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Abstract

steatohepatitis; Acute liver failure

Nucleotide-binding oligomerization domain (NOD)-like receptor protein 3 (NLRP3) is a cytosolic pattern recognition rec&
that recognizes multiple pathogen-associated molecular patterns and damage-associated molecular patterns. It is a cytoplasmic
immune factor that responds to cellular stress signals, and it is usually activated after infection or inflammation, forming an
NLRP3 inflammasome to protect the body. Aberrant NLRP3 inflammasome activation is reportedly associated with some inflam-
matory diseases and metabolic diseases. Recently, there have been mounting indications that NLRP3 inflammasomes play an
important role in liver injuries caused by a variety of diseases, specifically hepatic ischemia/reperfusion injury, hepatitis, and liver
failure. Herein, we summarize new research pertaining to NLRP3 inflammasomes in hepatic injury, hepatitis, and liver failure.
The review addresses the potential mechanisms of action of the NLRP3 inflammasome, and its regulation in these liver diseases.
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Introduction

Inflammation is one of the body’s self-defense mechanisms,
and it depends on the innate immune system. When
stimulated by potentially harmful substances such as
pathogens and dead cells, pattern recognition receptors
(PRRs) participate in the development of inflammation,
and are involved in the recognition of pathogen-associated
molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs).!! Inflammasomes were first
proposed by Martinon et al?! in 2002. They reported
that nucleotide-binding oligomerization domain (NOD)-
like receptor protein 1 (NLRP1) could combine with
caspase-recruitment domain (CARD) and pro-caspase-1,
forming a complex that played a key role in the activation
of proinflammatory caspases. They named this protein
complex the inflammasome, and suggested that it links
pro-interleukin-1f (pro-IL-1B) to its upstream activator.
Diverse families of PRRs have now been identified, includ-
ing toll-like receptors (TLRs), C-type lectin receptors
(CLRs), NOD-like receptors (NLRs), absent in melanoma
2 (AIM2)-like receptors (ALRs), retinoic acid-inducible
gene I (RIG-I)-like receptors (RLRs), and pyrin.34
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NLRP3 is the NLR that has been studied the most. Agos-
tini et al®! demonstrated that NLRP3 activates caspase-1
by forming an inflammasome with the CARD-containing
protein Cardinal and apoptosis-associated speck-like pro-
tein containing a CARD (ASC). NLRP3 inflammasomes
are composed of NLRP3, ASC, and pro-caspase-1. NLRP3
is a PRR, and it contains an amino-terminal pyrin domain
(PYD), a central nucleotide-binding and oligomerization
(NACHT) domain, and a C-terminal leucine-rich repeat
(LRR) domain. The LRR domain can recognize DAMPs
and PAMPs. The NACHT domain acts as a deoxyribo-
nucleoside triphosphate (DNTP) enzyme and has ATPase
activity. In the absence of immune activators such as
PAMPs and DAMPs, the NACHT domain binds to the
LRR domain, causing NLRP3 to enter a state of self-in-
hibition. When stimulated by activators, NLRP3 exposes
its NACHT domain, and the PYD of NLRP3 can interact
with the PYD of ASC.I®! ASC also recruits pro-caspase-1
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through CARD-CARD interactions, to complete assem-
bly of the NLRP3 inflammasome (NLRP3-ASC-caspase-1
protein complex). After activation of the NLRP3 inflam-
masome, caspase-1 converts downstream substrates
such as pro-IL-1B and pro-interleukin-18 (pro-IL-18) to
their mature forms. Caspase-1 also cleaves gasdermin D
(GSDMD) and releases its N-terminal domain, which is
transferred to the cell membrane and forms pores, trigger-
ing a lytic and proinflammatory form of cell death called
pyroptosis.!>8!

NLRP3 inflammasome activation can produce an
inflammatory response to protect the body, but excessive
NLRP3 inflammasome activation can lead to a variety of
diseases. NLRP3 inflammasomes are evidently involved
in liver injuries caused by many diseases. Non-alcoholic
fatty liver disease (NAFLD) affects a quarter of the global
adult population and is the second-leading cause of end-
stage liver disease and liver transplantation in Europe and
America, after alcohol-associated liver disease. Non-alco-
holic steatohepatitis (NASH) plays a significant role in the
progress of NAFLD.”! In developing countries, hepatitis
viruses are the leading cause of liver disease, as well as
acute liver failure (ALF).'1 At the end stage of liver
disease, liver transplantation is currently the most effective
treatment, but hepatic ischemia/reperfusion (I/R) injury
is an inevitable problem. This review summarizes the
activation mechanism of NLRP3 inflammasomes, and the
role and regulation of NLRP3 inflammasomes in hepatic
I/R injury, different kinds of hepatitis, and liver failure,
in order to provide new insights into the mechanism and
treatment of liver injury.
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Mechanism of NLRP3 Inflammasome Activation

NLRP3 inflammasomes can be activated via three distinct
pathways: the canonical or classical pathway, the non-ca-
nonical pathway, and the alternative pathway.!!!!

