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Editorial on the Research Topic 


Targeting signalling pathways in inflammatory diseases


Chronic inflammation, characterized by a persistent elevation of circulating pro-inflammatory cytokines, is associated with the pathogenesis of many non-communicable diseases that cause a worldwide health burden and a reduction in quality of life (1). The identification of possible therapeutic targets implicated in the regulation of inflammation offers the opportunity to limit the dangers associated with an imbalance in the inflammatory response (2). Adaptor proteins represent key signaling molecules that regulate the host’s innate immune response to infections, acting as links between receptors and other molecules in several signaling cascades (3, 4). The evident importance of these proteins in the pathophysiology of different chronic inflammatory illnesses makes them attractive therapeutic targets (4).

Here, we focus on a crucial inflammation-related adaptor of Toll-like receptors (TLR), called MyD88 adaptor-like (MAL) or Toll-interleukin-1 Receptor (TIR) domain-containing adaptor protein (TIRAP). MAL contains a TIR domain, required for mediating interactions with receptors on the membrane and with downstream signaling molecules (5). MAL represents a key mediator of TLR signaling in immune cells such as macrophages (6, 7), where activation of TLR2 and TLR4 cause persistent inflammation in a MAL-dependent fashion (7). Following receptor-mediated detection of pathogenic ligands, MAL mediates various protein-protein interactions (Figure 1A).




Figure 1 | Molecular role of MAL in chronic inflammatory diseases. (A) Representation of the total network of TIRAP protein-protein interactions in macrophage inflammatory signaling. (B) Representation of the MAL-TIR domain and computational prediction of phosphorylation and S-nitrosylation (SNO) positions. (C) Schematic highlighting the interactions of MAL involved in disease progression. (D) MAL interactions under various stimulants.



Tyrosine kinases, including BTK and PKCδ, have a major role in the activation of MAL, with BTK mediating phosphorylation on the four MAL residues Y86, Y106, Y159, and Y187 (5), as well as PKCδ phosphorylating Y86 and Y106 in MAL’s TIR domain (8). The overlapping phosphorylation sites highlight the possible interconnected activities of these kinases with MAL, as well as pointing to possible context-dependent fine-tuning of MAL activity (8). After activation, MAL interacts with critical inflammatory proteins and eventually activates several transcriptional factors involved in the release of pro-inflammatory cytokines, which consequently leads to an inflammatory response (5). Contrary to phosphorylation, nitric oxide (NO)-mediated S-nitrosylation of cysteine residues in MAL’s TIR domain attenuates the inflammatory response, which may be due to MAL interactions with downstream inflammatory signaling molecules (9).

Upon TLR4 activation, the inflammatory response involves the activation of transcription factors such as NF-kB and AP1, thereby generating pro-inflammatory cytokines. Baig et al. reported the formation of a heterotrimeric complex of p38MAPK, PKCδ, and MAL in LPS- stimulated macrophages (10). This reiterates the potential role of MAL in regulating inflammatory pathways via various protein interactions (10, 11). On the basis that the MAL-PKCδ interaction is crucial in inflammatory signaling mediated by TLR2/4 (10) and that PKCδ phosphorylates the MAL TIR domain, Rajpoot et al. conducted a virtual screen of FDA-approved drugs that would disrupt the MAL-PKCδ interaction (12). This screen revealed dorzolamide (DZD) as a novel therapeutic, where it suppressed the PKCδ-MAL-p38 MAPK signaling axis to inhibit inflammation (12). A significant (42%) increment in survival was observed in DZD-treated mice as compared to LPS alone–injected mice, validating the abrogation of inflammatory response in drug-treated mice (12). MAL also interacts with c-Jun, a subunit of the AP-1 transcription factor complex that is activated upon LPS stimulation of TLR4 (13). The interaction of MAL with c-Jun resulted in the transactivation and translocation of c-Jun, which ultimately resulted in the production of proinflammatory cytokines (13), thus making the interaction between these two proteins a potential therapeutic target. Indeed, Mansi et al. proposed a repurposed anti-inflammatory drug Gefitinib that abrogated the interaction of MAL with c-Jun, thereby inhibiting the cell’s inflammatory response (13).

As post-translational modifications seem to be the major contributing factor toward MAL’s variable interactions and eventual inflammatory responses, we were interested to know all the potential phosphorylation and nitrosylation sites on the TIR domain (Figure 1B). Modifications at these sites may variably impact the interactions with known and unknown interaction partners, regulators, and downstream mediators. Likely, MAL’s interactions with kinases and other proteins vary temporally and spatially. Inadvertently, each of these interactions [Figure 1A and reviewed in detail by Rajpoot et al. (5)] represent potential points of therapeutic intervention. Thus, it remains crucial to understand how MAL is regulated and what interactions it forms under the influence of different stimulants acting on different TLRs. Once defined, the impact of individual interactions can then be determined during disease progression. Based on the studies published so far, we hypothesize (Figures 1C, D) that different MAL-mediated protein-protein interactions define the severity of chronic inflammation. In conclusion, unraveling the protein-protein interactions of MAL would not only lead us to a greater understanding of the underlying signaling mechanisms that occur in the progression of various life-threatening chronic inflammatory conditions, but would also direct us toward the development of important therapeutic strategies for disease treatment.
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Cardiovascular and metabolic diseases (CVMDs) are a leading cause of death worldwide and impose a major socioeconomic burden on individuals and healthcare systems, underscoring the urgent need to develop new drug therapies. Developmental endothelial locus-1 (DEL-1) is a secreted multifunctional domain protein that can bind to integrins and play an important role in the occurrence and development of various diseases. Recently, DEL-1 has attracted increased interest for its pharmacological role in the treatment and/or management of CVMDs. In this review, we present the current knowledge on the predictive and therapeutic role of DEL-1 in a variety of CVMDs, such as atherosclerosis, hypertension, cardiac remodeling, ischemic heart disease, obesity, and insulin resistance. Collectively, DEL-1 is a promising biomarker and therapeutic target for CVMDs.
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Introduction

A wide range of diseases that affect the heart and blood vessels are collectively referred to as cardiovascular diseases (CVDs), including atherosclerosis (AS), myocardial infarction (MI), hypertension, cardiac hypertrophy, and heart failure. Metabolic diseases, including diabetes, obesity and nonalcoholic fatty liver disease, are closely related to the occurrence and development of CVDs (1, 2). Cardiovascular and metabolic diseases (CVMDs) are the leading causes of death worldwide and result in a major socioeconomic burden on individuals and healthcare systems (3–6). These diseases are caused by a combination of multiple pathological factors, and their pathogenesis has not been fully elucidated. Although effective primary prevention and treatment strategies have reduced morbidity and mortality from CVMDs over the past 20 years, the prognosis of CVMDs remains unsatisfactory, and effective interventions are still lacking (7, 8).

Immune cells and inflammatory responses are involved in all stages of the occurrence and development of multiple CVMDs (9–11). The expression levels of various inflammatory mediators correlate with the clinical diagnosis and prognosis of CVMDs (12–18). Inflammation-related molecules such as interleukin-6 and growth differentiation factor 15 have been identified as biomarkers of CVDs (19). Regulation of immune function and the inflammatory response is an important strategy for the treatment of CVMDs (20–24). Increasing evidence shows that tissue-resident immune cells are involved in regulating the pathophysiological processes of CVMDs (25–28). Local tissues, such as vascular endothelium and adipose tissue, also have an important impact on the occurrence and development of CVMDs (29–32). Various local tissues in the human body are not only passive targets of immune and inflammatory responses but also active regulators of immunity (33). Local tissue signaling can regulate immune cell accumulation and functional plasticity and play a key role in immune-driven CVMDs (34, 35). Stromal and parenchymal cell-derived signals (including growth factors, cytokines, and other locally acting homeostatic factors) as well as intercellular adhesion interactions mediate local tissue-to-immune communication in CVMDs such as myocardial infarction (36–38). The compartmentalized expression of tissue signaling can facilitate optimal performance of cell-type-specific effects and spatial regulation of immune responses. Therefore, homeostatic molecules in the tissue microenvironment at different locations may be critical for CVMDs.

Developmental endothelial locus-1 (DEL-1) is a secreted multifunctional domain protein. As a local tissue signal, it exerts different regulatory functions in different expression regions (39). Endothelial cell-derived DEL-1 mainly regulates inflammation initiation by inhibiting neutrophil recruitment, while macrophage-derived DEL-1 promotes the resolution of inflammation by enhancing neutrophil apoptosis and macrophage efferocytosis (40). Increasing evidence has shown that the regulation of immune system homeostasis by DEL-1 plays an important role in CVMDs (41–43). In this article, we review the regulatory role of local tissue DEL-1 signaling in CVMDs and look forward to the future development of DEL-1 (Table 1).


Table 1 | Roles of DEL-1 in cardiovascular and metabolic diseases.





Expression, structure and functions of DEL-1


Expression

DEL-1 is a 52 KD multifunctional matrix protein encoded by EDIL3 (epidermal growth factor (EGF)-like repeats and discoidin domains 3), which was cloned and characterized in angioplasty cells and early endothelial cells as early as 1998 (44). Increasing evidence shows that DEL-1 is expressed in tissues such as the brain, lung, and gums (39, 45, 46). Some tissue-resident cells, such as mesenchymal stromal cells, macrophages, neuronal cells, osteoclasts and some hematopoietic microenvironment cells, can also secrete DEL-1 (39, 40, 47, 48).

The mechanism regulating DEL-1 expression in tissues has not been elucidated. The reciprocal regulatory role of IL-17 and DEL-1 is now widely recognized (Figure 1). IL-17 directly inhibits endothelial DEL-1 expression, thereby promoting lymphocyte function-associated antigen 1 (LFA-1)-dependent neutrophil recruitment, while DEL-1 counteracts IL-17 production and IL-17-dependent inflammation (45, 49). Mechanistically, IL-17 reduces DEL-1 expression in a glycogen synthase kinase 3β (GSK3β)-dependent process that inhibits the binding of the key transcription factor CCAAT/enhancer-binding protein β (C/EBPβ) to the EDIL3 promoter, thereby downregulating EDIL3 transcription. This inhibitory action of IL-17 can be reversed at the GSK-3β level by PI3K/Akt signaling induced by D-resolvins. Interestingly, DEL-1 expression is reduced in aged mice, which may be related to the increased expression level of IL-17 (39, 50).




Figure 1 | Regulation of DEL-1 expression. IL-17 and TNF reduce DEL-1 expression in a GSK3β-dependent process that inhibits the binding of the key transcription factor C/EBPβ to the EDIL3 promoter, thereby downregulating EDIL3 transcription. This inhibitory action of IL-17 can be reversed at the GSK-3β level by PI3K/AKT signaling induced by D-resolvins. Through interaction with GHSR, ERM activates JAK2 signaling, leading to DEL-1 transcription, which is MAPK p38-mediated and C/EBPβ dependent, as well as to PI3K/AKT-mediated reversal of the GSK3β-dependent inhibitory effect of IL-17 on DEL-1 expression. DHEA reduced DEL-1 expression and secretion in endothelial cells by activating TRKA and downstream PI3K/AKT signaling to restore C/EBPβ binding to the DEL-1 promoter. In addition, P53 overexpression and the activation of P38/MK2 signaling were reported to promote DEL-1 expression. DEL-1, developmental endothelial locus-1; GSK-3β, glycogen synthase kinase 3β; C/EBPβ, CCAAT/enhancer-binding protein β; PI3K, phosphoinositide 3-kinase; MAPK, mitogen-activated protein kinases; GHSR, growth hormone secretagogue receptor; ERM, erythromycin; JAK2, janus kinase 2; DHEA, dehydroepiandrosterone; TRKA, tropomyosin receptor kinase A.



Another pro-inflammatory cytokine, TNF, can also reduce DEL-1 expression and secretion in endothelial cells by reducing C/EBPβ binding to the DEL-1 promoter, while the steroid hormone dehydroepiandrosterone (DHEA) increased DEL-1 expression and secretion in endothelial cells by activating tropomyosin receptor kinase A (TRKA) and downstream PI3K/AKT signaling to counteract the inhibitory effect of TNF and restore C/EBPβ binding to the DEL-1 promoter (51). Recently, erythromycin was reported to reverse the inhibitory effect of IL-17 on DEL-1 expression by binding to growth hormone secretagogue receptor (GHSR) and activating JAK2/MAPK p38 signaling (52). Furthermore, another independent research group found that overexpression of the p53 response element enhanced the transcriptional activity of EDIL3 (53). Primary endothelial cells isolated from p53 knockdown mice showed decreased DEL-1 mRNA expression (53). In melanoma cells, inhibition of p38/MK2 signaling reduced DEL-1 expression, suggesting that DEL-1 may be a downstream target of MK2 (54). In conclusion, the regulatory mechanism of DEL-1 expression is still unclear and needs to be further explored.



Structure and function

DEL-1 comprises three N-terminal EGF-like repeats (E1, E2 and E3) and two C-terminal discoidin I-like domains (C1 and C2) (44, 55). The RGD (Arg–Gly–Asp) motif in the second EGF-like repeat (E2) allows DEL-1 to interact with different integrins, including the β2 (e.g., αLβ2 and αMβ2) and β3 (e.g., αVβ3) integrins (44, 56, 57). The discoidin I-like domain and glycosaminoglycan mediate the interaction of DEL-1 with phosphatidylserine (PS) (40, 58). These interactions in turn confer important functions of DEL-1 in regulating immunity that have a major impact on the initiation and resolution of inflammation, suggesting that DEL-1 may be a promising therapeutic target (39). Specifically, the interaction of DEL-1 with αLβ2 or αMβ2 blocks the binding of the latter to its endothelial counterreceptor intercellular adhesion molecule-1 (ICAM-1), thereby inhibiting leukocyte adhesion and recruitment to sites of inflammation (46, 59). With its anti-inflammatory properties, DEL-1 can prevent a variety of inflammation-related conditions, such as multiple sclerosis and lung inflammation (45–48, 60, 61). DEL-1 can capture platelet microparticles by linking with PS and promote endothelial cell clearance of microparticles in an αVβ3 integrin-dependent manner (62). In addition, DEL-1 can act as a bridging molecule to bind PS on apoptotic cells and αVβ3 integrin on macrophages at both ends, mediating the burial of apoptotic cells and promoting inflammation resolution (40, 63). Collectively, DEL-1 exerts anti-inflammatory effects by inhibiting neutrophil recruitment and migration, promoting inflammatory resolution by accelerating macrophage reprogramming, and regulating myelopoiesis (Figure 2). These functions are discussed in detail in the review by Hajishengallis et al. (39, 64). Experiments with various deletion mutants of DEL-1 showed that fragments containing the C-terminus of C1 with a lectin-like structure were deposited directly in the ECM (58). The deposition efficiency varied according to the presence of other domains in DEL-1. The fragment containing E3 and C1 had the strongest deposition activity, while the fragment containing C2 was highly homologous to C1 and had low deposition activity (58). These data suggest that the discoidin domain of the DEL-1 protein contributes to its deposition and function in the extracellular matrix.




Figure 2 | Structure and biological roles of DEL-1. The figure shows the multidomain structure of DEL-1 as well as six major regulatory activities of this protein, namely, promoting myelopoiesis, inhibiting neutrophil recruitment, promoting efferocytosis, modulating Tregs, promoting angiogenesis and inhibiting fibrosis. DEL-1, developmental endothelial locus-1; ECM, extracellular matrix; HSC, hematopoietic stem cell; MyP, myeloid progenitors; ICAM-1, intercellular adhesion molecule-1; LFA-1, lymphocyte function-associated antigen-1; PS, phosphatidyl serine; Th17, T helper 17 cell; Treg, T regulatory cell; FOXP3, forkhead box P3; HoxD3, homeobox D3; MMP2, matrix metallopeptidase 2; LPA, latency-associated peptide; TGF-β, transforming growth factor-β.



Genetic knockout or overexpression of DEL-1 in mice is an important tool in studying the function of DEL-1. EDIL3-/- mice have a specific phenotype characterized by increased development of spontaneous periodontitis (45). DEL-1 deficiency promoted neutrophil infiltration and inflammatory bone loss in mice with periodontitis (45). In experimental allergic encephalomyelitis (EAE), DEL-1 deficiency increased immune cell infiltration and inflammatory responses in the central nervous system, leading to increased disease severity (47). DEL-1-deficient mice exhibit increased neutrophil infiltration and inflammatory responses during lung inflammation (46). In postoperative peritoneal adhesion (PPA) mice, EDIL3-/- mice had a higher incidence of PPA and an increased inflammatory response, resulting in more severe PPA (65). Myelopoiesis in EDIL3-/- mice was suppressed in hematopoietic stem cells (HSCs) (66). The position of DEL-1 expression critically determines its regulatory function. In the future, the application of different transgenic mice with tissue- or cell-specific knockout or overexpression of DEL-1 may better help us to study its function.




DEL-1 in CVDs


Atherosclerosis

As a lipid-driven chronic inflammatory disease that underlies various CVDs, such as ischemic heart disease (IHD) (67–69), AS is caused by the accumulation and oxidative modification of low-density lipoprotein (LDL) in the arterial intima (70). As the tissue microenvironment changes, endothelial cells release chemokines and adhesion molecules, which promote the recruitment and migration of monocytes on the endothelium; monocytes subsequently differentiate into macrophages to phagocytose oxidized low-density lipoprotein (oxLDL), while the excessive accumulation of oxLDL eventually leads to the transformation of macrophages into foam cells and initiates the secretion of inflammatory cytokines to promote the development of AS plaques; moreover, smooth muscle cells migrate to the subendothelial space to form fibrous caps and stabilize the plaques. Finn et al. found that the serum level of DEL-1 in patients with coronary heart disease (3.9 ± 0.2 pg/mg total protein) was significantly higher than that in healthy subjects (2.9 ± 0.1 pg/mg total protein) (71). However, there is still a lack of clinical evidence to prove that DEL-1 is related to the occurrence and development of AS.

In vitro evidence showed that DEL-1 can not only directly bind to oxLDL but also inhibit the uptake of oxLDL in cells transfected with multiple scavenger receptor genes in a dose-dependent manner, such as lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), scavenger receptor A (SR-A), scavenger receptor class B type I (SR-BI), and the cluster of differentiation 36 (CD36) (72). DEL-1 inhibited the uptake of oxLDL by human coronary artery endothelial cells (HCAECs) and macrophages. Furthermore, the oxLDL-induced increase in monocyte chemotactic protein-1 (MCP-1) and intercellular adhesion molecule-1 (ICAM−1) expression in HCAECs was significantly inhibited by DEL-1, which has the potential to alleviate monocyte adhesion. OxLDL-induced endothelin-1 secretion in HCAECs was also significantly inhibited by DEL-1 (72). Therefore, Del-1 not only inhibited the binding of oxLDL to the receptors but also inhibited the cellular response to oxLDL (Figure 3).




Figure 3 | DEL-1 binds directly to oxLDL to block its binding to scavenger receptors and exert significant anti-atherogenic effects. In addition, DEL-1 reduced the expression of MCP1 and ICAM1 in the endothelial cell. DEL-1, developmental endothelial locus-1; oxLDL, oxidized low-density lipoprotein; MCP1, monocyte chemotactic protein-1; ICAM1, intercellular adhesion molecule-1.



In a mouse model of AS, DEL-1 overexpression inhibited the receptor-binding activity of a modified LDL in serum, reduced the expression of adhesion molecules MCP-1 and ICAM-1 in the aorta, and reduced the oil red O-positive atherosclerotic area at the aortic roots (72). These results suggest that DEL-1 overexpression inhibits the occurrence of AS. However, in contrast to the above results, Subramanian et al. constructed an AS model by partially ligating the left carotid artery in ApoE−/− mice and found that endothelial cell-specific overexpression of DEL-1 had no significant effect on the development and cellular composition of AS plaques (73). These researchers fed ApoE−/− mice a high-fat diet for 4 or 12 weeks to study early or late lesions and found that endothelial cell-specific overexpression of DEL-1 did not affect early or late stages of AS and did not prevent AS (73). The apparent discrepancy between the results of this study and those of Kakino et al. may be due to the following: 1. The transgenic mice in Kakino et al.’s study overexpressed DEL-1 in all cell types. In addition to the mechanism mediated by endothelial cell-derived DEL-1, other mechanisms may also play a role, such as macrophages. 2. Differences in experimental methods between the two studies may also lead to conflicting results, such as differences in the background of ApoE−/− mice, differences in high fat diets, differences in modeling methods, and so on. In the future, transgenic mice with macrophage-specific expression may help to further elucidate the role of DEL-1 in AS.

Intercellular signaling plays a key role in AS formation, affecting the occurrence and progression of CHD, and circulating microRNAs (miRNAs) may be involved in this process (74). There were clear differences in circulating miRNA transport between CHD patients and healthy subjects, especially the reduction in miRNA enrichment in microparticles (MPs) (71, 75). Furthermore, MPs from CHD patients were less efficient at transferring miRNAs to cultured HUVECs, suggesting that MP uptake is impaired in the disease state. DEL-1 can mediate the uptake of MPs by endothelial cells by binding to PS on the external surface of MPs (62, 63). Although circulating levels of DEL-1 are increased in CHD patients, these patients have less DEL-1 binding to MPs (71). Therefore, Finn et al. suggested that DEL-1 binding to MPs was impaired in the serum of individuals with CHD, thereby altering circulating miRNA transport and affecting CHD initiation and progression. In the future, in addition to regulating the expression of DEL-1, regulating the function of DEL-1 may be an important aspect in the treatment of AS.



Hypertension

Hypertension refers to a clinical syndrome characterized by increased systemic arterial blood pressure (systolic and/or diastolic blood pressure), which may be accompanied by functional or organic damage to organs such as the heart, brain, and kidneys (76). Hypertension is the most common chronic disease and the main risk factor for cardiovascular and cerebrovascular diseases (77). Although the pathophysiological mechanisms of hypertension are not fully understood, strong evidence suggests that immune hyperactivation and chronic inflammatory responses play a crucial direct role in the development of hypertension (78). Our team’s previous clinical and animal studies also proved that immune microenvironment disturbances are closely related to hypertension (79–83). Activated T lymphocytes and proinflammatory cytokines such as IL-17 are involved in the occurrence and development of angiotensin II (ANGII) and deoxycorticosterone acetate-salt (DOCA-salt)-induced hypertension (84–89). Gene knockout or neutralization with antibodies against IL-17 limited the progression of hypertension (86, 88, 90). DEL-1 can inhibit inflammation through various anti-inflammatory effects to alleviate IL-17-mediated conditions, such as inflammatory bone loss and multiple sclerosis, suggesting that DEL-1 may be a potential target for the treatment of hypertension (45, 48). Furthermore, DEL-1 promoted vascular smooth muscle cell (VSMC) adhesion, migration and proliferation in a dose-dependent manner, and this process was mediated through αVβ3 integrin (91). These data suggested that DEL-1 has a paracrine role in vascular remodeling.

Recently, Failer et al. found that endothelial DEL-1-overexpressing mice had less adventitial collagen, lower medial thickness, and more elastin, suggesting that DEL-1 overexpression prevents ANGII-induced aortic remodeling (41). DEL-1 overexpression also prevented the progression of ANGII-induced hypertension, endothelial dysfunction and aortic fibrosis. DEL-1 overexpression alleviated the infiltration of CD45 leukocytes, TCR-β T cells and CD45IL-17 leukocytes in the aorta after ANGII infusion. Moreover, DEL-1 overexpression inhibited the expression of proinflammatory cytokines induced by ANGII and increased the expression level of the anti-inflammatory cytokine IL-10. In addition to inflammation, DEL-1 overexpression inhibits the activity of matrix metallopeptidase 2 (MMP2) in the aorta, whose increase critically contributes to aortic remodeling in hypertension (92, 93).

Failer et al. next investigated the preventive and therapeutic effects of recombinant DEL-1-FC on ANGII-induced hypertension. Intervention with recombinant DEL-1-FC administered before or after hypertension prevented or eliminated ANGII-induced aortic remodeling, hypertension, arterial stiffness, and inflammation (41). Recombinant DEL-1-FC also inhibited the activity of MMP2 in the aorta while promoting the infiltration of anti-inflammatory Tregs. Failer et al. also found that the mutation of the RGE part of DEL-1 abolished the protective effect of DEL-1-FC, suggesting that RGE is involved in the pathophysiological process of DEL-1 inhibiting the occurrence and development of hypertension. In a DOCA salt-induced hypertension model, recombinant DEL-1 treatment similarly attenuated aortic remodeling, hypertension, and inflammatory progression and promoted Treg infiltration (41).

A series of in vitro experiments further demonstrated that DEL-1 overexpression and recombinant DEL-1 treatment inhibited ANGII-induced activation of MMP2 in human and mouse vascular tissues, which was αVβ3 integrin-dependent (41, 94). Correspondingly, RGE mediates the binding of αVβ3 integrin to DEL-1, which may explain the abolition of the protective effect of DEL-1 by RGE mutation (41, 56). In conclusion, the findings of Failer et al. fully demonstrate the protective role of DEL-1 in the occurrence and development of hypertension and suggest this molecule may become a potential drug for the treatment of hypertension in the future (Figure 4).




Figure 4 | DEL-1 reduces blood pressure and maintains cardiac function by inhibiting MMP2 activity, reducing inflammatory cell infiltration and enhancing Treg and IL-10 responses. DEL-1, developmental endothelial locus-1; MMP2, matrix metallopeptidase 2; Th17, T helper 17 cell; Treg, T regulatory cell; IL, interleukin.





Cardiac remodeling

Cardiac remodeling is an independent risk factor for heart failure, arrhythmias, and sudden death and is a key determinant of the clinical course and long-term prognosis of patients with CVDs (95). Pathological cardiac remodeling is characterized by cardiomyocyte hypertrophy and interstitial fibrosis under various cardiac stresses, such as hypertension and MI, resulting in increased myocardial stiffness and impaired cardiac contractility (96, 97). Cardiac remodeling is associated with fibrosis, capillary sparseness, increased production of proinflammatory cytokines, cellular dysfunction (impaired signaling, inhibition of autophagy, and abnormal cardiomyocyte/noncardiomyocyte interactions), and adverse epigenetic alterations (95). Our previous studies further shed light on the pathogenesis of cardiac remodeling, suggesting that inhibition of cardiac remodeling by pharmacological or genetic approaches significantly improves cardiac dysfunction and survival (21, 98–101).

In mice, fibroblasts constituted 27% of all cardiac cells, contributing to the maintenance of homeostasis under physiological conditions and regulating tissue remodeling in response to stress (95, 102, 103). Pathological fibrosis results from abnormal regulation of extracellular matrix (ECM) production in tissues or organs, including collagen (97). Compared with that in normal lung tissue, the expression level of DEL-1 was decreased in lung fibrous tissue, suggesting that DEL-1 may be associated with pulmonary fibrosis (60). DEL-1 deficiency promoted collagen synthesis and secretion by regulating transforming growth factor (TGF-β), thereby aggravating bleomycin-induced pulmonary fibrosis (60, 104). Yan et al. found that DEL-1-deficient mice had a higher incidence of postoperative peritoneal adhesions, accompanied by enhanced collagen production (65). In contrast, DEL-1 supplementation reduced the incidence and severity of postoperative peritoneal adhesions. In vitro studies have demonstrated that DEL-1 inhibits TGF-β activation in 293T cells and RAW264.7 mouse macrophages by binding to αVβ6 integrin (104). These data suggest that DEL-1 plays an important role in the initiation and progression of tissue fibrosis.

The immune system and inflammatory response mediate pathological cardiac remodeling (97). Immunomodulation may be an important strategy to alleviate cardiac remodeling. Failer et al. found that endothelial DEL-1 overexpression or recombinant DEL-1 treatment inhibited AGNII or DOCA salt-induced inflammation and MMP2 activation in the heart, thereby reducing cardiac hypertrophy, fibrosis, and dysfunction (41). However, cardiac remodeling in this study belongs to target organ damage caused by hypertension, and the regulation of DEL-1 on blood pressure may indirectly affect cardiac remodeling. Therefore, this study may have certain limitations. Future studies on cardiac remodeling may help us further understand the function of DEL-1.



Ischemic heart disease

Ischemic heart disease (IHD), mainly caused by coronary atherosclerosis and its complications, can induce congestive HF and life-threatening arrhythmias and is the leading cause of death worldwide (105, 106). Acute myocardial infarction (AMI) is the most serious IHD with the highest mortality rate (106). In a pig model of cardiac ischemia induced by left circumflex artery ligation, DEL-1 treatment improved cardiac function (107). Wei et al. found that DEL-1 levels were decreased in severe AMI patients, which is consistent with the finding thar WT mice with MI showed low levels of cardiac DEL-1 (42). Compared with WT mice, DEL-1-/- mice showed significantly improved cardiac function and alleviated cardiac remodeling post-MI. Mechanistically, the protective effect of DEL-1 deficiency in MI was associated with enhanced neutrophil recruitment and expansion of proinflammatory monocyte-derived macrophages (42). Injection of a neutrophil-specific C-X-C motif chemokine receptor 2 (CXCR2) antagonist impaired macrophage polarization, increased cellular debris and exacerbated adverse cardiac remodeling, thereby abrogating the protective effect of DEL-1 deficiency. Inhibition of neutrophil extracellular trap (NET) formation by treatment with a neutrophil elastase inhibitor or DNase I abrogated differences in macrophage polarization and cardiac function between WT and DEL-1-/- mice after MI. Collectively, these data suggest that DEL-1 is a key regulator of neutrophil recruitment and macrophage polarization during cardiac remodeling after MI (Figure 5).




Figure 5 | Deletion of DEL-1 promotes neutrophil infiltration and formation of NETs, thereby promoting macrophage efferocytosis and alleviating cardiac fibrosis and cardiac dysfunction after MI. DEL-1, developmental endothelial locus-1; NETs, neutrophil extracellular trap; MI, myocardial infarction.



Increasing evidence has shown that healing of MI involves a series of delicately regulated inflammatory responses (108). Following MI, injured cardiomyocytes release damage-associated molecular patterns (DAMPs), cytokines, and chemokines, leading to substantial recruitment of neutrophils and monocytes/macrophages to the myocardium (109, 110). These neutrophils and monocytes contribute to the removal of debris and dead cells, as well as the activation of repair pathways. Furthermore, recruited monocytes give rise to proinflammatory or repairing macrophages. Proinflammatory macrophages produce cytokines, release MMPs to promote extracellular matrix destruction, and clear cellular debris, while repairing macrophages promotes fibroblast-to-myofibroblast transformation and enhances collagen deposition, leading to the formation of crosslinked collagen (111). A scar is formed to protect the left ventricle (LV) from rupture of the heart. Wei et al. confirmed the integral role of inflammation in the healing process (42). However, excessive inflammation may exacerbate MI-induced myocardial injury (109, 111). DEL-1 has anti-inflammatory and proresolving effects, and the lack of DEL-1 may inhibit inflammatory resolution, leading to an excessive inflammatory response and exacerbating tissue damage (40, 60, 112, 113). Therefore, the extent of the increased inflammation caused by DEL-1 deficiency in Wei et al.’s study requires further scrutiny.

The study by Wei et al. is the only report of amelioration of DEL-1 deficiency (42). In previous reports, inhibition of neutrophil recruitment improved cardiac dysfunction and cardiac remodeling after MI (114–116). Inhibition of neutrophils by DEL-1 also exerted protective effects in other diseases, which seems to contradict the study by Wei et al. (46, 48, 117). Multiple actions of DEL-1, such as anti- and proinflammatory resolution (39), coronary vasodilation (41), inhibition of MMP2 activity (41) and promotion of angiogenesis (118, 119), may protect the heart from MI-induced injury. The study by Wei et al. has certain limitations, such as the lack of cell-specific gene-edited mice and the lack of analysis of preventive or therapeutic effects of recombinant DEL-1 (42). The future use of endothelial or macrophage-specific DEL-1 transgenic mice and recombinant DEL-1 may help us further understand the role and mechanism of DEL-1 in IHD.



Other cardiovascular diseases

DEL-1 was found to regulate vascular morphogenesis or remodeling in embryonic development as early as 1998 when it was first cloned and characterized (44). DEL-1 provides a unique autocrine angiogenic pathway for the embryonic endothelium, which is mediated in part by integrin αvβ3 (120). DEL-1 mediates VSMC adhesion, migration and proliferation through interaction with integrin αvβ3, which may regulate vascular wall development and remodeling (91). Aoka et al. found that DEL-1 accelerates tumor growth by promoting enhanced angiogenesis (121). Expression of endogenous DEL-1 protein is increased in ischemic hindlimbs (122). DEL-1 binding to αvβ5 upregulated the expression of the transcription factor Hox D3 and integrin αvβ3, thereby promoting angiogenesis and functional recovery in a hindlimb ischemia model (57). Exogenous intramuscular administration of DEL-1 significantly enhanced angiogenesis in ischemic hindlimbs in mice, suggesting that DEL-1 may be a novel therapeutic agent for ischemic patients (122). A clinical study compared VLTS-589 (a plasmid encoding Del-1 conjugated to poloxamer 188) with the poloxamer 188 control in the treatment of intermittent claudication in patients with moderate to severe peripheral arterial disease (123). Intramuscular delivery of a plasmid expressing DEL-1 and the control significantly improved baseline exercise capacity at 30, 90, and 180 days, but there was no difference in outcome measures between the two groups. DEL-1-mediated angiogenesis has also been reported in many other diseases, such as ischemia models, lung adenocarcinoma, retinopathy, squamous cell carcinoma, and psoriasis (119, 124–129). Taken together, these data suggest that DEL-1-regulated angiogenesis may be a target for many diseases, but its clinical value requires further clinical trials.

Similar to MI, strokes are also caused by vascular or microvascular diseases that disrupt the blood supply to the brain, leading to brain dysfunction (130). The number of new vessels generated in ischemic brain tissue is associated with decreased morbidity and longer survival in stroke patients, suggesting that restoration of cerebral microvascular circulation is important for functional recovery after ischemic attacks (131). DEL-1 expression was increased in the ischemic cortical peri-infarct area after ischemic stroke (118). DEL-1 gene transfer induced cerebral angiogenesis and may be a novel and effective method for stimulating cerebral angiogenesis after stroke (118). Electroconvulsive seizures (ECSs) have been shown to treat major depression by modulating neurotrophy and angiogenesis (132, 133). Newton et al. found that ECS treatment increased DEL-1 expression in brain tissue and promoted angiogenesis in the adult rat hippocampus (134). In conclusion, DEL-1-mediated angiogenesis may be one of the targets for the treatment of cerebrovascular diseases.




DEL-1 in metabolic diseases

The prevalence of metabolic diseases, including diabetes, is increasing, while the westernization of dietary habits has led to an increase in obesity (135). Obesity-related chronic low-grade inflammation has been reported to cause insulin resistance in muscle, liver, and adipose tissue (136). Insulin resistance refers to the decrease in the efficiency of insulin to promote glucose uptake and utilization for various reasons, and the compensatory secretion of excessive insulin produces hyperinsulinemia to maintain the stability of serum glucose levels (137). Insulin resistance predisposes patients to metabolic syndrome and type 2 diabetes. DEL-1 ameliorates palmitate-induced endoplasmic reticulum (ER) stress and insulin resistance in the mouse skeletal muscle cell line C2C12 via SIRT1/SERCA2-related signaling (43). In vivo experiments showed that DEL-1 administration increased the expression of SIRT1 and SERCA2, thereby ameliorating insulin resistance in skeletal muscle of high fat diet (HFD)-fed mice and improving HFD-impaired glucose tolerance and insulin sensitivity (43). These results suggest that DEL-1 may be a novel therapeutic target for the management of insulin resistance and type 2 diabetes.

Regular exercise is the treatment of choice for obesity and obesity-mediated metabolic disorders such as insulin resistance, type 2 diabetes, atherosclerosis, and hypertension (138). Compared with that in healthy subjects, DEL-1 mRNA expression was decreased in the muscle of obese and diabetic patients (139). Exercise increases DEL-1 mRNA expression levels in obese/diabetic patients in a time-dependent manner (139). DEL-1 secreted by exercising skeletal muscle can affect various tissues through the bloodstream, including adipose tissue (140). In vitro experiments showed that DEL-1 attenuated palmitate-induced inflammation and insulin signaling impairment in adipocytes by regulating AMPK/HO-1 signaling (139). In addition, DEL-1 treatment promoted AMPK phosphorylation and enhanced adipocyte thermogenesis but did not affect intracellular lipid accumulation (139).

In another endometrial cancer (EC) cohort study, Cobb et al. found an association between patient BMI and increased DEL-1 expression in cancer tissue (141). Furthermore, HFD increased the expression of DEL-1 in tumors compared with a low-fat diet in EC model mice (141). These data suggest that DEL-1 may serve as a novel obesity-driving target that should be further explored in future research work.

Thus, DEL-1-mediated anti-inflammatory and proresolving effects provide a basis for the amelioration of metabolic diseases. DEL-1 is involved in the regulation of obesity and insulin resistance. However, the current relevant evidence is still insufficient, and more research is needed in the future to reveal the role of DEL-1 in metabolic diseases.



Concluding remarks and future perspectives

DEL-1 has received considerable attention since it was first cloned and characterized as a factor promoting embryonic angiogenesis (44). DEL-1 is widely expressed in different tissues, such as the brain, lung and blood vessels, to maintain tissue homeostasis. As a secreted protein, the serum level of DEL-1 may be related to the diagnosis and prognosis of various diseases, such as MI, sepsis and osteoarthritis (42, 142, 143). As a local tissue signal, DEL-1 exerts anti-inflammatory and proresolving effects in different tissues and stages, thereby ameliorating a variety of inflammation-related diseases (39). Emerging studies over the past few years have convincingly demonstrated that DEL-1 has a therapeutic effect on a variety of CVMDs, including AS, hypertension, cardiac remodeling, and insulin resistance. This review summarizes the potential involvement of DEL-1 in cardiovascular and metabolic homeostasis, thereby defining DEL-1 as a promising biomarker and therapeutic target for CVMDs.

Despite our detailed understanding of the role of DEL-1 in various pathophysiological processes, several questions remain to be answered. We propose some solutions to these questions in this review. First, systemic overexpression rather than endothelial cell-specific overexpression of DEL-1 inhibited the occurrence and development of AS, and the mechanism remains unclear (72, 73). Other cells, such as macrophage-specific overexpression mice, may help us understand the role of DEL-1 in AS. Future basic research on the use of recombinant DEL-1 in the treatment of AS can provide a reference for its clinical application. Second, although Wei et al. found that DEL-1 treatment attenuated hypertension-induced cardiac remodeling, this protective effect may be attributable to reduced blood pressure (41). More direct evidence for the treatment of DEL-1 in cardiac remodeling is lacking. The application of other cardiac remodeling models could better reveal the therapeutic effect of DEL-1 on cardiac remodeling. In vitro experiments can also help us further understand the mechanism by which DEL-1 treatment improves cardiac remodeling. Third, DEL-1 deficiency ameliorated cardiac dysfunction and remodeling in MI by promoting inflammation (42). Although the data in this study are sufficient, we remain concerned about the extent of increased inflammation caused by DEL-1 deficiency, as excessive inflammation is damaging. Future treatment with DEL-1 overexpression or recombinant protein may help us to further understand the role and mechanism of DEL-1 in MI.

The protective effect of DEL-1 in CVMDs has important clinical value. There is currently only one phase II, multicenter, double-blind, placebo-controlled study of DEL-1 in the treatment of intermittent claudication, which combined a plasmid encoding DEL-1 with poloxamer 188 to form VLTS-589 and delivered this treatment intramuscularly (123). Although the outcomes of DEL-1 plasmid-treated patients did not change compared with the controls, this was an important attempt at clinical application of DEL-1. Some researchers have also used DEL-1 for tissue engineering to promote angiogenesis (119, 124). On the one hand, we can use gene therapy that promotes the expression of DEL-1 by constructing plasmids for clinical experiments, and on the other hand, we can also use nanomaterials and other technologies to deliver recombinant DEL-1 protein or plasmids to target tissues, such as the heart and brain. In addition, well-designed, large-scale, high-quality, and multicenter clinical trials are needed to evaluate the safety, toxicological profile, and clinical utility of DEL-1 in human patients with CVMDs.

Collectively, DEL-1 is a promising biomarker and therapeutic target for CVMDs.
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Objective

Endotoxin-induced uveitis (EIU) is an important tool for human uveitis study. This study was designed to develop a novel EIU model in zebrafish.



Methods

An EIU model in zebrafish was induced by intravitreal lipopolysaccharide (LPS) injection and was assessed dynamically. Optical coherence tomography (OCT) was used to assess infiltrating cells in the vitreous body. The histological changes wereevaluated using HE staining and immune cells were measured by immunofluorescence. The retinal RNA Sequencing (RNA-Seq) was used to explore the transcriptional changes during inflammation. RNA-Seq data were analyzed using time-course sequencing data analysis (TCseq), ClueGO plugin in Cytoscape, and Gene Set Enrichment Analysis (GSEA) software. Flow cytometry and retinal flat mounts were used to dynamically quantify the immune cells.



Results

EIU was successfully induced in zebrafish following intravitreal LPS injection. Inflammation appeared at 4 hours post injection (hpi), reached its peak at 24 hpi, and then resolved at 72 hpi. Immunofluorescence confirmed that massive influx ofneutrophils into the iris and vitreous body, and activation of microglia as evidenced by ameboid-shaped appearance in the retina. Retinal RNA-seq during the EIU course identified four gene clusters with distinct expression characteristics related to Toll-likereceptor signaling pathway, cytokine-cytokine receptor interaction, NOD-like receptor signaling pathway, and extracellular matrix (ECM)-receptor interaction, respectively. Prednisone immersion inhibited the inflammatory response of EIU in zebrafish, whichwas confirmed by decreased neutrophils detected in flow cytometry and retinal flat mounts.



Conclusions

We developed a novel EIU model in zebrafish, which may be particularly useful for gene-editing and high-throughput screening of new drugs for the prevention and treatment of uveitis.
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Introduction

Uveitis is one of the primary causes of visual impairment globally, accounting for 10-15% of all blindness cases in the world (1–3). Despite numerous studies conducted during the last decade, the underlying mechanisms of this disease have not yet been completely explained (4–6). Uveitis models have been successfully induced in rodents using uveitogenic antigens or LPS, which profoundly renewed our understanding about this disease (7, 8). EIU is a widely used model to simulate acute anterior uveitis (AAU), particularly human leukocyte antigen (HLA) B27 associated AAU (8–10). It has been used for the studies of pathological changes, immunological and genetic pathogenesis of uveitis (11, 12). However, the extensively used methods to study the molecular pathogenesis in mouse models, such as gene-editing, are somewhat expensive and time-consuming, and conventional methods for assessing inflammation are relatively single-dimensioned. Therefore, a superior uveitis model for multiple-dimensional study is urgently needed.

Zebrafish has become a favorable model for disease studies since it is a model organism with highly conserved genomes. In the context of immunity, zebrafish larvae develop innate immune cells within two days after fertilization, and adaptive immune system forms at approximately 3 weeks post fertilization (13, 14). Although the immune systems are relatively conserved across species, there are some differences between the mammals and zebrafish. Zebrafish is less susceptible to LPS, possibly due to the inability of the extracellular portions of zebrafish tlr4a and tlr4b to recognize LPS (15, 16). Still, it has the advantages of small body size, rapid life cycle, transparency, and simple breeding and genetic editing (17, 18). For example, in terms of gene-editing, the variant Ripk2Asn104Asp in zebrafish augmented the innate immune response and NF-κB pathway in early-onset osteoarthritis by CRISPR technique (19). Pharmacologically, the morphology and locomotor behavior of zebrafish could facilitate the study on effectiveness and side-effects of medicines (20, 21).

Endotoxemia model in zebrafish has previously been described (22). However, a uveitis model in zebrafish has not been induced so far. Here, for the first time, we developed a model of EIU in zebrafish, which could be potentially applied for gene-editing and screening of novel drugs for uveitis.



Materials and methods


Animals

Zebrafish (Danio rerio) were bred and kept under conventional conditions (27.5°C, 14/10 hours of light/dark cycle, and brine shrimp twice daily feedings). The 6-month-old adult male zebrafish were used in this study. The following transgenic lines were used: (a) wild-type fish of the AB strain; (b) Tg(Mpx:GFP) zebrafish with Green fluorescent protein (GFP) expression by neutrophils; (c) Tg(coro1a:GFP;lyz:dsRed), in which microglia/macrophages express GFP only and neutrophils express both GFP and dsRed. We bought zebrafish lines from the China Zebrafish Resource Center (CZRC, China). Zebrafish experiments were approved by the Medical Ethics Committee of the First Affiliated Hospital of Zhengzhou University.



Induction of EIU

Zebrafish were anesthetized by immersion in 0.1% buffered tricaine for 5 minutes. A microinjector (PLI-100A, WARNER INSTRUMENT, USA) was inserted at the iris limbal, and 0.2μL of 0.65% saline containing 0.2mg/ml, 0.5mg/ml or 1.0mg/ml LPS (O55:B5, L6529, Sigma Aldrich, USA) were injected into the left vitreous body of the zebrafish. The corresponding dosages calculated according to the animal’s body weight (0.5g/zebrafish) were 0.08μg/g, 0.2μg/g, and 0.4μg/g respectively. The opposite eye receiving an equal volume of 0.65% saline served as control. After resting for 20 seconds, zebrafish were returned into tanks with clean system water.



In vivo imaging

Following anesthesia, OCT imaging was obtained by a Micron IV retinal imaging microscope (Phoenix Research Laboratories, Pleasanton, CA) at 0 hpi (Blank control), 4 hpi, 12 hpi, 24 hpi, and 72 hpi of LPS. The parameters were set according to the manufacturer’s protocol, and a full-length line scan was performed horizontally and vertically while the optic disc was focused.



H&E staining

At 0 hpi, 4 hpi, 12 hpi, 24 hpi, 72 hpi, 5 days post injection (dpi) and 7dpi of LPS, zebrafish were anesthetized in 0.1% buffered tricaine, and whole eyes were enucleated using fine forceps. The eyes were then fixed overnight in 4% PFA (Sigma-Aldrich, USA). Slide preparation was carried out in the manner previously described (23). The slides were then stained by hematoxylin-eosin for histological analysis. Stained slides were viewed at low magnification (×20) using a Leica DM4 microscope (Leica GmbH, Germany). The numbers of infiltrating cells in the anterior chamber and vitreous cavity were collected from six slides, and quantified using ImageJ software.



Immunofluorescence and quantification of inflammatory cells

At 0 hpi (Blank control), 4 hpi, 12 hpi, 24 hpi, and 72 hpi of LPS, zebrafish were anesthetized in 0.1% buffered tricaine. Cryosection was carried out in the manner previously described (23–25). Cryosections were blocked in 20% goat serum at 26°C for 30 min before being incubated with primary antibody (rabbit anti-zebrafish L-plastin (1:500, Genetex, USA), which is a leukocyte-specific form of the actin binding protein, and rabbit anti-zebrafish Mpx (1:200, Genetex, USA), which is specific for neutrophil). After washing in PBST for 30 min, the cryosections were incubated in secondary antibody Alexa-Fluor 488 (Jackson ImmunoResearch, USA) and Alexa-Fluor 594 (Jackson ImmunoResearch, USA) for 1 h, and washed in PBST for at least 30 min, then incubated in DAPI (1:1000, Sigma-Aldrich, USA), and finally covered with a cover ship. Stained slides were viewed at low magnification (×20) using a Zeiss LSM 980 confocal microscope (Carl Zeiss Meditec, Jena, Germany). The numbers of fluorescence positive cells were collected from 4 randomly selected fields, and quantified using ImageJ software.



Visualization and analysis of microglia in the retina

Tg(coro1a:GFP;lyz:dsRed) zebrafish were used for visualization of microglia and neutrophils. At 0 hpi (Blank control), 4 hpi, 12 hpi and 24 hpi of LPS, zebrafish were anesthetized in 0.1% buffered tricaine. The eyes were removed and fixed for 1 hour in 4% PFA. After cornea, lens and sclera were removed, the retina was stripped from the choroid and cut four times into four equal quadrants from the edge toward the center. The retina around the optic disc (×20 or ×63 oil objective) was scanned using a Zeiss LSM 980 confocal microscope (Carl Zeiss Meditec, Jena, Germany) with z stacks. The GFP+/dsRed- cells indicate resting microglia in blank control, which show small somas with thin and ramified cells processes. After LPS injection, GFP+/dsRed- microglia morphology changed from ramified to ameboid-shape. Outlines of individual GFP+/dsRed- cells were manually traced and measurement of morphological feature was analyzed using the “NeuronJ” tool in imageJ software.



RNA-Seq and data analysis

Retinal RNA was extracted from zebrafish at 0 hpi (Blank control), 4 hpi, 12 hpi, 24 hpi and 72 hpi of LPS, and at the aforementioned time points after saline injection. The enriched mRNA was fragmented into short fragments and reverse-transcribed into cDNA with random primers. The QiaQuick PCR extraction kit (Qiagen, Venlo, The Netherlands) was used to purify cDNA fragments, which were then end repaired, poly(A) added, and ligated to Illumina sequencing adapters. Sequencing was performed on Illumina HiSeq2500 by Gene Denovo Biotechnology Co. (Guangzhou, China).

Differentially expressed genes (DEGs, false discovery rate (FDR) ≤ 0.05 and |log2(fold-change)| ≥ 1) were determined using limma package (version 3.48.3). TCseq (v1.16.0) in the R package was used to conduct the time-course clustering analysis of DEGs. The functional enrichment analysis was performed by Cytoscape plugin ClueGO. To image the functional correlation between paths and genes, a kappa coefficient was calculated, based on gene overlap between paths or GO terms. The kappa threshold was 0.38 by default. The same color indicated functionally similar entries. The threshold for enrichment significance was P < 0.05. Global mRNA expression profiles were subject to GSEA using GSEA software (http://www.gsea-msigdb.org/gsea/index.jsp ). KEGG reference gene sets were downloaded from the KEGG database. The 1000 phenotype permutations were utilized in the enrichment analysis, and gene sets with nominal P < 0.05 and FDR < 0.25 were considered significant.



Quantitative real-time PCR

Retinal RNA of zebrafish at 0 hpi (Blank control), 4 hpi, 24 hpi and 72 hpi of LPS were extracted using TRIzol (Invitrogen, Carlsbad, CA, USA). The cDNA was generated using EasyScript® One-Step gDNA Removal and cDNA Synthesis SuperMix (Transgen, China). The QuantStudioTM3 Real-Time PCR Instrument (Thermo Fisher Scientific, USA) was used for PCR. Primers used are listed in Supplementary Table S1.



Drug treatment

Zebrafish were immersed in 50μm prednisone (T8396, Topscience, China) immediately after LPS injection (prednisone-treated group), or immersed in 0.1% DMSO alone (vehicle-treated control).



Sample preparation and flow cytometry

At 24 hpi of LPS, four retinas at each group were dissociated using 1 ml papain vial (Papain Dissociation System Kit, Worthington, USA) at 37°C for 30 min. The digestion was terminated using 3 ml washing buffer (5 ml fetal bovine serum (Gibco, USA) into 95 ml PBS). The single-cell suspension was filtered using a 40μm cell strainer (BD Falcon, USA). Flow cytometry was performed on FACS Celesta (BD Biosciences, USA). Acquired data were analyzed using Flow Jo version 10.1.



Imaging of retinal flat mounts and quantification of fluorescent area

At 24 hpi of LPS, the Tg(Mpx:GFP) zebrafish were anesthetized in 0.1% buffered tricaine, followed by enucleating eyes. After cornea, lens and sclera were removed, the retina was stripped from the choroid and cut four times into four equal quadrants from the edge toward the center. The retina around the optic disc (×10) was scanned using a Zeiss LSM 980 confocal microscope with z series (Carl Zeiss Meditec, Jena, Germany). Percentages of the relative GFP-positive area were quantified using ImageJ software.



Statistical analysis

GraphPad Prism 8 software (GraphPad Software Inc., San Diego, CA) was used to analyze the data. Normal distribution and equality of variance of groups were examined. For normal distributions, to analyze the difference between two groups, the independent t-test was used. To compare multiple groups, the One-way ANOVA was employed, followed by Dunnett’s multiple comparison test. If values did not pass the normality test, the Kruskal-Wallis test was used to compare among groups. Quantitative data are presented as mean ± SD, P < 0.05 was considered statistically significant.




Results


Histological and OCT imaging changes of EIU in zebrafish

Intravitreal LPS injection was performed at doses of 0.08, 0.2, and 0.4μg/g in zebrafish. There was no histological change in zebrafish receiving 0.08 or 0.2μg/g LPS, and those receiving intravitreal saline injection at 24 hpi (Figure S1). In 0.4μg/g LPS group, a mild inflammation as evidenced by sporadic infiltrating cells around iris was observed at 4 hpi. An obvious inflammation was then evidenced histologically by immune cells infiltrated the vitreous body and iris at 12 hpi, and this intraocular inflammation reached its peak at 24 hpi, showing massive influx of infiltrating cells and dilatation of iris vessels. At 72 hpi, the inflammation was alleviated and disappeared, but iris vascular dilatation still remained. The iris vascular dilatation gradually regressed at 5 and 7 dpi, leaving no signs of maladaptive structural remodeling (Figure S2). Overall, the highest number of cells infiltrating the anterior and posterior segments were seen at 24 hpi (Figure 1A). Therefore, the dosage of 0.4μg/g LPS was selected for further research. Consistent with histological observation, OCT imaging showed no obvious change in the eyes at 4 hpi of LPS compared to blank control. A large number of highly reflex dots in the vitreous body were observed at 12 hpi and followed by tremendous dots at 24 hpi. As expected, there was no highly reflex dot at 72 hpi (Figure 1B).




Figure 1 | Inflammatory sign of EIU in zebrafish over time-course. (A) Left, H&E staining of eyes at different time points after LPS injection. Blue arrow, infiltrating cells around iris. Red arrow, vascular dilation. Black arrow, vitreous infiltration. Scale bars = 50μm. Right, quantification of inflammatory cells of anterior and posterior segments (mean ± SD; n = 6 eyes per group; **P < 0.01, ****P < 0.0001, ns, not significant; one-way ANOVA). (B) Serial OCT imaging of EIU at various time points after LPS injection. White arrow, highly reflex dots. Scale bars = 20μm. hpi, hours post injection.





Immune cell infiltration of EIU in zebrafish

Immunofluorescent staining was performed to assess the influx of immune cells in the iris, vitreous body and retina during EIU process. As control, a small number of ramified L-plastin+/Mpx- cells, indicating retinal microglia, were observed in the retina of normal zebrafish. At 4 hpi, L-plastin+/Mpx+ cells appeared in the iris. The L-plastin+/Mpx- cells displayed shorter and thicker processes. More L-plastin+/Mpx+ cells infiltrated into the iris and vitreous body, accompanied by a small number of L-plastin+/Mpx- cells in and around the iris at 12 hpi. Subsequently, a tremendous influx of L-plastin+/Mpx+ cells infiltrated the vitreous body at 24 hpi, concomitanted with the L-plastin+/Mpx- cell morphology changed from ramified to ameboid-shape. At 72 hpi, the number of L-plastin+/Mpx+ cells almost declined to the normal level, while some L-plastin+/Mpx- cells still remained in the iris (Figures 2A, B). To further display the activation of microglia upon LPS challenging, we used Tg(coro1a:GFP;lyz:dsRed) zebrafish, in which neutrophils (GFP+/dsRed+) appear yellow and microglia/macrophages (GFP+/dsRed-) green. In line with the immunofluorescent staining, the GFP+/dsRed- ramified microglia only presented in the retina at 0 hpi of LPS (Figure S3 A, E). At 4 hpi of LPS, GFP+/dsRed- microglia showed enlarged cell bodies with shorter and thicker processes, accompanied by a small amount of GFP+/dsRed+ neutrophil exudation (Figure S3 B, F, I). At 12 and 24 hpi of LPS, GFP+/dsRed- microglia showed shorter and thicker processes and appeared ameboid in shape (Figure S3 G, H, I), accompanied with a massive infiltration of GFP+/dsRed+ neutrophils around the optic nerve (Figure S3 C, D).




Figure 2 | Distribution of immune cells during EIU inflammation process in zebrafish. (A) L-plastin (magenta), Mpx (green), and DAPI (blue) staining was seen in cryosections at 0 hpi (blank control), 4 hpi, 12 hpi, 24 hpi and 72 hpi of LPS. ONL, outer nuclear layer, INL, inner nuclear layer, IPL, inner plexiform layer, GCL, ganglion cell layer. Asterisk: L-plastin+/Mpx- cell. White arrow: L-plastin+/Mpx+ cell. Scale bar: 20μm. (B) Quantification of immune cells in the iris and vitreous body at each time point (mean ± SD; *P < 0.05, **P < 0.01, ****P < 0.0001, the number of L-plastin+/Mpx- cells were compared; †P < 0.05, ††P < 0.01, number of L-plastin+/Mpx+ cells were compared, one-way ANOVA).





Transcriptomic hallmarks of EIU in zebrafish

Systematic RNA-seq experiment was performed to disclose the molecular mechanisms underlying EIU development in zebrafish. Heatmap for the Pearson’s correlation coefficient was performed to provide an overview for the relationships among samples. The Pearson’s correlations between the intragroup samples were all greater than 0.99, indicating that all intragroup samples were highly correlated (Figure S4). Differential expression level was set to fold change ≥ 2 (either upregulation or downregulation), and FDR should be less than 0.05. A total of 167, 540, 491 and 22 DEGs were observed respectively between LPS-injected and saline-injected groups at 4 hpi, 12 hpi, 24 hpi and 72 hpi (Figure 3A). Hierarchical clustering heatmap of DEGs showed gene expression returned to normal level at 72 hpi (Figure 3B). Time series cluster analysis by TCseq package showed four typical clusters (Figure 3C). Expression level of genes in cluster 1 peaked in 4 hpi, decreased steadily at 12 hpi and 24 hpi, and then declined to baseline at 72 hpi (Figure 3C, Cluster 1). Genes in this profile were strongly associated with Toll-like receptor signaling pathway, RIG-I like receptor signaling pathway, C-type lectin receptor signaling pathway and cytosolic DNA sensing pathway (Figure 3D, Cluster 1). Cluster 2 had a clear expression peak at 12 hpi, which then declined constantly at 24 hpi and 72 hpi (Figure 3C, Cluster 2). Genes in this profile were linked to NOD-like receptor signaling pathway, cytokine-cytokine receptor interaction, phagosome, proteasome, ABC transporters, and herpes simplex virus 1 infection (Figure 3D, Cluster 2). Expression level of genes in cluster 3 increased as the inflammation progressed, peaked at 24 hpi, and then decreased at 72 hpi (Figure 3C, Cluster 3). These genes were enriched in NOD-like receptor signaling pathway, lysosome, cytokine-cytokine receptor interaction, phagosome, C-type lectin receptor signaling pathway (Figure 3D, Cluster 3). Expression level of genes in cluster 4 decreased significantly at 12 hpi, but increased at 24 hpi, and restored to near baseline level at 72 hpi (Figure 3C, Cluster 4). Genes in this cluster were enriched in extracellular matrix (ECM)-receptor interaction, focal adhesion and intestinal immune network (Figure 3D, Cluster 4). We further performed GSEA to get insight into the biological roles of pathways involved in EIU development. The results showed that highly expressed genes were closely associated with innate immune response and NF-κB signaling pathway, whereas the low-expression genes were enriched in the ECM-receptor interaction and phototransduction (Figure S5).




Figure 3 | Transcriptomic traits of EIU in zebrafish. (A) Number of DEGs at 4 hpi, 12 hpi, 24 hpi and 72 hpi of LPS and saline. (B) Hierarchical clustering heatmap of DEGs at each time point. (C) The TCseq package was used to illustrate the patterns of dynamic changes in DEGs during EIU in zebrafish. (D) Functional enrichment analysis of DEGs in different clusters. Networks of pathways and genes in Cluster 1, Cluster 2, Cluster 3 and Cluster 4 were conducted by ClueGO and displayed by Cytoscape. Circles shown in the same color represent similar enrichment results.





Quantitative RT-PCR validation

To validate the genes from pathways with most significant P-values in each cluster, 23 DEGs from RNA-seq were selected for RT-PCR validation, including Toll-like receptors signaling genes (tlr5a, tlr5b, cxcl8a, cd40, il1β and il6) in Cluster 1 (Figure 4), proteasome pathway genes (psme1, psme2, psma6l, psmb8a and psmb9a) in Cluster 2, lysosome pathway genes (ctsh, ctsba, ctsc, napsa and galns) in Cluster 3, and ECM-receptor interaction related genes (itga6b, col1a1a, col1a2, col6a3 and col9a1b) in Cluster 4 (Figure S6). As Tlr4 is the receptor of LPS in mammals, we also tested zebrafish tlr4ba and tlr4bb expressions using RT-PCR, although they were not found in DEGs by RNA-seq. In the Cluster 1, all the six DEGs were upregulated at 4 hpi and then returned to normal level, while tlr4ba and tlr4bb expression showed no obvious change (Figure 4), consistent with the RNA-seq results (Figure S7). Besides, the expression of psme1, psma6l, psmb8a and psmb9a from Cluster 2, ctsh, ctsba and napsa from Cluster 3, and itga6b, col1a1a and col1a2 from Cluster 4 showed similar profiles between the high-throughput RNA-seq and RT-PCR data (Figure S6).




Figure 4 | RT-PCR validation of DEGs in the initial of inflammation (mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant; one-way ANOVA).





Effect of prednisone immersion on EIU in zebrafish

Prednisone immersion was used to evaluate its anti-inflammatory effect on EIU in Tg(Mpx:GFP) transgenic zebrafish line. Flow cytometry result of retinal cell suspensions showed that prednisone immersion significantly inhibited EIU inflammation as evidenced by substantially decreased GFP-positive neutrophils at 24 hpi as compared with vehicle-treated control group (0.1% DMSO immersion group) (Figure 5A). Furthermore, a similar result was observed by counting the relative GFP-positive area in retinal flat mounts, showing significantly decreased GFP-positive area in prednisone-treated group (Figure 5B). Retina from prednisone immersion group also showed decreased mRNA levels of proinflammatory genes including il1β, cxcl8a, tnfa, c3a and il16, indicating that prednisone was not killing neutrophils directly (Figure 5C).




Figure 5 | Prednisone immersion treatment inhibited EIU inflammation in zebrafish. (A) Live cells were separated out from the retina cell suspensions of Tg(Mpx:GFP) line. Left, Flow cytometry was used to analyze the GFP-positive neutrophils. Right, quantification of percentages of GFP-positive cells in different conditions (n = 4 per group; mean ± SD; ***P < 0.001; ****P < 0.0001; ns, not significant; one-way ANOVA). (B) Left, flat mounts of retina around the optic disc in Tg(Mpx:GFP) line. Scale bar, 20μm. Right, quantification of the relative GFP-positive area in retinal flat mounts in different conditions (mean ± SD; n = 3 retinas per group; ****P < 0.0001; one-way ANOVA). (C) Transcript levels of proinflammatory genes of retina in zebrafish treated with 0.1% DMSO (vehicle-treated group) or 50μm prednisone (mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; unpaired t-test).






Discussion

In this study, we for the first time induced a zebrafish model of uveitis by intravitreal injection of LPS. In general, the intraocular inflammation of this model appeared at 4 hpi, exacerbated at 12 hpi, peaked at 24 hpi and resolved at 72 hpi, featured by distinct signaling pathways at different time points of the inflammation process. Furthermore, this intraocular inflammation was inhibited by prednisone immersion, suggesting that the EIU zebrafish model could act as a new approach to screen drugs for uveitis.

At the beginning of this study, we attempted different dosages of LPS to induce EIU in zebrafish at 0.08μg/g, 0.2μg/g and 0.4μg/g. There was no sign of intraocular inflammation according to histological analysis until the dose reached 0.4μg/g. It should be noted that this effective dose of LPS on zebrafish was 32-fold higher than that on mouse. The discrepancy of sensitivity to LPS between zebrafish and mouse might be related to the species difference between lower vertebrates and higher vertebrates (26). The studies have demonstrated that lower vertebrates, especially the fish, is tolerant to LPS stimulation due to the lack of the essential costimulatory molecular for LPS activation via Tlr4 (including myeloid differentiation protein 2 (MD-2) and CD14) (15, 16). Since eye is one of the first organs contacting the environment, the extracellular receptors might play an important role in resistant against bacterial infection. Despite the higher dose used in developing EIU in zebrafish, this new model has the advantage of low cost, smaller body size and rapid propagation to better satisfy experimental demands.

In the zebrafish EIU model, inflammatory cells began to infiltrated the iris at 4 hpi. A massive influx of cells was observed in the vitreous body and iris, accompanied by iris vascular dilatation at 24 hpi, and then spontaneously resolved at 72 hpi. The characteristic of rapid inflammation resolution in zebrafish was basically consistent with EIU model in mouse (8, 27). It would be of great significance to further explore the mechanism underlying the rapid resolution and short disease course, with the hope to provide new strategies for disease control and treatment in human. However, different from mouse, zebrafish has no ciliary body (28), thus the inflammatory cells of anterior chamber were observed around the iris. Besides its power to help investigate anterior uveitis, EIU is also a compelling tool to evaluate inflammatory responses at the posterior part of the eye. It is characterized by the breakdown of blood-retinal barrier (BRB) represented by an increment in adhesion of leukocytes to the retinal vasculature and infiltration of leukocytes into the retina/vitreous cavity (29–31). In the terms of immune cell type, myeloid cells including neutrophils and microglia/macrophages were the dominant populations of inflammatory cells in this zebrafish EIU model, consistent with mouse EIU model. Neutrophils were essential for evading infection via the generation of proteolytic enzymes and toxic intermediates (32). Besides, ramified L-plastin+/Mpx- microglia, the resident macrophage in the retina, morphologically transformed into ameboid-shaped during inflammation to response to inflammatory stimuli. These activated phagocytic microglial cells could facilitate the infiltration of leukocytes through the BRB and mediate adaptive inflammatory function in uveitis (33). However, it should be noted that L-plastin+/Mpx- staining is not specific to microglia, and macrophages migrated from other sites of the body might also exist.

At 4 hpi, genes related to Toll-like receptor signaling pathway mainly showed significant elevated expression. However, the Tlrs (tlr5a and tlr5b) expressed in zebrafish model were different from that in mammal EIU models. In mammals, Tlr4 is the main receptor therein for LPS recognition with the participation of MD-2, LPS binding protein, and CD14 (34). Some recent studies have discovered the synergistic effect of Tlr5 and Tlr4 on triggering LPS-induced lung injury in mouse (35). Besides, Tlr5 has also been proven to show potent anti-allergic effect on rodent (36). Although tlr5 may be strongly associated with immunity or inflammation, the underlying mechanism of tlr5-mediated intraocular inflammation in the EIU model of zebrafish remains unclear and the exact roles of these upregulated tlr5a and tlr5b are worthy of further investigation.

At 12 hpi, upregulated genes were specifically enriched in phagosome and proteasome pathways. The phagosome is a vesicle formed by invaginating of the plasma membrane. Phagocytosis is a complex process, which could eliminate microorganisms and present them to CD4+ T cells and B cells. As previously reported, experimental autoimmune uveitis (EAU) could be alleviated by inhibiting the phagosome activation in macrophages, which prevent the activation of effector T cells and help maintaining the healthy ocular microenvironment (37). One important system closely related to the proteasome is the ubiquitin-proteasome system. Before a protein is degraded, it is first flagged for destruction by the ubiquitin conjugation system. The ubiquitin-proteasome is triggered by inflammatory stimuli and oxidative stress. In NF-κB pathway, it is necessary that the ubiquitinated IκB is degraded by proteasome to activate NF-κB. The deubiquitinase A20 has been reported to play a role in negative regulation of inflammation and immunity. In both Behcet’s disease (BD) and systemic lupus erythematosus, A20 expression was lower than that in health control, and it was especially downregulated in active BD patients (38, 39). These enriched-pathways in zebrafish were similar with those in mouse EIU model (40), and the therapeutic strategy based on signaling pathway could be further investigated in the future.

The downregulated genes at 12 hpi were mainly enriched in focal adhesion and ECM-receptor interaction. These pathways have also been reported to be downregulated in EIU model in mouse (40). The focal adhesion, regulator of the vascular intracellular tight junction proteins (TJs), maintained the BRB. TJs comprise many proteins, including claudins, occludins, and zonula occludens (41). The earliest molecular sign of BRB disruption is the aberrant expression of these marker proteins. BRB impairment leads to circulating leukocytes entering the retina and activating the innate immune response. In our study, substantial cells infiltrated the eye at 12 hpi meanwhile the expression of claudin7 was decreased obviously.

Animal models are essential tools to help develop and validate new drugs. So far, proteasome inhibitor (42), immunosuppressant-loaded nanoparticles (43), and gut microbial metabolites (6) have been applied on murine uveitis models. In this study, we successfully validated the anti-inflammatory effect of prednisone on zebrafish EIU model, suggesting this model as an effective tool for future drug screening studies.

However, our study has some limitations. First, the specific contribution of tlr5 orthologs in zebrafish uveitis model is not yet clarified due to lack of available commercial antibodies against this molecule and its downstream signaling effectors in zebrafish, which awaits further investigation. Second, whether the anti-inflammatory effect of prednisone is through alternating tlr5 orthologs and whether smalls molecules targeting the TLR-signaling pathways could impose an effective protection against EIU also remain to be answered in the future. Third, considering RNA-seq results showed changes in NOD- and TLR-pathways, Crispr-Cas9 technique could be further introduced to study the involvement of these signaling pathways in the pathogenesis. Fourth, zebrafish is less representative to human in genome if compared with rodent models. Therefore results obtained based on zebrafish model should be interpreted more cautiously. Fifth, systematic inflammation is not examined in this study and is expected to be clarified in future studies. Sixth, since estrogen has been reported to influence cytokine production in mouse EIU model (44), we only used male fish in this study. The difference of EIU in zebrafish between male and female would be explored in the future.

In summary, we developed an EIU model in zebrafish which represents the characteristics of acute intraocular inflammation. We expect that this model will provide a complementary tool for the studies on pathogenesis and treatment of uveitis. The equations should be inserted in editable format from the equation editor.
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Background

Netherton syndrome is a rare, life-threatening autosomal recessive genetic disorder with no effective treatment yet. Skin barrier dysfunction caused by SPINK5 gene mutations is a hallmark of the disease. Antigen penetration through the defective skin and nonspecific inflammation provide a pro-T helper 2 (Th2) immune microenvironment in the disease. Therefore, Th2 cytokines are considered to be candidate therapeutic targets.



Objective

To evaluate the clinical responses of patients with Netherton syndrome to dupilumab, an IL-4Rα antagonist, and identify changes in the Th1/2/17 pathway activity, skin barrier defect protein LEKTI expression after treatment.



Methods

Four children with severe Netherton syndrome (aged 2 y to 4 y and 6 m) who were treated with dupilumab from January to June 2022 were evaluated at baseline, and at 4, 8, 12, 16, and 20 weeks after the start of dupilumab administration. Treatment response was assessed using the Eczema Area and Severity Index (EASI), the Numerical Rating Scale (NRS), the Dermatology Life Quality Index (CDLQI), and the Dermatitis Family Impact-questionnaire (DFI). Blood eosinophil counts, serum IgE levels and inflammatory cytokines were measured. The immunotyping of Th1/2/17 cells was performed by flow cytometry and cytokine expressions in T cell subsets were analyzed by single-cell RNA sequencing. In addition, expression of the LEKTI in skin lesions was evaluated by immunohistochemical analysis.



Results

All four patients experienced clinical improvement, with significantly reduced EASI scores (by 75.0–83.9%) and NRS (by 87.5–90.0%) from baseline to 20 weeks of treatment. Improved quality of life scores were also seen for all patients, as measured by CDLQI and DFI. Serum IgE levels also fell by 75.6–86.9%. The serum Th2 cytokines IL-4, IL-5 and IL-13 were found at low level, with no significant changes during the treatment. However, Th2 cytokines expressed by T cells, especially IL-4, decreased at single-cell level after treatment (P = 0.029). The baseline percentage of Th2 cells (among total CD3+CD4+ T cells) was significantly higher in patients than that in healthy controls (HC) (P < 0.0001); this percentage fell from 8.25% ± 0.75% to 4.02% ± 0.62% after 20 weeks dupilumab treatment. There was no noticeable change in LEKTI protein expression in skin lesions pre- and post-treatment. Two patients reported mild ocular adverse effects, but there were no severe adverse events.



Conclusion

Dupilumab may be an effective and safe treatment option in a subset of pediatric patients with Netherton syndrome, especially in improving itch and the quality of life. These effects were achieved in part by suppression of the Th2-mediated inflammation.





Keywords: Netherton syndrome, SPINK5 gene, LEKTI, dupilumab, treatment



Introduction

Netherton syndrome (NS; OMIM#256500), also known as Comel-Netherton syndrome, is a rare autosomal recessive disorder caused by germline loss-of-function mutations in SPINK5 gene. The disorder is characterized by the classical triad symptoms of congenital ichthyosis, bamboo hair, and atopic diathesis with high serum IgE level (1). In most SPINK5 mutations, premature stop codons result in a truncated Lymphoepithelial Kazal-type-related inhibitor (LEKTI) protein which leads to an unrestricted activity of kallikrein (KLK)-related peptidases (KLK5, KLK7, and KLK14). This will cause severe skin barrier breakdown and secondary inflammation (2, 3).

NS is a multisystemic disease for which a safe and effective treatment is not yet available. Several novel systematic treatments have been suggested in the recent literature, including immunoglobulins and biologicals that target specific inflammatory pathways (4). Dupilumab, a monoclonal antibody that blocks the IL-4 receptor (IL-4R), has been used to treat moderate to severe atopic dermatitis with a good safety and efficacy profile (5). A few recent case report displayed clinical effect with improving skin symptoms in patients with NS who treated with dupilumab (6–12). However, these reports have shown great heterogeneity in outcome measures and a few cases reported long-term outcomes. In addition, few reports describe the efficacy and safety of dupilumab in pediatric NS patients. In this prospective case series study, we reported four pediatric NS patients treated with dupilumab and their clinical responses, cytokine profiles change with treatment, which hopes to provide new insight into the underlying mechanisms of dupilumab therapy in NS and provide more evidence to support biologic treatment for NS patients.



Methods


Patients and control subjects

Four NS patients (median age, 3.25y; range from 2y to 4.5y) from four unrelated Chinese families were enrolled. A diagnosis of NS was made based on clinical signs, SPINK5 mutations, and decreased/absent LEKTI expression upon immunostaining analysis. Health controls (HCs) comprised eight age-matched subjects (median age, 3 y; range from 1.5y to 5y). Patients were evaluated, and blood was collected at baseline (before therapy), and at 4, 8, 12, 16 and 20 weeks after dupilumab administration. Skin biopsies were collected at baseline and 20 weeks. All parents provided written informed consent, and the study was approved by the Ethics Committee of the Children’s Hospital of Chongqing Medical University (2021-17).



Treatment

All NS patients received a loading dose of subcutaneously administered dupilumab (400 mg), followed by 200 mg every 4 weeks for 20 weeks. During dupilumab treatment, patients were encouraged to continue the use of moisturizers, topical corticosteroids, or 1% Pimecrolimus, which were not monitored specifically.



Measures used in this study

The Children’s Dermatology Life Quality Index (CDLQI) and the Dermatitis Family Impact-questionnaire (DFI) were adopted for evaluation of quality of life, the Eczema Area and Severity Index (EASI), and the Numerical Rating Scale (NRS) were used at every visit for assessing changes in symptoms. Laboratory tests, including total serum immunoglobulin (Ig) E and eosinophil (ESO) counts, were conducted at every visit. A high level of serum IgE was defined as >165.0 IU/ml, and eosinophilia was defined as a blood eosinophil count >0.68×109 cell/L.



Assessment of serum cytokine profiles

Multiple cytokines, including IL-1 β, IL-1α, TNF- α, TNF- β, IFN-γ, IL-2, IL-4, IL-5, IL-6, IL-8, IL-9, IL-12p70, IL-13, IL-17A, IL-23, and IL-31, were measured at baseline, 4 and 20 weeks after treatment with dupilumab by Luminex 200™ System (Millipore) based on manufacturer’s instructions. Serum samples were diluted 2 times and incubated for 3 hours with a mix of beads coupled to antibodies specific for each measured cytokine. Then a mixed secondary streptavidin-coupled antibodies was added for 1 hour followed by phycoerythrin (PE)-conjugated biotin after several washing steps. The signal intensity was measured by PE fluorescence and a standard curve was performed to identify the absolute concentration of each cytokine in tested samples.



Assessment of cytokine profiles in T cell subsets by single-cell RNA sequencing

The PBMCs from 4 NS patients at baseline and 20 weeks after dupilumab treatment were sequenced for single cells using the 10x Genomics scRNA-seq platform. Based on the single-cell transcriptomic data, Cytokine Signaling Analyzer (CytoSig; https://cytosig.ccr.cancer.gov/) was employed in T cell subsets to evaluate the cytokine signaling activity, including IL-1A, IL-1B, IL-2, IL-4, IL-10, IL-12, IL-13, IL-15, IL-17A, IL-21, and IL-22.



Flow cytometry analysis and antibodies

Peripheral blood mononuclear cells (PBMCs) were isolated from blood samples using Ficoll-Hypaque (GE Healthcare, USA) gradient centrifugation. To obtain Th1/2/17 cells, PBMCs were incubated for 30 min in with specific antibodies (FITC-anti-CD45RA, PE-anti-CCR6, Percep-anti-CD3, PE/Cy7-anti-CD4, APC-anti-CXCR3, BV421-anti-CXCR5, BV510-anti-CCR4; all from BD Biosciences) in PBS containing 2% fetal bovine serum. Cells were examined immediately using a BD FACS-CantoII, and data were analyzed using FlowJo software (TreeStar, USA). Cells were classified as follows: Th17 cells, CD3+CD4+CD45RA-CXCR5-CCR6+CCR4+; Th2 cells, CD3+CD4+CD45RA-CXCR5-CCR6-CCR4+CXCR3-; and TH1 cells, CD3+CD4+CD45RA-CXCR5-CCR6-CCR4-CXCR3+.



