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Abstract: NOD-like receptors (NLRs) are a family of cytosolic pattern recognition receptors (PRRs)
implicated in the innate immune sensing of pathogens and damage signals. NLRs act as sensors in
multi-protein complexes called inflammasomes. Inflammasome activity is necessary for the mainte-
nance of intestinal homeostasis, although their aberrant activation contributes to the pathogenesis of
several gastrointestinal diseases. In this review, we summarize the main features of the predominant
types of inflammasomes involved in gastrointestinal immune responses and their implications in
intestinal disease, including Irritable Bowel Syndrome (IBS), Inflammatory Bowel Disease (IBD),
celiac disease, and Colorectal Cancer (CRC). In addition, we report therapeutic discoveries that target
the inflammasome pathway, highlighting promising novel therapeutic strategies in the treatment of
intestinal diseases. Collectively, our understanding of the mechanisms of intestinal inflammasome
activation and their interactions with other immune pathways appear to be not fully elucidated. More-
over, the clinical relevance of the efficacy of inflammasome inhibitors has not been evaluated. Despite
these limitations, a greater understanding of the effectiveness, specificity, and reliability of pharma-
cological and natural inhibitors that target inflammasome components could be an opportunity to
develop new therapeutic options for the treatment of intestinal disease.

Keywords: inflammasome; gastrointestinal disease; miRNAs; inflammatory bowel disease;
colorectal cancer

1. Introduction

The innate immune system is the first line of the host’s defense against pathogens
and endogenous danger signals. In the gastrointestinal tract, microorganisms colonize the
mucosal surface and lumen and interact with the immune system to maintain the balance
between immune activation and tolerance [1]. Pattern recognition receptors (PRRs) play a
crucial role in the surveillance mechanisms of the innate immune system. They are proteins
expressed by immune cells such as dendritic cells, macrophages, monocytes, neutrophils,
and epithelial cells, and have the role of recognizing pathogen-associated molecular pat-
terns (PAMPs) and damage-associated molecular patterns (DAMPs), as well as initiating
the innate immune responses [2]. PRRs feature different classes depending on their cell
localization and include transmembrane proteins such as Toll-like receptors (TLRs) and
C-type lectin receptors (CLRs) and cytoplasmic proteins such as the Retinoic acid-inducible
gene (RIG)-I-like receptors (RLRs) and NOD-like receptors (NLRs) [2]. NLRs constitute a
family of sensor proteins which, once activated, provide a scaffold for the assembly of the
multiprotein complex known as inflammasome. In the innate immune system, inflamma-
somes are cytosolic complexes that activate inflammatory responses and control the host’s
defense against pathogens [3]. Inflammasomes regulate enzymes that can result in the
release of pro-inflammatory cytokines and initiate a special form of programmed cell death
known as pyroptosis [3]. According to recent evidence, inflammasome activity is crucial for
intestinal homeostasis and plays an important role in discriminating pathogenic bacteria
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from commensal organisms [4]. Indeed, in recent years, several studies have reported a key
role for inflammasomes in the pathogenesis of gastrointestinal diseases including celiac
disease, irritable bowel syndrome (IBS), inflammatory bowel diseases (IBD) comprising
Crohn’s Disease (CD) and Ulcerative Colitis (UC), and cancer [4].

In this review, we summarize the structures and functions of inflammasomes in the in-
testinal tract and their involvement in the pathogenesis of intestinal diseases. Furthermore,
we discuss the potential therapeutic strategies targeting inflammasome pathways that are
applicable in intestinal diseases.

2. Inflammasome Sensors

The term “inflammasome” was coined by Martinon and colleagues around the turn of
the 21st century to indicate a family of cytoplasmic proteins implicated in the activation of
caspase-1 by the TLRs in activated immune cells [5]. Generally, in immune cells, inflam-
masomes are able to detect a broad range of endogenous or exogenous stimuli and induce
cellular responses and effector release [6,7].

Inflammasome complexes are generally assigned to the categories of canonical and
non-canonical inflammasomes. In canonical inflammasome assembly, sensors recognize
ligands, triggering sensor oligomerization. Subsequently, the oligomers require an adaptor
protein apoptosis-associated speck-like protein containing a caspase recruitment domain
(ASC) that brings about effector pro-caspase-1 activation by proteolytic cleavage. Then,
active caspase-1 triggers the cleavage and release of the active forms of interleukin (IL)-13
and IL-18 [8]. In addition, caspase-1 cleaves Gasdermin (GSDM) D which, by forming
non-selective pores on the cell membrane, leads to the release of cytokines, cell swelling,
and pyroptosis [9]. Non-canonical inflammasomes are a distinct type of inflammasome
that are triggered by lipopolysaccharide (LPS) and act independently from caspase-1 by
engaging the activation of caspase-4 and caspase-5 in humans and caspase-11 in mice. The
caspases have the ability to function as sensors as well as effector molecules. In any case,
the final outcomes are IL-13 and IL-18 release, activation of GSDMD, and pyroptosis [10].

The sensors’ molecules trigger the formation of inflammasomes following the recogni-
tion of inflammatory stimuli (Figure 1). The first group of sensors discovered, and now well
described, contains a nucleotide oligomerization domain (NOD)-like receptor (NLR) sensor
molecule [11]. They are the intracellular proteins that play a critical role in the regulation
of the host’s innate immune response and include NLRP1, NLRP3, NLRP6, NLRP7, and
NLRCH4 [6,12]. Other proteins assembling canonical inflammasomes include the absent in
melanoma 2 (AIM2)-like receptor (ALR), AIM2, and pyrin [12].
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Figure 1. Domain structures of inflammasome components. NLR sensors contain a common central
domain composed of a nucleotide-binding domain (NBD) and leucine-rich-repeat domain (LRR), but
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differ in regards to the N-Terminal domain required for Caspase-1 recruitment, consisting of the
PYRIN domain (PYD) and caspase activation and recruitment domain (CARD). Moreover, the
NLRP1 sensors differ in regard to the function-to-find domain (FIIND) and the CARD domain in
the C-terminal. AIM2-like receptor sensors are composed of the N-Terminal PYD and C-Terminal
IFN-inducible nuclear protein with 200-amino acids (HIN-200). Pyrin/TRIM20 sensors are composed
of the N-Terminal PYD; a central region consists of an «-helical coiled-coil domain (C-C) and a zing
finger domain (B-Box), as well as a C-terminal B30.2/SPRY domain. The adapter protein ASC is
composed of a CARD and a PYD, whereas the effector protein pro-caspase-1 consists of a CARD
domain and a catalytic domain. Created in BioRender.com.

The NLR family comprises 23 genes in humans and 34 genes in mice [13]. The two
most prominent subfamilies are the NLRC and NLRP groups of proteins [13]. Structurally,
NLR proteins contain a central NACHT nucleotide-binding domain (NBD) and carboxy-
terminal leucine-rich repeats (LRRs), but differ in terms of their N-terminal, since the
NLRC proteins have one or more caspase recruitment (CARD) domains whereas the NLRP
proteins have pyrin domains (PYD) at their N-terminal [13,14]. The NACHT domain has
ATPase activity promoting the oligomerization of proteins, whereas the LRR domain has
a regulatory function in promoting ligand binding. Furthermore, the N-terminal domain
interacts with other proteins that carry out effector functions [13,14].

2.1. NLRP1

NLRP1 was the first protein identified to carry out the activities of forming the inflam-
masome complex and activating caspase-1 [5] (Figure 2).
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Figure 2. NLRP1 inflammasome activation. In the presence of bacterial and parasites infections,
ATP depletion, and UV radiation, NLRP1 undergoes FIIND cleavage. The N-terminal domain is
ubiquitinated and degraded by proteasomes, whereas the resulting FIIND-CARD fragment recruits
the adapter protein ASC, which brings in pro-caspase-1, leading to the inflammasome complex. After
proteolytic cleavage, the active caspase-1 results in IL-13 and IL-18 activation and the induction of
pyroptosis. Created in BioRender.com.
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NLRP1 differs structurally from other NLR proteins because, in addition to the com-
mon domains, it contains a function-to-find domain (FIIND) and a C-terminal CARD. This
domain critically requires the adaptor protein ASC for the recruitment of caspase-1 [12,15].
FIIND is constituted of two separated subdomains associated in a non-covalent manner and
plays a crucial role in inhibiting the complete degradation of NLRP1 by the proteasomes.
After inflammatory stimulation, the NLRP1 protein undergoes proteolysis of the FIIND
level, and the N-terminal domain is ubiquitinated and degraded by the proteasome. After
N-Terminal degradation, the subsequent FIIND-CARD fragment is released and acts as
a platform for caspase-1 maturation and downstream signaling of inflammasomes [16].
In humans, a single NLRP1 gene is encoded, whereas in mice, paralogs have been found,
namely NLRP1A, NLRP1B, and NLRP1C [12]. Mouse and human NLRP1 share common
architectural features, except for PYD. The PYD necessary for recruiting ASC is present in
human NLRP1, but is absent in murine NLRP1, which directly recruits caspase-1 through
its CARD domain [17]. NLRP1 expression is widespread in different human organs and
tissues, and several diseases are known to be associated with its dysfunction. In fact, NLRP1
was associated with autoimmune skin and lung disorders, arthritis, neurodegenerative
disease, and cancer [17-19]. Moreover, polymorphisms in the NLRP1 gene were associated
with CD, and aberrant activation of the NLRP1 inflammasome was involved in CRC [20].

