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Abstract. The gut‑liver axis connects the liver with the intes-
tine via bile acid metabolism. Bile acid dysregulation leads 
to intestinal dysbiosis, that allows enterogenous pathogenic 
bacteria, including Gram‑negative bacteria and their products 
lipopolysaccharide (LPS), into the liver via the portal vein, 
triggering inflammation in the liver. The inflammasome serves 
as an intracellular pattern recognition receptor that detects 
pathogens or danger signals and mediates innate immunity 
in the liver or gut. Specifically, the NACHT, LRR and PYD 
domains‑containing protein (NLRP)6 inflammasome main-
tains intestinal microbial balance, by promoting interleukin 
(IL)‑18‑dependent antimicrobial peptide synthesis and mucus 
secretion from goblet cells. The NLRP3 inflammasome, in 
contrast, primarily induces IL‑1β and aggravates inflamma-
tory liver injury. Furthermore, the NLRP3 inflammasome 
affects the epithelial integrity of cholangiocytes by inducing 
the production of pro‑inflammatory cytokines. In addition, 
bile acids, including deoxycholic acid and chenodeoxycholic 

acid, are able to activate the NLRP3 inflammasome in macro-
phages; however, bile acids have the potential to exert the 
opposite role by interacting with the membrane‑bound Takeda 
G‑protein receptor 5 or by activating nuclear farnesoid‑X 
receptor. Therefore, further investigation of the molecular 
mechanisms underlying the inflammasome, involved in the 
gut‑liver axis, may provide important insights into the identifi-
cation of a potential therapeutic target for the treatment of liver 
and gut diseases. The present review discusses the roles of the 
inflammasome in the gut‑liver axis, and the emerging associa-
tions between the inflammasome and the intestinal microbiota 
or the bile acids in the gut‑liver axis.
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1. Introduction

The liver and intestine are connected by the gut‑liver 
axis  (1). The liver is an endocrine gland that secretes bile 
acids (BAs) into the intestine to maintain the stability of the 
intestinal flora (2,3). Gut‑liver axis dysfunction is character-
ized by metabolic disorders of Bas (1). Excessive BAs in the 
liver induce hepatocyte death and aggravate inflammatory 
injury (4‑7). Decreased BAs in the gut, in contrast, lead to 
intestinal dysbiosis that impairs intestinal barrier function, 
inducing bacterial translocation to allow pathogens, including 
Bacteroidetes (Gram‑negative bacteria) and their products, 
lipopolysaccharide (LPS), into the liver, aggravating hepatic 
inflammation (8,9). Previous studies demonstrated the signifi-
cance of the gut‑liver axis (1,10,11). Retrospective analyses of 
a large cohort of clinical samples demonstrated that patients 
with inflammatory bowel disease had a higher incidence 
of primary sclerosing cholangitis  (12,13). These previous 
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studies suggested that bacterial translocation and bacteremia 
in the portal vein aggravated primary sclerosing cholangitis. 
Similarly, loss of intestinal epithelial stemness contributed 
to bile duct ligation‑induced cholestatic liver injury  (14). 
Furthermore, postnatal development of intestinal microbiota, 
including Proteobacteria, was identified as an important 
susceptibility factor for biliary atresia in mice (15).

The inflammasome is a large multiprotein complex that 
recognizes diverse microbial‑, stress‑ and danger‑associated 
signals, and subsequently triggers the maturation of 
pro‑inflammatory cytokines, including interleukin (IL)‑1β 
and IL‑18, promoting innate immunity (16). IL‑1β, activated 
by the inflammasome, is involved in liver inflammation (17), 
whereas, IL‑18 has been demonstrated to be involved in 
modulating the gut microbiota (18). Previous studies demon-
strated that the intestinal epithelial NACHT, LRR and 
PYD domains‑containing protein (NLRP)6 inflammasome 
maintains the intestinal barrier and the intestinal microbial 
balance (19,20), whereas, the NLRP3 inflammasome serves 
as an intracellular pattern recognition receptor (PRR) that 
mediates innate immunity and aggravates inflammatory 
liver injury (21‑23). Furthermore, inflammasome inhibitors, 
including the caspase inhibitor IDN‑6556, have exhibited 
protective effects in liver injury (24).

In the gut‑liver axis, metabolic disorders of BAs caused the 
imbalance of intestinal microflora and hepatic inflammatory 
injury (25), and the inflammasome has been demonstrated to 
be associated with gut barrier integrity, microbial composition 
and liver injury (18,26). Furthermore, BAs serve as danger 
signals that may have a direct or indirect effect on the intracel-
lular inflammasome (21,27‑29). Therefore, understanding the 
role of the inflammasome in the gut‑liver axis may provide 
insights into effective treatments for liver and gut diseases. 
The present review discusses the roles of the inflammasome in 
the gut‑liver axis and the associations between the inflamma-
some and the intestinal microbiota or the BAs.

