
Contents lists available at ScienceDirect

Computational and Structural Biotechnology Journal

journal homepage: www.elsevier.com/locate/csbj

Interactions between gut microbes and NLRP3 inflammasome in the gut- 
brain axis

Ding Yang a, Zixu Wang a, Yaoxing Chen a, Qingyun Guo b, Yulan Dong a,⁎

a College of Veterinary Medicine, China Agricultural University, Beijing 100193, China 
b Milu conservation research unit, Beijing Milu Ecological Research Center, Beijing 100163, China 

a r t i c l e  i n f o

Article history: 
Received 15 October 2022 
Received in revised form 10 March 2023 
Accepted 11 March 2023 
Available online 25 March 2023

Keywords: 
Gut microbiota 
NLRP3 inflammasome 
Inflammation 
LPS 

a b s t r a c t

The role of the gut-brain axis in maintaining the brain's and gut's homeostasis has been gradually re
cognized in recent years. The connection between the gut and the brain takes center stage. In this scenario, 
the nucleotide-binding oligomerization domain leucine-rich repeat and pyrin domain-containing protein 3 
(NLRP3) inflammasome promotes inflammatory cell recruitment. It plays a crucial role in coordinating host 
physiology and immunity. Recent evidence shows how vital the gut-brain axis is for maintaining brain and 
gut homeostasis. However, more research is needed to determine the precise causal link between changed 
gut microbiota structure and NLRP3 activation in pathogenic circumstances. This review examines the 
connection between gut microbiota and the NLRP3 inflammasome. We describe how both dynamically vary 
in clinical cases and the external factors affecting both. Finally, we suggest that the crosstalk between the 
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Gut-brain axis 
Neurological disorders

gut microbiota and NLRP3 is involved in signaling in the gut-brain axis, which may be a potential patho
logical mechanism for CNS diseases and intestinal disorders.
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1. Introduction

When the body is exposed to harmful stimuli, the immune 
system kicks off inflammatory reactions and begins self-defense. 
Inflammasomes are considered innate immune system receptors 
and sensors in this process, controlling the development and release 
of inflammatory factors [1]. However, chronic excess of in
flammatory factors in the body sharply raises health risks. According 
to the latest research, inflammasomes play a role in the onset or 
progression of a wide range of chronic disorders, including meta
bolic diseases (e.g., obesity [2], type 2 diabetes [3,4], atherosclerosis 
[5], liver disease [6]), cardiovascular disease [7,8], inflammatory 
bowel disease (IBD) [9] and neurological disorders (e.g., Parkinson's 
disease, Alzheimer's disease, and depression) [10,11]. The nucleo
tide-binding oligomerization domain leucine-rich repeat and pyrin 
domain-containing protein 3 (NLRP3), typical of the inflammasome, 
is a potent driver of inflammatory cell recruitment and a regulator of 
immune responses in several organs [12]. In addition, the gut mi
crobiome has significant implications for the gastrointestinal tract 
and immune system, and alterations in its homeostasis are asso
ciated with many inflammatory conditions [13]. It is vital to de
termine if there is an interaction between the gut microbiome and 
NLRP3 in IBD and neurological illnesses closely associated with the 
gut microbiome. Groundbreaking evidence suggests that the inter
action between the gut microbiome and NLRP3 is dynamically al
tered in intestinal and peripheral inflammatory diseases [14,15]. The 
possible current mechanism of action is that changes in the struc
ture of the gut microbiota alter the intestinal mucosal barrier. This 
can trigger intestinal and peripheral inflammatory responses, which 
in turn regulate the physiological functions of other organs [16].

The gut microbiota is involved in many functions of the central 
nervous system (CNS), such as regulating the permeability of the 
blood-brain barrier, reducing astrocyte pathogenesis, activating mi
croglia, and expressing myelin-forming genes [17]. The accumulation 
of central inflammatory factors due to microbial imbalance is es
sential to the central nervous system and psychiatric disorders. In
testinal bacteria influence brain homeostasis by regulating 
peripheral inflammation via inflammasome signaling [18,19]. Most 
current reviews summarize the independent roles of the gut mi
crobiome or NLRP3 inflammasome activation in regulating gut or 
central disease physiology. As more evidence of gut microbiome and 
NLRP3 interactions is discovered, it is necessary to elucidate the 

specific mechanisms of microbial-immune interactions further. 
Therefore, this article addresses the interactions between microbes 
and NLRP3 inflammasome in the gut and CNS for review. In parti
cular, how the dynamic balance of microorganisms affects disease 
onset and progression through NLRP3 inflammasome should be 
explored in depth. We aimed to investigate whether the interaction 
between gut microbes and inflammasomes based on different clin
ical symptoms is co-occurring. In addition, we hope to find potential 
directions for the clinical treatment of gut and CNS disorders by 
analyzing the bidirectional signaling between gut microbiota and 
NLRP3 inflammasome.

2. Intestinal microbiota is involved in the inflammatory response

More than trillions of microorganisms are present in the intes
tine, including bacteria, viruses, fungi, and phages. These micro
organisms are collectively called the intestinal microbiome, with the 
major bacterial species including Firmicutes, Bacteroidetes, 
Actinobacteria, and Proteobacteria. The Firmicutes and Bacteroidetes 
account for 90% of the intestinal microbiota [20,21]. The gut mi
crobiome plays an essential physiological role in several aspects, 
including food digestion, metabolism, maintenance of the intestinal 
barrier, and regulation of the immune system [22–25]. Recent stu
dies have shown intestinal microbes increasingly associated with 
inflammatory responses in host physiological and pathological pro
cesses [26,27]. The inflammatory response related to gut microbes is 
not only found in gastrointestinal disorders such as IBD, irritable 
bowel syndrome (IBS), and colorectal cancer (CRC) but also impacts 
cardiovascular, metabolic, reproductive, autoimmune, and neuro
degenerative diseases [26,28–32].