2.2. NLRP3

To date, the NLRP3 inflammasome has been the most frequently studied inflamma-
some. NLRP3 consists of a cytosolic protein expressed by different types of cells, including
immune cells, epithelial cells, microglia, and neurons, and promotes inflammatory signal-
ing through the activation of caspase-1, the release of pro-inflammatory cytokines IL-13
and IL-18, and cell death by pyroptosis [21-23]. The activation of the NLRP3 inflammasome
is related to PAMPs, DAMPS, and endogenous and exogenous stimuli, and involves a two-
step process. The first step, or priming signal, corresponds to recognition of the TLR ligands,
which results in the activation of a nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) and the overexpression and post-translational modification of inflamma-
some components; the second step, or activating signal, triggered by extracellular ATP,
K* efflux, pore-forming toxins, and viral nucleic acids, promotes inflammasome assembly
and oligomerization, caspase-1 activation, and the release of active IL-13 and IL-18 [21-23].
NLRP3 inflammasome activation is also controlled by regulators. In particular, never in
mitosis A (NIMA)-related kinase 7 (NEK?7) interacts with NLRP3 sensors and mediates the
assembly and activation of the NLRP3 inflammasome downstream of the K* efflux [24].
The activation of the NLRP3 inflammasome can also be regulated by post-transcriptional
mechanisms (including phosphorylation, ubiquitination, SUMOylation, acetylation, and
miRNA regulation) that affect NLRP3 as well its downstream effector molecules [25,26]
(Figure 3).

The NLRP3 inflammasome plays an important role in regulating multiple inflammatory-
related diseases, metabolic disorders, autoimmune diseases, and cancer [13,27,28]. In the
gut, the NLRP3 inflammasome has a role in the host defense since it regulates intestinal
homeostasis, controlling the integrity of the intestinal epithelium and modulating immune
responses correlated to microbiota. However, several studies have reported controversial
results on the role of NLRP3 in intestinal inflammation. Opposing functions have been iden-
tified, since some studies reported that IL-1f3 and IL-18 production contributes to intestinal
inflammation; meanwhile, other reports have suggested that the production of IL-13 and
IL-18 induced by the NLRP3 inflammasome protects against colitis and colitis-associated
tumorigenesis [29-31].

Also in cancer, several points of evidence have shown the anti-tumorigenic and pro-
tumorigenic effects of NLRP3 [28]. Deficiencies in different components of the NLRP3
inflammasome can lead to increased colitis and colon cancer; hence, the inflammasome
can operate as a suppressor of inflammation and tumor progression [32]. Conversely, the
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NLRP3 inflammasome also has a pro-tumorigenic effect, since it is involved in proliferation,
survival, metastasis, angiogenesis, and immunosuppression [28,33].
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Figure 3. NLRP3/6 inflammasome activation. The activation of the NLRP3/6 inflammasome involves
a two-step process. The first step, called “priming signal”, consists of the recognition of PAMPs or
DAMPs, which results in NF-«B activation and the overexpression of inflammasome components.
The second step, called “activation signal”, is provided by RNA viruses, extracellular ATP, the K*
efflux, or pore-forming toxins that lead the inflammasome assembly and oligomerization. NEK?7 is
a regulator that interacts with NLRP3 and mediates inflammasome assembly. The inflammasome
complex activates caspase-1, which activates IL-13 and IL-18 and induces pyroptosis. The activation
of the NLRP3 sensor can be regulated by post-transcriptional mechanisms and, in the absence of
inflammatory stimuli, can be degraded by proteasomes. Created in BioRender.com.

2.3. NLRC4

NLRC4 was originally identified as a pro-apoptotic protein due to its structure ho-
mology with apoptotic protease-activating factor-1 (APAF1) and its ability to activate
caspase-1 [34]. Later, it was renamed and considered to be a member of the NLR fam-
ily, owing to the presence of the CARD domain in the amino-terminal portion [35]. The
NLRC4 inflammasome is assembled in response to bacterial infections, and the activation
requires the recognition of specific bacterial protein ligands by the NLR family of apoptosis-
inhibitory proteins (NAIP) [4,36]. The NAIP-ligand binding recruits NLRC4 and induces
its oligomerization, influencing the functional NAIP-NLRC4 inflammasome assembly [36].
Like other inflammasomes, NLRC4 activation leads to IL-1f and IL-18 release and pyropto-
sis. However, through its CARD-CARD domain, it is able to activate caspase-1 without
requiring the adaptor protein ASC [36] (Figure 4). The NAIP/NLRC4 inflammasomes may
exhibit functions in distinct cell types. Most studies show the function of NAIP/NLRC4
inflammasomes in hematopoietic cells, mainly macrophages and dendritic cells. However,
some evidence described NLRC4’s function in enterocytes [4,36,37].

Several studies have shown the critical role of NLRC4 in the host’s defense against bac-
terial infections [4,35]. The alteration of intestinal microbiota may contribute to ulcerative
colitis progression. For instance, Desulfovibrio vulgaris (DSV), a common bacterial species
present in the gut, is augmented in microbial dysbiosis and inflammatory conditions. An
increase in DSV was observed in the feces of patients with UC, and was associated with
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disease activity. In addition, in a Dextran Sulfate Sodium (DSS)-induced colitis mouse
model, DSV and its flagellin enhanced intestinal inflammation and induced significant
macrophage pyroptosis, promoting NAIP/NLRC4 inflammasome activation [38]. Evidence
for the involvement of NLRC4 in the pathogenesis of IBD is still contradictory. The lack of
NLRC4 was reported to induce more severe inflammation and tissue damages, indicating
its crucial role in protecting the gut [39]. In contrast, the absence or reduced activity of
NLRC4 was found to make no difference to the severity of inflammation after DSS adminis-
tration compared to the severity in wild type (WT) mice [40]. Moreover, NLRC4 plays an
important role in human autoinflammatory disease, since gain-of-function mutations in the
NLRC4 gene were identified as promoting spontaneous inflammasome activation [4,35].
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Figure 4. NLRC4 inflammasome activation. The presence of specific bacterial protein ligands is
recognized by the NLR family of apoptosis-inhibitory proteins (NAIP). The NAIP-ligand complex
recruits NLRC4, which therefore binds pro-caspase-1 and induces inflammasome oligomerization.
As a result, the active caspase-1 induces IL-1(3 and IL-18 activation and release, as well as pyroptosis.
Created in BioRender.com.

The involvement of NLRC4 inflammasomes in tumorigenesis was also investigated.
In patients affected by CRC, the gene expression of NLRC4 resulted in a decrease in the
tumor portion compared to the adjacent normal tissue, and its lower expression was related
to lymph node metastasis. In addition, the expression of NLRC4 was associated with
overall survival in CRC patients, indicating that it can be a potential prognostic marker
for predicting the survival rate of patients [41]. Furthermore, NLRC4 appears to play a
protective role in the development of colon cancer. In fact, the deletion of genes encoding
NLRC4 or NAIP increased the susceptibility of mice to the development of colitis and CRC
associated with colitis [40,42]. In an azoxymethane (AOM)-DSS mice model with reduced
NLRC4 activity and deficient for caspase-1, a significant increase in tumor development and
aggressiveness was observed compared to the increase seen in wild type mice [40]. These
findings suggest the protective activity of NLRC4/NAIPs against cancer development by
promoting the suppression of colonic tumorigenesis.
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2.4. NLRP6

NLRP6 is structurally similar to NLRP3 since it consists of a PYD N-terminal domain,
an NBD central domain, and an LRR in the C-terminal portion (Figure 3). In the absence of
inflammatory stimuli, the NLRP6 inflammasome maintains an auto-inhibitory conforma-
tion. In response to appropriate stimuli, such as viral and bacterial infections, it forms a
complex with ASC and caspase-1 [43,44]. NLRP6 is a key regulator of intestinal homeostasis
since it plays a critical role in regulating the host’s defense in intestinal epithelial cells and
innate immune signaling in myeloid cells. It is able to recognize bacterial products and/or
cell damage and integrity in the epithelium [45]. The NLRP6 inflammasome is highly
expressed in the small and large intestine, and its expression has been demonstrated both
in intestinal epithelial cells and goblet cells, as well as in immune cells [45].

The absence of NLRP6 results in the alteration of the gut microbiota, which leads to
severe colitis [44,46]. In fact, NLRP6 deficiency was demonstrated to cause defective mucin
secretion by goblet cells, which consequently triggered a greater susceptibility to persistent
infection [47]. The aberrant gut microbial community also increased susceptibility to colitis-
associated cancer in NLRP6 inflammasome-deficient mice after AOM/DSS administration,
showing the critical activity of NLRP6 for protection against inflammation-related colon
tumorigenesis [44,48].

2.5. AIM2-like Receptors

ALRs are cytosolic PRRs that detect exogenous nucleic acids during viral infection [3].
ALRs are structurally related proteins that generally act as intracellular DNA sensors.
These sensors activate innate immune responses in the presence of DNA in the cytosol of
infected or stressed cells. The ALR family includes the AIM2, IFNy-inducible protein 16
(IFI16), pyrin and HIN domain family member 1 (PYHINT1, also called IFIX), and myeloid
cell nuclear differentiation antigen (MNDA). ALRs are characterized by a PYD- and a
DNA-binding domain hematopoietic IFN-inducible nuclear protein with 200 amino acids
(HIN-200) [49] (Figure S1).