Canonical or classical pathway

Classical NLRP3 inflammasome activation requires two
steps, priming and activation [Figure 1]. The first priming
signal provided by microbial components or endogenous
cytokines activates nuclear factor kappa B (NF-«xB)
and induces the expression of NLRP3, pro-IL-1pB, and
pro-IL-18. The second activation signal comes from
extracellular adenosine triphosphate (ATP), pore-form-
ing toxins, or particulate matter. NLRP3 has not been
observed to interact directly with any of these agonists,
and due to their biochemical differences, it is suspected
that they induce a common form of cell signaling. Mul-
tiple molecular and cellular signaling events induced by
NLRP3 stimuli, including ionic flux (K* efflux, CI- efflux,
Na* influx, and Ca?* mobilization), mitochondrial dys-
function, endoplasmic reticulum (ER) stress, production
of reactive oxygen species (ROS) and mitochondrial DNA
(mtDNA), lysosomal damage, and trans-Golgi decomposi-
tion, have been shown to activate NLRP3 inflammasomes.
K* efflux is reportedly a common upstream signal required
for NLRP3 inflammasome activation.'?l However,
NLRP3 inflammasome activation induced by Staphylo-
coccus aureus cell wall peptidoglycan, imiquimod, and
CL097 (a TLR7/8 agonist) is K* efflux-independent.!!3:14]
The alternative NLRP3 inflammasome activation
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Figure 1: Classical NLRP3 inflammasome activation requires two steps, priming and activation. The first priming signal provided by microbial components or endogenous cytokines activates
NF-B and induces the expression of NLRP3, pro-IL-1p, and pro-IL-18. The second activation signal comes from ionic flux (K* efflux, CI- efflux, Na* influx, and Ca?+ mobilization), mitochondrial
dysfunction, production of ROS and mtDNA, lysosomal damage, and trans-Golgi decomposition. ASC: Apoptosis-associated speck-like protein containing a caspase-recruitment domain;
GSDMD: Gasdermin D; IL: Interleukin; LPS: Lipopolysaccharide; LRRs: Leucine-rich repeat; mtDNA: mitochondrial DNA; NACHT: Nucleotide-binding and oligomerization; NEK7: NIMA-associated
kinase 7; NLRP3: NOD-like receptor protein 3; Pro-IL-18: IL-18 is produced as an inactive precursor; PYD: Pyrin domain; ROS: Reactive oxygen species; TLR: Toll-like receptor.
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pathway is also K* efflux-independent.!!’! After a priming
step, NLRP3 is activated by a second signal, interacts with
NIMA-associated kinase 7 (NEK7), oligomerizes to form
complexes, forms ASC speck, and converts ASC proteins
into filaments. Subsequently, the ASC protein recruits
pro-caspase-1 through CARD-CARD interactions, and
then pro-caspase-1 self-hydrolyzes into mature caspase-1,
promoting the conversion of pro-IL-1B and pro-IL-18
to interleukin-1f (IL-1B) and interleukin-18 (IL-18),
respectively. Caspase-1 also cleaves GSDMD and releases
its N-terminal domain, which is transferred to the cell
membrane and forms pores, inducing pyroptosis.!®1¢]

Non-canonical pathway

Intracellular lipopolysaccharide (LPS) is sufficient to
induce endotoxic shock independently of toll-like receptor
4 (TLR4) signaling. This is known as the non-canonical
inflammasome activation pathway, which responds to
Gram-negative bacteria but not to Gram-positive bacteria.
The non-canonical pathway involves human caspase-4/5
and mouse caspase-11, rather than caspase-1. Similar to
the canonical pathway, the priming process can enhance
the inflammatory response in mice due to low baseline
expression of caspase-11. In contrast, the human non-ca-
nonical pathway does not require the priming process for
high levels of caspase-4 in cells.

During various bacterial infections, caspase-4/5/11 recog-
nizes and binds to intracellular LPS, then oligomerizes
and becomes activated. Mature caspase-4/5/11 cannot
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directly cleave IL-1B and IL-18, but causes cell membrane
perforation and potassium efflux by cleaving GSDMD
and pannexin-1 (Panx1), leading to pyroptosis [Figure 2].
Oxidized phospholipids (0xPAPC), a class of DAMPs, can
bind to caspase-11 and induce inflammasome activation.
However, oxPAPC induces caspase-11-dependent IL-1
release without inducing pyroptosis.[”>1”!

Alternative pathway

Alternative NLRP3 inflammasome activation requires
assembly of the NLRP3-ASC-caspase-1 complex, but
there is no ASC speck formation, pyroptosis, or K*
efflux. In murine dendritic cells, without other acti-
vating signals, prolonged exposure to LPS leads to
NLRP3-mediated IL-1B processing and secretion in a
P2X7-independent manner. TLR4-TRIF (toll-interleukin-
1 receptor-domain-containing adaptor-inducing IFN-beta)-
RIPK1 (receptor-interacting serine/threonine-protein kinase
1)-FADD (FAS-associated protein with death domain)-
caspase-8 signaling plays a pivotal role in this alternative
pathway [Figure 2].>15]

