components of the complement classical activation pathway in human systemic autoimmune diseases. Front. Immunol. 7, 36. doi:10.3389/fimmu.2016.00036
 Liu, Y., Wang, K., Liang, X., Li, Y., Zhang, Y., Zhang, C., et al. (2018). Complement C3 produced by macrophages promotes renal fibrosis via IL-17a secretion. Front. Immunol. 9, 2385. doi:10.3389/fimmu.2018.02385
 Lu, M., Yuan, S., Li, S., Li, L., Liu, M., and Wan, S. (2019). The exosome-derived biomarker in atherosclerosis and its clinical application. J. Cardiovasc. Transl. Res. 12, 68–74. doi:10.1007/s12265-018-9796-y
 Makhija, R., and Kingsnorth, A. N. (2002). Cytokine storm in acute pancreatitis. J. Hepatobiliary. Pancreat. Surg. 9, 401–410. doi:10.1007/s005340200049
 Maller, J. B., Fagerness, J. A., Reynolds, R. C., Neale, B. M., Daly, M. J., and Seddon, J. M. (2007). Variation in complement factor 3 is associated with risk of age-related macular degeneration. Nat. Genet. 39, 1200–1201. doi:10.1038/ng2131
 Manna, I., De Benedittis, S., Quattrone, A., Maisano, D., Iaccino, E., and Quattrone, A. (2020). Exosomal miRNAs as potential diagnostic biomarkers in alzheimer's disease. Pharm. (Basel) 13, E243. doi:10.3390/ph13090243
 McVey, M. J., Maishan, M., Blokland, K. E. C., Bartlett, N., and Kuebler, W. M. (2019). Extracellular vesicles in lung health, disease, and therapy. Am. J. Physiol. Lung Cell. Mol. Physiol. 316, L977–L989. doi:10.1152/ajplung.00546.2018
 Meldolesi, J. (2018). Exosomes and ectosomes in intercellular communication. Curr. Biol. 28, R435–R444. doi:10.1016/j.cub.2018.01.059
 Merza, M., Hartman, H., Rahman, M., Hwaiz, R., Zhang, E., Renström, E., et al. (2015e1928). Neutrophil extracellular traps induce trypsin activation, inflammation, and tissue damage in mice with severe acute pancreatitis. Gastroenterology 149, 1920–1931. doi:10.1053/j.gastro.2015.08.026
 Minta, J. O., Man, D., and Movat, H. Z. (1977). Kinetic studies on the fragmentation of the third component of complement (C3) by trypsin. J. Immunol. 118, 2192–2198.
 Morgan, B. P., and Gasque, P. (1997). Extrahepatic complement biosynthesis: where, when and why?Clin. Exp. Immunol. 107, 1–7. doi:10.1046/j.1365-2249.1997.d01-890.x
 Ni, Y. Q., Lin, X., Zhan, J. K., and Liu, Y. S. (2020). Roles and functions of exosomal non-coding RNAs in vascular aging. Aging Dis. 11, 164–178. doi:10.14336/ad.2019.0402
 Pegtel, D. M., and Gould, S. J. (2019). Exosomes. Annu. Rev. Biochem. 88, 487–514. doi:10.1146/annurev-biochem-013118-111902
 Pereda, J., Sabater, L., Cassinello, N., Gómez-Cambronero, L., Closa, D., Folch-Puy, E., et al. (2004). Effect of simultaneous inhibition of TNF-alpha production and xanthine oxidase in experimental acute pancreatitis: the role of mitogen activated protein kinases. Ann. Surg. 240, 108–116. doi:10.1097/01.sla.0000129343.47774.89
 Phieler, J., Chung, K. J., Chatzigeorgiou, A., Klotzsche-von Ameln, A., Garcia-Martin, R., Sprott, D., et al. (2013). The complement anaphylatoxin C5a receptor contributes to obese adipose tissue inflammation and insulin resistance. J. Immunol. 191, 4367–4374. doi:10.4049/jimmunol.1300038
 Rafii, M. S. (2016). Targeting tau protein in Alzheimer's disease. Lancet 388, 2842–2844. doi:10.1016/s0140-6736(16)32107-9
 Rijkers, A. P., and van Eijck, C. H. (2017). Acute pancreatitis. N. Engl. J. Med. 376, 597. doi:10.1056/NEJMc1616177
 Ruan, C. C., Ge, Q., Li, Y., Li, X. D., Chen, D. R., Ji, K. D., et al. (2015). Complement-mediated macrophage polarization in perivascular adipose tissue contributes to vascular injury in deoxycorticosterone acetate-salt mice. Arterioscler. Thromb. Vasc. Biol. 35, 598–606. doi:10.1161/atvbaha.114.304927
 Sandler, R. S., Everhart, J. E., Donowitz, M., Adams, E., Cronin, K., Goodman, C., et al. (2002). The burden of selected digestive diseases in the United States. Gastroenterology 122, 1500–1511. doi:10.1053/gast.2002.32978
 Shi, Q., Colodner, K. J., Matousek, S. B., Merry, K., Hong, S., Kenison, J. E., et al. (2015). Complement C3-deficient mice fail to display age-related hippocampal decline. J. Neurosci. 35, 13029–13042. doi:10.1523/jneurosci.1698-15.2015
 Shields, C. J., Winter, D. C., and Redmond, H. P. (2002). Lung injury in acute pancreatitis: mechanisms, prevention, and therapy. Curr. Opin. Crit. Care 8, 158–163. doi:10.1097/00075198-200204000-00012
 Simpson, R. J., Lim, J. W., Moritz, R. L., and Mathivanan, S. (2009). Exosomes: proteomic insights and diagnostic potential. Expert Rev. Proteomics 6, 267–283. doi:10.1586/epr.09.17
 Smith, M. A., Henault, J., Karnell, J. L., Parker, M. L., Riggs, J. M., Sinibaldi, D., et al. (2019). SLE plasma profiling identifies unique signatures of lupus nephritis and discoid lupus. Sci. Rep. 9, 14433. doi:10.1038/s41598-019-50231-y
 Stenwall, A., Ingvast, S., Skog, O., and Korsgren, O. (2019). Characterization of host defense molecules in the human pancreas. Islets 11, 89–101. doi:10.1080/19382014.2019.1585165
 Tang, S., Zhou, W., Sheerin, N. S., Vaughan, R. W., and Sacks, S. H. (1999). Contribution of renal secreted complement C3 to the circulating pool in humans. J. Immunol. 162, 4336–4341.
 Théry, C., Zitvogel, L., and Amigorena, S. (2002). Exosomes: composition, biogenesis and function. Nat. Rev. Immunol. 2, 569–579. doi:10.1038/nri855
 Ueda, T., Takeyama, Y., Yasuda, T., Shinzeki, M., Sawa, H., Nakajima, T., et al. (2006). Immunosuppression in patients with severe acute pancreatitis. J. Gastroenterol. 41, 779–784. doi:10.1007/s00535-006-1852-8
 Vivian, E., Cler, L., Conwell, D., Coté, G. A., Dickerman, R., Freeman, M., et al. (2019). Acute pancreatitis task force on quality: Development of quality indicators for acute pancreatitis management. Am. J. Gastroenterol. 114, 1322–1342. doi:10.14309/ajg.0000000000000264
 Weber, C. K., and Adler, G. (2001). From acinar cell damage to systemic inflammatory response: current concepts in pancreatitis. Pancreatology 1, 356–362. doi:10.1159/000055834
 Whicher, J. T., Barnes, M. P., Brown, A., Cooper, M. J., Read, R., Walters, G., et al. (1982). Complement activation and complement control proteins in acute pancreatitis. Gut 23, 944–950. doi:10.1136/gut.23.11.944
 Wysoczynski, M., Ratajczak, J., Pedziwiatr, D., Rokosh, G., Bolli, R., and Ratajczak, M. Z. (2015). Identification of heme oxygenase 1 (HO-1) as a novel negative regulator of mobilization of hematopoietic stem/progenitor cells. Stem Cell Rev. Rep. 11, 110–118. doi:10.1007/s12015-014-9547-7
 Xavier, S., Sahu, R. K., Landes, S. G., Yu, J., Taylor, R. P., Ayyadevara, S., et al. (2017). Pericytes and immune cells contribute to complement activation in tubulointerstitial fibrosis. Am. J. Physiol. Ren. Physiol. 312, F516–f532. doi:10.1152/ajprenal.00604.2016
 Yáñez-Mó, M., Siljander, P. R., Andreu, Z., Zavec, A. B., Borràs, F. E., Buzas, E. I., et al. (2015). Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 4, 27066. doi:10.3402/jev.v4.27066
 Yates, J. R., Sepp, T., Matharu, B. K., Khan, J. C., Thurlby, D. A., Shahid, H., et al. (2007). Complement C3 variant and the risk of age-related macular degeneration. N. Engl. J. Med. 357, 553–561. doi:10.1056/NEJMoa072618
 You, H., Gao, T., Cooper, T. K., Brian Reeves, W., and Awad, A. S. (2013). Macrophages directly mediate diabetic renal injury. Am. J. Physiol. Ren. Physiol. 305, F1719–F1727. doi:10.1152/ajprenal.00141.2013
 Zhang, L., Qiao, Z., Feng, H., and Shen, J. (2020). The early predictive role of complement C3 and C4 in patients with acute pancreatitis. J. Clin. Lab. Anal. 34, e23205. doi:10.1002/jcla.23205
 Zhang, M. Z., Wang, X., Wang, Y., Niu, A., Wang, S., Zou, C., et al. (2017). IL-4/IL-13-mediated polarization of renal macrophages/dendritic cells to an M2a phenotype is essential for recovery from acute kidney injury. Kidney Int. 91, 375–386. doi:10.1016/j.kint.2016.08.020
 Zhao, Q., Tang, X., Huang, J., Li, J., Chen, Q., Sun, Y., et al. (2018). Melatonin attenuates endoplasmic reticulum stress in acute pancreatitis. Pancreas 47, 884–891. doi:10.1097/mpa.0000000000001082
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 © 2022 Xu, Sun, Yin, Dong, Song, Fang, Liu, Shen and Li. 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: 06 October 2022
doi: 10.3389/fphar.2022.982130


[image: image2]
The regulatory role of PDE4B in the progression of inflammatory function study
Yue Su1,2†, Jiaxiang Ding1,2†, Fan Yang3†, Cuixia He1,4, Yuanyuan Xu1,4, Xingyu Zhu1,4, Huan Zhou1,2,4* and Hongtao Li1*
1First-in-Human Clinical Trial Wards in the National Institute of Clinical Drug Trials, The First Affiliated Hospital of Bengbu Medical University, Bengbu, China
2School of Public Foundation, Bengbu Medical University, Bengbu, China
3Department of Ophthalmology, First Affiliated Hospital of Anhui Medical University, Hefei, China
4School of Pharmacy, Bengbu Medical University, Bengbu, China
Edited by:
Cheng Chen, Hefei Institutes of Physical Science (CAS), China
Reviewed by:
Pengpeng Chen, Anhui University, China
Xiaoxia Wang, Second Hospital of Shanxi Medical University, China
Hui Li, Cancer Hospital, Chongqing University, China
* Correspondence: Hongtao Li, hongtaoli@bbmc.edu.cn; Huan Zhou, zhouhuan@bbmc.edu.cn
†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: 30 June 2022
Accepted: 22 September 2022
Published: 06 October 2022
Citation: Su Y, Ding J, Yang F, He C, Xu Y, Zhu X, Zhou H and Li H (2022) The regulatory role of PDE4B in the progression of inflammatory function study. Front. Pharmacol. 13:982130. doi: 10.3389/fphar.2022.982130

