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Abstract: The liver is a multi-potent organ with important metabolic, immunological and endocrine
functions. Hepatic physiology is maintained at a balanced state via the delicate actions of different
liver-resident cells. Among several factors that modulate hepatic physiology, the harmony between
the activity of pro- and anti-inflammatory cytokines is a crucial determinant. However, initiation of
inflammatory activity can be detrimental if it goes unresolved, leading to severe consequences such as
hepatitis, hepatic fibrosis, cirrhosis or even hepatocellular carcinoma (HCC). Different physiological
processes can modulate the hepatic microenvironment; one such factor is a cytosolic protein complex
called the inflammasome. Inflammasome activation is a consequence of the cellular encounter with
pathogens or products of cellular damage. Once activated, inflammasomes promote the maturation
of interleukin-1 family cytokines such as IL-1f3 and IL-18 via activation of caspase-1. These cytokines
have a very potent role in modulating hepatic physiology. Various lines of reports suggest that
inflammasome activation and IL-1 cytokines play critical roles in liver diseases, including hepatitis,
hepatic fibrosis and HCC. Conversely, inhibition of inflammasome activation and/or IL-1 signaling
prevents such effects. This review summarizes the mechanisms leading to inflammasome activation
and the role it plays in hepatic physiology.
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1. Introduction

Liver physiology is intricately balanced by the coordinated action of various liver-
resident cells like hepatocytes, Kuppfer cells, hepatic stellate cells and liver sinusoidal
endothelial cells. In addition to these cell types, the liver also harbors several subsets of
infiltrating T and B lymphocytes, and hepatic stem cells called oval cells. Under conditions
of health, there is an equilibrium between the functioning of these cells to sustain hepatic
function. A conflict in hepatic physiology arises when there is the presence of inflammation,
toxins, viral and bacterial products, etc. In many cases, inflammation is a starting point in a
chain of events leading to the dysfunction of hepatic physiology, because it can modulate
diverse signaling mechanisms involved in hepatic damage in a myriad of liver-resident
and infiltrating cells. In a majority of cases, the ultimate effect peaks with the loss of
hepatocyte function. Hepatocytes account for the largest cell type in terms of sheer cell
number and volume. They play a critical role in maintaining liver function via a complex
set of mechanisms, including detoxification and metabolic regulation, thereby maintaining
a balance in the supply and storage of carbohydrates, lipids and proteins. They also help in
maintaining immunological harmony by regulating the activation of autoreactive CD8*
T cells [1]. Hence, any abnormality in the cellular physiology of hepatocytes adversely
influences the overall balance and functioning of the liver, with implications for metabolic
as well as inflammatory responses.

Inflammation starts a chain of events leading to austere consequences. More impor-
tantly, a small degree of inflammation can amplify into a pronounced and severe event at
later stages. Amplification of inflammatory signals is often transduced via the cooperative
action of a diverse group of proinflammatory cytokines [2]. Additionally, the source of
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inflammation and the generation of inflammatory cytokines can be any of the liver-resident
or infiltrating cells. These cytokines can affect hepatic physiology adversely in an autocrine
or paracrine manner [3]. Hence, it can be of paramount importance to limit it in the initial
stages. Both the adaptive and innate immune systems can contribute to liver inflammation.
Liver-infiltrating T lymphocytes are one of the major players of adaptive immunity in the
liver, while innate immune activity can be observed in all liver-resident cells, including
hepatocytes [4]. It has been observed that during hepatic inflammation multiple subsets
of T and B lymphocytes accumulate in hepatic milieu [5]. Additionally, these cells secrete
an assorted group of cytokines, often with a predominance towards a specific cytokine,
which provides nomenclature to the cell of its origin. For instance, interleukin-17 secreting
CD4* cells are often termed Th17 cells, although they can secrete other cytokines, including
IL-21 and IL-22. Nonetheless, these cells augment and accumulate during hepatic inflam-
mation [6], and their cytokines, particularly IL-17, is reported to contribute significantly
in hepatic inflammation and subsequent damage [7]. Interestingly, a critical contributor
required for the differentiation of Th17 is IL-1(3 [8], which is a product of inflammasome
activation. IL-1p can act in synergy with other cytokines such as IL-6 and IL-23 to differen-
tiate and stabilize Th17, which can further intensify the damage. Furthermore, IL-18 also
has been reported to enhance the cytotoxic activity of liver-resident natural killer T cells
(NK-T cells) [9]. These reports clearly indicate an important crossover of diverse immune
cells and inflammasome activation in modulating hepatic physiology.

