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Autoimmune hepatitis (AIH), primary biliary cholangitis (PBC), primary sclerosing cholangitis (PSC), and IgG4-related sclerosing cholangitis (IgG4-SC) are the four main forms of autoimmune liver diseases (AILDs), which are all defined by an aberrant immune system attack on the liver. Most previous studies have shown that apoptosis and necrosis are the two major modes of hepatocyte death in AILDs. Recent studies have reported that inflammasome-mediated pyroptosis is critical for the inflammatory response and severity of liver injury in AILDs. This review summarizes our present understanding of inflammasome activation and function, as well as the connections among inflammasomes, pyroptosis, and AILDs, thus highlighting the shared features across the four disease models and gaps in our knowledge. In addition, we summarize the correlation among NLRP3 inflammasome activation in the liver-gut axis, liver injury, and intestinal barrier disruption in PBC and PSC. We summarize the differences in microbial and metabolic characteristics between PSC and IgG4-SC, and highlight the uniqueness of IgG4-SC. We explore the different roles of NLRP3 in acute and chronic cholestatic liver injury, as well as the complex and controversial crosstalk between various types of cell death in AILDs. We also discuss the most up-to-date developments in inflammasome- and pyroptosis-targeted medicines for autoimmune liver disorders.
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1 Introduction

Autoimmune liver diseases (AILDs) are a group of chronic liver diseases caused by immune dysfunction (1), including autoimmune hepatitis (AIH), primary biliary cholangitis (PBC), primary sclerosing cholangitis (PSC), IgG4-related sclerosing cholangitis (IgG4-SC), and the so-called overlap syndrome (2). In AIH, hepatocytes undergo pathological alterations, with high serum levels of transaminase and IgG (or gamma globulin) and positive serum antinuclear and smooth muscle antibodies (3). Inflammation of interlobular bile ducts and tiny bile ducts is the primary hallmark of PBC (4). Liver function tests show intrahepatic cholestasis and a significant increase in serum IgM levels, positive serum antinuclear antibodies, and anti-smooth muscle antibodies (5). PSC lesions mainly occur in the intrahepatic bile duct, and in a few patients, the extrahepatic bile duct can be affected (6). Most patients also have ulcerative colitis (UC). IgG4-SC shares many primary clinical symptoms with PSC, such as multifocal biliary strictures, and is characterized by high serum IgG4 levels and lymphoplasmacytic infiltration of a significant number of IgG-positive cells (7). Symptoms from any two of the four disorders may be considered to reflect overlap syndrome. Immune-mediated liver disease is the result of innate and adaptive immune-mediated hepatocyte damage (8). The liver immune system is characterized by the predominance of innate components. AILDs is characterized by the loss of self-tolerance, which is caused by activation and proliferation of innate immune cells, especially macrophages, and autoreactive CD4 and CD8 T cells (9). Macrophages are thought to be a major source of inflammasomes and proinflammatory cytokines (10). The innate immune system supports the surveillance of pathogenic and aseptic damage caused by multicellular organisms. Pattern recognition receptors (PRRs) respond to pathogenic virulence factors, environmental toxins, and host-derived danger signals to initiate cytokine and chemokine production, thereby activating inflammasomes and subsequent pyrodeath that promote liver inflammation (11).

Pyroptosis, a type of programmed cell death, is crucial for defending the liver against infections (12). Inflammatory caspases and the gasdermin (GSDM) protein family are required for pyroptosis (13). GSDMs are a class of efficient factors that can create pores in the cell membrane during pyroptosis (14). Among the many molecules involved in pyroptosis, GSDMs play a crucial role. GSDMA, GSDMB, GSDMC, GSDMD, GSDME, and PJVK are six identified human paralogous genes. With the exception of PJVK, all GSDMs can create pores in the cell membrane, thus triggering pyroptosis (15). The inflammasome, a multiprotein signal transduction complex, assembles in the cytoplasm in response to danger signals produced by the host or a pathogen and activates caspase-1 (16). Activated caspase-1 promotes the transcription and expression of the inflammatory factors interleukin (IL)-1β and IL-18 and cleaves GSDMD, which results in the release of the active N-terminal domain. The N-terminal domain of GSDMD is a p30 fragment that is capable of forming pores in the cell membrane, thereby causing pyroptosis and inflammatory reactions (17). Inflammasome-mediated GSDMD-dependent pyroptosis is considered the canonical mode of pyroptosis, which is closely related to the inflammatory response and the severity of liver injury in AILDs and has been recognized as core components that drive immune-mediated pathology in hepatitis and liver injury (18).

This review addresses the links among inflammasomes, pyroptosis, and AILDs, as well as the similarities among these disease models, advancements, controversies, and the limitations of the current data. Furthermore, numerous studies have linked gut microbiota and the gut barrier to the etiology of liver disease (19). We conclude that there is a correlation among NLRP3 inflammasome activation in the liver-gut axis, liver injury, and intestinal barrier disruption in PBC and PSC, which may be closely related to the susceptibility of patients with PBC or PSC to inflammatory bowel disease. We also summarize the differences in microbial and metabolic characteristics between PSC and IgG4-SC, and highlight the uniqueness of IgG4-SC. We discuss the different roles of NLRP3 in acute and chronic cholestatic liver injury. We also explore the gaps in existing AILD-related research, such as the need to understand the pro-inflammatory and pro-pyroptotic mechanisms of NLRP6 inflammasomes associated with the gut-liver axis in AILDs, as well as the complex and controversial crosstalk between various types of cell death in AILDs.




2 Composition and classification of inflammasomes

Two families of receptors make up the inflammasome sensor complex: the nucleotide-binding oligomerization domain-like receptors (NLRs) family, including NLRP1, 2, 3, 6, NLRC4 andNLRP12, and the HIN domain-containing (PYHIN) family, including absent in melanoma 2 (AIM2) and pyrin (20). Most inflammasomes consist of sensors (NLRs or PYHIN), caspase recruitment domains (CARD), and procaspase-1. NLRs consist of the following three components: ligand-binding N-terminal signaling domain, nucleotide binding oligomerization domain (NACHT), and nucleotide-binding C-terminal region containing a leucine-rich repeat (LRR) (21). Whether or not an NLR component requires the apoptosis-stimulating complex (ASC) adapter for assembly depends on the presence of a pyrin domain (PYD) or CARD in its N-terminus (22). AIM2 structurally contains an N-terminal PYD domain and a C-terminal hematopoietic interferon-inducible nuclear protein with a 200-amino acid repeat (HIN200) domain (23). Pyrin has two B-boxes, a PYD, a coil–coil domain, and a B30.2 domain (24). ASC structurally consist of PYD and CARD, whereas procaspase-1 has a CARD structure; therefore, it can promotes PYD and CARD homotypic interactions between sensors (NLRs or PYHIN) and procaspase-1 (25). Procaspase-1 can be recruited to complexes in two different ways: via the junction with ASC or via CARD–CARD interactions, which represents direct contact (26). All six inflammasome receptors can recruit procaspase-1 in an ASC-dependent manner, whereas NLRP1 and NLRC4 may also recruit procaspase-1 to the complex via CARD–CARD interactions (Figure 1). Inflammasomes are formed when PRRs, such as NLRs, on cells recognize microbe-associated molecular patterns (MAMPs) or endogenous damage-associated molecular patterns (DAMPs) and bind to caspase-1 and ASC, thus triggering the release of proinflammatory factors and GSDMD-mediated pyroptosis (27).




Figure 1 | NLRP1, NLRP3, NLRP6, NLRC4, AIM2, and Pyrin can recruit procaspase-1 in an ASC-dependent manner, whereas NLRP1 and NLRC4 may also recruit procaspase-1 to the complex via CARD–CARD interactions. MAMPs and DAMPs are detected by TLR4, which induces the MyD88/NF-κB signaling pathway to produce pro-IL-1β and pro-IL-18. Activated caspase-1 promotes the maturation and secretion of IL-1β and IL-18 and cleaves GSDMD. The released active N-terminal domain of GSDMD causes membrane perforation and the release of the cell contents. LPS initiates pyroptosis via the noncanonical route by activating mouse caspase-4 and 5 or human caspase-11 to cleave GSDMD. The activated caspase-4, 5, and 11 cleave pannexin-1 and induce the release of ATP and K+, thereby activating the NLRP3 inflammasome. The efflux of K+ and ATP also activates P2X7, which forms a P2X7 pore in the cell membrane, promoting Ca2+ and Na+ influx. TWIK2 mediates K+ efflux in coordination with P2X7 and thus initiates P2x7-related pyroptotic cell death.





2.1 NLRP1 inflammasome

A C-terminal function-to-find domain (FIIND) is also present in NLRP1 but not in NLRP3 (Figure 1). Posttranslational proteolytic cleavage of the FIIND yields a heterodimer comprising the ZU5 and UPA subdomains, which are essential for NLRP1 activation via their noncovalent bonds and interaction with the remaining FIIND (28). According to a recent study, one kind of NLRP1 activation involves the modification and degradation of the N-terminal region of the NLRP1 gene by anthrax lethal toxin and Shigella flexneri (29). The other kind of activation involves indirect activation by Toxoplasma gondii infection, inhibitors of dipeptidyl peptidases 8 and 9, and metabolic inhibitors (30). NLRP1 inflammasome activation is followed by caspase-1-dependent cytokine release, which promotes pyroptosis (31). In the livers of patients diagnosed with PBC or PSC cholestasis, the expression of NLRP1, caspase-1, and IL-1β was found to be increased (32). In addition to caspase-1, NLRP1 can also aggregate in a complex with caspase-5, but the role of caspase-5 is still controversial. Owing to the structural and functional differences between the human and mouse NLRP1 proteins, it is not always easy to investigate the function of the NLRP1 inflammasome in AILDs (33).




2.2 NLRP3 inflammasome

The NLRP3 inflammasome can be activated by both MAMPs and DAMPs, such as extracellular ATP, amyloid beta protein, and uric acid crystals (34). Lipopolysaccharide (LPS) and ectopic cytokines may also activate human caspase-4 and 5 or mouse caspase-11 to initiate pyroptosis, which in turn triggers ATP and K+ efflux and activates the NLRP3 inflammasome (35). NLRP3 oligomerizes through intercellular connections between NACHT domains and recruits ASC through homologous PYD–PYD interactions to initiate the formation of helical ASC filaments in response to stimulation. The assembled ASC recruits procaspase-1 through CARD–CARD interactions (Figure 1). The aggregated caspase-1 on ASC filaments splits at the p20/p10 juncture. The p20–p10 heterotetramer is released from ASC after further processing that involves CARD and p20. The activated caspase-1 cleaves GSDMD to trigger pyroptosis and amplify the inflammatory response by promoting the maturation and secretion of IL-1β and IL-18. NLRP3 complexes are critical in AILDs as well as in UC (36).




2.3 NLRP6 inflammasome

NLRP6 has the ability to directly bind double-stranded (ds) RNA, which can recognize microbial metabolites (37). Liquid–liquid phase separation occurs when NLRP6 interacts with dsRNA (38). Moreover, lipoteihoic acid, a known NLRP6 ligand, can promote NLRP6 liquid–liquid phase separation, and the RNA helicase DHX15 can form a complex with NLRP6 and dsRNA (39). NLRP6 protein is mostly expressed in the intestine, followed by the liver (40). In intestinal goblet cells, Toll-like receptor (TLR) ligands activate the myeloid Differentiation Factor 88 (MyD88)–reactive oxygen species (ROS) pathway and NLRP6 inflammasome. By forming a helical structure, NLRP6 attracts ASC and then recruits caspase-1 to cleave GSDMD, which promotes IL-18 production and leads to pyroptosis (41). NLRP6 inflammasome secretes IL-18, which leads to production of antimicrobial peptides to maintain intestinal homeostasis. However, when intestinal homeostasis is disrupted, NLRP6 expression is increased in macrophages and IL-18 secretion promotes intestinal inflammation (42). The gut–liver axis links disturbances in the intestinal microbial equilibrium to autoimmune liver disorders (43). NLRP6 is a protective factor against the development of nonalcoholic fatty liver disease (NAFLD) and has been found to play a crucial role in inflammatory and immunological responses (44). Reports have suggested that the NLPR6 gene is a candidate tumor suppressor gene (45). This gene has been shown to be capable of inducing pyroptosis in hepatocellular carcinoma and is linked to higher levels of immune cell infiltration, both of which are associated with a more favorable prognosis. A negative association has been revealed between NLRP6 expression and alpha-fetoprotein (AFP) >400 ng/mL and mortality in Asian patients (46). Compared with liver biopsy samples from healthy controls, fibrotic and cirrhotic livers have lower levels of Nlrp6 expression (44). Therefore, the NLRP6 inflammasome is an essential component in both the upkeep of the gut microbiota and the protection of the liver against inflammatory damage.




2.4 NLRC4 inflammasome

NLRC4 consists of the CARD, NACHT, and LRR domains and either dependently or independently activates caspase-1 (Figure 1). The human neuronal apoptosis inhibitory protein (NAIP) senses bacterial flagellin and type III secretion system components to form NAIP/NLRC4 inflammasomes (47), which are formed by oligomerization with NLRC4 adapters to recruit and activate caspase-1 (48). Patients with NAFLD have increased levels of tumor necrosis factor (TNF) expression and NLRC4 inflammasome activation, which results in a rise in the synthesis of IL-18 and IL-1β and causes pyroptosis (49). The NLRC4 inflammasome has been shown to be crucial in bacterial infections in the liver, and NLRC4-mediated IL-1β release has been linked to liver inflammation.




2.5 AIM2 inflammasome

AIM2 is able to detect dsDNA derived from the host or a pathogen, which allows it to recruit ASC and procaspase-1 for inflammasome formation (Figure 1). Kupffer cell inflammation is exacerbated when AIM2 is absent in hepatocellular cancer (50). Reports have suggested that AIM2 may be related to hypoxia/reoxygenation-mediated hepatocyte pyroptosis because interference with AIM2 gene expression could reduce L02 cell pyroptosis caused by hypoxia/reoxygenation by suppressing caspase-1, IL-1β, and IL-18 levels (51). Additionally, AIM2 has been shown to have its own unique expression pattern in chronic viral hepatitis (52).




2.6 Pyrin inflammasome

The MEFV gene encodes a protein called pyrin, which has two B-boxes, a PYD, a coil–coil domain, and a B30.2 domain (24). Pyrin is stimulated by Rho-modifying proteins and recruits caspase-1 in an ASC-dependent manner (Figure 1) (53). Mouse pyrin lacks the B30.2 domain. Moreover, the bile acid analog BAA485 was shown to activate the pyrin inflammasome pathway in immune and intestinal epithelial cells (54). However, whether endogenous bile acids from the gut microbiota, which is intimately associated with the inflammatory response in AILDs, can trigger pyrin inflammasome formation has not been determined.





3 Inflammasome-mediated pyroptosis

Recently, pyroptosis has been reclassified as gasdermin-dependent cell death after the pore-forming protein GSDMD was discovered to be a caspase-1, 4, 5, and 11 substrate necessary to mediate pyroptosis (55). Inflammasome-mediated GSDMD-dependent pyroptosis is considered to involve a canonical signaling pathway. As pyroptosis effector molecules, members of the GSDM protein family have a crucial function. In humans, six GSDM genes have been identified, namely, GSDMA, GSDMB, GSDMC, GSDMD, GSDME (also known as DFNA5), and PJVK (also known as DFNB59). With the exception of PJVK, all GSDMs consist of a C-terminal inhibitory domain and an N-terminal effector domain. Hydroxylation of the C-terminal domain frees the N-terminal domain to generate pores in the cell membrane by binding to lipid components (56).