The intestinal mucosal barrier (IEB), as the first line of defense of 
the organism against pathogenic invasion, is directly influenced by 
the gut microbiome. The intestinal microbiome maintains the in
tegrity of the IEB by regulating the growth and differentiation of the 
intestinal epithelial cells (IECs), the expression of tight junction 
proteins, and mucosal permeability [33]. Alterations in the gut mi
crobiota composition can impair IEB, disrupting intercellular junc
tion function and leading to increased intestinal permeability, 
increasing inflammatory mediator transport [30,34]. The gut lamina 
propria triggers an immune/inflammatory response upon receiving 
signals from bacterial and metabolic components, thereby linking 
the gut microbiome to chronic inflammation of the organism [30]. 
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Thus, the inflammatory response induced by intestinal micro
organisms through IEB is essential in developing many diseases. The 
interaction between bacteria and the immune system is crucial in 
maintaining host homeostasis and regulating physiological and pa
thological processes [35]. The innate immune system, which re
sponds directly to the gut microbiota, is present in the intestine and 
consists of Paneth cells, dendritic cells, macrophages, neutrophils, 
natural killer cells, and mast cells [35,36]. These cells and epithelial 
cells possess pattern recognition receptors (PRRs), such as TLR, NLR, 
C-type lectin receptor (CLR), retinoic acid-inducible gene (RIG)-I-like 
receptor (RLR), and the deletion 2 (AIM2)-like receptor (ALR) [27]. 
These receptor families recognize pathogen-associated molecular 
patterns (PAMPs) or microbial metabolites associated with the gut 
microbiota. PAMPs are conserved structural components in micro
organisms, such as lipopolysaccharide (LPS), peptidoglycan (PGN), 
Lipoteichoic acid (LTA), and flagellin (FLG), that activate the innate 
immune system in the intestine by binding to specific receptors. This 
process regulates microbial-host interactions and immune tolerance 
(Fig. 1) [37,38].

LPS is a significant component of the cell wall of gram-negative 
bacteria and protects the bacteria from the environment, such as 
antibiotics or immune cells [39]. Endotoxemia caused by LPS is due 
to microbiota-associated inflammation in vivo that disrupts the in
testinal barrier and increases intestinal permeability, leading to ab
normal plasma LPS levels and exacerbating inflammation levels 
[40,41]. In immune or epithelial cells, LPS activates toll-like receptor 
4 (TLR4) and signaling after TLR4 activation involves activating 
MyD88 or NLRP3 inflammasome, producing pro-inflammatory cy
tokine [42,43]. In addition, LPS activates NLRP3 inflammasome ac
tivation via classical and non-classical pathways (without TLR4), 
causing pyroptosis and the release of inflammatory cytokines 

[44,45]. Other PAMPs are recognized by NLR or TLR-like receptor 
families expressed by epithelial or immune cells in the gut [27]. TLR5 
expressed on the basolateral side of the intestinal epithelium detects 
bacterial translocation by recognizing FLG in Gram-negative bacteria 
[46]. Activation of TLR5 by FLG induces the synthesis of chemokines, 
nitric oxide (NO), hydrogen peroxide (H2O2), and pro-inflammatory 
cytokines [47]. Excessive activation of TLR5 may lead to impaired 
intestinal barrier integrity and chronic inflammation [48]. TLR2 re
cognizes LTA in the cell wall of Gram-positive bacteria, causing im
mune system activation and the development of adaptive immunity 
[46]. TLR2 recognition of LTA increases cyclooxygenase expression 
and promotes prostaglandin E2 (PGE2) synthesis [49]. PGE2 activates 
mast cells, causing typical symptoms of inflammation such as edema 
and increased vascular permeability in the host. In macrophages, LTA 
is recognized and stimulates the release of IL-1, IL-6, and TNF-α [49]. 
Peptidoglycan (PGN) is a cellular structure essential for bacterial 
growth and has an environmental protection role for bacteria [50]. 
PGN in the intestinal lumen activates the synthesis of defensins by 
Paneth cells, which regulate the microbiota and protect against pa
thogens. Recognition of PGN by NOD family proteins (NOD1, NOD2, 
and cryopyrin) leads to activation of NF-κB and mitogen-activated 
protein kinase (MAPK), increases transcription of pro-inflammatory 
genes, and promotes maturation and secretion of IL-1β and IL-18 
[51,52]. These studies confirm intestinal bacteria influence body 
homeostasis by modulating the immune system.

The regulatory role of microbial metabolites on the host immune 
system should also be considered. Common microbial metabolites 
include short-chain fatty acids (SCFAs), tryptophan catabolites, 
purines, secondary bile acids, and polyamines[53]. SCFAs are es
sential to waste products for balancing redox equivalent production 
in the anaerobic intestinal lumen. Most SCFAs are taken up by 

Fig. 1. The intestinal microbiota is involved in regulating intestinal homeostasis and the immune system. Gut microbiota components or metabolites regulate microbial-host 
interactions and immune tolerance. TLR4 in epithelial and immune cells recognizes LPS and activates NF-κB and NLRP3 inflammasome via MyD88 to produce pro-inflammatory 
cytokines, ultimately leading to pyroptosis. TLR5 expressed by the basolateral epithelium of the intestine detects bacterial translocation and causes chronic inflammation by 
recognizing the FLG of Gram-negative bacteria. TRL2 recognizes LTA in the cell wall of Gram-positive bacteria and activates mast cells via PGE2, causing edema and increased 
vascular permeability. PGN activates defensin synthesis in Paneth cells and increases transcription of pro-inflammatory genes by promoting NF-κB and MAPK activation via NOD 
family proteins. Microbial metabolites modulate immune responses through different pathways and coordinate host gut health and immune function.
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intestinal cells to regulate host physiology as energy substrates, 
regulators of gene expression, and signaling molecules for specific 
receptors [54–57]. Butyrate regulates innate immunity by inhibiting 
histone deacetylase (HDAC) [58]. SCFAs can also modulate adaptive 
immune responses and promote T cell differentiation to an anti-in
flammatory phenotype. In addition, G protein-coupled receptors 
(GPCRs) in IECs and immune cells regulate inflammatory reactions in 
response to the activation of SCFAs. In the colonic mucosa, GPCR41 
and GPCR43 act as communication vehicles between SCFAs and mast 
cells and function as immune surveillance [54]. Butyrate acts as a 
reduction in LPS-induced NF-κB activation via GPR109A [59]. Acetate 
binding to GPR43 activates NLRP3 inflammasome activation in the 
colon [60]. Furthermore, high levels of secondary bile acids in the 
intestine damage the intestinal barrier, accumulating reactive 
oxygen and nitrogen species and promoting inflammatory diseases 
[61,62]. Researchers have recently found that the bacterial-depen
dent product trimethylamine N-oxide (TMAO) influences the de
velopment of multiple diseases by modulating the inflammatory 
response [63–65]. Trimethylamine lyase, widely expressed in the gut 
microbiota, metabolizes dietary nutrients such as choline, betaine, 
and L-carnitine to form trimethylamine (TMA). The oxidation pro
duct of TMA (TMAO) has been identified to induce activation of 
NLRP3 and NF-κB in the cardiovascular [62], kidney [66], and ner
vous system [67] related diseases in promoting the development of 

inflammation. In conclusion, microbial metabolites in the gut cannot 
be ignored in coordinating host gut health and immune function.

