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Mechanisms of gut microbiota in 
host fat deposition: metabolites, 
signaling pathways, and 
translational applications
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Obesity and metabolic diseases are global health challenges, with gut microbiota 
playing a critical role in host fat deposition through symbiotic interactions. In recent 
years, the gut microbiota, as an important factor regulating fat deposition, has 
received widespread attention. Numerous studies have confirmed that gut microbes 
influence host fat accumulation by regulating energy metabolism, inflammatory 
response, and gut barrier function. In this review, we summarized the key roles 
of gut microbial metabolites, including short-chain fatty acids (SCFAs), bile acids, 
tryptophan metabolites, lipopolysaccharides (LPS), branched-chain amino acids 
(BCAAs), and trimethylamine N-oxide (TMAO) in host epigenetic regulation and 
lipid metabolism, and explored their regulatory mechanisms through mediated 
signaling pathways, including Wnt/β-catenin signaling pathway, transforming growth 
factor beta/SMAD3 pathway (TGF-β/SMAD3), peroxisome proliferator-activated 
receptor gamma (PPARγ), CCAAT/enhancer-binding protein alpha (C/EBPα), and 
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). In terms 
of translational applications, we described the research progress and application 
potentials of intervention strategies, such as probiotics, prebiotics, synbiotics, 
postbiotics, and fecal transplantation in obesity control and animal production. 
Finally, we proposed the current bottlenecks and translational challenges in obesity 
control by precision nutrition and microecological intervention, and look forward 
to future directions. This review provides a theoretical basis for the in-depth 
understanding of the interactions between gut microbiota and host metabolism, 
and serves as a reference for the prevention and control of metabolic diseases 
by developing nutritional intervention strategies for animals.
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1 Introduction

Metabolic diseases, such as obesity, have become a major threaten to human health in the 
21st century. According to the report, between 1990 and 2021, the rates of overweight and 
obesity in all over the world, have increased. Compared to 1990, the prevalence of obesity 
among men globally has risen by 155.1%, and among women it has increased by 104.9%. 
Under this trend, the total number of overweight and obese adults worldwide will reach 3.8 
billion by 2050, which will exceed half of the global adult population (Collaborators, 2025). 
Obesity not only significantly increases the risk of complications such as type 2 diabetes and 
cardiovascular diseases, but also imposes a substantial burden on the public health system (Lyu 
et al., 2021). Furthermore, understanding the regulatory mechanisms of fat deposition is 
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relevant to different species. For instance, in animal production, 
excessive fat accumulation lowers production efficiency and leads to 
economic losses (Chen et al., 2021). Therefore, investigating the 
mechanisms governing fat deposition is of significant theoretical 
importance and has broad implications across species.

Traditionally, obesity is considered a multifactorial disease, which 
is influenced by the complex interaction of genetics, environmental 
factors (especially diet and lifestyle), and gut microbiota (Młynarska 
et al., 2025). While the host’s genetic background determines 
metabolic susceptibility, the rapid increase in the prevalence of global 
obesity demonstrates that environmental factors, especially those 
capable of altering the gut microecology, also play a crucial role (Zsálig 
et al., 2023). As a dynamic bridge between the host and the 
environment, the gut microbiota is profoundly influenced by diet, 
utilization of antibiotics, and other lifestyle factors (Ramasinghe et al., 
2025). At the same time, the gut microbiota also plays a key regulatory 
role by translating the influence of environmental and genetic factors 
into the metabolic characteristics of the host. The studies in humans 
and animals indicate that gut microbes can regulate the host’s energy 
metabolism, inflammatory responses, and lipogenesis, thereby 
influencing fat deposition (Takeuchi et al., 2023; Lai et al., 2024). The 
early studies have already discovered that transplanting the gut 
microbiota of obese mice with hereditary leptin deficiency (ob/ob) 
into germ-free (GF) mice could significantly increase the body weight 
and fat content of the recipient mice (Turnbaugh et al., 2006). This 
shows that even obesity phenotypes caused by genetic factors can be 
manifested through microbiota transplantation. Similar results have 
been observed in human fecal microbiota transplantation (FMT) 
studies, providing further evidence that the relationship between the 
microbiota and metabolic traits can be independent on the host’s 
genetic background (Hemachandra et al., 2025). In addition, the study 
in agricultural animals, such as pigs, dietary intervention can change 
the abundance of specific microbial communities, such as 
Ruminococcus, Prevotella, Spirochaeta, and Mycobacterium, which are 
closely related to fat deposition (Hu et al., 2024; Ma et al., 2024).

These studies collectively demonstrate a functional interaction 
between the gut microbiota and the host. Acting as key modulators, 
the gut microbiota integrates genomic information and environmental 
exposure signals to jointly regulate lipid metabolism. The regulatory 
effect of the gut microbiota on fat deposition is largely mediated by its 
rich repertoire of metabolites (Geng et al., 2022). These microbial 
metabolites, including SCFAs, bile acids, BCAAs, and TMAO, are 
important signaling molecules that connect microbial ecological shifts 
to host physiological changes (Agus et al., 2021; Wang C. et al., 2024). 
They mediate fat deposition through at least two key mechanisms: 
First, microbial metabolites directly target core host signaling 
pathways involved in lipogenesis and lipid storage, such as PPARγ and 
C/EBPα (Wang et al., 2022; Luo et al., 2025). Second, microbial 
metabolites play a crucial role in epigenetic regulation, a mechanism 
that has garnered significant interest in recent years (Nshanian et al., 
2025; Sharma et al., 2025). For instance, metabolites, such as SCFAs 
can modify histone acetylation and DNA methylation, thereby 
exerting long-term effects on the expression of genes related to 
fat metabolism.

These findings suggest that targeted regulation of the gut 
microbiota may be a promising therapeutic strategy to ameliorate 
obesity-related phenotypes by restoring intestinal homeostasis and 
metabolic function (Lee et al., 2025; Shi et al., 2025). These mechanistic 

insights establish the gut microbiota and its metabolites as promising 
targets for intervening in fat deposition. Interventions targeting the 
microbiota, including prebiotics, probiotics, symbiotics, postbiotics, 
and fecal microbiota transplantation, have shown promising results in 
both clinical and animal models (Soundharrajan et al., 2020; Zheng 
W. et al., 2024; Yang L. et al., 2025). This review synthesizes current 
understanding of the roles of gut microbial metabolites in regulating 
fat deposition, with a focus on their downstream signaling pathways 
and epigenetic mechanisms. Furthermore, we summarize the evidence 
from multi-species research to evaluate the translational potential of 
various intervention strategies and to discuss the prevailing challenges 
and future directions in precision nutrition and micro-
ecological interventions.

2 Association of gut microbiota with 
host fat deposition

2.1 Gut microbiota regulates host energy 
metabolism

The gut microbiota plays a pivotal role in regulating fat 
accumulation by influencing energy metabolism and lipid storage. 
Early evidence from GF mice models provided critical insights. 
Compared to GF mice, conventionally raised mice exhibited ~40% 
higher body fat percentage and ~47% greater fat accumulation around 
reproductive organs, despite having lower food intake. When GF mice 
were colonized with conventional microbiota, their body fat increased 
by 60% within just 14 days, accompanied by significant upregulation 
of key lipogenic genes, including carbohydrate response element 
binding protein (ChREBP) and sterol response element binding 
protein 1 (SREBP-1) (Bäckhed et al., 2004). These findings suggest that 
gut microbiota enhances dietary energy harvest and reprograms host 
metabolic pathways to promote fat storage.

The causal relationship between gut microbiota and obesity 
phenotypes has been validated in multiple models. Transplanting the 
fecal microbiota of C57BL/6 mice deficient in activation-induced 
cytidine deaminase into GF mice resulted in a more significant 
increase in the body weight of the recipient mice compared to the use 
of fecal microbiota from wild-type mice for transplantation (Pearson 
et al., 2022). However, the process by which the microbiota regulates 
the obesity phenotype is influenced by dietary components (Rodriguez 
et al., 2019). For instance, when the microbiota from the ob/ob mice 
was transplanted into recipient mice fed a low-fat and high-fiber diet, 
the transmission of this obesity phenotype was not strong (Ridaura et 
al., 2013).