Post-translational modifications of NLRP3

Multiple post-translational modifications (PTMs) of NLRP3
can regulate NLRP3 inflammasome activation. Among
various NLRP3 PTMs, phosphorylation, ubiquitination,
and small ubiquitin-like modifier mediated modification
(SUMOylation) have been extensively studied. These PTMs
reportedly regulate NLRP3 inflammasome activation by
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Figure 2: Non-canonical pathway and alternative pathway. The non-canonical pathway involves human caspase-4/5 and mouse caspase-11. Mature caspase-4/5/11 cannot directly
cleave IL-1f and IL-18, but cause cell membrane perforation and potassium efflux by cleaving GSDMD. Alternative NLRP3 inflammasome activation requires assembly of the NLRP3-
ASC-caspase-1 complex, but there is no ASC speck formation, pyroptosis, or K* efflux. LPS-induced TLR4-TRIF-RIPK1-FADD-caspase-8 signaling is important in this pathway. CARD:
Caspase-recruitment domain; GSDMD: Gasdermin D; IL: Interleukin; LPS: Lipopolysaccharide; LRRs: Leucine-rich repeat; NACHT: Nucleotide-binding and oligomerization; NEK7: NIMA-as-
sociated kinase 7; NLRP3: NOD-like receptor protein 3; PYD: Pyrin domain; TLR: Toll-like receptor.
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affecting the activity and stability of NLRP3.[18-201 Qin
et al® reported that tripartite motif-containing protein 28
(TRIM28) could inhibit NLRP3 ubiquitination and pro-
teasomal degradation by promoting small ubiquitin-like
modifier (SUMO) 1, SUMO2, and SUMO3 modification
of NLRP3. Other less known PTMs such as ADP (aden-
osine diphosphate)-ribosylation,?!! ~ S-nitrosylation,??!
S-glutathionylation,?®!  alkylation,**!  acetylation,’!
prenylation,'?®! neddylation,””! and citrullination?®! also
play roles in inflammasome activation, but the exact
mechanisms involved are unclear. Recently, Qin et al?’!
described ISGylation (interferon-stimulated gene 15 cova-
lently binds to the target protein) as a completely new
PTM that can facilitate NLRP3 inflammasome activation
by stabilizing the NLRP3 protein. Interestingly, besides
NLRP3, PTMs of other inflammasome components such
as ASC and caspase-1 also regulate NLRP3 inflammasome
activation. 3031

Role of NLRP3 in Liver Diseases

Hepatic I/R injury

Kupffer cells (KCs) evidently play a key role in aseptic
inflammation induced by I/R. M1 macrophages activated
by immune interferon-y (IFN-y) and LPS are the domi-
nant players in I/R injury as they secrete a variety of
inflammatory cytokines that exacerbate the injury and
recruit other types of immune cells via the circulation.
In contrast, M2 macrophages activated by IL-4 can
ameliorate I/R injury via unregulated anti-inflammatory
factors.13?! Asiatic acid can reportedly effectively mitigate
hepatic I/R injury through attenuation of KCs activation
via the peroxisome proliferator-activated receptor gamma
(PPARY)/NLRP3 inflammasome signaling pathway.
Mechanistically, asiatic acid-mediated PPARy upregu-
lation suppresses the ROS/ mitogen-activated protein
kinases (MAPK) and ROS/NF-kB signaling pathways.**!

In one study, expression of vacuolar-type proton ATPase
(V-ATPase) D2 subunit (ATP6VOD2) in liver mac-
rophages was upregulated after hepatic I/R. Knockdown
of ATP6VOD?2 results in increased secretion of proin-
flammatory factors and chemokines, which enhances
activation of NLRP3 and aggravation of liver injury.
Exacerbated activation of NLRP3 is related to the auto-
phagic flux regulated by ATP6VOD2. Knocking down
ATP6VOD2 impairs the formation of autophagolyso-
somes and aggravates hepatic I/R injury via non-specific
V-ATPase activation./>4l

SET domain-containing protein 8 (SET8) can mitigate
hepatic I/R injury by suppressing the microtubule-affinity
regulating kinase 4 (MARK4)/NLRP3 inflammasome
pathway.l**l Cytidine monophosphate kinase 2 (CMPK2)
reportedly accelerates hepatic I/R injury by activating
the NLRP3 inflammasome.!*®! The TLR4/NF-xB/NLRP3
pathway can evidently induce inflammation in hepatic I/R
injury.7>38 In another study, silencing long noncoding
RNA (IncRNA) KCNQ1 overlapping transcript 1 (KCN-
Q10T1) reduced hepatic I/R injury-induced pyroptosis
by regulating the miR-142a-3p/high mobility group box
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1 (HMGBI1) axis. Mechanisticallyy, KCNQ1OT1 func-
tions as a competing endogenous RNA, which binds to
miR-142a-3p, thus promoting HMGB1 expression which
activates the TLR4/NF-«B signaling pathway in hepatic
I/R injury.!

Increased Panx1 expression has been observed after
reperfusion. Interaction between Panx1 and caspase-1
or ASC is increased in an ischemic liver. Pretreatment
with the Panx1-specific inhibitor PBN (probenecid) and
Panx1 gene silencing attenuates liver injury and IL-1B
production. This study also reported increased levels of
cytosolic cathepsin B (Cat B) after reperfusion, indicating
release of Cat B from lysosomes. Furthermore, intrave-
nous administration of Cat B monoclonal antibody and
Cat B gene silencing dramatically reduce I/R injury and
serum IL-1B.*°1 In another study, hydroxychloroquine
attenuated renal I/R injury by inhibiting cathepsin-medi-
ated NLRP3 inflammasome activation.[*!l We speculate
that the above-described silencing of Panx1 and Cat
B may also reduce hepatic I/R injury by inhibiting NLRP3
inflammasomes, but this speculation requires verification.

In one study, PTEN-induced putative kinase 1 (PINK1)-me-
diated mitophagy protected against hepatic I/R injury
by restraining KC-mediated NLRP3 inflammasome
activation. Kinase-dead mutation and PINK1 silencing
completely abolished these protective effects. Treatment
with different autophagic inhibitors also consistently
reverses these PINK1-mediated effects.[*?! These results
indicate that PINK1-mediated mitophagy is critical in
hepatic I/R injury. Interestingly, 25-hydroxycholesterol
reportedly inhibits NLRP3 inflammasomes and mitigates
hepatic I/R injury via the same pathway.!*!