In recent years, a cytosolic multi-protein complex known as the inflammasome has
emerged to be an influencer of innate immune responses. Particularly, in regard to the
modulation of hepatic physiology, it has received due attention as a signal transducer
after it encounters one of several pathogen-associated and damage-associated molecular
patterns known, respectively, as PAMPs and DAMPs [10]. This encounter promotes the
oligomerization of the inflammasome complex, leading to the recruitment and activa-
tion of caspase-1, usually via an adaptor molecule called apoptosis-associated speck like
protein (ASC) containing a caspase activation and recruitment domain. Overall, NLRP3
inflammasome is the most studied inflammasome because of its ability to be activated by
a wide-ranging set of stimuli. NLRP3 consists of several domains with specific functions.
Oligomerization of NLRP3 occurs via interaction with its NACHT domains, while an
interaction between the PYD domains of NLRP3 and ASC promotes association between
NLRP3 and ASC [11]. Furthermore, association of ASC by its CARD domain to caspase-1
leads to the formation of the inflammasome complex. This assembly of the inflammasome
complex plays a critical role in the proximity-dependent autolytic cleavage of caspase-1.
Notably, ASC-independent activation of inflammasomes has also been reported for other in-
flammasomes such as NLRP1, suggesting a redundant role of ASC in some conditions [12].
Activation of caspase-1 is characterized by its cleavage into 20 kDa and 10 kDa cleaved
products. Cleaved caspase-1 further promotes the maturation of IL-1§3 and IL-18 as illus-
trated in Figure 1. Active caspase-1 acts on different sites of IL-1f3 and IL-18 to enhance
their biological activity. Specifically, it acts on two distinct sites of pro-IL-13 (D26 and D116)
to generate 26 kDa and 17 kDa fragments [13]. The biological implications of the 26 kDa
fragment are relatively unknown, while the 17 kDa fragment is the one involved in cellular
physiological processes such as host defense and cell death pathways, including apoptosis.
Likewise, cleavage at D36 of pro-IL-18 generates an 18 kDa mature protein from its 23 kDa
pro-form, which possesses enhanced inflammatory property. The aftermath of caspase-1
cleavage is not just the maturation of IL-1 cytokines but also cleavage of gasdermin D [14].
Cleavage of gasdermin D results in translocation of its N-terminal fraction into the plasma
membrane to cause pore formation. These pores contribute to the influx of extracellular
H,O, as a result of which osmotic balance is disrupted, ultimately leading to cell lysis.
Pyroptosis also promotes the release of several cytosolic contents, many of which can act as
DAMPS, thus further amplifying the inflammatory response. For instance, engulfment of
inflammasome components released due to hepatocyte pyroptosis leads to the activation
of hepatic stellate cells [15]. Although the maturation of IL-1$ and IL-18 enhances their



J. Mol. Pathol. 2024, 5

173

proinflammatory properties, the biological consequences of IL-33 maturation are contro-
versial. As in an experimental setting, maturation of IL-33 has been observed to result
in its reduced activity. Although a wide variety of stimuli trigger NLRP3 activation, an
interesting feature commonly observed in regard to the physiological response of these
agents is their ability to induce cellular stress [16]. This suggests a potential link between
cellular stress and inflammasome activation in cellular fate.
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Figure 1. Activation of inflammasomes. Encountering of pathogens and their products as well as
products of cellular damage generates a signal leading to the oligomerization of inflammasome
components such as a sensor protein (NLRP3), adaptor protein (ASC) and caspase-1. This leads to
the cleavage of caspase-1 into its active form, ultimately leading to the maturation and activation of
IL-1 family cytokines IL-1p3 and IL-18. Illustration created with BioRender.com.

Hepatic physiology can be altered in several pathological conditions like viral hepatitis,
alcoholic and non-alcoholic liver disease, and autoimmune liver conditions encompassing
autoimmune hepatitis (AIH) and primary biliary cholangitis (PBC), etc as depicted in
Figure 2. Incidentally, inflammasome activation has been reported to play a crucial role
in these hepatic disorders [17]. Inflammasome activation and its related physiological
responses get even more attention because of the liver’s proximity to the digestive sys-
tem, from where it is subjected to several toxicological insults, including bacterial product
lipopolysaccharide (LPS). Although it is well known for its effect as an inducer of the
priming step of inflammasome activation, some experimental models suggest it can stim-
ulate an activation step as well. Nonetheless, even if only priming is generated, it still
can create a favorable environment for inflammasome-dependent toxicity, especially when
there is the presence of another agent likely to have the ability to induce inflammasome
activation. Considering that the liver encounters several internal and external factors,
including fatty acids, hormones, food and drug borne metabolites, etc., and on a routine
basis, this combination is very likely to be noxious to the liver. Such types of effects can be
spotted in alcoholic injury and endotoxemia [18].