Inflammation is a response of the body to external stimuli (eg. chemical irritants, bacteria, viruses, etc.), and when the stimuli are persistent, they tend to trigger chronic inflammation. The presence of chronic inflammation is an important component of the tumor microenvironment produced by a variety of inflammatory cells (eg. macrophages, neutrophils, leukocytes, etc.). The relationship between chronic inflammation and cancer development has been widely accepted, and chronic inflammation has been associated with the development of many cancers, including chronic bronchitis and lung cancer, cystitis inducing bladder cancer. Moreover, chronic colorectitis is more likely to develop into colorectal cancer. Therefore, the specific relationship and cellular mechanisms between inflammation and cancer are a hot topic of research. Recent studies have identified phosphodiesterase 4B (PDE4B), a member of the phosphodiesterase (PDEs) protein family, as a major cyclic AMP (cAMP) metabolizing enzyme in inflammatory cells, and the therapeutic role of PDE4B as chronic inflammation, cancer. In this review, we will present the tumors associated with chronic inflammation, and PDE4B potential clinical application.
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1 INTRODUCTION
Inflammation is part of the innate immune response to danger signals, tissue destruction, and/or infection. Short-term and properly terminated inflammation is beneficial, but chronic inflammation increases cancer risk (Greten and Grivennikov, 2019). Cancer is a biologically heterogeneous disease with distinct genetic abnormalities (Kumar and Sharawat, 2018), despite progress across the continuum of cancer research and patient care, remains one of the major diseases affecting human longevity and quality of life (Liu and Shi, 2021). In the Lancet, Gilles Dagenais and colleagues found that cancer is the most common cause of death in high-income countries and several middle-income countries (Dagenais et al., 2020; Siegel et al., 2021). The international agency for research on cancer (IACR) predicted that by 2040, approximately thirty million people worldwide will be living with cancer, 60% of whom will die from cancer or its complications. In addition, the incidence of cancer is likely to be higher in relatively underdeveloped countries (Sengupta and Honey, 2019). Recent studies suggest that the loss of polarity and adhesion of cancer cells is a key reason for the ease of metastasis as well as the proliferation of tumor cells compared to normal cells (Yan et al., 2018), in addition to complex biological pathways and mechanisms that target carcinogenesis and maintain cancer phenotypes multiple studies (Cai et al., 2021). Overall, inflammation recruits a variety of inflammatory cells, induces cell proliferation, leads to DNA damage, and increases the risk of cancer (Coussens and Werb, 2002).
PDE4B is a type IV cAMP -specific cyclic nucleotide PDE family member (Ahmad et al., 2015). The encoded protein regulates the cellular concentration of cyclic nucleotides and thus plays a role in signal transduction of inflammatory factors. Recent studies have shown that PDE4B expression is elevated at the transcriptional as well as the translational level in various cancers (Azevedo et al., 2014). PDE4B is located on chromosome 1p31, informative SNPs in the gene cluster encoding PDE4B are located at the 5′ end of the gene (Bender and Beavo, 2006). The PDE4B gene also encodes PDE4B monomers known as PDE4B2 and PDE4B5 (Campbell et al., 2017). Among all subtypes of PDE4, PDE4B is closely associated with cancer and has a major contribution to the role in hematological malignancies (Bolger, 2017). Aberrant expression of PDE4B was found in multiple organs with inflammation, including hematologic (Jiang et al., 1998; Moon et al., 2002; Nam et al., 2019; Rickles et al., 2010), colorectal (Kim et al., 2019), liver and other organs (Hsien Lai et al., 2020).
This review summarizes the relationship between inflammation and cancer. On this basis, the potential clinical value of PDE4B is also discussed.
2 OVERVIEW OF INFLAMMATION IN HUMAN DISEASE PROCESSES
Inflammation is a stress response of the organism in the face of multiple stimuli or infection by foreign substances, such as physical injury, infection-induced cellular changes and immune responses present in many disease processes (Coussens and Werb, 2002), and one of the initiation processes of cell trafficking to the tumor microenvironment by specific cytokines called chemokines, which have an important role in many cellular activities, especially in the immune system (Guo et al., 2013). If the stimulus that induces inflammation is persistent, it predisposes to the development of chronic inflammation. Chronic inflammation results in persistent tissue damage and stimulates cell proliferation and tissue repair. Chronic inflammation is manifested by the release of mononuclear cell infiltration, fibroblast proliferation, and other releases that induce the formation of granulation tissue (Gleeson et al., 2011). Inflammation can trigger tumorigenesis through DNA damage in the absence of any exogenous carcinogens (Meira et al., 2008). It has been shown that mouse models of inflammation-associated tumorigenesis have also been shown to be associated with sporadic tumorigenesis. After external stimulation of the body’s own immune system, macrophages and eosinophils increase, intensifying the oxidative stress process. Cellular signaling pathway triggered by inflammatory cytokines promotes tumor development (McGranahan and Swanton, 2017; Li et al., 2022), and it is clear that chronic inflammation increases cancer risk.
The development of cancer and its prognosis are regulated by inflammation, which can promote or inhibit tumor progression and interfere with tumor treatment (Zhao et al., 2021). Tumor refers to the proliferation of local tissue cells under the action of many carcinogenic factors. In recent decades, finding new therapeutic targets or developing more effective treatment options has been our focus (Vineis and Wild, 2014). In recent years, the causal relationship between inflammation and cancer has gradually been recognized as cancer research has intensified. The hypothesis that chronic inflammation might be the origin of cancer was proposed in the 19th century, the site that triggers chronic inflammation induces excessive cell proliferation (Korniluk et al., 2017). Although only cellular over proliferation does not cause cancer, during the recovery of damaged tissues, various cellular molecules such as, growth factors, activation mechanisms, and DNA are highly activated, while inflammation triggers reactive oxygen/nitrogen species against pathogens that damage DNA and other biomolecules, and intracellular responses to DNA damage promote inflammation, creating positive feedback and interfering with repair mechanisms in vivo (Suarez-Carmona et al., 2017). In conclusion persistent infection in vivo induces chronic inflammation and increases tumor risk (Singh et al., 2019). Cancer, which refers to a group of the world’s most severe and deadly diagnosed pathophysiological conditions (Diori Karidio and Sanlier, 2021), is a huge public health challenge, which has been further exacerbated by the 2019 novel coronavirus pneumonia (COVID-19) pandemic since March 2020 (Sengupta and Zaidi, 2021; Smith et al., 2021).
Many malignant tumors such as lung cancer (Chen et al., 2021), colorectal cancer (Yashiro, 2014), and prostate cancer (Sfanos et al., 2018) are mostly found in chronic inflammation or infection sites, further demonstrating that persistent inflammation may induce cancer development (Kay et al., 2019). Thus it is necessary to elucidate the interaction between inflammation and cancer, and some biomolecules in cells play an important role in inflammation-induced cancer. For example, PDE4 has recently emerged as a key regulator of carcinogenesis. Studies have shown that PDE4 expression is elevated in various cancer species (Jacob et al., 2002; Nagy et al., 2013; Smith et al., 2005). As one of the four isoforms of PDE4, phosphodiesterase 4A (PDE4A) is associated with expression in various cancers and its involvement in VEGF-mediated angiogenesis accelerates epithelial mesenchymal transformation in cancer (Kolosionek et al., 2009). In addition, phosphodiesterase 4D (PDE4D) stimulates the development of lung cancer through TGF-β1 (He et al., 2014). PDE4B, which was brought to our attention, is also a member of the PDE4 family.
3 OVERVIEW OF PHOSPHODIESTERASE 4B
PDEs are a diverse family of enzymes that have long been recognized due to their unique tissue distribution, structural and functional properties, and sensitivity to selective inhibitors, considered an attractive and excellent therapeutic target (Azam and Tripuraneni, 2014; Fortin et al., 2009; Komatsu et al., 2013). PDE4B, a member of the PDE family (Figure 1), functions to break down cyclic nucleotides such as cAMP and cyclic guanosine monophosphate (cGMP), thereby reducing the signaling of these important second messengers in cells. cAMP has been considered as an inducer of anti-inflammatory responses, and cAMP-dependent pathways are widely used in pharmacology for the treatment of inflammatory diseases. Recently, cAMP has also been indicated as a coordinator of key steps in the resolution of inflammation (Tavares et al., 2020). Apart from that, cAMP is a secondary messenger responsible for regulating cellular metabolism by activating protein kinase A (PKA) and targeting exchange proteins directly activated by cAMP. cAMP may be involved in controlling a variety of cell functions that are significant in all cell types. It has been shown that PDE4B knockdown effectively inhibit Lipopolysaccharide (LPS)-induced nuclear factor kappa-B (NF-κB) activation and inflammatory responses in multiple cell types, and, PDE4B deletion impairs LPS-induced reactive oxygen species (ROS) generation (Tavares et al., 2020). Analysis of all relevant literature on PDE4B so far revealed that the expression of PDE4B was upregulated in the majority of tumor tissues. Further studies revealed that PDE4B mostly regulates the development of various cancers through the regulation of cAMP. In conclusion, we should pay attention to the regulatory role of PDE4B in tumors.
[image: Figure 1]FIGURE 1 | Cyclic nucleotide phosphodiesterase (PDE4) family. PDE4 enzymes are usually divided into four isoforms (PDE4A, PDE4B, PDE4C, PDE4D), where each isoform has multiple transcription products.
4 FUNCTIONAL REGULATORY ROLE OF PHOSPHODIESTERASE 4B IN HUMAN INFLAMMATORY DISEASES
4.1 Hematological
The blood system includes several blood-forming organs and various blood cells, and is one of the systems that make up the body. Inflammation, especially chronic inflammation, is an important factor in promoting the development of tumors. At some levels, abnormal peripheral blood counts in the organism due to inflammatory responses are associated with cancer development to some extent (Diakos et al., 2014; Ocana et al., 2017). Some studies have shown that many inflammatory indicators have clinical importance in the prognosis of patients with tumors (Rambaldi et al., 2013; Annibali et al., 2019). Diffuse large B-cell lymphoma (DLBCL) is a common and often fatal malignancy, with an estimated more than 100,000 new cases annually worldwide. Since DLBCL is a genetically heterogeneous disease, the search for new therapeutic targets is important for the treatment of this disease (Schmitz et al., 2018). It is worthy of note that PDE4B is overexpressed in lethal/refractory tumors (Schick and Schlegel, 2022). PDE4B inactivates the second messenger cAMP and abrogates its inhibitory effect in B lymphocytes. cAMP is a ubiquitous second messenger that regulates multiple cellular processes by activating PKA, an exchange protein that is activated directly by cAMP, and other less well-characterized effector proteins following B cell receptor activation, cAMP downregulates signaling pathways responsible for cell proliferation (Kim et al., 2015; Zhang et al., 2020). Since PDE4B terminates cAMP activity, the growth inhibitory effect of cAMP signaling is limited. Thus, DLBCs expressing high PDE4B levels may be resistant to cAMP-induced apoptosis [55, (Kim et al., 2009)]. In summary, PDE4B is an important upstream regulator of cAMP, which provides a new idea for the clinical treatment of DLBCs.
Hany Ariffin et al. (2017) found that the pathogenesis of childhood acute lymphoblastic leukemia (ALL) patients and the prognosis of the organism’s performance profile are biologically similar to the process of accelerated cellular senescence (eg: chronic inflammation as well as telomere depletion). ALL is characterized by an excess of immature lymphocytes, which are more common in children between the ages of 2 and 5 years than in adults (Medinger et al., 2019). Rennan Garcias Moreira et al. (2022) found that PDE4B promotes tumor angiogenesis in ALL. Notably, in Native Americans, the PDE4B allele rs6683977 variant is associated with ALL relapse (Chen et al., 2020). After B cell receptor activation, cAMP downregulated signaling pathways responsible for cell proliferation, and cAMP-mediated life activities were mostly inhibitory, including cell cycle arrest and apoptosis. In conclusion, PDE4B overexpression abrogates cAMP inhibition of cell proliferation (Ahlström et al., 2005; Zhao et al., 2016), providing theoretical support for clinical application in the treatment of ALL.
4.2 Colon and rectum
The colon and rectum are important components of the human intestinal tract. Chronic inflammation induced by chronic inflammatory bowel disease or poor dietary habits of organisms are more likely to develop colorectal cancer (CRC) (Schäfer and Werner, 2008), The main causative factor of colorectal inflammation-induced cancer may be the inflammatory intervention of one or more signaling pathways in regulating tumor progression. CRC is the third most common cancer in both men and women and has one of the lowest survival rates of all cancer types (Biller and Schrag, 2021). Chronic inflammation triggered by external factors may increase the chances of tumorigenesis (Quail and Joyce, 2013). Badar Mahmood et al. (2016) found that lower PDE4 activity detected in functional assays of CRC biopsies contradicted the observations of increased tissue expression and abundance of PDE4B, speculating that CRC disease may produce nonfunctional PDE4B protein with disease-induced frugality. Compensatory mRNA and protein elevations result in higher expression of PDE4B in patients with colorectal tumors. In conclusion, it is necessary to pay attention to the regulatory role played by elevated transcriptional levels of PDE4B in chronic inflammation of the colorectum and colorectal cancer.
4.3 Lung
The lung is an important organ of the human body. The unique physiological structure of the lung makes the lung tissue susceptible to bacteriological inflammatory damage when attacked by pathogenic microorganisms, which gradually accumulates and leads to the development of lung cancer (Jacobs and Kligerman, 2019). In response to external stimuli, inflammation in the lung produces excess ROS and chronic inflammation of the lung predisposes to lung cancer (Kachuri et al., 2020). With approximately two million new cases of lung cancer worldwide each year, lung cancer is one of the cancers with a high incidence as well as a high mortality rate worldwide (Thai et al., 2021). With approximately two million new cases of lung cancer worldwide each year, lung cancer is one of the cancers with a high incidence as well as a high mortality rate worldwide (Thai et al., 2021). Miyako Ariga et al. demonstrated that PDE4B regulates neutrophil much more than previously known. Therefore the role of PDE4B in lung cancer cannot be ignored (Jin et al., 2005). Similar to other tumors, PDE4B is also involved in the growth of lung cancer cells through cAMP, and cAMP acts as a second messenger that can regulate cellular responses through activated effectors (Rahamim Ben-Navi et al., 2016; Blommaert et al., 2019). cAMP plays an important regulatory function in almost all cell types involved in the airway pathogenesis of asthma and other chronic inflammatory diseases. Rong-quan He et al. found that the expression of PDE4B is increased in Non-small cell lung cancer (NSCLC), proving that PDE4B has cytotoxicity in lung cancer cells. The best known effector of cAMP is PKA. Shaikh et al. (2012) found that inhibition of PKA could regulate the invasion and migration of human lung cancer cells. Therefore, PDE4B is likely to be a regulator of the occurrence and development of lung cancer.
4.4 Prostate gland
The prostate gland is located between the bladder and the original genital diaphragm and is a uniquely male organ (Prostate cancer, 2016). The altered genetic material triggered by chronic inflammation also promotes tumor transformation. Acute/chronic prostatitis in is one of the most prevalent diseases in adult men worldwide (De Marzo et al., 2007; Sfanos and De Marzo, 2012). The series of reactions triggered by prostate inflammation and the release of its other cytokines is one of the main causes of prostate cancer (PC) induction. Chronic prostatitis can make inflammatory cells infiltrate and subsequently worsen prostate disease and even develop into PC (Gurel et al., 2014). PC is the second most common malignant tumor in men worldwide, and patients with advanced PC almost always develop castration-resistant prostate cancer (CRPC), resulting in patient death (Siegel et al., 2022). It is worth noting that Rodrigo B de Alexandre et al. found that low expression of PDE4B in advanced PC, which is contrary to the high expression of PDE4B in other cancers, should be taken seriously (Azevedo et al., 2014). Eiji Kashiwagi et al. (2012) found that PDE4B downregulation leads to activation of the PKA signaling pathway. Studies have shown that the PKA signaling pathway was a key mediator of cell proliferation and differentiation in various normal and cancer cells, and oxidative stress in tumor cells inhibited PDE4B expression and activated PKA path. The PDE4B/PKA signaling pathway contributes to androgen-dependent prostate cancer progression to PC. This suggests that PDE4B is likely to be a potential target for the treatment of PC.
5 REGULATION MECHANISMS OF PHOSPHODIESTERASE 4B IN INFLAMMATION-MEDIATED HUMAN DISEASE
PDE4s are the predominant cAMP degrading isozymes in most immune and inflammatory cells, the PDE4B isoform is expressed in a variety of immune and inflammatory cells, differentially regulated by various inflammatory stimuli (Peter et al., 2007). In addition, LPS has been shown to selectively induce PDE4 expression, which is consistent with elevated PDE4B expression in a variety of tumors (Jin and Conti, 2002). Numerous studies have shown that PDE4B played an important role in cancer progression. PDE4B participates in tumorigenesis and development mostly through two signaling pathways, one is through the PI3K/AKT/mTOR signaling pathway, and the other is through the specific hydrolysis of cAMP, which activates the PKA signaling pathway (Figure 2).
[image: Figure 2]FIGURE 2 | Molecular mechanisms of the signaling pathways involved in PDE4B. PDE4B is involved in the PI3K/AKT/mTOR signaling pathway and the other is through specific hydrolysis of cAMP followed by activation of the PKA signaling pathway.
The PI3K/AKT/mTOR signaling pathway targets are among the most frequently activated signaling pathways in human cancers, and inhibitors represented by this signaling pathway have been successfully used for the treatment of primary and metastatic colorectal cancer (Narayanankutty, 2019), and anti-lung cancer drug development has been in the early trial stage (Tan, 2020). The PIK3CA gene is aberrantly expressed in human tumors. Akt is downstream of PI3K, and overexpression and mutation of its multiple isoforms are commonly associated with human disease processes. Overactivation of PI3K/AKT/mTOR signaling pathway has been found to be commonly associated with epidermal growth factor receptor (EGFR) mediated resistance to endocrine therapy and targeted therapies (Lian et al., 2019). Summarizing all previous studies, cAMP/PDE4B may regulate mTOR signaling pathway by modulating PI3K/AKT activity. Based on these observations, more attention should be paid to the progress of PDE4B inhibitors in the medical field.
In the absence of cAMP, PKA is an enzymatically inactive tetrameric holoenzyme consisting of two catalytic subunits dimerized with regulatory subunits. The PKA signaling pathway was a key mediator of cell proliferation and differentiation in various normal and cancer cells. Previous results have shown that the cAMP/PKA signaling pathway is activated by many different receptors and then coupled with G proteins to participate in signal transduction at the cell membrane (Hoddah et al., 2009). G proteins interact with the endosomal surface and are involved in the secretion of cAMP. In addition, PKA overexpression is associated with poor prognosis in several tumor types, including colorectal, breast and prostate cancers. Inhibition of PKA prevents proliferation and progression of lung and prostate tumor cells (Skoda et al., 2018). The above studies found that PDE4B specifically hydrolyzes cAMP, activates the PKA signaling pathway, and promotes prostate cancer development.
Overall, PDE4B is involved in the regulation of cellular signaling pathways and plays an important role in the development and clinical manifestations of inflammation as well as inflammation-induced cancer in multiple organs, suggesting PDE4B as a potential target for clinical therapy.
6 FUTURE EXPECTATIONS
The results of previous studies have demonstrated that high expression of PDE4B was involved in inflammatory processes in several organs of the body and thus in the development of cancer, including hematologic malignancies (Kim et al., 2019), colon (Komatsu et al., 2013), and lung (Azam and Tripuraneni, 2014), and related results have demonstrated the important role of PDE4B in inflammation (Ma et al., 2014) (Table 1). With in-depth studies, the more attention was paid to the role of PDE4B in inflammatory. PDE4 inhibitors have been found to treat a variety of inflammatory diseases; for example, roflumilast can be used to block the inflammatory response and has a wide range of anti-inflammatory effects. Cyclamides (Zheng et al., 2019), dazinone derivatives (Allart-Simon et al., 2021), and triazolamide derivatives can inhibit the synthesis of PDE4 and subsequently exert anti-inflammatory effects, but PDE4B inhibitors, as highly selective PDE inhibitors, have a therapeutic function in inflammation while mitigating the side effects associated with the drugs. In addition, PDE4B was also found to have a positive effect on hematological tumor (Nagy et al., 2013), colon cancer (Nishi et al., 2017), lung cancer (Pullamsetti et al., 2013), liver cancer (Ding et al., 2012), etc. The only special case so far is the reduced expression of PDE4B in prostate cancer (Henderson et al., 2014). High expression levels of PDE4B promote the development of certain cancers and their subsequent invasion and metastasis. In addition, numerous studies have shown that PDE4B may be an oncogene in certain cancers and is closely associated with cancer pathogenesis through certain signaling pathways. Therefore, it is expected that PDE4B may be a potential target for cancer therapy. This section combines the latest technologies and research results in life sciences and medicine to look into the future of PDE4B. Cancer is one of the leading causes of death worldwide, and researchers are committed to investigate new therapeutic approaches. In recent years, many treatment concepts have emerged in addition to traditional radiotherapy and chemotherapy. Researchers have shifted the direction of treatment to the genetic level, the underlying mechanism of cancer pathogenesis, in order to improve the treatment outcome and prognosis of cancer. In the past, the traditional treatments for tumors were mostly surgery, radiotherapy, and chemotherapy. Previously, RNA was often used in basic experiments to interfere with the expression of target genes in order to achieve targeted regulation of genes. Since 2001, the huge project of sequencing the human genome, together with the development of CRISPR-Cas9 technology, gene editing is expected to become a viable biomedical tool (Cheng et al., 2020). In summary, PDE4B can not only be the focus of life science and medical research, but also can be connected with many other cutting-edge research results in related fields, and PDE4B can undoubtedly be a promising research direction.
TABLE 1 | The relationship between abnormal PDE4B expression and inflammatory processes demonstrates the important role of PDE4B in inflammation.
[image: Table 1]Accumulating evidence suggests that PDE4B plays an important role in the pathogenesis and clinical manifestations of cancer, including proliferation, migration, and drug resistance. In addition, PDE4B is involved in the regulation of multiple signaling pathways in cancer cells. For example, PDE4B can act as a target that modulates cAMP signaling pathway and plays a key role in maintaining the stemness of ovarian cancer (Huang et al., 2020), while cAMP/PDE4B signaling pathway can also modulate the malignant phenotype of CRC cells (Kim et al., 2019). PDE4B promotes melanoma invasion and metastasis by inhibiting the cAMP signaling pathway. PDE4B promotes cancer progression in diffuse large B-cell lymphoma (Smith et al., 2005; Suhasini et al., 2016), colorectal cancer (Pleiman et al., 2018), breast cancer (Luo et al., 2021), lymphoid carcinoma (Nagy et al., 2013) and liver cancer (Ding et al., 2012; Sung et al., 2012), whereas in prostate cancer (Kashiwagi et al., 2012), down-regulation of PDE4B contributes to the occurrence and development of prostate cancer. There is growing evidence that increasing intracellular cAMP levels may be one way to improve chronic inflammation. One of the means of increasing the level of cAMP is to inhibit its degradation, from which small molecule inhibitors of PDE4 were developed. PDE4 inhibitors have been found to reduce the level of inflammatory response for the treatment of inflammatory bowel disease, atopic dermatitis, rheumatoid arthritis and other diseases, such as Apt can be used for psoriatic arthritis, and rofluskast can be used to treat asthma. A series of PDE4 inhibitors, such as roromeste, oglemilast, GSK256066, CHF6001, YM976, GS-5759, etc., have been in development to improve the selectivity of drugs to reduce adverse reactions, such as inhibitors that specifically target PDE4B in the treatment of inflammation (Tralau-Stewart et al., 2011), colorectal diseases, and cancer (Nose et al., 2016)have shown a promising therapeutic future.
7 CONCLUSION
In summary, PDE4B is involved in several mechanisms of the organism, and from laboratory discovery to clinical application, PDE4B has shown its potential application. In future studies, with the increase of clinical sample size and the clarification of PDE4B-related regulatory mechanisms, PDE4B will definitely provide new ideas for the diagnosis and treatment of human diseases.
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Circular RNA (circRNA) is a unique type of endogenous RNA. It does not have free 3 ′or 5′ ends, but forms covalently closed continuous rings. Rheumatoid arthritis (RA) is a common chronic autoimmune joint disease, characterized by chronic inflammation of the joint synovial membrane, joint destruction, and the formation of pannus. Although the pathogenesis of rheumatoid arthritis remains incompletely understood, a growing amount of research shows that circRNA has a close relationship with RA. Researchers have found that abnormally expressed circRNAs may be associated with the occurrence and development of RA. This article reviews the inflammatory immune, functions, mechanisms, and values of the circRNAs in RA to provide new ideas and novel biomarkers for the diagnosis and treatment of RA.
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1 INTRODUCTION
Rheumatoid arthritis (RA) is a common chronic autoimmune joint disease, characterized by chronic inflammation of the joint synovial membrane, joint destruction, and the formation of pannus. Today, the global prevalence of RA is approximately 1% and it is more common in women, with many studies reporting a 3–5-fold higher prevalence of RA in women than in men (Scott et al., 2010; Aletaha and Smolen, 2018; Ferreira et al., 2019). Suppose patients with RA are not diagnosed and treated appropriately in the early stage. In that case, it will bring significant hidden troubles to patients and may eventually lead to joint deformity and loss of function, seriously affecting patients’ emotions, quality of life and social function, etc., (Hassan et al., 2019; Hitchon et al., 2020). In recent years, the development of biological agents has exerted significant influence on the treatment of RA, but so far, RA still cannot be cured, which may be related to the pathogenesis which is not completely clear. It will be significant to find new pathogenesis or target for RA research.
Circular RNA (circRNA) is a unique type of endogenous RNA. It does not have free 3 ′or 5′ ends, but forms covalently closed continuous rings. It is characterized by conserved interspecies sequence, stable structure, and specific expression of cells or tissues (Luo et al., 2020). In the past decades, it has been confirmed that circRNA is involved in the pathogenesis of many diseases, including diabetes (Kristensen et al., 2019), neurodegenerative disease (Verduci et al., 2021), cancer (Liu K-S et al., 2019), and cardiovascular disease (Altesha et al., 2019). CircRNAs are highly expressed in human islets, and some are regulated differently in the islets of type 2 diabetic donors (Haque et al., 2020). Differential expression of circRNAs in brain tissue is associated with Alzheimer’s disease. It is a biomarker and regulator, and also a potential therapeutic target (Lo et al., 2020). Several studies have confirmed that many circRNAs are involved in the pathogenesis of RA. For example, the altering effect of circRNA_09505 on inflammation is investigated in vitro and in vivo by use of macrophage cell models and collagen-induced arthritis (CIA) mice, elevated circRNA_09505 promotes arthritis and inflammation (Ouyang et al., 2021). A growing amount of research shows that circRNA has a close relationship with RA.
In the field of biomedicine, more and more circRNA have been found to play an important role in various diseases, and its expression changes, regulatory functions, and action mechanisms in the pathogenesis and development have attracted more and more attention (Patop and Kadener, 2018; Liu Z et al., 2019). In this review, the functional role of circRNAs in the progress of RA in recent years is summarized, which is expected to provide a reference for revealing the pathogenesis of RA. This paper mainly discusses the newly discovered circRNAs in inflammatory immune response, hoping to provide help for future research in RA.
2 OVERVIEW OF RHEUMATOID ARTHRITIS
RA is a systemic inflammatory disorder that mainly affects the diarthrodial joint. It is the most common form of inflammatory arthritis and has a substantial societal effect in terms of cost, disability, and lost productivity. RA varies greatly in age, sex, race, and region. The global incidence rate of RA is 0.5%–1% (Safiri et al., 2019). But so far, RA still can not be cured, which may be related to unclear pathogenesis.
Many previous studies have suggested that the pathogenesis of RA is complex, and its occurrence and development may be closely related to heredity, the surrounding environment, the disorder of immune function, and platelet activation. The popular view is that RA results from interacting with antigen-presenting cells (APC) and CD4+ cells. APC presents complex primary histocompatibility complex class II molecules (MHC-II) and antigen polypeptides, which bind to T cell surface receptor (TCR). Then macrophages are activated and secrete proinflammatory cytokines such as IL-1 and IL-α. These cytokines activate synovial fibroblasts and chondrocytes around articular cartilage to secrete various enzymes that degrade glycoproteins and collagen, resulting in tissue destruction (Takeshita et al., 2019). Therefore, it is of great significance for the treatment and prognosis of the disease to explore the etiology of RA and find the biomarkers for diagnosing the disease. Inflamed synovium is central to the pathophysiology of RA. Several lines of evidence implicated the participation of T cells in the pathogenesis of RA. Secretions of Macrophages, especially TNF-α and IL-1β, are considered critical inflammatory mediators. These immune cells stimulate synovium, cause inflammation, and cause synovium surface roughness and erosion. Moreover, osteoclasts are overactivated, leading to bone loss and joint destruction in RA patients.
The main purpose of the treatment of rheumatoid arthritis is to avoid joint destruction through early and effective anti-inflammatory treatment. But so far, RA can not be cured, which may be related to its pathogenesis. Therefore, it is of great significance for treatment and prognosis to explore the etiology and find the biomarkers for diagnosis.
3 OVERVIEW OF CIRCULAR RNAS
Non-coding RNA (ncRNA) is a unique RNA transcript, accounting for more than 90% of RNA in the human genome. Except for a few with open reading frames and thus coding potential, ncRNA usually does not encode proteins but acts as an essential regulator of various biological processes such as developmental proliferative transcription, post-transcriptional modification, apoptosis cell metabolism, etc (Slackj and Chinnaiyan, 2019; Wang et al., 201927). CircRNA is a kind of special closed-loop endogenous ncRNA. It is formed by RNA polymerase transcription after precursor mRNA variable shearing processing, because circRNA has strong intracellular stability, high conservatism, and tissue specificity sex, with transcriptional and post-transcriptional regulation and the ability to be translated into proteins, and then participates in the occurrence and development of a variety of diseases (Yin et al., 2019).
At present, divide according to the source and constituent sequence of the genome, the sources, and sequences of RNA are divided into exon circRNA (ECIRC RNA), intron circRNA (ciRNA), and circRNA (Elci RNA) jointly formed by them, ecIRC RNA, the last category is circRNA from within and between genes (Jeck et al., 2013). It mainly exists in the cytoplasm, driving the formation of circRNA composed of two exons or intron base complementary pairing to form a loop, and then shearing intron to form cirRNA. In this process, ciRNA can be formed by intron lasso escaping from branches ElciRNA formation may be driven by intron base complementary pairing to form ecircRNA while preserving intron sequences.
Biological functions of circRNA (Figure 1): 1)miRNA sponge function circRNA acts as endogenous RNA to competitively bind and inhibit miRNA, thus regulating the expression of downstream target genes (Tay et al., 2014). 2) Interaction with RNA binding protein (RBP). CircRNA binds to RBP to form a complex, and plays a role in the stability and localization of circRNA splicing, replication, folding, and thus affecting the occurrence of cell cycle apoptosis (Jeck and Sharpless, 2014). 3) Translation into proteins or peptides: usually the case with circRNA It cannot be translated into proteins, but can be translated into proteins when circRNA contains internal ribosomal binding sites (Pamudurti et al., 2017). 4) To regulate gene transcription, circRNA is abundant in the eukaryotic transcriptome. EIciRNA can form a complex through interaction with RNA, which further interacts with RNA polymerase and finally regulates the expression level of parental genes in a cis-mode. 5) Regulating the variable and shearing of RNA, the expression level of circRNA can regulate the shearing function of its mRNA.
[image: Figure 1]FIGURE 1 | CircRNAs act as miRNA sponges and affect the occurrence and development of RA by regulating the activation of NF-κB signaling pathway, JAK-STAT signaling pathway and MAPK signaling pathway.
In recent years, due to the development of high-throughput sequencing technology and various bioinformatics technologies, more and more circRNAs have been found to play an important role in various diseases. It is involved in the pathogenesis of many human diseases, including tumors, gynecological diseases, and autoimmune diseases. CircRNA may become a biomarker for diagnosing various difficult diseases or a target for curing diseases. For example, circRACGAP1 regulated the AKT signaling pathway via binding to miR-22 p–3 p in the progression of Systemic lupus erythematosus (SLE), suggesting therapeutic targets for SLE treatment (Mei et al., 2022). CircRNA may have a similar mechanism to RA. The following is a summary of the research progress on the relationship between circRNA and RA.
4 FUNCTION ROLE OF CIRCULAR RNA IN RHEUMATOID ARTHRITIS
Numerous studies have shown that circRNAs are differentially expressed in the occurrence and development of RA. The expressions level of circRNA_092516, circRNA_104871,circRNA_003524, circRNA_101873,circRNA_103047,circRNA_0008410 and circRNA_0088036 (Ouyang et al., 2017; Luo et al., 2020; Yang et al., 2022a) in peripheral blood mononuclear cells (PBMC) of RA patients were significantly increased, especially circRNA_0140271 is highly expressed in female RA (Chen et al., 2021a), while circRNA_0000396, circRNA_0130438, circRNA_0000175 and circRNA_101328 (Lu et al., 2022) were decreased in PBMC of RA patients. Circ_0002715, circ_0001947, circ_0000367, and circ_0035197 in peripheral blood of patients with new onset RA increased significantly (Luo et al., 2019; Yang et al., 2022b), and circ_0044235 (Chen et al., 2021b) decreased significantly. Circ_0003972, circ-AFF2, circ_0003353, and circ_0088194 (Feng et al., 2022; Wen et al., 2022) are highly expressed in RA patients and fibroblast-like synoviocytes of rheumatoid arthritis (HFLS-RA) cells, circ_0008360, and circ_0130438 expressions were down-regulated. Circ_0005008, circ_0005198, and circ_0000175 were confirmed to be elevated in plasma samples from patients with new-onset RA, while circ_0044235 was significantly reduced.
Circ_0003972 is located at chromosome 9. It was mainly present in the cytoplasm of HFLS-RA cells. Circ_0003972 was significantly upregulated in HFLS-RA cells (Li et al., 2022a). It was mainly present in the cytoplasm of HFLS-RA cells. Circ_0003972 knockdown inhibited proliferation and inflammation in TNF-α-induced HFLS-RA cells. Moreover, TNF-α is an important multifunctional inflammatory cytokine involved in regulating cell apoptosis, survival, and immune response (Hu et al., 2022). Changes in the concentration of TNF-α in the inflammatory microenvironment can affect cell proliferation, differentiation, apoptosis, and other cell functions. TNF-α may affect the changes of intracellular factors in synovial fibroblasts by binding to the corresponding cytokine receptors on the cell surface. Circ_0003972 knockdown abolished the promotion effect of TNF-α on the cell cycle in HFLS-RA cells.
Circ_0000396 is located at chromosome12. It was decreased in RA synovial tissues and synovial fibroblasts of RA (RASF) (Wang et al., 2021). RASF stimulation is a pivotal factor in the transformation of affected synovium to healthy synovium, thus inducing the expansion of arthritis and distant joint destruction. RASF proliferation also results in immunoreaction and ultimately contributes to joint damage. The secretion of IL-6, IL-1β, IL-8, and TNF-α inflammatory cytokines was suppressed by overexpressed circ_0000396, thus suppressing inflammation in RASF.
TABLE 1 | The aberrantly expressed circRNAs in RA.
[image: Table 1]Circ0088036 is a 279-bp transcript originating from the Sushi Domain Containing 1(SUSD1) gene (Zhong et al., 2020). There is definite research confirmation that circ_0088036 is significantly elevated in PBMC in patients with RA. Recently, Some studies have discussed the role of circ0088036 in the pathogenesis of RA. The findings show that circ_0088036 expression is significantly increased in RA-FLSs. Circ_0088036 regulates the proliferation and migration of RA synovial fibroblasts by affecting the expression of SIRTl, while SIRTl can regulate the inflammatory development, angiogenesis, articular cartilage, and bone erosion of RA. Functionally, the upregulation of circ_0088036 promotes the proliferation and migration of RA-FLSs. In terms of mechanism, circ_0088036 acts as a miR-140 p–3 p sponge to up-regulate SIRT 1 expression, thereby promoting the progress of RA.
Circ_0130438 is located at chromosome6 and from the gene Karyopherin Subunit Alpha 5 (Li et al., 2022b). The latest discovery shows the significant reduction of circ_0130438 in RA tissues and RA-FLSs. TNF-α downregulates circ_0130438 expression in human fibroblast-like MH7A synoviocytes. Moreover, circ_0130438 represses TNF-α-induced cell function change via its ceRNA activity. Additionally, apart from TNF-α, data also showed the suppression of other inflammrelated factorsactors (IL-1β, IL-17A, and LPS) on circ_0130438 expression in MH7A cells, suggesting the implication of circ_0130,438 in human inflammatory diseases.
Circ_09505 was mainly localized in the cytoplasm of macrophages (Yang et al., 2020). It is one of the most aberrantly expressed CircRNAs in RA. The expression of circRNA_09505 was positively associated with ESR, CRP, and RF levels in serum from RA patients. CircRNA_09505 contributes to RA by regulating macrophage proliferation, cell cycle, and inflammatory response. CircRNA_09505 could function as a miR-6089 sponge in macrophages. Yang et al. investigated the influence of circRNA_09505/miR-6089 on macrophage-mediated inflammation in RA pathogenesis. CircRNA_09505 aggravates macrophage inflammation by promoting the generation of inflammatory cytokines TNF-α, IL-6, IL-8, IL-12, and IL-1β, which are the most commonly dysregulated cytokines in RA. Inflammation and immunological disorders caused by macrophage, B, and T lymphocytes contribute to RA.
The expression levels of circ_0005008 and circ_0005198 in patients with new onset RA were significantly higher than those in patients with HC and new onset SLE (Ouyang et al., 2021). This suggests that plasma circ_0005008 and circ_0005198 may play a role in the pathogenesis of RA. In addition, the expression levels of circ_0005008 and circ_0005198 in plasma of patients with new onset RA are related to DAS28, ESR, CRP, and RF, reflecting the severity of disease activity. Therefore, plasma circ_0005008 and circ_0005198 levels may be a biomarker of systemic inflammation and disease severity in RA. However, their expression level has nothing to do with anti-CCP, which reflects the prognosis of RA patients, indicating that plasma circ_0005008 and circ_0005198 are not potential biomarkers of patient prognosis.
In general, CircRNA is a new field in the study of the pathogenesis of RA. It is a kind of functional biological macromolecules that can participate in the pathogenesis of RA through a variety of general pathways, including promoting the continuous proliferation of synovial cells, chronic inflammation, fibroid changes, cytokine imbalance, and the formation of pannus, the destruction of cartilage and subchondral bone. It can also be used as a biomarker of peripheral blood of RA. CircRNA is a kind of functional biological macromolecule. CircRNA has its specific expression pattern in tissues and cells. Therefore, exploring the expression of different CircRNA in RA may provide new markers and therapeutic targets for RA.
5 SPECIAL EMP IN OF RHEUMATOID ARTHRITIS
Cytokines (CK) are mostly small molecule polypeptides, proteins, or glycoproteins. In autoimmune diseases such as RA, they are mainly produced by activated immune cells with high activity and different functions. Inflammatory cytokines are the main mediators of RA inflammatory response, when the effect of pro-inflammatory factors in inflammatory cytokines is higher than that of anti-inflammatory factors, it will lead to multi-system immune complications.
A large number of studies have confirmed that cytokines are directly related to RA (Abdollahzad et al., 2015), such as TNF-α, IL-1β, IL-6, IL-8, IL-12, etc. In RA, TNF-α activates synovial fibroblasts, promotes epidermal proliferation, and recruits inflammatory cells. In RA, TNF-α Activates synovial fibroblasts, promotes epidermal proliferation, and recruits inflammatory cells. Various cytokines including IL-1β, IL-6, and TNF-α upon activation, synovial fibroblasts overexpress cathepsin and matrix metalloproteinase (MMP), followed by collagen and proteoglycan breakdown, cartilage and bone destruction, and finally joint erosion (Li et al., 2022c). It is reported the expression of circRNA_09505 is upregulated in PBMCs from patients with RA and promotes the production of TNF-α, IL-6, and IL-12 through the ceRNA mechanism. The proliferation and cell cycle are significantly promoted when circRNA_09505 is upregulated in macrophages. New research shows that The level of circRNA circ_0130438 was reduced in RA tissues and FLSs isolated from RA tissues. Circ_0130438 enhanced KLF9 expression in TNF-α-stimulated MH7A cells by functioning as a competing endogenous RNA (ceRNA) for miR-130a-3p. The elevated expression of circRNA circ_0130438 suppressed the TNF-α-induced proliferation and migration of MH7A cells, as well as their pro-inflammatory cytokines (IL-1β, IL-6, and IL-8) production.
A variety of immune cells participate in and mediate autoimmune inflammation in RA, including T, B lymphocytes, macrophages, neutrophils, etc. Macrophages are essential cells that promote systemic autoimmune disorders and chronic joint inflammation by linking innate and adaptive immunity in RA (Wang et al., 2022a). An increased level of macrophages in inflammatory lesions is a critical feature of RA, which infiltrates synovial tissues and causes joint erosion. CircRNA_ 09505 is the most significantly increased circRNA in RA PBMCs, which can function as a miR-6089 sponge and regulate macrophage inflammation by targeting AKT1 in vitro. In addition, circRNA_09505 in macrophages were blocked can reduce inflammation and joint injury in collagen-induced arthritis (CIA) mice in vivo.
Many differentially expressed circRNAs genes should be further verified in vivo and in vitro to affect the inflammatory response of RA in different ways, providing theoretical support for the development of new RA biomarkers and molecular targets.
6 REGULATE MECHINCHING OF CIRCULAR RNAS IN RHEUMATOID ARTHRITIS
As we all know, the cell signaling pathway is the most microscopic and deepest biological regulatory mechanism. Knowledge of a disease-related signaling pathway facilitates the search for reliable biomarkers and valuable drug candidate targets. This part mainly summarizes the cellular signaling pathways involved in the regulation of circRNAs in the process of rheumatoid arthritis (Figure 2).
[image: Figure 2]FIGURE 2 | CircRNAs have multiple functions and can be involved in the pathogenesis of RA through multiple pathways.
NF-κB is a protein complex that controls transcribed DNA, cytokine production, and cell survival. The NF-κB family has five members, including nf-kb1 (P50), nf-kb2 (p52), rela (p65), RelB, and c-Rel. An NF-κB signaling pathway is ubiquitous in eukaryotic cells because it can interact with the enhancer of B cell immunoglobulin K light linked gene κB sequence-specific binding. Studies have shown that the NF-κB signaling pathway plays an important role in the development of articular cartilage and osteoarthritis. It participates in the body’s inflammatory response, and immune response, and even can regulate apoptosis and stress response. Excessive activation of NF-κB is closely related to many inflammatory diseases in humans (Raskatov et al., 2012; Zusso et al., 2019). Yang et al. found that circRNA_09505 could function as a miR-6089 sponge to regulate inflammation in collagen-induced arthritis (CIA) mice through the AKT1/NF-κB axis. Specifically, circRNA_09505 aggravated macrophage inflammation by promoting the production of inflammatory cytokines TNF-α, IL-6, IL-8, IL-12, and IL-1β through the miR-6089/AKT1/NF-κB axis, which is the most commonly deregulated cytokines in RA.
The JAK-STAT signaling pathway is mainly composed of three parts: cell surface receptors, the JAK protein family, and the STAT protein family. The JAK family can selectively bind to the membrane-proximal domain to form different combinations of receptors. These receptors form homologous or heterodimers after binding with ligands to initiate signal transduction and directly regulate the transcription of target genes. JAK2-STAT3 is the main member of the JAK-STAT signaling pathway family. It is important for initiating innate immunity, coordinating adaptive immune mechanisms, and ultimately suppressing inflammation and immune responses (Banerjee et al., 2017; Xin et al., 2020). Rheumatoid arthritis fibroblast-like synoviocytes (RA-FLS) are another important cell besides macrophages that play an important role in the pathological progression of RA. It can not only secrete inflammatory factors like macrophages but its migration and invasion can also cause the destruction of bone tissue and aggravate the pathological damage of RA. However, triptolide (TPL) can regulate circRNA_0003353, interfere with JAK2/STAT3 signaling pathway, inhibit the inflammatory response and cell migration of RA-FLS, and play a role in the treatment of RA (Wang et al., 2022b).
MAPK access has four main branch routes: ERK, JNK, p38/mapk, and ERK5. JNK and p38 have similar functions, which are related to inflammation, apoptosis, and growth; ERK is mainly responsible for tube cell growth and differentiation. ATF2, a defined downstream target of ERK cascade, belongs to the activator protein-1 (AP-1) transcription factor family. Immunohistochemistry assay confirmed ATF2 overexpression in synovial sections of RA patients. ATF2 knock-down led to a decrease of IL-6, IL-1β, and MMP-13 expression and inhibited the cell migration and invasion in SW982 cells after TNF-α induction. Researchers compared the mRNA expression of rheumatoid arthritis patients and healthy volunteers through the GEO database and used a functional enrichment algorithm to map the interaction group of circRNAs-miRNAs-mRNAs. Loss-of-function and rescue analyses of candidate circRNAs were performed in vitro. They found CirRNA Hsa_circ_0001859 acted as a miRNA sponge to compete with ATF2 for miR-204/211 and thus elevated ATF2 expression and promoted inflammatory activity in SW982 cells (Li et al., 2018).
In conclusion, circRNAs often act as miRNA sponges and participate in the regulation of various cellular signaling pathways, regulating the pathological progression of RA by affecting the secretion of inflammatory factors, FLS cell viability, migration and invasion ability, etc. These cellular signaling pathways are conducive to our in-depth understanding of the mechanism of circRNA regulating RA, and also provide us with more accurate ideas and directions for the development of relevant target drugs.
7 POTEIONAL CHILNIC APPLY OF CIRCULARRNAS IN RHEUMATOID ARTHRITIS
Rheumatoid Factor (RF), anti-cyclic Citrullinated peptide antibody, Erythrocyte sedimentation rate (ESR), and erythrocyte sedimentation rate (ACCPA) are considered traditional molecular markers for the diagnosis of RA (Tavasolian et al., 2018). However, they lack specificity and are of low priority. With the improvement of biological techniques, more specific molecular markers reflecting RA have been discovered. Multiple studies have shown that circRNA is differentially expressed in the occurrence and development of RA. Therefore, the identification of new and promising rheumatoid arthritis biomarkers is crucial for the early diagnosis and treatment of rheumatoid arthritis.
CircRNAs are widely expressed especially in the synovial tissue of patients with rheumatoid arthritis. And circRNA has been measured in tissue, serum, exosomes, and other body fluids in various diseases. Microarray analysis revealed a specific circRNA expression profile in RA, and that revealed that the expression levels of circRNA_104,194, circRNA_104593, circRNA_103334, circRNA_101407, and circRNA_102594 (Zheng et al., 2017) were significantly abnormal by means of RT-qPCR in RA patients. Meantime, Then 35 RA and 30 normal subjects were collected for real-time quantitative PCR verification, ROC curve analysis showed that circRNA_104871 had a significant diagnostic value of RA. Circ_003524, circRNA_101873, and circRNA_103047 indicate that circRNA can be used as a potential biomarker for the diagnosis of RA patients. It has been shown that HAS-CIRC-0001859 is recognized in synovial tissue, this suggests that it could be used as another diagnostic marker for RA. Circ_0044235 (Chen et al., 2021b) locates at chromosome 17 and is spliced from the cell division cycle 27 gene. It was found that compared with HC, the expression level of circ_0044235 in peripheral blood from RA patients was down-regulated significantly (p < 0.0001). And the AUC of circ_0044235 in peripheral blood was as high as 0.779. But it was not correlated with biomarkers for disease severity. Receiver operating characteristic (ROC) curve analysis suggested that the circ_0044235 in peripheral blood has a significant value in diagnosing RA. The study indicates that the circ_0044235 in peripheral blood may be a potential biomarker of patients with RA.
In addition, plasma circ_0000175 and circ_0044235 expression levels were associated with disease activity and severity of RA. There are also research findings that HSA-CIRC-0044235 in peripheral blood can specifically identify RA patients with higher diagnostic accuracy Also, analysis using ROC curves implied that circ_0005008 and circ_0005198 have significant value in the diagnosis of RA. 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. Thus, plasma levels of circ_0005008 and circ_0005198 might serve as biomarkers for RA systemic inflammation and disease severity. Moreover, the plasma levels of circ_0005008 and circ_0005198 had AUCs of 0.829 and 0.783 to show high specificity and sensitivity, which indicated that they have good potential as RA diagnostic biomarkers.
Some scholars (Avenoso et al., 2021) studied the level of miR-146a and its correlation with inflammatory mediators in the experimental model of inflammatory response induced by 6-mer HA in human cultured chondrocytes. The results showed that chondrocytes receiving miR-146a mimics and 6-mer HA significantly reduced inflammatory cytokines and MMP-13, while chondrocytes exposed to miR-146a inhibitors and 6-mer ha increased destructive cytokines and MMP13. The expression of CD44 receptor is not affected by miR-146a treatment, In contrast, TLR-4 expression and NF-kB activation are changed, which may help to develop new treatment strategies to reduce the incidence rate of OA and RA.
Angiogenesis and the interaction between fibroblast-like synoviocytes (FLS) and human dermal microvascular endothelial cells (HDMECs) via vascular endothelial growth factor (VEGF) angiogenic functional modules play a critical role in RA disease progression. It has been reported that circ_0000284 (Zhang et al., 2021) could function as a miRNA sponge to regulate vascular dysfunction and vessel growth. Fluorescence in situ hybridization (FISH) analysis showed that circ HIPK3 (Saad El-Din et al., 2022) was located mostly in the cytoplasm of RA-FLS. Zhang et al. (2021) Found that circHIPK3 should play a central role in abnormal angiogenesis in the inflammatory microenvironment, and tried to use it as a key target for the treatment of RA. Zhang et al. (2021) established the collagen-induced arthritis (CIA) mouse model. After the injection of arsenic trioxide (ATO), the inflammation, cartilage, and bone destruction of mice were significantly reduced in the knee joint slices of CIA mice. This prompt ATO may be a potential therapeutic strategy for RA.
CircRNAs not only represent possible targets of RA but may also be used as effectors for targeting miRNA/siRNA. Circular RNAs are much more stable than mRNAs and may produce proteins. Therefore, exogenous circRNAs themselves can serve as vectors for gene delivery, providing robust and stable protein expression in eukaryotic cells (Li et al., 2022b). Therefore this circRNA represents a biomarker with potential applications in RA diagnosis and therapy. With the development of gene therapy technology, the currently rapidly developing RA treatment has the potential to open up a new dimension. Nevertheless, some gene therapy trials have had some success, but experimental and genetic research has yielded new targe.
8 FUTURE PERSPECTIVES
Gene editing technology refers to a new technology that uses nucleases to modify target genes at specific sites to achieve specific DNA knock-out, knock-in, and mutation, and ultimately down-regulate or up-regulate gene expression so that cells can obtain new phenotypes. Recent studies have found that RNA base editing has the potential to replace genome editing and become one of the ways of gene therapy. CRISPR/cas9-sgRNA MMP-13 can inhibit the catabolism of the cartilage matrix, but it cannot target and recognize chondrocytes. Using genetic engineering technology, through the transformation of exosome membrane protein lamp-2b, the modified hybrid exosomes can target the delivery of sgRNA MMP-13 into articular chondrocytes, inhibit the catabolism of articular cartilage matrix, and achieve effective treatment of OA. At present, some scholars overexpress TGF by using gene editing in the mouse model of damaged cartilage-β amniotic mesenchymal stem cells, exploring the protection of cartilage and the treatment of inflammatory arthritis. In the treatment of RA, Jing et al. (2015) used a miR-155 knockout RAW 264.7 macrophage cell line and found that in the cell line, SHP1 was up-regulated and the pro-inflammatory cytokine-making process was impaired. This proves that genome editing may be a potential treatment strategy for RA. Although the molecular action and regulatory mechanism of many circRNA related to rheumatoid arthritis have not yet been revealed, aiming at the structural characteristics and action mechanism characteristics of circRNA, using gene editing technology could lead to this functional circRNA and related genes playing a critical role in guiding pathophysiology.
The use of nano drugs can achieve high drug concentrations in target tissues while avoiding unrelated tissues. This treatment will be much better than the equivalent dose given as free pro-drugs. It can use a lower total amount of drugs and administration frequency, thereby reducing side effects. The institutions have verified through experiments that compared with free precursor drugs, nano drugs show superior pharmacokinetics, biodistribution, tolerability, and therapeutic efficacies in the treatment of inflammatory diseases. According to the special pathological characteristics of RA, more intelligent drug delivery systems with multiple functions can be deeply studied, such as selective accumulation, intelligent drug release, and active targeting of certain cell types. For example, nano drugs are engineered with small molecules, polymers, peptides, or proteins to achieve active targeting. Therefore, we can expect to realize the intelligent design and precise regulation of circRNA nano drugs through an in-depth study of the role of circRNA in the inflammatory and immune process of RA and the prospects in the field of biomedical materials science and to realize the synergistic treatment of RA by combined administration with other drugs.
9 CONCLUSION
RA is an autoimmune disease that needs early diagnosis and treatment. Accumulating evidence has established that circRNA plays an essential role in the pathogenesis of RA. In this review, we discuss the newly discovered circRNA signaling pathways. We learn that circRNA often acts as miRNA sponges and participates in the regulation of various cellular signaling pathways, regulating the pathological progression of RA by affecting the secretion of inflammatory factors, FLS cell viability, migration and invasion ability, etc. Although a series of published studies have revealed the role of circRNA in the regulation of inflammation and autoimmune by multiple signaling pathways in RA, the research on its regulatory mechanism is still unclear. With the development of next-generation sequencing and other modern molecular biology technologies, it is reasonable to believe that more circRNA molecules regulating the inflammatory immune mechanism and related targeted drugs will be revealed.
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As the incidence of rare diseases increases each year, the total number of rare disease patients worldwide is nearly 400 million. Orphan medications are drugs used to treat rare diseases. Orphan drugs, however, are rare and patients often struggle to utilize them and expensive medications during treatment. Orphan drugs have been the focus of new drug research and development for both domestic and international pharmaceutical companies as a result of the substantial investment being made in the field of rare diseases. Clinical breakthroughs have been made in every field, from traditional antibodies and small molecule drugs to gene therapy, stem cell therapy and small nucleic acid drugs. We here review the therapeutic means of rare diseases and drug development of rare diseases to show the progress of treatment of rare diseases in order to provide a reference for clinical use and new drug development of rare diseases in China.
Keywords: rare disease, orphan drugs, new drug development, gene therapy, nucleic acid drugs, stem cell therapy
INTRODUCTION
Rare diseases are a group of diseases that are uncommon and have a very low prevalence compared to other diseases (Haendel et al., 2020). The World Health Organization (WHO) defines diseases with a prevalence of 0.65‰–1‰ of the overall population as rare diseases (Schieppati et al., 2008). The latest definition of rare diseases in China is to meet at least one of the following three criteria: the incidence of newborns is less than 1/10,000, the prevalence rate is less than 1/10,000, and the affected population is less than 140,000 (Lu and Han, 2022). Rare diseases are rare among individuals, but their global prevalence is estimated at 3.5%–5.9%, affecting up to 400 million people. (Nguengang Wakap et al., 2020). To date, between6,000 and 8,000 rare diseases have been identified worldwide, and the number is increasing, with nearly 250 new diseases being classified as rare diseases each year (Hartin et al., 2020; Nguengang Wakap et al., 2020). According to statistics, there are about 20 million rare disease patients in China, and more than 200,000 new patients are increased every year, which shows that the number of patients affected by rare diseases is extremely large (Liu et al., 2019). There are 121 kinds of rare diseases in China’s First List of Rare Diseases, among which the common ones are epidermolysis bullosa (EB), albinism, ALS, spinal muscular atrophy (SMA), hemophilia (Dong, 2018). However, there are still many rare diseases that are not included in the Chinese rare disease catalog, such as Gorham-Stout, Cloves syndrome, autosomal recessive genetic disease and other rare diseases among rare diseases.
How to cure rare diseases and how to discover new drugs for rare diseases is a common problem facing the global pharmaceutical industry. Currently, only 10% of rare diseases in the world are treated accordingly, and more than 4,000 rare diseases are not cured accordingly (Sharma et al., 2010). Despite the low frequency of rare diseases, there is a high social need for cures and medication research for rare diseases in China, where there are over 1.4 billion people. Currently, there is a serious lack of treatment measures and treatment options for rare diseases, and many patients with rare diseases around the world are still not receiving timely and effective treatment. Consequently, in this review, we focus on analyzing and summarizing the current treatments and therapeutic drugs for rare diseases, including drugs that have been marketed, the latest clinical trials and hot drugs under investigation, with the aim of providing a reference for those involved in the study of rare diseases.
TREATMENT METHODS FOR RARE DISEASES
Accurate diagnosis and timely treatment of rare diseases are common challenges for clinicians. Genetic defects are a significant factor responsible for rare diseases. The treatments for hereditary rare diseases include diet therapy, surgery, medication, bone marrow transplantation, and et al. (Jiang et al., 2011). Small molecule medications, antibody therapy, enzyme replacement therapy, gene therapy, stem cell therapy, and drug repositioning are some of the modalities used to treat rare diseases. (Tambuyzer et al., 2019). In particular, the emergence of new research hotspots such as oligonucleotide therapy, stem cell therapy and gene therapy has altered the treatment pattern of many complicated diseases and brought fresh life to patients with rare diseases.
Gene therapy
Gene therapy is an experimental technique to treat and prevent diseases by altering human genes (Gui et al., 2020). Adenoviral vector is one of the most commonly used viral vectors in gene therapy. It is capable of treating not only hematological diseases such as hemophilia, gaucher disease, and hemochromatosis, but also has made significant progress in treating genetic diseases, rare diseases, and tumors (Mingozzi and High, 2013; Gui et al., 2020). Inheritance is a critical factor in rare diseases (Dunbar et al., 2018). Most rare diseases are caused by mutations in a single gene, which can be inherited from parents or can occur spontaneously in germ cells (Rahit and Tarailo-Graovac, 2020). Most gene therapies are used for the treatment of rare disease. Glybera®, the first gene therapy drug approved by the European Medicines Agency in 2012, was developed by the Dutch company UniQure and is used to treat super rare disease lipoprotein lipase deficiency (Wirth and Yl-Herttuala, 2013). Since then, gene therapy based on DNA has led to several breakthroughs in the field of rare diseases. For an instance, the results of the Phase III clinical trial of Valoctocogene Roxaparvovec, an AAV gene therapy developed by BioMarin to treat adults with hemophilia major type A, were officially released (Long et al., 2022). Zynteglo, a Bluebird transfusion-dependent beta-thalassemia gene therapy, was approved in Europe (Schuessler-Lenz et al., 2020). In comparison to other countries, few independently developed gene therapies exist in China. The first gene therapy for type 1 SMA approved for clinical use in China is the AAV gene therapy EXG001-307 injection developed by Hangzhou Jiayin Biological Company (China company). Up to now, more than 40 gene therapy drugs have been listed in the world.These include in vitro gene therapy, virus-based in vivo gene therapy, and small nucleic acid drugs. Most gene therapies are used to treat rare diseases, such as in (Table 1). Additionally, several gene therapies are expected to be approved for marketing or submitted to BLA in 2022 based on publicly available information, among which the gene therapies that may gain progress in the field of rare diseases are shown in (Table 2). Gene therapy, as a new therapy that is expected to cure rare diseases at one time, has attracted international attention for a long time. The best time for the advancement of the gene therapy field is now, when it is still in its early stages of development and both basic research and societal support are urgently needed to be improved.
TABLE 1 | Marketed genetic drugs in rare diseases.
[image: Table 1]TABLE 2 | List of gene therapies expected to gain ground in rare diseases in 2022.
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Hematopoietic stem cell transplantation (HSCT) is a treatment modality that uses human cells to modulate the immune system or to provide educational support (Alessandrini et al., 2019). There are several pathways of transplantation for HSCT, including fetal liver cell transplantation, bone marrow transplantation, peripheral hematopoietic stem cell transplantation, and umbilical cord blood transplantation. Many clinical practices and applications have demonstrated that cord blood has beneficial effects in treating rare diseases. (Islami and Soleimanifar, 2020). Previous study suggested that umbilical cord blood stem cells (UCBT) has significant efficacy in the treatment of primary rare diseases, but the slow immune reconstruction and high cytomegalovirus (CMV) infection rate are the defects that stem cell therapy can’t be ignored (Chen et al., 2017). Nevertheless, the prospects of umbilical cord blood in the treatment of rare diseases are good. For example, umbilical cord blood has brought the hope of rebirth to the rare diseases such as immunodeficiency syndrome, metachromatic leukodystrophy, chronic granulomatosis, IgE syndrome, etc., and has also achieved good therapeutic effects in a variety of lysosomal storage diseases (mucopolysaccharide storage enzyme, Gaucher’s disease, Niemann’s disease, etc.) (Chen et al., 2017).
Gaucher disease is the most common lysosomal storage disorder caused by glucocerebrosidase deficiency, and it is an autosomal recessive disorder (Bahnson et al., 1994). Current treatments for this disease include enzyme replacement therapy (ERT) and HSCT, a method that can provide a permanent source of enzymes to patients with Gaucher disease and is a cheaper procedure compared to the commonly used intervention ERT, which has been transplanted to treat Gaucher disease as early as 1984 (Somaraju and Tadepalli, 2017). There are numerous clinical cases of using cord blood to treat Gaucher disease in China. Some scholars reported three cases of non-hematopoietic cord blood stem cell transplantation for Gaucher’s disease (Tang et al., 2015). The PREVYMI oral and intravenous fluids from Merck, which help stop CMV infection following HSCT, received FDA approval in 2017. This is the first new drug approved by the FDA for CMV infection, and it promotes implantation while also strengthening infection prevention and control and improving HSCT success rates. HSCT is gradually being recognized and accepted by everyone, and it has a wide range of applications in rare diseases.
Antibody therapy
Antibody therapy is a kind of passive immunity, that is, the human body passively accepts antibodies in vitro, thus obtaining specific immunity. For example, Muronomab-CD3 is the first therapeutic monoclonal antibody (mAb) approved for organ allograft rejection in 1986 (Buss et al., 2012). Antibodies play a role by regulating the signal transduction pathway, collecting cells or proteins to specific sites, and then delivering cytotoxic or neutralizing circulating factors (António et al., 2019). Cablivi (caplacizumab), the first nanobody drug that can be used to treat adult patients with acquired thrombotic thrombocytopenic purpura, was approved for marketing by the European Commission (EC) in 2018. Some academics (Chen et al., 2021) have provided suggestions and references for the research and development of clinical medications for rare diseases by summarizing the development of caplacizumab. Antibody therapies were developed primarily for indications with larger patient populations and then moved to some rare disease indications. For example, Alexion Pharm’s Soliris, a monoclonal antibody against the terminal complement protein C5, was first approved by the FDA in 2007 for the treatment of paroxysmal nocturnal hemoglobinuria (Kulagin Aleksandr et al., 2019). Moreover, Soliris is approved for the treatment of two other rare diseases that are closely related to the complement system: atypical hemolytic uremic syndrome and myasthenia gravis (Bernuy-Guevara et al., 2020). In summary, a major benefit of antibody treatments is its high specificity, which reduces the risk of off-target toxicity common in small molecule formulations and is crucial for the treatment of rare disease.
Enzyme replacement therapy
Enzyme replacement therapy (ERT) can be used to treat partial lysosomal storage disease (LSD). The first time ERT was utilized to treat LSD was in 1980, when Brady (Brady et al., 1973) and colleagues created an enzyme replacement therapy for type 1 Gaucher illness. This served as proof-of-principle for the treatment of LSD that followed. ERT is a type of biologic therapy that was initially approved for Gaucher disease in 1991. Genzyme developed a recombinant form of glucocerebrosidase, which was first approved by the FDA in 1994 (Oprea et al., 2011). For the treatment of Gaucher disease, Fabray disease, Pompe disease, and mucopolysaccharide storage diseases, 15 enzyme replacement therapy rare illness medications have been approved for international marketing (Cheng et al., 2020). Late-onset Pompe disease is a rare disease. ERT has been approved for Pompe disease since 2006. It has been shown that ERT improves motor respiratory function in patients with late onset Pompe disease (Stockton et al., 2020). Nexviazyme, an enzyme replacement agent, was approved by the FDA in 2021 for the treatment of patients with (LOPD) aged 1 year and older (Xia, 2010). It can be seen that the focus of ERT development has always been on various LSDs, a genetic disease, causing enzyme deficiency or enzyme errors in lysosomes. Based on the ERT treatment of diseases for many years, ERT therapy has the advantages of better technical development and higher safety. However, there are also problems such as unclear distribution of biological drugs in the body, difficulty in crossing the blood-brain barrier, and expensive treatment costs (Brady et al., 1973). In order to successfully conduct clinical trials for ERTs, it is crucial to identify pertinent research endpoints and recognize the minimal clinically meaningful patient differences for these endpoints.
RARE DISEASE DRUG DEVELOPMENT