2. Inflammasomes are intracellular PRRs

The inflammasome, whose term was initially proposed in 
2002 (30), is comprised of multiple proteins present in the 
cytoplasm and serves as a PRR to recognize various inflam-
matory stimulations (Table I), including exogenous pathogens 
[pathogen‑associated molecular patterns (PAMPs)], and 
endogenous signals from damaged or dying cells [damage‑asso-
ciated molecular patterns (DAMPs)], thereby recruiting and 
regulating the production of inflammatory cytokines  (16). 
In addition, the inflammasome is a key component of innate 
immunity and serves a role in the regulation of inflammation 
under various injury conditions. In previous studies, it was 
demonstrated that the inflammasome is involved in a number 
of diseases, including liver fibrosis, primary sclerosing cholan-
gitis, cholestasis and biliary obstruction (21,23,31,32).

The inflammasome is comprised of a sensor protein, an 
adaptor protein and caspase‑1 (16). The sensor protein family 
includes NOD‑like receptors (NLRs), including NLRP1, 
NLRP3, NLR family CARD domain‑containing protein 4, 
NLRP6 and the PYHIN family protein interferon‑inducible 
protein AIM2 (33). The NLRP3 inflammasome is the best 
characterized inflammasome and consists of NLRP3, the 

apoptosis‑associated speck‑like protein containing a CARD 
(ASC) adaptor and pro‑caspase‑1 (Fig. 1) (34). Furthermore, 
NLRP3 contains C‑terminal leucine‑rich repeats (LRRs), 
a central nucleotide‑binding and oligomerization (NACHT) 
domain, and an N‑terminal pyrin domain (PYD) (35). In the 
presence of PAMPs and DAMPs, NLRP3 oligomerizes and 
combines with ASC to assemble the inflammasome, recruiting 
and activating caspase‑1, that cleaves the precursors of inflam-
matory cytokines, in order to produce and release the mature 
forms of IL‑1β and IL‑18 (16).

In total, two signals lead to the activation of the NLRP3 
inflammasome (Fig. 2). In the first signal, PAMPs or DAMPs 
interact with toll‑like receptors (TLRs) on the cell surface, 
leading to nuclear factor‑κB (NF‑κB)‑dependent transcription 
and translation of pro‑IL‑1β and pro‑IL‑18 (36). In addition, 
NF‑κB activates NLRP3 gene transcription by binding to 
its promoter, which is the limiting step for activation of the 
NLRP3 inflammasome (37). The second signal involves three 
concomitant molecular mechanisms. In the first, extracellular 
adenosine 5'‑triphosphate (ATP) induces P2X purinoceptor 
7‑dependent pore formation on the cell membrane and promotes 
an intracellular K+ efflux (38), resulting in the translocation 
of large‑pored pannexin‑1 channels into the membrane (39). 
Subsequently, PAMPs or DAMPs enter the cell and activate the 
NLRP3 inflammasome. Furthermore, phagocytosis of large 
molecules, including crystalized cholesterol and uric acid, 
induces lysosomal disruption, resulting in the release of its 
components and activation of the NLRP3 inflammasome (40). 
Additionally, thioredoxin‑interacting proteins dissociate from 
thioredoxin and bind to the NLRP3 inflammasome to trigger 
its activation under the effect of reactive oxygen species (ROS) 
derived from mitochondria (41). Notably, the aforementioned 
mechanisms occur simultaneously. Furthermore, the second 
signal leads to the cleavage and release of pro‑IL‑1β and 
pro‑IL‑18 into IL‑1β and IL‑18, respectively (16). Therefore, 
activation of the NLRP3 inflammasome is associated with the 
recognition of pathogens involved in innate immunity, and 
senses an imbalance in cell homeostasis, including K+ efflux, 
Ca2+ signaling, mitochondrial dysfunction and lysosomal 
rupture.

3. Inflammasome and intestinal homeostasis

Intestinal homeostasis requires an intact intestinal barrier and 
a balanced intestinal flora. In the following sections, different 
roles of the NLRP6 and NLRP3 inflammasome in the two 
components of intestinal homeostasis are discussed.

Intestinal epithelial NLRP6 inflammasome maintains the 
intestinal barrier and microbial balance. In humans and mice, 
NLRP6 is highly expressed in epithelial cells of the small 
intestine, colon and goblet cells (19,42,43), and is co‑expressed 
with ASC and caspase‑1 in the intestinal epithelium (20). The 
NLRP6 inflammasome mediates the interaction between the 
intestinal immune system and gut microbes, and its activation 
mechanisms are summarized in Fig. 3. In infancy, the coloni-
zation of gut microbes, including Proteobacteria, Firmicutes 
and Actinobacteria  (44), led to the upregulation of the 
NLRP6 inflammasome and its downstream cytokines (20,45). 
Therefore, gut commensal microbes represent one of the first 
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signals to induce NLRP6 inflammasome‑dependent antimi-
crobial responses. Furthermore, microbial metabolites regulate 

the NLRP6 inflammasome metabolism via the second signal; 
microbiota‑associated metabolite taurine promotes NLRP6 
signaling and IL‑18 synthesis, whereas, spermine and hista-
mine inhibit NLRP6 inflammasome activity (20). Notably, the 
protozoan Tritrichomonas musculis was described to induce 
epithelial IL‑18 secretion through ASC inflammasome activa-
tion (46). In addition to microbial activation mechanisms, the 
stress‑induced corticotrophin‑releasing hormone inhibited 
the expression of intestinal NLRP6 inflammasome in rats 
deprived of water  (47), whereas, the nuclear transcription 
factor peroxisome proliferator‑activated receptor‑γ acti-
vated the NLRP6 inflammasome by binding to the NLRP6 
promoter (45).