Taken together, this evidence reveals that the gut microbiota and 
immune system interact to play a critical role in host physiological 
function. Understanding the relationship between gut microbiome 
structure and pathogenicity is vital for preventing and treating di
gestive and systemic diseases. Additionally, knowledge of the spe
cific molecular and cellular mechanisms that activate immune/ 
inflammatory cells is crucial for achieving these goals.

3. NLRP3 inflammasome

The inflammasomes are multi-protein complexes assembled by 
intracellular PRRs, which play an innate immune defense function in 
cells [68]. Most inflammasomes consist of receptor protein, con
nector protein ASC and downstream Caspase family. Receptor pro
teins are divided into the NLR family and non-NLR proteins. The NLR 
family includes NLRP1, NLRP2, NLRP3, NLRP6, NLRC4, and NLRP12, 
all share common features, such as nucleotide-binding domains 
(NBD) and leucine-rich repeat sequences (LRR). Some NLRs also 
contain the pyrin domain (PYD) or caspase activation and recruit
ment domain (CARD) or both [5,69]. The non-NLR proteins include 
the PYHIN family and Pyrin. The PYHIN family features a PYD and 
HIN domain. Its members, such as absent in melanoma 2 (AIM2) and 
interferon-γ (IFNγ)-inducible protein 16 (IFI16), have emerged as 

Fig. 2. The activation mechanism of NLRP3 inflammasome. NLRP3 responds to a variety of PAMPs and DAMPs. Under different stimuli, signals such as TLR and TNFs promote 
NLRP3 expression. Oligomerized NLRP3 binds to ASC and recruits pro-caspase-1 to complete the assembly and activation of the inflammasome complex, which in turn cleaves 
pro-caspase-1, pro-IL-1β, and pro-IL-18. Mature IL-1β and IL-18 induce immune cell recruitment and activate pro-inflammatory signaling pathways, leading to cellular injury and 
inflammatory cell death. In addition, NLRP3 can activate caspase-1 through classical or non-classical pathways causing GSDMD cleavage, generating membrane pores in the 
plasma membrane, and causing pyroptosis.
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significant recognition factors for viral and bacterial DNA [70,71]. 
Pyrin comprises a PYD, two B-boxes, and a coiled-coil structural 
domain. Pyrin interacts directly with actin to degrade the in
flammasome signaling regulators NLRP1, NLRP3, and caspase-1 via 
autophagy [72].

Recognition of inflammatory receptors leads to sensor activation, 
oligomerization, and recruitment of junctional proteins called ASC 
that activate caspase-1, followed by protein hydrolysis to activate IL- 
1 family cytokines that initiate downstream responses affecting cell 
fate. Different PRRs activate inflammasome assembly in response to 
specific PAMPs or endogenous hazards, signaling in the cytoplasmic 
lysis of host cells through classical and non-classical signaling 
pathways [73]. For example, NLRP1 recognizes Bacillus anthracis 
[74,75]; NLRP3 is activated in response to multiple PAMPs and da
mage-associated molecular patterns (DAMPs) [76]; NLRC4 is acti
vated by Salmonella flagellin [77]; and the non-NLRs AIM2 and pyrin 
are triggered by murine cytomegalovirus, bovine pox toxins, and 
bacterial toxins (e.g., Clostridium difficile toxin B and Clostridium 
botulinum C3 toxin) [78,79].

NLRP3 inflammasome has attracted wide attention due to its 
ability to respond to diverse stimuli and activate inflammation-re
lated factors (Fig. 2). The NLRP3 inflammasome is a multimeric 
complex comprising NLRP3, ASC, NEK7, and pro-caspase-1. These 
complexes are widely distributed throughout the immune system, 
including the thymus, spleen, monocytes/macrophages, B cells, T 
cells, and neutrophils. They are also in the non-immune system, 
including the brain, liver, pancreas, dendritic, and epithelial cells 
[80]. In response to stimulation by environmental stimuli, en
dogenous danger signals, pathogens, and different PAMPs (e.g., ex
tracellular ATP, viruses, LPS), inflammatory signals such as TLR, NLR, 
and TNF-α are activated. These signals are considered essential 
mediators of inflammasome initiation and can trigger expression 
and post-translational modifications of NLRP3 proteins [81]. In ad
dition, NLRP3 assembly is regulated by phosphorylation and ubi
quitination events [82,83]. Under the stimulation of inflammatory 
mediators, NLRP3 oligomerizes and binds with the PYD of ASC and 
recruits pro-caspase-1 via CARD to assemble and activate the in
flammasome complex. The activated inflammasome complex 
prompts ASC to cleave pro-caspase-1 into its active form, caspase-1, 
which then cleaves pro-IL-1β and pro-IL-18 into IL-1β and IL-18, 
respectively. IL-1β and IL-18 inflammatory factors increase and in
duce immune cell recruitment and activate additional pro-in
flammatory signaling pathways leading to cellular injury [14]. 
Moreover, NLRP3 can activate caspase-1 to cause gasdermin D 
(GSDMD) cleavage, creating membrane pores in the plasma mem
brane and causing pyroptosis [84,85]. Currently, NLRP3 inflamma
some-induced apoptosis or pyroptosis has been shown to occur in 
many gastrointestinal and neurological diseases under stress and 
inflammation [86–88].