Immunohistochemistry

After consent was obtained from the parents, skin biopsy was conducted in the ichthyosis lineariz circumflexa (ILC) lesions of patients 2 and 3. Four normal skin specimens obtained from routine surgery were served as controls. Skin sections were fixed, sectioned transversely (4μm), and embedded in paraffin blocks. The slides were permeabilized with 0.5% H2O2, then stained with a SPINK5 polyclonal antibody (rabbit IgG; Invitrogen, PA5-52820) overnight at 4°C. A secondary biotinylated antibody (ZSGB-BIO, PV-9001, China) was performed, then reacted with diaminobenzidine (DAB) (ZSGB-BIO, ZLI-9018, China). After counterstaining with hematoxylin, images were captured under a digitalized brightfield microscope (Leica Imaging Systems Ltd., Cambridge, U.K.) and analyzed with ImageJ software (version 2.1.0). Average optical density (AOD) was used to evaluate immunofluorescence staining.



Statistical analysis

Statistical analyses were performed using GraphPad Prism software, version 8.3.1 (GraphPad Software, San Diego, CA, USA). A two-tailed unpaired t-test was used for single comparisons, and the Wilcoxon matched pairs signed rank test or the Mann-Whitney test was used to assess the statistical significance of differences between groups (****P < 0.0001; ***P < 0.001; **P < 0.01; and *P < 0.05).




Results


Demographics and genetics

The characteristics of the four NS patients (two males and two females; average age, 3.25 ± 1.041y; range, 2y–4.5y) are shown in the Table 1. All of the patients presented with ILC, Trichorrhexis Invaginata or bamboo hair (Supplement Figure S1), growth retardation, and high levels of serum IgE. Whole exome sequencing of peripheral blood DNA identified SPINK5 mutations in all patients. (Supplement Figure S2) Two novel heterozygous mutations were found in patient 3 (IVS10+5G>T; c.2258_59insA, exon24), and patient 4 (c.2143dupA, exon23).


Table 1 | Clinical and genetic characteristics of the patients with Netherton syndrome.





Dupilumab significantly improved skin lesions, itch, and quality of life

Treatment with dupilumab led to a significant improvement in clinical signs (see the images in Figures 1A–D). The affected area of skin lesions decreased to varying degrees: 75% in patients 1 and 3, and 50% in patients 2 and 4. The disease severity and pruritus were reduced markedly at 20 weeks post-dupilumab treatment, evidenced primarily by changes in the EASI and NRS (Figures 1E, F). The four patients reported at least 75.0% improvement in the EASI from baseline and an 87.5% reduction in the NRS. Accordingly, the life quality improved as CDLQI and DFI decreased by 72.1% (mean value) and 69.6% (mean value) from baseline to Week 20, respectively (Figures 1G, H). We also observed continued weight gain along the third percentile in all four patients compared to baseline. Interestingly, the height of patient 3 increased by 5 cm during treatment, after failure to thrive 1 year before treatment. Hair growth seemed to occur only in patient 1 and hair shaft nodules were not changed in any of our patients.




Figure 1 | Improvements in clinical symptoms and QoL after 20 weeks of dupilumab treatment Images in (A–C), and (D) show clinical pictures of patients 1,2,3, and 4 before and 20 weeks after treatment with dupilumab, respectively. (E–H) displayed changes in disease severity, pruritus, and QoL over time of treatment, (E) Eczema Area and Severity Index (EASI), (F) the Numerical Rating Scale (NRS), (G) the Dermatology Life Quality Index (CDLQI), and (H) the Dermatitis Family Impact-questionnaire (DFI).





Dupilumab significantly decreased serum IgE in NS

All four patients had high serum IgE, and two had eosinophilia (patients 3 and 4) at baseline. During treatment, serum IgE levels fell steadily in all patients (Figure 2A): from 713 to 174 IU/ml (a decrease of 75.6%) in patient 1, from 3330 to 598 IU/ml (a decrease of 82.0%) in patient 2, from 5870 to 769 IU/ml (a decrease of 86.9%) in patient 3, and from 6940 to 988 IU/ml (a decrease of 85.8%) in patient 4. In addition, the EOS count in three patients fell slightly from the baseline value (Figure 2B). However, it is noteworthy that a transient elevation in the EOS count was observed over the course of dupilumab treatment, although the count was lower at Week 20 than at baseline.




Figure 2 | Serum IgE levels and blood eosinophil counts during 20 weeks of dupilumab treatment (A) serum IgE levels and (B) blood eosinophil (EOS) count were measured for 20 weeks. Serum IgE levels fell significantly after treatment, while there were no significant changes in EOS.





Dupilumab suppressed Th2-type immune responses in NS

Although serum Th2 cytokines were at the normal range or low amounts (Table 2), the percentage (among total CD3+CD4+ cells) and absolute number of Th2 cells in NS patients was much higher than that in HCs (P < 0.0001) (Figures 3A, B). Moreover, the percentage of Th2 cells (among total CD3+CD4+ cells) fell from 8.25%± 0.75% to 4.02%±0.62% (mean ± SD), and the absolute number of Th2 cells was decreased significantly after 20 weeks of treatment (P = 0.0021). The numbers of Th17 and Th1 cells, however, tended to increase slightly, but the changes had no statistically significance (Supplement Figures S3A, B). Next, we examined the Th2/Th17 balance and found that the Th2/Th17 ratio was significantly lower after dupilumab therapy (P = 0.0128) (Supplement Figure S3C), suggesting that dupilumab might counterbalance the skew toward Th2 responses. In addition, dupilumab treatment down-regulated the expression of IL-4, a pivotal type 2 cytokines, at single cell level (P = 0.029). (Figures 3C, D)


Table 2 | Serum cytokine changes after 20 weeks of dupilumab treatment.






Figure 3 | Reduction in Th2-mediated inflammation after 20 weeks of dupilumab treatment (A) Gating strategy used to identify Th2 and Th17 cells. (B) Changes in the percentages of Th2 cells among the CD3+CD4+ T cell population and in the absolute number of Th2 cells from baseline to 20 weeks of dupilumab treatment. (C) Dot plot illustrating (the top 11/select key) cytokine expression signatures/patterns of T cells before (pre) and 20 weeks after (post) dupilumab treatmentthe color intensity indicates the relative expression level and the size of the dots represents the percentage of cells expressing the cytokine genes across T cell subsets. (D) Quantitative scatter plot with a bar graph revealed the expression level of IL-4 and IL-17A in T cells across treatment conditions. The Wilcoxon matched pairs signed rank test or the Mann-Whitney U test was used to assess statistical significance: ****P < 0.0001; ***P < 0.001; **P < 0.01. Each dot represents a value for each patient.





No obvious changes of LEKTI expression in skin lesions

Skin samples from patient 1 and patient 4 showed diminished expression of LEKTI which displayed in HC, however, as a continuous staining of the cytoplasm in their epidermal granular layer and uppermost spinous layers (Figure 4). Furthermore, LEKTI expression in skin lesions of patient 1 and patient 4 did not change after 20 weeks of treatment, as expected.




Figure 4 | Expression of LEKTI protein in skin lesions of patients after 20 weeks of dupilumab treatment (A, B) show immunohistochemical staining of skin lesion for LEKTI before and after 20 weeks of dupilumab treatment in patients 1 and 4, respectively. Both patients showed a significant reduction in LEKTI expression compared with that of HCs. (C) LEKTI expression in HCs as a positive control: LEKTI is expressed strongly in the cytoplasm of keratinocytes in the epidermal granular and uppermost spinous layers. (D) Average optical density (AOD) was analyzed. The results suggest that LEKTI expression was significantly lower in the lesion skin of both patients than that of HCs and there was no obvious change after dupilumab treatment.





Safety

During the entire 20-week treatment period, two patients reported mild ocular symptoms presented with bilateral conjunctival hyperemia, pruritus, tearing and foreign-body sensation and alleviated by using tobramycin and dexamethasone eye drop, which did not lead to treatment discontinuation. No other commonly reported treatment-related side effects were observed.




Discussion

NS is a rare genetic disease and the existing treatment options are mostly symptomatic. Reports on the clinical effects of biologicals on NS are scarce. In the current prospective case series study, four pediatric NS patients treated with dupilumab have achieved an impressive and sustained responses, with a marked improvement in skin-related symptoms, pruritus, and quality of life. In addition, the frequency of their topical corticosteroid use was reduced, thus reducing the risk of severe local and systemic side effects, such as Cushing syndrome and growth retardation. We employed standardized measurement instruments to evaluate the treatment outcomes, therefore, avoided evidence of poor quality and heterogeneity in reporting outcomes in previous studies.

The core pathogenesis of NS is the loss of protease inhibitor LEKTI, which causes severe skin barrier impairment and triggers the expression of proinflammatory and proallergic cytokines by activating protease-activated receptor-2 (PAR-2) signaling in keratinocyte (13). Upregulated inflammatory pathways, including Th2 and Th17, and elevated TNF-α, TSLP and IgE levels in patients with NS have been observed and several biologicals targeting IL-4, IL-12/23, IgE, TNFα and IL-17 have been tried (4). The results demonstrated that both biologicals targeting Th2 and Th17 pathways appear to be effective in NS, however, the potential mechanisms are not clear (4). A recent research using transcriptomic and proteomic analysis in 13 adult NS patients revealed that IL-17/IL-36 pathways were predominantly activated axes and Th17-driven immune response was mainly involved the NS pathogenesis (14). However, the clinical benefits with using anti-IL-17A antibody for part of NS patients were reported not sustained for long (15), and most NS patients were accompanied by severe atopic diathesis with very high serum IgE levels and allergic responses to environment triggers. In addition, the molecular profiling in above mentioned multiomic study revealed a Th2 predominant signature in a subset of patients characterized by ichthyosis linearis circumflflexa (ILC) (14), suggesting that other biological pathways, including Th2 axis, may be involved in NS pathogenesis.

In present study, 4 pediatric NS patients presented with ILC phenotype, one of them displayed erythroderma at his early age. Immunophenotyping of PBMCs at the baseline revealed increased Th2 subset in all patients, but only slightly increased Th17 cell numbers. After dupilumab treatment, except for sustained symptomatic improvements, a significant decrease in both percentage (among total CD3+CD4+ cells) and absolute number of Th2 cells were observed, suggesting that the Th2 pathway activation contributed to the systemic inflammation in our cohort. This hypothesis is supported by increased IL-4 production in T cell subsets, which could in turn induces B cell proliferation, isotype switching and IgE production (16). What is evident is that after blocking the IL-4Rα by using dupilumab, the elevated serum IgE levels fell steadily in all patients. Although serum IL-4 and IL-5 were detected at normal range as the previous study (17), the serum IL-6 and IL-8 were found to be significantly elevated and followed by a gradual decline during the treatment with dupilumab. Studies have shown that IL-6 plays a key role in adaptive immune response, which promotes the maturation of B cells and is considered to be one of the necessary cytokines to induce B cells to secrete IgE antibodies (18, 19), but how it is involved in mediating IgE production in NS patients is unclear. Of note, as a member of the CXC family, IL-8 is primarily responsible for chemotaxis neutrophils into inflammatory tissues (20). This is in good concordance with the recent finding that marked neutrophil skin infiltration in ILC type NS (14). However, the specific role and underlying mechanisms of IL-8 in neutrophil skin infiltration in NS remain to be studied.

We further evaluated the LEKTI protein expression in skin lesions of the NS patients in pre-and-post dupilumab therapy. Unsurprisingly, there were no obvious changes in LEKTI expression were observed, indicating that the improvements in skin lesions by dupilumab mainly rely on suppression of downstream Th2-mediated inflammation, rather than to regulate or correct underlying LEKTI defects. In regarding to the drug safety, only two patients in this study have reported mild ocular symptoms, which similar to that in treatment of atopic dermatitis, in the entire 20-week treatment period. It goes without saying that dupilumab has accumulated a lot of experience and safety profiles in pediatric population, especially it has recently been approved for children up to 6 months of age (21). Contrarily, IL-17A biologicals Secukinumab and Ixekizumab have not approved for children under 6 years and the safety data for children and infants are scarce. When we face an infant with NS, from the perspective of drug safety, dupilumab has obvious superiority.

Taken together, our results suggest that dupilumab is a safe and effective treatment option for certain subtype of pediatric NS patients, especially with respect to in improving skin symptoms, itching and the quality of life. The possible mechanisms may involve the suppression of the Th2-mediated inflammation, but further studies with larger samples are needed.



Limitations

The study has a small number of recruited patients and the molecular features in skin lesion were not detected, which should be taken into account when drawing conclusions.
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Supplementary Figure 1 | Observations of hair from the patient 1 under dermoscopy and light microscopy Hair shaft shows typical bamboo nodes under the dermoscopy (A) and light microscopy (B).

Supplementary Figure 2 | Genetic characterization of the patients. (A) Family pedigrees of the patients. Male subjects, squares; female subjects, circles; patient, black squares/circles; proband, arrows. (B) Sequence analysis of the SPINK5 gene. The mutations are indicated by the arrow.

Supplementary Figure 3 | Changes in Th1/17 cell subsets during 20 weeks of dupilumab treatment Changes in the percentage of Th17 cells (A) and Th1 cells (B) among the CD3+CD4+ T cell population and in the absolute number of Th17 cells (A) and Th1 cells (B) from baseline to 20 weeks of treatment. (C) Changes in the Th2/Th17 ratio from baseline to 20 weeks of treatment. The Wilcoxon matched pairs signed rank test or the Mann-Whitney U test was used to assess statistical significance: ****P < 0.0001; ***P < 0.001; **P < 0.01; and *P < 0.05. Each dot represents a value for each patient.
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Topical Skullcapflavone II attenuates atopic dermatitis in a mouse model by directly inhibiting associated cytokines in different cell types
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Skullcapflavone II (SFII), a flavonoid derived from Scutellaria baicalensis, is an anticancer agent. We aimed to validate SFII for atopic dermatitis (AD) therapy by demonstrating the anti-inflammatory effects of SFII in an AD mouse model produced by the topical application of the vitamin D3 analog MC903. We showed that topical treatment with SFII significantly suppressed MC903-induced serum IgE levels compared with topical hydrocortisone (HC) treatment. Topical SFII also prevents MC903-induced pruritus, skin hyperplasia, and inflammatory immune cell infiltration into lesional skin comparable to topical HC. In addition, MC903-induced immune cell chemoattractants and AD-associated cytokine production in skin lesions were effectively suppressed by topical SFII. The production of MC903-induced effector cytokines influencing T helper (Th)2 and Th17 polarization in lesioned skin is significantly inhibited by topical SFII. Furthermore, we showed that SFII can directly inhibit the production of AD-associated cytokines by human primary keratinocytes, mouse bone marrow-derived cells (BMDCs), and mouse CD4+ T cells in vitro. Lastly, we demonstrated that topical SFII more effectively suppressed serum IgE levels, the production of IL-4 and thymic stromal lymphopoietin (TSLP), and infiltration of CD4+ T cells and Gr-1+ cells (neutrophils) into lesion skin compared to topical baicalein (a flavonoid derived from Scutellaria baicalensis), which has anti-inflammatory effects. Taken together, our findings suggest that SFII may have promising therapeutic potential for this complex disease via the regulation of multiple AD-associated targets. 
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Introduction

Atopic dermatitis (AD) is a common chronic inflammatory skin disease characterized by complex pathogenesis and a wide spectrum of clinical phenotypes presenting with underlying skin barrier dysfunction, immune dysregulation, and pruritus (1–3). It has been reported that epidermal barrier disruption and activation of epidermal dendritic cells (DCs) lead to T helper 2 (Th2)-type immune responses (IL-4 and IL-13), which are mostly activated in patients with AD. In addition, strong activation of Th1 (IFN-γ) and Th17 (IL-17A, IL-6, and S100A8) immune responses have been reported in Asian patients with AD (4–6). A previous study has shown that common AD transcriptomes such as S100A8/A9/A12 and CXCL1 are increased in the lesioned skin of patients with moderate-to-severe AD by RNA-sequencing and microarray analyses (7). The secretion of chemokines (e.g., CXCL1,2,5 and CCLs) by keratinocytes is involved in the infiltration of immune cells such as T cells, mast cells, basophils, and neutrophils (8). Lesional skin infiltration by these immune cells has been shown to further promote AD-associated inflammatory cascades, and itching, as well as epidermal and dermal hyperplasia (9–11). Thus, AD is a complex and heterogeneous inflammatory skin disease (12–14). Numerous therapeutic drugs for the treatment of AD have been developed and are currently under clinical investigation to identify novel therapeutic targets for more effective long-term control of complex AD (1).

The calcipotriol (MC903)-induced AD mouse model is well established and is widely used for research on the pathophysiology of human AD (15, 16). The MC903 model is ideal for experimental approaches because of its highly reproducible phenotypes that closely resemble human AD and its ability to induce the development of lesions and itching (17). The underlying cellular and molecular mechanism of MC903-induced AD-like inflammation are well known. MC903 initially induces the secretion of an alarmin, thymic stromal lymphopoietin (TSLP), from keratinocytes through a cell autonomous event dependent on retinoid X receptor/vitamin D receptor (15), which then induces orchestrated DC-T cells-basophils-T cells cascade-derived Th2-type immune responses by stimulating IL-4 and IL-13 production by CD4+ T cells in skin-draining lymph nodes (15, 18). Therefore, TSLP is considered a key initiation factor for exacerbated Th2 responses and is thought to be one of the therapeutic targets in AD. A recent study has shown that TSLP directly promotes pathogenic Th2 cell differentiation (19). TLSP also mediates the expansion of functionally distinct basophils, which promote Th2-type immune responses (20). In addition, MC903-induced neutrophil infiltration into the lesional skin causes enhanced expression of itching-associated molecules and inflammatory cytokines, leading to chronic itch and inflammation (9). Moreover, IL-4 and IL-13 are crucially involved in the direct activation of sensory neurons in humans and mice, leading to chronic itching through the activation of their neuronal receptors (21). It has also been reported that MC903 induces high concentrations of serum immunoglobulin E (IgE), as observed in extrinsic AD pathology (22, 23). IL-4 produced by activated CD4+ T cells and mast cells also promotes the production of serum IgE by activating B cells and plasma cells, which mediate hypersensitivity reactions in allergic diseases such as AD and asthma (24–26).

We have previously shown that skullcapflavone II (SFII), a flavonoid derived from Scutellaria baicalensis, inhibits the production of thymus and activation-regulated chemokine (TARC/CCL17) and macrophage-derived chemokine (MDC) in HaCaT cells, following stimulation with TNF-α and IFN-γ (27). It has been reported that plasma levels of TARC and MDC are elevated in patients with AD, which is strongly correlated with disease severity (28, 29). The flavonoid, baicalein, is another active component derived from Scutellaria baicalensis and has been reported to have anti-inflammatory effects in atopic dermatitis in NC/Nga mice (30). Thus, these results prompted us to explore the novel possibility of using SFII as a safe and effective therapeutic agent against AD.

In this study, we clarified the therapeutic effects of SFII in AD using an MC903-induced AD-like mouse model. In addition, we demonstrated the direct inhibitory effects of SFII on the production of AD-associated cytokines by human primary keratinocytes and mouse immune cells in vitro.



Materials and methods


Antibodies and reagents

Antibodies against p-STAT1 (sc-7988) and t-STAT1 (sc-592) were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Antibodies against p-p65 (CST3031S), t-p65 (CST8242S), p-ERK1/2 (CST9101S), t-ERK1/2 (CST9102S), p-JNK (CST9251S), t-JNK (CST9252S), p-p38 (CST9211S), and t-p38 (CST9212S) were purchased from Cell Signaling Technology Inc. (Danvers, MA, USA). Horseradish peroxidase-conjugated polyclonal secondary antibodies against mouse, rabbit, or goat IgG (GeneTex, Inc., Irvine, CA, USA) were also purchased. Antibodies against mouse CD4 (Clone 4SM95) and mouse Gr-1(Clone RB6-8C5) were purchased from Invitrogen (Carlsbad, CA, USA) and R&D Systems (Minneapolis, MN, USA), respectively. The mouse eosinophil antibody (Clone BMK-13) was purchased from Novus Biologicals (Littleton, CO, USA). Inhibitors SB203580 (p38 inhibitor), SP600125 (JNK inhibitor), U0126 (MEK1 inhibitor), and MC903 were purchased from Tocris (Bristol, UK), and InSolution™ JAK inhibitor I and BAY 11-7082 (NF-κB inhibitor) were purchased from Calbiochem (San Diego, CA, USA). SFII was obtained from the Korea Research Institute of Bioscience and Biotechnology (KRIBB, Daejeon, South Korea) (31). Baicalein and hydrocortisone were purchased from Sigma-Aldrich (St. Louis, MO, USA). Poly(I:C), peptidoglycan (PGN), and lipopolysaccharide (LPS) were purchased from In vivo Gen (San Diego, CA, USA).



Mice

Female BALB/c mice, 6–8 weeks old, were purchased from Koatech (Pyeongtaek, Korea), and maintained under specific pathogen-free conditions. All animal experiments were approved by the Seoul National University Hospital Institutional Animal Care and Use Committee (No. 20-0112-S1A0) and were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals at Seoul National University Hospital.



MC903-induced AD-like skin inflammation in mice

In the MC903-induced AD-like model, 1.0 nmol of MC903 in 25 μl ethanol were topically applied on both ears for 7 days. After 2 h, both ears were topically treated with 25 μl of SFII, baicalein, HC, or ethanol (vehicle control). After 7 consecutive days, the ears were topically treated with SFII, baicalein, HC, or ethanol (vehicle control) daily without MC903. MC903 or compounds were dissolved in 100% ethanol. The ear thickness was measured daily using a digital caliper (Mitutoyo Corp., Tokyo, Japan). At the end of the experiment on day 13, the ear skin was snap-frozen in liquid nitrogen for RNA and protein isolation, and the ear was embedded in OCT compounds to prepare frozen sections. The number of scratch bouts were monitored and quantified for 30 min. One bout of scratching was defined as an episode in which a mouse lifted its paw and scratched continuously for any length of time, until the paw was returned to the floor (32). Scratching counts were assessed with the investigator blinded to the groups.



Histology, immunofluorescence analysis, and toluidine blue staining

Ear skin was fixed in 4% paraformaldehyde at 4°C overnight, paraffin-embedded, sectioned into 4 µm, and stained with hematoxylin and eosin (H&E). Images were acquired using a microscope. Epidermal and dermal thicknesses were measured using ImageJ software (NIH). For immunofluorescence, ear tissue sections were blocked in pre-blocking solution (GBI Labs, Bothell, WA, USA) and stained with the indicated primary antibodies at 4°C overnight. After washing, the sections were incubated with Alexa Fluor 488- or Alexa Fluor 594-conjugated secondary antibodies at 25°C for 1 h and stained with 4′-6-diamidino-2-phenylindole dihydrochloride (Thermo Fisher Scientific, Waltham, MA, USA) at 25°C for 5 min. Images were acquired using a confocal microscope (Leica STED CW; Leica Microsystems, Mannheim, Germany). For the detection of mast cells, ear sections were stained with 0.5% toluidine blue at room temperature for 15 min and then washed three times in PBS. Images were acquired using a microscope. The number of immune cells was counted every five fields (40× objective), and the average was calculated.



Quantitative PCR

Total RNA from the ear skin was isolated using RNAiso Plus (Takara Bio Inc., Shiga, Japan) according to the manufacturer’s instructions. Then, 1.0 μg of total RNA was used for cDNA synthesis using the First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative RT-PCR was carried out using SYBR Premix (Bioneer, Daejeon, Korea) and quantitatively measured with an ABI Real-Time PCR instrument (ABI, Indianapolis, IN, USA). Each sample was analyzed in duplicate and the relative expression of mRNA was normalized to that of the housekeeping gene 36B4.



ELISA

Serum IgE levels were measured using ELISA according to the manufacturer’s protocol (BioLegend, San Diego, CA, USA). The level of in vivo cytokine production in mice was measured using ELISA according to the manufacturer’s protocol (BioLegend). Additionally, the level of human TSLP in the cell culture supernatants was determined by ELISA according to the manufacturer’s protocol (R&D Systems).



Western blot analysis

Human primary keratinocytes were pretreated with SFII for 30 min, then stimulated with 10 μg/ml poly(I:C) for 3 h. Cells were washed with PBS, lysed with 1×TNE buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, and 1% NP-40) containing complete mini protease inhibitor cocktails (Roche Applied Science, Indianapolis, IN, USA) and phosphatase inhibitor cocktails (Sigma-Aldrich), and heated at 95°C for 5 min. Equal amounts of cell lysate were separated on a 10% SDS-polyacrylamide gel by electrophoresis and transferred onto a nitrocellulose membrane (GE Healthcare, Chicago, IL, USA). Equal protein transfer was confirmed by Ponceau S staining (ELPIS Biotech, Daejeon, South Korea). The membranes were blocked with 5% skim milk in Tris-buffered saline with 0.1% Tween® 20 (TBS-T) and probed overnight with the indicated primary antibodies at 4°C. After washing with TBS-T, the membranes were probed with HRP-conjugated secondary antibodies for 1 h at 25°C and visualized using WestGlow™ PICO PLUS or FEMTO chemiluminescent substrates (Biomax Co., Ltd., Seoul, Korea) using a CCD imaging system (Amersham Imager 680, GE Healthcare). Only the data with unsaturated signals were used in the analysis.



Human primary keratinocytes

Human epidermal keratinocytes were isolated as described previously (33). Human epidermal keratinocytes were cultured in a keratinocyte growth medium (KBM™ Gold™ Basal Medium; Lonza, Basel, Switzerland) supplemented with KGM™ Gold™ SingleQuots™ supplements (Lonza). Human epidermal keratinocytes were used at the third or fourth passage. Human primary keratinocytes were isolated from the epidermis of juvenile foreskin from two donors.



Generation of bone marrow cell-derived DCs

Bone marrow (BM) cells were collected from the femurs and tibias of the BALB/c mice. BM-derived dendritic cells (BMDCs) were generated by culturing BM cells from mice in complete RPMI 1640 supplemented with 20 ng/ml recombinant murine GM-CSF (PeproTech, Rocky Hill, NJ) (34, 35). Nonadherent cells were harvested on day 6 and stimulated for 24 h with TLR agonists, PGN or LPS (In vivoGen), in the presence of vehicle or SFII. BMDC culture supernatants were collected and analyzed for cytokine production by ELISA.



Isolation and activation of mouse CD4+ T cells

Mouse CD4+ T cells from the spleen were isolated using magnetic activated cell sorting (MACS) LS columns, following the manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach, North Rhine-Westphalia, Germany). For mouse T cell proliferation assays, purified CD4+ T cells were labeled with 1 mM CFSE (Invitrogen), according to the manufacturer’s protocol. T cells (2 × 105) were stimulated with plate bound anti-CD3ϵ (5 µg/ml, clone 145-2C11) and soluble anti-CD28 (2 µg/ml, clone 37.51) antibodies for 72 h, in the presence of vehicle or SFII (36). The intensity of CFSE was analyzed using a FACSCanto II flow cytometer (BD Biosciences, San Jose, CA, USA).



Statistical analysis

Statistical analyses were performed using Prism 9.0 software (GraphPad Software, La Jolla, CA, USA). Dunnett’s multiple range test was used to compare differences between two groups. Two-way ANOVA was used to compare differences between multiple groups. All graphs are presented as the mean ± standard error. The threshold for statistical significance was set at P <0.05.




Results


Topical SFII attenuates MC903-induced AD-like skin inflammation

In this study, we examined the therapeutic efficacy of SFII on AD-like skin inflammation using an AD mouse model established by repeated topical application of MC903 on mouse skin. Mice ears were treated daily with MC903 for 7 days, followed by topical treatment with ethanol (100% EtOH, vehicle control), SFII, or HC (hydrocortisone, therapeutic control) for 13 days (Figure 1A). Among the vehicle-only, MC903/vehicle-, MC903/SFII-, and MC903/HC-treated groups, MC903/vehicle-treated groups developed more severe reddening and erythema of the ears compared to the other groups on days 7 and 12 (Figures 1B, C). In contrast, treatment with SFII attenuated skin inflammation and clinical score, which was comparable to that of HC, a widely used treatment for AD (Figures 1B, C). AD-like skin inflammation and ear thickening were initiated by the topical application of MC903 from day 3 (Figure 1D). However, treatment with SFII significantly suppressed MC903-induced ear thickening, as measured by a digital caliper from day 7, indicating the potential therapeutic effect of SFII on AD (Figure 1D).




Figure 1 | Topical SFII attenuates MC903-induced AD-like skin inflammation and pruritus (A) Experimental protocol of MC903-induced ear skin inflammation in BALB/c mice treated with vehicle, SFII, or HC. (B) MC903-induced ear skin inflammation of BALB/c mice treated with SFII, or HC on days 7 and 12. (C) Clinical scores of MC903-induced ear skin inflammation of BALB/c mice treated with vehicle, SFII, or HC on days 7 and 12. (D) Measurement of ear swelling in BALB/c mice treated with MC903 plus vehicle, SFII, or HC using a digital caliper. (E) Scratching bouts of BALB/c mice treated with MC903 plus vehicle, SFII, or HC on day 13. (F) ELISA analysis of serum IgE levels on day 13.The data are representative of the mean ± SEM of three independent experiments, with five mice per group. ns., not significant; *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.





Topical SFII significantly attenuates MC903-induced pruritus and serum IgE

As pruritus and elevated levels of serum IgE are the main features of AD, we examined the effects of topical application of SFII on scratching behavior and serum IgE levels in an MC903-induced AD-like mouse model. We monitored the scratching behaviors of mice on day 13 for 30 min and found that treatment with SFII significantly suppressed MC903-induced scratching bouts, which was comparable to treatment with HC (Figure 1E). Total serum IgE levels on day 13 were significantly reduced in SFII-treated ears but not in HC-treated ears, which was comparable to the vehicle-only control group (Figure 1F). To test the dose-dependent effects of SFII on MC903-induced AD-like skin inflammation, we analyzed ear thickening, inflammation, pruritus, and total IgE levels in mouse ears treated with 0.1%, 0.5%, or 1.0% SFII. Treatment with 1.0% SFII was more effective in suppressing AD-like inflammation than treatment with 0.1% or 0.5% SFII (Figures S1A–F). Therefore, we evaluated the effects of 1.0% SFII on AD-like inflammation in mice.



Topical SFII reduces MC903-induced ear thickening and immune cell infiltration

To determine the effects of the topical application of SFII on infiltration of immune cells, including CD4+ T cells, neutrophils, eosinophils, and mast cells to the site of the skin lesion, we performed H&E staining, immunofluorescence analysis, and toluidine blue staining. Histological analysis revealed that MC903/SFII-treated ears had significantly reduced epidermal and dermal thickness compared to MC903/vehicle-treated ears, which was comparable to that of HC-treated ears (Figures 2A–C). Infiltration of immune cells such as CD4+ T cells, Gr-1+ cells (neutrophils), mast cells, and eosinophils into lesion skin was significantly attenuated in SFII-treated ears compared to MC903/vehicle-treated ears (Figures 2D–G, S2A, B). Moreover, topical application of SFII was comparable to treatment with HC in suppressing immune cell infiltration to the skin lesions (Figures 2D–G, S2A, B).




Figure 2 | Topical SFII reduces MC903-induced ear thickening and immune cell infiltration (A) H&E staining of ear sections from BALB/c mice treated with vehicle, MC903 plus vehicle, SFII, or HC on day 13. (B) Epidermal thicknesses determined from H&E-stained ear sections. (C) Dermal thicknesses determined from H&E-stained ear sections. (D) Immunofluorescent labeling of CD4 and Gr-1, and toluidine blue staining of mast cells in ear sections on day 13. (E) Quantitation of CD4+ T cells in immunofluorescent-labeled ear sections. (F) Quantitation of Gr-1+ cells in immunofluorescent-labeled ear sections. (G) Quantitation of mast cells in toluidine blue-stained ear sections. All images represent five mice per group and all graphs represent three independent experiments with five mice in each group. ***p < 0.001 and ****p < 0.0001.





Topical SFII suppresses MC903-induced AD-associated cytokine production

Next, we examined the effects of topical application of SFII on AD-associated cytokine production in the skin lesions of the ears. Using ELISA, we analyzed the production of Th2 cytokines, including TSLP and IL-4, which are upregulated in AD lesions. We found that topical application of SFII significantly suppressed the production of TSLP and IL-4 in ear skin compared with MC903/vehicle-treated skin (Figures 3A, B). The production of IL-6, which is known to be required for Th17 cell polarization, was also significantly reduced in MC903/SFII-treated skin compared to that in MC903/vehicle-treated skin (Figure 3C). High levels of IL-17A (Th17 cytokine) and S100a8 (a Th17/22-related product) have also been reported in patients with AD (37, 38). Q-PCR analysis showed that the mRNA expression levels of Il17a and S100a8 in MC903/SFII-treated skin were significantly lower than those in MC903/vehicle-treated skin (Figures 3D, E). Interestingly, treatment with SFII was more effective in suppressing the expression of Il17a and S100a8 than treatment with HC (Figures 3D, E). Treatment with SFII also significantly suppressed the mRNA expression of Cxcl1 (a neutrophil chemoattractant) and Mcpt8 (a basophil marker) (Figures 3F, G). MC903-induced Ccl7 expression (an eosinophil chemoattractant) was significantly inhibited by SFII (Figure S2E). However, treatment with MC903 had no effect on the expression of other eosinophil chemoattractants such as Il5, Ccl11, and Ccl17 nor on the production of IL-5 in the lesioned skin (Figures S2C, D, F, G).




Figure 3 | Topical SFII suppresses the production of AD-associated cytokines in ear skin induced by MC903 (A–C) ELISA analysis of TSLP (A), IL-4 (B), and IL-6 (C) levels in ear skin of BALB/c mice treated with MC903 plus vehicle, SFII, or HC on day 13. (D, E) Relative mRNA expression of Il17a (D) and S1008a (E) involved in keratinocyte proliferation on day 13. (F) Relative mRNA expression of Cxcl1 involved in neutrophil recruitment on day 13. (G) Relative mRNA expression of Mcpt8, a basophil marker on day 13. All graphs represent the mean ± SEM of three independent experiments with five mice in each group. ns., not significant; *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.





SFII significantly inhibits TSLP production from human primary keratinocytes in vitro

As we observed significantly attenuated TSLP production in topical SFII-treated mouse skin (Figure 3A), we examined the effects of SFII on poly(I:C)-induced TSLP production in human primary keratinocytes in vitro. TSLP levels in both the cell lysate and cell culture supernatants were determined using Q-PCR analysis and ELISA, respectively. The data showed that treatment with SFII significantly and dose-dependently attenuated the mRNA and protein levels of TSLP induced by poly (I:C) (Figures 4A, B). To assess the molecular mechanisms by which poly(I:C) induces TSLP expression, we analyzed poly (I:C)-induced TSLP production in the presence or absence of the indicated inhibitors, including JAK inhibitor I, BAY11-7082 (a NF-κB inhibitor), U0126 (a MEK inhibitor), SB203580 (a p38 MAPK inhibitor), or SP600125 (a JNK inhibitor) (Figure 4C). The ELISA data showed that TSLP production was significantly and dose-dependently suppressed by the JAK I inhibitors, BAY11-7082, U0126, SB203580, and SP600125, indicating that TLSP production is dependent on STAT1, NF-κB, ERK1/2, p38 MAPK, and JNK signaling pathways (Figure 4C). Additionally, we identified the effect of SFII on the activation of these signaling molecules involved in Poly(I:C)-induced TSLP production and found that high doses of SFII markedly and significantly inhibited Poly(I:C)-induced phosphorylation of STAT1, ERK1/2, p38 MAPK, and JNK (Figure 4D, S3A, C–F). However, the poly (I:C)-induced phosphorylation of p65 was slightly reduced by a high dose of SFII (Figures 4D, S3B).




Figure 4 | SFII directly inhibits AD-associated cytokine production from human primary keratinocytes, mouse CD4+ T cells, and mouse BMDCs in vitro (A) Relative mRNA expression of TSLP in human primary keratinocytes stimulated with poly(I:C) plus vehicle or different doses of SFII for 6 h. (B) ELISA analysis of TSLP production in culture supernatant of human primary keratinocytes stimulated with poly(I:C) plus vehicle or different doses of SFII for 24 h. (C) ELISA analysis of TSLP production in culture supernatants of human primary keratinocytes stimulated with poly(I:C) plus vehicle or the indicated inhibitors at different doses. (D) Immunoblotting analysis of the expression levels of p-STAT1, t-STAT-1, p-p65, t-p65, p-ERK, t-ERK, p-p38, t-p38, p-JNK, and t-JNK in the total protein from human primary keratinocytes stimulated with poly(I:C) plus vehicle or different doses of SFII for 3 h. (E–G) ELISA analysis of IL-4 (E), IFN-γ (F) and IL-17A (G) production in culture supernatants of mouse CD4+ T cells stimulated with anti-CD3 (5 μg/ml) and anti-CD28 (2 μg/ml) antibodies plus vehicle or different doses of SFII for 72 h. (H) Quantification of CFSE analysis of mouse CD4+ T cells stimulated with anti-CD3 (5 μg/ml) and anti-CD28 (2 μg/ml) antibodies plus vehicle or different doses of SFII for 72 h. (I, J) ELISA analysis of IL-6 (I) and IL-12 (J) production in mouse BMDC culture supernatants stimulated with PGN plus vehicle or different doses of SFII for 24 h. (K, L) ELISA analysis of IL-6 (K) and IL-12 (L) production in mouse BMDC culture supernatant stimulated with LPS plus vehicle or different doses of SFII for 24 h. All graphs represent the mean ± SEM from three or four independent experiments. nd., not detected; ns., not significant; *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.





SFII directly inhibits AD-associated cytokine production in mouse BMDCs and CD4+ T cells in vitro

Furthermore, we aimed to determine whether SFII could directly inhibit the activation of immune cells or whether reduced TSLP production by SFII causes attenuated activation of inflammatory immune cells in vivo. Because CD4+ T cells are mainly involved in MC903-induced AD-like skin inflammation, we isolated CD4+ T cells from the mouse spleen and stimulated them with anti-CD3/CD28 antibodies for 3 days in the presence of different concentrations of SFII. The ELISA data showed that treatment with SFII significantly and dose-dependently suppressed the production of IL-4 and IFN-γ induced by anti-CD3/CD28 antibodies (Figures 4E, F). These data suggest that SFII contributes to the attenuation of AD-like inflammation by directly blocking the production of IL-4 and IFN-γ by CD4+ T cells. However, the production of IL-17Ainduced by anti-CD3/CD28 antibodies was not affected by SFII treatment (Figure 4G), suggesting that SFII-induced decline in IL-17A production in mouse skin may be caused by secondary effects. In addition, carboxyfluorescein diacetate succinimidyl ester (CFSE) cell division analysis showed that treatment with SFII significantly and dose-dependently prevented CD4+ T cell proliferation (Figure 4H).

Since dendritic cells (DCs) are mainly involved in MC903-induced AD-like skin inflammation, we determined the effect of SFII on BMDC activation. We generated mouse BMDCs in the presence of GM-CSF for 6 days and then stimulated BMDCs with the TLR agonists PGN (S. aureus) or LPS (K12) in the presence of different concentrations of SFII. The ELISA data revealed that treatment with SFII significantly and dose-dependently attenuated IL-6 and IL-12 production induced by PGN or LPS in BMDCs (Figures 4I–L), indicating that treatment with SFII also directly suppresses the activation of dendritic cells.



Topical SFII is more effective at suppressing serum IgE, IL-4, and TSLP production than topical baicalein

A previous study showed that topical baicalein, a compound from Scutellaria baicalensis, significantly reduces immune cell infiltration and skin thickening in the AD tissues of NC/Nga mice (30). In addition, intraperitoneal or oral administration of baicalein has been shown to inhibit histamine- or compound 48/80-induced scratching behavior in mice (39, 40). We compared the therapeutic efficacy of SFII (1.0%) and baicalein (0.72%) at the same molar concentration (26.7 mM) in MC903-induced AD-like skin inflammation. Topical treatment with SFII or baicalein suppressed reddening, erythema, and swelling on day 13 (Figures 5A, B). Scratching bouts were also significantly suppressed in both SFII- and baicalein-treated mice with comparable effects (Figure 5C). However, topical treatment with SFII was more effective in suppressing serum IgE levels (Figure 5D) and production of TSLP and IL-4 (Figures 5H, I) compared to topical treatment with baicalein. Histological analysis revealed that topical treatment with SFII and baicalein reduced epidermal and dermal thickness compared to the MC903/vehicle-treated group (Figures 5E–G). However, topical treatment with SFII more effectively suppressed epidermal and dermal thickness than treatment with baicalein (Figures 5E–G). Moreover, immunofluorescence analysis and toluidine blue staining showed that infiltration of CD4+ T cells, Gr-1+ cells (neutrophils), and mast cells into lesion skin was significantly attenuated in SFII-, baicalein-, or HC-treated ears compared to MC903/vehicle-treated ears (Figures 6A–D). However, topical treatment with SFII more effectively suppressed infiltrating CD4+ T cells, Gr-1+ cells (neutrophils), and mast cells than baicalein (Figures 6A–D). The topical application of SFII was comparable to treatment with HC in suppressing immune cell infiltration into the skin lesions (Figures 6A–D).




Figure 5 | Topical SFII is more effective in MC903-induced suppression of skin thickening and the production of serum IgE, IL-4, and TSLP compared to baicalein (A) MC903-induced ear skin inflammation of BALB/c mice treated with vehicle, SFII, Baicalein, or HC on day 12. (B) Ear swelling measurements by a digital caliper of BALB/c mice treated with MC903 plus vehicle, SFII, baicalein, or HC. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs MC903/vehicle. §p < 0.05 and §§§§p < 0.0001 vs baicalein. (C) Scratching bouts of BALB/c mice treated with MC903 plus vehicle, SFII, baicalein, or HC on day 13. (D) ELISA analysis of serum IgE levels on day 13. (E) H&E staining of ear sections from BALB/c mice treated with MC903 plus vehicle, SFII, baicalein, or HC on day 13. (F) Epidermal thickness determined from H&E-stained ear sections. (G) Dermal thickness determined from H&E-stained ear sections. (H, I) ELISA analysis of TSLP (H) and IL-4 (I) in ear skin of BALB/c mice treated with MC903 plus vehicle, SFII, baicalein, or HC on day 13. All images represent five mice per group, and all graphs represent the mean ± SEM from two independent experiments, with five mice in each group. ns., not significant; *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.






Figure 6 | Topical SFII is more effective at suppressing MC903-induced infiltration of CD4+ T cells and neutrophils into skin compared to baicalein (A) Immunofluorescent labeling of CD4 and Gr-1, and toluidine blue staining of mast cells in ear sections on day 13. (B) Quantitation of CD4+ T cells in immunofluorescent-labeled ear sections. (C) Quantitation of Gr-1+ cells in immunofluorescent-labeled ear sections. (D) Quantitation of mast cells in toluidine blue-stained ear sections. All images represent five mice per group, and all graphs are representative of the mean ± SEM from two independent experiments, with five mice in each group. ns., not significant; ***p < 0.001 and ****p < 0.0001.






Discussion

To date, topical glucocorticoids and the topical calcineurin inhibitor, tacrolimus, have been used as first-line therapies to treat patients with moderate-to-severe forms of AD (41, 42). However, the long-term use of immunosuppressive agents and glucocorticoids has been reported to cause multiple side effects (42–45). Therefore, the discovery of safe and effective therapeutics against AD is essential. Here, we showed that SFII, a flavonoid derived from Scutellaria baicalensis, is a potential therapeutic target for the treatment of AD. Our findings show that topical SFII inhibits MC903-induced erythema, edema, swelling, AD-associated skin inflammation, and pruritus in mice, similar to topical HC, a corticosteroid. Natural products and flavonoids are known to exhibit powerful antioxidants and potential pharmacological effects in allergic diseases, such as asthma, AD, anaphylaxis, and food allergy, and substantial scientific evidence on their safety profile and effectiveness exists (46–49). Thus, the discovery of natural products-based drugs could be one of the approaches for the treatment of AD in humans (50).

We observed a significant reduction in MC903-induced epidermal and dermal thickening following topical SFII use, which is comparable to that observed with topical HC or tacrolimus. Concomitantly, we observed that topical SFII significantly reduced MC903-induced S100a8 expression in the skin lesions. The exact mechanism by which MC903 induces S100a8 expression is still unknown; however, induction of S100a8 expression is mediated by IL-17A through the p38 MAPK pathway (51) and MC903 also triggers IL-17A production. S100A8 is known to promote keratinocyte proliferation (52) and its expression is markedly increased in acute and chronic AD skin (53). Our data suggest that reduced S100a8 expression by SFII may contribute to decreased epidermal thickening. Skin dermal thickening and allergic inflammation are promoted by immune cell infiltration. Of these, effector CD4+ T cells and mast cells are crucial for the pathogenesis of AD by producing Th2 cytokines, such as IL-4 and IL-13 (53). Here, we revealed that topical SFII significantly inhibited the infiltration of CD4+ T cells and mast cells, as well as IL-4 production in skin lesions induced by MC903, which was comparable to that induced by topical HC. Skin-infiltrating neutrophils and basophils also promote AD inflammation and itch (9, 54). Epithelial cell-derived CXCL1 is crucial in recruiting and activating neutrophils (9, 55). We further showed that topical SFII significantly suppressed the expression of the neutrophil chemoattractant, Cxcl1, and neutrophil infiltration in skin lesions. The mechanism by which CXCL1 expression is induced by MC903 remains unclear. However, protease-activated receptor agonists or IL-17A increases CXCL1 production in keratinocytes (9, 56) and CXCL1 expression is unaffected by the loss of TSLPR or neutrophil depletion (9). In addition, we observed that topical SFII reduced Mcpt8 expression, a specific marker for murine basophils, suggesting reduced infiltration of basophils in the lesioned skin. We also showed that topical SFII reduced eosinophil recruitment and Ccl7 expression in the lesioned skin. Eosinophils are associated with disease severity in patients with AD (57) and involved in itch, dermal thickening, and water loss in AD-like mouse models (58, 59). Although our data showed that the expression of eosinophil-associated factors (IL-5, Ccl11, and Ccl17) did not change following MC903 treatment for 7 consecutive days (additional 6 days without MC903), other studies have shown that the expression of IL-5 and CCL24 (eotaxin-2) are significantly increased from day 9 or on day 14 after MC903 treatment (58, 60). These findings suggest that the expression of eosinophil-associated factors in lesioned skin appears to be a late immune response. Thus, our findings suggest that reduced skin-infiltrating CD4+ T cells, mast cells, neutrophils, basophils, and eosinophils may cause decreased dermal thickening and ameliorate allergic inflammatory responses.

A recent study has shown that systemic depletion of neutrophils using an anti-Gr-1 antibody dramatically inhibits scratching behavior in an MC903-induced AD model, suggesting that neutrophils mediate itching (9). In parallel, we showed that topical SFII significantly suppressed MC903-induced scratching bouts, which were comparable to that of topical HC. Moreover, CXCL1 and IL-4 have been shown to directly stimulate itch-sensory neurons, leading to chronic itching (21) (61, 62). Thus, our data suggest that reduced IL-4 and CXCL1 production and reduced neutrophil infiltration following SFII administration may contribute to the inhibition of the itch response.

Epithelial cell-derived TSLP has been shown to trigger Th2 immune responses and skin-infiltrating immune cells, including dendritic cells, basophils, CD4+ T cells, and mast cells (18). TSLP is also a pruritogen that activates neurons to induce itch (63). We observed that topical SFII significantly inhibited MC903-induced TSLP production in the skin lesions. Moreover, our in vitro studies showed that SFII directly suppressed TSLP production by human primary keratinocytes via inhibition of STAT1, ERK1/2, p38 MAPK, and JNK signaling pathways, indicating that decreased TSLP by SFII may result in reduced Th2 inflammation and infiltrated immune cells as well as the suppression of itching.

Furthermore, our in vitro studies of BMDCs revealed that SFII significantly suppressed the production of IL-6 and IL-12 induced by the TLR ligands PGN or LPS. In addition, we showed that SFII significantly suppressed the production of IL-4 and IFN-γ in anti-CD3/CD28-stimulated CD4+ T cells from the mouse spleen and T cell proliferation, indicating that SFII directly suppresses immune cell activation. Overall, our findings suggest that reduced TSLP production in keratinocytes by SFII may result in reduced Th2 inflammatory responses and that SFII could directly regulate the activation of immune cells, including DCs, Th2, and Th1 cells. In vitro IL-17A production in anti-CD3/CD28-stimulated CD4+ T cells was not affected by SFII, whereas topical SFII significantly inhibited IL-17A expression in MC903-induced skin lesions in vivo, suggesting that SFII may indirectly suppress IL-17A production in mouse skin. Thus, one possible explanation is that reduced IL-6 and IL-12 production by SFII, which is involved in Th17 polarization (64, 65), may result in reduced IL-17A production in vivo.

Lastly, we showed that topical SFII and baicalein significantly suppressed MC903-induced skin thickening, pruritus, and AD-related cytokine production compared to the MC903/vehicle-treated group. However, topical SFII is more effective in suppressing MC903-induced skin thickening and IL-4 and TSLP production in lesioned skin compared to topical baicalein. Interestingly, we observed that MC903-induced serum IgE levels were significantly suppressed by topical SFII alone, but not by topical baicalein or HC. A previous study has shown that intraperitoneal injection of baicalein reduces OVA-induced serum IgE levels in a mouse model of airway inflammation (66). Thus, these contrasting findings are likely due to differences in disease models, drug administration methods, and duration of treatment. Enhanced total IgE levels by HC have been reported previously (67, 68), and consistent with this, we confirmed that topical HC does not significantly reduce serum IgE levels in the MC903-induced AD-like mouse model. Further studies are required to understand the mechanism by which SFII effectively suppresses IgE production. Furthermore, we showed that MC903-induced infiltration of immune cells, including CD4+ T cells, neutrophils, and mast cells, was significantly reduced in skin treated with topical SFII, baicalein, and HC-treated skin. However, topical SFII was more effective than baicalein at suppressing the infiltration of immune cells, including CD4+ T cells and neutrophils, but not mast cells. Overall, our findings suggest that topical SFII has a more beneficial effect on AD treatment than topical baicalein.

In conclusion, we show that topical SFII can ameliorate AD-like pathology by regulating multiple targets in the MC903 mouse model. Moreover, we revealed that topical SFII has a beneficial effect on the suppression of IgE production compared to topical baicalein or HC. Therefore, our findings suggest the effectiveness of SFII in the pharmacological management and treatment of complex AD and pruritus as a single agent therapy or combination therapy with corticosteroids. Further studies are needed to determine the specific targets of SFII in cells, and clinical studies are warranted to determine the effects of SFII in patients with AD.
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Supplementary Figure 2 | Topical SFII reduces MC903-induced eosinophil infiltration and Ccl7 expression (A) Immunofluorescent labeling of eosinophils in ear sections on day 13. (B) Quantitation of eosinophils in immunofluorescent-labeled ear sections. (C) ELISA analysis of IL-5 levels in ear skin of BALB/c mice treated with MC903 plus vehicle, SFII, or HC on day 13. (D–G) Relative mRNA expression of Il5 (D), Ccl7 (E), Ccl11 (F), and Ccl17 (G) involved in eosinophil-associated factors on day 13. All images represent five mice per group, and all graphs are representative of the mean ± SEM from three independent experiments, with five mice in each group. ns., not significant; ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

Supplementary Figure 3 | SFII markedly and significantly inhibits Poly(I:C)-induced phosphorylation of STAT1, ERK1/2, p38 MAPK, and JNK (A) Quantitation of p-STAT-1/t-STAT-1 in western blot data. (B) Quantitation of p-p65/t-p65 in western blot data. (C) Quantitation of p-ERK1/2/t-ERK1/2 in western blot data. (D) Quantitation of p-p38/t-p38 in western blot data. (E, F) Quantitation of p-JNK/t-JNK (55 kDa) (E) and p-JNK/t-JNK (46 kDa) (F) in western blot data. All graphs represent the mean ± SEM from four independent experiments. ns., not significant; * p < 0.05, ** p < 0.01 and *** p < 0.001.
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Topical Skullcapflavone II attenuates atopic dermatitis in a mouse model by directly inhibiting associated cytokines in different cell types 
by Lee Y, Oh J-H, Li N, Jang H-J, Ahn K-S, Oh S-R, Lee DH, and Chung JH (2022) Front. Immunol. 13:1064515. doi: 10.3389/fimmu.2022.1064515


In the published article, there was an error in the author list, and authors Youngae Lee and Jang-Hee Oh were erroneously not annotated as co-first authors. The corrected author list appears below.
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† These authors have contributed equally to this work.

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Base excision repair (BER) has evolved to maintain the genomic integrity of DNA following endogenous and exogenous agent induced DNA base damage. In contrast, aberrant BER induces genomic instability, promotes malignant transformation and can even trigger cancer development. Previously, we have shown that deoxyribo-5′-phosphate (dRP) lyase deficient DNA polymerase beta (POLB) causes replication associated genomic instability and sensitivity to both endogenous and exogenous DNA damaging agents. Specifically, it has been established that this loss of dRP lyase function promotes inflammation associated gastric cancer. However, the way that aberrant POLB impacts the immune signaling and inflammatory responses is still unknown. Here we show that a dRP lyase deficient variant of POLB (Leu22Pro, or L22P) increases mitotic dysfunction associated genomic instability, which eventually leads to a cytosolic DNA mediated inflammatory response. Furthermore, poly(ADP-ribose) polymerase 1 inhibition exacerbates chromosomal instability and enhances the cytosolic DNA mediated inflammatory response. Our results suggest that POLB plays a significant role in modulating inflammatory signaling, and they provide a mechanistic basis for future potential cancer immunotherapies.
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Introduction

DNA damage is a biological process that negatively impacts host cells’ genomic integrity and human health (1–4). Cells accrue DNA damage as a result of endogenous metabolic activities or environmental exposures, such as ultraviolet light and chemical mutagens that can promote cancer (5). To ensure genomic integrity, cells have evolved sophisticated mechanisms to repair DNA damage, including base excision repair (BER), which is the predominant repair pathway to process oxidative and alkylating agent derived DNA base lesions (6–10). Further, multiple studies have shown that BER modulates the inflammatory response (11, 12). Mammalian cells harbor two sub-BER pathways that are dependent on the number of oxidized DNA bases to process and the key enzyme involved in the repair process (13). The two sub-pathways are known as short-patch BER (SP-BER) and long-patch BER (LP-BER) (14, 15). SP-BER engages in repairing one nucleotide gaps (16, 17), while the LP-BER involves processing and repairing 2 to 12 nucleotide gaps. Both BER pathways begin as DNA glycosylase recognizes and removes the DNA base lesion. In both pathways, AP-endonuclease 1 (APE1) cleaves the DNA backbone to generate a 3’-OH terminus at the site of damage followed by DNA polymerase beta (POLB), which possesses DNA polymerase and deoxyribo-5′-phosphate (dRP) lyase activities, both of which are known to be important for efficient BER. The dRP lyase activity resides within the 8kDa amino terminal domain of POLB and is responsible for the removal of the 5’-phosphate group (5’-dRP), and subsequently the polymerase domain of POLB adds one nucleotide, leaving a nick which is sealed by DNA ligase I or III (18). While POLB is a major player in SP-BER, LP-BER, involved in processing 2 to 12 nucleotide bases, allows different DNA polymerases such as DNA Pol δ and DNA Pol ε, and other main DNA replication enzymes to conduct strand-displacement DNA synthesis. The displaced single stranded DNA structure or 5’-DNA flap is removed by flap endonuclease I (FEN1) (19) followed by the resulting DNA nicks being sealed by Ligase I or Ligase III (20).

When BER is unable to continue the repair process, there is an accumulation of DNA base damage, single-strand breaks (SSBs) and apurinic/apyrimidinic (AP) sites (21–25). SSBs are converted into double-strand breaks (DSBs) during the  S- phase of DNA repalication (26, 27). The BER intermediates such as SSBs and 5’-dRP groups provide the opportunity for poly(ADP-ribose) polymerase 1 (PARP1) to bind and activate poly(ADP-ribose) (PAR) synthesis to facilitate the recruitment of downstream proteins, such as POLB, which fill the gap and XRCC1-Ligase III complex which seals the nick (28, 29). It is possible then that an accumulation of DNA base damage in BER deficient cells could lead to activation of the DNA damage response and modulate an inflammatory response (30, 31). Multiple studies have suggested that DNA repair factors play a role in modulating an inflammatory response (32, 33). Once nuclear DNA integrity is compromised through a deficient DNA repair system or exogenous DNA damaging agents, cells will likely release the DNA into the cytosolic compartment and possibly activate STING signaling and engage an inflammatory response. It is well documented that chronic stimulation of the immune system is critical for tumor promotion and progression (34, 35). One of the key interfaces between defective DNA repair and immunogenicity is the cyclic GMP-AMP synthase/stimulator of IFN genes (cGAS/STING) pathway (33, 36). The cGAS-STING pathway, which senses cytosolic DNA, has been linked to an anti-tumor inflammatory response (37). In this pathway, STING, an endoplasmic reticulum localized protein, is a critical adaptor for the cytosolic DNA sensing pathway (38, 39). Cytosolic double-stranded DNA is sensed by cGAS, leading to activation of the transmembrane protein STING and activation of the transcription factors interferon regulatory factor 3 (mainly IRF3) and nuclear factor kappa B (NF-κB) followed by an upregulation of interferon beta (IFN-β) related genes (40, 41).

Previously, we demonstrated that the human gastric cancer-associated variant of POLB (Leu22Pro or L22P) lacks dRP lyase function in vitro and induces replication associated genomic instability and cellular transformation (42). The L22P mutation of POLB lacks dRP lyase activity, which leads to inefficient BER and an accumulation of BER intermediates (21). These intermediates can further block replication fork progression and exacerbate genomic instability (42, 43). Therefore, L22P can serve as a good model to study the interplay between aberrant BER and inflammation in gastric cancer (44). In the present work, we hypothesize that loss of dRP lyase function of POLB enhances cytosolic DNA mediated inflammatory immune signaling through the cGAS/STING pathway. Results from this work show that a novel role of POLB in modulating inflammatory response. We discovered that loss of the dRP lyase function of POLB leads to chromosomal instability and spontaneous upregulation of cytosolic DNA mediated inflammatory response. We also show that targeting PARP1 in dRP lyase deficient cells (L22P variant) exacerbates the release of cytosolic DNA, activates STING signaling, and promotes an inflammatory response. Our study reveals a previously unidentified role of POLB in regulating the cellular inflammatory response thus providing a potential target in a defective BER pathway to enhance an immune based therapy response in the future.



Material and methods


Cell lines and materials

We constructed a POLB L22P conditional knock-in mouse model as described previously (21). C57BL/6 Mouse Embryonic Fibroblasts (MEFs) were isolated from embryonic tissue at embryonic day 14.5 (21). Two MEF cell lines isolated from WT and L22P mice were characterized. All animal studies were conducted according to protocols approved by the Institutional Animal Care and Usage Committee of The University of Texas at Austin (protocol # AUP202-00070). Embryos from WT and L22P transgenic mice were isolated at embryonic day 14.5. After the heads, tails, limbs, and most of the internal organs were removed, the embryos were minced and typsinized for 20 min, and then seeded into T-75 cell culture dishes in 10 mL DMEM supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 1% L-glutamine at 37°C with 5% CO2. The cells were split at 1:2 ratios when freshly confluent, passaged two or three times to obtain a morphologically homogenous culture, and then frozen or expanded for further studies.



Chemicals

To determine whether MEFs are sensitive to exogenous alkylating and oxidative DNA damaging agents, 1-methyl-1-nitrosourea (MNU, Cat. N2939, Spectrum Chemical, New Brunswick, NJ) and H2O2 (Cat. H1009, Sigma-Aldrich, St. Louis, MO) were dissolved or diluted in water and stored at -20°C before use. Olaparib was purchased from Selleck Chemicals and prepared according to the manufacturer’s protocol (Cat. S1060, Selleck Chemicals).



Cytoplasmic and whole-cell DNA isolation

Cells were trypsinized and washed with PBS two times before DNA isolation. Whole-cell DNA was isolated using QIAamp DNA Mini Kit (Cat. 51304, Qiagen) according to the manufacturer’s protocol. For cytoplasmic DNA, cells were lysed in hypotonic lysis buffer (10mM HEPES pH 7.4,10mM KCl, 1.5mM MgCl2, 0.34M sucrose, 10% glycerol, 0.1% Triton X-100) on ice for 5 mins before centrifuging at 1700g for 5 mins. The supernatant containing the cytoplasmic fraction was collected and centrifuged at 13000g for 10 mins to remove other organelles and incompletely lysed cells. Extraction was validated by Western blot with α-tubulin as the cytoplasmic marker and histone 3 as the nuclear marker. DNA concentration was later quantified using PicoGreen dsDNA assay kit (Cat. P7589, Thermo Fisher) according to the manufacturer’s protocol.



Alkali comet assay

Alkali comet assay was performed using Comet Assay Single Cell Gel Electrophoresis Assay Kit (Cat. 4250-050-K, Trevigen) according to the manufacturer’s protocol. Cells were mixed with low-melting agarose before plating on comet assay slides for overnight lysis. The next day, chromosomal DNA was denatured under alkali unwinding buffer (pH>13) and underwent electrophoresis (20V) for one hour at 4°C. After drying the slides, DNA was stained with SYBR Gold (Cat. S11494, ThermoFisher) and images were taken with a FITC filter using a Zeiss fluorescence microscope (Zeiss, San Diego, CA, USA) then analyzed by Open Comet Assay using Image J application as described previously (45).



Abasic site quantification

Genomic DNA was extracted using DNAzol® Reagent (Cat. 10503027, Thermo Fisher) to minimize base loss during sample preparations. DNA was diluted in TE buffer to reach 100ng/µl, and AP sites were measured using AP Sites Quantitation Kit (Cat. STA-324, Cell Biolabs) according to manufacturers’ protocol. Briefly, AP sites were labeled with aldehyde reactive probe (ARP). The probe contains biotin which can be further conjugated with streptavidin-enzyme before performing colorimetric quantification. The standard samples provided in the kit were used to plot a standard curve.



DNA-PARP-1 crosslinks measurement

Cells were plated and allowed to grow until 70% confluent before Olaparib treatment for 24 hours. Then cells were isolated and lysed with DNAzol. DNA was sheared by passing through a 21-gauge needle and then through a 25-gauge needle, three times each. NaCl was added to reach a final concentration of 4M and incubated at 37°C in a shaking water bath for 20 mins. Urea was then added to reach a final concentration of 4M, and the mixture was incubated for 20 mins in a 37°C shaking water bath. To precipitate DNA-protein crosslinks (DPCs), an equal volume of 100% ethanol was added. The solution was then mixed by inversion followed by the addition of a QIAEX II silica slurry (Cat # 20021, Qiagen). Samples were rocked for 40 mins at room temperature to allow DNA to bind to silica. Silica particles were collected by centrifugation and washed 4 times with 50% ethanol. DPC was eluted from silica by adding 2ml of 8mM NaOH and was incubated at 65°C for 5 mins. The elution process was repeated and the supernatant fractions combined. DPC samples were verified by measuring the DNA concentration. To digest DNA, samples were mixed with digestion buffer (10mM MgCl2, 10mM ZnCl2, 0.1M NaAc pH=5, 5 units of DNase I, and 5 units of S1 nuclease). The mixture was incubated at 37°C for one hour then at 65°C for 10 mins to stop the digestion. Next, ice-cold trichloroacetic acid (TCA) was added to reach a final concentration of 15% and samples were incubated on ice for one hour to precipitate out DPC proteins. Proteins were pelleted by centrifugation and then washed with 15% ice-cold TCA followed by ice-cold acetone, 2 times each. The pellet was allowed to air-dry and dissolve in RIPA buffer before Western blot.



Real-Time q-PCR

RNA was extracted using the Trizol/chloroform method and washed with 75% ethanol. cDNA was then immediately synthesized from RNA using High-Capacity cDNA Reverse Transcription Kit (Cat. 4368814, Applied Biosystems). To determine gene expression levels, synthesized cDNA was used as a template for real-time q-PCR using iTaq Universal SYBR Green Supermix (Cat. 1725121, Biorad). Primers are listed in the Supplementary Table 1. PCR results were analyzed using 2–ΔΔCt method.



Western blotting

Cells were lysed with radioimmunoprecipitation assay (RIPA) buffer supplemented with a protease inhibitor (Cat. 25765800, Sigma Aldrich) and a phosphatase inhibitor (Cat. P5726, Sigma Aldrich). After denaturing the samples at 95°C for 5 minutes, 30μg of each protein sample was separated using SDS-PAGE and transferred onto nitrocellulose membranes (Cat. 1620112, Bio-Rad, Hercules, CA). Next, the membranes were blocked with 5% BSA for 1 hour, and then incubated with primary antibodies against STING (Cat. 13647S, Cell Signaling), IRF3 (Cat. 4302S, Cell Signaling), p-IRF3 (Cat. 4947S, Cell Signaling), TBK1 (Cat. 3013S, Cell Signaling), p-TBK1 (Cat. 5483S, Cell Signaling), β-actin (Cat. 3700S, Cell Signaling), and Vinculin (Cat. 13901S, Cell Signaling) overnight at 4°C. The following day, the membranes were washed with PBST and incubated with anti-mouse (Cat. NXA931, GE Healthcare, Chicago, IL) or anti-rabbit (Cat. NA934V, GE Healthcare) secondary antibody for 2 hours before developing with ECL substrates (Cat. 170506, BioRad). The gel images were captured using Chem-DocXRS image acquisition machine (Bio-Rad).



Immunofluorescence and micronuclei scoring

WT and L22P MEF cells were cultured in four well chamber slides (Cat # 154453, Thermo Fisher) with complete media. When cell confluency reached 70%, cells were fixed with 3.7% paraformaldehyde (PFA) for 15 mins, followed by permeabilization with 0.5% Triton X-100 for 10 mins. Slides were then blocked with 3% BSA for one hour at room temperature followed by primary antibody incubation overnight at 4°C. Primary antibodies applied include γH2AX (1:1000, Cat. 07-164, Millipore), 53BP1 (1:400Cat. Sc-22760, Santa Cruz), α-tubulin (1:400, Cat. 2144S, Cell Signaling), ssDNA (Cat. MAB3299, Sigma), and dsDNA (Cat. ab27156, Abcam). The next day, slides were washed with PBS three times and incubated with secondary antibody for one hour at room temperature. Secondary antibodies applied include Alexa Fluor 488 anti-mouse antibody (Cat. 715-095-150, Jackson immunoResearch Labs) and Texas Red anti-rabbit antibody (Cat. 711-025-152, Jackson ImmunoResearch Labs). Slides were then washed with PBS three times and mounted with mounting media containing DAPI (Cat. H-1200-10, Vector Laboratories) and covered with coverslips. Images were captured using a Zeiss microscope under a 63X objective. The co-localization of γH2AX/53BP1 greater than five foci per per nucleus is considered as the average cut value to identify the difference between different genotypes as well as treated versus untreated group. Micronuclei were identified and quantified as DAPI positive nucleus-shaped particles with diameter smaller than 1/3 of the primary nucleus located nearby.



Measurement of DNA concentration using PicoGreen

To determine the concentration of DNA isolated from cytoplasm, we applied PicoGreen dsDNA assay kit (Cat. P7589, Thermo Fisher) due to its high sensitivity and accuracy. Cytoplasmic DNA was diluted to 1:10 in 1X TE buffer. The standard curve was prepared using Lambda DNA standard ranging from 10 pg/μL to 1 ng/μL. The standard DNA (100 μL) or DNA samples were mixed with 1X PicoGreen solution of the volume in the dark. The sample mixture was shaken for 5 mins before measuring the fluorescence intensity in a microplate reader at 480nm/520nm (Ex/Em).



Immunohistology

Gastric tissues from WT and L22P mice were collected and fixed in 3.7% PFA overnight before paraffin embedding. Tissues were then sectioned along the longitudinal axis for immune-histological staining using ImmunoCruz rabbit ABC Staining System (Santa Cruz, sc-2018). Primary antibodies applied include STING (1:200, Cat. 13647S, Cell Signaling), IRF3 (1:200, Cat. 4302S, Cell Signaling), and p-IRF3 (1:100, Cat. 4947S, Cell Signaling). Stained slides were then scanned using Scanscope (Leica Biosystem). For each slide, 5 fields were randomly selected, and the number of positively stained nuclei and total nuclei were counted.



Statistical analysis

Three independent experiments were performed for immunofluorescence, comet assay, AP site measurement and qRT-PCR. Data were statistically analyzed using Student t-test. Data from more than two study groups were analyzed using two way of ANOVA statstical analysis. Furthermore, the expression of PARP1 and interferon gene correlation was calculated using spearman coefficient with Graph Pad Prism software. Results were considered significant at P< 0.05.




Results


dRP lyase deficient POLB cells accumulate genomic instability

To determine whether cells with dRP lyase deficient POLB are susceptible to spontaneous and DNA damaging agent induced genomic instability, we characterized two independent MEFs cells (MEF #3 and MEF 2) from each genotype (WT and L22P). First, we examined whether dRP lyase proficient and deficient mouse embryonic fibroblasts (MEFs) cells accumulate base excision repair intermediates including abasic sites (AP sites). AP sites were measured using an AP site assay kit (Colorimetric; Cat. STA-324, Cell Biolabs, USA) that utilizes an aldehyde reactive probe (ARP) reagent that reacts specifically with an aldehyde group, which is the open ring form of an AP site. We observed a significant increase in the enhancement of AP sites in L22P cells versus WT cells (Figure 1A; P<0.001). In addition, L22P fibroblast cells significantly harbored spontaneous and exogenous induced single strand breaks (SSBs) compared with WT cells as shown by the formation of longer comet tail moments using an alkali comet assay (Figure 1B, C). We then considered whether BER intermediates (AP sites and SSBs) contributed to double strand break (DSB) formation with and without DNA damaging agents. We treated WT and L22P cells with MNU or H2O2 treatment for one hour and examined the colocalization of γH2AX and 53BP1 foci formation (Figure 1D). We found that spontaneously and exogenously induced DSBs increased significantly in dRP lyase deficient (L22P) cells versus WT cells (Figure 1E; P<0.001). To determine whether or not the presence of L22P variant altered the protein expression of other BER proteins linked to genomic instability, we performed Western blot assay analysis on POLB, PARP1, and XRCC1 and saw no observable difference in protein expression levels between WT and L22P (Figure 1F).




Figure 1 | Loss of dRP lyase function causes mitotic dysfunction and telomere crisis. (A) Estimated AP sites with and without MNU and/or H2O2 treatment in WT and L22P cells; The number of AP sites was measured and calculated based upon a standard curve generated using ARP standard DNA solutions as described previously (DNA Damage AP sites assay kit, Colorimetric, Abcam). (B) Representative image of single stranded breaks (SSBs) from Comet assay with and without alkylating agent (MNU) and hydrogen peroxide (H2O2) induced in dRP lyase deficient (L22P) versus proficient (WT) cells; (C) Percentage of cells with SSBs in WT versus L22P cells from Comet assay. The data were analyzed based on the paired t-test using GraphPad Prism software. (n=3 independent experiments with at least 100 comets from each groups included for analysis); (D) Representative image of co-localization of gH2AX (green) and 53BP1 (red), which represents DSBs; (E) Percentage of cells positive for co-localization of H2AX/53BP1 proteins shows DSBs in WT and L22P cells. All images were taken 63x Zeiss microscope from three independent experiments and any cells with >5 foci of γH2AX/53BP1 co-localization per cell were categorized as positive. (F) Western bot analysis of BER proteins (PARP1, XRCC1 and POLB) from MEF#1 and MEF#2  cells. Two MEF cell lines (labeled as MEF #1 and MEF #2) were used to generate the data. Two-way ANOVA followed test or student’s test were performed to analayze the data from three independent experiments. P*<0.05, **P<0.01, ***P<0.001, ****P<0.0001.





Loss of dRP lyase function increases mitotic dysfunction and accumulation of cytosolic DNA

Previously we have shown that L22P induces chromosomal instability and cytokinesis failure (21). In this study, we examined whether L22P cells enter into mitosis with DNA damage caused by micronuclei formation. We further examined whether the formation of micronuclei could be initiated by errors in chromosome segregation or damaged DNA (Figure 2A). The percentage of L22P cells harboring micronuclei was significantly increased versus WT cells (35% versus 13%, P**<0.01; Figure 2B). Next, we generated stable MEF cell lines expressing C-terminally HA-tagged POLB-WT or L22P at equal levels to the endogenous WT protein and characterized the micronuclei from each of these lines. We also generated clonal MEF cell lines expressing exogenous HA-tagged human POLB (WT and L22P) at approximately equal levels to endogenous POLB in a tetracycline-repressible manner as described in Supplement Material and Methods. Supplement Figure 2 shows that MEF cells expressing L22P had increased amounts of micronuclei compared to cells expressing the WT POLB.




Figure 2 | Excessive DNA accumulates in the cytosol of POLB defective cells. (A) Representative image of micronuclei formation in dRP lyase proficient and deficient cells; (B) Percentage of cells positive for micronuclei; (C) Representative image of subcellular localization of cytosolic DNA (bold circle shows the cytosolic DNA, green represents Picogreen stained DNA, and blue represents nuclear DNA stained with DAPI); (D) Quantification of cytosolic double-strand DNA (dsDNA) in L22P versus WT cells. Two MEF cell lines (labeled as MEF #1 and MEF #2) were used to generate the data. Data were analyzed using a paired t-test in GraphPad Prism; P*<0.05, **P<0.01.



Furthermore, Supplement Figure 2 shows that MEF cells expressing L22P had a significantly higher percentage of cells with DSBs (Supplement Figure 2B). Furthermore, the percentage of cells with micronuclei significantly increased in MEF cells expressing HA-Tag L22P-POLB compared to cells expressing the HA- tag WT POLB (Supplement Figures 2C, D). To further determine whether BER deficient cells accumulate cytosolic DNA, we examined the localization of cytosolic DNA using PicoGreen immunofluorescence assay using L22P and WT cells. We found that a majority of the L22P cells harbored cytosolic DNA (Figure 2C; white arrow). To determine whether the aberrant dRP lyase function of L22P leads to an elevated amount of cytosolic DNA, we isolated cytosolic DNA from cytosolic fraction and total DNA from total cell extracts using the Cell Fraction Kit (Cat # ab109719, Abcam) protocol. We performed nuclear and cytoplasmic fractionation of cell lysates followed by DNA precipitation and quantified double-stranded DNA (dsDNA) in the cytoplasmic fractions of L22P and WT cells. The amount of cytosolic dsDNA was significantly higher in L22P cells (16± 3 ng/106 cells) as compared to WT cells (6 ± 0.2 ng/106 cells) (Figure 2D; data presented from two MEFs cells; MEF1 and MEF2). These results clearly demonstrate that aberrant POLB leads to elevated levels of cytosolic DNA.



Aberrant dRP lyase function of POLB cells activates the cGAS/STING pathway

Micronuclei arise following the mis‐segregation of broken chromosomes during mitosis (46–48) and have recently been described as platforms for cGAS/STING‐mediated immunity activation following DNA damage (47–49). We found that unrepaired DSBs trigger mitotic dysfunction (micronuclei formation) (Figures 2A, B). In addition, to determine whether cGAS localization in micronuclei is a general phenomenon in L22P cells, we transfected WT and L22P MEFs cells with pMSCVpuro-GFP-cGAS or stably expressing GFP-cGAS plasmids (generous gift from Dr. Andrew P. Jackson & Dr. Martin A. Reijns, MRC, UK) and examined the colocalization of cGAS at the micronuclei. As seen in Figure 3A, we found that cGAS strongly colocalized with micronuclei in L22P cells. In addition, the percentage of DNA sensor (cGAS) positive micronuclei was significantly increased in cells with the dRP lyase deficient POLB (27%) (Figure 3B), suggesting that nuclear DNA (nDNA) released from micronuclei may be an important danger signal to elicit an inflammatory response, functioning in an immune-stimulatory role triggering downstream factors of the STING-TANK binding kinase 1 (TBK1)-IRF3 inflammatory signaling axis. To determine whether L22P induced micronuclei trigger STING signaling activation, we examined which downstream cGAS/STING pathway proteins were activated by Western blot analysis. We found that STING-TBK1-IRF3 signaling pathways was activated in dRP lyase deficient cells [as seen by phosphorylation of STING at Ser366 (pSTING); p-TBK1 (Ser172) and p-IRF3 (Ser385)] (Figure 3C; from MEF1 and MEF2 cell lines). Moreover, to examine whether micronuclei formation induced in L22P cells might stimulate a cytokine response, we measured the levels of mRNA expression of type I interferon cytokines in WT versus L22P cells and found that interferon beta 1 (IFNβ), C-X-C motif chemokine ligand 10 (CXCL10), C-C motif chemokine ligand 5 (CCL5) and interleukin 6 (IL-6) were significantly increased in L22P cells versus WT (Figure 3D; P***<0.001; P***<0.001). Overall, this data suggested that a normally functioning POLB is required to prevent a spontaneous immune response.




Figure 3 | POLB defective cells exhibit cytosolic mediated cGAS-STING activation. (A) Representative image localization of cGAS at micronuclei; (B) Quantification of positive cGAS localization at micronuclei; (C) STING/TBK1/IRF-3 signaling pathway activation detected with Western blot of protein extract from WT and L22P cells. Anti-STING/anti-Phospho-STING (Ser366); IRF3/p-IRF3 (ser385); TBK1/P-TBK-1 (Ser172) antibodies were used to detect the activation of cGAS/STING dependent pathway. Two MEF cell lines (labeled as MEF #1 and MEF #2) were used to generate the data; (D) Fold change in mRNA expression of type I interferon cytokines measured using RT-qPCR in dRP lyase deficient (L22P) versus proficient cells (WT). Data were analyzed using a paired t-test in GraphPad Prism; P*<0.05, **P<0.01, ***P<0.001, ****P<0.0001.





