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Abstract

:

NLRP3 (NOD-, LRR-, and pyrin domain-containing protein 3) is an intracellular complex that upon external stimuli or contact with specific ligands, recruits other components, forming the NLRP3 inflammasome. The NLRP3 inflammasome mainly mediates pyroptosis, a highly inflammatory mode of regulated cell death, as well as IL-18 and IL-1β production. Acute and chronic liver diseases are characterized by a massive influx of pro-inflammatory stimuli enriched in reactive oxygen species (ROS) and damage-associated molecular patterns (DAMPs) that promote the assemblage and activation of the NLRP3 inflammasome. As the major cause of inflammatory cytokine storm, the NLRP3 inflammasome exacerbates liver diseases, even though it might exert protective effects in regards to hepatitis C and B virus infection (HCV and HBV). Here, we summarize the current knowledge concerning NLRP3 inflammasome function in both acute and chronic liver disease and in the post liver transplant setting, focusing on the molecular mechanisms involved in NLRP3 activity.
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1. Introduction


Inflammasomes comprise a large family of intracellular receptors formed by multiple and complex proteins that are all involved in the activation of proinflammatory cytokines such as interleukin-1β (IL-1β), interleukin-18 (IL-18), and tumor growth factor-β (TGF-β) [1]. Inflammasomes are widely expressed in both immune and non-immune cells, thus acting as key factors in the onset of many autoimmune and non-autoimmune-based liver diseases [2,3].



Within the hepatic environment, inflammasomes are abundant in the cytoplasm of monocytes, B cells, and T cells, while the non-immune cells include hepatic stellate cells (HSCs) and their activated form, i.e., fibroblasts and myofibroblast, together with parenchymal cells [3,4]. As a consequence of cellular damage, the resulting pathogen-associated molecular patterns (PAMPs), damage-associated molecular patterns (DAMPs), and reactive oxygen species (ROS) are identified by inflammasome proteins recognized through pathogen recognition receptors (PPRs) [3]. These proteins, known as sensor proteins, include nucleotide-binding domain-like receptors (NLRs) such as NLRP1 and NLRP3, lacking the melanoma 2-like receptors (ALRs) that upon external stimuli or contact with specific ligands, recruit the adaptor protein ASC (apoptosis-associated speck-like protein), inherently containing a caspase-activation domain (CARD) [5,6]. The newly formed complex recruits the effector protein procaspase-1 by CARD-CARD interactions, leading to its cleavage and autoactivation to caspase-1, which in turn cleaves pro-IL-18 and pro-IL-1β into their mature forms [6]. The autoactivation of caspase might also be mediated by its direct binding to lipopolysaccharide (LPS) on Gram-negative bacteria, resulting in the cleavage of the pore-forming protein gasdermin-D (GSDMD) and cell death [3,5,7].



1.1. Inflammasome Activation: The Priming Step


In regard to NLRP3 inflammasome activation, a priming phase is required. During the priming phase, pro-inflammatory stimuli, i.e., DAMPs, trigger PPRs, such as Toll-like receptors (TLRs, in particular TLR4) and nucleotide-binding oligomerization domain-containing protein-2 (NOD2), leading to the activation of NF-kB and gene transcription. It has been discovered that this process is also activated by cytokines such as tumor necrosis factor α (TNF-α) and IL-1β [3,5,6]. The first function of the priming phase is to upregulate the components of the inflammasome, including NLRP3, pro-caspase-1, and caspase-1, together with pro-IL-1β, while the second function consists of the induction of post-translational modifications (PMTs) of NLRP3, such as ubiquitylation and phosphorylation, that stabilize the protein in an inactivated state, preparing it for activation upon stimulation [6,8,9].




1.2. Inflammasome Activation: The Activation Step


During the activation step, the activator (ASC) is recognized by NLPR3 and recruits pro-caspase-1 to complete the formation of the inflammasome complex that is now capable of producing mature IL-1β and IL-18 [9]. NLRP3 activation includes multiple upstream complexes, which will be briefly described in this review. These include the efflux of potassium (K+) and chloride ions (Cl−), the influx of calcium ions (Ca2+), and mitochondrial dysfunction.



Based on the K+ hypothesis, ATP recognizes its receptor (P2X7 purinergic receptor, P2X7R) on the surface of the cell membrane, thus opening the K+ channels and leading to an outflow of K+ ions. In the meantime, PAMPs enter the cell and activate the NLRP3 inflammasome [3]. Low extracellular levels of Cl− assists in ATP-induced IL-1β secretion, whereas blocking the Cl− channel, as well as high extracellular levels of this ion, cause NLRP3 inhibition, thus suggesting that Cl− efflux contributes to NLRP3 activation [9]. Phospholipase C (PLC) is responsible for the hydrolyzation of phosphatidylinositol-4,5 diphosphate to inositol trisphosphate (InsP3). The latter, upon binding to its receptor on the endoplasmic reticulum, allows for the efflux of Ca2+, leading to an increase in this ion in the intracellular space. Calcium-sensing receptors (CASRs) recognize Ca2+ and activate NLRP3 inflammasome [3]. Mitochondrial dysfunction is responsible for an increase in the mitochondrial ROS (mtROS) into the cytosol, which in turn leads to NLRP3 activation. Mitophagy, a process that deletes dysfunctional mitochondria, might be a useful target for decreasing the production of ROS and regulating inflammasome activation [9] (Figure 1). Thus, this review aims to discuss and analyze the role of the frequently studied inflammasome NLRP3 in acute and chronic liver diseases, as well as the manner in which NLRP3 might orchestrate complications after liver transplantation (LT).





2. The Role of the NLRP3 Inflammasome in Acute Liver Injury (ALI)


Different etiologies, such as viral hepatitis, drugs, ischemia-reperfusion damage, and autoimmune and alcohol-associated hepatitis, have been identified as causative factors of acute liver injury (ALI) [10]. ALI can rapidly progress to acute liver failure (ALF), and, at that point, LT is the only curative option [11]. Several studies on humans and mice reported that the NLRP3 inflammasome plays a key role in the pathogenesis of both alcohol- associated hepatitis and drug-induced liver injury (Table 1).



2.1. Drug-Induced Liver Injury (DILI)


Drug-induced liver injury (DILI) is one of the most common causes of ALI and ALF in Western countries, and acetaminophen (APAP) is the most frequent drug responsible for DILI [12,13]. At therapeutic doses, APAP is principally transformed into non-toxic molecules that are excreted with the urine, and only a small part is metabolized in N-acetyl-p-benzoquinone (NAPQI). NAPQI is a cytotoxic compound that is detoxified through the binding with glutathione (GSH) in the liver. However, the excessive assumption of APAP results in GSH depletion. The excessive accumulation of NAPQI causes mitochondrial dysfunction, the production of reactive oxygen species, and the release of apoptosis-inducing factor (AIF). The AIF translocates into the nucleus and causes hepatocyte necrosis which, in turn, determines the release of DAMPs, recognized by the TLR of the macrophages, resulting in NLRP3 inflammasome activation [13].



Recently, it was found that pyroptosis occurs in both hepatocytes and Kupffer cells via GSDMD activation in APAP-induced liver injury. To confirm this fact, Yuan et al. demonstrated that NLRP3 activation post-APAP administration exhibits the same kinetics as pyroptosis-related proteins, cleaved caspase-1, GSDMD, and cleaved IL-1β. In the same study, the pharmacological inhibition of the NLRP3/GSDMD pathway by MCC950 yields the same result observed in Nlrp3Δhep (hepatocyte specific Nlrp3 deficiency). Directly targeting the NLRP3 inflammasome might be a good therapeutic strategy for inhibiting hepatocyte pyroptosis and alleviating the inflammatory response [14].



On the other hand, targeting the upstream signals responsible for NLRP3 inflammasome activation might also be a valid strategy. In fact, recent discoveries have underlined the importance of phytotherapeutic components in reducing inflammation by targeting the NLRP3 inflammasome. In the context of APAP-induced hepatotoxicity, research has demonstrated that Kaempferol, a flavonoid molecule, can inhibit the activation of the NLRP3 inflammasome by protecting the liver from inflammation and consequent apoptosis [15] (Table 1). To test the theory that phytotherapeuticly derived molecules might be an important source of components to counteract APAP-induced hepatocellular damage, Elshal et al. studied the effects of diacerein, an anthraquinone, in mice. They found lower rates of oxidative stress, necrosis, and hepatic inflammation in diacerein-treated mice as a result of reduced NLRP3 activity driven by a downregulated NF-kB pathway [16]. Other recent studies focused on the role of Necrostatin-1 (Nec-1), an inhibitor of receptor-interacting serine-threonine kinase (RIPK1), which in turn, plays an important role in the activation of the NLRP3 inflammasome. Therefore, the inhibition of RIPK1 is associated with lower APAP-induced liver damage [17].



Wang et al. studied the effect of Peroxideroxin 3 (PRX3), a member of the thiol peroxidase family, in the regulation of NLRP3-mediated pyroptosis in APAP-mediated hepatotoxicity. As a scavenger of peroxidase in cells, PRX3 was found to protect against APAP-induced pyroptosis by targeting mitochondrial ROS and inhibiting the NLPR3 inflammasome activation [18,19] (Table 1). Nevertheless, other studies did not provide evidence supporting the involvement of the NLRP-3 inflammasome in exacerbating APAP-induced liver injury [20,21]. Consequently, additional research is required to ascertain its role and its potential therapeutic implications.




2.2. Alcohol-Associated Hepatitis


Alcohol-associated hepatitis is characterized by the onset of acute jaundice, coagulopathy, and liver test alteration in patients with excessive alcohol intake [22]. The factors responsible for alcohol-associated hepatitis are multiple and include environmental, genetic, and epigenetic factors [23]. The liver is the organ most affected by alcohol abuse, since it metabolizes alcohol in acetaldehyde, which in turn forms DNA adducts that trigger inflammatory responses such as lipid peroxidization, innate immune responses, and mitochondria damage [23]. The pathogenesis of alcohol associated hepatitis is indeed multifactorial and is the result of an interplay between ethanol metabolism, inflammation, and bacterial translocation. Excessive and chronic alcohol consumption leads to a disrupted hepatic lipid metabolism, as well as an impaired intestinal barrier integrity that allows for the translocation of endotoxins (lipopolysaccharide) to the liver [24]. The bond between the latter and liposaccharide-binding proteins results in the formation of a complex that induces Kupffer cell (KC) activation, perhaps via the NLRP3 inflammasome, and TNF production by the Th1 compartment. By binding to TNFR1, TNF is responsible for hepatocyte necrosis and apoptosis [25]. Considering their additional role as TNF inhibitors, steroids are the only therapeutical approach, even though some patients with severe alcoholic hepatitis (sAH) do not respond to corticosteroid therapy and rapidly progresses to ALF [26].



