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ABSTRACT Accumulating evidence suggests that the gut microbiota is crucial component of the host organism, contributing to immune defense, 
metabolic processes, and the pathogenesis of diseases. Gut microbiota influences the host physiological and metabolic functions via diverse 
pathways, including the regulatory effects of microbial metabolites, the signaling roles of microbial structural components, and the modulation of 
host cell metabolism via secreted extracellular vesicles and non-nutritive metabolites. Gut microbiota-derived metabolites, including short-chain 
fatty acids, amino acids, and vitamins, impact host health by regulating metabolic pathways, modulating the immune system, and influencing the 
neuroendocrine network. Gut microbiota structural components, including flagellin, peptidoglycan and lipopolysaccharides, activate host pattern 
recognition receptors like toll-like receptors and nucleotide-binding oligomerization domain 2, triggering inflammatory response and regulating 
the onset of diseases. Furthermore, the gut microbiota secretes microextracellular vesicles and non-nutritive metabolites to directly regulate signal 
transduction and metabolic homeostasis. This review explores these mechanisms in detail and assesses the potential therapeutic applications with 
gut microbiota in regulating host health, providing a theoretical basis for future interventions.
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1. Introduction

The human microbiota comprises a diverse community of microorganisms, residing both on and within the body, with the 
most abundant and diverse microbiota inhabiting within the intestines [1,2]. Gut microbiota and hosts have co-evolved through 
mutualistic symbiosis, with hosts providing a stable environment and the microbiota aids in essential functions such as nutrient 
absorption, energy metabolism, immune defense, and endocrine regulation [2–4]. Despite extensive evidence linking the gut 
microbiota to host physiology, the underlying mechanisms and coordinated regulatory networks involving microbial 
metabolites, bacterial structural molecules, and extracellular vesicles in maintaining host health have yet to be fully 
characterized.

This review highlights that the biological effects of these three classes of microbial signals are highly contradictory and 
context dependent, being jointly shaped by multiple factors including dose, timing, intestinal location, and host genetic and 
immune backgrounds. Moreover, previous studies have largely adopted a single-dimension perspective, separately 
emphasizing the independent roles of microbial metabolites, bacterial cell-wall components, or extracellular vesicles in host 
health, whereas our review for the first time integrates these three elements into a unified conceptual framework, proposing 
that they cooperatively regulate host physiology through a multilayered network. Meanwhile, we also identify a series of 
outstanding scientific and technical challenges in the field, including the lack of quantitative mapping of in vivo microbial 
metabolite gradients and ligand-receptor kinetics, the poor understanding of microbial extracellular vesicle (MEV) tissue 
tropism and cellular uptake mechanisms, and the immaturity of vesicle isolation and standardization methodologies.

To address these knowledge gaps, this review systematically summarizes the regulatory roles of microbial metabolites, 
bacterial structural molecules, and extracellular vesicles in host physiology, integrates current research findings to elucidate 
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how these components participate in host regulation through complex signaling networks, and provides representative 
examples from the literature to illustrate how microbe-derived bioactive molecules influence host health and their potential 
therapeutic applications across diverse diseases.

2. Gut microbiota and host health: Roles of SCFAs, amino acids, and vitamin metabolites

In the digestive tract, host enzymes process dietary components in the small intestine to extract nutrients. However, due to 
incomplete digestion and absorption, various food materials inevitably reach the colon, where they are fermented by 
microbiota. These food components serve as substrates for the microbiota, resulting in the production of various metabolites 
like short-chain fatty acids (SCFAs), amino acids, and vitamins, which are crucial for regulating host metabolism and immune 
function.

2.1. SCFAs and their impacts on host health: Molecular mechanism

Complex carbohydrates, such as dietary fibers, inevitably reach the colon for microbial fermentation. Gut microbiota 
enzymatically converts indigestible carbohydrates to SCFAs (including acetate, propionate, butyrate), which mediate energy 
homeostasis, glucose/lipid metabolism, immunomodulation, and oncogenic progression [5–7]. SCFAs activate G protein-
coupled receptors (GPR43 and GPR41) on enteroendocrine L cells, triggering the secretion of gut peptides such as glucagon-
like peptide-1 (GLP-1), glucagon-like peptide 2 (GLP-2), and peptide tyrosine tyrosine (PYY) [8]. SCFA-mediated GPR109A 
activation enhances IL-18 secretion by intestinal epithelial cells [9]. Additionally, SCFAs enhance the anti-inflammatory 
function of colonic macrophages and dendritic cells via GPR109A signaling, facilitating the differentiation of Treg cells and 
IL-10-producing T cells, thereby contributing to immune homeostasis [9]. Moreover, the metabolic changes that occur during 
T cell activation enhance their sensitivity to SCFA-induced histone deacetylase (HDAC) inhibition, promoting FoxP3 
expression through increased acetylation of the FoxP3 locus, thereby inducing regulatory T cell generation and maintaining 
colonic homeostasis [10]. Notably, the tissue distribution of these receptors is cell-type specific: GPR41 and GPR43 are 
abundantly expressed in colonocytes, enteroendocrine L cells, and various immune cells, whereas GPR109A is predominantly 
localized in intestinal epithelial cells, dendritic cells, and macrophages, thereby contextualizing their roles in immune 
homeostasis and metabolic regulation [9,11,12].

