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Abstract: Activation of inflammatory signaling pathways is of central importance in the pathogenesis of alcoholic
liver disease (ALD) and nonalcoholic steatohepatitis (NASH). Nod-like receptors (NLRs) are intracellular innate im-
mune sensors of microbes and danger signals that control multiple aspects of inflammatory responses. Recent
studies demonstrated that NLRs are expressed and activated in innate immune cells as well as in parenchymal
cells in the liver. For example, NLRP3 signaling is involved in liver ischemia-reperfusion (I/R) injury and silencing of
NLRP3 can protect the liver from I/R injury. In this article, we review the evidence that highlights the critical impor-
tance of NLRs in the prevalent liver diseases. The significance of NLR-induced intracellular signaling pathways and

cytokine production is also evaluated.
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Introduction

The liver is the first organ exposed to orally
administered xenobiotics after absorption from
the intestine, and it is a major site of biotrans-
formation and metabolism [1, 2]. Meanwhile,
the liver is a sentinel organ in a unique position
to monitor pathogen-associated molecules in
the portal and systemic circulations [3]. It is
increasingly recognized that not only immune
cells but also the parenchymal cells of the liver,
including hepatocytes and liver endothelial ce-
lIs, play importantroles in the immune response
to a wide range of liver problems, from alcoholic
liver disease (ALD) to acetaminophen toxicity to
liver ischaemia-reperfusion (I/R) injury [4-6].

Liver diseases represent a significant cause of
morbidity and mortality worldwide [7, 8]. Up to
2% of all deaths are attributable to liver-related
etiology in industrialized countries [9]. Overall,
liver diseases rank the ninth as cause of death.
Among all gastrointestinal diseases, liver dis-
ease is the second leading cause of death after
colorectal cancer [10]. A majority of chronic and
acute liver diseases share a component of liver
inflammation and injury mediated by the innate
immune response [11]. These conditions com-
prise prevalent liver diseases such as ALD [12],

nonalcoholic steatohepatitis (NASH) [13], Non-
alcoholic fatty liver disease (NAFLD) [14], Ace-
taminophen (N-acetyl-para-aminophenol) he-
patotoxicity [15], viral hepatitis, primary biliary
cirrhosis, sclerosing cholangitis, paracetamol-
induced liver injury, and autoimmune hepatitis
[16]. Innate immunity is the first line of defense
against microbial invasion and includes physi-
cal and chemical barriers, humoral factors,
phagocytic cells, and a group of pattern-recog-
nition receptors that identify pathogenassoci-
ated molecular patterns (PAMPs) expressed on
invading pathogens [17, 18]. The examples of
pattern-recognition receptors include a group
of Toll-like receptors (TLRs), helicase receptors,
and NLRs [19]. The liver, and its multiple cell
types, including hepatocytes, are therefore cen-
tral components that initiate and regulate
innate immune pathways [20]. Here we will dis-
cuss the expression and function of NLRs in
liver diseases.

Many researches in recent years have focused
on characterizing the roles and signaling path-
ways of NLR family members in regulating the
immune response [21, 22]. To date, NLR pro-
teins include an N-terminal caspase recruit-
ment domain (CARD) or pyrin domain, a cen-
tral nucleotidebinding, oligomerization domain,
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and a C-terminal leucine-rich repeat (LRR)
domain. The NLR family, containing 23 mem-
bers in human and 34 in mice, is generally
thought to sense microbial products or danger
signals for inflammasome activation [23-25].
The NLRs are divided into two major subfami-
lies: NODs (also referred to as NLRCs) and
NLRPs (previously called NALPs) [26]. NLRC 1-
5 contain a CARD protein, NLRP 1-14 contain
pyrin, and NAIPs contain a BIR protein. In
healthy catfish tissues, all NOD genes are found
to be ubiquitously expressed. After infection
with Edwardsiella tarda, Aeromonas hydrophila,
Streptococcus iniae, or channel catfish hemor-
rhage reovirus (CCRV), expression of NODI1,
NOD2, NLRC3, and NLRC5 show a significant
up-regulation in the liver [27]. Importantly,
recent evidence suggested that hepatocytes
express functional NOD1, NOD2, and NLRP3,
while NLRP1, NLRP3 and NLRC4/NALP4 are
detected in hepatic stellate cells (HSC) [28,
29].

More studies in this field indicate hepatocyte
NLRs as important components of the innate
immune system in the liver. Thus, here we
review the recent advances in our understand-
ing of the mechanistic basis of NLR activation
with a specific focus on the three NLRs (NOD1,
NOD2 and NLRP3), which play significant roles
in liver diseases. The importance of NLRs acti-
vation in liver diseases is also discussed in this
review.