Knocking out NLRP3 and its downstream target caspase-1
can evidently reduce hepatic /R injury.*¥l However, in
another study, NLRP3 regulated neutrophil functions
and contributed to hepatic I/R injury independently of
inflammasomes. NLRP3~~ mice, but not ASC”~ and
caspase-17- mice, exhibit significantly less liver injury
after hepatic I/R. It has also been reported that NLRP3
regulates chemokine-mediated function and neutrophil
recruitment in an inflammasome-independent manner,
thereby participating in hepatic I/R injury.*"! These two
completely opposite conclusions require more experimen-
tal data for validation.

Downregulation of transient receptor potential melastatin
2 (TRPM2) attenuates hepatic I/R injury via activation of
autophagy and inhibition of NLRP3. The activation of
autophagy also negatively regulates the NLRP3 inflam-
masome pathway in this process.*! Dexmedetomidine
(Dex) increases miR-494 expression and miR-494-
targeted JunD (a versatile transcription factor of the
activating protein-1). Upregulation of JunD activates the
phosphatidylinositol-3 kinase/protein kinase B/nuclear
factor E2-related factor 2 (PI3K/AKT/Nrf2) pathway,
and therefore inhibits NLRP3 inflammasomes and
reduces hepatic I/R injury. Regrettably, researchers have
not reported further studies on the mechanisms of Nrf2
regulation of NLRP3.[#7!
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Fisetis reportedly inhibits the inhibitory effect of gly-
cogen synthase kinase 3B (GSK3B) on AMP-activated
protein kinase (AMPK), and AMPK can inhibit NLRP3
inflammasomes and protect the liver by boosting
M2 macrophage polarization via mTOR.*!! In contrast,
in another study, AMPK could regulate GSK3p activity
in macrophages.!**! Pharmacological inhibition of AMPK
did not influence the inhibitory effects of fisetin on
GSK3B, nor did it entirely reverse the effects of fisetin
on NLRP3 inflammasomes. This further suggests that
other pathways must be involved.*35% A recent study
indicates that NLRP3 stimuli initiate GSK3p activation
with subsequent binding to NLRP3, facilitating NLRP3
recruitment to mitochondria and transition to the Golgi
network (TGN). GSK3p activation also phosphorylates
phosphatidylinositol 4-kinase 2A (PI4k2A) in TGN, pro-
moting sustained NLRP3 oligomerization./*!!

Enhanced activation of NLRP3 inflammasomes in aged
macrophages stimulated by /R and mtDNA has been
reported. Furthermore, the stimulator of interferon genes
(STING)/TANK-binding kinase 1 (TBK1) signaling
pathway is over-activated in aged macrophages. Over-ac-
tivation of NLRP3 signaling and excessive secretion
of proinflammatory cytokines vanished after blocking
STING. Zhong et al'*?! reveal that, elderly recipients had
much higher levels of tumor necrosis factor-a. (TNF-a.),
interleukin-6 (IL-6), IL-1B, and IL-18 post-transplanta-
tion, indicating increased NLRP3 activation in I/R-stressed
livers in elderly recipients. That study demonstrated that
the STING-NLRP3 axis plays a key role in the proinflam-
matory response of aged macrophages [Table 1].

In addition to classical NLRP3 inflammasome activation,
the caspase-11-mediated non-canonical pathway and
pyroptosis have been reported in hepatic I/R injury.l’3! In
that study, hepatic I/R injury was successfully alleviated
by inhibiting caspase-11-mediated non-canonical pyrop-
tosis via ghrelin.

Hepatitis

Hepatitis is an inflammation of the liver tissue. It is
commonly caused by hepatoviruses, heavy alcohol use,
NASH, and autoimmune diseases. Herein, we focus on
NASH and viral hepatitis.

NASH

NAFLD is defined by hepatic steatosis without significant
alcohol consumption. NASH, which refers to steatosis com-
bined with inflammasomes and fibrosis, is the progressive
form of NAFLD and the key cause of end-stage liver diseases.

In one study, rhubarb-free anthraquinones could treat
NAFLD by inhibiting NLRP3 inflammasomes.[*
The specific mechanism involved blocking ASC speck
formation and the combining of NLRP3 and ASC. Pol-
ysaccharides derived from Gynostemma pentaphyllum
(GPPs) reportedly ameliorate NASH, possibly via the
TLR2 (Toll-like receptor-2)/NLRP3 signaling pathway.
High doses of GPPs could inhibit the expression of TLR2
and downregulate NLRP3 inflammasome activation.*’!
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Lymphocyte antigen 6 family member D (LY6D) is
upregulated in NASH livers, and blocking it can reduce
NASH-associated hepatocyte pyroptosis. Fos-like 2
(FOSL2), the upstream transcription factor of LY6D, can
promote LY6D transcription by binding to the LY6D
promoter. The effect of FOSL2/LY6D is significantly
attenuated by inhibiting NLRP3. Therefore, the FOSL2/
LY6D axis may delay NASH progression by regulating
NLRP3 inflammasomes.>®!

Type 4 sphingosine-1-phosphate receptor (S1PR4) was
found to be overexpressed in a group of NASH patients.
Depletion of S1PR4 in hepatic macrophages inhibits
LPS-mediated Ca’* release and downregulates NLRP3
inflammasomes. Sphingosine 1-phosphate (S1P) increases
S1PR4 expression via the inositol 1,4,5-trisphosphate/
inositol 1,4,5-trisphosphate receptor (IP3/IP3R) signaling
pathway, thereby activating NLRP3 inflammasomes."”)
S1PR4 may be a promising target for NASH.