Excessive ethanol consumption leads to a plethora of metabolic dysfunctions. Ethanol itself increases xanthine oxidase activity, leading to the production of superoxide. Chronic alcohol intake induces the cytochrome P450 2E1 isoform, serving as a catalyst for the formation of ROS. Additionally, alcohol enhances aldehyde oxidase activity, contributing to the generation of oxyradicals. Lastly, structural alterations in the mitochondria, one of the earliest effects of ethanol consumption, are implicated in intracellular ROS production [21]. Moreover, excessive amounts of acetaldehyde activate the KCs to release ROS and other chemokines that recruit neutrophils in the liver, which are responsible for hepatocyte killing [27]. ROS also promote the activation of the NLRP3 inflammasome via the NF-kB pathway, leading to the production of pro-inflammatory cytokines, e.g., TNF, IL-1β, and IL-8, which are upregulated in patients with alcohol-related liver damage [28] (Table 1). Upon binding to its receptor on the KCs, IL-1β acts as a mediator of liver inflammation, since it sustains the activation of resident macrophages and contributes to hepatitis and fibrosis [29,30].



Multiple trials targeting IL-1β have been proposed. The DASH trial indicates that the combination of the interleukin-1β receptor antagonists anakinra, pentoxifylline, and zinc do not enhance survival compared to the use of corticosteroids in patients with sAH. In the AlcHepNet trial, which compared the current standard of care, prednisone, with anakinra plus zinc, an interim analysis prompted early termination because patients treated with prednisone showed superior 90-day overall survival and transplant-free survival rates, along with a lower incidence of acute kidney injury compared to those treated with anakinra plus zinc (ClinicalTrials.gov ID NCT04072822, Version 6: 6 January 2022, accessed on 8 January 2024).



By targeting the redox reactions upstream of NLRP3, Liu et al. showed that quercetin, a plant-derived polyphenol, can reduce the production of ROS as a consequence of promoting the expression of heme oxygenase-1 (HO-1), an antioxidant and metabolic regulator. Interestingly, they found that quercetin alleviates acute alcohol-related liver injury (ALI) in mice by increasing the expression of HO-1, which in turn inhibits the activation of the NLRP3 inflammasome [31]. Hence, quercetin could represent a promising compound for mitigating ethanol-induced damage, although further research is necessary to comprehensively elucidate its effects and ascertain the safety of this approach.



Metadoxine, another antioxidant drug, was found to block the general secretion of TNF and has been associated with accelerated alcohol elimination, along with recovery from alcohol injury, in a small randomized-controlled clinical trial [32,33] (Table 1). Furthermore, Metadoxine was reported to increase the steroid response in patients with alcohol-associated hepatitis, improving 30- and 90-day survival [34].



The FXR agonist obeticholic acid (OCA) was proposed as a potential therapy for patients with alcohol-associated hepatitis due to its anti-oxidative properties. However, after a warning from the FDA about safety issues regarding higher dosages of OCA in patients with severe acute hepatitis, the phase 2 clinical trial (NCT02039219) was halted. Metadoxine and OCA might be a valid pharmacological treatments for alcohol-associated hepatitis, since they are antioxidant drugs that may target NLRP3 inflammasome activation by reducing ROS levels. However, the involvement of these two drugs in the inhibition of the NLRP3 inflammasome should be further investigated.





 





Table 1. Main studies investigating the involvement of the NLRP3 inflammasome in acute liver diseases. Abbreviations: DILI: drug-induced liver injury; NF-kB: nuclear factor kappa B; PRX3: peroxideroxin 3; HO-1: heme oxygenase-1; OCA: obeticholic acid; ROS: reactive oxygen species; TLR4: Toll-like receptor 4; NEC-1: necrostatin-1; RIPK-1: receptor-interacting serine/threonine-protein kinase 1.
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	Type of ALF
	Effect
	Sex and Species
	Reference





	
	Kaempferol inhibits NLRP3 inflammasome activation.
	Male C57BL/6 mice
	Research paper

[15]



	DILI
	Diacerein reduces the activity of the NLRP3 inflammasome by downregulating NF-kB.
	Adult Balb/c mice
	Research paper

[16]



	
	PRX3 protects against APAP-induced pyroptosis by inhibiting NLRP3 inflammasome activation.
	Male C57BL/6 mice
	Research paper

[18]



	
	Acetaldehyde promotes ROS production, which activates the NLRP3 inflammasome via NF-kB.
	
	Review

[28]



	Alcohol-Associated Hepatitis
	Quercetin reduces ROS production and increases HO-1, which in turns inhibits the activation of the NLRP3 inflammasome.
	Male SPF-Wistar rats
	Research paper

[31]



	
	Metadoxine and OCA inhibit ROS production, perhaps leading to reduced NLRP3 activation.
	
	Review

[32]










3. NLRP3-Mediated Inflammation in Chronic Liver Diseases


Chronic liver diseases are a major public threat and are characterized by a progressive deterioration of liver function due to multiple etiologies such as viral infections, metabolic dysfunction-associated steatotic liver disease, and alcohol abuse [35,36] (Table 2).



3.1. Chronic Viral Hepatitis C (HCV)


Hepatitis C virus (HCV) is a hepatotropic enveloped virus that carries a single-stranded positive-sense RNA genome. This virus infects hepatocytes and is responsible for acute liver inflammation that can become chronic, leading to fibrosis, cirrhosis, and hepatocellular carcinoma (HCC). Inflammation is the first step after HCV invasion and is characterized by increased levels of NLRP3-related proteins such as IL-1β and IL-18 [1]. A study from Negash et al. found that HCV-induced inflammasome activation is triggered by the attachment of viral RNA to endosomal TLR7 in Kupffer cells, leading to IL-1β production via MyD88. Additionally, HCV invasion also leads to an increase in K+ efflux, thus activating the NLRP3 inflammasome and the production of IL-1 β, which is responsible for triggering other inflammatory signals [37] (Table 2).



In hepatocytes, HCV, as suggested by McRae et al., upregulates NLRP3 and caspase-1 to create the perfect environment for its replication [1] (Table 2). In addition, a recent study regarding programmed cell death has confirmed the involvement of NLRP3 inflammasome in HCV-induced pyroptosis, a pro-inflammatory process of cell death mediated by caspase-1 and GSDM-D. In this study, Wallace et al. demonstrated that pyroptosis occurs before apoptosis during HCV infection, with an involvement of NLRP3 and caspase-3, and that these processes lead to increased viral replication [38]. An augmented viral load leads to sustained inflammatory processes which are responsible for the onset of many chronic liver diseases, such as cirrhosis and ultimately, hepatocellular carcinoma (HCC) [39].



Among the main causes of HCC from HCV infection is the activation of the phosphatidylinositol (PI3K)/protein kinase B (Akt)/mammalian target rapamycin (mTOR) pathway, which can be triggered by multiple damage-associated factors such as pro-inflammatory cytokines, TLR ligands, and growth factors [40]. The HCV-mediated activation of the NLRP3 inflammasome in macrophages may play an important role in the onset of liver fibrosis, since it secretes IL-1β, which in turn regulates TGF-β1 release. Although both chemoattractant molecules are master regulators of fibrogenic processes, TGF-β1 also activates the PI3k/Akt/mTOR pathway, a crucial pathway upregulated in HCC [40,41]. Targeting NLRP3 inflammasome activation might be a valid approach to both reduce HCV-infected cell death and diminish the activation of fibrogenic processes that lead to cancer.




3.2. Chronic Viral Hepatitis B (HBV)


Hepatitis B virus (HBV) is an oncogenic, double-stranded, hepatotropic DNA virus which can lead to chronic hepatitis, and eventually, to the development of cirrhosis and HCC [42]. Findings from Xie et al. suggested that the protein HBx could activate the NLRP3 inflammasome in normal hepatocytes and enhance NLRP3 inflammasome-mediated inflammation and pyroptosis by upregulating the production of ROS in the mitochondria (mtROS). Thus, upon HBx-mediated infection, the activation of the NLRP3 inflammasome was confirmed by a very high secretion of NLRP3-associated proteins such as ASC, IL-1β, and IL-18 [43] (Table 2).



As a double edge swarded, the NLRP3 inflammasome might play a role in the eradication of HBV. The NLRP3 inflammasome, together with other NLRs such as NLRP12 and NLRP1, might trigger humoral immunity against HBV, since they trigger immune responses against the hepatitis B surface antigen (HBsAg) vaccine [1]. Another study that supports the positive effects of the NLRP3 inflammasome on HBV infection is provided by Yu et al., as they demonstrated that upon LPS stimulation, HBV infection blocks the induction of NLRP3, as well as IL-1β production, in Kupffer cells. The agent responsible for this inhibitory activity is the hepatitis B e-antigen (HBeAg) that suppresses IL-1β maturation by repressing the NF-kB pathway and ROS production [44].



As for HCV, persistent levels of HBV in infected cells lead to the exhaustion of the HBV-specific T cells, which is characterized by the presence of inhibitory receptors such as programmed-death protein 1 (PD1) and cytotoxic T-lymphocyte antigen 4 (CTLA4). A few studies in murine models showed that KCs mediate the exhaustion of cytotoxic T lymphocytes (CTLs) by PDL1-PD1 interaction. KCs might also support the retention of antiviral CD4+ T cells in the liver and their apoptosis by the secretion of CXCL9 [45]. To date, only the correlation between NLRP3 and CXCL9 suggests that NLRP3 has a role in mitigating CXCL9 secretion [46].



A study from Li and Juang demonstrated that PBMCs from patients with chronic HBV did not show an increased mRNA expression of NLRP3 or serum levels of IL1β when compared to those of healthy controls, suggesting that the inflammasome might not be involved in inducing chronic HBV [47]. However, the study investigated the role of the NLRP3 inflammasome in the peripheral blood, and not in liver samples. While investigating the crosstalk between innate and adaptative immunity in chronic HBV, the role of the NLRP3 inflammasome has been poorly elucidated and needs to be further unraveled.