2.2 Obesity-associated gut microbiota

The composition and diversity of the gut microbiota are strongly 
associated with variations in individual fat deposition (Lai et al., 
2024). Early studies found that the structure of the gut microbial 
community in obese individuals was changed. For example, the ratio 
of Firmicutes to Bacteroidetes increased (Moreno-Indias et al., 2014). 
This change may be related to the enrichment effect of high-fat and 
high-sugar dietary patterns on specific bacterial groups (Mamun et al., 
2025). Long-term unbalanced nutrient intake will alter the intestinal 

https://doi.org/10.3389/fmicb.2025.1675155
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Liu� 10.3389/fmicb.2025.1675155

Frontiers in Microbiology 03 frontiersin.org

environment, thereby selectively promoting the proliferation of 
certain microorganisms. Subsequent research has identified a growing 
number of bacteria associated with obesity. Specifically, Lactobacillus 
paracasei (L. paracasei) (Yao et al., 2019), Lactobacillus plantarum 
(L. plantarum) (Lee et al., 2021), Bifidobacterium longum (Lee et al., 
2025), and Clostridium butyricum (C. butyricum) (Chen et al., 2020) 
have been shown to be negatively correlated with fat deposition, 
whereas Methanobrevibacter smithii (Million et al., 2012) and 
Prevotella copri (Chen et al., 2021) are positively correlated with it. 
Nevertheless, the biological insight gained from merely cataloging 
bacterial species remains limited.

In addition to correlation studies, the causal role of specific gut 
microorganisms in obesity has been increasingly demonstrated. For 
instance, Akkermansia muciniphila (A. muciniphila), a highly 
promising next generation “candidate probiotic,” has been found to be 
negatively correlated with obesity, type 2 diabetes, and hypertension 
(Depommier et al., 2019). This bacterium can improve intestinal 
barrier function by increasing the thickness of the intestinal mucus 
layer, thereby alleviating metabolic endotoxemia and low-grade 
inflammation. This protective process is partially dependent on the 
interaction between its outer membrane protein Amuc_1,100 and 
Toll-like receptor 2 (TLR2) (Zheng et al., 2023). Moreover, 
A. muciniphila also regulates host inflammatory response and glucose 
homeostasis by stimulating the production of endogenous 
cannabinoids in the intestine (Ghaderi et al., 2022). Other studies have 
shown that pasteurized A. muciniphila exerts anti-obesity effects 
through multiple mechanisms. These include upregulation of tight 
junction proteins Zonula occludens-1 (ZO-1) and Occludin to 
enhance intestinal barrier integrity, SCFA enrichments to promote the 
growth of beneficial bacteria, increased levels of SCFAs and glucagon-
like peptide-1 (GLP-1) in the blood, and the influences of key 
metabolic processes by regulating the AMP-activated protein kinase/
peroxisome proliferator-activated receptor alpha (AMPK/PPAR-α) 
and PPARγ signaling pathways (Yang L. et al., 2025). Thus, multiple 
gut bacteria can participate in obesity regulation through 
diverse mechanisms.

The influence of gut bacteria on fat deposition is site-specific. The 
small intestinal microbiota plays a crucial role in the initial digestion 
and absorption of dietary fat and can adapt to dietary changes to 
modulate lipid absorption (Delbaere et al., 2023). For instance, 
experiments have demonstrated that Clostridium bifermentans in the 
small intestine promotes the absorption of oleic acid and upregulates 
the expression of diacylglycerol O-acyltransferase 2 (Dgat2), a gene 
critical for triglyceride synthesis (Martinez-Guryn et al., 2018). This 
suggests that the microorganisms in the small intestine may affect the 
efficiency of dietary fat utilization by directly regulating the host’s lipid 
metabolism pathways. The large intestine, in contrast, harbors a more 
diverse and complex microbial community. These microbes ferment 
carbohydrates to produce metabolites, such as SCFAs, thereby 
modulating systemic energy metabolism, inflammatory responses, 
and fat storage (Mukhopadhya and Louis, 2025). For example, 
C. butyricum can increase serum SCFA levels and enhance the 
carbohydrate-fermenting capacity of the gut microbiota, thereby 
slowing host fat accumulation (Ma et al., 2024).

Furthermore, the functional characteristics of obesity-related gut 
microbiota vary considerably across species and even strains, 
reflecting the complexity of host-microbe metabolic interactions. For 
instance, Crovesy et al. (2017) reported that L. paracasei is negatively 

correlated with obesity, whereas Lactobacillus reuteri and Lactobacillus 
gasseri (L. gasseri) are positively correlated. This functional 
heterogeneity arises from differences in gene content, metabolic 
potential, and host-interaction strategies among different species. 
Even within the same species, the functions of different strains can 
diverge substantially. For example, Lactobacillus reuteri ZJ617 (Ma et 
al., 2025) can improve metabolic abnormalities induced by a high-fat 
diet (HFD), while other Lactobacillus reuteri strains are positively 
correlated with obesity, highlighting the critical importance of strain-
level specificity in functional assessments (Million et al., 2012).

The gut microbiota is a key determinant of host fat deposition and 
the development of obesity, mediated by its diverse composition, site-
specific effects, and species−/strain-dependent functional differences. 
From early correlative studies of community structure to current 
mechanistic analyses of specific bacteria, such as Akkermansia, 
research have made significant strides in uncovering the crucial role 
of microbes in metabolic health. Future research should aim to 
integrate microbial spatial localization, functional gene modules, and 
host interaction networks to elucidate their complex roles in the 
pathogenesis of obesity, thereby paving the way for novel probiotics 
and microbiota-guided interventions for metabolic diseases.

2.3 Factors resulting in the heterogeneity 
of obesity-associated microbiota identified 
in different studies

The above heterogeneity can be attributed to several key factors. 
First, there are significant differences in microbial composition at 
different sampling points, which may affect the consistency of the 
identified obesity-related microbial taxa. Second, relying only on 16S 
rRNA gene sequencing to identify the genus-level taxa often conceals 
the functional heterogeneity of different species and strains in the 
same genus (Yang M. Q. et al., 2024). For example, Prevotella contains 
a variety of strains, which play a completely different role in 
metabolism and inflammation (Lu et al., 2018). Third, the genetic 
background of the host significantly affects the structure and function 
of the gut microbiota, thus shaping the immune response, metabolic 
spectrum and the interaction between microorganisms and the host 
(Zhernakova et al., 2024). Despite these complexities, there is broad 
consensus that gut microbial metabolites and their downstream 
signaling pathways are central to fat deposition. This consensus 
underscores the utility of multi-omics strategies for elucidating host-
microbiota synergistic adaptation mechanisms and developing precise 
interventions for metabolic health.

3 Microbial metabolites: key mediators 
in the regulation of lipid metabolism

The gut microbiota can metabolize both exogenous nutrients and 
endogenous host-derived substrates, resulting in the production of 
various bioactive metabolites. These metabolites are not only 
by-products of microbial fermentation, but also crucial signaling 
molecules mediating host–microbiota interactions, and play central 
roles in regulating lipid metabolism (Jyoti and Dey, 2025). 
Accumulating evidence have suggested that these microbial 
metabolites contribute to host energy balance, suppress inflammatory 
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responses, and modulate oxidative stress (Ejtahed et al., 2020). In 
recent years, dysbiosis of the gut microbiota has been increasingly 
linked to the pathogenesis of obesity and related metabolic disorders 
(Zhang et al., 2023), particularly through disrupting the biosynthesis 
of key metabolites, such as SCFAs (Mukhopadhya and Louis, 2025), 
tryptophan-derived compounds (Xue et al., 2023), and secondary bile 
acids (Tu et al., 2022). These small molecules act as molecular bridges 
connecting microbial functionality to host metabolic phenotypes by 
targeting specific signaling pathways and altering the 
intestinal microenvironment.

