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Abstract

The NLRP3 inflammasome is a multiprotein binding compound comprising NLRP3, connector protein ASC, and
effector protein pro-caspase-1. When the NLRP3 inflammasome senses a danger signal from the host or pathogen,
activated caspase-1 cleaves the precursors of interleukin (IL)-1p and IL-18 into mature proinflammatory cytokines,
simultaneously causing lysis via the pore-forming protein gasdermin D. This induction of cell inflammatory pyr-
optosis suggests that itis a key process in the innate immune response to pathogens or cellular stress. Recent studies
have shown that NLRP3 inflammasome also plays an important role in regulating autoimmune liver diseases,
including autoimmune hepatitis, primary biliary cholangitis, and primary sclerosclerotic cholangitis. In this review,
we summarize the structure, activation and modulation of the NLRP3 inflammasome, highlight the progress in
research on the role of NLRP3 inflammasome in the occurrence and development of autoimmune liver diseases, and
discuss potential strategies for targeting the NLRP3 inflammasome in the treatment of autoimmune liver diseases.
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Introduction

Innate pathogen pattern recognition receptor (PRR) systems play a
key role in primary and adaptive immune responses. PRRs directly
recognize common antigenic determinants in almost all types of
pathogens (also called pathogen-associated molecular patterns or
PAMPs) and initiate specific intracellular signaling pathways to
produce specific immune responses. Additionally, when cells re-
spond to stress, they recognize endogenous ligands known as da-
mage-related molecular patterns (DAMPs) [1,2]. There are five PRR
systems: Toll-like receptors (TLRs), retinoic acid-induced gene I
(RIG-I)-like receptors, C-type lectin receptors, nucleotide-binding
and oligomeric domain (NOD)-like receptors, and absent-in-mela-
noma (AIM) receptors. The NOD-like receptors (NLRs) comprise a
family of cytoplasmic pattern recognition receptors [3] encoded by
22 and 34 genes in humans and mice, respectively [4,5], and are
considered ancient cell sentinels that mediate protective immune
responses triggered by PAMPs or DAMPs [6]. NLR proteins, which

contain nucleotide-binding domains (NBDs) and leucine-rich re-
peats (LRRs) and are distinguishable by their N-terminal effector
domains, include the NLRA, NLRB, NLRC, NLRP and NLRX sub-
families. The largest of these is the N-terminal pyrin domain (PYD)
subfamily, which comprises NLRP1-NLRP14 [7]. These NLRs have
a tripartite domain structure consisting of an N-terminal PYD do-
main, a central nucleotide-binding and oligomerization (NACHT)
domain, and a C-terminal LRR domain [8,9], with two exceptions:
NLRP1 has an additional C-terminal caspase activation and re-
cruitment domain (CARD) [10], and NLRP10 lacks an LRR domain
[11]. Some receptors in the NLR family can form inflammasome
complexes by linking connector protein ASC and effector protein
pro-caspase-1, which then activates caspase-1, resulting in the
transformation of precursors of interleukin (IL)-1B and IL-18 into
their mature forms. This list reportedly includes NLRP1, NLRP2,
NLRP3, NLRP6, NLRP7, NLRP12 and NLRC4 [12-17]. In addition to
the NLR family, AIM2 and pyrin can constitute inflammasome
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structures and exert similar effects [18,19]. Most of the remaining
NLR proteins have been tested and shown not to form inflamma-
some complexes. These noninflammasome NLRs show diverse
functions, mainly involving the reproductive system, early em-
bryonic arrest [20-22], and regulation of adaptive immunity
[23,24]. The NLRP3 inflammasome is widely researched by scholars
worldwide, with a massive number of published reports in recent
years. The NLRP3 inflammasome is a large molecular complex
comprising three parts: (1) NLRP3, (2) apoptosis-associated speck-
like protein containing a caspase-recruitment domain (ASC), and
(3) pro-caspase-1, whose assembly is dependent on the protein
interaction domain known as the death domain superfamily which
includes PYD and CARD [25]. Activation of inflammasomes results
in the hydrolysis and cleavage of inactive pro-caspase-1 to activate
caspase-1. Activated caspase-1 allows for the cleavage of pro-IL-1f
and pro-IL-18 into the active cytokines IL-1p and IL-18, respectively,
and mediates a unique version of cell death involving DNA frag-
mentation, cell lysis, and inflammatory cytokine release that is
known as “pyroptosis” [26-28].

Research has shown that NLRP3 inflammasome is strongly as-
sociated with the pathogenesis of a variety of diseases, including
autoinflammatory diseases, autoimmune diseases, diabetes, gout
and atherosclerosis [29-33]. The NLRP3 inflammasome is also re-
lated to the occurrence, development and pathogenesis of auto-
immune liver disease, but the specific mechanism remains unclear.