Targeting PARP1 exacerbates mitotic dysfunction and enhances cytosolic DNA mediated inflammatory signaling in dRP lyase deficient cells

PARP1 is known to be activated in response to DNA damage and is responsible for the synthesis of the majority of poly(ADP-ribose) (PAR) following genotoxic stress (50, 51). In addition, PARP1 modulates different DNA repair pathways, mitosis, gene expression and cell death (51–61). Previously, we have shown that PARP1 inhibitor exacerbates genomic instability in dRP lyase deficient cells (42). PARP1 inhibitor-mediated trapping of PARP1 on DNA lesions appears to be influential for the DNA-STING immune response, as the extent of PARP1 trapping correlates with the magnitude of immune signaling (62). To determine whether blocking PARP1 enhances a DNA sensor mediated inflammatory response in dRP lyase deficient cells, L22P MEF cells were treated with the PARP1 inhibitor Olaparib (1μM). We then examined any resulting mitotic dysfunction and cGAS/STING downstream signaling cytokines. We found that 80% of L22P expressing cells harbored micronuclei versus WT cells (20%) after Olaparib treatment (Figure 4A; P****<0.001). Moreover, Olaparib treatment significantly induced cytosolic DNA in L22P cells (30ng/106 cells) versus WT (10ng/106 cells) (Figure 4B; P*** <0.001) and Olaparib treatment in dRP lyase deficient cells enhanced the cytoplasmic DNA localization (Figure 4C). Furthermore, we examined whether Olaparib treatment increased chromatin association of PARP1 in L22P cells as compared with treated WT and untreated L22P. We found that Olaparib treatment did induce chromatin associated PARP1 in dRP lyase deficient cells (Figure 4D). We also measured PARP1 trapping in dRP lyase deficient cells using a DNA silica assay (see Materials & Methods section) and found that PARP1 trapping significantly increased 3.7 fold in dRP lyase deficient cells (Figure 4E). In support of this observation, we stained dRP lyase deficient and WT cells with a primary antibody against p-IRF3 (at Ser385) and detected that the translocation of p-IRF3 to the nucleus significantly increased in L22P cells treated with Olaparib versus WT (Figures 4F, G; P**<0.01). Furthermore, the mRNA expression of type I interferon response cytokines/chemokines (IFNβ, CXCL10 and CXCL5) significantly increased in Olaparib treated L22P cells versus WT (Figure 4H; P<0.001). Next, we considered the relationship among PARP1 and interferon-stimulated genes (ISGs) at the transcriptional level in cancer patients by analyzing the transcriptome profiles in The Cancer Genome Atlas (TCGA) database. Our analysis indicated that PARP1 expression was negatively correlated with the expression of ISGs (IRF7 and ISG15) in human stomach cancer (n = 407 samples, P < 0.01), which is consistent with our in vitro study observations (Supplement Figure 2).




Figure 4 | Targeting PARP1 [Olaparib (PARPi)] increases a defect in chromosomal segregation and promotes an inflammatory response. (A) Percent of positive cells with micronuclei after Olaparib treatment for 24 hours in L22P versus WT; (B) Quantification of cytoplasmic DNA from dRP lyase proficient and deficient cells; (C) Representative image of cells stained with Picogreen and DAPI to show cytoplasmic DNA with Olaparib and without in dRP lyase proficient and deficient cells (white arrow); (D) Chromatin association of PARP1 in Olaparib treated and untreated dRP lyase proficient and deficient cells; (E) PARP1-DNA complex analysis using dRP lyase proficient and deficient cells with and without Olaparib treatment; (F) Subcellular localization of p-IRF3 in dRP lyase proficient versus deficient cells with and without Olaparib treatment; (G) Quantification of P-IR3 positive nuclei with Olaparib treated and untreated dRP lyase proficient and deficient cells; (H) mRNA expression of type I interferon genes using RT-qPCR (IFNB, CCL5 and CXCL10) from WT and L22P cells with and without Olaparib treatment. Data were analyzed using a paired t-test in GraphPad Prism; P*<0.05, P**<0.01, P***<0.001, P****<0.0001.





dRP lyase deficient POLB triggers cytosolic DNA mediated chronic inflammation in L22P mice

STING has recently been identified as one of the critical adaptors for sensing cytosolic DNA, followed by the phosphorylation of IRF3 and subsequent production of type-I IFN and IL-6 (63). Previously, we have found that L22P induces an accumulation of DSBs and inflammation in mice (21). To gain further insight into how spontaneous DNA damage in L22P mice drives cytosolic mediated inflammatory response, we studied the stomach of L22P and age-matched WT littermate control mice. We observed that the stomach tissue from L22P mice stained with an antibody against H2AX showed a significant percentage of positively stained cells as compared with stomach tissue derived from WT mice, which indicates an increased level of genomic instability in the L22P mice (Figures 5A, B). We then explored the expression levels of cGAS-STING pathway proteins using immunochemistry and found that the L22P mice stomach tissue had significant changes in both STING (Figures 5C, D) and p-IRF3 protein levels as well as subcellular localization (Figures 5E, F). Furthermore, the mRNA expression of interferon type-I cytokines including IFNβ, CXCL10, and CCL5 significantly increased in the stomach tissues of dRP lyase deficient mice versus WT mice (Figure 5G; P***<0.001).




Figure 5 | cGAS/STING activation in dRP lyase deficient mice. (A) Immunohistochemistry staining of stomach tissue section with DSB marker (gH2AX) in dRP lyase deficient (L22P) and WT mice; (B) Percentage of cells positive for gH2AX; (C) Immunohistochemistry staining of STING on stomach tissue of dRP lyase deficient versus proficient WT mice; (D) Percent of cells positive for STING (E) Immunohistochemistry  stain of Ph-IRF3 localization in stomach tissue section of L22P versus WT mice (F) Percent of cells positive for ph-IRF3 (G) Quantification of mRNA cytosolic DNA-STING signaling mediated  cytokines expression  using qRT-PCR from stomach tissues derived from dRP lyase deficient and proficient WT mice. Data were analyzed using student t-test in GraphPad Prism; P*<0.05, P**<0.01, P***<0.001.






Discussion

We report in this paper that POLB with a defective dRP lyase function plays a major role in cellular mitotic dysfunction and increased genomic instability. In particular, our data show that dRP lyase deficient cells harbor unrepaired BER intermediates such as apurinic/apyrimidinic (AP) sites and single-stranded DNA breaks (SSBs) that are potentially converted into DSBs. AP sites are among the most frequent spontaneous lesions in DNA. AP sites are replication-blocking lesions that could result in the accumulation of DSBs, leading to chromosomal fragmentation and genomic instability if not repaired in an accurate and timely manner (64, 65). In addition, cleavage of AP sites by AP endonucleases or AP lyases generates DNA single-strand breaks (SSBs) with 5’- or 3’-blocked ends (65). It has been previously reported that an accumulation of oxidative stress related DNA damage eventually causes replication stress in BER deficient cells (66). Our study supports that finding and shows that exposure to oxidative and alkylating DNA damaging agents exacerbates DNA damage and aberrant mitotic features in dRP lyase deficient cells. This observation aligns with our previous results demonstrating that POLB dRP lyase deficiency increases replication associated DSBs (42). Furthermore, an elevation of micronuclei formation is commonly observed in dRP lyase deficient cells, a sign of spontaneous genomic instability. Our previously published data have shown that POLB dRP lyase deficient cells harbor mis-chromosomal segregation phenotypes and cytokinesis failure that derives from unrepaired DSBs progressing through mitosis (21). In line with this result, deficiency in several DNA repair pathways is associated with an increased frequency of micronuclei (67, 68). Importantly, other studies have demonstrated the molecular mechanism of micronuclei formation in cells following unrepaired DNA damage progressing through mitosis (48, 69).

Micronuclei formation is a consequence of irreversible nuclear envelope collapse, which arises frequently in cells due to defective nuclear lamina organization (70). It is well documented that micronuclear DNA is particularly susceptible to DNA damage, leading to chromothripsis (46, 71). We wanted to better understand how dRP lyase deficient cells with micronuclei may contribute to a release of cytosolic DNA that may play a predominant role in triggering cGAS/STING signaling. As shown in Figure 2, we analyzed the cytosolic subcellular localization of dsDNA and cytosolic DNA concentration measurements from cell extracts and found that POLB dRP lyase deficient cells accumulate cytosolic DNA which potentially serves as a danger associated molecular pattern. Our results show that a loss of nuclear genomic integrity in POLB dRP lyase deficient cells enables the cells to accrue cytosolic DNA. Similarly, other studies have shown that homologous recombination repair genes such as RPA and RAD51, which support genome stability during replication, were shown to prevent the accumulation of cytosolic DNA (72). In addition, several DNA damage response genes (e.g. ATM and DNA sensor MRE11) were found to prevent an accumulation of cytosolic DNA (32, 73). It is possible that micronuclei rupture results in immunostimulatory cytosolic DNA being recognized by cGAS, thus activating immune surveillance (48), and possibly leading to an inflammatory immune response that is known to be triggered by cytosolic DNA (74). The localization experiment as shown in Figure 3 demonstrated that a cGAS significantly localized to micronuclei in POLB dRP lyase deficient cells. In support of this observation, Mackenzie KJ, et al. have reported that cytosolic DNA accumulation is a result of genomic instability and triggers a cGAS/STING-dependent interferon response (48), which our observation support. Another study has shown that inactivation of the DNA repair genes BRCA2 results in cGAS-positive micronuclei which also triggered a cGAS-STING dependent interferon response (75). Moreover, defects in cellular DNA damage response can induce cytosolic DNA which also has been linked to a cGAS-STING mediated immune response (39, 76). Additionally, DNA structure-specific endonuclease MUS81, which cleaves DNA structures at stalled replication forks, also mediates a STING-dependent activation of immune signaling (77). Similarly, our findings highlight the involvement of DNA polymerase beta in cytosolic DNA mediated inflammatory response.

Targeting BER factors may increase cytosolic DNA and enhance cGAS-STING signaling which could increase the immunogenicity of a tumor’s microenvironment. A recent publication has shown that POLB deficiency triggers cytosolic DNA mediated cGAS-STING signaling pathway activation in immune cells with autoimmune disease (78). Previously, we have shown that treatment with PARP inhibitor increases replication associated DSBs in dRP lyase deficient cells during S-phase of the cell cycle (79), which suggests that dRP lyase deficient cells accumulate 5’-dRP groups, which are critical for interaction with PARP1. Mechanistically, PARP inhibitor engages PARP1 to form a covalent bond with 5’-dRP groups and blocks BER (79) or hinders the BER process (80). Results from our study demonstrate that treatment of dRP lyase-defective cells with PARP1 inhibitor (Olaparib) increased mitotic defects and resulted in an elevated number of micronuclei. Those dRP lyase deficient cells with unrepaired DSBs will likely progress into mitosis, leading to mis-segregation of a chromosome resulting in micronuclei formation. Our data are in agreement with similar findings on the impact of PARP inhibitor causing mitotic defects such as chromosome misalignment, anaphase DNA bridges, lagging chromosomes, and micronuclei formation (81). Further, in this work we report that PARP1 inhibitor treated dRP lyase deficient cells accumulate cytosolic DNA and exhibit a significant increase in the amount of PARP-DNA complexes as well as chromatin associated PARP1 (Figure 4). As a consequence, targeting PARP leads to elevated levels of cytosolic DNA mediated cGAS-STING signaling. Our results support another previously published finding that PARP-trapping is critical for the induction of immune signaling (62). In addition, our in vivo data show that there is an increase in the protein expression of STING and p-IRF3 in the stomach tissue of POLB dRP lyase deficient mice. From our histological analysis, it seems that the parietal cells, which are found in the gastric glands of the stomach fundus and body, are the major target of DNA damage and IRF3 phosphorylation. Further, we show that cytokine mRNA expression significantly increased in dRP lyase deficient mice stomach tissues versus WT mice stomach tissue. These results suggest that the normal function of POLB is required for maintenance of immune homoeostasis.

Overall, our results suggest that normal function of POLB is critical to suppress cytosolic DNA mediated cGAS-STING activation. Further, PARP inhibitor treatment exacerbates cGAS-STING signaling in POLB defective cells. Our data demonstrate that PARP inhibition could be used to further increase micronuclei formation and thereby force activation of the subsequent cGAS-STING-mediated inflammatory response. It is possible that other potential cytosolic nucleic acid receptor pathways are likely activated and trigger multiple signaling cascades in dRP lyase deficient cells to trigger type I interferons and activation of TBK1, IRF3. Many studies have shown that Type I IFNs,TBK1 and IRF3 are activated by toll-like receptors (TLRs) and cytosolic nucleic acids (RNA and DNA) sensors such as RIG-I-like receptors (RLRs) (82–85). We hope that our observations may open up new opportunities to build on this existing work and lead to an understanding of how the various cytosolic nucleic acid receptors enable dRP lyase deficient cells to induce type I interferons and pro-inflammatory cytokines. Furthermore, our study lays a foundation for future exploration into whether PARP1 inhibitor treatment might provoke inflammatory signaling and enhance immune checkpoint inhibitor treatment in BER deficient cancer patients.
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Aims

The Ca+/NFAT (Nuclear factor of activated T cells) signaling pathway activation is implicated in the pathogenesis of Kawasaki disease (KD); however, we lack detailed information regarding the regulatory network involved in the human coronary endothelial cell dysfunction and cardiovascular lesion development. Herein, we aimed to use mouse and endothelial cell models of KD vasculitis in vivo and in vitro to characterize the regulatory network of NFAT pathway in KD.



Methods and Results

Among the NFAT gene family, NFAT2 showed the strongest transcriptional activity in peripheral blood mononuclear cells (PBMCs) from patients with KD. Then, NFAT2 overexpression and knockdown experiments in Human coronary artery endothelial cells (HCAECs) indicated that NFAT2 overexpression disrupted endothelial cell homeostasis by regulation of adherens junctions, whereas its knockdown protected HCAECs from such dysfunction. Combined analysis using RNA-sequencing and transcription factor (TF) binding site analysis in the NFAT2 promoter region predicted regulation by Forkhead box O4 (FOXO4). Western blotting, chromatin immunoprecipitation, and luciferase assays validated that FOXO4 binds to the promoter and transcriptionally represses NFAT2. Moreover, Foxo4 knockout increased the extent of inflamed vascular tissues in a mouse model of KD vasculitis. Functional experiments showed that inhibition NFAT2 relieved Foxo4 knockout exaggerated vasculitis in vivo.



Conclusions

Our findings revealed the FOXO4/NFAT2 axis as a vital pathway in the progression of KD that is associated with endothelial cell homeostasis and cardiovascular inflammation development.





Keywords: Kawasaki disease, FOXO4, Ca+/NFAT pathway, transcription factor, vasculitis



1 Introduction

Kawasaki disease (KD) is an acute vasculitis that is self−limiting and affects children. In developed countries, KD represents the most common cause of childhood acquired heart disease (1). Serious complications include coronary artery disease, which is closely related to the incidence of cardiovascular disease, especially coronary heart disease in adulthood (2), thus, a deeper mechanistic understanding of KD is required.

The incidence of KD differs among ethnicities, thus research linking genetic background to disease susceptibility has led to improved clinical trials (3). The only signaling pathway mentioned in the Genetics section of 2017 AHA guidelines as being related to clinical treatment is the Nuclear factor of activated T cells (NFAT) pathway (3). NFAT signaling affects immune cells and endothelial cells. The reasons for these phenotypes are the expression of downstream cytokines and adhesion proteins (4, 5). Although our understanding of the relationship between NFAT signaling and KD has developed in recent decades, the detailed mechanisms of NFAT activation in KD remain unknown.

NFAT was first identified as a member of an inducible nuclear protein complex involving interleukin-2 (IL-2) in T cells (6). The NFAT transcription factor family includes five members. NFAT1 (NFATc2 or NFATp) was first identified in 1993 (7). Phosphatase calcineurin regulates NFAT2 (NFATc1 or NFATc) (8), and NFAT3~5 were also identified recently (9). Research showed that NFAT acts as a transcriptional activator in the nucleus during the development of KD. Recent research showed that NFAT signaling activation disturbs the homeostasis of human coronary artery endothelial cells (HCAECs) (4). However, the function of the NFAT pathway in HCAECs, particularly in causing KD-related vasculitis, has not been determined.

In the present study, to identify the NFAT family member with the strongest transcriptional activation in KD, their relative expression in peripheral blood mononuclear cells (PBMCs) from patients with KD and dual luciferase experiments were carried out. NFAT2 had the strongest transcriptional activation in the NFAT family, and overexpression and knockdown of NFAT2 in HCAECs demonstrated its important role in HCAEC homeostasis in vitro. We also predicted that the upstream transcription factor of NFAT2 is Forkhead box O4 (FOXO4), which binds to the NFAT2 promoter region, as verified using chromatin immunoprecipitation-quantitative polymerase chain reaction (ChIP-qPCR).

Next, we developed a Candida albicans water-soluble fraction (CAWS)-induced KD vasculitis mouse model, allowing us to detect NFAT2 and FOXO4 expression in PBMCs and heart tissues. The specific NFAT inhibitory peptide (11arginine (R)-VIVIT) has been used to observe the pathological changes after suppressing NFAT signaling (10). Moreover, by generating Foxo4 knockout mice combined with (11R)-VIVIT, we demonstrated that FOXO4 is a negative regulator in CAWS-induced KD vasculitis and NFAT2 is a positive regulator. Blocking NFAT signaling reduced the severity of KD vasculitis-associated vascular inflammation in wild-type (WT) mice and Foxo4 knockout mice. Therefore, we identified that NFAT2 promotes KD and FOXO4 transcriptionally represses NFAT2 during the progression of KD vasculitis.



2 Methods


2.1 Sampling of human blood

The study was carried out following the tenets of the Declaration of Helsinki and the Ethics Committee of Soochow University Affiliated Children’s Hospital approved the study (Suzhou, China; approval no. 2020CS075). The Ethics Committee informed all the participants and their parents about the study details, who then provided written informed consent. Details about Sampling human blood are provided in the Supplemental material.



2.2 Genetically engineered mice

Details about genetically engineered mice are provided in the Supplemental material.



2.3 Preparation of CAWS

The CAWS was prepared from Candida albicans strain NBRC1385 using previously described methods (11, 12) and the details are provided in the Supplemental material.



2.4 CAWS-induced vasculitis in mouse model

All animal experiments were carried out following the Guide for the Care and Use of Laboratory Animals of the China National Institutes of Health, and the Animal Care and Use Committee of Soochow University approved the experiments (approval number: SUDA20220906A01). Details about the preparation of the genetically engineered mice are provided in the Supplemental material.



2.5 Histology and immunohistochemical staining

The sections were stained using hematoxylin and eosin (HE) and elastic van Gieson (EVG) staining as described previously (13). The severity of inflammatory infiltration was evaluated using heart vessel inflammation scores (14). The immunohistochemical quantification usied modified H-scores (15) and details are provided in the Supplemental material.



2.6 Immunofluorescence staining

More detailed descriptions about the experiments are provided in the Supplemental material.



2.7 Cell culture

Detailed descriptions of the cell culture conditions for HCAECs cells are provided in the Supplemental Information.



2.8 FOXO4 knockdown, FOXO4 overexpression, NFAT2 knockdown and NFAT2 overexpression in HCAEC cells

We packaged the lentiviruses according to a previously described method (16) and the details are provided in the Supplemental material.



2.9 Stimulation of cultured HCAECs with tumor necrosis factor-α

Details about these experiments are provided in the Supplemental material.



2.10 RNA extraction and quantitative real-time reverse transcription PCR

Experimental and primer details are provided in the Supplemental material. The 2−ΔΔCt method (17) was used to analyze the qRT-PCR data.



2.11 Western blotting

The details about the western blotting analysis are provided in Supplemental material.



2.12 Luciferase assay

The details about the Luciferase assay are provided in the Supplemental material.



2.13 Chromatin immunoprecipitation assay

The ChIP assay was carried out according to a previously described method (18) and is detailed in the Supplemental material.



2.14 RNA sequencing

The details about the RNA-seq experiment are provided in the Supplemental material.



2.15 Cell proliferation assays

The details about cell proliferation assays are provided in the Supplemental material.



2.16 Statistical analysis

The details about the statistical analysis are provided in the Supplemental material.




3 Results


3.1 NFAT2 was significantly elevated in PBMCs from patients with KD and in the TNFα-stimulated HCAEC model

qRT-PCR analysis of PBMCs revealed that compared with other members of the NFAT family, NFAT2 mRNA levels were significantly upregulated in patients diagnosed with KD compared with that in the healthy controls (Figure 1A). The luciferase reporter assays showed that NFAT2 had the strongest transcriptional activity among the NFAT family (Figure 1B). To further determine the critical roles of NFAT2 in KD, 40 ng/ml TNFα was used to stimulate HCAECs to mimic vasculitis in vitro. The dose of TNFα was determined by the expression of NFAT2 after HCAECs were stimulated by different doses (Supplementary Figure 1A). Over 0–8 hours of stimulation, NFAT2 mRNA showed the highest upregulation compared with other members of the NFAT family (Figure 1C). Similarly, the RNA-seq results at different timepoints also showed that NFAT2 expression increased most significantly compared with the TNFα stimulation group at zero hour (Supplementary Figure 1B). These findings clearly demonstrated upregulated NFAT2 mRNA expression in patients and in vasculitis in vitro, suggesting that NFAT2 has an important function in the development of KD.




Figure 1 | Levels of NFAT2 mRNA increase during Kawasaki Disease progression. (A) qRT-PCR results for peripheral blood mononuclear cells (PBMCs) in blood samples from patients with Kawasaki Disease (n = 12) and healthy controls (n = 15). (B) 293T cells were transfected with control plasmid or NFAT1~NFAT5, together with NFAT_Luc and Renilla plasmids respectively. The cells were harvested 72 hours after transfection. The relative activity of NFAT-driven firefly luciferase activity was normalized to that of Renilla luciferase activity (Firefly-luc/Renilla-luc). (C) qRT-PCR results of NFAT family members in HCAEC that were stimulated by TNFα (40 ng/ml) at different timepoints (n = 3). Data are presented as the mean ± SEM. Quantitative data were analyzed using the Kruskal–Wallis test (A) and one-way ANOVA (C), *P < 0.05, **P < 0.01, ****P < 0.0001. CON, control group; KD, Kawasaki Disease; NFAT, nuclear factor of activated T cells; HCAEC, Human coronary artery endothelial cells; ANOVA, analysis of variance.





3.2 NFAT2 disrupted the homeostasis of endothelial cells by regulating adherens junctions

To investigate the function of NFAT2 in HCAECs, NFAT2 overexpression (OE) and knockdown (KnD) lentiviruses were transfected into HCAECs and empty lentiviral vectors for overexpression (OE-CON) and knockdown (KnD-CON) were employed as the appropriate controls. NFAT2 overexpression and knockdown in HCAECs were verified using western blotting and qRT-PCR (Figures 2A–D).




Figure 2 | NFAT2 disrupted endothelial cell homeostasis. (A, B) At 7 days after transfection of NFAT2 overexpressing lentiviruses ((OE-NFAT2) and their corresponding control (OE-CON), (A) NFAT2 protein levels were assayed using western blotting, with a loading control comprising GAPDH, and (B) NFAT2 mRNA expression was assessed using qRT-PCR (n = 3). (C, D) At 7 days after transfection of lentiviruses for the knockdown NFAT2 (sh1~sh3) and its corresponding controls (KnD-CON), (C) western blotting was used to assess NFAT2 protein levels, with a loading control comprising GAPDH, and (D) NFAT2 mRNA expression was assessed using qRT-PCR (n = 3). (E, F) Volcano plot showing differentially expressed genes (DEGs) in response to NFAT2 overexpression (E) or NFAT2 knockdown (F). Red dots represent upregulated genes; and blue dots represent downregulated genes. Gene Ontology (GO) functional enrichment analysis of DEGs related to NFAT2 overexpression (G) and NFAT2 knockdown (H). (I) HCAECs transfected with NFAT2 overexpressing lentiviruses (OE-NFAT2) and their corresponding control (OE-CON) were stimulated with/without TNFα (40 ng/ml) for 4 hours. CDH5 and NFAT2 protein levels were analyzed. β-Actin served as a loading control. (J) HCAECs transfected with NFAT2 knockdown lentiviruses (shNFAT2) and their corresponding control (KnD-CON) were stimulated with/without TNFα (40 ng/ml) for 4 hours. CDH5 and NFAT2 protein levels were analyzed as described. β-Actin served as a loading control. (K–M) The expression of CDH5 was detected by immunofluorescence. NFAT2 overexpression (K) and knockdown (L) vectors and their corresponding controls were transfected into HCAECs, respectively. After 7 days, cells were stimulated with/without TNFα (40 ng/ml) for 4 hours. The cells were immunostained with rabbit anti-CDH5, followed by staining with 594 goat anti-rabbit IgG (red). Cell nuclei were stained with DAPI (blue). The fluorescent images were captured (K). The immunofluorescence area per cell in the different groups is shown (M) (n = 3). (N) HCAECs were transfected with NFAT2 overexpression and knockdown vectors and their corresponding controls. After 5 days and 7 days, the proliferation of HCAECs were detected using a CCK8 assay (n = 7). Data are presented as the mean ± SEM. Quantitative data were analyzed using an unpaired t test (two-tailed) (B, D) and one-way ANOVA (M, N), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



Next, we used RNA-Seq to investigate the mechanism of NFAT2 in HCAECs. Differentially expressed genes (DEGs) in the RNA-Seq data were identified using mRNA clustering and map plotting, with criteria of an absolute value log2 FoldChange > 0 and an adjusted p < 0.05. Overexpression of NFAT2 resulted in the upregulation of 2100 genes and the downregulation of 2541 genes (Figure 2E). Knockdown of NFAT2 resulted in the upregulation of 808 genes and the downregulation of 846 genes in HCAECs (Figure 2F). Gene ontology (GO) analysis was then used to functionally annotate the DEGs. The GO results indicated that the genes regulated by NFAT2 were involved in the regulation of adherens junctions, such as cell adhesion molecule binding and cell-substrate junction (Figures 2G, H).

To confirm the GO results, we chose the classical molecule Cadherin 5 (CDH5) to carry out an adherens junction experiment in HCAECs (19, 20). NFAT2 negatively regulated CDH5 expression in both the overexpression and knockdown group. The protein level of CDH5 decreased after TNFα stimulation, regardless of whether NFAT2 was overexpressed or not (Figures 2I, J). Consistently, immunofluorescence staining for CDH5 showed that overexpression of NFAT2 notably disrupted CDH5 formation. Conversely, knockdown of NFAT2 promoted the formation of CDH5. Regardless of the expression level of NFAT2, CDH5 levels were decreased in TNFα-stimulated cells compared with that in TNFα non-treated HCAECs (Figures 2K–M).

We also evaluated HCAEC proliferation using Counting Kit-8(CCK8) assays (4). The results showed that the proliferation of HCAECs in the OE-NFAT2 group at 5 and 7 days was significantly lower than that in the OE-CON group. In the KnD-NFAT2 group, HCAEC proliferation was not statistically significant at 5 days, but was significantly higher than that in the KnD-CON group at 7 days (Figure 2N). Collectively, the data indicated that NFAT2 has a vital function in the homeostasis of HCAECs.



3.3 FOXO4 negatively regulates NFAT2 in HCAECs

Next, we investigated the regulation of NFAT2 in vitro. We identified genes with variable expression in the in vitro vasculitis model that could interact with the NFAT2 promoter region as possible NFAT2 regulators. The RNA-seq analysis was carried out between HCAECs stimulated with TNFα for 4 h and unstimulated cells to identify DEGs (Figure 3A). The LASAGNA-Search 2.0 database was used to predict proteins that can interact with the promoter region of NFAT2 (21) (Supplementary Figure 1C). Among the DEGs that were altered in the in vitro vasculitis model, four encoded proteins that might bind to the NFAT2 promoter (Figures 3B, C). Among them, FOXO4 had highest prediction score. In addition, during TNFα stimulation of HCAECs for different times, FOXO4 mRNA expression decreased significantly after 4 h (Supplementary Figures 1B, D).




Figure 3 | FOXO4 negatively regulates NFAT2 by inhibiting its transcription binding to its promoter in vitro. (A) Volcano plot map of differentially expressed genes (DEGs) in HCAECs stimulated by TNFα (40ng/ml) for 4 hours. Red dots, upregulated genes; blue dots, downregulated genes. (B) Venn diagram displaying the overlapping genes between the DEGs in (B) and target genes predicted to have NFAT2 binding sites in their promoter or transcription start site according to the LASAGNA-Search 2.0 database. (C) Detailed information for the four overlapping genes. (D) FOXO4 mRNA expression in peripheral blood mononuclear cells (PBMCs) in blood samples from patients with Kawasaki Disease (n = 11) and healthy controls (n = 11). (E) Immunoblotting analysis of NFAT2 levels in 293T cells transfected with the empty vector or an increasing amount of FOXO4 plasmid. (F, G) qRT-PCR results of 293T cells transfected with empty vector or an increasing amount of FOXO4 plasmid. mRNA expression of FOXO4 (F) and NFAT2 (G). (H–I) HCAECs were transfected with FOXO4 overexpression (OE-FOXO4) (H) and knockdown (shFOXO4) (I) lentiviruses and their corresponding controls for 7 days. FOXO4 and NFAT2 levels were analyzed. The loading control was β-Actin. (J) 293T cells were transfected with the control plasmid or increasing amounts of the FOXO4 plasmid, together with NFAT_Luc and Renilla plasmids, respectively. The cells were harvested at 72 hours after transfection. The relative NFAT-driven firefly luciferase activity was normalized to that of Renilla luciferase (Firefly-luc/Renilla-luc). (K) HCAECs transfected with FOXO4 overexpressing lentiviruses were subjected to a ChIP assay. Real-time PCR with the indicated primers was used to assess the abundance of gene fragments in the input and immunoprecipitates. The upper image shows the NFAT2 gene expression and the lower image shows the locations of primers for the ChIP assay. (L) The Firefly-luc/Renilla-luc in 293T cells transfected with the indicated plasmids. The location of the transcription start site in NFAT2 was set as 0. Therefore, −2300 and −1000 indicate the upstream 1000~2300 bp fragments, respectively. IgG, immunoglobulin (G) Data are presented as the mean ± SEM. Quantitative data were analyzed using the Mann–Whitney test (two-tailed) (D) and one-way ANOVA (F, G, J), **P < 0.01, ***P < 0.001, ****P < 0.0001.



To observe the expression of FOXO4 in immune cells, we detected the mRNA expression of FOXO4 in PBMCs from the healthy control group and patients with KD. Compared with that in the control group, the KD group had lower FOXO4 expression in PBMCs (Figure 3D).

To identify the relationship between FOXO4 and NFAT2, several experiments were carried out in vitro. First, increasing amounts of the FOXO4 overexpression plasmid were transfected into 293T cells. The immunoblotting results showed that FOXO4 overexpression decreased the endogenous NFAT2 protein level in 293T cells. The increased amounts of transfected FOXO4 led to a dose-dependent decrease in the levels of NFAT (Figure 3E). Consistent with protein level, NFAT2 mRNA expression decreased gradually in cells overexpressing FOXO4 (Figures 3F, G), suggesting that FOXO4 regulates NFAT2 at the mRNA level. We then showed that FOXO4 overexpression decreased the protein level of NFAT2, whereas FOXO4 knockdown increased it in HCAECs (Figures 3H, I). It is very difficult to transfect multiple plasmids into HCAECs at the same time; therefore, we used 293T cells for the luciferase assays, similar to previous research (22). Luciferase reporter assays showed that FOXO4 overexpression inhibited the activation of the NFAT2 reporter (Figure 3J), suggesting that FOXO4 regulates the transcription of NFAT2.

To further determine whether FOXO4 directly regulates NFAT2 in HCAECs, we carried out a ChIP assay in HCAECs transfected with FLAG-tagged FOXO4 lentivirus to identify the binding regions. Primers were designed to amplify various genomic fragments upstream of the transcription start site of NFAT2. Real-time PCR assays of the immunoprecipitated DNA revealed that the P3~5 (−2331/−1049 bp) fragments had the highest enrichment (Figure 3K). Other fragments were not enriched compared with the immunoglobulin G control (Figure 3K). According to the luciferase activities, FOXO4 repressed both the basal NFAT2 transcription and that driven by the −2300/−1000 fragment in a dose-dependent manner (Figure 3L). Thus, these results identified FOXO4 as a transcriptional repressor of NFAT2 that physically binds to the −2300/−1000 region of its promoter.



3.4 FOXO4 stabilized the homeostasis of endothelial cells

Next, we investigated if FOXO4 has opposite functions to those of NFAT2. FOXO4 overexpression (OE) and knockdown (KnD) lentiviruses were transfected into HCAECs. The protein level of CDH5 decreased after TNFα stimulation regardless of FOXO4 overexpression (Figures 4A, B). Immunofluorescence staining for CDH5 indicated that FOXO4 overexpression promoted CDH5 formation at intercellular borders, which was consistent with the western blotting results. TNFα-stimulated HCAECs showed lower CDH5 levels than TNFα non-treated HCAECs (Figures 4C–E).




Figure 4 | FOXO4 stabilized endothelial cell homeostasis in vitro. (A) HCAECs transfected with lentiviruses to knockdown FOXO4 lentiviral (shFOXO4) and their corresponding controls (KnD-CON) were stimulated with/without TNFα (40 ng/ml) for 4 hours. CDH5 and FOXO4 levels were analyzed. The loading control was β-Actin. (B) HCAECs transfected with lentiviruses overexpressing FOXO4 (OE-FOXO4) and their corresponding controls (OE-CON) were stimulated with/without TNFα (40 ng/ml) for 4 hours. CDH5 and NFAT2 protein level were analyzed. The loading control was β-Actin. (C-E) CDH5 expression was detected using immunofluorescence. FOXO4 overexpression (C) and knockdown (D) vectors and their corresponding controls were transfected into HCAECs, respectively. After 7 days, cells were stimulated with/without TNFα (40 ng/ml) for 4 hours. The cells were then immunostained with rabbit anti-CDH5, followed by staining with 594 goat anti-rabbit IgG (red). Cell nuclei were stained with DAPI (blue) and the fluorescent images were captured. The immunofluorescence area per cell in the different groups (n = 3) (E). (F) FOXO4 overexpression and knockdown vectors and their corresponding controls were transfected into HCAECs, respectively. After 5 days and 7 days, CCKL8 assays were used to detect HCAEC proliferation (n = 7). Data are presented as the mean ± SEM. Quantitative data were analyzed using one-way ANOVA (E, F), **P < 0.01, ***P < 0.001, ****P < 0.0001.



The proliferation of HCAECs in the OE-FOXO4 group was significantly higher than that in the OE-CON group and proliferation in the KnD-FOXO4 group was significantly lower than that in the KnD-CON group at 7 days (Figure 4F). These data strongly suggested that FOXO4 has the opposite function to NFAT2 in maintaining endothelial cell homeostasis.



3.5 The expression of NFAT2 is upregulated in CAWS-induced vasculitis

We further investigated the in vivo expression of NFAT2 and FOXO4. CAWS-induced vasculitis is widely used to study KD because the coronary artery lesions induced by CAWS are similar those of human KD (23). We tested different timepoints after CAWS injection to identify the most appropriate timepoint (Figure 5A). The weight of mice decreased slightly after the injection of CAWS, with the most obvious difference between the weight of the CAWS and control groups being observed at 14 days after CAWS injection (Figure 5B, Supplementary Figure 2D). HE and EVG staining indicated that perivascular inflammation began 14 days after CAWS injection, and the inflammatory infiltration was more obvious and the fibrous tissue damage was more serious at 28 days after CAWS injection (Figures 5C–E, Supplementary Figure 2A–C).




Figure 5 | NFAT2 expression levels are upregulated during the progression of CAWS-induced vasculitis. (A) The protocol for constructing the CAWS-induced mouse model. (B) The change of weight during (n = 5) and after (n = 5) PBS/CAWS injection in mice. (C, D) At different timepoints the mouse were sacrificed, heart tissues were harvested, made into sections, and subjected to hematoxylin and eosin (HE) staining (C) and elastic van Gieson (EVG) staining (D). Scale bars, 200 µm (50×) (Large) and 10 µm (200×) (Small). (E) Scores of heart vessel inflammation for WT mice injected with CAWS (n = 5). (F–H) NFAT expression was significantly upregulated at 14–28 days after CAWS injection, at the mRNA level in PBMCs (n = 3) (F) and at the protein level in heart tissues (H), especially after 14 days. (G) The mRNA expression of Foxo4 was almost opposite to that of Nfat2 in PBMCs (n = 3). (I, J) NFAT expression was upregulated and that of FOXO4 was downregulated in heart tissues at 14 days after CAWS injection at both protein (n = 3) (I) and mRNA (J) levels. (K) Immunofluorescence imaging of FOXO4 (green) and NFAT2 (red) in heart sections from PBS/CAWS-injected 14 days WT group mice. Scale bars, 200 µm (50×) and 10 µm (200×). All images show DAPI staining of nuclei. (L) Mean fluorescence intensity of FOXO4 and NFAT2 in heart sections from PBS/CAWS-injected 14 days WT group mice. (M–O) Immunohistochemical staining for CDH5 in heart sections from PBS-injected (M) and CAWS-injected (N) WT group mice. CDH5 protein levels quantified using the H-score (O) (n = 3). Data are presented as the mean ± SEM. Quantitative data were analyzed using unpaired t tests (two-tailed) (B, F, G, J, L, O) and the Mann–Whitney test (two-tailed) (E) *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



In PBMCs of CAWS injected mice, Nfat2 expression increased significantly at 14 days after CAWS injection (Figure 5F) and Foxo4 expression decreased (Figure 5G). Interestingly, the expression of Foxo4 increased at 28 days (Figure 5G and Supplementary Figure 2F–H). In the heart tissue of the CAWS injected mice, the protein level of NFAT2 showed a similar phenomenon (Figure 5H). Therefore, we used 14 days after CAWS injection as the timepoint in the vasculitis model for follow-up studies. FOXO4 was downregulated at both the mRNA and protein level at 14 days after CAWS injection (Figure 5I, J). The LASAGNA-Search 2.0 database also predicted target proteins that bind the promoter of Nfat2 in the mouse, including FOXO4 (Supplementary Figure 2E).

Next, we sought to determine whether the increase of NFAT2 was associated with the inflamed region from CAWS-injected heart tissue. Consequently, immunofluorescence was used to detect NFAT2 and FOXO4 expression in heart tissue sections from CAWS-injected mice. NFAT2 expression increased and FOXO4 decreased in the inflamed region of the heart tissue at 14 and 28 days after CAWS injection (Figures 5K, L and Supplementary Figure 2F–H). CDH5 expression decreased in the inflamed area, which was verified by western blotting (Figures 5M–O). Taken together, these data demonstrated that NFAT2 was upregulated and FOXO4 was downregulated in CAWS-induced heart tissues, especially in the inflamed region.

For better understand the phenotypic changes in inflamed region, we also performed immunofluorescence to detect classic immune cell infiltration. The results showed that macrophages (F4/80) and monocytes (CD14) infiltrated in the areas of high inflammation, which has been verified infiltrated in a KD-like mouse model abdominal aorta using single cell RNA-Seq (24) (Supplement Figure 3 A–D).



3.6 NFAT2 pharmacological blockade alleviates CAWS-induced KD vasculitis

NFAT2 expression increased in the inflammatory regions and the Ca+/NFAT pathway plays an important role in KD (3); therefore, we used an NFAT2 inhibitor to determine whether it could inhibit inflammation in CAWS-induced KD vasculitis. The peptide 11R-VIVIT was used because it is a highly specific inhibitor of the NFAT signaling pathway. To observe the effect of 11R-VIVIT on the NFAT family, we detect the mRNA level of NFAT members in CAWS and 11R-VIVIT injected heart tissue. The results demonstrated the expression of Nfat2 was downregulated most significantly among NFAT family members (Figure 6A). Compared with that in the CAWS+DMSO-injected control group, the NFAT2 protein level was significantly downregulated after 5 days of continuous 11R-VIVIT injection (Figures 6B, C).




Figure 6 | 11R-VIVIT alleviated CAWS-induced KD vasculitis. (A) qRT-PCR results for NFAT family members in CAWS+11R-VIVIT injected heart tissue (n = 3). (B, C) Immunoblotting analysis of NFAT2 levels in mouse heart tissues from CAWS groups and mouse models injected with an increasing amount of 11R-VIVIT. The loading control comprised β-Actin (B). NFAT2 levels in different groups quantified using ImageJ (C). (D–F) Different groups the mouse were sacrificed and heart tissues were harvested, made into sections, and then subjected to hematoxylin and eosin (HE) staining (D) and elastic van Gieson (EVG) staining (F). Heart vessel inflammation scores of WT mice in different groups was analyzed (F) (n = 4). (G) Immunofluorescent staining for NFAT2 (red) in heart sections from CAWS+DMSO/CAWS+11R-injected WT mice. All images show DAPI staining of nuclei. (H) immunohistochemical staining for CDH5 in heart sections from different groups. (I) CDH5 protein levels quantified by the H-score (n = 4). (J) Western blotting assessment of NFAT2 and CDH5 levels in different groups. The loading control comprised β-Actin. Scale bars, 200 µm (50×) and 10 µm (200×). Data are presented as the mean ± SEM. Quantitative data were analyzed using Kruskal–Wallis tests (F) and one-way ANOVA (I), *P < 0.05, **P < 0.01, ***P < 0.001.



To ascertain whether blocking NFAT2 directly would reduce CAWS-induced KD vasculitis, mice were administered with 11R-VIVIT for 5 consecutive days starting 1 h before CAWS injection. We found that 11R-VIVIT treatment significantly reduced CAWS-induced vasculitis (Figures 6D–F). NFAT2 expression also decreased in the inflamed region of the heart tissue at 14 days after 11E-VIVIT injection (Figures 6G, J). Treatment with 11R-VIVIT also increased CDH5 expression in the inflamed region of CAWS-injected heart tissue (Figures 6H–J). Taken together, our results showed that inhibition of NFAT2 using 11R-VIVIT partly prevented the development of CAWS-induced heart inflammation in mice.



3.7 NFAT2 acts as the downstream molecule of FOXO4 in CAWS-induced vasculitis

To determine FOXO4’s in vivo functions, we bought the Foxo4-KO mouse from Cyagen Biosciences (designated as Foxo4em1cyagen). The Foxo4 gene (NM_018789) is located on mouse chromosome X and comprises three exons. To produce the KO mouse, all three exons were targeted by Cas9/gRNA co-injection into fertilized eggs (Figure 7A). Loss of Foxo4 in the Foxo4-KO mice was verified by DNA electrophoresis (Supplementary Figure 4A). Wild-type (WT) mice and Foxo4em1cyagen mice were injected with PBS or CAWS, respectively. After 14 days of injection, heart tissue was processed for HE and EVG-staining for histological examination (Supplementary Figure 4B). Compared with that in the WT group, the Foxo4em1cyagen group showed increased heart artery inflammation after CAWS-induced KD vasculitis. There were no significant differences after PBS injection in both the WT and Foxo4em1cyagen groups (Figures 7B–D). NFAT2 expression increased in the CAWS-injected Foxo4em1cyagen group compared with that in the PBS-injected Foxo4em1cyagen group and the CAWS-injected WT group (Figures 7E, H, Supplementary Figure 4C). In contrast, CDH5 expression decreased significantly in the CAWS-injected Foxo4em1cyagen group compared with that in PBS injection group (Figures 7F–H).




Figure 7 | FOXO4-KO mice could exacerbate the vasculitis induced by CAWS, but the inflammation was relieved after blocking NFAT2. (A) The Cas9/gRNA method generated the FOXO4-KO mice. (B–D) Different groups of mice were sacrificed and heart tissues were harvested, made into section sections, and subjected to hematoxylin and eosin (HE)-staining (B) and elastic van Gieson (EVG) staining (C). Heart vessel inflammation scores of FOXO4-KO and WT mice in different groups were analyzed (D) (n = 5). (E) Immunofluorescence staining for FOXO4 (green) and NFAT2 (red) in heart sections of the PBS/CAWS-injected FOXO4-KO group mice. All images show DAPI staining of nuclei. (F) Immunohistochemical staining for CDH5 in heart sections from four different groups. (G) The CDH5 protein level quantified by the H-score (n = 5). (H) Western blotting determination of NFAT2, FOXO4, and CDH5 protein levels in different groups. The loading control comprised β-Actin. Different groups of FOXO4-KO mouse were sacrificed, and heart tissues were harvested and made into sections, which were subjected to HE staining (I) and EVG staining (J) sections. (K) Heart vessel inflammation scores of FOXO4-KO+CAWS, and FOXO4-KO+CAWS+11R mice were analyzed (n = 5). (L) Immunohistochemical staining for CDH5 in heart sections from different FOXO4-KO groups. (M) CDH5 protein levels quantified by the H-score (n = 5). (N) Immunofluorescence staining for FOXO4 (green) and NFAT2 (red) in heart sections from FOXO4-KO+CAWS+11R-injected group mice. All images show DAPI staining of nuclei. (O) Western blotting analysis of NFAT2 and CDH5 levels in different FOXO4-KO mouse groups. The loading control comprised β-Actin. Scale bars, 200 µm (50×) and 10 µm (200×). Data are presented as the mean ± SEM. Quantitative data were analyzed using unpaired t tests (two-tailed) (D, K) and one-way ANOVA (E, M), *P < 0.05, **P < 0.01.



These results encouraged us to assess whether FOXO4 modulates CAWS-induced vasculitis through NFAT2. We carried out rescue experiments in the Foxo4em1cyagen group by simultaneously injecting CAWS and inhibiting NFAT2 using 11R-VIVIT (Supplementary Figure 4D). We observed that injection of 11R-VIVIT in the CAWS-injected Foxo4em1cyagen group partly alleviated heart artery inflammation and the heart vessel inflammation scores also decreased (Figures 7I–K). Furthermore, 11R-VIVIT partially increased the expression of CDH5 and decreased the expression of NFAT2 in the inflamed region of CAWS-induced heart tissue (Figures 7L–O, Supplementary Figure 4E). As a result, we concluded that knockout of Foxo4 promotes inflammation in CAWS-induced KD vasculitis, at least in part, by activating the transcription of Nfat2.




4 Discussion

Initially, this study was prompted by the observation that transcription factor (TF) NFAT2 is upregulated in immune cells and stromal cells through NFAT signaling, a pathway associated with KD. Recent studies on KD showed that the formation of vasculitis is highly related to the infiltration of immune cells into stromal cells (24). To better understand the role of the NFAT signaling pathway, especially that of NFAT2, in KD progression, we conducted our research from three different aspects. First, we identified that NFAT2 has the strongest transcriptional activation among NFAT family member. Second, we used TNFα-stimulated HCAECs to simulate the infiltration of stromal cells in vasculitis. Third, we used a CAWS-induced mouse model of KD vasculitis to study the overall changes in heart tissue, including both immune cells and stromal cells. In this study, we identified a novel pathway comprising FOXO4/NFAT2. This pathway affects endothelial cell homeostasis in vitro and formation of CAWS-induced vasculitis in vivo. Our results showed that the downregulation of FOXO4 promoted NFAT2 expression, causing an imbalance in endothelial cell homeostasis and worsening of vascular inflammatory infiltration. Inhibition of Nfat2 in Foxo4-KO mice reduced the level of inflammatory infiltration.

We found the NFAT2 expression was significantly elevated in immune cells (PBMCs) from patients with KD, similar to a previous study (25). Previous research also reported that NFAT inhibitors, such as cyclosporine, can prevent progression of inflammation in the arterial wall by blocking cytotoxic CD8+T cells infiltration into the arterial wall (26). This might represent the important impact of NFAT inhibitors KD patients’ PBMCs. This could be explained by the fact that the Ca+/NFAT signaling pathway is activated in the acute stage of KD, and NFAT2 is an important TF in this pathway. In addition, NFAT2 was upregulated in PBMCs from CAWS-induced mice. To date, there has been no report about CAWS directly activating the NFAT signaling pathway; however, higher production of proinflammatory cytokines, including TNFα and interleukin (IL)-1β, has been observed in the serum of CAWS-injected mice (27, 28). This might be the reasons why the NFAT pathway is activated and NFAT2 is upregulated.

As important stromal cells in heart tissue, HCAECs also have an important relationship with intravascular thrombosis (29), which is considered one of the most serious complications of KD (3). We selected HCAECs to study the mechanism of KD from the perspective of stromal cells. TNFα plays an importance role in KD, and was significantly elevated in patients’ plasma; therefore, anti-TNF-α therapy has been a common treatment option for patients with intravenous immunoglobulin (IVIG) resistant KD (30–32). Consequently, we used TNFα to stimulate HCAECs to simulate the effect of inflammatory factors on stromal cells in vitro. Similar to previous research, NFAT2 expression increased significantly after TNFα stimulation (4). To better understand the changes in NFAT2 expression in vivo, we observed the expression of NFAT2 in heart tissue, especially in the inflamed areas, after CAWS-induced vasculitis. Those observations were similar to those made in previous research, in which stimulation by proinflammatory cytokines, such as TNFα, upregulated NFAT2 in both PBMCs and endothelial cells (4, 33). We also found that inhibiting NFAT2 expression using 11R-VIVIT could alleviate vascular inflammation. 11R-VIVIT is not a specific inhibitor of NFAT2. However, no specific inhibitor of NFAT2 is currently available. NFAT2 shows the strongest transcriptional activity, thus most 11R-VIVIT studies have focused on NFAT2 rather than other members of NFAT family, as did our design (34, 35). 11R-VIVIT selectively interferes with the calcineurin-NFAT2 interaction without altering the calcineurin phosphatase activity in vivo and in vitro (36–38).

We also found that an increase of NFAT2 in endothelial cells decreased the function of intercellular junctions via CDH5. In vitro, similar to previous experiments using human umbilical vein endothelial cells, CDH5 expression decreased significantly after being stimulated by proinflammatory factors (39). In vivo, cardiac ischemic injury, cardiac fibrosis, and even occlusion formation were also observed in Cdh5-KO mice (39, 40). These changes are similar to the cardiovascular manifestations of KD. Moreover, in acute KD, dysregulation of endothelial cell homeostasis probably affects aneurysm formation and vascular wall injury (4). These might be one of reasons why suppressing the Ca+/NFAT signaling pathway can reduce coronary artery lesions in KD.

Mammals have four FOXO TFs: FOXO1, FOXO3a, FOXO4, and FOXO6 (41). FOXO4 is mainly involved in cell cycle arrest, apoptosis, and muscle homeostasis (42). To date, there has been no research on the role or mechanism of FOXO4 in KD. However, previous studies provided several possibilities: 1) Inflammatory cytokine expression. A previous study reported that FOXO4 represses the expression of inflammatory cytokines, such as TNFα and IL-1β, which have vital functions in the mechanism of KD (43). 2) Preventing aortic aneurysm formation. Blocking the nuclear translocation of FOXO4 stimulated aortic aneurysm formation (44). Coronary or aortic aneurysms are important complications of KD; therefore; FOXO4 might have a protective role in the progress of KD.

At day 28 after CAWS injection, we found the mRNA and protein levels of FOXO4 were upregulated, for which there are two possible reasons. Firstly, it might suggest that the heart tissue is entering the subacute phase/recovery phase. Acute arteritis mainly involves immune cell infiltration, and subacute chronic arteritis in KD involves luminal myofibroblast proliferation (23). In our mouse model, at day 14, arteries are mainly infiltrated by immune cells, and their shape is normal. However, at day 28, luminal myofibroblasts obviously proliferate and vessels lose their original shape (Figure 5D), which indicated that vasculitis has entered the subacute phase. We found that FOXO4 might be a protector in the process of KD-like vasculitis, such that the level of FOXO4 could increase in the subacute or recovery phase. Secondly, FOXO4 might be uncoupled from NFAT2 when the disease enters the subacute phage; but the mechanism of this phenotype needs to be further studied in the future. At day 28, the CAWS mice tended to regain the weight lost by day 14, perhaps for the same reason. When the mice entered into the subacute phase, their weight recovered gradually.

Interestingly, in vivo, the level of inflammation in CAWS-injected heart tissue in the Foxo4-KO group was more serious than that in the WT group. Previous studies using Foxo4-KO mice reported that the Foxo4-KO group produced more severe inflammatory infiltration (43, 45). Foxo4-KO immune cells would increase resident smooth muscle cell proliferation and endothelial cell dysfunction, which would further enhance inflammation and the formation of coronary/aorta vasculitis (45). Consistently, we demonstrated that the NFAT inhibitor, 11R-VIVIT, attenuated CAWS-induced inflammatory responses in Foxo4-KO heart tissue. This indicated that the FOXO4/NFAT2 signaling pathway functions not only in HCAECs, but also in mouse heart tissue.

There are several limitations of this study. First, we only examined PBMCs from patients with KD and health controls, and further study should focus on patients with KD with and without coronary artery lesions. Second, the mechanism by which FOXO4 is downregulated in different cells or tissues remains unknown. Third, although we demonstrated that FOXO4 inhibits NFAT2 transcription by physically binding to a region of its promoter, the exact mechanism of this inhibition remains to be determined. For example, does FOXO4 represses NFAT2 transcription by competitive inhibition of its activator and why does FOXO4 appear to be uncoupled from Nfat2 when the mice entered the subacute phage. Fourth, 11R-VIVIT might affect other NFAT family members; therefore, we need a specific inhibitor of NFAT2 to improve our experiments in the future. These aspects will be examined in future studies.

In this study, NFAT2 was identified to have an important role in the Ca+/NFAT pathway. Moreover, partly through its negative regulation of NFAT2, FOXO4 functions as a transcriptional repressor to suppress vasculitis and maintain endothelial cell homeostasis, thereby controlling vasculitis in KD. The FOXO4/NFAT2 signaling pathway could be developed as a novel therapeutic target, and exploiting its related intrinsic inhibitory mechanisms could lead to novel therapies to prevent and treat KD.
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Most organs in the body rely on blood flow, and vesicular damage is the leading cause of injury in multiple organs. The endothelium, as the barriers of vessels, play a critical role in ensuring vascular homeostasis and angiogenesis. The rapid development of risk factors in endothelial injuries has been seen in the past decade, such as smoking, infectious, and diabetes mellites. Pyroptotic endothelium is an inflammatory mode of governed endothelial cell death that depend on the metabolic disorder and severe infectious such as atherosclerosis, and sepsis-related acute lung injury, respectively. Pyroptotic endothelial cells need GSDMD cleaved into N- and C-terminal by caspase1, and the cytokines are released by a pore constructed by the N-terminal of GSDMD in the membrane of ECs, finally resulting in severe inflammation and pyroptotic cell death. This review will focus on the patho-physiological and pharmacological pathways of pyroptotic endothelial metabolism in diseases. Overall, this review indicates that pyroptosis is a significant risk factor in diseases and a potential drug target in related diseases.
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1 Introduction

Pathological conditions could cause cell death, and cells could actively participate in the process of cell death (1). These regulated cell death (RCD) modes have contributed to the influence of human patho-physiological conditions such as embryonic development, homeostatic maintenance, and disease pathology (2). Adult organs are made up of more than thirty trillion cells, and millions of cells are vanished by programmed cell death (PCD) daily and replaced by freshly same cells to ensure the functions of organs. PCD is a kind of cell death due to incidents in cells, such as apoptosis (3). But dissimilar to apoptosis, the latest finding of RCD, pyroptosis, displays a preliminary disturbance of the integrity of the plasma membrane, leading to extracellular spillage of intracellular contents (4). Epigenetic modifications, such as carbon 5 methylation and m6A methylation, are involved in the onset and progression of cell death (5, 6). dysregulation of the epigenome drives aberrant transcriptional programmes that promote multitude of different diseases, including cancer, chronic pulmonary disease and obesity (7, 8).

The endothelium, as the barrier of the vascular arterial, venous, and lymphatic vessels, is vital for multiorgan health. Endothelial cells (ECs), a continuous cells monolayer lining the blood vessel wall, are a significant element of maintaining vascular homeostasis, anti-inflammatory, and antithrombosis (9). Endothelial cells are differentiated from endothelial progenitor cells and regulated by epigenetics (10, 11). Vascular endothelium dysfunction could induce multiple phenomena such as vasospasm, increasing oxidation stress, inflammation, leukocyte, macrophage adhesion, and so on (12). There are studies that many fatal diseases are related to endothelium dysfunction, like atherosclerosis, sepsis, diabetes mellitus, and stroke.

In the last few years, experimental and clinical research has displayed a new clue on endothelium dysfunctions. This paper aims to review related articles that have progressed in this field.



2 Functions of endothelial cells

Blood vessels have various functions in different organs. For example, blood vessels provide organs with oxygen and nourishment, and lymphatic vessels absorb and filter tissue fluid from organs (13, 14). Although blood vessels mostly remain inert for the whole of adulthood, they can also form new vessels rapidly when injured or in pathological situations. The ECs of the blood vessel lining play a crucial role in the development of a vessel. As a critical aspect of neovascularization, capillary sprouting is established by interactions among three EC subtypes, such as tip cells, stalk cells, and quiescent phalanx cells, and every type of ECs has a special role in this process (15).

The endothelium, the largest organ and may be one of the most various organs in the body, play multiple physiological roles, including the provision of a non-thrombogenic, nonadherent, and permeability surface, formation and secretion of molecules and cytokines such as nitric oxide (NO), maintenance of the basement membrane collagen and proteoglycans upon which they rest (9). ECs in different places (arterial, microvascular, venous, etc.) show multiple functions in multiple conditions; thus, their activated mechanisms are different (16). For example, pulmonary microvascular ECs are more sensitive to oxidative phosphorylation and ATP levels than arterial ECs (17). Brain ECs have more mitochondria and are more dependent on oxidative metabolism than peripheral blood vessels (18). Pathological conditions are also associated with EC heterogeneity and metabolic consequences. Growing evidence indicates that pyroptosis can work as an effective defense against pathological conditions, but excessive endothelial pyroptosis is the pathogenesis in many diseases, such as stroke, atherosclerosis, and acute lung injury.



3 Pyroptosis

Pyroptosis is a proinflammatory mode of RCD that depends on the synthetic action of inflammatory proteases named cysteine-dependent aspartate-specific protease (caspase) (19). Pyroptosis was first called (‘pyro’ means fire or fever, ‘ptosis’ means denote a falling) to imply a fire-like inflammatory of this mode RCD in 2001 (20). Interestingly, pyroptotic cells undergo early plasma membrane permeabilization, like necroptosis and accidental necrosis. The process of pyroptosis nonetheless shares some characteristics with apoptosis, even though it does not result in cell death and is generally considered immunologically silent (21). Pyroptosis is crucial to protect against foreign microbe, however, it can also lead to damage while unrestrained. It is reported excessive inflammasome promote multiple acute diseased (including sepsis, disseminated intravascular coagulation, cytokine release syndrome etc.) and chronic diseases (including atherosclerosis, diabetes, ischemic stroke etc.) (22).

The pyroptotic pathway is an important target for drugs because it plays a pivotal role in various diseases, such as infectious, stroke, sepsis, and diabetes mellites (21, 23, 24). Currently, several compounds, such as VX-765, are being tested for the treatment of pyroptosis-related diseases (25–27). The STRING database made those compounds a protein-protein interaction (PPI) network in this review (Figure 1), and the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses demonstrated those compounds might relieve endothelial dysfunction in atherosclerosis or infections respond to inflammation (Figure 2) (28–34). Some danger signals (e.g., cytokines, etc.) are released while cells have died; perhaps some are even released in primary pyroptosis (35). These signaling molecules cause the enlargement of blood vessels in a concentrated place, resulting in a high blood flow. This enlargement can bring on more features of inflammation, such as fever and swelling in the inflammation area. Overall, inflammation can protect against bacterial invasion. But it can also promote pathological inflammation, which can lead to the development of disorders such as abnormal blood clotting and sepsis (36–38).




Figure 1 | PPI network of five compounds targets in endothelial dysfunction diseases. (A), Z-VAD-FMK; (B), MCC950; (C), VX-765; (D), Disulfiram; (E), Dimethyl fumarate. Database of SEA (https://sea.bkslab.org), Super-PRED (https://prediction.charite.de), PharmMapper (http://www.lilab-ecust.cn/pharmmapper/), and SwissTargetPrediction (http://www.swisstargetprediction.ch) was used to predict therapeutic targets of compounds and used a database of DisGeNET (https://www.disgenet.org/) to predict the pathogenic target of endothelial dysfunction in diseases. Then shared regulatory network was determined using Venny2.1 (https://bioinfogp.cnb.csic.es/tools/venny/) and made the PPI network by the STRING database (https://string-db.org/).






Figure 2 | The shared regulatory targets of the GO and KEGG enrichment analyses. (A), Z-VAD-FMK; (B), MCC950; (C), VX-765; (D), Disulfiram; (E), Dimethyl fumarate. The analyses of GO and KEGG were carried out by DAVID Knowledgebase (https://david.ncifcrf.gov). The images were made by bioinformatics (http://www.bioinformatics.com.cn).



Metabolic disorder and severe infectious increase the risk of pyroptosis in ECs, and promote several diseases, such as atherosclerosis, and sepsis-related acute lung injury, respectively (39, 40). In metabolic disorders or infectious conditions, caspase1 can promote lipids or inflammasome to aggregate and induce inflammatory factor release in ECs. In the canonical pathway, NLRP3 was stimulated by intracellular signaling molecule and assembled with pro-caspase1 and ASC, resulting in activated caspase1. Activated caspase1 stimulates pyroptosis, a caspase1-dependent inflammatory cell death described by a broken cellular membrane and released inflammatory mediators. Recently studies showed that gasdermin D (GSDMD) was cleaved by the inflammatory caspases1, 4, and 5 in humans and then separated GSDMD N-terminal (GSDMD-N)), which forms the transmembrane pore and functions as the executor of pyroptosis (19, 41, 42).



4 Endothelial dysfunction and pyroptosis in pathological


4.1 CVD

Cardiovascular disease (CVD) is a major public health problem and the reason for death globally. Atherosclerosis is a lipid metabolism syndrome that leads to the development of heart damage (such as myocardial infarction) and stroke by creating lipid-rich plaques that obstruct blood vessels inducing blood flow restriction and increasing the potential for plaque disruption (43). Once the plaques rupture and block the arterial lumen, tissues or organs supplied by the artery will show the parent’s organ irreversible injury and death. ECs protect cardiovascular homeostasis in normal conditions, even though lipid-rich plaques restrict blood flow. But in the terminal stage of the disease, endothelial dysfunction contributes to developing vulnerable plaques and impairs vascular homeostasis. As the main reason for the progression of atherosclerosis, pyroptosis may play a crucial role in endothelial dysfunction. Pyroptosis promotes inflammation, plaque disruption, and angiemphraxis by the release of inflammatory mediators such as interleukin 1β (IL1β) and interleukin 18 (IL18), and induces cell death, which hence develops CVD events (44).

Present evidence shows that the reasons for atherogenesis, such as cigarette smoking, and metabolic syndrome, are significant contributors to endothelial dysfunction (Figure 3 left). Nicotine is a main avertible risk factor for atherosclerosis and CVDs. It promotes atherosclerosis in vulnerable areas, including the aorta, coronary arteries, carotid and cerebral arteries, and the large arteries in the peripheral circulation (45). In ECs, nicotine promotes the production of reactive oxygen species (ROS), which activates NOD-like receptor thermal protein domain associated protein 3 (NLRP3) inflammasome, leading to the activation of caspase1 (46). A study displayed that nicotine aggravated atherosclerosis in ApoE−/− mice fed with a high-fat diet (HFD), indicated by the more sizeable plaques and more lipids measured by oil red O. In normal diet mice, nicotine also promotes atherosclerotic plaques size and lipid aggregation; even so, the effect of nicotine was not more effective in HFD-fed mice. In addition, nicotine promotes endothelial damage and dysfunction by inducing pyroptotic macrophages (47).




Figure 3 | Diagram of the multi‐pathway activation mechanism of pyroptotic endothelial dysfunction in atherosclerosis (left), and chemical-treated (or active protein treatment) heal pyroptotic endothelial dysfunction in atherosclerosis (right). BioRender.com created the sketch.



Just as mentioned in the context, investigators have examined the effects of cholesterol on CVDs. In vessels, lipids accumulate under endothelium and impaired ECs directly. While endothelial damage, low-density lipoprotein (LDL) is remodeled to oxidized LDL (oxLDL) and adheres to intimal vessel forming interlayers (48, 49). OxLDL contributes to synthesizing adhesion molecules and releasing inflammatory mediators in impaired ECs (50, 51). OxLDL induces caspase1 activation by ROS, and NLRP3 levels rise in ECs (52, 53), and mixed lineage kinase domain-like (MLKL) aggravates oxLDL-induced pyroptosis by NLRP3-mediated inflammasome in human umbilical vein endothelial cells (HUVECs) (54). OxLDL also impaired mitochondrial structure and function, producing excess ROS in ECs. Proprotein convertase subtilisin/kexin type 9 (PCSK9)and trimethylamine N-oxide (TMAO) inhibited the function of mitochondrial by downregulating ubiquinol-cytochrome c reductase core protein 1 (UQCRC1) (55) and upregulating succinate dehydrogenase complex subunit B (SDHB) (56) expression, respectively, leading to ROS elevation and promotes the pyroptosis of ECs and the subsequent release of proinflammation cytokines. MicroRNA is also involved in pyroptotic endothelial dysfunction. miR-125a-5p, overexpression in oxLDL treatment ECs, directly targeted tet methylcytosine dioxygenase 2 (TET2) 3’-UTR and decreased protein expression, resulting in abnormal mitochondrial DNA (mtDNA) methylation levels and mitochondrial dysfunction promotes the production of ROS, which stimulated nuclear factor-κB (NF-κB) and subsequent induced NLRP3 inflammation and activated caspase1 (57).

There are several risk factors promoting pyroptosis in ECs and contributing to atherogenesis. Hyperhomocysteinemia (HHcy) induced high mobility group box 1 (HMGB1) overexpression because of produced NLRP3 inflammasome and caspase1 across the membrane, thereby cleaved GSDMD and induced pyroptosis (58, 59). Low shear stress decreased the levels of TET2, which recruited less histone deacetylase 2 (HDAC2) to increase the levels of SDHB. The high level of SDHB leads to mitochondria dysfunction and the production of ROS, which stimulates ECs pyroptosis (60); low shear stress also inhibits the levels of miR-181b-5p, resulting in an upregulation in signal transducer and activator of transcription 3 (STAT3) expression, which induced the synthesis of NLRP3 via histone acetylation in high levels. Moreover, NLRP3 induced caspase1 activation and activated caspase1 promote proinflammation factors pro-IL1β and pro-IL18 into mature. Eventually, GSDMD-N formation is cleaved by caspase1, leading to perforate cellular membranes, fragmented DNA, and release IL1β and IL18 from ECs, finally promoting pyroptosis ECs progression in atherosclerosis (61).

Many studies focus on therapeutic effects and potential drug targets (Figure 3 right). Melatonin (N-acetyl-5-methoxytryptamine) is a neuroendocrine hormone synthesized in the pineal gland and many other organs (62, 63). In HFD-fed ApoE−/− mice, OxLDL stimulates pyroptotic cell death factors, including activation of MEG3 and inhibition of miR-223, resulting in NLRP3-ASC-procaspase1-assemble and activated caspase1, furthermore melatonin protected pyroptotic endothelium in ECs and improved atherosclerosis in mice models (64). Melatonin also protects against pyroptotic endothelial dysfunction by improving mitochondrial function and reducing ROS production (65). In addition, Melatonin alleviates nicotine-induced EC pyroptosis via suppressing ROS/NLRP3 pathway (66). Estrogen can promote autophagy by activation of estrogen receptor α, resulting in averts atherosclerosis by weakened EC pyroptosis (67). Fibroblast growth factor 21 (FGF21), an endocrine cytokine, protect mitochondrial structure and function by regulating the TET2-UQCRC1 pathway and results in reducing ROS production and inhibiting EC pyroptosis (68, 69). Chemical substances extracted in some plants were identified anti-pyroptosis effects in ECs, such as Chochicine, Dihydromyricetin, Ecklonia cava extract, hydroxytyrosol acetate by regulating AMPK, NRF2, NLRP3, HDAC11 respectively (70–74). miR-223 and miR-103 were reported to attenuate oxLDL/H2O2-induced pyroptotic cell death in ECs, demonstrating that non-coding RNA is a potential target in therapeutic atherosclerosis (75, 76). Interestingly, a report shows that bone marrow–derived mesenchymal stem cells conditioned medium attenuated the pyroptosis of vascular ECs induced by LPS and ATP, indicating a new therapy about biomedicine (77).



4.2 Infectious disease

The infectious disease also can induce ECs pyroptosis. Sepsis, critical organ damage induced by a metabolic disorder response to infections, is the primary means of ECs pyroptosis (78). The clinical feature of sepsis is volatile, relying on the preliminary area of infection, the pathogenic microbe, the type of organ damage, the body conditions of the patient, and the initial treatment (40). Symptoms of infectious and organ damage are complex and may have gone unnoticed, so the international consensus guidelines display a long list of sepsis warning signs. In this review, the summary pathway diagram that pyroptotic ECs induced multiple organ injury in infectious patients was created and shown in Figure 4.




Figure 4 | Related signaling pathway in infectious-induced pyroptotic endothelial dysfunction in multiple organs. The highest point indicates brain endothelium, the two second-highest points indicate lung endothelium, the middle point indicates liver endothelium, the two second-lowest points indicate kidney endothelium, and the lowest point indicates vessel endothelium. The original material was created by FIGdraw (https://www.figdraw.com/) and the sketch was made by BioRender.com.



ECs, which make up 50% of lung cells, are a part of the respiratory circulatory system and supply venous blood to the pulmonary parenchyma to carry out oxygen exchange (79). Pulmonary endothelium is tolerated stretching while breathing and always stays in the external environment, which increase the risk of being invaded by microbe from the air or peripheric pathogens. So, lung ECs are vulnerable to inflammatory damage in numerous clinical conditions, including sepsis, chronic obstructive pulmonary disease, Hemorrhagic shock, acute respiratory distress syndrome, and others (80–82). Several research focuses on the influence of pyroptosis on ECs in lung injury.

The lipopolysaccharide (LPS) inducing pyroptosis is the leading cause of dysfunction effects on the endothelium. LPS is the main component of the outer membrane of Gram-negative bacteria. It is sensed by the plasma-membrane-located toll like receptor 4 (TLR4) co-receptor MD2 complex in conjunction with co-receptor CD14, which specifically recognizes the lipid A structure of LPS and induces GSDMD-dependent pathway of pyroptosis by acting caspase11, caspase4, caspase5 (83, 84).

LPS promotes acute pulmonary vascular ECs injury in experimental animals and vitro (85, 86). LPS could inhibit endothelial nitric oxide synthase (eNOS) phosphorylation in ECs, and this phenomenon was diminished by reticulocalbin 2 (RCN2) silencing; overexpression of RCN2 in LPS-treated HUVECs could inhibit eNOS phosphorylation and induce HUVECs pyroptosis, NAC abolished this effect (87). Interestingly, a paper showed a new mechanism for LPS that induces the GSDMD pathway involving mitochondria (88). The mitochondrial membrane was combined with the GSDMD-N fragment induced by LPS, resulting in severe mitochondrial damage. Mitochondrial damage reduced mitochondrial membrane potential and promoted mtDNA release into endothelial cytoplasm, which was identified by cyclic GMP-AMP synthase (cGAS) and promoted reproduction of cyclic GMP-AMP (cGAMP) to stimulating inflammatory stimulator of interferon genes (STING) pathway. There is a new report about an auxiliary function of the perforating GSDMD in mtDNA in the cytoplasm and activating DNA-sensing cGAS/STING pathway, finally inducing EC pyroptosis and vessel disorder (88). cGAS/STING pathway could inhibit the process of dephosphorylation and nuclear translocation of the transcription factor Yes1 associated transcriptional regulator (YAP1) and induce cyclin D-mediated cell cycle arrest. In addition, the deletion of cGAS in mice brought back endothelial vitality in the damaged lung. Furthermore, GSDMD-dependent pyroptosis induced multiple organ injuries in sepsis mice, such as lung, kidney, and liver (89). Liu et al. have reported a paper suggesting that PhospholipaseCγ1-calcium promotes GSDMD-N translocation to the plasma membrane and increases LPS-induced EC pyroptosis and multi-organ damage, such as liver, lung and brain (90). A sturdy showed compared with H1N1 and control groups, more expression levels of caspase1 in endothelial tissue of the COVID-19 group, and this phenomenon might indicate that pyroptosis is happening in lung microvascular ECs of the COVID-19 patients (91).

Leukocytes participated in sepsis-induced pyroptosis endothelium dysfunction widely. Human neutrophil peptides 1-3(HNPs), the most generous neutrophil granule proteins, are abundantly expressed in neutrophils. The difference between HNPs is only an N-terminal amino acid sequence: the N-terminal amino acid is alanine in HNP1 and aspartic in HNP3. This amino acid is absent in HNP2, which is thought to be a proteolytic product of HNP1 and HNP3 (92, 93). A study showed that the overexpression of HNP1-3 (DEFA1/DEFA3) remarkably damaged the clinical characteristics of sepsis, making patients in China displayed a high gene copy number of DEFA1/DEFA3 means more easily affected by severe sepsis (94). In another paper, mice with high HCN of DEFA1/DEFA3 genes displayed graver pulmonary, hepatic, and renal injury and a dangerous consequence during infectious, suggesting a genotype-restricted function in phenotype development (95). In this study, the protein levels of vascular cell adhesion molecule 1 (VCAM1) and intercellular adhesion molecule 1 (ICAM1) in the lung tissue of DEFA1/DEFA3-HCN mice were significantly higher than those of DEFA1/DEFA3-LCN mice and WT mice 24 hours after the onset of disease septicemia. The figures showed that in mice bearing DEFA1/DEFA3 HCN, the activation state of vascular ECs in vital organs was more pronounced after the onset of sepsis. Furthermore, HNP1 activates caspase1 inflammasome by interaction with P2X7 and induces pyroptosis cell death in ECs. Group 2 innate lymphoid cells (ILC2) can protect lung ECs from pyroptosis in sepsis (96). ILC2, one of three subtypes of innate lymphoid cells (ILC1, ILC2, and ILC3), was detected in the lungs as a significant ILC population. ILC2 cells in the lungs and peritoneal cavity following CLP-induced sepsis showed IL33/suppression of tumorigenicity 2 (ST2), signaling overexpression and expansion of ILC2 in the lungs and provides ILC2-derived IL9, which alleviates sepsis-induced EC pyroptosis through controlling caspase1 activation. Furthermore, monocyte promotes human pulmonary microvascular endothelial cell (HPMEC) pyroptosis in hypoxia/reperfusion(H/R) injuries. In H/R injuries, the NLRP3 inflammasome and IL1β expression are increased, caspase1 is activated in monocytes, and eventually, IL1β and IL1R compomer of HPMECs induces pyroptosis through IL1R/NF-κB/NLRP3 signaling pathway (97).

Several potential drugs have been reported to protect against organ injury in sepsis via a pyroptosis-dependent pathway. Hepatocyte growth factor (HGF) is a pleiotropic cytokine involved in various cellular and biological processes, including attenuating cellular damage and reducing inflammation. Previous studies have demonstrated LPS-induced organ damage and elevated plasma HGF levels in rodents with systemic inflammatory response syndrome and early sepsis (98, 99). Recently, a paper showed that HGF improves the pyroptotic state of ECs by protecting mitochondrial physiology from releasing mitochondrial damage-related molecules and activating the mechanistic target of rapamycin kinase (mTOR) signaling. Intravenous injection of recombinant HGF into mice can alleviate mice’s lung endothelial pyroptosis caused by sepsis of various microorganisms and improve lung endothelial injury and acute lung injury (100). HGF will be a promising adjuvant therapy strategy for treating sepsis and acute lung injury. Furthermore, Rapamycin, a specific MTOR inhibitor, inhibited pyroptosis and protected ECs from excessive inflammation in the septic response (101). Phospholipid supersucrases (PLSCRs) translocate membranes in a Ca2+-dependent manner and perform nonspecific, bidirectional, and phospholipid-independent transduction in lipid bilayers, increasing their exposure to cell membranes (102, 103). A group of single-pass plasma membrane proteins that mediate layer migration. When HPMECs were stimulated with LPS, PLSCR4 expression, inflammatory cytokines IL1β, and IL18 levels increased EC permeability. While the PLSCR4 was silenced, human pulmonary microvascular endothelial cell (HPMEC) pyroptosis was remarkably risen, indicating the protective function of PLSCR4 in ECs (104). Neferine has various biological and pharmacological properties such as antitumor, antiinflammatory, antioxidative, antifibrosis, and antiarrhythmic (105, 106). Neferine is an alkaloid ingredient from the lotus seed embryo of Nelumbo nucifera. A paper by Tang et al. showed that neferine could inhibit LPS-ATP-induced oxidative stress and NLRP3 inflammasome signaling, increasing SOD production and improving EC viability (107).

Microparticles (MPs), a single membrane structure produced by apoptotic cells, have been detected in the site of disturbed blood flow in some pathological states, such as sepsis (108–110). Mitra showed that p30 GSDMD was found in MPs of septic patients (111). Furthermore, authors indicated that GSDMD was modified in MPs combined with activated caspase1 and released by LPS-stimulated Tohoku Hospital Pediatrics 1 cells, and these MPs with GSDMD and caspase1 promoted HPMEC pyroptosis. They demonstrated that GSDMD microencapsulation in MPs combined with caspase1 could be necessary for monocytes released MPs to vascular cells, resulting in caspase1-mediated pyroptotic HPMEC death.