Several lines of reports suggest that inflammasome-dependent physiological responses
are often conveyed by the maturation of two major cytokines: IL-1f3 and IL-18. Although
they bind to their specific receptors, IL-1R1 for IL-13 and IL-1R5 for IL-18, both of them
are members of the IL-1 superfamily and are reported to have similar structural confirma-
tions [19]. Both of these cytokines have potent proinflammatory properties. Under ordinary
conditions, a balanced production of IL-1Ra and IL-18BP, which are natural inhibitors of
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IL-1 and IL-18 signaling, respectively, prevent aberrant physiological responses due to
these cytokines. However, during inflammatory and pathological conditions the activities
of IL-1f3 and IL-18 supersede the inhibitory capacities of their inhibitors. These cytokines
show a pleotropic effect in different liver cells. They can induce hepatocyte death while
promoting the activation and proliferation of hepatic stellate cells [20]. Activation of hepatic
stellate cells leads to hepatic fibrosis, whereas a loss of the hepatic parenchymal population
significantly reduces the functional ability of the liver, thus facilitating liver failure in future.
Furthermore, they also enhance the inflammatory activity of liver-resident macrophages
called Kupffer cells, consequently further amplifying the inflammatory cascade. Hence, it
is of paramount importance to limit the activation of these cytokines for the maintenance
of hepatic homeostasis.

@ 3‘, 3 3‘5 Tlnflammation )
Hepatocyte apoptosis,
N @ @ pyroptosis and necrosis
l@-; ) ‘. = ® ) Steatosis and steatohepatitis
Inﬂa;\m\asomes oe o Flbrosls
e Autoi ne liver di
Activation -, B, -, B,
= Normal hepatocyte Steatotic hepatocyte ’,ﬁ Damaged hepatocyte
Undamaged sinusoidal endothelial cell .45, Damaged sinusoidal endothelial cell Kupffer cell (not activated)
Kupffer cell (activated) 2% Quiescent hepatic stellate cell @ Activated hepatic stellate cell
- EcM T and B-lymphocytes © Neutrophil

Figure 2. Involvement of inflammasomes in liver disease. Activation of inflammasomes leads to an
increase in inflammation via enhanced secretion of IL-1f3 and IL-18. These cytokines play critical
roles in the induction of hepatocyte death by apoptotic, pyroptotic and necrotic pathways. They also
promote hepatic steatosis and steatohepatitis and, in the long run, engulfment of inflammasome
products or cytokine-dependent signaling leads to hepatic fibrosis. IL-13-dependent activation
of CD4" T cells and B cells can lead to autoimmune hepatic disease. Illustration created with
BioRender.com.

The role of inflammasomes in modulating cellular physiology via IL-33-dependent
mechanisms is complex. While IL-33 is known to contribute to hepatic fibrosis, espe-
cially after secretion from stressed hepatocytes [21], in some experimental conditions such
as ischemia-reperfusion induced hepatic injury, IL-33 has provided direct hepatoprotec-
tion [22]. In another study, on concanavalin A-mediated hepatic damage, IL-33-knockout
mice had increased liver damage compared to their wild-type counterparts [23], suggesting
a context-dependent role of IL-33 in modulating hepatic physiology. This is attributed
to enhanced generation of TNFx and IL-1{ in IL-33 knockout mice. IL-33-mediated hep-
atoprotective effects were conveyed directly as well as via modulation of the adaptive
immune system. In one report, cleavage of IL-33 has been reported to render a reduc-
tion in activity compared to its uncleaved form, suggesting that inflammasome activation
can also limit the activity of IL-33 in certain situations [24]. Additionally, it can drive T
cell polarization towards a Th2 phenotype, thus promoting the upregulation of Th2 cy-
tokines like IL-4 and IL-13 [25]. Since, these Th2 cytokines can behave as anti-inflammatory
agents; it is also possible that IL-33 activation via an inflammasome-dependent manner can
limit inflammation.