High tripartite motif-containing protein 31 (TRIM31)
expression reportedly suppresses NLRP3 inflammasomes
and the NF-xB signaling pathway, thus restraining hepatic
inflammation. Mulberrin, an important component of the
traditional Chinese medicine Romulus Mori, was found
to improve TRIM31 expression, further inhibiting the
activation of NLRP3 inflammasomes and NF-xB signa-
ling.*8! Notably, however, it has also been reported that
TRIM31 plays the opposite role. In that study, TRIM31
upregulation activated the NF-xB signaling pathway,
and TRIM31 could sustain NF-xB signaling pathway
activation.’”! Because the two studies were performed
in completely different models, this discrepancy may be
related to different cells and different physiological envi-
ronments.

Blocking Ca?* signaling and the induction of mitochondrial
reactive oxygen species (mtROS), which are important
upstream activating signals of NLRP3 inflammasomes,
attenuates caspase-1 activation.!®”l Those researchers con-
sidered it a promising target for NASH. NADPH oxidase
4 (NOX4), a source of cellular superoxide anions, was
found to be the upstream signal of NLRP3, and knocking
out NOX4 could significantly inhibit NLRP3 expres-
sion.!®! Ursolic acid (UA) could reverse liver fibrosis by
inhibiting the NOX4/NLRP3 inflammasome pathway./®?!
We speculate that NOX4 may affect NLRP3 inflammasomes
by regulating its upstream signal ROS, as NOXs are
enzymes that produce ROS.3!

G-protein-coupled bile acid receptor 1 (TGRS), a type of
cell surface receptor involved in many metabolic reactions,
has been shown to relieve NASH by inhibiting NLRP3
inflammasome activation and caspase-1 cleavage.l®¥ In
another study, bile acids inhibited NLRP3 inflammasome
activation via the Takeda G protein-coupled receptor 5/
cyclic adenosine monophosphate/protein kinase A (TGRS/
cAMP/PKA) signaling pathway axis in several inflamma-
tion models.!® Therefore, we have reason to speculate
that the TGR5/cAMP/PKA signaling pathway may be the
underlying mechanism by which TGRS treated NASH,
but further studies are needed to verify that.
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Table 1: NLRP3 regulation in hepatic I/R injury.

Effect on
Change in upstream hepatic I/R
target activity Pathway Effect on NLRP3 injury Conclusion References
PPARy? PPARy — ROS — NLRP3 protein|, ! Asiatic acid is effective in mitigating [33]
(treat with asiatic = MAPK or NF-xB — hepatic I/R injury through attenu-
acid) NLRP3 ation of KCs activation via PPARy/
NLRP3 inflammasome signaling
pathway
ATP6VOD21 ATP6VOD2 — auto- NLRP3 protein] l Knocking down ATP6VOD2 impairs [34]
phagolysosomes — autophagolysosome formation and
NLRP3 aggravates hepatic I/R injury via
non-specific VATPase activation
SETS| SETS - MARK4 — NLRP3 proteint 1 SETS$ could mitigate hepatic /R injury 3]
NLRP3 by suppressing the MARK4/NLRP3
inflammasome pathway
CMPK21 CMPK2 — NLRP3 NLRP3 activation? 1 CMPK2 could accelerate hepatic 361
I/R injury by activating NLRP3
inflammasomes
HMGB11t HMGB1 - TLR4 — NLRP3 proteint T TLR4/NF-«xB/NLRP3 pathway [38]
NF-«B — NLRP3 induces inflammation in hepatic I/R
injury
IncRNA IncRNA KCNQ10OT1  NLRP3 proteint 1 KCNQ1OT1 functions as a competing 3]
KCNQ10T11 — miR-142a-3p — endogenous RNA which binds
HMGB1 - TLR4 — to miR-142a-3p, and therefore
NF-«B — NLRP3 promotes HMGB1 expression,
activating the TLR4/NFkB signaling
pathway in hepatic I/R injury
Panx11 Panx1 — ASC, NLRP3 activation? 1 Interaction between Panx1 and 401
caspase-1 caspase-1 or ASC increases in
ischemic liver
PINK11 PINK1 — Parkin — NLRP3 mRNA] l PINK1-mediated mitophagy protects [42]
mitophagy — NLRP3 N[ RP3 activation] against hepatic I/R injury
TRPM2| TRPM2 — autophagy =~ NLRP3 protein] l TRPM2 downregulation attenuates [46]
(knockout — NLRP3 hepatic I/R injury via activation of
TRPM2 gene) autophagy and inhibition of NLRP3
miR-4941 miR-494 — JunD — NLRP3 protein| l Dex increases miR-494 expression, [47]
(treat with Dex) PI3K — AKT — Nrf2 and miR-494 targets JunD. JunD
— NLRP3 upregulation activates the PI3K/
AKT/Nrf2 pathway, thereby
inhibiting NLRP3 inflammasomes,
reducing hepatic I/R injury
GSK3BJ GSK3B - AMPK — NLRP3 protein|, l Fisetin inhibits the inhibitory effect (48]
(treat with fisetin) NLRP3 of GSK3B on AMPK, and AMPK
can inhibit NLRP3 inflammasomes
and protect the liver by boosting
M2 macrophage polarization via
mTOR
STING| STING, TBK-1 - NLRP3 protein|, l The STING-NLRP3 axis plays a [52]

