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Abstract The liver injury leads to an inflammatory response, which causes the activation of
hepatic stellate cells (HSCs) that further secrete ECM proteins and play an important role in liver
fibrosis. Moreover, the inflammatory response is a driving force for fibrogenesis, which is trig-
gered by many types of injuries. Exaggerated inflammatory immune responses are mediated
by cytoplasmic protein complexes known as inflammasomes, which are involved in many chronic
liver diseases. Inflammasomes are pattern recognition receptors (PRRs) that can sense any mi-
crobial motifs known as pathogen-associated molecular patterns (PAMPs), and host- or
environmental-derived stress signals known as damage-associated molecular patterns (DAMPs).
The inflammasomes cause caspase-mediated proteolytic cleavage of pro-IL-1b and pro-IL-18 into
active IL-1b and IL-18. In this review, we provide a comprehensive summary of the important
roles of NLRP3 inflammasome in the pathogenesis of liver fibrosis with an emphasis on several
direct and indirect pathways responsible for the NLRP3 inflammasome-mediated HSCs activation
and fibrogenesis. In addition, we discuss the general pharmacological and genetics strategies for
the inhibition of NLRP3 inflammasome activation and its downstream signaling with examples of
emerging pharmacotherapeutics, targeting the NLRP3 inflammasome signaling as well as a
possible way to develop effective and safer NLRP3 inflammasome inhibitors.
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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Introduction

Chronic tissue injuries lead to fibrogenesis, a process of
forming scarring tissues, that results in multiple organs
failure, which accounts for one-third of total deaths glob-
ally.1 Fibrosis is a reversible deposition of collagen and
other fibrotic extracellular matrix components, thereby
gradual loss of proper functioning of an organ.2 Besides,
persistent fibrosis results in irreversible complications like
cirrhosis and liver failure,3 which is responsible for more
than one million deaths worldwide annually.4 According to
a recent WHO report, cirrhosis is the 9th topmost cause of
death in lower-middle-income countries in 2016.5 The most
common insults to the liver include chronic alcohol abuse,
non-alcoholic fatty liver disease (NAFLD), and hepatitis C
virus (HCV) infection.3 The liver injury leads to an inflam-
matory response, which causes the activation of hepatic
stellate cells that further secrete ECM proteins and play an
important role in liver fibrosis.6 In general, there are four
phases of the fibrotic responses: i) initiation, which is
driven by primary injury to the organ, ii) activation of
effector cells, iii) involves the expansion of extracellular
matrix, and iv) involves dynamic deposition extracellular
matrix with impaired resorption.7,8 Moreover, the persis-
tent inflammatory response acts as the driving force for the
entire fibrotic process and triggers many types of injuries.9

Exaggerated inflammatory immune responses generated
through several stimuli are mediated by cytoplasmic pro-
tein complexes known as inflammasomes, which are
involved in the majority of acute and chronic liver
diseases.10

Inflammasomes are pattern recognition receptors (PRRs)
that can sense any microbial motifs known as pathogen-
associated molecular patterns (PAMPs), and host- or
environmental-derived stress signals known as damage-
associated molecular patterns (DAMPs). The inflamma-
somes are oligomerized and cause caspase-mediated pro-
teolytic cleavage of pro-IL-1b and pro-IL-18 into active IL-
1b and IL-18, which are important mediators for the pro-
gression of liver fibrosis.11 There are various inflamma-
somes, such as NLRP1/3/6, NLRC4, AIM2, and NAIP have
been identified.12 Nevertheless, NLRP3 inflammasome is
the most characterized and widely reported in liver fibrosis
and other acute/chronic liver diseases. Furthermore, he-
patocyte injury/death by apoptosis, necrosis, pyroptosis, or
activation of hepatic stellate cells (HSCs) induced by
different stimuli, such as the release of DAMPs and PAMPs,
that trigger NF-kB-mediated upregulation of NLRP3
inflammasome components, which further facilitated
fibrogenesis and exaggerated fibrosis.13

Inflammasomes and their family

Inflammasomes are multimeric protein complexes present
in the cytoplasm of both parenchymal and non-
parenchymal cells that mediate the inflammatory pro-
cess.14 Under the homeostatic condition, NLRP3 inflamma-
some presents in its inactive form and activated by many
signals, and plays a crucial role in promoting an inflamma-
tory cell death known as pyroptosis.15 Further, inflamma-
somes are cytosolic complexes usually made up of a sensor
protein, an adaptor protein apoptosis-associated speck-like
protein containing a caspase recruitment domain (ASC) and
pro-caspase-1.10 These are activated through a variety of
stimuli like PAMPs and DAMPs and the activated inflamma-
some assembly causes caspase-1 activation, which subse-
quently leads to catalysis of pro-IL-1b and pro-IL-18 to their
active forms.12,16 Inflammasomes are classified based on
their sensor proteins, which are responsible for the initia-
tion of inflammasome formation and these sensors are
either of the NOD-like receptor (NLR) family such as NLRP1,
NLRP2, NLRP3, NLRP6, NLRP7, and NLRC4, or the HIN-200
family member, like AIM2.12 The NLR family is a first
sensor protein discovered to form inflammasomes, which
comprised of 22 genes in humans and 33 genes in mice.17
NLRP3 inflammasome and mechanisms of
activation

NLRP3 inflammasome is a large multiprotein complex
(>700 kDa), consists of NLR, NLRP3 which is bridged to pro-
caspase-1 by a homotypic interaction via ASC.18 NLRP3 is a
trifold protein consisting of an amino-terminal pyrin domain
(PYD), a middle NACHT domain (domain present in NAIP,
CIITA, HET- E, and TP1), and a carboxy-terminal leucine-
rich repeat domain (LRR domain). The PYD is responsible
for its interaction with ASC, while the NACHT domain is
responsible for ATPase activity, which is essential for its
functioning. LRR domain has an auto-inhibitory function by
folding back onto the NACHT domain. The ASC also has two
domains, one is an amino-terminal PYD linked to the NLRP3,
and the other is the carboxy-terminal caspase recruitment
domain (CARD). The last part is the pro-caspase-1, which
also has an amino-terminal CARD, a central large catalytic
domain (p20), and a carboxy-terminal small catalytic sub-
unit domain (p10).19

Stimulation of NLRP3 by various PAMPs and DAMPs occurs
through the NATCH domain and results in its oligomeriza-
tion with NimA related kinase 7 (NEK7). Oligomerized
NLRP3-NEK7 causes the recruitment of ASC via interaction
of their PYDePYD domains and further condensation of
multiple ASC filaments into a single macromolecular
structure known as ASC speck. This assembled ASC causes
recruitment and activation of pro-caspase-1 through their
CARDeCARD interactions and finally enable its self-
cleavage and activation to caspase-1.19e21

Activation of NLRP3 is a two-step process that involves
an initial priming step and a latter step of post-translational
modifications (PTMs) of the NLRP3 (Fig. 1). Priming involves
the transcriptional upregulation of the inflammasome
components like NLRP3, caspase-1, and pro-IL-1b. More-
over, NF-kB regulates activation of NLRP3 via recognition of
PAMPs and DAMPs through PRRs such as Toll-like receptors
(TLRs) or nucleotide-binding oligomerization domain-
containing protein 2 (NOD2) or cytokines such as TNF and
IL-1b.22 In addition, the expression of NLRP3 is regulated by
NF-kB at the transcriptional level.22 The priming step ini-
tiates the last step of the inflammasome activation, which
is the PTMs of NLRP3 like ubiquitylation, phosphorylation,
and sumoylation. These PTMs result in the stabilization of
NLRP3 into an inactive but competent form in the
cytoplasm.19,23
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NLRP3 activation involves a set of multiple and non-
exclusive upstream signals like Kþ efflux, Cl� efflux, Ca2þ

flux, lysosomal disruption, and mitochondrial ROS19 (Fig. 1).
Kþ efflux acts as one of the main upstream signals for NLRP3
activation, which is demonstrated by nigericin and ATP-
mediated activation of P2X purinoceptor 7 (P2X7) resulting
in the maturation of IL-1b via Kþ efflux associated mecha-
nism in peritoneal macrophages.19,24 Furthermore, Ca2þ flux
Figure 1 Mechanisms of NLRP3 inflammasome activation. NLRP3 i
activated by undergoing oligomerization with ASC and pro-caspase
conversion of pro-IL-1b (inactive) to IL-1b (active). The activation
signals. 1) Potassium efflux: activation of the purinergic receptor via
complex; 2) calcium flux: activation of the calcium-sensing recepto
endoplasmic reticulum that results in NLRP3 oligomerization; 3) c
channel proteins CLIC1 and CLIC4 also acts as a signal for NLRP3 olig
to large particulate materials also results in cathepsin B-mediated
ligands like imiquimod can induce mitochondrial stress resulting in t
inflammasome. ASC: adaptor protein apoptosis speck-like protein
cium-sensing receptor; P2x7R: P2x purinoceptor 7; PLC: phosphol
channel 2.
is a critical signal that activates the NLRP3 inflammasome,
which is established by the calcium-sensing receptor (CASR)-
mediated NLRP3 activation via phospholipase C-mediated
calcium release from the endoplasmic reticulum.25 More-
over, Cl� efflux is involved in NLRP3 activation, which is
shown in LPS-induced macrophages, where chloride (Cl�)
intracellular channel proteins CLIC1 and CLIC4 participated
in priming and activation of NLRP3 inflammasome.26
s usually auto-repressed under physiological conditions but gets
-1 and releases active caspase-1, which is responsible for the
of NLRP3 inflammasome occurred mainly via 5 major upstream
ATP causes potassium efflux that results in activation of NLRP3

r causes phospholipase C mediated release of calcium ions from
hloride efflux: efflux of chloride ions via chloride intracellular
omerization; 4) lysosomal disruption: rupture of lysosomes due
NLRP3 activation; and 5) reactive oxygen species (ROS): various
he production of ROS that further cause the activation of NLRP3
with a CARD domain; ATP: adenosine triphosphate; CASR: cal-
ipase C; TWIK2: two-pore domain weak inwardly rectifying Kþ
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Lysosomal disruption is also one of the proposed up-
stream signals for NLRP3 activation. Large particulate ma-
ters, such as silica and aluminum salt crystals activated the
NLRP3 inflammasome via lysosomal damage and rupture.27

This is evidenced by the fact that cathepsin B inhibitor
impairs NLRP3 inflammasome activation in human cells.27,28

Similarly, another study showed that long-term exposure of
arsenic (NaAsO2) resulted in lysosomal disruption and a
subsequent release of cathepsin-B that results in NLRP3
activation in the HSCs.29 Mitochondrial reactive oxygen
species (ROS) are generated as byproducts during oxidative
phosphorylation but excess production of ROS during stress
conditions, in turn, activates the NLRP3 inflammasome.30

This mechanism has been reported with administration of
imiquimod, a Toll-like receptor-7 (TLR7) ligand that resul-
ted in the release of mitochondrial ROS via blockade of
quinone oxidoreductases NQO2 and mitochondrial complex
I activated the NLRP3 inflammasome31 (Fig. 1).