2. Mechanisms Leading to Inflammasome Activation
2.1. Endoplasmic Reticulum Stress (ER Stress)
The endoplasmic reticulum is an important organelle involved in protein folding. In

the course of protein folding, mismatches may occur that result in the accumulation of
misfolded proteins. The accumulation of misfolded proteins leads to a response termed
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the unfolded protein response (UPR). Usually, this can be resolved by a temporary halt
in protein synthesis. Phosphorylation of eif2« plays a major role in the shutdown of
translation; however, some proteins like ATF4 undergo a preferential translation [26],
leading to upregulation of CHOP and its downstream proteins such as ERO1, Bax, etc.,
that play vital roles in apoptosis. ER stress is a response to a disturbance in protein folding
that is initiated to reduce potential cellular damage. However, unresolved UPR can lead
to ER stress. Three major sensors of ER- PERK, IRE1 and ATF6 relay ER-stress signals. At
normal levels, activation of these signal transducers is regulated by chaperone proteins,
including Binding Immunoglobulin protein (BiP). Accumulation of misfolded proteins
facilitates the release of these chaperone proteins, thus leading to signal transduction
via these sensors. ER stress can lead to transcriptional and translational upregulation of
inflammasome components, namely NLRP3, ASC, pro-IL-13 and pro-IL-18 [27]. In addition,
it can also induce inflammasome activation via the upregulation of reactive oxygen species,
enhancement of cytosolic calcium via store-operated entry, and the upregulation and
interaction of thioredoxin-interacting protein (TXNIP) with NLRP3 [28].

2.2. Reactive Oxygen Species (ROS)

Reactive oxygen species can be a byproduct of different metabolic processes. Upregu-
lation in ROS can be sensed by the inflammasome sensor proteins as a danger signal. In
addition, because of their highly reactive potency, they can induce damage in membrane
components akin to lipids in mitochondrial membranes, as a result causing mitochondrial
damage [29]. Mitochondrial damage fosters the release of mitochondrial DNA, and is
recognized by DNA-sensing inflammasomes, particularly AIM-2 and NLRP3 [30]. This
recognition promotes the activation of inflammasomes. Beside this, they can also promote
efflux of potassium ions, thereby inducing activation of inflammasomes [31].

It has also been reported that oxidative stress contributes to the phosphorylation
of NFkB [32], which leads to its enhanced activity, thus potentially contributing to up-
regulation of the priming and subsequent activation of inflammasomes. Accumulating
evidence suggests that ROS can suppress sirtuinl (SIRT1) activity by a diverse set of mech-
anisms [33]. Notably, SIRT1 contributes to a reduction in the transcriptional activity of
NFkB via deacetylation of a lysine residue in the NF«B subunit RelA [34]. This indicates
an enhanced activation of inflammasomes via NFkB-mediated transcriptional upregula-
tion of inflammasome components by a SIRT1 inhibition pathway. Furthermore, during
conditions of inflammation, NF«B can also induce different NADPH oxidases, which are
well-known contributors to ROS generation [35]. Additionally, inhibition of NF«B has
been demonstrated to suppress ROS production [36]. Cumulatively, these studies hint at a
self-perpetuating loop between ROS and NF«B under certain experimental conditions to
modulate cell physiology.

2.3. Ions and Inflammasomes

The inflammasome’s assembly and ultimate activation is influenced by the presence
or absence of certain ions. The most commonly studied ions in terms of inflammasome
activation are K* and Ca?", although other ions like C1-, Zn?* Mngr etc. can also be
implicated. Inflammasome activation is promoted by the efflux of K* and influx of Ca?* [37].
Several types of inflammasome-activating stimuli induce inflammasome activation with
a concomitant reduction in intracellular K* concentration, suggesting K* efflux to be a
common pathway employed by a variety of inflammasome inducers, including nigericin
and gramicidin.

Calcium mobilization by an ER-stress-dependent mechanism has been reported to
influence the assembly of the inflammasome complex leading to its activation. Interestingly,
it has been witnessed that a reduction in intracellular K* leads to an increase in Ca%* [37].
Although the specific mechanisms by which a rise in intracellular calcium promotes inflam-
masome activation have not been well understood, few potential mechanisms have been
suggested. The likely mechanisms include the damaging of mitochondria due to calcium
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binding, thus promoting the release of mitochondrial DNA, which can be sensed by AIM2
or NLRP3 inflammasomes [38]. Another mechanism involves the downregulation of cAMP
by calcium [39]. As cAMP inhibits NLRP3 activation via binding with it, a reduction in
cAMP levels is likely to boost inflammasome activation.

2.4. Proteases

Calcium-activated proteases, mainly calpains and cathepsins, crucially contribute to
the activation of inflammasomes. Calpains are calcium-dependent proteases, which can
lead to the destabilization of lysosomal membranes, thereby increasing the secretion of
cathepsin B from the lysosome [40]. Calpains can promote upregulation in mitochondrial
ROS and enhance mitochondrial damage to stimulate inflammasome activation [41]. Matu-
ration of cathepsin B leading to its enhanced secretion from lysosomes encourages direct
interaction with NLRP3 inflammasomes and ultimately promotes its activation [42]. In
recent years, the axis of autophagy and cathepsin B maturation has emerged as a crucial
player in the modulation of inflammasome activation in different conditions [43,44].