Just as rare diseases are called “ orphan diseases,” drugs to treat diseases are also called “ orphan drugs.” Drug treatments for rare diseases are in short supply. The catalog of “The First Batch of Rare Diseases” released by China covers 121 rare diseases, of which 105 diseases have no targeted drug treatment yet, accounting for 87% of the 121 rare diseases, yet 51.85% of the 27 orphan drugs listed in China are completely dependent on imports (Liu et al., 2019). There is still a gap between the current situation of rare disease drugs in China and international developed countries and regions, and there is a serious shortage of rare disease drugs and insufficient reserve of new drug research and development (Ji et al., 2019). The reason for this is that a new drug needs to go through a long process and huge capital investment from laboratory research and development to end product launch, and the number of patient groups corresponding to rare disease drugs is relatively small. This makes it difficult for profit-seeking pharmaceutical companies to judge revenues and, therefore, to be discouraged from developing and producing generic products.
The study of the human genome and developments in molecular biology have opened up new avenues for the discovery of novel medicines. From the initial therapeutic agents based on protein (protein, peptide and antibody) to the recent nucleic acid therapy, gene and cell therapy, the focus of new drug research and development is no longer limited to antibodies, protein and traditional small molecule drugs, but small nucleic acid drugs, stem cell drugs and enzyme protein degradation agents based on PROTAC technology are the key directions of new drug research and development.
Small molecule drugs
The research and development of small molecule drugs have always been the focus of pharmaceutical companies and is in the mainstream of drug discovery and development. Computer-aided screening and technological advances in chemistry and biology have improved the timeliness of discovering and designing new drugs, especially in the field of small molecules, and artificial intelligence (AI)-assisted research and development of new drugs has become hot (Tripathi et al., 2021). It can use the existing data to analyze and integrate the literature information in the database, and can quickly identify and screen the compounds that are effective for the treatment of rare diseases. For example, the Benevolent Bio (UK company) used the technology platform JACS to screen out 5 compounds from 100 potential compounds that can treat ALS and confirmed that 4 of them were effective in curing motor neurodegeneration (Liu, 2018). National support for innovative medicines continues to grow and AI is driving a new wave of small molecular development (Schmidt and Thompson, 2020). The success of small molecule drugs in rare diseases has been driven by targeted screening and better-quality disease models, by introducing more efficient screening techniques and developing chemical libraries for filtering to exclude undesirable drug structures. For example, for the treatment of cystic fibrosis, Vertex first developed the CFTR enhancer ivacaftor based on in vitro screening, then a diphasic formulation of lumacaftor and ivacaftor that facilitates CFTR transport was developed under the trade name Orkambi for the treatment of F508del mutant CF, and finally the company developed a triple formulation of Trikafta targeting one or both F508del alleles (Zaher, 2021). LSDs are fairly common examples of small compounds that have the potential to target all organs. In response to the shortcomings of ERT preparation, which is costly and requires injection and cannot penetrate the central nervous system (CNS), two small molecule therapies for LSDs that inhibit the biosynthesis of defective enzyme substrates, Zavesca from Actelion Pharms and Cerdelga from Genzyme have been approved for the treatment of Gaucher disease in LSDs. In conclusion, AI technologies using deep learning methodologies and novel techniques for phenotypic screening to locate compounds with the required therapeutic potential can uncover new indications for medicines, which may potentially be useful for uncommon diseases with unknown etiologies.
Small nucleic acid drugs
Small nucleic acid drugs are developing rapidly in the field of biopharmaceuticals, which consist of nucleotides with specific designed sequences. Due to the breakthroughs in nucleic acid modification and delivery vector technologies in recent years, small nucleic acid drugs are now one of the effective tools for the treatment of rare diseases (Barkau et al., 2021). Small nucleic acid drugs mainly include nucleic acid drugs such as antisense oligonucleotides (ASO), small interfering RNA (siRNA), microRNA (miRNA) (Yamada, 2021). Because of both genetic modifications and traditional drugs, breakthroughs have also been made in the treatment of genetically inherited diseases. For instance, Nusinersen, the first medication ever to be licensed by the FDA to treat SMA, works by attaching to the precursor mRNA created by the transcription of the SMN2 gene, changing the RNA splicing pattern, and subsequently enhancing the expression of normal SMN proteins (Finkel et al., 2021). Milasen is an antisense oligonucleotide containing 22 nucleotides with the same backbone and glyco-chemical modifications as Nusinersen, which can be used to treat Batten disease (Mitchell et al., 2018). There are currently 14 small nucleic acid drugs marketed worldwide, including 9 ASO drugs, 4 siRNA drugs, and 1 nucleic acid aptamer (Table 3).
TABLE 3 | List of global marketed small nucleic acid drugs.
[image: Table 3]Eighty percent of these are antisense oligonucleotide acid drugs used for the treatment of rare genetic disorders, particularly for Duchenne muscular dystrophy. Duchenne muscular dystrophy (DMD), also known as pseudohypertrophic muscular dystrophy, is the most symptomatic form of muscular dystrophy (Brunetti et al., 2020). Eteplirsen, the first FDA-approved gene therapy for DMD, is an antisense nucleotide drug specifically designed for exon 51 (Rowel et al., 2017). In addition to Eteplirsen, there are three other products targeting different genetic loci: Golodirsen in 2019, Viltolarsen in 2020 (DMDE53), and Casimersen in 2021 (DMDE45) (Li et al., 2020; Hu and Dong, 2021; Zhang and Hu, 2022). Small nucleic acid medications are regarded as a new class of drug development following small molecule drugs and protein drugs because they have numerous advantages over small molecule drugs, including the ability to target many disease proteins that are untargetable. This gives the treatment of rare diseases new hope.
Hematopoietic stem cell drugs
One of the important values of stem cells is reflected in their application in disease treatment, especially in the treatment of rare diseases has also made some progress on the road, and some rare diseases have been treated internationally with corresponding therapeutic drugs. For example, proximal developed by Osiris (United States company) was approved by FDA for marketing, which is the first stem cell therapy drug for Crohn’s disease and childhood graft-versus-host disease (Patel and Genovese, 2011). In 2012, the FDA approved the marketing of MultiStem, a stem cell therapy by Athersys (United States company), for the indication of type I mucopolysaccharide storage disease (Robert and Deans, 2016). Combining stem cell therapy with gene therapy, 4 hematopoietic stem cell gene therapies have been launched in Europe, 3 of which are used for rare diseases. Adenosine deaminase deficiency causes severe combined immunodeficiency illness, which is treated with strimvelis®, a gene therapy authorized in 2016 (South et al., 2019). Libmeldy, approved by Orchard Therapeutics in 2020, was launched for the treatment of early-onset heterozygous cerebral leukodystrophy. Skysona, which Bluebird Bio authorized in 2021, is used to treat adrenal cerebral leukodystrophy (ProQuest, 2021). Some of the indications for stem cell therapies currently in development are being extended to rare diseases, such as Temcell, a bone marrow mesenchymal stem cell product for graft-versus-host disease that was launched in Japan in 2016 and is being expanded this year into studies for the treatment of Epidermolysis bullosa (Wu, 2022). Additionally, stem cell treatments for uncommon illnesses like Parkinson’s and acromegaly are all entering late stages of clinical trials and are getting closer to going on sale.
Enzymatic protein degraders based on Protein degradation targeting chimera technology
Protein degradation targeting chimera (PROTAC), after more than 20 years of improvement and development, is one of the hot spots in the field of new drug research and development, providing a brand-new direction for enterprises to develop new drugs. Compared with traditional small molecule drugs, it is able to modulate many targets that cannot be reached by small molecules or antibodies. The core of this technology is to design small molecule compounds into novel drugs and solve the drug resistance problem that often occurs with small molecule inhibitors by degrading the target protein (Paiva and Crews, 2019). Haisco Pharmaceutical Group Co., Ltd. is the first company in China to submit a clinical filing for PROTAC, and its KSK29116 can be used to treat relapsed refractory B-cell lymphoma. Combining the benefits of small molecule drugs and small molecule nucleic acids, PROTAC has a very broad application and development potential in the field of rare diseases. Additionally, its method of controlling the protein content in vivo by degrading target proteins greatly expands the potential. The range of potential therapeutic targets has been substantially increased by the method of regulating the protein composition in vivo by degrading target proteins (Li et al., 2022).
PROSPECTS OF TREATMENTS FOR RARE DISEASES
Application of gene therapy in ophthalmology
Currently, rare diseases are primarily dependent on genetic diagnostics and pharmacotherapy. Since 2022, AAV gene therapy has continued to play a role in the area of neuromuscular rare diseases, showing great potential for development in the division of rare ocular diseases.
Age-related macular degeneration (AMD), a disease capable of causing central vision loss and retinal lesions (Mercuri et al., 2018). Molecular Therapeutics reported on 6 January 2022, that 4D-150, an intravitreal transgenic AAV gene therapy, was given to the first patient in a mid-term clinical trial. REGENXBIO announced interim data from the Phase 2 ALTITUDE trial of its ophthalmic AAV gene therapy RGX-314 in February 2022. The clinical trial application for “KH631 Ophthalmic Injection” filed by Chengdu Hongji Biotechnology Co., Ltd. (China company). All three of these drugs are based on AAV gene therapy for the treatment of wet age-related macular degeneration (wAMD).
As there is no clinically effective treatment for Leber’s hereditary optic neuropathy (LHON), gene therapy is currently the most promising and effective treatment for LHON (Chen et al., 2017). LUMEVOQ, an AAV gene therapy for Leber’s hereditary optic neuropathy, reported long-term clinical data from GenSight Biologics in January 2022, which showed that subjects continued to experience significant improvements in vision four years after a single gene therapy injection. In a mid-stage clinical trial to treat pigmentary retinitis brought on by mutations in the NR2E3 and RHO genes, Ocugen’s AAV gene therapy OCU400 completed its first patient dosage in April 2022. According to the center for drug evaluation (CDE), on 19 April 2022, Shanghai Langsheng Biotechnology Co., Ltd. (China company) received a clinical trial implied license for a new class 1 drug, LX101 injection, for the treatment of hereditary retinal degeneration associated with a double allele mutation in RPE65. Applied Genetic Technologies Corporation (AGTC) announced positive results from its ongoing mid-stage study of the AAV gene therapy AGTC-501 for the treatment of X-linked retinitis pigmentosa (XLRP) on 4 May 2022. It has been demonstrated that the persistence of improving visual function exceeds that of 18 yuan for months, and provides biological activity evidence for XLRP gene therapy.
Application of combined therapy in rare diseases
Because most gene therapy uses AAV as a carrier to deliver therapeutic genetic materials, it makes patients naturally immune to these viruses, which leads to ineffective treatment. To solve this problem, the emerging exosomes technology provides an effective treatment for it. The use of exosomes to deliver gene drugs in cells will not induce adaptive immune response, so more and more companies are starting to cooperate with platforms using exosome technology. Sarepta, for instance, has succeeded in cooperating with Codiak to jointly design and develop gene therapy based on exosome engineering technology. The former is a company that develops gene therapy for rare diseases and a leader in the field of precise gene therapy for rare diseases, while the latter has a special exosomes technology platform. The benefits of exosomes technology have also drawn many investors. In short, the discovery of exosomes has brought a great leap in the field of gene therapy, and exosomes-mediated therapy will definitely make great progress in the field of gene delivery in the future. In addition to gene therapy, stem cell therapy is also a new focal point for rare disease research. Stem cells are making strides in the treatment of rare diseases. Some rare diseases in the world already have corresponding stem cell therapy drugs. With the development of its technology, some scholars believe that the most effective stem cell therapy in the future may be on rare diseases. In addition, the combination of gene technology and stem cell technology can make more rare diseases end the dilemma of no medicine, such as treating EB with genetically modified stem cells.
Suggestions on speeding up research and development of rare disease drugs
Nowadays, under the influence of Corona Virus Disease 2019 (COVID-19), our government funds are facing great pressure, the funds to support rare diseases are limited. There is a small domestic market and fierce competition between innovative companies. The current conditions bring difficulties to the research and development of rare drugs. However, even under many difficulties, enterprises and personnel involved in this field should keep confidence and hope. Domestic businesses can take a different approach and focus on research and development of rare diseases that have never been seen abroad with low incidence, despite the fact that they are somewhat behind overseas businesses in this regard. Government departments should further establish a sound medical insurance system for rare diseases and improve national health insurance policies. Companies are expected to increase their innovation and imitation efforts and actively introduce relevant innovative talent. Prevention is the most important factor in the diagnosis and treatment of rare diseases. Important measures to prevent rare diseases include avoiding consanguineous marriages, avoiding births at advanced ages, genetic counseling and prenatal diagnosis. In addition, publicity and scientific knowledge about rare diseases should be carried out. In summary, there is an urgent need to improve our capacity to treat rare diseases and develop new drugs.
CONCLUSION
The development of new pharmaceuticals is focusing on gene therapies, stem cell therapies, and small nucleic acid therapies, which is altering the therapy landscape for many diseases that are challenging to treat. For example, there are therapeutic effects in blood diseases, oncological diseases, and immune system diseases. Increasing evidence have showed that these therapies also play a critical role in the treatment of rare diseases. In summary, significant advances in the treatment of rare diseases are expected in the future.
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Non-alcoholic fatty liver disease (NAFLD) has become one of the most common diseases and severe problems worldwide because of the global increase in obesity, dyslipidemia, hypertension, and type 2 diabetes mellitus. NAFLD includes a wide spectrum of liver diseases, the histological forms of which range from non-alcoholic fatty liver (NAFL), which is generally nonprogressive, to non-alcoholic steatohepatitis (NASH), which can progress to chronic hepatitis, liver cirrhosis (LC), and sometimes hepatocellular carcinoma (HCC). Unlike NAFL, as the progressive form of NAFLD, NASH is characterized by the presence of inflammation with or without fibrosis in addition to hepatic steatosis. Although it is widely known and proved that persistent hepatic injury and chronic inflammation in the liver activate quiescent hepatic stellate cells (HSCs) and lead to hepatic fibrosis, the three-step process of “inflammation-fibrosis-carcinoma” in NAFLD has not been investigated and clarified clearly. In this process, the initiation of inflammation in the liver and the function of various liver inflammatory cells have been discussed regularly, while the activated HSCs, which constitute the principal cells responsible for fibrosis and their cross-talk with inflammation, seem not to be investigated specifically and frequently. Also, accumulated evidence suggests that HSCs can not only be activated by inflammation but also participate in the regulation of liver inflammation. Therefore, it is necessary to investigate the unique roles of HSCs in NAFLD from the perspective of inflammation and fibrosis. Here, we review the pivotal effects and mechanisms of HSCs and highlight the potential value of HSC-targeted treatment methods in NAFLD.
Keywords: nonalcoholic fatty liver disease, nonalcoholic steatohepatitis, hepatic stellate cells, inflammation, fibrosis
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD), including two subtypes of non-alcoholic fatty liver (NAFL) and non-alcoholic steatohepatitis (NASH), is increasingly prevalent and represents a growing challenge in terms of prevention and treatment (Chalasani et al., 2018). For defining NAFLD, there must be evidence of hepatic steatosis, either by imaging or histology, and lack of secondary causes of hepatic fat accumulation such as significant alcohol consumption, long-term use of a steatogenic medication, or monogenic hereditary disorders (Tsujisaki et al., 2022). NAFL is a nonprogressive form of NAFLD in which fat accumulates in the liver but little or no inflammation or liver damage occurs. NAFL generally does not progress to cause liver damage or complications. NASH is a chronic and progressive liver disease which can progress to cirrhosis, liver failure, and rarely liver cancer. NASH is characterized by the presence of >5% HS with inflammation and hepatocyte injury (ballooning) with or without fibrosis. According to the latest epidemiological survey, NAFLD will soon surpass chronic hepatitis virus infection as the primary cause of liver transplantation (Sayiner et al., 2016). Due to the lack of effective therapies for NAFLD, costs of care and management of associated symptoms come with a sizable economic burden (Allen et al., 2018; Estes et al., 2018).
Hepatic stellate cells (HSCs) comprise approximately 1.4% of the total liver volume and represent 5–8% of all liver cells. HSCs are typically located in the perisinusoidal space of Disse, a recess between endothelial cells of sinusoids and hepatocytes (Tacke and Weiskirchen, 2014). Upon liver injury, HSCs are activated, lose lipid-rich granules, and are transdifferentiated into a-smooth muscle actin (a-SMA)-positive myofibroblasts, which produce increased amount of ECM, proinflammatory, and profibrogenic cytokines, and cause liver fibrosis (Kamm and McCommis, 2022).
As a result, the role of HSC activation in liver fibrosis has been widely accepted and draws much attention. However, according to the view in the current studies, HSCs appear to respond to inflammatory signaling from the sinusoids. Whether and how HSCs participate in hepatic inflammation have not been examined in NAFLD. HSCs from both humans and rodents produce cytokines and chemokines upon aberrant stimuli such as lipopolysaccharide (LPS) and other toxic substances, suggesting that HSCs can potentially regulate hepatic immune and inflammatory responses through their own gene expression (Fujita and Narumiya, 2016). However, whether HSCs take part in the development of liver inflammation, and if so, whether they take on pro- or anti-inflammatory roles, is still controversial (Fujita and Narumiya, 2016). We will review the pivotal effects and mechanisms of HSCs from the perspective of inflammation and fibrosis, and highlight the potential value of HSC-targeted treatment methods in NAFLD.
NATURAL HISTORY AND PATHOGENESIS OF NAFLD
Clinically, NAFLD develops in four main stages (Powell et al., 2021). The main stages of NAFLD are: 1) Fat accumulation in the liver cells (steatosis), largely harmless, may be detected only during tests for another reason and this period tends to be termed as NAFL stage. 2) NASH, a more serious form of NAFLD, in which the liver has become inflamed. 3) Fibrosis, which causes scarring around the liver and nearby blood vessels, but the liver is still able to function normally. 4) Cirrhosis is the most advanced stage of the disease, caused by years of inflammation, in which the liver shrinks and becomes scarred and lumpy. It can take many years for fibrosis or cirrhosis to cause permanent damage to the liver, which can lead to liver failure or liver cancer. The majority of people only experience the first stage, which is often not noticed. In a few cases, however, the disease can progress and lead to liver damage if it is not treated. The natural history of patients with NAFLD has been studied for the past several decades (Cohen et al., 2011). Those with histological NASH, especially with some degree of fibrosis, are at a higher risk of suffering adverse outcomes such as cirrhosis and death from liver disease. The prevalence of NASH in NAFLD is estimated at 20%, and up to 20% of these patients may develop cirrhosis over the next 3–4 decades (Singh et al., 2015). Therefore, HCC screening and surveillance is routinely recommended in patients with NASH-related cirrhosis by many guidelines and associations.
NAFLD is primarily caused by overnutrition, which causes the accumulation of ectopic fat and expansion of adipose deposits. NAFLD is often associated with adipocyte enlargement and consequent macrophage recruitment and inflammation. The activation of macrophages in the visceral adipose tissue compartment creates an inflammatory state that leads to insulin resistance. Due to insulin resistance, lipolysis results in fatty acids being unabatedly delivered to the liver, which, combined with increased de novo lipogenesis, overwhelms its metabolic capabilities. When lipid metabolism is skewed, lipotoxic lipids can form, leading to cellular stress, activation of the inflammasomes, and apoptotic cell death. This promotes inflammation, tissue regeneration, and fibrogenesis in the body (Powell et al., 2021). In recent years, the “two-hit” hypothesis has been put forward as an explanation of NASH pathogenesis (Tariq et al., 2014). Based on this theory, NASH is not developed solely as a result of steatosis, but from an additional hit due to other factors including various cellular stress as mentioned previously. Nevertheless, this viewpoint is considered outdated now. NASH is a complex disease with many molecular pathways contributing to its development, and it is still unclear whether NASH is always preceded by NAFL. In addition, pathogenic drivers are unlikely to be identical across all patients. Therefore, both pathogenesis of disease and its clinical manifestations are highly heterogeneous (Friedman et al., 2018). There is now a widely accepted theory known as “multiple-hit,” in which genetics and environment combine to cause more widespread metabolic dysfunction as well as changes in cross-talk among several organs and tissues, including adipose tissue, the pancreas, the gut, and the liver (Fang et al., 2018). In the pathogenesis of NAFLD and its progression, several questions remain unclear. The initial “two-hit” theory cannot explain the pathogenesis of NAFLD in its entirety as it involves multiple factors. Nevertheless, fibrosis in the liver is mediated by the activation of HSCs and release of extracellular matrix (ECM) associated with hepatocyte injury and inflammation. A driving force behind hepatic fibrosis is inflammation in the liver. Also, the subsequent deleterious effects and mechanisms are worth more investigation in the pathogenesis of NAFLD.
INFLAMMATION AND FIBROSIS IN NAFLD
NASH, a progressive form of NAFLD, is characterized by liver steatosis, inflammation, hepatocellular injury, and fibrosis of different degrees. Also, NASH, characterized by the presence of 5% steatosis and inflammation with hepatocyte injury, has an increased liver-related mortality rate according to relevant studies (GBD 2015 Mortality and Causes of Death Collaborators, 2016; Sayiner et al., 2016). As a result of hepatocyte injury followed by inflammation, activation of the innate immune system, and release of extracellular matrix, liver fibrosis is induced. Therefore, understanding these mechanisms of inflammation and fibrosis will enable the design of targeted therapies that can halt or reverse NAFLD progression.
Prior to all symptoms, inflammation is a key pathophysiological mechanism and a target for therapeutic intervention. In view of the most obvious difference between NAFL and NASH, the key issue in this area is the identification of those factors that cause inflammation, thus fueling the transition from simple fatty liver to inflammatory fatty liver (see Figure 1). Since the liver is responsible for the metabolism of lipids and glucose, liver inflammation is closely associated with metabolic disorders such as NAFLD. De novo lipogenesis, reduced B oxidation, and a decreased VLDL cause steatosis in liver cells. Steatosis is characterized by the accumulation of triglycerides (TGs) as a compensatory response to an increase in free fatty acids (FFAs) within the cell. Moreover, the FFAs are partitioned into an inert and stable lipid, preventing the injury of hepatocytes (Kawano and Cohen, 2013; Branković et al., 2022). As a matter of fact, there have been abundant reviews of the mechanisms underlying steatosis development elsewhere. Hence, this article focuses on factors that promote and sustain hepatic inflammation in NAFLD, and attempts to summarize the functional links and key pathways in this process. According to previous investigations, multiple and various factors could act simultaneously, sequentially, or with different hierarchies in NAFLD over time. Also, clinical and histological characteristics of NAFLD are determined by these complex factors, which include both extrahepatic and intrahepatic effects. Therefore, the roles of these factors would be clarified from intrahepatic and extrahepatic angles. Intrahepatic factors in NAFLD encompass a variety of hepatocellular stress, hepatocellular death, nuclear receptors, and proteins expressed by the liver, innate immunity, genetics, and epigenetics of heritability (Lotze et al., 2007; Wagner et al., 2011; Wree et al., 2013; Luedde et al., 2014; Foroughi et al., 2016; Magee et al., 2016; Meex and Watt, 2017; Eslam et al., 2018), while extrahepatic factors in NASH mainly include dysregulated hepatic glucose, lipid metabolism, and the gut microbiota or the so-called gut–liver axis (Samuel and Shulman, 2012; Brandl and Schnabl, 2017; Caussy et al., 2019). In summary, the liver has to respond to a variety of signals that arrive from adipose tissue and the gastrointestinal tract. For example, as visceral adipose tissue increases, M1 macrophages are infiltrated, which exacerbates insulin resistance and adipose tissue inflammation and causes an altered adipokine profile. As a result of adipose tissue lipolysis, visceral adipose tissue macrophages secrete chemokines and cytokines that induce liver inflammation and IR. Increased FFA levels in the blood cause hepatic lipotoxicity and cell death. Dietary factors can exacerbate inflammation in the liver through a variety of mechanisms, including lipotoxic effects, mitochondrial dysfunction, oxidative stress, and apoptosis. The loss of the gut barrier leads to a higher bacterial translocation and circulating levels of pathogen- or microorganism-associated molecular patterns (P/MAMPs) that can initiate an inflammatory response. The risk of developing NASH is also determined by genetic and epigenetic factors. Inflammation can be resolved by a shift from M2 macrophages to specialized proresolving mediators. The transitions from NAFLD to NASH can be triggered by intrahepatic or extrahepatic factors. Moreover, a variety of inflammatory cells, including hepatic macrophages, T- and B-lymphocytes, NK cells, and platelets, as well as key effectors, such as cytokines, chemokines, and damage-associated molecular patterns, also participate in the process of inflammation in NAFLD. Due to their complex links to HSCs and key pathways related to fibrosis, these significant topics would be discussed later (Schuster et al., 2018).
[image: Figure 1]FIGURE 1 | Overview pathogenesis of NASH. The pathogenesis of NASH involves many aspects such as genetic and epigenetic factors, metabolism, gut–liver axis, cell death (injury), inflammation, fibrosis, and so on. Also, the FAA is a key factor in this process. There are two major sources of FAAs. One is from the lipolysis of triglyceride in adipose tissue, and the other one is de novo lipogenesis. The excessive accumulation of FAAs and triglyceride leads to lipogenesis, which triggers inflammasome activation, ER stress, and oxidant stress. These result in the death (injury) of hepatocytes and the release of chemokines and cytokines. Also, they activate HSCs, which can cause fibrosis. At the same time, many immune cells respond to this process, promoting inflammation and fibrosis. In addition, the altered gut microbiome and permeability can also cause inflammation response by activating the inflammatory cells. NASH: non-alcoholic steatohepatitis; FAA: free fatty acid; ER: endoplasmic reticulum; HSC: hepatic stellate cell.
It is also worth noting that NASH is characterized histologically by fibrosis as the only predictor of clinical outcome (Dulai et al., 2017; Sanyal et al., 2019). As mentioned previously, fibrosis in the liver is mediated by the activation of hepatic stellate cells in response to hepatocyte injury, inflammation, and activation of the innate immune system. The accumulation of extracellular matrix in the liver is the main cause of liver failure and death in patients with NAFLD due to fibrosis and cirrhosis. Fibrogenesis is triggered by signaling from stressed or injured hepatocytes as well as activated macrophages. This causes resident HSCs to become myofibroblasts to produce matrix proteins faster than they are degraded. HSCs are activated as a result of the inflammatory activity of liver immune cells, predominantly macrophages. TGF-B1 derived from macrophages triggers the activation of fibroblasts and is the strongest fibrogenic stimulant known (Hellerbrand et al., 1999). Furthermore, macrophages in the liver, including Kupffer cells and recruited macrophages, are capable of enhancing liver fibrosis by promoting the survival of HSCs. Then, it can be obviously considered that the cellular source of fibrosis in NASH is the hepatic stellate cell (Tsuchida and Friedman, 2017). Therefore, it is necessary to investigate the unique roles of HSCs in NAFLD from the perspective of inflammation and fibrosis.
ROLES OF HEPATIC STELLATE CELLS IN NAFLD: CROSSTALK BETWEEN INFLAMMATION AND FIBROSIS
Although the three-step process of “inflammation-fibrosis-carcinoma” in NAFLD has not been investigated clearly, the significance of inflammation and fibrosis can never be ignored at any time. As the foregoing, a variety of cell types including hepatocytes, sinusoidal endothelial cells, inflammatory cells, and hepatic stellate cells participate in the process of deterioration from NAFL to NASH and even cirrhosis and liver cancer. Based on this, HSCs have pivotal effects in NAFLD and relevant mechanisms could help clarify the intricate cross-talk between inflammation and fibrosis.
As a subpopulation of liver cells, HSCs perform numerous critical functions in a healthy liver and in response to injury. Hepatic stellate cells maintain a quiescent state in which they store retinoids and vitamin A-containing metabolites in the absence of liver injury. Some less-appreciated functions of HSCs include amplifying the inflammatory response to liver injury, releasing growth factors that are critical for liver development, and liver regeneration. Therefore, HSCs could be classified into two subtypes, the quiescent HSCs and activated HSCs according to their functional statues (Kamm and McCommis, 2022). However, once HSCs were activated by liver injury such as NASH, differentiation from adipogenic to myofibroblast phenotype with the loss of lipid droplets and expression of contractile fibers, increased cell proliferation, increased HSC chemo taxis as well as signaling to attract leukocytes, and development of matured rough endoplasmic reticulum to support the production of extracellular matrix fibers and matrix remodeling enzymes would be detected from HSCs. While this review does not focus on HSC activation and fibrogenesis, there are many classic reviews available elsewhere on this topic (Friedman, 2000; Bataller and Brenner, 2005; Fujita and Narumiya, 2016; Zisser et al., 2021). Alternately, investigating the unique roles of HSCs in NAFLD is necessary. HSC activation and fibrosis are considered key factors that lead to NAFLD progression. Numerous mechanisms have been proposed for the progression of simple steatosis into NASH and NASH-associated fibrosis. From liver inflammation to fibrosis, HSCs could be triggered by numerous intrahepatic and extrahepatic factors produced by the body immune system through inflammatory response. Quiescent HSCs are located in the space of Disse, a perisinusoidal space between hepatocytes and liver sinusoidal endothelial cells, storing vitamin A in lipid droplets, which represent the major vitamin A storage site for humans (Bataller and Brenner, 2005). PPARy, adiponectin receptor 1, perilipin 2 (PLIN2/ADFP), C/EBPS, C/EBPB, and SREBP-1c are all expressed by HSCs (She et al., 2005; Kisseleva et al., 2012). Moreover, activated HSCs are a major source of ECM production in liver fibrosis caused by NASH, and are also responsible for liver inflammation induced by cytokines. On one hand, the activation of HSCs results from inflammatory activity of liver immune cells, which has been introduced earlier. The activation of HSCs in obesity is also mediated by leptin, an adipocyte-derived hormone (Potter et al., 2003). Through portal circulation, gut microbes easily enter the liver, activating toll-like receptors (TLRs) in liver cells, TLR4 in particular (Ganz and Szabo, 2013). Numerous reports have highlighted the importance of TLR4, which is a receptor for LPS. Serum levels of LPS are elevated in patients with NASH and animal models of NASH, suggesting that TLR4 is activated (Cani et al., 2007; Miele et al., 2009). The downregulation of transforming growth factor (TGF)-B pseudoreceptor BAMBI also occurs in HSCs by TLR4 ligation, resulting in increased expression of ECM by HSCs (Seki et al., 2007). What is noteworthy is that activated HSCs can also contribute to liver inflammation by secreting cytokines (Wang et al., 2017; Schuster et al., 2018). According to several research studies, HSCs can express multiple toll-like receptors which could also be induced by inflammation (Peverill et al., 2014; Seki and Schwabe, 2015). According to research on the transcription regulation of NASH, it is also reported that the transcriptional dynamics of HSCs are highly similar across diseases, suggesting HSC activation as a point of convergence during the development of NASH (Marcher et al., 2019). Also, this activation could induce the effects on inflammation by the transcriptional regulators ETS1 and RUNX1. Another research study found that HSCs could be regulated by the CD8+ T cells and promote the proliferation of this kind of immune cells, which were highly associated with inflammation in the liver of NASH patient (Breuer et al., 2020).
Renin angiotensin system (RAS) is an essential hormone system that regulates blood pressure and maintain fluid homeostasis (Simões et al., 2017). Also, the components of RAS are present locally in the liver as well. It has been reported that NAFLD has been linked to the activation of RAS both in circulation and locally in the liver (Vergniol et al., 2011; Yang et al., 2020). RAS involved two pathways: one is the classical pathway, which consists of angiotensin converting enzyme (ACE)—angiotensin Ⅱ (Ang Ⅱ)—angiotensin Ⅱ type1 receptor (AT1R), ACE/AngII/AT1R. ACE plays a crucial role in the classic RAS pathway, in which it converts AngI into AngII, and AngII mediates its biological effects mainly through receptor type 1 (AT1). It has been proved that the activation of this cascade can upregulate the level of TNF-αand TGF-β, which can activate HSC by paracrine and promote the development of NAFLD (Browning and Horton, 2004). In addition, large amounts of AngII are known to increase intracellular ROS leading to the accumulation of lipid peroxidation end-product aldehydes, such as MDA and 4-HNE, which can also convert qHSC into aHSC. Research studies indicated that activated HSCs highly expressed ACE and AT1R in the liver injuries both in vivo and vitro (Wei et al., 2009; Shim et al., 2018). Apart from that, angiotensin converting enzyme2 (ACE2), angiotensin1-7 [Ang (1–7)], Mas receptor (MasR) constitute the ACE2/Ang-l-7/MasR axis. ACE2, a homologue of ACE, has the opposite effect of ACE. It can inhabit the synthesis and the bioavailability of AngII, increase its degradation, and form Ang-l-7, which binds to Mas receptors playing the antagonistic roles of the ANG II/AT1 signaling axis, such as actively reducing blood pressure, inhibiting inflammation, proliferation, and fibrosis. It has been proved that Ang (1–7) reduced HSC activation associated with downregulating TGF-β (Rajapaksha et al., 2019; Yang et al., 2020). Thus, the balance between ACE and ACE2 is of considerable importance for homeostasis in the body, especially the development of NAFLD (see Figure 2). Glucagon-like peptide 1 (GLP-1) receptor agonist has dual effects on two axis of RAS, countering ACE/AngII/AT1R axis while activating ACE2/Ang1-7/Mas axis. This suggested potential therapeutic effect in NAFLD. Semaglutide and liraglutide, both GLP-1 receptor agonists, are being tested in the treatment of NAFLD (Potts et al., 2015; Htike et al., 2017; Newsome et al., 2021). Tirzepatide and BI456906 (ClinicalTrials.gov identifier: NCT04771273), dual glucose-dependent insulinotropic polypeptide (GIP) receptor, and GLP-1 receptors agonist compare favorably with the existing GLP-1 receptor agonists in terms of controlling blood sugar levels and weight (Hartman et al., 2020). Some clinicians also indicate that angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) can delay NAFLD progression (Toblli et al., 2008). ACE inhibitor enalapril and AT1R inhibitor losartan can alleviate liver fibrosis in NAFLD patients with hypertension by inducing the activation of HSC (Yoshiji et al., 2009; Goh et al., 2015). In addition, providing exogenous ACE2 or increasing its endogenous expression may serve as new targets for NAFLD. Oral treatment with Ang1-7 improves inhibiting liver inflammation in high-fat diet-fed rats (Santos et al., 2013).
[image: Figure 2]FIGURE 2 | Effect of renin angiotensin systems in NAFLD. Two RAS axes, ACE/AngII/AT1R and ACE2/Ang (1–7)/Mas R, are illustrated. The former can promote the progression of NAFLD, while the latter plays the opposite role. GLP-1 receptor agonist exerts its therapeutic effect by regulating the balance between them. RAS: renin angiotensin systems; ACE: angiotensin-converting enzyme; AngII: angiotensin II; AT1R: angiotensin II type1 receptor; Ang (1–7): angiotensin1-7; Mas R: Mas receptor; GLP-1: glucagon-like peptide 1.
In short, the progression of liver fibrosis involves multiple events, of which the activation of HSCs is publicly recognized as the central element. Activated HSCs respond to the stimulus from the intracellular and extracellular microenvironment by interacting with other cells, thereby triggering wound-healing. Through diverse molecular mechanisms and cell signaling, “responded” cells play dual roles in the activation of HSCs during different stages of fibrosis.
PERSPECTIVES OF PHARMACOTHERAPIES ON HSCS
Since the mechanism underlying the NAFLD, which is a complicated and intricate process involving numerous risk factors, kinds of organs, different cell types, and the interplay of multiple signaling pathways, (Tilg and Moschen, 2010), has not been fully elucidated, there is no unified, clear, effective treatment for it currently. Lifestyle modification by dietary caloric restriction, exercise, and weight loss is the primary therapy for NAFLD. A loss of 5–7% of the initial weight within one year for patients with NAFLD is recommended, while in patients with suspected NASH, the targeted needs to be increased to 7–10%. Fibrosis may be attenuated only in patients with a weight loss of ≥10% (Vilar-Gomez et al., 2015; Romero-Gómez et al., 2017). Unfortunately, most patients fail to meet the goal and benefit from lifestyle intervention due to the lack of compliance and poor self-control (Vilar-Gomez et al., 2015). Surgical treatment for NAFLD mainly includes bariatric surgery, also called metabolic surgery, and liver transplantation. Studies have showed that bariatric surgery can not only improve the histological features of NASH with fibrosis or compensated cirrhosis but also reduced the risk of cardiovascular events effectively (Maciejewski et al., 2016; Ikramuddin et al., 2018; Aminian et al., 2019). As for liver transplantation, it remains the only possible intervention in end-stage liver disease or hepatocellular carcinoma related to NASH (Chalasani et al., 2018). But considering the high recurrence rate, prohibitive risk, and high cost, the application of the surgery has been limited clinically.
Taking all these into consideration, clinically effective and safe pharmacological treatments are in great demand (see Figure 3). Medication development should be based on drug targets and the mechanism of action. Given the significant role of HCSs in this pathological process from the perspective of inflammation and fibrosis, the medical therapies for NAFLD associated with HSCs are focused on here (see Table 1).
[image: Figure 3]FIGURE 3 | Switch of HSC phenotypes in NAFLD. Risk factors involved in the progression of NAFLD activate the HSCs and cause a sequence of changes in their features, phenotypes, and functions. These contribute to fibrogenesis and inflammation in the liver, which can promote the activation of HSCs in turn and create a vicious cycle. Thus, regulating the apoptosis of activated HSC and its reversion to inactivated phenotype through various means is the critical resolution of NAFLD. HSC: hepatic stellate cell; NAFLD: non-alcoholic fatty liver disease; PPARγ: peroxisome proliferator-activated receptor γ; GFAP: glial fibrillary acidic protein; BAMBI: bone morphogenetic protein and activin membrane bound inhibitor; PDGFRβ: platelet-derived growth factor receptor β; αSMA: α-smooth muscle actin; FN: fibronectin; LOX: lysyl oxidase; TIMP1: tissue inhibitor of metalloproteinase 1; S100A6: S100 calcium-binding protein A6.
TABLE 1 | Clinical trials of medications associated with HSCs for NASH.
[image: Table 1]Peroxisome proliferator-activated receptor (PPAR) belongs to nuclear receptor superfamily and comprises three forms: PPARα, PPAβ/δ, and PPARγ involving in modulating lipid metabolic homeostasis (Oh and Ahn, 2021). It has been introduced that PPARs can modulate HSC activation though defending against lipid-related toxicity and mitigate hepatocyte stress (Bojic and Huff, 2013; Pawlak et al., 2015). However, clinical studies are yet to validate their effects on fibrosis related to NASH. Pioglitazone, a PPARγ-specific agonist; elafibranor, a dual PPARα/δ agonist; and lanifibranor, a PPARα/δ/γ/ are all under clinical trials (Sanyal et al., 2010; Ratziu et al., 2016; Francque et al., 2021).
As is known, hepatocyte apoptosis aggravates inflammatory response, and apoptotic bodies can activate HSCs and promote their transition to myofibroblasts, which enhance fibrogenesis (Canbay et al., 2003). Apoptosis signa-regulating kinase 1 (ASK-1), a member of MAP kinases (MAP3K), is expressed by inflammation and HSCs. Also, it can cause apoptosis and increase the expression of the proinflammatory and profibrotic cytokine in response to various stressors in turn (Schuster and Feldstein, 2017). Therefore, the inhibitor of ASK1—selonsertib, can ameliorate NASH in some patients in a 24-week clinical trial (Loomba et al., 2018). Nevertheless, the outcomes are not satisfied in phase 3 trials (Harrison et al., 2020a). Emricasan, a caspase inhibitor, has the effects similar to those of selonsertib (Harrison et al., 2020b; Garcia-Tsao et al., 2020).
Pentoxifylline (PTX), a cyclic nucleotide phosphodiesterase 4 (PDE4) inhibitor, had been proven in numerous research studies to inhibit the proliferation and activation of HSCs either by direct or indirect ways (Desmoulière et al., 1999; Gonzalo et al., 2006; Verma-Gandhu et al., 2007). PTX improved hepatic aminotransferases and inflammatory markers in Egyptian NASH patients in the clinical trials (Fouda et al., 2021). In addition, ASP9831 and roflumilast both belong to the PDE4 inhibitor.
C-C motif chemokine receptors 2 and 5 (CCR2 and CCR5) can promote the activation and migration of Kupffer cells and HSCs and increase inflammatory cells (Friedman et al., 2016), and thus the dual CCR2/CCR5 inhibitor CVC can reduce fibrosis progression to some extent, which was evident in animal models (Lefebvre et al., 2016). Unfortunately, it showed no significant effect in phase 3 clinical trial (Anstee et al., 2020).
Farnesol X receptor (FXR) plays a vital role in regulating cholesterol and bile acid metabolism, and it can be expressed by HSCs and other kinds of cells associated with enterohepatic circulation. The activating FXR inhibited hepatic inflammation and fibrosis (Verbeke et al., 2016). Obeticholic acid (OCA), an FXR agonist, prevents the activation of HSCs and reduces the fiber generates related to protein, such as Col1a1, α-smooth muscle actin, and tissue inhibitors of metalloproteinases-1, -2, significantly contributing to the improvement in liver fibrosis (Zhou et al., 2020). Phase 3 clinical trials confirmed this positive effect on fibrosis, while accompanied with adverse effects including pruritus and elevation of low-density lipoprotein (Younossi et al., 2019). Tropifexor is another FXR agonist under reaserch.
Activated HSCs express high level of lysyl oxidase-like 2 (LOXL2) (Brovold et al., 2020), a key stromal enzyme in collagen formation. It can modify the extracellular matrix by promoting the cross-linking of collagen fibers resulting in the exacerbation of fibrosis, which can activate HSCs in turn. The inhibitory antibody against LOXL2, simtuzumab (previously known as GS-6624), was expected to mitigate this vicious circle in NASH. But it failed to perform well clinically (Harrison et al., 2018). Heat shock protein 47 (HSP47), a chaperone protein, is involved in regulating the folding of fibrillary collagens. Inhibiting this molecule causes collagen to misfold within the cell and to accumulate rather than secrete, resulting in HSC death eventually. Currently, a trial of liposomal formulation is under way in patients with advanced fibrosis. This study involved silencing HSP47 by siRNA to promote the apoptosis of HSCs (NCT02227459).
In addition, targeting intestinal lipopolysaccharide (LPS) can also obtain the anti-inflammatory and antifibrotic effects, for instance, IMM124E (Mizrahi et al., 2012). Although many pharmacotherapies on HSCs for NAFLD patients are introduced, most of them are only in the clinical trial stage, and their safety and efficacy need to be further demonstrated. Given these, there are still no specific agents that are approved by the Food and Drug Administration (FDA) currently (Sheka et al., 2020). Therefore, the combination of drugs with different targets and integrated treatment of traditional Chinese medicine and Western medicine will be the key direction for future investigations.
CONCLUSION
Although HSCs comprise only a small proportion of hepatic cells, HSCs and their activation or inactivation appear to play a vital role in the development of NASH-induced hepatic fibrosis in NAFLD. Also, from the perspectives of inflammation and fibrosis, a deeper understanding of HSCs and the mechanisms leading to the investigation in NASH is, therefore, necessary if efforts are to identify potential HSC targets for drug development. Future studies are required to truly appreciate whether and how HSCs contribute to hepatic pathophysiology in NAFLD.
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Gout is a common form of arthritis caused by the deposition of sodium urate crystals in the joints and tissues around them. MicroRNAs (miRNAs) are noncoding RNAs that have been shown to be involved in regulating the pathogenesis of gout through multiple cellular signaling pathways, which may be potential targets for the treatment of gout. In this review, we systematically discuss the regulatory roles of related miRNAs in gout, which will provide help for the treatment of gout and miRNAs is expected to become a potential biomarker for gout diagnosis.
Keywords: microRNA, gout, cellular signaling pathway, treatment, biomarker
INTRODUCTION
Gout is a kind of metabolic disease caused by the disorder of purine metabolism, which causes an increase in uric acid in blood, leading to the formation and deposition of monosodium urate (MSU) crystals in joints and other tissues. With the improvement of living standards and changes in lifestyle, the prevalence of gout has increased significantly in recent years, with an incidence of 0.58–2.89 per 1,000 person-years, causing great health damage to patients (Dehlin et al., 2020). The prevalence of gout is also increasing in developed countries compared to developing countries (Clebak et al., 2020; Singh and Cleveland, 2021). Patients with gout often have metabolic abnormalities and so are also prone to hypertension, hyperglycemia, hyperlipidemia and other conditions. Gout can also increase the incidences of chronic kidney disease and cardiovascular disease, seriously affecting human health (Edwards, 2008). Gout is related to age and sex. The affected patients are mainly middle-aged and elderly, and the incidence of gout is higher in males than in females (Dehlin et al., 2020). The inflammatory mechanism of gout is not fully understood, but it is widely believed that the NOD-like receptor family, pyrin domain-containing 3 (NLRP3) inflammasome and Toll-like receptor (TLR) signaling pathway play important roles. MSU crystals deposited in joints are phagocytosed and recognized by monocytes/macrophages, activate the NLRP3 inflammasome and promote the generation of mature interleukin (IL)-1β through the NLRP3 and TLR/nuclear factor-κB (NF-κB) signaling pathways. Activated IL-1β is secreted out of cells and then causes the recruitment and infiltration of inflammatory cells such as neutrophils and the release of more inflammatory mediators, promoting the occurrence and progression of the inflammatory response in gout (Narang and Dalbeth, 2020; Dalbeth et al., 2021). Studies have shown that a variety of microRNAs (miRNAs) are involved in regulating the pathogenesis of gout. For example, miR-223-3p and miR-22-3p reduce the production of IL-1β by targeting NLRP3, thereby alleviating the inflammatory response of gout (Wang et al., 2021).
MiRNAs are a class of single-stranded noncoding RNAs that mainly negatively regulate gene expression. MiRNAs were first discovered in Caenorhabditis elegans (Lee et al., 1993; Wightman et al., 1993). They are ubiquitous in eukaryotes, and thousands of miRNAs expressed in human cells have been identified (Papanagnou et al., 2016). MiRNAs play a role at the posttranscriptional level and participate in cell proliferation, apoptosis and other life processes (Hwang and Mendell, 2007). Abnormal expression of miRNAs can cause inflammatory diseases, including gout. For example, when miR-155 is overexpressed in cells, it promotes the production of excessive inflammatory cytokines and triggers an inflammatory response in patients with gout (Jin et al., 2014). In recent years, new miRNAs and signaling pathways have been discovered in gout, which may provide new ideas for the diagnosis and treatment of clinical diseases. This paper systematically reviews the relevant literature on the regulatory role of miRNAs in the pathophysiology of gout to provide a reference for the subsequent exploration and research of miRNAs.
OVERVIEW OF GOUT
In the 2018 edition of the European League Against Rheumatism (EULAR) updated evidence-based expert recommendations on the diagnosis of gout, the clinical manifestations of gout patients are divided into preclinical (asymptomatic hyperuricemia and asymptomatic MSU crystal deposition) and clinical gout [gout attack, critical zone gout and chronic gouty arthritis (CGA)] (Richette et al., 2020). The traditional natural course of gout includes asymptomatic hyperuricemia, acute onset, interictal and CGA.
The enzyme product of purine metabolism is uric acid. If the concentration of serum uric acid in the human body exceeds the saturation point of 6.8 mg/dl, uric acid deposition will occur, which will induce the onset of gouty arthritis (GA) (Mandell, 2008; Liu et al., 2015). The hyperuricemic phase is the early stage of gout, and approximately 10% of patients will eventually develop gout (Miao et al., 2009). At this stage, the focus of treatment is to control the uric acid in the blood to prevent blood uric acid levels from reaching or exceeding saturation and precipitating crystals, causing AGA (Keller and Mandell, 2021).
AGA is the second phase in gout patients. The body usually has no symptoms, but the first metatarsophalangeal joint, knee, ankle, or other joints may suddenly develop severe pain. During this period, patients may develop fever and joint swelling accompanied by severe pain, preventing them from sleeping normally and seriously affecting their sleep and quality of life (Mandell, 2008; Seow et al., 2020; Dalbeth et al., 2021). Predisposing factors include a high-purine diet, alcohol intake (Danve et al., 2021), the environment and other diseases (Dubreuil et al., 2013; Wu et al., 2022).
After the first gout attack, there is a high probability of a second, a third and so on. AGA then progresses to the gout attack intermittent period. MSU crystals continue to deposit around the joints and in the synovial tissue even during the intervals after attacks. Most patients relapse within 1–3 years of the first attack, with increasing frequency, prolonged duration and shorter intermission periods (Mandell, 2008; Dalbeth et al., 2021). If not treated, some patients with gout will continue to experience attacks, and the accumulation of excess uric acid in the body will not only be limited to within the joints but will begin to deposit slowly in the subcutaneous tissue and the CGA. At this stage, chronic joint swelling and pain will develop, which may lead to joint destruction, tophi and uric acid kidney stones (Edwards, 2008; Keller and Mandell, 2021).
OVERVIEW OF MICRORNAS
MiRNAs are endogenous noncoding RNAs consisting of approximately 20 nucleotides that inhibit messenger RNA (mRNA) translation by specifically binding to the 3′ untranslated region (UTR) of the target mRNA. As negative regulators, miRNAs play a specific role in inhibiting the translation of target genes at the posttranscriptional level (Dong et al., 2013). Extracellular miRNAs can be transported through extracellular vesicles, or secreted in the form of protein-miRNA complexes after assembly with specific proteins such as lipoproteins (Mori et al., 2019). It has been found that miRNAs are not only involved in the occurrence and development of cardiovascular diseases and malignant tumors (Lin and Gregory, 2015; McManus and Freedman, 2015) but also widely involved in the regulation of inflammatory diseases, including GA. For example, in the exploration of osteoarthritis (OA), miR-582-3p can reduce the secretion of pro-inflammatory cytokines and inhibit the apoptosis of chondrocytes (He et al., 2020). MiR-221-5p can directly inhibit IL-1β and regulate the pathogenesis of AGA (Li et al., 2021a). In general, as an important regulator of gene expression, miRNAs play a role in the pathogenesis of gout, which deserves our in-depth exploration.
THE FUNCTIONAL ROLE OF MICRORNAS IN GOUTY ARTHRITIS
Gout is a common inflammatory arthritis that is mainly caused by the accumulation of MSU crystals in tissues. MiR-142-3p, miR-155, miR-192-5p and many other miRNAs have been found to be abnormally expressed in GA and play important roles in the occurrence and development of GA (Table 1).
TABLE 1 | MicroRNA associated in gout.
[image: Table 1]MiR-142-3p
MiR-142-3p is located on human chromosome 17 and can play an important role as an anti-inflammatory or proinflammatory gene in inflammation-related diseases (Hu and Wang, 2016; Zhang et al., 2020a). For example, miR-142-3p is involved in the regulation of OA (Gao et al., 2019), rheumatoid arthritis (RA) (Renman et al., 2021) and GA (Bohatá et al., 2021). Wang et al. (2016) found that the expression of miR-142-3p was reduced in mice with OA and had a targeted regulatory role with high mobility group box 1 (HMGB1). Upregulation of miR-142-3p expression inhibited chondrocyte apoptosis and inflammation. MiR-142-3p was also found to be aberrantly expressed in RA patients compared to healthy controls (Renman et al., 2021). Most recently, Bohatá et al. (2021) detected the expression of miR-142-3p in the plasma of normal uric acid controls, hyperuricemia and gout patients, and the results showed that the expression of miR-142-3p was upregulated in hyperuricemia and gout patients.
MiR-146a
MiR-146a is located on human chromosome five and mouse chromosome 11. MiR-146a was first proven to be involved in the regulation of innate immunity. Studies suggest that the imbalance of miR-146a expression is closely related to the pathogenesis of autoimmune diseases and inflammatory diseases and has anti-inflammatory effects in a variety of pathogeneses (Iborra et al., 2012; Garo and Murugaiyan, 2016). It is reported that miR-146a was highly expressed in peripheral blood mononuclear cells (PBMCs) and the synovium of patients with RA (Pauley et al., 2008; Stanczyk et al., 2008). Additionally, miR-146a deficiency leads to a significant increase in the expression of proinflammatory cytokines in macrophages in diabetic nephropathy and enhances the severity of the inflammatory response (Bhatt et al., 2016). Dalbeth detected the expression levels of miR-146a in PBMCs of acute and intermittent GA patients, hyperuricemia patients and normouricemia patients. The results showed that the expression of miR-146a was significantly increased in patients with gout in the intermittent period, suggesting that miR-146a may play a role in the intermittent period and participate in the negative regulation of gout inflammation (Dalbeth et al., 2015).
MiR-155
The sequence of miR-155 is highly conserved in different species, and the miR-155 genes of humans, mice, and chickens are located on chromosomes 21, 16, and 1, respectively. MiR-155, as a multifunctional miRNA, is involved in a variety of disease processes, including cancer and inflammatory diseases. For an instance, miR-155 is highly expressed in a variety of malignancies, including colon cancer (Mashima, 2015; Li et al., 2018). Elmesmari et al. (2016) found that miR-155 was expressed at significantly higher levels in the peripheral blood and monocytes of RA patients than in controls and could promote the accumulation of inflammatory cells in the synovial membrane to cause disease by regulating the expression of chemokines and proinflammatory chemokine receptors. Experimental studies showed that mice with knockout of the miR-155 gene were completely protected from arthritis induced by collagen stimulation (Blüml et al., 2011). The study found that miR-155 was upregulated in synovial macrophages of RA patients, leading to downregulation of Src homology 2-containing inositol phosphatase 1 (SHIP-1) and increased production of proinflammatory cytokines (Kurowska-Stolarska et al., 2011). Jin et al. (2014) found that the expression of miR-155 was increased in vitro and in vivo in the GA model, and miR-155 also inhibited the expression level of SHIP-1, resulting in the upregulation of proinflammatory cytokines.
MiR-192-5P
MiR-192-5p is a conserved miRNA located on human chromosome 11 that is expressed in the liver and is involved in the regulation of liver diseases such as chronic hepatitis B and acute liver injury (Roy et al., 2016; Nielsen et al., 2018). Zhou et al. (2018) found that miR-192-5p was upregulated in the plasma and tissues of pancreatic cancer patients but not in plasma exosomes. It is reported that miR-192-5p is downregulated in RA, and it can attenuate the inflammatory response by targeting Ras-related C3 botulinum toxin substrate 2 (RAC2) (Zheng et al., 2020). Zhang et al. (2020b) found that miR-192 plays an important role in polarization in macrophages. The role of miR-192-5p in GA has also attracted attention. By RT‒qPCR and ELISA analysis, An and Yin (2021) found that the expression of miR-192-5p in the serum of GA patients was significantly downregulated compared with healthy controls, while the expression of epiregulin (EREG) was significantly upregulated. MSU-induced joint damage and inflammation were attenuated when miR-192-5p was upregulated.
MiR-221-5p
MiR-221-5p is located on chromosome X and is aberrantly expressed in RA synovial fibroblasts (Pandis et al., 2012). Additionally, miR-221 was found to be overexpressed in RA synovial tissue and patient serum. Downregulation of miR-221 induced a decrease in the expression of proinflammatory cytokines and induced apoptosis (Yang and Yang, 2015). In a recent study, Li et al. (2021a) detected the expression of miR-221-5p in the serum of patients with AGA and normal controls by RT‒PCR and found that the former expressed a significantly lower level than the latter. Through cellular experiments, they found that overexpression of miR-221-5p can promote the decreased expression of tumor necrosis factor-α (TNF-α), IL-8 and IL-1β, revealing that miR-221-5p inhibits the pathogenesis of AGA by targeting IL-1β.
MiR-223-3p
MiR-223-3p is derived from a gene located on the X chromosome. MiR-223 was expressed in the human hematopoietic system (Chen et al., 2004), synovium and peripheral T lymphocytes from RA patients (Fulci et al., 2010; Shibuya et al., 2013). Bauernfeind et al. (2012) found that miR-223 is highly expressed in macrophages and can target and inhibit the expression of NLRP3, demonstrating the negative regulation between miR-223 and NLRP3. Moreover, Haneklaus’ team also found that miR-223 can inhibit the activity of NLRP3 and reduce the level of IL-1 by targeting the 3′ UTR of NLRP3 (Haneklaus et al., 2012). In recent years, miR-223-3p was found to be downregulated in murine myocarditis and may be involved in the regulation of hepatitis, myocarditis and other inflammatory diseases by regulating the expression of the NLRP3 inflammasome (Chen et al., 2020; Jimenez Calvente et al., 2020). Wang et al. (2021) found that miR-223-3p was significantly downregulated in MSU-stimulated mouse pouch synovium and phorbol myristate acetate-treated THP-1 cells compared to controls. When miR-223-3p was overexpressed in both, the expression of NLRP3 was significantly downregulated. It was further revealed that miR-223-3p can directly inhibit the expression of NLRP3, thereby reducing the inflammatory effect of gout.
MiR-302b
MiR-302b is expressed from the miR-302/367 gene cluster located on human chromosome 4 (Gao et al., 2015). MiR-302b is specifically expressed in embryonic stem (ES) cells and is involved in the regulation of the ES cell cycle (Subramanyam et al., 2011). MiR-302b has also been shown to be widely involved in other biological processes. For example, miR-302b expression was significantly downregulated in osteosarcoma cell lines and clinical tumor tissues, and it can inhibit osteosarcoma cell migration and invasion by targeting runt-related transcription factor 2 (RUNX2) (Xie et al., 2017). Ma and Zhou (2020) found that miR-302b was downregulated in breast cancer patient tissues and cell lines by qRT‒PCR, which may predict poor prognosis in breast cancer patients. MiR-302b regulates inflammatory responses in respiratory bacterial infections (Zhou et al., 2014). In recent years, Ma et al. (2018) detected the expression of miR-302b in the serum of MSU-treated THP-1 cells, mouse air sacs and GA patients and found that it is highly expressed in all three and is involved in the regulation of related inflammatory responses.
MiR-488 and miR-920
MiR-488 is located on chromosome 1 and has been shown to be aberrantly expressed in a variety of tumors, acting as an oncogene. For example, the expression of miR-488 is reduced in tissues and cell lines of tongue squamous cell carcinoma, and overexpression of miR-488 can inhibit tumor cell invasion (Shi et al., 2018). Compared to normal chondrocytes, miR-488 expression was reduced in chondrocytes of OA and involved in the development of hose cells (Papanagnou et al., 2016). MiR-920 is located on chromosome 12 and is downregulated in patients with osteoporosis and can bind to the 3′ UTR of homeobox gene A7 (HOXA7) mRNA to promote the osteogenic differentiation of human bone mesenchymal stem cells (Zha et al., 2020). MiR-920 is also involved in the regulation of glioblastoma cell development (Cong et al., 2020). There were few studies on miR-488 and miR-920 in GA until Zhou et al. (2017) found that the expression levels of both were significantly reduced in the peripheral blood leukocytes of GA patients. Overexpression of miR-488 and miR-920 promoted the downregulation of IL-1β, IL-8, and TNF-α in MSU-treated THP-1 cells. They further found that miR-488 and miR-920 could bind to the 3′ UTR of IL-1β to target and inhibit its production. These results suggest that miR-488 and miR-920 may play important regulatory roles in GA inflammation.
THE REGULATORY MECHANISM OF MICRORNAS IN GOUTY ARTHRITIS
The pathogenesis of GA is complex, and MSU deposited in joints can induce inflammatory cytokines such as IL-1β to mediate inflammatory responses through TLRs signaling pathway, NLRP3 signaling pathway and other cell signal transduction pathways. The TLRs signaling pathway releases pro-IL-1β under stimulation, and through the NLRP3 inflammasome signaling pathway, activated caspase-1 catalyzes the maturation of pro-IL-1β into IL-1β, which in turn triggers an inflammatory response. A variety of miRNAs are involved in regulating the above signaling pathways and may play an important role in the pathogenesis of GA (Figure 1).
[image: Figure 1]FIGURE 1 | Molecular mechanisms of miRNA in gout. (A) miR-146a downregulates the levels of IL-1β, IL-6, TNF-α, and the NLRP3 inflammasome through the TLR/NF-κB signaling pathway. (B) miR-302b can negatively regulate the transcription and maturation of IL-1β by targeting IRAK4 and EphA2. (C) miR-142-3p can target and negatively regulate ZEB2, regulate NF-κB signaling, and lead to increased expression of IL-1β, IL-6, and TNF-α. (D) circular RNA circHIPK3 can act as a molecular sponge to bind miR-192, regulate the expression of TLR4. (E) miR-223-3p and miR-22-3p can directly inhibit the expression of NLRP3 to reduce the release of IL-1β. (F) lncRNA MALAT1 can reduce the inflammatory response through the miR-876-5p/NLRP3 pathway. (G) miR-221-5p, miR-488 and miR-920 can interact with the 3′ UTR of IL-1β and can target and inhibit IL-1β. MiRNA, microRNA; IL-1β, interleukin-1β; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; NLRP3, NOD-like receptor family, pyrin domain-containing 3; TLR, Toll-like receptor; NF-κB, nuclear factor-κB; IRAK4, IL-1 receptor-associated kinase 4; EphA2: Ephrin type-A receptor 2; ZEB2, zinc finger E-box binding homeobox 2; lncRNA, long noncoding RNA; MALAT1, metastasis-associated lung adenocarcinoma transcript 1.
MicroRNAs and the toll-like receptor/molecule myeloid differentiation factor 88/nuclear factor-κB signaling pathway
TLRs are widely expressed in immune cells and have the ability to activate immune cells. TLRs can mediate the activation of the downstream NF-κB signaling pathway through the molecule myeloid differentiation factor 88 (MyD88) pathway. Research confirmed that MSU can act as an endogenous danger signal to activate the TLR cell signal transduction pathway and that the TLR signaling pathway is involved in the occurrence and development of GA. MSU crystals cooperate with free fatty acids or lipopolysaccharides as ligands to stimulate TLR2 and TLR4 on the surfaces of macrophages. The activated TLRs can recruit MyD88, successively activate IL-1 receptor-associated kinase (IRAK), etc., and then activate the NF-κB signaling pathway (Narang and Dalbeth, 2020; Dalbeth et al., 2021). It has been reported that circular RNA circHIPK3 can act as a molecular sponge to bind miR-192, regulate the expression of TLR4, and promote inflammation in GA (Lian et al., 2021). MiR-142-3p can target and negatively regulate zinc finger E-box binding homeobox 2 (ZEB2), regulate NF-κB signaling, and lead to increased expression of IL-1β, IL-6, and TNF-α, activating the inflammatory response in GA (Lu et al., 2022). Zhang et al. (2018) found that miR-146a KO mice had more severe GA and that the production and secretion of TNF receptor-associated factor 6 (TRAF6), IRAK1, and NLRP3 were increased compared with those in wild-type mice. Chen et al. (2019a) found that miR-146a can alleviate inflammation in rats with acute arthritis through the TLR4/MyD88/NF-κB signaling pathway. Ma et al. (2018) demonstrated that miR-302b can inhibit NF-κB signaling by targeting IRAK4 and negatively regulate the transcription and maturation of IL-1β, thereby regulating related inflammation. The TLR4/NF-κB pathway is closely related to GA and plays an important role in the occurrence and development of GA. Therefore, targeting this pathway through miRNA may provide a new direction for the diagnosis and treatment of GA.
MicroRNAs and the NOD-like receptor family, pyrin domain-containing 3 inflammasome pathway
NLRP3 is one of the most studied and characterized multiprotein inflammatory complexes and consists of the NLRP3 protein, the apoptosis-associated speck-like protein (ASC), and pro-caspase-1 protease. NLRP3 is an important mediator of the host immune response and can be activated by MSU, which in turn regulates the maturation of IL-1 through further activation of caspase-1, causing inflammation. MiRNAs are considered to be important regulators of the NLRP3 inflammasome and are involved in its posttranscriptional regulation (de Zoete et al., 2014; Ozaki et al., 2015). Recently, Zamani et al. (2020) listed several miRNAs associated with NLRP3 regulation, including miR-146a, miR-155 and miR-223. Wang et al. (2021) confirmed that the direct target of miR-223-3p and miR-22-3p is NLRP3, and they can directly inhibit the expression of NLRP3 to reduce the release of IL-1β, thereby reducing the inflammatory effect of gout. Wang (2021) revealed that tripterine can regulate macrophage polarization through the miR-449a/NLRP3 axis to alleviate GA. Total glucoside (TGP) reduced MSU-induced activation of the NLRP3 inflammasome, and the overexpression of metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), a long noncoding RNA (lncRNA) of approximately 8,000 nt in length, could counteract the above effects of TGP. MALAT1 can exert competitive endogenous RNA (ceRNA) activity to reduce the gout inflammatory response through the miR-876-5p/NLRP3 pathway (Meng et al., 2021).
MicroRNAs and other regulatory pathways in gouty arthritis
Acute gout attacks depend on not only activation of the NLRP3 inflammasome but also upregulation of IL-1β transcription. IL-1β is a key proinflammatory cytokine in the inflammatory response of gout, and the mechanism of its proinflammatory effect may be to induce the release of other inflammatory cytokines (e.g., IL-6 and IL-8) through a complex signaling cascade effect, thereby synergistically promoting the occurrence of gout (So and Martinon, 2017; Narang and Dalbeth, 2020; Dalbeth et al., 2021). Studies have shown that miRNAs are involved in the regulation of IL-1β, which in turn plays an important role in GA. MiR-488 and miR-920 can directly bind to the 3′ UTR of IL-1β and target IL-1β (Zhou et al., 2017). Li et al. (2021a) confirmed that miR-221-5p interacts with the 3′ UTR of IL-1β and can target and inhibit IL-1β. An and Yin (2021) verified that miR-192-5p regulates the pathogenesis of GA by targeting EREG protein and inhibiting the activation of M1 macrophages. Jin et al. (2014) found that the miR-155/SHIP-1 pathway leads to upregulation of IL-1β and TNF-α. However, Yang et al. (2018) recently found that miR-155 may be unimportant in MSU-induced gout inflammation in mice, and deletion of miR-155 may not alleviate acute gout inflammation.
APPLICATION OF MICRORNAS IN THE CLINICAL DIAGNOSIS OF GOUTY ARTHRITIS
MiRNAs can stably exist in human body fluids, such as serum, urine (Ritter et al., 2020) and saliva (Park et al., 2009). This high stability and the ease of obtaining biological samples suggest that miRNAs may be used for the diagnosis and monitoring of disease processes. Studies have confirmed that in different diseases or different stages of the same disease, the functions and expression profiles of miRNAs in vivo have specific characteristics, manifesting as increased or decreased miRNA expression, which is then used as a marker for diagnosing diseases (Alevizos and Illei, 2010). Chen et al. (2019b) found that 16 plasma exosomal miRNAs were specifically expressed in GA patients. The expression of miR-449a was decreased in an MSU crystal-induced GA mouse model (Wang, 2021). MiR-142-3p was highly expressed in both in vitro and in vivo GA models (Lu et al., 2022). Jin et al. (2014) found that the expression of miR-155 was increased in the SFMC of patients with AGA and a mouse model of gout. In recent years, Zhang et al. (2018) found that the expression of miR-146a was increased in MSU-stimulated mouse bone marrow-derived macrophages. Various other miRNAs, such as miR-488 and miR-920, were also found to be abnormally expressed in GA. Therefore, the abnormal expression of the above miRNAs may provide help for the early diagnosis and treatment of GA and is expected to become a potential biomarker for GA diagnosis.