Accumulating evidence suggested that the NLRP6 inflam-
masome regulates host‑gut commensal microbiota interaction 
via two mechanisms. In the first mechanism, the NLRP6 
inflammasome promotes the secretion of mucus by goblet 
cells (19). NLRP6‑/‑ mice with defective goblet cell exocytosis 
were vulnerable to colonization by Citrobacter rodentium, and 
bacteria penetrated in the epithelial crypts deeper, compared 
with wild‑type mice (19). One possible mechanism for this 
phenotype may involve intestinal epithelium autophagy 
dysfunction. A recent study demonstrated that sentinel goblet 
cells secrete mucus when activated by the NLRP6 inflam-
masome in a calcium‑dependent manner (48). In the second 
mechanism, the NLRP6 inflammasome maintains the balance 
of the intestinal flora by promoting intestinal epithelial cells 
to synthesize antimicrobial peptides, including angiogenin‑4, 
intelectin‑1 and resistin‑like molecule β (20). In this process, 
gut microbiota initially activate the NLRP6 inflammasome 
and induce intestinal epithelial synthesis of IL‑18, which 
promotes the synthesis of antimicrobial peptides in an auto-
crine or in an IL‑22‑dependent manner (49). In addition, the 
NLRP6 inflammasome is involved in preventing enterovirus 

Figure 1. Schematic diagram of NLRP3 inflammasome assembly. The NLRP3 
inflammasome is assembled by NLRP3, the ASC adaptor and pro‑caspase‑1. 
Upon NLRP3 activation, NLRP3 interacts with ASC via PYDs, and the 
CARD domain of ASC recruits the CARD of pro‑caspase‑1, leading to auto-
cleavage of the inactive CARD domain from pro‑caspase‑1. This cleavage 
allows the formation of the active caspase‑1 p10/p20 tetramer, which cleaves 
cytokine precursors to produce and release mature IL‑1β and IL‑18. IL, 
interleukin; CARD, caspase recruitment domain; LRR, leucine‑rich repeat; 
NACHT, nucleotide‑binding and oligomerization domain; PYD, pyrin 
domain; NLRP3, NACHT, LRR and PYD domains‑containing protein 3; 
ASC, apoptotic speck‑like protein containing a CARD.

Table I. Inflammasome activators.

A, Whole pathogens

Activators	 Associated diseases

Bacteria	 Infection
fungus	 Infection
Virus	 Infection
Parasite	 Infection

B, PAMPs	

Activators	 Associated diseases

LPS	 Infection
Bacterial pore‑forming toxins	 Infection
Hemozoin	 Malaria

C, Environmental insults	

Activators	 Associated diseases

Silica	 Silicosis
Asbestos	 Asbestosis
Ultraviolet light	 Sunburn

D, DAMPs

Activators	 Associated diseases

ATP	 Necrosis
Glucose	 Metabolic syndrome
Uric acid	 Gout
Amyloid β	 Alzheimer's disease
Cytochrome C	 Apoptosis
ROS	 Allergy
Heat‑shock protein	� Japanese encephalitis virus 

infection
Defensins	 Tuberculosis infection
HMGB1	 Glaucoma
Fatty acids	 Obesity/Type 2 diabetes
Hyaluronic acid	 Airway hyperresponsiveness
Mitochondrial DNA	 Autophagy and apoptosis
Cytoplasmic DNA	 Pyroptosis
S100 proteins	� Rheumatoid arthritis/Crohn's 

disease
Albumin	 Renal tubular injury

ATP, adenosine 5'‑triphosphate; DAMPs, damage‑associated 
molecular patterns; HMGB1, High‑mobility group box 1; LPS, 
lipopolysaccharide; PAMPs, pathogen‑associated molecular patterns; 
ROS, reactive oxygen species.
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infection by binding to viral RNA, promoting the expression 
of interferon‑stimulated genes (50).