2.5. Complement System

The complement system is another important part of the innate immune system.
Activation of the complement system occurs in a series of steps. The ultimate result due
to complement activation is the formation of membrane attack complex (MAC). MAC
formation to a high extent is known to induce cell lysis, while sub-lytic MAC formation
can lead to the activation of inflammasomes via enhanced cytosolic calcium due to its
release from the ER’s IP3R and RyR calcium channels [45]. Interestingly, complement-
dependent upregulation of ROS production by cholesterol crystals also has been reported
to cause direct activation of inflammasomes, climaxing in the secretion of IL-13 and other
cytokines [46]. Additionally, the complement system has also been found to be involved in
activation of inflammasome during MERS-CoV infection [47].

3. Involvement of Inflammasome Activation in Liver Diseases
3.1. Acetaminophen (APAP)-Induced Hepatotoxicity

APAP, also called paracetamol, is a widely used non-steroidal anti-inflammatory
(NSAID) drug for the management of fever and pain. Although relatively safe in moderate
doses, it can have hepatotoxic effects too, especially at high doses, and it is one of the
leading causes of drug-induced acute liver failure. It is converted into a toxic intermediate,
NAPQI [48], by the cytochrome P450 system under conditions of saturated glucuronidation
and sulfation. This ultimately leads to enhanced ROS production. Excess APAP is well
documented to be involved in the destruction of liver architecture. There is some contro-
versial information about the type of cell death involved in APAP toxicity, i.e., apoptotic or
necrotic. Some evidence suggests significant hepatocyte apoptosis by APAP, while other
reports suggest the type of cell death to be predominantly necrosis. Furthermore, a study
reports the improper execution of apoptosis being switched to necrotic death by APAP [49].
Nonetheless, its involvement in hepatocyte death [50] and activation of inflammasomes
is supported by various studies [51]. Diverse reports suggest that IL-1p is implicated
in mediating the toxic effects of APAP. Inhibition of IL-1 signaling by pharmacological
means, using IL-1Ra as well as neutralizing antibodies against IL-1f3, provided significant
hepatoprotection against APAP toxicity [52]. In addition to this, employment of genetic
means such as a knockout of the IL-1R1 gene also prevented the toxicity of APAP. Contrary
to this, reports where the inhibition of inflammasome activation did not show any hepato-
protection against APAP toxicity have also been reported [53]. These controversial findings
warrant further investigation to explore such opposite findings in different studies.

3.2. High-Fat Diet-Induced Hepatotoxicity

Generally, short-term high-fat feeding leads to the development of steatosis but not
steatohepatitis, especially in the absence of inflammatory signals, whereas long-term high-
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fat feeding can lead to NASH [54]. Multiple lines of study highlight the role of IL-1
signaling in the progression of hepatic steatosis, suggesting a crucial role for inflammasome
activation in the subsequent process [55,56]. IL-13 can promote insulin resistance, leading
to a disruption in the insulin-mediated regulation of lipogenesis, which can result in the
accumulation of fat in the liver [57]. Additionally, inflammasome activation can amplify the
inflammatory signals in the liver to enhance hepatic damage on administration of high-fat
diet [58].

3.3. Hormone-Induced Hepatotoxicity

The liver, being an important metabolic as well as endocrine organ, experiences
potent hormonal action. Several hormones account for enhanced inflammatory conditions
in the liver. The most well-known among them are the adipokines, namely leptin and
visfatin [59,60]. Leptin induces inflammasome activation in diverse cell types, including
hepatocytes [43]. Androgens have been reported to stimulate inflammasome activation
leading to hepatic fibrosis [61]. Although low testosterone has negative physiological
consequences, the administration of exogenous testosterone has been shown to enhance
liver damage characterized by hepatocyte ballooning, upregulation of collagen-1 and
TGEp, HSC activation and fibrosis. In a study by Zhang et al., angiotensin II induced
EMT of human hepatocytes in an inflammasome-dependent manner characterized by the
upregulation of vimentin but downregulation of cadherin, which could promote hepatic
fibrosis in the long run [62].

3.4. Alcohol-Induced Hepatotoxicity

In experimental as well as clinical scenarios in humans, alcoholic liver injury is closely
associated with inflammasome activation [63]. Alcohol is metabolized primarily in the
liver, and this metabolism generates acetaldehyde and ROS, both of which are highly toxic
compounds. Aldehyde is also reported to enhance gut permeability, thus increasing the
possibility of endotoxin leakage from the intestine [64]. These agents lead to the dam-
age of hepatic membranes, enhancement of inflammation and promotion of hepatocyte
death. Hepatic steatosis is also a frequently detected effect of alcohol [65]. Inflamma-
some activation plays a critical role in the processes of both steatosis and steatohepatitis.
Inflammasome-activation-induced IL-1 mediates hepatic injury in both acute and chronic
cases of alcohol intake, and inhibition of IL-13-signaling protected mice from alcohol-
induced liver injury [66].