APPLICATION OF MICRORNAS IN THE TREATMENT OF GOUTY ARTHRITIS WITH TRADITIONAL CHINESE MEDICINE
At present, the first-line drugs for the clinical treatment of GA include colchicine, nonsteroidal anti-inflammatory drugs, and glucocorticoids (Dalbeth et al., 2019; FitzGerald et al., 2020). However, the clinical use of these drugs has been limited because although they have shown efficacy in the short term, their efficacy still needs to be improved, and the patients are prone to fever, renal, hepatic, and gastrointestinal adverse effects and have narrow treatment windows. In recent years, an increasing number of traditional Chinese medicines have achieved satisfactory results in the treatment of gout because of certain advantages, such as good tolerability, high safety, and few toxic side effects (He et al., 2022). In recent years, it has been found that many Chinese herbal medicines, such as Chuanhutongfeng mixture, Tripterine, Bai Shao, and Noni, are involved in regulating miRNAs, which in turn regulate the related inflammatory response, providing new ideas for the development of new anti-gout drugs (Table 2).
TABLE 2 | The mechanism of microRNA in the treatment of GA with traditional Chinese medicine.
[image: Table 2]Chuanhutongfeng mixture is a classic gout treatment, and many research results have confirmed the efficacy and safety of Chuanhutongfeng mixture in the treatment of AGA. One study found that Chuanhutongfeng mixture with sodium alginate was more effective than colchicine in the treatment of AGA (Wang et al., 2015). Wang’s research group found that the clinical efficacy of Chuanhutongfeng mixture in the treatment of AGA was not inferior to that of colchicine, and it had better safety (Wang et al., 2014). Subsequently, their group further improved the formulation of Chuanhutongfeng mixture, and its effectiveness was demonstrated in a mouse model (You et al., 2019). Wang et al. (2019) found that the expression levels of miR-339-5p, miR-486-5p and miR-361-5p were decreased in patients with CGA and that Chuanhutongfeng mixture could upregulate the expression of the above three miRNAs and inhibit the expression of protein chemokine 2 (CCL2) and interleukin 8 (CXCL8), thus exerting a therapeutic effect on CGA.
Noni, also known as Morinda citrifolia L., has been used as a medicinal plant for more than 2000 years because of its good medicinal properties and its good preventive and therapeutic effects on acute and chronic diseases such as diabetes, hypertension, and gout (Wang et al., 2002; Palu et al., 2009; Nerurkar et al., 2015). Tahitian Noni Juice (TNJ) was found to downregulate IL-4 expression for immunomodulatory effects (Palu et al., 2008). Palu et al. (2009) subsequently found that the molecular mechanism of TNJ in gout was attributed to its inhibitory effect on xanthine oxidase. Relevant human clinical trials have demonstrated that drinking noni juice is healthy, beneficial and safe and may be closely related to its antioxidant effects (West et al., 2018). Moreover, Li’s group found that miRNAs are also involved in the therapeutic effect of noni juice on AGA. They identified multiple miRNAs expressed abnormally in the colchicine and noni juice groups by modern sequencing techniques and hypothesized that these miRNAs are involved in the regulation of the pathogenesis of AGA in mice (Li et al., 2021b).
FUTURE PROSPECTS
Gout seriously affects normal human life, and miRNAs, as posttranscriptional gene regulators, play important regulatory roles with therapeutic and application potential. A comprehensive review of miRNAs in GA will encourage clinical research and application of miRNAs in the diagnosis and prediction of human disease. At the same time, we should also recognize that the limited data available on the regulatory roles of miRNAs in GA are mainly from mouse models, which may not mimic the complex human situation in all cases, and the lack of clinical data from large samples is not conducive to deepening our understanding of the roles of miRNAs. Therefore, relevant validation not only in animals but also in human clinical trials is needed to further elucidate the relationships between miRNAs and GA.
The ceRNA hypothesis is a gene regulation mechanism in which certain lncRNAs competitively bind to miRNAs, indirectly affecting the regulation of target mRNAs by miRNAs and ultimately affecting gene expression (Salmena et al., 2011). There are approximately 20,000 lncRNAs with potential functions in the human body (Hon et al., 2017). The regulation of lncRNA‒miRNA–mRNA has been demonstrated in various diseases, such as tumors, cardiovascular diseases and autoimmune diseases (Chan and Tay, 2018; He et al., 2018; Mo et al., 2018). With the gradual deepening of ceRNA mechanism research, Hu et al. (2019) found that lncRNA antisense non-coding RNA in the INK4 locus (ANRIL) can upregulate the expression of BRCA1-BRCA2-containing complex subunit 3 (BRCC3) protein by regulating the expression of miR-122-5p in the development of uric acid-induced inflammation. Therefore, the mechanism of action of ceRNA in GA will be worthy of further exploration as the focus of research.
Finally, in addition to Western medicine, existing studies have confirmed that traditional Chinese medicine can treat gout by interfering with the expression of miRNAs. Therefore, the treatment of diseases through miRNAs in traditional Chinese medicine may become a new research direction, and the deepening of research on miRNA mechanisms can provide theoretical support for various clinical therapies, such as traditional Chinese medicine. To improve the therapeutic effect for gout patients, it is also worthwhile to pay extensive attention to the field to determine whether combining treatments can prove the roles of miRNA in gout and provide new diagnostic pathways and therapeutic targets for the clinic, which will open up new potential therapeutic avenues for gout patients.
CONCLUSION
This paper systematically summarizes the expression profiles and roles of multiple miRNAs, such as miR-192-5p, miR-221-5p, and miR-920, in the occurrence and development of gout. Targeting miRNAs may be an effective method for the treatment of GA and also provides a possibility for screening new anti-gout drugs. However, the above mentioned miRNAs are only a very small number of known miRNAs. It is believed that with the development of high-throughput whole-genome sequencing technology, more miRNAs that may be involved in the regulation of gout will be discovered, which means that more new therapeutic approaches may be developed.
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LncRNA Gm26917 regulates inflammatory response in macrophages by enhancing Annexin A1 ubiquitination in LPS-induced acute liver injury
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Long noncoding RNAs (lncRNAs) are defined as transcripts of more than 200 nucleotides that have little or no coding potential. LncRNAs function as key regulators in diverse physiological and pathological processes. However, the roles of lncRNAs in lipopolysaccharide (LPS)-induced acute liver injury (ALI) are still elusive. In this study, we report the roles of lncRNA Gm26917 induced by LPS in modulating liver inflammation. As key components of the innate immune system, macrophages play critical roles in the initiation, progression and resolution of ALI. Our studies demonstrated that Gm26917 localized in the cytoplasm of hepatic macrophages and globally regulated the expression of inflammatory genes and the differentiation of macrophages. In vivo study showed that lentivirus-mediated gene silencing of Gm26917 attenuated liver inflammation and protected mice from LPS-induced ALI. Furthermore, mechanistic study showed that the 3′-truncation of Gm26917 interacted with the N-terminus of Annexin A1, a negative regulator of the NF-κB signaling pathway. We also found that Gm26917 knockdown suppressed NF-κB activity by decreasing the ubiquitination of Annexin A1 and its interaction with NEMO. In addition, expression of Gm26917 in inflammatory macrophages was regulated by the transcription factor forkhead box M1 (FOXM1). LPS treatment dramatically increased the binding of FOXM1 to the promoter region of Gm26917 in macrophages. In summary, our findings suggest that lncRNA Gm26917 silencing protects against LPS-induced liver injury by regulating the TLR4/NF-κB signaling pathway in macrophages.
Keywords: annexin A1, acute liver injury, lipopolysaccharide, lncRNA Gm26917, macrophage, inflammation
INTRODUCTION
Acute liver injury (ALI) is a devastating clinical syndrome that commonly leads to multiorgan failure and death (Manka et al., 2016). Overwhelming hepatic injury in ALI often activates systemic inflammatory response syndrome (SIRS), such as septic shock (Donnelly et al., 2016). Clinical studies suggest that the reported incidence of endotoxemia associated liver disease is as high as 75%–95% in the intensive care units (ICU) (Nolan, 2010). Many factors, including drugs, alcohol, pathogens, microorganisms and viral infection, may enter the liver and cause macrophage (Kupffer cells, etc.) activation, which eventually leads to hepatic disorder (Chen et al., 2013). Hepatic macrophages account for the largest proportion of host tissue macrophages (Dong et al., 2019). Many studies found that hepatic macrophages play critical roles in homeostasis, progression and liver injury resolution (Tacke and Zimmermann, 2014; Shan and Ju, 2020; Wen et al., 2021).
Lipopolysaccharide (LPS) is the major component of endotoxin in gram-negative bacteria and causes uncontrolled production of inflammatory mediators and oxidative stress (Maldonado et al., 2016). LPS-induced liver injury in mice is a commonly employed model for ALI research, simulating the course of liver damage and failure in septic endotoxemia (Freudenberg and Galanos, 1988; Xiong et al., 1999). Following LPS-induced ALI, the number of inflammatory cells increases remarkably, especially macrophages (van der Heide et al., 2019). LPS determines the overall immune activation and response of the host through Toll-like receptor 4 (TLR4) (Matsuura, 2013; Ramachandran, 2014; Allen and Imperiali, 2019). Upon LPS stimulation, TLR4 can recognize LPS and initiate downstream signals through two main transduction signal branches, namely, myeloid differentiation factor 88 (MyD88) or Toll-interleukin-1 (IL-1) receptor (TIR) domain-containing adaptor-inducing IFNβ (TRIF) (Chattopadhyay et al., 2015; Wang et al., 2015), resulting in the activation of NF-κB and release of proinflammatory cytokines and chemokines (Han and Ulevitch, 2005; Kagan and Medzhitov, 2006; Li M. et al., 2018). Therefore, inactivation of the TLR4/NF-κB signaling pathway can attenuate LPS-induced ALI.
Annexin A1 (ANXA1) contains 346 residues and consists of two different regions, the singular N-terminal domain, also called the tail, and the C-terminal domain, named the core domain. ANXA1 is regulated by glucocorticoid and is a pivotal regulator of the innate and adaptive immune systems (D'Acquisto et al., 2008). ANXA1 has been extensively studied for its anti-inflammatory activity, but it also exhibits pro-inflammatory effects in a variety of inflammatory experimental models (Yang et al., 1999; D'Acquisto et al., 2008; Shao et al., 2019). Moreover, ANXA1 interacts with nuclear factor kappa B kinase subunit gamma (NEMO) and regulates NF-κB activity in breast cancer. Interaction between ANXA1 and NEMO was found to constitutively activate NF-κB signaling pathway (Bist et al., 2011). NEMO is a component of the IKK complex that plays a critical role in the activation of the NF-κB pathway (Shifera, 2010). The IKK complex, which consists of the catalytic subunits IKKα/IKKβ and the regulatory subunit NEMO, phosphorylates the inhibitory molecule IκB, resulting in its degradation and the translocation of NF-κB transcription factors to the nucleus. Without NEMO, the IKK complex could not be activated and the NF-κB signaling pathway was blocked (Legarda-Addison et al., 2009).
LncRNAs are defined as transcripts of more than 200 nucleotides with diverse biological functions (Guttman et al., 2009). The dysregulation of lncRNAs has also been demonstrated to lead to the progression liver injury (Zhao et al., 2017). Notably, the critical roles of lncRNAs in regulating liver diseases have been reported (Xie et al., 2019). For instance, the liver-enriched lncRNA Lfar1 could promote hepatic fibrosis by inducing HSC activation and hepatocyte apoptosis, playing a key role in controlling the activation and pyroptosis of macrophages (Zhang et al., 2020). LncRNA-H19 exosomes secreted by bile duct cells play a key role in promoting macrophage activation and liver inflammation in cholestatic liver disease (Li X. et al., 2020). To date, there have been many reports of lncRNAs involved in liver diseases. However, the roles of lncRNA in ALI are still elusive.
Gm26917 is a poorly studied lncRNA. Although, expression changes in Gm26917 have been identified in some immune-mediated diseases by transcriptome analysis, the detailed role of Gm26917 is still unknown. For example, Hewitson et al. identified the downregulation of Gm26917 in Th1-activated CD4+ T cells compared with naive cells by using bulk RNA-seq (Hewitson et al., 2020). Gm26917 was also found to be enriched in NLRP3 inflammasomes by high-throughput sequencing (Zhang et al., 2019). The expression of Gm26917 in T and B cells was upregulated following ultrasound treatment in arthritic mice (Zachs et al., 2019). Another study found that Forkhead box M1 (FOXM1) could bind to the promoter region of Gm26917 and directly regulate the transcription of Gm26917 in muscle satellite cells. (Chen et al., 2018).
In this study, we investigated the function of lncRNA Gm26917 in LPS-induced ALI. Significantly elevated expression of Gm26917 in LPS-induced ALI was identified by RNA sequencing and confirmed by qRT–PCR. Lentivirus-mediated Gm26917 knockdown protected mice from acute liver injury induced by LPS. Silencing of Gm26917 dramatically decreased levels of proinflammatory factors globally and induced macrophage M2 polarization. Furthermore, Gm26917 acted as a positive regulator of inflammatory responses by interacting with ANXA1 and promoting its ubiquitination. The expression of G26917 in LPS-induced inflammatory macrophages was found to be regulated by FOXM1. Collectively, Our study showed for the first time a detailed role of Gm26917 in macrophage inflammatory responses.
MATERIALS AND METHODS
Experimental animals
C57BL/6 mice (6–8 weeks old) were purchased from the Experimental Animal Center of Anhui Medical University and maintained in an SPF animal room. All experiments and animal care were approved by the Anhui Medical University Institutional Animal Care and Use Committee and Ethics Committee. Lentiviruses (LV-sh-NC or LV-sh-Gm26917, 1 × 109 TU/ml) were delivered into mice by tail vein injection 3 days before establishing the LPS-induced ALI model. For LPS-induced liver injury, mice were injected intraperitoneally with LPS (Escherichia coli O111: B4, Sigma–Aldrich, St. Louis, MO) at a dose of 2.5 mg/kg (Possamai et al., 2010). Control animals were administered equivalent volumes of PBS. All mice were sacrificed 2 h after LPS injection.
Primary mouse hepatocyte and hepatic nonparenchymal cell isolation
Primary hepatocytes and hepatic nonparenchymal cells were isolated from 6- to 8-week-old C57BL/6 mice by a 2-step collagenase type IV perfusion method (Yang et al., 2019). In brief, mice were sacrificed before blood samples were obtained after enucleating the eyeballs. The liver was removed and washed with ice-cold PBS. Then, liver samples were minced, and cells were dispersed by treatment with 0.2% collagenase type IV (Sigma) at 37°C for 30 min with a Laboratory Shaker at a speed of 250 rpm. The cells were then filtered through a 200-mesh screen into a new tube. After centrifugation (5 min at 50 g), primary hepatocytes in the cell pellet were collected. For purification of the hepatic nonparenchymal cells, the supernatant was collected by centrifugation at 2,500 rpm for 5 min. Pellets were resuspended in 40% Percoll, and the gradient was centrifuged at 2,500 rpm for 30 min. ACK lysis solution were added to the lower layer and placed on ice for 5 min to remove red blood cells.
Isolation of peritoneal macrophages
Peritoneal macrophages were isolated from C57BL/6 mice. In brief, the abdominal cavity was injected with 5 ml ice-cold PBS. Lavage fluid was collected and centrifuged. Peritoneal exudate cells were resuspended in complete RPMI 1640 and plated in tissue culture dishes. Cells were incubated for 2 h, and then nonadherent cells were removed by washing with PBS.
RNA-seq analyses
Total RNA was extracted from livers of mice stimulated with LPS for 2 h and three livers of control mice. cDNA libraries were constructed and sequenced on an Illumina HiSeq platform, and 150-bp paired-end reads were generated. Raw reads were first processed to obtain clean reads. Clean reads were mapped to the mouse genome (mm10 version) by STAR v2.6.1a (https://github.com/alexdobin/STAR), and then the Counts v1.6.3 (http://bioinf.wehi.edu.au/featureCounts/) and stringtie v2.0 (https://ccb.jhu.edu/software/stringtie/) were used to count the read numbers mapped to each gene and calculate the FPKM per gene, respectively. Differential expression analysis of each group was performed using DESeq2 v1.22.2 (https://bioconductor.org/packages/release/bioc/html/DESeq2.html), and genes with corrected p values < 0.05 and |log2FC|>1 were assigned as significantly differentially expressed genes (DEGs). GO/KEGG enrichment of DEGs was implemented using the KAAS - KEGG Automatic Annotation Server (genome.jp) and GO/KEGG terms with a corrected p-value<0.05 were considered significantly enriched.
RNA extraction, RT–PCR and qRT–PCR
Total RNA was obtained using TRIzol reagent (Invitrogen, 15596-018). cDNA was synthesized using a cDNA synthesis kit (11706, Accurate Biology) following the manufacturer’s instructions. Relative gene expression was determined by quantitative real-time PCR using the SYBR Green PCR Master Mix kit (11701, Accurate Biology) and performed using the CFX96 Real-Time PCR System (CFX96, Bio-Rad, USA). The expression value was calculated using the comparative Ct method with the Formula 2−ΔCt, and the expression levels of each gene was normalized to Gapdh. The primer sequences are listed in Supplementary Table S1.
Histological analysis of liver
Tissues were removed from mice, and paraffin sections were prepared and stained with hematoxylin and eosin. The degree of inflammation and injury on the liver was graded semiquantitatively from 0 to 4: inflammation score 0 = no evidence for inflammation; 1 = low level of inflammation with scattered infiltrating inflammatory cells (1–2 foci only); 2 = moderate inflammation with multiple foci; 3 = high levels of inflammation with increased hepatocyte edema and severe inflammatory cell infiltration; 4 = maximal severity of inflammation with exacerbated liver inflammation, hemorrhaging, and sinusoidal dilatation. The results of HE are evaluated by the size of the area infiltrated by inflammatory cells and the average number of inflammatory cells under the high-power field of view, and statistical data are made into histograms for statistical comparison. Image pro-plus (IPP) software is used to calculate the size of the area infiltrated by inflammatory cells. 10 samples were analyzed for each group.
RNA fluorescence in situ hybridization and protein immunofluorescence
The Cy3-labeled lncRNA Gm26917 probe was designed and synthesized by GenePharma (Shanghai, China). The probe sequences are listed in Supplementary Table S1. FISH was conducted according to the manufacturer’s instructions (GenePharma). Cells grown on Collagen I 22-mm round coverslips (354089; Corning) were fixed in 4% paraformaldehyde for 15 min and treated with 0.1% Triton X-100. Then, the samples were rinsed with PBS three times and incubated with prehybridization buffer (2× saline sodium citrate, 10% formamide) at 37°C in an incubator. The FISH probes against Gm26917 were resuspended in hybridization buffer (2× saline sodium citrate, 10% formamide, 10% dextran sulfate) to a final concentration of 100 nM per probe set. Hybridization was carried out in a humidified chamber at 37°C for 12–16 h. For combined RNA FISH immunostaining, after incubation with the Gm26917 probe, samples were washed three times with PBS and treated with ANXA1 (sc-12740) or CD68 (ab125212) antibody at 37°C; 2 h later, the cells were washed three times with PBS and treated with fluorescently labeled secondary antibody (ab150080) for 1 h at 37°C. The images were obtained using a ZEISS 800 laser scanning confocal microscope (ZEISS, Jena, Germany).
Flow cytometric analysis
The percentages of macrophages with the M1 or M2 phenotype were analysed by flow cytometry. Briefly, cultured peritoneal macrophages with Gm26917 knockdown or LPS treatment were harvested, blocked using Fc receptor blocker, and then incubated with specific antibodies for 30 min on ice. Macrophages were identified as F4/80-positive cells. The percentages of inflammatory M1 macrophages and regulatory M2 macrophages were then evaluated using antibodies against the M1 macrophage marker Ly6C (BD Pharmingen) and M2 macrophage marker CD206 (BD Pharmingen), respectively. All samples were acquired and analyzed using a CytoFLEX flow cytometer (Beckman Coulter) with CytExpert software (version 2.4).
RNA immunoprecipitation
Cells were treated with final concentration of 0.3% formaldehyde for 10 min at 37°C, and the reaction was then stopped by adding glycine to a final concentration of 125 mM at room temperature. Cells were then washed twice with PBS and centrifuged. Cell pellets were resuspended in RIPA buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 0.5% Nonidet P-40, 1.0% Triton X-100, 0.5 mM DTT) and vortexed on ice for 30 min. Extracts were then precleared with protein G-Sepharose beads (Beyotime). After centrifugation, whole cell lysates were incubated with ANXA1 antibodies or IgG overnight at 4°C for 4 h and then incubated with Protein G beads overnight. The pellets were washed 3 times with RIPA buffer and resuspended in 0.5 ml TRIzol reagent for subsequent qRT–PCR.
Plasmids and antibodies
The pcDNA-His-ANXA1 and two truncated constructs of ANXA1 (1-185 aa, 186-346 aa) were all created by cloning them into the pcDNA3.1 vector with the CMV promoter and the appropriate epitope tags. HA-Ub-WT, HA-Ub-K6, HA-Ub-K11, HA-Ub-K27, HA-Ub-K29, HA-Ub-K33, HA-Ub-K48 and HA-Ub-K63 plasmids were kind gifts from Professor Ronggui Hu (Chinese Academy of Sciences). To construct lncRNA Gm26917 overexpression plasmids, Gm26917 cDNA was synthesized and cloned into the pCDH vector by Miaoling (Wuhan, China).
Antibodies used for Western blotting, coimmunoprecipitation, or immunofluorescence were as follows: ANXA1 (EH17a, sc-12740, Santa Cruz), GAPDH (T004, Affinity), anti-HA antibody (Y-11, sc-805, Santa Cruz), His antibody (ZENBIO, 230001), NEMO (F-10, sc-166398, Santa Cruz), p65 (ZENBIO, 250021), p-p65 (ZENBIO, 310013), IKK-α (C-6, sc-166231, Santa Cruz), p-IKK-α/β (CST, #2694, USA), F4/80 (C-7, 377009, Santa Cruz), CD68 (ab125212, Abcam), FOXM1 (EPR17379, ab207298, Abcam).
Luciferase assay
The NF-κB luciferase reporter assay was performed as previously described (Chen et al., 2015). Cells were cotransfected with siRNA and reporters as indicated, followed by stimulation with LPS. Then, the cells were harvested and lysed, and luciferase activity was determined using a dual-luciferase reporter assay system (Promega, WI, USA) according to the manufacturer’s instructions. Values obtained from firefly luciferase signals were normalized to Renilla luciferase activity.
SiRNA and recombinant lentivirus
The siRNA and recombinant lentivirus were designed and produced by GenePharma Co., Ltd. (Shanghai, China). To generate lentivirus expressing siRNA against Gm26917 (LV-sh-Gm26917), 3 siRNAs for mouse Gm26917 were designed, and the one with the optimal knockdown efficiency (sequence: 5′-CAA​AAC​CAA​CCC​GGT​GAG​C-3′) was chosen to create LV-sh-Gm26917. Amplification and purification of recombinant lentivirus was performed according to the manufacturer’s instructions (GenePharma Co., Ltd., Shanghai, China).
Cytometric bead array
Cytokine levels were analyzed using a cytometric bead array. Supernatants were collected, and cytometric bead array assays were performed using the Murine Inflammation Cytometric Bead Array kit according to the manufacturer’s instructions. Data were collected on a FACSC alibur using CellQuest software and analyzed using BD Cytometric Bead Array software (BD Biosciences).
Immunohistochemistry and histopathology
Tissues were fixed with 4% paraformaldehyde and embedded in paraffin. The embedded tissue was cut into 4-μm-thick serial sections. The sections were deparaffinized in xylene, hydrated through graded ethanol and stained with hematoxylin and eosin (HE).
For immunohistochemistry staining, the slides were deparaffinized, and antigen retrieval was performed. The slides were then blocked with goat serum and incubated with antibodies. Subsequently, the sections were stained with 3,3′-diaminobenzidine tetrahydrochloride (DAB) and hematoxylin. The images were obtained with a microscope and analyzed with image-processing software (ImageJ v 1.48).
Alanine aminotransferase and aspartate aminotransferase measurements
The serum ALT and AST concentrations were assessed using the AST/GOT Assay Kit and ALT/GPT Assay Kit (Nanjing Jiancheng Bioengineering Institute, China) following the manufacturer’s directions.
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed as described previously (Shao et al., 2016). RAW264.7 cells were treated with PBS or LPS (25 ng/ml) for 6 h, cross-linked with 1% formaldehyde at room temperature for 10 min and quenched by addition of glycine to 125 mM. After centrifugation, cell pellets were washed with cold PBS and lysed in lysis buffer (50 mM HEPES-KOH at pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na deoxycholate, 0.1% SDS, 1 mM PMSF) containing protease inhibitors.
Chromatin was sheared using a Diagenode Bioruptor. Immunoprecipitation was performed using anti-IgG antibody (bsm-33179M-HRP), anti-FOXM1 antibody (ab207298) and ChIP-Grade Protein G Agarose Beads (Cell Signaling Technology). Associated DNA was then purified using a PCR clean-up kit (Axygen) and analyzed by QuantStudio Real-Time PCR (Thermo Fisher). PCR signals from the immunoprecipitated samples were normalized to the input and are presented as the fold change compared with the IgG control. Primer sequences are listed in Supplementary Table S1.
Statistical analysis
GraphPad Prism 8.0 software (GraphPad Prism) was used to analyze the data. Quantification of Western blots was performed using ImageJ software. Experimental values are expressed as the means ± SEM of at least three independent experiments. The student’s t test was used to test the statistical significance of the differences between two groups. For multiple groups, significance was evaluated by one-way ANOVA. p < 0.05 was considered statistically significant.
RESULTS
Identification of differentially expressed lncRNAs in the liver of LPS-treated mice
LPS-induced liver injury is a well-established model of acute liver failure in mice. To investigate the roles of lncRNAs in LPS-induced liver injury, the transcriptomes of three LPS-treated and three control mouse livers were sequenced using high-throughput RNA sequencing. Bioinformatics analysis showed that 167 lncRNAs were significantly upregulated (red plot) and 119 lncRNAs were downregulated (blue plot) (Figure 1A). Among them, Gm26917 was identified to be highly expressed and significantly induced in LPS-induced liver injury (Figure 1B and Supplementary Table S2).
[image: Figure 1]FIGURE 1 | Gm26917 expression is induced in mice with LPS-induced acute liver injury. (A) Mice were intraperitoneally injected with LPS (2.5 mg/kg) for 2 h to establish an acute liver injury model. LncRNA profiles of the livers were analyzed by RNA sequencing. Volcano plot showing differential lncRNA expression between livers from control and LPS-treated mice. Red and blue points correspond to 2.0-fold changes in the two groups and indicate a FDR <0.05. (B) Heatmap of differentially expressed lncRNAs in livers from control and LPS-treated mice. (C) Expression of Gm26917 in various cell types and tissues in control and LPS-treated mice. (D) For colocalization analysis, livers were costained with Cy3-labeled anti-Gm26917 probe (red) and anti-CD68 (macrophage marker, green). Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). (E) Macrophages were stained with Cy3-labeled anti-Gm26917 probe (red) for fluorescence in situ hybridization (FISH) and counterstained with DAPI. Cy3-labeled anti-18S rRNA staining served as a positive control. Data represent the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
Gm26917 is induced in liver macrophages after LPS treatment
LPS is a potent activator of monocytes and macrophages. The liver has the largest population of resident macrophages in the body. To explore the function of Gm26917, we examined the expression of Gm26917 in different liver cells, peritoneal macrophages and tissues. Enhanced expression of Gm26917 was found in different cell types and tissues after LPS treatment. Differences in Gm26917 expression were most significant in liver non-parenchymal cells (NPCs) and peritoneal macrophages (PMs). We also detected the expression of Gm26917 in the lung, fat, liver, kidney, and intestine, but not in the heart or muscle (Figure 1C), which may have resulted from the large number of macrophages in the lung, fat, liver and kidney.
To confirm the expression of Gm26917 in liver macrophages, fluorescence in situ hybridization (FISH) and CD68 immunofluorescence costaining were performed using the livers of LPS-treated mice. As shown in Figure 1D, we found that CD68-positive (green) macrophages colocalized with Gm26917 (red), suggesting that Gm26917 was mainly distributed in macrophages in the liver (see also Supplementary Figures S1A,B). FISH also showed that Gm26917 was mainly located in the cytoplasm of peritoneal macrophages activated by LPS (Figure 1E), suggesting that Gm26917 might play its biological role in the cytoplasm. Taken together, LPS-induced Gm26917 may function in LPS-induced liver injury by modulating the inflammatory response in macrophages.
Gm26917 silencing protects against LPS-induced acute liver injury
To investigate the effects of Gm26917 in mice with LPS-induced ALI, mice were first injected with LV-sh-Gm26917 via the tail vein. Then, mice received a single intraperitoneal injection of 2.5 mg/kg LPS after 72 h. Mice were sacrificed 2 h after LPS injection. We observed a dramatic decrease in Gm26917 in the liver before and after LPS treatment (Figure 2A). The serum samples were also analyzed for the levels of Alanine aminotransferase (ALT) and Aspartate aminotransferase (AST) liver enzymes. Elevated levels of ALT and AST in the blood signify liver damage. Compared with the animals treated with LV-sh-NC, elevated serum ALT and AST levels were ameliorated in LV-sh-Gm26917-infected mice (Figure 2B). Moreover, Gm26917 knockdown resulted in a reduction in the proinflammatory cytokines IL-1β, IL-6, and TNF-α and an increase in the anti-inflammatory cytokine IL-10 before and after LPS administration in the liver (Figures 2C,D). Additionally, mouse serum from the above experiments was collected, and the concentrations of IL-1β, IL-6 and IFN-γ were quantified using a cytometric bead array. As expected, Gm26917 knockdown reduced robust inflammatory cytokines (IL-1β, IL-6 and IFN-γ) production (Figure 2E). Moreover, examination of the pathology of the liver tissue showed that the LPS-treated mice developed exacerbated liver inflammation, hemorrhaging, and sinusoidal dilatation, whereas fewer liver lesions lower and lower liver injury scores were observed in the mice that received LV-sh-Gm26917 (Figure 2F). Additionally, the LV-sh-Gm26917 group showed decreased macrophage number (Figure 2G). In summary, Gm26917 silencing effectively relieved LPS-induced acute liver injury.
[image: Figure 2]FIGURE 2 | Gm26917 silencing attenuates LPS-induced liver injury. (A) Gm26917 was efficiently knocked down by lentivirus sh-Gm26917 in mouse livers. After 72 h of lentivirus sh-Gm26917 administration, livers were collected, expression of Gm26917 was measured by qRT–PCR. (B) Gm26917 silencing reduced plasma ALT and AST levels after LPS treatment. Serum ALT and AST levels in LPS-sh-NC-treated mice and LPS-sh-Gm26917-treated mice were measured. (C,D) Silencing of Gm26917 decreased the expression of inflammatory cytokines. (C) Expression levels of IL-1β, IL-6, TNF-α and IL-10 in the livers of mice infected with lentivirus for 72 h were quantified by qRT–PCR. (D) Expression levels of cytokines IL-1-β, IL-6, TNF-α and IL-10 in the livers of mice after 72 h of lentivirus infection followed by LPS stimulation for 2 h were quantified by qRT–PCR. (E) Silencing of Gm26917 reduced plasma levels of inflammatory cytokines. Mouse serum was collected, and cytokines (IL-1β, IL-6 and IFN-γ) were quantified using a cytometric bead array. (F) Gm26917 silencing attenuated LPS-induced liver injury in LPS-induced ALI mice. Quantitative analysis of the liver injury score. (G) Gm26917 silencing attenuated LPS-induced hepatic macrophage number in LPS-induced ALI mice. Quantitative analysis of F4/80-positive cells. Data represent the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
Given the important roles of Gm26917 in regulating the inflammatory processes in mice with ALI induced by LPS, we then investigated whether Gm26917 was involved in other inflammatory liver diseases. Interestingly, Gm26917 levels were elevated in alcoholic fatty liver (Supplementary Figure S1C), and Schistosoma japonicum infection caused liver fibrosis (Supplementary Figure S1D). In the liver pathology of schistosomiasis, Gm26917 was also found to colocalize predominantly with CD68-positive macrophages (Supplementary Figure S1E). Taken together, these results indicate that Gm26917 is involved in inflammatory liver diseases by regulating macrophage responses.
To globally analyze the roles of Gm26917 in macrophages, RNA transcriptome sequencing was performed in LV-sh-NC- or LV-sh-Gm26917-infected peritoneal macrophages treated with LPS for 6 h, Gm26917 was significantly knocked down (Supplementary Figure S2A). Different expression patterns were observed between control and Gm26917 knockdown macrophages, with increases in 1,546 genes and decreases in 1,088 genes (Figure 3A, Supplementary Figure S2B and Supplementary Table S3). Additionally, a thorough gene ontology analysis highlighted that Gm26917 silencing affected processes such as oxidative stress, regulation of cell proliferation and the immune response (Figure 3B). Analysis of the KEGG database revealed differences between the control group and Gm26917 silencing group in 30 pathways, including pathways involved in inflammation (Supplementary Figure S2C). In sum, these results showed that Gm26917 could be an important regulator of macrophage inflammatory responses.
[image: Figure 3]FIGURE 3 | Gm26917 silencing inhibits LPS-induced macrophage-mediated inflammation. (A) Differential gene expression data are presented as volcano plots between sh-NC-treated cells and shRNA-Gm26917-treated peritoneal macrophages with three repeats. Red and blue points correspond to 2.0-fold changes in the two groups and indicate a FDR <0.05. (B) Gene ontology analysis for all genes with altered expression. (C) Effects of Gm26917 knockdown on the expression of inflammatory cytokines before and after LPS treatment in cultured peritoneal macrophages. (D) Effect of Gm26917 knockdown on the expression of chemokines before and after LPS treatment in cultured peritoneal macrophages. (E) Effect of Gm26917 knockdown on the expression of phagocytosis-related genes before and after LPS treatment in cultured peritoneal macrophages. (F) Effect of Gm26917 knockdown on the expression of chemokine receptors before and after LPS treatment in cultured peritoneal macrophages. (G) Flow cytometry analysis of the macrophage differentiation before and after Gm26917 knockdown under vehicle control or LPS treatment. Cells positive for the F4/80 marker were defined as macrophages, which were further sorted using the proinflammatory macrophage (M1 macrophage) marker Ly6c and the alternatively activated macrophage (M2 macrophage) marker CD206. Data represent the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
To investigate the detailed roles of Gm26917 in macrophages, expression levels of cytokines, chemokines, chemokine receptors and phagocytosis-related genes were measured by quantitative real-time reverse-transcription PCR (qRT-PCR). We found that expression of the proinflammatory cytokines interleukin-1β (IL-1β), IL-6, IL-12 and tumor necrosis factor-α (TNF-α) was dramatically reduced, and expression of the anti-inflammatory cytokine IL-10 was increased before and after LPS treatment in the Gm26917-silenced group (Figure 3C). Expression levels of chemokines (Ccl2, Ccl3, Ccl4, Ccl24, Cxcl2, and Cxcl10) (Figure 3D), phagocytosis-related genes (Axl, Gpnmb, Merkt, Macro, Trem2, CD36) (Figure 3E) and chemokine receptors (Ccr1, CD74 and Cx3cr1) (Figure 3F) were all lower in the Gm26917 silencing group in peritoneal macrophages before and after LPS treatment. In addition, the expression levels of Cxcl3, Ccr2, Sell, CD81, and CD5L were also detected, and they showed similar patterns (Supplementary Figure S3).
We further used flow cytometry to detect the differentiation of macrophages in the control and Gm26917 silencing groups before and after LPS treatment. Consistent with the qRT–PCR results, we found that the percentage of proinflammatory macrophages (M1 macrophages) marked by Ly6chigh was significantly reduced in the Gm26917 knockdown group. LPS treatment promotes M1 macrophage polarization. After LPS treatment, the population of Ly6Chigh was also decreased in Gm26917-silenced cells (Figure 3G, upper panel).
We also tested whether the percentage of alternatively activated macrophages (M2 macrophages) marked by CD206 was increased compared control group. After LPS treatment, the population of CD206-positive macrophages was increased (Figure 3G, lower panel). In summary, we found that knocking down Gm26917 facilitated macrophage polarization from the proinflammatory M1 phenotype to the alternatively activated M2 phenotype.
Gm26917 interacts with ANXA1
The interaction of lncRNAs with RNA-binding proteins (RBPs) is important for their function. To identify the interaction partner of Gm26917, we first used catRAPID (http://service.tartaglialab. com/page/catrapid group) to identify putative RNA-binding proteins specific to Gm26917. CatRAPID revealed 48 proteins interacting with Gm26917 (Supplementary Table S4). CatRAPID predicted a high binding propensity between base pairs (bp) 1901 and 2,951 of Gm26917 and nearly the N-terminus of ANXA1 (Figure 4A, Supplementary Figure S4A). Interestingly, we also found two peaks in the expression of Gm26917 based on the Integrative Genomics Viewer (IGV) map of RNA-Seq reads (Supplementary Figure S4B).
[image: Figure 4]FIGURE 4 | Gm26917 colocalizes with ANXA1 in the cytoplasm of macrophages. (A) Prediction of the interaction propensity between the RNA binding protein ANXA1 and full-length lncRNA Gm26917 by catRAPID analysis. (B) Diagram of WT, N-terminal and C-terminal His-tagged ANXA1 truncation mutants. (C) The N-terminus of ANXA1 binds to Gm26917. RNA immunoprecipitation (RIP) was performed to determine the enrichment of Gm26917 on His-tagged ANXA1 proteins in macrophages using an anti-His antibody. Western blot analysis of His-tagged ANXA1 proteins. (D) Gm26917 colocalized with endogenous ANXA1 in the cytoplasm of macrophages. Peritoneal macrophages were costained with Cy3-labeled anti-Gm26917 probe (red) and anti-ANXA1 antibody (green). DAPI was used to stain nuclei (blue). Data represent the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
To verify the prediction result, WT, N-terminal and C-terminal truncated mutants of His-tagged ANXA1 were generated (Figure 4B). Then, RNA immunoprecipitation was performed to examine whether Gm26917 interacted with ANXA1. Cell lysate was immunoprecipitated (IP) with anti-His antibody. Immunoprecipitated RNA fragments were reverse transcribed and detected by qRT–PCR using Gm26917-specific primers. We found that compared with the IgG control, the WT ANXA1 and N-terminal truncation pulled down approximately 20-fold more ANXA1, while there was no obvious enrichment with the ANXA1 C-terminal truncation (Figure 4C, upper panel). Therefore, consistent with the catRAPID prediction results, ANXA1 could interact with Gm26917 via its N-terminus. Protein levels of different ANXA1 proteins were examined by Western blot analysis (Figure 4C, lower panel). Moreover, Gm26917 and ANXA1 immunostaining showed that Gm26917 was clearly colocalized with ANXA1 in the cytoplasm of macrophages (Figure 4D). Taken together, these data suggests that ANXA1 interacts with Gm26917 in macrophages via its N-terminus.
Gm26917 promotes ANXA1 ubiquitination
To further explore the relationship between Gm26917 and ANXA1, we first tested the expression of ANXA1 after Gm26917 knockdown. We found that Gm26917 silencing significantly increased ANXA1 protein expression (Figure 5A, compare lanes 4-6 with lanes 1–3), while did not change its mRNA level (Supplementary Figure S5A). In contrast, Gm26917 overexpression reduced ANXA1 protein expression levels (Figure 5B, compare lanes 4-6 with lanes 1–3). These results indicated that Gm26917 could regulate ANXA1 protein stability. Many studies have shown that lncRNAs may affect protein posttranslational modifications, such as ubiquitination. Therefore, Gm26917 could also regulate ANXA1 stability by ubiquitination.
[image: Figure 5]FIGURE 5 | Gm26917 promotes ANXA1 ubiquitination. (A) Knockdown of Gm26917 increased the amount of steady-state ANXA1 protein. NIH 3T3 cells were transfected with control siRNA (scrambled, lane 1–3) or siRNA targeting Gm26917 (si-Gm26917, lane 4–6). ANXA1 expression in the control and si-Gm26917 groups was examined by Western blotting. GAPDH served as a loading control. (B) Overexpression of Gm26917 decreased the steady-state ANXA1 protein level. NIH 3T3 cells were transfected with control vector (lane 1–3), overexpression Gm26917 (lane 4–6). ANXA1 expression in the control and Gm26917 overexpression groups was examined by Western blotting. GAPDH served as a loading control. (C) Depletion of Gm26917 greatly reduced the ubiquitination of ANXA1. NIH 3T3 cells expressed ANXA1-His with control siRNA (scrambled, lane 2) or siRNA targeting Gm26917 (si-Gm26917, lane 3). Lysates were immunoprecipitated (IP) with anti-His antibodies followed by detection with anti-HA antibodies by Western blotting. The input protein ANXA1-His and loading control (GAPDH) are presented in the lower panels. (D) Knockdown of Gm26917 reduced the binding between ANXA1 and NEMO. (E) Schematic diagram of the 5′- truncation and 3′- truncation of Gm26917. (F) The 3′- truncation of Gm26917 promote ANXA1 ubiquitination. 293T cells were transfected with ANXA1-His, control vector (lane 1), Gm26917 5′- truncation (lane 2) or Gm26917 3′- truncation (lane 3). Lysates were immunoprecipitated (IP) with anti-His antibodies followed by detection with anti-HA antibodies by Western blotting. The input protein ANXA1-His and loading control GAPDH are presented in the lower panels. (G) Overexpression of the 3′-truncation of Gm26917 increased the interaction between ANXA1 and NEMO. (H) HEK293T cells were transiently transfected with His-tagged ANXA1 and HA-tagged Ub (mutants) vectors as indicated for 48 h. Then, polyubiquitination of ANXA1 was examined by Western blotting using an anti-HA antibody. The input protein ANXA1-His and loading control GAPDH are presented in the lower panels. (I,J) Gm26917 silencing inhibited NF-κB activity. (I) NF-κB luciferase activity was determined. Firefly luciferase activity was normalized to Renilla luciferase activity. The results are expressed as relative fold changes in luciferase activity. (J) Representative western blot of the effect of Gm26917 silencing on phosphorylated p65 and IKKβ in NIH 3T3 cells. Data represent the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
To examine the roles of Gm26917 in ANXA1 ubiquitination, His-ANXA1 and HA-tagged ubiquitin were cotransfected into NIH 3T3 cells with the control or Gm26917 silencing. These cells were also exposed to DMSO (control) or MG132. The cell lysates were immunoprecipitated using a His antibody and immunoblotted with HA antibody. The results showed that Gm26917 knockdown using si-Gm26917 significantly reduced the ubiquitination of ANXA1 (Figure 5C, upper panel, compare lane 3 with lane 2). More interestingly, decreased ubiquitination of ANXA1 reduced its binding between nuclear factor-kappa B essential modulator (NEMO) (Figure 5D, upper panel, compare lane 2 with lane 1). Additionally, we found that Gm26917 overexpression increased the ubiquitination of ANXA1 (Supplementary Figure S5B).
The online RNA-protein binding prediction site catRAPID has predicted that the interaction region was mainly located at base pairs (bp) 1901 and 2,951 of Gm26917 (Figure 4A), which suggested that the main functional area of Gm26917 might be located in the corresponding sequence. To test this hypothesis, we constructed the corresponding Gm26917 5′-truncation expression plasmid and 3′-truncation expression plasmid to explore the main functional region of Gm26917 (Figure 5E). As shown in Figure 5F, compared with the vector control cells, overexpression of the Gm26917 3′-truncation dramatically enhanced ANXA1 ubiquitination (Figure 5F, compare lane 3 compared with lane 1), whereas Gm26917 5′-truncation had no obvious effect (Figure 5F, lane 2 compared with lane 1). The interaction between ANXA1 and NEMO was also increased after ANXA1 ubiquitination (Figure 5G, upper panel, compare lane 2 with lane 1).
To further determine the type of ubiquitin on ANXA1, HEK293T cells were transfected with plasmids expressing mutant forms of ubiquitin that were specifically ubiquitinated via the K6, K11, K27, K29, K33, K48, or K63 linkages. We found that the presence of Gm26917 resulted in significantly less K6-, K11-, K29-, K33- and K63-linked ubiquitin (Figure 5H, lanes 2, 3, 5, 6 and 8), but no significant change was found in K27- and K48-linked ubiquitin (Figure 5H, lanes 4 and 7). This finding indicated that Gm26917 affected K6, K11, K29, K33, and K63 branched ubiquitin chain formation, while K27 and K48 branched ubiquitin chains were not affected.
Knockdown of Gm26917 suppresses the NF-κB signaling pathway
Many studies have shown that the TLR4/NF-κB signaling pathway is critical in inflammatory responses in LPS-activated cells. To further examine the roles of Gm26917 in the NF-κB signaling pathway, an NF-κB luciferase reporter was transfected into NIH 3T3 cells with the control or lentivirus-shRNA-Gm26917 with or without LPS treatment. We found that exogenous silencing of Gm26917 inhibited NF-κB activity before and after LPS treatment (Figure 5I). Western blot results also showed that knocking down Gm26917 decreased the phosphorylation of p65 and IKK-α upon LPS treatment (Figure 5J). Further study found that ANXA1 silencing in Gm26917 knockdown macrophages decreased the expression of pro-inflammatory cytokines (Supplementary Figure S5C) indicating the important role of ANXA1 in Gm26917 modulated TLR4/NF-κB signaling pathway. Moreover, western blot analysis also showed that LV-sh-Gm26917 pretreatment significantly suppressed p65 phosphorylation levels in the livers of LPS-induced ALI mice compared with the LV-sh-NC-treated group (Supplementary Figures S6A,B). Therefore, we concluded that Gm26917 served as an activator of the NF-κB signaling pathway.
FOXM1 regulates Gm26917 expression
Gm26917 has been reported to be regulated by the transcription factor forkhead box M1 (FOXM1) in muscle satellite cells. We then test the relationship between Gm26917 and FOXM1 in macrophages. RT–qPCR revealed a 3-fold increase in FOXM1 mRNA expression after LPS challenge (Figure 6A, upper panel), and the expression of FOXM1 protein was also detected by western blot (Figure 6A, lower panel).
[image: Figure 6]FIGURE 6 | FOXM1 regulates Gm26917 expression. (A) LPS induced FOXM1 expression. Relative mRNA (upper panel) and protein (lower panel) expression levels of FOXM1 in LPS-treated peritoneal macrophages were examined by qRT–PCR and Western blotting. GAPDH served as a loading control. (B) The siRNA knockdown efficiency of FOXM1 mRNA and protein. GAPDH served as a loading control. (C) FOXM1 silencing decreased the expression of Gm26917 and inflammatory cytokines. The expression levels of Gm26917, IL-1β, IL-6 and TNF-α in the control and si-FOXM1 groups before and after LPS treatment in RAW264.7 cells were measured by qRT–PCR. (D) Schematic diagram of the upstream promoter regions of lncRNA-Gm26917. Predicted FoxM1 binding sites are shown (-589 to -584) in the Gm26917 promoter region. (E) FOXM1 bound to the promoter region of Gm26917. ChIP-qPCR was performed to analyze the binding of FOXM1 to the promoter of Gm26917 in control and LPS-treated RAW264.7 cells; IgG served as a negative control. Data represent the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
Next, the detail function of FOXM1 in macrophages was investigated using RAW264.7 cell line. Three FOXM1 siRNAs were generated and tested, and we found that compared with the control group, the knockdown efficiency of FOXM1 reached 80% (Figure 6B, upper panel). Western blot analysis confirmed the knockdown efficiency (Figure 6B, lower panel). qRT–PCR results showed that knockdown of FOXM1 resulted in a significant downregulation of Gm26917 (Figure 6C, left panel). Moreover, FOXM1 silencing also decreased the levels of IL-1β, IL-6 and TNF-α in RAW264.7 cells before and after LPS treatment (Figure 6C, right panel).
FOXM1-binding site was identified in the upstream regions of Gm26917 (Figure 6D). Chromatin immunoprecipitation-qPCR (ChIP-qPCR) results showed that FOXM1 bound the promoter region of Gm26917, and LPS treatment dramatically increased this binding (Figure 6E). These data have demonstrated that FOXM1 directly regulates the expression of Gm26917 in macrophages.
DISCUSSION
As a key component of the innate immune system, macrophages play critical roles in the initiation, progression and resolution of ALI (Shan and Ju, 2020). In this study, we identified that lncRNA Gm26917 is highly expressed in activated liver macrophages. Gm26917 siliencing attenuates liver injury in LPS-induced ALI. We also found that Gm26917 could regulate NF-κB activity by modulating ANXA1 ubiquitination. Ubiquitylated ANXA1 showed superior binding to NEMO. Increased expression of Gm26917 in LPS-induced inflammation was regulated by the transcription factor FOXM1 (Figure 7). To the best of our knowledge, this is the first study to comprehensively analyze the detailed mechanistic role of Gm26917 in ALI.
[image: Figure 7]FIGURE 7 | Schematic of the molecular mechanisms of Gm26917 roles in LPS-induced inflammation in macrophages. LPS challenge induces the expression of FOXM1, a transcriptional activator. FOXM1 binds to the promoter region of Gm26917 and alters the expression of Gm26917 after LPS treatment. Gm26917 specifically promotes K6-, K11-, K27-, K33- and K63-linked polyubiquitylation of ANXA1, which can enhance its interaction with NEMO and eventually activate the NF-κB signaling pathway. In this way, Gm26917 can regulate macrophage immune responses in LPS-induced acute liver injury.
Liver dysfunction is an early sign of sepsis. In recent years, several lncRNAs have been reported to be involved in septic liver injury (Zhang and Niu, 2019). For example, the lncRNA NEAT1 was up-regulated in patients with septic liver injury. Mechanistic studies have found that NEAT1 could interact with Let-7a, target TLR4, and ultimately regulate the inflammatory response in septic liver injury. Another study showed that lncRNA CRNDE was down-regulated in the CLP model of sepsis in rat. LncRNA CRNDE also acted as an endogenous competing RNA to adsorb miR-126–5p, promoting the expression of BCL2L2, and finally could attenuate septic liver injury by inhibiting hepatocyte apoptosis (Li Y. et al., 2020). In this study, we found that the Gm26917 expression level was notably upregulated in hepatic macrophages upon LPS stimulation. Knockdown of Gm26917 decreased hepatic macrophage number and relieved liver injury in LPS-induced acute liver injury (ALI).
As critical components of the innate immune system, hepatic macrophages were a remarkably heterogeneous population of immune cells that hold a central position in the initiation, progression and resolution of acute liver injury (Tacke and Zimmermann, 2014). In the past decade, many studies have shown that macrophages, which were immune cells that recognized the “plasticity” of the microenvironment, could be epigenetically programmed by signals from the tissue environment. Macrophages could be polarized into two subsets with diverse functions by specific microenvironmental stimuli and signals. The first subset consists of classically activated macrophages (M1), the key effector functions of which were bacterial clearance, antiviral activity and release of proinflammatory cytokines (such as TNF-α, IL-1β, IL-12, ROS), while the second subset comprises alternatively activated macrophages (M2) that participate in tissue remodeling and secretion of immune-modulatory mediators (such as IL-10, TGF-β, IL-4, IL-13) (Murray and Wynn, 2011). Our results showed that Gm26917 silencing globally suppressed many inflammatory pathways in macrophages. Knockdown of Gm26917 alleviated the inflammation, decreased the phagocytic and chemotactic ability of macrophages. We also demonstrated that Gm26917 silencing substantially switched macrophage polarization from the M1 to the M2 phenotype under LPS treatment.
To explore the underlying biological mechanism involved in the inflammatory immune responses mediated by Gm26917, we used catRAPID omics (Agostini et al., 2013), a server for large-scale calculations of protein-RNA interactions to predict RNA binding proteins of Gm26917. Then, RNA immunoprecipitation was utilized to verify that the ANXA1 protein bound to Gm26917 via its N-terminus. Fluorescence in situ hybridization results also showed that Gm26917 colocalized with ANXA1 in the cytoplasm of cultured macrophages. ANXA1 has been shown to be regulated by glucocorticoids, implicated in many cellular processes, including inflammatory responses, antiproliferative and proapoptotic processes, and demonstrated to regulate differentiation (Flower and Rothwell, 1994; Perretti and Gavins, 2003; Lim and Pervaiz, 2007; Shao et al., 2019). ANXA1 could be expressed by many immune cells, such as monocytes, macrophages, mast cells, neutrophils, eosinophils, epithelial cells and T cells (Costa et al., 2018). In LPS-treated macrophages, ANXA1 induced the release of IL-10 in a dose- and time-dependent manner (Minghetti et al., 1999; Parente and Solito, 2004). Additionally, another study examined ANXA1 in breast cancer found that ANXA1, could bind to NEMO at a high level, thereby stabilizing the IKK complex and ultimately inducing the activity of NF-κB (Bist et al., 2011). Moreover, ANXA1 could be posttranslationally modified by, for example, phosphorylation (Dorovkov and Ryazanov, 2004; Zhao et al., 2016; Raulf et al., 2018), acetylatation (Tabe et al., 2007), and ubiquitination (Hirata et al., 2010; Hirata et al., 2012).
Several studies have indicated that lncRNAs could regulate protein stability, which may involve protein modifications such as ubiquitination or phosphorylation (He et al., 2019). LncRNA could promote protein ubiquitination by recruiting E3 ubiquitin ligase to the target protein or enhancing the binding between the target protein and the E3 ligase by phosphorylation. LncRNAs could also promote the expression of specific E3 ligases and enhance ubiquitination of their target protein (Zhou et al., 2021). For example, lncRNA-Mirt2 served as a repressor of inflammatory responses by affecting the interaction between E3 ligase and TRAF6 (Du et al., 2017). LncRNA GBCDRlnc1 could interact with phosphoglycerate kinase 1 (PGK1) protein and regulate its stability by inhibiting its ubiquitination (Cai et al., 2019). LINC00673 was able to strengthen the interaction between PTPN11 and PRPF19 (an E3 ubiquitin ligase) and promoted the degradation of PTPN11 through ubiquitination (Zheng et al., 2016).
Ubiquitination was an important posttranslational modification of proteins, and its ability to regulate protein degradation, structure and activity was observed in almost all eukaryotic cells. Ubiquitinated ANXA1 in nuclei might be involved in the DNA damage response (Hirata et al., 2010). As previously reported, ubiquitination of ANXA1 required UbcH2A (Rad6 homolog) and a lysate containing E3 ubiquitin ligase. However, lysate pretreated with anti-Rad18 antibody did not catalyze ANXA1 ubiquitination, so Rad18 was most likely serves as the E3 ligase for ubiquitination of ANXA1 (Hirata et al., 2010). Another study found that ubiquitin-protein ligase E3A (UBE3A), also known as E6AP ubiquitin-protein ligase (E6AP), was the prototype of a family of ubiquitin ligases called HECT domain ubiquitin ligases; UBE3A interacted with the ANXA1 protein and mediated its ubiquitin-dependent degradation (Shimoji et al., 2009). In sum, the E3 ubiquitin ligase of ANXA1 is still unclear. In this study, we found that Gm26917 regulated the protein stability of ANXA1. Gm26917 silencing reduced the ubiquitination of ANXA1 and the interaction between ANXA1 and NEMO. The 3′-truncation of Gm26917 was responsible for the increased ubiquitination of ANXA1. Forced expression of the 3′-truncation of Gm26917 increased the interaction between ANXA1 and NEMO. We also demonstrated that Gm26917 could affect K6, K11, K29, K33, and K63 branched ubiquitin chain formation but not K27 and K48 branched ubiquitin chains. Gm26917 may recruit potential E3 ubiquitin ligases to ANXA1 or promote ANXA1 phosphorylation and finally enhance ANXA1 ubiquitination, but the specific E3 ubiquitin ligases are still unknown.
In a ubiquitin chain, the ubiquitin fragment could be joined by one of the lysine residues (K6, K11, K27, K29, K33, K48 and K63) or the N-terminal methionine residue, which provided the possibility of the assembly of specific types of polymerizations (Akutsu et al., 2016). Different types of ubiquitin chains were distinct intracellular signals that facilitate the diverse outcomes of ubiquitination in cells. Ubiquitination was not just a signal for protein degradation, but it has been shown to modify substrate activities and to modulate protein localization or interactions, DNA damage repair, signal transduction, endocytosis, transcriptional regulation, and cell cycle progression (Tracz and Bialek, 2021). Gm26917 could affect the biological roles of ANXA1 by promoting the formation of different ubiquitination chains on ANXA1. Further investigation of the detailed mechanism of ANXA1 ubiquitination could facilitate understanding of the function of ANXA1.
Taken together, we conclude that Gm26917, which was a LPS-induced lncRNA in the liver, specifically promoted the ubiquitination of ANXA1 and thus aggravated macrophage inflammatory responses after TLR4 activation (Figure 7). These findings may provide new opportunities for further investigations of Gm26917 as a new therapeutic target for the treatment of inflammatory liver diseases.
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: NCBI under accession number GSE185716.
ETHICS STATEMENT
The animal study was reviewed and approved by All experiments and animal care were approved by the Anhui Medical University Institutional Animal Care and Use Committee and Ethics Committee. Written informed consent was obtained from the owners for the participation of their animals in this study.
AUTHOR CONTRIBUTIONS
QZ and WS conceptualization the study. QZ and WS performed data curation. QZ, X-YW, and M-FS performed formal analysis. WS involved in funding acquisition. Y-YW, W-YL, Y-YZ, and T-YK contributed to investigation. SC, G-ZP, and ZD contributed to methodology. QZ and WS contributed to project administration. WS and Y-XS supervised the study. WS, Y-JS, and Y-XS validated the data. QZ and WS wrote the original draft. QZ, WS, and Y-XS wrote, reviewed, and edited the manuscript.
FUNDING
This work was supported by the National Natural Science Foundation of China, Grant Numbers: (82071770, 81973336, 81673438); Research Level Improvement Project of Anhui Medical University (2021xkjT001); Anhui Provincial Natural Science Foundation, Grant Number:2008085QH371; Scientific Research of BSKY in Anhui Medical University, Grant Number: XJ201601; Anhui Medical University Translational Medicine Program (2017ZHYX09); and Collaborative Innovation Program in Universities (GXXT-2021-069).
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.2022.975250/full#supplementary-material
REFERENCES
 Agostini, F., Zanzoni, A., Klus, P., Marchese, D., Cirillo, D., and Tartaglia, G. G. (2013). Cat RAPID omics: a web server for large-scale prediction of protein–RNA interactions. Bioinformatics 29 (22), 2928–2930. doi:10.1093/bioinformatics/btt495
 Akutsu, M., Dikic, I., and Bremm, A. (2016). Ubiquitin chain diversity at a glance. J. Cell Sci. 129 (5), 875–880. doi:10.1242/jcs.183954
 Allen, K. N., and Imperiali, B. (2019). Structural and mechanistic themes in glycoconjugate biosynthesis at membrane interfaces. Curr. Opin. Struct. Biol. 59, 81–90. doi:10.1016/j.sbi.2019.03.013
 Bist, P., Leow, S. C., Phua, Q. H., Shu, S., Zhuang, Q., Loh, W. T., et al. (2011). Annexin-1 interacts with NEMO and RIP1 to constitutively activate IKK complex and NF-κB: Implication in breast cancer metastasis. Oncogene 30 (28), 3174–3185. doi:10.1038/onc.2011.28
 Cai, Q., Wang, S., Jin, L., Weng, M., Zhou, D., Wang, J., et al. (2019). Long non-coding RNA GBCDRlnc1 induces chemoresistance of gallbladder cancer cells by activating autophagy. Mol. Cancer 18 (1), 82–16. doi:10.1186/s12943-019-1016-0
 Chattopadhyay, S., Veleeparambil, M., Poddar, D., Abdulkhalek, S., Bandyopadhyay, S. K., Fensterl, V., et al. (2015). EGFR kinase activity is required for TLR4 signaling and the septic shock response. EMBO Rep. 16 (11), 1535–1547. doi:10.15252/embr.201540337
 Chen, F., Liu, Y., Zhu, H., Hong, Y., Wu, Z., Hou, Y., et al. (2013). Fish oil attenuates liver injury caused by LPS in weaned pigs associated with inhibition of TLR4 and nucleotide-binding oligomerization domain protein signaling pathways. Innate Immun. 19 (5), 504–515. doi:10.1177/1753425912472003
 Chen, L., Feng, L., Wang, X., Du, J., Chen, Y., Yang, W., et al. (2015). Mesencephalic astrocyte-derived neurotrophic factor is involved in inflammation by negatively regulating the NF-κB pathway. Sci. Rep. 5, 8133. doi:10.1038/srep08133
 Chen, Z., Bu, N., Qiao, X., Zuo, Z., Shu, Y., Liu, Z., et al. (2018). Forkhead box M1 transcriptionally regulates the expression of long noncoding RNAs Snhg8 and Gm26917 to promote proliferation and survival of muscle satellite cells. Stem Cells 36 (7), 1097–1108. doi:10.1002/stem.2824
 Costa, M. B., Mimura, K. K., Freitas, A. A., Hungria, E. M., Sousa, A. L. O., Oliani, S. M., et al. (2018). Mast cell heterogeneity and anti-inflammatory annexin A1 expression in leprosy skin lesions. Microb. Pathog. 118, 277–284. doi:10.1016/j.micpath.2018.03.050
 D'Acquisto, F., Perretti, M., and Flower, R. J. (2008). Annexin-A1: A pivotal regulator of the innate and adaptive immune systems. Br. J. Pharmacol. 155 (2), 152–169. doi:10.1038/bjp.2008.252
 Dong, X., Liu, J., Xu, Y., and Cao, H. (2019). Role of macrophages in experimental liver injury and repair in mice. Exp. Ther. Med. 17 (5), 3835–3847. doi:10.3892/etm.2019.7450
 Donnelly, M. C., Hayes, P. C., and Simpson, K. J. (2016). Role of inflammation and infection in the pathogenesis of human acute liver failure: Clinical implications for monitoring and therapy. World J. Gastroenterol. 22 (26), 5958–5970. doi:10.3748/wjg.v22.i26.5958
 Dorovkov, M. V., and Ryazanov, A. G. (2004). Phosphorylation of annexin I by TRPM7 channel kinase. J. Biol. Chem. 279 (49), 50643–50646. doi:10.1074/jbc.C400441200
 Du, M., Yuan, L., Tan, X., Huang, D., Wang, X., Zheng, Z., et al. (2017). The LPS-inducible lncRNA Mirt2 is a negative regulator of inflammation. Nat. Commun. 8 (1), 2049. doi:10.1038/s41467-017-02229-1
 Flower, R. J., and Rothwell, N. J. (1994). Lipocortin-1: Cellular mechanisms and clinical relevance. Trends Pharmacol. Sci. 15 (3), 71–76. doi:10.1016/0165-6147(94)90281-x
 Freudenberg, M. A., and Galanos, C. (1988). Induction of tolerance to lipopolysaccharide (LPS)-D- galactosamine lethality by pretreatment with LPS is mediated by macrophages. Infect. Immun. 56 (5), 1352–1357. doi:10.1128/iai.56.5.1352-1357.1988
 Guttman, M., Amit, I., Garber, M., French, C., Lin, M. F., Feldser, D., et al. (2009). Chromatin signature reveals over a thousand highly conserved large non-coding RNAs in mammals. Nature 458 (7235), 223–227. doi:10.1038/nature07672
 Han, J., and Ulevitch, R. J. (2005). Limiting inflammatory responses during activation of innate immunity. Nat. Immunol. 6 (12), 1198–1205. doi:10.1038/ni1274
 He, R.-Z., Luo, D.-X., and Mo, Y.-Y. (2019). Emerging roles of lncRNAs in the post-transcriptional regulation in cancer. Genes Dis. 6 (1), 6–15. doi:10.1016/j.gendis.2019.01.003
 Hewitson, J. P., West, K. A., James, K. R., Rani, G. F., Dey, N., Romano, A., et al. (2020). Malat1 suppresses immunity to infection through promoting expression of maf and IL-10 in Th cells. J. Immunol. 204 (11), 2949–2960. doi:10.4049/jimmunol.1900940
 Hirata, F., Thibodeau, L. M., and Hirata, A. (2010). Ubiquitination and SUMOylation of annexin A1 and helicase activity. Biochim. Biophys. Acta 1800 (9), 899–905. doi:10.1016/j.bbagen.2010.03.020
 Hirata, F., Corcoran, G. B., and Hirata, A. (2012). “Mono-ubiquitination of nuclear annexin A1 and mutagenesis,” in Mutagenesis (Croatica: InTech Rijeka), 13–30.
 Kagan, J. C., and Medzhitov, R. (2006). Phosphoinositide-mediated adaptor recruitment controls Toll- like receptor signaling. Cell 125 (5), 943–955. doi:10.1016/j.cell.2006.03.047
 Legarda-Addison, D., Hase, H., O'Donnell, M. A., and Ting, A. T. (2009). NEMO/IKKγ regulates an early NF-κB-independent cell-death checkpoint during TNF signaling. Cell Death Differ. 16 (9), 1279–1288. doi:10.1038/cdd.2009.41
 Li, M., Liu, J., Bi, Y., Chen, J., and Zhao, L. (2018a). Potential medications or compounds acting on toll-like receptors in cerebral ischemia. Curr. Neuropharmacol. 16 (2), 160–175. doi:10.2174/1570159x15666170601125139
 Li, X., Liu, R., Wang, Y., Zhu, W., Zhao, D., Wang, X., et al. (2020a). Cholangiocyte-Derived exosomal lncRNA H19 promotes macrophage activation and hepatic inflammation under cholestatic conditions. Cells 9 (1), E190. doi:10.3390/cells9010190
 Li, Y., Song, J., Xie, Z., Liu, M., and Sun, K. (2020b). Long noncoding RNA colorectal neoplasia differentially expressed alleviates sepsis‐induced liver injury via regulating miR‐126‐5p. IUBMB life 72 (3), 440–451. doi:10.1002/iub.2230
 Lim, L. H., and Pervaiz, S. (2007). Annexin 1: The new face of an old molecule. FASEB J. 21 (4), 968–975. doi:10.1096/fj.06-7464rev
 Maldonado, R. F., Sá-Correia, I., and Valvano, M. A. (2016). Lipopolysaccharide modification in Gram-negative bacteria during chronic infection. FEMS Microbiol. Rev. 40 (4), 480–493. doi:10.1093/femsre/fuw007
 Manka, P., Verheyen, J., Gerken, G., and Canbay, A. (2016). Liver failure due to acute viral hepatitis (A-E). Visc. Med. 32 (2), 80–85. doi:10.1159/000444915
 Matsuura, M. (2013). Structural modifications of bacterial lipopolysaccharide that facilitate gram- negative bacteria evasion of host innate immunity. Front. Immunol. 4, 109. doi:10.3389/fimmu.2013.00109
 Minghetti, L., Nicolini, A., Polazzi, E., Greco, A., Perretti, M., Parente, L., et al. (1999). Down‐ regulation of microglial cyclo‐oxygenase‐2 and inducible nitric oxide synthase expression by lipocortin 1. Br. J. Pharmacol. 126 (6), 1307–1314. doi:10.1038/sj.bjp.0702423
 Murray, P. J., and Wynn, T. A. (2011). Protective and pathogenic functions of macrophage subsets. Nat. Rev. Immunol. 11 (11), 723–737. doi:10.1038/nri3073
 Nolan, J. P. (2010). The role of intestinal endotoxin in liver injury: A long and evolving history. Hepatology 52 (5), 1829–1835. doi:10.1002/hep.23917
 Parente, L., and Solito, E. (2004). Annexin 1: More than an anti-phospholipase protein. Inflamm. Res. 53 (4), 125–132. doi:10.1007/s00011-003-1235-z
 Perretti, M., and Gavins, F. N. (2003). Annexin 1: An endogenous anti-inflammatory protein. News Physiol. Sci. 18 (2), 60–64. doi:10.1152/nips.01424.2002
 Possamai, L. A., Antoniades, C. G., Anstee, Q. M., Quaglia, A., Vergani, D., Thursz, M., et al. (2010). Role of monocytes and macrophages in experimental and human acute liver failure. World J. Gastroenterol. 16 (15), 1811–1819. doi:10.3748/wjg.v16.i15.1811
 Ramachandran, G. (2014). Gram-positive and gram-negative bacterial toxins in sepsis: A brief review. Virulence 5 (1), 213–218. doi:10.4161/viru.27024
 Raulf, N., Lucarelli, P., Thavaraj, S., Brown, S., Vicencio, J., Sauter, T., et al. (2018). Annexin A1 regulates EGFR activity and alters EGFR-containing tumour-derived exosomes in head and neck cancers. Eur. J. Cancer 102, 52–68. doi:10.1016/j.ejca.2018.07.123
 Shan, Z., and Ju, C. (2020). Hepatic macrophages in liver injury. Front. Immunol. 11 (322), 322. doi:10.3389/fimmu.2020.00322
 Shao, G., Zhou, H., Zhang, Q., Jin, Y., and Fu, C. (2019). Advancements of Annexin A1 in inflammation and tumorigenesis. Onco. Targets. Ther. 12, 3245–3254. doi:10.2147/OTT.S202271
 Shao, W., Zumer, K., Fujinaga, K., and Peterlin, B. M. (2016). FBXO3 protein promotes ubiquitylation and transcriptional activity of AIRE (autoimmune regulator). J. Biol. Chem. 291 (34), 17953–17963. doi:10.1074/jbc.M116.724401
 Shifera, A. S. (2010). The zinc finger domain of IKKγ (NEMO) protein in health and disease. J. Cell. Mol. Med. 14 (10), 2404–2414. doi:10.1111/j.1582-4934.2010.01054.x
 Shimoji, T., Murakami, K., Sugiyama, Y., Matsuda, M., Inubushi, S., Nasu, J., et al. (2009). Identification of annexin A1 as a novel substrate for E6AP‐mediated ubiquitylation. J. Cell. Biochem. 106 (6), 1123–1135. doi:10.1002/jcb.22096
 Tabe, Y., Jin, L., Contractor, R., Gold, D., Ruvolo, P., Radke, S., et al. (2007). Novel role of HDAC inhibitors in AML1/ETO AML cells: Activation of apoptosis and phagocytosis through induction of annexin A1. Cell Death Differ. 14 (8), 1443–1456. doi:10.1038/sj.cdd.4402139
 Tacke, F., and Zimmermann, H. W. (2014). Macrophage heterogeneity in liver injury and fibrosis. J. Hepatol. 60 (5), 1090–1096. doi:10.1016/j.jhep.2013.12.025
 Tracz, M., and Bialek, W. (2021). Beyond K48 and K63: Non-canonical protein ubiquitination. Cell. Mol. Biol. Lett. 26 (1), 1–17. doi:10.1186/s11658-020-00245-6
 van der Heide, D., Weiskirchen, R., and Bansal, R. (2019). Therapeutic targeting of hepatic macrophages for the treatment of liver diseases. Front. Immunol. 10, 2852. doi:10.3389/fimmu.2019.02852
 Wang, J., He, G. Z., Wang, Y. K., Zhu, Q. K., Chen, W., and Guo, T. (2015). TLR4-HMGB1-MyD88- and TRIF-dependent signaling in mouse intestinal ischemia/reperfusion injury. World J. Gastroenterol. 21 (27), 8314–8325. doi:10.3748/wjg.v21.i27.8314
 Wen, Y., Lambrecht, J., Ju, C., and Tacke, F. (2021). Hepatic macrophages in liver homeostasis and diseases-diversity, plasticity and therapeutic opportunities. Cell. Mol. Immunol. 18 (1), 45–56. doi:10.1038/s41423-020-00558-8
 Xie, Y., Wang, M., Tian, J., Li, X., Yang, M., Zhang, K., et al. (2019). Long non-coding RNA expressed in macrophage co-varies with the inflammatory phenotype during macrophage development and polarization. J. Cell. Mol. Med. 23 (10), 6530–6542. doi:10.1111/jcmm.14557
 Xiong, Q., Hase, K., Tezuka, Y., Namba, T., and Kadota, S. (1999). Acteoside inhibits apoptosis in D- galactosamine and lipopolysaccharide-induced liver injury. Life Sci. 65 (4), 421–430. doi:10.1016/s0024-3205(99)00263-5
 Yang, Y., Hutchinson, P., and Morand, E. F. (1999). Inhibitory effect of annexin I on synovial inflammation in rat adjuvant arthritis. Arthritis Rheum. 42 (7), 1538–1544. doi:10.1002/1529-0131(199907)42:7<1538:AID-ANR29>3.0.CO;2-3-3
 Yang, W., Tao, Y., Wu, Y., Zhao, X., Ye, W., Zhao, D., et al. (2019). Neutrophils promote the development of reparative macrophages mediated by ROS to orchestrate liver repair. Nat. Commun. 10 (1), 1076. doi:10.1038/s41467-019-09046-8
 Zachs, D. P., Offutt, S. J., Graham, R. S., Kim, Y., Mueller, J., Auger, J. L., et al. (2019). Noninvasive ultrasound stimulation of the spleen to treat inflammatory arthritis. Nat. Commun. 10 (1), 951. doi:10.1038/s41467-019-08721-0
 Zhang, C.-C., and Niu, F. (2019). LncRNA NEAT1 promotes inflammatory response in sepsis-induced liver injury via the Let-7a/TLR4 axis. Int. Immunopharmacol. 75, 105731. doi:10.1016/j.intimp.2019.105731
 Zhang, P., Cao, L., Zhou, R., Yang, X., and Wu, M. (2019). The lncRNA Neat1 promotes activation of inflammasomes in macrophages. Nat. Commun. 10 (1), 1495. doi:10.1038/s41467-019-09482-6
 Zhang, K., Shi, Z., Zhang, M., Dong, X., Zheng, L., Li, G., et al. (2020). Silencing lncRNA Lfar1 alleviates the classical activation and pyoptosis of macrophage in hepatic fibrosis. Cell Death Dis. 11 (2), 132. doi:10.1038/s41419-020-2323-5
 Zhao, B., Wang, J., Liu, L., Li, X., Liu, S., Xia, Q., et al. (2016). Annexin A1 translocates to nucleus and promotes the expression of pro-inflammatory cytokines in a PKC-dependent manner after OGD/R. Sci. Rep. 6, 27028. doi:10.1038/srep27028
 Zhao, Y., Wu, J., Liangpunsakul, S., and Wang, L. (2017). Long non-coding RNA in liver metabolism and disease: Current status. Liver Res. 1 (3), 163–167. doi:10.1016/j.livres.2017.09.001
 Zheng, J., Huang, X., Tan, W., Yu, D., Du, Z., Chang, J., et al. (2016). Pancreatic cancer risk variant in LINC00673 creates a miR-1231 binding site and interferes with PTPN11 degradation. Nat. Genet. 48 (7), 747–757. doi:10.1038/ng.3568
 Zhou, J., Liu, J., Xing, H., Shen, Y., Xie, M., Chai, J., et al. (2021). Implications of protein ubiquitination modulated by lncRNAs in gastrointestinal cancers. Biochem. Pharmacol. 188, 114558. doi:10.1016/j.bcp.2021.114558
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 © 2022 Zhao, Sheng, Wang, Wang, Liu, Zhang, Ke, Chen, Pang, Yong, Ding, Shen, Shen and Shao. 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: 03 November 2022
doi: 10.3389/fphar.2022.955672