In this review, the activation and regulation pathways of in-
flammasomes, as well as the mechanism underlying the relation-

ship between NLRP3 inflammasome and autoimmune liver disease,
are systematically summarized. By exploring the possibility of
NLRP3 inflammasome as a cost-effective drug target, we hope to
improve the cure rate and alleviate the suffering of patients with
autoimmune liver diseases.

Activation of the NLRP3 Inflammasome

Activation of the NLRP3 inflammasome is an important host de-
fense mechanism against pathogen invasion. Because over-
activation of the NLRP3 inflammasome can lead to inflammation,
promote disease development, and damage tissue and organ func-
tions, it is crucial that its activation be balanced in vivo. NLRP3
inflammasome activation occurs through both canonical and non-
canonical pathways, as described below.

Canonical pathway
The canonical pathway of NLRP3 inflammasome activation in-
cludes a priming signal and an activation signal, as shown in
Figure 1. Step one involves regulation of transcriptional and post-
transcriptional expression levels under the priming signal. PRRs are
critical in the priming process. TLR4 recognizes TLR ligands such as
bacterial lipopolysaccharide (LPS) through extracellular domains,
leading to activation of the transcription factor nuclear factor (NF)-
kB pathway, which is dependent on the adaptor known as MyD88.
In response to this initiation signal, transcription of the NLRP3, pro-
IL-1B and pro-IL-18 genes begins [34,35].

The priming signals provided by the NF-«kB activator is a pre-
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Figure 1. Canonical and noncanonical pathways of NLRP3 inflammasome activation The canonical pathway for activation of the NLRP3 in-
flammasome has been proposed as a two-signal model. TLR4-mediated priming signals activate the NF-xB pathway and induce transcription and
posttranscriptional processing of the NLRP3, pro-IL-18 and pro-IL-18 genes. The activation signal is mainly driven by diverse PAMPs and DAMPs,
such as extracytoplasmic ATP binding to P2X7R, bacteriotoxin and complement MAC, to induce the formation of cell membrane pores, as well as
the phagocytosis of nondegradable particulate matters (silica, alum, MSU, etc.). Overall, this process leads to K* efflux through direct trans-
membrane transport, promoting the assembly and activation of the NLRP3 inflammasome. Membrane ectopia of CLICs induces chloride efflux and
oligomerization of ASC. The ER releases Ca?* in response to mitochondrial production of ROS. Upon NLRP3 inflammasome stimulation, the TGN
within the Golgi disperses to form the dTGN, generating PtdIns4P, which also promotes NLRP3 inflammasome assembly and activation. NLRP3
inflammasome activation promotes IL-1B or IL-18 maturation and causes caspase-1-mediated, GSDMD-dependent cell pyroptosis. The non-
canonical pathway mediated by LPS directly or indirectly (by cathepsin B) activates caspase-11/4/5 and leads to pro-GSDMD maturation, which
then causes cell pyroptosis or activates NLRP3 inflammasome to release the proinflammatory cytokine IL-1p.
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requisite for a second stimulus, called the activation signal, which
regulates the assembly of NLRP3 inflammasome and a subsequent
cascade of reactions [36,37]. The activation signal is mainly driven
by diverse PAMPs and DAMPs, such as viral RNA [38], mono-
sodium urate (MSU), extracellular ATP, amyloid B and silicon di-
oxide [39-41], to facilitate the assembly of NLRP3 inflammasome.
NLRP3 inflammasome takes shape via a central NACHT domain
that connects the N-terminal PYD and C-terminal LRR domains; the
PYD structure of NLRP3 inflammasome connects the homotype
PYD structure of ASC and interacts with each other; and the CARD
domain of ASC mediates connection with the homotypic CARD
structure of pro-caspase-1 [25,42]. The NLRP3 inflammasome
causes pro-caspase-1 to decompose into active caspase-1, which
results in the transformation of pro-IL-18 and pro-IL-18 into mature
IL-1B and IL-18, respectively [43]. Purified recombinant gasdermin
D (GSDMD) was shown to be capable of being cleaved by the active
tetramer form of caspase-1, thereby forming a 22-kDa C-terminal
fragment and a 38-kDa N-terminal mature cleavage product.
GSDMD can cause extensive cell death with apparent pyroptosis
morphology mainly through its N-terminal product and controls the
secretion of IL-1p without affecting its maturation [44,45].