NLRP3 inflammasome and liver fibrosis

NLRP3 inflammasome mediated an inflammatory response,
which plays a critical role in fibrogenesis and a plethora of
evidence support the central role of NLRP3 in the pro-
gression of liver fibrosis32e35 (Fig. 2). The expression ana-
lyses of inflammasomes in experimental models of fibrosis
showed that NLRP1, NLRP3, and AIM2 inflammasomes are
significantly expressed in the Kupffer cells and moderately
expressed in HSCs, and activation of these inflammasomes
led to caspase-1 mediated maturation of inflammatory cy-
tokines like IL-1b and IL-18.36

Role of NLRP3-mediated IL-1b in liver fibrosis

NLRP3 inflammasome causes the maturation of IL-1b
through caspase-1; thus, it directly linked to inflammation
and progression of liver fibrosis. IL-1b is one of the main
inflammatory mediators and responsible for the prolifera-
tion and activation of HSCs and liver fibrosis, which is
delineated by a study carried out in ATP-binding cassette
transporter b4 knockout (Abcb4�/�) mice and as well as in
murine HSCs.37 Further, IL-1b also increases the levels of
fibrotic markers, like collagen-a1(I), TGF-b1, and TIMP-
1.38,39 This demonstrates that IL-1b is an important medi-
ator for the progression of liver fibrosis. Moreover, another
study carried out in obese diabetic mice fed with
methionine/choline-deficient (MCD) diet developed NAFLD
through activation of NLRP3 which further resulted in he-
patic inflammation and fibrosis, whereas, treatment with a
selective NLRP3 inhibitor, MCC950, resulted in normalized
hepatic caspase-1 and IL-1b expression and reduced the
ALT/AST ratio, hepatic inflammation, and fibrosis.34 Be-
sides, an in vitro study showed that MCC950 obliterated IL-
1b release from macrophages and Kupffer cells by blocking
cholesterol crystal-mediated NLRP3 activation in myeloid
cells.34

Recently, we have reported the protective role of gli-
benclamide (GLB) against thioacetamide (TAA)-induced
hepatic damage associated with NLRP3 inflammasomes
signaling. Our findings demonstrated that GLB substantially
reduced the hepatic damage and fibrosis through down
regulation of NLRP3-mediated fibrogenesis as evidenced by
a significant reduction in the expression of a-SMA, TGF-b1,
NLRP3, ASC, caspase-1, and IL-1b.40 Further, sitagliptin, an
oral hypoglycemic agent, alleviated TAA-induced cen-
trilobular necrosis in the liver via reduction of NLRP3
inflammasome activation along with decreased expression
of TNF-a, IL-1b, and NF-kB in mice.41 NLRP3 mediated in-
flammatory process leading to hepatic fibrosis has been
demonstrated in choline-deficient amino acid-defined
(CDAA) diet-fed mice, which is further reduced by androg-
rapholide (a diterpenoid) administration.32 Andrographo-
lide treatment also resulted a reduction of macrophage
infiltration in the liver and decreased mRNA level of the
inflammasome, pro-inflammatory, and pro-fibrotic genes.32

Interestingly, in a recent study with chlorogenic acid (CGA),
a polyphenolic compound found in coffee, fruits, and veg-
etables, shown to protect against CCl4-induced hepatic
damage by blocking NLRP3 activation as evident by reduced
expression of NLRP3, pro-caspase-1, caspase-1, pro-IL-1b
and IL-1b.42 Further, CGA has been proved to efficiently
attenuates the liver fibrosis in LX-2 cells and CCl4-induced
liver fibrosis in rat by blocking TGF-b1/Smad 7 signaling.43

Together, activation of NLRP3 inflammasome results in the
activation of IL-1b signaling and HSCs, which contributed to
the development and progression of liver fibrosis in a wide
range of experimental models (Fig. 2).
Direct pathways for NLRP3 inflammasome-
mediated HSCs activation

The direct pathway includes the activation of NLRP3
inflammasomes directly via various PAMPs, DAMPs, or cell
surface receptors, which leads to the activation of HSCs
and leads to liver fibrosis (Fig. 3).
Evidence from transgenic mouse models

An in vitro study carried out in primary mouse HSCs by
monosodium urate (MSU) crystals administration to activate
the inflammasomes and the HSCs isolated from wild-type
mice showed increased mRNA expression of TGF-b and
collagen 1 and also stained positive for a-smooth muscle
actin (a-SMA); but these effects are abolished in HSCs iso-
lated from NLRP3�/� and ASC�/� mice. Further, NLRP3�/�

and ASC�/� mice showed a lower susceptibility to CCl4 or
TAA induced HSCs activation and fibrosis as compared to
wild-type mice having functional inflammasome machin-
ery.44 Similarly, Wree et al showed the significance of NLRP3-
initiated pyroptotic cell death by using NLRP3 knock-in mice
expressing mutant (D301N) NLRP3. The mutant mice showed
NLRP3 activation that resulted in excessive hepatic inflam-
mation along with HSC activation and collagen deposition in
the liver, characterized by many markers of HSCs activation
and fibrosis.45 Additional evidence using NLRP3 knock-in and
knock-out mice showed that NLRP3 inflammasome activated
the HSCs leading to the development of hepatic fibrosis.46

Similarly, exposure of palmitic acid in human and rodent HSC
cell lines or primary HSCs leads to induce fibrosis and
significantly high expression of NLRP3 inflammasomes indi-
cating its key role in HSC activation.47



Figure 2 NLRP3 inflammasome-mediated HSC activation and liver fibrogenesis. NLRP3 inflammasome is present in the cytoplasm
of HSCs and is activated by various agents like PAMPs (S. mansoni, E. coli, S. japonicum); DAMPs (toxic agent-associated damage to
cells), or through receptors like purinergic receptors (P2x7R), angiotensin II receptors (AT1R) and growth factor receptors (PDGF-
bR). The activation of the NLRP3 inflammasome, in turn, activated the HSC (myofibroblast). Activated HSC further secretes various
factors that result in an aggravated inflammatory response, chemotaxis of immune cells, altered matrix degradation, contractility
and proliferation of myofibroblasts, and fibrogenesis. AngII: angiotensin II; AT1R: angiotensin II type 1 receptor; COL-1: collagen
type 1; CCl4: carbon tetrachloride; ET-1: endothelin 1; iNOS: inducible nitric oxide synthase; LXR: liver X receptor; MCP-1:
monocyte chemoattractant protein 1; MMP: matrix metalloproteinases; P2x7R: P2x purinoceptor 7; PDGF: platelet-derived growth
factor; PDGF-bR: platelet-derived growth factor-b receptors; ROS: reactive oxygen species; a-SMA: a-smooth muscle actin; TIMP:
tissue inhibitors of matrix metalloproteinases; TLR4: toll-like receptor 4; TGF-b1: transforming growth factor b1; VEGF: vascular
endothelial growth factor.
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Loss of NLRP3 function in knockout mice (NLRP3�/�) and
NLRP3 gain-of-function in tamoxifen-inducible knock-in
mice studies highlighted that NLRP3 knock-in mice showed
significant fibrosis, while NLRP3�/� mice are protected
against CDAA diet-induced fibrosis.48 Further, a study con-
ducted using NLRP3A350V knock-in mice showed severe liver
inflammation and fibrosis characterized by neutrophil
infiltration, increased expression of chemokines like CXCL1
and CXCL2, activation of macrophages, and high levels of
TNF and IL-17.49 In addition, TNF and IL-17 knock-out mice
showed a significant reduction in inflammation and fibrosis
compared to NLRP3 mutants, whereas TNF knock-out mice
showed a more prominent effect.49 This proves that the
NLRP3 mediates hepatic injury and fibrosis through TNF and
IL-17 activation. Furthermore, aldosterone administration
in wild-type mice development liver fibrosis in 4 weeks
along with an increase expression of NLRP3, IL-1b, a-SMA
and type I collagen, whereas NLRP3�/� knockout mice
showed protection against aldosterone-induced liver
fibrosis via down regulation of NLRP3 inflammasome and
reduction of HSC activation.50
Evidence from parasitic infection models of
liver fibrosis

Bacterial, parasitic, and viral infections in the liver
commonly result in persistent liver inflammation that is
further induced the fibrosis.51 The NLRP3 inflammasome
acts as a mediator of an infection-mediated inflammatory
process leading to fibrosis, which is demonstrated by the
contribution of NLRP3 inflammasome signaling in Schisto-
somiasis induced liver fibrosis (SSLF).52 The BALB/c mice
infected with Schistosoma japonicum showed a significant



Figure 3 Activation of NLRP3 inflammasome in the hepatocyte and Kupffer cells leading to HSCs activation and liver fibrogenesis.
Damage to the hepatocytes due to various DAMPs or PAMPs results in the activation of the NLRP3 inflammasomes. Also, angiotensin
II (AngII) acts on the angiotensin-II type 1 receptor (ATII1R) present on the surface of hepatocytes and results in the NADPH oxidase
derived H2O2 mediated NLRP3 inflammasome activation. The activated NLRP3 inflammasome causes the activation and release of
IL-1b, which subsequently activates HSCs. Additionally, IL-1b and NOX-derived H2O2-activated NLRP3 inflammasome cause the
epithelialemesenchymal transition (EMT), i.e., the conversion of hepatocytes to myofibroblasts. Damaged hepatocytes also release
TGF-b, which acts as a pro-fibrogenic cytokine and converts quiescent HSCs to activated HSCs. Besides, damaged hepatocytes also
release DAMPs that are recognized by toll-like receptors (TLR) present on Kupffer cells and activate the NLRP3 inflammasomes.
TLR4 receptors on Kupffer cells are responsible for the recognition of various PAMPs and DAMPs and activate the NF-kB-mediated
expression of the NLRP3, ASC, and pro-caspase 1, thereby the activation of NLRP3 inflammasome. NLRP3-mediated the release of
IL-1b from Kupffer cells binds to its receptors present on the HSCs, which resulted in NF-kB-mediated NLRP3 activation, and ul-
timately activation of the HSCs (myofibroblast phenotype). These activated HSCs further release various pro-inflammatory me-
diators, pro-fibrogenic factors resulting in liver fibrosis. AngII: angiotensin II; Ang (1e7): angiotensin (1e7); ATII1R: angiotensin-II
type 1 receptor; CCl4: carbon tetrachloride; CDCA: chenodeoxycholic acid; EMT: epithelialemesenchymal transition; H2O2:
hydrogen peroxide; HBV: hepatitis B virus; HCV: hepatitis C virus; LPS: lipopolysaccharides; Mas: Mas receptor; NOX: NADPH oxi-
dase; ROS: reactive oxygen species; TGF-b: transforming growth factor-b; TLR4: Toll-like receptor 4.
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increase in the expression of NLRP3 and NF-kB in liver tis-
sue, Kupffer cells, and HSCs, which is decreased with
administration of MCC950, a selective NLRP3 inhibitor.52