3.1 SCFAs

SCFAs are the principal metabolites generated by the fermentation 
of non-digestible carbohydrates by gut microbiota. SCFAs mainly 
include acetate, propionate, and butyrate, typically in a molar ratio of 
approximately 60:20:20 (May and den Hartigh, 2023). SCFAs regulate 
intracellular energy metabolism through several signaling cascades. 
Both acetate and butyrate activate the AMPK pathway, inhibit 
acetyl-CoA carboxylase (ACC), and promote β-oxidation of fatty 
acids (Lee et al., 2021; Yang L. et al., 2025). Butyrate also functions as 
an HDAC inhibitor that enhances PPARγ expression and promotes a 
shift of adipocytes toward a more oxidative phenotype (Yang J. et al., 
2025). Although propionate and butyrate are present at lower 
concentrations in the peripheral circulation compared to acetate, their 
combined effects on adipose tissue, liver, and skeletal muscle 
significantly influence glucose and lipid metabolism, thereby 
maintaining systemic metabolic homeostasis (Luo et al., 2022).

In human studies, SCFAs, such as propionate and acetate have 
been shown to stimulate the secretion of gut hormones like GLP-1 and 
peptide YY (PYY), reducing energy intake and attenuating weight 
gain (Bastings et al., 2023). In animal production, SCFAs have 
demonstrated similar metabolic benefits. In pigs, exogenous SCFAs 
administration downregulates the expression of adipogenic genes and 
activates lipolytic pathways, which leads to reduced backfat thickness 
and improved meat quality, highlighting their potential in precision 
nutritional strategies for livestock (Jiao et al., 2020).

The effects of SCFAs are pleiotropic and often context-dependent, 
arising from a complex interplay of factors, such as dose, cell type, 
receptor expression, and metabolic environment. For instance, SCFAs 
promoted adipocyte differentiation and lipid accumulation in 3 T3-L1 
preadipocytes in vitro (Yu et al., 2018), while their supplementation 
prevented or alleviated high-fat diet (HFD)-induced obesity in 
multiple in vivo animal models (Shimizu et al., 2019; Jiao et al., 2021). 
To reconcile this apparent contradiction, several factors must be 
considered. First, the concentration of SCFAs varies significantly 
across physiological compartments, leading to divergent effects. At the 
high millimolar (mM) concentrations typically in in vitro studies, 
SCFAs function as histone deacetylase inhibitors and directly 
upregulate lipogenic genes like fatty acid binding protein 4 (FABP4) 
and fatty acid synthase (FAS) via epigenetic mechanisms, thereby 
promoting adipogenesis (Yu et al., 2018). In contrast, at the lower 
concentrations found in systemic circulation, SCFAs primarily signal 
through G protein-coupled receptors (GPCRs). For example, they 
activate GPCRs, such as G protein-coupled receptor 41 (GPR41) and 
G protein-coupled receptor 43 (GPR43) on intestinal endocrine cells 
and stimulate the secretion of satiety hormones, e.g., GLP-1 and PYY, 

which suppress appetite and reduce fat intake (Jiao et al., 2020; Jiao et 
al., 2021). Second, SCFAs must act through receptors, primarily 
GPCRs, whose expression profiles vary by tissue and cell type. In 
adipose tissue, SCFAs may directly regulate lipogenesis via HDAC 
inhibition. In intestinal L cells and hepatocytes, they signal through 
receptors, including GPR41, GPR43, and olfactory receptor 78 
(Olfr78), and activate downstream pathways like AMPK to inhibit 
gluconeogenesis and promote fatty acid oxidation (Yoshida et al., 
2019; Li et al., 2021). In the vagus nerve, SCFAs activate afferent 
neurons to regulate appetite and energy balance (Goswami et al., 
2018). Thus, the net effect of SCFAs is ultimately determined by the 
specific target tissue and its unique receptor expression profile. 
Additionally, the host’s overall metabolic state is a critical variable. In 
HFD-induced obese mice, SCFA supplementation demonstrates a 
potential ameliorative effect by correcting gut microbiota dysbiosis, 
increasing energy expenditure, and improving insulin sensitivity. 
These systemic benefits override their direct potential to promote 
adipogenesis (Shimizu et al., 2019; Mandaliya et al., 2021). In contrast, 
in healthy contexts, the effects of exogenous SCFAs may be subtle, 
potentially including slightly increased energy absorption due to 
colonic epithelial utilization of butyrate (Hamer et al., 2008).

In summary, the impact of SCFAs on fat deposition is not a binary 
of “promotion” or “inhibition,” but a dynamic equilibrium shaped by 
dose, gut site of action, receptor distribution, and host metabolic 
status. Therefore, categorizing SCFAs as “good” or “bad” simply 
oversimplifies their complex biological functions. Future research and 
therapeutic applications, such as prebiotics or SCFA supplements for 
obesity, must account for these variables to achieve precise modulation.

3.2 Bile acids

Bile acids are amphipathic steroid molecules synthesized in the 
liver from cholesterol. Their biosynthesis, transformation, and 
signaling functions are intricately modulated by the gut microbiota 
(Collins et al., 2023). The primary bile acids mainly including cholic 
acid (CA) and chenodeoxycholic acid (CDCA) are conjugated with 
glycine or taurine to form bile salts, which are stored in the 
gallbladder. Following food intake, gallbladder contraction releases 
bile acids into the small intestine, where they facilitate the 
emulsification of dietary lipids and the absorption of fat-soluble 
vitamins (Voronova et al., 2020). Approximately 95% of bile acids are 
reabsorbed in the terminal ileum and transported back to the liver via 
the portal vein, forming a tightly regulated enterohepatic circulation. 
The remaining bile acids enter the colon, where they are either 
excreted or modified by the gut microbiota (Chiang and Ferrell, 
2019). The modification of bile acids by microorganisms cannot be 
achieved without bile salt hydrolase (BSH). BSH is a key enzyme 
produced by commensal gut bacteria throughout the intestinal tract 
(Dong et al., 2025). It catalyzes the deconjugation of primary bile 
acids, such as taurocholic acid, by cleaving off their glycine or taurine 
side chains, specifically through hydrolysis of the C-24 N-acyl bond, 
thereby generating free bile acids, such as cholic acid (CA) and 
chenodeoxycholic acid (CDCA) (Ridlon et al., 2016; Rimal et al., 
2024). This deconjugation is a critical first step in microbial bile acid 
metabolism. The resulted free bile acids then serve as substrates for 
further microbially encoded transformations, including 
7α-dehydroxylation, dehydrogenation, and dihydroxylation, and 
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ultimately generated secondary bile acids with broad effects on host 
physiology and the gut microbial ecosystem itself (Wise and 
Cummings, 2022). By governing the size of the deconjugated bile acid 
pool, BSH activity directly shapes the overall bile acid composition, 
which in turn modulates host lipid metabolism. Intestinal 
overexpression of BSH, for instance, can significantly reshape the 
plasma bile acid profile and consequently regulate the expression of 
key host genes across multiple metabolic pathways. These include 
genes involved in fat metabolism like PPARγ and angiopoietin-like 4 
(Angptl4), and genes governing cholesterol homeostasis, such as 
ATP-binding cassette subfamily G member 5/8 (Abcg5/8) (Joyce et al., 
2014). Collectively, these changes can lead to reduced weight gain and 
improved plasma cholesterol levels (Joyce et al., 2014). As a specific 
example, Lactobacillus texensis modulates host cholesterol metabolism 
by altering bile acid cycling via its BSH activity (Hou et al., 2020).

Disruptions in bile acid metabolism are frequently observed in 
metabolic disorders. HFD increase the production of taurocholic acids 
(TCAs) and favor the expansion of sulfite-reducing bacteria, such as 
Bilophila, which impair intestinal barrier integrity and promote 
hepatic steatosis (Devkota et al., 2012). Moreover, altered bile acid 
composition may exacerbate metabolic dysfunction by promoting the 
phosphorylation of tight junction proteins and increasing gut 
permeability. Clinical evidence also supports a role of bile acids in 
metabolic regulation. Oral supplementation with CDCA, for example, 
enhances mitochondrial uncoupling in human brown adipocytes and 
increases whole-body energy expenditure. Post-bariatric surgery 
changes the bile acid pool, which was characterized by elevated levels 
of secondary bile acids and might contribute to the observed 
improvements in metabolic health (Tu et al., 2022). Bile acids have 
been also utilized as feed additives in animal production. In swine 
models, dietary supplementation with bile acids has been shown to 
promote growth performance, increase daily weight gain and feed 
intake, and reduce backfat thickness. For example, incorporating 
0.025% porcine DCA into a diet containing 25% aged Japonica brown 
rice improved meat quality and decreased fat deposition in minipigs 
(Wang C. et al., 2024). The biological effects of bile acids are primarily 
mediated through their receptors. In a porcine model of non-alcoholic 
fatty liver disease, impaired (bile acid-activated Farnesoid X Receptor) 
FXR signaling disrupted downstream metabolic and inflammatory 
pathways (Maj et al., 2023). TGR5 activation, on the other hand, 
promotes mitochondrial uncoupling and thermogenesis in brown 
adipose tissue. This improves glucose tolerance and energy 
expenditure (Velazquez-Villegas et al., 2018). Additionally, porcine 
hyocholic acid (HCA) has been shown to enhance intestinal GLP-1 
secretion through simultaneous TGR5 activation and FXR inhibition, 
thereby contributing to energy balance and insulin sensitivity (Zheng 
et al., 2021).