In addition to their established roles in immune homeostasis, SCFAs have significant potentials in several disease contexts. 
SCFAs exert profound effects on tumor initiation and progression through diverse mechanisms, including epigenetic 
regulation, immune modulation, and microbe-host interactions [13]. SCFAs also enhance epithelial barrier function, which is 
beneficial in inflammatory bowel disease (IBD) [14]. Furthermore, SCFA-mediated modulation of gut–brain axis signaling 
has been proposed as a novel approach in neurodegenerative diseases such as Parkinson’s and Alzheimer’s [15]. Given their 
multi-target properties, strategies aimed at selectively boosting beneficial SCFA production-through prebiotics, probiotics, or 
fecal microbiota transplantation (FMT) are under active clinical investigation [16–18]. Although most studies emphasize the 
anti-inflammatory and anti-cancer effects of SCFAs, some research has shown that their functions are context-dependent. 
Human cohort studies have reported associations between elevated propionate and impaired insulin sensitivity, whereas 
animal studies frequently demonstrate metabolic benefits, suggesting dose-, tissue-, and host metabolic state-dependent 
effects [19]. In addition, variations in the composition and relative proportions of SCFAs, their delivery kinetics, and the 
underlying gut microbial community may modulate the direction of immune effects, which may partly explain the 
inconsistencies observed across different studies [20,21]. These contradictory findings suggest that the effects of SCFAs may 
be influenced by host genotype, dietary background, and the composition of the gut microbiota. Therefore, future studies 
should incorporate individual characteristics to more accurately evaluate their clinical potential.

Beyond G protein-coupled receptors-mediated signaling, the biological actions of SCFAs critically depend on their 
epithelial transport [22]. Two major transporters-monocarboxylate transporter 1 (MCT1) and sodium-coupled 
monocarboxylate transporter 1 (SMCT1)-mediate the apical uptake and intracellular accumulation of acetate, propionate, and 
butyrate [23]. MCT1 is a proton-coupled, medium-affinity transporter broadly expressed in colonocytes and immune cells, 
supporting rapid SCFA absorption during microbial fermentation [24]. In contrast, SMCT1 is a high-affinity, sodium-
dependent transporter localized to the apical membrane of the ileum and colon, where it plays a critical role in facilitating 
efficient butyrate uptake [25]. Notably, SMCT1 also functions as a tumor suppressor whose downregulation in colorectal 
cancer disrupts luminal butyrate uptake and HDAC-mediated epithelial responses [25,26]. Dysregulation of these transporters 
has been associated with impaired barrier integrity, aberrant inflammatory signaling, and altered energy metabolism [26–28]. 
Incorporating transporter biology underscores that SCFA function relies not only on receptor activation but also on 
transporter-mediated access to epithelial and systemic compartments.

2.2. Amino acids and their derivatives

Tryptophan, an essential amino acid that mammals cannot synthesize and must obtain through diet, is a key precursor for 
several biologically important compounds. Dietary tryptophan is metabolized by the gut microbiota into various metabolites, 
including kynurenine (Kyn) and indole [29,30]. Kyn influences several biological processes, such as host-microbiome 
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signaling, immune response, and neuronal excitability [31]. By activating the aryl hydrocarbon receptor (AhR), Kyn 
modulates excessive immune response, presenting potential therapeutic benefits for autoimmune diseases like rheumatoid 
arthritis [32]. Kyn exhibits mucosal protective and immunomodulatory effects, possibly mediated through its interaction with 
GPR35 predominantly expressed in epithelial and immune cells (Fig. 1) [33]. Although Kyn has demonstrated 
immunosuppressive effects and mucosal protection in autoimmune disease models via AhR activation, conflicting evidence 
suggests that elevated kynurenine levels may contribute to tumor progression. In various cancers, Kyn promotes immune 
tolerance and cancer cell migration, highlighting its dual role depending on disease context [31,34]. This dichotomy raises 
important concerns regarding therapeutic strategies targeting the Kyn pathway, emphasizing the need for disease-specific 
approaches to avoid undesired immunosuppression or tumor promotion. Tryptophanase converts tryptophan to indole, with 
indole serving as an AhR ligand to promote immune cell activation and the secretion of GLP-1 and IL-22 (Fig. 1) [35]. In 
addition, indole metabolism generates indole sulfate, a compound associated with chronic kidney disease (CKD) progression 
(Fig. 1). Studies have demonstrated that genetic modification of Bacteroides sp. tryptophanase regulates the indole sulfate 
levels in a germ-free mouse model, suggesting a potential therapeutic approach for kidney disease by targeting the gut 
microbiota [36].

In addition to tryptophan metabolism, other amino acids and their derivatives also play crucial roles in host health. For 
instance, histidine metabolites such as histamine and imidazole propionate are involved in immune regulation and have been 
linked to allergic and metabolic disorders [37]. Likewise, phenylalanine and tyrosine-derived metabolites, including dopamine, 
are essential in neurological processes and cardiovascular function, underscoring the broad impact of amino acid metabolism 
on host physiology [38,39].

Fig. 1. Mechanisms of action of gut microbiota-derived metabolites in host health. SCFA binds to G protein-coupled receptors (GPCR) such as 
GPR41, GPR43, and GPR109A on the surface of G epithelial cells and immune cells to exert anti-inflammatory effects and regulate glucose 
homeostasis. Tryptophan metabolites, such as kynurenine and indole derivatives, modulate host immunity via GPR35 and AhR pathways. Vitamins 
produced or regulated by gut microbes contribute to energy metabolism, immune regulation, and barrier integrity. 