Additionally, a similar study highlighted the protective role
of Taurine in the Schistosoma japonicum-induced liver
fibrosis by suppressing the TXNIP/NLRP3 inflammasome
pathway and downstream molecule IL-1b.53 Another study
carried out in mice infected with Schistosoma japonicum
for 6 weeks or soluble egg antigen (SEA) used for in vitro
stimulation of HSCs resulted NLRP3 inflammasomes activa-
tion, which clearly demonstrated that NLRP3 inflamma-
some activated HSCs and initiated hepatic fibrosis.54

Furthermore, E. coli transfection in HSC-T6 cells, a rat
hepatic stellate cell line, resulted in the activation of
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NLRP3 inflammasome and HSCs, which further secreted
pro-fibrogenic factors, like TGF-b1 and IL-1b.33 Moreover,
Schistosomiasis mansoni infection led to mitochondrial
damage and resulted an increase ROS production and
activation of NLRP3 and AIM2 inflammasomes along with an
increase NF-kB expression.55 Thus, the NLRP3 inflamma-
some is a key player in infection-associated inflammation,
activation of HSCs, and the progression of liver fibrosis.
Evidence of HSCs activation via different cell
surface receptors

Purinergic receptor P2x7 (P2x7R) is one of the frequently
responsible modulators of hepatic inflammation and fibrosis
and its role in the activation of HSCs has been reported
using the LX-2 cells (human HSCs) model. Pre-treatment
with A438079, a selective antagonist of P2x7R, resulted in a
reduce mRNA expression of NLRP3, a-SMA, and type I
collagen as well as collagen deposition.56 Another study
reported that administration of 25-OCH3-PPD (25-
methoxyldammarane-3b,12b,20-triol), a ginsenoside iso-
lated from Panax ginseng, attenuated TAA-induced liver
fibrosis in mice through blocking the P2x7R-mediated NLRP3
inflammasome activation.57 In addition, 25-OCH3-PPD
reduced the expression a-SMA via regulation of LXRs and
P2x7R-NLRP3 in an in vitro study.57

Activation of NLRP3 is also mediated via inducible nitric
oxide synthase (NOS2), which demonstrated in CCl4 or bile
duct ligation models of hepatic fibrosis using pharmaco-
logical and genetic inhibition approaches. Administration of
MRI-1867, a hybrid cannabinoid-1 receptor/NOS2 (CB1R/
iNOS) inhibitor reduced NLRP3 expression in CNR1�/� mice,
but not in NOS2�/� mice demonstrating that iNOS is an
essential pathway in the regulation of NLRP3 signaling.58

Intriguingly, tetramethylpyrazine (TMP), a compound ob-
tained from Ligusticum chuanxiong Hort, significantly pro-
tected the liver against CCl4-caused injury and fibrogenesis
by suppressing levels of inflammatory cytokines, including
TNF-a, NLRP3, NF-kB and IL-1b as well as improved liver
histological architecture.59 Moreover, TMP also inhibited
inflammatory cytokine expression in HSCs associated with
disrupting platelet-derived growth factor-b receptor
(PDGF-bR)/NLRP3/caspase 1 pathway in the in vitro
experiment.59

NF-kB signaling regulates various genes involved in
inflammation; it is chronically active in many inflammatory
diseases, such as inflammatory bowel disease, arthritis,
sepsis, gastritis, asthma, atherosclerosis.60,61 Dong et al
reported that TLR4/NF-kB signal pathway was involved in
NLRP3 inflammasome activation in palmitic acid-exposed
HSCs and high-fat diet-induced NASH.62 Zhao et al re-
ported that tenofovir alafenamide fumarate/tenofovir dis-
oproxil fumarate prevented progression and promoted
reversion of liver fibrosis through assembling TGFb1/Smad 3
and NF-kB/NLRP3 inflammasome signaling pathways.63

Further, NF-kB signaling is a necessary prerequisite for the
activation of the NLRP3 inflammasome in primary hepato-
cytes.64 Similarly, hemistepsin A (HsA) administration
significantly decreased ALT and AST activities in a CCl4-
induced liver fibrosis model. Furthermore, HsA, isolated
from Hemistepta lyrata (Bunge) attenuated CCl4-mediated
collagen deposits and profibrogenic genes expression in
hepatic tissue through inhibition of NF-kB/Akt-dependent
signaling.65

Yes-associated protein (YAP), a major downstream
effector of the Hippo signaling pathway, acts as a tran-
scriptional regulator by activating the transcription of
genes involved in cell proliferation and suppressing
apoptotic genes, thereby YAP signaling pathway allows the
cellular control of organ size and tumor suppression.66 In
addition, YAP is regulated by mechanical signals such as
ECM rigidity, strain, shear stress, or adhesive area that are
dependent on cytoskeletal integrity.67 Moreover, Hippo/
YAP1 signaling has been extensively studied in the liver and
other organs over the recent years, and components of
upstream Hippo signaling and the downstream effectors
YAP and TAZ are involved in a multitude of cellular func-
tions including cell proliferation, survival, development,
differentiation, metabolism, and cross-talk with the im-
mune system.68 Wang et al reported that vitamin D re-
ceptor agonist calcipotriol suppressed the NLRP3
inflammasome activation by activating YEP1 to alleviate
liver injury and retard fibrogenesis in cholestasis.69 Jin et al
reported that silencing YAP enhanced the tetramethylpyr-
azine induction of activated HSC senescence.70 In addition,
Li et al reported that treatment with anti-inflammatory
agent magnesium isoglycyrrhizinate inhibited hippo/YAP
signaling pathway,71 whereas, the overexpression of Hippo/
YAP signaling effector YAP completely diminished magne-
sium isoglycyrrhizinate-induced anti-inflammatory and
anti-fibrotic effects. Alsamman et al findings showed that
ceramide as a critical regulator of YAP/TAZ signaling and
HSC activation and highlight ceramidase inhibition as a
therapeutic target for the treatment of fibrosis.72

Furthermore, activation of YAP suppressed ECM synthesis,
and hepatic damage, HSC activation and fibrosis in a mouse
model of liver ischemia-reperfusion injury.73

The Hedgehog signaling pathway is a crucial regulator of
animal development and is present in all bilaterians, and
the malfunction of this pathway is associated with many
diseases such as fibrosis, COPD, and cancer.74,75 Li et al
reported that disruption of hedgehog/Gli 1 signaling in
myeloid-specific Foxo 1 knockout mice deteriorated liver
function, diminished Snail, and augmented RIPK3 and
NEK7/NLRP3 in ischemia/reperfusion stressed livers, which
indicated hedgehog/Gli1 function is the key in oxidative
stress-induced liver inflammation and necroptosis.76 Sheng
et al reported that the cluster of differentiation 47-signal
regulatory protein alpha (CD47-SIRPa) signaling activates
the hedgehog/smoothened (SMO)/GLI family zinc finger 1
(Gli1) pathway, which controls NEK7/NLRP3 activity
through a direct interaction between Gli1 and Notch 1
intracellular domain and these pathways could be a po-
tential therapeutic target in mesenchymal stem cell-
mediated immunotherapy of sterile inflammatory liver
injury.77 Moreover, a naturally occurring flavonoid procya-
nidin B2 has been reported to inhibit the sonic hedgehog
signaling pathway and showed protective potential against
cold stimulation-induced liver injury.78 In addition, the
Hedgehog-YAP signaling pathway also regulates gluta-
minolysis to control activation of HSCs in acute and chronic
liver injury in patients and mouse liver.76 Thus, these re-
ports indicated that Hedgehog/YAP and Hippo/YAP
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pathways play an important role in HSC activation and liver
fibrogenesis in varieties of stimuli.
Indirect pathways for IL-1b-mediated HSCs
activation

The indirect pathway includes the activation of HSCs via
IL-1b released from NLRP3 inflammasomes present in
either hepatocytes or Kupffer cells, and by various DAMPs.
The IL-1b released from Kupffer cells or hepatocytes re-
sults in NF-kB mediated activation of NLRP3 inflammasome
that subsequently activates the HSCs leading to liver
fibrosis.79 The indirect pathway in Kupffer cells involved
the activation of inflammasomes by various PAMPs and
DAMPs resulted release of IL-1b and IL-18, which leads to
activation of HSCs and fibrosis.79 An in vitro study using
Kupffer cells proved that palmitic acid administration
increased the expression of NLRP3 inflammasomes when
provided with TLR2 ligand.80 These findings have also been
confirmed using TLR2�/� mice fed a CDAA diet for 22
weeks showed significant protection against the develop-
ment of NASH and liver fibrosis compared to WT mice.80

This demonstrated that palmitic acid constitutively works
with TLR2 to activate NLRP3 inflammasomes.80 Another
example of the indirect activation of NLRP3 inflamma-
somes is shown by angiotensin II (AngII) infusion induced
hepatocyte epithelialemesenchymal transition (EMT)
leads to liver fibrosis in rat via NOX-derived H2O2-activated
NLRP3 inflammasome/IL-1b/Smad pathway, which is
blocked by administration of angiotensin-(1e7) [Ang-
(1e7)] in BDL model of fibrosis.81 Similarly, another study
reported that AngII-induced collagen synthesis via induc-
tion of NLRP3 inflammasomes through NADPH oxidase
(NOX)-dependent oxidative stress and hepatic fibrosis,
which is inhibited by Ang-(1e7) via reducing the NOX-
dependent oxidative stress and NLRP3 activation as well
as increasing GSH and Nrf 2 levels in BDL model.82 At the
high physiological level, chenodeoxycholic acid (CDCA), a
major primary bile acid, acts as an endogenous death
signal and activated the NLRP3 inflammasome in macro-
phages, thereby facilitated the hepatic inflammation and
fibrosis.83 Thus, NLRP3 activation leads to an increased
expression and/or secretion of IL-1b, which promoted
HSCs activation and fibrosis (Fig. 2, 3).