3.1 GSDM protein family

In mice, three isoforms of Gsdma (Gsdma1–3) and four isoforms of Gsdmc (Gsdmc1–4) are present (57), while Gsdmb is not observed. Streptococcus A secretes the protease streptococcal exotoxin B (SpeB), which can directly cleave GSDMA to activate pyroptosis (58). Recent studies have found that GSDMA-deficient mice are susceptible to streptococcal infection in a SpeB-dependent manner (59, 60). Caspase-3, 6, and 7 have the ability to break down GSDMB. GSDMB promotes the activation of caspase-4 by binding to the CRAD domain of caspase-4, which may be another pathway of pyroptosis (61). Granzyme A (GzmA) can cleave GSDMB expressed in gastrointestinal epithelial tumors and lead to the pyroptosis of target tumor cells (62). Under hypoxia, programmed cell death 1 ligand 1 (PD-L1) and phosphorylation signal transducer and activator of transcription 3 (p-STAT3) work together to control the transcription and cleavage of GSDMC, which ultimately results in a switch from TNF-activated caspase-8-mediated apoptosis to pyroptosis (63). GSDMC can be used as an additional predictive factor for hepatocellular carcinoma (64). Furthermore, the expression levels of mouse GSDMC are positively correlated with the metastatic ability of B16 melanoma cell lines (65). However, knockdown of GSMDC attenuates the proliferation of colorectal cancer cell lines (66). Thus, whether GSMDC acts as a pro-tumor regulator or an anti-tumor regulator in tumor development remains to be verified by more experiments and trials. The mechanism of pyroptosis, which is mediated by GSDMD as a star molecule, is evident. GSDMD can mediate pyroptosis by two primary methods. Canonical inflammasome-triggered pyroptosis is caused by caspase-1 cleavage of GSDMD, while noncanonical inflammasome-triggered pyroptosis is caused by caspase-11 (or caspase-4 or 5) cleavage of GSDMD (67). In addition, transforming growth factor (TGF)-β-activated kinase 1 inhibition has been reported to activate caspase-8 by ligating and oligomerizing cell surface death receptors, which in turn causes GSDMD-dependent pyroptosis (68). Macrophages, dendritic cells, and neutrophils, which are also known as hyperactivated cells, are able to endure inflammasome-activated cleavage of GSDMD without membrane rupture and pyroptosis in some circumstances (69). In a granzyme-mediated pathway, chimeric antigen receptor (CAR) T cells release GzmB, which can cleave GSDME directly or indirectly by activating caspase-3, which results in pyroptosis (70), thereby enhancing the capacity of CAR T cells to kill target cells (71). GSDME-induced pyroptosis of cochlear hair cells can lead to hearing impairment. Furthermore, PJVK is highly similar to GSDME, and the gene is detected in neurons of the inner ear and auditory system, which has been reported to be associated with deafness (72).




3.2 Canonical and noncanonical signaling pathways of inflammasome activation to drive pyroptosis

In the canonical pathway, TLR4 is responsible for recognizing MAMPs and DAMPs, activating nuclear factor kappa-B (NF-κB), inducing the downstream MyD88/NF-κB signaling pathway, and causing macrophages to produce pro-IL-1β and pro-IL-18 (Figure 1) (73). In response to the activation of intracellular threat signals, NLRs or PYHIN bind to procaspase-1 and ASC, causing inflammasome formation and activating caspase-1. Activated caspase-1 promotes the transcription and expression of the inflammatory factors IL-1β and IL-18, which are then released into the extracellular space to recruit inflammatory cells and expand the inflammatory response (74). Furthermore, GSDMD is cleaved by activated caspase-1, which results in the removal of the inhibitory C-terminal domain and release of the active N-terminal domain. The N-terminal domain of GSDMD is a p30 fragment that is capable of forming pores in the cell membrane (75), thereby causing membrane perforation, cell rupture, and inflammatory reactions (Figure 1).

In the noncanonical pathway, intracellular LPS activates human caspase-4 or 5 or mouse caspase-11. The activated caspases subsequently catalyze the cleavage of GSDMD and initiate pyroptosis to enhance intracellular K+ exocytosis (76). Additionally, activated caspases 4, 5, and 11 cleave pannexin-1, induce ATP release, activate P2X purine receptor 7 (P2X7) to form P2X7 pores in the cell membrane, promote Ca2+ and Na+ influx, and then coordinate with the two-pore domain K channel (TWIK2), which mediates K+ efflux (77), thus triggering P2x7-related pyroptotic cell death (78). The efflux of K+ and ATP activates the assembly of the NLRP3 inflammasome and activates caspase-1, which leads to the secretion of IL-1β and IL-18 (Figure 1).





4 Inflammasomes and pyroptosis in AILDs



4.1 Inflammasomes and pyroptosis in AIH

AIH is a group of conditions in which the body’s immune system attacks its own liver cells, leading to chronic liver damage (79). Previous studies have suggested that AIH involves T cells (in a T cell receptor independent manner) and activation of natural killer T (NKT) cells mediated by cytokines (80). NKT cells in AIH mouse models express costimulant OX40 and high levels of caspase-1 (81). OX40 can reduce the immunosuppressive activity of T cells (Tregs), thereby further amplifying the T cell activation effect (82). Activation of caspase-1 leads to maturation and secretion of IL-1β and GSDMD-mediated pyroptosis (83). A recent study found that inflammasome-mediated pyroptosis and massive cytokine production affect the inflammatory response in AIH and the degree of inflammation in liver injury, which is thought to be one of the key events in AIH progression (84).



4.1.1 NLRP3 inflammasome-mediated pyroptosis in AIH can be counteracted by IL-1 receptor antagonists

Concanavalin A (ConA)-induced hepatitis, as a mature experimental model for immune-mediated liver injury, can mimic human AIH to a certain extent (85). In ConA-induced hepatitis, the expression of the NLRP3 inflammasome and the levels of activated caspase-1, IL-1β, and lactate dehydrogenase are elevated in the blood. Staining for dead cells and western blot analysis revealed that pyroptosis was the primary mode of death for ConA-induced mouse hepatocytes (86). Furthermore, the NLRP3 inflammasome and its downstream products were shown to be highly expressed in hepatocytes and, to a lesser extent, in immature hepatocytes (19).

However, research has shown that recombinant human IL-1 receptor antagonists (rhil-1RAs) can suppress NLRP3 inflammasome activation and IL-1β production (87). The NLRP3 inflammasome can be activated by MAMPs and DAMPs, and mitochondria-derived ROS (mtROS) are thought to be critical factors that promote this activation (88, 89). An rhIl-1RA was demonstrated to significantly reduce pyroptosis by lowering ROS levels in ConA-induced mice and the production of NLRP3, active caspase-1, and IL-1β in hepatocytes (Figure 2) (90). These results suggest that rhil-1RA has the ability to eliminate ROS, reduce NLRP3 inflammasome generation, prevent pyroptosis, and compete with IL-1β to lower the severity of ConA-induced hepatitis.




Figure 2 | In ConA-induced mice, mtROS can activate the NLRP3 inflammasome. Activated caspase-1 cleaves GSDMD and releases an active GSDMD N-terminal domain, which forms pores in the cell membrane and triggers pyroptosis. Activated caspase-1 also cleaves pro-IL-1β to IL-1β. An rhil-1ra can eliminate mtROS, reduce NLRP3 inflammasome activation and pyroptosis, suppress the expression of IL-1β, and alleviate ConA-induced hepatitis. Dimethyl fumarate can reduce mitochondrial damage and the production of mtROS. It can also enhance the PKA signaling pathway and increase the phosphorylation of NLRP3 on Ser/Thr at PKA-specific sites, thereby inhibiting the activation of NLRP3 inflammasome. Bmsc-derived exosomes bind to the 3′UTR of the Nlrp3 mrna through exosomal miR-223, which interferes with protein translation and inhibits NLRP3 inflammasome activation, thereby reversing hepatocyte injury in the S100- or LPS/ATP-induced mouse AIH model.






4.1.2 Inhibitory effect of BMSC-derived exosomes on NLRP3

Endocytic miRNAs are single-stranded non-coding RNAs that range in length from 19 to 24 nucleotides and regulate NLRP3 inflammasome formation (91). Various miRNAs, including miR-223, miR-22, and miR-7, can control NLRP3 mRNA expression (92). In particular, miR-223 binds to the 3′-untranslated region (3′UTR) of the NLRP3 mRNA and blocks protein translation at this point (93). Both miR-22 and miR-7 have been shown to modulate NLRP3 activation during inflammation, which may have beneficial effects (94). miR-223 is highly expressed in bone marrow mesenchymal stem cells (BMSCs). Bmsc-derived exosomes effectively reversed S100- or LPS/ATP-induced AIH and hepatocyte damage in a mouse model and also downregulated the expression of NLRP3 and reduce caspase-1 levels (Figure 2) (95). A possible explanation is that exosomal miR-223 from BMSCs inhibits NLRP3 inflammasome activation.




4.1.3 Protective effects of GSDMD in AIH

GSDMD plays the role of the executioner in pyroptosis as a substrate for caspase-1 and caspase-11, both of which are necessary to mediate pyroptotic cell death. The role of GSDMD in the many pathological forms of liver disease has been the subject of debate. It has been revealed that the N-terminal domain of GSDMD is responsible for some of the negative consequences observed in metabolic liver illnesses, such as NAFLD. Some studies have found that inhibition of GSDMD protects mice from this type of liver disease (96). In contrast, GSDMD deficiency was found to cause more portal vein and lobular inflammation, a wider hepatic conjunctival necrotic area, higher serum transaminase levels, and more extensive hepatocyte apoptosis after ConA induction (86). In addition, liver injury was aggravated in GSDMD-deficient mice and was accompanied by intestinal barrier destruction. GSDMD-deficient mice showed significantly increased expression of Lps-binding protein, which is known to be an indicator of LPS exposure, and upregulated expression of TLR4 and CD14 (97). Owing to increased intestinal permeability, bacterial LPS can be carried to the liver via the portal vein, wherein it can bind to TLR4 on the surface of hepatic Kupffer cells and trigger an immunological response in the liver (98). The mechanism may be related to the fact that GSDMD knockdown inhibits pyroptosis but promotes apoptosis, indicating the tampering effect of GSDMD between different types of cell death (99). The role of GSDMD in AIH is significant and complex and worthy of further study.





4.2 Inflammasomes and pyroptosis in PBC

The pathophysiology of PBC is multifactorial and involves the immune system, aberrant bile salt production, impaired biliary transport, and programmed cell death of cholangiocytes (100). Innate immune cells and adaptive immune cells together causes damage to the PBC small bile duct (101). Innate immunity focuses on damage to self-reactive CD4 T cells, CD8 T cells, and Tregs. CD8 T cells mainly infiltrate the portal vein and damage small bile duct of the recipient mice, which present typical PBC symptoms. Tregs are functionally deficient, which impairs their immunosuppressive function (102). In PBC, the B-cell activator BAFF is significantly correlated with the cholestatic enzyme level, bilirubin content, AMA titer, and disease stage (103). Recently, the activation of inflammatory bodies in innate immunity has been identified as an important factor in the progression of liver inflammation (104). In peripheral blood of patients with PBC, monocytes are more sensitive to external stimuli. Under the stimulation of MAMPs, TLRs mediate the maturation and secretion of pro-inflammatory cytokines, including IL-1 and IL-18, and activate inflammasome-mediated pyroptosis, which leads to the release of inflammatory factors outside the cell and expands the inflammatory response (105).



4.2.1 Activation of the NLRP3 inflammasome by galectin-3 (Gal3) drives autoimmune cholestatic liver injury

The pleiotropic lectin Gal3 is an important regulator of inflammatory signaling in hepatic macrophages and contains C- and N-terminals (106). Gal3 expression is upregulated during differentiation of human monocytes to macrophages under physiological conditions and in macrophages and stellate cells involved in liver disease under pathological conditions (107). It is well established that DAMPs are capable of activating the NLRP3 inflammasome, and Gal3 is considered a DAMP molecule (108). The activation of the inflammasome is induced by the interaction of the N-terminal domain of Gal3 with NLRP3. Gal3 plays a significant role in the activation of inflammasomes, thereby leading to the development of PBC (109).

In a dominant-negative transforming growth factor-β receptor type II (dnTGF-βRII) mouse model of spontaneous PBC formation (107), recombinant Gal3 boosted NLRP3 inflammasome activation and was significantly expressed in dendritic cells and macrophages. Nitrosation stress is another potential mechanism of chronic liver damage, and the build-up of nitrosated tyrosine has been linked to bile duct injury in PBC (110). IL-1β can induce nitrosation stress; therefore, the Gal3/NLRP3 inflammasome/IL-1β signal transduction pathway may be an important pathway involved in the pathogenesis of the disease (Figure 3). In addition, IL-1β can activate macrophages to produce IL-17 and promote liver fibrosis (111). IL-17 is widely expressed in portal regions, with evident inflammatory cell infiltration in liver tissues of patients with AIH (112), PBC (113), and overlap syndrome (114), and it is considered a significant proinflammatory and profibrotic agent in the liver (115, 116). Accordingly, hepatic macrophage activation of Gal3/NLRP3 inflammasome/IL-17 signaling may be an additional significant pathogenic mechanism of PBC fibrosis (117). A previous study showed that Gal3 depletion in dnTGF-βRII mice decreases IL-1β and IL-17 generation and alleviates bile duct inflammation (118). In a mouse model of PBC caused by infection with Novosphingobium aromaticivorans, Gal3-deficient animals did not develop PBC following surgery (119). Weak activation of the NLRP3 inflammasome may be the cause, thus leading to underdeveloped dendritic and other immune cells. In conclusion, early proinflammatory damage in PBC is dependent on Gal3-mediated NLRP3 inflammasome activation. To treat PBC and other chronic cholestatic liver illnesses, blocking signal transduction pathways with Gal3 or NLRP3 inhibitors might be an option.




Figure 3 | Gal3 activates the NLRP3 inflammasome and caspase-1 in dnTGF-βRII mice or PBC mice infected with Novosphingobium aromaticivorans, which can stimulate the release of IL-1β and GSDMD cleavage to induce pyroptosis. Nitrosation stress caused by IL-1β can exacerbate liver damage. Additionally, IL-1β can cause macrophages to generate IL-17 and promote liver fibrosis. Bile acids can cause NLRP3 inflammasome activation and caspase-1 cleavage of GSDMD in BDL mice, which results in pyroptosis. The intestinal microecology and permeability are also impacted by bile acids, which can cause MAMPs to enter the interhepatic circulation through the enterohepatic axis, increasing the exposure of the liver to endotoxins. Toxic bile acids further activate NLRP3 inflammasome assembly and cause Kupffer cells to develop the M1 phenotype, leading to the production of proinflammatory cytokines, including IL-6, TNF, and IL-1β, which support liver fibrosis and damage. MCC950 can directly prevent the activation of the NLRP3 inflammasome. Furthermore, MCC950 can cause macrophage polarization to the M2 phenotype, which activates Tregs to release IL-10 and TGF-β. These factors can boost immune suppression and minimize liver damage. In addition, bile acids can trigger the MPT state and the release of ATP into the cytoplasm, which promotes the fusion of APAF-1 and caspase-11 to form an APAF-1/caspase-11 pyroptosome. Caspase-3 is then triggered to cleave GSDME, which leads to the formation of GSDME pores, thereby exacerbating liver damage and leading to pyroptosis. Bongkrekic acid can prevent the ANT-mediated MPT, thus preventing GSDME-dependent pyroptosis.