3.3. MASLD and MASH


Metabolic dysfunction-associated steatotic liver disease (MASLD) is a comprehensive term encompassing all grades and stages of the disease, referring to a population in which ≥5% of hepatocytes exhibit macrovesicular steatosis. The disease spectrum might range from steatosis, a simple fat deposition in the hepatic parenchyma, to metabolic dysfunction-associated steatohepatitis (MASH), usually associated with insulin resistance and obesity [48]. This hepatic metabolic impairment is characterized by the presence of inflammation, with or without fibrosis. MASH can then progress to cirrhosis, a condition identified by bands of fibrous septa leading to the formation of cirrhotic nodules [29,49]. Increased levels of NLRP3 inflammasome components, such as caspase-1, were found in the sera of MASLD patients, and they correlated with the presence of liver damage [50]. Consistent results were also found in murine models of MASH, since hepatic mRNA levels of caspase-1 and sera levels of IL-1β were abundant, while the suppression of NLRP3 was responsible for a decreased hepatic expression of this protein, along with a lowering of hepatic and circulating IL-1β, IL-6, and CCL2 [51,52] (Table 2).



By blocking NLRP3, Mridha et al. found that the pharmacological drug MCC950 did not improve steatosis or cholesterol deposition, while it abrogated the pro-inflammatory effects typical of steatohepatitis [51]. Controversially, the loss of NLRP3 in a murine model of MASLD ameliorated hepatic steatosis and protected macrophage recruitment [4] (Table 2).



Wu et al. discovered that rhubarb-free anthraquinones (RFAs) might be a potential therapeutic agent for MASLD, since they directly inhibited the assembly of NLRP3 in vitro, but not NLRP3 protein expression, and improved histopathological inflammation in MASLD in mice fed a methionine and choline deficient diet [53].



Among the NLRP3 inflammasome activators and initiators of MASLD are extracellular adenosine triphosphate (ATP), mtROS, and mitophagy. Upon ATP binding to its receptor P2RX7, the intracellular influx of K+ is responsible for NLRP3 inflammasome activation [4]. Fantuzzi et al. discovered that gene deletion of P2X7R decreased hepatic fat accumulation in mice fed with high-fat diet (HFD), likely because of a blunted hepatic activation of the NLRP3 inflammasome [54]. Fatty acid overload in MASLD induces the derailment of redox reactions and mitochondria dysfunction that leads to an increase in mtROS, thus contributing to the progression of the disease [55]. Additionally, impaired mitophagy represents one of the factors responsible for the progression of MASLD to MASH [4]. In a murine model of MASH, the combination of a high fat, sucrose, and cholesterol diet (HFSCD) and low doses of carbon tetrachloride (CCl4) increased the production of ROS and the levels of mitogen-activated kinase protein (MAPK), which in turn triggered the powerful pro-inflammatory signal mediated by NF-kB and NLRP3 activation, leading to further inflammation and fibrosis [56].




3.4. Alcohol-Related Liver Diseases (ALDs)


Alcohol-related liver disease (ALD) is one of the main common causes of liver diseases worldwide [57]. The less severe form of ALD is simple alcohol-related steatosis that can progress to alcohol-related steatohepatitis (ASH) and cirrhosis [58]. Alcohol addiction serves as a foundational element in the development of ALD, and NLRP3 appears to play a role in this context as well. Indeed, a study conducted by Li et al. demonstrated that NLRP3-knockout mice exhibit reduced binge alcohol intake and diminished anxiety-like behaviors during alcohol withdrawal compared to those observed in the control mice [59]. Other in vivo studies explored the effects of the IL-1 receptor antagonists in caspase-1, ASC, or type I IL-1β receptor- (IL-1R1) deficient mice, underlining the importance of IL-1β, a product of the NLRP3 inflammasome, in the onset of the inflammation of ALDs [60]. Inflammation and chronic alcohol consumption are strongly connected, since ethanol and its metabolites are the main promoters of hepatocyte necrosis. Upon binding to the P2X7 receptor on the KCs, ATP released from necrotic hepatocytes is responsible for K+ efflux and Ca2+ influx, which in turn activate the NLRP3 inflammasome.



Along with this phenomenon, ATP enhances hepatic stellate cell activation, extracellular matrix deposition, and pro-fibrogenic processes through the P2X7R-mediated NFLRP3 pathway [57]. Zhang et al. exploited the P2X7R-NFLRP3 pathway as a target for treating alcohol-related liver steatosis, concluding that taxifolin (TAX), or dihydroquercetin, was able to lower the protein levels of cleaved caspase-1, NLRP3, and P2X7R, as well as IL-1β production, in alcohol-treated mice. Thus, they discovered that TAX was able to reduce lipid accumulation and steatosis via P2X7R and NLRP3 suppression in mice with ALD, paving the way for NFLRP3-P2X7R regulation as a potential therapeutic target for alcohol-related liver steatosis [61] (Table 2), although further research is needed.



The activation of the NLRP3 inflammasome in ALD is well documented, and recent findings have identified the involvement of some proteostasis chaperones, the heat shock protein (HSP) 90, and HSP70/HSPA1 in the alcohol-mediated effects on immune cells and liver injury [62]. The innate immune system, including macrophages and the pro-inflammatory molecules network, is impaired in ALD, contributing to the worsening of the disease. Persistent activation of an impaired immune system leads to cell death of the hepatocytes and non-resolving inflammation in patients with ALD [63]. The correlation between NLRP3 and HSP90 within the context of the innate immune response in ALD has been highlighted by Choudhury et al., who found, for the first time, that HSP90 downstreams IL-1β and IL-18 secretion via NLRP3. The blockage of HSP90 inhibits NLRP3, reduces caspase-1 and GSDMD cleavage in macrophages, and prevents IL-1β maturation [64] (Table 2). Therefore, this strategy holds promise as a valuable approach for combating alcohol-related liver disease, although further validation is necessary before drawing definitive conclusions.




3.5. Autoimmune Hepatitis (AIH)


Autoimmune Hepatitis (AIH) is an immune-mediated inflammatory liver condition of unclear origin that can manifest with no symptoms, chronic illness, or ALF [65]. Patients with AIH were found to have very high levels of IL-1β that correlated with the aggravation of hepatitis, probably due to the key role of IL-1β as a mediator of inflammation between the macrophages and lymphocytes. In the pathophysiology of AIH, upon antigen presentation, Th0 cells undergo differentiation into T helper type 1 (Th1). Th1 cells secrete IL-2 and interferon γ (IFN-γ) to stimulate CD8+ lymphocytes and activate macrophages in the liver [66,67] (Table 2). Once activated, macrophages secrete IL-1β that aids in the differentiation of Th0 lymphocytes into Th17 cells, whereas impaired Tregs are not able to mediate immunosuppression towards Th17 lymphocytes, further contributing to autoimmunity [25]. Based on these premises, there could be a direct involvement of NLRP3 in the pathogenesis of AIH.



The role of the NLRP3 inflammasome in the pathogenesis of liver damage in patients with AIH is confirmed by the fact that the absence of NLRP3 or caspase-1 ameliorates liver injury and is associated with reduced IL-1β production [66]. A study from Luan et al. showed that IL-1β, NLRP3, and caspase-1 are overexpressed in the liver of Concanavalin A (ConA)-induced AIH mice, while the absence of NLRP3 and caspase-1 reduces hepatocellular damage, thus protecting mice from hepatitis [66]. In the same Con-A murine model of AIH, anti-rhIL1R (an antibody against the IL1 receptor) protects mice from hepatitis by inhibiting the effects of IL-1β, such as immune cell infiltration and the activation of the NLRP3 inflammasome via the elimination of ROS production [66,68].



Another study by Shi et al. revealed a possible off-label effect of dimethyl fumarate (DMF) in the treatment of AIH. Although this drug is used for the treatment of other autoimmune diseases, such as psoriasis and forms of multiple sclerosis (MS), DMF exhibited an inhibitory effect on NLRP3-driven inflammation in a murine model of AIH [68]. Recent studies have discovered that DMF succinylates GSDMD, the executioner of pyroptosis, thus preventing its NLRP3-mediated cleavage and pyroptosis [68,69]. However, Shi et al. also discovered that DMF prevents GSDMD-mediated pyroptosis by inhibiting the upstream mechanisms of GSDM cleavage, including the assembly of ASC complex and the production of caspase-1 [68]. In conclusion, DMF and rhIL1R emerge as promising therapeutic agents for the treatment of NLRP3-driven diseases like AIH and for mitigating NLRP3-mediated inflammation. However, further investigations across different species and under various conditions are urgently needed.




3.6. Primary Sclerosing Cholangitis (PSC)


Primary sclerosing cholangitis (PSC) is a rare, idiopathic hepatobiliary chronic condition characterized by inflammation and fibrosis that leads to biliary strictures [29]. The etiology of this disease is not completely understood, but early theories considered LPS from the intestine the major activator of innate immune responses in cholangiocytes, since they are enriched in many isoforms of TLRs. Upon TLR4-LPS binding, biliary cells start producing IL-6, IL-8, and NF-kB, which are fundamental for the pathogenesis of PSC [70]. Genetic variations of the human leukocyte antigen (HLA) are strongly involved in adaptative immune responses, since they determine which gut-derived antigens can be presented to the T cell receptor (TCR) in the CD8+ and CD4+ T cells, supporting the notion of PSC as an autoimmune disease [71,72]. Activated T cells might migrate to the liver, where they contribute to PSC pathogenesis via the promotion of biliary inflammation, which in turn leads to apoptosis and necrosis of the cholangiocytes, along with fibrosis [73].



In human and mice treated with 3,5-Diethoxycarbonyl-1,4-dihydrocollidine for 4 weeks to induce PSC, Maroni et al. discovered that NLRP3 and ASC protein expression is higher in reactive cholangiocytes obtained from diseased subjects, while no detection of these proteins is observed in the healthy samples. In addition, they found that upon LPS + ATP stimulation, cholangiocytes upregulate NLRP3 and increase the production of the IL-6 and IL-18 cytokines, while no effects on NLRP3 activation are observed in terms of IL-1β secretion [74] (Table 2).