Alcohol directly or indirectly disrupts the intestinal
barrier, which increases the gut permeability, and resulted
to increase leakage of gut microbiota and its products,
mainly LPS.84 The LPS subsequently translocated into the
liver from the GI tract through the portal vein and serves as
a DAMP to induce pro-IL-1b gene expression by binding to
the TLR4 receptor on Kupffer cells.85,86 The swelling and
rupture of hepatocytes initiated by NAPQI, a toxic metab-
olite of acetaminophen, led to the release of DNA frag-
ments into the extracellular space,87 resulting in a massive
DNA deposition within the necrotic areas, which promotes
the secretion of IL-1b and IL-18 through TLR9/NF-kB
signaling pathways, consequently leading to neutrophil
infiltration to the DNA-rich area, further exacerbating the
liver injury. Further, myeloid-specific NLRP3 inflammasome
activation leads to hepatocyte proptosis and severe liver
inflammation and fibrosis, which is another mechanism of
indirect NLRP3-mediated liver damage.45 ER stress is a
significant trigger of NAFLD progression, which follows he-
patic lipid accumulation, and therapies designed to reduce
ER stress and proven to be beneficial in the treatment of
NAFLD and liver fibrosis.88e90 Therefore, the above
described indirect mechanisms lead to activate NLRP3
inflammasome and IL-1b release, thereby promoting the
liver injury and/or HSC activation.
Inhibition of NLRP3 inflammasome activation
and its downstream signaling

NLRP3 inflammasomes are the core component mediating
the inflammatory response leading to inflammation that
further leads to fibrosis, and its inhibition could serve as an
important approach to lessen liver fibrosis. Few drugs have
been approved to inhibit NLRP3-dependent cytokines but
are associated with side-effects due to lack of specificity.
Furthermore, several new small molecules and old drugs
(repurposing) that directly and indirectly affect the NLRP3
inflammasome activity has been reported in many inflam-
matory conditions including inflammatory bowel dis-
ease.91,92 However, so far, no drug has been approved
which can directly inhibit NLRP3 inflammasome. Several
strategies to inhibit the activation of NLRP3 inflammasome
and its downstream signaling are discussed in this section.
Inhibition of NLRP3 transcription and PTMs

Transcription of NLRP3 inflammasome can be inhibited by
blocking the TLR-mediated increase in NLRP3 expression in
HSCs, Kupffer cells, and hepatocytes. But this is not an
ideal approach due to its lack of specificity and can result a
blockade of non-NLRP3 inflammasomes and off-target ef-
fects. TLRs act as the pattern recognition receptors (PRRs)
for various PAMPs and their signaling can be blocked by
inhibition of IL-1 receptor-associated kinase 4 (IRAK4).
IRAK4 is an essential kinase for TLR-mediated activation of
NF-kB and its inhibitors are already under development.93

However, these inhibitors are incapable to completely
block NLRP3 transcription, as there are multiple pathways
involved in priming of NLRP3 inflammasomes.94

PTMs are essential for the regulation of NLRP3 activation
and controlling the PTMs and can regulate the activation of
NLRP3. However, there is still very limited knowledge of the
PTMs, and the specificity of their targets is still poorly un-
derstood. Deubiquitylation is an important PTM involved in
NLRP3 activation and several deubiquitinase inhibitors are
being developed for treating cancers which can be tested
for NLRP3 inhibitory potential in various liver fibrotic con-
ditions.95 Moreover, TLR priming induced the phosphoryla-
tion (Ser 198) of NLRP3 via JUN N-terminal kinase 1 (JNK1)
and promoted NLRP3 self-association and activation.91,96

Nevertheless, phosphorylation can suppress NLRP3 activa-
tion as well.97 In addition, the suppression of phosphory-
lation of NLRP3 by bile acids and prostaglandin E2 via
protein kinase A (PKA)-mediated mechanism attenuated its
ATPase activity and activation.98,99 On other hand, sumoy-
lation of NLRP3 at multiple sites by the protein E3 SUMO
protein ligase MUL1 confines its activation, whereas
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desumoylation of NLRP3 by sentrin-specific protease 6
(SENP6) and SENP7, promotes inflammasome activation.100

Therefore, these PTMs can control and determine the
NLRP3 activity and its biological function.

Epigenetically, chromatin structure and transcription of
various genes is regulated by the overall acetylation levels
on the histone proteins. In general, histone acetylation
promotes the transcription of genes and deacetylation of
histones results in transcriptional repression.101,102 The
balance between the acetylated and deacetylated states of
histones is controlled by the opposing actions of histone
acetyltransferases (HATs) and histone deacetylases
(HDACs).103 Recently it has been reported that NLRP3
acetylation level is modified by sirtuin 2 (SIRT2), a cytosolic
deacetylase in macrophages, and acetylation of NLRP3
facilitated the assembly and activation of the NLRP3
inflammasome, whereas deacetylation inactivated the
NLRP3 and thereby reversed the aging-associated inflam-
mation and insulin resistance.104,105 Similarly, zinc-
dependent HDACs also regulated the NLRP3 acetylation
and pharmacological inhibition of HDACs attenuated
inflammation and protects dopaminergic neurons in Par-
kinson’s disease106 as well as reduced oxidative stress and
NF-kB signaling and exerts neuroprotection in Alzheimer’s
disease.107 In addition, HDACs inhibitors reported as anti-
fibrotic and anti-diabetic molecules via reducing the stea-
tosis, insulin resistance, beta-cell death and fibrogenesis in
several experimental models.108e113 Thus, these studies
highlighted that PTMs can control and determine the
overall effect on NLRP3 activity, and further studies are
needed to elucidate these mechanisms in detail.

Inhibition of IL-1b

IL-1b is the most important downstream molecule in NLRP3
inflammasome-mediated pro-inflammatory pathway.
Blockade of IL-1b has been the most successful strategy for
the treatment of NLRP3 inflammasome-driven disorders like
cryopyrin-associated periodic syndromes (CAPS), deficiency
of IL-1 receptor antagonist (DIRA), and rheumatoid
arthritis.114 Inhibitors of IL-1 receptors blocked IL-1b
signaling; three monoclonal antibodies have already been
approved by the FDA.114 Anakinra was the first drug
approved to treat CAPS114 and rheumatoid arthritis in
humans115; followed by canakinumab and rilonacept. The
efficacy of these drugs can be tested in liver fibrosis;
however, these drugs fail to inhibit NLRP3-mediated
pyroptosis and actions of other pro-inflammatory cyto-
kines such as IL-18 and HMGB1 as well as are associated
with different off-target effects.

Inhibition of ASC

ASC acts as the adaptor molecule connecting NLRP3 with
caspase-1; thus, inhibition of ASC can prevent further
downstream signaling of NLRP3. However, ASC is also
essential for the functioning of many other non-NLRP3
inflammasomes and its inhibition can dysregulate some
other critical physiological processes.116 There is very
limited knowledge available about the oligomerization of
ASC and its contribution to the overall role in NLRP3
activity, which makes it more difficult to consider as a drug
target.94 IC-100 is a monoclonal antibody that uniquely in-
hibits the adaptor ASC component of multiple inflamma-
somes. It inhibits ASC by blocking inflammasome formation,
activation, and initiation of the inflammatory response as
well as disrupting their structure and function, thereby
preventing durability of the inflammatory response
(https://www.zyversa.com/inflammasomes/asc-
inhibitor).117 The pre-clinical data of IC 100 has shown
therapeutic efficacy in many inflammatory diseases such as
stroke, brain injury, multiple sclerosis and acute lung
injury.117,118 Diacerein and its analogs also inhibited the
expression of ASC, NLRP3, and/or formation of NLRP3
inflammasome complex.119 Notably, a randomized placebo-
controlled trial concluded that a 2-year treatment with
diacerein significantly reduced liver fibrosis in diabetic
patients with NAFLD.120 Besides, a four-week treatment of
diacerein attenuated left ventricular fibrosis and improved
cardiac function by reducing the inflammatory response
after myocardial infarction in rats via inhibiting caspase-3
activity, and NF-kB transcription.121 Furthermore, quer-
cetin interfered with ASC oligomerization and prevents IL-
1b, thereby inhibits inflammasome activation in mouse
model of vasculitis.122 More studies are required to delin-
eate the exact mechanisms of ASC oligomerization and its
role in NLRP3 inflammasomes-mediated liver fibrosis for
possible exploration as a new therapeutic target.

Inhibition of caspase-1

Caspase-1 has been extensively targeted since its discovery
owing to its direct involvement in the activation and
release of cytokines IL-1b and IL-18. Two small molecule
reversible pharmacological inhibitors of caspase-1 have also
been developed, namely VX740 (pralnacasan) and
VX765.123,124 These small molecule inhibitors are prodrugs
in nature and converted to an active form by cleavage
through plasma esterases.123,124 Both compounds are eval-
uated up to phase II clinical trials for epilepsy and psoriasis,
but trails are discontinued due to hepatotoxicity.125 These
hepatoxic effects might be due to the critical functional
role of caspase-1 in the other inflammasomes under physi-
ological conditions. Mechanistic studies will provide more
insights into the isoform-specific roles of caspase-1 in-
hibitors in the activation of various inflammasomes and
their associated downstream signaling. Another approach
for the repurpose of caspase-1 inhibitors, VX740 and VX765,
is the utilization of nanotechnology-based strategies and to
implement the novel drug delivery methods for successful
delivering these drugs in the targeted cells or pathological
tissues to minimize the hepatic and other adverse effects.

Inhibition of NLRP3 activation

Numerous compounds reported to inhibit NLRP3 inflamma-
some, but their mechanisms of inhibition are not well
characterized. The most studied and well-characterized
direct NLRP3 inhibitors are summarized in Table 1. More-
over, it is very challenging to synthesize a direct antagonist
of NLRP3, because of its complex and multimeric structure
as well as the lack the crystal-structures of active forms of

https://www.zyversa.com/inflammasomes/asc-inhibitor
https://www.zyversa.com/inflammasomes/asc-inhibitor


Table 1 Summary of the experimental studies described the inhibitory potential of various compounds on NLRP3 inflamma-
some activation in several pathological conditions, and the potential anti-fibrotic activities.