Overall, bile acids facilitate lipid digestion and absorption while 
also acting as key signaling molecules that regulate systemic 
metabolism. Their biosynthesis, transformation, and receptor-
mediated activity are profoundly influenced by the gut microbiota. 
Through the FXR and TGR5 signaling pathways, bile acids modulate 
energy expenditure, lipid accumulation, and inflammation. Their roles 
in obesity, metabolic syndrome, and non-alcoholic fatty liver disease 
(NAFLD) have garnered increasing attention, and they exhibit 
considerable potential as metabolic regulators in livestock production. 
Future research should further elucidate the dynamic interplay among 
bile acids, gut microbes, and host metabolism to develop targeted 

interventions for metabolic diseases and precision nutrition in 
animal production.

3.3 Tryptophan and indole-derived 
metabolites

Tryptophan is an essential aromatic amino acid primarily 
obtained through dietary intake. In both host and gut microbiota, 
tryptophan undergoes transformation via several metabolic pathways, 
resulting in the production of diverse bioactive metabolites (Lu Z. et 
al., 2025). Three major tryptophan metabolic pathways include the 
kynurenine (KYN) pathway, the serotonin (5-hydroxytryptamine, 
5-HT) pathway, and the indole pathway. In mammals, over 95% of 
Tryptophan is catabolized through the KYN pathway, generating a 
range of signaling molecules with immunometabolic functions. One 
such metabolite, kynurenic acid (KYNA), promotes thermogenesis in 
adipose tissue and suppresses HFD-induced obesity by activating 
G-protein coupled receptor 35 (GPR35) (Agudelo et al., 2018). The 
rate-limiting enzyme in this pathway is indoleamine 2,3-dioxygenase 
1 (IDO1), which is notably upregulated in inflammatory states. 
Elevated IDO1 activity and increased circulating KYN levels have 
been strongly associated with insulin resistance and metabolic 
dysfunction in obesity (Rojas et al., 2021). Pharmacological or genetic 
inhibition of IDO1 has been shown to improve insulin sensitivity and 
restore metabolic balance. The second pathway involves the 
biosynthesis of 5-HT. Tryptophan is first converted into 
5-hydroxytryptophan (5-HTP), which is subsequently decarboxylated 
to form 5-HT. While central 5-HT is involved in appetite regulation 
via modulation of hypothalamic circuits, peripheral 5-HT is 
predominantly synthesized in the gastrointestinal tract, accounting for 
over 80% of systemic 5-HT levels (Maffei, 2020). The gut microbiota 
plays a crucial role in modulating peripheral 5-HT production. 
Certain species, such as Bacillus subtilis, can stimulate 
enterochromaffin cells to synthesize 5-HT by producing SCFAs and 
basic amino acids (He et al., 2021). Functionally, peripheral 5-HT 
suppresses thermogenic activity in brown adipose tissue and promotes 
lipid accumulation, thereby contributing to obesity development. The 
third pathway involves direct microbial metabolism of tryptophan 
into various indole derivatives, including indole-3-propionic acid 
(IPA) and indole-3-acetic acid (IAA). These metabolites primarily 
serve as ligands for the aryl hydrocarbon receptor (AhR), which plays 
critical roles in maintaining intestinal barrier integrity, modulating 
immune responses, and regulating lipid metabolism (Zheng et al., 
2025). In metabolic disorders, the gut microbiota’s capacity to produce 
indoles is often diminished, resulting in reduced levels of protective 
molecules, such as GLP-1 and Interleukin-22 (IL-22), and 
subsequently increased intestinal permeability and hepatic steatosis 
(Natividad et al., 2018). Interventions with AhR agonists or 
colonization with AhR ligand-producing probiotics (e.g., Lactobacillus 
rohita) have demonstrated efficacy in restoring intestinal barrier 
function and ameliorating metabolic dysregulation.

In summary, tryptophan metabolism is a central node in gut 
microbiota–host crosstalk. The KYN pathway contributes to immune 
modulation and thermogenesis, the 5-HT pathway regulates appetite 
and energy balance, and the indole pathway safeguards intestinal and 
metabolic homeostasis. Dysregulation of these pathways is frequently 
implicated in obesity and metabolic diseases. A comprehensive 
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elucidation of the distinct roles of each tryptophan metabolic branch 
will help identify novel molecular targets and facilitate the 
development of precision interventions for metabolic disorder 
prevention and treatment.

3.4 LPS

LPS are major structural components of the outer membrane of 
Gram-negative bacteria and represent a classic class of microbial-
associated molecular patterns (MAMPs). In 2007, Cani et al. first 
introduced the concept of metabolic endotoxemia, highlighting that 
elevated intestinal LPS levels can induce systemic and chronic 
low-grade inflammation which is a key trigger of obesity and 
metabolic disorders (Cani et al., 2007).

Under physiological conditions, the intestinal barrier comprising 
of tight junction proteins, antimicrobial peptides, and a protective 
mucus layer effectively prevents LPS translocation from the gut 
lumen into systemic circulation. However, this barrier integrity can 
be compromised by several metabolic stressors, including HFD, 
excessive alcohol intake, obesity (Suriano et al., 2021), hyperglycemia, 
and low dietary fiber intake. These factors reduce the expression of 
tight junction proteins, suppress antimicrobial peptide production, 
alter mucus structure, and collectively increase intestinal 
permeability. This facilitates the entry of LPS into the bloodstream 
and initiates inflammatory cascades (Paone and Cani, 2020). In 
addition to weakening the intestinal barrier, HFD can also promote 
LPS production at the source by increasing the abundance of Gram-
negative bacteria within the gut microbiota. Upon entering the 
circulation, LPS first targets the liver and induces the overexpression 
of tumor necrosis factor-alpha (TNF-α) and chemokines, which in 
turn promote neutrophil infiltration, hepatocellular injury, and 
hepatic steatosis. In vivo studies have demonstrated that LPS 
administration significantly upregulates pro-inflammatory gene 
expression, including interleukin-6 (IL-6), TNF-α, interleukin-1 beta 
(IL-1β), and plasminogen activator inhibitor-1 (PAI-1) in adipose 
tissue, liver, and skeletal muscle (Henao-Mejia et al., 2012). In 
genetically obese models, such as ob/ob mice and fa/fa rats, low-dose 
LPS exposure accelerates the progression of steatohepatitis, while 
LPS antagonists (e.g., polymyxin B) alleviate hepatic lipid 
accumulation, further supporting its pathogenic role (Pappo et 
al., 1991).

In livestock, LPS exerts similar pro-inflammatory effects. In 
growing pigs, LPS exposure alters the expression of key genes involved 
in lipid metabolism, transport, and distribution within adipose and 
muscle tissues (Chen et al., 2021). Additionally, LPS suppresses fat 
mobilization by downregulating adipose triglyceride lipase (ATGL) 
activity during lipolysis.

LPS primarily exerts its immunometabolism effects through 
activating the Toll-like receptor 4 (TLR4) signaling pathway in 
conjunction with its co-receptor CD14. This activation inhibits the 
differentiation of preadipocytes into mature adipocytes by suppressing 
the expression of master adipogenic transcription factors, including 
PPARγ and C/EBPα. Moreover, LPS-induced pro-inflammatory 
cytokines (e.g., TNF-α) enhance the inflammatory microenvironment 
and inhibit adipogenesis via activation of the WNT/β-catenin/TCF4 
signaling axis. LPS also disrupts adipokine secretion profiles and 
upregulates leptin, adiponectin, and apolipoproteins, thereby 

interfering with both energy homeostasis and immune function (Than 
et al., 2012).