With the deepening of research in recent years, there are several
hypotheses for the mechanism that triggers the second-step acti-
vation signal. The most common of these are inflow and outflow of
cytoplasmic ions, lysosomal rupture, mitochondrial dysfunction,
and Golgi diffusion, as shown in Figure 1. Changes in intracellular
ion concentrations, including K* outflow, Ca?* influx and Cl-
outflow, are thought to be important for the activation of NLRP3
inflammasome [46]. The involvement of the K* efflux mechanism is
generally recognized, but it is not specific for the activation of
NLRP3 inflammasome and may represent a distant upstream sig-
naling event. Different NLRP3 inflammasome activation signals
lead to K™ efflux through diverse mechanisms, for which there are
two typical pathways. In the first pathway, extracytoplasmic ATP
binds to the purinergic ligand-gated ion channel 7 receptor (P2X7R),
causing the K* channel to open, which leads to K* efflux and a
relative decrease in intracellular K* concentration [47,48]. In the
second pathway, the formation of cell membrane pores induced by
bacteriotoxin and the complement membrane attack complex
(MAC), as well as the phagocytosis of nondegradable particulate
matter (such as silica, alum, and MSU), leads to K* efflux through
direct transmembrane transport [49-51]. Macrophages cultured
without any stimulatory signal in medium free of K* were found to
activate NLRP3 inflammasome in vitro, whereas a culture en-
vironment with a high K* concentration inhibits NLRP3 in-
flammasome activation and is accompanied by cytotoxicity [49].
These observations indicate that inhibition of NLRP3 inflamma-
some activation can be achieved by inhibiting K* outflow. Mitotic
kinase NEK?7 is a vital factor that bridges adjacent NLRP3 subunits
through binary interactions to form a high-molecular-weight
NLRP3-NEK?7 complex, which plays a role downstream of K* and
regulates NLRP3 oligomerization and activation [52,53]. Studies
have shown that the oligomerization of ASC into specks is depen-
dent on Cl- channels, and the process is dynamic and reversible.

NLRP3-dependent ASC oligomerization and speck formation only
occur under conditions free of Cl~. Furthermore, these specks re-
main inactive and do not recruit active caspase-1 until the absence
of K*, and Cl- induces the formation of a high-molecular-weight
NLRP3-NEK7 complex, which leads to speck activation [54]. Other

scholars have reported on the activation mechanism of K*, mi-
tochondrial reactive oxygen species (ROS) and Cl~ on NLRP3 in-
flammasome. An NLRP3 inflammasome agonist induces K* efflux,
causing mitochondrial damage and ROS production, which then
induces membrane ectopia of chloride intracellular channel pro-
teins (CLICs) and Cl~ efflux, promoting NEK7-NLRP3-ASC inter-
action, inflammasome assembly, activation of caspase-1 and
secretion of IL-1 [48,55]. Calcium-sensing receptor (CASR), which
increases the release of Ca®* stored in the endoplasmic reticulum
(ER), promotes the assembly of inflammasome components and
mediates the reduction of cellular cAMP, independently activating
the NLRP3 inflammasome [56]. Therefore, the maintenance of ionic
equilibrium is essential, and the continued identification and dee-
pening of our understanding of ionic mechanisms may reveal pos-
sible therapeutic targets. However, because of the ubiquitous nature
of ion signaling in all cell types, inhibition of ion channels is not an
ideal therapeutic strategy and would inevitably lead to off-target
effects.

Activation of the NLRP3 inflammasome is also associated with
organelles, including the ER, mitochondria and Golgi apparatus.
Studies have shown that NLRP3 inflammasome activity is nega-
tively regulated by autophagy and positively regulated by ROS ac-
cumulation during mitochondrial damage and is also associated
with mitochondrial DNA release [57,58]. The trans-Golgi network
(TGN) disintegrates and disperses upon NLRP3 inflammasome sti-
mulation to form the dTGN, which acts as a polymeric scaffold for
NLRP3 and ASC, inducing aggregation of both, thereby activating
downstream responses [59]. Additionally, Golgi-mediated protein
kinase D (PKD) signaling leads to phosphorylation of NLRP3 located
in the mitochondria-associated ER membrane (MAM), leading to
the assembly of the NLRP3 inflammasome in the cytoplasm and
affecting downstream signaling [60], as shown in Figure 1.

Noncanonical pathway

Studies have shown that LPS not only acts as a starting signal to
activate inflammasomes but also directly activates caspase-11 in-
dependently of TLR4 to cause pyroptosis, a process called atypical
NLRP3 inflammasome activation (Figure 1) [61,62]. Human cas-
pase-4/5 and mouse caspase-11, which have high homology, act
directly on LPS and lipid A with high specificity and affinity to
induce cytotoxicity [61]. Another study indicated that after LPS-
induced changes in lysosomal membrane stability, the caspase-11
activator cathepsin B flows out to activate caspase-11 and plays a
role in the activation of atypical inflammasomes [63]. In this case,
activation of caspase-11 is mediated by cathepsin B rather than by
direct binding to LPS. Mechanistically, caspase-4/5/11 specifically
destroy the N-terminal and C-terminal domains in GSDMD, and the
exposed N-terminal fragment induces pyroptosis in a certain way,
confirming the key role of GSDMD in the pyroptosis mechanism
mediated by caspase-11 [44,62,64]. This discovery of the activation
of atypical inflammasomes adds a new chapter to the mapping of
the complex network of inflammasomes, which is of great sig-
nificance.