Inhibitors Models used for
NLRP3 activity

Mechanisms of NLRP3
inhibition

Potential anti-fibrotic activity reported

MCC950 Mouse BMMs primed
with LPS

Directly attached to the
Walker B motif within
the NLRP3 NACHT
domain and blocked ATP
hydrolysis, thus inhibited
activation of
NLRP3.128,129

Attenuated hepatic fibrosis in murine models.34,130

Reduced Schistosoma japonicum-infected
associated liver fibrosis in mice via suppression NF-
kB signaling.52

Reduced BDL-induced cholestatic liver injury and
disease progression in mice.131

BMDMs PD model Inhibited ASC
oligomerization.126,132

3,4-Methylenedioxy-
b-nitrostyrene
(MNS)

BMDMs Inhibited the NLRP3
ATPase activity by
cysteine
modification.129,133

b-Nitrostyrene and its analogues attenuated LPS-
mediated acute lung injury via the inhibition of
neutrophil-platelet interactions.134

No anti-fibrotic activity reported
CY-09 BMDMs Binds directly to the ATP-

binding motif of NLRP3
NACHT domain, thus
inhibiting the NLRP3
ATPase activity.129,135

Reduced hepatic steatosis and NAFLD in mice.136

b-Hydroxybutyrate
(BHB)

BMDMs Inhibited Kþ efflux,
thereby decreased ASC
oligomerization and
reduced IL-1b/18
secretions.129,137

Reduced hepatic lipid accumulation and fibrosis,
and alcohol and age associated liver damage.138
e140

Glibenclamide or
Glyburide

BMDMs Inhibited ATP sensitive
Kþ channels resulting in
indirect inhibition of
NLRP3 activation.129,141

Reduced IL-1b, TGF-b1, and fibrosis in human
hepatic stellate cell line infected with B.
abortus,142 as well as ameliorated hepatic fibrosis
via downregulation of NLRP3-mediated
fibrogenesis.40

Attenuated bladder fibrosis by inhibition of NLRP3
and IL-1b.143

Parthenolide BMDMs Inactivation of caspase-1
by direct alkylation of
cysteine residues, thus
the inhibition the NLRP3
ATPase activity.144,145

Exhibited pro-apoptotic effects in HSCs and
reduced TAA-induced hepatic fibrosis in rats.146

Ameliorated peritoneal fibrosis by downregulating
the TGF-b/Smad signaling.147

Alleviated bleomycin-induced pulmonary fibrosis
by suppression NF-kB/Snail signaling.148

OLT1177 J774 cells Inhibited the NLRP3
ATPase activity.129,149

No anti-fibrotic activity reported

Tranilast BMDMs Directly binds to the
NATCH domain of NLRP3
and blocks NLRP3
oligomerization.91

Attenuated NASH in rats by inhibiting TGF-b1,148

and reduced the profibrogenic mediators and
improved hepatic functions in S. mansoni-infected
mice.150

Attenuated pulmonary fibrosis by suppressing
TGFb-mediated ECM production.151

Ameliorated the diabetic kidney fibrosis152 and
unilateral ureteral obstruction-induced fibrosis in
rats.153

Oridonin BMDMs Inhibited NLRP3
activation by binding to
the cysteine 279 of
NATCH domain and
blocking the interaction
between NLRP3 and
NEK7.91

Reduced CCl4-induced liver fibrosis in mice,154 and
inhibited human HSCs proliferation and
fibrogenesis by downregulating TGF-b1-mediated
ECM in vitro155

Inhibited bleomycin-induced lung fibrosis by
suppressing TGFb/Smad pathway.156

Ameliorated cardiac fibrosis and remodeling in
mice.157

(continued on next page)
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Table 1 (continued )

Inhibitors Models used for
NLRP3 activity

Mechanisms of NLRP3
inhibition

Potential anti-fibrotic activity reported

Fc11a-2 DSS-induced colitis in
mice

Inhibited cleavage of
pro-caspase-1, pro-IL-1b
and pro-IL-18 and
indirectly suppressed the
activation of
NLRP3.129,158

No anti-fibrotic activity reported

BMMs: bone marrow derived macrophages; DSS: dextran sulfate sodium.
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NLRP3 inflammasomes.126 Recently, Sharif and co-worker
reported a cryo-electron microscopy structure of inactive
human NLRP3 in complex with NEK7, which potential
facilitated the designing and development of more specific
NLRP3 inhibitors.127

Conclusions and future directions

Chronic liver diseases like fibrosis, cirrhosis, hepatitis, and
liver cancer are the growing health concerns.159 Inflam-
mation plays a central role in the progression of liver
fibrosis, which can be induced by either host- or pathogen-
derived molecules. Inflammasomes are the core molecules
regulating the inflammatory process via caspase-1-
mediated release of inflammatory cytokines, like IL-1b
and IL-18. Expression of NLRP3 inflammasome has been
reported in most hepatic cells, like HSCs, Kupffer cells, and
hepatocytes. HSCs are the primary cells responsible for
liver fibrosis, and several direct and/or indirect compelling
pieces of evidence reported the upregulation of NLRP3
expression in the activated HSCs through DAMPs or PAMPs
(Fig. 3). Inhibition of NLRP3 can be explored by several
pharmacological approaches, novel drug delivery methods,
and genetic strategies; however, the targeted inhibition of
downstream molecules of NLRP3 inflammasome-mediated
pathways is a challenging and nascent research area. The
NLRP3 inflammasome has been implicated in liver fibrosis,
and the use of specific NLRP3 inhibitors has been reported
to attenuate liver fibrosis in in vivo and in vitro studies.

The present research to employ the NLRP3 inhibitors is
entirely engrossed in NLRP3-driven disorders like CAPS,
DIRA, and RA for the therapeutic approach. Further, spe-
cific NLRP3 inhibitors are proven as a successful approach
for the treatment of liver fibrosis. However, these small
molecules like canakinumab, anakinra, and rilonacept only
inhibit IL-1b and are relatively less efficacious with a poor
safety profile. Moreover, MCC950 is the most studied and
efficacious NLRP3 inhibitor evaluated in the MCD diet- and
S. japonicum infection-induced liver fibrosis mouse models.
MCC950 has failed in phase I clinical trials due to hepato-
toxicity.160,161 But further mechanistic studies and chemi-
cal structure optimization of MCC-950 can reduce its
toxicity. Also, characterization of the crystal structure of
the active forms of NLRP3 and molecular mechanisms of its
activation will be useful for therapeutic targeting of NLRP3
inflammasomes. Therefore, targeted NLRP3 inhibition can
be a promising therapeutic approach for the treatment of
liver fibrosis.
Author contributions

Conceptualization - HVC, DKD, SK, and GBJ; writing, re-
view, and editing - HVC, DKD, SK, and GBJ; supervision -
GBJ. All the authors read and approved the review.

Conflict of interests

Authors declare no conflict of interests.

References

1. Higashi T, Friedman SL, Hoshida Y. Hepatic stellate cells as
key target in liver fibrosis. Adv Drug Deliv Rev. 2017;121:
27e42.

2. Friedman SL. Mechanisms of disease: mechanisms of hepatic
fibrosis and therapeutic implications. Nat Clin Pract Gastro-
enterol Hepatol. 2004;1(2):98e105.

3. Bataller R, Brenner DA. Liver fibrosis. J Clin Invest. 2005;
115(2):209e218.

4. Mokdad AA, Lopez AD, Shahraz S, et al. Liver cirrhosis mor-
tality in 187 countries between 1980 and 2010: a systematic
analysis. BMC Med. 2014;12:145.

5. World Health Organization. The top 10 causes of death:
leading causes of death by economy income group; 2018.
http://www.who.int/en/news-room/fact-sheets/detail/the-
top-10-causes-of-death.

6. Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell
activation. Nat Rev Gastroenterol Hepatol. 2017;14(7):
397e411.

7. Calabrese V, Cornelius C, Dinkova-Kostova AT, et al. Cellular
stress responses, the hormesis paradigm, and vitagenes: novel
targets for therapeutic intervention in neurodegenerative
disorders. Antioxidants Redox Signal. 2010;13(11):
1763e1811.

8. Rockey DC, Bell PD, Hill JA. Fibrosis–a common pathway to
organ injury and failure. N Engl J Med. 2015;372(12):
1138e1149.

9. Koyama Y, Brenner DA. Liver inflammation and fibrosis. J Clin
Invest. 2017;127(1):55e64.

10. Schroder K, Tschopp J. The inflammasomes. Cell. 2010;
140(6):821e832.

11. Guo H, Callaway JB, Ting JP. Inflammasomes: mechanism of
action, role in disease, and therapeutics. Nat Med. 2015;
21(7):677e687.

12. Strowig T, Henao-Mejia J, Elinav E, et al. Inflammasomes in
health and disease. Nature. 2012;481(7381):278e286.

13. Alegre F, Pelegrin P, Feldstein AE. Inflammasomes in liver
fibrosis. Semin Liver Dis. 2017;37(2):119e127.

14. Szabo G, Csak T. Inflammasomes in liver diseases. J Hepatol.
2012;57(3):642e654.

http://refhub.elsevier.com/S2352-3042(21)00170-7/sref1
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref1
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref1
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref1
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref2
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref2
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref2
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref2
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref3
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref3
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref3
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref4
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref4
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref4
http://www.who.int/en/news-room/fact-sheets/detail/the-top-10-causes-of-death
http://www.who.int/en/news-room/fact-sheets/detail/the-top-10-causes-of-death
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref6
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref6
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref6
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref6
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref7
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref7
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref7
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref7
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref7
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref7
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref8
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref8
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref8
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref8
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref9
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref9
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref9
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref10
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref10
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref10
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref11
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref11
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref11
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref11
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref12
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref12
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref12
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref13
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref13
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref13
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref14
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref14
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref14


Therapeutic potential of NLRP3 inhibition for liver fibrosis 491
15. Shi J, Zhao Y, Wang K, et al. Cleavage of GSDMD by inflam-
matory caspases determines pyroptotic cell death. Nature.
2015;526(7575):660e665.

16. Miao EA, Rajan JV, Aderem A. Caspase-1-induced pyroptotic
cell death. Immunol Rev. 2011;243(1):206e214.

17. de Zoete MR, Palm NW, Zhu S, et al. Inflammasomes. Cold
Spring Harbor Perspect Biol. 2014;6(12):a016287.

18. Stienstra R, van Diepen JA, Tack CJ, et al. Inflammasome is a
central player in the induction of obesity and insulin resis-
tance. Proc Natl Acad Sci U S A. 2011;108(37):15324e15329.

19. Nozaki K, Miao EA. A licence to kill during inflammation. Na-
ture. 2019;570(7761):316e317.

20. Benetti E, Chiazza F, Patel NS, et al. The NLRP3 inflamma-
some as a novel player of the intercellular crosstalk in
metabolic disorders. Mediat Inflamm. 2013;2013:678627.