Controversially, a study from Gonzalez et al. stated that the NLRP3 inflammasome might be protective towards PSC, since it limits the inflammatory response. The study was conducted in OVAbil mice, representing a model of immune-mediated cholangitis, and OVAbil mice lacking the NLRP3 sensor, and they found that the absence of NLRP3 is accompanied by high levels of inflammation, targeting cholangiocytes. This inflammation was mostly driven by neutrophils, and did not affect IL-1β production [75]. Interestingly, the NLRP3-knockout (KO) murine model used by Maroni et al. shows a reduction in the bile duct mass in mice with PSC, along with a lowering of collagen deposition [74]. The explanation for why these two studies provide different results might reside in the different types of murine models that were used, and for this reason, further studies are necessary to deeply investigate the role of the NLRP3 inflammasome in PSC.



Currently, patients are typically administered UDCA at dosages ranging from 15 to 20 mg/kg/day. However, for individuals who do not exhibit a favorable response to ursodeoxycholic acid (UDCA), exploration of novel therapeutic options is underway. These options include nurhucolic acid (NCA), farnesoid X receptor (FXR) agonists, and peroxisome proliferator-activated receptors (PPARs). In cases where pruritus is present and bile duct strictures are identified, endoscopic treatment may be considered. This may involve dilation, with or without stenting, using a balloon. Pharmacological alternatives include bezafibrate or rifampicin [76]. Acknowledging the pivotal role of NLRP3 in the pathogenesis of PSC, and considering the limited success of individual drugs or therapies in improving transplant-free survival rates in PSC patients, investigations into the involvement of the NLRP3 inflammasome in PSC are still at an early stages of development [72].




3.7. Primary Biliary Cholangitis (PBC)


Both primary sclerosing cholangitis (PSC) and primary biliary cholangitis (PBC) are members of the same immune-mediated cholangiopathies family [29]. The difference between these two diseases is due to the anatomical area of interest, since PSC is characterized by injury of medium to large extra- and intra-hepatic bile ducts, while PBC mostly affects the small intrahepatic ducts [77]. In both diseases, one of the mechanisms related to innate immune response and inflammation is the NLRP3 inflammasome. In the case of PBC, the connection between galectin-3 (Gal-3) and NLRP3 leads to the development of the Th17 immune response, resulting in cholangiopathies and fibrosis.



To confirm the role of the Gal-3-NLRP3 axis in PBC, Arsenijevic et al. induced PBC in mice by Novosphingobium aromaticivorans infection, and they found that Gal-3+/+ mice had higher levels of NLRP3-expressing dendric cells and macrophages, higher protein expression of NLRP3 and ASC, and a prominent production of IL-1β when compared to Gal-3−/− mice [78]. Without any correlation with Gal-3, studies conducted in patients with PBC demonstrated that mRNA and protein levels of NLRP3, NLRP1 inflammasome, caspase-1, and IL-1β were abnormally upregulated when compared to those of healthy subjects [79,80] (Table 2).



To support the role of NLRP3 in the pathogenesis of PBC, Frissen et al. proved the beneficial effect of NLRP3 deficiency in a bile duct ligation (BDL) murine model. They found that NLRP3-deficient mice possess fewer and smaller bile infarcts, a lower infiltration of CD11b+ Ly6G+ cells, and lower mRNA levels of TNFα, IL-6, and IL-1β with respect to wild type (WT) mice undergoing BDL [80]. However, further studies are needed to elucidate the mechanism of Gal-3 in different stages of PBC diseases and its relationship with the NLRP3 inflammasome. Currently, additional in vivo and in vitro studies regarding NLRP3 blockage using the MCC950 pharmaceutical treatment are needed to determine whether the suppression of NLRP3-mediated signaling might stop the progression of PBC.



PBC patients are currently treated with UDCA at a dosage of 13–15 mg/kg/day. For patients who do not achieve a biochemical response to the initial therapy (ALP > 1.67 × ULN and/or total bilirubin < 2 mg/dL), obeticholic acid is then prescribed. However, it is important to note that the most common adverse effect of obeticholic acid is the worsening of pruritus. For the management of pruritus, we employ a stepwise approach, starting with cholestyramine as a first-line therapy, followed by rifampicin as a second-line therapy. If patients do not respond to these initial treatments, potential alternatives include oral opiate antagonists and selective serotonin reuptake inhibitors (SSRIs) [81].



Approximately 40% of patients with PBC do not exhibit biochemical or clinical responses to conventional therapies. Research has indicated that NLRP3 plays a pivotal role in this context, with Galectin-3 (Gal-3) recognized as an activator of NLRP-3. This suggests that Gal-3 could serve as a potential therapeutic target for PBC treatment, although the precise mechanism of Gal-3-mediated NLRP3 activation requires further elucidation. Currently, ongoing in vivo and in vitro studies on MCC950, a small molecule capable of inhibiting the NLRP3 inflammasome, have demonstrated efficacy in mitigating liver damage in PBC [82]. Such research holds promise for providing therapeutic avenues, particularly for patients who do not respond to UDCA.





 





Table 2. Main studies investigating the involvement of the NLRP3 inflammasome in chronic liver diseases. Abbreviations: HCV: hepatitis C/B virus; HBV: hepatitis B virus; MASLD: metabolic dysfunction-associated steatotic liver disease; MASH: metabolic dysfunction-associated steatohepatitis; ALD: alcohol-related liver disease; AIH: autoimmune hepatitis; PSC: primary sclerosing cholangitis; PBC: primary biliary cholangitis; HCC: hepatocellular carcinoma; IL-1β: interleukin 1β; ASC: apoptosis-associated speck-like protein containing a caspase-recruitment domain; RFAs: rhubarb free anthraquinones; PR2X7: purinoceptor 7; TAX: taxifolin; ConA: concanavalin A; DMF: dimethyl fumarate; Gal-3: galectin-3.
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	Type of CLD
	Effect
	Sex and Species
	References





	HCV
	Upregulation of NLRP3 leads increased efflux of K+ and IL-1β production in macrophages, but not in monocytes.
	Humans
	Research paper

[37]



	
	Increased production of caspase-1 results in lipid droplet creation for virus replication.
	
	Review

[1]



	HBV
	NLRP3 inflammasome activation is responsible for enhanced secretion of ASC, IL-18, and IL-1β in hepatocytes.
	Humans
	Research paper

[43]



	
	NLRP3 triggers humoral immunity against the virus, thus aiding in HBV eradication.
	
	Review article

[1]



	
	Lipid peroxidation, ATP, and impaired mitophagy are the main activators of the NLRP3 inflammasome, triggering the pro-inflammatory cascade.
	
	Review article

[4]



	MASLD and MASH
	MASH patients have increased sera levels of caspase-1, while mice exhibited high hepatic mRNA levels of caspase-1 and IL-1β sera levels.
	Male, C57BL/6 mice
	Research paper, Review article

[60,61]



	
	RFAs directly inhibit NLRP3 in vitro and improve MASLD in mice.
	Male, C57BL/6 mice
	Research paper

[53]



	
	Pr2X7 deletion decreases hepatic fat accumulation in mice, through the blunting of NLRP3 activation.
	Male, Pr2x7−/− mice and WT C57BL/6 mice
	Research paper

[54]



	ALD
	TAX is able to ameliorate alcohol-related liver steatosis via P2X7R and NLRP3 suppression in mice.
	Male, C57BL/6 mice
	Review article [61]



	
	HSP90 downstreams IL-1β and IL-18 secretion via NLRP3. Targeting HSP90 reduces caspase-1 and GSDMD cleavage in macrophages.
	Female, C57BL/6 mice
	Review article [64]



	AIH
	IL-1β, NLRP3, and caspase-1 are overexpressed in the livers of ConA-induced AIH mice. The inhibition of the IL-1 receptor decreases ROS production and NLRP3 inflammasome activation in mice.
	BALB/c mice,

Female, C57BL/6 mice
	Research paper,

Research paper

[75,77]



	
	DMF inhibits NLRP3-driven inflammation in mice with AIH.
	Female, C57BL/6 mice
	Research paper

[68]



	PSC
	Reactive cholangiocytes from mice with PSC present higher levels of NLRP3 and ASC.
	
	Review article

[74]



	
	A lack of NLRP3 leads to inflammation, targeting cholangiocytes in OVAbil mice.
	Male, C57BL/6 mice
	Research paper

[75]



	
	NLRP3 and ASC levels are abundant in Gal-3+/+ mice with PBC.
	Female, Lgals3−/− mice and WT C57BL/6 mice
	Research paper

[78]



	PBC
	Patients showed high levels of NLRP3, NLRP1 inflammasome, caspase-1, and IL-1β.
	Humans
	Research paper,

Research paper

[83,84]



	
	NLRP3 deficiency leads to an amelioration of PBC in mice.
	Nlrp3−/− mice and WT C57BL/6 mice
	Review article [80]










4. The Role of NLRP3 Inflammasome in the Post-Liver Transplant Setting


4.1. Liver Ischemia-Reperfusion Injury (LIRI)


Liver ischemia–reperfusion injury (LIRI) is a severe development that can occur after surgical procedures, such as hepatic resection and LT, causing several degrees of hepatic dysfunction and ultimately progressing to liver failure. LIRI is typically divided into two phases: ischemia, which is characterized by cell injury due to hypoxia, and reperfusion. During reperfusion, inflammation occurs after blood flow restoration [85]. Currently, no therapeutic strategies are available, and understanding the pathogenesis of liver damage is key for paving the way to new treatment strategies.



Macrophages have been recognized as the main cells responsible for NLRP3 activation via ROS production during LIRI [70,86]. In fact, the knockdown of NLRP3 in mice leads to a reduction of serum alanine aminotransferase levels and a decreased production of pro-inflammatory cytokines such as IL-1β, IL-18, IL-6, and TNFα, leading to liver protection from ischemia–reperfusion damage [87].



The activation of NLRP3 during LIRI is modulated by different mechanisms, including the heat shock factor 1 (HSF1)-beta-catenin axis that activates NLRP3 through the regulation of X-box binding protein 1 (XBP1) [88] (Table 3). Another mechanism includes the release of ROS from damaged cells that stimulates the thioredoxin-interacting protein (TXNIP), which in turn promotes the activation of NLRP3 [89]. This pattern could be modulated by the use of hypothermic oxygenated perfusion (HOPE), employed before LT to reduce the injury of the graft and avoid the risk of primary nonfunction (PNF) [90] (Table 3).