Studies have shown that Gal3 mediates noncanonical pyroptosis by facilitating LPS-induced oligomerization and activation of caspases-4 and 11 as well as the cleavage of GSDMD in cells (120). Cholestasis in PBC is known to result in an impaired intestinal barrier, increased intestinal permeability, and transfer of MAMPs, such as LPS and microbial RNA, to the liver via the interhepatic circulation (121). This key mechanism for fighting bacterial infections may provide opportunities for new therapeutic interventions. However, it is still unknown whether gut microorganisms can cause pyroptosis through the hepatointestinal circulation in PBC.




4.2.2 Bile acids act on the hepatic immune system, biliary tract, and gut microbiota through the interhepatic circulation

Free fatty acids and endotoxins may flow into the portal circulation and hepatic sinusoids as a result of dysfunction of the intestinal epithelial barrier, which may then result in liver damage and inflammation (122, 123). Endotoxins have been shown to enhance the sensitivity of hepatocytes to cell death in response to bile acid challenge (124). Increased exposure to hepatic endotoxins is caused by the promotion of intestinal leakage by macrophages and changes in the gut microbiota after activation of inflammasomes during cholestasis (125). In bile duct ligation (BDL) mice, toxic bile acids further activate NLRP3 inflammasome assembly and cause Kupffer cells to develop the M1 phenotype, leading to the production of proinflammatory cytokines, including IL-6, TNF, and IL-1β, which aggravate liver fibrosis and damage (126) (Figure 3).

Changes in circulating bile acids have been found to be closely related to disease progression, and patients with PBC show bile acid-related intestinal dysregulation (127). Through the interhepatic circulation of bile acids, the liver can impact intestinal homeostasis and absorption by changing the quantity of the gut microbiota and the permeability of the intestinal mucosa (128). Some potentially helpful bacteria, such as Ruminococcus bromii, were found to be lacking in the gut microbiota of patients with PBC, whereas pathogens such as Proteobacteria, Enterobacteriaceae, Streptococcus, and Klebsiella were found to be abundant (129). Among ursodeoxycholic acid nonresponders, fecal bacteria show a lower relative abundance (130). Patients with advanced fibrotic PBC have higher levels of acetate as well as short-chain fatty acids in their feces. Therefore, decreased bacterial abundance in the feces may be used to predict the prognosis of patients with PBC.




4.2.3 Induction of pyroptosis by apoptosis protease activating factor 1 (APAF-1)/Caspase-11/GSDME

Pyroptosis induction by GSDMD and GSDME was detected in liver tissues of BDL mice (131). In BDL mice, caspase-1 is activated by bile acids and cleaves GSDMD to generate the N-terminal p30 fragment required for pore formation during cell lysis. Surprisingly, bile acids activated caspase-11, although not in the same way as LPS did. Bile acids cannot break GSDMD to produce the p30 fragment; instead, the caspase-3 moiety cleaves GSDMD to an inactive p43 fragment. In human hepatocellular carcinoma (HepG2) cells and BDL mice, bile acids induce persistent mitochondrial permeability transition (MPT), a state of loss of the mitochondrial inner membrane integrity, allowing free permeation of small solutes (132). Upon MPT stimulation, ATP is released into the cytoplasm to combine APAF-1 and caspase-11 into an APAF-1/caspase-11 pyroptosome at a ratio of 7:2, and then caspase-3 is activated to cleave GSDME and trigger GSDME-dependent pyroptosis. Under MPT conditions following bile acid stimulation, APAF-1 was found to selectively recruit and activate caspase-4 (Figure 3) (133). However, in Apaf-1 knockdown human HepG2 cells, bile acids were unable to activate GSDME-dependent pyroptosis. Thus, inhibiting APAF-1 inflammasome might be effective therapeutic approaches for preventing inflammation-induced liver damage.

Recent studies have reported that doxorubicin and a moderate concentration of choleric acid (50 mM) facilitate mitochondrial outer membrane permeabilization and initiate apoptosis by accelerating the assembly of an Apaf-1/caspase-9 apoptosome (134). In contrast, a high concentration of bile acid (200 mM) promotes Apaf-1/caspase-11 pyroptosome production and MPT-triggered pyroptosis. Therefore, the crosstalk between various types of cell death remains very complex and controversial.





4.3 Inflammasomes and Pyroptosis in PSC

PSC represents a robust cellular response in the epithelium of the bile duct, and it results in persistent inflammation and fibrosis that leads to intrahepatic or extrahepatic bile duct stenosis and cholestasis. PSC is intimately linked to UC. Approximately 70% of patients with PSC have inflammatory bowel disease (IBD), and 87% of these individuals also have UC (135). Recruitment of gut-derived memory T cells to the liver in regulatory immunity is thought to be a driver of PSC liver inflammation (136). CD8 T cells in enteric-associated lymphoid tissue induce immune-mediated cholangitis in mice (137). Liver CD8 T lymphocytes promote PSC biliary tract injury and fibrosis in mice, and their proliferation is controlled by liver Tregs, which are regulated by IL-2 signaling pathways (138). An increased frequency of T cells secreting interferon (IFN)-γ was found in the colon of PSC-UC patients compared with UC (139). IFN-γ in PSC mouse models altered the phenotype of CD8 T lymphocytes and NK cells in the liver, resulting in increased cytotoxicity (140). Mounting evidence from epidemiological and clinical research has shown that infection influences the development of PSC (141). Innate immunity after infection can be caused by a variety of mechanisms, including DAMPs and MAMPs, which are bound by PRRs, and these mechanisms induce the secretion of inflammatory cytokines, activate inflammasome and pyroptosis, and induce a range of immuno-inflammatory responses and programmed cell death (142).



4.3.1 Gut–Liver Axis and Microbiota in PSC

IBD and PSC are closely connected, particularly in the populations of northern Europe, where up to 80% of patients with PSC also have IBD (143). The gastrointestinal tract communicates with the liver via portal circulation. Nutrients, antigens, hormones, and other substances all serve as signals. AILDs are associated with the microbiota composition through aberrant immune system activation, primarily via the gut–liver axis (144). Innate immune activation of bile duct cells is strongly associated with IBD, and abnormal amounts of LPS accumulate in bile duct cells in patients with PSC compared to other cholestatic diseases (145). Increased intestinal permeability leads to the flow of MAMPs into the systemic circulation and stimulates inflammation. MAMPs originating in the gastrointestinal tract, such as LPSs or microbial RNA, can enter the portal circulation and travel to the liver, causing hepatic inflammation and fibrosis in the liver (121).

Multiple studies have found that persons with PSC have an altered gut microbiota, which is marked by a decline in microbial diversity and a rise in the quantity of potential pathogens (146). Stool samples from patients with PSC are rich in the genus Veillonella and show increased relative abundances of Enterococcus, Streptococcus, and Lactobacillus (147). Another unique finding is a marked reduction in bifidobacteria, which is associated with a failure to alleviate liver inflammation. Previous studies have identified Enterococcus faecalis as a potentially pathogenic bacterium that grows significantly in the bile duct of patients with PSC (148). According to research on patients with PSC, a higher level of circulating vascular adhesion protein 1 enhances the adherence of gut-derived lymphocytes to hepatic endothelial cells, which is related to poor outcomes in PSC patients (147). These findings shed light on the significance of the microbiota in the gut in relation to PSC.




4.3.2 Dysregulation of intestinal microbiota promotes liver disease progression through nlrp3 in multi-drug resistant gene 2 (Mdr2−/−) mice

A frequently employed model for human PSC is the Mdr2−/− mouse. This model features that mimic human PSC pathology, including biliary damage, inflammation, and hepatic fibrosis (149). Immunohistochemistry analyses of the liver of Mdr2−/− mice indicated a large increase in NLRP3-positive cells and showed that cholestatic liver damage in Mdr2−/− mice was caused by considerable inflammatory activation (150). Mdr2-related cholestasis could induce dysregulation of the intestinal microbiota, and toxic bile acids enter the portal vein to activate the NLRP3 inflammasome and aggravate liver injury (Figure 4) (151). Changes in the plasma bile acid profiles in patients with PSC have been documented and clinically associated with hepatic decompensation. In addition, Mdr2−/− animals exhibit intestinal barrier failure as well as enhanced bacterial translocation, which boosts the activation of the NLRP3 inflammasome within the gut–liver axis (143). According to these findings, intestinal dysregulation caused by cholestasis is believed to have a direct influence on the course of liver disease. Mdr2−/− mice have higher levels of the caspase-11 mRNA than normal mice (152). Caspase-11 can cleave GSDMD, and it represents a key molecule involved in pyroptosis and may provide opportunities for new therapeutic interventions. However, experimental studies have not verified typical and atypical pyroptosis in PSC.




Figure 4 | In Mdr2−/− mice, bile acids can activate the NLRP3 inflammasome and caspase-1 to cleave pro-IL-1β to IL-1β, promoting an inflammatory response and liver injury. Bile acids also damage the intestinal mucosal barrier and increase intestinal permeability, which can cause MAMPs to enter the interhepatic circulation through the enterohepatic axis, increasing the exposure of the liver to endotoxins. Toxic bile acids further activate NLRP3 inflammasome assembly and promote the maturation and secretion of IL-1β, thereby expanding the inflammatory response and aggravating liver injury. In turn, the liver can affect intestinal homeostasis through the interhepatic circulation of bile acids.






4.3.3 Bidirectional role of NLRP3 in PSC

Bile acids and other regulatory molecules have been shown to induce the activation of the NLRP3 inflammasome (153). This causes the secretion of IL-1β, thus leading to transinflammatory liver injury and playing a role in reactive cholangiocyte inflammation in patients with PSC (154). In PSC mouse models fed with 3, 5-dioxy-carboxyl, 1, 4-dihydrogen collidine (DDC) and in human PSC, NLRP3 inflammasomes are increased in reactive bile duct cells, leading to IL-18 secretion and epithelial functional barriers of bile duct cells, thereby affecting the development of bile duct disease (155). However, experimental studies have reported contradictory results, indicating that bile acids induce NLRP3 expression and NLRP3-deficient mice show cholestatic liver injury and aggravation of fibrosis (156). Similarly, it has been suggested that NLRP3 inflammasome activation has a certain protective effect in a PSC mouse model. Moreover, cholangitis caused by NLRP3 deficiency had a more severe clinical nature, as shown by the bile duct damage, larger inflammatory lesions, and elevated levels of IL-6 and CXCL10 (157). Furthermore, NLRP3 depletion resulted in a hyper-IL-17 response, which was manifested as IL-17-independent exacerbation of the disease (84). Interestingly, NLRP3 plays different roles in the course of illness between acute and chronic cholestatic liver damage. A reduction in IL-18 expression was observed in the acute stage of injury in mice lacking NLRP3, although an increase in apoptosis was noted. However, wild-type mice showed increased IL-18 levels in the acute phase and decreased IL-18 levels in the chronic phase (158).

These results indicated a dual function for the NLRP3 inflammasome in cholestatic liver damage. During acute cholestatic liver damage, the NLRP3 inflammasome may have a protective function by blocking some of the pathways that lead to cell death. On the other hand, during persistent cholestatic liver damage, the NLRP3 inflammasome is engaged in the process of cholestasis-induced liver injury and fibrogenesis (159). A growing body of data suggests that crosstalk occurs between various types of cell death (160). However, existing evidence explaining the involvement of NLRP3 in PSC remains extremely convoluted and contentious.





4.4 Inflammasomes and pyroptosis in IgG4-SC

Clinically, the progressive chronic liver illness known as IgG4-SC is quite similar to PSC. IgG4-SC is also a common complication of multifocal biliary strictures and IBD, and therefore, it may be misdiagnosed in some cases (161). In contrast to PSC, IgG4-SC is a multisystem fibroinflammatory disease that is defined by substantial lymphoplasmacytic infiltration of IgG4-positive cells and increased serum levels of IgG4 (162). Both the serum IgG4/IgG1 ratio and IgG4/IgG RNA ratio can be used to differentiate between the two conditions (163). Plasma ablator amplification makes it possible to recognize IgG4-SC with normal levels of IgG4. Compared with patients with PSC, those with IgG4-SC have a lower risk of cirrhosis, cholangiocarcinoma, and colorectal cancer. Steroids are currently the primary treatment option for IgG4-SC, but individuals with IgG4-SC who are resistant to steroids and immunosuppressants can benefit from rituximab (anti-CD20). Rituximab is a monoclonal antibody depletion therapy that targets the B-cell CD20 antigen (164).



4.4.1 Differences in host–microbe interactions between IgG4-SC and PSC

IgG4-SC and PSC show both commonalities and differences in host–microbe interactions, which may be pertinent to the etiology of these illnesses and underscore the uniqueness of IgG4-SC (165). Intestinal secondary bile acids were decreased in both IgG4-SC and PSC mice. Reduced bacterial diversity and elevated numbers of potential pathogens, including Veillonella, Enterococcus, and Clostridium, have been observed in the gut microbiota of individuals with PSC (130, 166). There are potential links between microbial or metabolic features in PSC and cholestatic parameters, while disease-related genera and metabolites in IgG4-SC tend to be associated with transaminases of hepatocyte injury. According to the results of recent studies, liver inflammation of IgG4-SC may be responsible for the marked reduction in Blautia and elevation of succinate (167). However, further research is required to determine the function of inflammasomes in hepatocyte pyroptosis in IgG4-SC.




4.4.2 Regulatory immune responses in IgG4-SC

A previous study found that the antigens IgG4-SC in patients with peripheral blood and tissue oligoclonal support the B-cell antigen-mediated reaction, and this environment is induced in genetically susceptible individuals with preexisting IgG4 switch B cells, which increase rapidly (168). Once regulatory immune responses are activated, memory Tregs are induced in the blood and infiltrate the affected tissue (169). Inflammation in IgG4-SC is stimulated by a mixture of cytokines that are derived from T cofactor 2, such as IL-4 and IL-13, or from Tregs, such as IL-10 and TGF-β (170).

TLRs and NLRs on monocytes and basophils, which are involved in innate immunity, are related to IgG4-SC lesions. The B-cell activator BAFF and IL-13 enhance IgG4 responses, which indicates that there is a crosstalk between the innate and adaptive immune systems (171). In addition, CCL23 and CCL25 chemokines, which are considered important biomarkers of the gut–liver axis (172, 173), are expressed in IgG4-SC-involved tissues. To fully understand the function of NLR family inflammasome-mediated hepatocyte pyroptosis in IgG4-SC, additional research is required.