Over the years, the activation mechanism of NLRP3 inflamma-
some has attracted great attention and interest from an increasing
number of scientists, but many questions remain unanswered. For
example, what is the universal, definitive mechanism that co-
ordinates the activation of the complex inflammasome pathway,
including its multiple ion channels, organelles, and interacting
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molecular proteins? Furthermore, does changing one activation
pathway cause other pathways to change, and if so, what are the
intersections between the different pathways? Efforts have been
made to identify the ultimate source of activation, in the expectation
that the mechanism of this complex system can be traced to a
common cause.

Regulation of the NLRP3 Inflammasome

Several mechanisms have been identified that regulate NLRP3 in-
flammasome activation, including transcriptional and post-
transcriptional modifications of NLRP3, posttranslational
modifications, and the involvement of interacting proteins or reg-
ulators. By positively or negatively regulating the activation of the
NLRP3 inflammasome, homeostasis is maintained and the disease
state is improved.

Transcription and posttranscriptional modification

Many stimulators of the NLRP3 inflammasome priming phase have
been identified, including TLRs, FAS-associated protein with death
domain (FADD) [65], and IL-1 receptor (IL-1R) ligands [65-67]. The
unique expression patterns of these mediators regulate the different
phases of inflammasome activity, as follows: NLRP3 and IL-1 gene
transcription occur at the priming step, thus targeting the MyD88
requirement in the early stage; the adapter-inducing IFN-B-con-
taining Toll/IL-1R domain (TRIF) is required for subsequent inter-
mediate stages [35,68]; and the kinase IL-1R-associated kinase
(IRAK1) is essential for the rapid activation of NLRP3 by the MyD88
pathway [69,70].

MicroRNAs (miRNAs) are endogenous single-stranded noncod-
ing RNAs that are 19-24 nucleotides in length. Each miRNA exerts
its regulatory function by binding to the 3’ untranslated region (3’
UTR) of a protein-coding mRNA [71], and miRNA has been shown
to play an important role in the posttranscriptional regulation of the
NLRP3 inflammasome [72]. NLRP3 mRNA can be regulated by
multiple miRNAs, including miR-223 which binds to a highly con-
served region of the 3'UTR of NLRP3 mRNA and subsequently in-
terferes with protein translation [73,74], as well as miR-22 and miR-
7 which target NLRP3 expression and regulate NLRP3 inflamma-
some activation [75-77].

Posttranslational modifications (PTMs)

NLRP3 inflammasome activity is modulated by dynamic post-
translational modification of proteins through phosphorylation and
deubiquitination and by protein kinase or autophagy-mediated de-
gradation. Exploration of the regulatory mechanisms of NLRP3 is
expected to yield alternative methods for the treatment of in-
flammatory diseases.