4. Correlation between Intestinal microbiota and NLRP3 in 
inflammation

Studies have found a correlation between the gut microbiome 
and NLRP3 in the pathological manifestations of many diseases 
[89–91]. However, the causal relationship between the bacterial 
composition and metabolites of the gut microbiome and NLRP3 in
flammasome activation has yet to be adequately studied. A recent 
study demonstrated that the intestinal probiotic Lactobacillus 
rhamnosus GR-1 can reduce E. coli-induced expression of NLRP3 in
flammasome and caspase-1, improve cell morphology and ultra
structure, and limit harmful inflammatory responses [92]. 
Bifidobacterium longum subsp. infantis and Bacteroides fragilis activate 
human and murine macrophage NLRP3 inflammasome expression in 
a phagocytosis-independent manner via K+ efflux. Inhibition of the 
enteropathogenic and enterohemorrhagic Escherichia coli (EPEC and 

EHEC) effector protein NleA in human myeloid leukemia mono
nuclear cells (THP-1) impedes the deubiquitination of NLRP3, a 
process required for inflammasome activation, and reduces caspase- 
1 activation and IL-1β secretion, which in turn effectively reduces 
inflammasome lesion formation of the inflammasome [93]. In colitis 
and colorectal cancer, Lactobacillus casei, Lactobacillus fragilis, and 
Lactobacillus lactis could negatively regulate NLRP3 and inhibit the 
assembly of NLRP3 inflammasome [92,94]. These studies demon
strate that the activation of the NLRP3 inflammasome is an essential 
mediator of the microbial inflammatory response and subsequent 
cellular damage in the body.

Under normal physiological conditions, the body's immunity is 
immune-tolerant to non-pathogenic intestinal microbes and pro
vides effective defense against pathogenic pathogens, a balance es
sential for maintaining homeostasis [35]. Immune cells actively 
participate in the microbiome-inflammasome interactions. IgG im
mune complexes bound to commensal bacteria in the gut stimulate 
mouse bone marrow-derived macrophages (BMDM) and THP-1 to 
upregulate the expression of inflammasome-associated genes, in
cluding NLRP3 and IL-1β [95]. A recent study showed that activation 
of the Rho GTPases-activating toxin, CNF1, from E. coli triggers ac
tivation of NLRP3 in BMDM and further leads to caspase-1 cleavage 
and maturation of IL-1β [96]. E. coli isolated from patients with in
flammatory bowel disease activates NLRP3 inflammasome, exacer
bating the inflammatory response [97]. Overnight stimulation of 
BMDM by non-hemolytic enterotoxin (NHE) from Bacillus cereus is 
similarly able to induce activation of NLRP3 inflammasomes and 
cleavage of GSDMD, ultimately causing cell death [98]. Likewise, 
Gram-negative bacteria such as Francisella novicida, Salmonella ty
phimurium, Citrobacter, and E. coli-stimulated BMDM produce IL-1β 
and IL-18 in an NLRP3-dependent manner [99]. Aspergillus chimaera 
stimulates newly recruited monocytes to induce NLRP3-dependent 
IL-1β release, exacerbating intestinal inflammatory injury [100]. 
Akkermansia muciniphila, in an NLRP3-dependent manner, fosters 
the enrichment of M1-like macrophages and thus suppresses col
orectal cancer tumors[101]. In conclusion, these findings suggest 
that gut microbes and specific proteins derived from these microbes 
can activate inflammasomes in immune cells in an NLRP3-depen
dent manner.

Interventions targeted at the gut microbiome are crucial for in
vestigating its specific functions. Common interventions currently 
include antibiotic treatment, sterile mouse experiments, and flora 
transplantation. Research and clinical evidence suggest that anti
biotic use is associated with ecological and immune dysregulation 
[102,103]. In the DSS-induced colitis model, antibiotic-administered 
NLRP3-/- mice had a higher survival rate, suggesting that the over
growth of the colonic microbiota significantly contributed to the 
pathological severity of DSS-induced NLRP3-/- mice [104]. However, 
it has also been shown that both pancreatic injury and systemic 
inflammation are improved in antibiotic-treated and GF mice 
models of acute pancreatitis. Reduced levels of colonic NLRP3 and IL- 
1β and increased expression of tight junction proteins indicate an 
enhanced physical barrier of the intestine [90]. In addition, stimu
lation of BMDMs by fecal contents in specific pathogen-free (SPF) 
mice resulted in IL-1β production, whereas GF mice did not. In 
contrast, the inspiration of BMDMs derived from NLRP3-/- mice with 
fecal contents from SPF mice failed to induce IL-1β production, 
suggesting that NLRP3 is a crucial mediator of the gut microbiome- 
induced IL-1β response [100]. Broad-spectrum antibiotic mixtures 
cause dysregulation of gut microbial ecology in mice and lead to 
increased expression of NLRP3 inflammasome-associated proteins in 
serum, small intestine, and cerebral cortex [102,105]. Fecal microbial 
transplantation (FMT) is also an effective technique to explore the 
role of the microbiome. Using the FMT rat model, it was found that 
susceptibility to atrial fibrillation (AF) in older rats can be trans
mitted to younger hosts and that circulating LPS and glucose levels 
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are significantly increased, which in turn leads to upregulation of 
NLRP3 inflammasome expression, enhances atrial fibrosis, and pro
motes the development [106]. In a mouse Mdr2 knockout (Mdr2-/-) 
model similar to human primary sclerosing cholangitis (PSC), dys
biosis of the intestinal flora in mice leads to intestinal barrier dys
function and increased bacterial translocation, which amplifies the 
hepatic NLRP3-mediated innate immune response. Transfer of the 
Mdr2-/- microbiota into healthy WT control mice resulted in sig
nificant liver injury in recipient mice, highlighting the causal role of 
gut flora dysbiosis on disease progression [107]. In conclusion, these 
practical research tools demonstrate that the presence of the gut 
microbiome is closely associated with the activation of the NLRP3 
inflammasome.