New advances of NLRs in the liver diseases

Recently, new roles for pattern recognition re-
ceptors (PRRs) NLRs in the liver have been pro-
posed. Melanie J. Scott et al. has shown that
hepatocytes express functional NOD1 and
NOD2 [30]. The demonstration that invalidation
of NOD1 in mice protects against polymorpho-
nuclear neutrophil (PMN) induced liver injury in
the I/R model indicates that inhibition of NOD1
may represent an attractive target for optimiz-
ing therapeutic techniques in liver transplanta-
tion [31]. Interestingly, Melanie J. Scott et al.
also found that NOD2 activation forms part of a
collective immune response to pathogens and
organ injury [30]. Furthermore, Mathilde Body-
Malapel et al. showed that NOD2 is involved in
liver injury model induced by concanavalin
A-driven lymphocyte activation [32]. Therefore,
NOD1 and NOD2 may play important regulatory
roles in many inflammatory processes involving

2

the liver. Notably, a recent study showed that
NLRP1 and NLRP3 are prominently expressed
in Kupffer cells (KC) and liver sinusoidal endo-
thelial cells, moderately expressed in periportal
myofibroblasts and HSC, but virtually absent in
primary cultured hepatocytes. In addition, chal-
lenge with the lipopolysaccharides (LPS) result-
ed in a time- and concentration-dependent
expression of the NLR family members (NOD1,
NOD2, NLRP1, NLRP3 and NLRC4/NALP4) in
cultured HSC and a strong transcriptional acti-
vation of NLRP3 in hepatocytes, Moreover, LPS
stimulation could induce the components of
the NLRP3 inflammasome in the liver, which is
associated with increased IL-1f3 production
[33], and decreased mRNA abundance of liver
TLR4, MyD88, IRAK1, TRAF6, NOD1, NOD2, RI-
PK2, and NF-kB p65, but to the LPS-challenged
pigs, Aspartate (Asp) supplementation can in-
creased this [34]. Furthermore, it has been
recently demonstrated that the NLR family
members NLRPG/NALP6 and NLRP3 in con-
junction with IL-18 negatively regulate the pro-
gression of non-alcoholic fatty liver disease.
The aberrant gut microbiota in NLRP6 inflam-
masome-deficient mice induces colonic inflam-
mation through epithelial induction of CCL5
(RANTES) secretion [14]. Interestingly, Amina A.
Negash showed that hepatitis C virus (HCV)
induces the maturation of pro-IL-13 in macro-
phages through activation of the NLRP3 inflam-
masome [35] (Table 1).

NOD1

The NLR family member NOD1 (NLRC1) is a
108-kDa protein, which consists of three major
domains: a CARD, a nucleotide binding domain
(NBD, also known as NACHT), and 10 LRRs
[36]. Itis well known that NOD1 is prototypically
activated by y-tri-DAP, a component of peptido-
glycans (PGNs) found in bacterial cell walls [37,
38]. Additionally, NOD1 is stimulated mainly by
bacterial cell wall components from Gram-
negative bacteria, which make up a large part
of gut flora [39]. In the hepatocytes, chemokine
expression was likely stimulated by gut patho-
gens in response to NOD1 activation, therefore
forming an important part of the mechanism
involved in attracting immune cells to the liver
to defend the host. After been activated, NOD1
transduces signals leading to induction of pro-
tein kinases that drive the activation of nuclear
factor-kB (NF-kB), IRF family transcription fac-
tors, and AP-1/c-Jun [40, 41]. Insertion/dele-
tion polymorphisms in the NOD1 gene have
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Table 1. The role of NOD1, NOD2 and NLRP3 in liver disease, with focus on the experimental model and regulation mechanism

NLR Liver disease Experimental models Role in liver disease Reference
NOD1 liver inflammation and infection C57BL/6 mice Stimulate hepatocytes with NOD1 ligand (C12-iEDAP) induc- [30]
ing NF-kB activation, activate MAP kinases, express chemo-
kines CCL5 (RANTES) and CXCL1 (KC)
LPS-induced liver injury pigs NOD1 and its adaptor molecule (RIPK2) were reduced, and [118]
the level of liver TNF-a« was decreased simultaneously in the
pigs fed a fish oil diet after LPS challenge.
polymorphonuclear neutrophils (PMN)- mice invalidation of NOD1 protects against PMN induced liver [31]
induced liver injury. injury in the I/R model
NOD2 LPS-induced liver injury pigs NOD2 and its adaptor molecule (RIPK2) were reduced in the [118]
pigs fed a fish oil diet
concanavalin A-induced liver injury C57BL/6 mice a regulatory mechanism affecting immune cells infiltrating [32]
the liver and hepatocytes
NLRP3  Liver ischemia-reperfusion (I/R) injury Male C57BL/6J mice/liver non- Silencing NLRP3 ameliorated I/R-induced hepatocellular [83]
parenchymal cells (NPCs) injury and reduced IL-13, IL-18, HMGB1, IL-6, and TNFa
release via inhibition of caspase-1 and NF-kB activity
acetaminophen-induced liver injury mice NLRP3 inflammasome pathway play the important role in [15]
generating mature IL-13 and IL-18
Endotoxin-induced Liver Injury mice TLR4/NLRP3-mediated caspase-1 activation process [33]
alcoholic hepatitis (AH) liver disease liver biopsies NRLP3 was not upregulate but rather NAIP was upregulated [26]
Non-alcoholic fatty liver disease (NAFLD) mice NIRP37- mice developed exacerbated NASH compared to wt [14]
mice
Chronic hepatitis C virus (HCV) infection THP-1 cells NLRP3 inflammasome stimulates IL-13 production to drive [34]
proinflammatory cytokine, chemokine, and immune-regu-
latory gene expression networks linked with HCV disease
severity
liver fibrosis LX-2 cells, Primary HSCs, Mice  Mice lacking the inflammasome-sensing and adaptor [29]
molecules, NLRP3 and apoptosis-associated speck-like
protein containing CARD, reduced CCI4 and TAA-induced
liver fibrosis.
LPS-induced liver damage mice activate the NLRP3 inflammasome and caspase-1, secrete [33]
IL-1B and IL-18
3 Int J Physiol Pathophysiol Pharmacol 2018;10(1):1-16
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been associated with varieties of disorders,
including sarcoidosis, Crohn’s disease, Rheu-
matoid Arthritis and inflammatory bowel dis-
ease, making this protein as a key target for
drug discovery [42-44].