Currently, research indicates that deubiquitination and phos-
phorylation modulate NLRP3 and ASC to facilitate the assembly of
the NLRP3 inflammasome. BRCC3 isopeptidase is a multiprotein
complex formed by the linkage of BRCC3 with ABRO1, NBA1 and
BRE, and can specifically cleave the Lys63 ubiquitin chain [78].
Mechanistic studies have shown that BRCC3 and ABRO1 are key
regulators of NLRP3 inflammasome activation. BRCC3 mediates the
deubiquitination of the LRR domain of NLRP3, which in turn re-
cruits ASC, activates caspase-1, and releases the proinflammatory
cytokine IL-1B, for which ABRO1 binding to the NBD and NACHT
domain of NLRP3 is essential [78,79]. To deal with endotoxin, the
polyubiquitination of the NLRP3-K63 linkage that is mediated by the
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deubiquitin enzyme STAMBP is a signal of nondegradation and
activation of the NLRP3 inflammasome [80]. Apart from promoting
assembly of the inflammasome complex, deubiquitination also en-
hances the transcription of NLRP3 and pro-IL-1, thereby promot-
ing the activation of the NLRP3 inflammasome. For example, UAF1/
USP12 and UAF1/USP46 complexes promote NF-kB activation and
enhance the transcription of NLRP3 and pro-IL-1f by inhibiting
ubiquitin-mediated degradation of p65 [81]. Ubiquitin ligase plays a
negative regulatory role in the activation. Previously, inhibition of
the NLRP3 inflammasome by the neurotransmitter dopamine,
mediated by the dopamine D1 receptor signal through binding of the
second messenger cCAMP to NLRP3, followed by the action of the E3
ubiquitin ligase MARCH? to promote the ubiquitination and de-
gradation of NLRP3, was reported to play a negative regulatory role
[82]. Additionally, TRIM31 and FBXL2 have also been reported to
promote the ubiquitination and degradation of NLRP3 [83,84].
Evidence has shown that inflammasomes are regulated by protein
kinases and phosphatases that target the phosphorylation of in-
flammasome components [85]. The possibility of targeting NLRP3
and ASC phosphorylation has been investigated. During the initia-
tion event, TLRs activate mitogen-activated protein kinases, in-
cluding JNK. JNK1-mediated phosphorylation of NLRP3 at S194,
which is a key step leading to oligomerization of NLRP3, contributes
to subsequent inflammasome assembly [86]. Using mass spectro-
metry, researchers identified three phosphorylated serines in
NLRP3, one of which is located at the charge interaction interface
within the PYD of NLRP3. Phosphorylation interferes with the
charge interaction between PYD and PYD within the interface and
inhibits assembly of the inflammasome, while protein phosphatase
2A (PP2A) plays a role in the dephosphorylation of NLRP3 and
activates the inflammasome [87]. The protein kinase A (PKA) sig-
naling pathway inhibits inflammasome activation through specific
phosphorylation of Ser/Thr residues of NLRP3 [88]. Phosphoryla-
tion of ACS controls the formation of ASC speck aggregates. Syk
kinase phosphorylates the ASC Y146 and Y187 residues, Syk and
JNK phosphorylate Tyrl44, and Pyk2 phosphorylates Tyr146,
which are involved in the formation of ASC specks and the reg-
ulation of inflammasome activation [85,89,90]. In summary, regu-
lated kinase and phosphatase activities effectively target the
activation of the NLRP3 inflammasome, providing a new avenue for
the selection of clinical drugs to inhibit inflammasome activation
and target the treatment of diseases associated with NLRP3 in-
flammasome.

Apart from the ubiquitination and phosphorylation of NLRP3
inflammasome during PTM, studies have shown that S-nitrosyla-
tion blocks its activity [91], while sumoylation and ADP-ribosyla-
tion can promote activation of the NLRP3 inflammasome [92,93].

NLRP3 interacting partners

In addition to interacting with ASC and pro-IL-1p to form the in-
flammasome complex, NLRP3 also interacts with many other pro-
teins, including NEK7, which regulates oligomerization and
activation of NLRP3 [54], thioredoxin-interacting protein (TXNIP),
the molecular chaperone heat shock protein 90 (HSP90) and its
cochaperone SGT1, guanylate-binding protein 5 (GBPS), and oth-
ers. TXNIP is associated with insulin resistance. After inflamma-
some activators such as MSU cause an increase in ROS, TXNIP is
induced to dissociate from thioredoxin, which in turn binds to
NLRP3 [94]; thus, it is possible to regulate the NLRP3 inflamma-
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some by altering TXNIP. Functional HSP90 keeps NLRP3 stable and
prevents degradation by the proteasome [95]. The SGT1-HSP90
complex binds to the NLRP3 LRR domain, which interacts with
NLRP3 to maintain NLRP3 in an inactive but signaling-competent
state; upon detection of an activation signal, SGT1-HSP90 dis-
sociates from NLRP3, thereby inducing the NLRP3-associated in-
flammatory cascades.

The SGT1-HSP90 complex binds to the NLRP3 LRR domain [95].
GBPS binds to the NLRP3 PYD domain, and tetrameric GBP5 pro-
motes NLRP3-mediated ASC oligomerization [96], suggesting that
the NLRP3 inflammasome could be regulated through GBPS.

NLRP3 Inflammasome in Autoimmune Liver Diseases
Autoimmune hepatitis

Autoimmune hepatitis (AIH) is a relatively rare and highly hetero-
geneous disease. The most common clinical phenotype is char-
acterized by insidiousness, without obvious symptoms or with one
or more nonspecific symptoms, which include fatigue, general
malaise, upper right abdominal pain, lethargy, anorexia, weight
loss, nausea, and itching. Typical biochemical characteristics in-
clude: (1) elevated bilirubin and transaminase; (2) y-globulin or
immunoglobulin G levels > 1.5 times the upper limit of normal; (3)
titers of > 1:80 for anti-nuclear (ANA), anti-smooth muscle (SMA);
and (4) anti-liver/kidney microsomal type 1 (LKM1) autoantibodies
[97,98].