2.3. Vitamins

While host-microbiome research has primarily focused on macronutrient metabolism-carbohydrates, fats, and proteins-the 
gut microbiota plays a crucial role in vitamin metabolism, particularly in the production and utilization of B vitamins. These 
water-soluble vitamins are vital for host health, playing key roles in energy metabolism, immune regulation, one-carbon 
metabolism, and neurotransmitter synthesis [29,40,41]. B vitamins are primarily acquired through diet and microbial synthesis 
in the gut [42]. Additionally, certain gut microbes have specific vitamin requirements for optimal growth and metabolic 
function. Deficiencies in B vitamins, which may arise from insufficient dietary intake or competitive interactions between the 
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host and gut microbes, or among different microbial species, impair gut health, and disrupt host metabolism, as well as 
heighten the risk of chronic diseases. Among all B vitamins, vitamin B12 (cobalamin) holds particular ecological significance, 
as it serves as a critical nutritional node fiercely contested between the host and microbes within the gut ecosystem [43]. Only 
select bacteria can synthesize vitamin B12, whereas both host cells and numerous gut commensals require it for essential 
metabolic reactions [44]. Many gut bacteria—such as Bacteroides, Prevotella, and certain Firmicutes—possess high-affinity 
B12 transporters and efficiently scavenge luminal cobalamin, thereby reducing its bioavailability for the host [44–46]. This 
competition extends to the small intestine, where bacteria can compete with intrinsic factor-mediated uptake of dietary B12 
and contribute to malabsorption in bacterial overgrowth syndromes [44]. Consequently, vitamin B12 availability not only 
shapes microbial community structure and metabolic outputs but also influences host epithelial metabolism, methylation 
reactions, and immune responses, with important implications for B12 deficiency-associated metabolic and inflammatory 
diseases. Understanding this ecological interplay provides a more accurate perspective on vitamin B12 dynamics within the 
gut ecosystem.

Beyond B vitamins, vitamins A and D modulate immune response and maintain gut barrier integrity, thereby indirectly 
shaping microbiota composition and gastrointestinal health. Recent studies have highlighted the therapeutic potential of 
vitamin D in colorectal cancer (CRC), demonstrating that Carnobacterium maltaromaticum (C. maltaromaticum) enhances 
vitamin D biosynthesis in the gut, activating the host vitamin D receptor (VDR) to suppress CRC progression [47]. Several 
microbial taxa have been identified as key vitamin producers. For example, Bifidobacterium and Lactobacillus spp. produce 
folate and riboflavin, supporting one-carbon metabolism, nucleotide synthesis, and redox balance [29]. Enterococcus and 
Bacteroides spp. produce menaquinones, crucial for coagulation and bone health [48]. These microbial activities integrate 
with host physiology via host-microbe co-metabolism, complementing dietary vitamin intake and influencing bioavailability 
through interspecies and host-microbe competition. Certain taxa also modulate vitamin-dependent signaling based on the 
example that C. maltaromaticum enhances intestinal vitamin D synthesis, activating VDR to inhibit colorectal cancer [47]. 
Thus, gut microbes act both as producers and regulators of vitamin-mediated processes, offering targets for microbiota-based 
interventions.

In addition to metabolites, the structural components of gut microbes also play pivotal roles in shaping host immunity and 
health. These structural molecules act as direct ligands for host pattern recognition receptors, thereby bridging microbial 
presence and host response.

3. Bacterial structure of gut microbes: A bridge to host health

Intestinal epithelial cells engage with bacterial molecules, initiating signaling pathways that influence host immune 
response. The structure of these molecules—such as flagellin and those derived from gut bacterial cell walls (including 
peptidoglycan (PGN), lipoteichoic acid (LTA), and lipopolysaccharides (LPS))—are recognized by host toll-like receptor 5 
(TLR5), TLR2, and TLR4, respectively. Although these ligands originate from distinct microbial structures and engage 
different receptors, their downstream signaling pathways largely converge. These TLRs predominantly activate the myeloid 
differentiation factor 88 (MyD88)-dependent cascade, leading to nuclear factor kappa B (NF-κB) and mitogen-activated 
protein kinase (MAPK) activation and subsequent induction of inflammatory cytokines, antimicrobial peptides, and immune-
regulatory genes, thereby shaping mucosal immune homeostasis and inflammatory responses.