Several clinical infectious conditions also can induce endothelium pyroptosis. Syphilis is a kind of multi-stage and chronic disease; the primary reason is infection by treponema pallidum subsp pallidum (T pallidum), which can influence various organs and has a high morbidity rate. The infections of syphilis are increasing rapidly worldwide (112, 113). A paper showed that miR-223-3p was remarkably decreased in syphilis patients compared with control groups, the levels of NLRP3 and caspase1 were increased in syphilis patients, and miR-223-3p inhibited T pallidum-induced caspase1 activation, IL1β production, and Lactate dehydrogenase (LDH) release in HUVECs, the mechanism is miR-223-3p targets NLRP3 directly (114). This paper highlighting demonstrated that miR-223-3p could become a drug target for treating infectious syphilis. Dengue virus (DENV) infection is a kind of the fastest growing mosquito-borne infections (115, 116). In a present study, Lien et al. found that the virion-associated envelope protein domain III (EIII) overexpression increases endothelial ROS production, induces tumor necrosis factor a (TNFa) and IL1β release, and promotes caspase1 activation, EC pyroptosis, and NLRP3 inflammasome inhibitor treatment significantly attenuates rEIII-induced ECs injury and significantly decreased bleeding in a dual-targeted rEIII autoantibody model (117). Kawasaki disease (KD), an acute vasculitis syndrome, is the primary reason for acquired heart disease in pediatric populations of developed countries (118). In a study by Jia et al., activation of pyroptosis is induced by HMGB1, resulting in increased levels of receptor for advanced glycation end-products (RAGE) and cathepsin B, which bring out NLRP3-caspase1 mediated inflammation-induced pyroptosis in ECs (119).



4.3 Diabetes mellitus

Diabetes is a global health problem and microvascular dysfunction is a major complication, leading to a series of diseases, such as retinopathy, nephropathy, neuropathy, and atherosclerotic diseases. The harmful effect of high glucose (HG) intrinsically is well-established on the endothelium. ECs of large vessels and the microvasculature were damaged by HG and had differences in autoregulation of glucose uptake in different organs (120, 121). For example, when exposed to high concentrations of extracellular glucose, retinal microvascular ECs did not reduce glucose uptake, whereas brain and cardiac ECs did. HG-induced diabetic retinopathy (DR) pyroptosis has attracted a lot of attention at present.

DR is a common retinal microvascular complication and a major reason for blindness in adults (122). In HG conditions, human retinal microvascular endothelial cell (HRMEC) dysfunction is a multifactorial pathogenesis, responsible for pathogenesis that is closely related to cell migration and apoptosis when cells are exposed to advanced glycation end products (AGEs). It is regulated by various inflammatory and apoptotic factors (123, 124). A paper showed HRMECs were pyroptotic by HG treatment (125). HRMECs HG-treated showed lower cell viability, and higher Caspase1 activity, indicating HG can induce HRMECs pyroptosis. Furthermore, HG treatment decreased miR-590-3p levels and increased NADPH oxidase 4 (NOX4) and NLRP1 expression in HRMECs. NOX4 and NLRP1 are direct targets to miR-590-3p and are the main intracellular regulator of the pyroptotic process, highlighting the significance of miR-590-3p in pyroptosis in DR. Another paper by Yang et al. showed AGEs induces ECs pyroptosis by active GSDMD and cleaved caspase1 in HRMECs (126). Moreover, authors indicate H3 relaxin, a multipotent peptide hormone of the insulin superfamily, remarkably inhibited migration, apoptosis, and pyroptosis in endothelium and relieved diabetic nephropathy via P2X7R-NLRP3 inflammation in HRMECs.

The corneal endothelium is the deepest monolayer of the cornea and keeps the stroma dehydrated by pumping fluid from the cornea into the anterior chamber. Intraocular pro-inflammatory cytokines can activate the activation of caspase1 and GSDMD (127). Corneal confocal microscopy showed that the density of corneal ECs was abnormally decreased and increased, suggesting that ECs are atypical in patients with diabetes (128). Corneal endothelium of donors indicated that the levels of NLRP3, caspase1, and IL1β were remarkably increased in the corneal endothelium of diabetic donors. Expression of lncRNA KCNQ1 opposite strand/antisense transcript 1 (KCNQ1OT1), a participant in multiple (physio) pathological processes of diabetic complications wildly, is upregulated, and miR-214, a downstream target of KCNQ1OT1, is downregulated in HG treatment corneal ECs. Caspase1 was reported to be a target gene of miR-214 and decreased expression by miR-214 directly, and result in providing a pyroptotic process in diabetic corneal endothelial dysfunction. Moreover, a paper showed metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) stimulated pyroptosis by binding to miR-22 directly and inhibiting NLRP3 expression in EA.hy926 cells (129). A novel deep learning algorithm was used in corneal diseases to identify specific characteristics of the corneal sagittal plane, that may be helpful for diagnoses of corneal diseases (130).

Diabetic nephropathy (DN) also is a kind of diabetes complication. HG stimulated the caspase1-GSDMD-mediated pyroptotic pathway in glomerular endothelial cells (GECs) (131). Butyric acid, a short-chain fatty acid produced by the intestinal flora in the gut lumen, decreased the levels of GSDMD-N by suppressing caspase1-GSDMD pyroptotic process in HG conditions, thus providing GECs damage and inhibiting the releasing of pro-inflammatory factors (131). Butyric acid is a potential drug for endothelium dysfunction.



4.4 Stroke

Stroke is a kind of cerebrovascular disease that results from vascular rupture or blockage and the treatment of ischemic stroke according to the repair of blood flow in the ischemic zone. However, in some ischemic brain tissue, reperfusion may exacerbate injury or dysfunction and induce cerebral ischemia-reperfusion injury (CIRI). During CIRI, pro-inflammatory factors (for example oxygen free radicals); stimulate inflammatory cytokines, and increase the expression of adhesion molecules in leukocytes and vascular ECs, while neutrophils migrate and attach to microvascular ECs, resulting in neutrophils damage caused by aggression in ischemic tissue (132).

In experiments, oxygen-glucose deprivation (OGD) was used to mimic the condition of ischemia in cells. A paper showed bEnd.3 cells, a kind of mouse brain microvascular ECs, encourage the level of GSDMD-N at the membrane of bEnd.3 cells and produce pyroptosis-associated proteins under OGD condition, suggesting that the process of pyroptosis and inflammasome in brain microvascular ECs is happening in ischemic stroke (133). Furthermore, Mediresinol (MDN) activates PGC1α, promotes the interaction of PGC1α and PPARα in brain microvascular endothelial cells (BMECs), increases the expression of GOT1 and PAH, and ischemia-induced phenylalanine improves accumulation, thereby reducing mitochondrial ROS (mtROS). There are few studies on its pharmacological effects, and only the effect against Candida albicans infection has been reported (134). MDN is a potential drug for the treatment of blood-brain barrier (BBB) disruption and ischemic brain injury by inhibiting the pyroptosis of BMECs.

A paper used the OGD model or TNFα treated (mimic inflammation in reperfusion conditions) to show OGD-induced occludin degeneration and the lack of occludin could encourage BMECs death in both apoptotic and pyroptotic process during reoxygenation or TNFα treatment in cells (135). In this paper, OGD/reoxygenation (OGD/R) and TNFα activated pyroptosis in bEnd.3 cells and cleaved caspase1 and GSDMD-N expression significantly rose in OGD/R (or TNFα) treatment cells compared with normal cells, indicating the pyroptotic process of OGD (ischemia) and TNFα treatment EC in the stage of reoxygenation (reperfusion). Furthermore, overexpression of occludin inhibits both OGD/R and TNFα treated bEnd.3 cell pyroptosis indicates a potential occludin target in BBB disturbance in ischemic stroke.

Post-stroke cognitive impairment (PSCI) is a kind of long-term injury. A study used middle cerebral artery occlusion (MCAO)/1, 3, 7, 28 days reperfusion model to mimic PSCI (136). In this paper, hippocampus and cortex 1, 3, or 7 days after 45 min MCAO/reperfusion was measured by immunofluorescence staining and absent in melanoma 2 (AIM2), caspase1 and GSDMD were remarkably increased in the PSCI group, indicating pyroptosis happened. Furthermore, the immunofluorescence of AIM2 in PSCI mice was primarily co-localized with CD31 (EC marker) rather than NeuN (neuronal marker) and GFAP (astrocyte marker), indicating AIM2 production was generated in EC by PSCI pathogenesis. Moreover, AIM2 also mediated traumatic brain injury (TBI)-induced BMVECs pyroptosis (137).



4.5 Others

Hemorrhagic shock (HS) also could induce ECs pyroptosis in the lung. A study by Yang et al. showed the relationship between HS and ECs pyroptosis. They found that cold-inducible RNA-binding protein (CIRP), a protein of the cold shock protein family, promotes vascular damage and leads to pulmonary injury (138); Releasing of CIRP activates ECs pyroptosis by regulating adhesion molecules to promote intrusion of polymorphonuclear leukocytes and generate proinflammatory cytokines and ROS in hemorrhagic or septic shock conditions. CIRP also increased the level of NLRP3 inflammasome and promoted caspase1-mediated EC pyroptosis. Yang also reports another finding about the mechanism of EC pyroptosis induced by HS in the same year. In this paper, researchers listed two factors that induced caspase1 activation in ECs: HS stimulated the production of HMGB1 which assembled inflammasome and activated caspase1 via the RAGE pathway and induced the endocytosis of HMGB1 in ECs; otherwise, caspase1 was activated by LPS through TLR4-NLRP3 signaling pathway in ECs (139). Significantly, this study highlights the activated caspase1 in pyroptotic ECs in HS conditions. Lung transplantation is considered the only effective treatment for end-stage lung disease and there are numerous risk factors that can stimulate ischemia/reperfusion in the lung transplant (140). A study showed monocyte promote HPMEC pyroptosis in hypoxia/reoxygenation (H/R) conditions, the mechanism is both NLRP3 inflammasome and caspase1 are activated in monocytes, which stimulate IL1β secretion and bind to IL1R, leading to HPMECs pyroptosis through IL1R/NF-κB/NLRP3 signaling pathway (97).




5 Summary and perspectives

Many conditions can induce endothelium pyroptosis, and endothelium pyroptosis is a leading cause of organ injury, such as atherosclerosis, acute lung injury, diabetic retinopathy, and so on. The endothelium is not made up of just one fundamental EC but rather a large group of EC subtypes dissimilar in phenotype, function, and location. There is much less information about the mechanism by which this heterogeneity drives EC metabolism or how it is steered by EC metabolism in physiologically, and how different types of ECs respond to pathological conditions through the metabolic pathways according to their biosynthetic requirements. It is important for precision medicine.

Pyroptosis is an important potential target in diseases. Several compounds are pyroptotic inhibitors and being developed for pyroptosis-related diseases (25). In this review, we collected the potential targets of those compounds and pathogenic target of endothelial dysfunction by database. The shared regulatory networks of potential targets were recreated by Venny2.1 bioinformation tool and used in recreated PPI networks and KEGG and GO enrichment analyses. GO biological process suggested those compounds may have a role of inflammatory response in endothelial dysfunction (Figure 2). PPI networks and KEGG enrichment analysis showed those shared regulatory interactions belong to atherosclerosis, infectious and diabetes related pathway (Figures 1, 2). Overall, the compounds, such as Z-VAD-FMK, have great therapeutic potential for pyroptotic endothelial dysfunction in diseases.

In CVDs, atherosclerosis is the main disease in pyroptotic endothelial dysfunction. Clinically, patients are asked to quit smoking, exercise and maintain their weight, blood pressure and blood lipids through a controlled diet, and adherence to this advice is help for lower cardiovascular mortality (141, 142). OxLDL is a major method to induce pyroptosis in ECs. OxLDL is a kind of oxidation of natural LDL and the most critical factor in atherosclerosis. OxLDL can influence multiple proteins (or non-encoding RNAs) to regulate the NLRP3-caspase1 pathway and induce EC pyroptosis. Pyroptosis attack ECs according to ROS (or mtROS)-NLRP3-caspase1 pathway mostly. Therefore, most drug targets (such as melatonin, dihydromyricetin, etc.) are chosen by inhibited ROS (or mtROS) to reverse endothelial damage.

Sepsis, as a systemic inflammatory response to infection, is the leading cause of pyroptotic endothelial dysfunctions in infection. Mechanisms of organ failure and death in patients with sepsis are little known, and autopsy studies do not show widespread necrosis (143). Therefore, endothelial homeostasis may be key in revealing the mechanisms of sepsis-induced organ injury. LPS, a kind of endotoxin released from Gram-negative bacteria into blood, is a major factor to induce pyroptotic endothelial dysfunction in infections. LPS-induced pyroptotic endothelial dysfunction damages multiple organs, such as the lung, brain, liver, and kidney. Furthermore, the lung is the most vulnerable to LPS-induced organ injury, the reason may be pulmonary ECs are the most cell in the lung and initial exposure to LPS in blood. In clinical, supportive care (including rapid recognition of sepsis and delivery of effective antibiotics, resuscitation with fluid therapy in early septic shock, lung protective ventilation, more judicious use of fluid therapy once shock has resolved, better guidelines for blood product transfusion, and enhanced methods to reduce secondary nosocomial infections) should be given more attention to ensure organs conditions in septic patients (144).

Vasculitis is a group of inflammatory autoimmune diseases induced by genetics, infection, and abnormalities of the innate and acquired immune systems. Autoantibodies, especially antineutrophil cytoplasmic antibody (ANCA) and anti-endothelial cell antibody (AECA), play an important role in the pathogenesis of vasculitis. In clinical, ANCA and AECA is used as a marker for vasculitis measured by indirect immunofluorescence and ELISA. However, there is a notable leak of empirical research focusing specifically on the relationship between pyroptosis and ANCA, exploring those relationship may contribute to revealing the pathogenesis of vasculitis.

Endothelial dysfunction is a major complication occurring in diabetes and induces organs of patients with diabetes injury, such as DR, DN, etc. Clinically, diabetic patients with a disease duration of more than 10 years often have a combination of retinopathy, which is one of the main causes of blindness. HG conditions and AGEs promote pyroptosis in retinal and corneal endothelial dysfunctions via an NLRP3-caspase1-GSDMD pathway and result in blindness. HG also promotes GEC pyroptosis via a caspase1-GSDMD pathway, and this effect is inhibited by butyric acid. Another complication of diabetes is cardiac dysfunction, which is defined as a microvascular disease and contribution to heart failure, cardiac shock, and sudden death in diabetic patients. It is still unclear how diabetes influences cardiac dysfunction. Endothelial dysfunction may be a key risk factor. However, there is no study about pyroptotic endothelial dysfunction in diabetic cardiomyopathy, and much uncertainty still exists about the relationship between those. Revealing the role of pyroptotic ECs in diabetic cardiomyopathy may contribute to ascertaining the mechanism of diabetic cardiomyopathy.

Endothelial barriers comprise BBB at the inner coating and endothelial homeostasis is important for brain health. During cerebral ischemia, oxidative stress and immune-inflammatory response promote endothelial dysfunction. In clinical, the treatment of ischemic stroke depends on the restoration of blood flow in the ischemic area, so reperfusion injury is also an important mode of injury in stroke patients. The present studies reported that OGD, a method to mimic the condition of ischemia in cells, could induce brain endothelial cell pyroptosis via mtROS or caspase1-GSDMD pathway. In vivo, MCAO/reperfusion was used to mimic long-term brain injury and indicated that brain ECs could secrete AIM2 and promote the caspase1-GSDMD pathway in the PSCI brain.

We have reviewed recent work on pyroptotic ECs in multiple diseases and discussed the lack in present studies. We have also analyzed several compounds, which are reported to test the effect in pyroptosis-associated diseases, using network pharmacology and the analysis of the GO and KEGG showing those compounds have tremendous potential for regulated pyroptosis-related endothelial dysfunction in diseases. This review hopes to provide new insight into how classic and emerging risk factors promote pyroptotic endothelium and how to develop a therapeutic strategy for organ injury treatment through the regulation of EC pyroptosis.
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Osteoarthritis (OA) is a common orthopedic degenerative disease, leading to high disability in activities of daily living. There remains an urgent need to identify the underlying mechanisms and identify new therapeutic targets in OA diagnosis and treatment. Circular RNAs (circRNAs) play a role in the development of multiple diseases. Many studies have reported that circRNAs regulate microRNAs (miRNAs) through an endogenous competitive mechanism. However, it remains unclear if an interplay between circRNAs, miRNAs, and target genes plays a deeper regulatory role in OA. Four datasets were downloaded from the GEO database, and differentially expressed circRNAs (DECs), differentially expressed miRNAs (DEMs), and differentially expressed genes (DEGs) were identified. Functional annotation and pathway enrichment analysis of DEGs and DECs were carried out to determine the main associated mechanism in OA. A protein–protein network (PPI) was constructed to analyze the function of, and to screen out, hub DEGs in OA. Based on the artificial intelligence prediction of protein crystal structures of two hub DEGs, TOP2A and PLK1, digitoxin and oxytetracycline were found to have the strongest affinity, respectively, with molecular docking. Subsequently, overlapping DEMs and miRNAs targeted by DECs obtained target DEMs (DETMs). Intersection of DEGs and genes targeted by DEMs obtained target DEGs (DETGs). Thus, a circRNA–miRNA–mRNA regulatory network was constructed from 16 circRNAs, 32 miRNAs, and 97 mRNAs. Three hub DECs have the largest number of regulated miRNAs and were verified through in vitro experiments. In addition, the expression level of 16 DECs was validated by RT-PCR. In conclusion, we constructed a circRNA–miRNA–mRNA regulatory network in OA and three new hub DECs, hsa_circ_0027914, hsa_circ_0101125, and hsa_circ_0102564, were identified as novel biomarkers for OA.
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Highlights

	1. For the first time, a circRNA–miRNA–mRNA regulatory network, constructed from 16 DECs, 32DETMs, and 97 DETGs, was identified in OA chondrocytes.

	2. Three hub DECs, hsa_circ_0027914, hsa_circ_0101125, and hsa_circ_0102564, were identified as the hub DECs with the most regulated miRNAs in OA. In vitro validation experiments suggested the pro-apoptosis function of these three hub DECs and their potential to be novel biomarkers in OA.

	3. Digitoxin and oxytetracycline have the highest affinity for the target genes, TOP2A and PLK1, and thus were identified as potential drugs for OA therapy.





Introduction

Osteoarthritis (OA) is one of the most common long-term degenerative joint diseases, and the leading cause of disability in elderly people (1). Recent epidemiology studies have reported that the incidence rate of knee OA peaks around the age of 75 years, at 16% (2). The main pathophysiological changes of OA include articular cartilage wear and tear, subchondral bone destruction, and synovium inflammation (1). The pathogenesis of OA is multifactorial, and the molecular biological mechanism remains unclear. To date, few biomarkers of OA have been utilized to develop early diagnosis and treatment.

With deeper understanding of the cellular and molecular biology, the role of post-transcriptional modifications of non-coding RNAs (ncRNAs) in the regulation of messenger RNAs (mRNAs) has received increasing attention (3). Non-coding RNAs (ncRNAs) include microRNAs(miRNAs), circular RNAs (circRNAs), long-non-coding RNAs (lncRNAs), etc. Among these, the functions of miRNAs and circRNAs are the most widely studied owing to their paradoxical effect on mRNA regulation (4). miRNAs are single-stranded RNA molecules (about 18–25 nucleotides in length). At the post-transcriptional level, miRNAs can bind to complementary sites on the 3′-untranslated region (3′-UTR) of target genes to negatively regulate mRNA expression (5). circRNAs, in contrast, are competing endogenous RNAs (ceRNAs), characterized by a closed continuous loop structure lacking a 5′ cap and a poly(A) tail at the 3′ ends (4). The main function of circRNAs is to act as a molecular sponge. CircRNAs can target miRNA and inhibit miRNA transcription, thus enhancing expression of the target gene (6).

Recently, increasing evidence has shown that the interaction between miRNAs and circRNAs plays a vital role in the pathogenesis of many human diseases (7), especially osteoarthritis (OA) (8, 9). CircRNA and miRNAs are strongly related to extracellular matrix (ECM) metabolism and inflammation in OA. For instance, circCDK14 (hsa_circ_0001722) has a protective effect on the ECM and can sponge miR-125a-5p by restoring TGF-β/Smad2 pathways in OA (10). In addition, another circPDE4D protects against OA by binding to miR-103a-3p and targeting the fibroblast growth factor 18 (FGF18) gene (11). Both of these studies found that circRNA competes with miRNA. However, the particular miRNA and circRNA involved in in OA and their potential regulatory interplay remained unidentified.

As shown in Scheme 1, our study aimed to reveal the novel pathogenic mechanism of circRNAs in OA through bioinformatic analysis, and to identify new potential drug targets. Furthermore, the circRNA–miRNA–mRNA network and target gene–protein interaction network are shown, to illustrate the interplay of downstream mRNAs. We also aimed to validate the function of these pathogenic circRNAs through in vitro experiments.




Scheme 1 | The schematic workflow of this study.





Materials and methods


Data derivation

OA-related expression datasets for circRNA (GSE175959), miRNA (GSE79258), and mRNA (GSE114007 and GSE168505) were extracted from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). The characterization of these datasets is shown in Figure 1A. Owing to the batch nature of the GSE data, we integrated and normalized these data using R’s limma package.




Figure 1 | Volcano plots of (A) GSE175959; (B) GSE 79258; Heatmaps of (C) GSE114007; (D) GSE168505; Volcano plots of (E) GSE114007; (F) GSE168505. (G) Venn diagram of screening DEGs form mRNA expression profile.





Identification of DECs, DEMs, and DEGs

The pretreated datasets were further analyzed using the GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r/) for comparison between OA tissue and matched non-arthritic cartilage tissue. The screening thresholds of differentially expressed genes (DEGs), differentially expressed microRNAs (DEMs), and differentially expressed circular RNAs (DECs) were set as p-value < 0.05 and |log2-fold change (FC)| > 1. DEGs were divided into two subgroups: upregulated DEGs and downregulated DEGs. Volcano plots were used to visualize DEGs, DEMs, and DECs. Heatmaps were used to better demonstrate the expression profiles of DEGs, and they were created by TBtools software.



Construction of protein–protein interaction (PPI) network and identification of hub genes

A PPI network was constructed using the online STRING database (http://www.string-db.org/) and Cytoscape, as described previously (12). In addition, hub genes were obtained using molecular complex detection (MCODE) v1.5.1.16 (13) (degree of cut-off = 2, max. depth = 100, node score cut-off = 0.2, and k-core = 2).



Functional enrichment analysis of DEGs and DECs

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway functional enrichment analysis were performed in the Sangerbox database (http://sangerbox.com/Tool) to annotate DEGs and hub DEGs. In addition, functional annotation of hub DECs was carried out based on the analysis of target genes regulated by hub DECs. The enrichment results were visualized by ClueGO V2.5.1 (with a p-value < 0.05 and a gene count > 3).



Drug–gene network analysis

Target drugs of hub genes were further investigated using an online drug–gene interaction database (DGIdb, https://dgidb.genome.wustl.edu/). The drug–gene network was then constructed using Cytoscape.



Homology modeling and molecular docking

With the help of artificial intelligence (AI), protein structural biology has advanced significantly in recent years. AlphaFold v2.0 (https://alphafold.ebi.ac.uk/) was adopted to build the structure of TOP2A and PLK1 using in silico modeling as an AI prediction tool. The amino acid sequences of human TOP2A and PLK1 (accession number O15392 and P04818, respectively) were obtained from the UniProt-KB database (http://www.uniprot.org/). The local distance difference test (LDDT) score in the AlphaFold database was used for the evaluation of the stereochemical quality of these predictive models.

After analysis of protein structure, molecular docking helps to mimic the first rank orientation of small-molecule drugs to macromolecules to better understand drug–gene interaction by computational simulation. Related small molecules were obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov). AutoDockTools and PyMol were applied to hydrogenate or delete the crystallographic water and ligands of molecular structure. Molecular docking was performed by AutoDock Vina with default parameters. The geometric structures of selected drugs and candidate genes were then visualized. Docking affinity was also scored. PyMol was applied to analyze the optimal docking conformation.



Prediction of circRNA–miRNA and miRNA–mRNA interactions

CircRNA sponging target miRNAs was predicted by CircBank (http://www.circbank.cn/index.html) (14). The intersection of predicted target miRNAs and DEMs was then considered as differentially expressed target miRNAs (DETMs) for further miRNA–mRNA network construction. Subsequently, miRWalk3.0 (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk3/) was applied to predict target genes of DETMs. Then, differentially expressed target genes (DETGs) were obtained by taking the intersection of the predicted genes and DEGs. Eventually, circRNA–miRNA–target gene regulatory networks were visualized by Cytoscape. Among the DECs in the ceRNA network, we adopted the DECs with the largest number of regulated miRNAs as the top three ranking hub DECs.



Functional enrichment analysis of hub DECs

To further reveal the function of hub DECs, GO and KEGG pathways analysis of DETGs regulated by hub DECs was performed using ClueGO (https://apps.cytoscape.org/apps/cluego). An adjusted p-value of < 0.05 was considered to indicate significant enrichment.



Tissue samples collection

Five samples of human arthritic cartilage and five samples of human non-arthritic cartilage were collected from patients who had undergone knee arthroplasty surgery in Shanghai Jiao Tong University Affiliated Sixth People’s Hospital. All procedures were approved by the Ethics Committee of Shanghai Sixth People’s Hospital (No. 2019-134). All aspects of the study were performed in accordance with the Declaration of Helsinki. OA cartilage was harvested from the damaged area of arthritic cartilage layers, while undamaged cartilage harvested from non-arthritic cartilage acted as a control, as described in previous studies (15). All patients signed informed written consent forms. Tissue samples were frozen immediately in liquid nitrogen after isolation and kept frozen until use.



RNA extraction and RT-PCR validation

Total RNA was extracted from cartilage tissue using a total RNA extraction kit (Shabio, Shanghai, China) in accordance with the manufacturer’s protocols. For circRNAs, total RNA was then digested with RNase R (Epicenter, Madison, WI, USA) and reverse transcribed into cDNA using NovoScript II reverse transcriptase (Novoprotein, Suzhou, China). RT-PCR was carried out using AceQ Universal SYBR qPCR Master Mix (Vazyme Biotech, Nanjing, China) in an ABI PRISM® 7500 Sequence Detection System (Applied Biosystems Inc., Foster City, CA, USA). Replicate wells were set up for each sample. GAPDH was selected as the internal normalization control. Relative fold expression of circRNA was determined using the 2−ΔΔct method. Primer sequences were synthesized by Sangon Biotech (Shanghai, China). The remaining cDNA and total RNA were dissolved in RNA Follow All solution (New Cell Biotech, Suzhou, China) and placed in a freezer at –80°C.



Cell culture and in vitro OA model

Human C28/I2 chondrocytes were obtained from Immocell, China. The cells were obtained and cultured in DMEM/F12 medium containing 10% fetal bovine serum, 1% penicillin, and streptomycin (100 μg/ml). The cells were incubated at 37°C with 5% CO2. IL-1β, at a concentration of 10 ng/ml, was added to each group of cells to establish the in vitro OA model. Untreated cells were used as a control. siRNAs of hsa_circ_0027914, hsa_circ_0101125, and hsa_circ_0102564, made by GenePharma, were added to each well at a concentration of 50 nM and incubated for 24 hours.



TUNEL staining

Th apoptosis level of chondrocytes was detected by using terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) kits in accordance with the manufacturer’s protocol as previously described (16). Specially, the pretreated cell smears were fixed with 4% paraformaldehyde for 30 minutes and incubated with 20 μg/ml proteinase K for 10 minutes. Subsequently, cells were incubated with equilibration buffer solution for 30 minutes and freshly prepared TUNEL staining solution for 1 hour, avoiding exposure to light. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 5 minutes. Randomly selected fields were captured under a fluorescence microscope (Leica, Germany).



CCK-8 assay

The CCK-8 test was applied to detect the proliferation effect on chondrocytes treated with siRNA from the three hub DECs. Chondrocytes were seeded at a density of 5 × 103 cells per well in 96-well plates for 3 consecutive days of testing. CCK-8 solution (10 μl per well) was added to each well and the plates incubated for 3 hours at 37°C following the manufacturer’s protocols. Absorbance was examined at 460 nm using a microplate reader (Thermo Fisher Scientific). All three trials were repeated three times to meet statistical requirements.



Enzyme-linked immunosorbent assay

Cells were seeded at a density 1 × 106 cells per well in six-well plates to detect the secretion levels of IL-6 and TNF-α. IL-1β and siRNAs from the three hub DECs were intervened when chondrocytes reached a confluence of 80%. Cell supernatant was harvested from each well and an ELISA kit was used to measure the concentrations of IL-6 and TNF-α following the manufacturer’s protocol as in a previous study (11). The absorbance was examined at 450 nm using a microplate reader (Thermo Fisher Scientific). Triplicate experiments were used to obtain the mean value.



Statistical analysis

Statistical analysis was performed using SPSS 16.0 software. Data are shown as means ± SDs. Statistical differences between two groups were compared using the independent-samples t-test. The threshold of statistical difference was set at a p-value < 0.05.




Results

Bioinformatics, being a convenient, high-throughput, and predictably accurate tool, is increasingly used by researchers, especially in the study of degenerative diseases such as OA. Gene networks have been widely used to screen pathogenic genes, to identify clinical biomarkers, to elucidate epigenetic regulatory mechanisms, and to identify potential new drug targets for future experimental verification (17). In this study, novel pathogenic circRNAs and their regulation of microRNAs and genes were identified as playing a role in OA pathogenesis. Drugs targeting these genes were screened to identify those with the greatest affinity for these genes.


Identification of DEGs, DEMs, and DECs

Based on the above-mentioned threshold, differentially expressed genes and microRNAs were selected from four GEO datasets, as shown in Table 1. Before screening DEGs in OA, the two independent expression datasets of mRNA processed on different platforms were normalized. The features of four GEO datasets are exhibited as a three-line watch in Table 1. In total, 2,886 DEGs, 2,261 DEGs, 76 DEMs, and 43 DECs were identified in GSE114007, GSE168505, GSE79258, and GSE175959. Volcano plots of GSE17959 (Figure 1A) and GSE79258 (Figure 1B) show the overall upregulated and downregulated DECs, and DEMs in arthritic cartilage and non-arthritic cartilage. Heatmaps (Figures 1C, D) and volcano plots (Figures 1E, F) of GSE114007 and GSE168505 show the distribution of upregulated and downregulated DEGs. The differentially expressed p-values of hub genes in GSE114007 and GSE168505 databases are listed in Table 2. A Venn diagram (Figure 1G) of the mRNA datasets overlapping GSE114007 and GSE168505 shows a total of 441 candidate DEGs. A total of 4,265 DEGs with opposite expression trends in these two datasets were excluded. After removing inconsistent expression in both datasets, the remaining 427 DEGs, comprising 367 upregulated DEGS and 60 downregulated DEGs, were considered candidate DEGs.


Table 1 | Characterization of the four datasets from the GEO database.




Table 2 | Differentially expressed p-values of hub genes in the GSE114007 and GSE168505 databases.





Construction of a PPI network and identification of hub genes

The interactions between candidate DEGs were determined by constructing a PPI network using the STRING tool. The results were visualized using Cytoscape, as shown in Figure 2. The PPI network was composed of 339 nodes (genes) and 2,854 edges (interactions). Furthermore, hub DEGs were identified by MCODE. As shown in Figure 2, the highest-rated module comprised 56 nodes (genes) and 1,452 edges (interactions). Interestingly, the hub DEGs were all upregulated genes.




Figure 2 | PPI network and module analysis. (A) The 339 DEGs in the PPI network. (B) Hub DEGs identified by module analysis using MCODE.





Enrichment analysis of DEGs and hub genes

To investigate the biological function and pathways of DEGs, KEGG and GO analyses were carried out on the 427 DEGs. The results of KEGG and GO analyses of hub genes and the related p-values are provided in Supplementary Material 2. Figures 3A–C demonstrates the mainly enriched functional annotations from three aspects: the biological process (BP), the cellular components (CCs), and the molecular functions (MFs). From the perspective of the BP, DEGs were mainly enriched during the mitotic cell cycle, cell division, and macrophage activation. From the perspective of CCs, DEGs were mainly involved in the chromosome centromeric region, the kinetochore, and the collagen-containing ECM. From the perspective of MFs, DEGs were mainly focused on protein kinase activity, tubulin binding, oxidoreductase activity, and ECM structural constituents. In addition, the KEGG analysis in Figure 3D shows that DEGs mainly participated in Fc𝛾 R-mediated phagocytosis, arachidonic acid metabolism, the mTOR pathway, and p53 pathways. In the case of the hub DEGs shown in Figures 4A–D, the BP items enriched were the mitotic cell cycle and cell cycle process; the CC items enriched were microtubule skeleton modulation and supramolecular complexes; and MF items enriched were cytoskeletal protein binding and protein kinase activity. KEGG results were involved in the p53 signaling pathway and ECM–receptor interaction.




Figure 3 | GO annotation and KEGG analysis of DEGs. (A) BP aspect; (B) CC aspect; (C) MF aspect; and (D) KEGG analysis.






Figure 4 | GO annotation and KEGG analysis of hub DEGs. (A) BP aspects; (B) CC aspects; (C) MF aspects; and (D) KEGG analysis.





Drug–gene networks

To obtain target drugs for hub DEGs, drug–gene interactions were collected from the DGIdb database; 86 potential drugs for OA were identified. The results were visualized using Cytoscape, as shown in Figure 5. However, the underlying mechanism of drug–gene interaction could not be determined.




Figure 5 | Drug–hub DEGs interplay network. Yellow circles, potential target drugs; red circles, upregulated DEGs.





Molecular docking

To further investigate the molecular mechanism of drug–gene interaction, molecular docking was performed to identify the drugs with the most potential. The crystal structure of human TOP2A and PLK1 was predicted by AlphaFold v2.0. The LDDT score showed a benign stereochemical property of the predicted structures. The affinity score of AutoDock Vina was applied to evaluate the merits of docking. The scores of the potential drugs for hub DEGs are shown in Figure 6. The results indicate that digitoxin has the strongest binding affinity for TOP2A (0.0–0.0 kcal/mol, |interval score|) and oxytetracycline for PLK1 (0.0–0.0 kcal/mol, |interval score|). The perfect conformation showed that digitoxin interacts with residues of TOP2A (Arg672 and Arg727) through hydrogen bonds. Similar results were observed in the case of oxytetracycline, which interacts with residues of PLK1 (Ser137 and Gly180). Thus, through drug screening, digitoxin and oxytetracycline were found to have potential therapeutic effect in OA.




Figure 6 | Homology modeling and molecular docking results. The crystal structure and evaluation of (A) TOP2A and (B) PLK1. The best docking positions (C) between digitoxin and TOP2A or (D) between oxytetracycline and PLK1 are indicated. The absolute value of affinity between predicated small molecules and (E) TOP2A or (F) PLK1 was exhibited.





Construction of the circRNA–miRNA–mRNA regulatory network

CircBank was applied to predict target miRNA of DECs. A total of 76 miRNA genes predicted by circRNAs intersected with 992 DEMs. The 32 overlapping miRNAs were identified as DETMs. miRWalk 3.0 was applied to predict target genes of miRNAs. In our study, a total of 4,674 genes predicted by DETMs intersected with 427 DEGs. The 97 overlapping genes were identified as DETGs for further analysis. We then integrated the circRNA–miRNA network and the miRNA–mRNA network and used Cytoscape to construct an entire regulatory circRNA–miRNA–mRNA network, as shown in Figure 7.




Figure 7 | Construction of the circRNA–miRNA–mRNA regulatory network. (A) Venn diagram of the intersection of DEMs and predicted target genes. (B) The intersection of DECs and predicted target miRNAs. (C) The circRNA–miRNA–mRNA regulatory network. Orange arrows, DECs; blue ellipses, DETMs; purple circles, DETGs. Function annotation and KEGG analysis of hub DECs. (D) BP aspects; (E) CC aspects; (F) MF aspects; and (G) KEGG pathways.





Identification of hub DECs

Based on the established circRNA–miRNA–mRNA regulatory network, three hub DECs were selected based on the top three regulated target miRNAs. These three hub DECs were hsa_circ_0027914, hsa_circ_0101125, and hsa_circ_0102564.



Functional enrichment analysis of hub DECs

Functional annotation of GO analysis and pathway enrichment of KEGG analysis were carried out to further explore the function of hub DECs, as illustrated in Figure 7. Three hub DECs were enriched in regulation of G2/M transition of the mitotic cell cycle, axon guidance, bone mineralization, and insulin metabolism, in BP terms; cyclin-dependent protein kinase holoenzyme complex, chromosome passenger complex, and lysosomal lumen, in CC terms; and scaffold protein binding, tyrosine protein kinase binding, and phospholipase activator activity, in MF terms. In addition, hub DECs were found to be involved in the Wnt and Hippo signaling pathway, arachidonic acid metabolism, and Staphylococcus infection, based on KEGG analysis.



Validation of DECs with RT-PCR

To validate DECs expression in OA, RT-PCR was carried out on OA cartilage and non-arthritic cartilage (n = 5). Most of the results were consistent with our analysis. Eleven DECs were upregulated to a statistically significant degree. In the case of four other DECs, differences were not statistically significant. Furthermore, hsa_circ_0102400 was downregulated in our experiments, as shown in Figure 8. All three hub DECs were, as predicted, markedly upregulated in OA cartilage compared with non-arthritic cartilage.




Figure 8 | Validation of the expression of 16 DECs using RT-PCR. The relative expression levels of hsa_circ_00009, hsa_circ_0102566, hsa_circ_0027914, hsa_circ_0101125, hsa_circ_0102565, hsa_circ_0102564, hsa_circ_0104561, hsa_circ_0082680, hsa_circ_0002643, hsa_circ_0000787, and hsa_circ_0048766 were upregulated in OA cartilage, while the expression levels of hsa_circ_0103080, hsa_circ_0075320, hsa_circ_0001101, and hsa_circ_0103886 were not statistically significantly different. The relative expression level of hsa_circ_0102400 was obviously downregulated. Statistical difference: ***p < 0.001; **p < 0.01; *p < 0.05; ns, p > 0.05.





In vitro verification of functions of hub DECs

In vitro IL-1β-mediated OA chondrocyte models were established to verify the intervention of these three hub DECs through siRNAs. SiRNA interference efficiency has been verified, as shown in Figure S1. TUNEL staining (Figures 9A, B) showed a statistically significant difference in the extent to which apoptosis of chondrocytes was reduced by siRNAs in different hub DECs. ELISA of IL-6 (Figure 9C) and TNF-α (Figure 9D) demonstrated the inhibition of inflammatory cytokine secretion with silencing intervention of these three DECs. The CCK-8 test demonstrated that proliferation of IL-1β-treated chondrocytes was restored by silencing these three hub DECs for 1, 2, and 3 days (Figure 9E). Our preliminary results indicated that silencing of hsa_circ_0027914 in the three hub DECs had the desired effect of reducing IL-1β-mediated apoptosis of OA chondrocytes.




Figure 9 | Verification of the function of the three hub DECs in an in vitro IL-1β-mediated OA chondrocyte model. Representative figures of TUNEL staining (B) and quantitative analysis (A) demonstrated the alleviation of apoptosis chondrocytes in siRNAs from three hub DECs. ELISA of IL-6 (C) and TNF-α (D) demonstrated the inhibition of inflammatory cytokine secretion with silencing intervention of these three DECs. (E) The CCK-8 test demonstrated that proliferation of IL-1β-treated chondrocytes was restored by silencing these three hub DECs on 1, 2, or 3 days. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns, p > 0.05.






Discussion

Osteoarthritis is the most common degenerative orthopedic disease, and the prevalence of osteoarthritis increases with age in all joints of the body. In contrast to other diseases, OA is not associated with a high mortality rate, but it is a chronic, progressive disease that adversely affects patients’ quality of life. However, a lack of understanding of the biological mechanisms underlying the disease etiology and of existing therapeutic strategies for preventing or treating cartilage destruction or for reconstructing the subchondral bone are limited. Symptom-only medications are often rejected by patients for fear of long-term dependence. Therefore, OA drug treatment cannot be limited to symptom relief, and should instead focus on new drug targets based on the latest results of genetic research, which indicates that screening of hub ncRNAs and mRNAs associated with OA is urgently needed. The identification of previously undiscovered ncRNAs would enable the occurrence and development of OA to be recognized at an earlier clinical stage than at present. The prevention of OA or its early diagnosis would improve the prognosis of patients and reduce the need for surgery. Yet, to our knowledge, there have been no reports establishing circRNA–miRNA–mRNA regulatory networks in OA. We have revealed, for the first time, internal interactions among circRNAs, miRNAs, and mRNAs and we revisit OA therapy from a novel angle.

We screened out 427 DEGs by overlapping two mRNA datasets. The results of enrichment analysis of DEGs were closely related to mitotic cell cycle, cell division, and macrophage activation, all of which are closely associated with the pathogenesis of OA, including cartilage and subchondral destruction and synovial inflammation. KEGG results also indicated that DEGs are mainly associated with cell proliferation, apoptosis, and ECM structural constituent. In addition, many ECM structural protein genes, such as COL24A1 and COL3A1, were found in DEGs, which is consistent with widespread destruction of cartilage (18).

To screen out the hub DEGs, 56 hub DEGs were all upregulated as shown in the PPI network. Although most of these hub DEGs were not directly associated with OA, these data are also consistent with the pathological changes in OA. From the perspective of bone and cartilage changes, CDC20 and TOP2A, which are related to cancer cell proliferation and progression, were recently suggested to play a role in rat bone marrow stem cell osteogenesis and chondrogenesis (19). In chondrocytes, upregulation of CDC20 and TOP2A might be an indication of insufficient compensatory cartilage and bone regeneration capacity in response to the destruction of cartilage and subchondral bone. Furthermore, MCM10, a highly conserved pre-replication complex, was recently reported to be a modulator of DNA replication timing (20), suggesting that it plays a potential regulatory role in chondrocyte survival in OA at a deeper genetic level. In addition, another important aspect of OA is the synovial change (21). IL-1RN is one of the cytokines implicated in OA at the inflammation level (22). It has been reported that the IL-1–IL-17 signaling axis induces cartilage destruction and OA development by enhancing the expression of catabolic factors (23). More importantly, IL-1RN polymorphism has an interesting clinical use. The TTG haplotype of IL-1RN is associated with radiographically more severe OA and an increased risk for incident OA (24). In addition, CD53, a molecule vital to lymphocyte trafficking and immunity (25), has been found to play an essential role in OA progression (26). Hence, most of the results of the microarray analysis were in accordance with previous studies and provided supportive evidence for further analysis.

Although many oral pain relief medications, such as non-steroidal anti-inflammatory drugs (NSAIDs), are widely used in the early treatment of OA, they can only treat symptoms owing to the lack of a well-defined target and are always associated with side-effects (for instance, gastrointestinal bleeding in the case of NSAIDs). If oral drugs are ineffective, the injection of prednisone or anesthetic drugs or joint replacement surgery is necessary to relieve patient suffering. Therefore, target drugs for OA urgently need to be developed to avoid progression of degeneration of the joint. Based on our predicted hub DEGs, 86 drugs approved by the Food and Drug Administration of the USA (FDA) were discovered through DGIdb database. Given the top three ranking of target drugs for hub DEGs, TOP2A, PLK1, and BIRC5, computational molecular docking was applied to identify the best candidates. As shown in previous studies, irinotecan has the strongest binding to BIRC5 through hydrogen bond formation (12). In this study, digitoxin and oxytetracycline were found to have the greatest binding affinity for TOP2A and PLK1, respectively. Digitoxin is a cardiac glycoside used in the treatment of congestive heart failure. Cardiac glycosides, such as frugoside, possess interesting anti-inflammatory potential, and can delay OA progression through inhibition of synovial inflammation (27). Oxytetracycline, in contrast, is a tetracycline antibiotic effective against Gram-positive bacteria. Oxytetracycline has already been identified as a chondrogenic compound and a potential OA treatment drug, stimulating cartilage regeneration, as described in a previous study (28). These two drugs are commonly used in clinical practice, and results of the molecular docking experiments might prove to be of medical relevance for the treatment of OA. We expect that our results could provide more insights into OA and potential therapeutic targets.

Over the last few decades, the function of circRNAs has become one of the most discussed issues, and circRNAs have been investigated as novel biomarkers of multiple diseases. Accumulated evidence indicates that circRNAs function as a sponge for the miRNAs involved in post-transcriptional regulation in OA (29). A recent study investigated the circRNA profiles in the osteoarthritic synovium and found that the hsa_circ_0072697–hsa_miR-6736–5p-LEP/ULK1 axis plays a role in cell senescence regulation (30). In our study, we constructed a network of 16 DECs, regulated miRNAs, and target mRNAs. hsa_circ_0027914, hsa_circ_0101125, and hsa_circ_0102564 were identified as hub DECs based on the number of miRNAs regulated. Functional annotation analysis of hub DECs indicated that DECs are involved in regulation of mitotic cell cycle, axon guidance, bone mineralization, protein kinase binding, etc. The axon guidance suggested the nerve-regulated potential of bone metastasis, which is consistent with previous studies indicating that prostaglandin (PG) E2-mediated sensory nerve regulation has a role in bone homeostasis (31). Pathway enrichment analysis revealed the involvement of the Wnt and Hippo signaling pathways and arachidonic acid metabolism in OA pathogenesis. Interestingly, a previous study found that the arachidonic acid metabolite prostaglandin D2 (PGD2) regulates polo-like kinase 1 (PLK1) and mediates chondrocyte apoptosis (32), which is in accordance with our results. Other processes, including bone mineralization and insulin metabolism, have also been closely linked with pathological symptoms in OA, such as the destruction of cartilage and subchondral bone.

Among the 16 DECs, a role has been elucidated only for hsa_circ_0000787, which has been detected in the peripheral blood of patients with type 1 diabetes mellitus (33) and systemic lupus erythematosus (34). However, there have been no studies on its functions or its role in OA. OA pathogenesis of fibrosis circRNA-related studies have been performed on circ_0000423. High levels of expression of circ_0000423 in OA regulate miRNA-27b-3p, and increased levels of the chondrocyte hypertrophy marker MMP-13 have been detected in OA cartilage. Application of AAV-shRNA-circ_0000423 slows the progression of OA by decreasing joint surface fibrosis and osteophyte formation (35). In addition, circHIPK3 (circBase 000284), derived from mesenchymal stem cells, regulates miR-124-3p and MYH9 to prevent chondrocyte apoptosis and hypertrophy in the IL-1β-induced osteoarthritis model (36).

Owing to a lack of experimental studies, we can only speculate on the functions of our novel DECs, based on the functions of the miRNAs or mRNAs they regulate.

hsa_circ_0027914, one of the hub DECs, regulated the greatest number of miRNAs, including hsa-miR-140-3p, hsa-miR-766-5p, hsa-miR-1260b, hsa-miR-516b-5p, hsa-miR-4443, hsa-miR-4739, and hsa-miR-3202. Of these, hsa-miR-140-3p and hsa-miR-766-5p (37) have been reported to participate in the mechanism of OA. MiR-140, the expression of which is especially low in OA cartilage (38), has been recently considered as a promising therapeutic strategy in OA (39). The underlying mechanism might be due to target genes of miR-140, including ADAMTS5 (40), MMP13 (41), CXCR4 (42), IGFBP5 (43), etc. These target genes are essential regulating genes in cartilage homeostasis, including cartilage degradation and inflammation and cellular fibrosis and hypertrophy in OA (9). Nevertheless, target DEGs in our study mainly focus on cell apoptosis and proliferation. Hence, hsa_circ_0027914 might down-regulate miR-140-3p through a competitive endogenous mechanism and lead to upregulation of DEGs in OA. A recent study has also reported that another circRNA (i.e., hsa_circ_0104595) can sponge miR-140-3p, then target EZH2 (enhancer of zeste homolog 2) to induce apoptosis of chondrocytes in OA (44). Furthermore, when the effect of si-circ-0027914 in reducing apoptosis is taken into consideration, there are reasons to believe that hsa_circ_0027914 plays a vital role in regulating multiple miRNAs and the progression of OA.

Another hub DEC, hsa_circ_0101125, regulated fewer miRNAs, including hsa-miR-3202, hsa-miR-4516, hsa-miR-1275, and hsa-miR-4476. However, the functions of hsa-miR-3202, hsa-miR-4516, and hsa-miR-4476 in OA have not been investigated. According to previous studies in other fields, miR-3202 can promote endothelial cell apoptosis through FAIM (45); miR-4516 inhibits liver cancer cell proliferation and progression through SOX5 (46); miR-4476 could promote glioma progression through APC/β-catenin in the Wnt pathway (47). From the perspective of regulated DEGs, CCND1 was one of DEGs regulated by miR-3202, according to our analysis. Considering the analogous results of CCND1 regulated by miR-142-5p in chondrocytes, our results suggest that miR-3202/CCND1 may also participate in chondrocyte autophagy and proliferation in OA (48). Hence, in combination with the regulatory role of miR-1275/MMP13 in chondrogenesis (49), it is reasonable to infer that hsa_circ_0101125 might regulate chondrocyte proliferation, migration, and chondrogenesis in OA.

The other hub DEC, hsa_circ_0102564, regulated four miRNAs: hsa-miR-766-5p, hsa-miR-765, hsa-miR-30c-1-3p, and hsa-miR-4716-3p. Owing to the intricated regulated network, miR-766 was also regulated by hsa_circ_0027914, as discussed above. MiR-30c has also recently been considered as a suppressor of bone gamma-carboxyglutamate protein (BGLAP) in osteogenesis (50). Target DEGs of miR-30c in our analysis were mostly related to the anti-apoptosis of abnormal tumor cells, including MAP3K9 in lung cancer (46), ST6GALNAC5 in prostate cancer (51), CSRNP3 in clear renal cell carcinoma (52), ZNF703 in breast tumors (53), and CLSPN in brain tumors (54). Thus, upregulation of hsa_circ_0102564 might help reveal the downstream mechanism involved in the abnormal maturation and proliferation of chondrocytes in OA.

In addition to speculating on the biological functions of hub DECs and related DETMs, we found that the role of several other miRNAs in OA pathogenesis is correlated with cell proliferation, migration, and ECM synthesis. For instance, miR-23a-3p, regulated by hsa_circ_0000911, has been found to be an essential regulator of SMAD3/TGF-β in cartilage senescence in OA (55, 56). miR-659-5p, which is regulated by hsa_circ_0000911, despite a lack of osteoarthritis-related studies so far, is an emerging target of the MAPK pathway in breast cancer (57). miR-133b, a cell proliferation regulator, has also been shown to be associated with carcinogenesis (58). The expression of both miR-140-3p and miR-627-5p has been shown to be significantly different in rheumatoid arthritis patients and control subjects, and it is thought that they are mainly involved in the cell proliferation process (59).

To investigate the competing endogenous effect between circRNA and miRNA, a circRNA–miRNA–mRNA regulatory network was established and 16 DECs and 32 DETMs were verified to be coregulators of 97 DETGs. Owing to the complex regulatory mechanism of circRNAs and miRNAs, the complicated network provided a novel insight into the competing endogenous RNA interplay between circRNAs and miRNAs. The three hub DECs could also be potential candidate biomarkers in OA treatment.

RT-PCR was performed to validate expression level of DECs in osteoarthritic cartilages. In comparison with non-arthritic cartilage, expression levels of 11 circRNAs were upregulated and the expression of circRNA was downregulated, as predicted in our analysis. No statistically significant differences in the expression levels of four circRNAs were found. Other in vitro studies involving TUNEL staining, the CCK-8 test, and ELISA of IL-6 and TNF-α have demonstrated a decrease in apoptosis following treatment with siRNA from these three circRNAs. CCK-8 showed that IL-1β-treated chondrocyte proliferation was increased by the intervention of hub DECs, especially the group of hsa_circ_0027914. ELISA results have also verified that inflammatory cytokines, including IL-6 and TNF-α, are reduced by the intervention of hub DECs.

Of course, there are inevitably some limitations in our research. Although we performed in vitro and in vivo experiments, the small sample size of the circRNA and miRNA datasets remains the main limitation of this study. Moreover, the function of downstream target genes and the predicted drugs were not investigated in this study. Thorough verification of the whole regulatory network should be the subject of future studies. Furthermore, because our biomarker was derived from cartilage, its diagnostic efficiency or related survival analysis could not be completed because of the lack of a worldwide comprehensive database. In addition, functional annotation and pathway enrichment analysis were conducted based on a tumor-related database, and thus our results are not necessarily applicable to OA-related mechanisms and processes. Thus, further studies will shed more light on the functional validation experiments and clinical translational research will be necessary to verify our results. Interaction between circRNA and miRNA is one of the potential biological underlying mechanisms. Whether other ncRNAs, such as lncRNA, also play an important role in OA remains worthy of discussion. We expect to discover more ncRNAs or ncRNAs diagnostic portfolio with high diagnostic efficiency to enhance the accuracy of early screening and improve patients’ prognosis.



Conclusion

This is the first study to identify important biomarkers of circRNAs in OA. In addition, we shed light on the regulatory functions and potential molecular mechanisms of the circRNA–miRNA–mRNA network in OA pathogenesis.
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   Background

Adiponectin (APN) is an endogenous adipokine secreted from adipocytes that exerts anti-inflammatory properties. AdipoAI is an orally active adiponectin receptor agonist identified by our group that can emulate APN's anti-inflammatory properties through mechanisms that are not fully understood. LncRNAs, a type of noncoding RNA more than 200 bp in length, have been demonstrated to have abundant biological functions, including in anti-inflammatory responses.


 Materials and Result

In the current study, we performed a lncRNA microarray in LPS-induced Raw264.7 cells that were prestimulated with AdipoAI and screened 110 DElncRNAs and 190 DEmRNAs. Enrichment analyses were conducted on total mRNAs and DEmRNAs, including GSVA, ssGSEA, GO/KEGG, GSEA, and PPI analysis. Among all these processes, endocytosis was significantly enriched. A coexpression analysis was built based on DElncRNAs and DEmRNAs. Then, using TargetScan and miRwalk to predict related microRNAs of DElncRNAs and DEmRNAs, respectively, we established competing endogenous RNA (ceRNA) networks including 54 mRNAs from 8 GO items. Furthermore, 33 m6A methylation-related marker genes were obtained from a previous study and used for the construction of an m6A-related lncRNA network by coexpression analysis. We identified FTO as the hub gene of the network and 14 lncRNAs that interacted with it. The expression levels of 10 lncRNAs selected from ceRNA and FTO-related lncRNA networks were validated with qRT‒PCR. Finally, macrophage phenotype scores showed that AdipoAI could attenuate the M2b and M2c polarization of macrophages and correlate with the above lncRNAs.


 Conclusion

Our work reveals that lncRNAs might be involved in the anti-inflammation process of AdipoAI in LPS-induced macrophages through the ceRNA network and the epigenetic regulation of m6A. Mechanistically, these lncRNAs associated with AdipoAI might be related to endocytosis and polarization in macrophages and provide new candidates for the anti-inflammatory application of APN and its receptor agonist.




 Keywords: AdipoAI, m6A related-lncRNA, ceRNA, lipopolysaccharide, anti-inflammation, adiponectin 

  1. Introduction.

Inflammation is an adaptive response triggered by noxious substances and tipped balances, such as infections and injuries (1). Thus, it contributes to two-phase responses, including defending against invading pathogens and provoking pathological processes (2). LPS, a potent inducer of inflammation, contributes to the occurrence of the inflammatory response by activating macrophages and inducing a series of substances, including proinflammatory cytokines and vasoactive mediators (3). Emerging evidence has emphasized that uncontrolled production of proinflammatory cytokines may affect homeostasis and lead to serious consequences, such as septic shock (4). That is, precise tuning of pro- and anti-inflammatory mediators is pivotal for inner homeostasis maintenance.

Adiponectin (APN), an endogenous secretory protein produced by white adipose tissue (5), stimulates downstream signals and is involved in various physical functions, such as improving energy utilization and insulin sensitivity (6). Additionally, APN has been reported to have profound anti-inflammatory effects in numerous diseases, such as type 2 diabetes and periodontitis (7). Specifically, studies indicate that macrophages are the primary target of APN in the anti-inflammation process since it can modulate macrophage functions and inhibit the activation of TLR4 (8–10). However, the requirement of a high dosage of intravenous injection for a constant period as well as the technology scarcity to produce APN proteins on a large scale and with sufficiently high quality act as obstacles for putting APN into clinical practice (11). To address this scarcity, AdipoRon, the first adiponectin receptor agonist, was designed by the University of Tokyo and serves as an orally active small molecule with antidiabetic properties (12). Inspired by it, our previous study also designed a potent adiponectin receptor agonist named AdipoAI, which was proven to inhibit the LPS-induced inflammatory response in macrophages by moderating the interaction between APPL1 and the MyD88 protein (13). As a structural analogue of AdipoRon, AdipoAI showed similar characteristics of orally active acetamide small molecule compound. Interestingly, we found that AdipoAI exerted an approximately eightfold greater than AdipoRon to inhibit the gene expression of inflammatory cytokines in macrophages.

Recently, as sequencing technology has continued to evolve, an upsurge of research on noncoding RNA has appeared in various fields. LncRNAs are collectively classified as noncoding RNAs >200 nucleotides in length (14) and have been shown to play essential roles in multiple physiological activities and pathological processes, including cell differentiation, tissue organ development, and cancer metastasis (15–19). Moreover, numerous reports have shown that lncRNAs involved in such signaling pathways, including NF-kB, MAPK or TLR-related pathways, participate in regulating the inflammatory response of macrophages (20). Attention should be given to competing endogenous RNA (ceRNA) and N6-methyladenosine (m6A) methylation owing to the ceRNA network uncovering the links between mRNAs and ncRNAs (21), while m6A RNA modification serves as a major regulator for RNAs, elucidating the relationship between m6A-related RNA and others (22). Overall, ceRNA and m6A networks are regarded as an important step in discovering the molecular mechanism of lncRNAs in inflammatory homeostasis. Thus, exploring the role of lncRNAs in inflammatory homeostasis could provide novel mechanistic ideas regarding their cointeractions with other molecules.

In the current study, we aimed to further investigate whether lncRNAs contribute to the anti-inflammatory effect of AdipoAI or APN in LPS-induced macrophages. Therefore, we conducted a lncRNA microarray in LPS-induced Raw264.7 cells pretreated with AdipoAI and performed a series of bioinformatics analyses to explore the potential signaling pathways and underlying mechanisms involved in ceRNA- and m6A-related lncRNA networks. Finally, we identified and validated ten ceRNA- and m6A-related lncRNAs, which may provide new therapeutic targets for the anti-inflammatory effects of APN and its receptor agonist.


 2. Materials and methods.

 2.1. LncRNA microarray resources and process.

Raw264.7 cells were stimulated with AdipoAI for 24 h followed by incubation with 100 ng/ml LPS (E. coli 0111: B4, Sigma‒Aldrich, St. Louis, MO, USA) for an additional 6 h. Detailed information of the four groups is shown in the figure legends. Total RNA was extracted from cells, and 5 μg of total RNA from each sample was sent to Arraystar Inc. (Rockville, MD, USA) for microarray analysis. Image processing and data extraction and analysis were also performed by Arraystar Inc. Using their established protocols. Total data from 12 samples were divided into four groups: DMSO, LPS, AdipoAI and LPS+AdipoAI. Then, raw signal intensities were normalized using the quantile method provided by GeneSpring GX v12.1, while low-intensity mRNAs and lncRNAs were filtered. Multiple probes corresponding to the same gene were screened and selected randomly to remove duplications. Then, box plots were constructed by factoextra, and the FactoMineR R package was applied for principal component analysis (PCA) to assess data quality.


 2.2. Gene set variation analysis and macrophage phenotype ssGSEA.

Gene set variation analysis (GSVA) is a method that estimates the variation in pathway activity over a sample population in an unsupervised manner (23). Enriched pathways of total mRNAs extracted from 12 samples were analyzed by the GSVA R package, while “c2.cp.v7.5.1.symbols.gmt” was used as the molecular signatures’ dataset. Subsequently, GSVA scores were displayed by heatmap using the pheatmap R package, and a score matrix was formed. According to the matrix and the threshold of P value<0.05 and |log2 FC (fold change) |≥1.5, the R package limma was used to select differentially expressed pathways among three pairs of samples: DMSO vs. LPS, LPS vs. LPS+AdipoAI, and DMSO vs. AdipoAI. The EnhancedVolcano R package was used for visualization. Furthermore, common pathways among the 3 pairs were identified through a Venn plot created by the EnhancedVolcano R package, and the GSVA scores of each common pathway were shown by a heatmap generated using the pheatmap R package.

To discover the role of AdipoAI in the regulation of macrophage polarization, a gene set, including a series of macrophage phenotype markers, was obtained from a previous study (24) and is displayed in  Table 1 . After that, the GSVA R package was applied to the gene set for single-sample gene set enrichment analysis (ssGSEA) and normalization, and the scores were revealed by heatmap using the pheatmap R package.

 Table 1 | Macrophage phenotype-related genes. 




 2.3. Differential expression analysis.

Limma is an R software package that provides differential expression analysis for microarray and high-throughput PCR data (25). DEmRNAs and DElncRNAs with a P value<0.05 and |log2 FC (fold change) |≥1.5 as thresholds were selected by the limma package from three pairs of RNA data from total samples: DMSO vs. LPS, LPS vs. LPS+AdipoAI, and DMSO vs. AdipoAI. Furthermore, specific groups of DEmRNAs and DElncRNAs were screened out for investigation of AdipoAI-related potential pathways: upregulated in DMSO vs. LPS while downregulated in both LPS vs. LPS+AdipoAI and DMSO vs. AdipoAI; and downregulated in DMSO vs. LPS while upregulated in both LPS vs. LPS+AdipoAI and DMSO vs. AdipoAI. For visualization, the EnhancedVolcano R package was used to create volcano plots for the three pairs mentioned in the limma analysis. Second, disparities of different subgroups were shown in UpSet plots through the UpSetR R package, and the expression levels of selected DERNAs were revealed by circular heatmap by constructing the circlize R package.


 2.4. Bioinformatics for DEmRNAs.

  Functional enrichment and pathway analysis:  Using the ClusterProfiler package and choosing an adjusted P value < 0.05 as the cut-off value and molecular function (MF) as the annotation, we performed GO analysis to DEmRNAs selected as two groups: upregulated in DMSO vs. LPS while downregulated in both LPS+AdipoAI and DMSO vs. AdipoAI; and downregulated in DMSO vs. LPS while upregulated in both LPS+AdipoAI and DMSO vs. AdipoAI. Meanwhile, KEGG analysis was performed on the DEmRNAs, and the cut-off value was set as an adjusted P value < 0.5. Finally, the results are shown in bubble diagrams created by the clusterprofile R package, and a chord diagram was plotted to show mRNAs in each pathway using the circlize R package at the same time.

  Gene set enrichment analysis:  Gene set enrichment analysis (GSEA) is a type of analytical method for interpreting gene expression data and revealing biological pathways in common among microarray datasets (26). Using c2.cp.reactome.v7.5.1. symbols and c2.cp.kegg.v7.5.1.symbols gene sets as the background and GSEA_4.2.1 software as a tool, GSEA was performed on DEmRNAs that were divided into 3 pairs: DMSO vs. LPS; DMSO vs. AdipoAI; and LPS vs. LPS+AdipoAI.

  Construction of the Protein‒Protein Interaction (PPI) Network:  To explore the interactions of mRNAs and inner biological mechanisms, a PPI network including 190 selected DEmRNAs was constructed by using the string database (https://cn.string-db.org/) as the background and confidence > 0.7 as the cut-off value.


 2.5. Coexpression analysis for DEmRNAs-DElncRNAs and construction of the ceRNA network.

First, to reveal the interactions between DElncRNAs and DEmRNAs, coexpression analysis was performed by the psych R package. Relevance > 0.97 and p value < 0.001 were set as the thresholds, and the ggcorrplot R package was used for visualization. Second, Cytoscape 3.9.0 was used to build the coexpression network, which was screened by Cytoscape 3.9.0 for hub genes. Since hub genes are critical in regulating networks, we chose the network with the maximum number of hubs for enrichment analyses. Thus, Gluego and GO/KEGG analyses were performed by Cytoscape 3.9.0 and Metascape (https://metascape.org/gp/index.html#/main/step1), respectively. Third, DEmRNAs and DElncRNAs in each enriched pathway were summarized for miRNA-bound DEmRNAs or DElncRNAs. TargetScan 7.2 (https://www.targetscan.org/mmu_72/) was used to predict miRNA-bound DElncRNAs, and MirWalk (http://mirwalk.umm.uni-heidelberg.de/search_genes/) was used to predict miRNA-bound DEmRNAs. Fourth, the identified coexpressed competing triplets were used to build a DEmRNA-miRNA-DElncRNA network, which was visualized by Cytoscape 3.9.0.


 2.6. Construction of m6A-related DElncRNA networks based on coexpression analysis.

To explore the relationship between m6A methylation and AdipoAI functions, m6A-related DElncRNA networks were established. First, according to previous publications (27–29), a total of 33 m6A mRNA methylation regulators (ALKBH3, ALKBH5, CBLL1, CPSF6, FMR1NB, FTO, HNRNPA2B1, IGF2BP1, IGF2BP3, IGFBP3, LRPPRC, METTL14, METTL16, METTL3, NUDT21, NXF1, PCIF1, PRRC2A, RBM15, RBM15B, RBMX, SRSF10, SRSF3, TRMT112, WTAP, XRN1, YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3, ZC3H13, and ZCCHC4) were obtained and used for coexpression analysis with 110 DElncRNAs. We set the threshold as p value < 0.01 and relevance > 0.95, used the psych R package as a tool and created heatmaps by the ggcorrplot package for visualization. DElncRNAs and m6A regulator mRNAs that had interaction relationships were screened out for subsequent coexpression analysis with DEmRNAs based on Spearman analysis. Third, the m6A-related DElncRNA network was built based on DEmRNA-DElncRNA and DEmRNA-m6A regulator mRNA two-tuples by Cytoscape 3.9.0. Radar plots were used to display the expression of the m6A regulator FTO by the ggradar and ggplot2 R packages. Finally, all mRNAs from the network were summarized for GO/KEGG analysis by Metascape.


 2.7. Validation.

We selected 5 lncRNAs from the m6A-related network based on connectivity and 5 lncRNAs from 8 GO items enriched in ceRNA networks. First, a boxplot was used to reveal the expression levels of selected lncRNAs from four subgroups by the pheatmap and ggplot2 R packages. Then, the vegan package was used for the mantle order test, which is detailed in the following processes.

Total cellular RNA was extracted using a Quick-RNA Miniprep Kit (ZYMO Research, Irvine, CA, USA), and total RNA from mouse tissues was prepared with TRIzol (Life Technologies) according to the manufacturer’s instructions followed by reverse transcription and real-time quantitative polymerase chain reaction (qRT‒PCR) assays, as we described previously (L. Zhang et al., 2014). One microgram of total RNA was used for reverse transcription using M-MLV Reverse Transcriptase (Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s protocol and was detected using PowerUp SYBR Green Master Mix (Thermo Scientific) on a Bio-Rad iQ5 thermal cycler (Bio-Rad Laboratories, Hercules, CA, USA). Differences in expression were evaluated by the comparative cycle threshold method using GAPDH or β-actin as a control. The primer sequences chosen for the qRT‒PCR experiments are listed in  Table 2 . Finally, Prism 8.0.2 was used to reveal the selected lncRNA expression levels by bar chart.

 Table 2 | Primer sequences chosen for the qRT‒PCR experiments. 




 2.8. Statistical analysis.

The qRT-PCR data were processed with GraphPad Prism software version 8.0.1 (San Diego, CA, USA) and the mean ± standard deviation (mean ± SD) is presented for the quantitative data. Data involving more than two groups were assessed by one-way analysis of variance (ANOVA) and the level of significance was set at P-value < 0.05. The statistical analyses of microarray were performed using R software (Version 4.1.2, httpswww.r-project.org/).



 3. Results.

 3.1. LncRNA microarray.

  Figure 1  displays a schematic of the workflow of the current study. Total RNA of cells in 12 samples was extracted for microarray analysis and divided into four groups. After normalization, we obtained 16553 lncRNAs and 13342 mRNAs. Box plots and principal component analysis (PCA) results displayed excellent data quality in  Supplementary Figure 1 .

 

Figure 1 | Study flow chart. 




 3.2. GSVA analysis and macrophage phenotype ssGSEA.

GSVA was performed on mRNAs from 12 samples, and 928 related pathways were enriched, while a heatmap revealed the scores in  Supplementary Figure 2 . The limma R package was used to identify differentially expressed pathways in the three groups, and the results are shown in  Supplementary Figure 3 . After that, intersection pathways among these groups were selected and are shown in  Figure 2A . Six pathways were identified as the intersection of the three groups, and their GSVA scores are shown in  Figure 2B . Furthermore, to explore the changes in macrophage phenotypes in each group, ssGSEA was conducted and found that AdipoAI could effectively reduce the LPS-induced phenotypic changes of macrophages from the M2b type to the M2c type ( Figure 2C ).

 

Figure 2 | GSVA, macrophage phenotype ssGSEA and differential analysis. (A) Venn plot of pathways between three groups: DMSO vs. LPS, DMSO vs. AdipoAI and LPS vs. AdipoAI+LPS in GSVA. (B) Heatmap of GSVA scores in 12 samples. (C) Heatmap of macrophage phenotype ssGSEA scores in 12 samples. (D) Volcano plot for the mRNA differential analysis results. (E) Volcano plot for the lncRNA differential analysis results. (F, G) UpSet plots for the differentially expressed genes of (F) DEmRNAs or (G) DElncRNAs. 




 3.3. Identification of 190 DEmRNAs and 110 DElncRNAs.

To discover the molecular mechanism of the AdipoAI-related anti-inflammatory effect, the limma package was used to identify DEmRNAs and DElncRNAs related to AdipoAI. A volcano plot (  Figures 2D, E  ) was used to show the results between the 3 subgroups. Upset plots created by UpSetR R package are shown in  Figures 2F, G  to describe the intersecting lncRNAs and mRNAs between different groups. Fifty-five DElncRNAs and 68 DEmRNAs were identified as the first group that were upregulated in DMSO vs. LPS but downregulated in both LPS vs. LPS+AdipoAI and DMSO vs. AdipoAI. Simultaneously, 55 DElncRNAs and 122 DEmRNAs were identified as the second group, which was downregulated in DMSO vs. LPS but upregulated in both LPS vs. LPS+AdipoAI and DMSO vs. AdipoAI. Ultimately, 110 DElncRNAs and 190 DEmRNAs were identified and selected for subsequent processes. In addition, a circular heatmap created by the circlize R package (  Figures 3A, B  ) was used to show the expression levels of 110 DElncRNAs and 190 DEmRNAs in 12 samples.

 

Figure 3 | Identification and selection of 190 DEmRNAs/110 DElncRNAs and enrichment analysis of the two groups of DEmRNAs. (A, B) Circular heatmaps show the common differentially expressed genes among the three groups (LPS vs. DMSO, AdipoAI vs. DMSO and AdipoAI+LPS vs. LPS). (A) DElncRNAs. (B) DEmRNAs. (C) Molecular function enrichment analysis of 122 DEmRNAs (DMSO vs. LPS↓, DMSO vs. AdipoAI↑ and LPS vs. LPS+AdipoAI↑). (D) KEGG for 122 DEmRNAs. (E) Molecular function enrichment analysis of 68 DEmRNAs (DMSO vs. LPS↑, DMSO vs. AdipoAI↓ and LPS vs. LPS+AdipoAI↓). (F): KEGG for 68 DEmRNAs. (G–J) Bubble diagrams showing mRNAs involved in molecular function enrichment analysis and KEGG. (G) 122 DEmRNAs in molecular function enrichment analysis. (H) 122 DEmRNAs in KEGG. (I) 68 DEmRNAs in molecular function enrichment analysis. (J) 68 DEmRNAs in KEGG. 




 3.4 Bioinformatics analysis of 190 DEmRNAs

  Enrichment analysis of DEmRNAs:  Bubble diagrams (  Figures 3C–F  ) revealed the results of GO/KEGG analysis of DEmRNAs in each selected group. A p value < 0.5 was set as the threshold of KEGG, and a p value < 0.05 was set as the threshold for GO analysis. A total of 4 GO terms and top 10 KEGG pathways were enriched in the first group, while 4 GO terms and top 10 KEGG pathways were enriched in the second group. A chord diagram was plotted to show the mRNAs in each pathway (  Figures 3G–J  ).

  GSEA for the selection of potential AdipoAI-related pathways:  The function of AdipoAI was inferred from the functions of DEmRNAs selected previously; thus, GSEA was performed on 190 DEmRNAs. Against the background of the KEGG database, both LPS vs. LPS+AdipoAI and DMSO vs. AdipoAI enriched a similar pathway when AdipoAI was added: ENDOCYTOSIS. In addition, based on the Reactome database, 2 similar pathways were enriched upon addition of LPS alone in both DMSO vs. LPS and LPS vs. LPS+AdipoAI: REACTOME_SIGNALING_BY_GPCR. Moreover,  Figure 4A  displays enrichment plots for each enriched pathway screened out by GSEA.

 

Figure 4 | GSEA and PPI network for 190 DEmRNAs. (A) Gene set enrichment analysis of 190 DEmRNAs. (B) PPI network with 53 nodes and 53 edges of 190 DEmRNAs. 



  Construction of the PPI network:   Figure 4B  shows the PPI network built by the STRING online database with 53 nodes and 53 edges. Diagrams were downloaded from the STRING website.


 3.5. Construction of the ceRNA network with hub codes.

Coexpression results between DElncRNAs and DEmRNAs were visualized by heatmap (  Supplementary Figure 4  ).  Figure 5A  shows the coexpression network built by 190 DEmRNAs and 110 DElncRNAs with relevance > 0.97 and P value < 0.001. The cytoHubba results are shown in  Figure 5B . We chose the network with the most hub nodes, which contained 58 mRNAs and 42 lncRNAs ( Figure 5A  with Red Frame). Fifty-eight mRNAs were screened by Gluego analysis and are displayed in  Figure 5C . After that, GO/KEGG analysis was performed using Metascape, and 8 GO terms were identified, as shown in  Figure 5D . MiRwalk and TargetScan were used to reverse-predict miRNA-bound DEmRNAs and miRNA-bound DElncRNAs, respectively. Therefore, based on the DEmRNA-miRNA-DElncRNA axis in each GO term, ceRNA networks for each term were separately built by Cytoscape and are shown in  Figures 6A–H .

 

Figure 5 | Coexpression analysis for DElncRNAs-DEmRNAs. (A) The coexpression network of DElncRNAs-DEmRNAs and the largest network with the most hub nodes in the red frame were selected (lncRNA: red; mRNA: green). (B) Hub nodes in all networks. (C) Gluego for 58 mRNAs in the largest network. (D) GO analysis for 58 mRNAs in the largest network. 



 

Figure 6 | Construction of the ceRNA networks. DEmRNA-miRNA-DElncRNA networks of (A) positive regulation of defense response, (B) cellular response to interferon-gamma, (C) positive regulation of inflammatory response, (D) response to virus, (E) antigen processing and presentation, (F) metabolism of amino acids and derivatives, (G) regulation of cytokine production, and (H) receptor-mediated endocytosis. (Blue Ball: miRNA; Red Triangle: lncRNA; Yellow Square: mRNA). 




 3.6. Identification of m6A-related DElncRNAs and construction of an m6A-related DElncRNA network.

Thirty-three m6A-related mRNAs were retrieved from a previous study, used to perform a coexpression analysis (Spearman) with 110 previously selected DElncRNAs and visualized by heatmap ( Supplementary Figure 5 ). Then, two m6A-related RNAs and 16 DElncRNAs were screened out, and a heatmap is shown in  Supplementary Figure 6 . To further confirm the relationship between m6A methylation and AdipoAI-related DERNAs, Spearman analysis of coexpression was performed between 190 DEmRNAs with 2 m6A-related RNAs and 16 DElncRNAs selected previously. Then, the m6A-related mRNA FTO with 24 associated DEmRNAs and 16 DElncRNAs with 47 associated DEmRNAs was screened out ( Supplementary Figures 7 ,  8 ). Afterwards, we selected the intersection of these results and obtained 14 DElncRNAs, 22 DEmRNAs and the m6A-related mRNA FTO. Based on their inner interactions, the m6A-related DElncRNA network was established and visualized by Cytoscape ( Figure 7A ). Furthermore, the expression level of the central mRNA FTO was detected, and the radiogram is displayed in  Figure 7B . GO analysis was performed on 22 DEmRNAs and resulted in two identified GO terms, as shown in  Figure 7C . Finally, a coexpression heatmap was created to verify the results based on 14 DElncRNAs, 22 DEmRNAs and FTO, as shown in  Figure 7D .

 

Figure 7 | Construction of m6A regulator lncRNA‒mRNA networks. (A) FTO (M6A regulator)-lncRNA‒mRNA network. (Blue Ball: m6A regulator; Red Triangle: lncRNA; Yellow Square: mRNA). (B) FTO expression levels in 12 samples. (C) GO analysis for mRNAs in the network. (D) Coexpression validation for FTO, mRNAs and lncRNAs in networks. 




 3.7. qRT‒PCR validation of 10 DElncRNAs.

To further confirm the functions of the 10 AdipoAI-regulated DElncRNAs selected from the ceRNA and m6A-related DElncRNA networks, a box plot was created to reveal their expression levels among 12 samples, as shown in  Figures 8A, B . The results of the mantle order test suggested that most lncRNAs in the ceRNA and m6A networks were related to M2b and M1 macrophage phenotypes ( Figures 8C, D ). qRT‒PCR was used to verify the results shown in  Figure 8E . Both data validation and qRT‒PCR results showed that these selected DElncRNAs were regulated by AdipoAI.

 

Figure 8 | Microarray and qRT‒PCR validation. (A) Box plot for the expression of 5 lncRNAs selected in ceRNA networks. (B) Box plot for the expression of 5 lncRNAs selected in the m6A-regulated lncRNA‒mRNA networks. (C, D) Mantle order test of lncRNAs selected from the ceRNA- and m6A-related DElncRNA networks. (C) ceRNA networks, (D) m6A-related DElncRNA networks. (E) qRT‒PCR validation for 10 lncRNAs (n=3). ns: no significant, * P <0.05, ** P <0.01, *** P <0.001. 





 4. Discussion.

Although emerging evidence has shown that APN and its receptor agonists feature anti-inflammatory effects (7, 13), the precise molecular mechanisms remain unclear, especially the functions of lncRNAs. Thus, the current research aimed to provide mechanistic insight into the role played by lncRNAs in the AdipoAI-related anti-inflammatory effect, which attenuated LPS-induced inflammation in macrophages. More importantly, m6A methylation and ceRNA interactions were set as the entry points for further discovering how lncRNAs work in anti-inflammatory effects and macrophage polarization. Transcriptome sequencing and a series of bioinformatic analyses were conducted to elucidate these mechanisms at the high-throughput level.