Overall, LPS, as a key inflammatory mediator derived from gut 
microbiota, contributes to intestinal barrier dysfunction, TLR4 
pathway activation, impaired adipogenesis, and systemic 
inflammation. It serves as a critical molecular link between gut 
dysbiosis and the development of metabolic diseases. Deciphering the 
tissue-specific signaling mechanisms of LPS in adipose tissue, liver, 
and skeletal muscle will benefit to identify novel therapeutic targets 
for metabolic syndrome and facilitate the development of precision 
strategies aiming at mitigating gut-derived inflammation.

3.5 BCAAs

BCAAs, including valine (Val), isoleucine (Ile), and leucine (Leu) 
are essential amino acids that play critical roles in protein synthesis, 
glucose and lipid metabolism, and the regulation of insulin signaling 
pathways. They are key contributors to the maintenance of host 
metabolic homeostasis. Recent studies have revealed that the 
bioavailability and systemic effects of BCAAs are not solely determined 
by dietary intake and host metabolism, but are also significantly 
influenced by the metabolic activity of the gut microbiota (Yoneshiro 
et al., 2019). In animal models, moderate supplementation with 
BCAAs has been shown to enhance the proliferation of beneficial 
bacterial genera such as Akkermansia and Bifidobacterium, while 
suppressing the growth of potentially pathogenic microbes like 
Enterobacteriaceae, thereby improving gut microbial composition 
(Yang et al., 2016).

Existing studies have revealed the complex dual roles of BCAAs 
in metabolism. Moderate supplementation may be beneficial, whereas 
excessive intake poses health risks. However, a consensus on defining 
the precise dosage range remains elusive (de la Oa et al., 2020). Some 
observational studies and short-term interventions have offered 
preliminary insights into potential benefits of “moderate” intake. For 
instance, one study reported that individuals consuming 
approximately 15 grams of dietary BCAAs per day had a lower risk of 
overweight or obesity compared to those consuming around 12 grams 
(Qin et al., 2011; Li et al., 2015). Additionally, among exercising 
populations, an eight-week supplementation of 14 grams of BCAAs 
daily demonstrated positive effects on fat loss and muscle gain 
(Stoppani et al., 2009). However, it is important to note that these 
studies are often limited by small sample sizes, suboptimal control 
group designs, and insufficient documentation of subjects’ background 
diets (Spillane et al., 2013; Luan et al., 2025). Consequently, such 
dosage data, e.g., 12–15 grams per day, should be regarded as 
preliminary references, falling short of the evidence strength required 
for universal dietary recommendations (Martinho et al., 2022).

In contrast to the ambiguity in human studies, animal experiments 
provide more precise and mechanistic evidence regarding the 
consequences of “excessive” BCAA intake. In a weaned piglet model, 
BCAA intake at 150% of the National Research Council (NRC) 
recommendations reduced serum adiponectin levels, disrupted lipid 
metabolism, and induced abnormal m6A RNA methylation 
modifications associated with insulin resistance (Heng et al., 2020). 
More in-depth research has shown that increasing the dietary 
standardized ileal digestible leucine-to-lysine ratio to 186% 
significantly reduces feed intake, while a ratio of 353% causes severe 
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amino acid imbalance, particularly a decrease in brain serotonin 
levels, further suppressing appetite and growth performance via 
overactivation of the mechanistic target of rapamycin (mTOR) 
signaling pathway (Cemin et al., 2019). These findings clearly 
demonstrate that, in controlled models, “excess” corresponds to a 
quantifiable threshold. However, direct extrapolation of precise doses 
from animal studies to humans remains highly challenging. 
Interindividual differences in basal metabolic rate, physical activity 
levels, and gut microbiota composition complicate the establishment 
of a unified safety threshold for human populations.

In summary, a clearly defined cross-species applicable dosage 
range for “moderate BCAAs” has not been established in either 
humans or pigs. Future research should further elucidate the 
mechanisms through which BCAAs influence metabolic health via gut 
microbiota regulation, amino acid competitive transport, and m6A 
epigenetic modification, to enable more precise application of BCAAs 
in modulating fat deposition.

3.6 TMAO

TMAO is a gut microbiota–dependent hepatic metabolite that 
plays an emerging role in lipid metabolism and cardiometabolic 
health. It is produced through a well-defined two-step process: dietary 
nutrients such as choline, phosphatidylcholine, and L-carnitine are 
first converted by gut microbiota into trimethylamine (TMA), which 
is then absorbed into the portal circulation and oxidized into TMAO 
in the liver by the enzyme flavin-containing monooxygenase 
3 (FMO3).

Multiple studies have reported significantly elevated plasma 
TMAO levels in individuals with obesity, type 2 diabetes, and 
cardiovascular diseases (Shan et al., 2017). Its role in regulating lipid 
metabolism has garnered substantial interest. For example, Gao et al. 
(2014) found that TMAO increased hepatic total cholesterol and 
triglyceride levels in mice, while concurrently decreasing their plasma 
concentrations, suggesting that TMAO may influence lipid 
partitioning between tissues. Similarly, Koeth et al. (2013) 
demonstrated that dietary L-carnitine supplementation exacerbated 
atherosclerosis in mice, whereas direct TMAO administration lowered 
plasma cholesterol levels, indicating its context-dependent regulatory 
effects. Moreover, in animal production, TMAO alters ileal microbial 
community structure and influences acetate production, which 
subsequently modulates fat distribution and fatty acid composition in 
fattening pigs (Zha et al., 2024). These findings have revealed the 
correlation between TMAO and lipid metabolism in both humans 
and animals.

The association between circulating TMAO levels and obesity is 
critically dependent on the expression and activity of host hepatic and 
adipose flavin monooxygenase 3 (FMO3) (Shanmugham et al., 2023). 
As the rate-limiting enzyme converting trimethylamine (TMA) to 
TMAO, FMO3 expression is a primary determinant of systemic 
TMAO homeostasis (Schugar et al., 2017; Ganapathy et al., 2025). For 
instance, Schugar et al. demonstrated that knocking down FMO3 with 
antisense oligonucleotides prevented TMAO formation and 
ameliorated obesity and white adipose tissue dysfunction, even under 
a high-choline diet. This provides direct evidence for a causal role of 
FMO3 in obesity pathogenesis, rather than TMAO being a mere 
passive correlate (Schugar et al., 2017). Further research by Ganapathy 

et al. revealed that FMO3 upregulation in adipocytes is a significant 
source of TMAO under aging and metabolic stress. This adipocyte-
derived TMAO promotes adipose tissue inflammation and 
dysfunction via autocrine/paracrine signaling, whereas adipocyte-
specific FMO3 knockout reduces both local and circulating TMAO 
and improves metabolic phenotypes (Ganapathy et al., 2025). 
Collectively, these mechanistic studies establish FMO3 activity as the 
core hub integrating dietary precursors, gut microbial metabolism, 
and the ultimate pathological effects of TMAO.

The causal role of FMO3 is supported by interventional studies, 
whether TMAO itself is an independent pathogenic driver or a 
biomarker in human obesity requires further clarification (Caradonna 
et al., 2025). TMAO levels are influenced not only by dietary 
precursors but also by host FMO3 activity and gut microbial 
composition. Therefore, future research should delineate the specific 
contributions of FMO3 to TMAO generation and its precise 
relationship with obesity to fully elucidate the causal mechanisms in 
this pathway. In summary, TMAO is a key metabolite of the gut 
microbiota-liver axis, whose production depends on microbial 
precursors and host FMO3 activity. The tight interdependence 
between gut microbiota and host FMO3 underscores TMAO’s role as 
a central mediator of host-microbe metabolic crosstalk. Further 
research is warranted to clarify its concentration-dependent tissue 
effects, inter-individual variability, and potential as a target for 
nutritional intervention in both human metabolic diseases and animal 
production systems. Table 1 summarizes the sources, functions, and 
metabolic impacts of key microbiota-derived metabolites in obesity.