[image: image2]
Inflammatory pathophysiological mechanisms implicated in postpartum depression
Jialei Zhu†,, Jing Jin†, and Jing Tang*
Department of Pharmacy, Obstetrics and Gynecology Hospital of Fudan University, Shanghai, China
Edited by:
Tao Xu, Anhui Medical University, China
Reviewed by:
Malvina Hoxha, Catholic University Our Lady of Good Counsel, Albania
Chutima Roomruangwong, Chulalongkorn University, Thailand
* Correspondence: Jing Tang, 1817@fckyy.org.cn
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Inflammation Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 29 May 2022
Accepted: 24 October 2022
Published: 03 November 2022
Citation: Zhu J, Jin J and Tang J (2022) Inflammatory pathophysiological mechanisms implicated in postpartum depression. Front. Pharmacol. 13:955672. doi: 10.3389/fphar.2022.955672

Postpartum Depression (PPD) is a serious psychiatric disorder of women within the first year after delivery. It grievously damages women’s physical and mental health. Inflammatory reaction theory is well-established in depression, and also has been reported associated with PPD. This review summarized the inflammatory pathophysiological mechanisms implicated in PPD, including decreased T cell activation, increased proinflammatory cytokines secretion, active kynurenine pathway, and initiated NLRP3 inflammasome. Clinical and preclinical research are both gathered. Potential therapeutical alternatives targeting the inflammatory mechanisms of PPD were introduced. In addition, this review briefly discussed the differences of inflammatory mechanisms between PPD and depression. The research of inflammation in PPD is limited and seems just embarking, which indicates the direction we can further study. As a variety of risky factors contribute to PPD collectively, therapy for women with PPD should be comprehensive, and clinical heterogeneity should be taken into consideration. As PPD has a predictability, early clinical screening and interventions are also needed. This review aims to help readers better understand the inflammatory pathological mechanisms in PPD, so as to identify biomarkers and potential therapeutic targets in the future.
Keywords: postpartum depression, inflammation, T cell, cytokine, kynurenine, inflammasome
1 INTRODUCTION
Postpartum Depression (PPD) is defined as the onset of major depressive disorder (MDD) of women within the first year after delivery (Mughal et al., 2022). It is a serious psychiatric disorder and grievously damages women’s physical and mental health (Balaram and Marwaha, 2022). The clinical symptoms include gloomy mood, reduced interest or pleasure in matters, weariness, insomnia, inappropriate guilt, excessive concern or indifference to infants, and even suicide (Raza and Raza, 2022). The prevalence of PPD is about 15% all over the world (Mughal et al., 2022). Due to the diverse economic levels and screening awareness, the incidence of PPD is different in various regions and may be underestimated (Shorey et al., 2018). PPD not only affects women’s emotion and cognition, but also damages the mother-infant relationship and the growth of young children (Badr et al., 2018; Slomian et al., 2019). It has been reported that child whose mother suffers from PPD is more likely to suffer from depression (Abdollahi et al., 2017; Weissman, 2018; Tainaka et al., 2022). PPD also breaks family harmony and has become a serious social problem (Letourneau et al., 2012). The pathological mechanism of PPD is multifactorial and has not been fully clarified. The potential pathogenesises are as follows (Figure 1): dysfunction of hypothalamic-pituitary-adrenal (HPA) axis, imbalance of hormones (estradiol, progesterone, oxytocin, corticotropin releasing hormone, etc.), imbalance of neurotransmitters (serotonin, dopamine, γ-aminobutyric acid, glutamate, etc.), imbalance of neurosteroids (allopregnanolone, etc.), epigenetics, alterant synaptic connection, neuroinflammation, and so on (Payne and Maguire, 2019; Stewart and Vigod, 2019; Mughal et al., 2022). The therapeutic modalities of PPD mainly include psychotherapy and medical treatment, which are similar with the treatment of conventional depression (Brummelte and Galea, 2016; Stewart and Vigod, 2019). It is worth noting that patients with PPD, who may be breastfeeding, should avoid medications that affect the infants (Becker et al., 2016). Exposure to antidepressants in late pregnancy could lead to neonatal adaptation disorders, such as drowsiness and irritability. According to the available evidence, sertraline and amitriptyline are the preferred antidepressants (Wisner et al., 1996; Hantsoo et al., 2014; Cuomo et al., 2018). Brexanolone, a positive allosteric modulator of γ-aminobutyric acid (GABA) A receptors, is approved as the first drug expressly for treating women with PPD (Kanes et al., 2017; Gunduz-Bruce et al., 2022).
[image: Figure 1]FIGURE 1 | The potential pathogenesises and predictors in postpartum depression. The potential pathogenesises in postpartum depression are multiple and as follows: Dysfunction of hypothalamic-pituitary-adrenal (HPA) axis, imbalance of hormones (estradiol, progesterone, oxytocin, corticotropin releasing hormone, etc.), imbalance of neurotransmitters (serotonin, dopamine, γ-aminobutyric acid, glutamate, etc.), imbalance of neurosteroids (allopregnanolone, etc.), epigenetics, alterant synaptic connection, neuroinflammation, and so on. The potential predictors for postpartum depression are as follows: genetics, epigenetics, neuroactive molecules (allopregnanolone, β-endorphin, cortisol, corticotropin-releasing hormone, oxytocin, thyroid function, inflammatory markers, etc.), psychiatric history, adverse life events, demographic information (maternal age, race, socioeconomic status, etc.), and obstetrical outcomes (preterm birth, etc.). HPA axis, hypothalamic-pituitary-adrenal axis; E2, estradiol; P, progesterone; OT, oxytocin; CRH, corticotropin releasing hormone; 5-HT, serotonin; DA, dopamine; GABA, γ-aminobutyric acid; Glu, glutamate; ALLO, allopregnanolone.
Neuroinflammation has been reported associated with depression as evidenced by many studies (Troubat et al., 2021; Won et al., 2021; Craig et al., 2022; Zhou et al., 2022). Peripheral immune cells damage the integrity of blood-brain barrier (BBB) (Van Dyken and Lacoste, 2018). When permeability of the BBB alters, peripheric immune cells infiltrate into the brain (Van Dyken and Lacoste, 2018; Kealy et al., 2020). Microglias are activated and then secrete proinflammatory cytokines (Deng et al., 2020; Jia et al., 2021). Inflammasomes are also activated after the assembly of inflammasomes complex and secrete proinflammatory cytokines (Broz and Dixit, 2016; Deets and Vance, 2021). Astrocytes are stimulated by proinflammatory cytokines, and mediate cascade amplification of inflammatory reaction (Linnerbauer et al., 2020; Jiwaji and Hardingham, 2022). It further impairs the integrity of the BBB(Haruwaka et al., 2019). Thus, a positive circuit of inflammatory response is generated, which aggravates the nerve injury (Linnerbauer et al., 2020). Furthermore, the proinflammatory cytokines activate the HPA axis, which in turn increases the production of cortisol (Noushad et al., 2021). The tryptophan (Trp)-kynurenine (Kyn) pathway is activated as well. Subsequently, the synthesis of quinolinic acid and 3-hydroxykynurenine is increased, which induces oxidative stress and nerve injury (Tattersfield et al., 2004; Mackay et al., 2006). Neuroinflammation is also associated with a variety of neurodegenerative diseases, such as Parkinson’s disease (Tansey et al., 2022), Alzheimer’s disease (Leng and Edison, 2021) and so on (Fontana et al., 2021). PPD is also reported to be closely related to neuroinflammation. In this review, we focused on the potential inflammatory mechanisms to underpin PPD pathophysiology.
2 INFLAMMATORY PATHOPHYSIOLOGICAL MECHANISMS IN POSTPARTUM DEPRESSION
Inflammatory responses can occur in the periphery or central nervous system. Pro-inflammatory and anti-inflammatory responses are the two types of inflammatory reactions. Pregnancy is linked to specific immunological responses that protect the fetus from the mother immune system. In order to support immunosuppression, anti-inflammatory cytokines are increased, while pro-inflammatory cytokines are decreased during pregnancy (Al-Azemi et al., 2017; Kwiatek et al., 2021). In response to the physical damage and exertion associated with labor, the anti-inflammatory milieu transforms to a pro-inflammatory state after delivery (Miyoshi et al., 2021). In this section, we will review evidence of inflammatory pathophysiological mechanisms in PPD (Table 1), including roles of T cells, cytokines, kynurenine and inflammasomes.
TABLE 1 | The summary of inflammatory pathophysiological mechanisms implicated in postpartum depression.
[image: Table 1]2.1 T cells
T cells are essential for the control and clearance of most infections. Major histocompatibility complex (MHC) proteins present short peptide antigens to T cell receptors, and T cells respond to infections in such an antigen-specific way (Kumar, 2018). It plays a key role in adaptive immunity by mediating helper functions to the immune system of the body (Dong, 2021). In healthy women, the postpartum period is a time of increased T cell activation (Osborne et al., 2020). Women with PPD do not have physiologically increased T-cell activity after giving birth. Lauren M Osborne et al. (Osborne et al., 2020) found that T cells were significantly higher in postpartum women without PPD than in healthy non-postpartum controls. Increases of TH1 cells and T regulatory (Treg) cells drove the immunological enhancement in healthy postpartum women, which were absent or muted in women with PPD (Osborne et al., 2020). Similar results were obtained in animal experiments. It was reported that immune suppression occurs 2 weeks after hormone withdrawal in hormone-simulated pregnancy induced PPD rat model (Qu et al., 2015). At present, there are few reports on the possible mechanism of the shift of immune state (from immune suppression to immune activation) before and after childbirth. It was speculated that changes in DNA methylation density in CD3 may be associated to depression during pregnancy (Robakis et al., 2020). Another research implied that lower microRNA-146a expression in monocytes was linked to lower natural Treg cells in PPD (Weigelt et al., 2013). Daniela Krause et al. (2014) declared that Treg cells are reduced both antepartum and postpartum in women with PPD, and the level of Treg cells in pregnancy might be a forecast for PPD. In conclusion, there is much evidence that PPD is accompanied by decreased T cell activation. The compensation of the monocytic system could be a probable result of the T cells-mediated immunosuppression in depressive women (Krause et al., 2014). Monocytes that may pass the BBB, appear to be important in the pathophysiology of depression as contributing to an inflammatory environment in the brain and leading nerve scathe.
2.2 Cytokines
Cytokines include pro-inflammatory and anti-inflammatory types. Proinflammatory cytokines could access the brain through the BBB and participate in many pathophysiologic processes including glial cells activation, neurotransmitter metabolism, and so on (Miller and Raison, 2016; Shi et al., 2022). Among the multiple cytokines, interleukin (IL) -6 has been reported most related to PPD. However, the conclusions are somewhat conflicting. The mainstream view is that serum level of IL-6 in women with PPD is increased, compared to healthy puerperal women (Liu et al., 2016; Payne and Maguire, 2019; Achtyes et al., 2020; Nazzari et al., 2020; Sha et al., 2022; Worthen and Beurel, 2022). Other studies (Ahn and Corwin, 2015; Nagayasu et al., 2021) did not find the correlation between IL-6 levels and the scores of Edinburgh Postpartum Depression Scale (EPDS), depressive symptoms, or stress variables. In an exploratory study among postpartum veterans (Szpunar et al., 2021), the researchers found that elevated IL-1β and tumor necrosis factor-α (TNF-α) might have a positive correlation with the severity of depressive symptom. And the high level of IL-1β was also related to suicidal thoughts during pregnancy (Szpunar et al., 2021). Similarly, other studies showed that uric or plasmic IL-1β was increased in mothers with depressive symptoms or high scores of EPDS (≥13) (Corwin et al., 2008; Sha et al., 2022). In contrast, R Buglione-Corbett’s laboratory (Buglione-Corbett et al., 2018) clarified that serum TNF-α was negatively correlated with EPDS score, and there was no statistically significant associations between depressive symptoms and IL-6 or IL-1β. Serumal interferon-γ (IFN-γ) and the ratio of IFN-γ/IL-10 were decreased in PPD, according to Maureen W Groer et al. (Groer and Morgan, 2007). Besides, the secretion of IL-8 has been reported to increase in the postpartum period (Szpunar et al., 2021). Increased plasma IL-8 or reduced IL-2 was associated with higher risk for PPD (Achtyes et al., 2020). Chemokine is a small molecule cytokine capable of chemotactic cell directional movement. Chemokines and their receptors mediate cell migration, thereby affecting a variety of basic biological processes and disease conditions, such as inflammation and cancer. C-X-C motif chemokine 1 (CXCL1) was reported to significantly elevate in women with PPD (Brann et al., 2020). In general, levels of many cytokines alter in the postpartum period and might potentially become inflammatory biomarkers for PPD.
2.3 Kynurenine
Increased inflammation raises the production of the broadly distributed enzyme indoleamine 2,3-dioxygenase (IDO) (Cervenka et al., 2017). Activation of the HPA axis promotes the hepatic enzyme tryptophan 2,3-dioxygenase (TDO). Both enzymes transform tryptophan (Trp) into kynurenine (Kyn), which is then converted into downstream neurotoxic metabolites, i. e, quinolinic acid and kynurenic acid, to damage neurons (Savitz, 2020). On the other hand, Trp is the precursor of neurotransmitter serotonin (5-hydroxytryptamine, 5-HT). The increased conversion of Trp to Kyn results in less synthesis of 5-HT, which leads to depressive symptoms (Cervenka et al., 2017). Chengxuan Quan et al. (2020) showed that women with PDD had significantly greater Kyn levels 1 day before delivery compared to the control group. Women with PDD had significantly lower kynurenic acid level, higher quinolinic acid level, and higher quinolinic acid/kynurenic acid ratio 3 days after delivery than women without PPD. Similarly, a study (Wang et al., 2018) showed that women with PPD had significantly higher serum Kyn and quinolinic acid concentrations, and lower serum kynurenic acid concentrations 3 days after cesarean section. Qiong Sha et al. (2021) declared that estrogen and progesterone were respectively negatively correlated with Kyn and quinolinic acid in the postpartum period. Animal research (Qiu et al., 2021) also showed that postpartum corticosterone could influence Trp-Kyn pathway, inducing the production of neurotoxic metabolites 3-hydroxykynurenine and 3-hydroxyanthranilic acid. On the contrary, Eric Achtyes et al. (2020) discovered that down-regulation of quinolinic acid was related to high risk for PPD. In general, the activation of Kyn pathway is implicated in PPD as evidenced by many studies (Nazzari et al., 2020). The changes of metabolites of Kyn in postpartum are still conflicting and need to be further researched.
2.4 Inflammasomes
The Nod-like receptor protein (NLRP) inflammasomes are protein complexs that exert important roles in neuroinflammation. Among the various inflammasomes, NLRP3 inflammasome is the most studied one (Huang et al., 2021). When stimulating by risky factors such as adenosine triphosphate, the adapter molecule apoptosis-related speck-like protein (ASC) and pro-caspase-1 are recruited by NLRP3 and form a protein complex (Zhu et al., 2020). Pro-caspase-1 is then transformed into mature caspase-1. Whereafter, caspase-1 mediates the maturation of the proinflammatory cytokines IL-1β and IL-18. The secretion of proinflammatory cytokines leads to downstream inflammatory cascade and cell pyroptotic death (Zhu et al., 2018; Huang et al., 2021). Jialei Zhu et al. (Zhu and Tang, 2020) firstly proposed that astrocytic NLRP3 inflammasome was activated in the hippocampus of PPD mouse model. Another study (Abdul Aziz et al., 2021) also showed that increased NF-кB/NLRP3/caspase-1 activity was detected in the hippocampus of PPD rat model. Similarly, a recent study (Zhai et al., 2022) clarified that NLRP3 inflammasome was activated in the hypothalamus of PPD rat model. Although there have been many reports on the correlation between inflammasomes and the pathological mechanism of depression, the research of inflammasomes in PPD is just embarking. Thus far, there is no study of inflammasome in patients with PPD, and there are only a few animal experiments using hormone-simulated pregnancy induced PPD model. It deserves further study.
3 POTENTIAL THERAPEUTICAL ALTERNATIVES FOR POSTPARTUM DEPRESSION TARGETING THE INFLAMMATORY MECHANISMS
At present, the only approved drug specifically used for the treatment of PPD is brexanolone. It is soluble allopregnanolone and targets GABAergic system. It has been reported that injection of allopregnanolone reduced microglial activation and astrocyte proliferation in mouse model (Liao et al., 2009). Another study showed that allopregnanolone synthesis was reduced by IL-6 (Parks et al., 2020). It indicates the potential significance of anti-inflammatory therapy for PPD. In this section, we will review potential therapeutical alternatives for PPD targeting T cells, cytokines, kynurenine or NLRP3 inflammasome in clinical trials.
3.1 T cell-based immunotherapy
T cell-based immunotherapy has received great attention in tumor treatments (Zhang, K. et al., 2022) in recent years. Engineering T cells is a rapidly advancing technology and is a good strategy for stimulating T cells proliferation to effectively target tumors (Belk et al., 2022). However, it may induces serious adverse effects, such as nonspecific inflammation (Belk et al., 2022). Chimeric-antigen receptor (CAR) T cells, as the first commercial products, are approved for hematologic malignancies (Greenbaum et al., 2021). So far, there has been none engineering T cells applicated in the treatment of depression. And it seems be “making a mountain out of a molehill”. The supplementation of some substances regulating T cells in diet or drugs may be better for PPD. In a prospective, randomized-controlled study, trace element selenium (Se) was found to upregulate the activated Treg cells (Hu et al., 2021). Naghmeh Mokhber et al. (2011) conducted a trial to determine the impact of prenatal Se supplementation on women’s levels of PPD. Primigravid pregnant women were randomly assigned to receive Se or placebo every day up until birth. The mean EPDS score in the Se group was markedly lower than that of the control group. It suggests that supplementation with Se during pregnancy would be an effective strategy for the prevention of PPD. Traditional Chinese Medicine and its extracts are also reported to have immunity-enhancing capacity (Wang et al., 2020). Leonurus has the effect of regulating menstruation and plays an auxiliary role in the treatment of gynecological diseases. Leonurine, the extract of Leonurus, was found to regulate Treg/Th17 balance (Du et al., 2020). It exerted antidepressant effects in chronic mild stress-induced depression mouse model (Jia et al., 2017).
3.2 Cytokine inhibitors
Cytokine inhibitors are commonly used clinically in autoimmune diseases such as rheumatoid arthritis (RA). The role of cytokine inhibitors in depression is still controversial. Tocilizumab is a recombinant humanized anti-human IL-6 receptor monoclonal antibody. A study demonstrated a favourable impact of tocilizumab therapy on anxiety and depression in patients with RA (Tiosano et al., 2020). However, another study showed that blockade of the IL-6 receptor with tocilizumab resulted in significantly more depressive symptoms (Knight et al., 2021). Anti-TNF-α compounds were reported as a potential therapeutic strategy for depression (Uzzan and Azab, 2021). In a randomized controlled trial, TNF antagonism infliximab improved depressive symptoms in patients with high baseline inflammatory biomarkers (Raison et al., 2013). IL-1 receptor antagonist (IL-1RA) is a specific competitive inhibitor of IL-1. It binds to IL-1R and blocks the binding of IL-1α/IL-1β with IL-1R (Maes et al., 2012). A recent study in mouse model demonstrated that the blockade of IL-1R/NF-κB pathway reduced the secretion of complement C3 from astrocyte and regulated synaptic pruning in the prefrontal cortex of depression (Zhang, M.M. et al., 2022). However, a case report showed that IL-1RA anakinra induced depression (Jonville-Bera et al., 2011), which was firstly found to be a new side effect of anakinra. C-X-C motif chemokine receptor 2 (CXCR2) is the receptor of chemokine CXCL1, and the inhibitor of CXCR2 (SB265610) prevented chronic stress-induced depression-like behaviors in mice (Chai et al., 2019). However, there has been no relevant clinical studies. The effect of cytokine inhibitors on depression is mostly carried out in patients with inflammatory diseases (Beurel et al., 2020). It is yet unclear if the improvement is caused, at least in part, by cytokine inhibitor methods’ effects on somatic disorders, but from all of these data, depressed individuals with prominent inflammation benefits from them.
3.3 IDO and TDO inhibitors
One potential strategy for treating depression is to directly target kynurenine synthesis and reduce its harmful downstream metabolites. Therefore, the straightforward process is to suppress IDO and TDO activity in order to stop the accumulation of kynurenine metabolites. The IDO antagonist 1-methyltryptophan (1-MT) has been reported to prevent depressive-like behaviors in many animal experiments (O'Connor et al., 2009; Souza et al., 2017). Clinical trials using 1-MT also have been initiated (Lob et al., 2009). TDO inhibitors include allopurinol, nicotinamide and so on (Badawy, 2019). It has been reported that continued use of low-dose allopurinol was associated with a decreased rate of incident depression (Kessing et al., 2019). The possible pro-longevity effects of nicotinamide adenine dinucleotide precursors have caused further growth of nicotinamide consumption as a dietary supplement (Hwang and Song, 2020). In a randomized, double-blind, and placebo-controlled study, nicotinamide-containing supplements loading between meals in quite low dose can improve depressed mood in young adults with subclinical depression (Tsujita et al., 2019). However, there are potential risks for epigenetic alterations associated with chronic use of nicotinamide at high doses (Hwang and Song, 2020). The possible adverse reactions and their mechanisms are not yet clear, which reminds us to use it cautiously.
3.4 NLRP3 inflammasome inhibitors
In recent years, NLRP3 inflammasome selective inhibitors are under development. Most attempts to inhibit NLRP3 inflammasome focus on compounds that directly bind to NLRP3 and inhibit the assembly of NLRP3 inflammasome complex. MCC950 is a small molecular inhibitor of NLRP3 inflammasome and is reported to exert an anti-depressive role in animal experiments (Li et al., 2022; Liu et al., 2022). At present, there is no clinical trial of MCC950 on depression. OLT1177 is an orally active β-sulfonyl nitrile molecule developed for osteoarthritis, acute gout and heart failure (Marchetti et al., 2018; Aliaga et al., 2021). CY-09 is also an inhibitor of NLRP3 inflammasome potentially used for osteoarthritis, cryopyrin-associated autoinflammatory syndrome (CAPS) and type 2 diabetes (Jiang et al., 2017; Zhang, Y. et al., 2021). In addition, INF39(Shi et al., 2021) and JC-124 (Yin et al., 2018) are inhibitors of NLRP3 inflammasome as well. So far, researchers have not taken OLT1177, CY-09, INF39, and JC-124 into the researches of depression. On the other hand, some medicines have been found to play an antidepressant role by inhibiting NLRP3 inflammasome. A prospective clinical study reveals that pioglitazone metformin complex alleviates psychological distress via inhibiting NLRP3 inflammasome in patients with polycystic ovary syndrome comorbid psychological distress (Guo et al., 2020). Another research identified fluoxetine as a direct NLRP3 inhibitor as it inhibited activation of the NLRP3-ASC inflammasome and inflammatory cytokine release (Ambati et al., 2021).
4 DISCUSSION
As a subtype of depression with a “special period” (puerperium) and “special population” (delivery women), the inflammatory mechanisms of PPD are generally overlaps with that in depression. Meanwhile, some differences exist. In depression, Th17 cells are reported accumulated and the Th17/Treg cell balance was dysregulated (Cui et al., 2021). Similar report has been declared in the study of depression and anxiety during pregnancy (Osborne et al., 2019b). However, this has not been reported in PPD. In a meta-analysis studying inflammatory markers in depression (collecting 5166 patients with depression and 5083 healthy controls) (Osimo et al., 2020), the researchers found that IL-6, TNF-α, IL-12, IL-3, IL-18, and sIL-2R were elevated in depression group. The cytokines upregulated in depression are not exactly same as those in PPD. In terms of inflammasomes, besides NLRP3 inflammasome, depression has also been reported to be associated with the activations of NLRP1 (Song et al., 2020), NLRP2 (Zhang et al., 2020), and AIM2 (Li, Y.K. et al., 2021). In addition to the inflammatory mechanisms mentioned above, recent reports have also shown that depression is related to caspase-gasdermin D-mediated inflammatory programmed cell death, namely pyroptosis (Chai et al., 2022; Li, S. et al., 2021; Yang et al., 2020). It is unknown whether pyroposis also exists in PPD at present, and it is worth exploring in the future. Besides, much evidence suggests an impact of toll-like receptor 4 (TLR4) signaling on depression (Guo et al., 2019; Xu et al., 2020) while it is rarely reported in PPD. On the other hand, microglial M1/M2 polarization plays important roles in mediating the balance between activation and suppression in inflammation (Nakagawa and Chiba, 2014). Many studies have demonstrated that M1 (pro-inflammatory) polarization was related to depression (Kalkman and Feuerbach, 2016; Zhang, L. et al., 2021). It needs more researches to explore whether these pathomechanisms are also relevant to PPD.
Although many antidepressant agents or methods are not specially used for restraining inflammation, they actually play anti-inflammatory roles. In addition to the medicines mentioned in the previous section, some potential agents have also been reported to exert roles through other anti-inflammatory mechanisms. Isoliquiritin (Li, Y. et al., 2021), pinocembrin (Yang et al., 2022), pilose antler peptide (Hu et al., 2022), quercetin (Zhu et al., 2022), etc. ameliorated depression by suppressing pyroptosis in animal models. Arctigenin (Xu et al., 2020), safflower extract (Chen et al., 2021), baicalin (Guo et al., 2019), Xiao-Chai-Hu-Tang (Shao et al., 2021), puerarin (Gao et al., 2021), etc. alleviated depression through TLR4 signaling pathways. Ketamine (Beckett and Niklison-Chirou, 2022; Wu et al., 2022), magnolol (Tao et al., 2021), astragalin (Yao et al., 2022), etc. were reported to attenuate depression and produce anti-inflammatory effects by regulating M2 polarization of microglia. The roles of these agents above in PPD need further animal and clinical trials to explore. Besides, non-steroidal anti-inflammatory drugs (NSAIDs) inhibit the synthesis of prostaglandins in the central nervous system and are commonly used clinically for antipyretic, analgesic, anti-inflammatory and anti-rheumatic effects. In the treatment of conventional depression, anti-inflammatory agents have shown better effects compared to placebo in several randomized controlled trials (Muller et al., 2006; Mohammadinejad et al., 2015; Alamdarsaravi et al., 2017). However, this view is still controversial (Berk et al., 2020; Husain et al., 2020; Baune et al., 2021). More clinical trials and evidence need to confirm its effect. In addition to the agents, some methods may also have an antidepressant effect by anti-inflammation. Acupuncture may achieve treatment effects on depression through suppression of vagal nerve inflammatory responses (Liu et al., 2020). Physical exercise can reduce both depression and inflammation (Paolucci et al., 2018). In addition, microbiome-gut-brain axis shows correlation to depression (Carlessi et al., 2021; Donoso et al., 2022). Though recent systematic reviews (Desai et al., 2021; Trifkovic et al., 2022) demonstrated that there was limited evidence about the effectiveness of probiotics on PPD, probiotics is a promising therapeutical alternative. Correct strain selection should be taken into consideration. And further well-designed, robust clinical trials are needed. All the agents and methods (Table 2) provide new therapeutic ideas for treating PPD.
TABLE 2 | The summary of potential therapeutical alternatives targeting the inflammatory mechanisms for postpartum depression.
[image: Table 2]During the postpartum period, many women suffer from obesity, sleep deprivation, mastitis, or diabetes, and so on. There is plenty of evidence that these factors have a high risk of inflammation (Pyorala, 2003; Halim and Halim, 2019; Irwin, 2019; Atrooz and Salim, 2020; Berbudi et al., 2020; Miao et al., 2022; Rohm et al., 2022; Shangraw and McFadden, 2022). Raising infants may be physically and financially stressful for women. It has been reported that stress could induce immune dysfunction and is associated with inflammation (Glaser and Kiecolt-Glaser, 2005; Umamaheswaran et al., 2018). In addition, the hormone levels of women change after childbirth. Estrogen (Kovats, 2015; Xu et al., 2016), progesterone (Patel et al., 2017), oxytocin (Tang et al., 2019; Szeto et al., 2020), and corticotropin releasing hormone (Webster et al., 1998; Nakade et al., 2021) all have been reported related to inflammation. Therefore, the potential mechanisms of PPD are highly interrelated. A variety of risky factors contribute to PPD collectively. Therapy for women with PPD will be multifaceted and comprehensive.
On the other hand, retrospective reports and case registry studies indicates significant degrees of consistency in depression throughout pregnancy to postpartum as well as across several years pre-conception to postpartum (Hipwell et al., 2022). It reminds us that the pathophysiological mechanisms implicated in PPD started on (or even before) the pregnancy, and PPD should be considered within a lifespan perspective. It is the successive process, and early clinical screening and interventions are necessary. With existing technology and clinical knowledge, it might be possible to identify a population at risk of getting PPD (Cellini et al., 2022). Plenty of evidence indicates that multiple factors (Figure 1) including genetics (eg. nearly 50% of heritability), epigenetics (eg., DNA methylation at the oxytocin receptor gene), neuroactive molecules (eg., lower levels of allopregnanolone during the second trimester, higher levels of β-endorphin at 25 weeks’ gestation, higher levels of cortisol at day 14 postpartum, higher levels of corticotropin-releasing hormone during pregnancy, lower levels of oxytocin during the third trimester, hypractive thyroid function at delivery, higher levels of inflammatory markers prenatally and at delivery), psychiatric history (antenatal major depressive disorder, anxiety, or other psychiatric disorder), adverse life events (eg., physical, psychological, or sexual abuse), demographic information (eg., younger or older maternal age, black or hispanic race, low socioeconomic status), and obstetrical outcomes (eg. preterm birth), are potential predictors for PPD(Yim et al., 2010; Sylven et al., 2013; Corwin et al., 2015; Guintivano et al., 2018a; Guintivano et al., 2018b; Osborne et al., 2019a; Bauer et al., 2019; Cao and Wei, 2020; Cevik and Alan, 2021; Grippi, 2021; Lapato et al., 2021; Nelson et al., 2022). In terms of inflammatory markers, increase of Treg cells prenatally (Krause et al., 2014), upregulation of IL-6 and high-sensitivity C-reactive protein (Hs-CRP) at delivery (Liu et al., 2016), high DNA methylation at FOXP3 Treg-cell-specific demethylated region (TSDR) prenatally (Sluiter et al., 2020), increase of the IL-8/IL-10 ratio during the third trimester (Corwin et al., 2015) are highly correlated with the occurrence of PPD. In addition, a study has demonstrated that the sum of quinolinic acid, Kyn, 3-OH-kynurenine and 3-OH-anthranilic acid during pregnancy was closely associated with body image dissatisfaction (Roomruangwong et al., 2018). Furthermore, a recent cross-sectional study indicated that maternal and paternal depression were positively associated and served as predictors of one another in the early postnatal period (Zheng et al., 2022). It reminds us that early screening and evaluation (including the partner) is meaningful. In recent years, artificial intelligence is developing rapidly, providing novel methods for perinatal health prediction modeling, diagnostics, early identification, and monitoring (Ramakrishnan et al., 2021). It is hoped that more scientific research and advanced technology will benefit women with PPD in the future.
Collectively, this review summarizes the inflammatory mechanisms implicated in PPD, including decreased T cell activation, up-regulation of proinflammatory cytokines, activation of kynurenine pathway, and activation of NLRP3 inflammasome. The hypothesis diagram and predicted inflammatory markers are shown in Figure 2. At present, some reviews (Payne and Maguire, 2019; Worthen and Beurel, 2022) have reported the roles of inflammation in PPD, but none of them mentioned the effects of inflammasomes. We have further expanded the contents on this basis. There are also some limitations in this review. 1) Some reports have conflicting conclusions, which makes it difficult for us to draw a definite conclusion in the summary. It may be caused by the clinical heterogeneities, including the differences in situations of subjects (race, age, etc.), mode of production (spontaneous delivery, caesarean section, etc.), scoring method (depressive symptom, PPD scale, etc.), the time collecting samples (24 h, 3 days, 3 months, 6 months, etc. after delivery), sampling content (whole blood, serum, plasma, urine, etc.). 2) Overall, there are limited reports about inflammation in PPD. Many experiments have only animal data rather than human data. It may be due to the vulnerability of postpartum population. Further studies are needed. Altogether, this review declares that inflammatory mechanisms play important roles in the pathology of PPD. Furthermore, the inflammatory indicators should be considered possible clinical markers and therapeutic targets in PPD.
[image: Figure 2]FIGURE 2 | The inflammatory mechanisms implicated in postpartum depression and potential predicted markers. The inflammatory mechanisms implicated in postpartum depression include decreased T cell activation, up-regulation of proinflammatory cytokines, activation of kynurenine pathway, and activation of NLRP3 inflammasome. The potential predicted inflammatory markers include increased Treg cells prenatally, upregulation of IL-6 and Hs-CRP at delivery, high DNA methylation at FOXP3 TSDR prenatally, increased IL-8/IL-10 ratio during the third trimester, and high level of quinolinic acid, Kyn, 3-OH-kynurenine and 3-OH-anthranilic acid during pregnancy. Trp, tryptophan; Kyn, kynurenine; Treg cells, regulatory T cells; IL, interleukin; Hs-CRP, high-sensitivity C-reactive protein; DNA, deoxyribonucleic acid; TSDR, Treg-cell-specific demethylated region.
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Lupus nephritis (LN) is a secondary renal disease caused by systemic lupus erythematosus affecting the kidneys. It is one of the main causes of end-stage renal disease and a serious risk factor for early mortality and disability of systemic lupus erythematosus patients. Existing LN treatment is mainly based on hormones, cytotoxic drugs, and biological agents. Nevertheless, the prognosis of LN patients remains poor because of frequent recurrence and exacerbation of adverse drug reactions. Hence, LN is still the most important cause of end-stage renal disease. In recent years, traditional Chinese medicine (TCM) has attracted increasing attention because of encouraging evidence that it alleviates LN and the well-described mechanisms underlying renal injury. TCM has therapeutic benefits for treating LN patients. This review article elucidates TCM preparations, TCM monomers, and herbal or natural extraction for LN treatment to provide effective supplementary evidence for promoting the development of TCM treatment for LN and reference for future research and clinical practice.
Keywords: lupus nephritis (LN), traditional Chinese medicine, inflammation, therapy, kidney injury
INTRODUCTION
Systemic lupus erythematosus (SLE) is a chronic autoimmune disease caused by the abnormal activation of lymphocytes leading to the inappropriate production of large amounts of autoantibodies, which affect multiple systems and organs (Durcan et al., 2019). Inflammatory nephropathy caused by the immune complex deposition involving the kidneys has a long course and is prone to recurring attacks. It can cause serious kidney injury if poorly managed. More than 1/4 of SLE patients have kidney injury at the onset, and 90% of them have pathological manifestations of renal involvement during the onset. The incidence of end-stage renal disease is approximately 4.3% and is a serious risk factor for early mortality and disability of SLE patients. It is still one of the three major causes of mortality in SLE patients (Hanly et al., 2016; Ocampo-Piraquive et al., 2018; Raimbourg and Daugas, 2019; Anders et al., 2020). Lupus nephritis (LN) is the most common and critical visceral complication of SLE, the main cause of mortality in SLE patients, and still the principal cause of end-stage renal disease (Lee et al., 2016; Gasparotto et al., 2020; Mahajan et al., 2020). In modern medicine, hormones, cytotoxic drugs, and biological agents have often been used in clinical practice to control LN, improve the prognosis of the patients, and reduce the toxicity and adverse effects of drugs to continuously improve the therapeutic efficacy of LN drugs.
The pathogenesis of LN has not been fully clarified yet, existing reports have shown that immunomodulatory imbalance and inflammation are important in LN pathogenesis (Frangou et al., 2020), which is mainly considered to be related to immune complex deposition (IC), complement system abnormality, immune cell abnormality and cytokine change, gene expression (epigenetic modification) abnormality, virus immunity, and viral immunity. The main pathogenesis of LN is the activation of complement system caused by the deposition of immune complexes in the kidney. Typical lupus glomerulonephritis is driven by immune complex mediated inflammation. The complement cascade reaction in renal tissue is caused by the deposition of immune complex, which promotes the proliferation and activation of glomerular mesangial cells and releases a variety of inflammatory factors (Rekvig, 2019; Chang et al., 2021). The autoantibodies of the kidney itself (antibody GBM antibody) form immune complexes in situ in the kidney, which also cause kidney damage. In addition, abnormal immune cells and changes in cytokines are also important aspects of its pathogenesis (Kant et al., 2022). Neutrophil extracellular traps (NETS), as immune cells, play an increasingly important role in the pathogenesis of LN. Neutrophils induce plasma cell like dendritic cells to produce IFN-α, which is involved in the injury of endothelial cells (Nishi and Mayadas, 2019; Bruschi et al., 2021). CD4+T cells are auxiliary signals for B cell differentiation, which induce B cells to secrete a large number of autoantibodies to form immune complexes. Nucleic acid of immune complex initiates renal inflammation through TLR in macrophages and dendritic cells (Choi and Morel, 2017; Obrișcă et al., 2021). Epigenetics (DNA methylation, abnormal expression of mi RNA, histone modifications, etc.) are also involved in the development of several autoimmune diseases, including LN, and abnormal epigenetic modifications directly lead to abnormal proliferation of renal cells, renal fibrosis and inflammation in LN (Mei et al., 2022; Xu et al., 2022). Hence, the development of new and effective therapeutic regimens to regulate immune function and control inflammatory response is of great significance for LN treatment and the improvement of disease conditions and prognosis.
Because of the complexity, cost, and poor efficacy of LN treatments, supplementary and complementary treatment options are becoming increasingly attractive (Balkrishna et al., 2020; Lu et al., 2021). Chinese herbal medicine, which has been practiced for thousands of years, remains one of the leading treatments in China and East Asia. In the 21st century, it has rapidly spread worldwide. After thousands of years of practice and research, the potential therapeutic benefit of traditional Chinese herbal medicine for LN patients has gradually been recognized. Clinical trials and observational studies have provided encouraging evidence that Chinese herbal medicine is beneficial to LN patients. Recent studies have reported that many TCM Preparations and Monomers and extracts of these drugs have significant efficacy in the treatment of immune diseases, such as the classic formula Huang-Lian Jie-Du decoction (HLJDD), which has unique clinical efficacy in the treatment of immune diseases such as lupus nephritis, rheumatoid arthritis, and ulcerative colitis. Nie et al. (2016) found that HLJDD significantly inhibited STAT3 phosphorylation and thus exerted renoprotective effects in the treatment of lupus nephritis (LN) mice; Li et al. (2021) found that the potential mechanism of HLJDD in the treatment of RA may be attributed to the inhibition of immune inflammatory response, reduction of chemokine release, and attenuating the destruction of extracellular matrix (ECM) in the synovial compartment; Yuan et al. (2020) suggesting that HLJDD improves acute ulcerative colitis in mice by modulating NF-κB and Nrf2 signaling pathways and enhancing intestinal barrier function.
TCM monomers such as Tripterygium wilfordii also have significant anti-inflammatory and immunosuppressive properties (Song et al., 2020) and are useful in the treatment of systemic lupus erythematosus, rheumatoid arthritis, ankylosing spondylitis, systemic sclerosis-associated interstitial lung disease (SSc ILD), and chronic urticaria have definite clinical efficacy (Liu et al., 2018; Chen et al., 2020; Yang et al., 2020; Zhang et al., 2021a; Zhang et al., 2021b); Triptolide is an extract of Tripterygium wilfordii, which exerts its anti-inflammatory, immunosuppressive and anti-tumor activities by regulating cellular autophagy, apoptosis, antioxidant and other multiple pathways, and is now widely used in the clinical treatment of immune diseases, tumors, kidney diseases and other immune diseases and has become a popular research direction (Qin et al., 2018; Wei et al., 2019; Ren et al., 2020; Yu et al., 2021a). Recent studies have reported that many compound formulas and herbal monomers and extracts of these drugs have significant efficacy in the treatment of immune diseases, such as the classical formula Huang-Lian Jie-Du decoction have unique clinical efficacy in the treatment of immune diseases such as lupus nephritis1, rheumatoid arthritis2 and ulcerative colitis2. TCM Monomers such as Tripterygium wilfordii have definite clinical efficacy in the treatment of systemic lupus erythematosus3, rheumatoid arthritis4, ankylosing spondylitis5, systemic sclerosis-associated interstitial lung disease (SSc-ILD)6, and chronic urticaria7; Triptolide, an extract of Tripterygium wilfordii, is currently used in the treatment of lupus nephritis1, rheumatoid arthritis2, and ulcerative colitis2 because of its immunosuppressive effect. It has been widely used in the clinical treatment of immune diseases, tumors, kidney diseases and other immune diseases due to its good immunosuppressive effect, and has become a popular research direction. The combination therapy of traditional Chinese medicine (TCM), steroids and immunosuppressants based on the principle of combination of disease and syndrome is effective in reducing adverse effects and recurrence rates and increasing the therapeutic efficacy in LN (Choi et al., 2018; Yu et al., 2021a). Significant benefits of Chinese herbal medicine that have been observed and reported include improvement of symptoms, reduction of antibody and proteinuria levels, improvement of kidney injury, reduction in the dose and toxicity of hormones used, and prevention of disease flares (Wu et al., 2018; Du et al., 2022; Liu et al., 2022). This review summarized the therapeutic effects and mechanisms of various traditional Chinese medicines (preparations, monomers and extracts) on lupus nephritis (Table 1).
TABLE 1 | Herbal traditional Chinese medicine for the treatment of lupus nephritis.
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Liuwei Dihuang pills for lupus nephritis
China is well known for its use of traditional medicine. The Liuwei Dihuang pill is one of the most popular Chinese herbal medicines with a significant curative effect on chronic kidney disease, containing six medicinal compounds: Radix Rehmanniae praeparata, Rhizoma Dioscoreae, Fructus Corni, Cortex Moutan, Poria, and Rhizoma Alismatis. It was first reported in the ancient Chinese literature Tips for the Treatment of Pediatric Diseases in the Northern Song dynasty (960–1127 AD) (Li and Zhang, 2013; He et al., 2019). According to the TCM theory, Liuwei Dihuang pills have the functions of nourishing yin and tonifying the kidneys. In modern research, Liuwei Dihuang pills boost the immune system, improve renal function, and promote metabolism (Liu et al., 2020; Qiu et al., 2020; Hou et al., 2021). Relevant clinical studies have shown that Liuwei Dihuang pills in combination with hormone therapy in the treatment of LN reduce receptor expression, consequently reducing the advanced glycation end-product levels to avoid further exacerbation of tissue immune responses. Reduction of monocyte chemoattractant protein 1 expression inhibits the release of inflammatory mediators, such as interleukin (IL)-1 and IL-6, and reduces the chemokine expression of fractalkine to control inflammatory exudation (Chang et al., 2017), thereby significantly improving the efficacy of hormone therapy, reducing the adverse reactions of hormone therapy drugs, and preventing the recurrence of LN.
Zhibai Dihuang pills for lupus nephritis
Zhibai Dihuang pills are composed of Liuwei Dihuang pills, and Rhizoma Anemarrhenae and Phellodendron chine, which are pungent cold herbs promoting fluid production, nourishing yin, removing “fire” toxin, tonifying deficiency, and replenishing qi. Zhibai Dihuang pills have antioxidant, anti-inflammatory, and immunomodulatory properties against epithelial damage, which improve nephritis. The addition of Phellodendron chine inhibits mRNA levels of anti-inflammatory cytokines, including tumor necrosis factor-alpha (TNF-α), IL-1β, IL-6, and cyclooxygenase 2 (Cheng et al., 2019). Rhizoma Anemarrhenae regulates AMP-activated protein kinase K activation for anti-inflammation and immunomodulation. Furthermore, the combination of Rhizoma Anemarrhenae and Phellodendron chine exerts an anti-inflammatory effect by regulating the Akt/mTOR/FoxO signaling pathway to enhance the anti-inflammatory activity of LN (Zhang et al., 2014). These effects inhibit symptoms of inflammation, and regulate cellular and humoral immunity, assisting in the repair of glomerular basement membrane damage, reducing thylakoid immunoglobulin G and C3 deposition, and improving renal function.
Ba-Wei-Dihuang pills for lupus nephritis
Ba-Wei-Dihuang pills are composed of Liuwei Dihuang pills, cinnamon, and monkshood plant (Aconitum), which has the functions of tonifying yang and nourishing the kidneys based on the TCM theory. They are used to treat various aging-related diseases, including low back pain, paresthesia, edema, urinary hesitancy, and blurred vision. Recent studies have shown that Ba-Wei-Dihuang pills ameliorate autoimmune diseases, such as LN, through various mechanisms. Administration of Ba-Wei-Dihuang significantly relieves nephritis and reduces proteinuria and immune complex precipitation. The specific mechanism is mainly by improving the imbalance of T-helper 1 (Th1) dominance in the body. Ba-Wei-Dihuang pills reduce serum double-strand (ds)DNA antibody levels and significantly inhibit the production of antigen-specific interferon (IFN)-γ, thereby further inhibiting the production of IL-12 (Furuya et al., 2001). Moreover, a previous study showed that Ba-Wei-Dihuang pills limited the expression of the IL-18 receptor complex by reducing the production of IL-4 by natural killer T cells, thereby reducing the hyperresponsiveness of cells to IL-18 (Furuya et al., 2003), normalizing the Th1 imbalance, and controlling the autoimmune diseases in mice.
Huang-Lian Jie-Du decoction
The earliest report of Huang-Lian Jie-Du decoction (HLJDD) was in Zhouhoubeijifang (Handbook of Prescriptions for Emergencies), and the name first appeared in Waitai Miyao (Medical Secrets of an Official). HLJDD is composed of four herbs, including Coptis chinensis, Phellodendron chinensis and scutellaria chinensis, and gardeniae fructus, in a 3:2:2:3 ratio. It is a Chinese medicine formula for purging “fire” and removing toxins and has been widely used in TCM treatment for cardiovascular and cerebrovascular diseases, inflammation, senile dementia, and diabetes. It has a wide range of pharmacological activities (e.g., antibacterial, anti-inflammatory, antioxidant, and neuroprotective activities) and multiple functions (e.g., antiendotoxin, anticoagulation, immunomodulatory, anti-inflammatory, and antiviral functions). It effectively improves the hypoxia–ischemia resistance of tissues and organs and endothelium-dependent vasodilation, reduces creatinine levels, and inhibits the expression of angiotensin II and inflammatory cytokines, thereby effectively protecting the renal function of patients (Lu et al., 2011; Yi et al., 2012; Khan et al., 2016; Kumar et al., 2016; Li et al., 2016; Nie et al., 2016). In LN, experiments confirmed that HLJDD reduced urine protein concentration and creatinine concentration, alleviated renal lesions, improved renal function, and decreased the mortality rate of an LN mouse model. These effects were achieved by inhibiting the activation and phosphorylation of p-STAT3, thereby inhibiting the JAK/STAT signaling pathway to prevent the release of inflammatory cytokines (namely, IL-6, IL-10, and IFN-γ), reducing autoimmune activity, inhibiting renal macrophage infiltration, and lowering renal immune complex C3 deposition in the LN mouse model (Lai et al., 2019).
Zhenwu decoction
Zhenwu decoction was first reported in Shanghan Lun (Treatise on Febrile Diseases Caused by Cold). It is a famous TCM formula for warming yang and excreting water. It consists of Poria, Chinese herbaceous peony, ginger, Fuzi (Radix Aconiti Carmichaeli), and Baizhu (Atractylodes macrocephala Koidz). It is clinically used for the treatment of the symptoms of yang deficiency in the spleen and kidneys, such as urinary hesitancy; heavy or swollen limbs; pale, enlarged, and white tongue; and sunken pulse. The pathogenesis of LN involves immune complex deposition in the glomerulus, including the circulating immune complexes and in situ immune complexes, both of which activate the complement system, cause inflammatory cells (e.g., neutrophils and platelets) to aggregate, produce a series of reactions that damage the kidneys, and eventually cause LN. In clinical research, Zhenwu decoction has been reported to have an overall curative effect on LN patients, relieving clinical symptoms, controlling lupus activity, improving renal function, and accelerating disease remission (Duan et al., 2021). Thus, this TCM is worthy of clinical application.
In summary, previous studies have confirmed that the aforementioned TCM formulae for nourishing kidney yin, invigorating and strengthening kidney yang, clearing heat, and eliminating dampness and heat can be combined with Western medicine as faster, better, and safer treatments for LN. Furthermore, many studies have reiterated the effectiveness and applicability of the aforementioned TCM formulae at the molecular level, further highlighting the key roles of TCM treatment. However, TCM prescriptions mainly activate blood, clear heat, and detoxify, and the aforementioned TCM formulae are based on the disorder of the autoimmune system in LN. The molecular mechanisms of the TCM formulae are resolving homeostatic disorders and imbalance and restoring normal homeostasis making them the top choice in the clinical treatment of LN (Figure 1).
[image: Figure 1]FIGURE 1 | Summary of the role of TCM Preparations in the treatment of lupus nephritis.
TRADITIONAL CHINESE MEDICINE MONOMERS IN LUPUS NEPHRITIS
Tripterygium wilfordii
T. wilfordii, also known as thunder god vine, is from the order Celastrales. Its dried root has a bitter and acrid taste. It promotes dryness and blood circulation to remove meridian obstruction, and it is used as a treatment for LN, rheumatism, and kidney diseases (Feng et al., 2018). Modern pharmacological research has shown that T. wilfordii has anti-inflammatory, analgesic, and immunosuppressive effects and has therapeutic effects similar to those of glucocorticoids. In China, it has become a commonly used drug for the treatment of LN. However, T. wilfordii preparations also cause kidney-related adverse reactions, such as renal failure, renal insufficiency, hematuria, oliguria, and increased creatinine level (Yingyan et al., 2022). Therefore, more caution should be exercised when choosing T. wilfordii as an LN treatment. Studies have shown that the therapeutic effect of T. wilfordii on LN is mainly manifested in the inhibition of immunity and inflammation, renal intestinal fibrosis, and vascular damage (Lesiak et al., 2010; Hongqin et al., 2011; Qu et al., 2014; Lu et al., 2015; Lu et al., 2016; Drehmer et al., 2017; Lee et al., 2019; Yingyan et al., 2022). Celastrol (tripterine), a compound isolated from the dried root of T. wilfordii, inhibits the expression of tissue inhibitor of metalloproteinase 1 in the kidneys and has a significant effect on delaying glomerulosclerosis in a lupus rodent model (Xiang et al., 2022). Estrogen receptor 1 encodes estrogen receptor alpha, and its expression is positively correlated with antinuclear antibody and antireceptor-associated protein antibody and the severity of clinical symptoms of lupus erythematosus (Wang et al., 2020a). Triptolide, a compound isolated from T. wilfordii, upregulates the expression of caspase-3 and caspase-9 (Zubair and Frieri, 2013) and may worsen the symptoms of proteinuria. Vascular endothelial growth factor A (VEGFA) is a core target in the protein–protein interaction network, and its receptor, Fms related receptor tyrosine kinase 1, has the function of protecting the integrity of endothelial cells and the vascular system and the glomerular filtration barrier in an inflammatory environment (Tan et al., 2020). In LN, VEGFA synthesis is decreased and the serum receptor Fms related receptor tyrosine kinase 1 is increased, resulting in insufficient VEGFA in renal tissues, which leads to fibrosis and proteinuria. Most of the components of T. wilfordii have a therapeutic effect on LN, but some of its active components may also cause adverse effects such as podocyte apoptosis and accelerated renal fibrosis.
Paeonia
The dried root of red peony (Paeonia anomala of family Ranunculaceae) or Paeonia veitchii Lynch is a commonly used TCM in clinical practice. According to the TCM theory, it has the functions of clearing heat, cooling blood, dispelling stasis, and relieving pain (Liang et al., 2021). Modern experimental research also provides pharmacological evidence that red and white peony (Paeonia lactiflora) dispel wind dampness and eliminate blood impediments. The main chemical active ingredient extracted from peony roots is total glucosides of peony (TGP) (Wang et al., 2020b; Jiang et al., 2020). Peony roots also contain tannins, flavonoids, and volatile oils. White and red peony roots have higher contents of monoterpene glycosides, such as paeoniflorin, albiflorin, oxypaeoniflorin, and benzoyloxy paeoniflorin. They have anti-inflammatory, immunomodulatory, analgesic, sedative, antistress, antiulcer, and hepatoprotective functions and fewer adverse effects. Paeonia has been extensively used in TCM treatment of rheumatoid arthritis and rheumatic diseases, such as arthritis, SLE, and ankylosing spondylitis.
Although the molecular mechanism of TGP has not yet been investigated, LN, which is the most serious complication of SLE, may have similar mechanisms to SLE. TGP mainly downregulates the expression of IL-8, TNF-α, and IFN-α in SLE patients and, therefore, has a protective effect against SLE. It is speculated that LN treatment may also be related to its ability to inhibit IL-1, IL-8, TNF-α, IFN-α, prostaglandin E2, and other cytokines, which, however, still need further experimental verification. Animal studies have shown that in a mouse model, red peony reduces the expression of intercellular adhesion molecule-1, vascular cell adhesion molecule-1, and platelet endothelial cell adhesion molecule-1; prevents the adhesion of inflammatory cells; and improves the effect of the LN (Ding et al., 2009). Nevertheless, a study on the specific mechanism and further clinical trials are required to verify the results.
Cordyceps sinensis
Cordyceps sinensis is a unique leaf-like fungus that grows on caterpillars and is considered a tonic in TCM to treat various diseases. In the TCM theory, C. sinensis has the functions of invigorating the kidneys, improving lung function, and enhancing the original qi. It has been suggested that C. sinensis regulates the immune system bidirectionally, reduces tubulointerstitial damage, inhibits renal fibrosis, and improves renal functions (Barido et al., 2020; Li et al., 2020). In six randomized controlled trials with treatment duration of 2–12 months, the effects of C. sinensis were tested on a total of 507 LN patients (Li et al., 2006; Davidson et al., 2019; Ren et al., 2019; Yu et al., 2021b). In the Western medicine control group, the LN patients received glucocorticoid (methylprednisolone or prednisone) and immunosuppressive agents (cyclophosphamide or tacrolimus). In the C. sinensis plus Western medicine treatment group, the LN patients received C. sinensis preparations (1 or 1.65 g of C. sinensis, three times daily) and equal doses of Western medicine as in the control group. Compared with the Western medicine control group, the group that received combination therapy of C. sinensis preparations and Western medicine had significantly improved clinical symptoms and decreased disease activity scores of LN, 24-h urine protein, anti-dsDNA antibody, and serum creatinine levels. Furthermore, the infection rate and adverse reaction rate in the C. sinensis plus Western medicine treatment group were significantly lower than in the Western medicine control group. These results suggested that C. sinensis may have a potential effect on improving the immune function of LN patients, and the combined application of C. sinensis and Western medicine had a clinical curative effect on LN.
HERBAL OR NATURAL EXTRACTS
Artemisia
Artemisinin is a sesquiterpene lactone drug with a peroxide group. It is extracted from the leaves of Artemisia annua. The annua has been used to treat malaria in China for over two thousand years. Its derivatives are artemether, arteether, artesunate, and dihydroartemisinin. A. annua, artemisinin, and its derivatives are a great potential source of TCMs. These newly identified artemisinin derivatives have significant immunosuppressive activity and therapeutic safety, acting in all stages of innate and acquired immunity to exert anti-inflammatory and immunomodulatory effects. It also inhibits helper T cells, promotes the proliferation of regulatory T cells, inhibits mature B cells, reduces tissue damage caused by humoral and cellular immunity, and enhances immune tolerance (Okorji et al., 2016; Wu et al., 2016). In recent years, research teams in China have designed new artemisinin derivatives with lower toxicity, high biological activity, and immunosuppressive activity, such as SM934, SM905, SM735, and SM933. Animal experiments on SM934 suggest that SM934 promotes the expression of IL-10, inhibits pathological T cells (e.g., Th1 and Th17), and increases the number of resting B cells while reducing the number of activated B cells and plasma cells. As a candidate drug for SLE treatment, SM934 has been approved by the U.S. Food and Drug Administration for clinical studies in the treatment of lupus (Hou et al., 2011; Xiao et al., 2022).
Curcumin
Curcumin (Cur) is a polyphenolic monomer used in TCM treatment. It has various pharmacological effects, such as anti-inflammatory, antioxidation, antiproliferation, and immunomodulation. It has been extensively used in the treatment of various diseases and has been confirmed to have a certain protective effect against kidney injury (Hou et al., 2019; Liu et al., 2019; Fanouriakis et al., 2020).
Fan et al. (Ding et al., 2011) showed that Cur inhibited Akt phosphorylation and upregulated APPL1 expression, thereby protecting the acute kidney injury caused by ischemia–reperfusion. In MRL/lpr mice, Cur has a significant nephroprotective effect, and its mechanism of action may be related to the inhibition of the nuclear factor kappa B signaling pathway and the activation of NLRP3 inflammasome, (Zhang et al., 2019; Zhang and Wei, 2020).
Loquat leaf and Osmanthus extracts
Loquat leaf is a type of Chinese medicine with an anti-inflammatory effect. Many studies have shown that Th17 cells play a crucial role in mediating the pathological deterioration of SLE. Th17 cells have also been shown to play a key role in the pathogenesis of various autoimmune diseases, such as SLE. Th17 cells produce inflammatory cytokines, such as IL-17A, IL-17F, and IL-23, which further exacerbate diseases and damage multiple organs (Paquissi and Abensur, 2021). Retinoic acid receptor–related orphan receptor γt is a key factor regulating the development and secretion of Th17 cells. The reduction of retinoic acid receptor–related orphan receptor γt effectively alleviates the symptoms of various autoimmune diseases. Three types of loquat leaf methyl coralline, ursodiol, oleanolic acid, and acetyl oxyl-oleanolic acid, isolated from Osmanthus were found to be effective inhibitors of Th17 differentiation and IL-17A secretion, which further reduces serum anti-dsDNA antibody levels, renal pathological damage, and antibody complex accumulation, improving the pathological damage and reducing the severity of renal damage in LN (Zhou et al., 2020).
Realgar
Realgar, an arsenic tetrasulfide compound, is a highly recognized TCM prescription that has been extensively used to treat various diseases, such as inflammatory diseases. However, in clinical treatment, high oral dose and high toxicity potential of realgar remain a problem. A previous study evaluated the effect of realgar nanoparticles on LN in MRL/lpr mice. The results showed that nano-realgar may be a potential agent for LN treatment, and it down- regulated the expression of p-STAT1, suggesting that nano-realgar may be one of the therapeutic targets of LN (Xu et al., 2019) (Figure 2).
[image: Figure 2]FIGURE 2 | Summary of the role of TCM monomers and herbal or natural extracts in the treatment of lupus nephritis.
CONCLUSION
LN, by reason of its complex pathogenesis, remains as a therapeutically challenging chronic disease. Because of the increasing number of clinical research studies, more drugs and therapeutic regimens have been adopted in the clinical treatment of LN. In the long-term application of Western medicine, drug resistance gradually develops, and therapeutic efficacy subsequently declines. Despite the limited evidence on the efficacy of TCM for LN treatment, the aforementioned data suggest that TCM and Western medicines may have a synergistic effect. Their combination increases treatment efficacy, reduces toxicity and the disease recurrence rate, delays disease progression, and decreases the adverse effects, which suggest that this approach is worthy of promotion and application in clinical practice. Hence, more multicenter, large-sample double-blind randomized controlled trials and related basic experiments are necessary to further verify the mechanism of action, efficacy, and safety of integrated TCM and Western medicine in LN treatment and to formulate effective individualized treatment strategies. Accurate and reasonable understanding of the toxicity of TCM and its extracts is also necessary to provide a broader prospect for TCM in LN treatment clinically.
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Background: Circular RNA (circRNA) has an important influence on oral squamous cell carcinoma (OSCC) progression as competing endogenous RNAs (ceRNAs). However, the link between ceRNAs and the OSCC immune microenvironment is unknown. The research aimed to find circRNAs implicated in OSCC carcinogenesis and progression and build a circRNA-based ceRNA network to create a reliable OSCC risk prediction model.
Methods: The expression profiles of circRNA in OSCC tumors and normal tissues were assessed through RNA sequencing. From the TCGA database, clinicopathological data and expression patterns of microRNAs (miRNAs) and mRNAs were obtained. A network of circRNA-miRNA-mRNA ceRNA was prepared according to these differentially expressed RNAs and was analyzed through functional enrichment. Subsequently, based on the mRNA in the ceRNA network, the influence of the model on prognosis was then evaluated using a risk prediction model. Finally, considering survival, tumor-infiltrating immune cells (TICs), clinicopathological features, immunosuppressive molecules, and chemotherapy efficacy were analyzed.
Results: Eleven differentially expressed circRNAs were found in cancer tissues relative to healthy tissues. We established a network of circRNA-miRNA-mRNA ceRNA, and the ceRNA network includes 123 mRNAs, six miRNAs, and four circRNAs. By the assessment of Genomes pathway and Kyoto Encyclopedia of Genes, it is found that in the cellular senescence, PI3K-AKT and mTOR signaling pathway mRNAs were mainly enrichment. An immune-related signature was created utilizing seven immune-related genes in the ceRNA network after univariate and multivariate analysis. The receiver operating characteristic of the nomogram exhibited satisfactory accuracy and predictive potential. According to a Kaplan-Meier analysis, the high-risk group’s survival rate was signally lower than the group with low-risk. In addition, risk models were linked to clinicopathological characteristics, TICs, immune checkpoints, and antitumor drug susceptibility.
Conclusion: The profiles of circRNAs expression of OSCC tissues differ significantly from normal tissues. Our study established a circRNA-associated ceRNA network associated with OSCC and identified essential prognostic genes. Furthermore, our proposed immune-based signature aims to help research OSCC etiology, prognostic marker screening, and immune response evaluation.
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INTRODUCTION
Oral squamous cell carcinoma (OSCC) is a group of malignant diseases that develop on the surfaces of the lips, gums, tongue, cheeks, and palate (Wong and Wiesenfeld, 2018). In 2020, the International Agency for Research on Cancer (IARC) reported that there were approximately 3,77,713 new cases of lip and oral cancer worldwide, accounting for 2.1% of all cancers (Kalogirou et al., 2021). OSCC is three times more common in men than women, and the average age of diagnosis is 50, although it also occurs in younger populations (Conway et al., 2018; Mello et al., 2018; Jehn et al., 2019). The occurrence and development of OSCC result from a combination of factors. Its main risk factors include tobacco and alcohol consumption and other possible risk factors, such as chronic irritation, poor oral hygiene, human papillomavirus (HPV), poor nutrition, and suppressed immune system (Petersen, 2009; Oji and Chukwuneke, 2012; Spence et al., 2016). These risk factors cause various genetic instabilities and molecular alterations, including loss of heterozygosity on chromosomes 3, 4, 7, 8, 11, 17, and 19, and downregulation of tumor suppressor genes such as TP53, RB, CDKN2A, and cancer upregulation of genes such as cyclin D1 (Leemans et al., 2011; Schaal and Chellappan, 2014; Alsahafi et al., 2019). Over the past few decades, there has been considerable progress in comprehensive treatment modalities for OSCC, with current treatments including radical surgery, radiation therapy, and chemotherapy (Oosting and Haddad, 2019). However, due to its late detection and high recurrence rate, mortality remains high, and the prognosis is relatively poor (Chang et al., 2021). Therefore, it is essential to explore the molecular mechanism of OSCC and the development of its malignant biological behavior and find effective targets for OSCC treatment.
At present, factors such as immune system disorders and tumor microenvironment (TME) have been confirmed to affect tumors’ occurrence, development, invasion, and drug resistance (Wu and Dai., 2017; Hinshaw and Shevde, 2019). The TME consists of tumor cells, tumor-associated stromal cells, and the extracellular matrix (Gao et al., 2019). TME can enhance or inhibit therapeutic effects and may have variable activation states (Vuong et al., 2019). Modifying or regulating specific factors or cells in the TME is particularly beneficial for treating tumors, such as immune checkpoint inhibitors (ICIs) (Liu et al., 2017). However, the distribution and mechanism of action of complex TMEs in OSCC have not been elucidated. In addition, it is necessary to explore methods further to accurately predict the efficacy of OSCC immunotherapy and find immunotherapy-related markers.
The circular RNA (circRNA) genome was discovered in a virus in 1976, but its role in gene regulation and cancer formation has only recently been discovered (Li et al., 2015). CircRNAs are a new type of non-protein-coding RNAs that are single-stranded with the head 3′ and tail 5′ ends covalently bound together to form a circular form (Geng et al., 2018). Due to the special covalently closed circular molecular structure, circRNAs are more resistant to degradation and more stable than traditional linear RNAs (Chen et al., 2016). In addition, circRNAs are suggested to be the universal molecules distributed in human cells; and in some circumstances, circRNAs are way more abundant than their linear isoforms. Many studies have shown that circRNAs can competitively adsorb miRNAs, thereby regulating gene expression at the post-transcriptional level (Gao et al., 2016). The circRNA hsa_circ_0009128 has been reported to be associated with the malignant progression of OSCC by targeting MMP9 to activate epithelial-mesenchymal transition (EMT) to stimulate OSCC cell proliferation and migration (Zhang et al., 2021). Cui et al. (2021) demonstrated that CircCDR1as elevates SLC7A11 as an oncogene for OSCC progression by targeting miR-876-5p. Shi et al. (2021) discovered that circGDI2 is a tumor suppressor that plays a role in OSCC pathogenesis by regulating FOXF2 expression through miR-454-3p. Furthermore, studies have shown that key nodal factors in the ceRNA network affect the proportion of tumor infiltrating immune cells (TICs) in the TME and the efficacy of immunotherapy. Wang et al. (2020) found that circRNA-002178 induced PD1 expression by sponging miR-34, thereby inducing T cell depletion. Ou et al. (2019) showed that circ_0000977 promoted the accumulation of hypoxia-inducible factor 1-alpha (HI1FA), inhibited NK cell lysis and led to immune escape of pancreatic cancer cells. However, there are few studies on the immune infiltration patterns of ceRNA and OSCC. At present, most of these studies use lncRNAs as the starting point to establish ceRNA networks and perform immune infiltration analysis. There is still a lack of related research on circRNAs.
In this study, we analyzed differentially expressed genes, including circRNAs, miRNAs, and mRNAs, based on high-throughput sequencing and the TCGA database. Public databases were used to examine interactions between circRNAs, miRNAs, and mRNAs, and to construct ceRNA networks. Genes within the ceRNA network were profiled by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. A prognostic mRNA signature associated with OSCC was established using univariate, Least Absolute Shrinkage and Selection Operator (LASSO) and multivariate Cox proportional hazards regression analysis and validated using time-dependent Receiver Operating Characteristic (ROC) curve analysis. Finally, we also assessed the association of this risk model with tumor-infiltrating immune cells or immune-related molecules, and the relationship of this model with the efficacy of chemotherapy in OSCC. Our study will contribute to a better understanding of the regulatory ceRNA network and provide a reliable reference for developing therapeutic targets for OSCC.
MATERIALS AND METHODS
Patient tissue samples and cell lines
For high-throughput sequencing, three pairs of quickly frozen OSCC tissue and surrounding healthy tissue were obtained from patients through the operation. Then, twenty pairs of samples were used for circRNA validation by quantitative real-time polymerase chain reaction (qRT-PCR), including samples for high-throughput sequencing analysis. Before the procedure, all experimental patient samples received no other therapies, and a thorough pathologic analysis validated all oral squamous cell carcinoma tissues. Each patient signed a written informed permission form, and the Medical Ethics Committee approved the study at Anhui Medical University’s Affiliated Stomatological Hospital. Each method was conducted as per appropriate regulations and guidelines.
HNSCC cell lines SCC9, CAL27, HN4, HN6, and human normal oral epithelial keratinocytes (HOK) were purchased from Ninth People’s Hospital Affiliated with Shanghai Jiaotong University School of Medicine in Shanghai (China). All cell lines were subjected to STR profiling and tested for Mycoplasma contamination every 3 months. These cell lines were saved in DMEM (BI, Israel) supplemented with 10% fetal bovine serum (BI, Israel), 1% penicillin, and streptomycin (NCM, Suzhou, China). Moreover, these cell lines were cultured at 37°C in a humidified incubator containing 5% CO2.
Extraction of RNA and assessment of quality
Total RNA was extracted from frozen tumor tissues (C group) and matched non-cancerous tissues (N group) using Thermo Fisher Scientific’s TRIzol reagent (United States), according to the manufacturer’s instructions. Genomic DNA (gDNA) was extracted from tissues using PureLink Genomic DNA Mini Kit according to the manufacturer’s instructions (Thermo Fisher Scientific, K182001). A NanoDrop Spectrophotometer (Thermo Fisher Scientific, United States) was used to determine the concentration and purity of RNA. The OD value was measured after taking 1 μl RNA sample 50 times diluted, and the ratio of OD260/OD280 was greater than 1.8, indicating that the prepared RNA was pure and free from protein contamination. RNA samples were taken 1 μl, 1% agarose gel electrophoresis at 80 V × 20 min, EB staining for 10 min, observed and photographed with gel imaging system, the total RNA extraction was proved to be complete if the three bands were complete. RNA samples were stored at −80°C.
Library preparation and sequencing
Libraries for the sequencing of were prepared from 2 μg of total RNA with the following modification. We removed ribosomal RNA using the Epicentre Ribo-Zero™ rRNA Removal Kit (Human/Mouse/Rat). Linear RNA was removed using RNase R (Epicentre, lnc). Magnetic beads with attached poly-T oligos were used to remove residual poly-A RNA. For fragmentation, divalent cations were used under increased temperature in an proprietary fragmentation buffer from Illumina. Using RNA as a template and primers of random oligonucleotides, synthesize cDNA first strand, then RNaseH was used to degrade the strand of RNA, and dNTP with dUTP instead of dTTP was used as the raw material to synthesize the cDNA second strand with in the DNA polymerase I system. Purify the cDNA, then perform double-end repair and introduce the “A” base at the 3′end and connect the sequencing adapter. At this time, USER enzyme (NEB, United States) was included in the system for the degradation of cDNA second strand of containing U. To select cDNA fragments of the preferred 0.4–0.5 Kbp length, purification of the library fragments was conducted using the AMPure XP system (Beckman Coulter, United States). Fragments of DNA having ligated adaptor molecules on the two ends were specifically enriched using the PCR Primer Cocktail from Illumina in a PCR reaction (15 cycle). After product purification (AMPure XP system) they were quantified through the Agilent high sensitivity DNA assay on Agilent’s Bioanalyzer 2100 system. This was followed by sequencing the library on Illumina’s NovaSeq 6000 platform (Shanghai Personal Biotechnology Cp. Ltd.).
Differential expression analysis
To determine differentially expressed CricRNAs, DESeq (1.30.0) was used, and transcripts having |log2FoldChange| > 1 and p-value < 0.05 were considered differentially expressed CricRNAs. A heatmap package in R was used for the visual assessment of differentially expressed RNA. CSCD (http://gb.whu.edu.cn/CSCD/) is an online tool to study circRNAs specific to cancer and obtain probable structures of circRNA structures.
Quantitative real-time polymerase reaction
By using the Prime Script RT Master Mix from Takara (Cat. #RR047A), the RNA (total) which were isolated from 20 samples were reversely transcribed. qRT-PCR was conducted in CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, United States) per the manufacturer’s protocol. For internal reference, GAPDH was used, and the reaction was conducted in two steps. The conditions for the reaction were: pre-denaturation at 95°C for 30 s; denaturation at 95°C for 5 s, and annealing/extension at 60°C for 30 s for 50 cycles. The threshold cycle (Ct) approach was used to estimate expression, and the 2−ΔΔCt method calculated relative expression levels. Information about primers is shown in Table 1.
TABLE 1 | A list of primers used in this study.
[image: Table 1]Competing endogenous RNA network construction
Based on the ceRNA theory, a circRNA-miRNA-mRNA regulatory network was prepared. The circBase database (http://www.circbase.org/cgi-bin/getseq.cgi) provided CircRNA information. Then, CircInteractome (https://circinteractome.nia.nih.gov/index.html) was used to determine DEcircRNA target miRNAs. These target miRNAs were crossed with DEmiRNAs in the OSCC patient dataset of the TGCA database using the Venn package, overlapping miRNAs were found, and finally, circRNA-miRNA pairs were established. We predicted the target mRNAs for intersecting miRNAs using Starbase (https://starbase.sysu.edu.cn) databases, miRDB (http://www.mirdb.org/mirdb/index.html), and TargetScan (http://www.targetscan.org/vert_72/), and only the genes that were found in all three databases at the same time were considered as likely mRNA targets. To obtain miRNA-mRNA pairs, the TCGA dataset was again used to intersect these target mRNAs with DEmRNAs. CirRNAs operate as miRNA molecular sponges, according to the ceRNA theory, and regulate mRNA expression. CircRNA expression is negatively connected with its target miRNA, while miRNA expression is adversely correlated with its target mRNA. A ceRNA regulatory network was prepared according to this principle using the above-identified circRNAs, miRNAs, and mRNAs. Finally, visualization of the ceRNA network was done using Cytoscape 3.8.2 software.
Gene ontology and kyoto encyclopedia of genes and genomes enrichment analysis
On all mRNAs in the ceRNA network, KEGG (http://www.kegg.jp/) and GO (http://geneontology.org/) enrichment analyses were performed. Each of the genes was mapped to each term in the GO database, and for each term, the numbers of mRNAs were calculated using the hypergeometric distribution. GO terms with p-value corrected to ≤0.05 were deemed enriched significantly. KEGG automatic annotation server (KAAS) was applied for pathway annotation using the complete genome as the background. The hypergeometric distribution was applied to estimate the significant mRNAs enrichment pathway; a p-value ≤ 0.05 were deemed significantly enriched.
Construction and validation of prognostic models
The association of DEmRNAs with overall survival (OS) and univariate Cox regression analysis were examined for the association between prognosis in patients with OSCC genes in the ceRNA network. Each DEmRNAs with p-value < 0.05 were finally chosen as a candidate gene for further analysis. To avoid overfitting, LASSO analysis was used, and the most appropriate prognostic DEmRNA was identified. After that, a multivariate Cox regression analysis was used to determine an optimal risk score. The risk score for patients with OSCC was estimated as follows: Risk score = [image: image] (where Xi is the risk factor and Yi is the expression level of each gene, Supplementary Table S1). We exhibited ROC curves for the model at 1, 2, and 3 years and examined the values of the Acak Information Criterion (AIC) at each point of the one-year ROC curve to discover low- and high-risk Cutoff point scores. To confirm the validity of this cutoff, Kaplan-Meier survival analysis was used to determine the difference in survival between the two groups. R tools were used to visualize survival curves and risk scores for each patient.
A chi-square test was used to verify the practicability of the generative model for clinical application and assess the association between clinicopathological features and risk scores. Band plots were drawn for visualization. The Wilcoxon signed-rank test was also used to see any differences in risk ratings across groups depending on clinical features, with the results displayed in box plots.
Assessment of tumor-infiltrating immune cells
To examine if there was a link between immune cells and risk scores in the tumor microenvironment, we employed well-established approaches such as TIMER, XCELL, EPIC, QUANTISEQ, CIBERSORT, MCPCOUNTER, and CIBERSORT-ABS to analyze TICs in samples. The relationship between risk scores and TICs was estimated by Spearman correlation analysis, and the correlation coefficient is shown in the lollipop plot (significance threshold p < 0.05). The R ggplot two package uses this operation.
Investigation of the expression of ICI-Related molecules
The “limma,” “reshape2,” “ggplot2,” and “ggpubr” packages in R were used to examine the expression of immune checkpoint genes in high-risk and low-risk patients, and immunotherapy score data was received from TCIA. To further evaluate the prognostic function of our risk model, sensitivity to immunotherapy was assessed for patients in high-risk and low-risk groups.
Chemotherapeutic drug sensitivity analysis
To assess the value of features in predicting treatment effect in OSCC, we calculated IC50s for standard chemotherapeutics and molecularly targeted drugs per sample applying pRRophetic. Guidelines recommend using antitumor drugs such as gefitinib, doxorubicin, gemcitabine, and rapamycin to treat OSCC. The Wilcoxon signed-rank test compared IC50 differences between high-risk and low-risk groups, and we used the “ggplot2” R package to show the results as box plots.
Cell transfection
We employed a negative control (NC) oligonucleotide and short interfering RNA (siRNA) to target hsa_circ_0005991. For cell culture, CAL27 cells were seeded in 6-well plates. Then, using Liposome 2000 (Invitrogen, United States) by the manufacturer’s instructions, siRNAs or controls (General, Anhui, China) were added to the cells at a final concentration of 50 nM.
Cell counting kit-8 proliferation assay
In each well of a 96-well plate, a total of 3,000 cells were implanted. 10 ul of CCK-8 reagent was added to the culture medium at 0, 24, 48, and 72 h after transfection. Then, the cells were incubated at 37°C for 1 h, and the absorbance was measured at 450 nm with a microplate reader.
Wound healing assay
Eighty percent fusion was achieved after transfected CAL27 cells were injected onto a 12-well plate. With the tip of a 10 ul pipette, single-cell layers were scraped. After three PBS washes to remove cell debris, fresh media containing serum was added. Three high magnification fields were taken at 0 h and 24 h after scratching to obtain typical images of cell migration. Using ImageJ, the scratch width was estimated.
Transwell migration and invasion assays
In the migration assay, transfected CAL27 cells were inoculated in the upper chamber of the Transwell system (BD Biosciences, San Jose, CA, United States), and the lower chamber was filled with 500 μl of medium containing 10% FBS. 24 h later, the cells remaining on the surface of the filter membrane were gently wiped off with a cotton swab, and the cells passing through the membrane were fixed with methanol and then stained with crystal violet solution. Under an inverted microscope, three randomly selected fields of view (including the center and periphery of the membrane) were used to count the number of cells. Matrigel (BD Biosciences, San Jose, CA, United States) was used to coat the filters of the Transwell system in the invasion assay, and the other steps were the same as for the migration assay.
Statistical assessments
Each experiment was repeated thrice, independently. Data are presented as the mean ± SD (standard deviation). For data analysis, the two-tailed Student’s t-test was applied. p < 0.05 was deemed a statistically significant difference.
RESULTS
CircRNA profiles differentially expressed in OSCC
We discovered many circRNA in the neighboring normal tissue and three pairs of OSCC samples. These samples revealed a total number of targets of 3,738 circRNAs, including 2,421 known circRNAs and 1,317 new circRNAs. The lengths of candidate circRNAs were mostly <2,000 nucleotides (nt) (Figure 1A). The majority of circRNA is transcribed from exons that code for proteins. Some are intragenic and antisense and come from introns (Figure 1B). Candidate circRNAs are found on all chromosomes but primarily concentrate on the first and second (Figure 1C). CircRNAs that were differentially expressed with a statistical significance among the two groups were identified with |log2FoldChange| > 1 and p < 0.05. 11 circRNAs were significantly differentially expressed and visualized by a clustered heatmap (Figure 1D). In these samples, ten molecules of circRNA were up-regulated, and one was down-regulated (Table 2). We visualized the structure of circRNAs according to the CSCD database, and the results showed that all 11 circRNAs have miRNA response elements (MREs) (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | (A) Distribution of the lengths of the detected circRNAs. The length of the identified circRNAs is shown on the x-axis, and the abundance of circRNAs sorted by length is shown on the y-axis. (B) The circRNA category is depicted as a bar diagram. (C) In human chromosomes, the distribution of differently expressed circRNAs. (D) Analysis of all target circRNAs using a heat map and hierarchical clustering. High relative expression is shown by the red strip, whereas low relative expression is represented by the blue strip.
TABLE 2 | 11 differently expressed circRNAs in oscc.
[image: Table 2]Differentially expressed circRNAs validation by qRT-PCR
We conducted qRT-PCR in 20 sample pairs that included the analysis of tissues for high-throughput sequencing. The results showed that five circRNA molecules were significantly upregulated, and one circRNA molecule was significantly downregulated in tumor tissues compared to normal tissues (Figure 2A). Figure 2B shows the validation results of the above six circRNA molecules in OSCC cell lines.
[image: Figure 2]FIGURE 2 | Analysis of circRNAs in cell lines and OSCC tissues. (A) Results of qRT-PCR in clinical specimens for six circRNAs. Five circRNA molecules were significantly upregulated, and one circRNA molecule was significantly downregulated in tumor tissues compared to normal tissues. (B) The expression of six circRNAs in OSCC cell lines (HN4, HN6, SCC9, CAL27) compared with HOK. *p < 0.05, **p < 0.01, ***p < 0.001. NS, no significance.
Prediction of the circRNA–miRNA–mRNA interaction network
To learn more about the functions of mRNAs and circRNAs in OSCC incidence, we built a ceRNA network. The ceRNA network will only include genes that match the following criteria: 1) All genes should be expressed differentially; 2) circRNAs and mRNAs should have an association with miRNAs through binding at the same time; and 3) RNAs (circRNAs, mRNAs) and miRNAs must be negatively regulated. We finally identified four circRNAs (3 upregulated and one downregulated), six overlapping miRNAs (2 upregulated and four downregulated), and 123 overlapping mRNAs (61 upregulated and 62 downregulated) to construct a ceRNA network (Figure 3A). Multiple circRNAs can operate as ceRNAs, capturing downstream miRNAs and influencing phenotypes through mRNA regulation. In addition, we performed a differential analysis of the nodes in the network and drew a heat map based on the expression data in the TCGA database. The results showed significant differences between the node molecules in cancer and paracancerous tissues (Figures 3B,C). Then, Kaplan-Meier survival analysis was used to validate further the association between genes involved in the ceRNA network and OSCC prognosis. The results showed that a total of 65 genes were significantly associated with overall survival in OSCC (p < 0.05, Supplementary Table S2).
[image: Figure 3]FIGURE 3 | CeRNA network construction and node differential expression. (A) The ellipse represents 123 mRNAs, the diamond six microRNAs, the triangle four circular RNAs. (B,C) The differential expression of miRNAs and mRNAs in the ceRNA network in OSCC tissues and adjacent tissues in the TCGA database. N, adjacent non-tumor tissues; T, tumor tissues.
Analysis of kyoto encyclopedia of genes and genomes pathway and annotation of gene ontology function
We conducted KEGG and GO functional enrichment analysis on mRNAs (n = 123) in the ceRNA network (Supplementary Table S3). The top five enriched CC (Cellular Component), BP (Biological Process), MF (Molecular Function) terms, and KEGG pathways are presented in Figures 4A,B. They are enriched mainly in positive regulation of cell adhesion, positive regulation of SMAD protein signal transduction (BPs), the cell-cell junction (CCs), and transmembrane receptor protein kinase activity (MFs). Analysis of the KEGG pathway shows enrichment in the PI3K-Akt signaling pathway, mTOR signaling pathway, cellular senescence, and proteoglycans in cancer. These findings suggest that the differentially expressed genes are linked to tumor signaling pathways and OSCC progression.
[image: Figure 4]FIGURE 4 | Enrichment analysis of function. Bubble plot of target gene GO enrichment analysis: (A) BP, CC, and MF in the ceRNA network; (B) The bubble chart of the signal pathway focused by the KEGG enrichment analysis of genes in the ceRNA network.
Construction and evaluation of risk assessment model
We found that seven DEmRNAs substantially impacted patients’ overall survival by applying univariate Cox regression (p < 0.05, Supplementary Table S4), suggesting that mRNAs in the ceRNA prognostic subnet might affect the survival and prognosis of OSCC patients. Following that, LASSO Cox regression analyses were utilized to establish a risk model for the above seven genes, and the LASSO regression analysis results kept the above seven genes (Supplementary Figures S2A,B). Finally, a multivariate Cox regression analysis was performed using the stepwise regression approach, and seven DEmRNAs were screened out to establish an OSCC prognostic model (Supplementary Figures S2C,D).
To verify the model’s accuracy, ROC curves (1-, 2-, and 3-year) were drawn, and could successfully prognosticate OSCC patients because all values of areas under curve (AUC) were more than 0.65 (Figure 5A). Next, with the help of multi-metric ROC curves, we plotted the ROC curves of the risk model together with the ROC curves of clinical characteristics such as age, sex, grade, and stage in the same graph for comparison. The results showed that the AUC values of the risk model were significantly better than the clinical parameters, indicating the model’s high performance (Figure 5B). We also used the AIC value for the identification of the maximum inflection point as the cutoff point for the ROC curve for 1-year (Figure 5C).
[image: Figure 5]FIGURE 5 | Evaluation of the risk assessment model for prognosis prediction. (A) The AUCs of the 1-, 2-, and 3-year ROC curves. (B) The 1-year ROC curve of the risk model and other clinicopathological characteristics. (C) The cut-off risk score identified by Youden Index. (D) The distribution of risk score and survival time and status. (E) The overall survival of the low-risk groups was higher based on K-M analysis.
Model for clinical evaluation through risk assessment
Based on the earlier determined cut-off points, 155 cases were classified as a high-risk group, and 183 were classified as a low-risk group. The risk score distribution for each OSCC case is presented in Figure 5D; these data indicate better clinical outcomes for low-risk group patients than those in the high-risk group. Patients with OSCC in the high-risk group exhibited a significant decrease in survival than low-risk OSCC patients, according to a Kaplan-Meier analysis and associated survival curve (p < 0.001; Figure 5E). In addition, the analysis showed that nearly all patients with high-risk scores lived under 8 years, while in the low-risk group, about 50% were still alive. We used chi-square tests to assess whether the risk model is associated with the clinicopathological traits of OSCC patients. Bar graphs show overall results, with tumor grade and the stage being exceptionally closely related to risk (Figure 6A). The proportion of each clinicopathological feature in the high- or low-risk group is shown in Supplementary Figure S3. In addition, we analyzed the differences in risk scores between groups stratified by different clinicopathological factors. As shown in Figures 6B–D, statistically significant high-risk scores were more common in patients with higher tumor grades and more advanced clinical stages. However, there were no differences in risk scores between patients by gender (Figure 6E). Finally, we performed univariate and multivariate cox analyses and found that the risk model could be used as an independent prognostic predictor (Figures 6F,G). In conclusion, a risk assessment model based on DEmRNAs can be used as a reliable predictor of survival outcomes and tumor aggressiveness in OSCC.
[image: Figure 6]FIGURE 6 | Clinical evaluation of the risk assessment model. (A) The strip chart and the scatter diagram demonstrated that T stage (B), clinical stage (C), tumor grade (D), and gender (E) were significantly correlated with the risk score. *p < 0.05, **p < 0.01. (F,G) The risk model could be used as an independent prognostic predictor by the univariate and multivariate Cox regression analysis.
Correlation between tumor-infiltrating immune cells or immunosuppressive molecules and the risk model
We concentrated on immune cell infiltration and looked at the model’s connection with the tumor immunological microenvironment. According to Spearman correlation analysis, a high-risk group in the model was correlated positively with TICs, including common lymphoid progenitors, macrophages, and NK cells. In contrast, CD4+ T cells, CD8+ T cells, neutrophils, mast cells, and B cells had a negative correlation (Figure 7A). In addition, compared to the low expression group, the low-risk group was significantly higher in the stromal score, immune score, and ESTIMATE score (Figures 7B–D). We further investigated whether the model was associated with ICI and found that the high-risk group in the model was negatively associated with various immune checkpoint molecules, such as BTLA, CD27, CD244, and CTLA4 (Figures 8A–D).
[image: Figure 7]FIGURE 7 | The Risk assessment model was used to estimate tumor-infiltrating cells. (A) According to Spearman correlation analysis, patients in the high-risk group were more positively associated with tumor-infiltrating immune cells like ommon lymphoid progenitor, macrophages, NK cells, while they were negatively associated with CD4+ T cells, B cells, CD8+ T cells, mast cells, and neutrophils. (B) The low-risk group has higher TME scores.
[image: Figure 8]FIGURE 8 | Differences of checkpoint-related gene expression and chemotherapeutic sensitivity in high- and low-risk groups. (A–D) The high-risk group in the model was negatively associated with BTLA, CD27, CD244, and CTLA4. The high-risk group in the model was related to lower IC50 of chemotherapeutics of axitinib (E), bleomyci (F), cisplatin (G), doxorubicin (H), gemcitabine (I), methotrexate (J), rapamycin (K), and the low-risk group was related to lower IC50 of chemotherapeutics of gefitinib (L).
Analysis of the correlation between chemosensitivity and the risk mode
We investigated common medication sensitivities (expressed as IC50s) in individuals with low and high-risk ratings to see if the efficacy of several regularly used chemotherapeutic medicines is associated with risk. The patients with high-risk had a lower IC_(50) for axitinib (p = 0.002; Figure 8E), bleomycin (p = 0.00037; Figure 8F), cisplatin (p = 0.007; Figure 8G), doxorubicin (p = 0.0002; Figure 8H), gemcitabine (p < 0.0001; Figure 8I), methotrexate (p = 0.0022; Figure 8J), rapamycin (p = 0.00018; Figure 8K), higher IC_(50) for gefitinib (p = 0.0015; Figure 8L). Therefore, this model can potentially predict sensitivity to chemotherapeutic drugs.
Hsa_circ_0005991 promotes HNSCC cells proliferation, migration, and invasion in vitro
In HOK and five HNSCC cell lines, the expression of hsa_circ_0005991 was identified by qRT-PCR, and the results revealed that four HNSCC cells expressed hsa_circ_0005991 at a higher level than HOK cells (Figure 9A). Ultimately, the CAL27 cell lines were selected by us to represent the knockdown cells of hsa_circ_0005991. In CAL27 cells treated with siRNA fragments, according to qRT-PCR data, hsa_circ_0005991 expression was dramatically down-regulated. The si-hsa_circ_0005991-3 was chosen for further investigation among the three siRNAs because it showed the best silencing effectiveness in CAL27 cells (Figure 9B). The downregulation of hsa_circ_0005991 inhibited the proliferative activity of HNSCC cells according to the CCK-8 assay (Figure 9C). Then, the influences of hsa_circ_0005991 on HNSCC cell invasion and migration were examined by wound healing and transwell assays. The results showed that downregulation of the hsa_circ_0005991 gene inhibited CAL27 cells invasion and migration ability (Figures 9D,E). These experiments proved that in HNSCC cells, hsa_circ_0005991 could promote proliferation, migration, and invasion.
[image: Figure 9]FIGURE 9 | Hsa_circ_0005991 promotes the proliferation, migration and invasion of HNSCC cells in vitro. (A) The qRT-PCR results revealed that HOK cells expressed hsa_circ_0005991 at a lower level than five HNSCC cells. (B) qRT-PCR analysis of hsa_circ_0005991 expression in CAL27 cells treated with siRNAs. (C) The proliferation ability of CAL27 cells transfected with NC or si-hsa_circ_0005991 was examined by CCK-8 assay. (D,E) The migration and invasion ability of the cells were detected by wound healing and transwell assays. Data were showed as mean ± SD,*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
DISCUSSION
Researchers in different countries have made significant progress in OSCC research in recent years, especially in developing molecularly targeted drugs and antibody-drug conjugates, which have greatly benefited OSCC patients (Nagaya et al., 2017; Ketabat et al., 2019; Zhang et al., 2020). Current treatments for OSCC include surgery, chemotherapy, molecularly targeted therapy, and radiation therapy. Although there are various treatment methods, most OSCC patients have entered the advanced stage, and the overall treatment effect is not ideal due to factors such as drug resistance, distant metastasis, and poor typing. The pathogenesis and progression of cancer are closely related to genetic mutations and genetic diseases. Studies have shown that dysregulation of circular RNA expression plays a vital role in the pathogenesis and progression of many tumors. CircRNAs are suggested to express in a tissue-specific and developmental stage-specific manner, which makes them potential biomarkers of specific diseases (Wang et al., 2021). CircRNA-associated ceRNA regulatory networks play critical roles in the pathogenesis and progression of OSCC, bladder cancer, colorectal cancer, and other cancers (Song and Fu, 2019; Wu et al., 2019; Liu et al., 2020). Importantly, mRNAs, miRNAs, and circRNAs in ceRNA networks can serve as potential targets for OSCC therapy and molecular targets for assessing prognosis. However, little is known in the OSCC field about the combined analysis of circRNA-based ceRNA networks and the immune microenvironment. Therefore, we constructed a circRNA-miRNA-mRNA network and analyzed target genes and prognostic, TIC, and immune checkpoints to identify novel molecular mechanisms and prognostic biomarkers of OSCC occurrence. We also aimed to explore new targets that could mediate specific tumor immunotherapy.
We found abundant expression of circRNAs in three pairs of samples, including 2421 existing circRNA molecules and 1,317 new circRNA molecules. Most of the circRNAs were derived from exons. Exonic circRNAs are generated by a process called reverse slicing, which is a disorderly arrangement of exons (Zhang et al., 2013). This study identified ten up-regulated and one down-regulated circRNA molecule, and six selected circRNAs were consistent with RNA-seq data after validation using qRT-PCR.
Hsa_circ_0004771, hsa_circ_0005991, and hsa_circ_0060927 are spliced by nuclear receptor interacting protein 1 (NRIP1), amyloid beta precursor protein binding family B member 2 (APBB2), and cytochrome P450 family 24 subfamily A member 1 (CYP24A1), respectively, which play essential roles in tumor proliferation, migration, and apoptosis. NRIP1, a coregulator of several nuclear receptors and transcription factors, can act as a co-activator or corepressor and is upregulated in a variety of tumor types, including gastric cancer (Liang and Li, 2020), gastric adenocarcinoma (Fang and Lu., 2020), esophageal squamous cell carcinoma (Ni et al., 2018), and breast cancer (Binato et al., 2021). APBB2 is an articulated protein characterized for its function in amyloid precursor protein processing (Tanahashi and Tabira, 2002). APBB2 plays a dual regulatory role in bladder cancer, mediating the cell cycle through the CDK6 and MET pathways (Li et al., 2019). CYP24A1 is a mitochondrial enzyme responsible for the inactivation of vitamin D. Fazeli et al. (2020) demonstrated for the first time that hsa_circ_0060927 is ectopically expressed in uterine smooth muscle tumors compared to adjacent tissues.
In addition, a ceRNA network consisting of four circRNAs, six miRNAs, and 123 mRNAs was constructed based on DEcircRNA. The biological functions of DEmRNA were analyzed by GO functional annotation and KEGG pathway enrichment. The results of GO analysis revealed that cell adhesion participates in the functions of these DEmRNAs, and the role of cell adhesion in the progression of OSCC has been extensively studied (de Campos et al., 2017; Kita et al., 2017; Aseervatham and Ogbureke., 2020). KEGG analysis showed that DEmRNAs are widely involved in the PI3K-AKT signaling pathway, mTOR signaling pathway, and Cellular senescence. These pathways play a crucial role in the development of OSCC. The PI3K-AKT-mTOR signaling pathway is associated with several cellular functions, controlling protein synthesis, cell growth, apoptosis, proliferation, and angiogenesis, and may regulate the progression of OSCC (Martins et al., 2016). Wu et al. (2022) found that HPRT1 could improve cisplatin (CDDP) resistance in OSCC patients by promoting the MMP1/PI3K/Akt axis. Liu et al. (2022) showed that LHPP promotes apoptosis in OSCC by decreasing the transcriptional activity of p-PI3K and p-Akt.
A prognostic risk model with seven genes was developed by integrating LASSO regression and Cox regression analysis. Kaplan-Meier curve analysis showed that our prognostic model could accurately distinguish between high- and low-risk populations. Furthermore, the AUC of the ROC plots for 1-year, 2-year, and 3-year overall survival were 0.671, 0.712, and 0.708, respectively. The results confirmed the excellent predictive value of our risk profile. Of these seven genes, six are potential risk genes, and one is a potential protective gene. Six genes are involved in the development and progression of various cancers. LIM and SH3 protein 1 (LASP1) is a member of the LIM family of proteins, initially identified from a cDNA library of human breast cancer tissue (Tomasetto et al., 1995). LASP1 expression was reported to be increased in OSCC patients and significantly correlated with primary tumor size. Further studies have shown that LASP1 promotes OSCC cell proliferation by accelerating cell cycle progression (Shimizu et al., 2013). DEP domain containing 1 (DEPDC1) is a highly conserved protein in many species, from Cryptobacterium hidradenum to mammals (Kanehira et al., 2007). Guo et al. (2020) showed that DEPDC1 exerts its oncogenic activity by suppressing CYP27B1 protein expression, while NNK promotes DEPDC1 upregulation by stimulating DNMT1 expression in OSCC. Similarly, DNA damage-inducible transcript 4 (DDIT4) and glutamic-oxaloacetic transaminase 1 (GOT1) as oncogenes are associated with poor prognosis in OSCC (Busso-Lopes et al., 2021; Han et al., 2021). Basal cell adhesion molecule (BCAM), also known as Lutheran, is widely expressed in various tissues and involves many biological processes, such as cell adhesion, migration, and invasion (De Grandis et al., 2013; Bartolini et al., 2016). Emerging research suggests that BCAM plays a vital role in tumor progression, including skin tumors, hepatocellular carcinoma, colorectal cancer, and bladder cancer (Bartolini et al., 2016; Chang et al., 2017; Jin et al., 2020). Choi et al. (2020) identified a novel tumor suppressor, KLHL14, a subunit of ubiquitin ligase, associated with the endoplasmic reticulum-associated protein degradation (ERAD) machinery and is recurrently mutated in mature B cell malignancies. However, the roles of KLHL14, BCAM, and HAUS augmin like complex subunit 6 (HAUS6) in OSCC, are unknown.
Since a single gene may predict OS instability, a signature integrating the efficacy of seven immune-related genes would show strong predictive power. To establish a relatively accurate prognostic model in OSCC patients, this study proposes a novel prognostic line chart, including immune-related risk scores and clinicopathological features, which showed good predictive power. To explore the relationship between risk scores and tumor-infiltrating immune cells, we used seven commonly accepted methods to estimate immune infiltrating cells, including XCELL (Aran et al., 2017; Aran, 2020), TIMER (Li et al., 2017; Li et al., 2020), QUANTISEQ (Finotello et al., 2019; Plattner et al., 2020), MCPCOUNTER (Dienstmann et al., 2019), EPIC (Racle et al., 2017), CIBERSORT ABS (Tamminga et al., 2020), and CIBERSORT (Chen et al., 2018; Zhang et al., 2020). Analyzing these results, we found that the high-risk population in the model was significantly and negatively associated with immune infiltration of CD8+ T cells, neutrophils, mast cells, and B cells. The role of B cells has been controversial: some studies have shown that B cell infiltration in tumors is associated with poor prognosis, while others have shown the opposite (Tsou et al., 2016; Sarvaria et al., 2017). CD8+ T cells are the major lymphocyte subpopulation that kills cancer cells with major histocompatibility class I molecules (Shen and Ren., 2018). The frequency of CD8+ T cells was positively correlated with survival in patients with lung cancer, melanoma, and breast cancer (Reiser and Bamerjee., 2016; van der Leun et al., 2020). In addition, infiltration of CD8+ T cells in TME was associated with improved response in patients with ICIS-treated cancers. Wong et al. (2019) found that melanoma patients with high CD8+ T cell counts survived longer on anti-PD-1 therapy. Theoretically, neutrophils may be a potent antitumor effector cell because neutrophil granules contain various antimicrobial and cytotoxic compounds that can destroy malignant cells (Ocana et al., 2017). However, many studies have shown that tumor-associated neutrophils may promote tumor progression. N2 Polarized neutrophils morphologically resemble granulocytes or polymorphonuclear myeloid-derived suppressor cells and thus may exert tumor suppressive effects (Rakic et al., 2018). Although the signature is associated with checkpoint-associated biomarkers such as BTLA, CD27, CD244, and CTLA4, we believe that the specific mechanisms and biomarkers are yet to be confirmed and validated due to differences in different immune cells and immune-associated phenotypes. To further evaluate the value of risk models for clinical application in the treatment of OSCC, we calculated the IC50 of several commonly used antitumor drugs and compared the differences in drug sensitivity between patients in the high-risk and low-risk subgroups. We found that high-risk OSCC patients had higher sensitivity (lower IC50) to antitumor drugs such as cisplatin, gemcitabine, and rapamycin. The relationship between the risk model and drug sensitivity can be used to guide the selection and administration of clinical antitumor drugs and needs to be further investigated. Because our conclusions are based on computational predictions, molecular biology tests are required to ascertain the role of CircRNA in OSCC formation. Tumor metastasis is considered a significant factor in OSCC based on biological processes and potential mechanisms of occurrence. As a result, we carried out pertinent research and discovered that in vitro downregulation of hsa_circ_0005991 prevented CAL27 cells from migrating and invading.
In this study, first, we performed high-throughput sequencing and qRT-PCR validation based on collected clinical tissue samples, which means this study has better clinical relevance. Second, we are the first to construct a circRNA-based OSCC-related prognostic model, which shows a good prognostic predictive ability for OSCC patients. Third, the model we constructed can also guide clinicians in choosing appropriate chemotherapy and immunotherapy approaches. However, we also recognize some shortcomings and limitations of this study. First, a circRNA-miRNA-mRNA network was established by bioinformatics analysis. Our study only showed at the in vitro level that circRNA can promote the malignant progression of HNSCC cells. Therefore, future studies should validate the current findings in animal models. CircRNAs are found evolutionally conserved in different species, which means some circRNA biomarkers identified in murine modes hold the potential to be translated to clinical application for human beings (Ma et al., 2020). Second, the original dataset for the initial analysis was relatively insufficient, as it was only downloaded from TCGA. While we used various methods to validate the accuracy and validity of our predictive model, more external cohorts are needed in the future to confirm it. Finally, the clinical utility of our risk model, such as its relationship to antitumor drug susceptibility, has not been clinically validated. Therefore, we plan to collect additional clinical samples for RNA-seq to validate our risk model in future experiments and establish more robust clinical links for this new signature.
CONCLUSION
In this study, we found that circRNAs were significantly expressed in OSCC compared to normal tissues. We identified four key circRNAs and constructed a circRNA-related ceRNA network associated with OSCC, which will help to elucidate the molecular mechanism of OSCC occurrence and development. In addition, we established an OSCC-related risk model, which may improve OSCC patient survival prediction and reflect immune status, and provide a new reference for personalized treatment.
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Characteristics ~ Young Adults  Old Adults  Centenarians  p Value