AIM?2, identified for the first time in melanoma cell lines, was the first ALR member
to be characterized in the innate immune system [50]. AIM2 is expressed in cytosol
and consists of a sensor for double-strand DNA (dsDNA). This inflammasome is able to
recognize viral and bacterial DNA, but also self-DNA distributed in the cytoplasm [51]. The
binding of the HIN-200 domain with DNA relieves it from an autoinhibitory state and leads
to an inflammasome complex assembly by ASC recruitment through its interaction with
PYD, caspase-1 activation, and IL-1$ and IL-18 release [51-53]. Moreover, as a protective
action for the host, AIM2 inflammasome assembly can lead to PANapoptosis [54]. In CRC,
AIM2 expression is reduced, and its role as tumor suppressor has been documented. A
dysbiotic intestinal microbiota increased tumorigenesis in mice lacking AIM2, and stem
cells tended to undergo uncontrolled proliferation [55].

Furthermore, AIM2 limited the proliferation of CRC cells, inhibiting cell viability,
acting on the cell cycle by blocking cells at the G1/S transition level and promoting apop-
tosis via the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/P38 mitogen-
activated protein kinase (MAPK) signaling pathways [41,56,57].

In humans, also IFI16, IFIX, and MNDA are included in the ALR family, while at
least 13 members have been identified in mice. IFI16 contains two HIN domains for DNA
binding, and it is a crucial contributor to the inflammatory response, since, after binding
with viral DNA, it induces a strong expression of interferon- (IFN-{3) in human mono-
cytes [49-53]. In addition, IFI16 is able to induce inflammasome complex activation in
response to herpes virus infection and cell death of T cells via pyroptosis in HIV infec-
tion [58]. However, two members of the ALR family, IFIX and MNDA, have not yet been
completely studied.
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2.6. Pyrin Inflammasome

Pyrin, also knowns as Marenostrin (TRIM 20), is a large cytosolic protein mainly
expressed in innate immune cells. Pyrin is composed of the N-Terminal PYD, which binds
the adapter protein ASC; the central region consists of a zinc finger domain (B-box) and
an o-helical coiled-coil domain (CC) necessary for correct protein oligomerization, as well
as a C-terminal domain (B30.2/SPRY) [59]. The expression of pyrin inflammasomes can
be influenced by LPS and cytokines (IFN-y, TNF-«, IL-4, and IL-10), and, upon activation,
pyrin recruits the adaptor protein ASC, leading to the activation and secretion of IL-1{3 and
IL-18 and pyroptosis via GSDMD [59] (Figure S2).

To date, the physiological as well the pathological role of pyrin in the gastrointestinal
tract is still unclear. However, there is evidence that the expression of the pyrin gene was
considerably increased in IBD patients, and mutations of this gene are associated with a
greater susceptibility to and severity of IBD [60]. Moreover, expression of the pyrin gene
was found to be significantly higher in colon cancer [61].

3. Role of Inflammasomes in Intestinal Diseases

Inflammasomes are an important component of the innate immune system which
recognizes pathological infections and endogenous danger signals and triggers an effective
and rapid immune response. However, dysregulated inflammasomes activation is impli-
cated in the pathogenesis of a variety of intestinal diseases. Over the years, the contribution
of inflammasomes in the pathogenesis of several inflammatory diseases, such as IBS, IBD,
Celiac Disease, and CRC, has been demonstrated.

3.1. Irritable Bowel Disease

IBS is a chronic functional bowel disorder related to an altered bowel function [62].
The pathophysiology is complex and far from well understood. In any case, IBS is consid-
ered to be a multifactorial disorder in which several mechanisms are involved, including
dietary, altered visceral sensitivity, altered gut-brain axis, bowel motility and secretory
dysfunctions, and somatic and psychiatric comorbidities [62]. Furthermore, microbial dys-
biosis, impaired mucosal barrier functions, immune activation, and the release of immune
mediators have been associated with IBS [63]. The development of IBS can be caused by
acute gastrointestinal infections (bacterial, viral, and protozoal), thus causing post-infection
IBS (PI-IBS) [64].

Studies have reported the involvement of inflammasomes in IBS. In a PI-IBS mice
model, it was demonstrated that the expression of NLRP3, ASC, and caspase-1 was sig-
nificantly increased compared to that of the control groups both in the chronic and acute
inflammation phases [65]. In fact, IBS patients with an intestinal flora disturbance present
an altered NLRP3 expression that further aggravates the intestinal inflammation, indicating
the role of NLRP3 in the regulation of intestinal flora and maintenance of intestinal home-
ostasis [66]. The alteration of intestinal microbiota triggered by stress-induced intestinal
inflammation influencing NLRP6 inflammasome signaling in the intestinal mucosa of IBS
patients. In fact, some researchers have reported that the reduction in NLRP6 expression
and the alteration of microbial intestinal composition caused intestinal inflammation [67,68].

3.2. Celiac Disease

Celiac disease is one of the most common immune-mediated chronic enteropathies,
characterized by an immune response to gluten in genetically predisposed subjects [69,70].
Celiac disease is an autoimmune disease that only occurs after exposure to the exogenous
trigger. It is characterized by a genetic predisposition linked to human leukocyte antigen
(HLA)-DQ2 and -DQ8 and tissue transglutaminase autoantigen (tTG), an improper innate
and adaptive inflammatory response that can target enterocytes leading to loss of function
of the intestinal barrier and an altered intestinal microbiome [69,70].

In patients with Celiac disease, the involvement of products downstream of the in-
flammasome activation, such as IL-1f3 and IL-18, was demonstrated [71]. In peripheral
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blood mononuclear cells (PBMC) and monocytes from celiac patients, the pepsin digest of
wheat gliadin fraction (PDWGF) induces the secretion of IL-1«, the activation of caspase-1,
and the secretion of mature IL-1p and IL-18 dependent on the NLRP3 inflammasome [72].
Moreover, in the intestine, the p31-43 peptide from a-gliadin may induce an innate immune
response that consequently triggers pathological intestinal inflammation through NLRP3
inflammasome activation [73]. In addition, the pyroptosis activated by inflammasome
signaling was correlated to colon tissue damage present in Celiac disease patients [74]. In
addition, the polymorphisms in NLRP3 and NLRP1 genes were associated with Celiac dis-
ease, suggesting their involvement in the predisposition to the disease. Single nucleotides
polymorphisms (SNPs) in the NLRP1 gene may lead to an increased inflammasome acti-
vation, contributing, together with NLRP3, to a predisposition to Celiac disease. In fact,
an abnormal activation of NLRP1 and/or NLRP3 inflammasomes results in an altered
activation of IL-1f3 and NF-kB, contributing to the lack of immune tolerance common in
Celiac disease [75].

3.3. Inflammatory Bowel Disease

IBD is a group of heterogeneous diseases characterized by chronic inflammation of
the gastrointestinal (GI) tract that occurs in the form of recurrent episodes alternating
with remission periods. Based on the symptoms, disease location, and histopathological
characteristics, IBD is classified as CD or UC. Although the etiology is still uncertain, IBD is
a multifactorial disorder in which genetic susceptibility, the impaired intestinal barrier, and
the aberrant immune response directed at the intestinal microbiota are all involved [76].

NLRs have been shown to contribute, directly or indirectly, to IBD pathogenesis [4].
In IBD patients, the levels of NLRP3 inflammasome components increase and are related to
the disease’s severity [77]. In addition, genome-wide association studies revealed that the
deregulation of NLRs was associated with IBD development in genetically predisposed
individuals. In fact, polymorphisms in the NLRP3 gene and inflammasome effectors were
associated with an increased susceptibility to IBD [78-80]. Studies on experimental models
of colitis report contradictory results regarding the role of NLRP3 in IBD pathogenesis.
Some works show that NLRP3, as well as caspase-1, play crucial roles in regulating immune
response and maintaining intestinal homeostasis, and their deletion causes a greater sus-
ceptibility to DSS-induced colitis and increased intestinal epithelial damage, supporting the
protective qualities of NLRP3 [29,31]. On the contrary, the study conducted by Siegmund
and co-workers reported that a caspase-1 deficit in DSS-induced colitis mice had protective
effects on the evolution of the disease, related to the limited production of IL-13 and IL-
18 [81]. The overproduction of IL-18 was responsible for a significant immune infiltration
in intestinal mucosa [82]. Bauer and collaborators demonstrated a critical role of NLRP3
inflammasomes in intestinal inflammation in the DSS colitis model, since NLRP3-deficient
mice developed mild colitis, unlike WT mice, and the levels of pro-inflammatory cytokines
in colonic tissue were reduced [30].

NLRP3 is the inflammasome most closely studied in relation to IBD pathogenesis.
However, other inflammasomes have also been investigated to assess their contribution to
IBD. Some evidence describes the role of NLRC4 in protecting the gut, since the absence of
this sensor caused colonic epithelial injury in DSS-induced colitis mice [39], whereas another
work reported that the severity of colitis was not affected by NLRC4 deficiencies [40].
Furthermore, mutations in NLRC4 were associated with an increased susceptibility to UC
development [83]. Despite this, the involvement of NLRC4 in the pathogenesis of IBD is
still unclear.