Regulatory T cells and effector T cells play an important role in
the pathogenesis of AIH. T helper type 1 cells secrete IL-2 and IFN-y
to stimulate cytotoxic T lymphocytes on liver and activate macro-
phages to release IL-1 and tumor necrosis factor-a. Both IL-1p and
IL-18 belong to the IL-1 family [99], and IL-1B is abundant in the
liver microenvironment of AIH [98]. Concanavalin A (ConA)-in-
duced hepatitis leads to activation of T lymphocytes, production of
abundant proinflammatory cytokines, and damage or killing of
hepatocytes, thus mimicking the AIH pattern. The expression levels
of NLRP3, cleaved caspase-1, and IL-1p were shown to be upregu-
lated in the livers of ConA model mice. To further evaluate the
functional contribution of NLRP3 inflammasome in AIH, the au-
thors investigated ConA-induced diseases in NLRP3~/~ mice.
Compared with wild-type mice, NLRP3~/~ mice exhibited sig-
nificantly reduced hepatocellular damage, reduced serum levels of
alanine aminotransferase and aspartate transaminase, and down-
regulated levels of cleaved caspase-1 and IL-1P proteins in hepato-
cyte homogenates [100], suggesting that NLRP3 inflammasome
plays a key role in the process of AIH. Trichloroethylene (TCE)-
mediated AIH inflammation is similar to ConA-mediated hepatitis,
and both are related to T cells. TCE stimulation leads to the acti-
vation of inflammasomes induced by oxidative stress, resulting in
dysregulation of the liver immune response and inducing the for-
mation of autoimmune diseases [101]. Studies have shown that the
induction of AIH by dichloroacetyl chloride, a metabolite of TCE, is
also related to the activation of inflammasomes [102]. These studies
strongly suggest that NLRP3 inflammasome activation is involved in
the inflammatory response of AIH and plays an important role in its
pathogenesis.

The possibility that inhibiting the activation of the NLRP3 in-
flammasome can alleviate the inflammatory response in AIH is
being further explored. The inflammasome activation could be in-
hibited through direct binding of NLRP3. For example, previous
studies have demonstrated that miR-223 can target the binding site

of the NLRP3 3'UTR, prevent the accumulation of inflammasomes
and inhibit the production of IL-1f, thereby inhibiting liver in-
flammation and inflammatory cell death for a hepatoprotective ef-
fect [103,104]. In other studies, the NLRP3 inflammasome is
suppressed by inhibiting cytokines or key links related to the in-
flammasome activation pathway, primarily targeting IL-1B in-
hibitors and antioxidants, all in model mice. For example, studies in
ConA-induced AIH have shown that the use of the IL-1p inhibitor
rhIL-1Ra improves liver inflammation and damage in two ways: (1)
blocking the role of IL-1p in the disease; and (2) eliminating ROS
and restoring mitochondrial function to inhibit the activation of the
NLRP3 inflammasome [100].

Activated nuclear factor erythroid 2-related factor 2 (NRF2),
which promotes the expression of antioxidant genes, attenuates
TCE-mediated autoimmunity. The antioxidants sulforaphane and
tertiary butylhydroquinone have the same protective effect [105].
Could this effect be related to the inflammasome? It was reported
that the ROS scavenger N-acetylcysteine (NAC) ameliorates im-
mune disorders caused by TCE exposure, probably by inhibiting
oxidative stress and activating the NLRP3 inflammasome [101].
Another study showed that curcumin ameliorates hepatic in-
flammatory injury by interfering with the NLRP3/caspase-1/
GSDMD pyroptotic signaling pathway while scavenging mal-
ondialdehyde (the final product of ROS-induced lipid peroxidation)
accumulation and regulating NRF2 signaling, thereby inhibiting
hepatotoxicity and oxidative stress [106]. Additionally, the authors
mentioned that curcumin may inhibit the activation of the NLRP3
inflammasome by inhibiting the ROS-TXNIP-NLRP3 pathway.
Therefore, there is a close relationship between the antioxidant le-
vel and activation of the NLRP3 inflammasome, which may lead to
new ideas for the treatment of AIH. In summary, the role of NLRP3
inflammasome in the pathogenesis and treatment of AIH has only
been confirmed at the animal level, and systematic studies have
been insufficient. The correlation between NLRP3 inflammasome
and AIH needs further exploration and verification.

Primary biliary cholangitis

Primary biliary cholangitis (PBC) is an autoimmune cholestatic liver
disease characterized by cholestasis, serological reaction of specific
autoantibodies, including AMA and ANA, and intrahepatic cho-
langitis. Without timely treatment, PBC will eventually develop into
advanced biliary cirrhosis [107].