Initially, enrichment analysis was conducted through GSVA, and the results indicated that AdipoAI inhibited the signal transduction of cytokines in the immune system and the activation of Toll-like receptor signaling pathways, especially signals associated with MYD88. LPS has been proven to affect inflammatory progression and the immune response by inducing cells through TLR4. Notably, TLR4-triggered signal transduction relies on the adaptor proteins myeloid differentiation marker 88 (MyD88) and adaptor-inducing IFNβ (TRIF), which mediate MyD88- and TRIF-dependent signaling pathways while simultaneously containing the Toll-interleukin-1 (IL-1) receptor (TIR) domain (30, 31). According to the enrichment analysis, AdipoR1/APPL1 stably interacted with MyD88. This complex inhibited the activation of the NF-kB, MAPK, and c-Maf pathways and restricted the LPS-induced production of proinflammatory cytokines in macrophages. A previous study was found and was consistent with our results, which strongly supported the reliability of our findings (7).

Differentially expressed lncRNAs and mRNAs were identified among 12 samples, and 110 DElncRNAs and 190 DEmRNAs were screened out and divided into two groups. Since the mechanism of AdipoAI-related anti-inflammatory effects relies on the proteins and RNAs affected by AdipoAI, GO/KEGG analysis was performed for pathway enrichment. Then, GO terms of antioxidant activity, serine and endopeptidase and KEGG pathways, including FoxO signaling and Toll-like receptor signaling, were identified. Notably, antioxidants play essential roles in the regulation of the immune response and inflammation restriction (32), and serine is necessary for LPS-induced expression of IL-1β in macrophages (33). Additionally, the FoxO signaling pathway also regulates innate immune cells (34). Hence, with various enriched pathways closely interacting with the immune response, AdipoAI was proven to be involved in anti-inflammatory mechanisms, particularly in macrophages.

To further clarify the function of AdipoAI on enriched pathways, GSEA was performed on 190 DEmRNAs. Surprisingly, pathways related to cytokines and the innate immune response were inhibited, while the endocytosis pathway was activated. It has been suggested that the extracellular domain of TLR4 is indispensable for LPS-induced endocytosis (35), and TLR4-related endocytosis is necessary for the signal generation, receptor degradation and signal termination of TRIF-dependent proinflammatory factors (36, 37). Affecting the endocytosis of AdipoR1 may stimulate the phosphorylation of AMPK and ACC, which is mediated by APN and hormones (38, 39). Consequently, endocytosis may contribute to the signaling regulation of APN. In addition, GSEA and other results showed that AdipoAI had a significant correlation with endocytosis; that is, it might serve as the core pathway of AdipoAI-related anti-inflammatory effects.

Recently, a significant moderating role of large-scale biomechanisms has necessitated the investigation of ncRNAs in different fields. lncRNAs and miRNAs are the main constituents of ncRNAs and participate in various biological processes, such as immune responses, by moderating immune-related genes (40, 41). Among them, lncRNAs were identified as transcripts more than 200 nucleotides in length without protein-coding potential (41, 42). In 2011, the ceRNA hypothesis was proposed based on coexpressed competing triplets built by lncRNAs, miRNAs and mRNAs. This suggests a novel theory that lncRNAs and mRNAs compete for binding with one interacting miRNA, thus regulating each other (43) and affecting the miRNA-related negative regulation of gene expression. In previous investigations related to the ceRNA theory and anti-inflammatory effects, lncRNAs have been shown to play an essential role. For example, lncRNAs have been reported to regulate p38 mitogen-activated protein kinase and the nuclear factor-kb signaling pathway through the linc00707/mir-223-5p axis in LPS-induced mrc-5 cells (44). Additionally, lncRNA SNHG16 can upregulate TLR4 through and moderate the miR-15a/16 cluster through the ceRNA network to affect LPS-induced inflammatory pathways (45).

Making use of this theory, we constructed a ceRNA network to further study the mechanistic role played by lncRNAs in AdipoAI-regulated anti-inflammation. Then, a coexpression network was built, and the largest cluster was selected for enrichment analysis, in which 8 terms were identified: positive regulation of defense response, positive regulation of inflammatory response, cellular response to interferon-γ, antigen processing and presentation, regulation of cytokine production, metabolism of amino acids and derivatives and receptor-mediated endocytosis. Among them, a group of items, including regulation of cytokine production, antigen processing and presentation, cellular response to interferon-γ, and receptor-mediated endocytosis, were speculated to be the potential key pathways of AdipoAI-related anti-inflammatory effects since they were reported to be associated with the immune response of macrophages. Given that interferon-γ can activate macrophages and their sensitivities to TLR-induced cellular death (46), these pathways may contribute to the molecular mechanism of AdipoAI-related anti-inflammatory effects. Using TargetScan and mirWalk, we predicted and formed lncRNA‒miRNA-mRNA triplets and built ceRNA networks based on triplets in each enriched GO item from the coexpression analysis. Finally, networks were constructed and provided new insight into the mechanistic theory for the role played by lncRNAs in AdipoAI-related anti-inflammatory effects based on the ceRNA theory. Furthermore, 5 lncRNAs from networks were selected as potential therapeutic targets for inflammation since they were discovered to participate in the anti-inflammatory effect caused by APN receptor agonists.

As noted by a recent publication (47), which studied the association between m6A methylation and LPS-induced inflammation in macrophages, the key enzyme for m6A methylation, METTL3, is closely associated with the immune response and inflammatory regulation. Moreover, the expression and biological activity of METTL3 could be enhanced by LPS, while overexpression may significantly reduce the severity of LPS-induced inflammation in macrophages. METTL3 influences these processes through the NF-kB pathway (47). Accordingly, we hypothesized that m6A methylation may contribute to the function of lncRNAs in AdipoAI-related anti-inflammatory effects. Twenty-three mRNAs related to methylation were obtained (27, 28) from recent publications and used for coexpression analyses. A network with the central mRNA FTO was built based on the coexpression relationships among DElncRNAs, DEmRNAs and m6A regulators, revealing the interaction between AdipoAI and m6A methylation. FTO is reported to positively correlate with the expression of APN (48), and the reduction in FTO can inhibit the NLRP3 inflammasome through the FoxO1/NF-kB signaling pathway in macrophages (49). Hence, AdipoAI may regulate the m6A methylation regulator FTO to influence related RNAs, thus affecting immune-related pathways and resulting in an anti-inflammatory effect. Obviously, FTO provides a theoretical basis for the interaction between m6A methylation and anti-inflammatory effects.

Furthermore, as demonstrated by enrichment analysis of mRNAs in m6A networks, these m6A-related mRNAs can suppress the secretion of cytokines. Thus, we speculated that AdipoAI might regulate the secretion of cytokines through the coexpression network. Among the network, lncRNA Peg13 regulates the Wnt/β-catenin pathway through the mir-490-3p/psmd11 axis (50) and attenuates the toxicity of sevoflurane to neural stem cells through the absorption of mir-128-3p while protecting the expression of SOX13 (51). At the same time, Peg13 can also alleviate hypoxic-ischaemic brain injury in neonatal mice via the mir-20a-5p/XIAP axis (52). In other studies, knockdown of the m6A-binding protein ythdf2 increased the expression levels of map2k4 and map4k4 mRNA by stabilizing mRNA transcripts. Similarly, the YTHDF2 protein can activate the MAPK and NF-kB signaling pathways and exacerbate the inflammatory reaction in LPS-induced primary Raw264.7 cells to promote the expression of proinflammatory cytokines (53). Other research (54) proved that LPS treatment promoted Socs1 m6A methylation and sustained SOCS1 induction by promoting FTO degradation. Interestingly, their purpose was to simulate the phenotype of METTL14-deficient macrophages by forcing FTO expression in macrophages, while the results are consistent with ours, strongly proving the reliability of our analyses. As a consequence, we discovered that Socs1 inhibited signal transduction, while AdipoAI suppressed cytokine secretion by affecting related genes; thus, AdipoAI played a role in anti-inflammation by inhibiting the degradation of FTO.

To illuminate how AdipoAI works to influence macrophage phenotypes, ssGSEA was used to reveal scores of different phenotypes in each group of DEmRNAs. The results suggested that AdipoAI could reduce the LPS-induced phenotypic change from the M2b to the M2c type. A previous study (24) showed that the M2b type is associated with tumor progression, immune regulation and the Th2-related response. The M2c type is related to phagocytosis of apoptotic bodies, tissue remodeling and immune suppression (24). In accordance with these publications, AdipoAI may play a key role in macrophage phenotypic changes. The mantle order test suggested that the following genes were related to the M1 and M2b macrophage phenotypes: CTSC, MS4A6B, NUPR1, PEG13, AK054221, AK138558, GM20632, and AK08567. Thus, these genes are critical in both macrophage polarization and AdipoAI-related anti-inflammatory effects.

Notably, all of the sequencing data we extracted were from mice, which may lead to certain limitations. More specific analyses and in vivo experiments are necessary for further elucidation of the mechanisms of these newly identified lncRNAs.

In summary, we screened lncRNAs as candidate regulators of the anti-inflammatory mechanism of AdipoAI. Moreover, we identified specific lncRNAs from these processes based on m6A-related DElncRNAs and ceRNA networks, providing a novel reference for the subsequent exploration of the molecular mechanism of AdipoAI-related anti-inflammatory effects.
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 Supplementary Figure 1 | Quality control for lncRNA microarray. (A) PCA of lncRNA expression profiles. (B) PCA of mRNA expression profiles. (C) Boxplot of lncRNAs. (D) Boxplot of mRNAs. 

 Supplementary Figure 2 | Pheatmap for 928 pathway GSVA scores. 

 Supplementary Figure 3 | Volcano plot for differential pathways in the 4 groups. (A) Differential pathways: DMSO vs. AdipoAI. (B) Differential pathways: DMSO vs. LPS. (C) Differential pathways: LPS vs. AdipoAI+LPS. 

 Supplementary Figure 4 | Coexpression between DEmRNAs and DElncRNAs. 

 Supplementary Figure 5 | Coexpression between 33 m6A-related mRNAs and 110 DElncRNAs. 

 Supplementary Figure 6 | Coexpression between 2 m6A-related mRNAs and 16 lncRNAs. 

 Supplementary Figure 7 | Coexpression between 2 m6A-related mRNAs and 190 DEmRNAs. 

 Supplementary Figure 8 | Coexpression between 16 lncRNAs and 190 DEmRNAs. 
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Hepatocytes, the major parenchymal cells in the liver, are responsible for a variety of cellular functions including carbohydrate, lipid and protein metabolism, detoxification and immune cell activation to maintain liver homeotasis. Recent studies show hepatocytes play a pivotal role in liver inflammation. After receiving liver insults and inflammatory signals, hepatocytes may undergo organelle damage, and further respond by releasing mediators and expressing molecules that can act in the microenvironment as well as initiate a robust inflammatory response. In this review, we summarize how the hepatic organelle damage link to liver inflammation and introduce numerous hepatocyte-derived pro-inflammatory factors in response to chronic liver injury.
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1 Introduction

Chronic liver disease is characterized by hepatocyte injury and inflammation that lead to the development of cirrhosis and liver cancer, accounting for approximately 2 million deaths every year worldwide (1). Multiple etiologies include chronic HBV and HCV infection, nonalcoholic steatohepatitis (NASH), alcoholic liver disease, and autoimmune liver disease cause the global burden of liver disease. Hepatocytes comprise the majority (~85%) of the liver mass, and play a role in various biochemical and metabolic functions (2). Traditional concepts viewed hepatocytes as targets of immune or insults mediated injury, resulting in hepatocyte death which identified as a typical pathological feature in liver disease. However, recent studies have emphasized a role for hepatocyte as active drivers in liver inflammation and fibrosis through intercellular communication (3). Organelle damage, including mitochondria, lysosome, endoplasmic reticulum may determine the severity of hepatocyte injury (4). It is widely accepted that sterile hepatocyte death leads to the release of damage-associated molecular patterns (DAMPs), which are recognized by the innate immune system through pattern recognition receptors, and exaggerate inflammatory response in liver (5). What’s more, stressed hepatocytes engage in liver inflammation as well, for they can change their phenotype, make an adaptation to the microenvironment and alter their surrounding cell populations (2). Substantial evidence show that hepatocytes constitutively produce and secrete a variety of mediators that play important roles in immune regulation and fibrosis (6, 7). In this review, we will provide current literature investigating the adaptive and maladaptive alterations of hepatocytes during the initiation of liver injury, and how the stressed hepatocytes interact with the surrounding cells to trigger a proinflammatory microenvironment in chronic liver disease.



2 Endoplasmic reticulum stress in hepatocytes links to liver inflammation

Endoplasmic reticulum (ER) is the major site of secretory and transmembrane protein folding, calcium homeostasis and lipid synthesis. Upon the accumulation of misfolded proteins in the ER, unfolded protein response (UPR) is activated by three ER-transmembrane sensors, namely PKR like ER kinase (PERK), activating transcription factor 6 (ATF6), and inositol requiring enzyme 1 (IRE1), coordinately through downstream factors including X-box binding protein 1 (XBP1), α-subunit of eukaryotic initiation factor 2 (eIF2α), C/EBP homologous protein (CHOP), activating Transcription Factor 4 (ATF4), to resolve the protein folding defect (8). Sustained or massive ER stress leads to hepatocyte steatosis and apoptosis (9) (
Figure 1
).





Figure 1 | 
Role of ER stress in liver inflammation. Multiple stimuli lead to the activation of UPR response in hepatocyte. The three ER transmembrane sensors, PERK, IRE1 and ATF6, coordinately through downstream signaling cascades to resolve the protein folding defect and promote cell survival. If the adaptive UPR is overwhelmed by sustained or massive ER stress, it leads to hepatocyte steatosis and death. Meanwhile, ER stress may trigger NFκB and JNKs activation, resulting in release of proinflammatory cytokines. On the other hand, ER stress can induce CHOP-dependent NLRP3 inflammasome activation in hepatocytes. Besides, activation of IRE1A in hepatocytes promotes the release of inflammatory extracellular vesicles (EVs), thereby accummulating immune cells infiltration.






ER stress is observed in many chronic liver diseases. Chronic ER stress plays a causative role in NAFLD progression by promoting lipogenesis, disturbing mitochondrial function and modulating insulin signaling (10). ER stress markers are shown to decline in livers of obese patients following weight loss after bariatric surgery (11). It has confirmed that impaired autophagic flux is associated with increased ER stress in livers from patients with biopsy-proven NASH during the development of NAFLD (12). Various HBV and HCV proteins localize inside the ER lumen and are undergo envelopment. HBV infection can cause ER stress, which enhance HBV viral replication by initiating autophagy (13). Moreover, chronic HCV infection induce ER stress and the minimal expression of UPR target genes, which confers hepatocytes adaptation and resistance to liver injury (14–16). Hepatic PHLDA3 regulates ER stress-induced hepatocyte death through Akt inhibition in HCV hepatitis (17). Besides, it is reported that interferon regulatory factor 3 (IRF3) is activated by ER stress and induce hepatocyte apoptosis in early alcoholic liver disease (18).

Under chronic ER stress, UPR is linked to the activation of several inflammatory response pathways including NFκB, JNK, ROS, IL-6, TNF-α (8, 19). Activated IRE1α induces JNKs activation, and subsequent implicates in cell pro-inflammatory and pro-apoptotic pathways. Knockdown of JNK1 gene protects mice from the development of obesity and insulin resistance (20). Enhanced ER stress can trigger NFκB activation through IRE1α and PERK pathway, followed by the secretion of inflammatory and chemotactic cytokines in hepatocytes (21, 22). Some HCV and HBV protein accumulate at the ER membranes which cause a deregulation of Ca2+ flux, generation of reactive oxygen and nitrogen species, and the resulting ER stress could induce IL-8 transcription (10, 23, 24). ER stress also induces CHOP-dependent NOD-like receptor family, pyrin domain-containing 3 (NLRP3) inflammasome activation in hepatocytes, potentially causing pyroptotic death and hepatic inflammation in patients with HBV-associated liver failure and NAFLD (25, 26). Recent study shows that activation of IRE1A in hepatocytes promotes the release of inflammatory extracellular vesicles (EVs), which recruit macrophages to liver, resulting in liver inflammation and injury in steatohepatitis (27). Therefore, chronic ER stress cause inflammation and the deregulation of lipid metabolism, that further exacerbate liver diseases.



3 Autophagy dysregulation in hepatocytes leads to liver inflammation

Autophagy is a catabolic lysosomal process responsible for clearing damaged proteins, dysfunction organelles and lipid droplets. It is considered as a cellular response to maintain energy balance and in reaction to multiple of cellular stress, such as starvation, hypoxia, and viral infection (28).

Autophagy generally plays a protective role in hepatocytes, since they can protect against steatosis and hepatocyte death. It is reported autophagy can selectively degrades lipid droplets, termed lipophagy, as evidenced by the increase in lipid accumulation upon inhibition of autophagy in hepatocytes (29). Recent studies with specific genetic inhibition of autophagy have established that hepatocytes are more susceptible to various liver injury, such as alcohol, toxic agents, lipotoxic metabolites, and pro-inflammatory factors. Autophagy may promote cell survival by clearing misfolded proteins, lipids and damaged mitochondria (30–33).

Studies show that regulation of autophagy links to the progression of chronic liver diseases. Impaired autophagic flux links to steatosis and progression to NASH in NAFLD patients and mouse models by genetic or phamacological inhibition of autophagy (12). Shen et al. have uncovered pathogenesis of IL-1β-induced liver injury in steatohepatitis by finding that IL-1β becomes cytotoxic and pro-inflammatory to hepatocytes when inhibition of autophagy, leading to cell necrosis and liver inflammation (34). Although autophagy can alleviate hepatocyte apoptosis and steatosis in acute alcohol liver disease (35), decrease autophagic flux in hepatocyte is observed in models of chronic alcohol exposure (36, 37). A significant decrease in UQCRC2 protein expression cause impaired mitophagy, which may aggravate MLKL-mediated hepatocyte necroptosis and inflammation in alcoholic liver disease (38, 39). Furthermore, early autophagy enhance HBV infection and envelopment (40). Inhibition of autophagy by liver-specific knockout of Atg5 in HBV transgenic mice can obviously reduce HBV DNA level (41). Additionally, autophagy plays an important role in HBV-mediated immune response (40). GAL9, a type I IFN-stimulated gene, exerts effect on direct autophagic degradation of HBc in HBV-infected hepatocytes (42). ATG12 is required for HBV replication and impediment of the IFN signaling pathway, as evidence by decreased levels of IFN-α, IFN-β in ATG12-knockdown hepatocytes (43). Autophagy inhibition also abrogates HBx-induced activation of nuclear factor-κB (NF-κB) and production of interleukin-6 (IL-6), IL-8, and CXCL2 (44). Similarly, autophagy is required to promote HCV replication, partly through suppression of innate immunity (45, 46). HCV-induced autophagy can suppress host innate immune response through autophagic degradation of TRAF6, which is an important signaling molecule that mediates the activation of NF-kB and expression of cytokines and interferons (47). Meanwhile, loss of autophagy signaling upregulates HCV-induced cytoplasmic RIG-I signaling and IFN-β–mediated antiviral responses (48). Interference of HCV-induced mitophagy by Drp1 silencing enhances innate immune signaling (49). The correlation between AIH and autophagy in hepatocyte is not clear. It has been observed increased LC3 and p62 expression in hepatocytes of AIH patients, and p62 level is strongly correlated with necroinflammatory grade, which indicates that decreasing autophagic activity may be linked to severity of inflammation in AIH (50).



4 The role of hepatic mitochondrial dysfunction in liver inflammation

Mitochondria are abundant in the liver and required for lipid metabolism and energy production. They can directly or indirectly influence other cellular components such as the lysosomes, the endoplasmic reticulum (ER), and cytosolic pathway, to meet the cellular demands and alleviate mitochondrial dysfunction (51). Generally, mitochondria maintain normal morphology and homeostasis by the way of mitochondrial quality control, including the regulation of mitochondrial fusion, fission, biogenesis, and mitophagy (52). When they fail to adapt to various stress, they can release mitochondrial DNA (mtDNA) in the cytosol or circulation, which could induce cGAS-STING-dependent type I interferon (IFN) response. Furthermore, mtDNA synthesis can activate the NLRP3 inflammasome which initiates inflammation (53). In addition, mitochondrial dysfunction can generate excessive reactive oxygen species (ROS), which stimulate synthesis of cytokines to amplify the inflammatory cascade reaction and cause apoptosis and necrosis of hepatocytes (52) (
Figure 2
).




Figure 2 | 
Role of mitochondrial damage in liver inflammation. Various liver injury impair mitochondrial respiration and increase ROS formation, cause mtDNA damage. High levels of ROS can increase synthesis of cytokines, which cause apoptosis and necrosis of hepatocytes. The presence of mtDNA in the cytosol or circulation can trigger proinflammatory and type I IFN responses. Moreover, release of mitochondria-derived danger signals, such as mtDNA, formylated proteins, can attract macrophage and neutrohphils, resulting in activation of NFκB and NLRP3 inflammasome. MtDNA also promotes fibrogenic activation of HSCs. Besides, reduced expression of mitochondrial protein Mfn2 leads to deficient ER-mitochondrial phosphatidylserine transfer, which provokes liver inflammation. HBV and HCV can activate innate immune antiviral signaling and inflammatory pathways through induction of type I interferons and expression of inflammatory cytokines by NFκB.




Emerging evidence shows that mitochondria dysfunction, especially mitochondria-derived immunogenic components (including its DNA) have profound impacts on the development of various chronic liver diseases. It is reported that NASH patients produce high mitochondrial levels of ROS and ROS-mediated mtDNA damage (54). Moreover, mtDNA is elevated in the serum of NASH patients and in association with histological degree of hepatic fibrosis. The mtDNA released from injured hepatocyte mitochondria could directly activate hepatic stellate cells (HSCs) and promote inflammation through binding to endosomal TLR9 of Kupffer cells (55, 56). Besides, Mitochondrial protein mitofusion 2 (Mfn2) plays an important role in connecting ER membranes to mitochondria and mitochondrial fusion, studies show that hepatic mfn2 deficiency impairs ER-mitochondrial phosphatidylserine transfer and mitochondrial function, leading to ER stress and liver inflammation in NAFLD (57, 58). Mitochondrial dysregulation is also observed in hepatocytes of patients with AIH and experimental mouse model with immune-mediated liver injury. Blockade of dynamin-related protein 1(Drp1)-mediated mitochondrial fission protects mice from concanavalin A (ConA)-induced liver injury (59). In addition, hepatic ATF4 plays a pathological role in alcohol-induced mitochondrial dysfunction and liver injury by repressing TFAM expression, while AMPK protects against alcohol-induced liver injury through up-regulating mitophagy (39, 60). Apart from the above, chronic HBV and HCV infection could induce mitochondrial oxidative stress and mitochondrial antiviral signaling-mediated innate immune signaling as well (61, 62).



5 Mediators involved in intercellular communication

During chronic liver injury, stressed hepatocytes can release mediators that involved in crosstalk between hepatocytes and surrounding cell populations. Besides, hepatocytes serve as liver-resident nonprofessional antigen presenting cells (APCs), resulting in a bias toward immune tolerance.


5.1 Hepatocyte-derived extracellular vesicles in liver inflammation

Extracellular vesicles (EVs) are homogeneous vesicles containing lipid, nuclear acid, proteins, which can be secreted by various cell types to the extracellular space and circulation. EVs include microvesicles, exosomes and apoptotic bodies depending on their source and molecular structure.

A growing body of evidence have identified EVs as a conveyor mediating intercellular communication in liver diseases (63) (List in 
Table 1
). Hepatocyte-derived EVs as pathogenic mediators play a role in NASH (77). Hepatocyte-derived exosomes from early onset obese mice promote insulin sensitivity through miR-3075 (64). The increase in plasma mtDNA contained in EVs of hepatocyte origin could drive NASH development by activation of TLR9 (56). EVs are also shown as mediators of toxic lipid-induced intercellular signaling. Lipotoxic activation of hepatocytes induce release of EVs enriched in ceramide, CXCL10, miR-192-5p, which trigger chemotaxis and inflammatory phenotype switch of macrophages (65–68). Besides, EVs mediate cell-to-cell communication in alcoholic liver disease. In patients with alcoholic hepatitis, the number of circulating EVs is reported higher than those in healthy individuals, and the EVs contain elevated levels of miR­122, miR­192 and miR­309 (69). Hepatocyte-derived EVs modulate activation of liver marcophages by transferring miRNA-122 and CD40­ligand after alcohol exposure (70, 71). In addition, it is reported that exosomes isolated from sera of chronic HBV and HCV infected patients or supernatants of those hepatocytes contain viral RNA, which can mediate viral transmission to naive hepatocytes (72, 75). These hepatic derived-exosomes involve in host innate immune response and virus-mediated immunosuppression. HCV-associated exosomes can transfer immunomodulatory viral RNA from infected cells to neighboring immune cells and trigger myeloid-derived suppressor cell expansion (73). EVs from hepatitis C virus-infected cells stimulate monocytes to produce galectin-9, which induces apoptosis of hepatitis C virus-specific T cells and increases inhibitory regulatory T cells (74). Similarly, HBV components are observed to be transmitted into NK cells by exosomes, resulting in NK-cell dysfunction (75). Exosomes also can regulate innate immune response against HBV through inducing NKG2D ligand expression in macrophages, which stimulates IFN-γ from NK cells, and suppressing IL-12p35 mRNA expression to counteract he host innate immune response (76). In a word, EVs exert a crucial role on the crosstalk between hepatocytes and nonparenchymal liver cells.



Table 1 | 
Biosynthesis of secreted extracellular vesicles by hepatocytes.







5.2 Hepatic cytokines involved in liver inflammation

Hepatocytes can produce diverse cytokines to regulate liver injury, repair, and inflammation in liver injury. Here, we make a summary of cytokines that involved in the pathogenesis of chronic liver diseases below.

IL-6 can be synthesized by hepatocytes in response to specific stimuli to induce acute phase response, it implicates in the liver regeneration following partial hepatectomy and exerts antiviral effects on limiting the replication of HBV in hepatocytes (78, 79). Moreover, substantial studies show that IL-6 trans-signaling promotes inflammation in chronic liver diseases (80). Excessive lipid accumulation in hepatocytes stimulates IL11 protein secretion, autocrine IL11 activity drives lipotoxicity and underlies the transition from NAFLD to NASH (81). Interleukin 33 (IL-33) functions as an “alarmin” released from hepatocytes in response to tissue damages. It exerts protective effects on hepatocytes through the activation of autophagy and suppression of cell death, meanwhile, it regulates host innate immunity by recruitment and activation of ST2-positive target immune cells in the liver (82). Furthermore, it is responsible for repressing viral transcription, protein production and genome replication in HBV-infected hepatocytes (83). IL-32 is markedly induced in hepatocytes in various liver diseases. It plays an important role in inflammatory response by promoting proinflammatory cytokines such as IL-1β and tumor necrosis factor alpha (TNF-α) (84, 85). IL32 also has a critical role in the pathogenesis of NAFLD, partly due to its association with hepatocyte insulin resistance and cholesterol homeostasis (86, 87). Besides, it can suppress HBV transcription and replication (88). Hepatocyte also can produce several chemokines to attract immune cells in response to liver injury. For example, hepatocyte can express chemokine MCP-1, which recruits macrophages to promote liver steatosis and inflammation in alcoholic and non-alcoholic fatty liver disease. Moreover, hepatic MCP-1 expression is found to regulate fatty acid oxidation resulting in steatosis during chronic alcohol exposure (89, 90). Apart from the above, hepatocytes can secrete high amounts of CXCL1, leading to hepatic neutrophil infiltration through TLR2 and TLR9-dependent pathway in alcohol-mediated liver injury (91). Hepatocyte is the main source for necrotic cell-induced CXCL1 production, which dependent of NF-κB activation by Kupffer cells, resulting in neutrophils mobilization and finally clearing dead cells (92). Another study shows that hepatocyte-specific gp130 signaling is sufficient to induce CXCL1 expression, independent of NF-κB activation, triggering a robust systemic innate immune response (93). Steatotic hepatocytes also can stimulate IL-8 production, an active neutrophil chemoattractant, potentially contributing to hepatic inflammation (94).



5.3 Role of hepatocytes in antigen-presentation

In clinical hepatitis, viral or autoimmune especially, hepatocytes can directly modulate immune cells via cell-cell interactions. Hepatocytes could function as nonprofessional APCs because they express MHC class II during inflammation. MHC-II overexpressing hepatocytes are capable of activating CD4+ T-cells in vitro, but they only induce T helper cell (Th) 2 differentiation, which impair antiviral CD8 T-cell responses and viral clearance (95, 96). Hepatocytes appear to play a role in the liver tolerogenic effect. They can activate CD8+ T cells in a manner that leads to apoptosis of these cells since lack of either costimulatory signals or CD4+ T cell help (97). What’s more, the hepatocytes may endocytose and kill CD8+ T cells that recognize them, a process known as suicidal emperipolesis (98). In viral infection, virus-positive hepatocytes can be eliminated by activated circulating CD8+ T-cells through directly recognizing antigen on hepatocytes, leading to CD8+T-cell exhaustion (99). Among the underlying mechanism, Notch signaling may performed an important regulatory role in the interaction between hepatocytes and T cells activation. It is reported hepatocytes fine -tune liver inflammation by upregulation of Jagged1 and activation of Notch signaling in Th1 cells, resulting in induction of IL10-producing CD4+ T cells (100). Besides, Notch signaling contributes to liver inflammation by regulation of interleukin-22-producing cells in hepatitis B virus infection (101). In addition, hepatocytes may induce tolerance via Notch-mediated conversion of CD4(+) T cells into Foxp3(+) Tregs upon TCR stimulation (102). Apart from these, intercellular adhesion molecule 1 (ICAM-1) is involved in CD4+ T cell engulfment by hepatocytes and huh-7 cells by facilitating T cell early adhesion and internalization (103).




6 Conclusion

A growing number of evidences have demonstrated stressed hepatocytes exert a pivotal role on the development of inflammation and fibrosis via cell-cell interactions during liver injury. In this review, we summarize the role of hepatic organelle disorders in the pathogenesis of chronic liver diseases, especially, their links to liver inflammation. Furthermore, we introduce a wide variety of pro-inflammatory signals carried by hepatocyte derived-EVs that can deliver the message to neighbor target cells and in the circulation to modulate immune response. Besides, we conclude several cytokines and chemokines of hepatocyte origin which engage in chronic liver diseases. Finally, we address briefly antigen-presentation properties of hepatocytes in immune regulation. Understanding of the molecular mechanisms involved in the regulation of hepatic organelle damage, as well as role of hepatocyte in immune regulation may provide us novel insights of dysregulated inflammation during liver injury and identify new therapeutic targets for various liver diseases.
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The cGAS-STING signaling pathway can trigger innate immune responses by detecting dsDNA from outside or within the host. In addition, the cGAS-STING signaling pathway has emerged as a critical mediator of the inflammatory response and a new target for inflammatory diseases. STING activation leads to dimerization and translocation to the endoplasmic reticulum Golgi intermediate compartment or Golgi apparatus catalyzed by TBK1, triggers the production of IRF3 and NF-κB and translocates to the nucleus to induce a subsequent interferon response and pro-inflammatory factor production. Osteoporosis is a degenerative bone metabolic disease accompanied by chronic sterile inflammation. Activating the STING/IFN-β signaling pathway can reduce bone resorption by inhibiting osteoclast differentiation. Conversely, activation of STING/NF-κB leads to the formation of osteoporosis by increasing bone resorption and decreasing bone formation. In addition, activation of STING inhibits the generation of type H vessels with the capacity to osteogenesis, thereby inhibiting bone formation. Here, we outline the mechanism of action of STING and its downstream in osteoporosis and discuss the role of targeting STING in the treatment of osteoporosis, thus providing new ideas for the treatment of osteoporosis.
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1 Introduction

The stimulator of interferon genes (STING, also known as MITA, MPYS, ERIS, and TMEM173) is a pattern recognition receptor (PRR) that recognizes nucleic acids of pathogenic microorganisms or cell membrane components, among others (1). It acts as the first line of defense of cells against pathogenic invasion. Initially found in the endoplasmic reticulum (ER) membrane of the innate immune cells and later also found to be expressed in T cells and other cells, it recognizes released DNA and triggers innate immune activation with essential functions in infection, inflammation, and cancer (2). STING, a necessary protein of natural immunity, plays a crucial role in antiviral immunity by activating nuclear factor-kappa B (NF-κB) and interferon regulatory factor 3 (IRF3) and producing type I interferon (IFN-I) independently of Toll-like receptors (TLRs, another type of PRR) (2).

The cGAS-STING in the innate immune response is vital in defending against pathogenic microbial invasion (3). In addition to its antiviral immune function, STING can cause inflammatory and autoimmune diseases (4). Activation of STING causes the transcription of inflammatory genes and increases pro-inflammatory cytokines. The increase of overpowering pro-inflammatory factors then causes inflammatory and autoimmune diseases (5). Therefore, STING is also the inflammatory protein that triggers chronic inflammation (6). The cGAS-STING pathway mediates the cellular inflammatory response and thus plays a crucial role in the pathogenesis of inflammatory diseases such as ischemic myocardial infarction (MI), nonalcoholic steatohepatitis (NASH), traumatic brain injury (TBI), and silicosis (7). A chronic low-grade inflammatory state accompanies aging. The cGAS-STING pathway can also induce the senescence-associated secretory phenotype (SASP) through the accumulation of cytoplasmic DNA during aging, which leads to the development of aging-related diseases (8).

Hundreds of millions worldwide are affected by bone-related diseases such as osteoporosis, degenerative disc disease, and rheumatoid arthritis. Osteoporosis is an age-related degenerative disease of bone, mainly due to changes in the bone microenvironment and structural degeneration, resulting in reduced bone density (9). It seriously endangers patients’ quality of life and lives due to the extreme risk of fractures and others and causes a substantial financial burden on society. Osteoporosis is also a sterile inflammatory disease characterized by the activation of NF-κB at the molecular level, which promotes osteoclast-mediated bone resorption and inhibits osteoblast-induced bone formation (10). Notably, STING can act as an upstream of NF-κB, stimulating its activation and transcription, thus mediating pro-inflammatory effects and playing a role in the pathogenesis of osteoporosis (Figure 1). IFN-β is also a downstream target of STING. However, unlike NF-κB, although IFN-β is induced by STING activation in osteoclasts, it can inhibit osteoclast activation through negative feedback (11). In addition, STING can act on vascular endothelial cells (ECs) to regulate the formation of type H vessels, which can control bone formation. STING activation can impair their formation and thus affect bone formation (12) (Table 1). Therefore, the role of STING in osteoporosis deserves further investigation to determine how to target STING for osteoporosis treatment.




Figure 1 | The role of STING in bone metabolism Bone metabolism is mainly composed of osteoblast-mediated bone formation and osteoclast-mediated bone resorption. In addition, type H vessels also can induce bone formation and thus participate in bone remodeling. Osteoblasts are differentiated from mesenchymal stem cells (MSCs), whereas osteoclasts are differentiated from bone marrow macrophages. STING can act as an upstream of NF-κB, stimulating its activation and transcription and thus exerting biological effects. NF-κB inhibits the differentiation of MSCs toward osteogenesis and inhibits osteoblast activity, thus inhibiting bone formation. In osteoclasts, NF-κB can promote osteoclast production and activity, thereby promoting bone resorption. IFN-β is also a downstream target of STING. However, unlike NF-κB, although IFN-β is induced in osteoclasts after activation by STING, it can inhibit osteoclast activation through its negative feedback, thereby inhibiting bone resorption. In addition, STING can inhibit the formation of type H vessels, inhibiting bone formation.




Table 1 | Summary of research on targeting STING and it signaling pathways in bone metabolism.





2 cGAS-STING pathway

The cGAS-STING pathway is a significant component of the host’s innate immune response to viral infection. The cGAS senses pathogenic DNA to activate STING to modulate the type 1 interferon response to trigger a natural immune response. Herpes simplex virus 1 (HSV-1) is a double-stranded DNA virus sensed by the cGAS to activate STING and induce innate antiviral immunity (22). Similarly, other DNA viruses, such as HIV and CMV, can trigger cGAS-STING (23, 24). STING also plays a vital role in the immune response induced by RNA viruses (25). RNA viruses, like dengue virus and SARS-CoV-2, have no DNA and cannot induce cGAS autonomously. However, these RNA viruses can activate the cGAS-STING pathway by triggering intracellular mitochondrial stress damage to release mitochondrial DNA (mtDNA), thereby generating antiviral immunity (26). In addition, cGAS can sense bacterial DNA and the host’s DNA, such as senescent apoptotic cells, extracellular vesicles, and chromatin fragments (27). Thus, the cGAS-STING pathway is critical in many disease processes, including autoimmune diseases, inflammatory diseases, degenerative diseases, and cancer (5, 28).

STING is a PRR on the ER that does not bind directly to DNA. Pathogenic microbes and damaged host cells can release free double-stranded DNA (dsDNA) (29). Then dsDNA is recognized by the cytoplasmic DNA sensor, the cyclic GMP-AMP synthase (cGAS) (30). The ds DNA binding to cGAS triggers the conversion of ATP and GTP to cGAMP (2′,3′-cyclic GMP–AMP) (31). The cGAMP is canonical cyclic dinucleotides (CDNs) that bind and activate STING (32). CDNs are essential second messengers produced by cyclic dinucleotide synthase, which is widely distributed and can trigger from various cellular signaling cascades, as well as being an activating ligand for STING (33, 34). The binding of cGAMP to STING triggers STING conformational transition, dimerization, and translocation to the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) and Golgi apparatus (Golgi) (35). Then STING dimers recruit TBK1, which phosphorylates STING and induces IRF3 (36). STING also leads to NF-κB activation. IRF3 and NF-κB are translocated to the nucleus to induce the production of IFN-I and other cytokines involved in the host immune response (37)(Figure 2).




Figure 2 | The cGAS-STING signaling pathway STING is a pattern recognition receptor (PRR) on the endoplasmic reticulum (ER) that does not bind directly to DNA. Pathogenic microorganisms and damaged host cells can release double-stranded DNA (dsDNA). The cytoplasmic DNA sensor, cyclic GMP–AMP synthase (cGAS), recognizes dsDNA and catalyzes the synthesis of cGAMP from ATP and GTP. The cGAMP binds to STING, triggering STING conformational transitions, dimerization, and translocation to the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) and the Golgi apparatus (Golgi). The dimerized STING recruits TBK1, which induces the production of IRF3 and NF-κB. Subsequently, IRF3 and NF-κB translocate to the nucleus to induce the production of IFN-I and pro-inflammatory factors.



Classical STING activation induces the critical transcription factor IRF3 via the cGAS-STING pathway, which promotes IFN-I secretion and activates NF-κB to trigger pro-inflammatory cytokines. In recent years, atypical patterns of STING activation have also been identified. Keratinocytes generate an innate immune response within hours of etoposide-induced DNA damage, which involves the DNA sensing adapter STING but is not dependent on cGAS (38). And this non-canonical STING signaling predominantly activates NF-κB rather than IRF3, which induces IFN-I production. This also provides another way of thinking for future STING research.

Although it has been reported that cytoplasmic DNA-mediated STING-dependent inflammatory response requires activation of NF-κB via TBK1 (39), at the same time, activation of TBK1 can also cause IFN-β production. However, investigators have found that selective activation of NF-κB can occur in the cGAS-STING pathway, while a parallel path blocks activation of the IRF3/IFN system (40). In late 2019, SARS-CoV-2 emerged as a highly infectious coronavirus that causes a human respiratory disease called COVID-19. SARS-CoV-2 infection can cause respiratory symptoms ranging from mild to severe, resulting in lasting lung damage or death (41). One of the hallmarks of severe COVID-19 is low levels of IFN-I and high levels of expression of inflammatory cytokines or chemokines such as IL-6 and tumor necrosis factor (TNF) (42–44). This unbalanced immune response fails to limit viral transmission and leads to severe systemic symptoms. Specific activation of NF-κB and blockade of IRF3 nuclear translocation occurs in SARS-CoV-2 infected cells, and STING-targeted drugs can attenuate this NF-κB response (44). This NF-κB response is induced by mtDNA released from cellular oxidative stress injury (44, 45). MtDNA mediates the activation of cGAS-STING. Furthermore, cancer studies found that the classical NF-κB pathway in the cGAS-STING pathway enhances anti-tumor effects by promoting IFN-I expression. In contrast, the non-classical NF-κB pathway impedes anti-tumor effects by decreasing IFN-I expression (40). Activation of STING triggers NF-κB activation that can be generated independently of IFN-I.



3 STING/IFN-β and osteoporosis

Bone, the body’s central axis system, provides physical support and protection, is involved in calcium metabolism and endocrine regulation, and promotes the hematopoietic system in the bone marrow (10). In response to normal wear and mechanical forces as well as the aging process, bone in the adult skeleton undergoes continuous remodeling in which damaged or failing microscopic parts of the bone are removed by osteoclasts and subsequently replaced by new bone laid down by osteoblasts (46). Bone remodeling is a continuous dynamic process that includes bone formation and bone resorption activities, generally in balance, thus maintaining bone homeostasis (47). Bone homeostasis depends on the functional balance between bone-forming cells (osteoblasts) and bone-resorbing cells (osteoclasts) (48). Disruption of bone homeostasis is the frequent pathophysiological mechanism of bone metabolic diseases (49). Excessive osteoclast activity can lead to bone diseases such as osteoporosis, Paget’s disease, and rheumatoid arthritis.

Osteoclast differentiation is initiated by bone marrow macrophages (BMMs) through stimulation of receptor activators of nuclear factor-κB ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) (50). Osteoblasts release RANKL and osteoprotegerin (OPG) to regulate bone homeostasis. RANK, the receptor of RANKL, is expressed in osteoclasts. Furthermore, RANK-RANKL interaction activates downstream signaling pathways such as NF-κB, MAPK, and AKT, thereby inducing the expression of osteoclast-associated genes, including c-Fos and NFATc1 (51). Additional studies have shown that osteoclastogenesis generates reactive oxygen species (ROS), and these ROS can induce the activation of downstream signaling pathways, such as NF-κB and MAPK, which also play a role in osteoclast differentiation and bone resorption (52). Conversely, OPG binds to RANK to reduce RANK-RANKL signaling, thereby balancing bone resorption (53). C-Fos is essential for osteoclast differentiation, and lack of c-Fos can lead to osteosclerosis. It interacts with NFATc1, then activates multiple target genes for osteoclast function, triggering a transcriptional regulatory cascade (54). RANKL interactions have been shown to induce IFN-β production through the induction of c-Fos genes (11)(Figure 3).




Figure 3 | osteoclastogenesis and the role of IFN-β in it Osteoclasts are differentiated from BMMs by stimulating receptor activators for nuclear factor-κB ligand (RANKL) and macrophage colony-stimulating factor (M-CSF). Osteoblasts release RANKL and osteoprotegerin (OPG) to regulate bone homeostasis. RANK is a receptor for RANKL, expressed in osteoclasts. In osteoclasts, RANK-RANKL interaction activates downstream signaling pathways that induce the expression of osteoclast-associated genes such as c-Fos and TRAF6. In comparison, OPG binds to RANK to reduce RANK-RANKL signaling to balance bone resorption. C-Fos is essential for osteoclast differentiation. The RANK-RANKL interaction has been shown to induce IFN-β production by the c-Fos. IFN receptor (IFNAR) is a class of heterodimers on the cell membrane consisting of two subunits, IFNAR1 and IFNAR2. IFN-β binds to its receptor to activate the downstream protein kinases JAK1 and TYK2, then activating the transcription factors STAT1 and STAT2, forming a dimer that can enter the nucleus and bind to IRF9 to constitute ISGF-3, which exerts its IFN-β mediated transcriptional effects to inhibit osteoclast production. Thus, IFN-β forms negative feedback, inhibiting osteoclast differentiation. In addition, TRAF6 is essential for osteoclastogenesis and induces the production of NF-κB. In the resting state, NF-κB in the cytoplasm binds to the inhibitor protein IκB while leaving NF-κB inactive. IκB kinase (IKK) phosphorylates NF-κB to degrade IκB, and the released p65 and p50 subunits enter the nucleus for transcription of osteoclast-related genes, thus inducing bone resorption.




3.1 Relationship between IFN-β and osteoporosis

IFN-β belongs to type I interferons. The human body produces three known types of interferons: type I, type II, and type III (55). Type I interferons are mainly IFN-α and IFN-β, secreted by innate immune cells. Type II interferons, IFN-γ, is mainly produced by activated T cells. Type III interferons include IFN-λ, whose known distribution and function are minimal. Type I interferons are mainly produced by surface or internal receptors of innate immune cells (TLRs, NLRs, RLRs, and cGAS) binding to specific antigens from outside or inside the host (56). IFN receptors (IFNAR) are a class of heterodimers located on the cell membrane and consist of two subunits, IFNAR1 and IFNAR2, and widely distributed, including monocytes, macrophages, B cells, T cells, epithelial cells, endothelial cells, and tumor cells (57). Ligand receptor binding activates downstream protein kinases JAK1 and TYK2, and kinase activation activates cytoplasmic transcription factors STAT1 and STAT2, forming a dimer that enters the nucleus to assist IRF9 in transcribing some downstream effector genes (56). Type I interferons can play a biological role in antiviral and immunomodulatory, inhibiting specific cell growth and proliferation and killing tumor cells (58, 59). Therefore, interferon therapy has been used to treat common viral diseases such as hepatitis (60) and various cancers (61).

When osteoclasts are induced to produce IFN-β, the binding of IFN-β to its bioreceptor activates ISGF-3 (formed by the aggregation of STAT1, STAT2, and IRF9) via the classical JAK/STAT pathway, initiating a signal transduction cascade (62). Then, c-Fos will be inhibited, leading to the inhibition of osteoclast production and activity (11). Thereby, IFN-β forms negative feedback of its own (Figure 3). Thus, IFN-β also plays a vital role in regulating bone homeostasis. In addition, osteoclasts express iNOS and release NO, and the NO produced by this pathway also acts as a negative feedback signal to limit RANKL-stimulated osteoclastogenesis (63). In iNOS-deficient bone marrow cells, RANKL-induced NO production was inhibited, leading to an increase in the number of terminally differentiated osteoblasts (64). Direct administration of IFN-β in RAW264.7 cells stimulated iNOS expression in the absence of RANKL, thereby upregulating NO expression. NO, like IFN-β, inhibited osteoclast differentiation. These results suggest that IFN-β may be a key mediator of iNOS-derived NO induction by RANKL in developing osteoclasts and that iNOS can mediate the inhibitory effect of IFN-β on osteoclasts (65).

Another interaction of IFN-β involved in the regulation of bone homeostasis is 4-1BBL with 4-1BB. 4-1BB, also known as CD137, is similar to RANK and is a member of the same TNF receptor family, encoded by the TNFRSF9 gene. Upon its activation, antigen-presenting cells, such as dendritic cells, B cells, and macrophages, express 4-1BBL (66). Osteoclast precursors can express 4-1BB and 4- BBL after exposure to RANKL (67). In BMMs co-stimulated by M-CSF and RANKL, 4-1BBL mRNAs are upregulated (68). In the animal model, 4-1BB knockout mice also showed increased bone mass compared to the wild group. The number of osteoclasts was significantly reduced in the presence of immobilized recombinant 4-1BB (4-1BB-Fc). 4-1BB can induce the binding activity of IRF3, and IRF3 is activated by 4-1BB stimulation, which induces IFN-β (11, 69, 70). It is not difficult to speculate that the decrease in osteoclast activity caused by 4-1BB should be due to the inhibition of c-Fos expression by IFN-β.



3.2 Targeting STING/IFN-β in osteoporosis

As a critical signal transduction molecule involved in the innate immune response, STING, triggered by cytoplasmic DNA from pathogens and hosts, can induce type I interferon and pro-inflammatory cytokine secretion, defend against viral and intracellular bacterial infections, and regulate the spontaneous anti-tumor immune response in vivo. Targeted STING is a new tool for immunotherapy. In addition to immune or oncological diseases, the role of STING in bone metabolic diseases has been the focus of attention in recent years. DNase II is a nuclease that degrades dsDNA. Lack of DNase II causes DNA accumulation in cells and produces several cytokines, including type I IFN (71). Mice lacking DNase II and IFNAR were able to develop distal aggressive inflammatory arthritis (72). However, this arthritis was eliminated in the absence of STING (71, 73). Surprisingly, the arthritis model (DNase II-/-/IFNAR-/- double-knockout mice) showed aberrant accumulation of bone in both long bones and the spleen at sites of local DNA accumulation (13). STING deficiency inhibited bone accumulation (13), revealing a potential role of the STING pathway in bone, although the exact mechanism is unclear.

Patients with advanced cancer often suffer from severe pain due to bone metastases and bone destruction with osteolytic lesions (74). Agonists of the immunomodulator STING have significantly protected against pain (75), bone destruction (13, 19), and local tumor burden (76). One of its effects is alleviating cancerous bone pain by regulating osteoclast function in the tumor microenvironment to prevent local bone destruction, which depends on host-intrinsic STING/IFN-β signaling. Bone metastases in patients with cancer produce osteolytic bone destruction due to tumor-induced osteoclast formation and activation (77). Bone loss was significantly reduced in Lewis lung carcinoma (LLC) or breast cancer mice treated with DMXAA and ADU-S100, two different STING agonists, similar to zoledronic acid (ZA) (18). In contrast, the reversal effect of DMXAA on bone loss was eliminated in the STING knockout group of mice. Thus, the inhibitory effect of STING agonists on bone resorption is dependent on STING. Systemic administration of STING agonists also promotes a robust IFN-I response in the systemic and bone cancer tumor microenvironment. DMXAA treatment does not prevent bone destruction in IFNAR1-deficient mice. IFNAR is required for IFN signaling (57). Thus, the protective effects of STING agonists against cancerous bone destruction require IFN-I signaling (18).

STING, also known as Tmem173, has been shown to inhibit osteoclast differentiation and activity by regulating IFN-β production. It inhibits the expression of osteoclast-specific genes and related enzymes and downregulates the activation of osteoclast-specific transcription factors (20). CDNs are symbiotic bacterial-derived second messengers in the intestine that regulates bacterial survival, colonization, and biofilm formation and have immunomodulatory activity by inducing type I interferon expression by macrophages through the STING signaling pathway (34, 78). CDNs dose-dependently inhibit M-CSF and RANKL-induced differentiation of bone marrow macrophages to osteoclasts and induce phosphorylation of TBK1 and IRF3, representative features of STING activation (19). In contrast, inhibition of osteoclast differentiation was reversed in STING knockdown BMMs. These suggest that the STING signaling pathway plays a crucial role in CDNs-mediated inhibition of osteoclast differentiation. In addition, CDNs increased the expression of IFN-β, a member of the IFN-I family, which has also been identified as a typical negative regulator of RANKL-induced osteoclast differentiation (79, 80). RANKL induces IFN-β expression via c-Fos (81). In turn, IFN-β binds to IFNAR on the membrane, which activates ISGF-3 and prevents RANKL-induced c-Fos expression from inhibiting osteoclast differentiation (11). The inhibitory effect of CDNs on osteoclast differentiation was absent in the presence of antibodies blocking IFNAR, and no inhibitory effect was observed in knockout IFNAR macrophages (19). These also confirm that CDNs induce phosphorylation of STAT1, which mediates IFNAR signaling. Experiments performed with a mouse cranial implant model showed that CDNs inhibit RANKL-induced bone resorption (19). These results suggest STING induces IFN-β to inhibit osteoclast differentiation and bone resorption.

It is well known that IFN-I response is a weapon against viruses. IFN-I is induced during STING-mediated immune responses. IFN-I can also be stimulated by the osteoclast-specific gene c-Fos and ultimately inhibits osteoclast production and activation through IFNAR transmission (11, 82). STING regulates the inhibitory effect of IFN-I on osteoclasts, and the knockdown of STING reverses this effect (79). Knockdown of STING can offset this effect (19). Therefore, targeting STING/IFN-β to increase IFN-β expression and thereby inhibit osteoclast bone resorption is expected to be a new approach to treating osteoporosis. In addition, interferon therapy has been used in the clinic. And IFN-β has a relatively good clinical tolerability and safety profile. However, it faces several tests when using IFN-β to treat bone metabolic diseases, including osteoporosis. First, as with other protein drugs, treatment with interferon results in the production of neutralizing antibodies in the patient (83). Second, effective delivery of the drug to the bone microenvironment is another challenge in using IFN-β for treating bone metabolic diseases (84). Targeting STING to increase the level of interferon in the body may solve these problems faced by treatment with interferon alone. In addition, the inhibitory effect of IFN-β on osteoclasts is mainly due to its negative feedback mechanism. However, the action of IFN-β is also inhibited by another kind of negative feedback. Suppressors of cytokine signaling (SOCS)-1 and SOCS-3 in response to RANKL can act as inhibitory factors that significantly inhibit IFN-β signaling (85). Thus IFN-β-mediated inhibition of osteoclastogenesis has a potential counteracting pathway. It may be the same challenge for targeting STING/IFN-β with interferon therapy alone.




4 STING/NF-κB and osteoporosis

Past studies have indicated that the cGAS-STING pathway is a key component of the innate immune response as a host defense against multiple pathogens. At the same time, sustained STING activity may lead to fatal inflammatory diseases (39). The continuous secretion of pro-inflammatory cytokines enhances tissue destruction and impairs the organism’s homeostasis, thus affecting functional integrity. NF-κB is a downstream target of STING signaling and can be activated by it. NF-κB is a ubiquitous transcription factor activated by various stimuli, including infection, inflammation, and oxidative stress (86). The aging process is accompanied by a chronic and persistent inflammatory state (87). NF-κB is also a hub of the aging process, promoting transcription and expression of various genes associated with inflammation and can regulate inflammatory signaling during aging induced by oxidative stress (88). NF-κB is associated with many age-related diseases and inflammatory diseases (89), including Alzheimer’s disease (90), diabetes mellitus (91), cancer (92), and autoimmune and inflammatory diseases (93). Activation of NF-κB signaling was found in senescent ARPE-19, and NF-κB was confirmed to be a downstream target of STING in oxidative stress-induced senescent retinal pigment epithelium (RPE) (94). In microgliomas, polyglutamine binding protein 1 (PQBP1) activates cGAS-STING by interacting with sensing extrinsic tau 3R/4R proteins (95). Activation of the PQBP1-cGAS-STING pathway leads to nuclear translocation of NF-κB and expression of inflammatory genes, resulting in brain inflammation and cognitive dysfunction in mice. Psoriasis, a chronic inflammatory skin disease, is associated with innate and adaptive immune responses. STING antagonist H-151 ameliorates psoriasis by inhibiting STING/NF-κB-mediated inflammation (96).

Inflammation is also closely associated with bone metabolism diseases, including osteoporosis (97), osteoarthritis(OA) (98), intervertebral disc degeneration(IVDD) (99), bone lysis (100), and spondyloarthritis (101). STING upregulation was found to be associated with the development of IVDD. And vertebral inflammation mediated by activation of the cGAS/STING molecular pathway is a novel form of animal model used to induce disc degeneration (15). Excessive accumulation of ROS can lead to DNA damage, which activates the cGAS/STING pathway (102). ROS-induced DNA damage is thought to be one of the leading causes of nucleus pulposus (NP) cell degeneration during IVDD progression (103). Moreover, the knockdown of STING expression can attenuate ROS-induced disc degeneration (16). Similarly, pharmacological inhibition of STING also protects NP cells from inflammation-induced apoptosis (17). Moreover, the process of OA is also accompanied by increased expression of STING and NF-κB, and exogenous supplementation with itaconate can inhibit the STING/NF-κB signaling pathway to alleviate the progression of OA (14). Osteoporosis, an age-related disease of bone metabolism, is also an inflammatory disease. Elevated levels of NF-κB can also be found in osteoporosis models. Aging-associated bone loss is characterized by decreased bone formation and increased bone resorption, and it is often referred to as senile osteoporosis (104). Aging is a biological process characterized by changes in the redox state of the organism and inflammatory responses induced by oxidative stress (105). Oxidative stress can release mtDNA (106), which can act as an upstream of the cGAS-STING signaling pathway and activate STING (107). The activation and transduction of STING are crucial in the development and progression of aging-related diseases (108, 109). Therefore the application of targeting STING/NF-κB in osteoporosis is worth exploring.


4.1 NF-κB

NF-κB is one of the best-characterized transcription factors that regulate inflammation and innate and adaptive immune responses (110). Activation of NF-κB signaling leads to the production of various inflammatory cytokines, chemokines, adhesion molecules, transcription factors, and antimicrobial effector molecules that initiate and mimic inflammatory responses and coordinate the immediate host response to pathogens and tissue damage. The NF-κB transcription factor family includes five members p50 (NF-κB1), p52 (NF-κB2), RelA (p65), RelB, and c-Rel (111). All NF-κB subunits have a structurally conserved N-terminal sequence spanning 300 amino acid residues called the Rel homology structural domain (RHD) (112). The RHD is responsible for DNA binding, dimerization, and nuclear translocation of NF-κB subunits, which can divide into three structural components - the N-terminal structural domain (NTD), the dimerization structural domain (DD), and the nuclear localization sequence (NLS) polypeptide - all of which mediate the various activities of the RHD and subsequent NF-κB signaling (110, 113, 114). Subunits RelA, RelB, and c-Rel are produced as mature proteins. In contrast, the p50 and p52 subunits are produced by the precursor proteins (113).

In the resting state, NF-κB subunits bind to IκB proteins, inhibiting their activity and maintaining NF-κB subunits in an inactive state (115). In turn, IκB kinase (IKK) can degrade these inhibitory proteins (116). Once activated by upstream signaling cascades, phosphorylated IKK degrades the IκB protein and releases the subunits of the NF-κB. Then these subunits go into the nucleus as dimers and participate in the transcription of various target genes (10). For example, the functional subunits p65 and p50 enter the nucleus and bind to target genes, producing large amounts of inflammatory mediators, and the gene products further activate NF-кB, causing an expanded cascade of uncontrolled inflammatory responses. More and more NF-κB target genes have been identified (117), including various cytokines such as interleukin (IL) and TNF, interferons, and antiapoptotic proteins, such as BIRC2, BIRC3, and BCL2L1.



4.2 Relationship between NF-κB and osteoporosis

Bone homeostasis is necessary for the maintenance of normal bone function. Bone homeostasis is maintained by bone remodeling mediated by osteoblasts and osteoclasts, which are responsible for bone formation and resorption (48). Osteoblasts and osteoclasts are the essential cells that regulate bone homeostasis. NF-κB is the master transcription factor that regulates the inflammatory response and bone remodeling process (118, 119). Chronic inflammation induces excess pro-inflammatory cytokines, disrupting homeostasis (120). These result in abnormal bone remodeling, including osteosclerotic and osteolytic lesions (121).

Pro-inflammatory cytokines driven by NF-κB are powerful signals to regulate bone homeostasis (122). Elevated expression of TNF, IL-1, IL-6, and IL-7 has been found in various chronic inflammatory bone diseases, including osteoarthritis (123), osteoporosis (124), and periodontal disease (125). These pro-inflammatory cytokines are all produced by macrophages, lymphocytes, osteoblasts, and bone marrow stromal cells under the regulation of NF-κB and stimulate NF-κB signaling in target cells, which further serves to amplify inflammation (126). Osteoclasts are specialized cells of the monocyte-macrophage lineage responsible for bone resorption. In contrast, osteoblasts are differentiated from mesenchymal stem cells to osteogenesis and are responsible for establishing new bone. NF-κB has an essential role in osteoblasts and osteoclasts, thus affecting bone regulation.


4.2.1 Role of NF-κB in bone resorption

NF-κB signaling is directly involved in the differentiation and activation of osteoclasts responsible for bone resorption (127). The binding of RANKL to RANK triggers a complex and unique signaling cascade that controls lineage commitment and activation of osteoclasts (128). Activating NF-κB signaling in osteoclasts is essential for their differentiation and activation (54). TNF receptor–associated factor (TRAF) proteins are cytoplasmic adaptor proteins that bind to various receptors of the TNF receptor (TNFR) superfamily. An essential role of TRAFs in RANK-RANKL signaling is inducing NF-κB (51). Among TRAFs, TRAF6 is the most critical adaptor of RANK-RANKL-induced osteoclastogenesis (129). Genetic experiments have shown that TRAF6 is required for osteoclast formation and activation (130). Like mice lacking NF-κB p50 and p52 subunits (131), TRAF6-deficient mice develop severe osteoporosis (132).

Usually, NF-κB in the cytoplasm is bound to the inhibitory protein IκB while keeping NF-κB in a resting state. While various stimuli lead to the activation of IKK, which leads to the degradation of IκB bound to the NF-κB subunits, the released NF-κB enters the nucleus as a homodimer or a heterodimer and activates transcription, thus exerting biological effects. For example, released p65 and p50 subunits enter the nucleus for transcription of osteoclast-related genes, thus inducing bone resorption (21). IKK is a complex of three subunits, IKKα (also known as IKK1), IKKβ (also known as IKK2), and IKKγ(also known as NEMO). IKKβ is required for osteolysis in vitro and in vivo, and the knockdown of IKKβ can lead to bone loss in mice (133). While IKKα is required for RANK ligand-induced osteoclast formation in vitro, it is not required in vivo (134). Thus, targeting IKK can regulate the NF-κB activity of osteoclasts and prevent bone loss, providing a new idea for the treatment of osteoporosis (135). In conclusion, NF-κB is an essential mediator of osteoclastogenesis (136), which leads to excessive bone resorption and osteoporosis. Pharmacotherapy can inhibit RANKL-mediated osteoclastic formation by targeting the NF-κB pathway to attenuate inflammatory factors and ROS production and can reduce bone loss in vivo in ovariectomized (OVX) model (137).



4.2.2 Role of NF-κB in bone formation

Osteoblasts derived from mesenchymal stem cells (MSCs) are responsible for bone formation. NF-κB activity is suppressed in mature osteoblasts, so NF-κB activation in osteoblasts inhibits bone formation (136). NF-κB activation occurs in bone trabeculae of naturally aging mice (138). Increased NF-κB activity was found in MSCs isolated from aged mice compared to young mice, and inhibition of the NF-κB pathway partially rescued the reduction in osteogenesis in aged MSCs (139). And increased RANKL and reduced OPG expression was observed in aged MSCs, which resulted in increased RANKL/OPG ratio and osteoclast activation. Chronic NF-κB activation has also been shown to impair the differentiation of MSCs along the osteogenic pathway and osteoblast-mediated bone formation (140).

In the absence of NF-κB activation, prolonged c-Jun N-terminal kinase (JNK) activation, which regulates FOSL1 (also known as Fra1) expression, contributes to bone formation (126, 141). Mice specifically lacking IKK-β in osteoblasts exhibit increased bone mass, mainly because reduced NF-κB activity by IKK-β deficiency increases JNK activity and Fra1 expression, ultimately leading to increased bone formation to maintain bone mass in OVX mice (142). Fra1 is an important transcription factor involved in bone matrix formation (143). Chronic inflammation can inhibit bone formation. For example, the pro-inflammatory factor TNF-α inhibits osteoblast differentiation (144), but the IKK inhibitor BAY11-7082 rescues the TNF-α-induced inhibition of osteoblast differentiation by inhibiting NF-κB (145). Thus, inhibition of osteoblast NF-κB can promote bone formation. A decrease in NF-κB activity in osteoblasts leads to an increase in bone formation (146). The NF-κB inhibitor, S1627, upregulates the mRNA of osteoblast-specific genes (such as type I collagen and alkaline phosphatase) to increase osteoblast differentiation and bone formation in vitro (147). Moreover, it can increase bone formation to repair bone defects in a mouse cranial defect model and alleviate osteoporosis in the OVX mouse model. Therefore, targeting NF-κB could provide a novel and effective therapeutic strategy for osteoporosis and other inflammatory bone diseases.




4.3 Targeting STING/NF-κB in osteoporosis

Excessive accumulation of ROS leading to redox imbalance and overactive osteoclasts is associated with the progression of osteoporosis. The process of osteoclastogenesis is accompanied by the production of ROS, which plays a role in osteoclast differentiation and bone resorption (52). In addition, ROS-induced mtDNA release induces inflammation through the activation of cGAS/STING (148). ROS can induce NF-κB through the RANKL/RANK cascade reaction, which is further involved in osteoclastogenesis (149). In addition to promoting type I interferon production in the innate immune response (150), STING can also act as an NF-κB upstream of NF-κB, stimulating its production.

In the past, it was generally considered that NF-κB activation via STING is exclusively dependent on TBK1. However, studies have now demonstrated that TBK1 is dispensable for NF-κB, although TBK1 and its kinase activity are essential for STING-dependent IRF3 activation and INF-I. In fact, TBK1 and IKK redundantly drive NF-κB activation when the IFN-I reaction is triggered by TBK1 and its homolog, IKK (151). Inhibition by TBK1/IKK kinase indicates that IRF3 activation highly depends on TBK1 kinase activity. In contrast, NF-κB sensitivity to TBK1/IKK kinase inhibition is significantly reduced, and TBK1 was dispensable for NF-κB activation downstream of STING in vitro and in vivo (151). So, NF-κB production can be activated by STING through a non-classical pathway, a process that is independent of IFN-β (44). In addition, non-classical STING signaling activates NF-κB pathways mainly through K63-mediated ubiquitination and has no effect on IFN-I (38).

CDNs can inhibit osteoclast differentiation by inducing IFN-β through STING signaling (19), suggesting that activation of STING can inhibit osteoclast differentiation through IFN-β. A sustained activation state of STING can cause a series of inflammatory responses in the organism. NF-κB, acting as a pro-inflammatory gene, is involved in osteoclastogenesis as another downstream of STING. In contrast to NF-κB, nuclear factor erythroid2-related factor 2 (Nrf2), a critical antioxidant molecule, has been shown to inhibit osteoclast formation and bone resorption by reducing ROS (152). In addition, Nrf2 negatively regulates STING signaling (153).

RTA-408 was found to act as an activator of Nrf2 that inhibits STING expression and subsequent NF-κB activation but does not affect IFN-β expression (21). RTA-408 inhibits RANKL-induced K63 ubiquitination of STING by suppressing the interaction between STING and the E3 ubiquitin ligase TRAF6. As a downstream of STING, NF-κB was also inhibited by RTA-408, mainly by suppressing IκBα protein degradation, preventing p65 from translocating to the nucleus and thus rendering NF-κB inactive. Overexpression of STING rescued the inhibitory effect of RTA-408 on NF-κB signaling and osteoclastogenesis. In vivo experiments showed that RTA-408 attenuated osteoclastogenesis-induced bone loss in C57BL/6 mice by inhibiting STING-mediated NF-κB (21). Thus, inhibition of STING-dependent NF-κB signaling could inhibit osteoclastogenesis and reduce bone loss. Targeting STING/NF-κB may be a promising pathway for the future treatment of osteoporosis.




5 STING/type H vessels and osteoporosis

In recent years, it has been found that in addition to osteogenic and osteoclastic effects, angiogenesis also plays a vital role in bone homeostasis in the mammalian skeletal system. Type H vessels that can induce bone formation have been discovered recently and are named for their high expression of EMCN and CD31 (154). Angiogenesis, the development of new blood vessels from pre-existing vessels, is closely associated with osteogenesis during skeletal development and bone remodeling. Blood vessels provide bone tissue with essential nutrients, oxygen, growth factors, and hormones and play a crucial role in the regulation of bone formation (155).


5.1 Relationship between type H vessels and osteoporosis

Osteogenesis is linked to angiogenesis (156). The close spatial and temporal link between osteogenesis and angiogenesis has been termed “angiogenesis-osteogenesis coupling” (157). Type H vessels are located near the epiphyseal growth plate, the epiphyseal periosteum, and the endosteum. Type H vessels are densely surrounded by osteoprogenitors expressing Osterix, a potent promoter of bone formation (158). These osteoprogenitor cells can differentiate into osteoblasts and osteocytes. Under aging conditions, osteoblasts are significantly reduced in the long bones of mice (159), which is associated with a decrease in Type H vessels and reduced bone mass (160). The abundance of Type H vessels is an essential indicator of bone loss in elderly subjects and patients with osteoporosis (161).

PDGF-BB is a chemotactic and mitogenic factor of the PDGF family, produced by hematopoietic stem cells (162). It is essential for promoting the migration, proliferation, and differentiation of various mesenchymal cell types, such as endothelial progenitor cells and mesenchymal stem cells, to promote angiogenesis and osteogenesis (163, 164). PDGF-BB enhanced type H vessels and bone formation during bone plastination and remodeling. The concentration of PDGF-BB was decreased in the OVX mouse model (165). Pharmacological stimulation was able to secrete PDGF-BB to stimulate H-type angiogenesis, thereby promoting osteogenesis to prevent bone loss in OVX mice (166). Glucocorticoids reduce vascularity and blood flow to the bone, causing osteonecrosis and bone loss (167, 168). Glucocorticoid-induced osteoporosis (GIO) is also common osteoporosis. In GIO mouse models, glucocorticoids inhibit PDGF-BB secretion by pre-osteoblasts, inhibiting Type H vessels and reducing osteogenic capacity (169). And L-235, a cathepsin K inhibitor, prevents bone loss by inhibiting osteoclast-inducing bone resorption while maintaining PDGF-BB secreted by preosteoclasts preserving Type H vessels (169).

HIF-1α is a transcription factor that mediates the cellular response to an altered oxygen environment and controls angiogenesis (170).HIF-1α plays a crucial role in bone formation, regeneration plays a key role in bone formation and regeneration, and its expression and activity are regulated by hypoxia Oxygen is required for the high metabolic demand of osteoblasts. Therefore, osteoblasts and nearby ECs may increase HIF-1α expression during relative hypoxia during osteogenesis (155). And ECs express HIF-1α at high levels in young mice, which decreases with age and is associated with a decrease in ECs and age-dependent bone loss. Activation of hypoxic signaling in ECs increased the number of Type H vessels and enhanced angiogenesis and osteogenesis (171). EC-specific deletion of HIF-1α resulted in a significant decrease in osteoblast producers and was associated with reduced trabecular formation. Thus, HIF-1α signaling is vital in regulating type H vascular abundance and couples angiogenesis to osteogenesis (172). Tetramethylpyrazine activates the AMPK/mTOR/HIF-1α signaling pathway to induce type H vessel angiogenesis and improve bone homeostasis in aging mice (173). This provides an additional therapeutic target for the treatment of age-related osteoporosis.



5.2 Targeting STING/type H vessels in osteoporosis

Type H vessels also play an indelible role in bone remodeling. Osteoblasts, osteoclasts, and periosteal cells interact with vascular endothelial cells. The STING signaling pathway may act directly on these cells, thereby affecting the angiogenic process. Several studies have shown an association between STING and angiogenesis. STING is expressed in endothelial cells, and cGAMP leads to the activation of cGAS-STING in endothelial cells (174, 175). STING-associated vascular disease (SAVI), with onset in infancy, is an autoinflammatory disease caused by mutations in STING function, which can cause vascular and pulmonary syndromes and cause systemic inflammatory responses (176, 177).

Previous studies have shown that STING can affect angiogenesis in multiple ways. In the zebrafish xenograft model, exogenous administration of cGAMP can activate STING-dependent STAT3, leading to the inhibition of tumor vascular proliferation and migration (178). Palmitic acid (PA) induces mtDNA into the cytoplasm by inducing mitochondrial damage, activating the cGAS-STING-IRF3 signaling (179). Activation of the cGAS-STING-IRF3 pathway dysregulates the Hippo-YAP pathway and inhibits angiogenesis. In addition, STING-IRF3 can trigger endothelial inflammation in response to PA-induced mitochondrial damage (180). In retinal microangiopathy, mtDNA drives inflammation of microvascular endothelial cells via the cGAS-STING signaling pathway (181). Inflammation in the physiological state is a protective mechanism for tissue damage and the basis for tissue repair and regeneration. Nevertheless, an excessive inflammatory response can impair the integrity of the tissue and its function. The persistent inflammatory state of the vascular endothelium leads to impaired angiogenesis and poor bone healing, which affects bone reconstruction (182).

Activation of the STING signaling pathway impairs angiogenesis, including type H vessels. In addition, the prolonged inflammatory response stimulated by the STING pathway delays the bone healing process. Activation of STING inhibits angiogenesis both in vitro and in vivo and slows the bone healing process in vivo (12). Conversely, inhibition of STING accelerated bone healing by enhancing type H vessel formation during coupled osteogenesis (12). Therefore, targeting STING to enhance type H vessel formation and thus promote osteogenesis provides a new idea for the treatment of osteoporosis.




6 Conclusions

Osteoporosis is a bone metabolic disease and an aseptic inflammatory disease. In recent years, bone immunology has become a hot research topic in bone metabolic diseases by studying the functional interactions between the skeletal and immune systems, including various cytokines and transcription factors that affect both systems, to explore new immunological therapeutic avenues for bone metabolic diseases. STING is the core of natural immunity and a new target for immunotherapy. The core of IFN-β treatment for osteoporosis is also inseparable from bone immunology. With the discovery that IFN-β can play a unique role in regulating bone homeostasis, targeting the STING/IFN-β signaling pathway is also emerging as a potential therapeutic tool for osteoporosis. However, the STING pathway has a dual role in bone metabolism. In addition to its immune function, STING can also act as an inflammatory protein to induce NF-κB, thereby mediating the development and progression of various inflammatory diseases, including osteoporosis. But in studies on osteoclastic inhibition by STING/IFN-β, the effect of another STING downstream signaling molecule, NF-κB, had rarely been considered, which is a drawback of related studies. If NF-κB is not disturbed in the activation of STING/IFN-β pathway to inhibit osteoclastic resorption, it will be a more rigorous and appropriate choice. The classical STING/NF-κB pathway, the cGAS-STING pathway, is dependent on the activation of TBK1, which not only activates NF-κB but also mediates the production of IFN-β by activating IRF3. In contrast, the non-classical STING/NF-κB pathway blocks the production of IRF3/IFN-β in parallel. Inhibition of NF-κB activation and, thus, osteoclast differentiation by targeting STING without affecting the level of IFN-β has been shown to alleviate bone loss in the OVX mice. Therefore, targeting the STING/NF-κB pathway is also expected to be a new therapy for osteoporosis. In addition, activation of STING leads to a prolonged inflammatory response that delays revascularization and inhibits the production of type H vessels, which are closely related to osteogenesis and can induce bone formation. Targeting STING/type H vessels also promotes bone reconstruction and osteogenesis by promoting tape H vessel formation. To enhance bone formation and inhibit bone resorption, a STING inhibitor would be a reasonable choice if it were designed to specifically target NF-κB rather than IFN-β.

Overall, STING has a unique role in osteoporosis. The drugs commonly used in clinical to treat osteoporosis are mainly bisphosphonates, which inhibit bone resorption, and calcitonin and estrogen drugs, which can also promote osteoblastogenesis, but they all have many side effects. Therefore, how to safely and effectively treat osteoporosis remains a challenge to tackle. Targeted STING has been applied in antiviral immunotherapy and does represent a rather promising therapeutic option in the new field of treatment of osteoporosis. Targeted STING not only has the ability to directly inhibit osteoclast-mediated bone resorption and promote osteoblast-mediated bone formation but also can promote type H vascular angiogenesis to indirectly enhance the osteogenic effect. However, the network of regulatory pathways involved in STING is also very complex, and the decrease in IFN-β production-mediated bone resorption due to STING activation is in contradiction with the increase in bone resorption and decrease in bone formation mediated by NF-κB activation and type H vascular inhibition. Targeting STING as a therapeutic option for osteoporosis requires balancing these conflicting biological effects. Therefore, there is still much room for exploration of the STING pathway in bone metabolism.
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Emotional disorders, including depression and anxiety, contribute considerably to morbidity across the world. Depression is a serious condition and is projected to be the top contributor to the global burden of disease by 2030. The role of the renin-angiotensin system (RAS) in hypertension and emotional disorders is well established. Evidence points to an association between elevated RAS activity and depression and anxiety, partly through the induction of neuroinflammation, stress, and oxidative stress. Therefore, blocking the RAS provides a theoretical basis for future treatment of anxiety and depression. The evidence for the positive effects of RAS blockers on depression and anxiety is reviewed, aiming to provide a promising target for novel anxiolytic and antidepressant medications and/or for improving the efficacy of currently available medications used for the treatment of anxiety and depression, which independent of blood pressure management.
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1 Introduction

Emotional disorders, including depression and anxiety, contribute considerably to morbidity across the world (1). Anxiety disorders are the most common class of disorders listed in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V), which are complex interactions between biological, psychological, temperamental, and environmental factors (2). As a group, anxiety disorders represent a heterogeneous group of illnesses that are characterized by excessive fear and anxiety, hypervigilance, and related behavioral disturbances (3). Furthermore, anxiety is one of the most common comorbid disorders with major depressive disorder (MDD) (4, 5). A large psychiatric cohort study has reported that depression preceded anxiety in 18% of such comorbid cases, while in 57% of the cases anxiety preceded depression (5). Comorbid anxiety and many core depression symptoms may be caused by hyperactivity of the hypothalamic-pituitary-adrenal (HPA) axis combined with amygdala dysfunction (4). The amygdala is a key element of anxiety circuitry and produces behavioral responses associated with fear and anxiety by integrating information from sensory inputs in the cortex and thalamus (6). Similarly, some neuroimaging studies have reported enhanced amygdala glucose metabolism and activation in patients with depression (7), and that depression-associated anxiety is accompanied by an increase in amygdala volume (8). First-degree relatives of individuals with anxiety have an increased risk of developing anxiety disorders or depression (9). Importantly, however, only 40–70% of patients with depression respond to pharmacological treatment and therapies often have a delayed onset (10), and anxiety associated with depression often leads to reduced responses and decreased compliance with pharmacotherapy (6). Consequently, emotional disorders are a serious public health issue, and identifying novel targets for their treatment is worthy of further attention.