NOD1 in liver inflammation and infection

The liver is ideally placed to initiate and regu-
late immune responses to pathogens released
from the gut and transported in the hepatic
portal vein (e.g. after changes in gut permeabil-
ity following hemorrhagic shock) or detected in
the systemic blood stream [45]. Liver inflamma-
tion is a common trigger of liver disease, and is
considered as the main driver of hepatic tissue
damage leading to fibrogenesis and hepatocel-
lular carcinoma (HCC) [46, 47]. In Western coun-
tries, most of the chronic liver diseases (CLD)
are ascribed to chronic hepatitis B and hepati-
tis C infection, alcohol consumption, metabolic
disease, drug/toxin-induced liver injury, and/or
autoimmune causes. It is well known that the
inflammatory phenotype during CLD can be led
by the innate immune system [48]. Liver innate
immune cells, including KC, monocytes, neutro-
phils, natural killer (NK) cells, dendritic cells
(DCs) and NKT cells, could initiate and maintain
hepatic inflammation through inducing cyto-
kine production [49]. It has been demonstrated
that a dysregulated expression of cytokine af-
ter liver injury can result in excessive cell death
of hepatocytes in liver diseases [50]. In addi-
tion, cytokines can activate effector functions
of immune cells and hepatocytic intracellular
signaling pathways, thus playing crucial roles in
the interplay between intrahepatic immune
cells and hepatocytes.

Specifically, Melanie J. Scott et al. have clearly
shown that NOD1 is activated by NOD1 specific
ligands. This activation likely contributes to sys-
temic and local immune responses to patho-
gens [30]. Furthermore, NOD1 was highly exp-
ressed in liver, especially in hepatocytes. RIP2,
the main signaling partner for NODs, is also
expressed. Stimulation of hepatocytes with
NOD1 ligand (C12-iEDAP) initiates NF-«kB signal-
ing and MAP kinases, therefore inducing the
expression of chemokines CXCL1 (KC) and
CCL5, which are lymphocyte chemoattractants
lead to augmentation of the adaptive immune
response. As CCL5 also contributes to hepatic
wound healing and hepatic fibrosis, hepatocyte
NOD1 activation is a main pathway for CCL5

production [51]. It is also well accepted that
NOD1 stimulation in hepatocytes induces che-
mokine production and it can synergize with
cytokines to increase NO and iNOS production.

NOD1 in polymorphonuclear neutrophil (PMN)
induced liver injury

PMNs play an important role in the innate
immune response to infection and tissue trau-
ma. Due to their high mobility and capability in
releasing potent cytotoxic mediators, the aim of
PMN recruitment is to eliminate invading micro-
organisms and/or remove dying cells from sites
of inflammation. However, in pathologic con-
texts such as ischemia-reperfusion, endotox-
emia, obstructive cholestasis, or alcoholic liver
disease, excessive activation of PMNs leads to
additional tissue damage [52, 53]. Sebastien
Dharancy et al. demonstrated that infiltration of
PMN in necrotic areas of livers in NOD17 mice
is decreased compared with those of NOD1*
mice after CCl, exposure. Moreover, PMNs iso-
lated from NOD17" mice display an obvious
decreased migration capacity compared with
NOD1”* PMNs, whereas FK 565, a potent
NOD1 ligand, increases PMN migration [31]. In
addition, knockout of NOD1 significantly reduc-
es FK 565-induced activation of mitogen-acti-
vated protein kinase and NF-kB. In an |I/R model
of PMN-induced liver injury, FK 565 increases
lesions, whereas NOD17- mice are protected.
Moreover, Sébastien Dharancy et al. found that
NOD17- mice display fewer severe lesions in the
I/R model. Although a NOD1 activator exacer-
bates phenotypes induced by lipopolysaccha-
ride and thioglycolate. Sébastien Dharancy et
al. detected that in the thioglycolate peritonitis
model the phenotype of NOD17 mice is less
pronounced, suggesting that the central role of
NOD21 in PMNs is of greater impact in the liver
than in other organs. Furthermore, Genetic and
pharmacologic studies indicate NOD1 as a
modulator of PMN function and migration in
liver [31]. Therefore, NOD1 may represent a
new therapeutic target in PMN dependent liver
diseases (Figure 1).