Flagellin, a filamentous protein found on bacterial surfaces, is essential not only for bacterial motility and pathogenicity 
but also for modulating host immune response [49,50]. When the flagellum breaks on the bacterial surface due to the host 
own factors or external environmental factors (such as host protease), flagellin molecules will be released into the surrounding 
environment and bind to its receptors [50]. As the sole ligand for TLR5, flagellin binds to the TLR5 dimer via allosteric sites 
within the FliC D0 domain (partial Lachnospiraceae deletion) with high affinity (Fig. 2) [51]. This interaction is crucial for 
the adhesion and colonization of intestinal microorganisms, as well as for nutritional metabolism and immune regulation. 
Upon TLR5 engagement, flagellin activates the downstream transcription factors NF-κB and AP-1 through the TLR5-
MyD88-TRAF6-IKK signaling cascade, thereby regulating the expression of inflammatory cytokines and antimicrobial 
peptides, enabling the host to maintain immune homeostasis (Fig. 2) [52,53]. Interestingly, this immune activation plays dual 
roles-promoting defense against pathogens while also contributing to chronic inflammation when dysregulated. To survive 
within the host and evade immune detection, many flagellated bacteria have evolved sophisticated post-translational 
modification (PTM) mechanisms of flagellin [54]. Among these, glycosylation and methylation are particularly widespread 
and biologically significant. Bacterial flagellin glycosylation has been identified in various pathogenic species, such as 
Campylobacter jejuni, Helicobacter pylori, and Listeria monocytogenes [55–58], which promotes the adhesion of some 
pathogenic bacteria and biofilm formation and avoids host immunity [59]. By masking key antigenic epitopes, glycosylated 
flagellins modulate host immune recognition, thus contributing to persistent colonization or infection. In addition to 
glycosylation, bacterial flagellin also undergoes methylation modifications reported in 1959 [60]. Although the methylation 
of flagellin affects flagellum traits such as assembly, quantity, and motility, emerging evidence indicates that bacterial 
adhesion and invasion of host epithelial cells critically rely on this post-translational modification [54]. Methylated flagellins 
adhere to host cells through hydrophobicity and may serve as potential targets for anti-infective drugs [54]. Clinically, aberrant 
flagellin-TLR5 signaling or abnormal PTM patterns have been linked to IBD, metabolic syndromes, and colorectal cancer 
[61–64]. Moreover, specific glyco- or methyl-flagellin isoforms act as biomarkers for identifying pathogenic strains or for 
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monitoring dysbiosis-related diseases [54]. Notably, flagellin-based vaccines and adjuvants—which exploit its potent 
immunostimulatory properties—are being developed for mucosal immunization and cancer immunotherapy, providing 
promising avenues for translational medicine [65].

Fig. 2. Structural components of gut bacteria and their roles in host immune regulation. LPS induces inflammatory response through the 
TLR4/MyD88/NF-κB pathway to enhance the host immune defense. Flagellin exerts immune regulation by binding to TLR5. Peptidoglycan (PGN) 
exerts a protective response by activating the endogenous immune receptor NOD2 through its degradation product MDP. LTA binds to TLR2 and 
activates the p38-MAPK/NF-κB pathway, thereby modulating mucosal immune defense.

PGN, a fundamental bacterial cell wall component, assembles into a complex three-dimensional network of cross-linked 
polymeric layers that provides structural integrity and confers resistance against environmental stressors [66,67]. PGN-
derived molecules from intestinal bacteria have been identified as potent activators of NOD1/2 receptors, playing a crucial 
role in immune modulation. For example, MurNAc-L-Ala-D-isoGln (muramyl dipeptide, MDP) specifically activates NOD2, 
subsequently inducing the NF-κB and MAPK cascades to promote the production of cytokines and chemokines, thereby 
strengthening innate and adaptive immunity (Fig. 2) [68]. Interestingly, in intestinal injury models, MDP-mediated NOD2 
activation suppresses NF-κB-dependent proinflammatory cytokine response, exhibiting anti-inflammatory effects [69]. These 
findings suggest that NOD2 signaling may exert dual regulatory roles under different physiological or pathological conditions. 
Structurally, the d-iso-glutamine residue at the C-terminal position of MDP is essential for the specific activation of the NOD2 
signaling pathway [70]. Moreover, the MDP derivative, muramyl tripeptide phosphatidyl ethanolamine, serves as an immune 
modulator in infection by activating NOD2 to maintain intestinal immune homeostasis [71]. N-acetylmuramic acid (MurNAc), 
a fundamental PGN constituent, is involved in regulating the immune response of host mucosal surfaces. Tomasiella 
immunophila, which relies on MurNAc for growth, releases outer membrane vesicles containing IgA-degrading enzymes, 
thereby interfering with local humoral immunity [72]. Collectively, PGN-related structures amplify inflammatory response 
or promote tolerance and repair, depending on their chemical features and receptor interactions. Parallel to PGN, LTA—
another surface molecule of Gram-positive bacteria-is composed of membrane-anchored lipids linked to polyglycerol or 
polyribitol phosphate chains. LTA is primarily recognized by TLR2, often forming heterodimers with TLR1 or TLR6. 
Functionally, subtle structural differences in LTA dictate receptor affinity and immunological outcomes. Certain probiotic-
derived LTAs enhance mucin layer integrity, epithelial barrier gene expression, and antigen presentation, thereby supporting 
IgA-mediated immune defense and mucosal homeostasis [73]. Conversely, under dysbiosis or stress, distinct LTA 
conformations may promote proinflammatory signaling. Specifically, LTA from Apilactobacillus kosoi markedly increases 
IgA secretion, reinforcing mucosal immunity [56], while LTA from Lactobacillus paracasei mitigates intestinal inflammation 
in mice by activating the TLR2/p38-MAPK/NF-κB axis to upregulate mucin expression [74].