21. Schmid-Burgk JL, Chauhan D, Schmidt T, et al. A genome-wide
CRISPR (clustered regularly interspaced short palindromic
repeats) screen identifies NEK7 as an essential component of
NLRP3 inflammasome activation. J Biol Chem. 2016;291(1):
103e109.

22. Kelley N, Jeltema D, Duan Y, et al. The NLRP3 inflammasome:
an overview of mechanisms of activation and regulation. Int J
Mol Sci. 2019;20(13):3328.

23. Bauernfeind FG, Horvath G, Stutz A, et al. Cutting edge: NF-
kappaB activating pattern recognition and cytokine receptors
license NLRP3 inflammasome activation by regulating NLRP3
expression. J Immunol. 2009;183(2):787e791.

24. Perregaux D, Gabels A. Interleukin-1 beta maturation and
release in response to ATP and nigericin. Evidence that po-
tassium depletion mediated by these agents is a necessary
and common feature of their activity. J Biol Chem. 1994;
269(21):15195e15203.

25. Lee GS, Subramanian N, Kim AI, et al. The calcium-sensing
receptor regulates the NLRP3 inflammasome through Ca2þ

and cAMP. Nature. 2012;492(7427):123e127.
26. Domingo-Fernández R, Coll RC, Kearney J, et al. The intra-

cellular chloride channel proteins CLIC1 and CLIC4 induce IL-
1b transcription and activate the NLRP3 inflammasome. J Biol
Chem. 2017;292(29):12077e12087.

27. Hornung V, Bauernfeind F, Halle A, et al. Silica crystals and
aluminum salts activate the NALP3 inflammasome through
phagosomal destabilization. Nat Immunol. 2008;9(8):847e856.

28. Tschopp J, Schroder K. NLRP3 inflammasome activation: the
convergence of multiple signalling pathways on ROS produc-
tion? Nat Rev Immunol. 2010;10(3):210e215.

29. Tao Y, Qiu T, Yao X, et al. Autophagic-CTSB-inflammasome
axis modulates hepatic stellate cells activation in arsenic-
induced liver fibrosis. Chemosphere. 2020;242:124959.

30. Zhou R, Yazdi AS, Menu P, et al. A role for mitochondria in
NLRP3 inflammasome activation. Nature. 2011;469(7329):
221e225.

31. Groß CJ, Mishra R, Schneider KS, et al. Kþ efflux-independent
NLRP3 inflammasome activation by small molecules targeting
mitochondria. Immunity. 2016;45(4):761e773.

32. Cabrera D, Wree A, Povero D, et al. Andrographolide ame-
liorates inflammation and fibrogenesis and attenuates
inflammasome activation in experimental non-alcoholic
steatohepatitis. Sci Rep. 2017;7(1):3491.

33. Wang H, Liu S, Wang Y, et al. Nod-like receptor protein 3
inflammasome activation by Escherichia coli RNA induces
transforming growth factor beta 1 secretion in hepatic stel-
late cells. Bosn J Basic Med Sci. 2016;16(2):126e131.

34. Mridha AR, Wree A, Robertson AAB, et al. NLRP3 inflamma-
some blockade reduces liver inflammation and fibrosis in
experimental NASH in mice. J Hepatol. 2017;66(5):1037e1046.

35. Lu YQ, Zhong S, Meng N, et al. NLRP3 inflammasome activa-
tion results in liver inflammation and fibrosis in mice infected
with Schistosoma japonicum in a Syk-dependent manner. Sci
Rep. 2017;7(1):8120.

36. Boaru SG, Borkham-Kamphorst E, Tihaa L, et al. Expression
analysis of inflammasomes in experimental models of in-
flammatory and fibrotic liver disease. J Inflamm. 2012;9(1):
49.

37. Reiter FP, Wimmer R, Wottke L, et al. Role of interleukin-1
and its antagonism of hepatic stellate cell proliferation and
liver fibrosis in the Abcb4(-/-) mouse model. World J Hepatol.
2016;8(8):401e410.

38. Miura K, Kodama Y, Inokuchi S, et al. Toll-like receptor 9
promotes steatohepatitis by induction of interleukin-1 beta in
mice. Gastroenterology. 2010;139(1):323e334.

39. Tang N, Zhang YP, Ying W, et al. Interleukin-1b upregulates
matrix metalloproteinase-13 gene expression via c-Jun N-
terminal kinase and p38 MAPK pathways in rat hepatic stellate
cells. Mol Med Rep. 2013;8(6):1861e1865.

40. Dwivedi DK, Jena GB. Glibenclamide protects against
thioacetamide-induced hepatic damage in Wistar rat: inves-
tigation on NLRP3, MMP-2, and stellate cell activation. Nau-
nyn-Schmiedeberg’s Arch Pharmacol. 2018;391(11):
1257e1274.

41. El-Kashef DH, Serrya MS. Sitagliptin ameliorates
thioacetamide-induced acute liver injury via modulating
TLR4/NF-KB signaling pathway in mice. Life Sci. 2019;228:
266e273.

42. Shi A, Shi H, Wang Y, et al. Activation of Nrf 2 pathway and
inhibition of NLRP3 inflammasome activation contribute to
the protective effect of chlorogenic acid on acute liver injury.
Int Immunopharm. 2018;54:125e130.

43. Yang F, Luo L, Zhu ZD, et al. Chlorogenic acid inhibits liver
fibrosis by blocking the miR-21-regulated TGF-b1/Smad 7
signaling pathway in vitro and in vivo. Front Pharmacol. 2017;
8:929.

44. Watanabe A, Sohail MA, Gomes DA, et al. Inflammasome-
mediated regulation of hepatic stellate cells. Am J Physiol
Gastrointest Liver Physiol. 2009;296(6):G1248eG1257.

45. Wree A, Eguchi A, McGeough MD, et al. NLRP3 inflammasome
activation results in hepatocyte pyroptosis, liver inflamma-
tion, and fibrosis in mice. Hepatology. 2014;59(3):898e910.

46. Inzaugarat ME, Johnson CD, Holtmann TM, et al. NLR family
pyrin domain-containing 3 inflammasome activation in he-
patic stellate cells induces liver fibrosis in mice. Hepatology.
2019;69(2):845e859.

47. Duan NN, Liu XJ, Wu J. Palmitic acid elicits hepatic stellate
cell activation through inflammasomes and hedgehog
signaling. Life Sci. 2017;176:42e53.

48. Wree A, McGeough MD, Peña CA, et al. NLRP3 inflammasome
activation is required for fibrosis development in NAFLD. J Mol
Med (Berl). 2014;92(10):1069e1082.

49. Wree A, McGeough MD, Inzaugarat ME, et al. NLRP3 inflam-
masome driven liver injury and fibrosis: roles of IL-17 and TNF
in mice. Hepatology. 2018;67(2):736e749.

50. Li Y, Zhang Y, Chen T, et al. Role of aldosterone in the acti-
vation of primary mice hepatic stellate cell and liver fibrosis
via NLRP3 inflammasome. J Gastroenterol Hepatol. 2020;
35(6):1069e1077.

51. Talwani R, Gilliam BL, Howell C. Infectious diseases and the
liver. Clin Liver Dis. 2011;15(1):111e130.

52. Zhang WJ, Fang ZM, Liu WQ. NLRP3 inflammasome activation
from Kupffer cells is involved in liver fibrosis of Schistosoma
japonicum-infected mice via NF-kB. Parasites Vectors. 2019;
12(1):29.

53. Liu X, Zhang YR, Cai C, et al. Taurine alleviates Schistosoma-
induced liver injury by inhibiting the TXNIP/NLRP3 inflam-
masome signal pathway and pyroptosis. Infect Immun. 2019;
87(12):e00732e19.

http://refhub.elsevier.com/S2352-3042(21)00170-7/sref15
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref15
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref15
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref15
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref16
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref16
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref16
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref17
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref17
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref18
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref18
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref18
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref18
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref19
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref19
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref19
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref20
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref20
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref20
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref21
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref21
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref21
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref21
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref21
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref21
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref22
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref22
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref22
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref23
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref23
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref23
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref23
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref23
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref24
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref24
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref24
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref24
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref24
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref24
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref25
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref25
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref25
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref25
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref26
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref26
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref26
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref26
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref26
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref27
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref27
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref27
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref27
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref28
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref28
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref28
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref28
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref29
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref29
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref29
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref30
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref30
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref30
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref30
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref31
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref31
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref31
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref31
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref31
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref32
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref32
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref32
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref32
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref33
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref33
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref33
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref33
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref33
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref34
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref34
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref34
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref34
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref35
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref35
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref35
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref35
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref36
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref36
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref36
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref36
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref37
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref37
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref37
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref37
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref37
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref38
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref38
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref38
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref38
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref39
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref39
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref39
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref39
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref39
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref40
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref40
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref40
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref40
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref40
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref40
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref41
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref41
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref41
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref41
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref41
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref42
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref42
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref42
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref42
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref42
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref43
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref43
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref43
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref43
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref44
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref44
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref44
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref44
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref45
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref45
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref45
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref45
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref46
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref46
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref46
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref46
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref46
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref47
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref47
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref47
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref47
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref48
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref48
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref48
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref48
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref49
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref49
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref49
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref49
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref50
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref50
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref50
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref50
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref50
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref51
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref51
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref51
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref52
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref52
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref52
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref52
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref53
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref53
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref53
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref53
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref53


492 H.V. Charan et al.
54. Meng N, Xia M, Lu YQ, et al. Activation of NLRP3 inflamma-
somes in mouse hepatic stellate cells during Schistosoma. J
Infect Oncotarget. 2016;7(26):39316e39331.

55. Chen TTW, Cheng PC, Chang KC, et al. Activation of the NLRP3
and AIM2 inflammasomes in a mouse model of Schistosoma
mansoni infection. J Helminthol. 2019;94:e72.

56. Jiang S, Zhang Y, Zheng JH, et al. Potentiation of hepatic
stellate cell activation by extracellular ATP is dependent on
P2X7R-mediated NLRP3 inflammasome activation. Pharmacol
Res. 2017;117:82e93.

57. Han X, Song J, Lian LH, et al. Ginsenoside 25-OCH3-PPD pro-
motes activity of LXRs to ameliorate P2X7R-mediated NLRP3
inflammasome in the development of hepatic fibrosis. J Agric
Food Chem. 2018;66(27):7023e7035.