Extracellular histones have been recognized as novel DAMPs that activate the NLRP3 inflammasome in KCs through the TLR9-dependent generation of ROS. This mechanism, in turn, exacerbates hepatic damage by recruiting neutrophils and inflammatory monocytes [83]. Additionally, HMGB1 is another DAMP identified as an LIRI inducer [84]. The impact of the NLRP3 inflammasome on the pathogenesis of LIRI has been highlighted by several studies demonstrating that the lack of NLRP3 or caspase-1, or the blockage of IL-1β, improves disease pathology [83,84]. By inhibiting NF-kB and NLRP3 mRNA expression, silibinin, the principal constituent derived from milk thistle, can reduce inflammatory infiltration, hepatocyte degeneration, and endothelial injury during ischemia-reperfusion damage [91]. A study from Song et al., for example, found that Bruton’s tyrosine kinase (BTK) inhibitor, ibrutinib, is able to reduce ischemia–reperfusion injury by suppressing the activation of the NLRP3 inflammasome in KCs [92] (Table 3).



Isoflurane, commonly used as an inhaled anesthesia, has been shown to reduce the LPS-induced NLRP3 activation in murine macrophages. Its usage as graft pre-treatment in a murine model of IRI reduces the effect of ischemia–reperfusion injury, thus becoming a potential therapy for the prevention of LIRI [93]. The use of pharmacological blockers targeting the NLRP3 inflammasome in liver ischemia during static cold storage or through extracorporeal organ support could be a suitable strategy to increase the success of liver transplantation.




4.2. Acute Rejection


Acute rejection is one of the most frequent complication after LT; up to one-third of patients experience at least one episode of acute rejection [86]. Cytokines play a fundamental role in the development of acute rejection. An upregulation of NLRP3-dependent pro-inflammatory elements such as IL-1β, TNF-α, and IL-6 is typical during graft rejection [94] (Table 3). At the beginning of the inflammatory process, ATP and mitochondrial DNA (mtDNA) are important activators of the NLRP3 inflammasome during acute rejection via the NF-kB pathway [95,96]. Notably, all transplant recipients exhibit higher levels of circulating mtDNA compared to those of healthy controls for the first days after LT, even though patients with early graft dysfunction still have elevate levels of mtDNA [97] (Table 3).



Once activated, the NLRP3 inflammasome triggers caspase-1 activation and IL-1β secretion [98]. An inhibitor of caspase-1, Ac-YVAD-CMK, reduces the production of IL-1β in a rat grafts model, leading to anti-apoptotic, anti-inflammatory, and neuroprotective effects [99] (Table 3). Another promising molecule is MCC950, an NLRP3/Caspase-1/IL-1β inhibitor previously suggested for the treatment of MASLD, which improves graft function after LT in pigs [100]. All these strategies show the potential for enhancing the long-term outcomes after LT. Therefore, efforts to gain a deeper understanding of their mechanisms and to validate their efficacy should be prioritized.





 





Table 3. Main studies investigating the involvement of the NLRP3 inflammasome in the post-liver transplant setting. Abbreviations: LIRI: liver-ischemia–reperfusion injury; HSF1: heat shock factor 1; XBP1: X-box binding protein 1; BTK: Bruton’s tyrosine kinase; IR: ischemia–reperfusion; Ac-YVAD-CMK: acetyl–tyrosyl-valyl-alanyl-aspartyl–chloromethyl ketone.
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	Post-Liver Transplant Setting
	Effect
	Sex and Species
	References





	LIRI
	NLRP3 activation is modulated by HSF1 and XBP1. It might also be activated by ROS, which in turn stimulates TXNIP.
	HSF1M-KO mice
	Research paper, Review article

[96,97]



	
	Ibrutinib, a BTK inhibitor, is able to reduce IR injury by suppressing NLRP3 activation in Kupffer cells.
	Male, C57BL/6 mice
	Research paper

[92]



	Acute Rejection
	Transplant recipients have higher levels of mtROS, an NLRP3 activator, compared to healthy subjects.
	Humans
	Research paper

[97]



	
	Ac-YVAD-CMK, a caspase-1 inhibitor, reduces the production of IL-1β in rat graft models.
	
	Review article

[99]










5. Concluding Remarks


Acute and chronic liver diseases are characterized by hepatocyte injury and a significant inflammatory milieu [10]. Among the amplifiers of the pro-inflammatory signals, is the NLRP3 inflammasome, which is the major contributor to the cytokine cascade [6]. Regardless of the classification of liver diseases as acute or chronic, NLRP3 is a key player in the deterioration of the pathology. Many promising in vivo studies on mice have employed antioxidants as therapeutic targets for DILI, alcohol-associated hepatitis, MASLD, and MASH [23,24]. Further studies regarding the role of antioxidants in the regulation of the NLRP3 inflammasome are required to determine whether they might also be used in the management of cholestatic disorders. Although the knowledge regarding NLRP3 inflammasome activation in liver diseases is still very general, some studies on the role of this protein in HBV, HCV, and PSC are still controversial. For this reason, a better understanding of its participation in the development of liver injury is needed to achieve concordance and pave the way for the discovery of new potential therapeutic targets.







Author Contributions


Review, conception, and design, K.S. and S.B.; investigation, resources, and writing—review, K.S. and S.B.; figures and tables, K.S.; writing—review, editing, and final approval of the version, F.P.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflicts of interests.




References


	



Dadmanesh, M.; Ranjbar, M.M.; Ghorban, K. Inflammasomes and their roles in the pathogenesis of viral hepatitis and their related complications: An updated systematic review. Immunol. Lett. 2019, 208, 11–18. [Google Scholar] [CrossRef]

	



Yi, Y.-S. Role of inflammasomes in inflammatory autoimmune rheumatic diseases. Korean J. Physiol. Pharmacol. Off. J. Korean Physiol. Soc. Korean Soc. Pharmacol. 2018, 22, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.-J.; Chen, S.-J.; Zhou, S.-C.; Wu, S.-Z.; Wang, H. Inflammasomes and Fibrosis. Front. Immunol. 2021, 12, 643149. [Google Scholar] [CrossRef] [PubMed]

	



Yu, L.; Hong, W.; Lu, S.; Li, Y.; Guan, Y.; Weng, X.; Feng, Z. The NLRP3 Inflammasome in Non-Alcoholic Fatty Liver Disease and Steatohepatitis: Therapeutic Targets and Treatment. Front. Pharmacol. 2022, 13, 780496. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, M.; de Alba, E. Structure, Activation and Regulation of NLRP3 and AIM2 Inflammasomes. Int. J. Mol. Sci. 2021, 22, 872. [Google Scholar] [CrossRef] [PubMed]

	



Seok, J.K.; Kang, H.C.; Cho, Y.-Y.; Lee, H.S.; Lee, J.Y. Therapeutic regulation of the NLRP3 inflammasome in chronic inflammatory diseases. Arch. Pharm. Res. 2021, 44, 16–35. [Google Scholar] [CrossRef] [PubMed]

	



Elizagaray, M.L.; Gomes, M.T.R.; Guimaraes, E.S.; Rumbo, M.; Hozbor, D.F.; Oliveira, S.C.; Moreno, G. Canonical and Non-canonical Inflammasome Activation by Outer Membrane Vesicles Derived from Bordetella pertussis. Front. Immunol. 2020, 11, 1879. Available online: https://www.frontiersin.org/articles/10.3389/fimmu.2020.01879 (accessed on 28 May 2023). [CrossRef] [PubMed]

	



Yang, Y.M.; Seki, E. TNFα in Liver Fibrosis. Curr. Pathobiol. Rep. 2015, 3, 253–261. [Google Scholar] [CrossRef] [PubMed]

	



Swanson, K.V.; Deng, M.; Ting, J.P.-Y. The NLRP3 inflammasome: Molecular activation and regulation to therapeutics. Nat. Rev. Immunol. 2019, 19, 477–489. [Google Scholar] [CrossRef]

	



Stravitz, R.T.; Lee, W.M. Acute liver failure. Lancet Lond. Engl. 2019, 394, 869–881. [Google Scholar] [CrossRef]

	



Bizzaro, D.; Crescenzi, M.; Di Liddo, R.; Arcidiacono, D.; Cappon, A.; Bertalot, T.; Amodio, V.; Tasso, A.; Stefani, A.; Bertazzo, V.; et al. Sex-dependent differences in inflammatory responses during liver regeneration in a murine model of acute liver injury. Clin. Sci. Lond. Engl. 2018, 132, 255–272. [Google Scholar] [CrossRef] [PubMed]

	



McAtee, C. Drug-Induced Liver Injury. Crit. Care Nurs. Clin. N. Am. 2022, 34, 267–275. [Google Scholar] [CrossRef] [PubMed]

	



González-Recio, I.; Simón, J.; Goikoetxea-Usandizaga, N.; Serrano-Maciá, M.; Mercado-Gómez, M.; Rodríguez-Agudo, R.; Lachiondo-Ortega, S.; Gil-Pitarch, C.; Fernández-Rodríguez, C.; Castellana, D.; et al. Restoring cellular magnesium balance through Cyclin M4 protects against acetaminophen-induced liver damage. Nat. Commun. 2022, 13, 6816. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, X.; Chen, P.; Luan, X.; Yu, C.; Miao, L.; Zuo, Y.; Liu, A.; Sun, T.; Di, G. NLRP3 deficiency protects against acetaminophen-induced liver injury by inhibiting hepatocyte pyroptosis. Mol. Med. Rep. 2024, 29, 61. [Google Scholar] [CrossRef]

	



Du, Y.-C.; Lai, L.; Zhang, H.; Zhong, F.-R.; Cheng, H.-L.; Qian, B.-L.; Tan, P.; Xia, X.-M.; Fu, W.-G. Kaempferol from Penthorum chinense Pursh suppresses HMGB1/TLR4/NF-κB signaling and NLRP3 inflammasome activation in acetaminophen-induced hepatotoxicity. Food Funct. 2020, 11, 7925–7934. [Google Scholar] [CrossRef] [PubMed]

	



Elshal, M.; Abdelmageed, M.E. Diacerein counteracts acetaminophen-induced hepatotoxicity in mice via targeting NLRP3/caspase-1/IL-1β and IL-4/MCP-1 signaling pathways. Arch. Pharm. Res. 2022, 45, 142–158. [Google Scholar] [CrossRef] [PubMed]

	