NLRP1 plays a role in regulating microbiome composition and has protective effects
on colitis, while its absence gives rise to the proliferation of pathogenic bacteria that induce
dysbiosis and consequently exacerbate intestinal inflammation and impair the function of
the intestinal barrier [20,84]. Furthermore, NLRP1 polymorphisms were associated with
colonic inflammation in CD patients [85].
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NLRP6 expression is elevated in intestinal tissue and plays a crucial role in intesti-
nal homeostasis. NLRP6 reduces inflammation and carcinogenesis, and regulates the
restoration of tissue damage. The absence of NLRP6 in experimental colitis results in
a greater susceptibility to the development of the disease, determining the impairment
of the intestinal microbiota, severe intestinal inflammation, and the inability to restore
epithelial barrier integrity [43,45,46,86]. Moreover, NLRP6 deficiencies predisposed the
host to colitis-associated tumor growth [44,86]. However, other findings did not show
an impact of NLRP6 on the gut microbiota composition; therefore, the role of NLRP6 in
intestinal inflammation is not yet fully clarified [87,88].

The AIM2 inflammasome has also a protective role in the intestine, since it modulates
gut homeostasis. The absence of AIM2 affected caspase-1 activation and the production
of IL-13 and IL-18, whilst also making mice highly susceptible to DSS-induced colitis
associated with microbial dysbiosis [89]. A subsequent study found that the release of
IL-18 triggered the upregulation of the IL-22-binding protein (IL-22BP) and antimicrobial
peptides. Hence, the suppression of IL-22BP related to AIM2 deletion caused the loss of
the STAT3-dependent antimicrobial peptides (AMPs) Reg33 and Reg3y, which promoted
dysbiosis-linked colitis [90].

3.4. Colorectal Cancer

CRC is the second cause of cancer-related death and the third most commonly diag-
nosed form of tumor in the world. CRC development is a multiphase process that develops
from a progressive accumulation of genetic and epigenetic alterations, genomic, and/or
epigenetic instability [91].

Inflammation plays an important role in tumor growth, since an imbalance in the influx
of inflammation-associated cytokines and chemokines determines a favorable tumor mi-
croenvironment (TME) that promotes tumor progression [92]. Over the years, studies have
shown that altered inflammasome signaling contributes to inflammation and colorectal
tumorigenesis [4]. NLRP1, NLRP3, NLRC4, NLRP6, and AIM2 have been demonstrated to
influence the pathogenesis of cancer by modulating innate and adaptive immune responses,
cell death, and proliferation [41].

The expression of NLRP3 is higher in human CRC tissues compared with non-
cancerous tissues; it is correlated with TNM staging and is also required for epithelial-
mesenchymal transition (EMT) [33,93]. In fact, the inhibition of NLRP3 expression reduced
the migratory and invasive capacities of cancer cells, whilst also inverting the mesenchymal
condition by reducing vimentin and Matrix metalloproteinase-9 (MMP9) expression and
increasing E-cadherin expression [33,93]. In CRC mice models, the protective role of the
NLRP3 inflammasome was shown, and its deficiency made the mice more susceptible to
colitis and colitis-associated colorectal cancer induced by AOM/DSS [32].

NLRP6 plays a protective role in intestinal inflammation and tumorigenesis. There
is evidence that mice lacking NLRP6 showed greater CRC development, resulting in the
inability to reduce inflammation and repair epithelial damage as well the proliferation and
migration processes [44,86]. Moreover, the promotion of tumorigenesis linked to the lack
of NLRP6 was associated with increased inflammation due to aberrant microbiota induced
through the production of CCL5 and the increased proliferation of epithelial cells triggered
by the production of IL6 [48].

The NLRP1 inflammasome also plays a protective role in the development of colitis-
associated CRC, which is associated with the release of the effector cytokines IL-13 and
IL-18. A study conducted using an AOM-DSS mouse model reported that mice deficient in
NLRP1 had increased morbidity, inflammation, and tumorigenesis, as well as low levels of
IL-1 and IL-18 compared to WT mice. By restoring the levels of effector cytokines, the
severity of colitis in Nlrplb~/~ mice was reduced [20].

The ASC adaptor protein, as well as the caspase-1 effector, may be involved in tumor
progression. Mice lacking ASC and caspase-1 showed an increased tumor burden related to
attenuated levels of IL-13 and IL-18 in the site of the tumor [32]. Moreover, the methylation
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status of the ASC gene could be used as a marker for cancer prognosis, since ASC is
epigenetically silenced by aberrant methylation of its CpG islands in many tumor cells,
suggesting its potential role as a tumor-suppressor gene. In a work conducted by Hong
and colleagues, they discovered that ASC-deficient colon cancer cells underwent cell death
in response to genotoxic stress, supporting the concept that the methylation status of the
ASC gene could be used for cancer prognosis [94]. In the absence of caspase-1 or NLRC4
activity, the epithelial cells exhibit an enhanced tumorigenesis. In Caspase-1-deficient
mice, enhanced tumor formation resulted in intrinsic changes in epithelial gene-expression
programming affecting proliferation and apoptosis. This increased tumorigenesis was also
mediated by NLRC4 inflammasomes [40].

Cytokine production as a result of inflammasome activation was shown to be pro-
tective against colorectal tumorigenesis. The lack of both the IL-1f3 and IL-18 receptors
causes a greater susceptibility to DSS-induced colitis and CRC development [95]. Zaki and
co-workers demonstrated that the lack of NLRP3 inflammasome components results in
the development of inflammation and significant progression of CRC in an AOM/DSS
mouse model. Mice with NLRP3 and caspase-1 deficiency subjected to AOM/DSS showed
a dramatically increased tumor burden in the colon due to reduced IL-18 levels that altered
the production and activation of the tumor suppressors IFN-y and signal transducer and
activator of transcription 1 (STAT1) [32]. Moreover, in Nlrplbf/ ~ mice, an increase in
inflammation and tumorigenesis was observed, followed by attenuated levels of IL-1f3 and
IL-18 [20]. Similarly, pyrin-deficient mice have shown a greater susceptibility to colon tu-
mor formation compared to WT mice in response to AOM/DSS, also showing a consequent
defect in IL-18 production [96].

Some studies have been conducted to demonstrate the role of AIM2 inflammasome
components in CRC carcinogenesis. Over the years, studies on AIM2 showed its role as
a tumor suppressor, showing that a reduced expression of the AIM2 gene was correlated
with cancer progression and poor prognosis in CRC [41,97]. In vitro studies on HCT116
cell lines show that the restoration of AIM2 levels block cell proliferation in the late S-
phase. Despite this, these cells show an aggressive phenotype, expressing genes associated
with invasion [98]. AIM2 was also involved in the suppression of the EMT and cell
invasion, in the inhibition of cell viability, and in the apoptosis of CRC cells through the
suppression of the PI3K/AKT pathway [99]. In a study on AIM2-deficient mice, higher
tumor development in the colon was observed following AOM/DSS treatment that induced
AKT activation [100].

4. Strategies to Inhibit the Inflammasomes Pathways

Considering the clear contribution of inflammasomes to the onset and progression
of various inflammation-related diseases, therapeutic strategies that target the inflam-
masome signaling pathways offer considerable therapeutic promise in the treatment of
inflammatory diseases.

To date, several molecules that directly target the sensors, as well as other components
of the inflammasome complexes and downstream effector molecules have been identified
(Figure 5). Here, we list the known therapeutic inhibitors of the inflammasomes pathways
and their respective intestinal disease targets.
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Figure 5. Inflammasomes inhibitors. Graphical representation of the inflammasome pathways and
inhibitors with related targets. Black font corresponds to pharmacological compounds, green font
corresponds to natural compounds, and purple font corresponds to miRNAs. Created in BioRender.com.

4.1. Pharmaceutical Inhibitors

Several pharmacological inhibitors that target the inflammasome sensors have been
reported (Table 1). Many compounds that directly interact with NLRP3 inflammasomes
binding the NACHT domain include MCC950, OLT117, Tranilast, and G514-0208.

MCC950 is the best characterized and most potent and selective small molecule inhibitor
that targets the NLRP3 inflammasome. MCC950 is able to block canonical and non-canonical
NLRP3 activation by directly binding the NLRP3 NACHT domain [101]. In a spontaneous
chronic colitis mouse model, MCC950 reduced the severity of chronic colitis through the
inhibition of NLRP3 inflammasome activation. Consequently, the selective inhibition of NLRP3
by MCC950 decreased IL-1f3 secretion [102]. Loss of function of the intracellular bacterial
NOD?2 sensor is a risk factor for the development of CD. Even in the absence of NOD2
signaling, the inhibition of the NLRP3 pathway can prevent intestinal inflammation. In fact,
it has been reported that MCC950 reduced DSS-induced intestinal inflammation in a NOD2-
sensor-deficient mouse model [103]. Immunity-related GTPase M (IRGM) is a protein that acts
as a negative regulator of the NLRP3 inflammasome activation since it physically interacts
with the components of inflammasomes, preventing assembly and mediating the autophagic
degradation of inflammasome components. It has been demonstrated that treatment with
MCC950 improved colitis in mice with an IRGM deficiency, blocking NLRP3 inflammasome
activation [104].