The microbia l  metabol ites/NLRP6 inf lamma-
some/IL‑18/antimicrobial peptide axis serves a critical role 
in the regulation of the intestinal inflammatory response (20). 
Due to the presence of the aforementioned metabolic axis, 
NLRP6‑/‑ mice were unable to synthesize the protective 
antimicrobial peptides (42,51), resulting in intestinal flora 

disorder, characterized by the increase of Prevotellaceae 
species and members of the TM7 phylum, and the decrease 
of bacteria belonging to the genus Lactobacillus, phylum 
Firmicutes (42). Notably, the phenotype of exacerbated colitis 
in NLRP6‑/‑ mice may be transferred to wild‑type mice (20). 
The reason for this phenomenon involves the transfer of 
dysbiotic microbiota from inflammasome‑deficient mice 
to wild‑type mice. Although wild‑type mice have an intact 

Figure 2. Mechanisms involved in NLRP3 inflammasome activation. Two signals are required for the activation of the NLRP3 inflammasome. For signal 1, 
PAMPs and DAMPs combine with TLRs on the cell membrane to activate NF‑κB‑dependent transcription and translation of NLRP3, pro‑IL‑1β and pro‑IL‑18. 
For signal 2, three mechanisms have been described. In the first, ATP interacts with P2X7, leading to intracellular K+‑depletion and opening of a large‑pored 
pannexin‑1 channel, through which PAMPs and DAMPs enter the cell and activate the NLRP3 inflammasome. Furthermore, endocytosis of large molecules, 
including crystals, results in lysosomal disruption, leading to the release of its components and activation of the NLRP3 inflammasome. Additionally, 
mitochondria‑derived ROS detach TXNIP from thioredoxin and enable activation of the NLRP3 inflammasome. The second signal results in caspase‑1 
activation, and cleavage of pro‑IL‑1β and pro‑IL‑18 into mature IL‑1β and IL‑18. ASC, apoptosis‑associated speck‑like protein containing a CARD; DAMPs, 
danger‑associated molecular patterns; NF‑κB, nuclear factor‑κB; P2X7, P2X purinoceptor 7; PAMPs, pathogen‑associated molecular patterns; ROS, reactive 
oxygen species; TLR, Toll‑like receptor; TXNIP, thioredoxin‑interacting protein; IL, interleukin; NLRP3, NACHT, LRR and PYD domains‑containing 
protein 3; ATP, adenosine 5'‑triphosphate.
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NLRP6 inflammasome, dysbiotic microbiota‑produced 
metabolites, including spermine and histamine have the 
ability to inhibit NLRP6 inflammasome‑associated signals 
and suppress colonic IL‑18 expression levels, thereby 
reducing antimicrobial peptide synthesis, leading to the 
development of dysbiosis and aggravated colitis in wild‑type 
mice. Nevertheless, antibiotic treatment in addition to 
exogenous administration of IL‑18 abrogated all the afore-
mentioned effects (20). Collectively, these data demonstrated 

that inflammasome‑deficient mice possess a communicable 
dysbiotic microbiota that enhances susceptibility to colitis. 
Furthermore, NLRP6‑deficient mice had increased suscepti-
bility to colitis‑associated colon tumorigenesis, which may be 
caused by microbiota‑induced chemokine (C‑C motif) ligand 
5 (CCL5)‑driven inflammation. The subsequent inability 
to resolve inflammation and repair damaged epithelium, 
promotes epithelial cell proliferation, leading to the formation 
of cancer (52‑54).

Figure 3. Mechanisms involved in NLRP6 inflammasome activation. Intestinal microbiota initiate two signals for the activation of the NLRP6 inflam-
masome. In the first signal, the commensal microbiota serve as a TLR ligand and promotes the transcription of NLRP6 and pro‑IL‑18. For the second 
signal, microbial metabolites, including taurine, promote the multiprotein complex assembly to activate the NLRP6 inflammasome. In particular, commensal 
protozoans promote epithelial IL‑18 secretion via activation of the ASC inflammasome. In addition to the microbial roles, CRH inhibits the transcription of 
NLRP6 inflammasome components, whereas, the nuclear transcription factor PPAR‑γ activates NLRP6 by binding to its promoter region. Arrows indicate 
‘promotion’, whereas, the symbol ‘┴’ indicates ‘inhibition’. CRH, corticotrophin‑releasing hormone; PPAR‑γ, peroxisome proliferator‑activated receptor‑γ; 
NLRP6, NACHT, LRR and PYD domains‑containing protein 6; IL‑18, interleukin 18; ASC, apoptosis‑associated speck‑like protein containing a CARD; TLR, 
Toll‑like receptor.
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A previous study suggested that the NLRP6 inflammasome 
has an indirect effect on the liver by regulating gut micro-
biota, and mice lacking the NLRP6 inflammasome presented 
dysbiotic microbiota consisting of Porphyromonadaceae 
and Prevotellaceae. Furthermore, these intestinal bacteria or 
their derived products, including LPS and double‑stranded 
bacterial DNA, triggered activation of TLR4 and TLR9 in 
the portal circulation, and enhanced tumor necrosis factor 
(TNF)‑α expression in the liver, aggravating the progression 
of non‑alcoholic fatty hepatitis in mice (18). Collectively, the 
NLRP6 inflammasome serves a key role in maintaining the 
intestinal flora and preventing metabolic liver injury.