NOD2

NOD2 (NLRC2, also termed as CARD15; BLAU,;
IBD1; PSORAS1; CLR16. 3), a member of the
NLR family of leucine rich repeat proteins, is
encoded by the CARD15 gene and plays an
important role in innate immune response [54].
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Figure 1. The role of NOD1 in hepatocytes. Recognized by NOD1, C12-iEDAP
can initiate NF-kB signaling and MAP kinases in hepatocytes, therefore inducing
the expression of chemokines CXCL1 and CCL5, leading to augmentation of the

adaptive immune response.

NOD?2 is detectable in antigen-presenting cells
(APCs), epithelial cells, macrophages, mono-
cytes, T lymphocytes, Paneth cells, and DC. It
senses both Gram-positive and Gram-negative
bacteria through PGN and muramyl dipeptide
(MDP) as an innate pathogen sensor [55-57].
Recent data has shown that NOD2 is of interest
in human disease. Du P et al. found that NOD2
was upregulated in kidney biopsies from dia-
betic patients and high-fat diet/streptozotocin-
induced diabetic mice [58]. Further, NOD2 defi-
ciency ameliorates renal injury in diabetic mice.
In addition, the function of NOD2 may be due to
its role in the regulation of innate immune
responses to pathogens as well as to constitu-
ents of the normal microbiota. It is noticeable
that mutations in NOD2 are associated with
Blau syndrome, early onset sarcoidosis and
Crohn’s disease (CD). For instance, recent stu-
dy well demonstrated that single nucleotide
polymorphisms (SNPs) of the NOD2 gene dis-
played the strongest correlation with the pro-
gression of CD which is regarded as a chronic
intestinal inflammatory disorder led by the
interaction of numerous genetic and environ-
mental factors [59, 60].

NOD2 in concanavalin A-induced liver injury

Liver injury is associated with raised bacterial
translocation related to an intestinal phenom-

hepatocytes

enon designated “leaky
gut”, which contributes to a
rise in bacterial cell wall
products, also called PAMP
[61]. Notably, PAMP may
enhance inflammatory pro-
cesses within the liver
through their interaction
with pathogen recognition
receptors. NOD2 is a new
identified cytosolic patho-
gen recognition receptors,
which functions at the
crossroads of innate and
adaptive immune respons-
es [62, 63]. Melanie J.
Scott. et al. demonstrated
that NOD2 activation forms
part of a collective immune
response to pathogens and
organ injury, therefore it is
interesting to speculate
that hepatocyte NOD2 may
play an important regulatory role in many
inflammatory processes involving the liver [30].

The induction of NOD2 expression linked to
cytokine production in different models of liver
inflammation highlights the similarities betw-
een intestinal cells and hepatocytes, indicating
common regulatory mechanisms involved in
the innate immune response and its subse-
quent inflammation process in these two or-
gans [32]. Indeed, Rosenstiel et al. had previ-
ously demonstrated that TNF-o« and IFN-y syn-
ergistically cooperate to induce NOD2 expre-
sion in intestinal epithelial cells [64]. Mathilde
Body-Malapel et al. then confirmed the same
phenomenon at the cellular level using a hepa-
tocyte cell line [65]. Moreover, they showed the
first evidence that NOD2 expression is up-regu-
lated during liver injury. In addition, its expres-
sion was detected in isolated human hepato-
cytes and at comparable levels in immune
mononuclear cells, as evident by the double
staining of NOD2 in CD68 positive cells. Recent
data revealed that NOD27" mice are resistant to
ConA-induced hepatitis, supporting the regula-
tive role of NOD2 in hepatic injury through mod-
ulating IFN-y production by immune cells [66].
Furthermore, the role of NOD2 acting through
its ligand is confirmed by the exacerbation of
ConA-induced liver injury after treatment with
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Figure 2. The role of NOD2 in immune cells. TNF-a
and IFN-y synergistically cooperate to induce NOD2
expression in hepatocyte cells. MDP recognition by
NOD?2 leads to activation of NF-kB and induces pro-
inflammatory cytokine production by immune cells.

MDP and the absence of exacerbation of liver
injury in NOD27- mice that received MDP.

Importantly it was shown that NOD2 is the spe-
cific sensor for MDP, a frequently described
immunostimulatory peptidoglycan motif com-
mon to all bacteria. MDP recognition by NOD2
leads to activation of NF-kB and induces proin-
flammatory cytokine production by immune
cells through a Rip-like interactive clarp kinase-
dependent signaling pathway [67, 68]. In addi-
tion, MDP is a potent inducer of cytokines in
freshly isolated peripheral blood mononuclear
cells (PBMC), splenocytes and hepatocytes
[32]. Interestingly, NOD2 regulates the inflam-
matory process in the digestive tract.

Taken together, NOD2 is involved in regulation
of liver injury and associated with multiple
human pathologies including inflammatory bo-
wel disease, indicating it may act as a new ther-
apeutic target for liver diseases (Figure 2).