5 Inflammasome-targeting therapies for AILDs

Numerous experimental studies on AILDs have demonstrated the function of the inflammasome in the fibrosis and liver injury caused by persistent inflammation (174). The results demonstrate that inhibiting the inflammasome and pyroptosis secretion might be effective therapeutic approaches of preventing inflammation-induced liver damage (175, 176). According to the latest data from preclinical experimental studies, we summarize the most up-to-date developments in inflammasome- and pyroptosis-targeted medicines for AILDs (Table 1).


Table 1 | Potential Therapeutic Agents for autoimmune liver disease.





5.1 NLRP3 inhibitors

Dimethyl fumarate, a potential mitochondrial protective agent identified based on a screening of FDA-approved drug libraries, has been found to reduce serum inflammatory cytokine levels and relieve liver injury (177). Recent studies have shown that in addition to reducing mitochondrial damage and mtROS production, dimethyl fumarate can also regulate protein kinase A (PKA) signaling and inhibit NLRP3 inflammasome assembly, thereby alleviating ConA-induced liver injury in AIH (Figure 2) (178). The mechanism may involve the boosting of PKA signaling by dimethyl fumarate and increasing the phosphorylation of NLRP3 on Ser/Thr residues at PKA-specific sites to decrease the activation of the NLRP3 inflammasome. PKA pathway inhibitors (H89 and MLL-12330A) could counteract the protective effect of dimethyl fumarate on liver injury.

Cucurbitacin E glucoside has a significant hepatoprotective effect against ConA-induced AIH (179). The mechanism involves the upregulation of Sirtuin 1 (SIRT1), nuclear factor (erythroid-derived 2)-like 2 (Nrf2), and heme oxygenase 1 (HO-1) to reduce oxidative stress and the blocking of NF-κB/NLRP3 signaling to prevent NLRP3 inflammasome-mediated pyroptosis.

The diarylsulfonylurea compound MCC950, which is considered the most powerful and specific inhibitor of NLRP3 (180, 181), can reduce the fibrotic phenotype and reduce the expression of caspase-1 and IL-1β in the liver after chronic cholestatic liver injury (158). Additionally, MCC950 can switch macrophage differentiation to the M2 phenotype and reduce the liver injury severity in the PBC mouse model, which leads to an increase in the activity of immunosuppressive Tregs and results in the production of IL-10 and TGF-β (Figure 3) (182). By inhibiting autoreactive T cells, Tregs lead to the development of active tolerance to autoantigens and inhibit the occurrence of autoimmune diseases (183). At the same time, Tregs are a factor that hinders the removal of pathogens, which prolongs the course of chronic infection (184).

Paeoniflorin could reduce cholestatic inflammation and liver fibrosis in the PBC mouse model by eliminating mtROS through the SIRT1/forkhead box O1 (FOXO1)/superoxide dismutase 2 (SOD2) signaling pathway, and thereby alleviate mitochondrial damage and inhibit NLRP3 inflammasome activation (185–187).

Recent experimental studies have shown that a pan-cysteine protease inhibitor (IDN-7314) has the ability to stop NLRP3 inflammasome activation in Mdr2−/− mice (152), minimize liver injury, and reverse the serum bile acid profile as well as the features of the cholic acid-related microbiota (Figure 4) (192).

α-naphthalene isothiocyanate-induced cholestasis is known as the standard experimental model for PSC (193). Recent studies have found that the geniposidic acid in Oldenlandia diffusa Roxb can covalently bind to NLRP3 and inhibit the activation of NLRP3 inflammyome, thereby reducing α-naphthalene isothiocyanate induced cholestatic liver injury (194).




5.2 Apaf-1 inhibitors

Bongkrekic acid, which is a specific inhibitor of the mitochondrial endomembrane adenine nucleotide translocator (ANT), can strongly protect cells against bile acid-induced MPT and GSDME-dependent pyroptosis in a PBC mouse model and HepG2 cells (131). The underlying mechanism is that Bongkrekic acid can inhibit ANT-mediated MPT formation and APAF-1 assembly in BDL mice, thereby inhibiting APAF-1/caspase-11/GSDME-mediated pyroptosis (Figure 3). Such findings support the theory that ANT-mediated MPT may be responsible for bile acid-induced pyroptosis. ANT is a critical facilitator of the bile acid-induced MPT and the following APAF-1 assembly, which promotes rapid ATP release from mitochondria to the cytoplasm (188).

Schisandra phenol B is a bioactive substance isolated from Schisandra chinensis, which has protective effect against liver injury. Recent studies have found that schisandra phenol B could alleviate lithocholic acid-induced cholestatic liver injury through pregnane X receptor (PXR) (189). PXR can reportedly directly bind to FOXO1 and regulate its target to inhibit its activity (190), while FOXO1 can regulate the transcription of APAF-1, thereby inhibiting APAF-1/GSDME-mediated pyroptosis, considering the promoter of APAF-1 contains FOXO1 and FOXO3 binding sites. In addition, PXR can interact with NF-kB to inhibit NLRP3 inflammasome activation (191), thereby inhibiting NLRP3 inflammasome-mediated pyroptosis.





6 Discussion

Based on the latest experimental data, similarities and differences are observed in the proinflammatory mechanism and pyroptosis pathway among AIH, PBC and PSC. The proinflammatory pathway shared by the three diseases is the activation of NLRP3 inflammasome, which cleaves caspase-1 and promotes IL-1β secretion, thereby expanding the inflammatory response. In addition, PBC and PSC are mainly associated with gut microbiota microecology through aberrant immune system activation in the gut-liver axis. The gut–liver axis is a two-way communication pathway, and bile acids play an important role as mediators in the pathway (148). Through interhepatic circulation, bile acids can alter the quantity of the gut microbiota and impair intestinal barrier function through portal veins and bile ducts, leading to increased intestinal permeability (147, 195). As a result, MAMPs originating from the gut, such as lipopolysaccharides or microbial RNA, can enter the portal circulation and reach the liver, activating NLRP3 inflammasome and aggravating liver inflammation and fibrosis. Moreover, MAMPs and bile acids from the intestine in PBC can promote Kupffer cells to exhibit the M1 phenotype, secrete IL-6, TNF, and IL-1β, and aggravate liver injury and liver fibrosis. A comparison of the pyroptosis pathways of the three diseases showed that the typical pyroptosis pattern mediated by the NLRP3 inflammasome is predominant in AIH hepatocytes. However, two pyroptosis pathways are observed in PBC, and they are induced by bile acids, NLRP3/caspase-1/GSDMD, and APAF-1/caspase-11/GSDME (131). Interestingly, caspase-11 can be activated by bile acids, but it cannot cleave GSDMD to GSDMD-N, while caspase-11 can activate caspase-3 to cleave GSDME to induce pyroptosis. The mRNA level of caspase-11 increased in a PSC mouse model (152). Caspase-11 is a key molecule in pyroptosis; therefore, targeting caspase-11 may provide opportunities for new therapeutic interventions. However, no experimental study has verified typical and atypical pyroptosis in PSC.

IgG4-SC and PSC show both commonalities and differences in host–microbe interactions, which may be pertinent to the etiology of the illnesses and underscore the uniqueness of IgG4-SC (165). Intestinal secondary bile acids decreased in both IgG4-SC and PSC mice. Potential links are observed between microbial or metabolic features in PSC and cholestatic parameters, while disease-related genera and metabolites in IgG4-SC tend to be associated with transaminases of hepatocyte injury. However, further research is required to determine the function of inflammasomes in hepatocyte pyroptosis in IgG4-SC.

In addition, further experimental research on the inflammasome and pyroptosis in relation to intestinal microbiota and the gut–liver axis is required. As a potential key molecule in the gut–liver axis, NLRP6 is not only highly expressed in intestinal epithelial cells (45) but also specifically expressed in liver parenchymal cells (195). In alcoholic liver disease, the gut microbiota and its components, including LPS and dsDNA (196), activate the TLR4/MyD88–ROS pathway in the portal circulation, thereby triggering NLRP6 inflammasome-mediated pyroptosis (196). Intestinal microecology is known to be strongly correlated with the occurrence of AILDs (197). However, there have been no relevant experimental studies to verify the mechanism of the NLRP6 inflammasome in AILDs.

One prominent regulator of the innate immune response is the inflammasome (35). As a double-edged sword, NLRP3 may protect PSC during acute cholestatic liver injury by blocking other cell death pathways and aggravate liver injury and fibrosis during chronic cholestatic liver injury by inducing pyroptosis and promoting the release of inflammatory factors (158). In a PBC mouse model, moderate concentration of cholic acid (50 mM) activated caspase-9 to induce apoptosis, while high concentrations of bile acid (200 mM) activated caspase-11 induced pyroptosis (131). Overall, the available data suggest that inflammasome activation in AILDs primarily plays a proinflammatory and hepatoinjury-promoting role. However, the crosstalk between various types of cell death remains very complex and controversial (35).

At present, the drug treatments of AILDs mainly include immunoregulatory therapy, such as glucocorticoids and immunosuppressants. Immunosuppressive glucocorticoids, such as prednisone, are often used to reduce inflammation, but side effects can be severe. Steroids can weaken bones and cause vision problems, such as glaucoma (198). Azathioprine and 6-mercaptopurine reduce white blood cell counts and reduce resistance to infection. PBC and PSC are treated with ursodeoxycholic acid, the drug of choice for cholestatic liver disease (199, 200). However, based on the response criteria, this treatment fails in approximately 25% to 50% of patients (201). Therefore, a large proportion of patients still do not have adequate treatment, and understanding the mechanisms of the proinflammatory pathway in AILDs and potential new therapeutic approaches is critical. Experimental studies on AILDs have repeatedly demonstrated that the inflammasome is essential for the development of liver fibrosis and damage as a result of chronic inflammation (202). According to the latest available dta, dimethyl fumarate, cucurbitacin E, paeoniflorin, MCC950, IDN-7314, and geniposidic acid could inhibit the activation of NLRP3 inflammasome and the secretion of IL-1β, while bongkrekic acid and schisandra phenol B could inhibit the activation of APAF-1 and GSDME-dependent pyroptosis, thereby alleviating liver inflammatory damage in AILDs mouse models. However, few studies have focused on inflammasome-targeted therapy for AILDs. It is necessary to find and validate novel biological markers for inflammasome- and pyroptosis-associated signaling pathways and medicines for autoimmune liver illnesses through clinical trials and preclinical experimental investigations.





Author contributions

JW andZS have contributed equally to this article. JW and ZS conceived and designed this article. JX, WJ and YC contributed to the revision of the chart. JW wrote the manuscript. GL and ZA jointly reviewed and revised the article. All authors have read and approved the submitted version of the manuscript.




Acknowledgments

The authors acknowledge all authors of the original studies included in this systematic review. Moreover, we thank Editage for English language editing.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Trivedi, P, and Hirschfield, G. Recent advances in clinical practice: epidemiology of autoimmune liver diseases. Gut (2021) 70(10):1989–2003. doi: 10.1136/gutjnl-2020-322362

2. Dalekos, G, Samakidou, A, Lyberopoulou, A, Banakou, E, and Gatselis, N. Recent advances in the diagnosis and management of autoimmune hepatitis. Polish Arch Internal Med (2022) 132(9):16334. doi: 10.20452/pamw.16334

3. Pape, S, Snijders, R, Gevers, T, Chazouilleres, O, Dalekos, G, Hirschfield, G, et al. Systematic review of response criteria and endpoints in autoimmune hepatitis by the international autoimmune hepatitis group. J Hepatol (2022) 76(4):841–9. doi: 10.1016/j.jhep.2021.12.041

4. Lindor, K, Bowlus, C, Boyer, J, Levy, C, and Mayo, M. Primary biliary cholangitis: 2021 practice guidance update from the American association for the study of liver diseases. Hepatol (Baltimore Md) (2022) 75(4):1012–3. doi: 10.1002/hep.32117

5. Lee, B, Wang, Y, Yang, A, Han, H, Yuan, L, Donovan, J, et al. IgG : IgM ratios of liver plasma cells reveal similar phenotypes of primary biliary cholangitis with and without features of autoimmune hepatitis. Clin Gastroenterol Hepatol (2021) 19(2):397–9. doi: 10.1016/j.cgh.2019.11.024

6. Chapman, M, Thorburn, D, Hirschfield, G, Webster, G, Rushbrook, S, Alexander, G, et al. British Society of gastroenterology and UK-PSC guidelines for the diagnosis and management of primary sclerosing cholangitis. Gut (2019) 68(8):1356–78. doi: 10.1136/gutjnl-2018-317993

7. Nakazawa, T, Kamisawa, T, Okazaki, K, Kawa, S, Tazuma, S, Nishino, T, et al. Clinical diagnostic criteria for IgG4-related sclerosing cholangitis 2020: (Revision of the clinical diagnostic criteria for IgG4-related sclerosing cholangitis 2012). J hepato-biliary-pancreatic Sci (2021) 28(3):235–42. doi: 10.1002/jhbp.913

8. Macek Jilkova, Z, Hilleret, M, Gerster, T, Sturm, N, Mercey-Ressejac, M, Zarski, J, et al. Increased intrahepatic expression of immune checkpoint molecules in autoimmune liver disease. Cells (2021) 10(10):2671. doi: 10.3390/cells10102671

9. Coukos, A, Vionnet, J, Obeid, M, Bouchaab, H, Peters, S, Latifyan, S, et al. Systematic comparison with autoimmune liver disease identifies specific histological features of immune checkpoint inhibitor-related adverse events. J Immunother Cancer (2022) 10(10):e005635. doi: 10.1136/jitc-2022-005635

10. Kim, M, Bang, E, Hwangbo, H, Ji, S, Kim, D, Lee, H, et al. Diallyl trisulfide inhibits monosodium urate-induced NLRP3 inflammasome activation via NOX3/4-dependent mitochondrial oxidative stress in RAW 264.7 and bone marrow-derived macrophages. Phytomed: Int J Phytother Phytopharmacol (2023) 112:154705. doi: 10.1016/j.phymed.2023.154705

11. Kemper, C, and Sack, M. Linking nutrient sensing, mitochondrial function, and PRR immune cell signaling in liver disease. Trends Immunol (2022) 43(11):886–900. doi: 10.1016/j.it.2022.09.002

12. Nozaki, K, Li, L, and Miao, E. Innate sensors trigger regulated cell death to combat intracellular infection. Annu Rev Immunol (2022) 40:469–98. doi: 10.1146/annurev-immunol-101320-011235

13. Ross, C, Chan, A, von Pein, J, Maddugoda, M, Boucher, D, and Schroder, K. Inflammatory caspases: Toward a unified model for caspase activation by inflammasomes. Annu Rev Immunol (2022) 40:249–69. doi: 10.1146/annurev-immunol-101220-030653

14. Kong, Q, and Zhang, Z. Cancer-associated pyroptosis: A new license to kill tumor. Front Immunol (2023) 14:1082165. doi: 10.3389/fimmu.2023.1082165

15. Xia, S. Biological mechanisms and therapeutic relevance of the gasdermin family. Mol Aspects Med (2020) 76:100890. doi: 10.1016/j.mam.2020.100890

16. Dubyak, G, Miller, B, and Pearlman, E. Pyroptosis in neutrophils: Multimodal integration of inflammasome and regulated cell death signaling pathways. Immunol Rev (2023). doi: 10.1111/imr.13186