The activation of the NLRP3 inflammasome by the gut microbiota 
has been linked to various disease processes. It has also been found 
that NLRP3 regulates gut microbial homeostasis and delays disease 
progression in some diseases [89,106,108]. For instance, Cryopyrin- 
associated periodic syndrome (CAPS) model mice, highly resistant to 
experimental colitis and colorectal cancer, have a natural enhance
ment of IL-1β in lamina propria mononuclear phagocytes due to the 
NLRP3R258W mutation, which leads to excessive NLRP3 activation. 
The increased IL-1β induced local antimicrobial peptides to promote 
microbiota remodeling. The remodeled intestinal microbiota neu
tralizes inflammation due to the increased induction of regulatory T 
cells (T regs) to maintain intestinal homeostasis. NLRP3 inflamma
some in the gut recognizes microbial antigens or metabolites, 
leading to an innate immune response that produces antimicrobial 
peptides (AMPs). This helps to reduce pathogen colonization and 
regulate intestinal microecology [109]. Studies have also shown that 
NLRP3 is critical to preventing the overgrowth of commensal bac
teria in the intestine and reducing bacteremia, which could other
wise exacerbate colitis and damage the intestinal epithelium. For 
instance, DSS-fed NLRP3-/- and caspase-1-/- mice exhibited increased 
leukocyte infiltration and elevated chemokine levels, resulting in 
overall structural damage to the intestinal epithelium [104]. Notably, 
the relative abundance of the Firmicutes, Aspergillus, and Aspergillus 
phylum in the intestine of NLRP3 knockout mice was significantly 
altered compared to WT mice. Transplantation of NLRP3-/- mouse 
fecal contents into WT mice improved their depression-like beha
vior, likely by inhibiting the expression of the cyclic RNA HIPK2 and 
thereby ameliorating depression. This highlights how gut microbes 
improve astrocyte dysfunction and alleviate depression [110]. These 
findings underscored the critical role of NLRP3 inflammasome in 
regulating gut microbiome homeostasis and confirmed the interac
tion between the gut microbiome and NLRP3 inflammasome.

The environment and diet also influence the gut microbes and 
the inflammasome. Temperature is an essential aspect of the en
vironment. Temperature stress has been reported to alter the gut- 
brain axis, including the gut microbiota and neuroinflammation. 
Different temperatures induce changes in the composition of the gut 
microbiome and levels of the metabolite SCFA, as well as activation 
of the central NLRP3 inflammasome [111]. Dietary or age-related 
ecological dysregulation commonly leads to a loss of SCFA-producing 
bacteria and SCFA levels. These may trigger intestinal barrier dys
function and subsequent inflammatory events leading to systemic 
inflammation and neuroinflammation and neurodegeneration 
[112,113]. The nutritional composition of Western, Mediterranean, 
and ketogenic diets affects the gut microbiome in distinct ways by 
regulating the NLRP3 inflammasome, which, in turn, influences the 
function of the gut and blood-brain barrier [114–117]. Dietary sup
plements such as dietary fiber, bioflavonoids, or ω3 fatty acids may 
benefit the organism by modulating the gut microbiome and the 
activation of the NLRP3 inflammasome [118–120]. Therefore, tar
geted modulation of the gut microbiota and inflammasome through 
environmental improvements or dietary supplementation could re
present a promising intervention strategy for diseases related to 

these factors. Although numerous studies have established a link 
between the gut microbiome and NLRP3, the precise mechanisms of 
this interaction require further exploration. Conflicting findings 
across studies may be attributed to various factors, including dif
ferences in animal models or disease contexts. Accordingly, it is 
crucial to gain a deeper understanding of the specific mechanisms 
that underlie the interplay between the gut microbiome and NLRP3.

5. Intestinal microbiota and NLRP3 inflammasome regulate 
intestinal inflammation

In recent years, there has been increasing evidence that NLPR3 
functions in intestinal diseases through classical or non-classical 
pathways and is closely associated with the gut microbiome [89]. 
Several studies have revealed that in IBD, including Crohn's disease 
and ulcerative colitis, the expression of NLPR3 inflammasome and its 
assembly components and downstream inflammatory factors such 
as IL-1β and IL-18 are involved in protective and pathogenic me
chanisms [121,122]. IBD can develop due to various factors, including 
changes in antigen levels and abnormal immune responses triggered 
by the accumulation of commensal bacteria in the intestinal lumen. 
These factors can lead to damage of the epithelial cells, increased 
intestinal permeability, and the classic symptoms of IBD, such as 
chronic inflammation, pain, bleeding, diarrhea, and malnutrition 
[123–126]. Significantly, the presence of single-nucleotide poly
morphisms (SNPs) in the regulatory elements of NLRP3 has been 
linked to heightened susceptibility to Crohn's disease in humans, 
leading to decreased NLRP3 expression and reduced production of 
IL-1β [127]. The complex role of NLRP3 in chronic intestinal disease 
is further confirmed by the increased expression of NLRP3 and IL-18 
in colon biopsies from a mouse model of colitis and patients with 
Crohn's disease [127,128]. These data provide a theoretical basis for 
assessing the role of the gut microbiome and NLRP3 in intestinal 
inflammation.

Dextran sulfate sodium (DSS) is a commonly used chemical to 
induce experimental colitis in animals, which has been shown to 
activate inflammasomes [100,129]. NLRP3 inflammasomes were 
identified as a critical mechanism of intestinal inflammation in a 
model of DSS colitis [130]. Allen et al. reported that NLRP3 in
flammasome-mediated IL-1β protects intestinal epithelial cells [131]. 
In DSS-induced colitis, NLRP3-/- mice showed decreased expression 
of the anti-inflammatory cytokine IL-1β, exhibited more severe co
litis, a worse prognosis, and an increased risk of inflammation-as
sociated colorectal cancer [15]. However, colonic lamina propria cells 
isolated from GF mice did not produce IL-1β, highlighting the critical 
role of the gut microbiota and NLRP3 inflammasome in colitis [100]. 
Furthermore, NLRP3-/- mice have impaired epithelial proliferation 
and recovery, increased intestinal permeability, and increased sus
ceptibility of commensal bacteria to translocate to the colonic mu
cosa and mesenteric lymph nodes after DSS feeding compared to WT 
mice [132]. In contrast, it has been noted that the deletion of in
flammasome-associated component proteins such as NLRP3, ASC, 
and caspase-1 reduced histopathological signs and sensitivity to DSS 
in colitis mice compared to controls [130,133]. Conflicting findings 
may be attributed to variations in animal feeding environments, 
which can lead to distinct structural differences in the gut micro
biome. Consequently, the modulatory effects of different microbes 
on NLRP3 can have either positive or negative outcomes. Therefore, 
clarifying the molecular mechanism and environmental dependence 
of the interaction between the intestinal microbiome and NLRP3 
inflammasome will help explore future therapeutic directions and 
targets for IBD.