NLRP3

The prominent NLR, NLRP3 (also known as
cryopyrin, NALP3 or PYPAF1) contains typical
domains for an NLR; an N-terminal pyrin domain
(PYD) followed by a central NBD and C-terminal
LRR. NLRP3 (NACHT, LRR, and PYD domains-
containing protein 3, cryoporin) was first des-
cribed by Hoffman et al., who discovered four
single mutations in the NLRP3 gene, in families
with familial cold autoinflammatory syndrome

and Muckle-Wells syndrome, which lead to
increased IL-1( production [68-70]. Later, Agos-
tini et al. reported that NLRP3 forms an IL-13-
processing inflammasome complex [71]. The
inflammasomes are pattern recognition recep-
tors that have recently been identified to recog-
nize a diverse range of conserved molecular
motifs unique to microorganisms. NLRP3 along
with apoptosis-associated speck-like protein
(ASC) and caspase-1 form NLRP3 inflamma-
somes [72]. To date, the NLRP3 inflamma-
somes which called that the trigger caspase
1-dependent maturation of the precursors of
IL-13 and IL-18 cytokines, is one of the most
extensively studied inflammasomes and is
capable of sensing a wide variety of alarm sig-
nals. As we all known, the apoptosis-associat-
ed speck-like protein containing CARD(ASC)
and the mitochondrial antiviral signaling pro-
tein (MAVS) are important for NLRP3-dependent
inflammasome function [73]. Since NLRP3 do-
es not contain a CARD domain, the presence of
the adaptor molecule is necessary for the com-
plex formation [74, 75].

Expression of the NLRP3 inflammasome pro-
teins can be detected in a variety of immune
and non-immune cells, including monocytes/
macrophages, T cells, myofibroblasts/fibroblas-
ts, keratinocytes, KC and liver sinusoidal endo-
thelial cells (LSEC) and HSC [76, 77]. Generally
it is understood that endogenous signals able
to activate NLRP3 contain MSU crystals and
ATP [78]. Additionally, it has been shown that
the direct positional involvement of the endo-
plasmic reticulum (ER) and mitochondria is
critical in this signaling [79]. Moreover, A. Phillip
West et al. have summarized the role of the
mitochondria in the innate immune response
[80]. Recently novel molecular pathways requi-
red for immune cells in respond to tissue injury
and death were identified. These pathways are
initiated by the activation of one of a family of
cytosolic sensory molecule termed NLRs [76,
81]. The signals that activate these sensory
molecules are varied, and include PAMPs as
well as products of cellular apoptosis. A large
number of stimuli have been identified as in-
ducing inflammasome activation. For example,
inflammasome activation by gram-negative ba-
cteria requires NLRC4, and in contrast inflam-
masome activation by noninfectious signals
including many endogenous signals requires
NLRP3 [29].
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NLRP3 in liver ischemia reperfusion (I/R) in-
Jjury

I/R injury is a phenomenon whereby hypoxic
organ damage is accentuated after return of
blood flow and oxygen delivery [82]. Hepatic
ischemia followed by reperfusion is a crucial
clinical problem during partial hepatectomy,
hypovolemic shock, and trauma, characterized
by apoptosis and necrosis of hepatocytes [83].
Liver I/R injury is a multifactorial process. Fur-
thermore, the process of liver |/R injury is a cas-
cade of inflammatory events involving multiple
interconnected factors, including hepatic sinu-
soidal endothelial cell injury and disturbances
of microvascular circulation, activation of KC,
production and release of reactive oxygen spe-
cies (ROS) and inflammatory mediators [54, 82,
84].

Clearly, warm I/R is clinically relevant in liver
resections when hepatic inflow occlusion and
total vascular exclusion are used to reduce bl-
ood loss [85]. Thus, it is characterized as a cas-
cade of prominent inflammatory events includ-
ing excessive production of proinflammatory
mediators such as ROS, IL-13, IL-18, IL-6, TNF-
«, and HMGB1, which could activate the NLRP3
inflammasome [86]. NLRP3 is involved in the
recognition of numerous exogenous and host
ligands, including bacterial RNA, ATP, and uric
acid crystals, and is also triggered by low con-
centrations of intracellular potassium (K* efflux)
and increased levels of reactive oxygen species
[87, 88]. Consistently, Ping Zhu et al. also found
that NLRP3 expression in liver nonparenchymal
cells (NPCs) is increased during liver I/R. To
date, the characteristics of I/R are hepatocyte
death, release of damage-associated molecu-
lar patterns (DAMPs), inflammatory cell infiltra-
tion, KC activation, ROS production, and disrup-
tion of LSEC that can all lead to inflammasome
activation. Importantly, silencing NLRP3 ame-
liorates I/R-induced hepatocellular injury and
reduces IL-1B, IL-18, HMGB1, IL-6, and TNF-a
release via inhibition of Caspase-1 and NF-kB
activity [86]. Therefore, NLRP3 signaling may
play an important certain role in liver I/R.

Recently, Ping Zhu et al. showed that hydrody-
namic injection of pNLRP3-shRNA plasmid via
the tail vein can be achieved easily. Moreover,
they demonstrated that NLRP3 expression was
effectively inhibited by pNLRP3-shRNA plasmid

transfection both in vitro and in vivo, which pro-
tects against warm hepatic injury, and this pro-
tective effect is associated with less inflamma-
tory cells infilatration, reduced production of
proinflammatory cytokines and HMGB1 [86].
Overall, this may provide a new strategy for
treatment of liver I/R in the clinic.