LPS, a potent endotoxin and crucial structural element of Gram-negative bacteria outer membrane, is vital for maintaining 
cellular integrity and mediating host-pathogen interactions [75]. Excessive LPS exposure manifests as fever, leukocyte 
perturbations, respiratory complications, and even sepsis [76]. Upon entry into tissues or the bloodstream, LPS is detected by 
TLR4 and rapidly engages innate defenses, initiating robust pro-inflammatory response [75]. This recognition is tightly 
orchestrated by accessory molecules. Circulating LPS first binds lipid-binding protein (LBP) to form an LPS-LBP complex 
that docks onto the co-receptor CD14, facilitating transfer to the TLR4/MD-2 complex and thus licensing high-fidelity LPS 



6

sensing (Fig. 2) [77,78]. Beyond acute endotoxemia, LPS is increasingly recognized as a driver and modulator of chronic 
mucosal inflammation. LPS serves as a critical amplifier of inflammatory pathways and contributes to IBD pathogenesis by 
reshaping immune tone and perturbing host-microbiota crosstalk [79]. Consistent with this, patients with Crohn’s disease and 
ulcerative colitis display elevated TLR4 expression and heightened LPS activity relative to healthy controls [80]. Notably, in 
healthy individuals, LPS originates predominantly from the gut microbiota. Controlled LPS stimulation may benefit the 
immunophenotype: e.g., low-dose LPS pre-exposure in mouse models inhibits the characteristics of allergic asthma by 
improving the Th1/Th2 ratio [81]. The toxicity and immunological effects of LPS vary depending on the bacterial source. For 
example, Bacteroides-derived LPS possesses a structurally distinct lipid A moiety compared to the highly inflammatory 
Escherichia coli (E. coli)-derived LPS. Bacteroides LPS can induce immune tolerance and dampen innate immune signaling, 
while E. coli LPS strongly activates the TLR4 pathway, eliciting robust pro-inflammatory response [82]. This structural 
divergence leads to vastly different host immune outcomes, suggesting that the blanket classification of LPS as a pro-
inflammatory endotoxin may be oversimplified. A more nuanced understanding of LPS structural variability and its functional 
implications is crucial for interpreting its role in host-microbiota crosstalk and immune regulation.

In addition to TLR-mediated pathways, inflammasome signaling driven by cytosolic pattern-recognition receptors is a 
critical component of microbe-induced immune responses. Flagellin can be sensed not only by cell-surface TLR5 but also 
intracellularly by the NOD-like receptor C4 (NLRC4) inflammasome. Upon recognition of bacterial flagellin, NLRC4 triggers 
caspase-1 activation, leading to the maturation and release of IL-1β and IL-18 and thereby promoting rapid innate immune 
defense [83]. Moreover, multiple microbiota-derived signals contribute to the activation of the NOD-like receptor protein 3 
(NLRP3) inflammasome. Microbial metabolites, LPS as well as cell wall fragments such as PGN degradation products, can 
promote NLRP3 assembly and caspase-1-dependent IL-1β/IL-18 secretion [84–86]. While NLRP3 signaling is essential for 
maintaining intestinal barrier integrity and host protection against pathogens, its dysregulation is closely associated with 
inflammatory bowel disease and metabolic disorders [87,88]. Together, TLRs, NLRC4, and NLRP3 inflammasomes 
constitute a multilayered microbial-sensing network that orchestrates host immune responses to the gut microbiota.

Beyond static molecular structures, gut microbes also engage in dynamic intercellular communication. This is primarily 
mediated by extracellular vesicles, which encapsulate not only metabolites but also structural molecules such as PGN, LTA, 
and LPS, thereby extending their effects beyond the intestinal mucosa.

4. Gut microbiota-driven host health: Extracellular vesicle signaling and non-nutritional metabolite crosstalk

Intestinal microbiome-derived extracellular vesicles (EVs) have been identified as key mediators of diet-microbiome-host 
interactions. Furthermore, non-nutritional metabolites derived from the gut microbiota have garnered considerable attention 
for their roles in regulating host metabolism. An overview of these concepts is summarized in Fig. 3.
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Fig. 3. Gut microbiota-mediated regulation of host health through extracellular vesicles and non-nutritive metabolites. MEVs deliver bioactive 
cargos, including nucleic acids, lipids, and bacterial structural molecules, to host cells, thereby influencing immune and metabolic response. Non-
nutritive metabolites, such as bile acids, trimethylamine N-oxide (TMAO), and polyphenol derivatives, are produced or modified by gut microbiota 
and regulate host metabolic and immune pathways. TMA, trimethylamine; UDCA, ursodeoxycholic acid; LCA, Lactic acid; EGCG, 
epigallocatechin gallate; 4HPP, 3-(4-hydroxyphenyl)-propionic acid.

4.1. “Cargo” of MEVs: A communication medium between microorganisms and their hosts