(treat with STING NLRP3
siRNA)

key role in the proinflammatory
response of aged macrophages

AKT: Protein kinase B; AMPK: AMP-activated protein kinase; ASC: A
Vacuolar-type proton ATPase D2 subunit; CMPK2: Cytidine monophosp

optosis-associated speck-like protein containing a CARD; ATP6V0OD2:
ate kinase 2; Dex: Dexmedetomidine; GSK3B: Glycogen synthase kinase

3B; HMGB1: High mobility group box 1; I/R: Ischemia/reperfusion; JunD: A versatile transcription factor of the activating protein-1; KCNQ10T1:
KCNQ1 overlapping transcript 1; KCs: Kupffer cells; IncRNA: Long noncoding RNA; MAPK: Mitogen-activated protein kinases; MARK4:
Microtubule-affinity regulating kinase 4; mRNA: Messenger RNA; NF-kB: Nuclear factor kappa B; NLRP3: NOD-like receptor protein 3; Nrf2:
Nuclear factor E2-related factor 2; Panx1: Pannexin 1; PINK1: PTEN-induced putative kinase 1; PI3K: Phosphatidylinositol-3 kinase; PPARy:
Peroxisome proliferator-activated receptor gamma; ROS: Reactive oxygen species; SET8: SET domain-containing protein 8; siRNA: Small interfering
RNA; STING: Stimulator of interferon genes; TBK-1: TANK-binding kinase; TLR: Toll-like receptor; TRPM2: Transient receptor potential melastatin
2; V-ATPase: Vacuolar-type proton ATPase.

Extracellular ATP is one of the DAMPs that can activate
NLRP3 inflaimmasomes, and ATP exerts its effects
through purinergic ligand-gated ion channel 7 receptor
(P2X7R).I®l Damaged cells release ATP, then activate

P2X7R. P2X7R activation induces K* efflux, thereby pro-
moting NLRP3 inflammasome activation.l'”! Substantial
evidence indicates that the ATP/P2X7R/NLRP3 signaling
pathway is involved in the induction of NASH.!®7-8l
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P2X4R was found to perform the same role as P2X7R in
liver inflammasomes.!®”!

The ROS/thioredoxin-interacting protein (TXNIP) path-
way participates in the pathogenesis of fructose-induced
NAFLD.®!" Under excessive ROS generation, TXNIP
separates from thioredoxin 1 (TRX-1), links to NLRP3,
and further activates NLRP3 inflammasomes.””! In another
study, ER stress activated NLRP3 inflammasomes in a
similar way. Farnesoid X receptor (FXR) inhibits NLRP3
and TXNIP expression via the p-PERK (phosphor-protein
kinase R-like ER kinase)/CHOP (C/EBP homologous pro-
tein) pathway. miR-186 and its potential target non-catalytic
region of tyrosine kinase adaptor protein 1 (NCK1) are also
involved in the pathway (FXR/miR-186/NCK1/p-PERK/
CHOP/TXNIP/NLRP3) [Table 2].17!!

Viral hepatitis

NLRP3 inflammasomes are involved in hepatitis virus-in-
duced liver injury. Of the numerous different hepatitis
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viruses, hepatitis B virus (HBV) and hepatitis C virus
(HCV) are the most studied. Relevant research pertaining
to NLRP3 in this context is scarce; however, so herein we
only briefly describe the latest research progress.

The hepatitis B e antigen significantly inhibits NLRP3
inflammasome activation and IL-1B production by
inhibiting the NF-kB signaling pathway and ROS genera-
tion.l”?l Conversely, the hepatitis B core antigen and HBV
x protein (HBx) can facilitate liver inflammation and
hepatocellular pyroptosis by promoting NLRP3 inflam-
masome activation.l”»7# Mechanistically, HBx localizes
to mitochondria and induces the production of mtROS,
thereby promoting NLRP3 inflammasomes.”* Green
tea polyphenol epigallocatechin-3-gallate (EGCG) can
reportedly inhibit HBV and the HMGB1/NLRP3 signa-
ling pathway induced by autophagic flux. Therefore, the
HMGB1/NLRP3 pathway is involved in HBV-induced
liver injury.l”’) Hepatic knock-down of NLRP3 signifi-
cantly inhibits HBV replication and hepatitis B surface
antigen expression,’ indicating that NLRP3 plays a key

Table 2: Regulation of NLRP3 in NASH.

Change in upstream

target activity Pathway Effect on NLRP3  Effect on NASH Conclusion References
TLR2| TLR2 — NLRP3 NLRP3 mRNA| 1 High dose of GPP could inhibit (53]
(treat with high TLR2 expression and down-
dose of GPP) regulate NLRP3 inflammasome
activation
FOSL21 FOSL2 - LY6D — NLRP3 protein? 1 FOSL2/LY6D promoted NASH-as- (56}
NLRP3 sociated hepatocyte pyroptosis
by regulating NLRP3 inflammas-
ome activation
S1PR41t SK1 — S1P — S1PR4 — NLRP3 activation? 1 S1P increased S1PR4 expression via 1571
NLRP3 the TP3/IP3R signaling pathway,
thereby activating NLRP3
inflammasomes
TRIM311 TRIM31 — NLRP3 NLRP3 mRNA | ! Mulberrin could restrain hepatic (58]
(treat with NLRP3 protein| inflammation by suppressing
mulberrin) NLRP3 and NF-«B signaling
pathways via improvement of
TRIM31 signaling
NOX41 NOX4 — CPT1A — NLRP3 activationt 1 NOX4 is the upstream signal let]
fatty acid oxidation — of NLRP3, and knocking out
NLRP3 NOX4 significantly inhibited
NLRP3 expression
TGRS TGRS — NLRP3 NLRP3 mRNA?t 1 TGRS relieved NASH by inhibiting [64,65]
NLRP3 proteint NLRP3 inflammasome activation
NLRP3 activation? and caspasel cleavage
P2X7R1 ATP — P2X7R — NLRP3 mRNA?t ) The ATP/P2X7R/NLRP3 signaling [67,68]
NLRP3 pathway is involved in NASH
induction
TXNIP?T ROS — Nrf2 - TXNIP NLRP3 proteint 1 Under excessive ROS generation, 169]