OLT117, a 3-sulfonyl nitrile compound, is a selective inhibitor for NLRP3 that is able
to inhibit both canonical and non-canonical NLRP3 inflammasome activation by directly
binding NLRP3 on the NACHT domain. The administration of OLT1177 showed a greater
efficiency during the acute inflammatory phase of DSS-induced colitis than during the recovery
phase [105].



Int. J. Mol. Sci. 2024, 25, 13058

13 of 34

Table 1. Summary of the pharmacological inhibitors of inflammasomes and their ability to interfere with various steps of inflammasome activation in experimental
models of intestinal disease.

Phase Inhibitor Target Mechanism of Action Experimental Models References
. cal infl Spontaneous colitis mice
MCC950 NLRP3 Bloc.ks Cfmon?cal'and non-canomcal. inflammasome g i quced colitis usin g Nod?2 [101-104]
activation binding NACHT c?omaln and reduces knockout mice
IL-1B secretion DSS-induced colitis mice
OLT117 NLRP3 Inhibits canonical and non-canonical inflammasome DSS-induced colitis mice [105]
Inﬂammasome Sensors activation bmdlng NACHT domain
Influences the activation of inflammasome by DSS-induced colitis mice
. binding NACHT domain DSS-induced colitis rats
Tranilast NLRP3 Inhibits visceral hypersensitivity and colon Mouse BMDMs and THP1 [106-109]
permeability IBS rat models
G514-0208 NLRP3 Selectively inhibitor via NACHT domain binding DSS-induced colitis mice [110]
In combination with metformin, inhibits the
MCC950 NF-«B priming and activation of inflammasomes via DSS-induced colitis rats [111]
TLR4/NF-«B and induces autophagy
. . Inhibits inflammasome activation via the . L. .
Dapagliflozin NLRP3 NE-xB/ AMPK /NLRP3 axis Acetic acid-induced colitis in rats [112]
. . Inhibits inflammasome activation via the . .
Canagliflozin NLRP3 NF-«B/AMPK /NLRP3 axis Acetic acid-induced colitis in rats. [113]
NF-kB Pathway Oridonin NF-kB Inhibits inflammasome activation via NF-«B and TNBS-induced colitis mice [114]
reduced cytokines expression
Blocks inflammasome activation, modulating
Mirtazapine NLRP3 NF-«B activation and the NLRP3/caspase-1 Acetic acid-induced colitis in rats [115]
signaling pathway
Inhibits inflammasome activation by suppressing Mouse BMDMs
BAY 11-7082 NLRP3 both the NF-«B and NLRP3 pathways IBS rat models [66,116]
Artemisinin NLRP3 Blocks NLRP3 inflammasome assembly by inhibiting Mouse BMDMs [117]

ROS production and NF-kB and MAPK signaling

DSS-induced colitis mice
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Table 1. Cont.

Phase Inhibitor Target Mechanism of Action Experimental Models References
: Prevents inflammasome activation through the Mouse BMDMs
Glyburid + & 77,118
yburide K" efflux inhibition of K* efflux IL10~/~ mouse model [ ]
Prevents inflammasome activation through the
BHB K offlux inhibition of K* efflux and ASC oligomerization Mouse BMDMs [119,120]
Reduces cytokine inflammasome-related release DSS-induced colitis rats
and mitigates pyroptosis
(R,R)-BD-AcAc2 NLRP3 Prevents inflammasome activation and pyroptosis DSS-induced colitis rats [121]
RRx-001 NEK7 Covalent binding to the cysteine residue, preventing Mouse BMDMs; [122]
Inflammasome Activation X NLRP3-NEK? interaction; attenuates experimental colitis DSS-induced colitis mice
. S . DSS-induced colitis mice
WT161 NLRP3 Inhibits NLRP3 activation by blocking HDAC6 Mouse BMDMSs [123]
Cod6 NLRP3 Inhibits NLRP3 activation by blocking histone DSS-induced colitis mice [124]
acetyltransferase p300 Mouse BMDMs
Metformin NLRP3 Suppresse§ inflammatory processes and regulates 151034 [125]
the inflammatory microenvironment
. . o CRC mouse model
BayK8644 TMEMI176B Triggers NLII;I;i ;ﬁﬂzrtr;r?r?sfn;zivatiavahon and THP-1 [126]
& Mouse BMDMs
e NLRC4 i . Mouse BMDMs
Artemisinin AIM2 Inhibits I1-1f3 secretion DSS-induced colitis mice [117]
DSS-induced colitis mice
Pralnacasan Caspase-1 Inhibits caspase-1 activation Mouse BMDMs [30]
THP-1
Caspase-1 Activation : o : N DSS-induced colitis mice
and Ac-YVAD-cmk Caspase-1 Inhibits caspase-1 activation Mouse BMDMs [127]
Pyroptosis Inhibits HDAC2 expression and, in combination with SW620
Santacrumazate A NLRP3 antitumor agents, activates [128]
NLRP3/GSDMD-mediated pyroptosis LS174T
Lobaplatin GSDME Induces pyroptosis via GSDME activation HHC111”12191 6 [129]
Si . NLRP3 Induces intracellular ROS production and triggers HCT116 [130]
imvastatin the NLRP3/caspase-1 pathway and pyroptosis SW620
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Table 1. Cont.

Phase Inhibitor Target Mechanism of Action Experimental Models References
Induces NLRP3-ASC-caspase-1 mediated SW480
FL118 NLRP3 pyroptosis HT29 [131]
Induces Bcl2/caspase-9/caspase-3 apoptosis and HCT116
A438079 P2X7 NLRP3/ caspase-1 pyroptosis SW620 [152]
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Tranilast (TR) is an analog of the tryptophan metabolite, which has a protective effect
in IBD. TR showed an inhibitory effect on the NLRP3 inflammasome in macrophages by
binding directly to the NACHT domain and thus inhibiting the assembly of NLRP3 [106]. TR
reduced experimental colitis, decreasing the expression of the pro-inflammatory cytokines and
increasing anti-inflammatory cytokine levels [107,108]. Moreover, TR inhibited tumor growth
and angiogenesis and increased tumor necrosis by targeting transforming growth factor beta
(TGF-B) in colon cancer [133]. Moreover, intragastric administration of TR in rat models with
IBS inhibited visceral hypersensitivity and colon permeability in a dose-dependent manner by
suppressing the NLRP3 inflammasome [109].

A small-molecule drug, G514-0208, is an inhibitor with a tetrahydroquinoline core
which selectively inhibited the NLRP3 sensor by NACHT domain binding. This molecule
inhibited NLRP3 assembly and activation, reducing experimental colitis [110].

Other inhibitors control inflammasomes activation by regulating the NF-«B activity.
The protective effect of MCC950, in combination with metformin, interrupted the priming
signal needed for NLRP3 inflammasome activation via TLR4/NF-«B signaling and led to
autophagy induction by AMP-activated protein kinase (AMPK) [111]. Other antidiabetic
drugs, such as Dapagliflozin and Canagliflozin, have been reported to have a coloprotective
effect against UC via NLRP3 signaling inhibition, preventing both NLRP3 inflammasome
priming and the activation step, IL-1f3 and IL-18 release, and pyroptosis [112,113]. Oridonin
(Ori) is a bioactive constituent of a medicinal herb with anti-inflammatory properties and
may be considered a potential candidate for the treatment of IBD. In fact, in a colitis
mouse model, it was found that Ori inhibited the activation of NF-kB and suppressed
the overexpression of pro-inflammatory cytokines [114]. Mirtazapine (MRT) is a well-
established antidepressant drug that demonstrated a favorable effect in UC treatment,
decreasing the expression of NLRP3 inflammasome components [115]. BAY 11-7082 is a
potent inhibitor of the NF-kB pathway that also selectively suppresses the activation of
NLRP3 in macrophages [116]. BAY 11-7082 demonstrated a therapeutic effect also in IBS,
significantly reducing the pathological signs of disease by inhibiting NLRP3 inflammasome
activity and NF-«B translocation, thus reducing the release of inflammatory mediators [66].

Artemisinin and its derivatives exhibit anti-inflammatory properties in anti-inflammatory
diseases. Artemisitene significantly reduced the inflammatory response in DSS-induced
ulcerative colitis, inhibited the production of reactive oxygen species (ROS), and blocked
the activation of NLRP3 inflammasome, inhibiting caspase-1 cleavage, and, hence, IL-13
production. Moreover, it can also inhibit IL-1 secretion mediated by NLRC4 and the
AIM2 inflammasome [117]. Dihydroartemisinin (DHA) is another compound, derivative
of artemisinin, which protects against acute colitis via suppressing NLRP3 inflammasome
activation and NF-«B and p38 MAPK signaling [134].