17. Hou, J, Hsu, J, and Hung, M. Molecular mechanisms and functions of pyroptosis in inflammation and antitumor immunity. Mol Cell (2021) 81(22):4579–90. doi: 10.1016/j.molcel.2021.09.003

18. Paerewijck, O, and Lamkanfi, M. The human inflammasomes. Mol Aspects Med (2022) 88:101100. doi: 10.1016/j.mam.2022.101100

19. Guan, Y, Gu, Y, Li, H, Liang, B, Han, C, Zhang, Y, et al. NLRP3 inflammasome activation mechanism and its role in autoimmune liver disease. Acta Biochim Biophys Sin (2022) 54(11):1577–86. doi: 10.3724/abbs.2022137

20. Evavold, C, and Kagan, J. How inflammasomes inform adaptive immunity. J Mol Biol (2018) 430(2):217–37. doi: 10.1016/j.jmb.2017.09.019

21. Gan, C, Cai, Q, Tang, C, and Gao, J. Inflammasomes and pyroptosis of liver cells in liver fibrosis. Front Immunol (2022) 13:896473. doi: 10.3389/fimmu.2022.896473

22. Ranson, N, Kunde, D, and Eri, R. Regulation and sensing of inflammasomes and their impact on intestinal health. Int J Mol Sci (2017) 18(11):2379. doi: 10.3390/ijms18112379

23. Li, Q, Cao, Y, Dang, C, Han, B, Han, R, Ma, H, et al. Inhibition of double-strand DNA-sensing cGAS ameliorates brain injury after ischemic stroke. EMBO Mol Med (2020) 12(4):e11002. doi: 10.15252/emmm.201911002

24. Corcoran, S, Halai, R, and Cooper, M. Pharmacological inhibition of the nod-like receptor family pyrin domain containing 3 inflammasome with MCC950. Pharmacol Rev (2021) 73(3):968–1000. doi: 10.1124/pharmrev.120.000171

25. Bibo-Verdugo, B, and Salvesen, G. Caspase mechanisms in the regulation of inflammation. Mol Aspects Med (2022) 88:101085. doi: 10.1016/j.mam.2022.101085

26. Keestra-Gounder, A, and Nagao, P. Inflammasome activation by gram-positive bacteria: Mechanisms of activation and regulation. Front Immunol (2023) 14:1075834. doi: 10.3389/fimmu.2023.1075834

27. Liu, Z, Wang, C, and Lin, C. Pyroptosis as a double-edged sword: The pathogenic and therapeutic roles in inflammatory diseases and cancers. Life Sci (2023) 318:121498. doi: 10.1016/j.lfs.2023.121498

28. Fenini, G, Karakaya, T, Hennig, P, Di Filippo, M, Slaufova, M, and Beer, H. NLRP1 inflammasome activation in keratinocytes: Increasing evidence of important roles in inflammatory skin diseases and immunity. J Invest Dermatol (2022) 142(9):2313–22. doi: 10.1016/j.jid.2022.04.004

29. Taabazuing, C, Griswold, A, and Bachovchin, D. The NLRP1 and CARD8 inflammasomes. Immunol Rev (2020) 297(1):13–25. doi: 10.1111/imr.12884

30. Bauer, R, and Rauch, I. The NAIP/NLRC4 inflammasome in infection and pathology. Mol Aspects Med (2020) 76:100863. doi: 10.1016/j.mam.2020.100863

31. Robinson, K, Toh, G, Rozario, P, Chua, R, Bauernfried, S, Sun, Z, et al. ZAKα-driven ribotoxic stress response activates the human NLRP1 inflammasome. Sci (New York NY) (2022) 377(6603):328–35. doi: 10.1126/science.abl6324

32. Cai, S, Ge, M, Mennone, A, Hoque, R, Ouyang, X, and Boyer, J. Inflammasome is activated in the liver of cholestatic patients and aggravates hepatic injury in bile duct-ligated mouse. Cell Mol Gastroenterol Hepatol (2020) 9(4):679–88. doi: 10.1016/j.jcmgh.2019.12.008

33. Hollingsworth, L, Sharif, H, Griswold, A, Fontana, P, Mintseris, J, Dagbay, K, et al. DPP9 sequesters the c terminus of NLRP1 to repress inflammasome activation. Nature (2021) 592(7856):778–83. doi: 10.1038/s41586-021-03350-4

34. Hayward, J, Mathur, A, Ngo, C, and Man, S. Cytosolic recognition of microbes and pathogens: Inflammasomes in action. Microbiol Mol Biol Rev: MMBR (2018) 82(4):e00015–18. doi: 10.1128/MMBR.00015-18

35. Swanson, K, Deng, M, and Ting, J. The NLRP3 inflammasome: molecular activation and regulation to therapeutics. Nat Rev Immunol (2019) 19(8):477–89. doi: 10.1038/s41577-019-0165-0

36. Liu, Z, Wang, C, Yang, J, Chen, Y, Zhou, B, Abbott, D, et al. Caspase-1 engages full-length gasdermin d through two distinct interfaces that mediate caspase recruitment and substrate cleavage. Immunity (2020) 53(1):106–14.e5. doi: 10.1016/j.immuni.2020.06.007

37. Zheng, D, Kern, L, and Elinav, E. The NLRP6 inflammasome. Immunology (2021) 162(3):281–9. doi: 10.1111/imm.13293

38. Xu, Q, Sun, W, Zhang, J, Mei, Y, Bao, J, Hou, S, et al. Inflammasome-targeting natural compounds in inflammatory bowel disease: Mechanisms and therapeutic potential. Front Immunol (2022) 13:963291. doi: 10.3389/fimmu.2022.963291

39. Xu, D, Wu, X, Peng, L, Chen, T, Huang, Q, Wang, Y, et al. Streptococcus pneumoniaeThe critical role of NLRP6 inflammasome in infection in vitro and In vivo. Int J Mol Sci (2021) 22(8):3876. doi: 10.3390/ijms22083876

40. Angosto-Bazarra, D, Molina-López, C, and Pelegrín, P. Physiological and pathophysiological functions of NLRP6: pro- and anti-inflammatory roles. Commun Biol (2022) 5(1):524. doi: 10.1038/s42003-022-03491-w

41. Li, R, and Zhu, S. NLRP6 inflammasome. Mol Aspects Med (2020) 76:100859. doi: 10.1016/j.mam.2020.100859

42. Schneider, K, Mohs, A, Gui, W, Galvez, E, Candels, L, Hoenicke, L, et al. Imbalanced gut microbiota fuels hepatocellular carcinoma development by shaping the hepatic inflammatory microenvironment. Nat Commun (2022) 13(1):3964. doi: 10.1038/s41467-022-31312-5

43. Cheng, C, Hu, J, Li, Y, Ji, Y, Lian, Z, Au, R, et al. Qing-Chang-Hua-Shi granule ameliorates DSS-induced colitis by activating NLRP6 signaling and regulating Th17/Treg balance. Phytomed: Int J Phytother Phytopharmacol (2022) 107:154452. doi: 10.1016/j.phymed.2022.154452

44. Ghimire, L, Paudel, S, Jin, L, and Jeyaseelan, S. The NLRP6 inflammasome in health and disease. Mucosal Immunol (2020) 13(3):388–98. doi: 10.1038/s41385-020-0256-z

45. Gao, X, Wang, W, and Zhang, X. A novel pyroptosis risk model composed of NLRP6 effectively predicts the prognosis of hepatocellular carcinoma patients. Cancer Med (2022) 12(1):808–23. doi: 10.1002/cam4.4898

46. Xue, Y, Enosi Tuipulotu, D, Tan, W, Kay, C, and Man, S. Emerging activators and regulators of inflammasomes and pyroptosis. Trends Immunol (2019) 40(11):1035–52. doi: 10.1016/j.it.2019.09.005

47. Hausmann, A, Böck, D, Geiser, P, Berthold, D, Fattinger, S, Furter, M, et al. Intestinal epithelial NAIP/NLRC4 restricts systemic dissemination of the adapted pathogen salmonella typhimurium due to site-specific bacterial PAMP expression. Mucosal Immunol (2020) 13(3):530–44. doi: 10.1038/s41385-019-0247-0

48. Chen, X, Zhang, Z, Sun, N, Li, J, Ma, Z, Rao, Z, et al. Vitamin d receptor enhances NLRC4 inflammasome activation by promoting NAIPs-NLRC4 association. EMBO Rep (2022) 23(9):e54611. doi: 10.15252/embr.202254611

49. Chen, Y, and Ma, K. NLRC4 inflammasome activation regulated by TNF-α promotes inflammatory responses in nonalcoholic fatty liver disease. Biochem Biophys Res Commun (2019) 511(3):524–30. doi: 10.1016/j.bbrc.2019.02.099

50. Martínez-Cardona, C, Lozano-Ruiz, B, Bachiller, V, Peiró, G, Algaba-Chueca, F, Gómez-Hurtado, I, et al. AIM2 deficiency reduces the development of hepatocellular carcinoma in mice. Int J Cancer (2018) 143(11):2997–3007. doi: 10.1002/ijc.31827

51. Sun, Q, Loughran, P, Shapiro, R, Shrivastava, I, Antoine, D, Li, T, et al. Redox-dependent regulation of hepatocyte absent in melanoma 2 inflammasome activation in sterile liver injury in mice. Hepatol (Baltimore Md) (2017) 65(1):253–68. doi: 10.1002/hep.28893

52. Rossi, C, Salvati, A, Distaso, M, Campani, D, Raggi, F, Biancalana, E, et al. The P2X7R-NLRP3 and AIM2 inflammasome platforms mark the Complexity/Severity of viral or metabolic liver damage. Int J Mol Sci (2022) 23(13):7447. doi: 10.3390/ijms23137447

53. Tweedell, R, and Kanneganti, T. Advances in inflammasome research: Recent breakthroughs and future hurdles. Trends Mol Med (2020) 26(11):969–71. doi: 10.1016/j.molmed.2020.07.010

54. Alimov, I, Menon, S, Cochran, N, Maher, R, Wang, Q, Alford, J, et al. Bile acid analogues are activators of pyrin inflammasome. J Biol Chem (2019) 294(10):3359–66. doi: 10.1074/jbc.RA118.005103

55. Shojaie, L, Iorga, A, and Dara, L. Cell death in liver diseases: A review. Int J Mol Sci (2020) 21(24):9682. doi: 10.3390/ijms21249682

56. Zhang, Y, Chen, X, Gueydan, C, and Han, J. Plasma membrane changes during programmed cell deaths. Cell Res (2018) 28(1):9–21. doi: 10.1038/cr.2017.133

57. LaRock, D, Johnson, A, Wilde, S, Sands, J, Monteiro, M, and LaRock, C. Group a streptococcus induces GSDMA-dependent pyroptosis in keratinocytes. Nature (2022) 605(7910):527–31. doi: 10.1038/s41586-022-04717-x

58. Symmank, J, Jacobs, C, and Schulze-Späte, U. Suicide signaling by GSDMA: a single-molecule mechanism for recognition and defense against SpeB-expressing GAS. Signal Transduct Targeted Ther (2022) 7(1):153. doi: 10.1038/s41392-022-01011-0

59. Deng, W, Bai, Y, Deng, F, Pan, Y, Mei, S, Zheng, Z, et al. Streptococcal pyrogenic exotoxin b cleaves GSDMA and triggers pyroptosis. Nature (2022) 602(7897):496–502. doi: 10.1038/s41586-021-04384-4

60. Deng, W, Bai, Y, Deng, F, Pan, Y, Mei, S, Zheng, Z, et al. Author correction: Streptococcal pyrogenic exotoxin b cleaves GSDMA and triggers pyroptosis. Nature (2022) 608(7923):E28. doi: 10.1038/s41586-022-05109-x

61. Zhou, Z, He, H, Wang, K, Shi, X, Wang, Y, Su, Y, et al. Granzyme a from cytotoxic lymphocytes cleaves GSDMB to trigger pyroptosis in target cells. Sci (New York NY) (2020) 368(6494):eaaz7548. doi: 10.1126/science.aaz7548

62. Li, L, Li, Y, and Bai, Y. Role of GSDMB in pyroptosis and cancer. Cancer Manage Res (2020) 12:3033–43. doi: 10.2147/CMAR.S246948

63. Hou, J, Zhao, R, Xia, W, Chang, C, You, Y, Hsu, J, et al. PD-L1-mediated gasdermin c expression switches apoptosis to pyroptosis in cancer cells and facilitates tumour necrosis. Nat Cell Biol (2020) 22(10):1264–75. doi: 10.1038/s41556-020-0575-z

64. Xing, M, and Li, J. Diagnostic and prognostic values of pyroptosis-related genes for the hepatocellular carcinoma. BMC Bioinf (2022) 23(1):177. doi: 10.1186/s12859-022-04726-7

65. Su, K, Peng, Y, and Yu, H. Development of a prognostic model based on pyroptosis-related genes in pancreatic adenocarcinoma. Dis Markers (2022) 2022:9141117. doi: 10.1155/2022/9141117

66. Miguchi, M, Hinoi, T, Shimomura, M, Adachi, T, Saito, Y, Niitsu, H, et al. Gasdermin c is upregulated by inactivation of transforming growth factor β receptor type II in the presence of mutated apc, promoting colorectal cancer proliferation. PloS One (2016) 11(11):e0166422. doi: 10.1371/journal.pone.0166422

67. Burdette, B, Esparza, A, Zhu, H, and Wang, S. Gasdermin d in pyroptosis. Acta Pharm Sin B (2021) 11(9):2768–82. doi: 10.1016/j.apsb.2021.02.006

68. Valenti, M, Molina, M, and Cid, V. Saccharomyces cerevisiaeHeterologous expression and auto-activation of human pro-inflammatory caspase-1 in and comparison to caspase-8. Front Immunol (2021) 12:668602. doi: 10.3389/fimmu.2021.668602

69. Chauhan, D, Demon, D, Vande Walle, L, Paerewijck, O, Zecchin, A, Bosseler, L, et al. GSDMD drives canonical inflammasome-induced neutrophil pyroptosis and is dispensable for NETosis. EMBO Rep (2022):e54277. doi: 10.15252/embr.202154277

70. Feng, S, Fox, D, and Man, S. Mechanisms of gasdermin family members in inflammasome signaling and cell death. J Mol Biol (2018) 430:3068–80. doi: 10.1016/j.jmb.2018.07.002

71. Zheng, Y, Yuan, D, Zhang, F, and Tang, R. A systematic pan-cancer analysis of the gasdermin (GSDM) family of genes and their correlation with prognosis, the tumor microenvironment, and drug sensitivity. Front Genet (2022) 13:926796. doi: 10.3389/fgene.2022.926796

72. Domínguez-Ruiz, M, Rodríguez-Ballesteros, M, Gandía, M, Gómez-Rosas, E, Villamar, M, Scimemi, P, et al. PJVKNovel pathogenic variants in, the gene encoding pejvakin, in subjects with autosomal recessive non-syndromic hearing impairment and auditory neuropathy spectrum disorder. Genes (2022) 13(1):149. doi: 10.3390/genes13010149