N 16 104 218
Age (x£SEM) 28616  69.1:06 102201 p<001
Sex
Male (%) 4(25.0) 26 (25.0) 55 (25.2) >0.05
Female (%) 12 (75.0) 78 (75.0) 163 (74.8) >0.05

Groups were compared by nonparametric analyses.
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Component name

Acetylcholine
Norepinephrine
y-Amino-butyric acid
Serotonin

5-HIAA

Analyte mass range

146.1/60.1
170.3/107.1
104.0/87.1
177.0/160.1
192.0/146.1

Analyte

retention time (min)

3.08
7.96
849
592
127
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bias
importance Y Y Y Y Afected Comelte ? Yooy Y Y ? ? Y
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multple  cisease
factors
Parameters Voo v v
i our
method

Notes: Y: the parameter is important. ? the importance of the parameter is currently unknown. ' the parameter was includedin the model of this stucy.
S00,%: oxygen saturation of peripheral bood. SpO is the resting arterial oxygen saturation measured at fingertps. FVC: forced vital capacty. FVC%pred: the percentage of the actual FVC over the predicted FVC. F
volume in one second. FEV;%pred: the percentage of the actual FEV. over the predicted FEV;. DL.co: difusing capacity of the lung for carbon monoxide. DLco%pred: the percentage of the actual DL.co over the predict
the percentage of FEV over FC. GAP (gender, age, and physiologic variables) stage folowe the recommendation by Brett Ley, and a higher stage represented a greater death risk. CP: composite physiologicindex.|
and others proposed o use P, which combined chest CT and pulmonary functional parameters, to assess the severty of interstitallung diseases (LLDS). A higher CPl represants a more sever ILD. CRP: dlncal-rad
Lesle C. Watters et &, publshed the CRP system in 1988, JRS: Avo Olkuxda et &l. praposed the IPF siaging methad in 2004. HRCT: high-resoluion computed fomograohy.
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Patient data (n-206) Value

Median age years 64.1£79
Male/fernale 196/10
Smokers/non-smokers 150/56
Survival time (months) 28.7+£193
SpO,% 95235
FVCY%pred 719+ 20.1
FEV, %pred 75.1 £ 206
DLoo%pred 520284
FEV4/FVC% 835+ 78
CT score values by Al 14.1 £ 1130
CT score values by radiclogists 245+ 138
CT stage VIVl 56/114/36
PF stage a/b/c 95/80/31
GAP stage Il 108/63/35
CPI 4462210

Notes: Measurement data are presented as mean + standard deviation (SD). Count data.
are presented as percentage or proportion.

SpO2%: oxygen saturation of peripheral blood. SpOy i the resting arterial oxygen
saturation measured at fingertips. FVC: forced vital capacity. FVC3%pred the percentage
of the actual FVC over the predicted FVC. FEV : forced expiratory volume in one second.
FEVSépred: the percentage of the actual FEV  over the predicted FEV. DLcos diffusing
capacity of the lung for carbon monoxide. DLco%pred: the percentage of the actual
DLco over the predicted DLco. FEV;/FVC%: the percentage of FEV over FVC. CT score
values were calculated by Al according to the method in the article. CT-based stage: the
stage was determined by using CT score values by Al following the criteria described in
Table 3. PF-based grade: the grade was determined by using the puimonary function
and physiological parameters (age, gender, FVCpred, DLcoSpred, and Sp02%) and
following the descriotion in Table 3. The grade was defined as (a) mild, (b) moderate, and
(c) severe. GAP (gender, age, and physiologic variables) stage followed the
recommendation by Brett Ley, and a higher stage represented a greater death risk. CP:
composite physiologic index. In 2002, Athol U. Wells and others proposed to use CP,
which combined chest CT and pulmonary functional parameters, to assess the severity
of interstitial fung diseases (ILDs). A higher CPI represents a more severe ILD.
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Author Publication year Country Manufacturer  Number of probes ~ Size (Non-tumor/Tumor)  Platform  Source accession

Chunsheng Zhang 2011 United States ~ Affymetrix 37,582 511 (243/268) GPL10687 GSE25007
Cheol-Keun Park 2012 Korea llumina Inc. 48,107 433 (193/240) GPL10558 GSE36376
Julja Burchard 2010 United States ~ Affymetrix 43,483 197 (97/100) GPL6T93 GSE22058
Sangbae Kim 2014 United States  llumina Inc. 48,107 144 (72/72) GPL10558 GSE39791

HCC, hepatocellular carcinoma.
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Variables

Age (years)
<60

60

Gender
male
female

ALT

50

>50

Prior-
Malignancy
no

yes
Histologic grade
G1/2

G3/4

TNM stage
7

v
Survival status
alive

dead

TCGA (n = 321) GSE14520 (n = 219) ICGC (n = 230)
Low High p-Value Low High p-Value Low High p-Value
risk risk risk risk risk risk
0538 0043 0868
77 83 83 [ 22 23
82 77 27 15 93 92
0.354 0.448 0455
113 106 93 % 33 28
46 54 17 13 82 87
0308
- - 69 61 - -
- . al 48 . -
0240
- - - - 103 o7
- - - - 12 18
<0.001
114 84 - - - -
45 76 - - - -
<0.001 <0.001 <0.001
134 102 97 73 85 57
25 58 13 36 30 58
<0.001 <0.001 0.001
124 88 82 53 104 8
35 72 28 56 il 30

EMT, Epithelial-mesenchymal transition; HCC, hepatocellular carcinoma; ALT, alanine transaminase; TNM, tumor node metastases; TCGA, the cancer genome atlas; ICGC, intenational

cancer genome consortium.

Bold value represent p < 0.05.
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METTL3
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METTL3
METTL3
METTL3

ALKBHS
IGF2BP3

METTL3

METTL3
METTL3

METTL3
METTL14

FTO

Cancer

LC

Lc

HCC

HCC

BC

Lc
cC

Lc

Lc

HCC

BC

Target ncRNA

INcRNA LCAT3
INcRNA
ABHD11-AST
LINC00958
IncRNA MEG3
LINC00958
IncRNA RMRP
IncRNA
KCNMB2-AS1
miR-1246

miR-143-3p
miR-193b

miR-126-5p
miR-126

miR-181b-3p

Function

Oncogene
Oncogene
Oncogene
Oncogene
Oncogene

Oncogene
Oncogene

Oncogene

Oncogene
Oncogene

Oncogene
Anti-

oncogene
Oncogene

Regulation

Up-regulation
Up-regulation
Up-regulation

Down-
regulation
Up-regulation

Up-regulation
Up-regulation

Up-regulation

Up-regulation
Down-
reguiation
Up-regulation

Down-
reguiation
Down-

reguiation

Mechanism of
m6A recognition

Stabilize LCAT3 mRNA, increase LCATS expression, and promote
prolferation, survival, migration/invasion, and metastasis of LUAD
Stabilize ABHD11-AS1, increase ABHD11-AS1 expression, and
promote prolferation

Stabilize LINGO0958, increase LINCO0958 expression, and promote
lipogenesis, proliferation, migration, invasion, and cell growth
Destabiize MEG3, decrease MEG3 expression, and promote
proliferation, migration, and invasion

Stabilize LINCO0958, increase LINCO058 expression, promote cel
prolferation and tumor growth, and inhibit apoptosis

Increase RMRP expression and promote tumorigenesis

Stabilize KONMB2-AS1, increase KCNMB2-AST expression, and
promote tumorigenesis

Increase pri-miR-1246 and PEG3 expressions and promote cell growth,
sunvival, and invasion

Increase pri-miR-143-3p expression

Increase miR-193b expression and decrease pri-miR-193b expression

Increase mature miR-126-5p and promote cell development and
tumorigenesis
Decrease mature miR-126 and inhibit tumor invasion and metastasis

Decrease miR-181b-3p expression and promote cell migration and
invasion

Reference

34274028

32892348

31915027

34163177

33531456

33934179
33028109

33898106

31823788
34178650

32939058

27774652

32805088
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M°A
regulator

METTL3

METTL3

METTL3
METTL14

WTAP

FTO

ALKBHS

ALKBHS
YTHDF1

YTHDF2

YTHDF2

YTHDF2

YTHDF2

HNRNPA2B1
HNRNPA2B1

HNRNPC

Cancer
type

AML

Lc

oc

HCC

AML

oc

oc

oc

HCC

HCC

HCC

GBM

GBM

BC

BC

HCC

Target gene

¢-MYC, BCL2,
and PTEN
DAPK2

miR-126-5p
EGFR

MYC and WT1
PDE1C and
PDE4B

BCL-2

NANOG

AXIN1

EGFR

LXRA and

HIVEP2

UBXN1

STAT3

PFN2

Function

Oncogene

Oncogene

Oncogene
Anti-

oncogene
Oncogene

Anti-
oncogene

Oncogene

Oncogene
Oncogene
Oncogene
Anti-

oncogene
Oncogene

Oncogene

Oncogene

Anti-
oncogene
Oncogene

Regulation

Up-
reguiation
Down-
reguiation

Up-
reguiation
Up-
reguiation
Down-
reguiation

Up-
reguiation

Up-
reguiation

Up-
regulation

Down-
reguiation

Up-
reguiation
Down-
reguiation

Down-
reguiation

Up-
reguiation

Mechanism
of m6A recognition

Promote translation of ¢-MYC, BCL2, and PTEN and
inhibit cell differentiation and apoptosis

Destabiize DAPK2 mRNA, decrease DAPK2
expression, and promote cel proliferation and
migration abilities

Increase mature miR-126-5p and promote cel
development and tumorigenesis

Stabilize EGFR mRNA, increase p-EGFR expression,
and inhibit cell migration, invasion, and EMT
Destabilze MYC mRNA, decrease MYC expressions,
and promote cell proliferation, tumorigenesis, cell
cycle, and differentiation

Destabilize PDE1C/PDE4B, increase PDE1C/PDE4B
mRNA expressions, and inhibit cell proliferation/self-
renewal and tumorigenesis

Stabilize BCL-2, increase BCL-2 expression,
promote cellular proiferation and migration, and
inhibit autophagy

Promote cell profferation, migration, invasion, and
tumor growth and inhibit apoptosis

Promote cel prolferation, migration, and invasion and
inhibit apoptosis

Destabilize AXIN1 mRNA, decrease AXIN1
expression, and promote cel prolfferation and
migration

Stabilize EGFR mRNA, increase EGFR expression,
and inhibit cell proliferation and tumor growth
Destabilize LXRA and HIVEP2 mRNA, decrease
LXRA and HIVEP2 expressions, and promote
cholesterol dysregulation, cell proliferation, invasion,
and tumorigenesis

Destabiize UBXN1 mRNA, decrease UBXN1
expression, and promote cel proliferation and
migration

Increase p-STATS expression and promote cell
prolferation and tumor growth

Destabilize PFN2 mRNA, increase PFN2 expressions,
and suppress cell migration and invasion

Promote cell prolferation, migration, and invasion

Related signaling
pathway

PISK/AKT
NF-xB
PTEN/PIBK/AKY/
mTOR
PISK/AKT/ERK/

MAPK
PIBK/AKT

CAMP

EGFR/PIK3CA/
AKT/mTOR

NF-xB
AKT/GSK-3p/p-
catenin
Wnt/p-catenin

ERK/MAPK

EGFR/SRC/ERK

NF-xB

STAT3

ERK-MAPK/twist
and GR-beta/TCF4
Ras/MAPK

Reference

28920058

34298122

32939058

33380825

32880751

32606006

30087661

32329191

33363211

33980824

30423408

33420027

34246306

33399232

31901866

33937074
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MYC

ALDH1A1, HOXB4,
and MYB
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YAP
TIMP3
SOX2, SMAD7,
and MYC
6PGD
SLC7A11

HOXA13
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UsP48
elF3ab
ETS1
CUL4A
PRIM2
LYPD1

HBx
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FEN1
ADAM19
soxe
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ADAR1
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MYC
HBXIP
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COL3A1
CXCR4 and
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BNIP3
NANOG
HK2
RAB2B
E2F1 and Myc
RANBP2
AL

EIF3C

BMF

Oncogene
Oncogene
Oncogene
Oncogene
Oncogene
Anti-

oncogene
Oncogene
Oncogene
Oncogene
Anti-

oncogene
Oncogene
Oncogene
Oncogene
Anti-

oncogene
Anti-

oncogene
Oncogene

Anti-
oncogene
Oncogene
Oncogene
Anti-

oncogene
Oncogene
Anti-

oncogene
Oncogene
Oncogene
Oncogene
Anti-

oncogene
Oncogene
Oncogene
Oncogene
Oncogene
Oncogene
Oncogene
Oncogene
Anti-

oncogene
Oncogene
Oncogene
Oncogene
Oncogene
Oncogene
Oncogene
Oncogene
Oncogene

Oncogene

Oncogene

Down-
reguiation

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

Up-regulation
Up-reguiation
Up-regulation

Down-
reguiation

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

Up-regulation

Down-
requlation

Stabilize MYC mRNA, increase MYC expression, and promote
leukemogenesis

Decrease the expressions of ALDH1A1, HOXB4, and MYB, promote
cell tumorigenicity, decrease myeloid differentiation, and induce
chemotherapeutic drug resistance

Increase Bal-2 expression and faciltate tumorigenesis

Increase EZH2 expression

Stabilize JUNB mRNA, increase JUNB expressions, and promote
leukemogenesis

Increase FBXW? translation and expression and suppress
tumorigenesis

Destabilize MZF1 mRNA, decrease MZF1 expression, and promote
tumorigenesis

Destabilize USP7 mRNA, decrease USP7 expression, and promote
tumorigenesis

Decrease E2F1 expression and promote cell migration, invasion, and
metastasis

Decrease YAP expression and inhibit tumor growth and metastasis

Destabilize TIMP3 mRNA, decrease TIMP3 expression, and promote
tumor progression
Prevent decay of SOX2, SMAD7, and MYC mRNAs

Increase the 6PGD protein level by fadiltating its mRNA translation
and promote tumorigenesis

Stabilize SLC7A11 mRNA, increase SLC7A11 expression, and inhibit
tumorigenesis

Stabiize HOXA13 mRNA and increase HOXA13 expression

Destabilize SOCS2 mRNA, decrease SOCS2 expression, promote
cell proiferation, migration, colony formation, tumorigenicity, and lung
metastasis

Destabilize USP48 mRNA, decrease USP48 expression, and inhibit
cell proliferation, migration, and invasion

Enhance the translation efficiency of elF3a/b and promote cell
prolferation, migration and invasion, and tumor growth

Destabilize ETS1 mRNA, decrease ETS1 expression, and promote
the prolferation capabilty and tumor growth

Increase CUL4A protein expression and inhibit cell proliferation in
DEN-induced HCC mice

Increase PKM2 expression, promote cellproliferation, and inhibit cell
apoptosis

Stabilize LYPD1 mRNA, increase LYPD1 expression, and inhibit
migration, invasion, and metastasis

Stabilize HBx mRNA and promote the HBV-HCC cell growth and
migration

Increase OCTA4 protein expression and promote the liver GSC
phenotype and cancer metastasis

Stabiize FEN1 mRNA, increase FEN1 expression, and promote cel
prolferation and tumor growth

Decrease ADAM19 expression and inhibit tumorigenesis

Stabilize FEN1 mRNA, increase FEN1 expression, and promote cel
proiferation, tumor growth, and radioresistance

Stabiize SRSFs mRNA, increase SRSFs expression, and promote
cell proliferation and tumor growth

Increase ADART protein expressionand promotecel prolferation and
tumor growth

Stabilize FOXM1 mRNA and increase its expression by interacting
with FOXM1-AS and promote tumorigenesis

Stabilize MYC mRNA, increase MYG expression, and promote cell
prolferation and tumor growth

Increase HBXIP expression and promote cel proliferation and tumor
growth

Increase Bci-2 expression, promote cell proliferation, and inhibit
apoptosis

Increase COL3A1 expression and suppress migration, invasion, and
adhesion

Stabiize CXCR4 and CYP1B1 mRNA, increase CXCR4 and CYP1B1
expressions, and promote cell proliferation and growth

Decrease BNIP3 expression and promote cell proliferation, tumor
growth, and metastasis

Stabilize NANOG mRNA, increase NANOG expression, and promote
BCSCs enrichment and tumor formation

Stabilize HK2 mRNA, increase HK2 expressions, and promote
glycolysis and proliferation

Stabiize RAB2B MRNA, increase RAB2B expression, and promote
proiferation

Increase E2F1 and Myc expressions and promote proliferation and
migration

Increase RANBP2 protein expression, promote cell proliferation,
migration, invasion, and tumor growth, and inhibit apoptosis
Increase AXL protein expression, promote cell proliferation, migration,
invasion, and tumor formation

Stabilize EIF3C protein, increase EIF3C protein expression, and
promote cell prolferation, migration, invasion, and metastasis
Destabilize BMF mRNA, decrease BMF mRNA expression, and
promote cell proliferation and growth
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32106857
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Case Date TBil ALT(U/L) Symptoms Chest CT Sputum TDM of Voriconazole  Voriconazole