Targeted treatment of chronic intestinal diseases using the in
teraction between NLRP3 inflammasome and intestinal micro
ecology has recently garnered interest among researchers [15,134]. 
Modifying the structure of the intestinal microbiota using anti- 
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inflammatory substances, probiotics, microbiota metabolites, or diet 
can improve intestinal inflammation [135–137]. Using a combination 
of the anti-inflammatory drug Rosuvastatin and Lactobacillus has 
significantly reduced colonic inflammation induced by DSS/HFD. 
This combination also corrected flora dysbiosis by inhibiting NF-κB 
activation and NLRP3 inflammatory inhibition of body assembly. 
These findings provide a safe and effective treatment strategy for 
ulcerative colitis [135]. The currently recognized intestinal probiotic 
Akkermansia muciniphila significantly induces upregulation of NLRP3 
in mouse macrophages Raw264.7 cells and BMDM cells and is pro
tective against acute colitis in mice [136]. Dietary supplementation 
of sanguinarine (SAN), a natural anti-inflammatory component, can 
significantly alleviate the colonic pathological injury induced by DSS 
and improve intestinal microbiota imbalance in mice by blocking 
NLRP3-(Caspase-1)/IL-1β pathway [137]. Dietary fiber is a significant 
source of short-chain fatty acids, a gut microbial metabolite. When 
fed a high-fiber diet during DSS-induced colitis, mice lacking NLRP3 
but not NLRP6 had an exacerbation compared to their wild-type 
(WT) counterparts suggesting that the protective effect of dietary 
fiber is mediated through the NLRP3 inflammasome. GF mice that 
received FMT from mice fed a high-fiber diet, rather than a zero-fiber 
diet, showed elevated serum IL-18 levels and reduced symptoms of 
DSS-induced colitis. This demonstrates that dietary intervention can 
alleviate colitis by controlling the expansion of pathogenic micro
biota and reducing harmful immune responses [60]. However, con
flicting findings remain specific to the effects of different fiber diets 
on colitis [138,139]. In addition, the immunomodulatory effects of 
plant-derived extracts such as hydroxytyrosol(HT), phloretin, Sai
kosaponin-d(SSd), and milk-derived extracellular vesicles (MEV) on 
the gut via the microbiome and NLRP3 have been successively 
identified [140–142].

IBS is a chronic functional gastrointestinal disorder characterized 
by gut microbiota dysbiosis and chronic low-grade inflammation. 
Research has shown that the inflammasome inhibitor BAY 11–7082 
has therapeutic potential in IBS rats. It can significantly reduce tissue 
damage caused by edema, neutrophil infiltration, and loss of colonic 
structure by inhibiting the activation of NLRP3 inflammasome [143]. 
Bifidobacterium longum has also been found to alleviate visceral 
hypersensitivity in post-infectious irritable bowel syndrome (PI-IBS) 
by downregulating IL-18 and IL-1β expression by inhibiting NLRP3 
inflammasomes [144]. However, the specific mechanism of action of 
the gut microbiota and NLRP3 in IBS requires further investigation. 
The NLRP3 inflammatory microsome-gut microbiota network is 
crucial in maintaining intestinal homeostasis and coordinating host 
physiology.

6. Intestinal microbiota and NLRP3 inflammasome crosstalk 
with the gut-brain axis

The gut microbiome regulates the intestinal microenvironment 
and acts on other organs throughout the body through the immune 
system [145,146]. Many studies have proved that the microbiome 
affects brain homeostasis through the gut-brain axis. Alterations in 
brain physiological functions are caused by bacterial translocation in 
the gut, which can be stimulated by various factors such as disease, 
environment, or diet [111,147,148]. The gut-brain axis includes the 
central nervous system, the central endocrine system, and the cen
tral immune system. It consists of the hypothalamic-pituitary- 
adrenal axis (HPA axis), the sympathetic nervous system, the para
sympathetic nervous system (vagus), and the enteric nervous system 
of the autonomic nervous system, as well as the microorganisms in 
the gut. Additionally, the gut microbiota plays a significant role in 
gut-brain communication, forming the microbiota-gut-brain axis 
(MGB). This network relies heavily on the interaction between gut 
bacteria and the intestinal epithelial barrier (IEB), the immune 
system, and neural pathways [145]. The bacteria-immunity interplay 

facilitates communication between the gut-brain axis, as gut mi
crobiota directly stimulates immune cells in the gut and circulation 
while regulating the central nervous system and the brain's phy
siological functions. Moreover, certain microorganisms in the gut 
diffuse with the blood to the brain and influence inflammation in the 
CNS [149]. Neurotransmitters regulated by the gut microbiome also 
play an essential role in transmitting information between the gut 
and the brain [150,151]. Therefore, an in-depth exploration of the 
molecular mechanisms of gut microbiota in gut-brain communica
tion is of great significance for neurological diseases.

Gut microbiota-NLRP3 interactions are involved in the regulation 
of brain function. Using GF mice, researchers demonstrated that gut 
bacteria affect the biological processes of the central nervous system 
in several ways, including development, neurogenesis, neuro
transmission, immune activity, and maintenance of the blood-brain 
barrier [152,153]. The upregulation of mRNA expression of caspase-1, 
ASC, IL-1β, and IL-18 in the intestinal and brain tissues of mice 
treated with antibiotics suggests that the intestinal microbiota 
modulates the expression of inflammasome components [105]. The 
impact of the NLRP3 inflammasome on the gut-brain axis has also 
been demonstrated in animal experiments. Knockdown of NLRP3 in 
mice led to changes in gut microbiota composition and altered be
havior and motility, highlighting the importance of the NLRP3 in
flammasome in regulating mood-related activity. Additionally, 
caspase-1-/- mice displayed a distinct gut microbiota composition 
and behavioral patterns compared to WT mice, further supporting 
the role of NLRP3 inflammasome in gut-brain axis interactions [154]. 
These findings illustrate the regulatory role of the gut microbiota 
and NLRP3 on the brain. Further exploration and discussion are still 
needed to clarify the specific cellular mechanisms and factors of gut 
microbiota and NLRP3 inflammasome in regulating gut-brain com
munication under physiological and pathological conditions.