Intestinal NLRP3 inflammasome is involved in mucosal 
defense. The NLRP3 inflammasome has been extensively 
studied in myeloid cells; however, the presence of NLRP3 in 
the gut epithelium is controversial. Previous studies demon-
strated that the NLRP3 gene is highly expressed in intestinal 
bone marrow‑derived cells, including macrophages and mono-
cytes (55‑57). Therefore, in the majority of the previous studies, 
the role of the NLRP3 inflammasome in intestinal diseases 
has been investigated by examining its role in myeloid cells. 
In colonic epithelial cells, NLRP3 expression level is low or 
approximately undetectable (57,58). However, it was recently 
observed that the NLRP3 protein was expressed in human 
intestinal epithelial cells (59).

The NLRP3 inflammasome exacerbates intestinal inflam-
mation. In a rat colitis model, increased expression levels of the 
NLRP3 inflammasome were observed (60). Intestinal pathogens 
activated the NLRP3 inflammasome and induced IL‑β produc-
tion in monocytes, aggravating intestinal inflammation (55). In 
addition, titanium dioxide‑containing nanoparticles exacerbated 
dextran sodium sulfate (DSS)‑induced colitis by activating 
the NLRP3 inflammasome in intestinal epithelial cells and 
macrophages (59). Furthermore, Escherichia coli isolated from 
patients with inflammatory bowel disease activated the NLRP3 
inflammasome, exacerbating the inflammatory response (61). 
Conversely, in NLRP3‑/‑ mice, colonic inflammation in a model 
of inflammatory bowel disease was attenuated (62).

The NLRP3 inflammasome exerts a protective effect on 
intestinal inflammation by maintaining the intestinal mucosa. 
Allen et al  (57) demonstrated that the NLRP3 inflamma-
some served a protective role in DSS‑induced colitis, and 
that NLRP3‑/‑ mice exhibited more severe colitis. These 
observations may be explained by the following mechanisms. 
Hirota  et  al  (63) demonstrated that the expression levels 
of IL‑1β‑induced anti‑inflammatory cytokine IL‑10 and 
transforming growth factor β1 (TGF‑β1) were decreased in 
NLRP3‑/‑ mice. Additionally, peritoneal macrophages isolated 
from NLRP3‑/‑ mice did not exhibit a response to bacte-
rial muramyldipeptide and neutrophils exhibited decreased 
chemotaxis and increased apoptosis. Furthermore, NLRP3‑/‑ 
mice exhibited decreased expression levels of β‑defensin 
and antimicrobial peptides. Conversely, the level of patho-
genic microorganisms, including Enterobacteriaceae and 
Mycobacterium was increased. Additionally, NLRP3‑/‑ mice 
exhibited decreased expression levels of IL‑18, resulting in 
the loss of intestinal epithelial integrity, systemic leukocyte 
infiltration, and increased chemokine levels, aggravating 
DSS‑induced colitis (64).

The controversial role of the NLRP3 inflammasome in 
intestinal inflammation may be attributed to one or more of 
the following factors. Previous studies on NLRP3 inflam-
masome function primarily relied on transgenic animal 
models  (62‑64), in which breeding, environmental factors 
or different models of inflammation may affect the course 
of the disease. Furthermore, the role of the NLRP3 inflam-
masome in intestinal inflammation is predominantly based 
on the cell types affected. As mentioned above, in case the 
NLRP3 inflammasome is activated in intestinal epithelial 
cells, the synthesis of defensin is promoted by inducing IL‑18 
to maintain the intestinal microbial balance, thereby exerting 
a protective effect (64). However, once the intestinal epithelial 
barrier is destroyed, micro‑organisms and antigens may access 
the intestinal lamina propria. At this level, PAMPs may be 
recognized by macrophages and by dendritic cells via PRRs. 
Subsequently, the NLRP3 inflammasome in myeloid cells 
is activated, inducing IL‑1β, thereby aggravating inflamma-
tion (55).

Similar to NLRP6, the NLRP3 inflammasome may aggra-
vate liver damage by affecting intestinal flora in the gut‑liver 
axis. Pierantonelli et al (26) demonstrated that NLRP3‑/‑ mice 
fed a Western diet, provided with water containing fructose, 
exhibited impaired intestinal antimicrobial peptide synthesis. 
This event led to an increased permeability of the intestinal 
mucosal barrier, and induced dysbiosis in the form of an 
increased Firmicutes/Bacteroidetes ratio and increase in 
Proteobacteria, causing bacterial translocation, leading 
to the increased expression of the LPS receptor TLR4 and 
double‑stranded bacterial DNA receptor TLR9 in the liver. 
Antibiotic treatment decreased bacterial translocation and 
alleviated liver inflammation.