MEVs are nanoscale, lipid bilayer-enclosed particles released by microorganisms. They regulate host metabolism through 
their enclosed bioactive cargo, including proteins, lipids, nucleic acids (primarily small RNAs), and cell wall/membrane 
components (such as PGN, LTA, and LPS). Bacterial small RNAs can be enclosed within extracellular vesicles and transferred 
to host cells, modulating host gene expression and metabolism [89]. For example, E. coli 536 secretes MEVs containing a 
series of RNAs, which are delivered to bladder cells, participating in urinary tract infections and disrupting the normal 
excretion of metabolic waste [90]. Furthermore, microRNAs carried by MEVs from the clinical AIEC LF82 strain influence 
lipid metabolism [91]. Beyond RNA, microbial DNA derived from MEVs in the gut exacerbates insulin secretion and 
sensitivity, leading to host metabolic dysregulation. The levels of microbial DNA delivered to the bloodstream and β-cells 
via MEVs are elevated in both obese patients and high fat diet-fed mice [92]. Moreover, a recent research indicates that 
antiviral responses driven by the gut microbiota depend on MEVs to transport DNA to distant host cells, ultimately functioning 
through the cGAS-STING-IFN-I axis [93]. MEVs also carry components of bacterial cell walls or membranes. PGN is 
transported via MEVs into circulation and distant tissues, where it disrupts lipid metabolism. The transcytosis of PGN involves 
TLR2-dependent phagocytosis and exosome secretion within cells [94]. LTA, present in MEVs derived from Lactobacillus 
rhamnosus JB-1, is capable of being internalized by dendritic cells and intestinal epithelial cells through endocytosis [95,96]. 
Additionally, LPS carried by MEVs stimulates inflammation and inhibits lipid metabolism [97]. MEVs might be applied in 
the treatment of IBD, offering broad prospects through their advantages in immunomodulation, tissue repair, and targeted 
drug delivery; however, their safety, efficacy, and production standardization still require further clinical validation [98]. 
Mechanistically, MEVs communicate with host cells through multiple routes that likely shape these therapeutic effects, 
including recognition by pattern recognition receptors to trigger innate responses [47]; internalized via clathrin- or caveolin-
dependent endocytosis [99]; or additional pathways-including lipid raft-mediated uptake and direct membrane fusion. Recent 
studies indicate that MEVs exhibit substantial functional heterogeneity, functioning either to transmit immunoprotective 
signals or to amplify inflammation and metabolic disturbance. MEVs released by pathogenic bacteria frequently carry pro-
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inflammatory components and activate innate immune responses [100], whereas probiotic-derived EVs tend to deliver 
immunomodulatory factors that strengthen epithelial barrier defenses and suppress inflammation [101]. These seemingly 
contradictory findings suggest that EV effects are shaped by their microbial origin, cargo composition, and 
microenvironmental context, which may account for inconsistencies across studies.

Importantly, MEVs are not a homogeneous category. Gram-negative bacteria predominantly release outer membrane 
vesicles (OMVs), which originate from outer-membrane blebbing and contain LPS, outer-membrane proteins, and 
periplasmic components [102]. In contrast, Gram-positive bacteria produce cytoplasmic membrane vesicles (CMVs), derived 
from cytoplasmic-membrane protrusions and typically contain LTA, PGN, and cytoplasmic materials [103]. These structural 
and compositional differences lead to divergent host responses. LPS-enriched OMVs tend to preferentially trigger TLR4-
MyD88-NF-κB-dependent inflammatory signaling, thereby amplifying innate immune responses [104], whereas LTA-rich 
CMVs more frequently engage TLR2-associated signaling axes to regulate mucosal immunity and maintain immune 
homeostasis, reflecting a biological profile that is biased toward immunomodulation rather than purely pro-inflammatory 
activity [105]. Recognizing these distinctions is essential for accurately interpreting the immunometabolic functions of MEVs.

4.2. Gut microbiota imparts new “nutritional” value to non-nutritive substances

Dietary nutrients are undeniably crucial for maintaining overall health. However, non-nutritive metabolites produced by 
gut microbiota through metabolic processes also have physiological effects. The gut microbiota converts dietary choline and 
carnitine into TMA, which is then oxidized in the liver to produce TMAO [106–108]. TMAO induces renal oxidative stress, 
inflammation, and interstitial fibrosis, leading to impaired renal clearance function [107,109,110]. Inhibiting TMAO 
production through microbial enzyme blockers or microbiota reshaping has shown cardiovascular benefits in preclinical 
models [111–114]. Thus, modulating the gut microbiota may offer a strategy to regulate TMAO production.

During digestion, bile acids (BAs) are released into the intestine to facilitate digestion, where the gut microbiota transforms 
primary bile acids into diverse secondary bile acids [115,116]. This microbial biotransformation has tangible physiological 
consequences. For example, Bacteroides enhances weight recovery in obese mice by elevating the levels of lithocholic acid 
and ursodeoxycholic acid [117]. Gut microbiome-mediated conversion of primary to secondary bile acids reduces hepatic 
CXCL16 expression and natural killer T (NKT) cell accumulation, thereby promoting liver tumor growth, whereas inhibiting 
this conversion restores NKT cell-mediated antitumor immunity in mice [118]. Functionally, BAs act as ligands-either 
agonists or antagonists-for multiple nuclear receptors and G-protein–coupled receptors, thereby establishing a host-microbe 
signaling axis that links luminal chemistry to systemic metabolism [119,120]. A reduced abundance of Lactobacillus is linked 
to higher deoxycholic acid levels and enhanced farnesoid X receptor (FXR) signaling, which interferes with the physiological 
metabolism of piglets [121]. By contrast, intestinally derived ω-muricholic and hyocholic acids activate Takeda G-protein–
coupled receptor 5 (TGR5) on enteroendocrine cells, boosting GLP-1 secretion, enhancing insulin release, and improving 
glucose homeostasis [122]. Together, these mechanisms underpin the emerging clinical potential of microbiota-derived bile 
acids in metabolic disorders (such as obesity and type 2 diabetes) [123], inflammatory diseases (including IBD and liver 
inflammation) [124], and various cancers (notably colorectal and hepatocellular carcinoma) [125] through modulation of host 
immune response and metabolic signaling pathways.