The role of the renin-angiotensin system (RAS) in hypertension and emotional disorders is well established. Evidence points to an association between elevated RAS activity and depression and anxiety, partly through the induction of neuroinflammation, stress, and oxidative stress (11). Importantly, blocking RAS can have anti-inflammatory and anti-oxidative stress effects, providing a theoretical basis for future treatment of anxiety and depression. Captopril and enalapril (angiotensin-converting enzyme inhibitors; ACEIs) may rapidly improve depressive moods in hypertensive patients (12). This has sparked significant interest in RAS targets. The evidence for the positive effects of RAS blockers on depression and anxiety is reviewed here to evaluate a promising target for novel anxiolytic and antidepressant medications. Furthermore, this knowledge may aid the improvement of the efficacy of currently available medications used for the treatment of anxiety and depression, which are independent of blood pressure management.



2 Overview of RAS

RAS-blockers or RAS inhibitors are classes of medications that block the renin-angiotensin axis, primarily inhibiting angiotensin (Ang) II activity. Examples include ACEIs and selective Ang II type 1 receptor blockers (ARBs) (13). The most common ACEIs include captopril, enalapril, lisinopril, perindopril, ramipril, and imidapril. The most common ARBs include losartan, irbesartan, candesartan, telmisartan, and valsartan. As effective first-line antihypertensive medications, ACEIs and ARBs have been shown to minimize the risk of cardiovascular and renal events as well as mortality (14). These classes of drugs target Ang II, however, differences in their mechanisms of action impact their effects on other pathways and receptors, which may have therapeutic implications. For example, ACEIs inhibit RAS activation by preventing the conversion of Ang I to Ang II, resulting in reduced activation of both Ang II type 1 (AT1/AT1) receptors and Ang II type 2 (AT2/AT2) receptors (15). Moreover, ACEIs prevent the degradation of Ang-(1–7) by angiotensin-converting enzyme (ACE), thereby the level increased due to a build-up caused by the lack of degradation of Ang-(1–7) (15). Additionally, ACEIs block the degradation of bradykinin, leading to activation of the β-2 receptor and promotion of nitric oxide (NO) release with vasodilatory and tissue-protective effects (13). One study showed that ACEIs rapidly ameliorate depressive behaviors via the bradykinin-dependent activation of the target of the rapamycin complex (10). Unlike ACEIs, ARBs block RAS by antagonizing the binding of Ang II to the AT1 receptor and activating the AT2 receptors, thus producing insufficient Ang II to elevate Ang-(1–7) level (16). High levels of Ang-(1–7) reduce anxiety and depression behaviors, providing positive benefits (see below). RAS blockers shift the balance to increase circulating levels of Ang-(1–7), this may contribute to shunt the ACE/Ang II/AT1 pathway toward the ACE2/Ang-(1–7)/MasR pathway providing beneficial effects on mood disorders (17).

Although RAS is widely acknowledged as a cardiovascular circulation hormonal system, it is found in a variety of organs, including the brain. The RAS is composed of two pathways that are mutually antagonistic that maintain the balance through angiotensin-converting enzyme 2 (ACE2): the classical pathway angiotensin-converting enzyme/angiotensin II/angiotensin II type 1 receptor (ACE/Ang II/AT1R) and the non-classical pathway angiotensin-converting enzyme 2/angiotensin- (1–7)/Mas receptor (ACE2/Ang-(1–7)/MasR).


2.1 Classical pathway: ACE/Ang II/AT1R

The classical pathway contains renin, angiotensin (Ang) II, angiotensin-converting enzyme (ACE), angiotensin II type 1 receptor (AT1R/AT1R), and angiotensin II type 2 receptor (AT2R/AT2R). Renin is an aspartyl protease typically produced in the juxtaglomerular cells of the kidney, and it cleaves angiotensinogen (ATN, an inactive peptide formed and secreted by the liver) to produce angiotensin I (Ang I). Ang I has few physiological effects and produces Ang II as a substrate for ACE. Ang II exerts several physiological effects: constriction of blood vessels, stimulation of aldosterone secretion, and release of catecholamines. Ang II acts by binding to the AT1R and AT2R. When Ang II activates the AT1 receptor, it causes neurotoxicity, such as vasoconstriction, pro-inflammatory, apoptotic, and anti-diuresis. Furthermore, increased circulating levels of Ang II disrupt blood-brain barrier (BBB) integrity, allowing circulating Ang II to access the brain parenchyma and trigger the AT1R directly, producing oxidative stress and brain inflammation (18). AT2R is activated by Ang II and may counterbalance AT1R neurotoxic effects and determine a neuroprotective role in RAS activation, such as vasodilation, diuresis, anti-fibrosis, antihypertensive, and cognitive improvement. AT2R activation is important in blunting the negative effects of AT1R, such as neuroinflammation and oxidative stress (19). However, evidence shows that AT1 receptors predominate in adult tissues and AT2 receptors predominated in the developing brain (20).



2.2 Non-classical pathway: ACE2/Ang-(1–7)/MasR

The non-classical axis is neuroprotective and composes angiotensin-converting enzyme 2/angiotensin-(1–7)/Mas receptor axis (ACE2/Ang-(1–7)/MasR). The non-classical axis exerts neuroprotective effects, such as promoting the release of NO and promoting anti-inflammatory, anti-fibrotic, and vasodilatation effects. In the brain, all components of the ACE2/Ang-(1–7)/MasR axis are expressed. ACE2 correlates with AT1R and Ang II levels and ACE2 overexpression results in the downregulation of AT1R and increases the expression of AT2R and MasR. As a homologous enzyme of ACE, ACE2 is found in the hippocampus and cerebral cortex that cleaves Ang II to produce Ang-(1–7), which activates the Mas receptor and produces an inverse regulation of the ACE/Ang II/AT1 pathway (21, 22). Ang-(1–7) generated in the rat hippocampus has been reported (23). As for the Mas receptor, it was a G protein-coupled receptor specific for Ang-(1–7), which is expressed in brains and other different organs, including the hippocampus, amygdala, and cortex (21).




3 The relationship between RAS and depression/anxiety

In addition to the systemic RAS, all the components of the RAS independently exist in the brain involving the pathophysiology of depression and anxiety. Hyperactivation of the ACE/Ang II/AT1R classical pathway accelerate the disease process via activated AT1R, while AT2R plays a protective role (24). We will discuss the evidence and mechanisms of RAS involvement in depression and anxiety in this part (Figure 1A) (Table 1).




Figure 1 | (A) The overview of RAS and the role of the RAS in the pathophysiology of anxiety and depression. Notes: The blue dashed line pointed to the positive effects, such as antidepressant-like and anxiolytic effects. Two key regulatory pathways: the classical axis ACE/Ang II/AT1 receptor pathway and the non-classical pathway ACE2/Ang-(1–7)/Mas receptor pathway. Under physiological conditions, the two pathways regulated each other and maintained a dynamic balance. Ang II aggravated oxidative stress and inflammation response by activating AT1R to upregulate the ACE/Ang II/AT1R pathway, promoting the development of emotional disorders. Ang II activated non-classical pathways by activating AT2R and MasR, producing antidepressant-like and anxiolytic effects. Thus, the beneficial effects of RAS blockers may be due to inhibiting oxidative stress and inflammation by directly targeting Ang II and its AT1 receptor. Other potential targets of anxiolytic drugs include renin, ACE2, AT2 receptors, and Mas receptors. (B) RAS and oxidative stress in depression and anxiety Notes: The pro-inflammatory effects of Ang II were largely mediated by increased oxidative stress. During inflammation, Ang II activated AT1R to promote the oxidative stress process by increasing NADPH oxidase and iNOS activity in the BBB and PVN, resulting in an accumulation of ROS and NO and ultimately aggravating emotional disorders. Antioxidant enzyme activity was decreased during oxidative stress, which was prevented by RAS blockers and antioxidants. Furthermore, Ang II directly increased ROS generation and triggered lipid peroxidation, inhibited by RAS inhibitors and antioxidants. (C) HPA and RAS. Notes: The type of stress caused HPA axis activation and increased the downstream hormones such as CRH, ACTH, and GC, eventually promoting anxiety and depression. Stress increased Ang II levels, which in turn raised the expression of CRH mRNA, induced the release of ACTH and GC, and enhanced the stimulatory effects of CRH through AT1R located in the pituitary and PVN. The absence of AT2 receptor transcription enhanced the AT1 receptor expression in brain areas and was involved in regulating the HPA axis, which was associated with anxiety and depression. Pretreatment with RAS blockers attenuated neuroendocrine responses, preventing the development of stress-induced anxiety/depression-like behaviors. (C) RAS and oxidative stress in depression and anxiety. Notes: The pro-inflammatory effects of Ang II were largely mediated by increased oxidative stress. During inflammation, Ang II activated AT1R to promote the oxidative stress process by increasing NADPH oxidase and iNOS activity in the BBB and PVN, resulting in an accumulation of ROS and NO and ultimately aggravating emotional disorders. Antioxidant enzyme activity was decreased during oxidative stress, which was prevented by RAS blockers and antioxidants. Furthermore, Ang II directly increased ROS generation and triggered lipid peroxidation, inhibited by RAS inhibitors and antioxidants.




Table 1 | The relationship between RAS components and depression/anxiety.




3.1 ACE/Ang II/AT1R and depression/anxiety

Angiotensinogen is the glycoprotein precursor of angiotensin II. Voigt et al. were the first time to describe transgenic rats with low brain angiotensinogen behavioral phenotype as characterized by increased anxiety-related behaviors (41). Subsequently, studies showed low angiotensinogen concentration in the brain leads to anxiety-like behaviors accompanied by a depression-like state (25).

Ang II was previously discovered as a pro-hypertensive factor present in areas of the brain associated with cardiovascular and has recently been found to be associated with motor activity, anxiety, learning, and memory (20). Additionally, increased Ang II level is significantly associated with depression, anxiety, hyperactivity of the HPA axis, and stress (28, 42). For instance, treatment with Ang II for 14 consecutive days had significant anxious-like behaviors and bidirectional synaptic plasticity impairment, and increase expression of GABAARα1 (γ-aminobutyric acid A receptor) (27). Administered Ang II for 3 weeks induced cognitive impairment and anxiety-like behaviors as shown by spending less time in the four center squares in the open field tests (OFT) (26). Telmisartan and imipramine reversed chronic Ang II infusion-induced behavioral changes, including changes in TST and forced swimming test (FST) (28). Losartan microinjects into the hippocampus CA1 region showed an anxiolytic-like effect in bilateral olfactory bulbectomy rats (OBX, rat model of depression), indicating the involvement of Ang II in the pathogenesis of anxiety by activating AT1R (42). Whereas microinjections Ang II (0.1,0.5,1.0µg) into the CA1 hippocampal area, at a dose of 0.1µg shows some anxiolytic effects manifested as an increasing number of entries into the open arms in the elevated plus maze (EPM) (29). The results are inconsistent with previous studies, but there may be anxiolytic and anxiety effects of Ang II in a dose-related U-shaped manner.

Furthermore, hyperactivation of AT1a receptors is associated with promoting anxiety-like behaviors in the brain (31). Deletion of AT1a receptors (AT1a−/−) from the paraventricular nucleus (PVN) attenuated anxiety-like behaviors in rodents as manifested by increased time spent in the open arms of the EPM (31). Further, (AT1a−/−)mice reduced flight behavior in the elevated T-maze test (a model of anxiety and panic) and diminished fear responses despite threat levels (30).

Chronically infused intracerebroventricular (i.c.v.) AT2 receptors agonist evokes anxiolytic-like effects (32). Treatment with selective AT2 receptor antagonist PD123319 decreased the open arms exploration in EPM and changed the pattern of swimming during the FST (33). AT2 receptor-deficient mice increased anxiety-like behaviors, which can be reversed by captopril, and show no depression-like behaviors compared to wild-type mice, providing a theoretical basis for ACEIs for the treatment of emotional disorders (35). Recently, it was reported that the modulatory role of the AT2 receptor in the development of depressive-like behavior (43). Administration of AT2R antagonist PD123319 into the prefrontal cortex reversed the antidepressant effect of losartan (34), indicating AT2R has positive effects on depression and anxiety.



3.2 ACE2/Ang-(1–7)/MasR and antidepressant/anxiolytic effect

Walther was the first to discover that the ACE2/Ang-(1–7)/MasR pathway is associated with the development of anxiety, demonstrating that upregulating ACE2 significantly improved anxiety-like behaviors (40). ACE2 is essential for maintaining the balance between ACE2/Ang-(1–7)/Mas receptor and the ACE/Ang II/AT1R pathway. The main function of ACE2 is to inhibit ACE activity by decreasing Ang II bioavailability and increasing Ang-(1–7) levels. Thus, the overexpression of ACE2 not only is related to the upregulation of AT2R and Mas receptors but also to the downregulation of AT1R and ACE (44). Elevated ACE2 activity decreases anxiety-like behaviors and inhibits stress-induced activation of the HPA axis in male mice (45). However, in female mice, increasing ACE2 expression only produces anxiolysis without reversing HPA axis activity (45). Consistent with the effect, central administration of diminazen aceturate to mice, an ACE2 activator reduces anxiety-like behaviors in EPM (36).

Ang-(1–7) is associated with reduced depressive and anxious behaviors as a selective non-competitive antagonist of Ang II at type 1 Ang II receptors (46). Overexpression of circulation Ang-(1–7) produced anxiolytic-like effects have been found in transgenic rats (37), which were manifested by increasing the percentage of time spent and frequency of entries in the open arms and decreasing stretching in closed arms of the EPM (38, 47). In addition, overexpression of Ang-(1–7) reverses the increase in heart rate associated with emotional stress and demonstrates less anxious behaviors in transgenic rats (48). Low angiotensinogen levels in the brain lead to anxiety-like behaviors and depression-like behaviors, while intracerebroventricular administration of Ang-(1–7), selective serotonin reuptake inhibitor fluoxetine, enalapril (ACEI) attenuated behavioral changes in transgenic hypertensive rats, as shown by spending a lower percentage of time in the open arms of EPM and decreasing immobility time in FST (25, 38).

Centrally injecting the MasR antagonist reverses the ACE2 and Ang-(1–7)-induced anxiolytic effects, indicating the anxiolytic effects of ACE2/Ang-(1–7)/MasR pathway due to activate Mas receptors (36, 47). Pre-treatment with A779 (a selective Mas receptor antagonist) enhances the anxiety-like effects (38), showing decreases open arms exploration in the EPM and changes the pattern of swimming during the forced swim test (33). MasR-deficient mice influence hippocampal synaptic plasticity and exhibit increased anxiety behaviors in EPM (40). Taken together, the upregulation of the ACE/Ang II/AT1R pathway accelerates the process of the emotional disorder and the non-classical axis ACE2/Ang-(1–7)/MasR has neuroprotective effects on emotional disorders.



3.3 RAS blockers-induced mood-elevating effects

ACEIs and ARBs have been shown to have protective and potential therapeutic benefits in mood disorders (49)(Table 2). Saavedra et al. proposed that Ang II expression is associated with mood disorders and that reducing brain Ang II levels might decrease anxiety and depression in animal models (57). For example, treatment with captopril had significant antidepressant activity as shown by the forced swim-induced behavioral despair (immobility) test in mice. In addition, it reversed escape deficits in the learned helplessness model (55, 58). Studies in rodents injected with losartan systemically and locally to the anterior prefrontal cortex and medial amygdaloid nucleus have shown antidepressant effects as evidenced by decreased immobility time in the FST (33, 34).


Table 2 | Anxiolytic/anti-depressant effect of RAS blockers.



Chronic administration of the ACEI perindopril has anxiolytic effects on rats (56). Chronic cerebral hypoperfusion induces ACE/Ang II/AT1R overexpression in the hippocampus and causes anxiety. Candesartan and perindopril attenuate anxiety-like behavior and improve memory impairment by downregulating the ACE/Ang II/AT1R pathway and upregulating the ACE2/Ang-(1–7)/MasR pathway in the hippocampus (52). Ang II-induced rats spent significantly less time in the open arms of the elevated plus maze (EPM), this effect was abolished by the administration of valsartan and losartan (53, 59). Losartan effectively attenuated hyperactivity and anxiogenic behaviors in mice as seen in the EPM, social-interaction tests, and open field tests (OFT) (51) (50). Moreover, telmisartan treatment prevented diet-induced anxiety-like behaviors in behavioral tests (54).




4 Potential mechanisms of RAS blockers-induced antidepressant/anxiolytic effects


4.1 RAS-related gene and development of depression

The main RAS-related gene polymorphisms are found in the angiotensinogen gene, ACE, and the angiotensin 1 receptor gene, which have alleles associated with high levels of Ang II, high ACE activity, and elevated Ang II response, respectively. The ACE insertion/deletion (I/D) polymorphism determines functional variations of the ACE gene that significantly influence ACE plasma concentrations, which account for 30–40% of the variation in plasma ACE levels (60). Baghai et al. investigated the genetic association between 35 single-nucleotide polymorphisms (SNPs) and an I/D polymorphism in the ACE gene. They reported that carrying the T-allele is correlated with higher ACE serum activity, in which the highest ACE activities are found in patients homozygous for the T-allele, and the lowest is noted in patients homozygous for the A-allele (61). This research indicates that enhanced ACE activity is associated with depressive symptoms and increased susceptibility to affective disorders (61). In addition, a study based on the Iranian population showed that high serum ACE activity is associated with the pathogenesis of depression (62). The GG genotype of the A2350G polymorphism is associated with MDD and exhibits significantly higher serum ACE activity than AA or AG. Furthermore, certain variants of the ACE gene, such as the D allele, are more frequently noted in patients with affective disorders and associated with a higher risk of affective disorders (63). The D allele may be associated with the severity of depression in DD genotypes carriers of ACE I/D polymorphism (64).

In fact, in individuals with depression, the ACE I/D polymorphism is significantly associated with HPA axis hyperactivity. Patients with depression carrying the D/D variant of the ACE gene show considerably greater activation of the HPA axis (65). Cortisol secretion is increased in patients carrying homozygous T-alleles, showing higher HPA axis activity (61). In addition, the I/D polymorphism of the ACE gene is associated with both late-life depression and cortisol secretion (66).

Polymorphisms of the RAS-related gene variants have also been associated with a higher risk of depression (67). Saab et al. collected buccal cells from 132 patients with major depression and their first-degree relatives (case controls) in Lebanon (67). Their study showed that the angiotensin receptor type 1 (A1166C) CC genotype is more common in patients with depression, indicating that the CC genotype is significantly associated with depression (p=0.036) (67). A population-based cohort study found the ACE gene (rs1799752) is associated with the incidence of major depression in older individuals in followed up for over 12 years (68). Moreover, variation in the angiotensin II type 1 receptor has been linked with depression diagnosis and frontotemporal brain volumes (69). Two haplotype-tagging SNPs, rs10935724 (p=0.0487) and rs12721331(p=0.0082) showed statistically significant changes in frequency between diagnostic cohorts (69).



4.2 RAS-related gene and depression therapeutic outcome

Clinically, the ACE I/D polymorphism seems to influence the therapeutic outcome in patients with depression, including the onset of action of antidepressant pharmacotherapies and the responses to selective serotonin reuptake inhibitors (SSRIs) (70), which plays an important role in the individualized treatment of depression. To investigate the impact of ACE2 gene variants on the antidepressant efficacy of SSRIs, a randomized, controlled trial was completed, involving 200 patients with newly diagnosed depression who underwent fluoxetine or sertraline for 6 weeks, along with ACE2 allele genotyping (71). The result showed that the patients with GA and AA genotypes respond significantly better to sertraline and confirm the role of G8790A in response to some SSRIs (71). Elevated levels of substance P are associated with mood symptoms, such as depression (72) and treatment with substance P receptor antagonists has antidepressant properties (73). DD allele carriers possessing higher ACE activity can promote the degradation of substance P, which may be related to having a positive impact on antidepressant treatment efficacy (63, 72). Another study conducted a survey among 313 patients with depression receiving various antidepressant treatments and found patients with the D/D and I/D genotypes have shorter hospitalization durations and better treatment outcomes than those with the I/I genotype (74). Surprisingly, when the 313 patients were classified by sex, the ACE I/D polymorphism only influences the therapeutic outcome in women with major depression, not men. This may be due to the sex-dependent influence of the ACE I/D polymorphism on therapeutic outcomes in antidepressant therapies through the influence of gonadal hormones (74). Based on this study, the D allele has a beneficial effect on the onset of therapy for depression and can be used as a predictor of faster onset of different antidepressant treatments, but the I-allele seemed to have a delayed effect on therapy (74). Another study enrolled 273 patients with MDD who received various antidepressant treatments and assessed the severity of depression with the Hamilton Depression Scale-17 (HAMD) before and after 4 weeks of therapy (75). That study revealed that patients carrying the D allele respond better to antidepressant treatment than those carrying other genotypes (75). More than 70% of AT1 CC homozygotes have a 50% reduction in the HAMD-17 scale within 4 weeks of antidepressant treatment, implying that patients with a haplotype combining the CC and DD/ID genotypes respond better to treatment than those with a single allele (75). Although the therapeutic outcome in various genotypes is related to pharmaceutical variety, the findings demonstrate that the ACE gene may generate varied antidepressant effects.



4.3 RAS blockers inhibit neuroinflammation

Inflammation is triggered by cellular damage caused by infection or injury. The term “neuroinflammation” refers to an immune-related process that occurs within the brain and spinal cord as a result of harm induced by infection, psychological or physical stress, or indirectly as a result of infection emerging in the periphery (76). Subsequently, innate immune cells in the brain (microglia, astrocytes, and oligodendroglia) are activated in response to inflammatory stimuli including the production of cytokines, chemokines, and secondary inflammatory mediators such as prostaglandins (77).

The brain lacks T- and B-cells that are involved in cellular and humoral immunity but contain innate immune cells, including macrophages and dendritic cells (78). Macrophages in the brain referred to as microglia, are the primary immune cells and contain surface membrane receptors recognizing neurotransmitters and hormones (79). Microglia respond to local and systemic inflammatory stimuli by producing pro-inflammatory cytokines (PIC), including interleukin-1α and β (IL-1α and IL-1β), tumor necrosis factor α (TNF-α), and interleukin-6 (IL-6) (79). In addition, microglia produce the anti-inflammatory cytokines IL-10 and transforming growth factor (TGF)-β. Activated microglia also trigger a chain reaction between chemokines, prostaglandins, and NO. In addition to the direct promotion of brain inflammation, chemokines such as CCR2 promote the recruitment of peripheral immune cells into the brain, thereby increasing the effects of inflammation (80).

Appropriate central inflammatory responses are essential to protect the brain from infection and restore homeostasis; however, prolonged inflammation is harmful. Long-term neuroinflammation leads to the activation of peripheral macrophages and central microglia and nerve dysfunction (76). Moreover, excessive responses may lead to decreased levels of brain-derived neurotrophic factors chronic inflammation, and neuronal damage. Sustained activation of the immune response increases inflammation and nitro-oxidative stress, ultimately leading to changes in monoamine levels that increase the risk of many neurological and psychiatric disorders (81). Such a procedure most likely occurs in chronic psychiatric disorders such as depression (82).

In recent years it has become apparent that inflammation is associated with psychiatric disorders. For example, depression is characterized by a chronic low-grade inflammatory state, increased levels of peripheral inflammatory cytokines, and microglial activation (83–85). Clinically, high levels of inflammatory markers are associated with the development of depression (83). In the general population, an elevated C-reactive protein (CRP) level is linked to a higher risk of developing depression (86). Elevated levels of inflammatory cytokines have been observed in both peripheral and cerebrospinal fluid in patients with depression (87). Particularly, elevated levels of circulating pro-inflammatory mediators have been found in patients with treatment-refractory depression (TRD), including TNF-α, IL-6, IL-1β, CRP, and macrophage inflammatory protein-1 (88).

Consequently, it has been hypothesized that medications that suppress levels of pro-inflammatory cytokines might also contribute to treating depression (87, 89). Some antidepressants with known anti-inflammatory effects have been shown to reduce the level of IL-6 and IL-1β in patients with MDD (88, 90). The use of anti-cytokine and anti-tumor necrosis factor drugs (e.g. infliximab, etanercept, and adalimumab) has been associated with significant improvements in depressive symptoms (91). LPS promotes the activation of microglia and induces depressive-like symptoms, while treatment with anti-inflammatory medication alleviates depressive symptoms (92, 93).

In addition to the regulation of blood pressure, the RAS is also an important regulator of the inflammatory states in the nervous system (94). Excessively elevated Ang II levels enhance plasma cytokine levels such as IL-6, interferon-γ (IFN-γ), TNF-α, and IL-1β (95). IL-6 levels increase the most after Ang II infusion, and plasma IFN-γ levels also increases significantly (96). Cytokine expression is controlled at the transcriptional level by pro-inflammatory transcription factors, such as nuclear factor kappa B (NF-κB) and activator protein-1 (AP-1) (97). Ang II induces the differentiation of immune cells and promotes the production of cytokines through NF-κB and/or AP-1, initiating an inflammatory cascade that leads to microglial activation (98). These findings suggest that the RAS has an intimate and complex regulatory role in the immune system.

ARBs have been proven to effectively inhibit inflammation by reducing gene expression of brain pro-inflammatory cytokines (99)(Table 3). Ang II facilitates the production of IL-1β and NO. This effect is reversed by losartan, which inhibits NF-κB and AP-1 (110). Administration of candesartan reduces brain AT1R synthesis and inhibits LPS-induced acute brain inflammation throughout the inflammatory cascade, including decreased production and release to the circulation of centrally acting pro-inflammatory cytokines; reduction of brain pro-inflammatory cytokines, cytokine, and prostanoid receptors; and reduced microglial activation (105, 106). Pretreatment with candesartan (1 mg/kg/d, for 3 d before the LPS treatment) lessens LPS-induced ACTH and corticosterone release and reduces gene expression of cyclooxygenase-2 (COX-2), IL-6, and TNF-α (105). Moreover, candesartan prevents the synthesis and release of the pro-inflammatory hormone aldosterone (108). In the pituitary, candesartan decreases the expression of the genes for IL-6, iNOS, and COX-2 (109). It also lessens the release of inflammatory markers such as TNF-, IL-1, and IL-6 in the circulation (109). AT1 receptor blockades are demonstrated to provide superior neuroprotective properties to ACE inhibition (107). In the rat model of neuroinflammation, candesartan (1 nM) inhibits LPS-induced neuroinflammation more effectively even at lower dosages and increases AT2R and anti-inflammatory IL-10 expression than perindopril (1 μM) (107). Systemic administration of telmisartan directly ameliorates the IL-1β-induced neuronal inflammatory response and inhibits oxidative stress (102). Administration of telmisartan attenuates chronic intermittent hypoxia (CIH)-induced neuronal apoptosis and decreases levels of CD45 (leukocyte common antigen), CRP, and IL-6 in the hippocampus and circulation through inhibiting inflammatory response (103). Intranasal administration of telmisartan (1 mg/kg; two months) significantly reduces glial activation in the brain and ameliorates the synthesis of NO, iNOS, TNF-α, as well as IL1-β (104).


Table 3 | RAS blockers inhibit inflammation.



Consequently, it is hypothesized that medications with anti-inflammatory effects might also have antidepressant potential. Losartan and ramipril can reverse depression-like behaviors in restraint-stressed mice and insulin resistance through anti-inflammatory mechanisms (112). Administration of irbesartan reduces the level of inflammatory mediators and reverses Ang II-induced depressive-like behaviors as manifested by decreased immobility times in the modified forced swim test (MFST) and the TST (100). Pretreatment with losartan significantly improves FST performance and prevents LPS-induced anhedonia and anxiety-like behaviors in addition to preventing LPS-induced higher levels of the pro-inflammatory cytokine (TNF, IL-1, and IL-6) (99, 116). A model of diabetes-associated depression rats exhibited depression-like behavior, which can be therapeutically reversed by losartan (20 mg/kg) via altering diabetes-induced neuroinflammatory responses (111). Telmisartan effectively reduces the concentration of pro-inflammatory mediators, including NO, IL-6, and IL-1β, in depressed rats with diabetes (101). Moreover, in a rat model of post-traumatic stress disorder (PTSD), treatment with captopril decreases pro-inflammatory cytokines levels and inhibits microglial activation in the hypothalamus (114). More importantly, the anxiolytic/antidepressant effects of RAS blockers may be mediated by their anti-inflammatory effects, providing new treatment directions.



4.4 RAS blockers inhibit oxidative stress

Oxidative stress occurs when there is an imbalance between the production of reactive oxygen species (ROS) and endogenous antioxidant enzymes. Antioxidant enzymes, such as catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPX), maintain low levels of ROS in vivo. Excessive ROS generation and exhaustion of anti-oxidative defense-produced pro-inflammatory mediators results in damage to vital macromolecules and induces cellular apoptosis (117). Another major consequence of ROS-derived damage is lipid peroxidation. The brain is particularly susceptible to damage from reactive oxygen species because of its elevated oxygen consumption and lower levels of endogenous antioxidant enzymes (118).

Many studies have highlighted associations between oxidative stress and the development of affective disorders, and that antioxidants can improve symptoms of emotional disorders (119). Increased levels of oxidative stress markers, pro-inflammatory cytokines, and lipid peroxidation are observed in patients with anxiety and depression (120). Depression patients have significantly higher levels of F8-isoprostanes and lower GPX activity, two markers of oxidative stress, compared to healthy controls (121). Moreover, antioxidant treatment improves diabetes-induced depressive-like behaviors, increases levels of antioxidant enzymes CAT and SOD in brain tissue, and reduces oxidative stress in the hippocampus (118). Additionally, the administration of antioxidants shows an anxiolytic effect (122, 123). F2-isoprostanes and oxidized glutathione are positively associated with total Hamilton Anxiety ratings and the severity of anxiety in MDD (124). Moderate treadmill exercises prevent anxiety-like behaviors and the production of oxidative stress markers in the hippocampus, amygdala, and locus coeruleus (125). Importantly, antioxidants have the same effects as treadmill exercises, performing an anxiolytic effect (125), indicating that oxidative stress metabolites play an important role in mood disorders.

RAS overactivation is involved in oxidative stress via increasing Ang II levels and oxidative stress in the central nervous system is associated with depression (126) (Figure 1B). Ang II induces the production of superoxide anion and impairs cerebral microvascular endothelial function in vivo (127). Ang II stimulates inflammatory responses in the microvascular endothelium of the brain through AT1R, allowing more interaction between immune cells and the endodermis, and in turn, leading to disrupted BBB permeability partly via oxidative stress cascades (128). Ang II increases leukocyte adhesion 2.6-fold and BBB permeability 3.8-fold in male mice via oxidative stress-mediated cerebral microvascular inflammation (128). Furthermore, Ang II directly increases the production of ROS and subsequently induces lipid peroxidation and modification (129).

After systemic inflammation in the brain, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and inducible nitric oxide synthase (iNOS) activities rise, resulting in an accumulation of ROS and NO (126). During inflammation, Ang II promotes the oxidative stress process by increasing NADPH oxidase and iNOS activity in the BBB and PVN (126), and ARBs attenuate iNOS activity (126)(Table 4). Moreover, pretreatment with losartan at 3 mg/kg attenuates NO metabolite accumulation in hippocampal and cortical tissues (116). Treatment with telmisartan attenuates CIH-induced neuronal apoptosis in the hippocampus by suppressing NOS activity and inhibiting excessive NO generation (103). In addition, RAS blockers have a positive effect on depression as a comorbidity. Administration of RAS blockers prevents indices of systemic oxidative/nitrosative stress increased in rats with diabetes mellitus by inhibiting oxidative stress (131). Treatment with perindopril reduces severe acute respiratory syndrome-related coronavirus 2 spike protein-induced inflammatory and oxidative stress responses in cells and significantly blunted apoptosis and ROS (130).


Table 4 | RAS blockers inhibit oxidative stress.



The limbic system, comprised primarily of the amygdala and hippocampus, includes widely distributed AT1 receptors and is sensitive to oxidative stress 184). Oxidative stress upregulates angiotensin-1 receptor levels and elevates NF-κB-mediated pro-inflammatory factors levels (IL-6, TNF-α) in these brain areas, leading to anxiety-like behaviors (132, 133). Candesartan significantly inhibits nuclear translocation of NF-κB expression, while also decreasing ROS levels and increasing IL-10 levels in the cortex and hippocampus (133). Captopril and losartan reverse the disruption of BBB permeability and prevent Ang II-induced enhancement of oxidative stress in the hippocampus (59, 134). Moreover, captopril and losartan decrease lipid peroxidation levels, reduce anxiety-like behaviors, and increase antioxidant enzymes including SOD and GPX (59, 134). Furthermore, antioxidant treatment improves Ang II-induced disruption of BBB permeability and prevented anxiety-like behaviors in rats (135). LPS injection raises the concentration of malondialdehyde (MDA), a marker of lipid peroxidation, in hippocampus tissue (99). Losartan prominently increases the activity of antioxidant enzymes and reduces lipid peroxidation, such as MDA (99, 136). Pretreatment with losartan (3 mg/kg) significantly decreases MDA levels and reverses the negative effects of LPS on the activity of CAT and SOD in the hippocampal and cortical tissues (116). Consistent with losartan, telmisartan suppresses CIH-induced lipid peroxidation and overexpression of inflammatory mediators in the hippocampus (103). Irbesartan, alone or in combination with fluoxetine, significantly decreases the levels of thiobarbituric acid reactive substances, CAT, and MDA, and reverses the reduction in GSH levels in unpredictable chronic mild stress (UCMS) mice (100). Taken together, RAS blockers improve emotional disorders through anti-oxidative stress effects.



4.5 RAS blockers inhibit stress responses


4.5.1 RAS, corticotropin-releasing factor, and stress

In response to stress stimulation, the subgenual prefrontal cortex is suppressed and the amygdala is activated, which activates the HPA axis (137). As the major stress mediator and crucial regulatory center of the neuroendocrine system, HPA releases corticotropin-releasing factor (CRF) to regulate stress responses (138). When the HPA axis is activated, CRF is released from the paraventricular nucleus(PVN) into the portal circulation, stimulating the pituitary to produce and release adrenocorticotropic hormone (ACTH). ACTH further stimulates the glucocorticoid (GC) hormone cortisol synthesis and release by the adrenal cortex (139). Interestingly, increased CRF in the cerebrospinal fluid and hyperactivation of the HPA axis have been reported in both anxiety and depression (140, 141).

Corticotrophin-releasing factor or hormone (CRH) is a 41 amino acid neuropeptide that mediated the neuroendocrine, immunological, autonomic, and behavioral responses to stress (142). In various animal models of anxiety disorders, centrally injected CRF induces anxiety-like responses such as sleep disturbances, loss of appetite, and anhedonia (143). CRF antagonists show anxiolytic effects in a variety of animal models (143). In addition, a large literature indicates that stress responses upregulate the transcription and expression of Ang II-related receptors and enhance the expression of central Ang II (144–146). Ang II, as a stress hormone, increases the expression of CRF mRNA through AT1R, which contributes to increasing the expression of CRF receptors and promoting CRF release during stress (147, 148). Ang II stimulates ACTH and GC secretion through pituitary AT1R and/or activates Ang II afferent terminals innervating present in PVN neurons enhancing the stimulatory effect of CRF (149, 150)(Figure 1C).

The various stressors enhance Ang II levels and affect the expression of receptors. Pavel reported that ARBs prevent the response of the HPA axis to isolate stress and reduce the expression of CRH receptors and benzodiazepine receptors, demonstrating that ARBs exert powerful anti-anxiety properties by downregulating CRH receptor type and benzodiazepine receptors in stress models (151, 152). Saavedra et al. pretreated rats for 13 days with candesartan (0.5 mg/kg/day) followed by 24 h of isolation in metabolic cages, and they found that candesartan blocks the stress-induced augments of CRF in the cortical and prevents benzodiazepine receptors from binding in the paraventricular nucleus and cortex (153). Injecting Ang II-induced depressive-like behaviors via microglia activation and activates the HPA axis (28), pretreatment with candesartan (1.0mg/kg/days for 14 days) attenuates the response of the HPA axis to stress and reduces cold restraint stress (placed in plastic restraining devices and maintained at 4°C for 2 h)-induced ulceration of the gastric mucosa eventrally (154). Candesartan increases gastric blood flow by 40-50% and prevents gastric ulcer formation by 70-80% after cold-restraint stress (154). Administration of losartan effectively attenuates the stress-induced fear memory impairment and prevents the development of depression-like behaviors caused by chronic mild unpredictable stress (CMS) (116, 155). Low doses of candesartan completely reverse chronic restraint stress (2 h/21 days in tight plastic tubes)-induced memory deficits (156). Isolation stress increases AT1 receptor binding in the PVN and anterior pituitary. The administration of candesartan is sufficient to block the isolation stress (24h isolation in individual metabolic cages)-induced increased binding of AT1R to PVN and to reduce the HPA response to stress (157)(Table 4).

Systemic administration of angiotensin II receptor antagonist inhibits stress-induced anxiety (158). Ovariectomized rats treated with losartan decreased plasma corticosterone levels (p<0.05) and AT1R mRNA expression in the CA3 region of the hippocampus (159). Administration of losartan improves anxiety responses in stressed rats via blockade of the AT1 receptor within the amygdala under both non-stress and acutely stressed rats (160). In sub-chronic swim stress models, pretreatment with losartan (10 mg/kg) decreases anxiety-like and stress behaviors as manifested by enhancing the tendency to spend more time in the center area in the OFT (43). Chronic stress lead to neuropsychiatric disorders, such as anxiety and depression, the neuroprotective effect of losartan alleviates chronic fatiguing stress-induced anxiety-like behaviors (161). Moreover, pretreatment of losartan reveres the chronic restraint stress-induced increased anxiety-like behaviors and decreased motor activity (162).

Empirical studies in animals show RAS blockers exert antidepressive effects. Treatment with losartan significantly abolishes the increased Ang II level and prevents the development of stress-induced depression-like behaviors in UCMS rats (163). Chronic administration of irbesartan significantly increases swimming and climbing times, decreases immobility times in the MFST, and decreases immobility time in the tail suspension test in UCMS rats (100). Administration with telmisartan for five weeks notably prevents the depression-like behaviors in OFT and sucrose preference test (SPT) in animals under chronic stress (164).



4.5.2 RAS, 5-HT, and stress

Serotonin (5-HT) is an important neuromodulatory transmitter and decreased 5-HT production may result in mood disturbance, aggression, and other neuropsychological impairment (165). There is an interaction between Ang II and 5-HT, particularly in the hippocampus, and brain Ang II regulates stress-related effects by modulating 5-HT release and synthesis (166, 167). The major serotonin metabolite 5-hydroxyindoleaceticacid (5-HIAA) is significantly elevated in the striatum after Ang II administration, indicating that Ang II increases the 5-HT levels (167). Furthermore, the AT1 receptor antagonist losartan reduces basal levels of 5HIAA (167). However, irbesartan (an ARB) increases time spent in the center of the OFT and elevates the 5-HT levels in UCMS rats (100), suggesting the biphasic response of Ang II on 5-HT synthesis (166). It is speculated that the biphasic response was related to the concentration of Ang II. Ang II stimulated tryptophan (TRP) hydroxylase at high concentrations to increase the synthesis of 5-HT. At low concentrations, an inhibitory effect is found, Ang II inhibits tryptophan hydroxylase resulting in decreasing 5-HT levels (166). Above all, it represents a subtle regulation of serotonin and the RAS system.

Perindopril (1.0 mg/kg/day) and candesartan (10 mg/kg/day) were administered via drinking water for 1 week, and serotonin levels increase in the prefrontal cortex and hippocampus, suggesting that decreased Ang II levels are associated with increased serotonin (168). Systemic administration of captopril increased serotonin levels and decrease depressive-like behaviors (115). In addition, captopril significantly increases the concentration of 5-HT and 5-HIAA in the parabrachial lateral nucleus (169). Administration with telmisartan for five weeks notably prevents the depression-like behaviors in OFT and SPT, and enhances expression of 5-HT transporter in the hippocampus of mice through activation of peroxisome proliferator-activated receptor δ, indicating RAS blockers improve stress-induced depressive symptoms in animals under chronic stress (164). Although these findings support that Ang II regulates stress by altering 5-HT levels in the brain, the association between Ang II and 5-HT in the formation of stress-related behaviors needs further investigation.



4.5.3 RAS, sympathetic/parasympathetic, and stress

Stress generally triggers the autonomic nervous system, which is one of the major neural pathways (170). Depression is characterized by autonomic imbalance, with elevated sympathetic tone and weak parasympathetic tone, or both (171). A study of more than 600 subjects reports that depression and anxiety are shown to be more significantly and positively linked with the activation of the sympathetic nervous system (SNS), and depression is negatively correlated with parasympathetic nervous system (PNS) activation (172). SNS is stimulated in response to stress and increases the concentration of serum catecholamines to maintain body homeostasis (173). Indeed, patients with depression have been reported to have elevated catecholamines in plasma and cerebrospinal fluid (CSF) (174).

Norepinephrine (NE), one of the catecholamine hormones, is a major monoamine neurotransmitter that widely affects multiple brain regions (175). Noradrenergic hyperactivity has been shown to be an important component of the stress response and dysregulation of noradrenergic signaling has been implicated in the pathogenesis of anxiety and depression disorders. In fact, RAS has a complex bidirectional interaction with the autonomic nervous system activity under both physiological and pathophysiological conditions via receptors localized to peripheral and central sites of action (176). In the brain, Ang II increases sympathetic discharge and decreases vagal discharge. As a neuromodulator, Ang II stimulates ganglionic transmission and catecholamine release from adrenal medullary chromaffin cells and potentiated NE release from sympathetic nerve terminals in the periphery (177). In addition, there is some evidence that Ang II inhibits norepinephrine reuptake to promote neurotransmission (177). Administration of angiotensin-converting enzyme inhibitors can attenuate sympathetic neurotransmission and facilitate parasympathetic (175). In addition, Ang-(1–7) inhibits sympathetic tone and facilitates parasympathetic tone effects in experimental animal models, which will become an attractive treatment for autonomic nerve dysfunction (178).

In rat hypothalamic tissue, losartan partially reduces norepinephrine secretion (179). Also, noradrenaline levels are also shown to be significantly reduced in the striatum after chronic candesartan, although the mechanism is unclear (168). Ang II elevates catecholamines in the periphery and central, and pretreatment with Ang II receptor antagonism losartan significantly attenuates neuroendocrine responses, indicating Ang II activates sympathetic-adrenomedullary system activity through AT1R during stress (180). Although these findings support that Ang II regulated stress-related behaviors by altering NE levels, the association between Ang II and NE and sympathetic and parasympathetic in the formation of stress-related behaviors needs further investigation.

In clinical studies, elevated catecholamine activity impaired prefrontal cortex (PFC) function under stress and is associated with PTSD and other anxiety disorders (181). Chronic stress exposure leads to dendritic atrophy in PFC and enhances the noradrenergic NE system in the PFC (181). Cerebrospinal fluid norepinephrine concentrations are significantly higher in patients with chronic PTSD than in healthy subjects (182). Moreover, CSF norepinephrine concentrations are shown to be more significantly and positively link with the severity of PTSD symptoms, rather than plasma norepinephrine concentrations (182). Gold observed significant elevations in twenty-four-hour indices of norepinephrine secretion in both cerebrospinal fluid and plasma in severely depressed patients, compared with the control group (183). Clinical studies find that alpha-1 receptor blockers or alpha-2A receptor agonists can reduce the high concentration of NE release during stress, suggesting targeting the autonomic nervous system can be utilized as a pharmaceutical therapy for stress-related symptoms (181, 184). Taken together, the above finding indicates that RAS is involved in stress and that inhibiting RAS reduced the effects of stress.




4.6 RAS blockers elevate brain-derived neurotrophic factor levels

Brain-derived neurotrophic factor (BDNF) is a neurotrophic factor bound to its receptor tropomyosin-related receptor kinase B (TrkB). BDNF is associated with the neurobiology of depression and antidepressant effects (185). BDNF plays an important role in neuronal growth, maturation, and survival and it mainly has the following functions (186): (1) increase synaptic plasticity and affect learning and memory. (2) promote neurogenesis, especially in the hippocampus. Further, the expression of BDNF is regulated via cyclic adenosine monophosphate response element-binding protein (CREB), and the phosphorylated cyclic adenosine monophosphate response element-binding protein (pCREB) level in the hippocampus was one of the pathogenesis of depression (187). TrkB signaling is essential for antidepressants, activating TrkB and increasing levels of BDNF (188). Hippocampal biopsies showed that individuals with major depression reveal lower levels of BDNF and its receptor TrkB, and long-term use of antidepressants promotes increased BDNF levels (111). Chauhan et al. revealed that in depressed patients with low BDNF levels, after four weeks of antidepressant treatment, the serum BDNF levels and depressive symptoms significantly improve (189).

BDNF exhibits a negative regulatory effect on brain inflammation along with inflammation and oxidative stress (83, 189). RAS performs an integral effect in mediating BDNF, which is essential in the neurobiology of depression and antidepressant effects (34). Decreased BDNF levels in the hippocampal are associated with depressive-like behaviors in UCMS rats and losartan minimizes depressive-like behaviors via modulating the BDNF pathway (113, 190)(Table 5). Losartan treatment significantly elevates TrkB and p-CREB protein levels and reduces NF-κB protein, IL-6, and TNF-α mRNA levels, and facilitates the BDNF-TrkB-CREB, indicating that the TrkB signal promoted neuronal survival (111). Losartan exerts neuroprotective effects by alleviating neuroinflammatory responses and elevating BDNF levels in astrocyte (111). Oral administration of candesartan ameliorates chronic neuroinflammation-induced behavioral changes and apoptosis by inhibiting Ang II-induced NF-κB inflammatory signaling and enhancing the phosphorylated CREB and BDNF expression level in the cortex and hippocampus regions (133). In the case of AT1R blockade, AT2R activation increases the expression of AT2R mRNA (192). The antidepressant-like effect of losartan may increase the binding of Ang II to AT2R by inhibiting AT1R, finally, increase the surface levels of TrkB and coupling of TRK/FYN in the hippocampus and ventral medial prefrontal cortex (vmPFC) prelimbic aspects (34).


Table 5 | RAS blockers reduce stress responses and elevate BDNF levels.



Reduced BDNF levels promote oxidative stress processes that lead to anxiety (120, 132). For example, social stress lowers BDNF and glutathione reductase levels, leading to oxidative stress-induced anxiety/depression-like behaviors in rats (193). Impaired hippocampal neurogenesis and reduced BDNF levels were observed in UCMS mice. Orally administration of valsartan (10–40 mg/kg/day, 4 weeks) promotes the hippocampus neurogenesis and the BDNF expression, exerting an antidepressant-like effect, which may be one of the mechanisms for its antidepressant (191). Importantly, the antidepressant-like property is dose-dependent, with the maximum effect obtained when valsartan is administered at a dose of 40 mg/kg/day (191).




5 Clinical data

To date, no randomized controlled trial has examined the impact of ACEIs or ARBs on depression. However, case reports and observational studies have demonstrated a bidirectional relationship between antihypertensive medications and depression, indicating mood-improving effects of RAS blockers, whereas other antihypertensive agents did not (Table 6). For example, losartan positively affects individuals with high-trait anxiety and prevents the development of anxiety disorders (205). In hypertensive individuals without a psychiatric history, discontinuation of valsartan (160 mg/day) is accompanied by anxiety symptoms such as palpitations, insomnia, and increased respiratory rate (206). These anxiety symptoms were significantly relieved with recontinuation of valsartan (80 mg/day) (206). A recent neuroimaging study showed that losartan prevents sustained amygdala activation in individuals with high-trait anxiety and leads to increased activation in other brain areas associated with threat processing, such as the insula and putamen (205). A recent study reports a significant association between the presence of an ACE inhibitor/ARB medication and decreased post-traumatic stress disorder symptoms compared with other blood pressure medications, including β-blockers, calcium channel blockers, and diuretics (207).


Table 6 | Clinical data of RAS blockers.



Moreover, captopril and enalapril partly reverse the significant negative emotional effects of hypertension (12). Several cases have reported that captopril has mood-improving properties and antidepressant effects (202–204). Patients treated with captopril had significantly reduced total Hamilton Depression Scale (HAMD) scores and corrected neuroendocrine dysfunction during one-year follow-up (201). Moreover, captopril (12.5 mg b.i.d.2 weeks) decreases HAMD-21 scores and improves depressive symptomatology in patients with recurrent unipolar major depression (208). Captopril and enalapril improve depressive and anxiety symptoms in patients with hypertension (200). Hertzman reported that ten patients who suffered from hypertension and mood disorders (major depressive disorder or bipolar disorder) had improved mood with a combination of antidepressants and lisinopril, and no serious negative effects were reported by any of these patients while using lisinopril (209). A clinical trial reported that ACE inhibitors reduced the likelihood of depression risk and significantly improved general well-being, work performance, and cognitive function in 625 white men with mild hypertension administered captopril for 6 months (210). Two prospective multicenter randomized trials have shown that captopril has a significant tendency to reduce depressive symptoms compared with other antihypertensive drugs (211). Subsequently, another ACE inhibitor (enalapril) showed a significant improvement in health-related quality of life (HRQoL) compared to selective beta-blockers, although the overall tolerability of the two drugs was similar (212). In a clinical trial that enrolled 387 subjects aged 75+ years with hypertension in Italy, the results showed that the use of ACE inhibitors was associated with significantly better HRQoL among older adults (213). A case-control study enrolled 972 patients with both diabetes and depression, and the results suggest that those given ACEIs show a lower odds ratio for depression (OR 1.3, 95%confidence interval (95%CI):0.8–2.2) compared to beta-blockers (OR 2.6, 95% CI:1.1–7.0) and calcium channel blockers (OR 2.2, 95% CI:1.2–4.2) (214). Patients with type 2 diabetes and depressive symptoms received chronic candesartan administration for at least three months, which significantly improved interpersonal sensitivity and depression ratings and reset the HPA axis by reducing the sensitivity of the adrenals to ACTH and expression of AT1R (148).

In clinical and cohort studies, targeted RAS compounds have neuropsychiatric advantages through their anti-inflammatory properties, especially in depression (215). A Danish nationwide population-based study enrolled 1 576 253 subjects exposed to one of the six drugs(low-dose aspirin, statins, allopurinol, ACEIs, ARBs, and non-aspirin non-steroidal anti-inflammatory drugs) during the exposure period from 2005 to 2015. The incidence of depression decreased in patients taking ACEIs and ARBs, suggesting that these agents may act on inflammation and the stress response system (195). A recent meta-analysis identified 11 randomized controlled trials on the effects of antihypertensives on mental health and reported that ACEI and AT1R blockers have better effects on quality of life, anxiety, and mental well-being than placebo and other antihypertensives (196). Nasr analyzed data from 378 patients whom both suffered from hypertension and depression and found that patients being treated with an ACEI or ARB showed significantly lower rates of antidepressant usage, while beta-blocker and calcium channel blocker usage led to the highest rate of antidepressant usage (197). Consistent with these studies, Boal et al. analyzed cohort data and found that the use of RAS blockers in patients was associated with a low prevalence of depressive symptoms. The risk of affective disorders is reduced with the usage of ACEIs or Ang II receptor blockers, whereas the risk is increased with the administration of beta-blockers or calcium channel blockers (199). A nationwide population-based study showed that 3747190 subjects were exposed to antihypertensive drugs between 2005 to 2015. The findings of this study suggest that patients who continue to use classes of angiotensin agents, calcium antagonists, and β-blockers have significantly decreased rates of depression, whereas those using diuretic medication do not (198). A retrospective cohort study to investigate the distinct effects of antihypertensives on depression enrolled 181,709 patients and found that other antihypertensives may have a negative effect on the risk of depression compared with ARBs (216). Furthermore, 58.6 million patients aged 18–90 years were enrolled to study the influence of antihypertensive drugs on the onset and recurrence of psychiatric disorders (217). This study showed that ARB users exhibited the lowest incidence of psychotic, affective, and anxiety disorders for the first and recurrent diagnoses compared with CCB and β-blockers (217). However, there are limited randomized clinical trials on ACEI- and ARB-targeting medications and depression, which raises the possibility that future clinical research should conduct trials to examine these apparent advantages.

Despite the success demonstrated, a significant limitation is that not all research has revealed that ACEIs and ARBs have positive benefits on mood disorders, and these opposing results provide a new perspective for future clinical therapy. A small double-blind pilot study of eight patients was conducted to assess whether captopril has euphoric effects in the treatment of hypertension and found that the administration of captopril failed to elevate depressive mood (218). This result may be due to the small sample size of this study. A case report shows the dose of captopril is increased from 25 mg t.i.d. to 37.5 mg q.i.d. and the patient becomes intensely dysphoric within 2 days (203). When the captopril dose was raised to 37.5 mg q.i.d, anxiety and dysphoria reappeared. Furthermore, the dose was increased to 50 mg q.i.d., and the patient exhibited incoherent speech and suicidal ideation. It should be noted that although several studies have found that captopril has a positive effect on depression, its anxiolytic effect may be dose-dependent. In future studies, more attention should be paid to the frequency and different dosages of RAS blockers and the negative effects of different doses on mood.

In contrast, some epidemiological studies highlight concerns regarding possible links between the use of RAS blockers and increased risk of suicide, although the underlying mechanisms remain unknown (49). Mamdani et al. carried out a population-based nested case-control study, which included 964 patients and 3856 controls. The study found that ARB exposure is associated with a higher risk of suicide compared with ACEI (adjusted odds ratio, 1.63; 95% CI, 1.33–2.00). The preferred use of ACEI instead of ARB should be explored whenever possible, especially in individuals with severe mental disorders (219). Nonetheless, when a subsequent analysis was performed in 2020, a nationwide population-based propensity score matching study demonstrated that ARB use was not associated with an increased risk of suicide compared to non-ARB use (220). In summary, evidence from epidemiological studies suggests that the relationship between RAS medication use and suicide is inconsistent. Even if a direct cause-and-effect link exists, it is difficult to prove whether higher or lower RAS contributes to increased suicide risk.

Furthermore, most studies investigating the role of RAS in mood disorders have focused on pharmacological compounds that target ACE or AT1 receptors. Recently, several novel pharmacological compounds have been discovered, including ACE2 activators, Mas receptor agonists, AT2 receptor agonists, and renin blockers (221, 222), and further work to understand their roles is required.



6 Conclusion

A growing body of experimental and clinical data highlights the important role of the RAS in the pathophysiology of mood disorders. In this review, we presented an overview of the RAS, which consisted of two mutually antagonistic pathways that maintain balance through ACE2. The ACE/Ang II/AT1R classical pathway aggravates depression and anxiety by activating AT1R, while the non-classical pathway exerts anxiety/antidepressant effects by activating MasR. Moreover, RAS, mainly Ang II, is involved in the pathological process of depression by promoting inflammation, oxidative stress, and stress responses and reducing BDNF levels. Similarly, agents that inhibit RAS reduce inflammation, oxidative stress, and stress responses and facilitate neurogenesis. This may be the underlying mechanism of RAS blocker treatment for anxiety and depression. The full potential of RAS blockers as antidepressants and anti-anxiety drugs has not yet been elucidated. Hence, in future work, large-scale, randomized, controlled clinical trials are necessary to evaluate the therapeutic efficiency of RAS compounds in emotional disorders. RAS blockers need to be tested as potential therapies for emotional disorders, such as comorbid cardiovascular/cerebrovascular disease and depression. Furthermore, the role of RAS blockers in males and females in emotional disorders and pharmaceutical dosage in men and women should be carefully established.

Thus, RAS blockers may be a promising strategy for the treatment of mood disorders in the future. However, to realize the full therapeutic potential of RAS in mood disorders, further research is required.
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Oxidative stress is an important pathogenic factor in ulcerative colitis (UC) and colitis-associated colorectal cancer (CAC), further impairing the entire colon. Intestinal epithelial cells (IECs) are crucial components of innate immunity and play an important role in maintaining intestinal barrier function. Recent studies have indicated that microRNA-222-3p (miR-222-3p) is increased in colon of UC and colorectal cancer (CRC) patients, and miR-222-3p is a crucial regulator of oxidative stress. However, whether miR-222-3p influences IEC oxidative stress in UC and CAC remains unknown. This study investigated the effect of miR-222-3p on the regulation of IEC oxidative stress in UC and CAC. An in vitro inflammation model was established in NCM460 colonic cells, mouse UC and CAC models were established in vivo, and IECs were isolated. The biological role and mechanism of miR-222-3p-mediated oxidative stress in UC and CAC were determined. We demonstrated that miR-222-3p expression was notably increased in dextran sulfate sodium (DSS)-induced NCM460 cells and IECs from UC and CAC mice. In vitro, these results showed that the downregulation of miR-222-3p reduced oxidative stress, caspase-3 activity, IL-1β and TNF-α in DSS-induced NCM460 cells. We further identified BRG1 as the target gene of miR-222-3p, and downregulating miR-222-3p alleviated DSS-induced oxidative injury via promoting BRG1-mediated activation Nrf2/HO-1 signaling in NCM460 cells. The in vivo results demonstrated that inhibiting miR-222-3p in IECs significantly relieved oxidative stress and inflammation in the damaged colons of UC and CAC mice, as evidenced by decreases in ROS, MDA, IL-1β and TNF-α levels and increases in GSH-Px levels. Our study further demonstrated that inhibiting miR-222-3p in IECs attenuated oxidative damage by targeting BRG1 to activate the Nrf2/HO-1 signaling. In summary, inhibiting miR-222-3p in IECs attenuates oxidative stress by targeting BRG1 to activate the Nrf2/HO-1 signaling, thereby reducing colonic inflammation and tumorigenesis.
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Introduction

Ulcerative colitis (UC), a type of inflammatory bowel disease (IBD), is a chronic inflammatory disease of the colonic mucosa. The peak age of UC onset is between 30 and 40 years, which is increasing in incidence and prevalence (1, 2). UC patients have significantly increased risks of developing colorectal cancer (CRC) in the long term, and chronic inflammation is a driver of tumor progression (3, 4). Studies have shown that the deficiency of intestinal epithelial cells(IECs) homeostasis maintenance can lead to chronic inflammation and inflammatory cancer transformation (5–8).

Oxidative stress has long been recognized as one of the main pathogenic factors of UC and colitis-associated colorectal cancer (CAC) (9). Under normal conditions, reactive oxygen species (ROS) in intestinal tissue have bactericidal effects and participate in intestinal defense. However, excessive ROS production exceeds the buffering capacity of the host’s antioxidant defense, and the resulting oxidative stress can lead to lipid peroxidation, inflammatory responses, and intestinal mucosal barrier damage (9, 10). ROS generated by chronic inflammatory infiltration are thought to contribute to the generation of dysplastic lesions. Excessive ROS production can lead to DNA damage, which can become oncogenic (11, 12).

MicroRNAs (miRNAs, miRs) are noncoding single-stranded small RNAs approximately 17-25 nucleotides in length that are critical regulators of gene expression (13). MiRNAs can bind to the 3’ untranslated region (3’-UTR) of mRNAs, resulting in translational inhibition or the degradation of target mRNAs (14). MiRNAs have been shown to play critical roles in managing molecular and cellular processes in cancer and inflammation (15, 16). Among miRNAs, microRNA-222-3p (miR-222-3p) is a major regulator of oxidative stress and inhibiting the expression of miR-222-3p can significantly reduce the development of oxidative stress (17, 18). Recently, there is evidence suggesting an increased in the miR-222-3p expression in the colonic mucosal tissues of UC patients and in the colorectal tissues of CRC patients (19, 20). However, whether miR-222-3p plays a role in regulating oxidative stress in the colon in UC and CAC has not been investigated.

Brahma-related gene 1 (BRG1; SMARCA4) is an ATPase subunit of the SWI/SNF chromatin remodeling complex, which changes the structure of chromatin by hydrolyzing the energy released by ATP (21, 22). Studies have shown that BRG1 is crucial to maintain the homeostasis of IECs to prevent colitis and tumorigenesis, and the expression of BRG1 in the IECs of UC patients is significantly reduced (12). BRG1 deletion led to excess ROS levels in mice, resulting in defective colonic barrier integrity, and the oxidative stress generated by ROS showed that the mice were highly susceptible to colitis and CAC (12, 23). Studies have shown that BRG1 is a potential target gene of miR-222-3p, and miR-222-3p directly binds to the 3’-UTR of BRG1, thereby inhibiting the transcription and translation of BRG1 (24). By inhibiting miR-222-3p, BRG1 expression can be significantly increased (24), and BRG1 further activates the antioxidant Nrf2/HO-1 signaling to resist oxidative stress (25, 26).

Nuclear factor erythroid 2-related factor 2 (Nrf2) is an critical transcription factor associated with the cellular antioxidant response and a central regulator that maintains intracellular redox homeostasis (27). Under physiological conditions, Nrf2 exists in the cytoplasm and combines with Kelch-like ECH-associated protein 1 (Keap1) to form a complex, and Nrf2 is degraded by proteases, maintaining an inhibited state (28–30). However, after exposure to oxidative stress, Nrf2 is released from the Keap1/Nrf2 complex and translocates into the nucleus to form a dimer with the small Maf protein, associates with the antioxidant response element (ARE) and further exerts antioxidant and anti-inflammatory effects by activating the downstream antioxidant protein heme oxygenase-1 (HO-1) (31).

Therefore, we hypothesized that miR-222-3p could promote ulcerative colitis and tumorigenesis by regulating oxidative stress in IECs and that the BRG1/Nrf2/HO-1 pathway was involved in this process (Figure 1). Our study aims to explore the effect of miR-222-3p on the regulation of IECs oxidative stress in UC and CAC through the BRG1/Nrf2/HO-1 pathway.




Figure 1 | Illustration of the mechanisms of miR-222-3p in UC and CAC. MiR-222-3p directly controls oxidative stress via the BRG1/Nrf2/HO-1 pathway in IECs. MiR-222-3p overexpression leads to the inhibition of the BRG1/Nrf2/HO-1 pathway, which results in excessive ROS production and oxidative stress thereby compromising mucosal barrier integrity and promoting UC. Chronic inflammation combined with ROS-induced DNA damage promotes the malignant progression of CAC. UC, Ulcerative colitis; CAC, Colitis-associated colorectal cancer.





Materials and methods


Cell culture

Human NCM460 colonic cells (INCELL, San Antonio, TX) were purchased from Ningbo Mingzhou Biotechnology Co., Ltd. (Ningbo, China) and cultured in Minimul Essential Medium (MEM, Gibco, Rockville, MD) supplemented with 10% (v/v) FBS and 1% penicillin/streptomycin (Gibco, Rockville, MD). The cells were cultured in a humidified atmosphere of 95% air and 5% CO2 at 37°C.



Establishment of a dextran sulfate sodium-induced inflammation model in NCM460 cells

According to previous methods, NCM460 cells were placed under specific conditions (5% CO2/95% air) at 37°C for 24 h. Afterward, NCM460 cells were exposed to 20 mg/mL dextransulfate sodium (DSS) for 12 h (32, 33).



Cell transfection

The miR-222-3p mimics, miR-222-3p inhibitor, and negative control miRNA (miR-NC) were purchased from Shanghai GenePharma (Shanghai, China) and transfected into cells using Lipofectamine 2000 (Thermo Fisher Scientific, USA) according to the manufacturer’s protocols. BRG1 shRNA and negative control shRNA (NC-shRNA) were purchased from Shanghai Genechem Co., Ltd. (Shanghai, China) and transfected into cells according to the manufacturer’s instructions.



Cell counting kit-8 assay

NCM460 cell viability was assessed using a Cell Counting Kit-8 (CCK-8) assay from KeyGen BioTech (Nanjing, China) according to the manufacturer’s instructions. Briefly, the cells were added into 96-well plates at a density of 1×104 cells/well and cultured for 24 h. After being transfected and treated, the cells were mixed with 10 μL/well CCK-8 reagent at 37°C for 1.5 h. NCM460 cell viability was determined by determining the absorbance at 450 nm using a microplate reader (BioTek, USA).



Luciferase reporter assay

To validate BRG1 as the target gene of miR-222-3p, a dual-luciferase reporter assay was performed. Briefly, the mutated sequences of the binding sites were designed, and the corresponding vectors were constructed by Shanghai Genechem Co., Ltd. (Shanghai, China). The reporter vector was cotransfected with miR-222-3p mimics into NCM460 cells using Lipofectamine 2000 (Thermo Fisher Scientific, USA). After 48 h, according to the manufacturer’s instructions, the activity of luciferase was detected using a dual-luciferase reporter assay (Beyotime, Shanghai, China).



RNA isolation and quantitative real-time PCR

The expression levels of miR-222-3p, BRG1, Nrf2 and HO-1 mRNA were measured by qRT−PCR. In brief, total RNA was extracted from NCM460 cells and mouse IECs with TRIzol reagent (Invitrogen, Carlsbad, CA, USA). For miRNA analysis, cDNA synthesis was carried out using an EZ-press microRNA Reverse Transcription Kit (EZBioscience, USA). For mRNA analysis, total RNA was reverse transcribed using the PrimeScript RT Reagent Kit with gDNA Eraser (Takara, Japan). qRT−PCR was performed with a Roche Light Cycler 480 II using TB Green™ Premix Ex Taq™ (Tli RNaseH Plus) (Takara, Japan). The relative amounts of transcripts were calculated using the 2−ΔΔCt formula. To normalize the data, U6 served as the internal reference for miRNAs, and GAPDH as the internal reference for mRNAs. The specific primer sequences were shown in Supplementary Table 2.



Western blot analysis

The protein expression levels of BRG1, Nu-Nrf2, HO-1, Keap-1 and caspase-3 were measured by Western blotting. Generally, total proteins were extracted from NCM460 cells and mouse IECs using RIPA buffer containing protease inhibitors (Roche, Basel, Switzerland), and nuclear proteins were extracted from cells with a nuclear protein extraction kit (Beyotime, Shanghai, China). Then, the protein concentrations were detected with a BCA protein assay kit (Beyotime, Shanghai, China). 10% SDS-PAGE was used to separate equal amount of proteins (40 μg) and transferred onto a PVDF membrane (Millipore, Boston, MA, USA) by electroblotting. The membrane was then blocked with 5% BSA and incubated with the appropriate primary antibodies, including anti-BRG1 (1:1000, Abcam, Cambridge, U.K), anti-Nrf2 (1:1000, CST, Danvers, MA, USA), anti-HO-1 (1:1000, CST, Danvers, MA, USA), anti-Keap-1 (1:1000, Abcam, Cambridge, U.K.), anti-β-actin (1:1000, Beyotime, Shanghai, China), and anti-Lamin B2 (1:1000, CST, Danvers, MA, USA) at 4°C overnight. Afterward, the membrane was incubated with secondary antibodies (1:5000; Beyotime, Shanghai, China) conjugated with peroxidase for 1 h at room temperature. The proteins were detected by an enhanced chemiluminescence (ECL) kit (Beyotime, Shanghai, China). Protein expression was analyzed using Image J software.



Dichlorofluorescein diacetate assay

ROS generation was detected using a 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) ROS assay kit (Beyotime, Shanghai, China). For NCM460 cells were treated with DCFH-DA (10 μmol/L) and incubated for 20 min at 37°C. Afterward, NCM60 cells were observed under a fluorescence microscope, and the IOD intensity of ROS was analyzed by Image-Pro Plus. For IECs, cells were treated with DCFH-DA (10 μmol/L) and incubated for 20 min at 37°C. The fluorescence intensity in IECs was detected using a fluorescence microplate reader (488 nm excitation wavelength and 525 nm emission wavelength).



Glutathione peroxidase assay and malondialdehyde assay

According to the manufacturer’s protocol, glutathione peroxidase (GSH-Px)  activities of NCM460 cells and mouse IECs were determined using a total glutathione peroxidase assay kit (Beyotime, Shanghai, China), and malondialdehyde (MDA) levels of NCM460 cells and mouse IECs were measured using a lipid peroxidation MDA assay kit (Beyotime, Shanghai, China).



Caspase-3 activity assay

Apoptosis of NCM460 cells and mouse IECs were measured using a Caspase 3 Activity Assay Kit (Beyotime, Shanghai, China). Briefly, cells were lysed with cell lysis buffer, and the supernatant was collected by centrifugation. Then, 50 μL supernatant was added to 40 μL assay buffer and 10 μL caspase-3 substrate and incubated in 96-well plates (Ac-DEVD-pNA) at 37° C for 6 h. The absorbance values at 405 nm were analyzed by a microplate reader (BioTek, USA).



Enzyme-linked immunosorbent assay

The levels of IL-1β and TNF-α in the cell-free supernatants of NCM460 cells and mouse IECs were examined by enzyme-linked immunosorbent assay (ELISA) using IL-1β (Shanghai Simuwu Biotechnology Co., Ltd, Shanghai, China) and TNF-α enzyme-linked immunosorbent assay kits (Shanghai Simuwu Biotechnology Co., Ltd, Shanghai, China), respectively. Cell-free supernatants were collected, and IL-1β and TNF-α levels were measured according to the manufacturer’s instructions. The absorbance at 450 nm was measured by a microplate reader (BioTek, USA).



Mice ethics

Male C57BL/6 mice (6-8 weeks old) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China; License no: SYXK (Shanghai) 2018-0040) and used for DSS-induced UC models and azoxymethane (AOM)/DSS-induced CAC mouse models. All animal experiment protocols were implemented in accordance with the International Guiding Principles for Biomedical Research Involving Animals recommended by the World Health Organization and were approved by the Ethics Committee of Yueyang Clinical Medicine School, Shanghai University of Traditional Chinese Medicine (No. YYLAC-2020-094-1, YYLAC-2020-085-1).



AAV9-GFP construction and tail vein injection

The miR-222-3p inhibitor (AAV-222-3p inhibitor) and a negative control (AAV-NC) recombinant adeno-associated virus-green fluorescence protein vector 9 (AAV9-GFP) was obtained from Shanghai Genechem Co., Ltd. (Shanghai, China). In brief, 1 × 1011 particles of AAV in 200 μL PBS were injected into the tail veins of mice. After 2 months, the colon and rectum were removed, and the fluorescence intensity of AAV9-GFP was measured with a fluorescence microscope (Supplementary Figures 1, 2).



Induction of UC and CAC

According to a previous study (12), AAVs were first injected into mice’s tail veins. Two months later, the mice were first subjected to BRG1 deletion with tamoxifen (100 mg/kg body weight) (Sigma−Aldrich, USA) for 3 consecutive days, and then the UC and CAC models were induced. To induce UC, the mice were fed 3% DSS (MW, 36–50 kDa; MP Biomedicals) for 3 days, followed by regular drinking water. In the CAC experiments, mice were intraperitoneally injected with AOM (10 mg/kg body weight) (Sigma−Aldrich, USA). After 7 days, 3% DSS was offered via drinking water for 4 days, followed by 16 days of normal drinking water. This DSS treatment cycle was repeated three times. The following day, the mice were sacrificed, and the large intestines were dissected to record the size and number of tumors. Intestinal tissues were then fixed in 4% paraformaldehyde for H&E staining.



Assessment of colonic inflammation

The disease activity index (DAI) and colon macroscopic damage indices (CMDIs) were measured to evaluate the symptoms of UC in the mice. The DAI was measured according to a previous standard scoring system (34). Mouse body weight, colon length, stool consistency, and rectal bleeding were observed. Briefly, the DAI scores were defined as follows: weight loss (0 = no loss, 1 = 5–10%, 2 = 10–15%, 3 = 15–20%, 4=>20%); rectal bleeding (0= no blood, 1 = occult blood 1+, 2 = occult blood 2+, 3 = occult blood 3+, 4 = occult blood 4+); and the appearance of diarrhea (0 = none, 2 = mild diarrhea, 4 = gross diarrhea). The mice were sacrificed, the abdominal cavity was opened, and the length and weight of the colon were recorded. Subsequently, the colon tissues were washed in ice-cold PBS to clear fecal residue. CMDIs were assessed (35). The scores are shown in Supplementary Table 1.



Isolation and culture of IECs

IECs were isolated from mice according to a previous study (12). The colons were cut into 6-8 mm pieces, rinsed three times with ice cold PBS containing 2% fetal calf serum, and incubated with digestion buffer (5% penicillin/streptomycin with 1% collagenase type I and 1% Dispase II) for 45 min at 37 °C. Then, the cells were passed through a 100 μm cell strainers (Corning, USA). After being centrifuged, the cells were plated in petri dishes overnight and cultured in epithelial cell culture medium with 1% penicillin/streptomycin and 10% Fetal bovine serum (FBS). The next day, the cells were digested with 0.25% trypsin (containing EDTA) for 2 min to remove other cells. Subsequently, the supernatant was removed, and 0.25% trypsin (containing EDTA) was added for 4 min for digestion. Finally, IECs in suspension were collected and placed in a petri dish for 24 h. The purity of the IECs was determined by immunofluorescence (IF) analysis (Supplementary Figure 3).

The isolated IECs were incubated for 24 h, after which cells were fixed with 4% paraformaldehyde, permeabilized in 0.25% Triton X-100 and incubated with 5% BSA. After being incubated with diluted antibodies against CK19 (1:100, Proteintech, USA) at 4°C overnight, the cells were exposed to secondary antibodies conjugated with the fluorophore FITC (1:500, Proteintech, USA) for 2 h in the dark at room temperature and treated with DAPI (1:1000, Beijing Solarbio Science & Technology Co., Ltd, Beijing, China) for 5 min. The cells were observed with a fluorescence microscope and photographed (Olympus Corporation, Japan).



Hematoxylin and eosin staining

Histopathological specimens of colon tissues were fixed with 4% paraformaldehyde. The samples were embedded in paraffin and sliced into 4 μm sections. The prepared paraffin sections were stained with H&E (36), sealed and observed using a microscope (Olympus Corporation, Japan).



Immunohistochemistry

Immunohistochemistry was performed to analyze the expression of BRG1 in the colon tissues according to standard protocols. The sections were heated at 60°C and deparaffinized. Then, the sections were placed in citric acid for antigen retrieval, and blocked with 5% BSA for 20 min, followed by stained with an anti-BRG1 antibody (1:200, Abcam, Cambridge, U. K) overnight at 4°C. The next day, the sections were observed with a microscope (Olympus Corporation, Japan).



Statistical analysis

SPSS 25.0 statistical software (IBM, Armonk, NY, USA) was used for statistical analyses. All data (except for the CMDIs score) in the different experimental groups are presented as the mean ± SD and were analyzed using one-way ANOVA test. The least significant difference (LSD) method was used when pairwise tests indicated that the variances of the different groups were equal, and the Games-Howell method was used when the variances were unequal. CMDIs data are expressed as the median (P25, P75) and were analyzed using a nonparametric test (Kruskal−Wallis). P < 0.05 was considered statistically significant.




Results


miR-222-3p downregulation protects NCM460 cells from DSS-induced injury

DSS has been reported to induce injury in cell and animal models of UC (33). To establish a UC model at the cellular level, a DSS-induced NCM460 cell injury model was constructed in our study. We first used the CCK-8 assay to evaluate the damage to DSS-induced NCM460 cells. As shown in Figure 2A, various concentrations of DSS decreased cell viability. In particular, 20 mg/mL DSS reduced the viability of NCM460 to less than 50%. To understand the biological function of miR-222-3p in regulating NCM460 cell injury under inflammatory conditions, we conducted miR-222-3p gain-of-function and loss-of-function experiments. We found that miR-222-3p expression was significantly higher in cells treated with DSS (Figure 2B), and the transfection of miR-222-3p mimics further significantly promoted the expression of miR-222-3p transfection of a miR-222-3p inhibitor markedly downregulated the expression of miR-222-3p in cells compared with transfection of a negative control (Figure 2B). The results suggest that miR-222-3p is a DSS-responsive miRNA in NCM460 cells.




Figure 2 | Effects of miR-222-3p on DSS-induced cell injury in the NCM460 cells. (A) Effect of DSS on NCM460 cell viability was detected by CCK-8 assay. (B) The effect of miR-222-3p mimics or inhibitor transfection on miR-222-3p expression was assessed by qRT-PCR from NCM460 cells. (C) Effect of miR-222-3p on NCM460 cell viability was measured using the CCK-8 assay. (D) Effect of miR-222-3p on NCM460 cell apoptosis was measured by caspase-3 activity assay. (E, F) Living cell microscopy. Effect of miR-222-3p on NCM460 cell ROS level was measured by DCFH-DA ROS assay kit. (G, H) Effect of miR-222-3p on the level of GSH-Px (G) and the content of MDA (H) were measured by corresponding kits from NCM460 cells. (I, J) Effect of miR-222-3p on the inflammatory factors, including IL-1β and TNF-α in the NCM460 cell supernatant were determined by ELISA. Data are presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. Control: control group; DSS+miR-NC: DSS+negative control miRNA group; DSS+miR-222-3p mimics: miR-222-3p mimics group; DSS+miR-222-3p inhibitor: miR-222-3p inhibitor group. Scale bar: 200 µm.



We then examined the effect of miR-222-3p on cell viability by CCK-8 assay. We found that DSS significantly reduced cell viability, while miR-222-3p overexpression further decreased the viability of DSS-induced NCM460 cells (Figure 2C). However, miR-222-3p downregulation significantly increased DSS-induced NCM460 cell viability (Figure 2C). Caspase-3 activity showed that miR-222-3p overexpression significantly promoted DSS-induced apoptosis, whereas miR-222-3p downregulation decreased DSS-induced apoptosis (Figure 2D). These results suggest that inhibiting miR-222-3p protects NCM460 cells from DSS-induced cell viability impairment and apoptosis.

To further explore the biological function of miR-222-3p in DSS-induced NCM460 cell injury, we measured the effect of miR-222-3p on DSS-induced oxidative stress and inflammation. We found that miR-222-3p overexpression promoted ROS and MDA generation in DSS-induced NCM460 cells (Figures 2E, F, H), while inhibiting miR-222-3p significantly reduced the production of ROS and MDA in DSS-induced cells (Figures 2E, F, H). In addition, miR-222-3p overexpression decreased the level of glutathione peroxidase (GSH-Px) in DSS-induced NCM460 cells, while miR-222-3p knockdown enhanced it (Figure 2G).

We examined inflammatory factors in DSS-treated NCM460 cell supernatants and found that IL-1β and TNF-α were increased, and miR-222-3p overexpression further upregulated IL-1β and TNF-α levels in DSS-induced NCM460 cell supernatants (Figures 2I, J). When DSS-induced NCM460 cells were treated with the miR-222-3p inhibitor, IL-1β and TNF-α were significantly decreased (Figures 2I, J). These results show that miR-222-3p downregulation reduced oxidative stress and inflammation in DSS-induced NCM460 cells.