73. Qiu, S, Hu, Y, and Dong, S. Pan-cancer analysis reveals the expression, genetic alteration and prognosis of pyroptosis key gene GSDMD. Int Immunopharmacol (2021) 101:108270. doi: 10.1016/j.intimp.2021.108270

74. Feng, M, Wei, S, Zhang, S, and Yang, Y. Anti-inflammation and anti-pyroptosis activities of mangiferin via suppressing NF-κB/NLRP3/GSDMD signaling cascades. Int J Mol Sci (2022) 23(17):10124. doi: 10.3390/ijms231710124

75. Vande Walle, L, and Lamkanfi, M. Snapshot of a deadly embrace: The caspase-1-GSDMD interface. Immunity (2020) 53(1):6–8. doi: 10.1016/j.immuni.2020.06.019

76. Downs, K, Nguyen, H, Dorfleutner, A, and Stehlik, C. An overview of the non-canonical inflammasome. Mol Aspects Med (2020) 76:100924. doi: 10.1016/j.mam.2020.100924

77. Wu, X, Lv, J, Zhang, S, Yi, X, Xu, Z, Zhi, Y, et al. ML365 inhibits TWIK2 channel to block ATP-induced NLRP3 inflammasome. Acta Pharmacol Sin (2022) 43(4):992–1000. doi: 10.1038/s41401-021-00739-9

78. Mitra, S, and Sarkar, A. Microparticulate P2X7 and GSDM-d mediated regulation of functional IL-1β release. Purinergic Signalling (2019) 15(1):119–23. doi: 10.1007/s11302-018-9640-5

79. Czaja, A. Epigenetic aspects and prospects in autoimmune hepatitis. Front Immunol (2022) 13:921765. doi: 10.3389/fimmu.2022.921765

80. Wu, Y, Zhang, R, Song, X, Han, X, Zhang, J, and Li, X. C6orf120 gene knockout in rats mitigates concanavalin a−induced autoimmune hepatitis via regulating NKT cells. Cell Immunol (2022) 371:104467. doi: 10.1016/j.cellimm.2021.104467

81. Smyk, D, Mavropoulos, A, Mieli-Vergani, G, Vergani, D, Lenzi, M, and Bogdanos, D. The role of invariant NKT in autoimmune liver disease: Can vitamin d act as an immunomodulator? Can J Gastroenterol Hepatol (2018) 2018:8197937. doi: 10.1155/2018/8197937

82. Fu, Y, Lin, Q, Zhang, Z, and Zhang, L. Therapeutic strategies for the costimulatory molecule OX40 in T-cell-mediated immunity. Acta Pharm Sin B (2020) 10(3):414–33. doi: 10.1016/j.apsb.2019.08.010

83. Sirbe, C, Simu, G, Szabo, I, Grama, A, and Pop, T. Pathogenesis of autoimmune hepatitis-cellular and molecular mechanisms. Int J Mol Sci (2021) 22(24):13578. doi: 10.3390/ijms222413578

84. Beringer, A, and Miossec, P. IL-17 and IL-17-producing cells and liver diseases, with focus on autoimmune liver diseases. Autoimmun Rev (2018) 17(12):1176–85. doi: 10.1016/j.autrev.2018.06.008

85. Christen, U, and Hintermann, E. Animal models for autoimmune hepatitis: Are current models good enough? Front Immunol (2022) 13:898615. doi: 10.3389/fimmu.2022.898615

86. Wang, K, Wu, W, Jiang, X, Xia, J, Lv, L, Li, S, et al. Multi-omics analysis reveals the protection of gasdermin d in concanavalin a-induced autoimmune hepatitis. Microbiol Spectr (2022) 10(5):e0171722. doi: 10.1128/spectrum.01717-22

87. Wang, H, Liu, S, Wang, Y, Chang, B, and Wang, B. Nod-like receptor protein 3 inflammasome activation by escherichia coli RNA induces transforming growth factor beta 1 secretion in hepatic stellate cells. Bosnian J Basic Med Sci (2016) 16(2):126–31. doi: 10.17305/bjbms.2016.699

88. Xie, H, Peng, J, Zhang, X, Deng, L, Ding, Y, Zuo, X, et al. Effects of mitochondrial reactive oxygen species-induced NLRP3 inflammasome activation on trichloroethylene-mediated kidney immune injury. Ecotoxicol Environ Safety (2022) 244:114067. doi: 10.1016/j.ecoenv.2022.114067

89. Magupalli, V, Fontana, P, and Wu, H. Ragulator-rag and ROS TORment gasdermin d pore formation. Trends Immunol (2021) 42(11):948–50. doi: 10.1016/j.it.2021.09.014

90. Luan, J, Zhang, X, Wang, S, Li, Y, Fan, J, Chen, W, et al. NOD-like receptor protein 3 inflammasome-dependent IL-1β accelerated ConA-induced hepatitis. Front Immunol (2018) 9:758. doi: 10.3389/fimmu.2018.00758

91. Lu, F, Chen, D, Chen, L, Hu, E, Wu, J, Li, H, et al. Attenuation of experimental autoimmune hepatitis in mice with bone mesenchymal stem cell-derived exosomes carrying MicroRNA-223-3p. Mol Cells (2019) 42(12):906–18. doi: 10.14348/molcells.2019.2283

92. Huang, C, Xing, X, Xiang, X, Fan, X, Men, R, Ye, T, et al. MicroRNAs in autoimmune liver diseases: from diagnosis to potential therapeutic targets. Biomed Pharmacother = Biomed Pharmacother (2020) 130:110558. doi: 10.1016/j.biopha.2020.110558

93. Yu, Y, Dong, H, Zhang, Y, Sun, J, Li, B, Chen, Y, et al. MicroRNA-223 downregulation promotes HBx-induced podocyte pyroptosis by targeting the NLRP3 inflammasome. Arch Virol (2022) 167(9):1841–54. doi: 10.1007/s00705-022-05499-3

94. Sun, Z, Gao, Z, Wu, J, Zheng, X, Jing, S, and Wang, W. MSC-derived extracellular vesicles activate mitophagy to alleviate renal Ischemia/Reperfusion injury via the miR-223-3p/NLRP3 axis. Stem Cells Int (2022) 2022:6852661. doi: 10.1155/2022/6852661

95. Chen, L, Lu, F, Chen, D, Wu, J, Hu, E, Xu, L, et al. BMSCs-derived miR-223-containing exosomes contribute to liver protection in experimental autoimmune hepatitis. Mol Immunol (2018) 93:38–46. doi: 10.1016/j.molimm.2017.11.008

96. Wang, J, Shi, K, An, N, Li, S, Bai, M, Wu, X, et al. Direct inhibition of GSDMD by PEITC reduces hepatocyte pyroptosis and alleviates acute liver injury in mice. Front Immunol (2022) 13:825428. doi: 10.3389/fimmu.2022.825428

97. Gong, J, Ren, H, Chen, H, Xing, K, Xiao, C, and Luo, J. Magnesium isoglycyrrhizinate attenuates anti-tuberculosis drug-induced liver injury by enhancing intestinal barrier function and inhibiting the LPS/TLRs/NF-κB signaling pathway in mice. Pharm (Basel Switzerland) (2022) 15(9):1130. doi: 10.3390/ph15091130

98. Kim, S, Baek, S, Jung, J, Lee, E, Na, Y, Hwang, B, et al. Chemical inhibition of TRAF6-TAK1 axis as therapeutic strategy of endotoxin-induced liver disease. Biomed Pharmacother = Biomed Pharmacother (2022) 155:113688. doi: 10.1016/j.biopha.2022.113688

99. Li, Z, Ji, S, Jiang, M, Xu, Y, and Zhang, C. The regulation and modification of GSDMD signaling in diseases. Front Immunol (2022) 13:893912. doi: 10.3389/fimmu.2022.893912

100. Gulamhusein, A, and Hirschfield, G. Primary biliary cholangitis: pathogenesis and therapeutic opportunities. Nat Rev Gastroenterol Hepatol (2020) 17(2):93–110. doi: 10.1038/s41575-019-0226-7

101. Leung, K, Deeb, M, and Hirschfield, G. Review article: pathophysiology and management of primary biliary cholangitis. Alimentary Pharmacol Ther (2020) 52(7):1150–64. doi: 10.1111/apt.16023

102. Hirschfield, G, and Gershwin, M. The immunobiology and pathophysiology of primary biliary cirrhosis. Annu Rev Pathol (2013) 8:303–30. doi: 10.1146/annurev-pathol-020712-164014

103. Zhang, J, Zhang, W, Leung, P, Bowlus, C, Dhaliwal, S, Coppel, R, et al. Ongoing activation of autoantigen-specific b cells in primary biliary cirrhosis. Hepatol (Baltimore Md) (2014) 60(5):1708–16. doi: 10.1002/hep.27313

104. Shimoda, S, Hisamoto, S, Harada, K, Iwasaka, S, Chong, Y, Nakamura, M, et al. Natural killer cells regulate T cell immune responses in primary biliary cirrhosis. Hepatol (Baltimore Md) (2015) 62(6):1817–27. doi: 10.1002/hep.28122

105. Terziroli Beretta-Piccoli, B, Mieli-Vergani, G, Vergani, D, Vierling, J, Adams, D, Alpini, G, et al. The challenges of primary biliary cholangitis: What is new and what needs to be done. J Autoimmunity (2019) 105:102328. doi: 10.1016/j.jaut.2019.102328

106. Pan, X, Wang, H, Zheng, Z, Huang, X, Yang, L, Liu, J, et al. Pectic polysaccharide from smilax china l. ameliorated ulcerative colitis by inhibiting the galectin-3/NLRP3 inflammasome pathway. Carbohydr Polymers (2022) 277:118864. doi: 10.1016/j.carbpol.2021.118864

107. Arsenijevic, A, Stojanovic, B, Milovanovic, J, Arsenijevic, D, Arsenijevic, N, and Milovanovic, M. Galectin-3 in inflammasome activation and primary biliary cholangitis development. Int J Mol Sci (2020) 21(14):5097. doi: 10.3390/ijms21145097

108. Siwicki, M, Engblom, C, and Pittet, M. Gal3 links inflammation and insulin resistance. Cell Metab (2016) 24(5):655–6. doi: 10.1016/j.cmet.2016.10.014

109. Fernández-Martín, J, Espinosa-Oliva, A, García-Domínguez, I, Rosado-Sánchez, I, Pacheco, Y, Moyano, R, et al. Gal3 plays a deleterious role in a mouse model of endotoxemia. Int J Mol Sci (2022) 23(3):1170. doi: 10.3390/ijms23031170

110. Wu, G, Lin, Y, Tsai, H, Lee, Y, Chen, J, and Chen, R. Sepsis-induced liver dysfunction was ameliorated by propofol via suppressing hepatic lipid peroxidation, inflammation, and drug interactions. Life Sci (2018) 213:279–86. doi: 10.1016/j.lfs.2018.10.038

111. Tian, J, Yang, G, Chen, H, Hsu, D, Tomilov, A, Olson, K, et al. Galectin-3 regulates inflammasome activation in cholestatic liver injury. FASEB J (2016) 30(12):4202–13. doi: 10.1096/fj.201600392RR

112. Wu, H, Tang, S, Zhou, M, Xue, J, Yu, Z, and Zhu, J. Tim-3 suppresses autoimmune hepatitis via the p38/MKP-1 pathway in Th17 cells. FEBS Open Bio (2021) 11(5):1406–16. doi: 10.1002/2211-5463.13148

113. Kunzmann, L, Schoknecht, T, Poch, T, Henze, L, Stein, S, Kriz, M, et al. Monocytes as potential mediators of pathogen-induced T-helper 17 differentiation in patients with primary sclerosing cholangitis (PSC). Hepatol (Baltimore Md) (2020) 72(4):1310–26. doi: 10.1002/hep.31140

114. Sonoda, S, Murata, S, Yamaza, H, Yuniartha, R, Fujiyoshi, J, Yoshimaru, K, et al. Targeting hepatic oxidative stress rescues bone loss in liver fibrosis. Mol Metab (2022) 66:101599. doi: 10.1016/j.molmet.2022.101599

115. Tedesco, D, Thapa, M, Chin, C, Ge, Y, Gong, M, Li, J, et al. Alterations in intestinal microbiota lead to production of interleukin 17 by intrahepatic γδ T-cell receptor-positive cells and pathogenesis of cholestatic liver disease. Gastroenterology (2018) 154(8):2178–93. doi: 10.1053/j.gastro.2018.02.019

116. Macek Jilkova, Z, Afzal, S, Marche, H, Decaens, T, Sturm, N, Jouvin-Marche, E, et al. Progression of fibrosis in patients with chronic viral hepatitis is associated with IL-17(+) neutrophils. Liver Int (2016) 36(8):1116–24. doi: 10.1111/liv.13060

117. Li, T, Bai, J, Du, Y, Tan, P, Zheng, T, Chen, Y, et al. Thiamine pretreatment improves endotoxemia-related liver injury and cholestatic complications by regulating galactose metabolism and inhibiting macrophage activation. Int Immunopharmacol (2022) 108:108892. doi: 10.1016/j.intimp.2022.108892

118. Arsenijevic, A, Milovanovic, M, Milovanovic, J, Stojanovic, B, Zdravkovic, N, Leung, P, et al. Deletion of galectin-3 enhances xenobiotic induced murine primary biliary cholangitis by facilitating apoptosis of BECs and release of autoantigens. Sci Rep (2016) 6:23348. doi: 10.1038/srep23348

119. Arsenijevic, A, Milovanovic, J, Stojanovic, B, Djordjevic, D, Stanojevic, I, Jankovic, N, et al. Novosphyngobium aromaticivoransGal-3 deficiency suppresses inflammasome activation and IL-17 driven autoimmune cholangitis in mice. Front Immunol (2019) 10:1309. doi: 10.3389/fimmu.2019.01309

120. Lo, T, Chen, H, Yao, C, Weng, I, Li, C, Huang, C, et al. Galectin-3 promotes noncanonical inflammasome activation through intracellular binding to lipopolysaccharide glycans. Proc Natl Acad Sci United States America (2021) 118(30):e2026246118. doi: 10.1073/pnas.2026246118

121. Mooser, C, and Ganal-Vonarburg, S. Microbiota as a cornerstone in the development of primary sclerosing cholangitis: paving the path for translational diagnostic and therapeutic approaches. Gut (2019) 68(8):1353–5. doi: 10.1136/gutjnl-2019-318487

122. Zigmond, E, Zecher, B, Bartels, A, Ziv-Baran, T, Rösch, T, Schachschal, G, et al. Bile duct colonization with enterococcus sp. associates with disease progression in primary sclerosing cholangitis. Clin Gastroenterol Hepatol (2022) S1542-3565(22)00879-5. doi: 10.1016/j.cgh.2022.09.006

123. Yang, X, Lu, D, Zhuo, J, Lin, Z, Yang, M, and Xu, X. The gut-liver axis in immune remodeling: New insight into liver diseases. Int J Biol Sci (2020) 16(13):2357–66. doi: 10.7150/ijbs.46405

124. Blesl, A, and Stadlbauer, V. The gut-liver axis in cholestatic liver diseases. Nutrients (2021) 13(3):1018. doi: 10.3390/nu13031018

125. Wang, Y, and Liu, Y. Gut-liver-axis: Barrier function of liver sinusoidal endothelial cell. J Gastroenterol Hepatol (2021) 36(10):2706–14. doi: 10.1111/jgh.15512