One of the stimuli that led to inflammasome activation is K* efflux [21,23]. Glyburide
and -hydroxybutyrate are two compounds that regulate inflammasome activation in
this step. Glyburide, an antidiabetic drug used to treat type 2 diabetes, can prevent
the activation of the NLRP3 inflammasome and decrease IL-1§ release in immune cells
through the inhibition of K* efflux [118]. In IL-10-deficient mice, Glyburide suppressed
NLRP3 inflammasome activation, acting both preventively and by improving ongoing
colitis [77]. B-hydroxybutyrate (BHB) is a ketone metabolite that can act as an important
immune cell regulator since it induces NLRP3 inflammasome inhibition by suppressing
K* efflux and reducing ASC oligomerization [119]. Its integration with exogenous BHB
may provide a useful therapeutic approach for IBD treatment. Recently, it was discovered
that treatment with exogenous BHB mitigated experimental colitis in rat model colitis
through the inhibition of NLRP3 inflammasome activation, resulting in a low release of
IL-1p3 and IL-18 and attenuated intestinal epithelial damage, as well as in the restoration of
the intestinal epithelial barrier. Furthermore, BHB downstream mitigated apoptosis and
pyroptosis processes by inactivating caspase-3 and NLRP3/GSDMD, respectively [120].
Another chemical strictly related to BHB is (R,R)-BD-AcAc2, a ketone ester able to increase
the serum levels of BHB, which may offer another potential therapeutic approach in
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IBD. Notably, (R,R)-BD-AcAc2 improved experimental colitis, targeting the priming and
activation of the NLRP3 inflammasome and its downstream signaling molecules, inhibiting
pyroptosis and inducing autophagy [121].

An essential mediator of NLRP3 activation is NEK7, which acts downstream of K*
efflux to regulate NLRP3 oligomerization and activation [135]. RRx-001 is a highly selective
and potent NLRP3 inhibitor since it blocks the assembly and activation of the NLRP3
inflammasome by ensuring NLRP3-NEK? interaction. Consequently, RRx-001 ameliorated
the inflammatory conditions and attenuated symptoms in experimental colitis [122].

Histone deacetylase 6 (HDAC6) was shown to be important in NLRP3 inflammasome
assembly and activation [136]. WT161, a specific inhibitor for HDACS, alleviated colonic
inflammation and intestinal injury in DSS-induced colitis mice via NLRP3 inflammasome
suppression. WT161 decreased the expression of NLRP3, suppressed ASC oligomeriza-
tion, and reduced the levels of pro-inflammatory factors [123]. C646 is an inhibitor of
histone acetyltransferase p300, which ameliorates inflammation in a DSS-induced colitis
model by affecting NLRP3 inflammasome assembly and activation. Xu and co-workers
reported that C646 impaired NLRP3 inflammasome activation through the suppression of
ASC oligomerization, inhibiting interactions with NLRP3 and ameliorating experimental
colitis [124].

The activation of caspase-1 by the NLRP3 inflammasome induces pathological mecha-
nisms in IBD, and its inhibition could offer a useful strategy for IBD treatment. In fact, Bauer
and co-workers reported that the administration of Pralnacasan, a potent and non-peptide
inhibitor for caspase-1, prevented DSS-induced colitis [30]. Another Caspase-1-specific
inhibitor, namely Ac-YVAD-cmk, suppressed intestinal inflammation and reduced the
severity of colitis in I110-deficient mice [127].

Pyroptosis has a significant anti-tumor effect in CRC. Inducing pyroptosis is considered
to be a promising therapeutic strategy for CRC patients since it could overcome resistance to
conventional chemotherapy drugs and enhance immunotherapy, and, therefore, treatment
outcomes [137]. Loss of NLRP3 expression in CRC limits pyroptosis, affecting the efficacy
of antitumor therapy. Guan and co-workers showed that the overexpression of HDAC2
in CRC silenced the NLRP3 inflammasome, limiting GSDMD-mediated pyroptosis. The
inhibition of Histone deacetylase 2 (HDAC2) by the selective histone deacetylase inhibitor
Santacruzamate A, in combination with 5-Fluorouracil (5-FU) and regorafenib antitumor
agents, activated NLRP3/GSDMD-mediated pyroptosis [128]. Yu and colleagues reported
that, in CRC cell lines treated with lobaplatin, an anti-neoplastic agent, reduced the cell
viability and induced pyroptosis by triggering GSDME cleavage in a dose-dependent
manner [129]. Simvastatin is indicated for the treatment of hyperlipidemia, although there
is evidence that, in cancer, Simvastatin affected cell proliferation and angiogenesis and acted
against drug resistance [138]. It was reported that simvastatin inhibited the cell proliferation
and viability of colon cancer cells by inducing pyroptosis. The administration of Simvastatin
enhanced the assembly and activation of the NLRP3 inflammasome, induced the release
of IL-1p and IL-18 effectors, and mediated GASDMD activation, and hence pyroptosis,
through increased cellular ROS [130]. FL118 is an antitumor drug that showed greater
antineoplastic effects in CRC [139]. Tang and colleagues reported that FL118 inhibited cell
proliferation, the migration and invasion of colon cancer cells, and promoted pyroptosis by
activating the NLRP3 inflammasome [131]. Similarly, A438079, a selective and competitive
P2X7 receptor antagonist, affected CRC cell line proliferation, invasion, and migration, in
addition to inducing apoptosis via the Bcl-2/caspase-9/caspase-3 pathway and pyroptosis
through the NLRP3/caspase-1 pathway [132].

The TME plays a key role in cancer progression and invasion, since it allows for
communication between tumor cells and other cell types present in the tumor stroma. The
persistent intercommunication exposes the TME to cytokines, chemokines, and growth fac-
tors that support tumor growth [92]. The inhibition of these inflammatory processes could
be used as a therapeutic target in CRC. In a study conducted using colon cancer cell lines,
it was discovered that metformin can suppress inflammatory factors” expression, regulate
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the inflammatory microenvironment, and limit the progression of CRC by inhibiting the
expression of the NLRP3 inflammasome [125].

Transmembrane protein 176B (TMEM176B) is an immunoregulatory cation channel
highly expressed in the tumor stroma in CRC patients, and it is associated with poor
prognosis. TMEM176B in immune cells acts as a negative regulator of inflammasome
activation, since overexpression of TMEM176B is associated with reduced NLRP3 and
IL-1p expression. Segovia and co-workers demonstrated that the inhibition of TMEM176B
expression with BayK8644 triggered inflammasome activation and consequently limited
tumor growth. Furthermore, they reported that BayK8644 administration, in combination
with immune checkpoint blockers, augmented the antitumoral effects [126].

4.2. Natural Compounds

Many natural compounds have anti-inflammatory properties and are able to influence
the aberrant inflammation due to their ability to interfere with several steps leading to
inflammasomes activation, assembly, and the resulting signaling pathways (Table 2).

Several molecules suppress the activation of NF-«B, preventing NLRP3 inflammasome
activation. Naringin and Procyanidin, two powerful antioxidation flavonoids, alleviated
disease activity in DSS-induced colitis models, suppressing the activation of NF-«B sig-
naling and NLRP3 inflammasome activation [140,141]. Likewise, Phloretin, by inhibiting
the NF-kB signaling pathway, suppressed NLRP3 inflammasome activation, reduced the
release of pro-inflammatory cytokines, and maintained intestinal epithelial integrity [142].

Formononetin and Genistein are two isoflavone compounds that have protective
effects on DSS-induced acute colitis, attenuating colon epithelial damage and reducing
protein levels of the NLRP3 pathway by inhibiting NF-«kB [143,144].
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Table 2. Summary of natural compounds that modulate inflammasome assembly and activation in experimental intestinal disease.
Phase Natural Compounds Target Mechanism of Action Experimental Models References
Suppresses the activation of
Naringin NF-«B NF-kB, preventing the NLRP3 inflammasome DSS-induced colitis mice [140]
signaling pathway
. Suppresses the activation of DSS-induced colitis mice
Procyanidin NF-«B NF-«B, preventing NLRP3 inflammasome activation THP-1 [141]
. Suppresses the activation of . e
Phloretin NF-<B NF-kB, preventing NLRP3 inflammasome activation DSS-induced colitis mice [142]
Formononetin NLRP3 Inhibits the NLRP3 signaling pathway DSS-induced colitis mice [143]
NEF-«B Pathway - —
Genistein NLRP3 Inhibits the NLRP3 signaling pathway Dss'md“TC;?Pf?h“S fice [144]
Celastrol NF-xB Inhibits NLRP3 1nﬂamma§ome activation and contrasts DSS-induced colitis mice [145]
oxidative stress
Evodiamine NF-«B Modulates NLRP3 inflammasome activation DSS-induced colitis mice [146]
Bergenin NF-«B Blocks the §anon1cal and non-canonical NLRP3 DSS-induced colitis rats [147]
inflammasome pathways
SeC01.solar1C1.resmol NEF-«B Inhibits NLRP1 inflammasome activation DSS-induced colitis mice [148]
diglucoside Raw264.7
DSS-induced colitis mice
Card : Nef2 Inhibits NLRP3 inflammasome activation by inducing TNBS-induced colitis mice [149]
ardamornun ! activation of the AhR/Nrf2/NQO1 pathway BMDMs
THP-1
. Reduces NLRP3 inflammasome activation by inducing DSS-induced colitis mice
Dimethyl fumarate Nrf2 Nrf2 pathway activation THP-1 [150]
Inflammasome Activation ; ;
Coptisine N2 Modulates the expression .levels of NLRP?') inflammasome PLIBS rats [151]
components, increasing the expression of Nrf2
Luteolin ROS Inhibits NLRP3 inflammasomes aC.tIVé?tIOI’I and promotes Raw264.7 [152]
macrophage polarization
Atractylenolide DRP1 Inhibits NLRP3 inflammasome activation via AOM /DSS mice [153]