3.5. Endotoxin-Induced Hepatotoxicity

The proximity of the liver to the digestive system and the first-pass effect exposes
the liver to both beneficial and harmful products. Notably, one such noxious agent likely
to enter liver via digestive tract is the endotoxin LPS. It is a component of gram-negative
bacteria. Specifically, in regard to its association with inflammasomes, it is a well-known
inducer of the priming step, promoting the upregulation of inflammasome components,
including NLRP3, ASC, caspase-1, pro-IL-13 and pro-IL-18 [67]. LPS has a cell-specific
role in relation to the activation of inflammasomes, i.e., priming only or also activation.
LPS alone at moderate levels may not enhance the direct cytotoxicity of hepatocytes, but
through other liver-resident cells it can promote toxic effects in the liver. Interestingly, it
has been reported that Kupffer cells mediate the toxic effects of LPS via the upregulation
of IL-1f3 and IL-18 [68]. In addition to this mechanism, despite the lack of direct toxicity
to hepatocytes, it can sensitize hepatocytes towards the adverse effect of other harmful
agents such as D-galactosamine and promote inflammasome-dependent hepatotoxicity.
Interestingly, deletion of hepatocyte-specific IL-1R1 significantly protected murine livers
from hepatic damage due to LPS/D-gal, implying a critical role of hepatocyte-specific
IL-1R1 in modulating cell death and survival [69].
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3.6. Viral Hepatitis

Viral hepatitis is mainly caused by five different strains of hepatitis virus, namely
hepatitis A, B, C, D and E. Hepatitis A, along with hepatitis E, accounts for the majority of
acute liver failure cases. Reports regarding the effect of hepatitis A virus in inflammasome
activation and its implication in hepatic dysfunction is lacking. Nonetheless, a study
found an elevation in IL-1 among other cytokines in children infected with hepatitis
A [70]. However, it is not well understood whether the enhancement of IL-1{3 alone or
in combination with other cytokines induced any adverse effects. Hepatitis B virus can
lie dormant for a period and resurface. Upregulation of AIM?2 inflammasomes and IL-18
have been reported in cases of hepatitis B virus (HBV) [71]. Once it has entered into the
body, hepatitis C virus (HCV) replicates in hepatocytes after internalization facilitated by
endocytosis. HCV induces activation of inflammasomes and the subsequent generation of
IL-13 with the involvement hepatic macrophages [72]. While it is believed that hepatitis
D virus (HDV) associates with HBV to exert its pathogenic effects, information about
HDV in regard to inflammasome activation is lacking. A recent report has highlighted the
fact that hepatitis E virus (HEV) induces inflammasome activation via NFkB-dependent
mechanisms, leading to enhanced replication in macrophages [73]. Furthermore, inhibition
of inflammasomes promoted decreased viral replication. Additionally, in mice infected with
murine coronavirus, IL-1 deficiency showed a protective role with survival of affected mice
shown to be similar to that of wild-type mice, but IL-18 deficient mice showed reduced
survival compared to their wild-type counterparts, suggesting that a protective effect
during hepatitis virus infection is likely derived from IL-18-dependent mechanisms rather
than IL-1p3-dependent pathways [74].

3.7. Autoimmune Liver Disease

Autoimmune liver disease is an umbrella term for various liver diseases that arise
due to aberrant activation of the immune system, leading to attacks on hepatocytes and
bile ducts. CD4* T cells, mainly of Thl and Th17 lineages, are the pivotal contributors
to autoimmune liver disease [75]. It often presents with interface hepatitis, portal inflam-
mation and the upregulation of IgG, ANA, LKM1 and ASGPR autoantibodies [76]. If
unresolved, it can ultimately cause liver failure. The most common autoimmune liver
diseases are autoimmune hepatitis (AIH), primary biliary cholangitis (PBC) and primary
sclerosing cholangitis (PSC). In a model of concanavalin A-induced AIH, administration of
IL-1Ra provided significant protection against AIH, which was characterized by a reduction
in liver injury, lower serum enzymes, decreased hepatic pyroptosis and a reduction in
serum as well as liver IL-17, which can act as a major player in AIH [77]. Additionally,
in another model of TCE-induced liver injury, inhibition of oxidative stress suppressed
inflammasome activation and the upregulation of antibody producing B cells as well as
hepatic damage [78]. This insinuates the possibility of a correlation between inflammasome
activation and autoimmune hepatitis. Additionally, in a model of PBC, NLRP3 inflamma-
some activation and IL-1{ signaling were found to be related to the upregulation of IL-17,
which is a critical modulator of AIH [79].