126. Guo, Z, Chen, J, Zeng, Y, Wang, Z, Yao, M, Tomlinson, S, et al. Complement inhibition alleviates cholestatic liver injury through mediating macrophage infiltration and function in mice. Front Immunol (2021) 12:785287. doi: 10.3389/fimmu.2021.785287

127. Terziroli Beretta-Piccoli, B, Mieli-Vergani, G, and Vergani, DHLA. Gut microbiome and hepatic autoimmunity. Front Immunol (2022) 13:980768. doi: 10.3389/fimmu.2022.980768

128. Ohtani, N, and Hara, E. Gut-liver axis-mediated mechanism of liver cancer: A special focus on the role of gut microbiota. Cancer Sci (2021) 112(11):4433–43. doi: 10.1111/cas.15142

129. Wang, Y, Zhang, Y, Liu, Y, Xu, J, and Liu, Y. Gut-liver axis: Liver sinusoidal endothelial cells function as the hepatic barrier in colitis-induced liver injury. Front Cell Dev Biol (2021) 9:702890. doi: 10.3389/fcell.2021.702890

130. Liwinski, T, Heinemann, M, and Schramm, C. The intestinal and biliary microbiome in autoimmune liver disease-current evidence and concepts. Semin Immunopathol (2022) 44(4):485–507. doi: 10.1007/s00281-022-00936-6

131. Xu, W, Che, Y, Zhang, Q, Huang, H, Ding, C, Wang, Y, et al. Apaf-1 pyroptosome senses mitochondrial permeability transition. Cell Metab (2021) 33(2):424–36.e10. doi: 10.1016/j.cmet.2020.11.018

132. Sousa, T, Castro, R, Pinto, S, Coutinho, A, Lucas, S, Moreira, R, et al. Deoxycholic acid modulates cell death signaling through changes in mitochondrial membrane properties. J Lipid Res (2015) 56(11):2158–71. doi: 10.1194/jlr.M062653

133. Li, Z, Guo, D, Yin, X, Ding, S, Shen, M, Zhang, R, et al. Zinc oxide nanoparticles induce human multiple myeloma cell death via reactive oxygen species and cyt-C/Apaf-1/Caspase-9/Caspase-3 signaling pathway in vitro. Biomed Pharmacother = Biomed Pharmacother (2020) 122:109712. doi: 10.1016/j.biopha.2019.109712

134. Ohta, E, Itoh, M, Ueda, M, Hida, Y, Wang, M, Hayakawa-Ogura, M, et al. Cullin-4B E3 ubiquitin ligase mediates apaf-1 ubiquitination to regulate caspase-9 activity. PloS One (2019) 14(7):e0219782. doi: 10.1371/journal.pone.0219782

135. Barberio, B, Massimi, D, Cazzagon, N, Zingone, F, Ford, A, and Savarino, E. Prevalence of primary sclerosing cholangitis in patients with inflammatory bowel disease: A systematic review and meta-analysis. Gastroenterology (2021) 161(6):1865–77. doi: 10.1053/j.gastro.2021.08.032

136. Liaskou, E, Klemsdal Henriksen, E, Holm, K, Kaveh, F, Hamm, D, Fear, J, et al. High-throughput T-cell receptor sequencing across chronic liver diseases reveals distinct disease-associated repertoires. Hepatol (Baltimore Md) (2016) 63(5):1608–19. doi: 10.1002/hep.28116

137. Liaskou, E, Jeffery, L, Trivedi, P, Reynolds, G, Suresh, S, Bruns, T, et al. Loss of CD28 expression by liver-infiltrating T cells contributes to pathogenesis of primary sclerosing cholangitis. Gastroenterology (2014) 147(1):221–32.e7. doi: 10.1053/j.gastro.2014.04.003

138. Taylor, A, Carey, A, Kudira, R, Lages, C, Shi, T, Lam, S, et al. Interleukin 2 promotes hepatic regulatory T cell responses and protects from biliary fibrosis in murine sclerosing cholangitis. Hepatol (Baltimore Md) (2018) 68(5):1905–21. doi: 10.1002/hep.30061

139. Gwela, A, Siddhanathi, P, Chapman, R, Travis, S, Powrie, F, Arancibia-Cárcamo, C, et al. Th1 and innate lymphoid cells accumulate in primary sclerosing cholangitis-associated inflammatory bowel disease. J Crohn’s Colitis (2017) 11(9):1124–34. doi: 10.1093/ecco-jcc/jjx050

140. Ravichandran, G, Neumann, K, Berkhout, L, Weidemann, S, Langeneckert, A, Schwinge, D, et al. Interferon-γ-dependent immune responses contribute to the pathogenesis of sclerosing cholangitis in mice. J Hepatol (2019) 71(4):773–82. doi: 10.1016/j.jhep.2019.05.023

141. Trivedi, P, Bowlus, C, Yimam, K, Razavi, H, and Estes, C. Epidemiology, natural history, and outcomes of primary sclerosing cholangitis: A systematic review of population-based studies. Clin Gastroenterol Hepatol (2022) 20(8):1687–700.e4. doi: 10.1016/j.cgh.2021.08.039

142. Goel, R, and Eapen, C. Recognizing dysfunctional innate and adaptive immune responses contributing to liver damage in patients with cirrhosis. J Clin Exp Hepatol (2022) 12(3):993–1002. doi: 10.1016/j.jceh.2021.10.001

143. Zhang, Y, Gao, X, He, Z, Jia, H, Chen, M, Wang, X, et al. Prevalence of inflammatory bowel disease in patients with primary sclerosing cholangitis: A systematic review and meta-analysis. Liver Int (2022) 42(8):1814–22. doi: 10.1111/liv.15339

144. Fukui, H. Leaky gut and gut-liver axis in liver cirrhosis: Clinical studies update. Gut Liver (2021) 15(5):666–76. doi: 10.5009/gnl20032

145. Tornai, T, Palyu, E, Vitalis, Z, Tornai, I, Tornai, D, Antal-Szalmas, P, et al. Gut barrier failure biomarkers are associated with poor disease outcome in patients with primary sclerosing cholangitis. World J Gastroenterol (2017) 23(29):5412–21. doi: 10.3748/wjg.v23.i29.5412

146. Kummen, M, Thingholm, L, Rühlemann, M, Holm, K, Hansen, S, Moitinho-Silva, L, et al. Altered gut microbial metabolism of essential nutrients in primary sclerosing cholangitis. Gastroenterology (2021) 160(5):1784–98.e0. doi: 10.1053/j.gastro.2020.12.058

147. Shah, A, Macdonald, G, Morrison, M, and Holtmann, G. Targeting the gut microbiome as a treatment for primary sclerosing cholangitis: A conceptional framework. Am J Gastroenterol (2020) 115(6):814–22. doi: 10.14309/ajg.0000000000000604

148. Lapidot, Y, Amir, A, Ben-Simon, S, Veitsman, E, Cohen-Ezra, O, Davidov, Y, et al. Alterations of the salivary and fecal microbiome in patients with primary sclerosing cholangitis. Hepatol Int (2021) 15(1):191–201. doi: 10.1007/s12072-020-10089-z

149. Awoniyi, M, Wang, J, Ngo, B, Meadows, V, Tam, J, Viswanathan, A, et al. Protective and aggressive bacterial subsets and metabolites modify hepatobiliary inflammation and fibrosis in a murine model of PSC. Gut (2022), gutjnl-2021-326500. doi: 10.1136/gutjnl-2021-326500

150. Wang, L, Cao, Z, Zhang, L, Li, J, and Lv, W. The role of gut microbiota in some liver diseases: From an immunological perspective. Front Immunol (2022) 13:923599. doi: 10.3389/fimmu.2022.923599

151. Ikenaga, N, Liu, S, Sverdlov, D, Yoshida, S, Nasser, I, Ke, Q, et al. A new Mdr2(-/-) mouse model of sclerosing cholangitis with rapid fibrosis progression, early-onset portal hypertension, and liver cancer. Am J Pathol (2015) 185(2):325–34. doi: 10.1016/j.ajpath.2014.10.013

152. Ceci, L, Francis, H, Zhou, T, Giang, T, Yang, Z, Meng, F, et al. Knockout of the tachykinin receptor 1 in the Mdr2 (Abcb4) mouse model of primary sclerosing cholangitis reduces biliary damage and liver fibrosis. Am J Pathol (2020) 190(11):2251–66. doi: 10.1016/j.ajpath.2020.07.007

153. Li, Y, Sheng, H, Qian, J, and Wang, Y. The Chinese medicine babaodan suppresses LPS-induced sepsis by inhibiting NLRP3-mediated inflammasome activation. J Ethnopharmacol (2022) 292:115205. doi: 10.1016/j.jep.2022.115205

154. Behary, J, Raposo, A, Amorim, N, Zheng, H, Gong, L, McGovern, E, et al. Defining the temporal evolution of gut dysbiosis and inflammatory responses leading to hepatocellular carcinoma in Mdr2 -/- mouse model. BMC Microbiol (2021) 21(1):113. doi: 10.1186/s12866-021-02171-9

155. Maroni, L, Agostinelli, L, Saccomanno, S, Pinto, C, Giordano, D, Rychlicki, C, et al. Nlrp3 activation induces il-18 synthesis and affects the epithelial barrier function in reactive cholangiocytes. Am J Pathol (2017) 187(2):366–76. doi: 10.1016/j.ajpath.2016.10.010

156. Wang, R, Sheps, J, Liu, L, Han, J, Chen, P, Lamontagne, J, et al. [object Object]Hydrophilic bile acids prevent liver damage caused by lack of biliary phospholipid in mice. J Lipid Res (2019) 60(1):85–97. doi: 10.1194/jlr.M088070

157. González, M, Vannan, D, Eksteen, B, and Reyes, J. NLRP3 receptor contributes to protection against experimental antigen-mediated cholangitis. Biosci Rep (2020) 40(8):BSR20200689. doi: 10.1042/BSR20200689

158. Frissen, M, Liao, L, Schneider, K, Djudjaj, S, Haybaeck, J, Wree, A, et al. Bidirectional role of NLRP3 during acute and chronic cholestatic liver injury. Hepatol (Baltimore Md) (2021) 73(5):1836–54. doi: 10.1002/hep.31494

159. Wang, X, Wang, G, Qu, J, Yuan, Z, Pan, R, and Li, K. Calcipotriol inhibits NLRP3 signal through YAP1 activation to alleviate cholestatic liver injury and fibrosis. Front Pharmacol (2020) 11:200. doi: 10.3389/fphar.2020.00200

160. Snyder, A, and Oberst, A. The antisocial network: Cross talk between cell death programs in host defense. Annu Rev Immunol (2021) 39:77–101. doi: 10.1146/annurev-immunol-112019-072301

161. Joshi, D, and Webster, G. Biliary and hepatic involvement in IgG4-related disease. Alimentary Pharmacol Ther (2014) 40:1251–61. doi: 10.1111/apt.12988

162. Park, J, Kim, D, Lee, J, Lee, K, Lee, K, Park, J, et al. Clinical utility of personalized serum IgG subclass ratios for the differentiation of IgG4-related sclerosing cholangitis (IgG4-SC) from primary sclerosing cholangitis (PSC) and cholangiocarcinoma (CCA). J Personalized Med (2022) 12(6):855. doi: 10.3390/jpm12060855

163. Naitoh, I, and Nakazawa, T. Classification and diagnostic criteria for IgG4-related sclerosing cholangitis. Gut Liver (2022) 16(1):28–36. doi: 10.5009/gnl210116

164. Lanzillotta, M, Della-Torre, E, Wallace, Z, Stone, J, Karadag, O, Fernández-Codina, A, et al. Efficacy and safety of rituximab for IgG4-related pancreato-biliary disease: A systematic review and meta-analysis. Pancreatology (2021) 21(7):1395–401. doi: 10.1016/j.pan.2021.06.009

165. Liu, Q, Li, B, Li, Y, Wei, Y, Huang, B, Liang, J, et al. Altered faecal microbiome and metabolome in IgG4-related sclerosing cholangitis and primary sclerosing cholangitis. Gut (2022) 71(5):899–909. doi: 10.1136/gutjnl-2020-323565

166. Tanaka, A, Mori, M, Kubota, K, Naitoh, I, Nakazawa, T, Takikawa, H, et al. Epidemiological features of immunoglobulin G4-related sclerosing cholangitis in Japan. J hepato-biliary-pancreatic Sci (2020) 27(9):598–603. doi: 10.1002/jhbp.793

167. Radford-Smith, D, Selvaraj, E, Peters, R, Orrell, M, Bolon, J, Anthony, D, et al. A novel serum metabolomic panel distinguishes IgG4-related sclerosing cholangitis from primary sclerosing cholangitis. Liver Int (2022) 42(6):1344–54. doi: 10.1111/liv.15192

168. Manganis, C, Chapman, R, and Culver, E. Review of primary sclerosing cholangitis with increased IgG4 levels. World J Gastroenterol (2020) 26(23):3126–44. doi: 10.3748/wjg.v26.i23.3126

169. Culver, E, and Chapman, R. IgG4-related hepatobiliary disease: an overview. Nat Rev Gastroenterol Hepatol (2016) 13(10):601–12. doi: 10.1038/nrgastro.2016.132

170. Lian, M, Wang, Q, Jiang, X, Zhang, J, Wei, Y, Li, Y, et al. The immunobiology of receptor activator for nuclear factor kappa b ligand and myeloid-derived suppressor cell activation in immunoglobulin G4-related sclerosing cholangitis. Hepatol (Baltimore Md) (2018) 68(5):1922–36. doi: 10.1002/hep.30095

171. Cargill, T, Makuch, M, Sadler, R, Lighaam, L, Peters, R, van Ham, M, et al. Activated T-follicular helper 2 cells are associated with disease activity in IgG4-related sclerosing cholangitis and pancreatitis. Clin Trans Gastroenterol (2019) 10(4):e00020. doi: 10.14309/ctg.0000000000000020

172. Zeng, Y, Cao, D, Yu, H, Zhuang, X, Yang, D, Hu, Y, et al. Comprehensive analysis of vitreous chemokines involved in ischemic retinal vein occlusion. Mol Vision (2019) 25:756–65.