58. Cinar R, Iyer MR, Liu Z, et al. Hybrid inhibitor of peripheral
cannabinoid-1 receptors and inducible nitric oxide synthase
mitigates liver fibrosis. JCI Insight. 2016;1(11):e87336.

59. Wu X, Zhang F, Xiong X, et al. Tetramethylpyrazine reduces
inflammation in liver fibrosis and inhibits inflammatory cyto-
kine expression in hepatic stellate cells by modulating NLRP3
inflammasome pathway. IUBMB Life. 2015;67(4):312e321.

60. Monaco C, Andreakos E, Kiriakidis S, et al. Canonical pathway
of nuclear factor kappa B activation selectively regulates
proinflammatory and prothrombotic responses in human
atherosclerosis. Proc Natl Acad Sci U S A. 2004;101(15):
5634e5639.

61. Sun B, Karin M. NF-kappaB signaling, liver disease and hep-
atoprotective agents. Oncogene. 2008;27(48):6228e6244.

62. Dong Z, Zhuang Q, Ning M, et al. Palmitic acid stimulates
NLRP3 inflammasome activation through TLR4-NF-kB signal
pathway in hepatic stellate cells. Ann Transl Med. 2020;8(5):
168.

63. Zhao J, Han M, Zhou L, et al. TAF and TDF attenuate liver
fibrosis through NS5ATP9, TGFb1/Smad 3, and NF-kB/NLRP3
inflammasome signaling pathways. Hepatol Int. 2020;14(1):
145e160.

64. Boaru SG, Borkham-Kamphorst E, Van de Leur E, et al. NLRP3
inflammasome expression is driven by NF-kB in cultured he-
patocytes. Biochem Biophys Res Commun. 2015;458(3):
700e706.

65. Kim JK, Han NR, Park SM, et al. Hemistepsin A alleviates liver
fibrosis by inducing apoptosis of activated hepatic stellate
cells via inhibition of nuclear factor-kB and Akt. Food Chem
Toxicol. 2020;135:111044.

66. Huang J, Wu S, Barrera J, et al. The Hippo signaling pathway
coordinately regulates cell proliferation and apoptosis by
inactivating Yorkie, the Drosophila homolog of YAP. Cell.
2005;122(3):421e434.

67. Elosegui-Artola A, Andreu I, Beedle AEM, et al. Force triggers
YAP nuclear entry by regulating transport across nuclear
pores. Cell. 2017;171(6):1397e1410.

68. Manmadhan S, Ehmer U. Hippo signaling in the liver - a long
and ever-expanding story. Front Cell Dev Biol. 2019;7:33.

69. Wang X, Wang G, Qu J, et al. Calcipotriol inhibits NLRP3 signal
through YAP1 activation to alleviate cholestatic liver injury
and fibrosis. Front Pharmacol. 2020;11:200.

70. Jin H, Lian N, Zhang F, et al. Inhibition of YAP signaling con-
tributes to senescence of hepatic stellate cells induced by
tetramethylpyrazine. Eur J Pharmaceut Sci. 2017;96:
323e333.

71. Li L, Zhou J, Li Q, et al. The inhibition of Hippo/Yap signaling
pathway is required for magnesium isoglycyrrhizinate to
ameliorate hepatic stellate cell inflammation and activation.
Biomed Pharmacother. 2018;106:83e91.

72. Alsamman S, Christenson SA, Yu A, et al. Targeting acid
ceramidase inhibits YAP/TAZ signaling to reduce fibrosis in
mice. Sci Transl Med. 2020;12(557):eaay8798.
73. Liu Y, Lu T, Zhang C, et al. Activation of YAP attenuates he-
patic damage and fibrosis in liver ischemia-reperfusion injury.
J Hepatol. 2019;71(4):719e730.

74. Belgacemi R, Luczka E, Ancel J, et al. Airway epithelial cell
differentiation relies on deficient Hedgehog signalling in
COPD. EBioMedicine. 2020;51:102572.

75. Cigna N, Farrokhi Moshai E, Brayer S, et al. The hedgehog
system machinery controls transforming growth factor-b-
dependent myofibroblastic differentiation in humans:
involvement in idiopathic pulmonary fibrosis. Am J Pathol.
2012;181(6):2126e2137.

76. Li C, Sheng M, Lin Y, et al. Functional crosstalk between
myeloid Foxo 1-b-catenin axis and Hedgehog/Gli 1 signaling in
oxidative stress response. Cell Death Differ. 2021;28(5):
1705e1719.

77. Sheng M, Lin Y, Xu D, et al. CD47-mediated hedge-
hog/SMO/GLI1 signaling promotes mesenchymal stem cell
immunomodulation in mouse liver inflammation. Hepatology.
2021;74(3):1560e1577.

78. Ma L, Li C, Lian S, et al. Procyanidin B2 alleviates liver injury
caused by cold stimulation through Sonic hedgehog signalling
and autophagy. J Cell Mol Med. 2021;25(16):8015e8027.

79. Weiskirchen R, Tacke F. Cellular and molecular functions of
hepatic stellate cells in inflammatory responses and liver
immunology. Hepatobiliary Surg Nutr. 2014;3(6):344e363.

80. Miura K, Yang L, van Rooijen N, et al. Toll-like receptor 2 and
palmitic acid cooperatively contribute to the development of
nonalcoholic steatohepatitis through inflammasome activa-
tion in mice. Hepatology. 2013;57(2):577e589.

81. Zhang LL, Huang S, Ma XX, et al. Angiotensin(1-7) attenuated
Angiotensin II-induced hepatocyte EMT by inhibiting NOX-
derived H2O2-activated NLRP3 inflammasome/IL-1b/Smad
circuit. Free Radic Biol Med. 2016;97:531e543.

82. Cai SM, Yang RQ, Li Y, et al. Angiotensin-(1-7) improves liver
fibrosis by regulating the NLRP3 inflammasome via redox
balance modulation. Antioxidants Redox Signal. 2016;24(14):
795e812.

83. Gong Z, Zhou J, Zhao S, et al. Chenodeoxycholic acid acti-
vates NLRP3 inflammasome and contributes to cholestatic
liver fibrosis. Oncotarget. 2016;7(51):83951e83963.

84. DeSantis DA, Ko CW, Liu Y, et al. Alcohol-induced liver injury
is modulated by Nlrp3 and Nlrc4 inflammasomes in mice.
Mediat Inflamm. 2013;2013:751374.

85. Ganz M, Csak T, Nath B, et al. Lipopolysaccharide induces and
activates the Nalp3 inflammasome in the liver. World J Gas-
troenterol. 2011;17(43):4772e4778.

86. Bajaj JS. Alcohol, liver disease and the gut microbiota. Nat
Rev Gastroenterol Hepatol. 2019;16(4):235e246.

87. McGill MR, Sharpe MR, Williams CD, et al. The mechanism
underlying acetaminophen-induced hepatotoxicity in humans
and mice involves mitochondrial damage and nuclear DNA
fragmentation. J Clin Invest. 2012;122(4):1574e1583.

88. Koo JH, Han CY. Signaling nodes associated with endoplasmic
reticulum stress during NAFLD progression. Biomolecules.
2021;11(2):242.

89. Bozaykut P, Sahin A, Karademir B, et al. Endoplasmic reticu-
lum stress related molecular mechanisms in nonalcoholic
steatohepatitis. Mech Ageing Dev. 2016;157:17e29.

90. Wang J, He W, Tsai PJ, et al. Mutual interaction between
endoplasmic reticulum and mitochondria in nonalcoholic fatty
liver disease. Lipids Health Dis. 2020;19(1):72.

91. Swanson KV, Deng M, Ting JP. The NLRP3 inflammasome:
molecular activation and regulation to therapeutics. Nat Rev
Immunol. 2019;19(8):477e489.

92. Song Y, Zhao Y, Ma Y, et al. Biological functions of NLRP3
inflammasome: a therapeutic target in inflammatory bowel
disease. Cytokine Growth Factor Rev. 2021;60:61e75.

http://refhub.elsevier.com/S2352-3042(21)00170-7/sref54
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref54
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref54
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref54
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref55
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref55
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref55
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref56
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref56
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref56
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref56
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref56
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref57
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref57
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref57
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref57
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref57
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref57
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref58
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref58
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref58
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref59
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref59
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref59
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref59
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref59
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref60
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref60
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref60
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref60
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref60
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref60
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref61
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref61
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref61
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref62
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref62
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref62
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref62
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref63
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref63
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref63
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref63
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref63
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref64
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref64
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref64
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref64
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref64
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref65
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref65
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref65
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref65
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref66
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref66
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref66
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref66
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref66
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref67
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref67
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref67
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref67
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref68
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref68
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref69
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref69
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref69
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref70
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref70
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref70
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref70
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref70
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref71
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref71
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref71
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref71
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref71
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref72
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref72
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref72
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref73
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref73
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref73
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref73
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref74
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref74
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref74
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref75
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref75
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref75
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref75
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref75
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref75
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref76
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref76
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref76
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref76
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref76
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref77
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref77
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref77
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref77
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref77
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref78
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref78
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref78
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref78
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref79
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref79
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref79
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref79
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref80
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref80
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref80
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref80
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref80
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref81
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref81
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref81
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref81
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref81
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref82
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref82
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref82
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref82
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref82
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref83
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref83
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref83
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref83
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref84
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref84
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref84
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref85
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref85
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref85
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref85
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref86
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref86
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref86
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref87
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref87
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref87
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref87
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref87
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref88
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref88
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref88
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref89
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref89
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref89
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref89
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref90
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref90
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref90
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref91
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref91
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref91
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref91
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref92
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref92
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref92
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref92


Therapeutic potential of NLRP3 inhibition for liver fibrosis 493
93. Bahia MS, Kaur M, Silakari P, et al. Interleukin-1 receptor
associated kinase inhibitors: potential therapeutic agents for
inflammatory-and immune-related disorders. Cell Signal.
2015;27(6):1039e1055.

94. Mangan MSJ, Olhava EJ, Roush WR, et al. Targeting the NLRP3
inflammasome in inflammatory diseases. Nat Rev Drug Discov.
2018;17(8):588e606.

95. Huang X, Dixit VM. Drugging the undruggables: exploring the
ubiquitin system for drug development. Cell Res. 2016;26(4):
484e498.