4. Inflammasome-Dependent Therapies in Liver Disease
4.1. Anakinra (IL-1Ra)

IL-1 receptor antagonist is an endogenous inhibitor of IL-1. It is also known as
anakinra by its trade name and acts via binding to the IL-1 receptor for the prevention in
IL-1 cytokine-dependent signaling, thus reducing the signal transduction via IL-1 receptor.
While it has been reported that the dosage of IL-1Ra required to inhibit IL-1(3-dependent
effects is over one hundred fold than that of IL-13 [80], nonetheless IL-1Ra has shown
promising effects in inhibiting several models of experimental liver disease, including
NASH, fibrosis and hepatitis [81-83]. It has been approved by the FDA for the treatment of
rheumatoid arthritis and cryopyrin-associated periodic syndromes. However, administra-
tion of IL-1Ra in combination with pentoxifylline and zinc showed no significant increase
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in protection compared to methylprednisolone in a randomized clinical trial in a model
of severe alcoholic hepatitis, although endotoxin levels were reduced by the combined
treatment of IL-1Ra [84]. In the study, IL-1Ra did not show any adverse effects; hence, this
strategy could still be a viable alternative in cases of allergy to corticosteroids, although
further research is required for confirmation.

4.2. Canakinumab

Canakinumab is a monoclonal antibody developed to specifically target IL-1(3. The
FDA has approved canakinumab for the treatment of Still’s disease and it is sold under
the brand name Ilaris. A study reported that treatment with canakinumab in combination
with colchicine showed improvement in hepatic dysfunction due to familial Mediterranean
fever [85]. Although it has shown promising effects in the management of cardiovascular
disorders, its significant efficacy in the specific management of hepatic disorders has not
been observed yet. In addition, a multicenter randomized clinical trial in a model of AH
reported slight improvement in hepatic histology but not to significant levels as deduced by
regression models between canakinumab-treated patients and placebo-treated patients [86].

4.3. MCC950

MCC950 is a selective NLRP3 inhibitor that binds to the central crater of the NACHT
domain to prevent its oligomerization [87]. During the activation of inflammasomes,
oligomerization of NLRP3 is required for the formation of the assembly complex with
ASC that recruits caspase-1, thus promoting its cleavage. This complex of ASC fibrils and
NLRP3 is also known as ASC specks. MCC950, via its selective action on NLRP3, disrupts
this speck formation [88]. MCC950 has been reported to prevent several hepatic diseases in
experimental settings, including NASH-associated fibrosis [89].

4.4. Ac-YVAD

Ac-YVAD is a tetrapeptide with sequence homology to the IL-1(3 cleavage site of
caspase-1. It has a very high specificity towards caspase-1 and, in a competitive manner, it
inhibits the activity of caspase-1 to prevent the maturation of IL-1f3. It has a long history of
protective effects against liver toxicity in a variety of experimental conditions, including
hepatic apoptosis [90]. Additionally, it has shown promising effects in the management of
insulin resistance and associated NASH [91,92].

4.5. Gasdermin D Inhibitors

Additionally, inhibitors of gasdermin D like disulfiram, which is also known to inhibit
aldehyde dehydrogenase, have been observed to play a protective role in liver disease [93].
Dimethyl fumarate, which has been observed to inhibit pyroptosis in some studies, has
shown protective effects against ethanol-induced steatosis by preventing liver inflammation
and the impairment of gut-barrier integrity [94]. Additionally, in a genetic model of mice
deficient with gasdermin D due to gene knockout, less steatosis was observed that in their
wild-type counterparts [95], which can be attributed to its role as a pyroptosis executioner
leading to enhanced cytokine secretion.