BRG1 is a potential target gene of miR-222-3p

To explore the underlying mechanism of miR-222-3p regulating NCM460 cell injury under inflammatory condition, we searched for potential downstream target genes of miR-222-3p by bioinformatic analysis. Studies have shown that BRG1 is a key regulator of oxidative stress and apoptosis (12, 23) and is predicted to be a target gene of miR-222-3p (24).

The 3′-UTR of BRG1 has a conserved binding site for miR-222-3p (Figure 3A). To investigate whether miR-222-3p directly targets to the BRG1 3′-UTR, a dual luciferase assay was performed (Figure 3B). The results showed that miR-222-3p overexpression significantly inhibited the luciferase activity of the luciferase reporter vector containing the wild-type BRG1 3′-UTR (Figure 3B). However, miR-222-3p overexpression did not have any effect on the luciferase activity of the reporter vector containing the mutant BRG1 3′-UTR (Figure 3B). Therefore, we found that miR-222-3p directly bound to BRG1.




Figure 3 | BRG1 is the potential target gene of miR-222-3p and inhibition of miR-222-3p promotes the activation of Nrf2/HO-1 signaling. (A) The alignment of miR-222-3p with the seed regions in BRG1 3′-UTR. (B) Designed wild-type or mutant sequences of BRG1 binding to miR-222-3p, and relative luciferase activity was detected by dual-luciferase reporter assay. (C) Relative BRG1 mRNA expression was determined by qRT-PCR from NCM460 cells. (D, E) Relative BRG1 protein expression was determined by Western blot from NCM460 cells. (F) Relative Nrf2 mRNA expression was determined by qRT-PCR from NCM460 cells. (G, H) Relative Nu-Nrf2 protein expression was determined by Western blot from NCM460 cells. (I) Relative HO-1 mRNA expression was determined by qRT-PCR from NCM460 cells. (J, K) Relative HO-1 protein expression was determined by Western blot from NCM460 cells. Data are presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. Control: control group; DSS+miR-NC: DSS+negative control miRNA group; DSS+miR-222-3p mimics: miR-222-3p mimics group; DSS+miR-222-3p inhibitor: miR-222-3p inhibitor group. Scale bar: 200 µm.



In addition, we also detected the regulatory effect of miR-222-3p on BRG1. The results showed that BRG1 expression was inhibited by miR-222-3p overexpression, while promoted by miR-222-3p inhibition (Figures 3C, D, E). Overall, these results demonstrate that miR-222-3p can directly bind to BRG1 and negatively regulate its expression.



Inhibiting miR-222-3p promotes the activation of Nrf2/HO-1 signaling

Studies have shown that BRG1 alleviates oxidative stress by activating Nrf2/HO-1 signaling (25, 26). Considering the regulation of BRG1 by miR-222-3p, we supposed that miR-222-3p could regulate the Nrf2/HO-1 signaling pathway. Our results demonstrated that miR-222-3p overexpression impaired nuclear Nrf2 protein expression and intracellular Nrf2 mRNA  expression (Figures 3F-H), while miR-222-3p inhibition markedly promoted nuclear Nrf2 protein expression and intracellular Nrf2 mRNA  expression (Figures 3F-H).

Moreover, miR-222-3p overexpression downregulated the mRNA (Figure 3I) and protein (Figures 3J, K) expression of HO-1 in DSS-induced NCM460 cells, whereas miR-222-3p inhibition upregulated the mRNA (Figures 3I) and protein (Figures 3J, K) expression of HO-1. These results suggest that miR-222-3p downregulation promotes the activation of Nrf2/HO-1 signaling.



Downregulation of BRG1 reverses the protective effect of miR-222-3p inhibition on DSS-induced NCM460 cell injury

To further confirm whether miR-222-3p inhibition relieves DSS-induced NCM460 cell injury by upregulating BRG1 expression, we examined the effect of BRG1 downregulation on the protection induced by miR-222-3p inhibition. We found that the transfection of BRG1 shRNA significantly abrogated the promotion of BRG1 expression induced by miR-222-3p inhibition (Figures 4A-C). Moreover, the promotion of Nrf2/HO-1 signaling by miR-222-3p inhibition was also significantly abolished by BRG1 knockdown (Figures 4D-I). As expected, the protective effect of miR-222-3p inhibition against DSS-induced NCM460 cell necrosis, apoptosis, oxidative stress and inflammation was also reversed by BRG1 knockdown (Figures 4J-Q). Overall, these results demonstrated that miR-222-3p downregulation attenuates DSS-induced NCM460 cell injury by upregulating BRG1 expression.




Figure 4 | Knockdown of BRG1 reverses the protective effect of miR-222-3p inhibition in DSS-induced NCM460 cell injury. (A) Relative BRG1 mRNA expression was determined by qRT-PCR from NCM460 cells. (B, C) Relative BRG1 protein expression was determined by Western blot from NCM460 cells. (D) Relative Nrf2 mRNA expression was determined by qRT-PCR from NCM460 cells. (E, F) Relative Nu-Nrf2 protein expression was determined by Western blot from NCM460 cells. (G) Relative HO-1 mRNA expression was determined by qRT-PCR from NCM460 cells. (H, I) Relative HO-1 protein expression was determined by Western blot from NCM460 cells. (J) NCM460 cell viability was assessed using the CCK-8 assay. (K) NCM460 cell apoptosis was measured by caspase-3 activity assay. (L, M) Living cell microscopy. NCM460 cell ROS level was measured by DCFH-DA ROS assay kit. (N, O) the level of GSH-Px (N) and the content of MDA (O) were measured by corresponding kits from NCM460 cells. (P, Q) The inflammatory factors of IL-1β and TNF-α in the cell supernatant were determined by ELISA from NCM460 cells. Data are presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. Control: control group; DSS+miR-NC: DSS+negative control miRNA group; DSS+miR-222-3p inhibitor+NC shRNA: miR-222-3p inhibitor+ negative control shRNA group; DSS+miR-222-3p inhibitor+BRG1 shRNA: miR-222-3p inhibitor+BRG1 shRNA group. Scale bar: 200 µm.





The miR-222-3p inhibitor relieves DSS-induced colonic injury

Considering the impact of miR-222-3p on UC, we hypothesized that the miR-222-3p inhibitor would have therapeutic potential and tested the effect of the miR-222-3p inhibitor in vivo using a DSS-induced UC mouse model. Recombinant adeno-associated virus (AAV) vector-mediated gene transfer to IECs provides a mature method of intestinal transduction (37). Based on previous studies, we selected AAV serotype 9 with high intestinal transduction efficiency (38), and transfected mice with AAV-miR-222-3p inhibitor (AAV-222-3p inhibitor) or AAV-negative control vectors (AAV-NC) through tail vein injection. To determine intestinal efficiency in vivo, frozen colon tissue sections were analyzed by fluorescence to measure the scatteration and expression of the AAV-222-3p inhibitor and AAV-NC in the mice. We showed that the AAV-222-3p inhibitor and AAV-NC were dramatically present in colonic epithelial cells (Supplementary Figure 1).

After successful AAV transfection, we extracted mouse IECs. To identify cells extracted from the colon as IECs, we stained the cells with immunofluorescence. The results showed that after the cells were fluorescently stained with the IEC-specific marker CK19, they showed the unique spindle shape of IECs (Supplementary Figure 2). Therefore, the extracted cells were mouse IECs. To confirm the expression of miR-222-3p, we performed qRT−PCR. Compared with that in the normal control group, the miR-222-3p expression in the UC group was significantly increased. However, the miR-222-3p expression was significantly suppressed by transfection of miR-222-3p inhibitor (Figure 5A). These results further demonstrated that the miR-222-3p inhibitor was transfected into IECs.




Figure 5 | MiR-222-3p inhibitor relieves DSS-induced damage of colon. (A) qRT-PCR analysis of miR-222-3p in the IECs from DSS-induced mice. (B) DAI scores. (C) CMDIs. (D) Colon images. (E) Colon length. (F~I) morphological observation with hematoxylin and eosin (H&E)-stained colon sections as indicated, and arrows indicate ulcer healing sites. (J~M) Immunohistochemical analyses of BRG1 expression in colon tissues, and arrows indicate IECs locations. Data are presented as the median (P25, P75) (n = 8) in (C) and mean ± SD in (A, B, E) (n = 8). *P < 0.05, **P < 0.01, ***P < 0.001.  Normal control: Normal control group; UC: UC group; AAV-NC: UC+ AAV-negative control group; AAV-222-3p inhibitor: UC+ miR-222-3p inhibitor group. N.S., no significance. Scale bar: 100 µm



Mice in the UC and AAV-NC groups exhibited significant appetite and weight loss, diarrhea, mucus bloody stool and colon injury, and these mice had higher DAI scores and CMDIs than normal control mice (Figures 5B, C). The miR-222-3p inhibitor ameliorated DSS-induced colitis manifestations, DAI scores and CMDIs (Figures 5B, C). The shortening of the colon can show the severity of colon injury. Compared with that in the normal control group, there was a decrease in colon length in the UC group (Figures 5D, E). In contrast, the colons of mice in the AAV-222-3p inhibitor group were considerably longer (Figures 5D, E).

Colonic pathophysiologic structure was observed by HE staining (Figures 5F-I). Intestinal epithelial necrosis, goblet cell disorder and loss, continuous ulcers, and a large number of inflammatory cells infiltration in the mucosa and submucosa were observed in the UC and AAV-NC groups (Figures 5G, H). Pretreatment with the miR-222-3p inhibitor significantly attenuated colonic damage. Damage to intestinal epithelial tissue, goblet cells and glands was repaired, and arrows indicate ulcer healing sites (Figure 5I). Thus, our results show that miR-222-3p is involved in colon inflammation and that a miR-222-3p inhibitor that can reach IECs can attenuate colonic immune inflammation in UC mice.



The miR-222-3p inhibitor activates Nrf2/HO-1 signaling pathway in UC mouse IECs by targeting BRG1

As stated previously, the miR-222-3p inhibitor significantly decreased the level of miR-222-3p compared with that in the UC group. To explore the relationship between BRG1 and miR-222-3p in IECs of UC mice, we analyzed the BRG1 expression in the colon tissues of UC mice by immunohistochemistry (Figure 5J-M). The results revealed that there was lower BRG1 staining detected in IECs in the UC group than in the normal control group, while miR-222-3p inhibitor increased positive BRG1 staining in IECs (Figures 5J-M). In addition, we further detected the mRNA and protein expression of BRG1 in IECs by qRT−PCR and Western blotting (Figures 6A-C). The results also showed that the expression of BRG1 was decreased in the UC group compared with the normal control group. However, the miR-222-3p inhibitor improved BRG1 expression compared with that in the UC group. The changes in miR-222-3p and BRG1 expression in the DSS+miR-NC group and DSS+miR-222-3p inhibitor group were consistent with the in vitro results. The animal results were consistent with the cell experiments. Altogether, these results indicate that the expression levels of miR-222-3p and BRG1 are negatively correlated in the IECs of DSS-induced UC mice.




Figure 6 | MiR-222-3p inhibitor attenuates oxidative damage by targeting BRG1 to activate Nrf2/HO-1 signaling pathway in IECs of UC mice. (A) Relative BRG1 mRNA expression was determined by qRT-PCR in the IECs from DSS-induced mice. (B, C) Relative BRG1 protein expression was determined by Western blot in the IECs from DSS-induced mice. (D) Relative Nrf2 mRNA expression was determined by qRT-PCR in the IECs from DSS-induced mice. (E, F) Relative Nu-Nrf2 protein expression was determined by Western blot in the IECs from DSS-induced mice. (G) Relative HO-1 mRNA expression was determined by qRT-PCR in the IECs from DSS-induced mice. (H, I) Relative HO-1 protein expression was determined by Western blot in the IECs from DSS-induced mice. (J, K) Relative Keap-1 protein expression was determined by Western blot in the IECs from DSS-induced mice. (L) IECs apoptosis was measured by caspase-3 activity assay from DSS-induced mice. (M) IECs ROS level was measured by DCFH-DA ROS assay kit from DSS-induced mice. (N, O) the level of GSH-Px (N) and the content of MDA (O) were measured by corresponding kits in the IECs from DSS-induced mice. (P, Q) IL-1β and TNF-α in the IECs supernatant were determined by ELISA from DSS-induced mice. Data are presented as the mean ± SD (n = 8). *P < 0.05, **P < 0.01, ***P < 0.001. Normal control: Normal control group; UC: UC group; AAV-NC: UC+ AAV-negative control group; AAV-222-3p inhibitor: UC+ miR-222-3p inhibitor group. N.S., no significance.



Research in recent years has revealed that BRG1 protects cells from oxidative damage by activating Nrf2/HO-1 signaling (39). Therefore, we further examined the relationship between BRG1 and Nrf2/HO-1 signaling in IECs. qRT−PCR and Western blotting were used to measure the protein and mRNA levels of Nrf2, HO-1 and Keap-1 (Figures 6D-K). As expected, the results showed that the miR-222-3p inhibitor increased the level of Nrf2 nuclear translocation and HO-1 in the IECs of DSS-induced UC mice (Figures 6D-I). Moreover, Western blot analysis showed that Keap-1 expression in the IECs of DSS-induced UC mice was apparently decreased by the miR-222-3p inhibitor (Figures 6J, K). These results showed that the miR-222-3p inhibitor activated Nrf2/HO-1 signaling in DSS-induced UC mouse IECs by targeting BRG1.



The miR-222-3p inhibitor relieves oxidative stress and inflammation in IECs of UC mice

We further explored the effect of the miR-222-3p inhibitor on oxidative stress and inflammation in UC mice. As shown in Figure 6L and Supplementary Figure 3, DSS treatment induced marked apoptosis in IECs, while the miR-222-3p inhibitor significantly attenuated these changes. In addition, ROS and MDA levels in IECs were distinctly increased after DSS treatment (Figures 6M, O), while the miR-222-3p inhibitor markedly decreased ROS and MDA levels in the IECs of DSS-induced mice (Figures 6M, O). DSS treatment similarly decreased the GSH-Px level in IECs, while the miR-222-3p inhibitor reversed this change (Figure 6N). These results showed that the miR-222-3p inhibitor relieved apoptosis and oxidative stress in IECs from DSS-induced UC mice.

Then, the production of inflammatory cytokines was determined to evaluate the anti-inflammatory effects of the miR-222-3p inhibitor. As shown in Figures 6P and Q, DSS increased the levels of IL-1β and TNF-α in the supernatant of IECs, while the miR-222-3p inhibitor significantly inhibited these increases (Figures 6P, Q). These results demonstrated the efficacy of the miR-222-3p inhibitor in alleviating oxidative stress and inflammation in UC mice. In conclusion, the miR-222-3p inhibitor attenuates DSS-induced oxidative stress in IECs by targeting BRG1 to activate the Nrf2/HO-1 signaling pathway and thereby relieve inflammation.



miR-222-3p inhibition in IECs protects mice from CAC

To further determine whether miR-222-3p in IECs regulates the development of intestinal tumorigenesis, we used AOM/DSS to induce CAC in miR-222-3p inhibitor-treated mice. After successful AAV transfection (Supplementary Figure 4), we extracted mouse IECs. To confirm the expression of miR-222-3p, we performed qRT−PCR (Figure 7A). Consistent with the results in UC mice, the expression of miR-222-3p was also significantly elevated in the CAC group compared with the normal control group (Figure 7A). However, the miR-222-3p inhibitor decreased miR-222-3p expression (Figure 7A). These results further demonstrated that the miR-222-3p inhibitor was transfected into IECs.




Figure 7 | MiR-222-3p inhibitor plays CAC-suppressive roles in vivo. (A) qRT-PCR analysis of miR-222-3p in the IECs from AOM/DSS-induced mice. (B) Macroscopic images of tumors in the intestines of AOM/DSS-induced mice. (C) Images of AOM/DSS-induced mice. (D, E) Intestinal tumor numbers and tumor volumes were recorded. (F–I) morphological observation with H&E-stained colon sections as indicated. (J–M) Immunohistochemical analyses of BRG1 expression in colon tissues, and arrows indicate IECs locations. Data are presented as the median (P25, P75) (n = 8) in (D, E) and mean ± SD in (A) (n = 8). *P < 0.05, ***P < 0.001. Normal control: Normal control group; CAC: CAC group; AAV-NC: CAC+ AAV-negative control group; AAV-222-3p inhibitor: CAC+ miR-222-3p inhibitor group. Scale bar: 100 µm. N.S., no significance.



Mice with CAC developed more and larger tumors than normal controls (Figures 7B-E). However, the numbers and volumes of macroscopically visible tumors were significantly decreased in miR-222-3p inhibitor mice compared with CAC mice (Figures 7B-E). Histologic analysis revealed that tumor cells could break through the basement membrane and grow invasively outward, and the nuclei become enlarged and hyperchromatic, reaching the level of adenocarcinoma in the CAC and AAV-NC groups (Figures 7G, H). In sharp contrast, the miR-222-3p inhibitor largely curtailed tumor development, the lesions that developed were mainly graded as mild-to-moderate dysplasia, and slightly enlarged and hyperchromatic nuclei were observed (Figure 7I). These results showed that the miR-222-3p inhibitor rendered the mice resistant to AOM/DSS-induced CAC.



The miR-222-3p inhibitor protects IECs from oxidative stress by activating the BRG1/Nrf2/HO-1 pathway in CAC mice

Based on the UC results, we further explored the connection between BRG1 and miR-222-3p in AOM/DSS-induced colonic IECs. Immunohistochemistry showed that the BRG1 staining detected in IECs was also lower in AOM/DSS-induced mice than that in normal control group (Figures 7J-M). However, miR-222-3p inhibitor increased the positive BRG1 staining in IECs (Figures 7J-M). We further detected the mRNA and protein expression of BRG1. As shown in Figures 8A-C, compared to that in the normal control group, BRG1 expression was reduced in the IECs of AOM/DSS-induced mice, while miR-222-3p increased BRG1 expression. This result is consistent with the cell experiments and UC results. In conclusion, miR-222-3p can negatively regulate the expression level of BRG1 in DSS-induced or AOM/DSS-induced mouse IECs.




Figure 8 | miR-222-3p inhibitor protects IECs from oxidative stress by activating the BRG1/Nrf2/HO-1 pathway in CAC mice. (A) Relative BRG1 mRNA expression was determined by qRT-PCR in the IECs from AOM/DSS-induced mice. (B, C) Relative BRG1 protein expression was determined by Western blot in the IECs from AOM/DSS-induced mice. (D) Relative Nrf2 mRNA expression was determined by qRT-PCR in the IECs from AOM/DSS-induced mice. (E, F) Relative Nu-Nrf2 protein expression was determined by Western blot in the IECs from AOM/DSS-induced mice. (G) Relative HO-1 mRNA expression was determined by qRT-PCR in the IECs from AOM/DSS-induced mice. (H, I) Relative HO-1 protein expression was determined by Western blot in the IECs from AOM/DSS-induced mice. (J, K) Relative Keap-1 protein expression was determined by Western blot in the IECs from AOM/DSS-induced mice. (L) IECs ROS level was measured by DCFH-DA ROS assay kit from AOM/DSS-induced mice. (M, N) the level of GSH-Px (M) and the content of MDA (N) were measured by corresponding kits in the IECs from AOM/DSS-induced mice. (O, P) IL-1β and TNF-α in the IECs supernatant were determined by ELISA from AOM/DSS-induced mice. Data are presented as the mean ± SD (n = 8). *P < 0.05, **P < 0.01, ***P < 0.001. Normal control: Normal control group; CAC: CAC group; AAV-NC: CAC+ AAV-negative control group; AAV-222-3p inhibitor: CAC+ miR-222-3p inhibitor group. N.S., no significance.



In addition, the results showed that the level of HO-1 and Nrf2 nuclear translocation in IECs were upregulated by miR-222-3p inhibitor treatment of AOM/DSS-induced CAC mice (Figures 8D-I). Moreover, the miR-222-3p inhibitor decreased the expression of Keap-1 (Figures 8J, K). These results showed that the miR-222-3p inhibitor activated Nrf2/HO-1 signaling in AOM/DSS-induced CAC mouse IECs by targeting BRG1.

We further explored the effect of the miR-222-3p inhibitor on oxidative stress and inflammation in AOM/DSS-induced colonic IECs. ROS and MDA levels in IECs were increased after AOM/DSS treatment (Figures 8L, N), while the miR-222-3p inhibitor markedly reversed these changes (Figures 8L, N). AOM/DSS treatment decreased GSH-Px levels in IECs, while the miR-222-3p inhibitor increased GSH-Px levels (Figure 8M). As shown in Figures 8O and P, DSS treatment increased the relative levels of IL-1β and TNF-α in the supernatants of IECs, while the miR-222-3p inhibitor significantly inhibited these changes (Figures 8O, P).

Collectively, these data indicated that the miR-222-3p inhibitor protected IECs from oxidative stress by activating the BRG1/Nrf2/HO-1 pathway in AOM/DSS-induced CAC mice, thereby inhibiting the inflammatory-cancer transition.




Discussion

Although much attention has been given to the important role of adaptive immunity in intestinal mucosal inflammation, IECs are one of the most crucial components of innate immunity and play an important role in maintaining intestinal barrier function (40–42). A compromised epithelial barrier and concomitant hyperimmune response to the gut microbiota are implicated in the pathogenesis of IBD and CAC (12, 43, 44). Studies have reported that miRNAs are key regulators of IEC barriers, regulating the growth and apoptosis of IECs and tight junctions between IECs (13, 45–47). There is evidence to indicate that miR-222-3p expression is upregulated in the colonic mucosal tissues of UC patients and in the colorectal tissues of CRC patients (19, 20). MiR-222-3p inhibits VDR and activates STAT3 signaling pathway in RAW264.7 cells by targeting SOCS1, which in turn exacerbates inflammatory responses (19). Oxidative stress has long been recognized as one of the main pathogenic factors of UC and CAC (9, 48). MiR-222-3p is an important regulator of oxidative stress (18). Under oxidative stress conditions, the expression of miR-222-3p is significantly increased, and inhibiting miR-222-3p can significantly reduce oxidative stress and improve cellular oxidative damage and apoptosis (18, 49, 50). However, whether miR-222-3p is involved in the occurrence and development of UC and CAC by regulating oxidative stress in IECs is still unknown.

In our study, we demonstrated that IEC expression of miR-222-3p was significantly increased in mice with UC and CAC. We generated DSS-induced or AOM/DSS-induced mice to establish experimental models of UC and CAC and found that miR-222-3p induced intestinal oxidative stress and inflammation, possibly by inhibiting the BRG1/Nrf2/HO-1 pathway in IECs, damaged the integrity of the intestinal barrier and induced colon tumorigenesis (Figure 1). Furthermore, we found that the downregulation of miR-222-3p relieved oxidative stress in IECs via targeting BRG1 to promote the Nrf2/HO-1 signaling pathway, thereby improving colitis and tumorigenesis (Figure 1).

First, in vitro experiments confirmed that inhibiting miR-222-3p could protect NCM460 colonic cells from DSS-induced oxidative injury (Figure 2). Cell viability and caspase-3 experiments showed that treatment with miR-222-3p  inhibitor significantly alleviated DSS-induced cell death and apoptosis in NCM460 colonic cells (Figures 2C, D). We found that miR-222-3p downregulation reduced oxidative stress and inflammation in DSS-induced NCM460 cells by examining the levels of oxidative stress markers (including ROS, GSH-Px and MDA) and inflammatory factors (including IL-1β and TNF-α) in cells (Figures 2E-J). However, the TNF-α results indicated that the difference among samples is small even if there is statistical difference. It may be that the dispersion between samples is small. Therefore, we further verified whether miR-222-3p can regulate TNF-α content in UC and CAC mice in vivo. The results showed that the results in vivo were consistent with those in vitro (Figure 6Q) (Figure 8P).

In this study, we identified BRG1 as a target gene of miR-222-3p by dual-luciferase assays, and the 3′-UTR of BRG1 has a conserved binding site for miR-222-3p (Figures 3A, B). We further showed that miR-222-3p downregulation increased BRG1 expression and promoted the activation of antioxidant Nrf2/HO-1 signaling (Figures 3C-K). Previous studies have shown that BRG1 is an important gene that regulates cellular oxidative stress and apoptosis (51, 52), and BRG1 overexpression reverses the lncRNA-TUG1-induced decrease in cell viability and oxidative stress (53). In addition, BRG1 can activate Nrf2/HO-1 signaling, reduce ROS production and MDA levels, and increase the antioxidant enzyme Superoxide Dismutase (SOD), thereby inhibiting oxidative stress and apoptosis (39, 54), while after BRG1 knockout, the expression of Nrf2 and HO-1 significantly decreased, and ROS increased, which in turn aggravated oxidative damage (25, 39, 54, 55). Our results confirmed that miR-222-3p downregulation alleviated DSS-induced apoptosis, oxidative stress and inflammation by promoting BRG1-mediated activation of Nrf2/HO-1 signaling in NCM460 cells in vitro (Figure 4).

Based on these results, we further evaluated the in vivo protective effects of the AAV-miR-222-3p inhibitor using DSS-induced UC mice. After successful AAV-miR-222-3p inhibitor transfection, we extracted mouse IECs. We found that the level of miR-222-3p was dramatically higher in the IECs of DSS-induced UC mice (Figure 5A). However, inhibiting miR-222-3p alleviated colon shortening and decreased CMDI and DAI scores in DSS-induced UC mice (Figures 5B-E). HE staining showed that colonic damage was significantly improved after UC mice were transfected with the AAV-miR-222-3p inhibitor (Figures 5F-I). The reductions in ROS and MDA levels increased GSH-Px levels in IECs further confirmed the enhanced antioxidant effects of the miR-222-3p inhibitor (Figures 6M–O), and the miR-222-3p inhibitor markedly reduced the levels of inflammatory markers, including IL-1β and TNF-α, in the supernatants of IECs from DSS-induced UC mice (Figures 6P, Q).

Previous studies indicated that BRG1 deletion caused spontaneous colitis in mice, which was accompanied by increased GM-CSF production in intestinal ILC3s. In contrast, the overexpression of BRG1 promoted T-bet-mediated suppression of GM-CSF in ILC3s, thereby ameliorating colitis in Rag1-/-Smarca4ΔILC3 mice (23). Another study showed that BRG1 expression was significantly reduced in the IECs of UC patients, and BRG1 deletion led to excess ROS in mouse IECs, resulting in oxidative stress and apoptosis, which made these animals highly susceptible to DSS-induced colitis (12). Our findings indicated that inhibiting miR-222-3p could activate BRG1 expression in the IECs of UC mice (Figures 5J-M) (Figures 6A-C).

The Nrf2/HO-1 signaling pathway is an important endogenous antioxidative stress pathway that plays an important role in colitis. By mediating the degradation of Keap1 in the cytoplasm, Nrf2/HO-1 signaling is activated, further significantly increasing the activities of the antioxidant enzymes SOD and GSH-Px, reducing the activities of myeloperoxidase (MPO) and MDA and caspase-3, and inhibiting the levels of the proinflammatory cytokines IL-6, TNF-α and IL-1β in colitis (56, 57). Our findings clearly revealed that the presence of the miR-222-3p inhibitor in IECs attenuated oxidative damage by targeting BRG1 to activate the Nrf2/HO-1 signaling pathway, reduced the protein expression of Keap1, and thereby relieved colonic immune inflammation in DSS-induced UC mice (Figure 6) (Supplementary Figure 3).

Previous studies have shown that miRNAs play crucial roles in the progression of IBD to CRC (58). Local miRNA expression profile in colon may be involved in the genesis and development of CRC (59). Therefore, after clarifying the pathogenic role of miR-222-3p in the development of UC, we further explored the role of miR-222-3p in CAC mice. Consistent with the increased expression of miR-222-3p in IECs with DSS-induced UC, IECs treated with the miR-222-3p inhibitor were resistant to the development of CAC mice (Figure 7), indicating that inhibiting miR-222-3p may regulate CAC development.

Our study identified BRG1 as a target gene of miR-222-3p that regulates IEC function. Inhibiting miR-222-3p can target BRG1 to activate Nrf2/HO-1 signaling in the IECs of CAC mice and reduce Keap1 protein expression (Figures 7J-M) (Figures 8A-K). BRG1 deletion leads to compensatory regeneration, as well as DNA damage induced by ROS in an inflammatory environment, which promotes the malignant progression of AOM/DSS-induced CRC (12), and Nrf2-knockout mice also exhibit increased sensitivity to CAC (60). This finding was further confirmed by the reduction in CAC in BRG1-overexpressing or Nrf2-overexpressing mice (12, 61). Therefore, previous studies and the present study have confirmed that BRG1 and Nrf2 play important roles in the prevention of inflammation-related colorectal cancer.

Further results showed that inhibiting miR-222-3p reduced the levels of ROS and MDA in IECs, increased the level of GSH-Px, and reduced the levels of the inflammatory factors IL-1β and TNF-α in the supernatants of IECs (Figures 8L-P). Previous studies also showed that in the context of oxidative damage in CAC mice, the activities of the antioxidant enzymes GSH-Px and SOD in colon tissue were significantly reduced, and ROS and MDA levels were significantly increased (9, 62). However, increasing the expression of Nrf2 and HO-1 can increase the activity of the antioxidant enzyme SOD, reduce the levels of MDA, inhibit the levels of the inflammatory markers NF-κB, TNF-α, IL-1β and MPO in CAC mice, and have a certain preventive effect on the occurrence of CAC (63, 64). Thus, our data suggest that the presence of a miR-222-3p inhibitor in IECs may protect the gut of CAC mice from oxidative damage and inflammation by targeting BRG1 to activate Nrf2/HO-1 signaling.

In summary, we found that miR-222-3p expression was significantly increased in DSS-induced NCM460 cells and IECs from UC and CAC mice. We identified BRG1 as a target gene of miR-222-3p and that miR-222-3p not only induces intestinal oxidative stress and inflammation, possibly by inhibiting the BRG1/Nrf2/HO-1 pathway in IECs and impairing epithelial integrity but also promotes colon tumorigenesis. However, inhibiting miR-222-3p in IECs attenuates oxidative stress by targeting BRG1 to activate the Nrf2/HO-1 signaling pathway, and thereby alleviating colonic inflammation and tumorigenesis. Because miR-222-3p inhibitors support intestinal inflammation and neoplastic suppression, they could potentially serve as agents for the treatment of patients with UC and CAC and may provide insights into other human diseases related to miR-222-3p.

This study has some limitations. We did not construct miR-222-3p-overexpressing mice. In future studies, we plan to construct miR-222-3p-overexpressing mice to verify whether miR-222-3p overexpression can spontaneously induce colitis and tumorigenesis through oxidative stress. In addition, miR-222-3p inhibitors are not yet in the preclinical development stage. By using miR-222-3p inhibitor, it will be interesting to see if blocking miR-222-3p can prevent/treat colitis and colon tumorigenesis. If successful, a miR-222-3p inhibitor will provide a potential agent for the treatment of patients with IBD or CAC.
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Background

Renal fibrosis is the final common pathway of chronic kidney disease (CKD), which is clinically irreversible and without effective therapy. Renal tubules are vulnerable to various insults, and tubular injury is involving in the initiation and evolution of renal inflammation and fibrosis. Neurokinin-1 receptor (NK-1R) functions by interacting with proinflammatory neuropeptide substance P (SP), exerting crucial roles in various neurological and non-neurological diseases. However, its roles in renal inflammation and fibrosis are still unknown.





Methods

We collected renal biopsy specimens and serum samples of individuals with or without CKD. Additionally, knockout mice lacking NK-1R expression, SP addition and NK-1R pharmacological antagonist treatment in the unilateral ureteral obstruction (UUO) model, and NK-1R-overexpressed HK-2 cells were employed.





Results

Renal SP/NK-1R and serum SP were increased in patients with CKD and mice experiencing UUO and correlated with renal fibrosis and function. SP addition enhanced UUO-induced progressive inflammatory responses and renal fibrosis, whereas genetically or pharmacologically targeting NK-1R attenuated these effects. Mechanistically, TFAP4 promoted NK-1R transcription by binding to its promoter, which was abolished by mutation of the binding site between TFAP4 and NK-1R promoter. Furthermore, SP acted through the NK-1R to activate the JNK/p38 pathways to modulate cell fate of tubular epithelial cells including growth arrest, apoptosis, and expression of profibrogenic genes.





Conclusion

Our data reveals that SP/NK-1R signaling promotes renal inflammatory responses and fibrosis, suggesting NK-1R could be a potential therapeutic target for the patients with CKD.
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Introduction

Renal fibrosis, regarded as the key pathological process leading to the chronic kidney disease (CKD), is becoming a grievous public-health concern (1, 2). Renal tubules are the dominant element of the kidney, and increasing research is focused on the causative effect of renal tubular epithelial cells (renal TECs) on the initiation and evolution of renal fibrosis (3). Upon renal injuries, TECs undergo various abnormal changes, including cell cycle arrest, apoptosis, and cellular senescence as well as partial epithelial-to-mesenchymal transition (EMT), which consequently facilitates renal fibrosis by generating proinflammatory and profibrogenic responses via autocrine and paracrine effects (4, 5). Accumulating evidence shows that kidney fibrogenesis involves the collaboration of multiple signaling pathways, such as transforming growth factor-β (TGF-β)/SMAD, mitogen-activated protein kinases (MAPK), nuclear factor-κB (NF-κB), and Wnt/β-catenin (6–9). Nevertheless, the fundamental mechanisms that drives renal TECs to trigger renal tubulointerstitial fibrosis remain to be determined.

Neurokinin-1 receptor (NK-1R) is encoded by the TACR1 gene and serves as the high-affinity G protein-coupled receptor for substance P (SP), which is encoded in exon 3 of the TAC1 gene and represents a proinflammatory neuropeptide of tachykinin family. NK-1R is widely detected in multiple cell types, including nerve cells (e.g., microglia, neurons, and astrocytes), immune cells (e.g., dendritic cells, lymphocytes, and macrophages), endothelial cells, smooth muscle cells, together with epithelial cells (10, 11). SP is also extensively distributed throughout not only in neuronal but also in non-neuronal tissues as well as in the body fluids including blood (12). SP/NK-1R axis exerts critical effects on multifarious cell activities, such as apoptosis, chemotaxis, and inflammation, and thus participates in regulating various physiological/pathological processes, including pain, emesis, neurological diseases (e.g., pruritus, epilepsy, Alzheimer’s disease), cardiovascular diseases (e.g., heart failure, cardiomyopathy, and myocardial infarction), inflammatory diseases (e.g., rheumatoid arthritis, osteoarthritis, and psoriasis), and cancer (13).

NK-1R antagonists are presently being studied as analgesic, anti-emetic, and anti-inflammatory drugs, which have been approved for preventing chemotherapy-induced nausea and emesis by the U.S. Food and Drug Administration (14). Previous studies have revealed that SP/NK-1R may play a critical role in fibrotic disorders, such as myocardial fibrosis and liver fibrosis (15). During aortocaval fistula-mediated volume overload, the SP/NK-1R axis promotes adverse myocardial remodeling by activating cardiac mast cells, resulting in elevated levels of tumor necrosis factor-α (TNF-α) together with matrix metalloproteinase (MMP) activity, and later ECM remodeling (16). In cytokine-mediated liver injury, inactivation of SP/NK-1R significantly reduces inflammatory cell infiltration and liver cell apoptosis (17). Moreover, upon cholestatic liver injury, serum SP level and SP/NK-1R expression in the liver are up-regulated, leading to SP/NK-1R pathway hyperactivation, which promotes liver fibrosis by mediating cell aging in hepatic stellate cells and cholangiocytes as well as enhancing the biliary secretion of TGF-β1 (18). However, the impact of the SP/NK-1R pathway on TEC dysfunction and consequent renal fibrosis is still unclear.

The present work revealed highly increased SP/NK-1R levels within the kidneys and serum SP levels in patients with CKD and in mice experiencing unilateral ureteral obstruction (UUO), which were strongly associated with the severity of renal fibrosis and renal functional impairment. UUO-induced renal inflammation and fibrosis were ameliorated by genetic deletion of NK-1R but aggravated by SP administration. In addition, pharmacological inhibition of NK-1R also attenuated renal inflammation and fibrosis. Mechanistically, our study showed that NK-1R was a direct target of the transcription factor activating enhancer-binding protein 4 (TFAP4). TFAP4 directly bound to the NK-1R promoter to promote its transcription. Furthermore, we also elucidated that SP/NK-1R signaling promoted JNK and p38 phosphorylation in renal tubular cells, whereby it modulated cell fate of TECs, including G2/M arrest, apoptosis, and profibrogenic/proinflammatory responses to consequently accelerate renal inflammation and fibrosis. Therefore, this study demonstrates that activation of the SP/NK-1R axis in tubular cells contributes to renal inflammation and fibrosis. Targeting this pathway may be a promising strategy for renal fibrosis and CKD treatment.





Materials and methods




Reagents

Substance P (SP, GC15649; GLPBIO, CA, USA), SR140333 (GC11256; GLPBIO), SP600125 (GC15344; GLPBIO) and SB239063 (GC10054; GLPBIO) were used. PBS was used as vehicle control for SP, and DMSO as a control for SR140333, SP600125, and SB239063.





Human samples and clinical information

Human renal biopsies from patients living with CKD (stage 3–5, n = 21), together with 6 surgically removed adjacent non-tumor kidney tissues of individuals with renal cancer as relatively normal control and human serum samples from 28 CKD patients (stage 3–5) and 20 healthy persons were collected from the Seventh Affiliated Hospital, Sun Yat-sen University, Shenzhen, China. Clinical information and laboratory examination data of indicated individuals were collected. The clinical characteristics of patients with CKD are shown in Supplementary Table S1. The baseline features between patients with CKD and control individuals are shown in Supplementary Table S2. Human samples protocols gained approval from the Institutional Research Ethics Committee at the Seventh Affiliated Hospital, Sun Yat-sen University (Approval No. KY AF/SC-07/01.0) and informed consent was obtained from all individuals.





Animals

We obtained 8–12-week-old wild-type C57BL/6J male mice from GemPharmatech Co. Ltd, Nanjing, China. NK-1R knockout (NK-1R-/-) C57BL/6J mice were also generated by GemPharmatech using the CRISPR-Cas9 system. The left ureter was ligated to construct the UUO mouse model according to a previous description (19). Mice were euthanized 7 or 14 days after UUO surgery. Animal experimental protocols gained approval from the Institutional Research Ethics Committee at the Sun Yat-sen University (Approval No. SYSU-IACUC-2022-000226) and were carried out following the relevant guidelines and the Guide for the Care and Use of Laboratory Animals (NIH publications Nos. 80-23, revised 1996).





Histology and immunohistochemistry assay

After harvesting kidney tissues, Masson’s trichrome and periodic acid-Schiff (PAS) staining were performed to assess tubular/tubulointerstitial injury and fibrosis, respectively. Immunohistochemistry analyses were carried out using antibodies against NK-1R (NB300-119, diluted 1:400; Novus Biologicals, Littleton, CO, USA), SP (DF7522, 1:200; Affinity Biosciences, Jiangsu, China), Collagen1 (14695-1-AP, 1:400; Proteintech, Wuhan, China); F4/80 (70076, 1:400; Cell Signaling Technology, Beverly, MA, USA), α-SMA (19245, 1:200; Cell Signaling Technology); MCP-1(A7277, 1:2500; ABclonal Technology, Wuhan, China), TNF-α (A11534, 1:400; ABclonal Technology), TFAP4 (12017-1-AP, 1:100; Proteintech). The fibrotic-, NK-1R-, SP-, Collagen I-, F4/80-, α-SMA-, MCP-1-, TNF-α- and TFAP4-positive areas were measured in 10 randomly chosen high-power fields per kidney section using ImageJ software, version 1.53e (National Institutes of Health, Bethesda, USA).





ELISA assay

Serum samples from both human and mice were collected for SP detection. SP level was determined with ELISA kits (Cusabio, Wuhan, China) in line with specific protocols.





TUNEL assay

The ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit (Chemicon, Temecula, CA, USA) was adopted for TUNEL assay in detecting apoptotic cell rate in line with specific protocols. Later, fluorescence microscopy was performed to determine the apoptotic cell number in 10 randomly chosen high-power fields per kidney section.





RNA isolation and real-time quantitative PCR

This work utilized Trizol reagent (ThermoFisher Scientific, Darmstadt, Germany) to extract total RNA and reverse-transcribe it using the Quantitec Reverse Transcription Kit (Ruizhen Bio, Guangzhou, China) in line with the specific protocols. The mRNA expression levels were quantified by RT-qPCR using a SYBR Green PCR kit (Ruizhen Bio). All reactions were conducted in duplicate. The 2-ΔΔCt approach was implemented to determine gene levels, with β-actin as a reference. Primers for β-actin, NK-1R, SP, Collagen1, a-SMA, MCP-1, TNF-α, CTGF, MMP9, and TFAP4 are described in Supplementary Table S3.





Western blotting assay

RIPA buffer (Beyotime, Shanghai, China) supplemented with protease and phosphorylase inhibitors was added to lyse both kidney tissues and HK-2 cells. Later, proteins were separated through SDS-PAGE, followed by transfer on PVDF membranes. Thereafter, 5% BSA was added to block membranes under room temperature (RT) for a 1-h period, followed by primary antibody incubation, including NK-1R (ab183713, 1:1000; Abcam, Cambridge, MA, USA), SP (DF7522, 1:1000; Affinity Biosciences); α-SMA (19245, 1:5000), phosphorylated-p38 (4511, 1:1000), p38 (8690, 1:1000), phosphorylated-ERK (4370, 1:1000), ERK (4695, 1:1000), Cell Signaling Technology; phosphorylated-JNK (ab124956, 1:1000; Abcam), JNK (ab179461, 1:1000; Abcam); TFAP4 (12017-1-AP, 1:500; Proteintech), Collagen1 (14695-1-AP, 1:1000; Proteintech), and GAPDH (60004-1-Ig, 1:20000; Proteintech) under 4°C overnight. Afterward, HRP-labeled secondary antibodies (15015, 15014, diluted 1:10000; Proteintech) were added to further incubate membranes for 1 hour at RT. Protein detection was performed through WB Chemiluminescence Detection, with GAPDH being the endogenous reference.





Cell culture and transfection

We cultivated HK-2 cells within DMEM/f12 containing 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (P/S) under 5% CO2 and 37°C conditions. By adopting ClonExpress® One Step Cloning Kit (Vazyme Biotech, Nanjing, China), overexpression plasmids pCDH-NK-1R and pCDH-TFAP4 were produced by inserting full-length NK-1R or TFAP4 in pCDH-CMV-MCS-EF1-Puro’s EcoR I/BamH I sites. For producing lentiviruses, the overexpression plasmid, psPAX2 was co-transfected with pMD2.G plasmid into HEK293T cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Then, this work collected the lentiviral supernatant and preserved it under −80°C prior to analysis. Later, lentiviral supernatant that contained polybrene (8 μg/mL) was added to infect HK-2 cells, and then screened by puromycin (2 μg/mL) for obtaining HK-2 cells stably overexpressing NK-1R or TFAP4.





Cell counting assay

We cultivated NK-1R-overexpressed HK-2 cells (5 × 104) into the 12-well plate and then subjected to treatment with 20 μM SP with or without 10 μM SR140333 for 48 hours prior to calculating cell number with Countstar (ALIT Life Sciences, Shanghai, China).





Colony formation assay

We maintained NK-1R-overexpressed HK-2 cells (5 × 102) into the six-well plate for 1 day, and then subjected to treatment with 20 μM SP with or without 10 μM SR140333 for another 8 days. Methanol was added to fix colonies, followed by 0.1% crystal violet staining as well as counting.





Flow cytometry

Apoptotic cell proportion and cell cycle distribution were evaluated by FCM. NK-1R-overexpressed HK-2 cells were incubated with the indicated treatment (20 μM SP, 10 μM SR140333, 5 μM SP600125, 2.5 μM SB239063) for 48 hours, and then evaluated by staining with Annexin V/DAPI staining using Annexin V-APC/DAPI Apoptosis Kit (Elabscience Biotechnology, Wuhan, China) or with propidium iodide (PI) by adopting Cell Cycle Analysis Kit (4A Biotech, Beijing, China). Thereafter, fluorescence-activated cell sorting (FACS) was carried out (CytoFLEX, Beckman Coulter, Miami, FL, USA).





Luciferase report assay

Luciferase activities were determined by dual-luciferase reporter assay (Promega). Renilla luciferase that expresses pRL-TK (Promega) served as the endogenous reference for amending heterogeneities of transfection efficiency. To explore how TFAP4 affected the activity of the NK-1R promoter, 25 ng pRL-TK and 50 ng firefly luciferase reporter plasmid [p-(−1.5/+0.1k), p-mutA or p-mutB] and 150 ng pCDH-CMV-MCS-EF1-Puro or pCDH-TFAP4 were co-transfected into cells for 48 hours.





ChIP assay

To confirm the interaction between proteins and target gene promoters, a ChIP assay was conducted as previously described (20) with some modifications. A 1% formaldehyde solution was added to cross-link HK-2 cells in a 10-cm dish for a 10-min period at RT and then collected by DTT solution. Subsequently, the cells were resuspended within SDS lysis buffer, followed by sonication 4°C for shearing DNA to 200–750 bp. After mixing with dilution buffer, the chromatin complexes were immunoprecipitated with 4 µg of anti-TFAP4 antibody (Proteintech) or isotype-matched rabbit control IgG (A7016; Beyotime) at 4°C overnight, followed by collection with 20 µL of Protein A/G MagBeads (Bimake) at 4°C for 2 hours. The bead-bound immunocomplexes were washed by pre-chilled IP lysis buffer, followed by elution with elution buffer and reverse crosslink of the DNA-protein. After purification of the immunoprecipitated DNA, semi-quantitative PCR and RT-qPCR were conducted by specific primers listed in Supplementary Table S3.





Data extraction and processing

The gene expression profile (GSE66494) of human CKD kidneys was obtained in Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/). Moreover, the R software limma package (version 4.1.1) was applied in identifying differentially expressed genes (DEGs) of CKD compared with non-CKD kidney tissues upon the thresholds of |log2 (Fold Change, FC)| >= 1 together with false discovery rate (FDR) < 0.05. Up-regulated DEGs were later enriched by a Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis based on the Database for Annotation, Visualization, and Integrated Discovery (DAVID, https://david.ncifcrf.gov/). NK-1R co-expressed genes in GSE66494 were selected with cut-off of p < 0.05 and r >= 0.3 using Spearman′s correlation coefficient analysis. NK-1R potential transcriptional factors were predicted by ConTra v3 (http://bioit2.irc.ugent.be/contra/v3/) with a threshold of p < 0.05. Then, up-regulated DEGs, NK-1R co-expressed genes, and predicted NK-1R transcriptional factors were intersected.





RNA-seq analysis

We added 20 μM SP or PBS to NK-1R-overexpressed HK-2 cells for a 48-h incubation period, followed by harvesting for RNA isolation using Trizol reagent. RNA preparation, library construction, and sequencing on the platform DNBSEQ (sequencing length, PE150) were conducted by the Beijing Genomics Institute (BGI, Shenzhen, China). Clean reads were obtained by eliminating raw sequencing reads, which were then mapped to the reference genome of Homo sapiens (GCF_000001405.39_GRCh38.p13) using HISAT (21). The expression levels of genes were quantified by RSEM (22) and DEGs between groups were selected according to DESeq2 (23) under the |log2 (FC)| >= 1 and FDR < 0.05. KEGG enrichment analysis of DEGs was based on the DAVID database.





Statistics analysis

GraphPad Prism version 9.0.2 (GraphPad Software Inc., San Diego, CA, USA) was utilized for statistical analysis. Results were represented by mean ± SEM from three or more individual assays. Differences between the two groups were compared by unpaired Student′s t-test. Multiple comparisons among groups were made using one‐way ANOVA test followed by Bonferroni adjustment (assuming equal SDs) or Brown-Forsythe and Welch ANOVA tests followed by Dunnett T3 adjustment (assuming unequal SDs). For correlation analysis, a linear regression analysis was performed with Spearman′s correlation coefficients. p < 0.05 stood for statistical significance.






Results




Renal SP/NK-1R and serum SP levels are elevated in patients with CKD and correlated with severe renal fibrosis and declined kidney function

To assess the expression and cellular localization of SP and NK-1R, kidney biopsies were collected from 21 patients with CKD (stage 3-5) and 6 adjacent relatively normal kidney tissues from surgically removed renal cell carcinoma (RCC) tissues were obtained as controls.

Immunohistochemistry demonstrated that both SP and NK-1R were predominantly localized to renal TECs, and their expression notably increased in CKD kidneys compared with control kidneys (Figure 1A). In addition, Masson’s trichrome staining showed that CKD kidney tissues with higher SP and NK-1R expression exhibited more severe tubulointerstitial fibrosis (Figure 1B). Spearman′s correlation analysis revealed that fibrotic extents in CKD kidneys were positively correlated with renal NK-1R (r = 0.507, p = 0.019) or SP (r = 0.468, p = 0.033) expression levels (Figure 1C). Based on the median NK-1R expression level in CKD kidneys, the samples were classified into low- and high-NK-1R groups. Relationships between renal NK-1R expression and the clinical characteristics of patients with CKD were shown in Supplementary Table S4. Compared to CKD patients with low NK-1R expression, CKD patients with high NK-1R expression had lower hemoglobin (Hb, p = 0.023) levels, decreased estimated glomerular filtration rates (eGFR, p=0.035), and increased serum cystatin c (Cys C, p = 0.043) levels (Figure 1D). Meanwhile, enzyme-linked immunosorbent assay (ELISA) revealed that serum SP levels were up-regulated in patients with CKD (Figure 1E) and were correlated to clinical features (Supplementary Table S5). Compared with CKD patients with low serum SP levels, those with high serum SP levels displayed worse renal function as indicated by elevated levels of serum creatinine (Scr, p = 0.003), blood urea nitrogen (BUN, p = 0.012), Cys C (p = 0.0011) and decreased eGFR (p = 0.008) (Figure 1F). Thus, our results suggest that renal SP and NK-1R expression are augmented and strongly correlated with renal fibrotic extent and renal functional impairment in patients with CKD.




Figure 1 | Renal SP/NK-1R and serum SP were up-regulated in patients with CKD and related to renal fibrosis and function. (A) The expression levels of NK-1R and SP were significantly increased in the fibrotic kidneys of patients with CKD, as assessed by immunohistochemistry staining. Representative sections (upper panels) and quantitative data (lower panels) are shown. (B, C) Spearman’s correlation coefficient analysis showed that the expression levels of renal NK-1R and SP were positively correlated with renal fibrotic extents in 21 CKD individuals. Representative sections of immunohistochemistry staining and Masson’s trichrome are exhibited in (B). (D) Correlation between clinical characteristics and high/low renal expression of NK-1R in 21 CKD patients. The median NK-1R level was selected as the cut-off value for separating high from low NK-1R expression groups. (E) ELISA analysis displayed increased serum SP levels in CKD patients. (F) Correlation between clinical characteristics and high/low serum SP levels in 28 CKD patients. Samples were classified into high and low SP level groups using the cutoff of median SP level. Scale bar, 100 µm. Data are shown as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.







Renal SP and NK-1R expression are upregulated in the mouse UUO kidneys

UUO is a widely used as an animal model of renal fibrosis, which exhibits renal inflammation and fibrosis similar to CKD (24). As revealed by RT-qPCR assay, SP and NK-1R mRNA levels were significantly elevated in kidneys 7 and 14 days after UUO surgery (Figure 2A), and the serum levels of SP protein increased time-dependently during the UUO injury (Figure 2B). In addition, both Western blotting and immunohistochemistry detected that compared to sham-operated kidneys, the UUO kidneys showed a marked increase in the expression of SP and NK-1R in a time-dependent manner (Figures 2C, D). Consistent with the observations in human CKD, SP and NK-1R were mainly expressed in TECs of UUO kidneys (Figure 2D). These findings indicate that tubular SP and NK-1R may be involved in regulation of renal fibrosis.




Figure 2 | Renal SP/NK-1R and serum SP were overexpressed in a mouse unilateral ureteral obstruction (UUO) model. (A) RT-qPCR exhibited increased levels of SP and NK-1R mRNA in cortical lysates of kidneys on days 7 and 14 after UUO. (B) ELISA analysis displayed elevated serum SP levels on days 7 and 14 after UUO. (C, D) Western blot analysis and immunochemistry staining showed that the protein levels of renal SP and NK-1R in cortical tissues were up-regulated on days 7 and 14 after UUO. Representative images (left panels) and quantitative data (right panels) are shown. Scale bar, 50 µm. Data are shown as mean ± SEM from groups of five mice. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.







Genetic deletion of NK-1R protects UUO mice from the development of renal inflammation and fibrosis

To identify the role of the SP/NK-1R axis in renal fibrosis, NK-1R knockout (NK-1R-/-) mice were generated (Supplementary Figure 1A) and subjected to UUO for 14 days. Compared with NK-1R+/+ mice, NK-1R-/- counterparts showed alleviated renal inflammation as showed by decreases in mRNA and protein levels of proinflammatory factors monocyte chemoattractant protein-1 (MCP-1) and TNF-α (Figure 3A and Supplementary Figure 1B). Consistently, immune cell infiltration and F4/80 positive macrophage numbers were reduced in NK-1R-/- kidneys compared with NK-1R+/+ kidneys as shown by PAS and F4/80 staining respectively (Figure 3C).




Figure 3 | Genetic deletion of NK-1R alleviated UUO-induced renal fibrosis, inflammation, and apoptosis. (A, B) RT-qPCR (A) and Western blotting (B) displayed the reduced mRNA (A) and protein (B) levels of Collagen I, α-SMA, MCP-1, and TNF-α in renal cortical tissues of NK-1R knockout (NK-1R-/-) UUO mice, compared with NK-1R wildtype (NK-1R+/+) UUO mice. (C) Immunochemistry staining of NK-1R and F4/80, PAS, Masson’s trichrome, and TUNEL analysis showed that the deletion of NK-1R attenuated UUO-induced renal fibrosis, infiltration of F4/80-positive inflammatory cells, and apoptosis. For (A–C), mouse kidneys were excised on day 14 after UUO. Analysis of TUNEL-positive cells was counted by fluorescence microscopy in ten randomly selected high-power fields per kidney section. Scale bar, 50 µm. Data are shown as mean ± SEM from groups of six mice. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



As inflammation is closely associated with renal fibrosis (25), we therefore examined renal fibrosis in NK-1R-/- mice. The mRNA and protein levels of α-smooth muscle actin (α-SMA) and collagen I were lower in NK-1R-/- kidneys than in NK-1R+/+ kidneys following UUO (Figures 3A, B and Supplementary Figure 1B). Masson’s trichrome showed decreased collagen matrix deposition in NK-1R-/- UUO kidneys (Figure 3C). These results suggest that deletion of NK-1R attenuates UUO-induced fibrosis.

PAS showed that deletion of NK-1R effectively lessened UUO-induced tubule injury (Figure 3C). Renal cell apoptosis has been implicated in the progression of renal fibrosis. Interestingly, TUNEL positive cell numbers were increased by UUO in NK-1R+/+ mice, which were decreased in NK-1R-/- mice (Figure 3C). These results suggest that deletion of NK-1R attenuates UUO-induced renal inflammation, apoptosis, and fibrosis.





Administration of SP promotes renal inflammation and fibrosis induced by UUO

It is well accepted that SP signals primarily through NK-1R. To further explore the role of the SP/NK-1R axis in kidney disease, SP, an agonist of NK-1R, was administered to mice after UUO surgery. As shown by RT-qPCR, Western blotting and immunohistochemistry, administration of SP obviously augmented the mRNA and protein levels of proinflammatory/profibrogenic factors in kidneys 14 days after UUO (Figures 4A, B and Supplementary Figure 2). Moreover, SP also significantly increased the influx of inflammatory cells, F4/80-positive macrophages, TUNEL-positive apoptotic cells and renal fibrosis (Figure 4C). These results confirm that activation of the SP/NK-1R axis amplifies renal inflammation, apoptosis, and fibrosis induced by UUO.




Figure 4 | Administration of SP exacerbated UUO-induced renal fibrosis, inflammation, and apoptosis. (A–C) RT-qPCR (A), Western blotting (B), PAS, Masson’s trichrome, F4/80 immunochemistry staining, and TUNEL analysis (C). Results showed that SP administration in established UUO mice enhanced the expression of Collagen I, α-SMA, MCP-1, and TNF-α at mRNA and/or protein levels, which was accompanied by aggravated renal fibrosis, infiltration of F4/80-positive inflammatory cells, and apoptosis. For (A–C), sham and UUO mice were subjected to vehicle (PBS) or SP (40 nM/kg body weight) by tail vein injection three times a week for 14 days. The quantitative analysis of TUNEL-positive cells was achieved by fluorescence microscopy in 10 randomly chosen high-power fields per kidney section. Scale bar, 50 µm. Data are shown as mean ± SEM from groups of six mice. **p < 0.01; ***p < 0.001; ****p < 0.0001.







Treatment with a pharmacological NK-1R inhibitor attenuates renal inflammation and fibrosis induced by UUO

To examine if targeting NK-1R has a therapeutic effect on renal fibrosis, we treated UUO mice with an NK-1R-specific pharmacologic inhibitor, SR140333 (NK-1Ri). Administration of NK-1Ri significantly down-regulated expression of profibrogenic and proinflammatory factors in kidneys 14 days after UUO surgery (Figures 5A, B and Supplementary Figure 3). In addition, both histological and TUNEL analyses also detected the amelioration of tubule injury, renal inflammation, and fibrosis, as well as the reduction of apoptotic cell number, in mice treated with NK-1Ri (Figure 5C). These results unravel the promising therapeutic effects of pharmacological inhibition of NK-1R on progressive renal fibrosis.




Figure 5 | Inhibition of NK-1R with a pharmacological antagonist attenuated UUO-induced renal fibrosis, inflammation, and apoptosis. (A, B) RT-qPCR (A) and Western blotting (B) showed that the inhibition of NK-1R antagonized the UUO-induced increase in Collagen I, α-SMA, MCP-1, and TNF-α at the mRNA and/or protein levels in renal cortical tissues on day 14 after UUO. For B, representative images (left panels) and quantitative data (right panels) are shown. (C) PAS, Masson’s trichrome, F4/80 immunochemistry staining, and TUNEL analysis displayed that the inhibition of NK-1R impeded renal fibrosis, infiltration of F4/80-positive inflammatory cells, and apoptosis mediated by UUO surgery. Representative images (upper panels) and quantitative data (lower panels) are shown. For (A–C), sham and UUO mice were administered intraperitoneally with vehicle (DMSO) or a specific NK-1R inhibitor (NK-1Ri) SR140333 (1 mg/kg body weight) every day for 14 days. + or −, with (+) or without (−) the indicated treatment. TUNEL-positive cells were counted by fluorescence microscopy in ten randomly selected high-power fields per kidney section. Scale bar, 50 µm. Data are shown as mean ± SEM from groups of six mice. **p < 0.01; ***p < 0.001; ****p < 0.0001.







TFAP4 is up-regulated in fibrotic kidneys and transcriptionally activates NK-1R expression

To determine the regulatory mechanism of UUO-induced NK-1R expression, we analyzed the expression array data (GSE66494) of kidney biopsies from patients with CKD (Figures 6A, B). In order to identify the potential transcriptional factors that enhance NK-1R expression, we first selected 3457 up-regulated genes (log2 FC >= 1 and FDR < 0.05). Next, we calculated the Spearman′s correlation between NK-1R and other genes expression in GSE66494 and generated 2805 NK-1R coexpressed genes (r >= 0.3, p < 0.05). Last, 14 potential transcription factors were predicted by ConTra v3 to bind to the NK-1R promoter. TFAP4 was the only one that was found in all three sets of genes and thus was selected for further investigation (Figures 6C–E). Interestingly, TFAP4 mRNA levels increased in CKD along with elevated SP and NK-1R mRNA levels (Figure 6D).




Figure 6 | TFAP4 is dysregulated in fibrotic kidneys and transcriptionally activates NK-1R expression. (A, B) The volcano plot (A) and heatmap (B) of DEGs between CKD and non-CKD patients from GSE66494 with the threshold of FDR < 0.05 and |log2 (Fold Change)| > = 1. (C) Venn diagram of ConTra v3-predicted NK-1R transcription factors overlapping NK-1R co-expressed genes and up-regulated genes in GSE66494. (D) The mRNA levels of renal NK-1R, SP, and TFAP4 increased in CKD patients based on GSE66494. (E) Correlation between the expression of NK-1R and TFAP4 in GSE66494. (F, G) Western blotting (F) and immunochemistry staining (G) showed the up-regulated expression of renal TFAP4 protein in UUO mice and CKD patients, respectively. (H, I) Real-time quantitative PCR (H) and Western blotting (I) showed that the stable overexpression of TFAP4 increased NK-1R mRNA and protein levels in HK-2 cells. (J, K) Overexpression of TFAP4 enhanced the activity of the NK-1R promoter, whereas the mutation of the potential TFAP4 binding site B but not A reduced its activity. Schematic diagram for firefly luciferase reporter plasmids containing -1.5 to +0.1 k region of NK-1R is shown. Potential TFAP4 binding sites (BS) in the NK-1R promoter are depicted as a close rectangle A/B, and mutant TFAP4 BS are depicted as an open triangle A/B. (L) ChIP assay showed that TFAP4 directly interacted with the NK-1R promoter in vivo. The antibody-precipitated DNA was amplified by semi-quantitative PCR for 30 cycles (left) and real-time quantitative PCR (right). The promoter of GAPDH was used as a negative control. Data are presented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.



TFAP4 protein expression was also increased in mouse UUO kidney (Figure 6F) and in patients with CKD (Figure 6G). TFAP4 expression in the CKD kidney was positively correlated to fibrotic extent (r = 0.46, p = 0.04) as well as NK-1R expression (r = 0.52, p = 0.02) (Supplementary Figures 4A, B). We then explored whether TFAP4 regulates NK-1R expression in HK-2 cells. As shown in Figures 6H, I, TFAP4 overexpression stimulated NK-1R expression at both mRNA and protein levels. As predicted by JASPAR (26), the 1500-bp sequence upstream of TSS of the NK-1R gene contains two potential TFAP4 binding sites (site A and B) (Figure 6J). This sequence displayed visible promoter activity, which was enhanced by TFAP4 overexpression and suppressed by mutation in the site B but not the site A (Figure 6K). Consistently, ChIP assays demonstrated the binding of TFAP4 to the NK-1R promoter (Figure 6L). Thus, these findings suggest that TFAP4 regulates NK-1R transcription by binding to the NK-1R promoter directly.





NK-1R promotes renal inflammation and fibrosis via the JNK and p38 pathway

We then examined the machanisms through which the SP/NK-1R axis regulates renal inflammation and fibrosis in HK-2 cells stably overexpressing NK-1R (Supplementary Figure 5A). We found that addition of SP significantly suppressed the growth and colony formation of NK-1R-overexpressing HK-2 cells, whereas, these suppressive effects were reversed by the NK-1R-specific pharmacological inhibitor (Figure 7A and Supplementary Figure 5B). In addition, SP administration induced apoptosis and G2/M arrest in NK-1R-overexpressing HK-2 cells, which was also blocked by inhibition of NK-1R (Figure 7B). Interestingly, in SP-treated HK-2 cells that stably overexpressed NK-1R, the expression levels of profibrogenic factors, including connective tissue growth factor (CTGF) and MMP9, were obviously elevated, but these were markedly antagonized by NK-1R inhibition (Supplementary Figure 5C). Collectively, SP/NK-1R axis activation promoted apoptosis, G2/M arrest and profibrogenic factor expression in TECs.




Figure 7 | SP mediates renal inflammation and fibrosis through an NK-1R-dependent JNK/p38 mechanism in vivo and in vitro. (A, B) The NK-1R inhibitor abrogated the suppressive effect of SP on cell growth and colony formation (A) and abolished SP-induced apoptosis and G2/M arrest (B) in NK-1R-overexpressed HK-2 cells. For B, representative images (left panels) and quantitative data (right panels) are shown. (C, D) The volcano plot (C) and heatmap (D) of differentially expressed genes (DEGs) between NK-1R-overexpressed HK-2 cells treated with SP or its control using the criteria of FDR < 0.05 and |log2 (Fold Change)| > = 1. (E) The circos plot for the KEGG enrichment of indicated DEGs. (F, G) Western blotting showed a time-dependent increase in phosphorylated JNK and p38 but not ERK levels in NK-1R-overexpressed HK-2 cells upon SP incubation and that treatment with the NK-1R inhibitor blocked SP-induced increases in the expression of phosphorylated p38 and JNK. (H) Inhibition of NK-1R using both an NK-1R inhibitor and genetic knock-out strategies impaired the UUO-mediated elevation of phosphorylated JNK and p38 levels in mouse kidneys. (I) p38- or JNK-specific inhibitors or their combination significantly attenuated SP-stimulated G2/M arrest and apoptosis. For H and I, representative images (left panels) and quantitative data (right panels) are shown. Data are presented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.



To explore the regulatory mechanisms of SP/NK-1R axis in HK-2 cell activities, we treated the stable NK-1R-overexpressing HK-2 cells with and without SP. RNA-seq identified that 399 DEGs were detected in SP-treated cells compared with PBS-treated (control) cells with 307 being up-regulated and 92 down-regulated (|log2 FC| >= 1 and FDR < 0.05) (Figures 7C, D). KEGG analysis revealed the major enrichment of DEGs in the MAPK pathway, cytokine–cytokine receptor interaction, and PI3K-Akt pathway (Figure 7E). It has been well documented that MAPK signaling contributes to inflammation, apoptosis, and fibrosis. We then investigated whether the MAPK pathway was altered by SP/NK-1R activation in HK-2 cells. Phosphorylation of p38 and JNK, but not ERK, was highly up-regulated time-dependently by SP treatment in NK-1R-overexpressing HK-2 cells (Figure 7F). Furthermore, pharmacologically inhibiting NK-1R drastically repressed SP-induced JNK and p38 phosphorylation (Figure 7G). Consistent with the in vitro results, the increased p38 and JNK phosphorylation in UUO kidneys was attenuated by pharmacological inhibition or genetic deletion of NK-1R (Figure 7H).

To confirm the role of JNK and p38 in SP/NK-1R-mediated renal fibrosis, two inhibitors, namely, SP600125 (the JNK inhibitor) and SB203580 (the p38 inhibitor) were used to further assess whether MAPKs mediate the effects of the SP/NK-1R signaling on G2/M arrest, apoptosis and expression of profibrogenic genes. Results showed that treatment with SP600125 or SB203580 partially antagonized the stimulatory effects of SP on apoptosis and G2M arrest as well as profibrogenic gene levels in NK-1R-overexpressing HK-2 cells. Of note, the combined use of p38 and JNK inhibitors further inhibited SP-induced G2M arrest, apoptosis, and profibrogenic gene production (Figure 7I and Supplementary Figure 5D). Collectively, these results suggest that the SP/NK-1R axis may promote apoptosis and G2/M arrest as well as profibrogenic gene levels by activating the JNK and p38/MAPK pathways in TECs.






Discussion

As a prevalent pathological hallmark of end-stage kidney disorders irrespective of the initial cause, renal fibrosis is featured with excessive ECM accumulation upon renal injury, leading to the destruction of normal renal structure and eventual kidney failure (27). Hence, renal fibrosis is well associated with renal dysfunction and is a poor prognostic indicator (28). Increasing evidence has revealed that TECs play an indispensable role in both initial and progressive stages of kidney fibrosis by undergoing various functional changes (such as programmed cell death, senescence, and cell cycle arrest) after injury, resulting from deregulation of pivotal factors/signaling pathways (26). Therefore, further investigation of the molecular mechanism underlying renal TECs abnormity is vital for understanding the pathogenesis of renal fibrosis. The SP/NK-1R pathway is related to the pathogenesis of diverse diseases, such as neurological, cardiovascular, and gastrointestinal diseases (13), as well as myocardial and liver fibrosis (18, 29). Nevertheless, the impact of the SP/NK-1R pathway on renal TEC dysfunction and consequent renal fibrosis remains unexplored. In the present study, as outlined in Figure 8, we identified that SP/NK-1R axis activation, arising from elevated SP and NK-1R levels upon injury, could augment renal cell apoptosis, G2/M arrest, proinflammatory/profibrogenic factors production, resulting in progressive renal fibrosis. Mechanistically, we found that NK-1R was a direct target of TFAP4 and TFAP4 promoted NK-1R transcription by binding to the NK-1R promoter. Furthermore, we also uncovered that SP acted via the NK-1R to activate the JNK and p38 pathways to induce G2/M arrest, apoptosis, and expression of proinflammatory/profibrogenic genes. More importantly, we also provided the first evidence for targeting the SP/NK-1R axis as a novel therapy for the patients with CKD.




Figure 8 | Schematic diagram generated by Figdraw for the proposed mechanism by which the SP/NK-1R axis contributes to the pathogenesis of renal fibrosis via modulating inflammatory responses and cell fate of tubular epithelial cells through JNK/p38 signaling pathway in CKD.



Previous studies have well elucidated the extensive involvement of the SP/NK-1R axis in physiological or pathological processes related to central and peripheral nervous systems (e.g., pain, emesis, and neurodegenerative diseases). However, increasing evidence has also shown the expression of SP and NK-1R in non-neuronal tissues and cells (e.g., the liver, lung, and immune, epithelial, and endothelial cells) (30, 31). Indeed, NK-1R is found to promote inflammation, apoptosis, and fibrogenesis by associating with its ligand SP (15). It is reported that SP can bind to NK-1R to activate cardiac mast cells to increase TNF-α and MMPs expression and promote myocardial remodeling upon aortocaval fistula-induced volume overload (16). It can also provoke HSC/cholangiocyte senescence and liver cell apoptosis by stimulating TGF-β1 secretion after liver injury, leading to liver fibrosis (16, 18). Nevertheless, whether SP/NK-1R regulates renal fibrosis remains unknown.

In this study, we identified that expression of SP and NK-1R was significantly increased in the fibrotic kidney in patients with CKD and in mice after UUO and was positively correlated with the fibrotic extent in the renal interstitium. Serum SP levels were also increased in CKD individuals and UUO mice. More importantly, CKD patients with high NK-1R expression or SP levels exhibited lower eGFR, indicating that the activation of SP/NK-1R may contribute to the progression of CKD. Further investigations revealed that both genetic deletion and pharmacological inhibition of NK-1R remarkably impeded UUO-induced proinflammatory/profibrogenic responses as indicated by decreased macrophage infiltration, TNF-α/MCP-1/α-SMA/Collagen I levels, and renal cell apoptosis, whereas SP administration significantly enhanced these inflammatory and fibrogenic responses. Altogether, we find that the SP/NK-1R pathway mediates renal fibrosis progression.

Although SP and NK-1R levels are generally up-regulated in response to different injuries in diverse cell types, the regulatory mechanism of SP/NK-1R expression remains unclear. It has been reported that TFAP4, a member of the basic helix–loop–helix leucine-zipper (bHLH-LZ) family (32), is associated with c-Myc-mediated renal fibrosisby by inducing integrin αv-mediated TGF-β signaling (33). However, no direct evidence has yet revealed the regulatory role of TFAP4 in renal fibrosis. Hyperactivation of TFAP4 has been observed in various human malignancies (e.g., intestinal, lymphoid and liver cancer) (34–36). In the present study, we identified that increased renal TFAP4 levels were closely correlated to the fibrotic index and NK-1R levels in patients with CKD. Moreover, KEGG enrichment analysis suggested that TFAP4 might be associated with multiple signaling pathways (Supplementary Figure 4C), such as neuroactive ligand-receptor interaction, MAPK, and Wnt signaling pathways. More importantly, we uncovered that NK-1R expression was regulated by TFAP4 as TFAP4 could bind to the promoter region of NK-1R to regulate its transcription. In the present study, therefore, TFAP4 may be a regulatory mechanism responsible for NK-1R overexpression in renal fibrosis.

Renal fibrosis involves different types of resident cells, including renal TECs and myofibroblasts. It is reported that apoptosis and cell cycle arrest of renal TECs initiate adaptive repair in response to kidney injury (37). Previous studies have demonstrated that maladaptive cell death results in the loss of resident renal TECs and that apoptotic tubule communicates with adjacent profibrogenic cell types (e.g., fibroblasts, myofibroblasts), eventually promoting fibrosis (37). Of these processes, the G2/M phase arrest of renal TECs after kidney injury contributes to persistent transcription of profibrogenic factors such as CTGF and Collagen I (38, 39). Given that SP and NK-1R were mainly expressed in renal TECs, we used HK-2 cells that stably overexpressed NK-1R to further investigate the relationship between SP/NK-1R and tubular injury as well as fibrogenesis in vitro. We found that SP treatment suppressed the growth and induced G2/M arrest, apoptosis, and profibrogenic factor production in NK-1R-overexpressing HK-2 cells. Correspondingly, the above effects of SP were almost abolished by a specific NK-1R antagonist, indicating that SP functioned through NK-1R activation. We thus propose that the SP/NK-1R axis may contribute to renal fibrosis at least partly by provoking phenotypic changes in tubular epithelium cells.

To explore the mechanism underlying SP/NK-1R-mediated tubular injury and fibrogenesis, RNA-seq and KEGG pathway enrichment analyses were performed. We found that the SP/NK-1R axis was associated with several signaling pathways closely related to renal fibrosis, such as MAPK and PI3K-Akt. The MAPK kinase superfamily includes four typical subgroups, including JNK, p38, ERK1/2, and ERK5, and it is worth noting that the first three members are dominant responders to extracellular and intracellular stresses (40). Extensive studies have suggested that MAPKs participate in multiple events such as cell differentiation, cell death, and inflammation, and play a critical role in various diseases (41). We found that SP treatment induced the phosphorylation of p38 and JNK but not ERK1/2 in vitro, which was completely blocked by the NK-1R antagonist. In addition, the stimulatory effect of UUO injury on phosphorylated p38/JNK levels was attenuated by the pharmacological inhibition and genetic deletion of NK-1R in vivo. Furthermore, treatment with JNK or p38 inhibitors partially abolished apoptosis, G2/M arrest, and fibrogenesis mediated by SP in NK-1R-overexpressing HK-2 cells, and the combined use of JNK and p38 inhibitors enhanced these suppressive effects. Collectively, these data indicated that SP/NK-1R may induce injury and profibrogenic responses in HK-2 cells by activating JNK/p38 MAPKs.

In conclusion, we identify the SP/NK-1R axis as a novel pathway whose activation leads to renal inflammation and fibrosis. Our study uncovers a regulatory mechanism of NK-1R expression whereby TFAP4 increases NK-1R transcription by directly binding to its promoter. Moreover, SP/NK-1R axis activation, may stimulate p38/JNK signaling to promote cell apoptosis and G2/M arrest as well as proinflammatory/profibrogenic responses, resulting in renal fibrosis. Thus, targeting SP/NK-1R axis with NK-1R pharmacological antagonists may represent a promising treatment for renal inflammation and fibrosis in chronic and end-stage kidney disease.
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Autophagy is an evolutionarily conserved cellular process capable of degrading various biological molecules and organelles via the lysosomal pathway. Ferroptosis is a type of oxidative stress-dependent regulated cell death associated with the iron accumulation and lipid peroxidation. The crosslinks between ferroptosis and autophagy have been focused on since the dependence of ferroptosis on autophagy was discovered. Although the research and theories on the relationship between autophagy and ferroptosis remain scattered and fragmented, the crosslinks between these two forms of regulated cell death are closely related to the treatment of various diseases. Thereof, asthma as a chronic inflammatory disease has a tight connection with the occurrence of ferroptosis and autophagy since the crosslinked signal pathways may be the crucial regulators or exactly regulated by cells and secretion in the immune system. In addition, non-immune cells associated with asthma are also closely related to autophagy and ferroptosis. Further studies of cross-linking asthma inflammation with crosslinked signaling pathways may provide us with several key molecules that regulate asthma through specific regulators. The crosslinks between autophagy and ferroptosis provide us with a new perspective to interpret and understand the manifestations of asthma, potential drug discovery targets, and new therapeutic options to effectively intervene in the imbalance caused by abnormal inflammation in asthma. Herein, we introduce the main molecular mechanisms of ferroptosis, autophagy, and asthma, describe the role of crosslinks between ferroptosis and autophagy in asthma based on their common regulatory cells or molecules, and discuss potential drug discovery targets and therapeutic applications in the context of immunomodulatory and symptom alleviation.
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1 Introduction

The scientific observation of regulated cell death (RCD) historically originated in 1842 when dying cells in toads were discovered by Karl Vogt. And when the term “apoptosis” was coined in 1972 by Andrew Wyllie, Alastair Currie1, and John Kerr, the surge in RCD research started. Since then, various types of forms of RCD have been explored in the context of the role in multiple pathological and physiological processes of different diseases, the macroscopic morphological alterations, the molecular mechanisms and signaling pathways associated with activation or regulation, and the program in response to varieties of stresses, especially oxidative stress. With multiple novel forms of RCD identified, the core and specific molecular mechanisms have been discovered to insulate the particular form of RCD from others. The research on the regulation of these forms of RCD provided us with novel targets for treating a wide range of diseases. However, it has been increasingly apparent that these molecular programs are deeply interwoven. Studies probing cell death crosstalk have demonstrated multiple molecular interactions between signal transduction pathways and shown that numerous cell death programs are involved in the pathogenesis and pathophysiological process of various diseases. For example, the pyroptotic molecules can activate apoptotic substrates and vice versa, while inhibition of one type of cell death pathway by the pathogen or other signaling defects can result in another pathway of RCD compensating (1–4).