173. Singh, U, Singh, N, Murphy, E, Price, R, Fayad, R, Nagarkatti, M, et al. Chemokine and cytokine levels in inflammatory bowel disease patients. Cytokine (2016) 77:44–9. doi: 10.1016/j.cyto.2015.10.008

174. de Carvalho Ribeiro, M, and Szabo, G. Role of the inflammasome in liver disease. Annu Rev Pathol (2022) 17:345–65. doi: 10.1146/annurev-pathmechdis-032521-102529

175. Coll, R, Schroder, K, and Pelegrín, P. NLRP3 and pyroptosis blockers for treating inflammatory diseases. Trends Pharmacol Sci (2022) 43(8):653–68. doi: 10.1016/j.tips.2022.04.003

176. Chauhan, D, Vande Walle, L, and Lamkanfi, M. Therapeutic modulation of inflammasome pathways. Immunol Rev (2020) 297(1):123–38. doi: 10.1111/imr.12908

177. Shi, F, Ni, S, Luo, S, Hu, B, Xu, R, Liu, S, et al. Dimethyl fumarate ameliorates autoimmune hepatitis in mice by blocking NLRP3 inflammasome activation. Int Immunopharmacol (2022) 108:108867. doi: 10.1016/j.intimp.2022.108867

178. Sangineto, M, Grabherr, F, Adolph, T, Grander, C, Reider, S, Jaschke, N, et al. Dimethyl fumarate ameliorates hepatic inflammation in alcohol related liver disease. Liver Int (2020) 40(7):1610–9. doi: 10.1111/liv.14483

179. Mohamed, G, Ibrahim, S, El-Agamy, D, Elsaed, W, Sirwi, A, Asfour, H, et al. Cucurbitacin e glucoside alleviates concanavalin a-induced hepatitis through enhancing SIRT1/Nrf2/HO-1 and inhibiting NF-ĸB/NLRP3 signaling pathways. J Ethnopharmacol (2022) 292:115223. doi: 10.1016/j.jep.2022.115223

180. Yin, J, Lei, J, Yu, J, Cui, W, Satz, A, Zhou, Y, et al. Assessment of AI-based protein structure prediction for the NLRP3 target. Mol (Basel Switzerland) (2022) 27(18):5797. doi: 10.3390/molecules27185797

181. Li, H, Guan, Y, Liang, B, Ding, P, Hou, X, Wei, W, et al. Therapeutic potential of MCC950, a specific inhibitor of NLRP3 inflammasome. Eur J Pharmacol (2022) 928:175091. doi: 10.1016/j.ejphar.2022.175091

182. De Muynck, K, Vanderborght, B, Van Vlierberghe, H, and Devisscher, L. The gut-liver axis in chronic liver disease: A macrophage perspective. Cells (2021) 10(11):2959. doi: 10.3390/cells10112959

183. Liu, L, Yan, X, Xue, K, Wang, X, Li, L, Chen, H, et al. Prim-o-glucosycimifugin attenuates liver injury in septic mice by inhibiting NLRP3 inflammasome/caspase-1 signaling cascades in macrophages. Phytomed: Int J Phytother Phytopharmacol (2022) 106:154427. doi: 10.1016/j.phymed.2022.154427

184. Wakiyama, H, Kato, T, Furusawa, A, Okada, R, Inagaki, F, Furumoto, H, et al. Treg-dominant tumor microenvironment is responsible for hyperprogressive disease after PD-1 blockade therapy. Cancer Immunol Res (2022) 10(11):1386–97. doi: 10.1158/2326-6066.CIR-22-0041

185. Chen, L, Wei, S, Liu, H, Li, J, Jing, M, Tong, Y, et al. Paeoniflorin protects against ANIT-induced cholestatic liver injury in rats via the activation of SIRT1-FXR signaling pathway. Evidence-Based Complement Altern Med: eCAM (2021) 2021:8479868. doi: 10.1155/2021/8479868

186. Zhang, Y, Zhang, S, Luo, X, Zhao, H, and Xiang, X. Paeoniflorin mitigates PBC-induced liver fibrosis by repressing NLRP3 formation. Acta Cirurgica Brasileira (2022) 36(11):e361106. doi: 10.1590/ACB361106

187. Li, L, Wang, H, Zhao, S, Zhao, Y, Chen, Y, Zhang, J, et al. Paeoniflorin ameliorates lipopolysaccharide-induced acute liver injury by inhibiting oxidative stress and inflammation via SIRT1/FOXO1a/SOD2 signaling in rats. Phytother Res: PTR (2022) 36(6):2558–71. doi: 10.1002/ptr.7471

188. Teodoro, J, Varela, A, Duarte, F, Gomes, A, Palmeira, C, and Rolo, A. Indirubin and NAD prevent mitochondrial ischaemia/reperfusion damage in fatty livers. Eur J Clin Invest (2018) 48(6):e12932. doi: 10.1111/eci.12932

189. Liang, H, Yang, X, Li, H, Wang, X, Su, H, Li, X, et al. Schisandrol b protects against cholestatic liver injury by inhibiting pyroptosis through pregnane X receptor. Biochem Pharmacol (2022) 204:115222. doi: 10.1016/j.bcp.2022.115222

190. Lodato, N, Melia, T, Rampersaud, A, and Waxman, D. Sex-differential responses of tumor promotion-associated genes and dysregulation of novel long noncoding RNAs in constitutive androstane receptor-activated mouse liver. Toxicol Sci (2017) 159(1):25–41. doi: 10.1093/toxsci/kfx114

191. Shao, Y, Guo, Y, Feng, X, Liu, J, Chang, Z, Deng, G, et al. Oridonin attenuates TNBS-induced post-inflammatory irritable bowel syndrome via PXR/NF-κB signaling. Inflammation (2021) 44(2):645–58. doi: 10.1007/s10753-020-01364-0

192. Liao, L, Schneider, K, Galvez, E, Frissen, M, Marschall, H, Su, H, et al. Intestinal dysbiosis augments liver disease progression via NLRP3 in a murine model of primary sclerosing cholangitis. Gut (2019) 68(8):1477–92. doi: 10.1136/gutjnl-2018-316670

193. Mao, L, Chen, J, Cheng, K, Dou, Z, Leavenworth, J, Yang, H, et al. Nrf2-dependent protective effect of paeoniflorin on α-naphthalene isothiocyanate-induced hepatic injury. Am J Chin Med (2022) 50(5):1331–48. doi: 10.1142/S0192415X22500562

194. Song, M, Chen, Z, Qiu, R, Zhi, T, Xie, W, Zhou, Y, et al. Inhibition of NLRP3-mediated crosstalk between hepatocytes and liver macrophages by geniposidic acid alleviates cholestatic liver inflammatory injury. Redox Biol (2022) 55:102404. doi: 10.1016/j.redox.2022.102404

195. Zhang, L, Zhang, X, Zhao, W, Xiao, X, Liu, S, Peng, Q, et al. NLRP6-dependent pyroptosis-related lncRNAs predict the prognosis of hepatocellular carcinoma. Front Med (2022) 9:760722. doi: 10.3389/fmed.2022.760722

196. Mainz, R, Albers, S, Haque, M, Sonntag, R, Treichel, N, Clavel, T, et al. NLRP6 inflammasome modulates disease progression in a chronic-Plus-Binge mouse model of alcoholic liver disease. Cells (2022) 11(2):182. doi: 10.3390/cells11020182

197. Zhang, S, Li, X, Zhang, X, Zhang, S, Tang, C, and Kuang, W. The pyroptosis-related gene signature predicts the prognosis of hepatocellular carcinoma. Front Mol Biosci (2021) 8:781427. doi: 10.3389/fmolb.2021.781427

198. De Martin, E, Coilly, A, Chazouillères, O, Roux, O, Peron, J, Houssel-Debry, P, et al. Early liver transplantation for corticosteroid non-responders with acute severe autoimmune hepatitis: The SURFASA score. J Hepatol (2021) 74(6):1325–34. doi: 10.1016/j.jhep.2020.12.033

199. Lamba, M, Ngu, J, and Stedman, C. Trends in incidence of autoimmune liver diseases and increasing incidence of autoimmune hepatitis. Clin Gastroenterol Hepatol (2021) 19(3):573–9.e1. doi: 10.1016/j.cgh.2020.05.061

200. Harms, M, de Veer, R, Lammers, W, Corpechot, C, Thorburn, D, Janssen, H, et al. Number needed to treat with ursodeoxycholic acid therapy to prevent liver transplantation or death in primary biliary cholangitis. Gut (2020) 69(8):1502–9. doi: 10.1136/gutjnl-2019-319057

201. de Veer, R, Harms, M, Corpechot, C, Thorburn, D, Invernizzi, P, Janssen, H, et al. Liver-transplant-free survival according to alkaline phosphatase and GLOBE score in patients with primary biliary cholangitis treated with ursodeoxycholic acid. Alimentary Pharmacol Ther (2022) 56(9):1408–18. doi: 10.1111/apt.17226

202. Yang, H, Wang, J, and Liu, Z. Multi-faceted role of pyroptosis mediated by inflammasome in liver fibrosis. J Cell Mol Med (2022) 26(10):2757–65. doi: 10.1111/jcmm.17277




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Wang, Sun, Xie, Ji, Cui, Ai and Liang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1150879-g003.jpg
BN [
dnTGF-BRII/ " Bile duct ligation X
Novosphingobium aromaticivorans % 9 Ly

-

- _{ Enterohepatic l MAMPs
circulation
Blle acid

NLRP3 nnﬂammasome

Mitochondria

©0o
) O ATP
Impaired
intestinal

barrier

APAF-1-caspase-11 e casphse-3
pyroptosome e —

Liver injury





OEBPS/Images/fimmu.2023.1150879_cover.jpg
’ frontiers l Frontiers in Immunology

Inflammasome and pyroptosis
in autoimmune liver diseases





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Inflammasome and pyroptosis in autoimmune liver diseases

      

        		

          1 Introduction

        



        		

          2 Composition and classification of inflammasomes

        

          		

            2.1 NLRP1 inflammasome

          



          		

            2.2 NLRP3 inflammasome

          



          		

            2.3 NLRP6 inflammasome

          



          		

            2.4 NLRC4 inflammasome

          



          		

            2.5 AIM2 inflammasome

          



          		

            2.6 Pyrin inflammasome

          



        



        



        		

          3 Inflammasome-mediated pyroptosis

        

          		

            3.1 GSDM protein family

          



          		

            3.2 Canonical and noncanonical signaling pathways of inflammasome activation to drive pyroptosis

          



        



        



        		

          4 Inflammasomes and pyroptosis in AILDs

        

          		

            4.1 Inflammasomes and pyroptosis in AIH

          

            		

              4.1.1 NLRP3 inflammasome-mediated pyroptosis in AIH can be counteracted by IL-1 receptor antagonists

            



            		

              4.1.2 Inhibitory effect of BMSC-derived exosomes on NLRP3

            



            		

              4.1.3 Protective effects of GSDMD in AIH

            



          



          



          		

            4.2 Inflammasomes and pyroptosis in PBC

          

            		

              4.2.1 Activation of the NLRP3 inflammasome by galectin-3 (Gal3) drives autoimmune cholestatic liver injury

            



            		

              4.2.2 Bile acids act on the hepatic immune system, biliary tract, and gut microbiota through the interhepatic circulation

            



            		

              4.2.3 Induction of pyroptosis by apoptosis protease activating factor 1 (APAF-1)/Caspase-11/GSDME

            



          



          



          		

            4.3 Inflammasomes and Pyroptosis in PSC

          

            		

              4.3.1 Gut–Liver Axis and Microbiota in PSC

            



            		

              4.3.2 Dysregulation of intestinal microbiota promotes liver disease progression through nlrp3 in multi-drug resistant gene 2 (Mdr2−/−) mice

            



            		

              4.3.3 Bidirectional role of NLRP3 in PSC

            



          



          



          		

            4.4 Inflammasomes and pyroptosis in IgG4-SC

          

            		

              4.4.1 Differences in host–microbe interactions between IgG4-SC and PSC

            



            		

              4.4.2 Regulatory immune responses in IgG4-SC

            



          



          



        



        



        		

          5 Inflammasome-targeting therapies for AILDs

        

          		

            5.1 NLRP3 inhibitors

          



          		

            5.2 Apaf-1 inhibitors

          



        



        



        		

          6 Discussion

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1150879-g002.jpg
Q)
[ P T
ConA —» X ’ S100/LPS/ATP > \‘ I BMSC-derived
L%y L4y exosomes

Mitochondria
M|r 223

.. BIND
[mrRos] —— 00 ,_ |
£ —l H NLRP3 mRNA
NLRP3 inflammasome

NLRP3 Ser/Thr

phosphorylation l
PKA
l X 1

Dlmethyl - -
fumarate \ l

GSDMf pore -

Liver injury






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1150879-g004.jpg
Impaired
intestinal
barrier

Gut-liver axis

Enterohepatic circulation

Liver injury





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1150879-g001.jpg
Canonical pathway Non-canonical pathway

Anthrax Pathogens;
lethal toxin; ATP; -
Toxoplasma Crystalline Substances; Flagellin; Rho-modifying

ondii Amyloid beta protein Type lll roteins
DAMPs g W B secretion system .

MAMPs - dsRNA dsDNA

ATP: o K+

A* . & i °
o . A Bacteria
NIRRT
“ 200000C
oo & > * ,4
1
2999900000000000% inensesssnsesssaneenteesnereesseneesssnaeesteeeneseseeesenessereeeessreeeesseeeeseeseeessereeersneeesessereesesseeeseeeseeeseeenesseeseseeseerseesseessensesesseessaneseesseesasehesessseeseessaesseesseesssesenes H“"“l‘"? 2999999sseeed  peeeseessny 29909900000000y 29000n0e990e
GE00000000880000 HE0EIE00000000008000080000000000080000808000000000000000808006000000066060000080000080000006680000080600000000080606000008600660000006080000008806060000000080000000860600000000680800000080600000000008004000088800008000064. llii"tblli¥'i TTRTTTRTLTLIE TITTTTRTILY TETTRTIRTERT RS jddessssssnss

v v v

P2X7  P2X7 Pannexin-1  TWIK2

ASC <4—

TLR4 v 30 |
— - ™ © O b < (@) 1
slol 800 By Efe =2 ¢ =] | s
17} 3l U = 4 o < s i
G o it T u = - !ii!‘TZ"‘T S B P
i3 2 2 g caatd g $ e e ~— LPS %0
! lm © [ @ (1] [ [ © | 0

@ @ @ & & @ @ &

8 8 8 8 8 8 3 8 ATP
9 ) e 9 o e ) e |
o o [2 B o o o o o I
1
i
I

i Pro-caspase-4/5/11

|
|
|
|
|
Inflammasome !
1

Active caspase-4/5/11

e CARD [J PYD & LRR fl B-Box & CoilCoil

ﬂ NACHT l FIND lHIN-200 | B30.2

222090000000 00000000 8000000000000 R0 R RN RRRRRRRR R RR R R RR RN R RSS 222s0eenenesnnsneneennenenerareneanrerensenesnenneeesnen:

neeeneneeeese L3iad
PHHITEIIII IR EHITHIRD P IR IR ERIHTHIST DRI EDIHE S 8dssssduasassssnsississsaiisissiasissssisssssssisasass

Ssssessisisanis

2anneeeneeseneesnnsess
dsssddisisissssiisnsisesss

1
GSDMD pore





OEBPS/Images/table1.jpg
Species

Reference

ATH

PBC

PSC

Dimethyl fumarate
Cucurbitacin E
MCC950

Paeoniflorin

Bongkrekic acid

Schisandra phenol B
IDN-7314

Geniposidic acid

NLRP3 inhibitor
NLRP3 inhibitor
NLRP3 inhibitor

NLRP3 inhibitor

APAF-1 inhibitor

APAF-1 inhibitor;
NLRP3 inhibitor

NLRP3 inhibitor

NLRP3 inhibitor

Mouse
Mouse
Mouse
Mouse
Mouse;
HepG2 cells
Mouse
Mouse

Mouse

(177, 178)
(179)
(158, 180-184)

(185-187)

(131, 188)

(189-191)
(152, 192)

(193, 194)