mitochondrial damage suppression
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Table 2. Cont.
Phase Natural Compounds Target Mechanism of Action Experimental Models References
Inhibits NLRP3 inflammasome assembly, affecting
i i Murine BMDM
Parthenolide NEK7 - NLRP3/NEK? interaction , urine s [116,154]
K* efflux Inhibits NLRP3 inflammasome activation by suppressing THP-1
K* efflux
. Inhibits activation of the NLRP3 inflammasome, reducing . e
+ ’ .
Curcumin K* efflux ROS and Cathepsin B release DSS-induced colitis mice [155]
Vitamine D3 NEK7 Impairs NLRP3/NEK?7 interaction, suppressing NLRP3 DSS-induced colitis mice [156]
inflammasome assembly and activation
Ginsenosides NLRP3 Reduces NLRP3 inflammasome activation DSS-induced colitis mice [157,158]
Salidroside NLRP3 Modulates NLRP3 m.ﬂ ammasome actlvghon and DSS-induced colitis mice [159]
downstream pro-inflammatory mediators
Palmatine NLRP3 Modulates NLRP3 mﬂammasome activation and increases DSS-induced colitis mice [160]
mitophagy
. Inhibits activation of the NLRP3 inflammasome and . e
Cinnamadehyde NLRP3 restores the NLRP3-related inflammatory mediators DSS-induced colitis mice [161,162]
Paeoniflorin miR-29a Modulates NLRP3 inflammasome activation IBS mice [163]
CJAF NLRP3 Modulates NLRP3 1nﬂammasome actlvgtlon and IBS mice [164]
downstream pro-inflammatory mediators
. . DSS-induced colitis mice
Eugeniin NLRC4 Reduces NAIP/ NLRC4 1nﬂa.mmasome activation by Raw264.7 (3]
bacterial pathogenic components
THP-1
Arctigenin NLRP3 Inhibits NLRP3 inflammasome assembly and activation AOM/DSS mice [165]
Inhibits NLRP3 inflammasome activation DSS-induced colitis mice
Andrographolide NLRP3 In combination with antitumor agents, enhances the effects AOM/DSS mice [166,167]
of cancer therapies Murine BMDMs
DSS-induced colitis mice
Triggers autophagy, inducing NLRP3 inflammasome AOM/DSS mice
GL-V9 NLRP3 degradation THP-1 [168]

Murine BMDMs
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Table 2. Cont.
Phase Natural Compounds Target Mechanism of Action Experimental Models References
. Caspase-1 _ . . . .

Luteolin GSDMD IL-1p Inhibits cell proliferation and induces pyroptosis HT29 [169]

SW480
Curcumin NLRP3 Promotes NLRP3-mediated pyroptosis ch;r\}jf) [170]

Caspase-1 Activation HT29

and
Pyroptosis . . Raw264.7
Sulforaphane Caspase-1 Inhibits caspase-1 cleavage and IL-13 maturation Murine BMDMs [171,172]
Reduces ROS levels : e
DSS-induced colitis mice

VI-16 IL-1B Inhibits NLRP3 inflammasome activation and IL-1p release DSS-mdu;Ie_;:lei) litis mice [173]
Post-Transcriptional CAPE NLRP3 Promotes NLRP3 ubiquitination and degradation AOM/DSS mice [165]

Modification
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Also, Celastrol, Evodiamine (EVO), Bergenin, and Secoisolariciresinol diglucoside
have the capacity to inhibit inflammasome activation via NF-«B. The significant therapeutic
properties of Celastrol, EVO, and Bergenin have been demonstrated in IBD [145-147,174].
These natural compounds improved inflammatory conditions and colon tissue damage in
a DSS-induced colitis mouse model by regulating the NF-«B signal and NLRP3 inflamma-
some, as well as the damage to the colon epithelial barrier, restoring the tight junction (TJ)
architecture. Secoisolariciresinol diglucoside was shown to attenuate inflammatory condi-
tions and reduce the release of pro-inflammatory cytokines by modulating the activation of
both the NLRP1 inflammasome and the nuclear NF-«kB pathway [148].

Another pathway that modulates activation of the NLRP3 inflammasome is NFE2-Like
BZIP Transcription Factor 2 (Nrf2 signaling); in fact, the mediator Nrf2 is considered to be a
positive regulator of NLRP3 activation [149]. The Nrf2-activating compounds, Cardamonin,
Dimethyl fumarate (DMF), and Coptisine, are able to inhibit inflammasome activation.
Cardamonin and DMF, having anti-inflammatory and antioxidant effects, improved colitis
in a DSS-induced colitis mouse model through activation of the Nrf2 pathway, thus reducing
the activation of caspase-1 and the release of effector molecules [149,150]. In the PI-IBS,
Coptisine significantly increased the expression of Nrf2 that, in turn, modulates the protein
levels of NLRP3, ASC, and caspase-1. This modulation ameliorated intestinal symptom:s,
decreasing the markers of oxidative stress and pro-inflammatory cytokines production in
PI-IBS rats [151].

Luteolin, a flavonoid, exerted anti-inflammatory properties, decreasing ROS produc-
tion, reducing NLRP3 inflammasome-related components” expression, and promoting
macrophage polarization towards M2 phenotypes [152,173]. In CRC, Luteolin increased
the expression of caspase-1, GSDMD, and IL-1f3, inhibiting the growth and proliferation
of colon cancer cells and promoting pyroptosis [169]. Atractylenolide (ATR I) suppressed
NLRP3 inflammasome activation in colitis-associated colorectal cancer via the inhibition of
mitochondrial damage. Treatment with ATR I reduced cell viability and induced apoptosis
in CRC cell lines and inhibited colonic neoplasms in the AOM/DSS mice model [153].

K* efflux is the common trigger of inflammasomes activation [21,23]. Studies have
shown that Parthenolide (PTL) not only inhibits NLRP3 inflammasome activation by
suppressing K* efflux, but also suppresses assembly of the NLRP3 inflammasome complex,
affecting the NLRP3-NEK? interaction, the oligomerization of NLRP3, and the NLRP3-ASC
interaction. This, in turn, inhibits caspase-1 activation and pyroptosis [116,154]. Another
polyphenol, Curcumin, is able to inhibit activation of the NLRP3 inflammasome to reduce
the release of IL-13 and modulate the K* efflux, resulting in intracellular formation of ROS
and the release of Cathepsin B [155]. In CRC cell lines, Curcumin decreased viability and
promoted NLRP3-mediated pyroptosis [170]. Vitamin D3 (VitD3) reduces inflammation in
DSS-induced UC by suppressing NLRP3 inflammasome activation and preventing ASC
oligomerization, thus inhibiting caspase-1 activation and IL-1 production. Moreover,
VitD3 impairs NLRP3-NEK? interactions, modulating pyroptosis [156].

A variety of natural products are able to suppress inflammasome component expres-
sions, inhibiting their assembly and activation. Ginsenosides are bioactive metabolites
derived from Panax ginseng which play an anti-inflammatory role in DSS-induced UC
by suppressing NLRP3 inflammasome activation [157,158]. Salidroside (Sal), Palmatin,
and Cinnamaldehyde (CA) act to alleviate the disease activity index (DAI) in DSS-induced
colitis mouse models by downregulating NLRP3 inflammasome activation and restoring
the expression levels of pro-inflammatory mediators [159,160,162].

In IBS, Paeoniflorin and Changji’an Formula (CJAF) inhibited the altered activation
of the NLRP3 inflammasome pathway and re-established the impaired intestinal barrier
functions, increasing the tight junction proteins [163,164].

Eugeniin, a polyphenol extracted from cloves and other plants, has anti-inflammatory
properties preventing NAIP/NLRC4 inflammasome activation and thus UC develop-
ment [38]. Qiao and colleagues reported that Arctigenin (ATG), a bioactive metabolite that
possesses anti-inflammatory and anticancer activities, has a potential preventive applica-
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tion in reducing the risk of CRC in patients with UC. They showed that the inhibition of
the NLRP3 inflammasome assembly and the consequent downregulation of IL-1§3 release
by ATG reduced carcinogenesis in AOM/DSS-induced CAC mice [175].

Andrographolide (Andro) is a natural diterpenoid with antibacterial, anti-asthmatic,
antiviral, and neuroprotective activities that attenuates the progression of colitis and tumor
burden. Andro mitigates inflammation through inhibition of the formation and activation
of inflammasome NLRP3 in macrophages, thus inhibiting the activation of caspase-1 and
the secretion of IL-1§3. Mitophagy triggered by Andro was responsible for the inhibition of
inflammasome NLRP3 [166]. Furthermore, in CRC, Andro can be used in combination with
chemotherapeutic agents. There is wide use of 5-fluorouracil (5-FU)-based chemotherapy in
the treatment of CRC, and it was shown to significantly activate the NLRP3 inflammasome
in myeloid-derived suppressor cells (MDSCs). Xu and colleagues reported that Andro, in
combination with 5-FU, enhances the anticancer effects of treatment through the inhibition
of 5-FU induced NLRP3 activation [167].