96. Song N, Liu ZS, Xue W, et al. NLRP3 phosphorylation is an
essential priming event for inflammasome activation. Mol
Cell. 2017;68(1):185e197.

97. Stutz A, Kolbe CC, Stahl R, et al. NLRP3 inflammasome as-
sembly is regulated by phosphorylation of the pyrin domain. J
Exp Med. 2017;214(6):1725e1736.

98. Mortimer L, Moreau F, MacDonald JA, et al. NLRP3 inflam-
masome inhibition is disrupted in a group of auto-
inflammatory disease CAPS mutations. Nat Immunol. 2016;
17(10):1176e1186.

99. Guo C, Xie S, Chi Z, et al. Bile acids control inflammation and
metabolic disorder through inhibition of NLRP3 inflamma-
some. Immunity. 2016;45(4):802e816.

100. Barry R, John SW, Liccardi G, et al. SUMO-mediated regula-
tion of NLRP3 modulates inflammasome activity. Nat Com-
mun. 2018;9(1):3001.

101. Thiagalingam S, Cheng KH, Lee HJ, et al. Histone deacety-
lases: unique players in shaping the epigenetic histone code.
Ann N Y Acad Sci. 2003;983:84e100.

102. Khan S, Ahirwar K, Jena G. Anti-fibrotic effects of valproic
acid: role of HDAC inhibition and associated mechanisms.
Epigenomics. 2016;8(8):1087e1101.

103. Grunstein M. Histone acetylation in chromatin structure and
transcription. Nature. 1997;389(6649):349e352.

104. He M, Chiang HH, Luo H, et al. An acetylation switch of the
NLRP3 inflammasome regulates aging-associated chronic
inflammation and insulin resistance. Cell Metabol. 2020;
31(3):580e591.

105. Dempsey LA. Sirtuin regulation of NLRP3. Nat Immunol. 2020;
21(4):358.

106. Yan S, Wei X, Jian W, et al. Pharmacological inhibition of
HDAC6 attenuates NLRP3 inflammatory response and protects
dopaminergic neurons in experimental models of Parkinson’s
disease. Front Aging Neurosci. 2020;12:78.

107. Pinto A, Bonucci A, Maggi E, et al. Anti-oxidant and anti-
inflammatory activity of ketogenic diet: new perspectives
for neuroprotection in alzheimer’s disease. Antioxidants.
2018;7(5):63.

108. Khan S, Jena G. Sodium butyrate, a HDAC inhibitor amelio-
rates eNOS, iNOS and TGF-b1-induced fibrogenesis, apoptosis
and DNA damage in the kidney of juvenile diabetic rats. Food
Chem Toxicol. 2014;73:127e139.

109. Khan S, Jena G. Sodium butyrate reduces insulin-resistance,
fat accumulation and dyslipidemia in type-2 diabetic rat: a
comparative study with metformin. Chem Biol Interact. 2016;
254:124e134.

110. Kanika G, Khan S, Jena G. Sodium butyrate ameliorates L-
arginine-induced pancreatitis and associated fibrosis in Wistar
rat: role of inflammation and nitrosative stress. J Biochem
Mol Toxicol. 2015;29(8):349e359.

111. Khan S, Kumar S, Jena G. Valproic acid reduces insulin-
resistance, fat deposition and FOXO1-mediated gluconeo-
genesis in type-2 diabetic rat. Biochimie. 2016;125:42e52.

112. Khan S, Jena G, Tikoo K. Sodium valproate ameliorates
diabetes-induced fibrosis and renal damage by the inhibition
of histone deacetylases in diabetic rat. Exp Mol Pathol. 2015;
98(2):230e239.

113. Khan S, Jena G, Tikoo K, et al. Valproate attenuates the
proteinuria, podocyte and renal injury by facilitating auto-
phagy and inactivation of NF-kB/iNOS signaling in diabetic
rat. Biochimie. 2015;110:1e16.

114. Jesus AA, Goldbach-Mansky R. IL-1 blockade in auto-
inflammatory syndromes. Annu Rev Med. 2014;65:223e244.

115. Calabrese LH. Anakinra treatment of patients with rheuma-
toid arthritis. Ann Pharmacother. 2002;36(7e8):1204e1209.

116. Man SM, Kanneganti TD. Regulation of inflammasome activa-
tion. Immunol Rev. 2015;265(1):6e21.

117. Speck ASC, Speck ASC. IC 100: ASC inhibitor. ZyVersa thera-
peutics, inc. https://www.zyversa.com/inflammasomes/asc-
inhibitor. Accessed April 17, 2021.

118. Desu HL, Plastini M, Illiano P, et al. IC100: a novel anti-ASC
monoclonal antibody improves functional outcomes in an
animal model of multiple sclerosis. J Neuroinflammation.
2020;17(1):143.

119. Lu COBIiicKCYLS. WO2017031161A1 - diacerein or its analogs
for inhibiting expression of asc, nlrp3, and/or formation of
nlrp3 inflammasome complex. https://patents.google.com/
patent/WO2017031161A1/en; 2017. Accessed April 17, 2021.

120. Leite NC, Viegas BB, Villela-Nogueira CA, et al. Efficacy of
diacerein in reducing liver steatosis and fibrosis in patients
with type 2 diabetes and non-alcoholic fatty liver disease: a
randomized, placebo-controlled trial. Diabetes Obes
Metabol. 2019;21(5):1266e1270.

121. Torina AG, Reichert K, Lima F, et al. Diacerein improves left
ventricular remodeling and cardiac function by reducing the
inflammatory response after myocardial infarction. PLoS One.
2015;10(3):e0121842.

122. Domiciano TP, Wakita D, Jones HD, et al. Quercetin inhibits
inflammasome activation by interfering with ASC oligomeri-
zation and prevents interleukin-1 mediated mouse vasculitis.
Sci Rep. 2017;7:41539.

123. Boxer MB, Quinn AM, Shen M, et al. A highly potent and se-
lective caspase 1 inhibitor that utilizes a key 3-
cyanopropanoic acid moiety. ChemMedChem. 2010;5(5):
730e738.

124. Wannamaker W, Davies R, Namchuk M, et al. (S)-1-((S)-2-{[1-
(4-amino-3-chloro-phenyl)-methanoyl]-amino}-3,3-dimethyl-
butanoyl)-pyrrolidine-2-carboxylic acid ((2R,3S)-2-ethoxy-5-
oxo-tetrahydro-furan-3-yl)-amide (VX-765), an orally avail-
able selective interleukin (IL)-converting enzyme/caspase-1
inhibitor, exhibits potent anti-inflammatory activities by
inhibiting the release of IL-1 beta and IL-18. J Pharmacol Exp
Therapeut. 2007;321(2):509e516.

125. MacKenzie SH, Schipper JL, Clark AC. The potential for cas-
pases in drug discovery. Curr Opin Drug Discov Dev. 2010;
13(5):568e576.

126. Yang Y, Wang H, Kouadir M, et al. Recent advances in the
mechanisms of NLRP3 inflammasome activation and its in-
hibitors. Cell Death Dis. 2019;10(2):128.

127. Sharif H, Wang L, Wang WL, et al. Structural mechanism for
NEK7-licensed activation of NLRP3 inflammasome. Nature.
2019;570(7761):338e343.

128. Coll RC, Hill JR, Day CJ, et al. MCC950 directly targets the
NLRP3 ATP-hydrolysis motif for inflammasome inhibition. Nat
Chem Biol. 2019;15(6):556e559.

129. Zahid A, Li B, Kombe AJK, et al. Pharmacological inhibitors of
the NLRP3 inflammasome. Front Immunol. 2019;10:2538.

130. Qu J, Yuan Z, Wang G, et al. The selective NLRP3 inflamma-
some inhibitor MCC950 alleviates cholestatic liver injury and
fibrosis in mice. Int Immunopharm. 2019;70:147e155.

http://refhub.elsevier.com/S2352-3042(21)00170-7/sref93
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref93
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref93
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref93
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref93
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref94
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref94
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref94
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref94
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref95
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref95
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref95
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref95
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref96
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref96
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref96
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref96
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref97
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref97
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref97
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref97
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref98
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref98
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref98
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref98
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref98
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref99
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref99
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref99
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref99
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref100
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref100
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref100
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref101
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref101
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref101
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref101
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref102
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref102
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref102
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref102
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref103
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref103
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref103
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref104
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref104
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref104
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref104
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref104
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref105
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref105
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref106
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref106
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref106
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref106
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref107
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref107
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref107
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref107
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref108
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref108
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref108
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref108
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref108
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref109
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref109
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref109
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref109
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref109
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref110
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref110
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref110
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref110
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref110
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref111
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref111
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref111
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref111
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref112
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref112
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref112
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref112
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref112
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref113
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref113
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref113
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref113
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref113
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref114
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref114
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref114
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref115
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref115
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref115
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref115
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref116
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref116
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref116
https://www.zyversa.com/inflammasomes/asc-inhibitor
https://www.zyversa.com/inflammasomes/asc-inhibitor
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref118
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref118
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref118
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref118
https://patents.google.com/patent/WO2017031161A1/en
https://patents.google.com/patent/WO2017031161A1/en
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref120
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref120
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref120
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref120
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref120
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref120
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref121
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref121
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref121
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref121
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref122
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref122
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref122
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref122
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref123
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref123
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref123
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref123
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref123
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref124
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref124
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref124
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref124
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref124
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref124
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref124
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref124
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref124
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref125
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref125
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref125
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref125
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref126
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref126
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref126
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref127
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref127
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref127
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref127
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref128
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref128
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref128
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref128
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref129
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref129
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref130
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref130
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref130
http://refhub.elsevier.com/S2352-3042(21)00170-7/sref130


494 H.V. Charan et al.
131. Frissen M, Liao L, Schneider KM, et al. Bidirectional role of
NLRP3 during acute and chronic cholestatic liver injury.
Hepatology. 2021;73(5):1836e1854.

132. Gordon R, Albornoz EA, Christie DC, et al. Inflammasome in-
hibition prevents alpha-synuclein pathology and dopami-
nergic neurodegeneration in mice. Sci Transl Med. 2018;
10(465):eaah4066.

133. He Y, Varadarajan S, Muñoz-Planillo R, et al. 3,4-
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