Bile acids (BAs) play an important role in the pathogenesis of
PBC. When the concentration of BAs exceeds the normal physio-
logical level, they exert a cytotoxic effect that causes cell necrosis
[108]. In one report, LPS-primed bone marrow-derived macro-
phages (BMDMs) that were treated with BAs at 50 M, which is
within the physiological range of BAs in the portal vein (10-80 uM)
and peripheral circulation (2-10 uM) of humans and mice, inhibited
caspase-1 activation and IL-1f secretion, thereby specifically in-
hibiting NLRP3 inflammasome activation [109]. The detailed me-
chanism is shown in Figure 2. However, in another study, 50 utM
BAs had the exact opposite effect: the NLRP3 inflammasome was
activated in mouse BMDMs, and human peripheral blood mono-
cytes differentiated into macrophages [110]. This discrepancy
should be explored further in PBC. The inhibition of inflammasome
activation at physiological concentrations of BAs raises the ques-
tion: what is the effect of a pathological concentration? This area
also needs more in-depth research.
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PBC initially causes inflammation of the small bile ducts in the
liver that can lead to the development of fibrosis and, in the absence
of effective treatment, eventually liver cirrhosis [111]. For moder-
ate-to-severe patients, it is very important to alleviate the process of
liver fibrosis. There are no reports of a direct examination of the
relationship between liver fibrosis and NLRP3 inflammasome in
PBC, but recent studies of fibrosis caused by alcoholic and non-
alcoholic fatty liver and nonalcoholic steatohepatitis have clarified
the key role of NLRP3 inflammasome activation as a triggering
factor for the development of various liver diseases [112,113].
These results suggest that further exploration of the possible inter-
nal connection between liver fibrosis and the NLRP3 inflammasome
in PBC could be fruitful.

As previously mentioned, the NLRP3 inflammasome can be ac-
tivated by DAMPs, and the multifunctional glycoprotein Gal-3 is
considered a DAMP molecule [114]. Studies in spontaneous PBC
mouse models with dominant negative transforming growth factor 8
receptor II (dnTGF-BRII) have shown that the lectin Gal3 acts as the
initiator of inflammatory signals to directly stimulate the activation
of NLRP3 inflammasome and induce IL-17 proinflammatory cas-
cades [115]. This activation of the NLRP3 inflammasome by Gal3
has also been confirmed in another PBC model. In C57BL/6 mice
induced by infection with Novosphingobium aromaticivorans, Gal3
enhances the activation of the NLRP3 inflammasome, and IL-1p is
produced to promote the increase in inflammation [116]. These
results indicate that inhibition of Gal3 signal transduction may be a
potential target for the treatment of PBC; however, what is the
specific mechanism by which Gal3 plays a role in PBC remains to be
further studied.

PBC is a cholestatic liver injury disease that is currently treated
with ursodeoxycholic acid, an internationally recognized drug, but
approximately 40% of patients have no biochemical reaction to it
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[117]. The search for drugs with better curative effects and toler-
ability and fewer adverse reactions has become urgent for PBC
patients. Studies on the role of MCC950, an effective and selective
small molecule inhibitor of NLRP3 inflammasome in liver injury
[113,117], have prompted us to explore whether NLRP3 in-
flammasome small molecule inhibitors also play a similar role in the
process of PBC. Such research on therapeutic drugs targeting NLRP3
inflammasome may provide more options for the clinical treatment
of PBC.

Primary sclerosing cholangitis
Primary sclerosing cholangitis (PSC) is a chronic bile duct disease
that is diagnosed based on cholangiographic (or histological) fea-
tures shown by magnetic resonance cholangiopancreatography,
dynamic liver magnetic resonance imaging and/or contrast com-
puted tomography examination. There is little evidence that medi-
cations are useful to prevent disease progression [118,119].

Elevated markers of NRLP3 inflammasome activation have been
detected in liver slices from PSC patients, suggesting a higher degree
of inflammasome activity in these patients than in healthy in-
dividuals. Consistent results were observed in a mouse Mdr2-
knockout (Mdr2-/-) model that is similar to human PSC [120,121],
providing support for the need to further investigate the relationship
between NLRP3 inflammasome and PSC pathogenesis. It has been
pointed out that the microbiome is the cornerstone of PSC devel-
opment, paving the way for translational diagnosis and treatment
methods [122]. Given the important role of gut microbes in PSC
disease, what role might the NLRP3 inflammasome play in the in-
testinal flora and PSC?