GL-V9 (5-hydroxy-8-methoxy-2-phenyl-7-(4-(pyrrolidin-1-yl)butoxy)4 H-chromen-4-
one) is a synthesized flavonoid with strong anti-inflammatory and anti-tumor activities that
is able to modulate the signaling pathway associated with the NLRP3 inflammasome. It has
been demonstrated that GL-V9 triggers autophagy in macrophages via AMPK signaling,
degrades the NLRP3 inflammasome, and attenuates DSS-induced colitis. Moreover, GL-V9
also reduces inflammation in colitis-associated colon cancer [168].

The activation of caspase-1, as well as the maturation and secretion of IL-13 downstream
of NLRP1, NLRP3, NLRC4, and AIM2, could be inhibited by Sulforaphane (SFN) [171].
Due to its anti-inflammatory properties, SFN was analyzed in the treatment of IBD [176].
The inhibition of NLRP3 activation restored levels of IL-18 and IL-1p and ROS, thus
reducing inflammation [172]. VI-16, a synthetic flavonoid compound, shows powerful
anti-inflammatory effects, demonstrating its potential use for the treatment of IBD. In mice
with DSS-induced colitis, VI-16 intervened by inhibiting NLRP3 inflammasome-related
IL-1p3 release and reducing oxidative stress [173].

Caffeic acid phenethyl ester (CAPE) was shown to prevent CAC by inhibiting NLRP3
inflammasome post-transcriptionally. CAPE facilitated the binding of NLRP3 to ubiquitin
molecules, promoting the ubiquitination and degradation of NLRP3 and contributing to
the anticancer effect in the AOM/DSS mouse model [165].

4.3. microRNA

MicroRNAs (miRNAs) are highly conserved small non-coding RNA molecules
(2024 nucleotides long) that play a pivotal role in the regulation of gene expression post-
transcriptionally. Their binding on complementary sequences of messenger RNA (mRNA)
targets regulates gene expression, inhibiting or altering protein translation [177].

miRNAs may act as regulators of inflammasome signaling (Table 3).
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Table 3. Summary of miRNAs that interfere with various step of inflammasome in experimental intestinal disease.
Phase miRNAs Target Mechanism of Action Experimental Models References
DSS-induced colitis mice
miR-223 NLRP3 Suppresses NLRP3 expression and activation Murine BMDMs [178]
THP-1
miR-21 Cinnamadehyde inhibits activation of the NLRP3
. NLRP3 inflammasome by reducing the expression levels of miR-21 DSS-induced colitis mice [161]
miR-155 .
and miR-155
Inflammasome Activation : : ; ; ;
miR-29a NLRP3 Peoniflorin modulat.es NLRP3 m.ﬂammasome signaling by IBS mice [163]
inhibiting miR-29a
miR-133a-1 ucrP? Reduces the expression of NLRP3 1nﬂammasome THP-1 [179]
components and downstream cytokines
miR-200c-5p NEK7 Reduces NLRP3 inflammasome activation and pyroptosis DSS-induced colitis mice [180]
. Reduces NLRP3 inflammasome expression, cell HCT116
miR-22 NLRP3 proliferation, migration, and invasion mouse xenograft model [181]
DSS-induced colitis mice
miR-223 NLRP3 Reduces IL-1p production and inhibits pyroptosis Murine BMDMs [182,183]
THP-1
Pyroptosis DSS-induced colitis mice
miR-378a-5p NLRP3 Inhibits NLRP3 activation and pyroptosis Murine BMDMs [184]
THP-1
Post-Transcriptional miR-369-3p BRCC3 Inhibits deubiquitination of NLRP3, modulating Murine BMDMs [26]

Modification

inflammasome assembly and activation
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One of the most closely studied miRNAs involved in inflammasomes activation in
multiple steps is miR-223. miR-223 suppresses NLRP3 expression, reducing its activity
and preventing its aberrant activation. However, miR-223 expression was high in the
steady state, although it was not functional; thus, to inhibit NLRP3, it needs to reach
a specific expression threshold [178]. In IBD, miR-223 inhibited NLRP3 expression and
reduced IL-1f3 production, ameliorating colitis in a mouse model [182]. Moreover, an
analysis of circulating miRNAs in the serum of UC patients highlighted that miR-223 was
overexpressed, defining it as a possible biomarker and therapeutic target in the treatment
of IBD [185]. Additionally, in macrophages, it was demonstrated that miR-223 inhibited the
activation of NLRP3, and hence pyroptosis, via the miR-223/NLRP3 axis [183].

Two miRNAs upregulated in IBD and in IBS, miR-21 and miR-155, can be considered
as potential therapeutic targets to modulate the mucosal immune response [186]. It was
proven that the Cinnamaldehyde (CA) ameliorated DSS-induced colitis by reducing the
expression levels of miR-21 and miR-155 in the colon, and, as a consequence, blocked the
activation of the NLRP3 inflammasome [161]. miRNA-29a is another miRNA found to be
increased in the colonic tissue of patients with IBS. It increased intestinal permeability by
targeting the NF-kB-repressing factor (NKRF), a regulator of NLRP3 priming and activation.
In IBS mice models, it was shown that paeoniflorin exercised protective effects, modulating
the expression of miR-29a. As a result, NLRP3 inflammasome activation and tissue damage
were significantly reduced [163].

ROS generation plays a critical role in the activation of NLRP3. Bandyopadhyay
and co-workers investigated the role of miR-133a-1 in regulating NLRP3 inflammasome
activation. miR-133a-1 indirectly controlled activation of the NLRP3 inflammasome via the
suppression of mitochondrial uncoupling protein 2 (UCP2) without modifying the basal
expression of the inflammasome components NLRP3 and ASC, the effector caspase-1, and
the downstream IL-1 cytokine [179].

NLRP3-NEK? interaction is required in NLRP3 oligomerization and activation down-
stream of the K* efflux, and is induced by several stimuli. In the study conducted by Wu
and colleagues, they reported that the overexpression of miR-200c alleviated cell inflamma-
tion and pyroptosis related to the NLRP3 inflammasome and ameliorated DSS-induced
murine colitis symptoms via NEK7 modulation [180].

Decreased expression levels of miR-378a-5p in UC patients, and its potential involve-
ment in IBD pathology, were reported [187]. The increment of miRNA-378a-5p, carried
by MSC-EVs, suppressed the activation of the NLRP3 inflammasome, resulting in the
inhibition of cellular pyroptosis [184].

miR-22 is downregulated in CRC tissues; it is involved in proliferation, colony for-
mation, and the migration and invasion of CRC cells [188]. The overexpression of miR-22
decreased the expression of NLRP3, suppressing cell proliferation, migration, and invasion.
Moreover, in a CRC mice model, miR-22 retards tumor growth and reduces the expression
of Ki-67 in tumor tissue by targeting NLRP3 [181].

The ubiquitin system regulates the activation of the NLRP3 inflammasome. In this
context, the enzyme BRCC3 promotes the activation of the NLRP3 inflammasome through
its deubiquitination [26]. It was demonstrated that miR-369-3p modulated the activa-
tion of NLRP3 inflammasomes through the inhibition of BRCC3 expression. As a result,
miR-369-3p decreased the recruitment of the ASC protein, the activity of Caspase-1, and
the release of IL-13 and IL-18 [26].

5. Conclusions

Inflammation is the defensive response by the immune system to attenuate tissue
damage or infections of critical importance to maintaining intestinal homeostasis. Inflam-
masomes and their signaling cascades play an essential role in inflammatory response and
regulation of intestinal homeostasis; however, their aberrant activation may lead to the
development of inflammatory disorders.
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This review summarizes the structures, activation mechanisms, and impacts of inflam-
masome on various gastrointestinal diseases, as well as the potential therapeutic targets
and strategies. Current research proves the active involvement of inflammasome in IBD
pathogenesis, relating not only to the dysregulated activities of inflammasome, but also
to the hereditary mutations in the gene-encoding sensors and effectors that increased the
susceptibility to disease. Investigation on CRC allows us to understand the inflammasomes
involvement in tumor induction and progression by creating a favorable TME and EMT-
promoting process. Further evidence shows the involvement of inflammasomes also in the
immunopathogenesis of IBS and celiac disease, even though insights in this field are still
limited. Thus, targeting upstream and downstream inflammasome pathways in the gut
appears to be a potential therapeutic approach in intestinal diseases.

Research on inflammasomes in gastrointestinal disease still has many unanswered
questions. Inflammasome activation is a complex process that involves multiple signaling
pathways. A full understanding of these mechanisms still poses a challenge. Furthermore,
the mechanisms responsible for controlling inflammasomes activity and interactions with
other immune pathways are not fully understood. To date, several pharmacological drugs,
as well as natural compound inhibitors, have been documented. They ameliorate the in-
flammatory state, impair tissue damage, and increase therapeutic efficiency in combination
with therapies in common use. However, inflammasome inhibitors are not yet applicable in
clinical practice. There is a need for highly selective and potent inhibitors that target specific
inflammasome components. In this context, miRNAs have the advantage of regulating
inflammasomes that signal at multiple levels. A better understanding of their mechanisms
of action could offer novel possible applications in the therapy of gastrointestinal diseases.

Currently, new opportunities for treating immune-mediated gastrointestinal inflam-
matory diseases could be developed to improve the options available in clinical practice.
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