4.6. IL-18 Inhibitors

A natural inhibitor of IL-18 (IL-18BP) is documented to prevent liver disease in a model
of LPS-induced lethality [96]. Some other reports suggest a protective role of IL-18BP in
preventing hepatic fibrosis [97]. Similar effects were also observed in IL-18 knockout mice,
further strengthening the protective role of IL-18 inhibition in hepatic fibrosis. Although IL-
18 upregulation is reported in human subjects with hepatic fibrosis, no study has emerged
suggesting a protective effect of IL-18 inhibitors in human.
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4.7. Melatonin

Melatonin is a hormone secreted by the pineal gland that helps in maintaining a
circadian rhythm in mammals. In addition to its beneficial role in sleep regulation, several
lines of evidence suggest that it acts as an anti-inflammatory agent as well. Particularly, in
the liver, it has been observed to inhibit inflammasome activation and limit hepatic damage
due to cadmium. It acts on hepatocytes to limit cadmium-induced TXNIP upregulation,
leading to reduced interaction with NLRP3 and preventing inflammasome activation and
subsequent hepatic damage [98]. Additionally, a meta-analysis has reported that melatonin
could improve features of hepatic damage, including steatosis, steatohepatitis and elevation
of liver enzymes [99]. Interestingly, melatonin has also been reported in different studies
to regulate NLRP3 inflammasomes and exert a protective effect in the heart that helps to
maintain its structural and functional integrity [100-102].

5. Inflammasome Activation Is Not Always Detrimental

The beneficial roles that inflammasome activation plays in certain scenarios has sug-
gested it to have an ambivalent role in the modulation of liver physiology. For instance,
the activation of inflammasomes have been shown to act as a defensive mechanism in
the cellular fight against certain bacterial pathogens. NLRP3 activation induced by inhi-
bition of mammalian target of rapamycin (mTOR) has polarized macrophages towards
an M1-phenotype, thereby limiting parasite load [103]. Furthermore, it is required for
better clearance of pathogens on infection with Trypanosoma cruzi. Not only this, during
infection with murine coronavirus, mice with defective inflammasome signaling because
of the genetic knockout of inflammasome components had a lower chance of survival
than their wild-type counterparts. In this study, the lack of IL-18 showed more detrimen-
tal effects than the lack of IL-13, suggesting that IL-18 plays a more cytoprotective role
than IL-1p following inflammasome activation [74]. Furthermore, under conditions of
hypoxia/reoxygenation, caspase-1 induces a protective effect in hepatocytes, as caspase-1
knockout hepatocytes had higher rate of cell death than wild-type hepatocytes in [104]. Ad-
ditionally, the downregulation in inflammasome components had an inverse relationship
with the stages of hepatocellular carcinoma [105], suggesting a possibility for inflamma-
some activation to limit the development and growth of HCC. Furthermore, in recent years,
the role of the NLRP6 inflammasome, which was relatively unknown, has emerged as
protective in some studies. The overexpression of NLRP6 using adeno-virus protected
liver from hepatic steatosis and inflammation in a model of alcoholic hepatitis [106]. In yet
another study, genetic removal of NLRP6 using LoxP/Cre technology potentiated hepatic
steatosis and inflammation in NLRP6 knockout mice more than was seen in than their
wild-type littermates fed with a high-fat diet [107].

6. Conclusions

Inflammasome activation seems to modulate hepatic physiology in a diverse way with
complex cross talk between innate and adaptive immune responses. Although, a lot of
information has been obtained about the regulation of extensively studied inflammasomes
comprising NLRP3 and AIM2, the existence of relatively unexplored ones like NLRP6
that have a significant role in modulating hepatic physiology has emerged. This demands
more fundamental research in the area of inflammasome study. In addition, while some
encouraging results have been observed under experimental conditions as summarized in
Figure 3 by targeting inflammasome-dependent mechanisms in the treatment of various
liver disorders, the best approach for the transformation of laboratory findings into clinical
settings is still an enigma, which can only be clarified by future research into the topic.
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Figure 3. Graphical representation of the role of inflammasome activation in hepatic physiology.

Activation of inflammasomes generates mature and biologically active cytokines, IL-13 and IL-18,

via caspase-1 cleavage. These cytokines lead to hepatic disorders, including steatosis, steatohepati-

tis, fibrosis and AIH. In experimental settings, inhibition of inflammasome activation has shown

encouraging results in the treatment of hepatic disorders due to aberrant inflammasome activation.
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AIM2 Absent in melanoma 2
ANA Antinuclear antibodies
ASGPR  Asialogylcoprotein receptor
ASC Apoptosis-associated speck like protein containing a CARD
cAMP Cyclic adenosine monophosphate
CARD  Caspase activation and recruitment domain
DAMPs Damage-Associated Molecular Patterns
FDA Food and Drug Administration
IP3R Inositol triphosphate receptor
LKM1 Liver kidney microsomal antibody type 1
LPS Lipopolysaccharide
MAC Membrane attack complex
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NLRP3  Nucleotide-binding domain, leucine-rich-containing family, pyrin domain-3
PAMPs  Pathogen-Associated Molecular Patterns
PYD Pyrin domain
ROS Reactive oxygen species
RyR Ryanodine receptor
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