Yu, C.; Chen, P.; Miao, L.; Di, G. The Role of the NLRP3 Inflammasome and Programmed Cell Death in Acute Liver Injury. Int. J. Mol. Sci. 2023, 24, 3067. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Zhao, Y.; Wang, Z.; Sun, R.; Zou, B.; Li, R.; Liu, D.; Lin, M.; Zhou, J.; Ning, S.; et al. Peroxiredoxin 3 Inhibits Acetaminophen-Induced Liver Pyroptosis through the Regulation of Mitochondrial ROS. Front. Immunol. 2021, 12, 652782. Available online: https://www.frontiersin.org/articles/10.3389/fimmu.2021.652782 (accessed on 27 June 2023). [CrossRef] [PubMed]

	



Huh, J.Y.; Kim, Y.; Jeong, J.; Park, J.; Kim, I.; Huh, K.H.; Kim, Y.S.; Woo, H.A.; Rhee, S.G.; Lee, K.-J.; et al. Peroxiredoxin 3 Is a Key Molecule Regulating Adipocyte Oxidative Stress, Mitochondrial Biogenesis, and Adipokine Expression. Antioxid. Redox Signal. 2012, 16, 229–243. [Google Scholar] [CrossRef]

	



Williams, C.D.; Bajt, M.L.; Farhood, A.; Jaeschke, H. Acetaminophen-induced hepatic neutrophil accumulation and inflammatory liver injury in CD18-deficient mice. Liver Int. Off. J. Int. Assoc. Study Liver 2010, 30, 1280–1292. [Google Scholar] [CrossRef]

	



Cover, C.; Liu, J.; Farhood, A.; Malle, E.; Waalkes, M.P.; Bajt, M.L.; Jaeschke, H. Pathophysiological role of the acute inflammatory response during acetaminophen hepatotoxicity. Toxicol. Appl. Pharmacol. 2006, 216, 98–107. [Google Scholar] [CrossRef] [PubMed]

	



Lucey, M.R.; Morgan, T.R. Alcoholic Hepatitis. N. Engl. J. Med. 2009, 360, 2758–2769. [Google Scholar] [CrossRef] [PubMed]

	



Bataller, R.; Arab, J.P.; Shah, V.H. Alcohol-Associated Hepatitis. N. Engl. J. Med. 2022, 387, 2436–2448. [Google Scholar] [CrossRef] [PubMed]

	



Torres, S.; Segalés, P.; García-Ruiz, C.; Fernández-Checa, J.C. Mitochondria and the NLRP3 Inflammasome in Alcoholic and Nonalcoholic Steatohepatitis. Cells 2022, 11, 1475. [Google Scholar] [CrossRef] [PubMed]

	



Liberal, R.; Grant, C.R.; Mieli-Vergani, G.; Vergani, D. Autoimmune hepatitis: A comprehensive review. J. Autoimmun. 2013, 41, 126–139. [Google Scholar] [CrossRef] [PubMed]

	



Germani, G.; Angrisani, D.; Addolorato, G.; Merli, M.; Mazzarelli, C.; Tarli, C.; Lattanzi, B.; Panariello, A.; Prandoni, P.; Craxì, L.; et al. Liver transplantation for severe alcoholic hepatitis: A multicenter Italian study. Am. J. Transplant. 2022, 22, 1191–1200. [Google Scholar] [CrossRef] [PubMed]

	



Ramaiah, S.K.; Jaeschke, H. Role of Neutrophils in the Pathogenesis of Acute Inflammatory Liver Injury. Toxicol. Pathol. 2007, 35, 757–766. [Google Scholar] [CrossRef] [PubMed]

	



Hyun, J.; Han, J.; Lee, C.; Yoon, M.; Jung, Y. Pathophysiological Aspects of Alcohol Metabolism in the Liver. Int. J. Mol. Sci. 2021, 22, 5717. [Google Scholar] [CrossRef] [PubMed]

	



Sayaf, K.; Gabbia, D.; Russo, F.P.; De Martin, S. The Role of Sex in Acute and Chronic Liver Damage. Int. J. Mol. Sci. 2022, 23, 10654. [Google Scholar] [CrossRef]

	



Brahadeeswaran, S.; Dasgupta, T.; Manickam, V.; Saraswathi, V.; Tamizhselvi, R. NLRP3: A new therapeutic target in alcoholic liver disease. Front. Immunol. 2023, 14, 1215333. [Google Scholar] [CrossRef]

	



Liu, S.; Tian, L.; Chai, G.; Wen, B.; Wang, B. Targeting heme oxygenase-1 by quercetin ameliorates alcohol-induced acute liver injury via inhibiting NLRP3 inflammasome activation. Food Funct. 2018, 9, 4184–4193. [Google Scholar] [CrossRef] [PubMed]

	



Addolorato, G.; Ancona, C.; Capristo, E.; Gasbarrini, G. Metadoxine in the Treatment of Acute and Chronic Alcoholism: A Review. Int. J. Immunopathol. Pharmacol. 2003, 16, 207–214. [Google Scholar] [CrossRef] [PubMed]

	



Shpilenya, L.S.; Muzychenko, A.P.; Gasbarrini, G.; Addolorato, G. Metadoxine in acute alcohol intoxication: A double-blind, randomized, placebo-controlled study. Alcohol. Clin. Exp. Res. 2002, 26, 340–346. [Google Scholar] [CrossRef] [PubMed]

	



la Tijera, F.H.-D.; Servín-Caamaño, A.I.; Cruz-Herrera, J.; Serralde-Zúñiga, A.E.; Abdo-Francis, J.M.; Gutiérrez-Reyes, G.; Pérez-Hernández, J.L. Treatment with metadoxine and its impact on early mortality in patients with severe alcoholic hepatitis. Ann. Hepatol. 2014, 13, 343–352. [Google Scholar] [CrossRef]

	



Secchi, M.F.; Crescenzi, M.; Masola, V.; Russo, F.P.; Floreani, A.; Onisto, M. Heparanase and macrophage interplay in the onset of liver fibrosis. Sci. Rep. 2017, 7, 14956. [Google Scholar] [CrossRef] [PubMed]

	



Acharya, C.; Bajaj, J.S. Chronic Liver Diseases and the Microbiome—Translating Our Knowledge of Gut Microbiota to Management of Chronic Liver Disease. Gastroenterology 2021, 160, 556–572. [Google Scholar] [CrossRef] [PubMed]

	



Negash, A.A.; Ramos, H.J.; Crochet, N.; Lau, D.T.Y.; Doehle, B.; Papic, N.; Delker, D.A.; Jo, J.; Bertoletti, A.; Hagedorn, C.H.; et al. IL-1β production through the NLRP3 inflammasome by hepatic macrophages links hepatitis C virus infection with liver inflammation and disease. PLoS Pathog. 2013, 9, e1003330. [Google Scholar] [CrossRef]

	



Wallace, H.L.; Wang, L.; Gardner, C.L.; Corkum, C.P.; Grant, M.D.; Hirasawa, K.; Russell, R.S. Crosstalk Between Pyroptosis and Apoptosis in Hepatitis C Virus-induced Cell Death. Front. Immunol. 2022, 13, 788138. [Google Scholar] [CrossRef]

	



Noh, R.; Lee, D.H.; Kwon, B.W.; Kim, Y.H.; Kim, S.B.; Song, I.H. Clinical Impact of Viral Load on the Development of Hepatocellular Carcinoma and Liver-Related Mortality in Patients with Hepatitis C Virus Infection. Gastroenterol. Res. Pract. 2016, 2016, 7476231. [Google Scholar] [CrossRef]

	



Dash, S.; Aydin, Y.; Widmer, K.E.; Nayak, L. Hepatocellular Carcinoma Mechanisms Associated with Chronic HCV Infection and the Impact of Direct-Acting Antiviral Treatment. J. Hepatocell. Carcinoma 2020, 7, 45–76. [Google Scholar] [CrossRef]

	



El Tabaa, M.M.; El Tabaa, M.M.; Elgharabawy, R.M.; Abdelhamid, W.G. Suppressing NLRP3 activation and PI3K/AKT/mTOR signaling ameliorates amiodarone-induced pulmonary fibrosis in rats: A possible protective role of nobiletin. Inflammopharmacology 2023, 31, 1373–1386. [Google Scholar] [CrossRef]

	



Wu, X.; Dong, L.; Lin, X.; Li, J. Relevance of the NLRP3 Inflammasome in the Pathogenesis of Chronic Liver Disease. Front. Immunol. 2017, 8, 1728. [Google Scholar] [CrossRef] [PubMed]

	



Xie, W.; Ding, J.; Xie, X.-X.; Yang, X.-H.; Wu, X.-F.; Chen, Z.-X.; Guo, Q.-L.; Gao, W.-Y.; Wang, X.-Z.; Li, D. Hepatitis B virus X protein promotes liver cell pyroptosis under oxidative stress through NLRP3 inflammasome activation. Inflamm. Res. 2020, 69, 683–696. [Google Scholar] [CrossRef] [PubMed]

	



Yu, X.; Lan, P.; Hou, X.; Han, Q.; Lu, N.; Li, T.; Jiao, C.; Zhang, J.; Zhang, C.; Tian, Z. HBV inhibits LPS-induced NLRP3 inflammasome activation and IL-1β production via suppressing the NF-κB pathway and ROS production. J. Hepatol. 2017, 66, 693–702. [Google Scholar] [CrossRef] [PubMed]

	



Campos-Valdez, M.; Monroy-Ramírez, H.C.; Armendáriz-Borunda, J.; Sánchez-Orozco, L.V. Molecular Mechanisms during Hepatitis B Infection and the Effects of the Virus Variability. Viruses 2021, 13, 1167. [Google Scholar] [CrossRef] [PubMed]

	



Karan, D. Inflammasomes: Emerging Central Players in Cancer Immunology and Immunotherapy. Front. Immunol. 2018, 9, 3028. [Google Scholar] [CrossRef] [PubMed]

	



The NLRP3 Inflammasome Mediates Liver Failure by Activating Procaspase-1 and pro-IL-1 β and Regulating Downstream CD40-CD40L Signaling. Available online: https://journals.sagepub.com/doi/epub/10.1177/03000605211036845 (accessed on 29 May 2023).