NLRP3 in APAP (N-acetyl-para-aminophenol)
hepatotoxicity and drug-induced liver injury
(DILI)

Drug-induced liver injury (DILI) is a significant
public health problem, accounting for over half
of all cases of acute liver failure. APAP is one of
the most widely used nonprescription drugs for
its analgesic and antipyretic activities [89, 90].
Moreover, APAP hepatotoxicity is the most com-
mon cause of death due to acute liver failure
and is increasingly recognized as a significant
public health problem. The initial outcome in
APAP-induced hepatotoxicity is a toxic-metabol-
ic injury leading to hepatocyte death by necro-
sis and apoptosis, which leads to the second-
ary activation of the innate immune response
involving upregulation of inflammatory cyto-
kines released from NK cells, NKT cells, and
neutrophils [91, 92]. The molecular pathways
for innate immune activation after hepatocyte
death are very interesting, as they are likely
common to sterile inflammation. Interestingly,
Avlin B. Imaeda et al. have shown that acet-
aminophen treatment results in hepatocyte
death and that free DNA released from apop-
totic hepatocytes activates TLR9, and therefore
triggering a signaling cascade that increases
transcription of the genes encoding pro-IL-13
and pro-IL-18 in sinusoidal endothelial cells
[15].

APAP-induced liver injury remains the leading
cause of DILI [93]. In APAP-induced liver injury,
release of DAMPs from necrotic hepatocytes
and sinusoidal endothelial cells triggers sterile
inflammation via pattern recognition receptors
including TLRs and NLRs [94, 95]. Avlin B. Ima-
eda et al. found that APAP liver injury is attenu-
ated in mice lacking components of NLRP3
inflammasome, suggesting a role for NLRP3
inflammasome in APAP-induced liver injury.
They have identified the involvement of NLRP3
signal in amplification of APAP-induced liver tox-
icity. The NLRP3 inflammasome provides the
signal for cleavage and activation of these pro-
cytokines. By activating caspase-1, the enzyme
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responsible for generating mature IL-13 and
IL-18 from pro-IL-103 and pro-IL-18, respectively,
the NLRP3 inflammasome plays a crucial role
in the step of proinflammatory cytokine activa-
tion following acetaminophen-induced liver in-
jury [15]. In addition, total liver pro-IL-1[3 levels
is increased in NLRP37 mice to a degree com-
parable to that in NLRP3** mice. However, the-
re was no increase in serum IL-13 in NLRP3”
mice, consistent with a role of NLRP3 in Cas-
pase-1 activation. Collectively, recent studies
indicated the critical roles of NLRP3 inflamma-
some pathway for IL-1B and IL-18 in APAP-
induced liver injury.

NLRP3 in non-alcoholic fatty liver disease
(NAFLD)

Non-alcoholic fatty liver disease (NAFLD) is a
set of syndromes that ranging from hepatic ste-
atosis to others, such as non-alcoholic steato-
hepatitis (NASH) and cirrhosis, which may indu-
ce hepatocellular carcinoma (HCC). It has been
reported that 10-35% of general population
suffers from NAFLD [96-98]. In addition, the
prevalence of the disease has increased dra-
matically during the previous decade probably
because of both, the changes of life-style
(decreased physical activity and alterations in
dietary habits) and the increased detection ra-
te [96]. While most patients with NAFLD remain
asymptomatic, 20% of them progress to devel-
op NASH, which in turn leads to cirrhosis, portal
hypertension, hepatocellular carcinoma [99-
101]. Despite its high prevalence, factors lead-
ing to progression from NAFLD to NASH remain
poorly understood and no treatment has been
proved effective.

Generally a “two hit” mechanism is proposed to
drive NAFLD/NASH pathogenesis. Hepatic ste-
atosis is the first hit, which is closely associated
with lipotoxicity-induced mitochondrial abnor-
malities that sensitize the liver to additional
pro-inflammatory insults. Then the second hit
contains enhanced lipid peroxidation and in-
creased generation of ROS [100]. Inflamma-
somes are sensors of endogenous or exoge-
nous PAMPs or DAMPs that govern cleavage of
effector proinflammatory cytokines such as
pro-IL-1p and pro-IL-18. Most of DAMPs trigger
the generation of ROS, which are known to acti-
vate the NLRP3 inflammasome [101].