3.7 Role of microbial metabolites in host 
epigenetic regulation

Gut microbiota continuously communicates with the host and 
transmits signals through a diverse metabolite. These metabolites not 
only serve as energy sources or signaling molecules, but can also 
directly enter the nucleus to precisely modulate gene expression. The 
underlying mechanisms, including DNA methylation, histone 
modification, non-coding RNA regulation, and chromatin 
remodeling, do not alter the DNA sequence itself but can exert long-
term control over which genes are activated or silenced. This 
establishes a dynamic bridge connecting diet, gut microbiota, and host 
genes (Wu et al., 2023). Recent research indicates that microbial 
metabolites influence host epigenetics through at least three primary 
avenues: first, by regulating the activity of epigenetic enzymes; second, 
by providing essential substrates such as methyl or acetyl groups; and 
third, by modifying chromatin accessibility. Consequently, the host’s 
gene expression profile is reshaped, and some of these epigenetic 
modifications can be inherited by subsequent generations.

These insights have advanced our understanding of how the gut 
microbiota influences fat accumulation and obesity and have spurred 
the emergence of a new research paradigm: the “microbiota-
metabolite-epigenome axis.” This conceptual framework is rapidly 
gaining traction as a promising target for both research and 
therapeutic intervention in metabolic diseases (Lin et al., 2024; 
Sharma et al., 2025). While most current research has focused on 
short-chain fatty acids (SCFAs) and tryptophan metabolites, 
accumulating evidence indicate that a broader spectrum of gut 
microbial metabolites can influence host epigenetic regulation. As 
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integral components of the metabolic network, these metabolites play 
crucial roles in maintaining systemic metabolic homeostasis. 
Although the evidence is not yet exhaustive, it is increasingly clear that 
microbial metabolites function as bona fide epigenetic regulators, 
introducing an additional layer of regulation across diverse 
metabolic pathways.

3.7.1 SCFAs
SCFAs modulate the host’s epigenetic landscape through multiple 

mechanisms, including the regulation of histone modifications, DNA 
and RNA methylation, chromatin remodeling, and non-coding RNA 
expression (Nshanian et al., 2025). In essence, they function not only 
as energy substrates but, more accurately, as signaling molecules that 
directly fine-tune transcriptional programs.

By inhibiting histone deacetylase (HDAC) activity, SCFAs can 
suppress the proliferation of tuft cells, the generation of Th17 cells, and 
the activation of mast cells. These effects, in turn, modulate type 2 
immune responses, inflammation, and autoimmune and allergic 
processes in the gut (Eshleman et al., 2024). Furthermore, SCFAs 
enhance mTOR pathway activity in CD8 + T cells to promote the release 
of anti-tumor factors (Luu et al., 2021) and can activate the histone 
acetyltransferase p300 (Thomas and Denu, 2021). In vitro experiments 
show that SCFAs, such as butyrate and acetate can induce various 
histone modifications, including crotonylation, acetylation, and 
propionylation (Yuan et al., 2023). Notably, SCFA levels are closely 
linked to alterations in DNA methylation patterns, which are associated 
with susceptibility to and the pathogenesis of diabetes (Guo et al., 2022). 
For instance, acetate and butyrate can reshape the DNA methylome of 
regulatory T cells and macrophages, potentially conferring protection 
against food allergies and cardiovascular diseases (Kaye et al., 2020). 
Butyrate can also downregulate the expression of the methyltransferase 
3, N6-adenosine-methyltransferase complex catalytic subunit (Mettl3), 
thereby reducing the level of RNA m6A modification (Liu K. et al., 
2023). Although these studies demonstrate that SCFAs can reshape the 
host’s epigenetic landscape, affecting both DNA and RNA methylation, 
the majority of evidence is derived from animal models or in vitro 
systems. Further functional studies are required to verify whether 
SCFAs regulate DNA or RNA methylation in an analogous manner 
in humans.

Beyond direct histone modifications, butyrate can regulate 
immune cell function and development by modulating chromatin 
remodeling (Yang et al., 2020). Notably, SCFAs also influence 
epigenetic regulation by controlling the availability of essential 
substrates. For instance, pentanoate increases the intracellular 
concentration of acetyl-CoA, a key substrate for histone 
acetyltransferases (Luu et al., 2019). Once integrated into the 
tricarboxylic acid (TCA) cycle, acetyl-CoA further influences cellular 
metabolic flux. While research on SCFAs and non-coding RNA 
(ncRNA) regulation is still emerging, current evidence underscores 
their significant role in this area (Majumdar et al., 2024). In summary, 
SCFAs exert multiple epigenetic functions by regulating HDAC 
activity, influencing substrate supply, and altering chromatin structure, 
thereby profoundly impacting metabolic regulation. The distinct roles 
of specific SCFAs are increasingly clear: Butyrate-induced histone 
acetylation promotes immune cell infiltration into adipose tissue while 
improving glucose metabolism and islet function (Pedersen et al., 
2024). Acetate serving as a direct precursor provides acetyl groups to 
support histone acetylation and maintain metabolic health. 
Propionate, on the other hand, contributes to metabolic regulation by 
modulating DNA methylation of genes involved in gluconeogenesis 
and insulin sensitivity (Remely et al., 2014).

3.7.2 Bile acids
The alterations in the gut microbiota composition can reshape the 

host’s bile acid profile, thereby reprogramming the host epigenome 
(Fan et al., 2023). For instance, tauroursodeoxycholic acid regulates 
histone methylation near genes controlling lipid droplet size, thereby 
ameliorating hepatic steatosis (Urmi et al., 2019). Additionally, gut 
microbiota-derived taurocholic acid enhances the binding of 
H3K4me1 to genes involved in glycolysis and immunosuppression, 
which promotes glycolytic activity in myeloid-derived suppressor cells 
(MDSCs) and facilitates their dissemination to the lungs (Liu et al., 
2024). Furthermore, gut microbiota and bile acids act in concert to 
inhibit ten-eleven translocation 1 (TET1) activity, thereby reducing 
DNA hydromethylation levels in intestinal innate lymphoid cell 
precursors (Zhang et al., 2024). Collectively, these findings establish 
that bile acids function not only as digestive intermediaries, but also 
as key microbiota-derived signaling molecules. They profoundly 

TABLE 1  Metabolites in obesity: sources, functions, and their impact on obesity.

Metabolite Main sources Main functions Changes in obesity

SCFAs (acetate, 

propionate, butyrate)

Colonic fermentation of dietary fibers by 

Ruminococcaceae, Clostridium

Inhibit lipogenesis, promote β-oxidation, 

enhance gut barrier, anti-inflammation

↓ Levels; ↓ SCFA-producing taxa; ↑ colonic 

pH (Ke et al., 2019)

Bile acids (CA, 

CDCA, DCA, LCA)

	•	 Primary: Hepatic synthesis.

	•	 Secondary: Microbial BSH activity 

(Lactobacillus, Bacteroides).

Lipid digestion, cholesterol metabolism, 

thermogenesis, GLP-1 secretion

↑ Taurocholic acid; ↓ FXR signaling (Collins 

et al., 2023)

Tryptophan 

derivatives (KYNA, 

IPA, 5-HT*)

Microbial metabolism (Lactobacillus, Bacillus);

5-HT: Host enterochromaffin cells

Barrier integrity, lipid metabolism, serotonin 

signaling

↓ Indole derivatives; ↑ 5-HT metabolites 

(linked to insulin resistance) (Xue et al., 

2023)

LPS Gram-negative bacteria (Enterobacteriaceae) Pro-inflammatory, adipocyte dysfunction, 

barrier disruption

↑ Plasma LPS (metabolic endotoxemia); ↑ 

gut permeability (Cani et al., 2008)

BCAAs (valine, 

isoleucine, leucine)

Dietary protein; microbial metabolism 

(Prevotella, Butyrivibrio)

Protein synthesis, insulin regulation, 

thermogenesis

↑ Plasma BCAAs; ↓ microbial BCAAs 

catabolism (Arany and Neinast, 2018)

TMAO Microbial conversion of choline/carnitine 

(Firmicutes); hepatic FMO3 oxidation

Cholesterol transport, foam cell formation ↑ Levels correlate with obesity risk 

(Dehghan et al., 2020)
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influence host immune regulation and metabolic homeostasis by 
modulating epigenetic mechanisms, including DNA hydromethylation 
and histone modifications.