	



Gabbia, D.; Sayaf, K.; Zanotto, I.; Colognesi, M.; Frion-Herrera, Y.; Carrara, M.; Russo, F.P.; De Martin, S. Tyrosol attenuates NASH features by reprogramming the hepatic immune milieu. Eur. J. Pharmacol. 2024, 969, 176453. [Google Scholar] [CrossRef] [PubMed]

	



Puri, P.; Sanyal, A.J. Nonalcoholic fatty liver disease: Definitions, risk factors, and workup. Clin. Liver Dis. 2012, 1, 99–103. [Google Scholar] [CrossRef] [PubMed]

	



Gaul, S.; Leszczynska, A.; Alegre, F.; Kaufmann, B.; Johnson, C.D.; Adams, L.A.; Wree, A.; Damm, G.; Seehofer, D.; Calvente, C.J.; et al. Hepatocyte pyroptosis and release of inflammasome particles induce stellate cell activation and liver fibrosis. J. Hepatol. 2021, 74, 156–167. [Google Scholar] [CrossRef]

	



Mridha, A.R.; Wree, A.; Robertson, A.A.; Yeh, M.M.; Johnson, C.D.; Van Rooyen, D.M.; Haczeyni, F.; Teoh, N.C.-H.; Savard, C.; Ioannou, G.N.; et al. NLRP3 inflammasome blockade reduces liver inflammation and fibrosis in experimental NASH in mice. J. Hepatol. 2017, 66, 1037–1046. [Google Scholar] [CrossRef]

	



Wan, X.; Xu, C.; Yu, C.; Li, Y. Role of NLRP3 Inflammasome in the Progression of NAFLD to NASH. Can. J. Gastroenterol. Hepatol. 2016, 2016, 6489012. [Google Scholar] [CrossRef]

	



Wu, C.; Bian, Y.; Lu, B.; Wang, D.; Azami, N.L.B.; Wei, G.; Ma, F.; Sun, M. Rhubarb free anthraquinones improved mice nonalcoholic fatty liver disease by inhibiting NLRP3 inflammasome. J. Transl. Med. 2022, 20, 294. [Google Scholar] [CrossRef]

	



Fantauzzi, C.B.; Menini, S.; Iacobini, C.; Rossi, C.; Santini, E.; Solini, A.; Pugliese, G. Deficiency of the Purinergic Receptor 2X7 Attenuates Nonalcoholic Steatohepatitis Induced by High-Fat Diet: Possible Role of the NLRP3 Inflammasome. Oxid. Med. Cell. Longev. 2017, 2017, 8962458. [Google Scholar] [CrossRef]

	



Ma, Y.; Lee, G.; Heo, S.-Y.; Roh, Y.-S. Oxidative Stress Is a Key Modulator in the Development of Nonalcoholic Fatty Liver Disease. Antioxidants 2022, 11, 91. [Google Scholar] [CrossRef]

	



Vargas-Pozada, E.E.; Ramos-Tovar, E.; Rodriguez-Callejas, J.D.; Cardoso-Lezama, I.; Galindo-Gómez, S.; Gil-Becerril, K.; Vásquez-Garzón, V.R.; Arellanes-Robledo, J.; Tsutsumi, V.; Villa-Treviño, S.; et al. Activation of the NLRP3 inflammasome by CCl4 exacerbates hepatopathogenic diet-induced experimental NASH. Ann. Hepatol. 2023, 28, 100780. [Google Scholar] [CrossRef]

	



Xia, G.-Q.; Fang, Q.; Cai, J.-N.; Li, Z.-X.; Zhang, F.-Z.; Lv, X.-W. P2X7 Receptor in Alcoholic Steatohepatitis and Alcoholic Liver Fibrosis. J. Clin. Transl. Hepatol. 2022, 10, 1205–1212. [Google Scholar] [CrossRef]

	



Osna, N.A.; Rasineni, K.; Ganesan, M.; Donohue, T.M.; Kharbanda, K.K. Pathogenesis of Alcohol-Associated Liver Disease. J. Clin. Exp. Hepatol. 2022, 12, 1492–1513. [Google Scholar] [CrossRef]

	



Li, Z.; Vidjro, O.E.; Guo, G.; Du, Y.; Zhou, Y.; Xie, Q.; Li, J.; Gao, K.; Zhou, L.; Ma, T. NLRP3 deficiency decreases alcohol intake controlling anxiety-like behavior via modification of glutamatergic transmission in corticostriatal circuits. J. Neuroinflammation 2022, 19, 308. [Google Scholar] [CrossRef]

	



Peng, Y.; French, B.A.; Tillman, B.; Morgan, T.R.; French, S.W. The inflammasome in alcoholic hepatitis: Its relationship with Mallory–Denk body formation. Exp. Mol. Pathol. 2014, 97, 305–313. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Jin, Q.; Li, X.; Jiang, M.; Cui, B.-W.; Xia, K.-L.; Wu, Y.-L.; Lian, L.-H.; Nan, J.-X. Amelioration of Alcoholic Liver Steatosis by Dihydroquercetin through the Modulation of AMPK-Dependent Lipogenesis Mediated by P2X7R–NLRP3-Inflammasome Activation. J. Agric. Food Chem. 2018, 66, 4862–4871. [Google Scholar] [CrossRef] [PubMed]

	



Muralidharan, S.; Ambade, A.; Fulham, M.A.; Deshpande, J.; Catalano, D.; Mandrekar, P. Moderate alcohol induces stress proteins HSF1 and hsp70 and inhibits proinflammatory cytokines resulting in endotoxin tolerance. J. Immunol. 2014, 193, 1975–1987. [Google Scholar] [CrossRef]

	



McCullough, R.L.; McMullen, M.R.; Sheehan, M.M.; Poulsen, K.L.; Roychowdhury, S.; Chiang, D.J.; Pritchard, M.T.; Caballeria, J.; Nagy, L.E. Complement Factor D protects mice from ethanol-induced inflammation and liver injury. Am. J. Physiol. Gastrointest. Liver Physiol. 2018, 315, G66–G79. [Google Scholar] [CrossRef] [PubMed]

	



Choudhury, A.; Bullock, D.; Lim, A.; Argemi, J.; Orning, P.; Lien, E.; Bataller, R.; Mandrekar, P. Inhibition of HSP90 and activation of HSF1 diminishes macrophage NLRP3 inflammasome activity in alcoholic liver injury. Alcohol. Clin. Exp. Res. 2020, 44, 1300–1311. [Google Scholar] [CrossRef] [PubMed]

	



Mack, C.L.; Adams, D.; Assis, D.N.; Kerkar, N.; Manns, M.P.; Mayo, M.J.; Vierling, J.M.; Alsawas, M.; Murad, M.H.; Czaja, A.J. Diagnosis and Management of Autoimmune Hepatitis in Adults and Children: 2019 Practice Guidance and Guidelines from the American Association for the Study of Liver Diseases. Hepatol. Baltim. Md. 2020, 72, 671–722. [Google Scholar] [CrossRef] [PubMed]

	



Luan, J.; Zhang, X.; Wang, S.; Li, Y.; Fan, J.; Chen, W.; Zai, W.; Wang, S.; Wang, Y.; Chen, M. NOD-Like Receptor Protein 3 Inflammasome-Dependent IL-1β Accelerated ConA-Induced Hepatitis. Front. Immunol. 2018, 9, 758. Available online: https://www.frontiersin.org/articles/10.3389/fimmu.2018.00758 (accessed on 18 June 2023). [CrossRef] [PubMed]

	



Guan, Y.; Gu, Y.; Li, H.; Liang, B.; Han, C.; Zhang, Y.; Liu, Q.; Wei, W.; Ma, Y. NLRP3 inflammasome activation mechanism and its role in autoimmune liver disease. Acta Biochim. Biophys. Sin. 2022, 54, 1577–1586. [Google Scholar] [CrossRef] [PubMed]

	



Shi, F.; Ni, S.-T.; Luo, S.-Q.; Hu, B.; Xu, R.; Liu, S.-Y.; Huang, X.-D.; Zeng, B.; Liang, Q.-Q.; Chen, S.-Y.; et al. Dimethyl fumarate ameliorates autoimmune hepatitis in mice by blocking NLRP3 inflammasome activation. Int. Immunopharmacol. 2022, 108, 108867. [Google Scholar] [CrossRef] [PubMed]

	



Humphries, F.; Shmuel-Galia, L.; Ketelut-Carneiro, N.; Li, S.; Wang, B.; Nemmara, V.V.; Wilson, R.; Jiang, Z.; Khalighinejad, F.; Muneeruddin, K.; et al. Succination inactivates gasdermin D and blocks pyroptosis. Science 2020, 369, 1633–1637. [Google Scholar] [CrossRef]

	



Hirao, H.; Nakamura, K.; Kupiec-Weglinski, J.W. Liver ischaemia-reperfusion injury: A new understanding of the role of innate immunity. Nat. Rev. Gastroenterol. Hepatol. 2022, 19, 239–256. [Google Scholar] [CrossRef]

	



Karlsen, T.H.; Folseraas, T.; Thorburn, D.; Vesterhus, M. Primary sclerosing cholangitis—A comprehensive review. J. Hepatol. 2017, 67, 1298–1323. [Google Scholar] [CrossRef]

	



Maroni, L.; Ninfole, E.; Pinto, C.; Benedetti, A.; Marzioni, M. Gut–Liver Axis and Inflammasome Activation in Cholangiocyte Pathophysiology. Cells 2020, 9, 736. [Google Scholar] [CrossRef]

	



Rabiee, A.; Silveira, M.G. Primary sclerosing cholangitis. Transl. Gastroenterol. Hepatol. 2021, 6, 29. [Google Scholar] [CrossRef]

	



Maroni, L.; Agostinelli, L.; Saccomanno, S.; Pinto, C.; Giordano, D.M.; Rychlicki, C.; De Minicis, S.; Trozzi, L.; Banales, J.M.; Melum, E.; et al. Nlrp3 Activation Induces Il-18 Synthesis and Affects the Epithelial Barrier Function in Reactive Cholangiocytes. Am. J. Pathol. 2017, 187, 366–376. [Google Scholar] [CrossRef] [PubMed]

	



González, M.I.; Vannan, D.; Eksteen, B.; Reyes, J.L. NLRP3 receptor contributes to protection against experimental antigen-mediated cholangitis. Biosci. Rep. 2020, 40, BSR20200689. [Google Scholar] [CrossRef] [PubMed]

	



Chazouilleres, O.; Beuers, U.; Bergquist, A.; Karlsen, T.H.; Levy, C.; Samyn, M.; Schramm, C.; Trauner, M. EASL Clinical Practice Guidelines on sclerosing cholangitis. J. Hepatol. 2022, 77, 761–806. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.-W.; Kim, J.-H.; Kim, S.-E.; Jung, J.H.; Jang, M.-K.; Park, S.-H.; Lee, M.-S.; Kim, H.-S.; Suk, K.T.; Kim, D.J. Primary Biliary Cholangitis and Primary Sclerosing Cholangitis: Current Knowledge of Pathogenesis and Therapeutics. Biomedicines 2022, 10, 1288. [Google Scholar] [CrossRef] [PubMed]