Currently, there is great interest in studying disorders related to 
the gut-brain axis, particularly neurodegenerative diseases such as 
Parkinson's (PD) and Alzheimer's (AD), as well as psychiatric dis
orders including autism spectrum disorders (ASD) and major de
pressive disorders (MDD). The pathogenesis of these disorders 
involves oxidative stress, mitochondrial dysfunction, apoptosis, and 
immune inflammation [155–159]. Inflammation plays a vital role in 
the mechanism of action of neurodegenerative diseases, and the 
activation of neuroglia, especially microglia, is the main hallmark of 
brain inflammation [160,161]. Notably, alterations in the gut micro
biota composition directly affect the gut mucosal barrier, leading to 
gastrointestinal dysfunction and triggering a neurogenic/in
flammatory response in the gut and periphery [145,146]. At the same 
time, the permeability of the BBB is significantly enhanced, and 
potential neurotoxic factors produced by the microbiome permeate 
the CNS, leading to neuroinflammation and neurodegeneration [91]. 
Moreover, the role of NLRP3 inflammasome in activating and re
leasing IL-1β and IL-18, and thus coordinating host physiology and 
regulating CNS disorders, is gradually being recognized [162,163]. 
Studies have demonstrated that gut microbiota and NLRP3 in
flammasome interactions have a regulatory role in the center, and 
gut bacteria regulate peripheral inflammatory pathways through 
inflammasome signaling, which affects brain homeostasis 
[164–166]. There is evidence to suggest that various stimuli related 
to inflammation and neurodegenerative processes, such as increased 
extracellular ATP, β-amyloid (Aβ) fibers, α-synuclein (α-syn) ag
gregates, reactive oxygen species (ROS), and deubiquitination, may 
activate the NLRP3 inflammasome, which in turn could affect the 
composition of gut microbiota [15,167,168] (Fig. 3).

A typical pathological feature is the massive activation of mi
croglia in the central nervous system for patients with AD and PD. 
Stimulation by Aβ and α-syn in the brain accelerates the formation of 
NLRP3 inflammasome in microglia. It induces apoptosis or pyr
optosis through the expression of IL-1β, caspase-1, etc., leading to 
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the development of neurodegeneration [164,169]. At the same time, 
epidemiology revealed alterations in the intestinal microbiota 
structure in patients with AD and PD, accompanied by the devel
opment of intestinal inflammation [170,171]. Research has shown a 
direct effect of microbiota on Aβ amyloidosis in the CNS [172]. In 
addition, the gut microbiota of AD patients has been shown to 
produce amyloid peptides that escape from the gastrointestinal tract 
and accumulate in the brain via the gut-brain upstream pathway, 
possibly playing a role in the production of pro-inflammatory cy
tokines, presumably via NLRP3 activation [173]. Thus, NLRP3 in
flammasome activation may play a pivotal role in the gut and CNS 
interaction. APP/PS1 double transgenic mice are an ideal model to 
study the pathogenesis of AD, and transplantation of intestinal flora 
from AD patients into APP/PS1 double transgenic mice revealed in
creased expression of NLRP3 in the intestine and increased expres
sion of inflammatory factors in peripheral blood expression levels of 
inflammatory factors were also increased. Mice receiving gut mi
crobiota from AD patients had increased microglia activation and 
expression of neuroinflammatory factors in their brains, leading to 
more severe cognitive impairment [174]. Additionally, the study in
vestigated the intestinal traits of 5xFAD mice, a transgenic mouse 
model of AD carrying five familial AD-associated mutations. The 
results revealed significant alterations in the intestinal microbiota 
composition of 5xFAD mice compared to WT mice, along with im
paired intestinal barrier function and elevated levels of NLRP3 and 
IL-1β in the gut. Furthermore, the brains of 5xFAD mice exhibited 
increased expression of NLRP3 inflammasome and IL-1β, as well as 
an enhanced proliferation of astrocytes and activation of microglia 
[175]. This evidence suggests that elevated expression of microbial- 
associated inflammatory components in the gut may be an essential 
trigger for subsequent inflammatory activation. The intestinal origin 

of NLRP3 may promote NLRP3 inflammasome-mediated neuroin
flammation. Thus, modulating the gut microbiota may be a potential 
strategy for treating neurologic diseases related to AD in genetically 
susceptible hosts. Probiotics such as Lactobacillus plantarum MA2 
(MA2) have been shown to improve cognitive deficits and anxiety- 
like behaviors in AD rats by remodeling the structure and compo
sition of the gut microbiota, attenuating intestinal mucosal damage 
and impeding microglia activation and neuroinflammation via the 
TLR4/MYD88/NLRP3 signaling pathway [176]. Intestinal microbial 
metabolites may be another effective treatment for AD. Microbiota- 
derived indole upregulates the production of aromatic hydrocarbon 
receptor (AhR) through tryptophan metabolism, inhibits the acti
vation of the NF-κB signaling pathway, and the formation of the 
NLRP3 inflammasome reduces the inflammatory response and then 
prevents Aβ accumulation and Tau hyperphosphorylation [67]. In 
contrast, the gut microbiota-derived metabolite TMAO has been 
found to stimulate the activation of NLRP3 inflammasome in both 
the peripheral and the CNS, and its level increases with age-related 
cognitive dysfunction. Moreover, TMAO has been shown to cause 
mitochondrial dysfunction, oxidative stress, neuronal aging, and 
synaptic damage in the brain [67]. Therefore, further understanding 
the interrelationship between the gut microbiota and NLRP3 and 
identifying relevant foods or probiotics that regulate its homeostasis 
could provide new therapeutic directions for neurological diseases.