(umol/L) culture  voriconazole dose usage
(ng/mi)
1 7-Aug-2020 - —  Sudden chils, Multiple nodules in the - - - -
shivering, and lungs
hyperpyrexia
1 14-AUg2020  258.2 54 Nommal temperatre  — Aspergillus e = =
niger
1 17-AUg2020  — —  Asymptomatic - - - 400mg q 12h gt
1 18-AUG2020  — —  Asymptomatic - - - 200mg q 12h vgtt
1 22AUg2020 1757 54 Asymptomatic - - - 200mg q 12h gt
1 26-AUg-2020 1213 65  Asymptomatic - - 583 150mg q 12h oral
1 1-8ep-2020 874 67 Asymptomatic - - 584 150mg q 12h oral
1 4-8ep-2020 - —  Asymptomatic - - - 100mg q 12h oral
1 7-Sep-2020 655 65  Asymptomatic - - 419 100mg q 12h oral
1 16-Sep-2020 65.9 86 Asymptomatic Multiple nodules in both = 35 100mgq12h Oral
lungs were absorbed
23-8ep2020 532 8  Asymptomatic — - - 100mg q 12h oral
1 9-0ct2020 367 104 Asymptomatic - - 1.66 150mg q 12h oral
1 23-Oct-2020 31 98 Asymptomatic The absorption of = 1.46 150mgq12h Oral
nodules was not obvious
1 9-Nov-2020 25.4 103 Asymptomatic — - 1.76 150mg q 12h Oral
1 10-Nov-2020 = c Asymptomatic = - L Drug -
withdrawal
2 26-Jul-2020 = = Intermittent low- Multiple nodules in both = = - -
grade fever lungs
2 10-Aug-2020 131 109 Intermittent low- Increased nodules in = = - -
grade fever both lungs and the
presence of an air
crescent sign
2 17-Aug-2020 80 52 Normal temperature ~ — el = == =
2 19-Aug-2020 Asymptomatic - - - 300mg q 12h ivgtt
2 20-Aug-2020 Asymptomatic = = — 200mg g 12h Oral
2 24-AUg2020 64 37 Asymptomatic - - 6.16 150mg q 12h oral
2 4-Sep-2020 35.6 34 Asymptomatic = = 4.43 150mgq12h Oral
2 25-Sep-2020 225 18 Asymptomatic - - 19 150 mg q 12h Oral
2 13-Oct-2020 20.4 20 Asymptomatic — o= b 150mgq12h Oral
2 2Nov-2020 116 14 Asymptomatic Noduies are enlarged in - 251 200mgq12h gt
both lungs
2 6-Nov-2020  14.4 14 Asymptomatic - - - 200mg g 12h ivgtt
2 13-Nov-2020 165 12 Asymptomatic - - 465 200mg q 12h vgtt
2 16-Nov-2020  17.4 13 Asymptomatic Noduies were absorbed - 127 200mg q 12h ivgtt
2 20-Nov-2020  — —  Asymptomatic - - 1.45 200mg q 12h oral
2 23-Nov-2020 - —  Asymptomatic - - 215 200mg q 12h oral
2 24-Nov-2020 8.7 14 Asymptomatic - - - 200mg q 12h Oral
2 2Dec-2020 181 17 Asymptomatic The absorption of - 381 250mg q 12h oral
nodules was not obvious
2 18-Dec-2020 139 14 Asymptomatic - - 285 250mg q 12h oral
2 11-Jan-2021 142 16 Asymptomatic - - 388 250mg q 12h oral
2 17-Feb-2021 85 17 Asymptomatic - - 324 250mg q 12h oral
2 19-Mar-2021 88 13 Asymptomatic Nodules were absorbed - 4.09 200mg q 12h Oral
2 30-Apr-2021 116 15 Asymptomatic - - 2.78 200mg q 12h oral
2 4-Jun-2021 9 14 Asymptomatic - - 252 200mg q 12h oral
2 28-Sep-2021  — —  Asymptomatic - - - Drug -
withdrawal

Note: variconazale plasrna concentration (normal range 1.5-5.5 /i),
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Gene Sence (5'-3) Anti-Sence (5'-3)

Control sSiRNA UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
HIF1a SiRNA GAUGAAAGAAUUACCGAAUTT AUUCGGUAAUUCUUUCAUCTT
Glut1 siRNA GCCCAUGUAUGUGGGUGAAGUGUCA UGACACUUCACCCACAUACAUGGGC
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IGF
GAPDH

Forward primer 5'-3"

TACACTGCCCAGGAGCCAGA
TGAGTACCGGAGACAGGTGCAG
AAGACAGCGTTGATGCCAGAC
CTGGAGGTGACCAAACTCATCTA
TGCTCAGACAGGATGTGAGTTG
GCCAAGAAGGAGGAGACC
TGGTGGCAACCTGAGCATAGG
CTTAAGACTTCCCCTCAACATGC
ATTGCCCATAGGCTCAACAC
GGTGTTCATGCTGGTGTTTGG
TATAGCTCAGATCATTGTCACAGTC
GTCCAGCTGAATTCCTGCCT
GTGGCTGTGGATTTTGGGAAC
GGTGAACTGGGGGAGGATTGT
GCGCACAGAGGAAGAGAATCTCCG
AAGAAATGCAGCGAGAGCAT
GGGACGAACTGGACAGTAACA
TTCGGACCCACACATTACCT
GACCACTATGCCGCGCTCTT
GGAGTCCGCAGTCTTACGAG
TACAGAACCCAACTTGAACGTCACA
GCGTTCTCCTCAGATGGTGTC
ATGACTCCTTTTCCTGCTCTG
CAATTCCTGGCGATACCTCAG
TCCTTCAGACACCCTCAACC
AGCCTTGCCTTGCTGCTCTA
GGTCTTGCTGTGGACTGGAT
GCAAGACCAGGACGGTCATTT
ACCCTCACATCAAGCTACAAC
GCCTGAAAGATATCCCGACA
TCACCTTCACCAGCTCTGC
GCACCGTCAAGGCTGAGAACAC

Reverse primer 5'-3'

TGGCACCAGTGTCCGGATTA
TAGCAGCTTCAACGGCAAAGTTC
GATGATGCGGGAGAAGAAGGT
AGTGGGCTTGGTTTTGGTCTGG
AATTACAGCAAGCCTGGAACC
AGGAAGATGCTGAGGAAGG
ACTCGTTTTGGATGGTCGTCTG
GGTCAAGTTCCTCTTGGCTC
AGCAGCCAGCACCTCTGTAT
GCTCGTCCATATCCTTGGAA
GTTGGTCGTCAGGAAGAAGAG
CCTTCTGTGCTGCCTTCTCA
ATTCACCTTGATGGGACGCTC
CTTCAGAGACAGCCAGGAGAA
TTTGGCTGGGGAGAGGAGCTG
CCAGTGTGGGACTTTTCCAT
'CCGCCACAAAGATGGTCAC
GCAGTGAGGGCAAGAAAAAG
TCGCTGTAGTTAGGCTTCCGATT
TCTGGAGGACCTGGTAGAGG
GATTACACCCAGACTGCGTCACA
CCAGTAAGCCCTCACGATGAT
CTCCATCTCCTACCCACATACA
AGATAACCACTCTGGCGAGTC
AGGCCCCAGTTTGAATTCTT
GTGCTGGCCTTGGTGAGG
CTGCTACAGCAAATGGGTGA
GGCACTTGACACTGCTCGT
AAAAGAAACACTCATCCGTAA
‘GCCATTCCCACGATAACAAT
TGGTAGATGGGGGCTGATAC
TGGTGAAGACGCCAGTGGA
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Benzoylalbifiorin

30-Norhederagenin
Hederagenin
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M-HI"
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CH0,-H]"
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Names

Liuwei Dihuang pills

Zhibai Dihuang pills

Ba-Wei-Dihuang
pills

Huang-Lian Jie-Du
decoction

Zhenwu decoction

Tripterygium
wilfordii

Paeonia

Cordyceps sinensis

Artemisia

Curcumin

Loquat leaf and

Osmanthus extracts

Realgar

Origins

Radix Rehmanniae pracparata, Rhizoma
Dioscoreae, Fructus Corni, Cortex Moutan, Poria,
and Rhizoma Alismatis

Liuwei Dihuang pills, Rhizoma Anemarrhenae
and Phellodendron chine

Liuwei Dihuang pills, cinnamon, and monkshood
plant

Rhizoma Coptidis, Cortex Phellodendri, Radix
Scutellariae

Poria, Chinese herbaceous peony, ginger, Fuzi,
and Baizhu

Thunder god vine, is from the order Celastrales

‘The dried root of red peony (Paconia anomala of
family Ranunculaceae) or Paeonia veitchii

A unique leaf-like fungus that grows on
caterpillars

A sesquiterpene lactone drug with a peroxide
group

A polyphenolic monomer

Three types of loquat leaf methyl coralline,
ursodiol, oleanolic acid, and acetyl oxyl-oleanolic
acid, isolated from Osmanthus

An arsenic tetrasulfide compound

Functions

Reduces the chemokine expression of
fractalkine

Antioxidant, anti-inflammatory, and
immunomodulatory properties against
epithelial damage

Tonifying yang and nourishing the kidneys

Antibacterial, anti-inflammatory,
antioxidant

Controlling lupus activity

Promotes dryness and blood circulation to
remove meridian obstruction

Clearing heat, cooling blood, dispelling
stasis, and relieving pain

Invigorating the kidneys, improving lung
function, and enhancing the original qi

Anti-inflammatory and
immunomodulatory

Anti-inflammatory, antioxidation,
antiproliferation, and immunomodulation

Anti-inflammatory, produce inflammatory
cytokines

Anti-inflammatory

Effects

Preventing the recurrence Chang et al. (2017)

Improving renal function Zhang et al. (2014)

Relieves nephritis and reduces proteinuria and
immune complex precipitation Furuya et al.
(2001)

Lowering renal immune complex C3 deposition
in the LN mouse model Lai et al. (2019)

Improving renal function, and accelerating
disease remission Duan et al. (2021)

Have a therapeutic effect, some of its active
components may also cause adverse effects
Yingyan et al. (2022)

Prevents the adhesion of inflammatory cells Ding
et al. (2009)

Have a potential effect on improving the immune
function Barido et al. (2020), Li et al. (2020)

Reduces tissue damage caused by humoral and
cellular immunity, and enhances immune
tolerance Aldieri et al. (2003), Wu et al. (2016)

Protective effect against kidney injury Hou et al.
(2019), Liu et al. (2019), and Fanouriakis et al.
(2020)

Improving the pathological damage and reducing
the severity of renal damage Zhou et al. (2020)

One of the therapeutic targets of LN Xu et al.
(2019)
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Primer

Gapdh

Polgl

Tert

Dloopl

Dloop2

IL-1p

IL-18

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

Reverse

Sequence

CTCCACTCACGGCAAATTCAAC
GTAGACTCCACGACATACTCAGC
GATGAATGGGCCTACCTTGA
TGGGGTCCTGTTTCTACAGC
CTAGCTCATGTGTCAAGACCCTCTT
GCCAGCACGTTTCTCTCGTT
CCCTTCCCCATTTGGTCT
TGGTTTCACGGAGGATGG
CAGTCATAAACTCTTCTCT
CGGAGGATGGTAGATTAAT
AGTTGACGGACCCCAAA
TCTTGTTGATGTGCTGCTG
GGAGGGTTTGTGTTCCAG
AATACAGGCGAGGTCATCA

Product length

147
66
110
45
70
104

62
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Score Symptoms
seen in rats

0 Moved normally
1 ‘The left front paw could not be successfully extended
Turned to the left when crawling

The rat’s body was skewed to the left when crawling

Ll

Unconscious, unable to crawl





OPS/images/fphar-13-959497/crossmark.jpg
©

|





OPS/images/fphar-13-981766/fphar-13-981766-g006.gif





OPS/images/fphar-13-981766/fphar-13-981766-g005.gif





OPS/images/fphar-13-949713/inline_1.gif





OPS/images/fphar-13-949713/fphar-13-949713-t002.jpg
CircRNA ID

hsa_circ_0004771

hsa_

irc_0060927

hsa_circ_0005991
hsa_circ_0008039
hsa_circ_0001394

hsa_

irc_0008675

hsa_circ_0001821
hsa_circ_0007788

hsa_

rc_0046999

hsa_circ_0001833
hsa_circ_0008202

Chr

21
20

20

16
18

Locus

16386664-16415895
52773707-52788209
41015599-41016415
716865-751164
6925099-6925838
47886478-47888287
128902834-128903244
4516153-4519466
12999419-13042333
145245686-145255444
48821341-48825442

Strand

203
1,106
816
462
739
1,809
410
489
2,071
579
285

Type

Exons
Exons
One_exon
Exons
One_exon
One_exon
Exons
Exons
Exons
Exons

Exons

Source gene

NRIP1
CYP24A1
APBB2
PRKARIB
TBCID14
ZNFX1
TCONS_00015354
NMRALI
CEP192
HEATR7A
SPATA6

Regulation

Up
Up
Up
Up
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Gene

hsa_circ_0001394

hsa_circ_0001821

hsa_circ_0004771

hsa_circ_0005991

hsa_circ_0060927

GAPDH

Primer

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward

Reverse

Sequence (5" to 3')

TGGAGAATGACGATGACCCA
TTGGTCCAAGGAGAAACTT
CTCAGCTGGGCTTGAGGC
GTTCCACCAGCGTTATTCCC
TCTGAAGACTCCGGATGACA
TCACAATCCAAACACTTCCGT
CCCCGGATGAAACAGCTGA
GCTGTTCCGATTTGTGACGT
ATCCAGGCCACAGACAATGA
CCAGTCTTCCCCTTCCCTGA
CAGGAGGCATTGCTGATGAT
GAAGGCTGGGGCTCATTT
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Group

before vs. after oxymatrine treatment

before oxymatrine treatment vs. normal
control group

after oxymatrine treatment vs. normal control

group

GO Term

response to drug
regulation of celular response to stress

cellular protein modification process

positive regulation of transcription DNA-templated
positive regulation of cell migration

cytosol

extracellular exosome

cytoplasm

nucleoplasm

perinuclear region of cytoplasm

protein binding

ATP binding

RNA binding

protein serine/threonine kinase activty

protein kinase binding

ageing

nuclear-transcribed mRNA catabolic process, nonsense-

mediated decay
response to drug

SRP-dependent cotranslational protein targeting to
membrane

establishment of organelie localization
cytosol

cytoplasm

extracellular exosome

nucleoplasm

perinuclear region of cytoplasm
protein binding

ATP binding

RNA binding

protein homodimerization activity
ubliquitin protein ligase binding

aorta development

response to drug

response 1o oestrogen

cellular protein modification process
pancreas development

cytosol

cytoplasm

nucleoplasm

extracelular exosome

perinuclear region of cytoplasm
protein binding

ATP binding

aloohol binding

growth factor binding

RNA binding

p Value

7.20E-08
8.20E-07
1.30E-06
1.40E-06
2.90E-06
1.00E-30
9.70E-27
1.40E-25
4.50E-20
2.10E-09
1.00E-30
1.70E-11
7.50E-07
1.40E-05
2.30E-06
3.60E-07
5.20E-07

5.60E-07
7.90E-07

1.10E-06
1.00E-30
3.40E-27
3.50E-27
1.60E-22
3.30E-11
1.00E-30
7.50E-10
5.80E-07
9.90E-06
1.80E-05
6.60E-06
1.90E-05
2.60E-05
3.30E-05
3.80E-05
5.50E-25
9.30E-20
7.50E-18
7.70E-17
1.70E-08
1.00E-30
2.30E-12
1.60E-06
1.30E-05
1.60E-05

Functional
Group

BP
BP
BP
BP
BP
cCc
cc
cC
cC
cCc
MF
MF
MF
MF
MF
BP
BP

BP
BP

BP
cC
cC
cc
cC
cc
MF
MF
MF
MF
MF
BP
BP
BP
BP
BP
cCc
cc
cC
cC
cCc
MF
MF
MF
MF
MF

Genes

CDK1, CCNB1 (74)
®7)

CDK1, CONB1 (383)
(141)
(70)

CDK1, CCNB1 (486)
(435)

CDK1, CCNB1 (1277)
CDK1, CONB1 (333)
©1)

CDK1, CCNBH (1191)
(176)

(148)

GDK1, CCNB1 (53)
(@]

(56)

(35)

CDK1, CCNB1 (63)
(29)

(49)

CDK1, CCNB1 (465)
CDK1, CCNB1 (1231)
(412)

CDK1, CCNB1 (333)
(94)

CDK1, CCNB1 (1166)
(169)

(147)

(94)

(38)

(1)

1)

@)

“2)

(1)

(48)

(174)

(26)

(87)

(15)

(195)

@1
©)

(10)

@

GO, enrichment included terms in the BF, CC, and MF, categories. We selected the top 5 pathways in the three categories. It shows that the gene changes in the pathway before and after

treatment, especially CDK1 and CCNB1.

GO, gene antology; BP. biological process: CC. cellular component: MF, mokecular function. “Genss” indicates number of genes and whather COK1 and CCNBT are included.
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Adverse effects No of participants (No of trials) Effect size Heterogeneity

RR (95% CI) p-value ? (%) p-value
(A)
TEAE 1502 (5) 105 (0.96; 1.14) 032 0 0.42
Serious AE 1502 (5) 161 (0.70; 3.68) 026 0 096
URTI 1424 (4) 112 (0.76; 1.67) 057 0 0.88
Acne 1424 (4) 348 (1.55; 7.82) <001 0 0.63
Headache 1342 3) 113 (072 1.77) 0.61 0 0.83
Nasopharyngitis 1342 3) 100 (0.64; 1.58) 0.99 0 0.87
Adverse effects No of participants (No of trials) Incidence rate, % (95% CI, %) Heterogeneity

(%) p-value

(B)
URTI 165 (4) 37.05 (7.39; 81.28) 902 <0.01
Diarrhea 165 (4) 1965 (0.00; 43.24) 856 <0.01
Acne 90 (3) 931 (3.39; 1524) 140 031
UTI 153 (3) 698 (0.23; 13.73) 554 011
Headache 153 (3) 633 (248; 10.19) 0 0.84
Folliculitis 151 (3) 4.48 (1.19; 7.76) 0 0.50

TEAE, treatment-emergent adverse event; URTI, upper respiratory tract infection; UTI, urinary tract infection.
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Variable No of participants (No of trials) RR (95% CI) Heterogeneity Test for subgroup
differences
? (%) p-value p-value
(A)
Administration route
Oral JAK inhibitors 1424 (4) 6.86 (2.91; 16.16) 69 002 <001
Topical JAK inhibitors 78 (1) 1.00 (0.31; 3.18) NA NA
Types of oral JAK inhibitors
Baricitinib 1282 (3) 5.58 (242; 12.87) 71 003 055
Ritlecitinib 72(1) 9.50 (1.35; 66.79) NA NA
Brepocitinib 70 (1) 25.23 (1.61; 396.61) NA NA
Variable No of participants (No of trials) RR (95% CI) Heterogeneity Test for subgroup
differences
2 (%) p-value p-value
(B)
Administration route
Oral JAK inhibitors 230 (6) 063 (0.44; 0.80) 89 <001 <0.01
Topical JAK inhibitors 22 028 (0.01; 0.72) 79 0.03
Sublingual JAK inhibitors 18 (1) 0.11 (0.01; 0.35) NA NA
Types of oral JAK inhibitors
Tofacitinib 180 (4) 054 (0.34; 0.73) 85 <001 002
Ruxolitinib 50 (2) 082 (0.69; 0.90) 0 047
Types of topical JAK inhibitors
Tofacitinib 10 (1) 0.10 (0.00; 035) NA NA 003
Ruxolitinib 12 (1) 050 (0.23; 0.77) NA NA
Duration of treatment
224 weeks 174 (5) 050 (0.30; 0.70) 82 <001 028
<24 weeks 9 (3) 035 (0.12; 0.69) 81 <001
AA subtype
AA 68 (4) 080 (0.65; 0.89) NA NA 004
AT/AU 147 (4) 047 (0.22; 0.74) NA NA
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Study Random Allocation concealment  Blinding of Blinding of Incomplete  Selective Other
sequence (selection bias) participants outcome outcome reporting bias
generation and personnel  assessment  data (reporting
(selection (performance (detection (attrition bias)
bias) bias) bias) bias)

(A)

King et al. (2022) Low Low Low Low Low Low Low

(BRAVE-AA1)

King etal. (2022) Low Low Low Low Low Low Low

(BRAVE-AA2)

King et al. Unclear Unclear Low Low Low Low Low

(2021b) (1)

King et al. Low Low Low Low Low Low Low

(2021a) (2)

Olsen et al. Low Low Low Unclear Low Low Low

(2020) (part B)

Study Bias due to Bias in Bias in Bias due to Bias due to Bias in Bias in Overall
confounding selection of classification deviations from missing data measurement of  selection of the assessment

participants  of intended outcomes reported result
into the study  interventions interventions

(B)

Peeva etal, 2021 Low Low Low Low Low Moderate Low Moderate

Olsen et al. Moderate Low Low Low Low Moderate Low Moderate

(2020) (part A)

Lai et al. (2021)  Serious Low Low Low Moderate Moderate Moderate Serious

AlMarzoug et al. ~ Serious Low Low Low Serious Moderate Moderate Serious

(2021)

Liu et al. (2018) ~ Moderate Low Low Low Low Moderate Moderate Moderate

Jabbari et al. Moderate Low Low Moderate Low Moderate Low Moderate

(2018)

Almutairi et al.  Moderate Low Low Low Moderate Moderate Low Moderate

(2018)

Mackay-wiggan  Moderate Low Low Moderate Low Moderate Low Moderate

et al. (2016)

Kennedy Crispin ~ Moderate Low Low Low Moderate Moderate Low Moderate

et al. (2016)
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Study Study Treatment regimen Sample Age (mean/ AA SALT score Treatment
type size (M: F) median, SD/ subtype (mean/median,  duration
range, year) SD/range%)
King etal. (2022)  RCT TI: baricitinib 2 mg QD PO 184 (75:109)  NR (18-60 for male; AA77 AT 868 (180) 36 weeks
(BRAVE-AAI) 18-70 for female) 24 AU 83
T2 baricitinib 4 mg QD PO 281 (116:165) AAI3IAT 853 (182)
21 AU 127
C: placebo 189 (80:109) AA92AT 847 (17.8)
23AU 74
King et al. (2022)  RCT TI: baricitinib 2 mg QD PO 156 (53:103)  NR (18-60 for male; AA70 AT 85.6 (18.1) 36 weeks
(BRAVE-AA2) 18-70 for female) 16 AU 70
T2: baricitinib 4 mg QD PO 234 (90:144) AATISAT 848 (181)
8 AU 111
C: placebo 156 (58:98) AAT4AT 850 (178)
16 AU 66
King et al. RCT Tl: baricitinib 1 mg QD PO 28 (10:18) 386 (113) NR 89.3 (17.7) 36 weeks
(2021b) (1) T2: baricitinib 2 mg QD PO 27 (4:23) 125 (138) 86.1(193)
T3: baricitinib 4 mg QD PO 27 (2:25) 424 (149) 83.4(17.5)
C: placebo 28 (12:16) 405 (14.2) 90.0 (15.7)
King et al. RCT T ritlecitinib 200 mg QD PO 48 (11:37) 37 (13) AA2BAT 894 (158) 24 weeks
(2021a) (2) for 4 weeks, then 50 mg QD 7AU 13
PO for 20 weeks
T2: brepocitinib 60 mg QD PO 47 (15:32) 34.(11) AA2SAT 864 (181)
for 4 weeks, then 30 mg QD 8AU 14
PO for 20 weeks
C: placebo 47 (18:29) 38 (14) AA27 AT 884 (18.1)
5AU 15
Olsen et al. (2020)  RCT T: topical 1.5% ruxolitinib 39 (15:24) 443 (12.5) AA33ZAT6 599 (294) 24 weeks
(part B) cream BID
C: topical vehicle cream BID 39 (12:227) 424 (125) AA3ZAT6 590 (253)
Olsen etal. (2020) ~ CT Topical 1.5% ruxolitinib 12 (39) 47.6 (105) AA 10 562 (21.0) 24 weeks
(part A) cream BID
Peevactal (2021)  Extension  placebo 22 (NR) NR NR NR Until subjects
periods placebo 23 (NR) NR NR NR lost >30% hair
Lai et al. (2021) cr Sublingual tofacitinib 18 (4:14) 45.11 (15.28) AA'S AT 86,01 (23.30) 12 weeks
5mg BID 6AU7
AlMarzoug et al. er Tofacitinib 5 mg BID PO 65 (2837) 27.8 (7.81) AAI7AT 768 (276) 24 weeks
(2021) 13 AU 35
Liu et al. (2018) cr Topical tofacitinib 2% 10 (6:4) 369 (14.2) NR 77.7 (32.3) 24 weeks
ointment BID
Jabbari et al. (2018) ~ CT Tofacitinib 5 mg-10 mg 12 (4:8) 347 (9.59) AATAT/ 813 (229) 24-72 weeks
BID PO AUS
Almutairi et al. et Ruxolitinib 20 mg BID PO 38 (21:17) 355 (138) AAISAT 998 (4550-100) 24 weeks
(2018) 12AU 8
Tofacitinib 5 mg BID PO 37 (22:15) 47.4 (161) AAISAT 996 (4037-100)
13AU9
Mackay-wigganetal. CT Ruxolitinib 20 mg BID PO 12 (57) 43.67 (14.41) NR 65.63 (26.01) 12-24 weeks
(2016)
Kennedy Crispin cr Tofacitinib 5 mg BID PO 66 (35:31) 37 (19-63) AAILAT  NR 12 weeks
et al. (2016) 6 AU 46

RCT, randomized controlled trials CT, clinical trial; QD, oncea day; BID, twice a day; PO, oral; NR, not report; SD, standard deviation; AA, alopecia areata; AT, alopecia totalis; AU, alopecia
universalis; SALT, Severity of Alopecia Tool.
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Variables

Female

ale

Age (years)
gender (%)
Creatinine (umol/L)
AST (U/L)

ALT (U/L)

TBIL (umol/L)

ALB (g/L)

ALP (mmol/L)

40.96 + 1638
36% (831/2,282)
96.10 + 133.41
20063 + 264.22
228.15 + 160.05
80.92 + 125.49
34.34 £ 599
185.22 + 186.41

4176 + 1654
64% (1,451/2,282)
113.90 £ 132.99
182.17 + 22595
272.77 + 25329
10102 £ 159.33
3472 £ 6.40
163.67 + 107.63
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Model 1 Model 2
HR 95% CI p value HR 95% ClI p value
(HR) (HR)
Age 1.008 0.974-1.044 0.642 1.019  0.983-1.057 0.296
CHD 2972 1.363-6.478 0.006 3693 1.614-8.453 0.002
Crea 1.012  0.988-1.036 0.323 1.006 0.981-1.032 0.648
BUN 0927 0.713-1.206 0.569 0.981 0.753-1.278 0.889
CysC 0519 0.198-1.362 0.183 0.566  0.200-1.600 0.283
CRP 1.027  1.009-1.045 0.003 1.033 1.013-1.063 0.001
p2M 3105 1.579-6.103 0.001 3214  1.557-6.633 0.002

Cox regression, method: Enter. Model 1: unadjusted. Model 2: adjusted by sex,
hypertension, diabetes, stroke history, smoking, and alcahal consumption.
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Variable

Male, n (%)

Age (years)
Hypertension, n (%)
Type 2 diabetes, n (%)
Stroke history, n (%)
CHD, n (%)
Smoker, n (%)
Alcohol user, n (%)
SBP (mmHg)

DBP (mmHg)

Hey (umolL)

GLU (mmol/)

Crea (umollL)
BUN (mmolt)

UA (umolL)

LDL (mmol/L)

TG (mmolA)
CHOL (mmol)
HDL (mmoliL)
VLDL (mmol/L)
CysC (mg/L)

CRP (mg/L)

B2M (mo/L)
NIHSS score
ESRS

TOAST

LAA

CE

SAO

SOC

suc

cohar's axact tast

Recurrent
(N = 40)

27 (67.5%)
73889
32 (80.0%)
10 (25.0%)
17 (42.5%)
13 (32.5%)
9 (22.5%)
5 (12.5%)

160.1 £22.1
84.7 + 169
13.2 (7.0
581 (1.60)
81.55 = 20.67
6.48 + 1.66

355.58 = 108,65
233+ 064
1.30 (1.18)

413080
1.35 £ 0.32
0.26 (0.24)
1.2420.40
098 (297)
258064
5(@)
3(1)
15 (37.5%)
9 (22.5%)
16 (40.0%)
0(0.0%)
0(0.0%)

No recurrent

(N=95)

55 (67.9%)
67.9122
66 (69.5%)
22 (23.2%)
28 (29.5%)
9(9.5%)
20 (21.1%)
16 (16.8%)
1500 = 22.1
839154
117 (5.0)
5.75 (167)
71.45 £ 17.44
557 x 1.49
33262 + 9451
233074
1.38 (1.23)
4.30 £ 097
1.44 036
0.28 (0.25)
1.08 = 0.34
052 (0.73)
2,01 £ 052
3@)
2(1)

30 (31.6%)
10 (10.5%)
50 (62.6%)
1(1.1%)
4(4.2%)

Statistics

p value

0.297
0.006
0211
0.818
0.143
<0.001
0.852
0.525
0.994
0.791
0.059
0.921
0.004
0.007
0.220
0.969
0.424
0.329
0.184
0.442
0.024
0.0 30
<0.001
0.006
<0.001
0.194%
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Month

0-3
0-6
0-12
0-24
0-36

23
32
38

Rate (95% CI)

0.0% (0.0%-7.0%)
6.7% (2.5%-10.9%)
17.0% (10.7%-23.3%)
23.7% (16.5%-30.9%)
28.1% (20.6%-35.6%)
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Variable

Male, n (%)
Age (years)
Hypertension, n (%)
Type 2 diabetes, n (%)
Stroke history, n (%)
CHD, n (%)
Smoker, n (%)

Alcohol user, n (%)

No follow-up group

92 (57.9)
72 (16)
109 (73.2)
34 (22.8)
50 (33.8)
29(196)
25(17.0)
19 (12.9)

Follow-up group

78(57.8)
71(15)
96 (71.1)
32(237)
43(32.1)
25(187)
28 (20.9)
22(16.4)

p value

0.988
0.612
0.701
0.860
0.762
0.842
0.405
0.407
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Autoimmune diseases The expression level Subjects Reterences (PMID)
of IL-23 in tissues

Psoriasis Skin (+) Mice (+) 14707118

RA Synovium (+) Mice (+) 14662908

1BD Mucosa (+) Mice (+) 7595199
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CTPF stage 1-year cumulative survival 2-year cumulative survival 3-year cumulative survival

rate% rate% rate %
la 96.90 91.77 89.11
b 94.15 84.83 80.20
lc 90.68 76.56 69.88
Ila 92.79 81.51 76.02
b 86.64 67.60 59.15
lc 79.23 52.96 42.63
ha 91.23 77.84 71.46
b 83.89 61.90 52.55
e 75.18 45.89 35.18

Notes: CTPF, stage: CTPF-based comprehensive stage. la: CT, stage | and PF, grade a; 1: CT, stagel and PF, grade b; | c: CT, stagel and PF, gradec; lla: CT, stagell, and PF, gradea; Il
b: CT, stage Il, and PF, grade b; Il c: CT, stage ll, and PF, grade c; Il a: CT, stage Ill, and PF, grade a; lil b: CT, stage lll, and PF, grade b; lil c: CT, stage Il and PF, grade c.
CT I: honeycomb lesion area was <5% of the entire lung. CT Il: honeycomb lesion area was 5-25% of the entire lung. CT li: honeycomb lesion area was >25%. The PF-based grade was
determined by assessing the scores of age, gender, FVC3%pred, DLco%pred, and Sp0,% according to the criteria in Table 3 and adaing the scores. PF (a): score 0-3. PF(b): score 4-6.
PF(c): score 7-10.
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Autoimmune diseases

The expression level
of IL-23 in tissues

Subjects

Reterences (PMID)

Psoriasis
RA

IBD

AS

Skin (+)
Synovium (+)
Intestinal tissue (+)

Marrow (+)

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

Human (+)

17074928
22012611
21227898
23508523
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Prediction time Model

1 year CTPF
cr
PF
GAP

2 years CTPF
cr
PF
GAP

3 years CTPF
cr
PF
GAP

Training set
Auc Brier score
74.3 (63.2,85.4] 8.6[2.4,14.8]
66.4 [55.4,77.4] 89 [25,15.4)
71.8 [60.7,82.9) 8.7 [2.4,15.1)
735 (63.084.0] 87 [2.4,15.0]
78 (70.2,85.9] 16.0 [10.1,22.0)
69.6 (61.6,77.5] 17.5[11.2,23.7)
74.1[65.4,82.7) 16.5 [10.2,22.8)
712 [62.380.0] 17.0 [10.9,23.1)
72.8(58.3,87.3] 18.2 [11.9,24.6)
64.2 (51.0,77.5] 19.8 [13.2,26.5)
706 [56.5,84.8) 18.5 [12.0,25.0)
69.9 (55.6,84.3] 187 [12.4,25.0]

Validation set
Auc Brier score
92.0 (83.4,100.0] 8.1 [05,15.7)
86.2 (70.9,100.0) 85 [0.5,16.5)
84.6 [71.6,97.5] 8.4 [0.4,16.4]
75.3 [60.0,90.5) 8.7 [05,16.9)
75.0 [57.1,92.9) 14.3(6.622.1]
73.7 [58.0,80.4) 14372213
65.2 [43.8,86.6) 15.2 [6.5,23.8]
62.3 [41.9,82.7) 15.37.0235)
76,0 (56.8.95.2) 17.6 (9.4,25.9)
65.2 [46.8,83.7] 20.1 [12.1,28.1]
72.5 [54.3,90.7) 18.3(9.7,26.9]
68.8 (50.8,86.8] 19.0 [10.7.27.3)

Notes: C: confidence interval. Model CT: CT-based stage was used in the univariate Fine-Gray death risk regression analysis. Model PF: PF-based grade was used in the univariate
Fine-Gray death risk regression analysis. Model CTPF: CTPF comprehensive stage was used in the multivariate Fine-Gray death risk regression analysis. Model GAP: GAP stage

proposed by Brett Ley was used in univariate Fine-Gray death risk regression analysis. AUC: area under curve. The AUC value reflects the model’s capability of discrimination. The higher
the AUC value, the higher the model's abilty to identify the mortality risk. Brier score s an indicator that comprehensively reflects the discrimination and calibration of the model. The smaller
the Brier score, the better the discrimination and calibration predicted by the model.
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Autoimmune diseases

Expression level of
IL-23 in serum/plasma
(PMID)

Function role of IL-23

References

Psoriasis

SLE
RA
IBD
AS

Human (+)

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

Human (+)

IL-23 stimulates Th17 cells to produce IL-17 and IL-22

IL-23 is the main upstream regulator of psoriasis

IL-23 increased the ratio of IL-17 to IFN-c

IL-23 influences T cell phenotype in SLE

IL-23 Promote and enhance the secretion of IL-17 by TH17 cells
IL-23 stimulates the transformation of CD4" T cells into Th17 cells

28165883
14707118
20513356
22012611
29441874
25288779
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Characteristic

No.[n (%)]

FVCpred [mean (SD)]

Fibrosis rate [median (Q1,Q3)]
Emphysema rate [median (Q1,Q3)]
Age [median (Q1,Q3)]

Sa02 [median (Q1,Q3))
FEVipred [median (Q1,Q3)]
DLCO pred [median (Q1,Q3)]
Survivetime [median (Q1,Q3)]
GAP stage Il

PF grade a/b/c

CT stage VIVl

Notes: Measurement data are presented as mean + standard deviation (SD). Count data are presented as percentage or proportion.

Combined set

206 (100)
7191 (20.12)
11.34 (4.61,20.74)
0.16 (0.02,1.23)
64.5 (60,69)
96 (94.4,97.9)
73.75 (60.7,88.7)
51.6 (36.9,70.1)
27 (13,40
108/63/35
95/80/31
56/114/36

Training set

165 (80)
71.95 (20.45)
11.45 (4.86,20.28)
0.18 (0.02,1.23)
65 (59,70)

96 (94.2,97.1)
74.1 (60.8,87.6)
515 (36.9,69.6)
26 (14,40)
86/49/30
74/65/26
43/94/28

Validation set

41 (20)
71.74 (18.97)
962 (392,23.2)
0.16 (0.01,1.05)
64 (60,68)
96.8 (95.4,97.8)
69 (60.4.91.6)
517 (37.4,73.9)
27 (10.38)
22/14/5
21/15/5
13/20/8

p-value

0.953
0.390
0.931
0.542
0.156
0.764
0.977
0.441
0.631
0.729
0.636

SpO.%: oxygen saturation of peripheral blood. SpO is the resting arterial oxygen saturation measured at fingertips. FVC: forced vital capacity. FVC%pred: the percentage of the actual
FVC over the predicted FVC. FEV : forced expiratory volume in one second. FEV %pred: the percentage of the actual FEV; over the predicted FEV;. DLco: diffusing capacity of the lung for
carbon monoxide. DLco%pred: the percentage of the actual DLco over the predicted DLco. CT-based stage: the stage was determined by using the average score of the two radiologists
and following the criteria described in Table 3. PF-based grade: the grade was determined by using the pulmonary function and physiological parameters (age, gender, FVC%pred, DLco
%pred, and SpO2%) and following the description in Table 3. The grade was defined as (a) mild, (b) moderate, and (c) severe. GAP (gender, age, and physiologic variables) stage folowed

the recormmendation by Brsit Ley, and a higher stage represenisd & greater death risk
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Immune system disorders

Infections and infestations

Investigations

Musculoskeletal and connective
tissue disorders

Nervous system disorders

Psychiatric disorders
Respiratory, thoracic and
mediastinal disorders

Skin and subcutaneous tissue
disorders

"Emerging findings of secukinumab associated AEs from FAERS database.

incomplete
Injection site bruising®
Inflammation

liness:

Therapeutic response
shortened

Concomitant disease
aggravated

Therapeutic product effect
delayed

Tenderness

Secretion discharge®
Symptom recurrence
Decreased immune
responsiveness

Immune system disorder
Nasopharyngitis
Influenza

Sinusitis

Infection

COVID-19*

Lower respiratory tract
infection

Bronchitis

Upper respiratory tract
infection

Celulitis

Ear infection

Fungal infection
Candida infection
Staphylococeal infection
Localised infection
Respiratory tract infection
Oral candidiasis

Viral infection
Pharyngitis streptococcal
Kidney infection®
Pharyngttis

Oral herpes
Tuberculosis

Tonsillitis

Tooth abscess

Eye infection

Skin infection

Erysipelas

Tooth infection

Rhinitis

Furuncle

Coronavirus infection
Laryngitis

C-reactive protein increased
SARS-CoV-2 test positive
Arthralgia®

Psoriatic arthropathy
Arthritis

Musculoskeletal stiffness®
Joint sweling

Ankylosing spondylitis
Neck pain

Joint stiffness®

Spinal pain®
Fibromyalgia®
Musculoskeletal discomfort*
Movement disorder®
Hypokinesia®

Anosmia®

Stress®

Oropharyngeal pain
Rhinorrhoea

Nasal congestion
Psoriasis

Pruritus

Skin exfoliation

Skin plague

Skin lesion

Skin disorder

Biister

Macule

Skin fissures.

Skin haemorrhage:

Skin discolouration
Scab

Pigmentation disorder®
Skin mass

Pustular psoriasis

Nail disorder®

1,204
922
600
595

320

156

146
144
106
497

201
3,014
1,606
1,641
1,334
1,267

942

774
747

672
481
408
364
361
319
318
317
316
268
250
226
224
188
173
169
160
142
142
141
136
129
119
14
357
151
5,682
2,541
1,672
1,381
1,280
724
597
390
296
222
186
3156
191
135
869
1,393
782
621
1,2746
4,193
1,270
960
716
568
565
519
518
497
473
226
174
182
128
110

3.47 (3.28-3.68)
4.95 (4.63-5.29)
339 (3.13-3.68)
7.60 (6.99-8.27)

9.84 (8.77-11.04)
350 (2.98-4.11)

3.41(2.89-4.02)
2.62 (2.22-3.09)

1018 (8.34-12.43)

12,62 (11.49-13.86)

3.50 (3.04-4.09)
397 (3.83-4.12)
331 (3.15-3.48)
3.72 (353-3.92)
2.30 (2.18-2.43)
411 (3.88-4.35)
4.83 (4.53-5.16)

2.34 (2.17-251)
3.85 (3.58-4.14)

316 (2.93-3.41)
4.66 (4.25-5.11)
281 (2.54-3.10)
457 (4.11-5.07)
2.93 (2.63-3.25)
2.97 (2.65-3.32)
291 (2.60-3.25)
6.78 (6.05-7.60)
239 (2.13-2.67)
6.55 (5.79-7.41)
291 (2.57-3.30)
4.34 (3.80-4.96)
2.86 (2.50-3.26)
3.70 (3.20-4.28)
8.08 (6.92-9.44)
3.95 (3.39-4.60)
350 (2.99-4.09)
3.03 (2.56-3.58)
6.65 (5.61-7.88)
261 (2.21-3.08)
412 (3.47-4.89)
3.85 (3.23-4.59)
3.43 (2.86-4.12)
2.70 (2.24-3.25)
2.68 (2.42-2.98)
4.29 (3.65-5.05)
363 (3.53-3.79)

19.96 (19.12-20.84)
5.37 (5.11-5.65)
382 (3.61-4.03)
2,65 (2.50-2.80)

18.44 (17.04-19.96)
260 (2.39-2.62)
3,67 (3.32-4.06)
5.19 (4.62-5.84)
243 (2.12-2.77)
2.46 (2.12-2.84)
2.82 (2.52-3.15)
2.82 (2.44-3.26)
3.41 (2.87-4.05)
3.08 (2.88-3.30)
361 (3.42-3.81)
2.83 (2.63-3.04)
2,62 (2.42-2.84)

31.00 (30.45-31.74)
2.86 (2.77-2.95)
3.14 (2.97-3.33)

35.76 (33.22-38.49)
6.92 (6.41-7.46)
441 (4.05-4.79)
2.56 (2.35-2.78)

5362 (48.22-59.63)
7.87 (7.20-8.61)

9.69 (8.84-10.62)
232 (2.12-2.54)
4.51(3.95-5.16)
7.28 (6.24-8.49)
4.35 (3.65-5.17)

11.64 (9.70-13.98)
3.45 (2.85-4.17)

3.44 (2022.96)
4.91 (2745.91)
3.38 (974.85)
7.56 (3157.82)

9.81 (2312.37)
350 (267.47)

3.40 (239.69)
262 (140.45)
10.17 (797.44)
12.55 (4711.97)

350 (346.84)
3.87 (6235.37)
3.27 (2467.92)
3.67 (2908.82)
2.28 (944.42)
4.06 (2823.94)
4.79 (2707.23)

232 (573.13)
3.82 (1505.86)

3.14 (955.38)
4.64 (1316.04)
2.80 (459.62)
4.55 (966.93)
2.92 (443.26)
2.96 (402.68)
2.90 (385.03)
6.76 (1461.78)
2.38 (247.05)
653 (1181.49)
291 (304.03)
4.33 (555.87)
2.85 (262.36)
369 (356.55)
807 (994.01)
3.94 (357.59)
3.49 (275.38)
302 (186.78)
6.64 (639.16)
261 (136.21)
411 (305.82)
385 (262.10)
3.43 (198.47)
270 (118.93)
268 (366.02)
4.29 (365.29)
3.46 (9788.63)
19.42 (37410.46)
5.29 (5554.55)
8.77 (2725.03)
2,62 (1261.42)
18.30 (10057.30)
259 (568.61)
3.66 (727.79)
5.18 (950.43)
2.42 (181.36)
2.45 (156.77)
281 (357.80)
282 (218.30)
3.41 (222.55)
3.06 (1176.79)
357 (2499.39)
281 (890.59)
261 (603.20)
26.79 (252781.11)
2.77 (4715.88)
3.11(1776.3)
35.38 (23872.01)
6.87 (3370.28)
4.38 (1425.38)
2,55 (519.26)
53.31 (17547.72)
7.83 (2871.83)
964 (3521.20)
231 (345.37)
450 (590.67)
7.27 (878.61)
4.34 (325.90)
11.63 (1117.12)
3.45 (184.79)

1.75 (1.66)
224 (2.14)
1.72 (1.60)
2.83 (2.69)

3.18 2.97)
1.77 (1.50)

1.73 (1.46)
1.37 (1.10)
322 (2.81)
350 (3.33)

1.77 (1.54)
1.91 (1.86)
1.68 (1.60)
1.84 (1.76)
1.17 (1.09)
1.98 (1.89)
221 @2.11)

1.20 (1.09)
1.90 (1.78)

1.62 (1.50)
216 (2.02)
1.46 (1.30)
2.14(1.97)
1.52 (1.35)
1.54 (1.36)
151 (1.33
268 (2.48)
1.23 (1.08)
263 (2.42)
1,51 (1.31)
207 (1.85)
1.49 (1.27)
1.85 (1.61)
2.92 (2.63)
1.94 (1.68)
1.77 (151)
1.57 (1.29)
265 (2.34)
1.36 (1.09)
2.00 (1.70)
1.90 (1.60)
1.75 (1.44)
1.41 (1.10)
1.40 (1.29)
205 (1.78)
1.76 (1.72)
4,04 (3.97)
235 (2.27)
1.88 (1.79)
1.37 (1.28)
3.97 (3.89)
1.36 (1.22)
1.83 (1.67)
232 (2.12)
1.26 (1.06)
1.28 (1.04)
1.47 (1.29)
1.47 (1.24)
1.74 (1.45)
1.59 (1.48)
1.80 (1.72)
1.47 (1.36)
1.36 (1.24)
4.42 (4.39)
1.45 (1.40)
1,61 (152)
4.73 (4.59)
270 (2.58)
200 (1.95)
1.33 (1.20)
5.15 (4.91)
288 (2.73)
315 (2.99)
1.19 (1.08)
212 (1.90)
2.78 (2.50)
2,07 (1.77)
3.40 (3.02)
1.75 (1.43)

336 (3.17)
473 (4.43)
330 (3.04)
7.11 (6.54)

904 (8.06)
342 (291)

332 (282)
258 (2.18)
934 (7.65)

11.30 (10.29

3.42 (2.97)
376 (3.63)
320 (3.04)
358 (3.40)
225 (2.13)
395 (3.79)
462 (4.33)

229 (2.14)
372 (3.46)

308 (2.85)
4.48 (4.09)
275 (2.49)
440 (3.96)
287 (2.58)
2.90 (2.60)
285 (2.56)
641(5.72)
235 (2.10)
620 (5.48)
285 (2.52)
420 (3.67)
280 (2.45)
360 (3.11)
7.56 (6.47)
383 (3.29)
341 (291)
2.96 (2.51)
630 (5.31)
257 (2.17)
399 (3.36)
374 (3.14)
335 (2.79)
266 (2.21)
263 (2.37)
4.5 (3.59)
338 (3.29)

16.50 (15.80
5.08 (4.84)
367 (3.48)
258 (2.44)

15.69 (14.49
255 (2.35)
357 (3.22)
4.98 (4.43)
239 (2.09)
242 (2.09)
276 (2.47)
277 (2.40)
333 (2.81)
300 (2.81)
3.48 (3.30)
276 (2.57)
257 (2.37)

21.46 (21.02
2.73 (2.64)
305 (2.88)

2658 (24.69
650 (6.03)
425 (3.90)
251 (2.31)

35.45 (31.88
7.35 (6.72)
890 (8.12)
228 (2.08)
436 (3.81)
685 (5.88)
421 (359
1055 (8.78)
337 (2.78)

ROR, reporting odds ratio; Cl, confidence interval: PRR, proportional reporting ratio; ¥2, chi-squared: IC, information component: EBGM, empirical Bayesian geometric mean.
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PF SpO.% FVC%pred DLco%pred Age (year) Gender  Total Criteria for severity gr

Scoring severity
criteria score
205% 90-94% <89% >75% 50-75% <50% >55% 36-55% <36% Cannot <60 61-65 65 M F 10  a(mild) b(moderate) c
complete
o 1 2 0 1 2 0 1 2 3 o 1 2 1 0 03 46

CT-based staging crteria | Honeycomb lesion area is <5% of the entire lung

[ Honeycomb lesion area is 5-25% of the entire lung

[ Honeycomb lesion area is >25% of the entire lung
CTPF stage presentation ~ Fibrosis  Definition
example stage/

severity

Ila Fibrosis stage Il and IPF severity grade a (milc)

Notes: SpO%: oxygen saturation of peripheral blood. SpO,%is the resting arterial oxygen saturation measured at fingertos. FVC: forced ital capacity. FVCépred the percentage of the actual FVC over the predicte
capacity of the Ling for carban monoxide. DLco%pred: the percentage of the actual DLco over the predicted DLCO.
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System organ
class (SOC)

General disorders and administration site conditions
Skin and subcutaneous tissue disorders

Injury, poisoning and procedural complications
immune system disorders

Infections and infestations

Musculoskeletal and connective tissue disorders
Respiratory, thoracic and mediastinal disorders
Gastrointestinal disorders

Nervous system disorders

Vascular disorders

Psychiatric disorders

Cardiac disorders

Investigations

Product issues

Renal and urinary disorders

Metabolism and nutrition disorders

Neoplasms benign, malignant and unspecified
fincl cysts and polyps)

Eye disorders

Reproductive system and breast disorders

Ear and labyrinth disorders

Blood and lymphatic system disorders

Surgical and medical procedures

Hepatobilary disorders

Endocrine disorders

Pregnancy, puerperium and perinatal conditions
Social circumstances

Congenttal, familial and genetic disorders

“Indicates statisticall significant signals in algorithm.

Secukinumab cases
reporting SOC

40,825
30,047
24,402
20,965
19,387
17,294
15,948
12,951
11,740
8,642
6,381
6,175
5453
3,670
3,261
2,734
2,709

2,492
1,715
1,610
1,293
1,288
1,130
1,117
671
220
95

ROR
(95%two-sided Cl)

1.30 (1.29-1.32)°
265 (2.61-2.69
0.93 (0.91-0.94)
3.03 (2.98-3.07)°
225 (221-2.29
1.69 (1.66-1.72)°
1.20 (1.27-1.32)"
0.76 (0.74-0.77)
0.55 (0.54-0.56)
0.56 (0.55-0.58)
052 (0.50-0.53)
055 (0.54-0.57)
0.49 (0.48-0.50)
098 (0.95-1.01)
0.53 (0.51-0.56)
0.40 (0.39-0.42)
0.41(0.39-0.42)

0.64 (0.62-0.67)
0.45 (0.43-0.47)
1.40 (1.33-1.47
0.29 (0.27-0.31)
0.42 (0.40-0.44)
0.48 (0.46-0.51)
0.47 (0.44-0.50)
0.41(0.38-0.45)
0.21 (0.19-0.24)
0.18(0.15-0.22)

PRR (x2)

1.17 (1559.78)

2.00 (20096.13)°

0.95 (101.12)

2.56 (21257.54)°
1.98 (10340.17)

1.56 (3882.64)
1.24 (859.01)
0.79 (842.05)

061 (3645.60)

061 (2604.10)

055 (2669.14)

058 (2071.19)

052 (2711.49)

0.98 (1.46)

055 (1298.92)

0.42 (2320.40)

0.42 (2280.68)

065 (474.18)
0.46 (1127.11)
1.39 (179.15)
030 (2219.18)
0.43 (1008.86)
0.49 (609.16)
0.48 (648.03)
0.42 (549.87)
022 (632.00)
0.18 (346.84)

IC (IC025)

022 (020
1.05 (1.09
-0.08 (-0.10)
1.33 (131
097 (0951
063 (0.61)°
031 (028
-0.33 (-0.36)
-0.70 (-0.73)
-0.72 (-0.75)
-0.85 (-0.89)
-0.77 (-0.81)
-0.93 (-0.98)
003 (-0.08)
-0.86 (-0.91)
-1.24 (-1.29)
128 (-1.29)

-0.61 (-0.67)
—1.11 (-1.18)
0.47 (0401
-1.73 (-1.81)
-1.21(-1.29)
-1.02 (-1.11)
-1.06 (-1.14)
-1.25 (-1.36)
-2.20 (-2.40)
-244 (-2.73)

EBGM (EBGMO05)

1.16 (1.15)
2,07 (2,047
095 (0.93)
251 (2.47)°
1.96 (1.99)
1.55 (1.52)
1.24 (1.22)
0.80(0.78)
061 (0.60)
061 (0.60)
0.55 (0.54)
059 (0.57)
052 (0.51)
0.98 (0.95)
055 (0.53)
0.42 (0.41)
043 (0.41)

0.66 (0.63)
0.46 (0.44)
1.39(1.32)
030 (0.29)
0.43 (0.41)
0.49 (0.47)
0.48 (0.45)
042 (0.39)
022(0.19)
0.18 (0.15)

ROR, reporting odds ratio; Cl, confidence interval; PRR, proportional reporting ratio; ), chi-squared;IC, information component; IC025, the lower limit of 95% Cl of the IC; EBGM, empirical
Bayesian geometric mean; EBGMOS, the lower limit of 95% CI of EBGM.
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Characteristics

Number of events
Gender
Female
Male
Unknown
Age (years)
<18
18< and <65
>65
Unknown
Indications (TOP five)
Psoriasis
Psoriatic arthropathy
Ankylosing spondyitis
Rheumatoid arthritis
Pustular psoriasis
Serious Outcome
Death
Life-threatening
Hospitalization
Disability
Congenital anomaly

Required intervention to prevent permanent impairment/damage

Other serious medical events
Reported Countries (Top five)
America
Canada
Britain
Germany
Japan
Reported Person
Health profession
Physician
Pharmacist
Other health professional
Non-healthcare professional
Consumer
Unknown
Reporting year
2021 Q&°
2020
2019
2018
2017
2016
2015

aThe third quarter of 2021.