4. Inflammasome increases liver injury by inducing 
inflammation

Apart from the aforementioned roles of the inflammasomes 
in the gut, the present review focuses on the roles of inflam-
masomes in the liver. The inflammasome is expressed in 
liver parenchymal cells and immune cells (65). In hepato-
cytes, inflammasome activation induces hepatocyte death via 
pyroptosis and aggravates non‑alcoholic steatohepatitis (16). 
In immune cells, however, gut‑derived PAMPs activate the 
intracellular inflammasome via PRRs, resulting in increased 
synthesis of IL‑1β and IL‑18, with the former being a crucial 
pro‑inflammatory cytokine in liver inflammation  (17). 
A previous study demonstrated that IL‑1β promoted the 
synthesis of monocyte chemoattractant protein 1 (MCP‑1) 
and TNF‑α (66), thereby potentiating TNF‑α cytotoxicity in 
hepatocytes, and activating hepatic stellate cells to promote 
liver fibrosis (67). In addition, DAMPs that are released from 
dead hepatocytes may activate inflammatory responses in 
immune cells and hepatic stellate cells (68). Therefore, the 
inflammasome serves a key role in the hepatic inflammatory 
network. Previous studies investigating the pathogenesis 
of liver disease primarily focused on NLRP3 and AIM2 
inflammasomes (65,69). In contrast, the NLRP6 inflamma-
some does not have a direct effect on the liver; however, it 
was demonstrated to indirectly influence liver disease via the 
gut‑liver axis (18).
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5. Inflammasome regulates the barrier of biliary epithelium

Similar to the protective roles exerted by the inflammasome 
in maintaining the intestinal barrier, the inflammasome 
regulates the integrity of the biliary epithelium barrier. 
The biliary epithelial barrier serves a significant role in BA 
metabolism (70). Once a barrier, including tight junctions, 
is disrupted, BAs may leak into the portal tracts, thereby 
inducing the recruitment of leukocytes around the bile duct, 
activating the pro‑inflammatory cytokines TNF‑α, IL‑1β and 
fibrosis factor TGF‑β1, leading to periductal inflammation 
and fibrosis (70). Subsequent to fibrosis, bile duct epithelial 
cells may separate from the peribiliary plexus, and induce 
autophagy and cell death in the bile duct epithelium, leading 
to obstructive jaundice (71). A recent study has suggested 
that the inflammasome is involved in the regulation of biliary 
epithelial barrier function. Maroni et al (72) demonstrated 
that NLRP3 inflammasome activation affected epithelial 
barrier function in vitro and in vivo. In patients with primary 
sclerosing cholangitis and mouse models, an increased 
expression of the NLRP3 inflammasome was observed, that 
stimulated IL‑18 expression in bile duct epithelial cells. No 
significant alterations in IL‑1β were identified. In contrast to 
the protective role in the intestine, NLRP3 inflammasome 
activation in wild‑type mice decreased the expression of 
E‑cadherin and Zonulin‑1, and increased the permeability of 
cholangiocytes. Furthermore, in NLRP3‑/‑ mice, only minor 
alterations were observed in the aforementioned cell adhesion 
markers and cholangiocyte permeability (72). Collectively, 
these findings suggested that the NLRP3 inflammasome 
is expressed in reactive cholangiocytes and that activation 
of the NLRP3 inflammasome affected epithelial integrity 
of cholangiocytes by inducing pro‑inflammatory cytokine 
production.

6. BA metabolism and its effect on the inflammasome in 
the gut‑liver axis

In the gut‑liver axis, BAs serve a principal role. BAs are 
synthesized from cholesterol in hepatocytes by cholesterol 
7α‑hydroxylase (CYP7A1). Subsequently, primary BAs cholic 
acid (CA) and chenodeoxycholic acid (CDCA) conjugate 
with glycocholic acid (GCA) and glycochendeoxycholic 
acid or taurine (taurocholate and taurodeoxycholic acid) to 
generate conjugated primary Bas (73). BAs are secreted from 
the hepatocytes into bile via the canalicular bile salt export 
pump (66,67), subsequently reabsorbed in the terminal ileum 
by apical sodium‑dependent bile salt transporter, and returned 
to the liver via the portal vein (74,75). Finally, 95% of BAs are 
taken up by the basolateral transport systems into hepatocytes. 
The remaining primary BAs in the intestine are dehydroxyl-
ated to secondary BAs, including deoxycholic acid (DCA) and 
lithocholic acid (LCA), by bacteria (76). Therefore, factors 
affecting the metabolism of BAs may lead to gut‑liver axis 
dysfunction (77).

BAs serve as endocrine signaling molecules by binding 
to the nuclear farnesoid‑X receptor (FXR) and membrane 
Takeda G‑protein receptor  5 (TGR5) in the gut‑liver 
axis  (78‑80). FXR is highly expressed in enterocytes and 
hepatocytes, whereas, TGR5 is not present in parenchymal 

cells; however, is present in enteroendocrine cells, Kupffer 
cells, sinusoidal endothelial cells, stellate cells and cholangio-
cytes (81,82). Among the BAs, CDCA is the strongest FXR 
agonist (CDCA > DCA > CA > LCA; in order of decreasing 
potency) (79), whereas, LCA is the most potent in activating 
TGR5 (LCA > DCA > CDCA > CA)  (83). Accumulating 
evidence has suggested that BAs are involved in a series of 
pathological processes in the gut‑liver axis by activating FXR. 
For example, CA and DCA inhibited bacterial overgrowth and 
had a positive effect on mucosal injury in ileum caused by bile 
duct ligation (84), whereas, mice lacking FXR had impaired gut 
barrier integrity (85). BAs modulated gut microbial composi-
tion and mice fed with CA exhibited a marked decrease in the 
Bacteroidetes/Firmicutes ratio (2,86). In addition, FXR is a 
negative regulator of NF‑κB‑mediated hepatic inflammation 
and inhibited liver fibrosis, promoting regeneration (87‑89). 
Therefore, FXR may represent a novel therapeutic target for a 
broad range of gut and liver diseases.