Despite an abundance of mechanistic theories, the pathogenesis
of PSC remains unclear. BA toxicity and intestinal leakage are
considered to be the two main hypothetical mechanisms [123]. PSC
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Figure 2. NLRP3 inflammasome activation in the disease processes of AlH, PBC and PSC The NLRP3 inflammasome is activated and IL-1p is
upregulated in ConA- or TCE-induced AIH model animals, which ultimately leads to the development of liver inflammation and injury that can be
blocked by the IL-1 inhibitor rhiL-1Ra. Overexpressed miR-233 in exosomes from bone marrow-derived stem cells inhibits NLRP3 activation by
binding to its 3'UTR, leading to NLRP3 mRNA degradation and thus suppression of liver inflammation and cell death, mediating a form of
hepatoprotection. In a spontaneous PBC dnTGF-BRIl mouse model and an induced PBC mouse model obtained by infection with Novo-
sphingobium aromaticivorans, Gal3 promotes increased inflammation by enhancing the activation of the NLRP3 inflammasome and IL-1B pro-
duction, inducing liver inflammation and injury that can be stopped by Gal3 inhibitors. Bile duct ligation triggers elevation in BAs, activating the
TGR5-cAMP-PKA pathway and inducing NLRP3 Ser291 phosphorylation, inhibiting caspase-1 activation and relieving liver damage. In a mouse
Mdr2-knockout (Mdr2--) model that duplicates the human PSC, BAs augment intestinal barrier disruption. Impaired barrier function leads to
bacterial endotoxin migration to the hepatic periportal vein and activation of the NLRP3 inflammasome, ultimately leading to liver damage.
Treatment with the pancaspase inhibitor IDN-7314 ameliorates liver injury in Mdr2-- mice.
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is an autoimmune cholestatic liver disease. Changes in the intestinal
flora affect the BA pool and can exacerbate cholestasis, and ex-
cessive accumulation of BAs may, in turn, affects the composition of
the intestinal microbiota [108]. Additionally, BAs are closely related
to NLRP3 inflammasome. Therefore, it is possible that changes in
the intestinal flora can lead to the accumulation of BAs, which af-
fects the activation of inflammasomes through BAs and lead to PSC.
It was reported that the intestinal barrier function of PSC model
mice is impaired, leading to increased translocation of bacterial
DNA and other bacterial products (such as LPS) into the portal
system and that there is excessive activation of NLRP3 inflamma-
some in the liver and intestines of mice [121]. The detailed me-
chanism is shown in Figure 2.

As previously shown, the inflammasome may play a role in PSC
in two ways. First, the intestinal permeability changes, allowing the
intestinal flora to enter the liver as a PAMP, causing excessive ac-
tivation of NLRP3 inflammasome in the liver and aggravating the
disease process. Second, changes in the intestinal flora aggravate
cholestasis, overactivate the inflammasome, and lead to aggrava-
tion of the disease.

Whether the increased activation of NLRP3 inflammasome is the
result of changes in BA levels or in the gut microbiome is unknown.
Transplant-free survival in PSC has not been shown to be prolonged
by single drugs or therapy [124], so, research into the role of NLRP3
inflammasome in PSC is still in its infancy.

Conclusions and Perspectives

Pathogen invasion causes the activation of the NLRP3 inflamma-
some, which comprises a host defense mechanism to clear the pa-
thogen and maintain homeostasis. However, the excessive
activation of NLRP3 inflammasome by foreign pathogens and self-
danger signals can affect a variety of autoimmune liver diseases,
including AIH, PBC and PSC. Indeed, previous studies have proven
that substances acting as PAMPs or DAMPs activate a pivotal pro-
tein platform of the NLRP3 inflammasome and that the downstream
signaling molecules caspase-1 and IL-1f are overactivated and up-
regulated in multiple autoimmune liver diseases. The activation
mechanism of the NLRP3 inflammasome varies among auto-
immune liver diseases. Further studies are needed to determine
whether there is a common upstream mechanism that plays a de-
cisive role in activation. Intestinal flora and BAs have indispensable
functions in autoimmune liver disease, but which one plays a
leading role in the pathogenesis of NLRP3 inflammasome remains
to be determined.

According to the current literature on the characteristic role of the
NLRP3 inflammasome in autoimmune liver disease, it is crucial to
explore the therapeutic effects of targeted inhibition of the NLRP3
inflammasome or related signaling pathways. Small molecule in-
hibitors of NLRP3 inflammasome, such as MCC950, BA transport
inhibitors, and BA receptor agonists, such as TGR5 and FXR, inhibit
the activation pathway of the inflammasome and play a role in
alleviating liver injury, which provides a new idea for the selection
and application of clinical drugs. Most of the existing research drugs
are based on reducing cholestasis, and the NLRP3 inflammasome
may be a downstream signal of BAs, which causes the diseases.
Therefore, the next step is to explore the targeted inhibition of the
inflammasome itself or the upstream and downstream signals of
inflammasome activation pathways to find new therapeutic targets.

In summary, the NLRP3 inflammasome plays an important role in

the pathogenesis and development of autoimmune liver diseases
and is a promising therapeutic target. However, because the existing
research data are derived from animal models only, there is still a
long way to go in this regard.
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