Polyphenols are important plant-derived phytonutrients, and growing evidence shows they enhance insulin sensitivity and 
metabolic homeostasis through multi-target mechanisms. The gut microbiota is highly correlated with the bioavailability of 
polyphenols [126]. For example, in the case of EGCG, rat gut microbes regulate its metabolism-via reactions such as ring 
opening and demethylation-so that even when systemic absorption of EGCG is limited, microbiota-derived metabolites 
compensate and mediate activity [127,128]. Another illustrative molecule is resveratrol, widely recognized for its role in lipid 
metabolism [129]; microbial conversion can yield smaller, better-absorbed derivatives that extend or re-shape its metabolic 
effects. Beyond metabolic regulation, microbe-polyphenol interactions influence the intestinal barrier and inflammation. The 
metabolite 3-(4-hydroxyphenyl)-propionic acid exhibits anti-inflammatory effects by alleviating intestinal barrier dysfunction 
and reducing colitis severity in murine models [130]. For anthocyanins, bacterial glycosidases and cleavage enzymes generate 
diverse phenolic acids and benzopyranone-like products; these anthocyanin metabolites improve insulin sensitivity to promote 
glucose metabolism and inhibit adipogenesis, thereby helping prevent obesity [131,132]. Overall, polyphenols, the gut 
microbiota, and the host act in a stepwise process: microbial metabolism converts the original compounds into smaller, 
bioactive metabolites that interact with host receptors and signaling pathways. In many cases, these microbiota-derived 
molecules are the immediate drivers of the observed health benefits.

In addition to the attention given to gut microbiome-derived EVs, EVs from plant and animal foods have also been found 
to influence host health through interactions with the gut microbiota. Conversely, endogenous host exosomes reshape the 
microbiome. While significant progress has been made in analyzing non-nutritional metabolites derived from the gut 
microbiota, the intricate mechanisms underlying these interactions still require further investigation.

5. Context-dependent heterogeneity of microbiota–host crosstalk: Integration of host variability with spatiotemporal 
dynamics

Microbiota–host interactions are intrinsically context dependent, which represents a major source of inconsistency across 



9

microbiome studies. This context dependence is driven by two interrelated dimensions: inter-host genetic and immune 
variability and pronounced spatiotemporal heterogeneity along the intestinal tract. Together, these factors reshape the 
direction, magnitude, and tissue specificity of host responses to microbial metabolites and MEVs.

Within the host-variability dimension, polymorphisms and expression differences in metabolite-sensing receptors 
constitute a key determinant. Variations in SCFA-sensing GPCRs (GPR41/43 and GPR109A) and receptors for amino-acid-
derived metabolites (AhR and GPR35) alter ligand sensitivity and downstream transcriptional programs [9,12]. In parallel, 
heterogeneity in the responsiveness of pattern-recognition receptors (PRRs), including TLR2/4/5, NOD1/2, NLRC4, and 
NLRP3, tunes inflammatory thresholds and thereby influences whether identical microbial cues preferentially maintain 
homeostatic tolerance or promote pathological inflammation [133,134]. Importantly, these receptor-level differences often 
act in concert with variability in epithelial transport efficiency. Differences in the expression and activity of the SCFA 
transporters MCT1 and SMCT1, together with alterations in barrier integrity and mucus architecture, directly determine 
intracellular metabolite exposure and thus the epigenetic and immunomodulatory potential of SCFAs and amino-acid-derived 
metabolites [25,26]. As a result, similar microbial production levels can translate into markedly distinct physiological 
outcomes among individuals. Beyond receptors and transport, the immune-cellular context further constrains the ultimate 
effects of microbial signals. Inter-individual differences in the balance of Treg and Th17 cells, macrophage polarization states, 
and dendritic-cell subset composition can substantially modify the biological consequences of SCFAs, amino-acid-derived 
metabolites, and MEVs, such that the same microbial cue may favor immune tolerance in some hosts while amplifying 
inflammatory programs in others [135–137].

Beyond inter-host variability, intrinsic spatiotemporal heterogeneity along the intestinal tract and across time profoundly 
shapes the interpretation and functional outcomes of microbial signals. At the metabolite level, the small intestine, 
characterized by higher bile acid exposure and relatively greater oxygen and nitrate availability, favors bile acid 
transformation and amino-acid-derived metabolites, whereas the anaerobic, fiber-rich colon supports fermentation and peak 
SCFA production [138,139]. Differences among intestinal segments in mucus layer thickness, epithelial permeability, and 
transporter distribution further generate micro-scale gradients, thereby determining whether metabolites preferentially act 
locally to regulate barrier function and immune homeostasis or are more readily absorbed into the circulation to exert systemic 
effects [25,140].

At the MEV level, differences among intestinal segments in luminal pH, bile salts, digestive enzymes, and mucus 
architecture influence MEV stability and diffusion, whereas segment-specific uptake routes-including epithelial endocytosis, 
immune sampling via Peyer’s patches, and capture by lamina propria phagocytes-determine their cellular targets and 
functional outputs [141]. Moreover, MEV release and cargo composition are dynamically remodeled by dietary changes, 
inflammatory states, antibiotic exposure, and microbial growth phase, thereby introducing a distinct temporal dimension 
[142,143].