3.7.3 Tryptophan and indole-derived metabolites
Tryptophan serves as a critical bridge connecting the host and the 

gut microbiota, and its microbial metabolites have emerged as key 
regulators of physiological function and disease (Zhu et al., 2023; 
Pedersen et al., 2024; Zhang et al., 2024). Although research on their 
epigenetic roles remains limited, this field is expanding rapidly. 
Emerging evidence indicate that tryptophan-derived metabolites, 
including indole-3-propionic acid (IPA) and indole-3-lactic acid (ILA), 
can modulate histone acetylation, methylation, and chromatin 
accessibility, thereby regulating gene expression. A prominent example 
is IPA which upregulates lysine demethylase 6B (KDM6B) to reduce 
H3K27me3 levels at the promoter of the mitochondrial transcription 
factor A (TFAM) gene. This promotes mitochondrial biogenesis, 
reduces adipose tissue inflammation, and ameliorates obesity-
associated osteoporosis (Behera et al., 2021). In a separate pathway, 
dietary radish alleviates hyperuricemia by reshaping the gut microbiota 
and host metabolism, activating the nuclear factor erythroid 2-related 
factor 2 (Nrf2) pathway, and mediating epigenetic modifications (Wang 
et al., 2023). Notably, this relationship is bidirectional. Host epigenetic 
machinery, in turn, shapes the production of microbial metabolites. 
For example, the host enzyme ten-eleven translocation 2 (TET2) can 
regulate levels of indole-3-aldehyde (I3A) produced by Lactobacillus 
(Pandey et al., 2022). This establishes a feedback loop wherein the host’s 
epigenetic state influences the landscape of microbial metabolites, 
which subsequently feedback to fine-tune the host’s epigenome.

3.7.4 BCAAs
Branched-chain amino acids (BCAAs) are integral to the 

metabolic activities of gut microbiota, it influences not only microbial 
energy and nutrition, but also systemic BCAA homeostasis in the host. 
Comparative studies between germ-free (GF) and specific pathogen-
free (SPF) mice have revealed that colonization by gut microbiota 
lowers intestinal and systemic BCAA levels, while elevating their 
degradation products sand underscoring the profound impact of 
microbes on host amino acid dynamics (Meier et al., 2023). Beyond 
their nutritional role, BCAAs and their derivatives modulate epigenetic 
regulation. They can influence the activity of histone deacetylases 
(HDACs) and DNA methyltransferases (DNMTs) (Streck et al., 2021). 
Notably, metabolites such as isoleucine and pentanoate serve as 
precursors for nuclear propionyl-CoA, thereby regulating histone 
propionylation, a newly discovered modification whose functional 
roles are still being elucidated (Yang et al., 2023). Current evidence 
suggests that histone propionylation may regulate genes involved in 
energy metabolism and cell proliferation by altering chromatin 
architecture or recruiting specific reader proteins (Yang et al., 2023). 
Thus, gut microbial regulation of BCAA metabolism not only affects 
amino acid balance but may also orchestrate host epigenetic programs 
by altering the availability of key substrates for histone modifications.

3.7.5 The role of microbial metabolites in 
microRNA-mediated regulation

Beyond the well-characterized mechanisms of histone modification 
and DNA methylation, microbial metabolites also participate in 
regulation via microRNA pathways. For example, SCFAs and 

polyphenolic compounds can regulate miRNA expression, thereby 
contributing to the prevention of obesity and improved glucose tolerance 
(Du et al., 2021). This suggests the existence of a “post-transcriptional” 
mode of communication between the host and microbiota via 
miRNA. Notably, fecal miRNA profiles in individuals with distinct 
dietary habits often correlate with specific gut microbiota composition 
patterns. Among these, certain miRNAs involved in lipid metabolism 
show strong associations with particular bacterial communities and 
nutrient intake (Tarallo et al., 2022). These findings position the “diet-
microbiota-miRNA” signature as a potential early biomarker for 
metabolic diseases and offer novel insights into disease pathogenesis.

In summary, these epigenomic alterations not only regulate the 
expression of metabolism-associated genes but are also implicated in 
the development of metabolic disorders. However, our current 
understanding of the precise mechanisms of action of individual 
microbial metabolites across different metabolic states remains 
limited. Future research will require the application of cutting-edge 
technologies, such as CRISPR-based epigenetic editing, isotope 
tracing, and single-cell multi-omics, to elucidate these molecular 
mechanisms and establish causal relationships.

4 Core signaling pathways of host and 
gut microbiota interactions in fat 
deposition

The gut microbiota plays a central role in regulating host 
metabolic networks particularly through its ability to modulate fat 
deposition and energy homeostasis via microbiota-derived 
metabolites. Numerous studies have demonstrated that gut microbes 
not only interact with the host immune and metabolic systems 
through these metabolites but also influence key signaling pathways 
implicated in adipose tissue development and systemic metabolism. 
These include the Wnt/β-catenin, TGF-β/SMAD3, PPARγ, C/EBPα, 
and NF-κB pathways. These signaling axes govern adipocyte fate 
decisions, lipid synthesis and breakdown, metabolic homeostasis, and 
the pathogenesis of metabolic disorders. Given these multifaceted 
roles, the gut microbiota is increasingly recognized as a critical 
intermediary connecting environmental cues with host metabolic 
responses and represents a promising target for therapeutic strategies 
aimed at lipid regulation and metabolic disease intervention.

4.1 Wnt/β-catenin signaling pathway

The Wnt/β-catenin pathway plays a vital role in adipocyte 
differentiation, intestinal barrier function, and energy regulation. Wnt 
proteins are secreted glycoproteins that bind to receptors such as 
Frizzled and low-density lipoprotein receptor-related protein 5/6 
(LRP5/6), triggering a signaling cascade that stabilizes cytoplasmic 
β-catenin. Accumulated β-catenin is translocated into the nucleus, 
where it interacts with β-catenin-T-cell factor/lymphoid enhancer-
binding factor (TCF/LEF) to modulate the transcription of target 
genes (Huang et al., 2024).

The gut microbiota regulates the Wnt/β-catenin signaling 
pathway through metabolites, including bile acids and SCFAs. 
Specifically, FXR forms an inhibitory complex with β-catenin, 
attenuating its binding to TCF4 and thereby suppressing 
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Wnt/β-catenin transcriptional activity (Zhang et al., 2019). In a 
distinct, potentially context-dependent mechanism, FXR agonists, 
such as obeticholic acid (OCA) or GW4064 have been shown to 
promote β-catenin nuclear translocation and the expression of 
downstream targeted genes, e.g., lymphoid enhancer-binding factor 
1 (Lef1), cyclin D1 (Ccnd1), claudin 5 (Cldn5), ZO-1 in endothelial or 
epithelial cells. This FXR-mediated activation enhances intestinal 
barrier integrity and promotes closure of the gut-vascular barrier, 
counteracting microbiota-driven barrier disruption, reducing 
bacterial translocation, and alleviating hepatic steatosis and 
non-alcoholic steatohepatitis (NASH) phenotypes (Mouries et 
al., 2019).

Butyrate, a microbial metabolite primarily produced by 
C. butyricum, has been reported to suppress Wnt pathway activity, 
reshape gut microbial composition, and promote the proliferation of 
beneficial taxa such as Akkermansia (Chen et al., 2020). Moreover, 
butyrate maintains intestinal mucosal stability through the 
“macrophage–Wnt–ERK1/2–MUC2” signaling axis (Liang et al., 
2022). Another study demonstrated that Lactobacillus rhamnosus 
(L. rhamnosus) induced Wnt family member 10B (Wnt10b) secretion 
by CD8+ T cells via butyrate production, thereby inhibiting 
adipogenesis and simultaneously promoting bone metabolism (Tyagi 
et al., 2018). These findings underscore the importance of microbial-
derived SCFAs in regulating the Wnt pathway across multiple tissues. 
In vitro studies further elucidate the tumor-suppressive mechanisms 
of butyrate. In colorectal cancer cell lines (HCT116, SW620), butyrate 
induces β-catenin degradation via activation of a lysosome-dependent 
autophagy pathway, independent of the adenomatous polyposis coli 
(APC) or β-catenin mutation status. This process blocks β-catenin 
nuclear translocation and downregulates proliferation markers. 
Supporting this, TCGA data reveal a negative correlation between 
catenin beta 1 (CTNNB1) and the autophagy gene autophagy related 
4D (ATG4D), and silencing ATG4D reverses the β-catenin reduction 
and restores proliferation (Garavaglia et al., 2022). Conversely, in 
Huh7 cells of liver cancer, butyrate upregulates microRNA-22 (miR-
22) expression, which inhibits SIRT1 and triggers reactive oxygen 
species (ROS) bursts and mitochondrial apoptosis, which were 
evidenced by cytochrome c release and caspase-3 activation. This is 
accompanied by increased phosphatase and tensin homolog (PTEN) 
and glycogen synthase kinase 3 (GSK3) expression, and decreased 
p-Akt and β-catenin levels. Critically, antagonizing miR-22 completely 
reverses these effects (Kumar et al., 2024). These studies collectively 
demonstrate that the molecular mechanisms by which butyrate 
inhibits the Wnt/β-catenin pathway vary highly depending on the 
cellular and pathological context. Together, they establish a solid 
mechanistic foundation for precision interventions targeting the gut 
microbiota and their metabolites.