	



Arsenijevic, A.; Milovanovic, J.; Stojanovic, B.; Djordjevic, D.; Stanojevic, I.; Jankovic, N.; Vojvodic, D.; Arsenijevic, N.; Lukic, M.L.; Milovanovic, M. Gal-3 Deficiency Suppresses Novosphyngobium aromaticivorans Inflammasome Activation and IL-17 Driven Autoimmune Cholangitis in Mice. Front. Immunol. 2019, 10, 1309. [Google Scholar] [CrossRef] [PubMed]

	



Cai, S.-Y.; Ge, M.; Mennone, A.; Hoque, R.; Ouyang, X.; Boyer, J.L. Inflammasome Is Activated in the Liver of Cholestatic Patients and Aggravates Hepatic Injury in Bile Duct–Ligated Mouse. Cell. Mol. Gastroenterol. Hepatol. 2020, 9, 679–688. [Google Scholar] [CrossRef]

	



Frissen, M.; Liao, L.; Schneider, K.M.; Djudjaj, S.; Haybaeck, J.; Wree, A.; Rolle-Kampczyk, U.; von Bergen, M.; Latz, E.; Boor, P.; et al. Bidirectional Role of NLRP3 During Acute and Chronic Cholestatic Liver Injury. Hepatology 2021, 73, 1836–1854. [Google Scholar] [CrossRef]

	



Hirschfield, G.M.; Beuers, U.; Corpechot, C.; Invernizzi, P.; Jones, D.; Marzioni, M.; Schramm, C. EASL Clinical Practice Guidelines: The diagnosis and management of patients with primary biliary cholangitis. J. Hepatol. 2017, 67, 145–172. [Google Scholar] [CrossRef]

	



Qu, J.; Yuan, Z.; Wang, G.; Wang, X.; Li, K. The selective NLRP3 inflammasome inhibitor MCC950 alleviates cholestatic liver injury and fibrosis in mice. Int. Immunopharmacol. 2019, 70, 147–155. [Google Scholar] [CrossRef]

	



Kim, H.-Y.; Kim, S.-J.; Lee, S.-M. Activation of NLRP3 and AIM2 inflammasomes in Kupffer cells in hepatic ischemia/reperfusion. FEBS J. 2015, 282, 259–270. [Google Scholar] [CrossRef]

	



Kamo, N.; Ke, B.; Ghaffari, A.A.; Shen, X.-D.; Busuttil, R.W.; Cheng, G.; Kupiec-Weglinski, J.W. ASC/caspase-1/IL-1β signaling triggers inflammatory responses by promoting HMGB1 induction in liver ischemia/reperfusion injury. Hepatology 2013, 58, 351–362. [Google Scholar] [CrossRef]

	



Soares, R.O.S.; Losada, D.M.; Jordani, M.C.; Évora, P.; Castro-e-Silva, O. Ischemia/Reperfusion Injury Revisited: An Overview of the Latest Pharmacological Strategies. Int. J. Mol. Sci. 2019, 20, 5034. [Google Scholar] [CrossRef] [PubMed]

	



Ronca, V.; Wootton, G.; Milani, C.; Cain, O. The Immunological Basis of Liver Allograft Rejection. Front. Immunol. 2020, 11, 565592. Available online: https://www.frontiersin.org/articles/10.3389/fimmu.2020.02155 (accessed on 27 June 2023). [CrossRef]

	



Wu, T.; Zhang, C.; Shao, T.; Chen, J.; Chen, D. The Role of NLRP3 Inflammasome Activation Pathway of Hepatic Macrophages in Liver Ischemia–Reperfusion Injury. Front. Immunol. 2022, 13, 905423. [Google Scholar] [CrossRef]

	



Yue, S.; Zhu, J.; Zhang, M.; Li, C.; Zhou, X.; Zhou, M.; Ke, M.; Busuttil, R.W.; Ying, Q.; Kupiec-Weglinski, J.W.; et al. The myeloid heat shock transcription factor 1/β-catenin axis regulates NLR family, pyrin domain-containing 3 inflammasome activation in mouse liver ischemia/reperfusion injury. Hepatology 2016, 64, 1683–1698. [Google Scholar] [CrossRef]

	



Yoshihara, E. TXNIP/TBP-2: A Master Regulator for Glucose Homeostasis. Antioxidants 2020, 9, 765. [Google Scholar] [CrossRef]

	



He, W.; Ye, S.; Zeng, C.; Xue, S.; Hu, X.; Zhang, X.; Gao, S.; Xiong, Y.; He, X.; Vivalda, S.; et al. Hypothermic oxygenated perfusion (HOPE) attenuates ischemia/reperfusion injury in the liver through inhibition of the TXNIP/NLRP3 inflammasome pathway in a rat model of donation after cardiac death. FASEB J. 2018, 32, 6212–6227. [Google Scholar] [CrossRef]

	



Zarpou, S.; Mosavi, H.; Bagheri, A. Malekzadeh Shafaroudi, and A. Khonakdar-Tarsi. NF-κB and NLRP3 gene expression changes during warm hepatic ischemia-reperfusion in rats with and without silibinin. Gastroenterol. Hepatol. Bed Bench 2021, 14, 267–275. [Google Scholar] [PubMed]

	



Song, S.-H.; Liu, F.; Zhao, Y.-Y.; Sun, K.-Y.; Guo, M.; Li, P.-L.; Liu, H.; Ding, G.-S.; Fu, Z.-R. Bruton’s Tyrosine Kinase Inhibitor Attenuates Warm Hepatic Ischemia/Reperfusion Injury via Modulation of the NLR Family Pyrin Domain Containing 3 Inflammasome. Transplant. Proc. 2020, 52, 2947–2954. [Google Scholar] [CrossRef] [PubMed]

	



Lu, J.; Wang, X.; Feng, Z.; Chen, Y.; Wen, D.; Liu, Z. The protective effect of isoflurane pretreatment on liver IRI by suppressing noncanonical pyroptosis of liver macrophages. Int. Immunopharmacol. 2021, 99, 107977. [Google Scholar] [CrossRef] [PubMed]

	



Lucas-Ruiz, F.; Peñín-Franch, A.; Pons, J.A.; Ramírez, P.; Pelegrín, P.; Cuevas, S.; Baroja-Mazo, A. Emerging Role of NLRP3 Inflammasome and Pyroptosis in Liver Transplantation. Int. J. Mol. Sci. 2022, 23, 14396. [Google Scholar] [CrossRef]

	



Amores-Iniesta, J.; Barberà-Cremades, M.; Martínez, C.M.; Pons, J.A.; Revilla-Nuin, B.; Martínez-Alarcón, L.; Di Virgilio, F.; Parrilla, P.; Baroja-Mazo, A.; Pelegrín, P. Extracellular ATP Activates the NLRP3 Inflammasome and Is an Early Danger Signal of Skin Allograft Rejection. Cell Rep. 2017, 21, 3414–3426. [Google Scholar] [CrossRef]

	



Yoshino, O.; Wong, B.K.L.; A Cox, D.R.; Lee, E.; Hepworth, G.; Christophi, C.; Jones, R.; Dobrovic, A.; Muralidharan, V.; Perini, M.V. Elevated levels of circulating mitochondrial DNA predict early allograft dysfunction in patients following liver transplantation. J. Gastroenterol. Hepatol. 2021, 36, 3500–3507. [Google Scholar] [CrossRef]

	



Lee, D.D.; Croome, K.P.; Shalev, J.A.; Musto, K.R.; Sharma, M.; Keaveny, A.P.; Taner, C.B. Early allograft dysfunction after liver transplantation: An intermediate outcome measure for targeted improvements. Ann. Hepatol. 2016, 15, 53–60. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Wang, H.; Kouadir, M.; Song, H.; Shi, F. Recent advances in the mechanisms of NLRP3 inflammasome activation and its inhibitors. Cell Death Dis. 2019, 10, 128. [Google Scholar] [CrossRef]

	



Hong, B.; Liu, H.; Wang, Z.-H.; Zhu, Y.-X.; Su, L.-Y.; Zhang, M.-X.; Xu, K.; Chen, J.-Z. Inflammasome activation involved in early inflammation reaction after liver transplantation. Immunol. Lett. 2017, 190, 265–271. [Google Scholar] [CrossRef]

	



Yu, Y.; Cheng, Y.; Pan, Q.; Zhang, Y.-J.; Jia, D.-G.; Liu, Y.-F. Effect of the Selective NLRP3 Inflammasome Inhibitor mcc950 on Transplantation Outcome in a Pig Liver Transplantation Model with Organs from Donors after Circulatory Death Preserved by Hypothermic Machine Perfusion. Transplantation 2019, 103, 353–362. [Google Scholar] [CrossRef]








[image: Ijms 25 04537 g001] 





Figure 1. Graphic representation of the NLRP3 priming and activation phase. In the priming phase, upon DAMPs and TNF stimulation, the NF-kB pathway is activated and promotes the gene transcription of NLRP3 inflammasome components such as pro-IL-1β, pro-IL-18, and pro-caspase-1. During the activation phase, once ATP bonds to its receptor, the opening of the K+ channel leads to an outflow of K+, activating the NLRP3 inflammasome. Other stimuli are responsible for NLRP3 inflammasome assemblage, including high extracellular levels of Cl− and Ca2+ flux. At this point, the NLRP3 recruit ASC and pro-caspase-1, leading to the cleavage of pro-caspase-1 into caspase-1, which in turn cleaves pro-IL-18 and pro-IL-1β into their mature forms. In some cases, caspase autoactivation causes the cleavage of GSDMD and pyroptosis, also known as cell death. Figure components were created using BioRender accessed on 8 January 2024 (BioRender.com). Abbreviations: DAMPs: damage-associated molecular patterns; TNF-α: tumor necrosis factor- α; TLRs: Toll-like receptors; ATP: adenosine triphosphate; P2X7R: purinergic P2X7 receptor; K: potassium; Ca: calcium; Cl: chlorum; ASC: apoptosis-associated speck-like protein; NLRP3: NOD-, LRR-, and pyrin domain-containing protein 3; IL: interleukin; GSDMD: gasdermin-D; GSMD-NT: gasdermin-D N-terminal domain. 
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