At the immune signaling dimension, microbial cue decoding is both compartmentalized and time dependent. Distinct 
epithelial and immune architectures in the small intestine versus colon establish different baseline PRR signaling networks, 
and immune responsiveness fluctuates with circadian rhythm, feeding cycles, and transitions between inflammatory flare and 
resolution [144,145]. Consequently, identical SCFAs, amino-acid-derived metabolites, or MEVs may support immune 
tolerance and barrier maintenance under homeostatic conditions but preferentially engage NF-κB or inflammasome pathways 
during stress or inflammation.

Collectively, microbiota–host interactions operate within a multilayered framework integrating host genetic background, 
epithelial transport efficiency, immune-cell composition, gut regional context, and temporal dynamics. Incorporating this 
context-dependent heterogeneity provides a more nuanced mechanistic understanding of microbial signaling and supports the 
development of precision microbiota-based therapeutic strategies.

6. Future perspectives and technical challenges

Despite substantial progress in decoding gut microbiota–host crosstalk, several critical scientific and technical challenges 
remain unresolved and define clear priorities for future research. Quantitative mapping of microbiota-derived metabolite 
gradients across tissues and microenvironments is still technically challenging. In particular, the in vivo ligand-receptor 
binding kinetics and signaling thresholds of key microbial molecules are poorly characterized, which limits our ability to 
translate correlative findings into causal mechanisms [29]. In parallel, the MEV targeting specificity, tissue tropism, and cell-
type-selective uptake remains largely unknown, hampering mechanistic understanding of microbiota-derived vesicle-host 
communication [146,147].

Progress in this field is also constrained by methodological bottlenecks in extracellular vesicle research. Current MEV 
isolation strategies-including differential ultracentrifugation, density-gradient purification, and size-exclusion 
chromatography-often suffer from low yield, limited purity, and contamination with host-derived vesicles or protein-lipid 
aggregates, thereby impeding cross-study comparability and functional interpretation [148,149]. These limitations highlight 
the urgent need for refined analytical pipelines and standardized protocols that enable reproducible and quantitative 
characterization of microbial EVs.

At the systems level, accumulating evidence indicates that microbial metabolites, structural molecules, and EVs do not act 
in isolation but instead constitute a multilayered and integrated regulatory network [149]. Microbial metabolites can modulate 
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the biosynthesis and post-translational modification of structural molecules, which in turn reshape EV cargo composition and 
functional properties, underscoring the necessity of investigating these pathways within an integrated framework.

Looking forward, the continuous advancement of multi-omics technologies, including single-cell RNA sequencing, 
metabolomics, and proteomics, together with the integration of artificial intelligence and systems biology, is expected to make 
microbiota–host interaction research more precise and comprehensive [150,151]. These approaches will facilitate high-
resolution dissection of metabolite distributions, EV heterogeneity, and host cellular responses, thereby accelerating the 
translation of microbiota-based interventions into clinical practice.

7. Conclusions

This review provides a comprehensive synthesis of the core mechanisms by which the gut microbiota regulates host health 
through multiple pathways, including microbial metabolites, bacterial structural components, extracellular vesicles, and non-
nutritive metabolites. Short-chain fatty acids, amino acid derivatives, and vitamins play pivotal roles in energy homeostasis, 
immune modulation, and neuroendocrine regulation, while also demonstrating therapeutic potential in cancer, inflammatory 
disorders, and metabolic diseases. Bacterial structural molecules, such as flagellin, peptidoglycan, and lipopolysaccharides, 
modulate inflammatory response and immune tolerance via interactions with pattern recognition receptors. Extracellular 
vesicles and non-nutritive metabolites further influence signal transduction and metabolic homeostasis, contributing to disease 
prevention and treatment. Importantly, microbial metabolites, structural components, and EVs are not isolated regulatory 
pathways but interact extensively to shape host physiology. For example, SCFAs and other microbial metabolites can be 
encapsulated within EVs, enabling their transport to distant tissues and amplifying systemic effects [152]. Similarly, bacterial 
structural molecules such as PGN, LTA, and LPS are frequently identified as EV cargos, thereby extending their 
immunomodulatory roles beyond the intestinal mucosa. In addition, microbial metabolites modulate the biosynthesis and 
modification of structural molecules, which in turn influence the molecular cargo and functional properties of EVs [153]. This 
interconnected network suggests that the microbiota regulates host health not through single parallel mechanisms but through 
a multilayered and integrated system of signaling pathways, underscoring the importance of considering their crosstalk in 
therapeutic applications.

It should be noted that host-microbiota interactions exhibit species-specific differences. For instance, TLR4 expression 
patterns differ between humans and mice, resulting in distinct immune response to LPS stimulation [80]. Similarly, the 
abundance and activity of SCFA receptors (e.g., GPR41/43) vary across species such as pigs, rodents, and humans, leading 
to divergent immunometabolic outcomes [154]. Moreover, variations in gut microbial composition (e.g., relative 
Firmicutes/Bacteroidetes ratio) and metabolite profiles (e.g., propionate vs. butyrate dominance) further highlight interspecies 
differences [155,156]. These aspects underscore the importance of cautious extrapolation from animal models to humans and 
call for multi-species validation or humanized models to bridge this translational gap.
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