At physiological levels, BAs are unable to activate 
the NLRP3 inflammasome. However, intrahepatic BAs 
may reach a critical concentration in cholestasis, causing 
DCA and CDCA to function as DAMPs to induce a strong 
activation of the macrophage NLRP3 inflammasome in a 
dose‑ and time‑dependent manner via signal 1 and signal 2 
(Fig.  4)  (21,28). The activation of the NLRP3 inflamma-
some may result in cholestatic liver injury and liver fibrosis, 

Figure 4. Effect of BA on the NLRP3 inflammasome in the macrophage. 
Elevated intracellular BAs, including deoxycholic acid and chenodeoxy-
cholic acid, directly activate the NLRP3 inflammasome in macrophages. 
However, the BA nuclear receptor FXR interacts with NLRP3 to prevent 
the assembly of NLRP3 inflammasome components, thereby repressing 
its activation. Furthermore, the BA membrane receptor TGR5 may nega-
tively regulate NLRP3 inflammasome activation by TGR5‑cAMP‑PKA 
axis‑dependent NLRP3 phosphorylation and ubiquitination. However, due 
to the limited expression of FXR and TGR5 under cholestasis conditions, 
the aforementioned protective mechanisms fail to counteract the cytotoxic 
effects of BAs. Black arrows indicate ‘promotion’, whereas, purple arrow 
indicates ‘inhibition’. BA, bile acid; cAMP, cylic adenosine monophosphate; 
FXR, farnesoid‑X receptor; PKA, protein kinase A; TGR5, Takeda G‑protein 
receptor 5; NLRP3, NACHT, LRR, and PYD domains‑containing protein 3.
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and its activation mechanisms may be involved in calcium 
influx, ROS production, K+ efflux and intracellular ATP 
release (21,28). In addition to the aforementioned direct roles, 
BAs are able to indirectly regulate the NLRP3 inflammasome 
via their receptors (Fig. 4). Guo et al (27) demonstrated that 
specific BAs, including CA, GCA, CDCA, DCA, ursodeoxy-
cholic acid, LCA and taurolithocholic acid interacted with the 
macrophage membrane receptor TGR5 and induced cyclic 
adenosine 3',5'‑monophosphate‑dependent protein kinase A 

(PKA) activation. PKA kinase in turn phosphorylated NLRP3, 
thereby preventing NLRP3 inflammasome activation, thus 
exerting anti‑inflammatory effects. In addition, Hao et al (28) 
identified another mechanism via which the BA‑activated 
nuclear receptor FXR negatively regulated the NLRP3 inflam-
masome. FXR interacted with NLRP3 and caspase‑1, thereby 
preventing assembly of the NLRP3 inflammasome. However, 
the expression of FXR in cholestasis was downregulated in 
the liver, leading to the extensive activation of the NLRP3 

Figure 5. Roles of the inflammasome in the gut‑liver axis. Decreased intestinal BAs induce intestinal flora disorders, increase intestinal permeability, and 
impair intestinal barrier function. The NLRP6 inflammasome in the intestinal epithelium physiologically induces IL‑18 synthesis, and promotes the produc-
tion of antimicrobial peptides and mucus secretion by goblet cells, which eventually inhibits intestinal barrier disruption and maintains intestinal microbial 
balance. However, in gut‑liver dysfunction, protective effects of the NLRP6 inflammasome may be inhibited, resulting in bacterial translocation, and the 
transfer of PAMPs and DAMPs to the liver via the portal vein. In the liver, accumulative PAMPs and DAMPs act on TLRs on the cell membrane to activate 
the intracellular inflammasome. Furthermore, in immune cells, NLRP3 and AIM2 inflammasome activation induces the synthesis of IL‑1β, which primarily 
mediates inflammation in the liver, and increases the expression of MCP‑1 and TNF‑α. In hepatocytes, MCP‑1 further aggravates hepatocyte steatosis. 
Furthermore, IL‑1β sensitizes hepatocytes to TNF‑mediated cellular toxicity and induces pyroptosis of hepatocytes in combination with TNF‑α. In hepatic 
stellate cells, NLRP3 inflammasome activation upregulates the expression level of TGF‑β1 and promotes hepatic fibrosis. Arrows indicate ‘promotion’, 
whereas, the symbol ‘┴’ indicates ‘inhibition’. BA, bile acid; DAMPs, danger‑associated molecular patterns; MCP‑1, monocyte chemoattractant protein 1; 
PAMPs, pathogen‑associated molecular patterns; TLR, Toll‑like receptor; IL, interleukin; NLRP6, NACHT, LRR and PYD domains‑containing protein 6; 
AIM, interferon‑inducible protein AIM2; TNF, tumor necrosis factor; TGF‑β1, transforming growth factor β1.
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inflammasome in macrophages, aggravating cholestatic liver 
injury. Furthermore, Xie et al (29) confirmed that the FXR 
activator GW4064 is able to inhibit NLRP3 inflammasome 
activation, mitigating liver inflammation. The BA receptors 
FXR and TGR5 not only inhibited intrahepatic BA synthesis 
and reduced cholestatic liver injury (90,91); however, addition-
ally negatively regulated the NLRP3 inflammasome, exerting 
anti‑inflammatory effects. Accordingly, using novel ligands of 
FXR and TGR5 may represent a potential therapeutic strategy 
for the treatment of cholestasis.