— NLRP3

TXNIP separates from TRX-1,
links to NLRP3, and further
activates NLRP3 inflammasomes

ATP: Adenosine triphosphate; CPT1A: Carnitine palmitoyl transferase 1A; FOSL2: Fos-like 2; GPP: Gynostemma pentaphyllum; IP3: Inositol
1,4,5-trisphosphate; IP3R: Inositol 1,4,5-trisphosphate receptor; LY6D: Lymphocyte antigen 6 family member D; mRNA: Messenger RNA; NASH:
Non-alcoholic steatohepatitis; NF-kB: Nuclear factor kappa B; NLRP3: NOD-like receptor protein 3; NOX4: NADPH oxidase 4; Nrf2: Nuclear
factor E2-related factor 2; P2X7R: Purinergic ligand-gated ion channel 7 receptor; ROS: Reactive oxygen species; SK1: Sphingosine kinase 1; S1P:
Sphingosine 1-phosphate; SIPR4: Type 4 sphingosine-1-phosphate receptor; TGRS: G-protein-coupled bile acid receptor 1; TLR: Toll-like receptors;
TRIM31: Tripartite motif-containing protein 31; TRX-1: Thioredoxin 1; TXNIP: Thioredoxin-interacting protein.
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role in HBV-induced hepatic injury. NLRP3 also plays an
important role in liver disease progression during HCV
infection via caspase-1 activation.””l Mechanistically,
HCV core protein promotes NLRP3 inflammasome activation
by inducing phospholipase C-mediated calcium flux.!”8!

Liver failure

ALF is severe liver damage caused by a variety of factors,
and there is currently no effective treatment other than
artificial liver support systems and/or a liver transplant.
NLRP3 inflammasomes play an important role in the
pathogenesis of LPS/D-galactosamine (D-GalN) (L/D)-in-
duced ALE!”?-#] Mechanistically, NLRP3 inflammasomes
mediate liver failure by activating pro-caspase-1 and
pro-IL-1B, and regulating downstream CD40-CD40L sig-
naling.® However, in one study, NLRP3 inflammasomes had
limited effects on L/D-induced ALFE. After L/D treatment
NLRP3~~ mice and wild-type mice had similar survival
rates. The study also suggested it was TNF-o that mediated
L/D-induced ALF, rather than caspase-1 and IL-1p, the
downstream factors of NLRP3 inflammasomes.!®’! In
another study, TNF-a-pretreated exosomes derived from
human umbilical cord mesenchymal stem cells could
alleviate ALF by inhibiting NLRP3 inflammasome activa-
tion in macrophages.®3 The reason for these discrepancies
is unknown. We suspect that they may be due to different
physiological environments, mouse species, and reagent
(LPS and D-GalN) doses, but the exact cause requires
further research.

In one study, daphnetin inhibited the TXNIP/NLRP3
axis by enhancing the Keap1 (Kelch-like ECH-associated
protein 1)-Nrf2/TRX-1 axis, thereby effectively relieving
acetaminophen-induced ALE!® In L/D-induced ALF
models, formation of the TXNIP/NLRP3 complex was
increased, whereas the TXNIP/thioredoxin (TRX) com-
plex was decreased. Verapamil treatment could significantly
inhibit formation of the TXNIP/NLRP3 complex, but
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not formation of the TXNIP/TRX complex.!®!l In other
researches, luteolin mitigated LPS-induced ALF by inhibit-
ing TXNIP production.!®¢! This suggests that the TXNIP/
NLRP3 axis is a reliable target in the treatment of ALF.

F-actin can evidently downregulate NLRP3 inflammasomes
via the Flightless-1-LRRFIP2 (leucine-rich repeat Fli-I-
interacting protein 2)-NLRP3 inflammasome complex.
Transient receptor potential (TRP) channels mediated
increased intracellular concentrations of Ca** and abro-
gated the negative regulation of F-actin with respect to
NLRP3 inflammasomes by promoting the severing of
Flightless-1 to F-actin. In this process, Ca** is not the second
signal of NLRP3 inflammasome activation, but the regu-
lator of its activity.l®”] The ataxia telangiectasia-mutated
(ATM) signaling pathway may be the upstream signaling
pathway that regulates F-actin in ALE.3!

During NLRP3 inflammasome assembly, Bruton tyrosine
kinase (Btk) promotes the linking of NLRP3 and ASC,
which facilitates the activation of NLRP3 inflammasomes.
Btk inhibitor can reportedly alleviate ALF by downregulat-
ing NLRP3 inflammasomes.!®”! Therefore, the Btk/NLRP3
pathway is a promising target for the treatment of ALE.