Case number, n

89,228

50,251
34,008
4,879

113
27,556
5,539
56,020

35,870
16,991
6,474
401
158

1,438
693
7,247
560
22
18
18,528

30,913
2,034
1,303
1,270

632

12,918
3517
14,665

55,809
2,319

15,358
19,958
17,834
18,142
10,097
5,409

2,430

Case proportion, %

56.32
3821
5.47

013
30.88
6.21
6278

4020
19.04
726

045

0.18

161
0.78
8.12
063
0.02
0.02
20.76

34.64
228
146
142
o7

14.48
394
16.43

62.556
260

1721
2237
19.99
20.33
11.32
6.06
272
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Group

IL-1 expression
IL-6 expression
TNF-a expression
VCam-1 expression
ICam-1 expression

Sham

101 (0.14)
1.20 (0.75)
1.02 0.21)
1.02 (0.23)
1.43 (0.28)

TAC

10,69 (0.55)
1.38"* (0.77)
7.69"" (0.56)
3.42 (0.36)
8.66"" (0.34)

Perindopril

436" (0.32)
0.26"% (0.12)
1.11%%(0.24)
0.90"** (0.13)
027" (0.01)

NXK(L)

4.85"" (0.53)
0.03**(0.02)
1.27°% (0.25)
1.45" (0.08)
0.39""" (0.18)

NXK(M)

412" (0.28)
0.09"** (0.11)
1.09"" (0.13)
225" (0.22)
294" (0.54)

NXK(H)

3.72"* (0.54)
0.02* (0.22)
3.96"" (0.65)
2.42% (0.32)
116" (0.29)

Quantification was performed after normalization to f-actin. Compared to the sham group "p < 0.05, *'p < 0.01, **'p < 0.001. Compared to the Tac group #p < 0.05, ##p < 0.01, ###p <

0.001.
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Group Sham
LVDD (mm) 375 (0.15)
LVDS (mm) 250 (0.28)
LVEDV (uL) 60.13 (5.54)
LVFS (%) 31.05 (3.24)
LV Mass (mg) 84.98 (5.69)
LVSV (L) 3534 2.98)
CO (ml/min) 1693 (2.72)
LVEF (%) 59.49 (4.84)
LVPWD (mm) 070 (0.13)
LVPWS (mm) 1.41(0.17)

TAC

412 (0.26)
337" (029)
75.34 (10.79)
18.28" (3.13)
112.90 (24.57)
28,60 (4.59)
16,52 (3.31)
37.79" (5.65)
0.80 (0.06)
1.10 (0.14)

Perindopril

4.06 (0.14)
3.04 (0.22)
72.59 (6.09)
24.94 (3.44)
97.48 (6.58)
36.22 (3.23)
16.59 (2.16)
51.55 (4.38)

0.7 (0.05)
1.05 (0.09)

NXK (L)

372 (0.25)
265" (0.33)
59.33 (9.56)

29.77* (3.85)

86.42 (12.27)
33.04 (1.81)
16.68 (1.60)

57.97" (5.82)
0.75 (0.18)
1.08 (0.17)

NXK (M)

391 (0.40)
2.80 (0.38)
67.28 (16.73)
29.24" (3.63)
107.11 (18.95)
37.08 (6.93)
17.56 (3.76)
55.66" (6.83)
072 (0.12)
1.02(0.16)

NXK (H)

359 (0.26)
259" (0.32)
54.37 (8.95)
29.25" (6.40)
82.64 (5.40)
29.58 (6.46)
15.63 (3.44)
57.73" (8.33)
073 (0.14)
1.20(0.12)

LVDD (mm), left ventriculer end diastolic dimension; LVDS (mm), left ventricular end systolc dimension; LVEDV (), left ventricular end diastolic volume; LVFS (%), left ventricuier left
shortening fraction; LV MASS (mg) left ventricular myocardial weight; LVSV (), left venticular end systolic volume; CO (mi/min), cardliac output; LVEF (%), left ventricular gjection fraction;
LVPWD (mm), eft ventricular posterior wall end diastole; LVPWS (mm), left ventricular posterior wail end systole. Compared to the sham group 'p < 0.05, *p < 0.01, *p < 0.001.
Compared to the Tac group #p < 0.05, ##p < 0.01, ###p < 0.001.
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DNMT Cancer types Downstream Retf.(PMID)
genes or proteins

DNMT1 Lung cancer Human mutL homolog 1(hMLH1), Human mutS homolog 2 (hMSH2) 32211850
Gastric cancer P53 33962804
Breast cancer Forkhead box O3A (FOXO3a) 31296961
Pancreatic cancer Homeobox B9 (HOXBY) 35182659
Prostate cancer Zinc finger E-box-binding homeobox2 (ZEB2), Kruppel like factor 4 (KLF4) 27659015
Colorectal cancer CDKNIA(p21) 31154022

DNMT3A Acute myeloid leukemia Cyclin-dependent kinase 1 (CDK1) 34067359
Vulvar squamous cell carcinoma Cyclin-dependent kinase inhibitor 2A (CDKN2A) 27623253
Gastric cancer ADAM metallopeptidase with thrombospondin type 1 motif 9 (ADAMTS9) 33931579
Lung cancer CD147 35132181
Colorectal cancer TIMP metallopeptidase inhibitor 2 (TIMP2) 35414793

DNMT3B Endometrial cancer Transcription factor 3 (TCF3) 34175897
Colon cancer Interferon regulatory factor 8 (IRF8) 30540937
Lymphoma Met proto-oncogene (MET) 33418509
Breast cancer C-X-C motif chemokine ligand 11 (CXCL11) 35390315
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DNMT  Cancer types Cell/tissue Expression in cancers  Ref.(PMID)
DNMT1 Lung cancer HCC827 + 32211850
Gastric cancer SGC7901, BGC-823, MGC-803, NCI-N87 + 33962804
Breast cancer MCF-7, T47D, MDA-MB-231, BT549, BT474, SKBR3, Hs578T ~ + 31296961
Pancreatic cancer PL4S, PSN1, Pancl, BxPC3, AxPC1, SW1990, Capan1 + 35182659
32504382
Prostate cancer PC3, DU145 + 27659015
Colorectal cancer HT-29, HCT116, SW620, LoVo + 31154022
DNMT3A  Acute myeloid leukemia Serum + (87.5%) 34100902
Vulvar squamous cell carcinoma  Epithelium of vulva +(44%) 27623253
Gastric cancer BGC-823, AGS + 33931579
Lung cancer A549, NCI-H1395, NCI-H226, NCI-H460, NCI-H520 + 27237029
Colorectal cancer HCT116, RKO, SW480, SW620 + 35414793
DNMT3B  Endometrial cancer ISK, KLE + 34175897
Colon cancer HT29, HCT116 + 30540937
Lymphoma RAJI, Daudi, Akata, JeKo-1, JVM-2, JURKAT, REH, JY - 22133874
Breast cancer MDA-MB-231, MCF-7 + 30851420

b

‘+” indicates an increase in expression
indicates a decrease in expression

e poonoeitancel rasts: i wh el e elisenee msiions op-oe divnwaniibion of (0D
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SNP Therapy Genotype Noneffective Effective x2 sSig

Rs763780 TeA ™ 12 1 5.006 0071
cr 1 2 -
cc 2 1 -
A s 17 4 - 0.143
cT 1 2 — -
Rs4819554 TEA AG 5 2 2348 0.480
AA 4 2 - -
GG 6 0 - -
A AG 4 3 2150 0391
AA 10 3 - -
GG 4 0 - -
Rs11209032 TeA AA 1@ 2() 6577 0.020°
AG 10 (b) o) -
GG 4ab) 2 b - -
A AA 5 3 1317 0699
AG 10 2 -
fet] 3 1 =
Rs6887695 T8A cc 2 0 1.393 0.740
cG 7 1 - -
GG 6 3 - -
A [e¢] 1 1 1.214 0792
oG 1 3 -
GG 2 - -
Rs3212227 TeA u 5 2 - 0603
TG 10 2 - -
A GG 13 () 10 6124 0.035"
= 3 2 () -
TG 2(b) 3 =
Rs2201841 TeA GG 8 2 0723 1.000
AG 6 2 - -
AA i 0 L el
A GG 14 5 - 1.000
AG 4 L - -

T8A: treated with TNF-a, monoclonal antibody plus acitretin. A: reated with acitretin alone. (), (b), (2, b): no significant differences existed between any groups with the same letters, and
significant ciferences existed anly if the lstters were complately differert.
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Cancer type

Diffuse large B-cell lymphoma
(DLBCL)

Acute Lymphoblastic
Leukemia (ALL)

Colorectal Cancer (CCa)
Lung Cancer (LUNG)

Prostate Cancer (PCa)

Expression

Function

Phosphodiesterase PDEAB restricts cAMP-associated PI3K/AKT-dependent apoptosis in
diffuse large B-cell lymphoma

The effect of PDE4B on the treatment junction of ALL may be related to its overexpression
and glucocorticoid resistance

PDE4B can show tumor suppressive effects by inhibiting the mTOR-Myc axis

PDE4B is involved in the development of lung Cancer by affecting the cAMP-dependent
protein kinase (PKA) activity

PDE4B downregulation leads to activation of the PKApathway pathway, and oxidative stress
in tumor cells inhibits PDE4B expression and activates the PKA pathway pathway, thereby
inhibiting prostate development

Reternces(PMID)
15331441
35266293

30528730
22954688

22529021
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SNP

Rs763780

Rs4819554

Rs11209032

Rs6887695

Rs3212227

Rs2201841

Genotype

Mean
(PASI)

24.46
27.30
32.50

21.87
28.54
23.41

27.08
26.00
2244

25.08
2423
27.11

24.33
30.63
23.35

26.14
23.23
342

K-WH

sig

Psoriasis
vulgaris

Other
type
of
psoriasis

Moo s [(NAD O~
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SNP Genotype/allele Psoriasis Controls Value Sig OR (95%CI)
Rs763780 ™ 34 20 1.785 0.410 -

cr 6 4 - - -

[e¥] 3 0 - - -

T 74 44 0925 0.336 0561 (0.170-1.846)

[ 12 4 - - 1.00 (References)
Rs4819554 AG 13 12 3.809 0.142

A 21 6 - - -

GG 9 6 = =3 =

A 55 24 2.479 0.115 1.774 (0.866-3.634)

[€] 31 24 - - -
Rs11209032 AA 11 6 0026 0987 -

AG 22 12 - - -

GG 10 6 - - -

A 44 24 0017 0.897 1.048 (0.517-2.129)

G 42 24 - - -
Rs6887695 [e¢] 4 5 3358 0.187 -

cG 22 14 - - -

GG 17 5 - - -

c 30 24 2926 0.087 0536 (0.261-1.099)

a 56 24 - - -
Rs3212227 GG 3(a) 8(b) 7.664 0.022" -

™ 12 (@) 40 - - -

TG 28(a) 12 (@) = - =

G 34 28 4379 0.036" 0467 (0.228-0.958)

T 52 20 - - -
Rs2201841 GG 29 15 2681 0303 -

AG 13 6 - - -

AA 1 3 - - -

A 7 36 1,004 0296 1,578 (0.669-3.729)

G 15 12 - - -
Rs1800795 GG Al 24 - 1,000 -

cG 2 0 - - -

G 84 48 - 1.000 0636 (0.559-0.724)

c 2 0 - - -
Rs11209026 GG 43 24 - - -
RS10484879 GG 43 24 - - -

(a), (b), (a, b): No significant differences existed between any groups with the same letters, and significant differences existed only if the letters were completely different.
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Psoriasis
Control
p value

N (%)

43
2

Adalimumab

16 (37.20%)

Male/female

25/18
113
0.333

Etanercept

3 (6.66%)

Age
(mean = SD)

52.56 + 16.13
58.83 + 10.44
0.058

Acitretin

24 (55.81%)

PASI

25.45 + 12.66
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Characteristic Severe acute pancreatitis Healthy Statistical Result p Value

(n=4) participants (n = 4)

Sex, (%) 1000
Male 2(50) 2.(50)

Female 2 (50) 2 (50)

Smoker (%) 2 (50) 1(25) 1000
Alcoholism (%) 1(25) 1(25) 1.000*
Age (years) 52.00 + 4.55 46.50 + 8.10 1.184 0.281°
BMI (kg/m’) 2505 £ 421 2174 £ 196 1426 0204
SBP (mmHg) 13525 £ 3.77 118.50 £ 1133 2.806 0.054°
DBP (mmHg) 8650 £ 557 7925 £ 873 1400 0211
FBG (mmol/L) 1225 +3.08 506 £ 0.52 4610 0017
TC (mmol/L) 9.97 + 1.64 481 £ 086 5.578 0001
TG (mmol/L) 347 £ 056 115 £022 7.685 <0.001°
WBC (x10°/L) 1506 + 2.15 652+ 129 6816 <0.001°
Amylase (U/L) 72325 + 49.03 58.50 £ 5.00 26974 <0.001°

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBG, fasting blood glucose; TC, total cholesterol; TG, triglycerides; WBC, white blood cell. The p value
was obtained for comparison of the groups with following tests: *Fisher exact test; "Unpaired Student’s ¢-test.






OPS/images/fphar-13-869810/crossmark.jpg
©

|





OPS/images/fphar-13-937490/crossmark.jpg
©

|





OPS/images/fphar-13-980930/fphar-13-980930-g006.gif





OPS/images/fphar-13-885053/fphar-13-885053-t001.jpg
Gene name

Human
GAPDH

IL-8

GILZ

GLCClI

Mouse
GAPDH

IL-6

IL-13

IL-12F

TNF-a

ITMITMITMDT

ITTMDTMIMDTNDTT

Sequence (5' to 3)

CCTGACCTGCCGTCTAGAAA
CTCCGACGCCTGCTTCAC
TCTGGCAACCCTAGTCTGCT
AAACCAAGGCACAGTGGAACGC
GGCCATAGACAACAAGATCG
ACTTACACCGCAGAACCACCA
GGGAAGGAAGAAGTATCCAAGC
GCGAGTACTACTGCTCCGGTA

TGGCCTTCCGTGTTCCTAC
GAGTTGCTGTTGAAGTCGCA
GCAATGAGACGATGAGGCTTC
GCCCCTGAAAGATTTCTCCAATG
CAGCCTCCCCGATACCAAAAT
GCGAAACAGTTGCTTTGTGTAG
TGCTACTGTTGATGTTGGGAC
CAGAAATGCCCTGGTTTTGGT
CAGGCGGTGCCTATGTCTC
CGATCACCCCGAAGTTCAGTAG
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Compound

Galic acid
(+)-Catechin
Procyanidin B2
Epicatechin

Linear range (ug/mi)

2.50-160.00
3.44-220.00
3.44-220.00
3.91-250.00

Regression equation

¥ = 14186x ~ 20060
y = 14714x - 6332.8
¥ = 29502« - 3311.9

0.9997
0.9998
0.9999
0.9999

Content (mg/g)

Mean

0.409
6.129
1.884
3.951

sD

0.001
0.112
0.009
0.005
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Classification Main Clinical manifestations Reference
of AAV immune factors involved
MPA Anti-MPO antibody (positive in 60% PMID: 31358311
of patients)
Anti-PR3 antibody (positive in 30% of ~ Rapidly progressive renal failure (necrotizing and crescentic PMID: 22323643 PMID:
patients) glomerulonephritis) 30404112
Anti-LAMP-2 antibody Chronic kidney injury (eventually leading to end-stage renal disease) ~ PMID: 20656070)
Anti-MPO-specific splenocyte Lung injury PMID: 29887327
GPA Anti-PR3 antibody (positive in 75% of ~ Recurrent sinusitis, crusty rhinorrhea, pulmonary nodules PMID: 25149391
patients)
Anti-MPO antibody (positive in 20%  Rapidly progressive necrotizing glomerulonephritis with extra-capillary ~ PMID: 31358311
of patients) crescent
Anti-LAMP-2 antibody PMID: 24485158)
EGPA Anti-MPO antibody (positive in 45%  Allergic phase: characterized by asthma, allergic rhinitis, and sinusitis ~ PMID: 31266709 PMID:

of patients)

Anti-PR3 antibody (positive in 5% of
patients)

Eosinophil cytotoxic granule protein,
ECP, EPO, EDN

IL-5, lipid mediator

Eosinophilic phase: characterized by eosinophilic infiltration (eg. lung,
heart, and gastrointestinal system)

Vasculitic phase: purpura, peripheral neuropathy, and systemic
symptoms are the main features

31358311
PMID: 25404930)
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Cell type

Cell state

Related
inflammatory substances

Reference

Neutrophil

Neutrophil

Eosinophil

Resting state

Active state

Active state

TNF-q, IL-6, IL-18, IL-2Ra (CD25), C5a, G-CSF, GM-CSF, HMGB1, MIF

C3a, IL-10, IL-17A, 1L23, IL-32, C3bBbP, MIF

MBP, ECP, EPO, EDN

(PMID: 25841802
PMID: 27544048
PMID: 10792393
PMID: 26410887
PMID: 22975753
PMID: 19594951
PMID: 25889374
PMID: 24648606)
(PMID: 20491791
PMID: 18799068
PMID: 27544048
PMID: 26410887
PMID: 31216309
PMID: 12124874
PMID: 31922056)
(PMID: 31266709
PMID: 25404930)
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Gene name

Human
LH2
p-Actin
LDHA
ALDOAT
PGK1
PKM2
PFKFB
PGAM

Forward sequence

GACAGCGTTCTCTTCGTCCTCA
CACCATTGGCAATGAGCGGTTC
GGATCTCCAACATGGCAGCCTT
GACACTCTACCAGAAGGCGGAT
CCGCTTTCATGTGGAGGAAGAAG
ATGGCTGACACATTCCTGGAGC
TACCGACCTCTTGACCCAGACA
GCTCTGCCCTTCTGGAATGAAG

Reverse sequence

CTCCAGCCTTTTCGTGGTGACT
AGGTCTTTGCGGATGTCCACGT
AGACGGCTTTCTCCCTCTTGCT
GGTGGTAGTCTCGCCATTTGTC
CTCTGTGAGCAGTGCCAAAAGC
CCTTCAACGTCTCCACTGATCG
TAAATGGTGCGAGGCTGGACGT
ATACCAGTCGGCAGGTTCAGCT
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Hoy

Crea
CRP
B2M

HR

0.995
0.988
1.012
5.831

95% CI (HR)

0.947-1.046
0.960-1.016
0.974-1.051

2.052-16.672

p value

0847
0.392
0.541
0.001
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Variable

Male, n (%)
Age (years)
Hypertension, n (%)
Type 2 diabetes, n (%)
Stroke history, n (%)
CHD. n (%)
Smoker, n (%)
Aicohol user, n (%)
SBP (mmHg)
DBP (mmHg)
Hey (umolL)
GLU (mmol)
Crea (umollL)
BUN (mmolL)
UA (umolL)
LDL (mmol/L)
TG (mmol)
CHOL (mmol)
HDL (mmoliL)
VLDL (mmoliL)
CysC (mg/L)
CRP (mg/L)
B2M (mo/L)
NIHSS score
ESRS
TOAST
LAA
CE
SAO
Se'es
suc

aichar's exact test

Recurrent (N = 27)

20 (74.1%)
725 +87
21 (77.8%)
8(20.6%)
10 (37.0%)
4(14.8%)

7 (25.9%)
4(14.8%)
151.8 + 225
85.9 £ 17.1
133 (9.0)
625 (1.89)
83.33 = 21.57
6.47 £ 1.61
348,00 + 87.07
2.16 £ 0.70
1.33 (0.95)
420 +083
1.34 £ 0.36
0.27 (0.19)
1.22 £ 0.41
1.32 (3.05)
255 £ 058
4(7)

3

12 (44.4%)
3(11.1%)

12 (44.4%)
0(0.0%)
0(0.0%)

No recurrent (N = 27)

13 (48.1%)
72587
18 (66.7%)
7 (25.9%)
9(33.3%)
4(14.8%)

13.7%)
1(3.7%)
1479+ 225
835 = 129
112 (50)
5.98 (1.35)
67.80 + 18.04
579 £1.19
309.70 + 11091
2.42 065
1.45 (0.75)
418093
145033
029 (0.15)
1145029
053 (0.73)
1.90 +0.44
3
3@
4(14.8%)

2 (7.4%)
18 (66.7%)
1(3.7%)

2 (7.4%)

Statistics

x2=3818

p value

0.061
1.000
0.362
0.761
0.776
1.000
0.050°
0.351%
0.525
0.561
0.019
0.742
0.006
0.079
0.164
0.170
0.291
0.940
0.259
0.303
0.412
0.032
<0.001
0.295
0.311
0.054*
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Tissue

Thymus

Synovium

Liver

Skin

Lungs

Pancreas

Kidney

Gut

Target cell

‘Thymic epithelial cells (TECs)

Fibroblasts

Hepatocytes, liver stem cells and
progenitor cells

Keratinocytes, dermal cells, and
fibroblasts

Bronchial epithelial cells and
fibroblasts

Acinar cells, islet a-cells, and p-cells

‘Tubular epithelial cells

Stem and progenitor cells, epithelial
cells, and myofibroblasts

Mode of action

Promotes TEC proliferation and survival

“Endogenous regencration of
thymopoiesis after acute thymic damage

-Promotes proliferation of fibroblasts

“Induces expression of CCL-2 and RANKL

“Enhances regeneration from
damage

-Promotes proliferation of liver stem and
progenitor cells

“Promotes proliferation of keratinocytes
and dermal fibroblasts

-Induces CXCL-1, -2, -5 and -8; defensins;
and $100 molecules

-Promotes proliferation of epithelial cells
“Regeneration from tissue damage

-High constitutive expression of IL-22R
“Induces Reg3p, Reg3y, Bel-2, and Bdl-X,

-Promotes tissue regeneration in a TLRd-
dependent fashion

-Polymorphisms of IL-22R lead to
nephropathy in children

“Targets stem and progenitor cells and
more mature epithelium

“Induces $100 proteins; Reg3p, Reg3y, Bel-
2, and Bel-X; and defensins

References (PMID)

31195136, 21573786, 25246251, and 33278390

29922283, 32756816, 24056519, and 30619268

21465510, 20842630, 22262131, 16212920, 15122762, 17919941,
and 21708106

24378801, 16619290, 14675174, 17083366, 19830738, 17277128,
19330474, 19641206, 24655295, 23664643, 24390134, and 23395647

24942687, 21647421, 18264110, 21297073, 21794904, 21998459,
21789181, 24577508, 24442439, and 24531835

15122762, 16212920, 14675174, 11798462, and 25408874

11035029, 24459235, 17261606, 21625390, 23659670, and 10875937

16143135, 22723890, 18978771, 22854709, 18949018, 24991784,
15120652, 19564350, 24239045, 21391996, 21194981, and 18264109
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Chinese Medicines Effective Mechanism PMID
component
Chuanhutongfeng mixture Resveratrol Chuanhutongfeng mixture upregulated the expressions of miR-486-5p, miR-339-5p, and miR-361- 30854012
5p and inhibit the expression of proteins CCL2 and CXCLS in plasma

Tripterine Tripterine Tripterine modulates the miR-449a/NLRP3 axis and the STAT3/NF-xB pathway to alleviate GA. 33559709
Total glucosides of Paconiflorin TGP inhibits msu-induced THP-1 macrophage inflammatory response by regulating MALAT1/ 33677310
pacony (TGP) ‘miR-876-5p/NLRP3 axis and TLR4/MyD88/NF-kB pathway

Noni Noni juice Noni juice could has a certain therapeutic effect on AGA by inhibiting TLR/MyD88/NE-KB pathway 34359507
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Phytochemical

Curcumin

Resveratrol

Mangiferin

(--Epigallocatechin-3-
gallate
Chlorogenic acid

Icariin

Lycopene

Celastrol

Isofraxidin

Higenamine

Sesamin

Honokiol

Salvianolic acid B

Polydatin

Naringin

Baicalein

Berberine

Genistein

Acacetin

Wogonin

Luteoloside

Quercetin

Study model

In vitro, TBHP induced
human NP cells

Invivo, aneedle puncture
induced rat IDD model
In vitro, SNP induced rat
NP cells

Ex vivo, SNP induced
organ culture of IVD

In vitro, IL-1p induced rat
NP cells

In vitro, TNF-a induced
human NP cells

Invivo, aneedle puncture
induced rat IDD model
In vitro, H;0, induced
human NP cells

In vitro, IL-1B induced
mice CEP cells

In vitro, IL-1B induced
human NP cells

In vitro, H,0, induced
human NP cells

In vitro, H,0, induced
human NP cells

In vitro, IL-1B induced
human NP cells

In vitro, IL-1p induced
human NP cells

In vitro, IL-1p induced
human NP cells

In vitro, LPS induced rat
NP cells

Ex vivo, LPS induced
organ culture of IVD
Invivo, aneedle puncture
induced rat IDD model
In vitro, H,0, induced rat
NP cells

Invivo, aneedle puncture
induced rat IDD model

In vitro, TBHP induced rat
NP cells

In vivo, a needle puncture
induced rat IDD model
In vitro, H,0, induced rat
NP cells

In vivo, a needle puncture
induced rat IDD model
In vitro, TNF-a induced
rat NP cells

In vivo, a needle puncture
induced rat IDD model

In vitro, H,0, induced
human CEP cells

In vitro, TNF-a induced
human NP cells

In vitro, IL-1p induced rat
NP cells

Invivo, aneedle puncture
induced rat IDD model
In vitro, H,0, induced
human NP cells

Invivo, aneedle puncture
induced rat IDD model
In vitro, IL-1p induced
human NP cells

Invitro, TBHP induced rat
NP cells

Invivo, aneedle puncture
induced rat IDD model

Invitro, TBHP induced rat
NP cells

Invivo, aneedle puncture
induced rat IDD model
In vitro, IL-1p indluced rat
NP cells

In vitro, IL-1p induced rat
NP cells

Invivo, aneedle puncture
induced rat IDD model
Invitro, TBHP induced rat
NP cells

Invivo, aneedle puncture
induced rat IDD model

Dosage range
5,10, 15, 20, 25 uM
100 mg/kg via intraperitoneal
injection, twice weekly for 1 month
10, 50, 100, 200, 400 yM
100 uM
50 uM
100 uM, 500 M
0.2 g via intradiscal injection 3 days
after puncture
5pM, 25 uM
6.25, 12.5, 25 uM
0.1,1,10uM
0.1,1,10uM
2.5 um, 5 pm
10, 50, 100, 200 M
10, 20, 40 M
10, 20, 40 M
01,05, 1M
10 pg/mi
0.1 M via intradiiscal injection
immediately after lesion of the disc

2.50M, 5 UM

30 my/kg via intraperitoneal injection,
twice weekly for 2 month

1,5,10uM

40 mg/kg via oral administration for
1 week
0.001, 0.01, 0.1, 1, 10, 100 nM

20 mg/kg via oral gavage, once per
day for six consecutive weeks
200 pM, 400 UM

50 mg/kg via intragastric
administration, once per day for
4 weeks
200 UM

5 pg/mi, 10 pg/mi, 20 pg/mi

5, 25, 50 M

20 my/kg via intraperitoneal injection,
once daiy
1,2,4,8uM

150 mg/kg via intraperitoneal
injection, once per day for 8 weeks
25 M

50 uM, 100 M

100 mg/kg/day via intragastric
administration for 1 week before
surgery
031M, 1M

25 mg/kg via intraperitoneal injection,
once weekly for 4 months
10, 25, 50 M

2,5,10pM

10 mg/kg via intraperitoneal injection,
once daily
5,15, 30, 60 yM

100 mg/kg via intraperitoneal
injection, three times weekly for
8 weeks

Signal pathways/Mechanisms

inhibited oxidative stress and mitochondrial dysfunction
through AMPK/mTOR/ULKY pathway-induced
autophagy and -enhanced autophagic flux

inhibited SNP-induced NP cell apoptosis by reducing
ROS production

reduced the expression levels of inflammatory factors in
NP cells

inhibited NP cell apoptosis and ECM degeneration by
inhibiting the production of inflammatory factors and ROS;
NF-xB signaling pathway

inhibited the expression level of inflammatory mediators
and apoptosis; cGAS/Sting/NLRP3 pathway

inhibited the expression of inflammatory mediator and
ECM degradation; NF-xB pathway

inhibited the level of PGE2, NO, iNOS, COX-2 and ECM
degradation; MAPK pathway and NF-xB pathway
inhibited the production of ROS induced by H,05;
alleviated the human NP cell apoptosis; Nrf2 pathway
Inhibited the apoptosis and ECM degradation; Nrf2
pathway

Inhibited the apoptosis, ECM degradation, inflammation;
NF-xB pathway

inhibited the level of PGE2, NO, INOS, COX-2, TNF-a, and
IL-6; NF-xB pathway

inhibited the level of PGE2, iNOS, COX-2, TNF-a, and IL-
6; NF-xB pathway

suppressed the expression of inflammation factors and
the migration of macrophages induced by LPS; MAPK
pathway

inhibited the production of oxidative stress marker
molecules (ROS, MDA) and the level of inflammatory
mediators (IL-6, COX-2 and INOS) in NP cells; NF-xB
pathway, JNK signal, TXNIP/NLRP3/caspase-1/IL-1p
signal axis

improved mitochondrial antioxidant capacty,
mitochondrial function, and prevented oxidative stress in
NP cells; AMPK-PGC-1a signaiing pathway

reduced the levels of ROS and MDA and increased the
levels of GSH and SOD2

reduced the production of ROS through Nrf2 signaling
pathway

upregulated Parkin and Nrf2 pathway, protecting CEP
cells from H,0,-induced mitochondrial dysfunction,
oxidative stress and apoptosis

prevented NP cells from inflammatory response, oxidative
stress and impaired cellular homeostasis; AMPK/SIRT1
pathway

inhibited the level of NO, PGE2, TNF-a and IL-6 induced
by IL-1B in NP cells; NF-<B and MAPK pathways

inhibited oxidative stress-induced cell damage by
regulating ER stress and autophagy; IRE1/JNK pathway

inhibited inflammation-induced cellinjury

inhibited TBHP-induced apoptosis and ECM
degradation; Nrf2 pathway

inhibited TBHP-induced ROS production in NP cells;
reduced the expression of inflammatory mediators such
as COX-2 and INOS; Nrf2 and MAPK pathway

Inhibited IL-1B-induced inflammatory response and
extracellular matrix degradation in NP cells

inhibited IL-1B-induced the level of NO, PGE2, TNF-q, IL-
6, COX-2, and iNOS in rat NP cells; Nrf2/NF-xB pathway

reduced ROS by activating SIRT1-autophagy pathway

References

Kang et al.
(2019)

Liet al. (2018)
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Tian et al.
(2020)
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(2020)
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miRNAs Location Expression and Target Result PMID
upregulated/downregulated gene(s)/pathway

miR-142-3p Human MSU-stimulated THP-1 cells and MSU-treated male C57BL/  ZEB2|/NF-kB] IL-1B, 1L-6, 35239453
chromosome 17 6 mouse ankle joint tissue] TNF-af

miR-146a Human Bone marrow-derived macrophages from MSU-stimulated TRAF6, IRAK1], TLR4/  NLRP3, TNF-a, 31773674
chromosome 5 B6 wild-type mice] MyDS8/NF-kB|. IL-1, IL-6]

miR-155 Human Synovial fluid mononuclear cells in patients with AGA and SHIP-1] TNF-q, IL-1BT 24708712
chromosome 21 MSU-induced C57BL gout mouse model]

miR-192-5p Human Serum of GA patients and synovial tissue and synovial fluid of ~EREGT IL-1B, 1L-6, 34715618
chromosome 11 MSU-treated male C57BL/6 mice| TNF-al

miR-221-5p Human AGA patient serum| IL-1BT IL-8, TNF-a 33201565
chromosome X

miR-223-3p/ Human MSU-stimulated mouse air pouch synovium and myristin NLRP31 IL-1BT 33650318

miR-22-3p chromosome X sodium acetate-treated THP-1 cells|

miR-302b Human Serum of GA patients and MSU-treated THP-1 cells and mouse  IRAK4/NF-kB, EphA2/ IL-1B) 29482609
chromosome 4 air pouchl caspase-1]

miR-488 Human Peripheral blood leukocytes in patients with GA| IL-1p7 IL-8, TNF-al 28915828
chromosome 1

miR-920 Human Peripheral blood leukocytes in patients with GA| IL-1B7 IL-8, TNF-al 28915828

chromosome 12





OPS/images/fphar-13-904701/fphar-13-904701-g004.gif
)

09pH





OPS/images/fphar-13-956355/fphar-13-956355-g001.gif





OPS/images/fphar-13-981799/fphar-13-981799-g001.gif





OPS/images/fphar-13-904701/fphar-13-904701-g003.gif





OPS/images/fphar-13-956355/crossmark.jpg
©

|





OPS/images/fphar-13-981799/crossmark.jpg
©

|





OPS/images/fphar-13-942209/fphar-13-942209-t001.jpg
Inflammatory cells type

Macrophages
Microglia
Dendritic cells

T cells

B cells
Eosinophils
Neutrophils
Mast cells
Plasma cells
Th cells

Expression and major physiological function

Bone marrow derived macrophages express ASIC, and ASIC1 contribute to increased endocytoss of FITC-dextran and
upregulated expression of CD8O, CD86, and MHC-I in BMMs stimuiated by acidosis

ASIC1 in microglia is increased upon stimulation with LPS. Blocking of ASIC1a reduced the expression of inflammatory
cytokines

Dendiic cells express ASICs, acidosis upregulated the expression of GD11c, MHC class I, CD80, and CD86 and
enhanced the Ag-presenting abilty of dendritic cells via ASICs

T cells show ASIC1 expression at the protein level, ASIC1 has no significant role in T cell function in EAE

Asict mRNA is detected in B cells

ASIC1a is detected in these five inflammatory cells, indicating the key roles of ASIC1a in the infitration and activation of
these inflammatory cells

References

Kong et al. (2013)
Yu etal. (2015)
Tong et al. (2011)

Friese et al. (2007)
Friese et al. (2007)

Tang et al. (2021)
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Medication

Pioglitazone

Pioglitazone

Elafibranor

Lanifibranor

Selonsertib
(STELLAR 3)

Selonsertib
(STELLAR 4)

Pentoxifylline

ASP9831

Roflumilast

Emricasan

Emricasan

Emricasan

GS-9450

Obeticholic acid
(REVERSE)

Obeticholic acid
(REGENERATE)

Tropifexor

(FLIGHT-FXR)

Cenicriviroc

Simtuzumab (SIM,
GS-6624)

ND-L02-
0201 Injection
IMM-124E

Liraglutide

Semaglutide
Tirzepatide

BI456906

Primary
mechanism

PPARS agonist
PPARS agonist
PPARa and

PPARR/S agonist

PPARa,PPARy and
PPARP/S agonist

ASK-1 inhibitor

ASK-1 inhibitor

PDE4 inhibitor

inhibitor

PDEA4 inhibitor

Caspase inhibitor

Caspase inhibitor

Caspase inhibitor

Caspase inhibitor

EXR agonist

EXR ligand

EXR agonist

CCR2/
CCRS5 inhibitor

LOXL? inhibitor

HSP47 inhibitor

Anti-LPS

GLP-1 agonist

GLP-1 agonist

Dual GIP-GLP1
agonist
Dual GIP-GLP1
agonist

Trial
number

NCT00063622

NCT00227110

NCT02704403

NCT03008070

NCT03053050

NCT03053063

NCT04977661

NCT00668070

NCT01703260

NCT02686762

NCT02960204

NCT03205345

NCT00740610

NCT03439254

NCT02548351

NCT02855164

NCT03028740

NCT01672879
NCT01672866
NCT02227459

NCT02316717

NCT02654665

NCT02970942

NCT04166773

NCT04771273

Major inclusion
criteria

Patients with NASH and without
diabetes

Patients with impaired glucose
tolerance or type 2 diabetes and
liver biopsy-confirmed NASH

Patients with NASH and fibrosis

Patients with noncirrhotic, highly
active NASH

Patients with NASH and bridging
fibrosis (F3, STELLAR-3)

Adults with compensated cirrhosis
(F4, STELLAR-4) due to NASH

Egyptian NASH patients

NASH and elevated serum ALT
levels

Patients with a historical diagnosis
of NASH

Patients had definite NASH and
NASH CRN fibrosis stage F1-F3

Patients with NASH-related
cirrhosis and baseline
HVPG 212 mmHg

Subjects with decompensated
NASH cirrhosis

Patients with elevated ALT (>60 U/
L at screening), fatty liver on
screening ultrasound, and biopsy-
proven NASH

Subjects with a confirmed diagnosis
of NASH and a fibrosis score of

4 based upon the NASH CRN
scoring system determined by
central reading

Patients with definite NASH,
NAFLD activity score of at least 4,
and fibrosis stages F2-F3, or F1 with
at least one accompanying
comorbidity

NASH on biopsy with stage

1-3 fibrosis or clinical risks for
NASH

Subjects with NASH and stage F2 or
F3 fibrosis

Patients with bridging fibrosis
caused by NASH

Moderate to extensive hepatic
fibrosis (METAVIR F3-4)

Diagnosis of NASH

Obese adults with non-alcoholic
fatty liver discase

NASH on biopsy with stage
1-3 fibrosis

Diagnosis of NASH

Diagnosis NASH and fibrosis stage
FL-F3

Outcome(s)

No benefit of pioglitazone over
placebo in fibrosis score (34% and
19%, respectively; p = 0.04)

Improvement in metabolism and
histological features

No significant difference in the
improvement of fibrosis between
treatment and placebo groups

Significant decrease of at least two
points in the SAF-A score without
worsening of fibrosis with the 1200-
mg dose of lanifibranor than with

placebo

No antifibrotic effect

No antifibrotic effect

Safe and effective in improving liver
aminotransferases, serum cytokine,
and chemokine in Egyptian NASH
patients

No significant difference in altering
the biochemical markers of NASH,
compared to placebo

No results available

No improvement in liver histology
in patients with NASH fibrosis and
with the possibility of worsening
fibrosis and ballooning

No significant improvement in
HVPG or clinical outcomes in
patients with NASH-related
cirrhosis and severe portal
hypertension

Safe but ineffective for treatment of
decompensated NASH cirrhosis

Significant reductions in ALT levels
in NASH patients with GS-9450
treatment groups

No results available

Obeticholic acid 25 mg improved
fibrosis and key components of
NASH disease activity among,
patients with NASH

Anti-inflammatory and anti-
steatogenic effects were observed in
part A/B of a phase 2 trial. A
significant reduction in ALT levels,
weight loss, and liver fat loss
according to the interim analysis in
Part C. Adverse effects: pruritus,
elevated LDL and decreased HDL

No results available

Ineffective in decreasing hepatic
collagen content or HVPG

No results available

No significant improvement in
clinical endpoints

Effective for decreasing weight,
hepatic steatosis, and hepatocellular
apoptosis in obese adults with
NAFLD

Significant improved NASH, but no
improvement in fibrosis

No results available

No results available

Status

Phase 3; recruitment status:
completed

Phase 4; recruitment status:
completed

Phase 3; recruitment status:
terminated (study did not
meet the predefined primary
surrogate efficacy endpoint,
no safety issues identified)

Phase 2; recruitment status:
completed

Phase 3; recruitment status:
terminated (this study was
terminated early due to the
lack of efficacy based on the
results of the week 48 analysi
as prespecified in the clinical
study protocol.)

Phase 3; recruitment status:
terminated (this study was
terminated early due to the
lack of efficacy based on the
results of the week 48 analysis
as prespecified in the clinical
study protocol.)

Phase 4; recruitment status:
completed

Phase 2; recruitment status:
completed

Phase 2; recruitment status:
terminated (company
decision; no safety or efficacy
concerns)

Phase 2; recruitment status:
completed

Phase 2 recruitment status:
completed

Phase 2; recruitment status:
unknown

Phase 2; recruitment status:
completed

Phase 3; recruitment status:
active, not recruiting

Phase 3; recruitment status:
active, not recruiting

Phase 2; recruitment status:
terminated

Phase 3; recruitment status:
terminated (This study was
terminated early due to lack of
efficacy based on the results of
the planned interim analysis
of part 1 data.)

Phase 2; recruitment status:
terminated
Phase 1; recruitment status:
completed
Phase 2 recruitment status:
completed

Phase 3; recruitment status
was: recruiting

Phase 3; recruitment status:
completed
Phase 2; recruitment Status:
recruiting

Phase 2; recruitment Status:
recruiting

HSC, hepatic stllate cell; NASH, non-alcoholic steato hepatitis; PPAR, peroxisome proliferator-activated receptor; SAF-A score, the activity part of the steatosis, activity, and fibrosis [SAF]

scoring system that incorporates scores for ballooning and inflammation; ASK-1, apoptosis signaling kinase-1; PDE4, cyclic nucleotide phosphodiesterase 4; ALT, ala

ne aminotransferase;

CRN, clinical research network; HVPG, hepatic venous pressure gradient; FXR, Farnesoid X receptor; NAFLD, non-alcoholic fatty liver disease; CCR2/CCRS, the C-C motif chemokine
receptor 2 (CCR2)-CCRS; LOXL2, lysyl oxidase-2; HSP47, heat shock protein 47; LPS, lipopolysaccharide; GLP-1, glucagon-like peptide 1; GIP, glucose-dependent insulinotropic

polypeptide:
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Group. Dose (mg/kg) Spleen index (mg/kg)

Nor 0 252 £011
CFA 0 299+ 0.10*
DEX 05 2.68 + 0.07"
L-PEEP 16 295 +0.12
M-PEEP 32 2.67 + 0.05*
H-PEEP 64 261+ 009"

The data were expressed as the means + S.EM. (n = 5)."p < 0.05 vs. Normal group. *p <
0.05, vs. CFA, group.
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Category Pharmaceuticals Enterprise Indications Time to market
SIRNA Onpattro Alynlam Familial amyloid polyneuropathy 2018
SIRNA Givlaari Alynlam Acute hepatic porphyria 2019
SIRNA OXLUMO Alynlam Primary hyperoxaluria typel 2020
SIRNA Inclisiran Alynlam, Novartis Adult hypercholesterolemia and mixed dyslipidemia 2020
ASO Vitravene lonis, Novartis Cytomegalovirus retinitis 1998
ASO Kynamro lonis, Sanofi Familial hypercholesterolemia of the pure type 2013
ASO Exondys51 Sarepta Therapeutics Duchenne muscular dystrophy 2016
ASO Spinraza Lonis, Biogen Spinal muscular atrophy 2016
ASO Tegsedi lonis Hereditary amyloidosis of transthyretin protein 2018
ASO Waylivra lonis Familial celiac disease syndrome 2019
ASO Vyondy53 Sarepta Therapeutics Duchenne muscular dystrophy 2019
ASO Viltepso Nippon Shinyaku Duchenne muscular dystrophy 2020
ASO AMONDYS45 Sarepta Therapeutics Duchenne muscular dystrophy 2021
Aptamer Macugen Eyetech, Pizer Neovascular age-related macular degeneration 2004

Data source: https://www.cn-healthcare.com/articlewm/20210410/content-1208704.html.
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Therapy name

Name of the
company

Indication

Target mechanism

Expected time

Etranacogene
dezaparvovec

Lenadogene nolparvovec

OTL-103
Elivaldogene autotemcel

Beremagene geperpavec

EB-101

UniQur and CSL Behring

GenSight Biologics

Ochard Therapeutics
blucbird bio
Krystal Biotech

Abeona Therapeutics

Hemophilia B

Leber hereditary optic
neuropathy

Wiskott-Aldrich syndrome
adrenoleukodystrophy
Dystrophic epidermolysis
bullosa

Dystrophic epidermolysis
bullosa

Gene therapy for expression of coagulation factor ix
Gene therapy for expressing NADH dehydrogenase 4

Gene therapy for expressing WAS protein
Gene therapy of ALD protein expression

Local gene therapy forexpression of collagen type VI
(coL7)

Target therapy for expressing COL7A1 gene

In the second half of
2022

‘The fourth quarter of
2022

Mid-2022
Before September 2022

In the second half of
2022

Late 2022

Data sources are public information: https://www.fda.gov/, https://ec.europa.eu/info/inde>
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Primer name

GAPDH-F
GAPDH-R
IL-6-F
IL-6-R
TNF-a-F
TNF-a-R

Primer sequence

5'-AGAAGGCTGGGGCTCATTTG-3'
5'-AGGGGCCATCCACAGTCTTC-3'
5'-CCGGAGAGGAGACTTCACAG-3'
5'-TCCACGATTTCCCAGAGAAC-3'
5'-CGTCAGCCGATTTGCTATCT-3"
5'-CGGACTCCGCAAAGTCTAAG-3'
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Disease

Name of the company

‘Target mechaniom

Approval suthority

Lipoprotein defciency heseditary diesse

Spinal muscular trophy

Severe immunodeficency

Porphyria

pameditrrancan ancrnia

Familial Bypercholserolemia

Adrenoleukodystrophy

Retinal nusrtonal strophy
Mante el ymphoma

Or rlapsed o refctory mliple mycloma
Aromatic Lamino acid decarboxylase

Hemophilia A

Lemilobin
Zymego
Leavio
Kysararo
Skpsons
Libmeldy
[
Abecma
Upstaza

Unicure

Avexis (Novaris)

Tonis Pharmaceuticls

Orchard Therspeutics

Allam

Bluchind bio

Novarts

orisPharma/Kaste

Bluchind bio

Orchard Therspeuti

Spark Therspeutics
Kite Pharma
Bluchird bio/
PTC Therapeutics

AAV-based gene therapy
Gene theapy for expresing SN protein

Gene therapy for cxpressing SN proten

e therapy for expression of adenosine deaminsse
Targeted ALAS gene therapy.

Autclogous stem cel therpy based on lentvirus

Gene therapy targeting PCSKS

Expression of po B-100 messenger RNA s the taget
Gene therapy of ALD protan expression

Gene therapy for expresion of functional enzyme ARSA
Retinal dystrophy assochted with RPEGS mutation
CDI9 targeted CART el therspy

Targeted b cell maturation antgen

ARVS-bused gene therapy

Gene therapy for expresion of cosgolaton factor vl

oA

oA

s

20197524

e

2019m

20195

2027

20028

2013129

20271

2020

2020

2020724

202106

20270

Data sources are public information: https://www.fda.gov/, https://ec.europa.eu/info/index_¢






OPS/images/fphar-13-869810/fphar-13-869810-g010.gif
PEEPtenuic

fr—






OPS/images/fphar-13-938416/fphar-13-938416-g004.gif





OPS/images/fphar-13-971541/crossmark.jpg
©

|





OPS/images/fphar-13-869810/fphar-13-869810-g009.gif
TTP

p-MK2

PPISMAPK | S ————
oy -

Bractn | s———————— |

FCA - + o+ o+ 4+
PEEP(nghe) — — - 16 32 64
DEX(OSmgke) — - + - - ~

)
i
¥






OPS/images/fphar-13-938416/fphar-13-938416-g003.gif





OPS/images/fphar-13-983744/fphar-13-983744-t001.jpg
CircRNA Express Tissue Model Species References

circRNA_092516 1 PBMCs Blood samples Human Ouyang et al. (2017)
circRNA_104,871 1 PBMCs Blood samples Human Ouyang et al. (2017)
circRNA_003524 T PBMCs Blood samples Human Ouyang et al. (2017)
circRNA_101,873 1 PBMCs Blood samples Human Ouyang et al. (2017)
circRNA_103,047 T PBMCs Blood samples Human Ouyang et al. (2017)
circRNA_0008410 T PBMCs Blood samples Human Luo et al. (2020)
circRNA_0088036 1 PBMCs Synovial cell model Human Yang et al. (2022a)
circRNA_09505 1 PBMCs Macrophage cell models/Mouse model Human/Mouse Yang et al. (2020)
circRNA_0000396 ! PBMCs whole blood Human Wang et al. (2021)
circRNA_0130,438 ! PBMCs whole blood Human Wang et al. (2021)
circRNA_0000175 1 PBMCs Blood samples Human Lu et al. (2022)
circRNA_101,328 ! PBMCs Blood samples Human Lu et al. (2022)
circRNA_0002715 1 peripheral blood Blood cell model Human Luo et al. (2019)
circRNA_0001947 T peripheral blood Synovial cell model Human Yang et al. (2022b)
circRNA_0035197 T peripheral blood Blood cell model Human Luo et al. (2019)
circRNA_0044235 ! peripheral blood/plasma Blood cell model Human Chen et al. (2021b)
circRNA_0003972 1 HELS-RA HFLS-RA cell model Human Wen et al. (2022)
circRNA_0003353 T HFLS-RA Cell model Human Wen et al. (2022)
circRNA_0088194 T HFLS-RA Cell model Human Feng et al. (2022)
circRNA_0130,438 ! HFLS-RA Cell model Human Lu et al. (2022)
circRNA_0005008 T plasma Cell model Human Ouyang et al. (2021)
circRNA_0005198 T plasma Cell model Human Ouyang et al. (2021)
circRNA_0000175 1 plasma Cell model Human Lu et al. (2022)
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miRNA

MiR-494-3p
miR-17
miR-214
miR-92b-3p
miR-9

Chromosome location

14632.31
13q31.3

1024.3

1922

1422 (MR-9-1) 5q14.3 (MR-0-2) 15426.1 (MIR-9-3)

Expression in SS

downregulation
upreguiation
upregulation
upreguiation
upregulation

Reference

miRBase
Yu et al. (2022)

Weber (2005), Scott et al. (2012)
miRBase

Roese-Koerner et al. (2016)
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Groups

Blank control

Vehicle control

TCE treatment

TCEpos

TCEneg

SCD59-cys + TCE treatment
CD59 + TCEpos

CD59 + TCEneg

MCCO50 + TCE treatment
MCC950 + TCEpos
MCC950 + TCEneg

TCE trichlorosthylens; pos, positive; neg, negative; sCD59-Cys, a specific inhbitor of C5b-9 assembly; MCC50, a specific antagonist of NLRP3.

Mice

n
5
5

30
8

22

26
7

19

36

13

23

cooowmo~N~NOO

Score

ORBRONNO 200N

coooocoococoow

Sensitization rate (%)

0.00
0.00
26.67
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Gene names

GSDMD
GSDME
Caspase-1
Caspase-11

GAPDH

Sequences (5-3)

Forward: 5'-CTAGCTAAGGCTCTGGAGACAA
Reverse: 5'-GATTCTTTTCATCCCAGCAGTC-3'
Forward: 5'-GAGAGTCACTCTTCGTTTGGAA-3’
Reverse: 5'-CTGAAGTACCAGGTTGTCCATA-3'
Forward: 5-AGAGGATTTCTTAACGGATGCA-3’
Reverse: 5'-TCACAAGACCAGGCATATTCTT-3'
Forward: 5'-TGCAGAGCTATTACTCGCGG-3'
Reverse: 5'-ACAGGCAGCTGAGAACCATC-3"
Forward: 5"-CCCTTAAGAGGGATGCTGCC-3'
Reverse: 5'-ACTGTGCCGTTGAATTTGCC-3"

GSDMD, gasdermin D; GSDME, gasdermin E.
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Peak t (min) Identification

1 5.899 Loganin acid
2 6.509 3-O-caffeoylquinic acid

3 8241 Loganin

4 8.515 Sweroside

5 8715 4-O-caffeoylquinic acid

6 9.602 Secoxyloganin

7 9.665 Caffeic acid

8 13.38 Rutin

9 14.146 Cynaroside

10 15.33 3,5-O-dlcaffeoylquinic acid
n 16.071 3,4-O-dicaffeoylquinic acid
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Peak tn (min) Identification

1 6.14 L-tryptophan
2 6.909 Vanilic acid

3 13.06 Feruiic acid

4 13.2 Senkyunolide |

5 13.973 Senkyunolide H

6 17.623 E-Butylidenephthalide
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Peak

SEEREN e

12.437
15.161
15.979
16.624
18.416
18.498
23.087

Identification

Calycosin-7-0--D-glucoside
Calycosin-7-0-p-D-glucoside-6"-O-malonate

Ononin
(6aR.-11aR)-3-Hydroxy-9,10-dimethoxypterocarpan-3-O-p-D-glucoside
Calycosin

Formononetin-7-O--D-glucoside-6"-O-malonate

Formononetin
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Potential
therapeutical alternatives

Inflammatory mechanisms

References

Selenium

Leonurine

Tocilizumab
Infliximab
Anakinra
SB265610
1-MT

Allopurinol
Nicotinamide
MCC950

Pioglitazone metformin complex
Fluoxetine
Isoliquiritin
Pinocembrin

Pilose antler peptide
Quercetin
Arctigenin

Safflower extract
Baicalin
Xiao-Chai-Hu-Tang
Puerarin

Ketamine

Magnolol
Astragalin
NSAIDs

Acupuncture
Physical exercise

Probiotics

upregulate the activated Treg cells

regulate Treg/Th17 balance

IL-6 receptor monoclonal antibody
TNF antagonism

IL-1 receptor antagonist

CXCR2 inhibitor

IDO antagonist

TDO inhibitor
TDO inhibitor

NLRP3 inflammasome inhibitor

NLRP3 inflammasome inhibitor
NLRP3 inflammasome inhibitor
suppressing pyroptosis
suppressing pyroptosis
suppressing pyroptosis
suppressing pyroptosis
inhibit TLR4 signaling
inhibit TLR4 signaling
inhibit TLR4 signaling
inhibit TLR4 signaling
inhibit TLR4 signaling

regulate M2 polarization of microglia

regulate M2 polarization of microglia

regulate M2 polarization of microglia

inhibit the synthesis of prostaglandins in the central nervous system

suppression of vagal nerve inflammatory responses

reduce secretion of proinflammatory cytokines

regulate microbiome-gut-brain axis

Hu et al. (2021)
Mokhber et al. (2011)
Du et al. (2020)

Jia et al. (2017)
Tiosano et al. (2020)
Raison et al. (2013)
Zhang K et al. (2022)
Chai et al. (2019)
O'Connor et al. (2009)
Souza et al. (2017)
Kessing et al. (2019)
Tsujita et al. (2019)

Li et al. (2022)

Liu et al. (2022)

Guo et al. (2020)
Ambati et al. (2021)
Li, Y. et al. (2021)
Yang et al. (2022)

Hu et al. (2022)

Zhu et al. (2022)

Xu et al. (2020)

Chen et al. (2021)
Guo et al. (2019)

Shao et al. (2021)

Gao et al. (2021)
Beckett and Niklison-Chirou, (2022)
Wu et al. (2022)

Tao et al. (2021)

Yao et al. (2022)
Alamdarsaravi et al. (2017)
Mohammadinejad et al. (2015)
Muller et al. (2006)
Liu et al. (2020)
Paolucci et al. (2018)

(Desai et al., 2021; Trifkovic et al., 2022)

PPD, postpartum depression; Treg cells, regulatory T cells; Th17, T helper cell 17; IL, interleukin; TNF-a, tumor necrosis factor-a; CXCR2, C-X-C motif chemokine receptor 2; 1-MT, 1-

methyltryptophan; IDO, indoleamine 23-dioxygenase; TDO, tryptophan 2,3-dioxygenase; NLRP3, nod-like receptor protein 3; NSAIDS, non-ster

VLl vecetibon 4

I anti-inflammatory drugs; TLR4,
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Experimental models/Patients

Outcome and proposed
inflammatory mechanisms

References

women with PPD

hormone-simulated pregnancy induced PPD rat model

women with PPD
women with PPD
women with PPD

women with PPD

women with PPD

women with PPD

‘women with PPD

women with PPD

‘women with PPD

women with PPD

women with PPD

‘women with PPD

women with PPD

corticosterone induced PPD rat model

hormone-simulated pregnancy induced PPD mouse model
hormone-simulated pregnancy induced PPD rat model

hormone-simulated pregnancy induced PPD rat model

THI cells |
Treg cells |

immune suppression

DNA methylation in CD3]
Treg cells |

Treg cells |

1L-67

IL-1BT

TNF-al
IEN-y|
IEN-y/IL-10 |
IL-87

L2

CXCLIT

Kynl

quinolinic acid/kynurenic acid ratio]
kynurenic acid |

KynT

quinolinic acid]

kynurenic acid |

Kynl

quinolinic acid]
3-hydroxykynurenine]
3-hydroxyanthranilic acid]
NLRP3 inflammasome]
NLRP3 inflammasome[
NLRP3 inflammasomel

Osborne et al. (2020)

Qu et al. (2015)

Robakis et al. (2020)
Weigelt et al. (2013)
Krause et al. (2014)
Achtyes et al. (2020)

Liu et al. (2016)

Nazzari et al. (2020)

Sha et al. (2022)

Szpunar et al. (2021)
(Corwin et al,, 2008; Sha et al., 2022)
Szpunar et al. (2021)
Groer and Morgan, (2007)

Szpunar et al. (2021)
Achtyes et al. (2020)
Achtyes et al. (2020)
Brann et al. (2020)
Quan et al. (2020)

Wang et al. (2018)

Sha et al. (2021)
Qiu et al. (2021)
Zhu and Tang, (2020)

Abdul Aziz et al. (2021)
Zhai et al. (2022)

PPD, postpartum depression; Thi, T helper cell 1; Treg cells, regulatory T cells; IL, interleukin; TNF-a, tumor necrosis factor-a; IFN-y, interferon-y; CXCLI, C-X-C motif chemokine 1

Kyn, kynurenine; NLRP3, nod-like receptor protein 3
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Genes

ACAN
COL2A1
MMP3
COX-2
GAPDH

Forward (5'- 3')

AGTGACCCATCTGCTTACCCTG
GTGTCAAGGGTCACAGAGGTTAC
CAGGTTATCCTAAAAGCATTCACAC
AAAACCGTGGTGAATGTATGAGC
CTGGAGAAACCTGCCAAGTATG

Reverse (5'- 3')

CTGCATCTATGTCGGAGGTAGTG
CGCTCTCACCCTTCACACCT
CCGCTGAAGAAGTAAAGAAACCC
GGTGGGCTGTCAATCAAATGT
GGTGGAAGAATGGGAGTTGCT
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Model

Mice

Rats

Indexes of acute liver
injury

AST/ALT, TNF-a, IL-6 Ma et al. (2014)
Level of GSH and the activiies of GSH-PX Ma et al. (2014)
Histopathologic analysis Ma et al. (2014)

Histopathologic scores Yao et al. (2007), Alexandropouios et al. (2017),
Wen et al. (2020)

LDH Wen et al. (2020)

ALT/AST level Yao et al. (2007), Fan et al. (2014), Wen et al. (2020)
SOD and MPO Yao et al. (2007), Fan et al. (2014)

ICAM-1, TNF-6, IL-6 Fan et al. (2014)

TNF-a, IL-6, IL-1b and ICAM-1 Alexandropouios et . (2017)

Level of GSH and the activities of GSH-PX Alexandropoulos et al. (2017)
MPO activity Yao et al. (2007)

ALT, alanine aminotransferase; AST, aspartate aminotransferase; TNF, tumor necrosis
factor; L, interleukin; GSH, glutathione; GSH-PX, glutathione peroxidase; LDH, lactate
dehyarogenase; SOD, superoxide dismutase; MPO. myeloperoxidase; ICAM,
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Components

Bai Shao (BS) (Paconia lactiflora Pall)

Shu Dihuang (SDH) [Rehmannia glutinosa (Gaertn.) DC.]
Dang Gui (DG) (Angelica sinensis (Oliv.) Diels)

Chuan Xiong (CX) (Conioselinum anthriscoides ‘Chuanxiong’)
Tao Ren(TR) [Prunus persica (L) Batsch.]

Hong Hua (HH) (Carthamus tinctorius L)

Part used

Dried root
Dried root
Dried root
Dried rhizome
Dried ripe seed

Dried flower

Proportion

Now N e e w

Batch number

17050301
17042501
16070501
17061601
17033101
17041401
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RP4-647J21.1
LINC00925
EMX20S
AC006126.4
BZRAP1-AS1
EGFR-AS1

Description

NA

Long intergenic non-protein coding RNA 925, also known as the MIRG-3 Host Gene
EMX2 opposite strand/antisense RNA

NA

BZRAP1 antisense RNA 1, also known as TSPOAP1-AS1
EGFR antisense RNA 1

coef

-0.234
-0.160
-0.165
0.261
-0.239
0.129

exp (coef)

0.791
0.853
0.857
1.298
0.788
1137

se (coef)

0.110
0.046
0.062
0.081
0.118
0.061

z

-2.128
-3.496
—2.487
3219
-2.020
2120

Pr (>[2])

0.034
0.000
0.013
0.001
0.043
0.034
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