The relevance of PD, another central disease closely related to 
neuroinflammation, to the gut microbiome and NLRP3 inflamma
some activation is increasingly being understood [177]. A study by 
Sampson et al. in 2016 showed that transgenic animals that over
express human αSyn exhibit decreased microglia activation, αSyn 
inclusions, and motor deficits under GF conditions or when treated 
with antibiotics to deplete bacteria, as compared to animals with a 

Fig. 3. Interaction between gut microbiota and NLRP3 inflammasome in the gut-brain axis. In patients with AD, PD, and MDD, gut microbes promote activation of NLRP3 in the 
periphery and the center, activating an inflammatory response that damages both the gut and the blood-brain barrier. This inflammation contributes to central neuroin
flammation and neurodegeneration. Additionally, the accumulation of certain proteins such as Aβ, α-syn, and Tau in the brain can stimulate the formation of NLRP3 inflammasome 
in microglia, further accelerating neurodegeneration. This process may also affect the structure of the gut microbiota.
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complex microbiota. Additionally, treatment with SCFAs, produced 
by gut microbiota, can restore all major disease features in GF mice, 
confirming the regulatory function of the gut microbiome in PD 
[178]. Specifically, alterations in the gut microbiota of PD patients 
were characterized by decreases in Verrucomicrobia, Mucispirillum 
schaedleri, Porphyromonas, Lactobacillus, and Parabacteroides, as well 
as increased abundance of Prevotella, associated with increased le
vels of circulating pro-inflammatory cytokines, including IL-1β [179]. 
Consistent with this, there was a decrease in SCFA-producing bac
teria, reduced colonic IL-1β levels, and impaired IEB in PD patients 
[180]. When administered to mice with PD, butyrate significantly 
worsened their motor dysfunction, reduced dopamine and 5-hy
droxytryptamine (5-HT) levels, accelerated the loss of dopaminergic 
neurons, and intensified neuroinflammation mediated by glial cells 
by increasing the number of microglia and activating astrocytes 
[181]. Of note, in vitro studies have shown that butyrate significantly 
increases the expression of pro-inflammatory cytokines(IL-1β, IL-18) 
in LPS-stimulated BV2 cells and upregulates the expression of 
NLRP3, indicating a possible association between intestinal micro
biota and NLRP3 in the pathogenesis of PD [181]. Nevertheless, ad
ditional clinical evidence and experimental investigation are 
required to elucidate the specific mechanisms by which the gut 
microbiota and NLRP3 influence the onset and progression of PD.

Carolina Pellegrini et al. provide a preliminary overview of the 
interaction between the gut microbiome and NLRP3 inflammasome 
with psychiatric disorders. Existing evidence suggests a connection 
between gut microbiota, NLRP3 inflammasome activation, and brain 
pathology symptoms in psychiatric disorders [167]. Zhang et al. 
employed NLRP3-/- mice to validate the connection between gut 
microbiota, NLRP3 inflammasome, and depression. They found that 
microbiota transplantation from NLRP3-/- mice alleviated depres
sion-like behavior induced by CUS. The underlying mechanism could 
be attributed to the regulation of circHIPK2 expression, which im
proved astrocyte dysfunction in mice [110]. A recent groundbreaking 
study has revealed that CD36, a scavenger receptor, plays a crucial 
role in maintaining the ecological balance of gut microbiota and 
regulating NLRP3 in MDD [182]. The study found that CD36 ex
pression was elevated in depressed mice and patients. Interestingly, 
CD36 deficiency in mice led to decreased hippocampal NLRP3 in
flammasome signaling pathway and increased cecum bacterial alpha 
diversity. Specifically, CD36 knockout mice had a higher abundance 
of Bacteroides, Rikenella, and Alloprevotella but lower levels of Allo
baculum, suggesting that CD36 plays a vital role in shaping the gut 
microbiota composition, which in turn affects depressive behavior 
via the inflammasome pathway [182]. Treatment with fecal micro
biota transplants derived from normal rats also improved CUS-in
duced depression-like behavior, with 5-HT reduced in the CUS rat 
model but significantly increased after fecal microbiota transplan
tation [165]. Of interest, the application of probiotics for the treat
ment of mood anxiety and depression is being demonstrated. 
Mycobacterium bovis reduced basal levels of genes (NLRP3 and NF- 
κB) involved in microglia priming, thus preventing a stress-induced 
increase in anxiety-like behavior [183]. Probiotics such as Lactoba
cillus abrogate the hyperactivation of microglia and reduced ex
pression of dopamine transporter proteins in brain tissue, which are 
closely associated with depression, by improving ecological dysre
gulation and lowering levels of TLR4, NLRP3, and IL-1β in intestinal 
and brain tissue [184,185]. In conclusion, modulating the gut mi
crobiome and NLRP3 inflammasome to regulate the body's ecolo
gical balance and inflammatory homeostasis, as well as utilizing 
probiotics and their metabolites to regulate gut microbiota structure, 
could offer novel therapeutic approaches for addressing psychiatric 
disorders.

7. Prospect

The essential roles of the gut microbiome and inflammasomes in 
various inflammatory, metabolic, neurological, and cardiovascular 
diseases are gradually being revealed. At the same time, current 
evidence supports the role of the gut microbiome and inflamma
some interactions in disease regulation. This paper mainly sum
marizes that in the gut and central system, the gut microbiome and 
its metabolites interact with NLRP3 inflammasome to regulate the 
physiological functions or pathological alterations of the body by 
promoting or inhibiting the cleavage of caspase-1 and the expression 
of inflammatory factors such as IL-1β and IL-18, and to influence 
central nervous system diseases through the gut-brain axis. The 
environment, diet, drugs, and the organism's internal environment 
also affect this action. Thus, the gut microbiota and NLRP3 in
flammasome may be potential targets for treating various patholo
gies. Depletion through manipulation or targeting of the gut 
microbiota and genetic deletion or pharmacological modulation of 
inflammasome signaling may be a new direction to explore in clin
ical therapy. Therefore, an in-depth understanding of the balance 
between probiotic and harmful bacteria in the microbiota and be
tween microbiota and inflammasome activation is critical. In addi
tion, whether other inflammasomes, including NLRP6, NLRP1, AIM2, 
and NLRC4, exist in different diseases in crosstalk with the gut mi
crobiome and NLRP3 must be investigated in depth.

In conclusion, the specific mechanisms of gut microbiome-in
flammasome interactions still require further basic and clinical 
studies. There are still plenty of future research prospects for tar
geting the gut microbiome and NLRP3 inflammasome to develop 
therapeutic strategies and drug development for preventing and 
treating inflammation-associated diseases.
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