One study investigated the treatment of ALF by targeting
transcription of NLRP3 messenger RNA (mRNA).[8Y
Phosphorylated Y-box-binding protein 1 (YB-1) could
activate NLRP3 mRNA transcription by binding to its
promoter region. Soyasaponin II significantly reduced
YB-1 phosphorylation, thus downregulating NLRP3
inflammasomes in ALF [Table 3].

Conclusions

Recently, a growing number of studies have begun to
investigate NLRP3 inflammasomes. As mediators of
inflammatory responses, NLRP3 inflammasomes play
an important role in liver injury. Inhibitors targeting

Table 3: Regulation of NLRP3 in ALF.

Change in upstream

target activity Pathway Effect on NLRP3 Effect on ALF Conclusion References
TXNIP) Keapl-Nrf2 - TRX-1  NLRP3 protein| ! The TXNIP/NLRP3 axis is a [70,81,86]
(treat with — ROS — TXNIP reliable target in the treatment
daphnetin) — NLRP3 of ALF
F-actin? ATM - Factin — NLRP3 protein| l The HDACG inhibitor ACY1215 187,88]
(treat with NLRP3 NLRP3 activation] inhibits NLRP3 activation in
HDACS inhibitor ALF by regulating the ATM/F-
ACY1215) actin signaling pathway
Bik| Btk — NLRP3, ASC NLRP3 mRNA| l Btk could promote the linking of (89]
(treat with NLRP3 protein| NLRP3 and ASC, which facil-
acalabrutinib) NLRP3 activation) itates NLRP3 inflammasome
activation
p-YB-1} AKT - pYB1 — NLRP3 mRNA| ! Phosphorylated YB-1 could (807
(phosphorylated NLRP3 NLRP3 protein/ activate NLRP3 mRNA

YB-1) (treat with
soyasaponin II)

transcription by binding to its
promoter region

ACY1215: Ricolinostat; AKT: Protein kinase B; ALF: Acute liver failure; ASC: Apoptosis-associated speck-like protein containing a CARD; ATM:
Ataxia telangiectasia-mutated; Btk: Bruton tyrosine kinase; HDAC6: Histone deacetylase 6; Keap1: Kelch-like ECH-associated protein 1; mRNA:
Messenger RNA; NLRP3: NOD-like receptor protein 3; Nrf2: Nuclear factor E2-related factor 2; p-YB-1: Phosphorylated YB-1; ROS: Reactive
oxygen species; TRX-1: Thioredoxin 1; TXNIP: Thioredoxin-interacting protein; YB-1: Y-box-binding protein 1.
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NLRP3 inflammasomes are a promising research sub-
ject for the treatment of liver injury. Substances such as
asiatic acid, fisetin, ghrelin, dex, octreotide, and mela-
tonin can reportedly reduce liver injury by inhibiting
NLRP3 inflammasomes. Notably, however, the regulatory
mechanisms of action of NLRP3 inflammasomes are quite
complex. At present, studies on the role and regulation
of NLRP3 inflammasomes in liver injuries caused by dif-
ferent diseases are scant, and there has been no in-depth
investigation of the underlying mechanisms involved. This
has led to poor therapeutic effects of singular strategies
targeting NLRP3 inflammasomes or associated upstream
and downstream proteins. The drugs now entering clinical
trials include RRx-001 (Nibrozetone, developed by Epi-
centRx), OLT-1177 (Dapansutrile, developed by Olatec),
IFM-2427 (DFV890, developed by IFMTRE), IZD-174
(MCC7840, Inzomelid, developed by Inflazome), 1ZD-
334 (Developed by Inflazome), VIX-2735 (Developed
by Ventyx Biosciences), ZYIL-1 (Developed by Zydus
Pharmaceuticals), Somalix (Developed by Inflazome),
VTX-3232 (Developed by Ventyx Biosciences), NT-0167
(Developed by Nodthera), NT-0249 (Developed by Nod-
thera), NT-0796 (Developed by Nodthera), IPS-07004
(Developed by InnoPharmaScreen), and HT-6184 (Devel-
oped by Halia Therapeutics). OLT-1177 is currently in a
phase Ila clinical trial for treating gout flares,”®! and RRx-
001 has prioritized entry into a phase Il clinical trial called
REPLATINUM (NCT03699956). Although many drugs
have entered clinical trials, few have been specifically tar-
geted at liver diseases. Only DFV890 and NT-0167 have
been investigated for the treatment of NAFLD and liver
fibrosis.”! Furthermore, some drugs are reportedly hepa-
totoxic. A phase II clinical trial investigating the use of
MCC-950 (a kind of diarylsulfonylurea-containing com-
pound developed by Pfizer) to treat rheumatoid arthritis
ultimately ended in failure due to clinically increased
serum liver enzyme levels. The reason for its hepatotoxicity
remains elusive.”?! Similarly, administration of GDC-2394
((S)-N-((1,2,3,5,6,7-Hexahydro-s-indacen-4-yl)carba-
moyl)-6-(methylamino)-6,7-dihydro-SH-pyrazolo[5,1-b]
[1,3]oxazine-3-sulfonamide), another NLRP3 inhibitor,
was also halted in a phase I clinical trial due to hepato-
toxicity.[”3l Hence, the current outlook with respect to the
use of NLRP3 inhibitors for treating liver diseases is not
optimistic. Further research is required to clarify the roles
of NLRP3 inflammasomes in liver injury, and the regula-
tory mechanisms involved. The quest for more effective
targeted inhibitors is ongoing.
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