7. Inflammasome connects gut and liver

Similar to BAs, the inflammasome has been demonstrated to 
connect the gut and liver. According to De Minicis et al (8), 
intestinal NLRP3 inflammasome expression was downregu-
lated in a bile duct ligation mouse model. Collectively, the roles 
of the inflammasome in the gut‑liver axis are presented in Fig. 5. 
In gut‑liver dysfunction, decreased BAs in the intestine lead to 
dysbiosis characterized by increased Gram‑negative bacteria, 
whose metabolites, including spermine and histamine may 
inhibit the expression of the NLRP6 inflammasome in the intes-
tinal epithelium. Additionally, dysbiosis leads to a decreased 
synthesis of IL‑18, intestinal antimicrobial peptides, and mucus 
secretion by goblet cells, increasing intestinal permeability. 
Increased permeability leads to intestinal flora disruption and 
bacterial translocation, and eventually results in gut‑derived 
PAMPs and DAMPs to enter the liver via the portal vein. In the 
liver, PAMPs and DAMPs interact with TLRs to activate the 
intracellular NLRP3 inflammasome that leads to the synthesis 
of IL‑1β in macrophages or Kupffer cells  (17). It has been 
previously reported that IL‑1β exacerbates liver injury in the 
following ways. IL‑1β aggravates inflammation by recruiting 
inflammatory cells. Additionally, in combination with TNF‑α, 
IL‑1β induces pyroptosis of hepatocytes. Furthermore, IL‑1β 
activates hepatic stellate cells and promotes fibrosis (67).

8. Conclusions and future perspectives

In conclusion, the inflammasome is associated with the 
gut‑liver axis by affecting the intestinal mucosal barrier and 
microbial composition, and by modulating liver inflamma-
tion. However, the majority of the previous studies focused on 
the role of the inflammasome in either the gut or liver, and 
ignored its complex role in the gut‑liver axis. Furthermore, the 
inflammasome is assembled by self‑oligomerizing scaffold 
proteins and involves multiple NLR or non‑NLR families, 
including the NLRP3, NLRP6 and the AIM2 inflammasome. 
As hypothesized, various inflammasomes serve different roles 
in the same disease. Although the inflammasome may be the 
same, its roles in maintaining the integrity of the intestinal 
mucosa may differ. In addition, the NLRP3 inflammasome 
was downregulated in the gut; however, upregulated in the 
liver in the same disease (8). Therefore, to understand the 
exact mechanisms of inflammasome in the gut‑liver axis, it 
is crucial to identify the role of the inflammasome in the liver 
and gut, and investigate the interactions among multiple types 
of inflammasomes in the same disease.

BAs serve as endocrine signaling molecules in the patho-
genesis of gut‑liver axis. The effect of BAs on the NLRP3 

inflammasome is controversial. BAs may directly activate 
the NLRP3 inflammasome. In contrast, BAs may have the 
opposite effect by binding to the membrane receptor TGR5 or 
nuclear receptor FXR. This discrepancy may be explained by 
condition‑specific effects. At physiological levels, BAs were 
described to inhibit the NLRP3 inflammasome in an indirect 
way, maintaining the cell homeostasis. However, BAs may 
exert their cytotoxic effects by directly acting on the NLRP3 
inflammasome. Therefore, BA receptors may represent the 
key molecules for the treatment of liver diseases. For example, 
FXR agonist obeticholic acid has been approved for the treat-
ment of primary biliary cholangitis, whereas, TGR5 agonists 
failed to improve cholestatic liver injury in a mouse model 
of sclerosing cholangitis (92). The underlying mechanism of 
the dual role of BAs may be associated with the different 
distribution of these two BA receptors in the liver. Further 
studies are required to elucidate the interactions among BAs, 
BA receptors and the inflammasome.

Previous studies have demonstrated the benefits of 
inflammasome‑targeting drugs. For instance, the caspase 
inhibitor IDN‑6556 improved liver injury and liver 
fibrosis (24). Furthermore, administration of the IL‑1 inhibitor 
anakinra ameliorated liver inflammation, steatosis, hepa-
tocellular damage and fibrosis (17). In conclusion, based on 
the ongoing mechanistic studies of the inflammasome, novel 
inflammasome‑targeting drugs may provide novel therapeu-
tics for the treatment of gut and liver diseases.
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