The crosslinks between ferroptosis and macroautophagy/autophagy have been focused on since the form of autophagy-dependent ferroptosis was discovered. The initiation of autophagy is mediated by the unc-51-like kinase (ULK) complex, which can be inhibited by mTOR complex 1 (mTORC1) or activated by 5′-AMP-activated protein kinase (AMPK) (the kinase can be activated by stress signals). Then, PI3P-binding molecules can be recruited after the activation of vacuolar protein sorting 34 (VPS34) to form a phagosome (an isolated pre-autophagosomal structure) (5–8). The autophagosome (AP) formation depends on LC3 lipidation that LC3 is cleaved into the soluble form LC3I acting as a precursor to LC3II, a docking point covalently attaching to the phagosome membrane for cargo receptors (Figure 1A) (9–11). These receptors play a central role in the selective recruitment of specific cargoes with ubiquitin labeling during autophagy (Figure 1A). Then, an AP can be formed when the phagosome extends and eventually closes (Figure 1A). When transported to the perinuclear region and fused with proximal lysosomes, cargoes can be degraded and nutrients can be recycled through lysosomal hydrolases, along with the formation of autolysosomes (ALs) (12–15). Ferroptosis is initiated with lipid peroxidation which is uncontrolled and lethal resulting in subsequent rupture of the plasma membrane through iron catalysis, containing enzymatic (lipoxygenases) and non-enzymatic (Fenton’s reaction) mechanisms. Iron accumulation and lipid peroxidation are two critical mediators in ferroptosis. Autophagy can modulate ferroptosis based on particular lysosomal degradation of specific organelles or proteins leading to iron accumulation and lipid peroxidation. Similarly, ferroptosis can regulate the formation of ALs to affect the process of autophagy. For example, ferroptosis induction has been proven to have a tight connection with the turnover of lipidated LC3 and the fusion of the AP with lysosomes (16, 17).




Figure 1 | Mechanism of autophagy-dependent ferroptosis. (A) The mechanism of autophagy: AMPK can activate ULK complex to induce VPS34 complex and suppress the activity of mTOR and ULK complex. The autophagosome (AP) formation depends on LC3 lipidation that LC3 is cleaved into the soluble form LC3I acting as a precursor to LC3II. These receptors play a central role in the selective recruitment of specific cargoes with ubiquitin labeling during autophagy. (B) The mechanism of ferritinophagy: Fe2+ can be exported as ferritin through exosomes. NCOA4-mediated ferritinophagy (namely, the autophagic degradation of ferritin) promotes ferroptosis by increasing intracellular iron (Fe2+) levels. (C) The mechanism of lipophagy: Lipophagy (namely, the autophagic degradation of lipid droplets) increases the levels of free fatty acids available for subsequent lipid peroxidation during ferroptosis. (D) The mechanism of CMA: Chaperone-mediated autophagy is involved in GPX4 degradation for ferroptosis. (E) The mechanism of mitophagy: Mitophagy (the autophagic degradation of mitochondria) has a dual role in ferroptosis. (F) The mechanism of clockophagy: Sequestosome 1-mediated degradation of ARNTL by autophagy (a process termed clockophagy) regulates HIF1α, facilitating ferroptosis. (G) The mechanism of ferroptosis: The cystine/glutamate transporter (also known as system xc−) imports cystine into cells with a 1:1 counter-transport of glutamate. Once in cells, cystine (Cys2) can be oxidized to cysteine (Cys), which is used to synthesize glutathione (GSH) in a reaction catalysed by glutamate–cysteine ligase (GCL) and glutathione synthetase (GSS). By using GSH as a reducing cofactor, glutathione peroxidase GPX4 is capable of reducing lipid hydroperoxides to lipid alcohols. The GSH–GPX4 antioxidation system has an important role in protecting cells from ferroptosis. The AIFM2–CoQ10, ESCRT-III membrane repair and GCH1–BH4 systems can also inhibit ferroptosis. Several proteins (including serotransferrin, transferrin receptor (TFRC), solute carrier family 40 member 1 (SLC40A1), ferritin components (FTH1 and FTL), nuclear receptor co-activator 4 (NCOA4) and prominin 2) control ferroptosis through the regulation of iron metabolism. Acetyl-CoA carboxylase (ACAC)-mediated fatty acid synthesis or lipophagy-mediated fatty acid release induces the accumulation of intracellular free fatty acids, which fuels ferroptosis. Long-chain fatty acid–CoA ligase 4 (ACSL4) and lysophospholipid acyltransferase 5 (LPCAT3) promote the incorporation of polyunsaturated fatty acids (PUFAs) into phospholipids to form polyunsaturated fatty acid-containing phospholipids (PUFA–PLs), which are vulnerable to free radical-initiated oxidation mediated by lipoxygenases (ALOXs).



Furthermore, the signal transduction pathways or principal signal molecules of two forms of RCD may be common or cross-linked. The research on these crosslinked pathways and molecules can provide more effective pharmacological targets for improving the prognosis of multiple patients. In addition, both ferroptosis and autophagy have been proven to have a tight connection with innate and adaptive immunity. On the one hand, the activation of immune cells can be regulated by these two forms of RCD. On the other hand, the immune and inflammatory signaling can be controlled by the pathways or proteins of ferroptosis and autophagy.

Asthma is a heterogeneous and complex disorder characterized by asthmatic inflammation in the airways. In addition to the chronic inflammation, airway remodeling, and bronchial hyper-reactivity comprise the specific pathogenesis of asthma along with the interaction of non-immune cells such as epithelial cells and airway smooth muscle (ASM) cells, and immune cells including the cells from the innate and adaptive immune systems. Immune factors and various genetic factors interplay in an array of disorders after being stimulated by different environmental factors. Asthma attacks occur over periods of many years, which creates additional therapeutic challenges. Long term structural airway alteration involves multiple cell types and leads to non-reversible obstruction of airflow causing chronic symptoms and, in rare cases, death. New targets for asthmatic therapy have been always discovered based on various areas of lung research to circumvent some of the current limitations of conventional asthma therapy that include tachyphylaxis to beta adrenergic agonists, corticosteroid insensitivity, off-target effects of corticosteroids, and improvement of effective treatments to reverse obstructive airway remodeling.

Autophagy and ferroptosis as two crucial forms of RCD have been proved to enrich the strategies of asthmatic therapy. For example, a randomized clinical trial demonstrated that Carbamazepine, an anticonvulsant drug and autophagy inducer had high efficacy in therapy of moderate or severe bronchial asthma (18). Carbamazepine has been shown to induce antimicrobial autophagy through mTOR-independent pathway, suggesting that autophagy induction by repurposed drug could provide an easily implementable potential therapy for some asthma phenotypes (19). Similarly, ferroptosis was reported to have a tight connection with type 2 high asthma. The elevated expression of ALOX15 (arachidonate 15- lipoxygenase), a key enzyme of lipid peroxidation, in the bronchial epithelium or eosinophils of BALF in both childhood and adult asthmatics is associated with allergen sensitization and airway inflammation (20, 21). Furthermore, Phosphatidylethanolamine binding protein 1 (PEBP1), the crosslinked regulatory molecule of ferroptosis and autophagy, has been discovered to affect the function and survival of asthmatic epithelial cells. PEBP1 which is also called rheostat between ferroptosis and autophagy in HAECs can interact with ALOX15 to induce ferroptosis in asthmatic HAECs by generating 15-hydroperoxyeicosaetetranoic acid (15-HpETE-PE). In addition, when the process of PEBP1 binding with LC3-I is inhibited, autophagic pro-survival pathways would be activated in asthmatic HAECs and subsequently, cell destruction would be limited (22).

However, the role of ferroptosis and autophagy in asthma is mostly preclinical evidence, a series of evaluation criteria should be developed before clinical application. As such a large player in general function of cells associated with asthma, autophagy and ferroptosis do provide multiple therapeutic targets. Determining the roles they play in different cell types is key to understanding how to specifically target them. Moreover, in order to reach the best clinical outcome, it is also crucial to consider the stage of development of the disease. Indeed, depending if asthmatic patients are in the initiation or exacerbation phases of the pathogenesis, the specific cell type to be targeted should be considered.

It can be further concluded that the therapeutic schedules to attenuate the symptoms and improve the prognosis for asthma patients can be established based on regulating the innate and adaptive immunity via modulating the progress of autophagy and ferroptosis, or discovering some crosslinked targets of ferroptosis and autophagy in various cells which are crucial in asthmatic pathogenesis. All in all, the crosslinks between ferroptosis and autophagy may provide us with more effective targets in various specific cell types to treat asthma.

CD11b+ cDCs can maturate and migrate depending on the transcription factor IRF4 with the effect of danger signals and ‘instructive’ cytokines produced by HAECs. The typical function of DCs as antigen-presenting cells is to internalize antigens and present antigen-derived peptides to T cells. When activated by the innate immune system, CD4+T cells can differentiate into multiple functional subsets of helper T cells such as Th2 cells, Th17 cells, Th1 cells, and Treg cells. Both Th2 cells and ILC2 cells contribute to eosinophilic inflammation by upregulating the expression of GATA-3 which can promote the production of Th2 cytokines, and increase the production of IL-5 to modulate the development of eosinophils, IL-13 leading to goblet cell metaplasia and bronchial hyperreactivity, IL-4 affecting the mature and activation of Th9 cells which can promote the IgE synthesis by B cells. Both Th1 and Th17 cells can result in neutrophilic inflammation by respectively secreting IFN-γ or TNFαand IL-17A or IL-17F Treg cells, a subset of CD4+ T cells, also originate from Th0 cells. The fate of follicular helper T cells (TFH) can be adopted by Th cells producing IL-21 so that IgE can be induced by B lymphocytes.




2 The role of autophagy in ferroptosis

Ferroptosis is promoted by iron accumulation and lipid peroxidation. The progress of both initiation and advancement of ferroptosis involves autophagy. The process of autophagy can be divided into non-selective autophagy and selective autophagy. Non-selective autophagy has long been thought to be the main form of bulk degradation pathway, which randomly engulfs a portion of the cytoplasm into autophagosomes and then delivers them to lysosome for degradation. Selective autophagy, however, specifically recognizes and degrades the particular cargo, either a protein complex, an organelle, or lipid droplets (23). Nonselective autophagy is primarily a starvation response, whereas cells use selective autophagy for a variety of purposes, such as remodeling to adapt to changing environmental/nutritional conditions and to eliminate damaged organelles.



2.1 The role of selective autophagy in ferroptosis

The selective autophagy processes which influence ferroptosis included two main parts in the context of regulating the level of iron and modulating lipid peroxidation.



2.1.1 The role of selective autophagy in regulating the level of iron

The level of iron can be regulated by ferritinophagy mediated by nuclear receptor coactivator 4 (NCOA4) (Figure 1B) (16, 17). The role of ferritinophagy in iron accumulation promotes the development of ferroptosis. Hence, the suppression of ferritinophagy can increase iron storage and limit ferroptosis by modulating the genetic expression of LC3, autophagy-related gene (ATG)3, ATG5, ATG7, ATG13 or ELAV-like RNA-binding protein 1 (ELAVL1/HuR) (24, 25). Furthermore, the strategy of suppressing ferroptosis from the perspective of upregulating iron storage can be achieved by poly (RC)- binding proteins (PCBPs) and ferritin mitochondrial (FTMT). PCBPs acting as iron chaperones can deliver Fe2+ to ferritin, thereby limiting ferroptosis (26). Similarly, when the principal iron storage protein in mitochondria, FTMT, is upregulated, ferroptosis induced by erastin can be inhibited (27).




2.1.2 The role of selective autophagy in modulating lipid peroxidation

The selective autophagy plays a crucial role in modulating lipid peroxidation. Thereof, lipophagy and clockophagy have a tight relationship with free lipid accumulation. Mitophagy and chaperon-mediated autophagy (CMA) are respectively responsible for impaired oxidative phosphorylation and lipid ROS accumulation.

Lipophagy can decompose lipid droplets (LDs) which are necessary for cells to resist oxidative stress. Lipid peroxidation has been proved to be induced by polyunsaturated fatty acids (PUFAs) which can be transported into their center along with the formation of LDs (Figure 1C) (28).

Hence, when lipophagy is initiated and enhanced, lipid peroxidation can be triggered due to the increased PUFAs and result in subsequent ferroptosis. Furthermore, ferroptosis promoted by lipophagy can be suppressed after the knockdown of Rab7a member RAS oncogene family (RAB7A) in vitro (29).

Compared to the direct relation between lipophagy and free lipid accumulation, the mechanism of clockophagy regulating ferroptosis presents complex. Aryl hydrocarbon receptor nuclear translocator-like (ARNTL/BMAL1) as the center circadian clock protein can be degraded by clockophagy and result in negative modulation of the transcription factor hypoxia-inducible factor 1(HIF1) through transcriptionally upregulating the expression of Egl-9 family HIF2, which is responsible for upregulating expression of specific genes involved in regulating the transport and combination of fatty acids and lipids (for example, FABP3 and FABP7). When HIF1 is deficient, downregulation of these proteins produced by the aforementioned specific genes can stimulate ferroptosis by preventing the combination of lipids and fatty acids and their transportation from the plasma membrane to mitochondria, and promoting their peroxidation (30). Sequestosome 1 (SQSTM1/P62) as the autophagy receptor for clockophagy mediates ARNTL degradation and promotes ferroptosis (Figure 1F) (30).

The effect of CMA on lipid peroxidation centers on the function of degradation of the antioxidant defense systems. In addition, CMA can provide a pathway to degrade various proteins from the cytoplasm in lysosomes directly (31). All pathways begin with a combination of heat shock protein family A (Hsp70) member 8 (HSPA8/HSC70) and proteins with a KFERQ-like motif (Figure 1D). Then the lysosomes can degrade these specific proteins with the particular motif through the recognition of the lysosome-associated membrane protein type 2A (LAMP2A). A key enzyme of the antioxidant defense systems called glutathione peroxidase 4 (GPX4) in ferroptosis is a protein containing KEFRQ-like motif. It has been proven to be degraded by HSP90-mediated CMA during erastin-induced ferroptosis. 2-amino-5-chloro-N,3-dimethylbenzamide (CDDO) can block the combination between HSP90 and LAMP2A. Therefore, when erastin-induced ferroptosis occurs, CDDO can suppress the progress by preventing the degradation of GPX4 mediated by CMA (32). GPX4 plays a principal role in maintaining the intracellular antioxidant environment according to reducing phospholipid hydroperoxide production (AA/AdA-PE-OOH) (which is the immediate cause of lipid peroxidation and ferroptosis) to the corresponding phospholipid alcohol (PLOH). The activity or expression of GPX4 is affected by GSH and selenium (33, 34). When GPX is synthesized, selenium can replace the sulfur of cysteine (amino acid of an emerging polypeptide chain) and involve in the generation of selenocysteine (Sec) due to the stop codon UGA “recoded” by a selenocysteine insertion sequence (SECIS). The anti-ferroptotic activity of GPX4 can be enhanced through a selenocysteine residue at 46 (U46) (33). In the catalytic cycle of GPX4, GSH can reduce the selenic acid (-SeOH) to the intermediate selenide disulfide (-Se-SG). Finally, the second GSH can activate GPX4, and glutathione disulfide (GS-SG) can be released (Figure 1G). The synthetic reaction of GSH originates from system xc-, the cystine/glutamate transporter (Figure 1G). The transporter can import cystine into cells and meanwhile transport the same quantities of glutamate out of cells. System xc- is composed of SLC3A2 and SLC7A11 (Figure 1G). Like CMA degrading GPX4, the whole antioxidant system can be the target for the modulation of ferroptosis. For example, the activity of SCL7A11 can be inhibited by AMPK-mediated BECN1 phosphorylation, hence promoting ferroptosis and meanwhile inducing the progress of autophagy (24, 35). BECN1 mRNA can be stabilized by m6A modification. Furthermore, the role of YTHDF1 has been identified as a key m6A reader protein for BECN1 mRNA stability and therefore proved to activate autophagy via recognizing the m6A binding site within BECN1 coding regions and regulate ferroptosis (36). Besides, a CD44 variant (CD44v) can promote GSH synthesis by the interaction with system xc- and stabilize system xc- expression (37). The synthesis reaction of GSH can be catalyzed by glutamate-cysteine ligase (GCL) and glutathione synthetase (GSS) when the cystine oxidized to cysteine (Cys) or by cystathionine beta-synthase through a trans-sulfuration pathway which can be negatively regulated by CARS1 (the important member from the aminoacyl-tRNA synthetase family) (38, 39).

Mitophagy can regulate lipid peroxidation through modulating the function of mitochondria. Most cellular ROS derives from mitochondria. ROS includes a series of byproducts of aerobic metabolism such as hydroxyl radicals (•OH), superoxide anion(O2•–), singlet oxygen (1O2) and hydrogen peroxide (H2O2). On one hand, mitophagy can selectively degrade mitochondria to clear dysfunctional organelles and decrease levels of ROS, therefore, preventing ferroptosis from the perspective of lipid peroxidation prevention. Until now, the identified cargo receptors that take part in mitophagy included CALCOCO2, OPTN, SQSTM1,TAX1BP1 and others (40). Mitochondrial ROS is important for both autophagy and ferroptosis induction, although the molecular switches which can determine the bifurcation between these two different types of RCD remain elusive (41–43). On the other hand, mitophagy can promote ferroptotic death by a mitochondrial complex I inhibitor (BAY87-2243) or heme oxygenase 1 (HMOX1). Inhibition of complex I of the mitochondrial respiratory chain can depolarize the mitochondrial membrane potential, mitophagy stimulation, ROS increase and cellular ferroptotic death (44). HMOX1 can mediate redox regulation of ferroptosis with enhanced endoplasmic reticulum (ER) stress and mitophagy (Figure 1E) (45).

The role of autophagy in modulating the absorption, utilization and export of iron is still under exploration. For example, the autophagic degradation of transferrin receptor (TFRC) (which can combine with transferrin and release iron [Fe2+] from transferrin into the cytoplasm through solute carrier family 11 member 2 [SLC11A2]) has been proven to be impaired due to WDR45 mutation and promote ferroptosis (Figure 1G) (46).





2.2 The role of non-selective autophagy in ferroptosis



2.2.1 The role of non-selective autophagy in regulating the level of iron

Iron export as the connection between non-selective autophagy and ferroptosis provided various molecular targets. Fe2+ can be exported as ferritin through exosomes, or by SLC40A1 in the cell membrane. Furthermore, the overexpression of SLC40A1 has been proven to activate the autophagy flux via AMPK/mTOR/ULK1 and AMPK/ULK1 signaling pathways to meet the energy requirements of cell and decrease the ratio of AMP : ATP (47). The regulatory network of iron export affecting the progress of ferroptosis and the AMP : ATP ratio affecting the progress of autophagy has been crosslinked and the key molecule SLC40A1 may become a critical target for regulating both ferroptosis and autophagy (Figure 2A).




Figure 2 | Crosslinks between ferroptosis and autophagy. (A) The regulatory network of iron export affecting the progress of ferroptosis and the AMP : ATP ratio affecting the progress of autophagy has been crosslinked. (B) NF-κB family member p65/RelA can increase autophagy coupled with upregulating levels of BECN1 mRNA and protein. (C) RNA-binding protein ZFP36/TTP can inhibit autophagy activation by destabilizing autophagy related 16 like 1 (ATG16L1) mRNA. (D) The Keap1-Nrf2 system has been proven to involve in the phosphorylation of p62 on the cargo. (E) Increased lipocalin 2 (LCN2) can reduce autophagy flux by regulating ATG4B activity and LC3-II lipidation and activate inflammasome-ferroptosis processes. (F) HSPB1 disrupts STAT3/PKR complex, facilitates PKR-dependent eIF2α phosphorylation and activates eIF2α-dependent autophagy. (G) Erastin-induced ferroptosis can promote the activation of the endoplasmic reticulum (ER) stress response that is regulated by PERK-eIF2α (eukaryotic initiation factor 2α)-ATF4 (activating transcription factor 4) pathway which can inhibit TMZ-induced autophagy. (H) HPCAL1 as an autophagy receptor for the selective degradation of cadherin 2 (CDH2) can increase susceptibility to ferroptosis.






2.2.2 The role of non-selective autophagy in modulating lipid peroxidation

The role of autophagy in modulating lipid peroxidation needs to be further explored from the perspective of regulating the biosynthesis of PUFAs (the substrate of the reaction catalyzed by acyl-CoA synthetase long-chain family member4 [ACSL4] and lysophospholipid acyltransferase-3 [LPCAT3]). AMPK regulation of ferroptosis has been proven to play a critical role in PUFAs biosynthesis and phosphorylation of acyl-CoA carboxylase with the analysis of functional and lipidomic (43). Both the progress of iron export and lipid biosynthesis have a tight connection with AMPK which is also the principal enzyme to stimulate the ULK complex. Doxorubicin (Dox) cardiotoxicity- induced ferroptosis can be alleviated by epigallocatechin-3-gallate due to the upregulation and activation of AMP-activated protein kinase α2 (48). The underlying mechanism can link the increased energy supply to the modulation of ferroptosis. PUFA-PLs catalyzed by ASCL4 and LPCAT3 can be further oxidized by multiple oxygenases, for example, CYP/CYP450, PTGS/COX (prostaglandin-endoperoxide synthase), and ALOXs to produce the hydroperoxides AA-PE-OOH or AdA-PE-OOH which result in the immediate cause of lipid peroxidation (Figure 1G). ALOXs are nonheme iron dioxygenases and have 6 subtypes in humans, namely ALOX12 (arachidonate 12- lipoxygenase, 12S type), ALOX12B (arachidonate 12- lipoxygenase, 12 R type), ALOX15, ALOX15B (arachidonate 15-lipoxygenase type B), ALOX5 (arachidonate 5-lipoxygenase)and ALOXE3 (arachidonate lipoxygenase 3) (49).

Lipid peroxidation can also be mediated in a non-enzymatic manner through the Fenton reaction in which Fe2+ reacts with H2O2 to generate Fe3+, HO·, and OH-. The membrane lipids can be oxidized by these free radical ions (Figure 1G). Both the generator of ROS through the Fenton reaction and several heme or nonheme iron-containing enzymes have a close relationship with iron accumulation. Therefore, the role of autophagy in modulating the absorption, utilization and export of iron may be recognized from the perspective of affecting the process of lipid peroxidation.





2.3 The novel and comprehensive role of autophagy in ferroptosis

The growing evidence proved that the role of autophagy in ferroptosis regulation was not limited exclusively to aforementioned mechanism. For example, the novel regulation mechanism can be based on reducing membrane tension facilitated by hippocalcin like 1 (HPCAL1). The autophagy receptor for the selective degradation of cadherin 2 (CDH2) can reduce membrane tension and favor lipid peroxidation (Fenton reaction) to increase susceptibility to ferroptosis (Figure 2H) (50). In addition, increased lipocalin 2 (LCN2) can reduce autophagy flux by regulating ATG4B activity and LC3-II lipidation and activate inflammasome-ferroptosis processes (Figure 2E) (51).

With the development of research, the increasing roles of autophagy have been reported to be comprehensive with multiple crosslinked mechanisms for regulating ferroptosis. For example, TMEM164- mediated autophagy can increase iron accumulation and lipid peroxidation by degrading ferritin, GPX4 and LDs (52). Insufficient cellular autophagy can turn off antioxidant defense mediated by nuclear factor NF-E2-related factor (Nrf2) while initiating Nrf2-induced iron accumulation and lipid peroxidation, resulting in the advancement of ferroptosis. The Keap1-Nrf2 system has been proven to involve in the phosphorylation of p62 on the cargo, which can regulate clockophagy to affect the process of ferroptosis (Figure 2D) (53). However, the relevant signaling pathways need to be further explored (54).

Meanwhile, the regulatory network of autophagy-dependent ferroptosis was enriched. For example, RNA-binding protein ZFP36/TTP can inhibit autophagy activation by destabilizing autophagy related 16 like 1 (ATG16L1) mRNA via binding to the AU-rich elements (AREs) within the 3′-untranslated region. The downregulation of ZFP36 can activate ferritinophagy and induce ferroptosis by regulating the signaling pathway of autophagy (Figure 2C) (55).





3 The role of ferroptosis in autophagy

Autophagy is a dynamic process relying on the maturation and formation of specific membrane structures including phagophores, APs, and ALs, which can be generated from the plasma membrane, Golgi complex, recycling endosomes and the ER mitochondria-ER-associated membrane (56, 57). Mechanistically, ATG proteins play an indispensable role in the regulation of autophagy concerning initiation, progression and maintenance. Genetic screens in yeast have identified over 40 ATG genes regulating the expression of ATG proteins which can interact with other factors by multiple posttranslational modifications (58). The phagophore and AP formation can be governed by the joint influence of both ATG proteins and other factors. It has been proved that synaptosome-associated protein29 (SNAP29), the homotypic fusion and vacuole protein sorting (HOPS) complex, vesicle-associated membrane protein 8(VAMP8), regulatory lipids, certain cytoskeleton motor proteins, syntaxin 17 (STX17) are involved in the formation of AL (59).

Although the direct evidence supporting the critical role of ferroptosis in autophagy is limited, the hypothesis that ferroptosis can regulate autophagy has been confirmed gradually based on the molecular connection between ferroptosis and autophagy. Indeed, erastin-induced ferroptosis can promote the activation of the endoplasmic reticulum (ER) stress response that is regulated by PERK-eIF2α (eukaryotic initiation factor 2α)-ATF4 (activating transcription factor 4) pathway which can inhibit TMZ-induced autophagy (Figure 2G) (60, 61). Besides, it has been reported that the process of protective autophagy can be induced by iron deprivation with antitumor drugs, which can also be reversed by ferric ammonium citrate (FAC) through iron supplementation (62).

The regulation of autophagy may have a tight connection with ferroptosis in the context of inducing different immune and inflammatory reactions, increasing lipid peroxidation or ROS products (which may impair the function of lysosome to suppress autophagy or induce the damage of mitochondria to initiate the subsequent onset of autophagy), and affecting the common signal transduction pathways.

For example, the lipid peroxidation product 4HNE as a pro-inflammatory mediator can activate the nuclear factor-κB (NF-κB) pathway which is a crucial regulator in the context of monocyte-to-macrophage differentiation through autophagy (63, 64). In the promoter of the human BECN1autophagic gene (Atg6), a conserved NF-κB binding site has been found. Therefore, the NF-κB family member p65/RelA can increase autophagy coupled with upregulating levels of BECN1 mRNA and protein in different cellular systems (Figure 2B) (65). Meanwhile, the NF-κB pathway can be activated by a pattern-recognition receptor, advanced glycosylation end-product-specific receptor(AGER/RAGE), in peripheral macrophages by HMGB1 (a typical DAMP participating in multiple types of cell death released by ferroptotic cells) (66, 67). DAMPs such as HMGB1 result in chemotherapy resistance coupled with the upregulation of autophagy (68).

The common signal molecules or pathways also play a critical role in the crosslinks between ferroptosis and autophagy. For example, in the cytosol, p53 can block autophagy in a transcription-independent manner, whereas in the nucleus, p53 can activate autophagy in a transcription-dependent way (69). Meanwhile, nuclear p53 can accelerate the expression of glutaminase 2 (GLS2) and spermidine/spermine N1-acetyltransferase 1 (SAT1) which can induce lipid peroxidation through ALOXs (70). Furthermore, the activity and expression of SLC7A11 can be negatively regulated by p53 resulting in ferroptosis, whereas p53 has been proved to antagonize ferroptosis by the formation of the dipeptidyl-peptidase-4 (DPP4)-p53 complex (71, 72). When the ability of DPP4 to form NADPH oxidase 1 (NOX1) complexes with NOX1 in the nucleus is blocked, ROS production can be reduced and ferroptosis can be inhibited (73). p53-mediated ferroptosis can be upregulated by acetylation of p53 (74). However, the induction of p53 deacetylation, due to either the activation of the deacetylase Sirtuin 1 (Sirt1) or the mutation of the acetylated lysine site in p52 can promote autophagy (75).

Another critical crosslinked signaling pathway was STAT3/Nrf2/GPX4. On one hand, impairing STAT3/Nrf2/GPX4 signaling pathway can reactivate ferroptosis, which can be used to attenuate drug resistance (76). On the other hand, cytoplasmic STAT3 can suppress autophagy through binding to protein kinase B (PKB) (the inhibition of PKB/Akt can be induced by the activation of mTORC1 and result in the inhibition of autophagy), in turn, promote mitochondrial localization of STAT3 and its phosphorylation induced by IL-6 (77, 78).

Some crucial crosslinked molecules have been explored to find the connection between ferroptosis and autophagy. The mitochondrial protein, CDGSH iron sulfur domain 1 (CISD1, also called mitoNEET) can mediate the crosstalk between oxidative stress and mitochondrial iron uptake in the outer membrane of mitochondria. The expression of CISD1 has a tight connection with both autophagy and ferroptosis. The overexpression of CISD1 can effectively inhibit autophagic cell death, which can be modulated by a specific regulator miR-127-3p (79–81). In addition to regulating autophagy, overexpression of CISD1 can also limit ferroptosis by a guard against lipid peroxidation induced by ROS from mitochondria (82).

Besides, heat shock protein family B (small) member 1 (HSPB1, also called HSP27 in humans or HSP25 in mice) was confirmed to be central in regulation of autophagy and ferroptosis, which is a molecular chaperone with a function in counteracting protein misfolding and aggregation. The mutations in Hspb1/HSP25, both targeting its catalytic alpha-crystallin domain and the C-terminus, can downregulate autophagy levels (83). In detail, HSPB1 disrupts STAT3/PKR complex, facilitates PKR-dependent eIF2α phosphorylation and activates eIF2α-dependent autophagy (Figure 2F) (84).The phosphorylated HSPB1 involves in mitophagy and lipophagy (85, 86). It has also been found that phosphorylated HSPB1 induced by erastin can block cytoskeleton-mediated iron uptake and subsequent lipid peroxidation under ferroptosis (Figure 2F) (87). Previous studies have confirmed that the expression of HSBP1 can be upregulated with the loss of FANCD2 which is the central protein of the Fanconi anemia (FA) pathway (88). In addition, loss of FANCD2 is also closely related to increased gene expression for iron uptake (such as transferrin and transferrin receptor) and decreased gene expression for iron storage (such as FTH) and iron export (such as hepcidin antimicrobial peptide) in ferroptosis (89). Meanwhile, FANCD2-deficient cells have been proven to behave hypersensitive to oxidative stress and impaired autophagy leading to DNA crosses links (90).

Another principal crosslinked target called NEDD4 (neural precursor cell expressed developmentally down-regulated protein 4) is a member of the HECT E3 ubiquitin ligases, which is closely related to the mTOR signaling pathway and promotes autophagy (91). Meanwhile, NEDD4 can also regulate oxidative damage and iron metabolism by the degradation of voltage-dependent anion channels (VDAC) (which can mediate the transport of ions and metabolites in eukaryotic cells across the outer membrane of mitochondria) and lactotransferrin (LTF) (that can specifically bind and transport iron) (92, 93).




4 The crosslinks between ferroptosis and autophagy in asthma

Both autophagy and ferroptosis are involved in various diseases, and crosslinks between autophagy and ferroptosis in various diseases have been emerging. Autophagy and ferroptosis can be initiated as a defense against varieties of intra- and extra-cellular stress stimuli, which can be achieved in large part through a synergistic immune response. The immune response can lead to alterations of multiple signal molecules which may induce a new round of ferroptosis or autophagy of various cells. The crosslinked intra- and extra- signal molecules or pathways affect the function of leukocytic or non-leukocytic cells and influence the progress of various diseases. The deepened cognition of the role of crosslinks between ferroptosis and autophagy in diseases may provide new targets for therapy, novel signal pathways associated with the pathogenesis of the disease, innovative paradigms to recognize and regulate the immune and inflammatory reactions and in general therapeutic benefits for patients.

Although the links between asthma and ferroptosis or autophagy have been confirmed, the role of crosslinks between these two forms of RCD remains unclear. In the latter section, we demonstrate recent advances in the evolving comprehension of the interface between autophagy, ferroptosis and asthma from the perspective of functional cells involved in the pathogenesis of asthma. We discuss how the crosslinked signal pathways in immune or non-immune cells affect the pathogenesis of asthma, how these two forms of RCD reciprocally induce the occurrence of each other through immune and inflammatory signals, how emerging concepts about the crosslinks between ferroptosis and autphagy reshape our understanding of immunity and asthma.

IL-13 can increase LC3II expression and then induce autophagy. Meanwhile, IL-13 can induce ferroptosis. IL-33 can activate autophagy through the inhibition of mTORC1. Autophagy can decrease the level of p62 and increase secretion of IL-18.



4.1 The crosslinks and HAECs

HAECs can promote the regeneration of tissues and protect the body from stimuli, allergens and pathogens by releasing inflammatory response mediators and cytokines such as thymic stromal lymphopoietin (TSLP) and chemokine (C-X-C motif) ligand (CXCL)-8, CXCL1, IL-25, IL-33 and activating innate and adaptive immune systems. The various allergens and proteases can induce the expression of the epithelial cytokines and then promote Th2 immunity by activating conventional dendritic cells (cDCs) and by activating innate lymphoid type-2 (ILC2) cells and basophils that could efficiently polarize IL-4 and/or IL-13 for promoting Th2 immunity and decreasing tolerance to inhaled allergens (94–98). In ongoing asthma, HAECS continue to fuel inflammation in the airway by activating incoming monocytes to adopt an immunogenic phenotype and by generating cytokines and chemokines to activate neutrophils, eosinophils, and other cells of the innate immune system (Figure 3) (99). Epithelial cells also substantially contribute to airway remodeling by releasing repair cytokines along with the repeated cycles of injury and repair (100).




Figure 3 | Mechanism of asthma.



The upregulation of IL-13 can not only increase autophagic flux (that can be prevented by Atg5 knockdown) and expression of LC3-II in order to induce autophagy and then stimulate goblet cell formation and MUC5AC secretion from HAECs (Figure 4), but also promote the occurrence of ferroptosis by upregulating the expression of ALOXs such as ALOX5 and ALOX15 (Figure 4) (101, 102). When blocking autophagy in HAECs, the generation of ROS can be inhibited through the activation of the NADPH oxidase DUOX1 (103). The suppression of ROS production can also negatively regulate the process of ferroptosis. NOD-like receptor (NLRs) signaling pathway mediated activation of HAECs interacting with eosinophils, which may trigger allergic asthma (104). Nucleotide-binding oligomerization domain-containing protein 1 (NOD1) and NOD2 that can initiate NF-κB-dependent and mitogen-activated protein kinase (MAPK)-dependent gene transcription are crucial for innate immune responses (105). NOD1 agonists have been proven to induce autophagy in HAECs and the activation of NOD1 can increase the levels of GPX4 and other iron and ferroptosis regulatory proteins in macrophages (106, 107). Cellular ferroptotic death has been proven to be more likely to trigger inflammatory signal molecules than apoptotic death by the less effective macrophages (108). TNFα as a critical pro-inflammatory cytokine produced by macrophages in the airway lumen and bronchial mucosa can promote the initiation of the HAECs autophagy (109). Autophagy in HAECs can decrease the level of p62 the autophagy receptor for clockophagy and downregulate the level of ferroptosis, which has a tight connection with increased secretion of IL-18 (Figure 4) (110). Inflammatory response mediators and cytokines released by HAECs can activate the innate and adaptive immune systems such as chemokine (C-X-C motif) ligand (CXCL)-8, CXCL1, thymic stromal lymphopoietin (TSLP), IL-33, and IL-25. Thereof, IL-33 can activate autophagy through the inhibition of mTORC1 and be inhibited by LC3B knockdown (Figure 4) (111).




Figure 4 | Crosslinks between ferroptosis and autophagy in HAECs.



In mature DC, ATG5 and MAP1LC3B involve in the regulation of TLR stimulation. ATG7 involves the regulation of the STING signal pathway which can promote autophagy through the lipidation of MAP1LC3. The signal pathway of TLR4 can induce NF-κB–dependent proinflammatory cytokines. When TLR4 binds to NOX4 or its isoenzymes, ferroptosis would be induced. HMGB1 can promote autophagy by releasing the basic autophagic gene Beclin 1. CMA contributed to the antigen-presenting process through overexpression of LAMP2A.

In T cells, Beclin1 has been shown to negatively modulate the generation of Th2 cytokines IL-5 and IL-13 and upregulate the production of IL-17 and IFN-γ by co-culturing CD4+ T cells. After being activated by TCR/CD28 co-stimulation, Treg cells can induce the expression of GPX4. CD8+ T cells can induce ferroptosis of surrounding macrophages and other activated immune cells to accelerate inflammation through IFN-γ which can down-regulate the expression of SLC7A11 and SLC3A2.




4.2 The crosslinks and antigen-presenting cells in the innate immune system

The interaction between epithelial cells and DCs plays an indispensable role in sensitization to allergens and the advancement of asthma. Both HAECs and lung cDCs can express pattern-recognition receptors and can be directly activated by allergens (112). CD11b+ cDCs can maturate and migrate depending on the transcription factor IRF4 with the effect of danger signals and ‘instructive’ cytokines produced by HAECs (Figure 3) (113). After stimulation by ILC2 cells secreting IL-13, these cells then would induce Th2 and Th17 responses in draining mediastinal lymph nodes (114). With the help of basophils, DCs can sustain Th2 responses in the lymph nodes. When the lung is exposed to allergens repeatedly, CD11chi DCs will actively participate in the TH2 effector phase of asthma (115). After being stimulated by allergens, effector Th2 cells could be recruited by CCL22 and CCL17 produced by macrophages and/or CD11chi monocytic DCs with poor migration capability (115). Poorly migratory CD11chi monocytic DCs have some similar features as macrophages, for example, the ability to express FcϵRI and CD64 (115).

The crosslinks between ferroptosis and autophagy can affect DCs in the context of functional maturation, migration, antigen presentation, and MHC-II presentation of extracellular (phagocytosed) antigens. DCs endure two opposite functional and phenotypic states of maturation. The maturation from a tolerogenic state to the activated one occurs with the help of pathogen-associated molecular patterns (PAMPs), the most characterized type of TLRs. ATG5 and MAP1LC3B regulate TLR stimulation to promote the maturation of DCs (Figure 5) (116). Both two autophagy proteins also involve in TLR4-mediated responses in DCs. The signal pathway of TLR4 can promote the innate immune responses by inducing NF-κB–dependent proinflammatory cytokines after activated by adaptor MYD88 or by accelerating the generation of type I IFN after activated by the adaptor TCR adaptor molecule 1 (TICAM1/TRIF). Furthermore, when TLR4 binds to NOX4 or its isoenzymes, TICAM1 would be activated and ferroptosis would be induced (117). On one hand, autophagy can regulate TLR signaling transduction by acting upstream. On the other hand, autophagy can be modulated by the activation of TLR. For example, the initiation of TLR4 has recently been proven to inhibit autophagy due to the activation of mTORC1 (118). However, the combinatorial initiation of NOD2 and TLR4 has been proven to promote autophagy, indicating that the impact of NOD2 on the regulation of autophagy is predominant over TLR4 initiation (Figure 5) (119). The maturation endows DCs with the migratory capability to activate naïve T cells and promote effector T cell responses in secondary lymphoid tissues. Migration of DCs can also be regulated through autophagy affecting the modulation of their cytoskeleton (120). ATG7 and ATG16L can regulate the recruitment and migration of CDs to promote their communication with lymphocytes and to coordinate the adaptive immune responses. ATG7 also involves IFN-α secretion by DCs. It has been confirmed that the induction of IFN-αwas facilitated by the cGAS-STING signal pathway (121–123). Hence, it can be concluded that ATG7 involves the regulation of the STING signal pathway which can promote autophagy through the lipidation of MAP1LC3 (Figure 5). Furthermore, the release of 8-OHG from ferroptotic cells can co-activate the STING1-dependent inflammatory pathway (124).




Figure 5 | Crosslinks between ferroptosis and autophagy in dendritic cells and T cells.



The typical function of DCs as antigen-presenting cells is to internalize antigens and present antigen-derived peptides to T cells. The exogenous and endogenous can be presented by DCs to CD4+ T and CD8+ T cells by MHC class II and class I, respectively. MHC-I can present the extracellular proteins by a process called cross-presentation. CMA has been proved to contribute to the antigen-presenting process by mediating the translocation of substrates across the lysosomal/late endosomal membrane during CMA through overexpression of LAMP2A (Figure 5) (125). Therefore, the process of antigen presentation involved with CMA may also result in the ferroptosis of DCs. When DCs exposed to the ferroptotic cells, the antigen processing and presentation by DCs may reduce (126). In process of MHC class II-restricted antigen presentation, the cytosol galectin 8 can directly recruit the macroautophagic machinery for lysosome degradation of the damaged endosome and the ubiquitinated endosome cargo can recruit the LC3 anchor proteins such as p62 for targeting to APs (127–129). The signal pathway of autophagy-dependent ferroptosis is also involved in extracellular antigen processing for MHC-I presentation. Some specific types of allergen can be surrounded by IFN-γ collaboration with autophagy proteins such as ATG3, ATG5, ATG7 and ATG16L1 so that the vacuolar membrane can be broken and the allergen can be exposed to the cytosol and degraded successively, possibly by autophagy (130). The exposure results in p62 association with the allergen, which can promote CD8+T-cell responses (131). The lower secretion of IFN-γin DCs may result from haploinsufficiency of an essential protein, Beclin-1 and result in the downregulation of MHC-I presentation and the suppression of system xc- which can induce ferroptosis (132, 133). In addition to IFN-γ, HGMB1 also plays a crucial role in the coordination of ferroptosis and autophagy in the innate immune system. When mature DCs secrete this leaderless cytokine, T-cell and B-cell responses can be activated (134). Meanwhile, the prototypical DAMP involves the stimulation of inflammatory response in peripheral macrophages by activating AGER/RAGE (67). HMGB1 can also promote autophagy by releasing the basic autophagic gene Beclin 1 from the BCL-2 complex (Figure 5) (86).

The polarization of macrophages has been shown to contribute to the pathogenesis of asthma. Typically, macrophages can be polarized into the M1 phenotype with increased cellular immunity and pro-inflammatory cytokines production by IFN-γ or LPS and M2 phenotype with increased anti-inflammatory responses to promote tissue repair and humoral immunity (135, 136). Nowadays, the bimodal subdivision has been abandoned in favor of a model of a spectrum of polarization changes in macrophages that better illustrates the great variety in macrophage responses to stimuli (137). The alteration of cellular processes such as efferocytosis, phagocytosis, and (anti-) inflammatory cytokine generation results in the pathology of asthma. The crosslinks between ferroptosis and autophagy provide us with novel targets and new therapeutic strategies by regulating the function and polarization of macrophages. p53 acetylation and ROS production due to iron overload can lead to M1 polarization with the upregulating expression of M1 markers including IL-1β, IL-6, and TNF-α and decreasing levels of M2 markers such as TGM2 (Figure 6) (138, 139). M1 polarization can also be stimulated by the suppression of the mTOR pathway which is the master controller of autophagy (140). NF-κB can be activated after M1 polarization, in fact, the activation of NF-κB is able to drive macrophages to either M1 or M2 polarization (141, 142). NF-κB p65 cytosolic ubiquitination induced by TLR2 signal can result in its degradation by p62-mediated autophagy. The repression of autophagy can rescue the activity of NF-κB and drive macrophages to M2 phenotype (143, 144). Similarly, IL-6 and CCL2 can trigger M2 phenotype by inducing autophagy in macrophages (Figure 6) (145). The chemotaxis and recruitment of macrophages can be assisted by CCL2 and CCL7 regulated by ferroptosis inducing expression of inflammation-related genes (146–148). In addition, along with the occurrence of ferroptotic cellular death, inflammation-related immunosuppression can be formed through macrophage polarization (149). Inducible nitric oxide synthase (iNOS) as the critical marker of macrophage M1/M2 polarization has been uncovered to have a potential relationship with ferroptosis and autophagy. The overexpression of miR-326 can promote autophagy along with the downregulation of iNOS expression (149). And the higher activity and enrichment of iNOS in M1 phagocytes compared to M2 phagocytes confers higher resistance to ferroptosis induced by reagents (150). An important feature of asthma is the altered colonization of microbes resulting from the defective phagocytosis of monocytes and macrophages. Hence both limiting immune activity and defective phagocytosis will promote the development of asthma due to cellular ferroptotic death or defects of LC3-associated phagocytosis (LAP). Unluckily, ferroptosis of macrophages has been proven to be triggered by iron overload when scavenging aged erythrocytes (151). LAP can promote antigen presentation to T cells by MHC-II and help to clear pathogens via engulfment and phagosome acidification (152–154). Therefore, the deepened cognition of signal pathways and molecules associated with LAP such as the TLR9 pathway, TRAF3 and IRF7 may provide novel targets for asthmatic therapy.




Figure 6 | Crosslinks between ferroptosis and autophagy in macrophages.



IL-6 can trigger M2 phenotype by inducing autophagy in macrophages. The chemotaxis and recruitment of macrophages can be assisted by CCL2 and CCL7 regulated by ferroptosis inducing expression of inflammation-related genes. p53 acetylation can lead to M1 polarization with the upregulating expression of M1 markers including IL-1β, IL-6, and TNF-α and decreasing levels of M2 markers such as TGM2.




4.3 The crosslinks and the adaptive immune system

With the deepened research on asthma, the paradigm of cognition on asthma has gradually transformed from a single disease into a syndrome (101, 155). The endotypes which are defined as distinct pathophysiology due to different asthma phenotypes can differ in terms of genetic susceptibility, age of onset, clinical presentation, environmental risk factors, prognosis and response to standard and new therapies (156, 157). The underlying immunological basis of multiple asthma endotypes has a close relationship with the adaptive immune system, especially with T cells. When activated by the innate immune system, CD4+T cells can differentiate into multiple functional subsets of helper T cells such as Th2 cells, Th17 cells, Th1 cells, and Treg cells. Both Th2 cells and ILC2 cells contribute to eosinophilic inflammation by upregulating the expression of GATA-3 which can promote the production of Th2 cytokines, upregulate the expression of chemokine receptors such as CCR4, CCR8 and CRTH2, and increase the production of IL-5 to modulate the development of eosinophils, IL-13 leading to goblet cell metaplasia and bronchial hyperreactivity, IL-4 affecting the mature and activation of Th9 cells which can promote the IgE synthesis by B cells. Both Th1 and Th17 cells can result in neutrophilic inflammation by respectively secreting IFN-γ or TNFαand IL-17A or IL-17F Treg cells, a subset of CD4+ T cells, also originate from Th0 cells and can express transcription factor forkhead box P3 (Foxp3) and IL-2 receptor (CD25) to suppress allergic responses (Figure 3). The fate of follicular helper T cells (TFH) can be adopted by Th cells producing IL-21 so that IgE can be induced by B lymphocytes. DCs can sustain Th2 responses with the help of basophils in lymph nodes. The crosslinks regulation of ferroptosis and autophagy in adaptive immunity including in antigen presentation, mutation and activation of effector cells, and immune signaling regulation may provide us with new modulatory strategies and novel targets to effectively alleviate asthmatic inflammation and symptoms.

The role of ferroptosis and autophagy in antigen presentation of CD4+ T cells can be recognized from MHC class II presentation perspectives, DC-mediated T cell activation, and some key signaling molecule production. MHC class II antigens can derive from both extracellular and intracellular sources. Thereof, autophagy plays an essential role in delivering materials into lysosomes to promote the generation of intracellular sources for MHC class II antigens. In addition, autophagy involves the antigens’ capture after their evasion from phagosomes and delivers them into lysosomes to promote CD4+ T cells (158). The formation of AP-like structures has been reported to emanate from MHC class II compartments (MIICs) in DCs, which contain the markers of AP Atg16L1 and LC3 as well as the principal molecular machinery involved in antigen-processing (159). The phagocytosis of macrophages can be regulated by the iron accumulation, generation of lipid peroxidation and the release of ROS, which means that ferroptosis can modulate the MHC class II antigens production through alteration of the derivation of MHC class II antigens. The production of MHC class II can be downregulated by cytotoxic T lymphocyte antigen 4 (CTLA-4) and other inhibitory molecules secreted by Treg cells. Meanwhile, Treg cells can induce CD4+ T cells to produce anti-inflammatory cytokines such as TGF-β and IL-10 (160). The upregulated amount of CD4+CD25+Treg cells has been reported in asthmatic patients with corticosteroid therapy (161). Therefore, if the crosslinks between autophagy and ferroptosis can effectively regulate the activity and amount of the inflammatory T cells and anti-inflammatory T cells, the prognosis of asthma may be improved drastically. Much research has been conducted to find the distinguished receptors which may be the potential targets for asthmatic therapy if the effect is poles apart after activated by common signal molecules regulating ferroptosis or/and autophagy on or in different subsets of T cells. In human naive CD4+ T cells, SLC7A11 has been proven to be deficient. However, when CD4+ T cells are activated, the ferroptosis-related protein can be drastically upregulated (162, 163). Autophagy is carried out constitutively to low levels in CD4+ T cells and can be induced following T-cell receptor activation (164). Multiple genetic model systems have been applied to explore the role of the specific expression product in regulating the function and amount of T cells. The levels of autophagy can be upregulated in T cells with a deletion in Atg5−/−, Atg7−/−, Atg3−/− and Vps34−/− in the lymph nodes (164–168). In autophagy-deficient T cells, ferroptosis may also be easily induced due to the increase in mitochondrial load with enhanced levels of ROS. The reducing extracellular microenvironment is necessary for CD4+ T cells to activate and proliferate from the perspective of the maintenance of intracellular GSH levels. The mechanisms inspire us to modulate the heterogeneity of CD4+T cells or even T cells by the various distribution of sensitivity on the signal molecules of autophagy and ferroptosis in order to generally recover the balance of inflammatory and anti-inflammatory responses.

The activation of T cells has always been the focus for researchers to explore in order to explain the pathogenesis of asthma and find novel targets for treatment. The regulation of Th2 subsets has a tight connection with the function of eosinophils, while the effect on Th1 and Th17 subsets may influence the pathogenesis of neutrophilic inflammation. The activation of Treg cells can also be modulated for anti-inflammation reactions. CD4+ T cells can be activated by DCs through autophagy as judged by their capability to secrete IFN-γ (119). Beclin1 has been shown to negatively modulate the generation of Th2 cytokines IL-5 and IL-13 and upregulate the production of IL-17 and IFN-γ by co-culturing CD4+ T cells (Figure 5) (169). IFN-γ as a critical modulator of autophagy and activation of CD4+ T cells also has the crosstalk with ferroptosis. CD8+ T cells can induce ferroptosis of surrounding macrophages and other activated immune cells to accelerate inflammation through IFN-γ which can down-regulate the expression of SLC7A11 and SLC3A2 (Figure 5) (170). Although our recognition of the potential roles of CD8+ T cells in asthma is still limited, the positive role of CD8+ T cells has been demonstrated. It has been found that rats formerly sensitized and treated with OX8 antibody (which can lead to the consumption of CD8α+ T cells) have enhanced multiple airway remodeling parameters such as mucus production and airway smooth muscle volume, airway inflammation and epithelial cell proliferation (171–173). After being activated by TCR/CD28 co-stimulation, Treg cells can induce the expression of GPX4 (Figure 5) (174, 175). Deletion of GPX4 in Treg cells can result in ferroptosis and the production of IL-1β which can mediate lung neutrophilia and IL-33 expression (174, 175). The activation of Treg cells also has a tight connection with autophagy. Tolerogenic DCs can induce enhanced proliferation of CD25+ Foxp3+ Treg cells. Furthermore, the tolerance to drive the DC phenotype to tolerogenic functions is induced by autophagy (176). TCRγδ+ T cells have been shown to be activated resulting from the improved DC numbers and costimulatory molecule expression in Atg16L1-deficient mice (177). γδ T cells are an important subset of innate-like T cells in asthma. Another subset of this group is called natural killer T (NKT) cells. Regardless of the occurrence of Th2 cells, NKT cells can involve in allergic responses in asthma. Meanwhile, they can accelerate airway hyperresponsiveness (AHR) in the defect of adaptive immune responses, particularly in situations with viral infections or neutrophils (178). γδ T cells have a tight connection with HAECs as an immune surveillance guarder, responding to tissue damage and endogenous stress signals. Hence, a major paradox should focus on the fact that the modulation of T cells with the crosslinks between autophagy and ferroptosis may alleviate the allergic responses for asthmatic patients, while the protection against HAECs may be destroyed further because of the impaired effect of γδ T cells. The research on the signaling pathway which can regulate T cells with inflammation causing the effect but protect the function and integrality of T cells with body protective effect needs to be further explored.

B cells in asthma mainly function as antigen-presenting cells, which are crosslinked by high affinity IgE receptor FcϵRI to enhance the activity of basophils and mast cells (Figure 3). Antigen-specific IgE in serum can promote the pathogenesis of asthma by inducing the immediate response of basophils and mast cells. B cells are activated by IL-13 and IL-14 from Th2 cells and basophils, IL-19 from Th19 cells, IL-4 and IL-13 from mast cells. Therefore, the regulation of B cells with respect to their activation or amount can be intervened from the perspective of T cells modulation which both ferroptosis and autophagy have already been shown to involve. Besides, B cells can also promote airway inflammation and induce AHR in the absence of T cells (179). Hence, the role of crosslinks between ferroptosis and autophagy in the direct regulation of B cells is also necessary for asthmatic therapy.

The specific deletion of Atg5 in B cells has been proved to acquire a deficient transition for these autophagy insufficient B-cell progenitors between pro- and pre-B-cell phases in the bone marrow, indicating the critical role of autophagy in B-cell development (180). In addition to the process of advancement in the center, B cells can also be severely influenced by both ferroptosis and autophagy in the periphery. B cells include two main subgroups. One of them called B1-lymphocytes (B1a and Bib lymphocytes) arising from fetal liver precursors always gather in peritoneal and pleural cavities as well as mucosal tissues. Another group called B2-lymphocytes (follicular B lymphocytes and marginal zone B (MZB) lymphocytes) derived from precursors in the bone marrow are enriched in secondary lymphoid organs. B1 lymphocytes and MZB always involve in the rapid humoral response to achieve the natural defense, while follicular B lymphocytes play an essential role in response to exogenous antigens. Compared with follicular B cells, MZB cells and B1 cells have a tighter connection with ferroptosis. The enhanced ferroptosis sensitivity and fatty acid uptake resulted from the higher expression of CD36 (the protein in charge of fatty acid transport) lead to the regulators targeting GPX4 easily inducing the activation of maintenance, progression and antibody response of B1 cells and MZB cells (Figure 7) (181). The role of autophagy has been confirmed to be a particular requirement in B1a cells homeostasis (182). Follicular B cells differentiate into plasma cells and memory B cells with high affinity and long life characterized by selection and mutation, through the germinal center (GC) reaction induced by TFH cells. On one hand, plasma cells require autophagy for sustainable immunoglobulin production (182). On the other hand, TFH cells have been reported to present vulnerable to ferroptosis and the selenium-GPX4-ferroptosis axis plays a principal role in the regulation of homeostasis of TFH cells (183).

Effector B cells can be divided into BE1 and BE2 lymphocytes from the perspective of cytokine secretion. Thereof, BE1 lymphocytes can generate IFN-γ to promote the transition between Th0 cells and Th1 cells, while BE2 lymphocytes can produce IL-4 to induce Th0 cells differentiation to Th2. Hence, the regulation of B cells by ferroptosis and autophagy may coordinate the immune system in asthma according to modulating the differentiation of T cells. IL-4 as a cytokine of crucial effector Th2 in allergic asthma can also induce autophagy in B cells dependent on JAK signaling via an mTOR-independent, PtdIns3K-dependent pathway, which can aggravate asthma through multiple mechanisms (Figure 7) (184).




Figure 7 | Crosslinks between ferroptosis and autophagy in B cells, mast cells and neutrophils.



Erastin, a ferroptosis activator, has been proven to induce lipid peroxidation to down-regulate members of the bone morphogenetic protein (BMP) family and promote the differentiation of peripheral blood mononuclear cells to B cells (185). This provides us with a direction: can the number of B cells also be regulated, and how can we use this mechanism to control and alter the sensitivity of B cells to autophagy or ferroptosis (maybe facilitating differentiation of B cells to B1 cells for enhancing ferroptosis sensitivity or inducing effector B lymphocytes into BE1 cells to decrease autophagy inducing asthma exacerbation).

In B cells, IL-4 can induce autophagy dependent on JAK signaling. The enhanced ferroptosis sensitivity resulted from the higher expression of CD36 lead to the regulators targeting GPX4 easily inducing antibody response of B1 cells and MZB cells.

In neutrophils, NETs formation has a tight connection with peptidyl arginine deiminase 4 (PADI4) and NOX. The PI3K–AKT–mTOR axis is a bridge connecting NET induction and autophagy.

Autophagy plays a critical role in the degranulation of mast cells.




4.4 The crosslinks and other cells

In asthma, varieties of cells directly result in abnormal symptoms and syndromes by inducing pathophysiologic and histopathologic modification. For example, both eosinophils and mast cells can enhance the permeability of blood vessels. Mast cells contribute to airway remodeling and bronchoconstriction. Eosinophils, neutrophils, basophils and mast cells play an essential role in asthmatic inflammation (Figure 3). It is necessary for relieving discomfort and improving prognosis in asthma patients to explore the role of crosslinks between ferroptosis and autophagy plays in these cells.



4.4.1 Eosinophils

Eosinophils play a key role in the eosinophilic inflammatory response. Eosinophils can be recruited to the lung from bone marrow by DCs secreting C-C Motif Chemokine Ligand (CCL)-17 and CCL22. Subsequently, Th2 cells and DCs can be further recruited in asthmatic inflammatory reactions.

The count of eosinophils in BALF positively related with the expression of LC3-II in lung homogenates, indicating that autophagy has a close relationship with the eosinophilic inflammation as well as the severity of asthma. Eosinophilic inflammation has also been shown to alleviate after intranasal treatment with Atg5 shRNA in the context of significantly improved AHR, decreased amount of eosinophils and IL-5 levels in BALF (autophagy can be induced in isolated blood eosinophils in response to IL-5 treatment), and improved histological inflammatory features (186). Meanwhile, eosinophilic inflammation can also be suppressed through ferroptosis-induced agents (FINs) promoting eosinophil death. Furthermore, FIN-induced cellular death can be remarkably attenuated by N-acetylcysteine and GSH (187).




4.4.2 Neutrophils

Neutrophils, as the primary “first line” interaction between primary effector cells and the immune response, gather at the injured position of HEACs from the bone marrow and release chemokines including CXCL-1 and CXCL-8. Neutrophils can also degrade elastin and type-3 collagen (principal components of extracellular matrix) through secreting elastin and proteinase 3, when activated by Th17 cells or Th1 cells. Meanwhile, they can fight against pathogens through phagocytosis, degranulation, and neutrophil extracellular traps (NETs). NETs formation has been proven to be upregulated in asthma and has a tight connection with peptidyl arginine deiminase 4 (PADI4) and NOX (Figure 7) (188, 189). Both ferroptosis and autophagy can affect the formation of NETs. Stage 3 of NET vacuolization can be influenced by autophagy due to the involvement in the externalization of cytosolic and membrane-bound proteins (190, 191). The PI3K–AKT–mTOR axis is a bridge connecting NET induction and autophagy and has a prominent effect on both (Figure 7). Oxidized lipids can promote PADI4-related NETs formation (192). Hence, both autophagy and ferroptosis may control the process of NETs formation to modulate the resistance of neutrophils to pathogens. This idea may efficiently confront the problem of asthmatic therapy, about increasing susceptibility to pathogens due to decreasing anti-inflammatory and antiviral mediators. Autophagy has also been proved to influence the degranulation of neutrophils and ROS production according to NOX and modulate neutrophil-mediated inflammation (193). Ferroptosis may involve the recruitment of neutrophils (194). Therefore, regulation of neutrophilic autophagy and ferroptotic tissue damage may be the approach to alleviate the destruction caused by neutrophilic inflammation (for example cysteinyl leukotrienes [Cys-LTS] and inflammasomes generated by neutrophils can aggravate airway narrowing and promote bronchoconstriction) in asthma.




4.4.3 Mast cells

Mast cells are granulocytic and hematopoietic leukocytes that degranulate to mediate inflammatory responses. In asthma, the activation of mast cells is stimulated by immune or non-immune cells (such as nerve cells) and various cell surface receptors including TLRs, FcϵRI receptors, hormone receptors and cytokine receptors. Autophagy plays a critical role in the degranulation of mast cells (Figure 7) (195). If these two forms of RCD can be proved to connect with the regulation of activation of mast cells, it will be reasonable to conclude that the function of mast cells in asthma can be further modulated by ferroptosis and autophagy. The target mutation of GPX4 or GPX4 conditional deletion facilitates instant neuronal death with varieties of ferroptotic characteristics (196). In this way, neuropeptide from nerve cells may be regulated to modulate the activity of mast cells.

When the mechanism of how ferroptosis and autophagy influence the stimulation or dysfunction of the basophils is better known, airway remodeling and asthmatic airway inflammation can be better controlled.

The increased expression of autophagy markers is linked to the increased accumulation of ASM mass. ferroptosis participate in the pathogenesis of airway mass in airway remodeling.




4.4.4 ASM cells

ASM is involved not only in airflow obstruction but also in airway inflammation in asthma. The role of crosslinks between autophagy and ferroptosis in abnormal function (increased contractility/decreased relaxation) of ASM cells or the regulation of the size and number may provide new targets for asthmatic therapy and create the new idea for studying the modulatory network of ASM pathogenesis in asthma. The concomitant expression and association of autophagy with airway modeling have been found. ASM mass is increased in asthma and correlates with poor lung function and increased airway responsiveness to multiple contractile agonists, pollens, allergens and so forth. The increased expression of autophagy markers linked to the increased accumulation of ASM mass confirmed that autophagy plays an indispensable role in airway remodeling (Figure 8) (197). In addition, autophagy has been shown to be a necessary mechanism for changing the phenotype of HAECs to mesenchymal cells (198, 199). In addition to autophagy, ferroptosis may also participate in the pathogenesis of airway mass in airway remodeling with the differentially regulated expression of SCL9A14 and SCL7A11 (Figure 8) (200, 201). Furthermore, key enzymes of PUFAs biosynthesis, the major enzymes correlated with lipid peroxidation and principal proteins related to iron accumulation have been reported to co-express differentially in asthmatic ASM cells (200, 201). Studies of these associated changes may guide us to identify new asthma biomarkers and targets and novel cross-linked regulatory networks to better treat exacerbations of asthma resulting from ASM-inducing airway remodeling, bronchoconstriction and inflammation.




Figure 8 | Crosslinks between ferroptosis and autophagy in ASM cells.








5 Conclusion

Both ferroptosis and autophagy are involved in various diseases. The role of these two forms of RCD in treatment has expanded drastically with novel mechanistic details about the regulation and molecular crosstalk between pathways, and the crosslinked effects with immunity and inflammation, which are all previously viewed as independent emerging as topics of particular interest. In this review, we summarize the mechanism of ferroptosis and autophagy and demonstrate the mutual regulation and influence of both of them. Reliance on the common signal pathways and molecules provides multiple potential therapeutic targets. However, the complicated mechanisms of ferroptosis and autophagy make some conclusions contradictory. For example, in macrophages, the suppression of mTOR pathway can activate NF-κB signal pathway, which can enhance the progress of autophagy. But the autophagy induced by TLR2 suppressed NF-κB activation. In DCs, IFN-γ may promote inflammation through ferroptosis, however, suppress the generation of inflammatory cytokines through autophagy. These contradictory mechanisms need to be further explored.

In general, for asthma patients, the deepened cognition of common characteristics of ferroptosis and autophagy can be beneficial based on the modulation of target cells or molecules in the direction of equilibrium. This makes it necessary to clarify the exactly crosslinked molecular events and accurate crosslinked effects with the immunity and inflammation, as well as the clarified upstream and downstream mechanisms when autophagy and ferroptosis trigger cell death or we use the crosslinks between ferroptosis and autophagy to implement a therapeutic schedule. Moreover, to improve the prevention, diagnosis, treatment and prognosis of asthma, researchers should explore more about the crosslinks between ferroptosis and autophagy in asthma-related cells and utilize this accumulated knowledge by refining the relationship between immune homeostasis, regulatory mechanisms, inflammation alleviation and symptom relief. If more specific markers of crosslinked pathways can be discovered and relevant key molecular modulators or novel regulatory approaches based on definite mediators performed by immune cells and signals can be confirmed to be effective in asthmatic therapy, the crosslinks between ferroptosis and autophagy and the role in asthma can be further understood, and the regulation of the crosslinked pathways from perspective of cells and molecules will bring the great therapeutic potential for asthma patients.
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RASComponent Compounds Species Mode of Measure Main Findings Reference

Administration Method

ATN Low ATN TGR Anxiety/depression- (25)
like behaviorst

Ang I1 UMS rats 21 days OFT Anxiety-like (26)
behaviorst
Cognitiont

Adult C57 mice 14 days Anxiety-like 27)
behaviorst
Synaptic plasticity|

Adult male C57BL/6 21 days TST Depressive-like (28)
FST behaviorst
HPA axist

Male SD rats Microinjected into EPM Anxiolytic-like (29)

hippocampal CAl 0.1ug

AT,R (AT1A-/-) ETM Anxiolytic (30)
mice Fear responses|.
(AT1A-/-) EPM Anxiolytic (31)
mice in PVN OFT
AT,R Agonist Male Wistar rats with Icv EPM Anxiolytic 32)
Novokinin T1DM TMRA Cognitiont

Spatial memory?

Antagonist Male Wistar rats Microinjected into MeA EPM Anxiety-like (33)
PD123319 (100 nL/side) FST behaviorst
Antagonist Male Wistar rats and FST Anxiety-like (34)
PD123319 female C57BL/6 mice behaviorst
AT2R-deficient mice EPM Anxiety-like (35)
OFT behaviorst
ACE2 Male mice overexpressing EPM Anxiolytic (36)
ACE2
Activator C57BL/6 mice EPM Anxiolytic (36)
diminazen
aceturate
Ang-(1-7) Adult male TGR 1pmol/pL EPM Anxiolytic (25)
(ASrAOGEN) FST Anti-depressant
Adult male Wistar rats EPM Anxiolytic 37)
TGR rats (mRen2)27 1uL EPM Anxiolytic (38)
EST Antidepressant
NSF
Adult male SD rats 0.5ug in 0.5uL OFT Anxiolytic (39)
EPM
Mas Mas-deficient rats EPM Anxiety-like (40)
behaviorst
Antagonist Male Wistar rats Microinjected into MeA EPM Anxiety-like (33)
A-779 (100 nL/side) EST behaviorst
A-779 C57BL/6 mice EPM Anxiety-like (36)
behaviorst

ATN, angiotensinogen; UMS, unpredictable mild stress; OFT, open field test; FST, forced swim test; TST, tail suspension test; EPM, elevated-plus-maze; ICV, intracerebroventricular; AT,R,
AT2 receptors; ATR, AT1 receptors; AT1aR, AT1a receptors; PVN, paraventricular nucleus; |, means decreased; 1, means increased; TGR(ASrAOGEN), transgenic rats with low brain
angiotensinogen; TGR, transgenic rat; (AT1A~/-), AT1A receptor knockout mice; ETM, elevated T-maze; TMRA, T-maze rewarded alternation test; TIDM, type 1 diabetes mellitus; MeA,
medial amygdaloid nucleus; IP/i.p., intraperitoneally; LDB, light-dark box; NIH, novelty-induced hypophagia; NSF, novelty suppressed feeding: VCT, vogel conflict test; MasR, Mas
receptors; ACEI angiotensin-converting enzyme inhibitors; ARB, angiotensin II receptor blockers.
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ARB Losartan Male RHR (Wistar strain 5, 10 mg/kg q.d. orally OFT Anxiolytic (50)
albino rats) EPM
SIT
Male SHR 15 mg/kg/d for 2 months oral NORT Cognition’ (51)
gavage OFT Neuroplasticity
Male Wistar 10 mg/kg, ip. OFT Anxiolytic (43)
rats Cognition
Male Wistar rats Microinjected into MeA (100 nL/ FST Anti-depressant (33)
side)
Male Wistar rats; female 10, 30, 45 mg/kg, i.p. EST Anti-depressant (34)
C57BL6/j mice Cognition
Candesartan Male SHR 1 mg/kg/d for 4 weeks intragastric ~ OFT Anxiolytic (52)
administration NORT Cognition
MWM
Valsartan Male Wistar rats 10 mg/kg orally OFT Anxiolytic (53)
EPM Cognition
CAR

Chimney test

Telmisartan €57 mice with high-fat diet 8 mg/kg q.d. Oral gavage OFT Anxiolytic (54)
OPRT CBFt
Barnes maze
Adult male C57BL/6 TST Anti-depressant (28)
EST
AECI Captopril AT2R-deficient mice 0.1, 1.0 mg/kg, i.p. EPM Anxiolytic (35)
OFT
Male Wistar AF. rats 4, 8, 16, 32 mg/kg/day, i.p. Learned Anti-depressant (55)
Helplessness
Paradigm
Enalapril Male RHR (Wistar strain 4 mg/kg q.d. orally OFT Anxiolytic (50)
albino rats) EPM
SIT
Perindopril Male SD rats 0.1, 1.0 mg/kg/d ‘Water maze Anxiolytic (56)
EPM CognitionT
Spatial
memoryT
Male SHR 1 mg/kg/d for 4 weeks intragastric OFT Anxiolytic (52)
administration NORT Cognition?
MWM

FST, forced swim test; OFT, open field test; OBX, bilateral olfactory bulbectomy rats (a rat model of depression); SHR, spontaneously hypertensive rats; NORT, Novel-Object Recognition
Test; MWM, Morris Water Maze Test; SD rats, Sprague-Dawley rats; i.c.v., Intracerebroventricular; CAR, Conditioned Avoidance Responses; PEC, prefrontal cortex; RHR, renal
hypertensive rats; SIT, social interaction test; CBF, cerebral blood flow; OPRT, object place recognition test, TST, tail suspension test; FST, forced swimming test; MeA, medial amygdaloid
nucleus i.p., intraperitoneally; HBP, hypertensive patients.
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ATIR AT1aR knockout mice EPM Anxiolytic 31
Neuroinflammation |
ACE2 Male SD rats Bilateral microinjected Anxiolytic (44)
ACE2 into PVN PIC|
ARB Irbesartan Swiss albino mice of UCMS 40mg/kg i.p./p.o. MEST Antidepressant (100)
TST 5-HT levelst
OFT
Telmisartan Wistar rats with DM 0.05mg/kg, p.o. EST Antidepressant (101)
for 21days OFT NOJ, IL-6, IL-1B|
EPM
SK-N-SH human neuroblasts 10 ng/ml Neuronal (102)
Primary rat cortical neurons inflammatory response
to IL-1B}
COX-2 PGE2|
JNK/c-Jun pathway]
Male SD rats 10 mg/kg CD45, IL-6, CRP| (103)
for 8 weeks
SXFAD mice 1 mg/kg/day intranasal TNF-o, IL1-B} (104)
Primary neonatal rat glial cells for 2 months iNOS|
AB burden and
CD11b}
Candesartan ‘WH rats and SHR 1 mg/kg per day EPM Anxiolytic (105)
for 14 days PIC|
Microglia activation|,
Male SD rats 1 mg/kg oral gavage for ~ EPM Anxiolytic (106)
2 weeks FST Antidepressant
NSFT IL-1B, IL-6, Cox2],
iNOS|, IL-101
Male SD rats 0.1 mg/kg Astroglia, microglial, (107)
Orally for 5 days STATS3 activation}
NFxB| TNF-o.|
PP2A activation|
1L-101
Male Wistar Hanover rats 1 mg/kg/d, s.c. PIC) (108)
for 3 days COX-2, IL-6} (109)
LIF, IxkB-o.)
Losartan Microglial cells 10°m IL-1) (110)
NF-xB |
AP-1 activation]
Wistar rats ICV 50 ug NF-kBt (98)
AP-11
Wistar rats of DM 20 mg/kg FST Antidepressant (111)
for 2 weeks OFT Neuroinflammation |
Male LACA mice of CRS 20 mg/kg FST Antidepressant (112)
for 30 days Insulin levelst
Locomotor activity?
ACEI Lisinopril ‘Wistar rats ICV 50 pg NF-xB1 (98)
AP-11
Enalapril Wistar rats of DM (40mg/bwkg/d) FST Antidepressant (113)
Ramipril (10pg/bwkg/d) OFT IL-1a mRNA|
for 2 weeks
IL-6 mRNA|
TNEF-o. mRNA |
Ramipril Male LACA mice subjected to CRS 10, 20mg/kg EST Antidepressant (112)
for 30days Locomotor activity]
Male SD rats 1uM Astroglia, microglia, (107)
Orally for 5 days STATS3 activation|.
NFkB| TNF-o.)
AT2R expression?
Captopril Male SD rats 0.5 mg/ml for 2 weeks TNF-o.) (114)
PIC|
MRL/lpr lupus-prone mouse model 5 mg/kg every other Rotarod Test Antidepressant (115)

day ip. ST

for 2 weeks EPM

5-HT levelst
IFNo levels|
Microglial activation]

IL-1B, interleukin-1B; IL-6, interleukin-6; NO, nitric oxide; SD, Sprague-Dawley; DM, diabetes mellitus; MR, mineralocorticoid-receptor; TNE-0,, tumor necrosis factor-0; IL-1a,
interleukin-1a; i.c.v., intracerebroventricular; AP-1, activator protein-1; PIC, pro-inflammatory cytokine; i.p., intraperitoneal; p.o., oral route; CRS, Chronic restraint stress; IFNat,
interferon-o; MFST, Modified forced swim test; TST, tail suspension test; OFT, open-field test; UCMS, unpredictable mild stress, WH rats, Wistar Hannover rats; MWM, Morris water
maze; PA, passive avoidance; MBT, Marble burying task; NSFT, Novelty-Suppressed Feeding Test; Cox-2, cyclooxygenase-2, NOS, Nitric oxide synthase, LIF, leukemia inhibitory factor;
iNOS, inducible nitric oxidase synthase; MIF migration inhibitory factor; NFKB Nuclear factor-kappa B; pSTAT3, Phosphorylated signal transducer and activator of transcription 3; PP2A,
Protein phosphatase-2A; PGE2, prostaglandin E2; JNK, ¢-Jun N-terminal kinase; NOS, Nitric oxide synthase; CIH, chronic intermittent hypoxia; CD45, leukocyte common antigen; CRP,
C-reactive protein; SXFAD, five familial Alzheimer’s disease transgenic mouse; CD11b expression, a marker for microglia; SPT, sucrose preference test; BDNF-TrkB-CREP, brain-derived
neurotrophic factor-tropomyosin receptor kinase B-cyclic adenosine monophosphate response element-binding protein.
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Ang- (1-7) Adult male Wistar rats GPX' (37)
MDA|
AT,R Blocker Male Wistar rats 0.1 mg/kg/b.w. i.cv. PA Antidepressants 37
PD-123177 for 7 days Y-maze Memory?
SODT GPX1
MDA|
ARB Losartan Male Wistar rats 0.1 mg/kg i.c.v. SOD?T GPXt (59)
MDA|
Male Wistar rats 0.1 mg/kg/b.w. icv.  PA Memory? 37
for 7 days Y-maze SODT, GPX1
MDA|
Male LACA mice of CRS 20 mg/kg for 30 EST Antidepressant (112)
days MDA Nitrite|
Telmisartan Primary rat cortical 10 ng/ml NOX-4 mRNA (102)
neurons expression
NADPH, ROS|
Male SD rats 10 mg/kg iNOS, NO| (67)
for 8 weeks MDA|
Candesartan Male Wistar Hanover rats 1 mg/kg/d, s.c. nNOS/eNOS activity| (109)
for 3 days iNOS|
Male SD rats 0.1 mg/kg ROS| (107)
Orally for 5 days Nitrite]
Irbesartan Swiss albino mice of 40 mg/kg i.p./p.o. MEST Antidepressant (100)
UCMS TST CAT?
OFT MDA
ACEI Ramipril Male LACA mice of CRS 10,20mg/kg EST Antidepressant (112)
for 30 days MDA/|
Nitrite]
Captopril Male Wistar rats 0.1 mg/kg/b.w. i.cv.  PA Memory? 37
for 7 days Y-maze SOD, GPX?t
MDA|
Perindopril Male SD rats 1uM ROS| (107)
Orally for 5 days
THP-1 cells 100 pM TNF-a, IL-17] (130)
Apoptosis|
ROS|

GPX, glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase; MBT, Marble burying task; NOX-4, NADPH oxidase-4; NOS, Nitric oxide synthase; NO, nitric oxide;
CIH, chronic intermittent hypoxia; iNOS, inducible nitric oxide synthase; CAT, catalase; HCD, high cholesterol diet; TABRS, thiobarbituric acid reactive substances, CUMS, chronic
unpredictable mild stress; BDNF-TrkB-CREP, brain-derived neurotrophic factor-tropomyosin receptor kinase B-cAMP response element-binding protein; NS, novel-suppressed feeding
test, OFT, open-field test; TST, tail suspension test; FST, forced swimming test; SPT, sucrose preference test.
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Ovx OFT Cognitiont
EPM Corticosteronel.
NORT
Male rats 2,4ug injected into EPM Anxiolytic (160)
amygdala
Male LACA mice of CFS 10 and 20 mg/kg, ip Anxiolytic (161)
for 21 days TNF-o, CRP|
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Benzodiazepine receptors; CRH/CRE, Corticotropin-Releasing Hormone/factor; CRFIR, Corticotropin-Releasing Factor Receptor; UCMS, unpredictable chronic mild stress.
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Patient Age Gender Weight Height ILC TI  Food Growth IgE(TU/ SPINKS5 mutation Mutation-

(kg) (cm) allergy retard ml) type

1 3y6m F 13 86 + + - + 713t exon26, ¢.2474_75delAG Hom
(p.E825Gfs*2)

2 3y B 11 80 + + - + 33301 exon27, ¢.2557C>T (p.R853X) Het
exonl-34, lossl (73K)* Het

3 2y M 7 70 + o+ + + 58701 IVS10+5G>T* Het
exon24, ¢.2258_59insA Het
(p.R753Rfs*4)"

4 4y6m M 12.5 94 + o+ - + 694017 exon23, c.2143dupA Het
(p.N716Kfs*11)* Het

exon25, ¢.2423C>T (p.T808I)

M, month(s); Y, year(s); F, female; M, male; ILC, Ichthyosis Linearis Circumflexa; T1, Trichorrhexis Invaginata; Hom, homozygous; Het, heterozygous; SPINK5:Serine Peptidase Inhibitor
Kazal Type5; + positive; - negative; “indicates unreported SPINK5 mutation, the red 1 represents the abnormal (elevated) level.
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