IR and inflammatory responses which mediate
NF-kB-dependent signaling pathways through a
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number of cytokines such as TNF and IL-6 is
the major pathological changes in NASH [72].
To evaluate the role of the NLRP3 inflamma-
some in NASH progression, singly-housed NL-
RP37 and ** animals were fed with methionine-
choline deficient diet (MCDD) and evaluated
disease progression. Interestingly, NLRP37- mi-
ce developed exacerbated NASH compared to
WT mice as judged by increased levels of se-
rum ALT and AST, in addition to NAFLD activity
inflammation scores. Moreover, Jorge Henao-
Mejia et al. discovered that inflammasomes act
as steady-state sensors and regulators of the
colonic microbiota, and that a deficiency in
components of the inflammasome, NLRP3 in-
volve IL-18 but not IL-1R, results in the develop-
ment of an altered transmissible, colitogenic
intestinal microbial community. In addition, this
microbiota is associated with increased repre-
sentation of members of Bacteroidetes (Prevo-
tellaceae) and the bacterial phylum TM7, and
reductions in representation of members of the
genus Lactobacillus in the Firmicutes phylum.
Futhermore, electron microscopy (EM) studies
disclose aberrant colonization of crypts of
lieberkuhn with bacteria with morphologic fea-
tures of prevotellaceae. Strikingly, co-housing
of Asc”- and IL-187- mice with WT animals, prior
to induction of NASH with MCDD result in sig-
nificant exacerbation of NASH in the WT cage-
mates, as compared to singly-housed, age- and
gender-matched WT controls. In co-housed WT
mice, disease severity reaches comparable lev-
els to that of co-housed Asc” and IL-187 mice.
Moreover, significantly increased numbers of
multiple inflammatory cell types are detected in
the liver of WT (Asc”) compared to WT mice.
Similar findings are obtained in WT mice co-
housed with caspase-17, NLRP37 mice. To ex-
clude the possibility that aberrant microbiota
represented in all mice maintained in the vivar-
ium, Jorge Henao-Mejia et al. co-housed WT
mice with other strains of NLR-deficient mice
that were either obtained from the same source
as Asc”- and NLRP37 mice. None of these stra-
ins featured a similar phenotype [14]. Finally,
these observations suggested that the trans-
missible colitogenic microbiota present in in-
flammasome-deficient mice is a key contributor
to the enhanced NASH.

Yu-Gang Wang et al. Find that the expression
levels of NLRP3, caspase-1, and ASC mRNA
greatly increase with time, and the correspond-
ing protein expression levels are significantly
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higher in the high-fat diet(HF)+LPS group than
in the HF and control groups [72]. All this indi-
cating that NLRP3 inflammasomes influence
NASH development. As we all know, IL-13 which
is regulated by NLRP3 inflammasomes can
induce the expression of adhesion molecules,
proinflammatory cytokines, and chemokines
such as TNF-a IL-6, and IL-8 [102]. IL-1B gene
knockout inhibited the progression of simple
steatosis to steatohepatitis in a diet-induced
mouse NASH model. Studies have shown that
NLRP3 inflammasomes/IL-13 could be a new
target for treating NASH. Injection of IL-1 recep-
tor blockers or IL-Trap, a newgeneration IL-13
antagonist [103], can inhibit excessive IL-13
secretion caused by NLRP3 imbalance, and
may thus be used treat related genetic or
acquired diseases [104].

NLRP3 in liver fibrosis

Liver fibrosis, irrespective of aetiology, is a dy-
namic and highly integrated molecular, tissue
and cellular process that leads to progressive
accumulation of extracellular matrix (ECM)
components in an attempt to limit hepatic dam-
age in chronic liver diseases [105]. Liver fibro-
sis results from persistent liver jury, including
viral hepatitis, alcohol abuse, metabolic diseas-
es, autoimmune diseases, and cholestatic liver
diseases [106]. The terminal outcome of liver
fibrosis is liver cirrhosis, a condition character-
ized by distortion of the normal architecture,
septae and nodule formation, altered blood
flow, portal hypertension, hepatocellular carci-
noma and ultimately liver failure [107]. The HSC
is the main fibrogenic cell type orchestrating
the deposition of ECM in the injured liver and
has been identified as a primary effector in liver
inflammation [108, 109].

It is well known that HSCs, located in the spac-
es of disse, are resident perisinusoidal cells in
the subendothelial space between hepatocytes
and sinusoidal endothelial cells. Notably, HSCs
are in close contact with hepatocytes, sinusoi-
dal endothelial cells, and autonomic nerve
fibers. Clearly, a irreplaceable role of activated
HSCs in collagen and ECM production has been
previously observed [110]. The ability of HSCs
to respond to tissue injury and death in their
immediate vicinity is shared by plenty of other
cells including cells of the immune system such
as DC[111, 112].

In addition, Azuma Watanabe, et al. initially
demonstrated expression of NLRP3 and the
adaptor protein ASC in the human LX-2 line and
freshly isolated primary mouse HSC. Activation
of the NLRP3 inflammasome by MSU crystals
induces upregulation of TGF-3 and collagen1 in
LX-2 cells and in primary HSC, which occurred
within activation of the NLRP3 inflammasome
and does not occur in primary HSC from ASC-
deficient mice, and thus demonstrating that the
NLRP3 inflammasome is functional in HSC, and
its activation induces upregulation of genes
associated with HSC matrix deposition [29].

Notably a recent study confirmed the impor-
tance of inflammasome activation in HSC biol-
ogy and liver fibrosis in vivo [113]. Moreover,
Azuma Watanabe, et al. proved that mice lack-
ing NLRP3 have significantly reduced liver col-
lagen after 8 wk of CCl,, consistent with the
results generated from TAA-induced fibrotic
model. Thus, these results were in concert with
that NLRP3 inflammasome components are
present and function in HSC while they are
required for the development of liver fibrosis
[29]. Additionally, another study by Gieling et al.
suggested that IL-1 mediates the progression
of liver fibrosis [114]. They demonstrated that
Il and IL-13 peak on day 1 are followed by a
peak of type | collagen on day 3 in liver injury
with thioacetamide.

NLRP3 in LPS-induced liver damage

The endotoxin LPS, a component of Gram-
negative bacteria, plays an crucial role in acute
liver injury as well as chronic liver diseases
including fatty liver associated with either alco-
hol consumption or metabolic syndrome and
obesity. Elevated LPS levels are detected in the
portal and systemic blood of patients with alco-
holic and nonalcoholic fatty liver disease. In
addition, LPS has also been implicated in insu-
lin resistance as well as in steatohepatitis in
non-alcoholic fatty liver disease [115].
Increasing evidence suggested that gut-derived
LPS through the gut-liver axis affects the extent
of liver damage in many different types of
inflammatory liver diseases [116]. It is well
known that LPS is a prototypical ligand for the
PRR, TLR4 [117]. TLR4 induces downstream
signaling via the MyD88 adapter molecule and
induces production of proinflammatory cyto-
kines through activation of the regulatory factor
NF-kB [116]. In the liver, TLR4 is expressed in
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NLRP3 in liver disease,
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both parenchymal and immune cells, thereby
providing potential for LPS-induced activation
[118]. Novel studies suggested that that the
NLRP3 inflammasome is activated by both
PAMPs, including LPS and bacterial RNA, and
DAMPs [88, 119]. In response to stimulation by
either DAMPs or PAMPs, NLRP3 interacts with
pro-caspase-1 through the adaptor molecule to
form the inflammasome, which leads to activa-
tion of Caspase-1 [120]. In addition, active Cas-
pase-1 has been shown to cleave other sub-
stances, such as Caspase-7 and sterol regula-
tory element-binding proteins, therefore playing
a pivotal role in cell death and survival [121]. By
the way, mRNA levels of IL-13 have been shown
to increase in the liver in response to LPS stim-
ulation. Michal Ganz, et al. demonstrated that
there was a significant increase in liver mRNA
of NLRP3 after > 4 h LPS stimulation, with a
peak at 6 h, both at the mRNA and protein lev-
els and this is associated with increased IL-13
production [36].

NLRP3 in hepatitis C virus (HCV)-mediated liver
damage

Chronic inflammation is a major contributor to
disease and is the basis of HCV-mediated liver
damage [122]. HCV is a hepatotropic, envel-
oped virus that carries a single-stranded posi-
tive-sense RNA genome, and chronically infects
nearly 3% of the world’s population. HCV pro-
ductively infects hepatocytes to induce liver
inflammation and progressive tissue damage
leading to fibrosis and cirrhosis. These process-
es underlie liver dysfunction and are thought to
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drive the onset of liver cancer [123, 124]. How-
ever, the molecular mechanisms by which HCV
stimulates hepatic inflammation are not defin-
ed. IL-1B is a central component of the cytokine
milieu that accompanies both acute and chron-
ic inflammation and viral disease [125]. During
microbial infection, IL-1[3 production is induced
by cellular sensing of PAMP motifs within micro-
bial macromolecules and/or by metabolic prod-
ucts that are accumulated from infection [126].
Production of active IL-1B requires two signals,
“signal one” for activating NF-«kB in stimulated
cells and inducing IL-13 mRNA expression, and
“signal two” for activating a NLR to promote
downstream Caspase-1 cleavage and process-
ing of pro-IL-1j into a biologically active, secret-
ed cytokine.

Amina A. Negash et al. defined that the hepatic
macrophage/HCV interface and NLRP3 inflam-
masome-dependant production of IL-13 as criti-
cal features underlying liver disease in chronic
HCV infection [36]. In this study, they reveal
that exposure of macrophages to HCV induces
IL-1B expression, maturation and secretion
through a process of infection-independent
phagocytic virus uptake that activates MyD88/
TLR7 and NLRP3 inflammasome pathways. It
also show that viral induce these signaling
pathways causing an inflammatory response in
patients with Chronic Hepatitis C Virus (HCV).
Concomitantly, it induces a potassium efflux
which activates the NLRP3 inflammasome for
IL-1 processing and secretion. Thus, suppress
NLRP3 or IL-1B activity could offer a therapeu-
tic action to mitigate hepatic inflammation
(Figure 3).

Int J Physiol Pathophysiol Pharmacol 2018;10(1):1-16



New insights into NLRs in liver diseases

Conclusions

In conclusion, there is clearly a very preliminary
list of NLRs that regulate pathology in a series
of complex liver diseases. Needless to say this
listis likely to increase, as is the number of liver
diseases themselves, where we are yet to dis-
cover the importance of inflammasome derived
cytokines. Furthermore, there has been little
discussion about the role of multiple NLRs in
the complex interplay of infectious diseases.

Moreover, novel data provide insight into the
mechanisms of cell-specific induction of inflam-
matory cytokines and of the interplay between
proinflammatory and anti-inflammatory cyto-
kines mediating NLR induced cytotoxicity. Fur-
ther studies are needed to evaluate the cross
talk between liver parenchymal and nonparen-
chymal cells. Understanding the cell-specific
role of NLR signaling in ALD and NAFLD will fur-
ther provide new insights into the pathogenesis
of these liver diseases. Increasing knowledge
about the NLRs activated in liver diseases will
surely develop hand-in-hand with the efforts of
the pharmaceutical industry, to create mole-
cules that can intervene in this way.
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