4.2 TGF-β/SMAD3 signaling pathway

The transforming growth factor-beta (TGF-β) signaling pathway 
is a critical regulator of adipocyte differentiation, fibrogenesis, and 
metabolic disease progression (Li et al., 2017). Upon TGF-β 
stimulation, the intracellular SMAD3 protein becomes phosphorylated 
and translocates to the nucleus to regulate gene expression related to 
mesenchymal stem cell fate and lipid deposition. Overactivation of 
this pathway contributes to adipose tissue hypertrophy and metabolic 

dysfunction, whereas SMAD3 inhibition has been shown to reduce 
adipocyte size and improve systemic metabolic profiles (Tsukamoto 
et al., 2023).

A critical emerging paradigm in metabolic inflammation is the 
crosstalk between TGF-β/SMAD3 and NF-κB signaling pathways. For 
instance, LPS activation of TLR4 triggers the MyD88/NF-κB cascade, 
leading to the production of pro-inflammatory cytokines like tumor 
necrosis factor alpha (TNF-α) and IL-6 (Wang et al., 2019; Fitzgerald 
and Kagan, 2020). Notably, SMAD3 not only functions within the 
canonical transforming growth factor beta 1 (TGFβ1) pathway but 
also directly engages with and modulates NF-κB activity (Hogan et al., 
2013). In some contexts, SMAD3 activation can potentiate NF-κB 
signaling. Specifically, TGFβ1 can activate inhibitor of nuclear factor 
kappa B kinase (IKK) to promote NF-κB signaling, and through 
Smad3, it enhances the expression of NF-κB-dependent genes like 
TNF-α (Hogan et al., 2013). This synergy may exacerbate 
inflammation-driven lipid deposition and metabolic disorders (Miao 
et al., 2024; Yang Y. et al., 2024). This crosstalk illustrates a mechanism 
whereby SMAD3 exacerbates metabolic dysfunction by amplifying 
NF-κB-mediated inflammation.

Gut microbiota may influence abnormal lipid metabolism 
through modulation of the TGF-β/SMAD3 signaling pathway (Rajani 
and Jia, 2018). In a mouse model of pulmonary fibrosis, reductions in 
Lactobacillus (e.g., Lactobacillus johnsonii, L. gasseri) were 
accompanied by increases in Verrucomicrobiales and 
Enterobacteriales, correlating with heightened TGF-β/SMAD3 activity 
(Quan et al., 2022). Conversely, hydroxy-α-sandalwood alcohol 
(HYA), a metabolite derived from Lactobacillus, inhibits SMAD3 
phosphorylation and downregulates pro-fibrotic gene expression 
(Kasahara et al., 2023). The gut microbiota and its metabolites equally 
impact the NF-κB pathway. Specific probiotics, such as L. rhamnosus, 
Clostridium butyracillus, Enterococcus faecalis, and their metabolites, 
such as butyric acid and propionic acid, can inhibit the TLR4/MyD88/
NF-κB axis and reduce pro-inflammatory cytokine production (Wang 
et al., 2019; Li P. et al., 2025; Srivastava and Mohanty, 2025). The 
documented crosstalk between TGF-β/SMAD3 and NF-κB pathways 
positions the gut microbiota as a master regulator at this critical 
intersection. Thus, probiotic interventions or microbial metabolites 
hold therapeutic potential by simultaneously curbing NF-κB-driven 
inflammation and fine-tuning the TGF-β/SMAD3 pathway, thereby 
ameliorating metabolic and inflammatory dysregulation (Luo et 
al., 2025).

4.3 PPARγ signaling pathway

PPARγ is a master transcription factor in adipogenesis, regulating 
lipid synthesis, storage, and insulin sensitivity (Sun et al., 2021). 
Working in concert with other PPAR subtypes (e.g., PPARα/β), it plays 
a vital role in maintaining metabolic homeostasis. Activation of 
PPARγ promotes fat accumulation, whereas its inhibition has been 
shown to alleviate metabolic disorders (Wu et al., 2022). Various gut 
microbiota–targeted interventions influence lipid metabolism by 
modulating the PPARγ pathway. For example, Garcinia cambogia 
extract improves gut microbial composition and downregulates 
hepatic expression of PPARγ and C/EBPα, while activating 
phosphorylated protein kinase A (p-PKA) and phosphorylated 
hormone-sensitive lipase (p-HSL), thereby promoting lipolysis (Tung 

https://doi.org/10.3389/fmicb.2025.1675155
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Liu� 10.3389/fmicb.2025.1675155

Frontiers in Microbiology 11 frontiersin.org

et al., 2021). Probiotic strains such as L. paracasei BEPC22 and 
L. plantarum BELP53 reduce PPARγ expression and enhance PPARα 
activation, which promotes fatty acid oxidation and correlates with 
increased abundance of Akkermansia (Lee et al., 2024). Moreover, 
Akkermansia muciniphila outer membrane protein 1,100 
(Amuc_1,100), a membrane protein derived from A. muciniphila, 
activates the adenylate cyclase 3/protein kinase A/hormone-sensitive 
lipase (AC3/PKA/HSL) pathway to stimulate lipolysis and induces a 
“white-to-brown” transition in adipocytes (Zheng et al., 2023).

Dietary interventions also modulate PPARγ signaling through 
microbiota-derived metabolites. For instance, astragalus 
polysaccharides inhibit hepatic lipid synthesis and promote lipolysis 
by shifting microbial composition, increasing SCFAs production, and 
suppressing the expression of SREBP-1c, FAS, C/EBPα, and PPARγ 
(Li et al., 2022). Similarly, folic acid supplementation enhances levels 
of SCFA-producing bacteria (e.g., Alistipes, Oscillospira), elevates 
acetic and propionic acid concentrations, and downregulates 
adipogenic transcription factors, thereby inhibiting adipocyte 
proliferation and differentiation (Liu Y. et al., 2023). Additionally, 
secondary bile acids inhibit the expression of PPARγ and SREBP-1c 
via activation of FXR and TGR5, contributing to reduced adipogenesis 
(Zhang et al., 2020).

4.4 C/EBPα signaling pathway

Members of the CCAAT/enhancer-binding protein (C/EBP) 
family orchestrate distinct stages of adipocyte differentiation. C/EBPβ 
and C/EBPδ act in early stages to induce the expression of C/EBPα 
and PPARγ, which drive terminal adipocyte maturation, whereas C/
EBPγ and C/EBP homologous protein (CHOP function as negative 
regulators) (Wang et al., 2022). Notably, in the absence of PPARγ, C/
EBPβ is unable to induce C/EBPα expression (Wang et al., 2022).

Gut microbiota can influence adipogenesis via the C/EBPα 
signaling axis. For instance, L. plantarum A29 downregulates PPARγ, 
C/EBPα, and C/EBPβ, along with their downstream targets in 3 T3-L1 
cells, thereby suppressing adipocyte differentiation and lipid 
accumulation (Soundharrajan et al., 2020). Similarly, Lactobacillus 
fermentum CQPC06 improves microbial composition in NAFLD 
mice, enhances lipid oxidation (via PPARα, cholesterol 7 alpha-
hydroxylase (CYP7A1), carnitine palmitoyltransferase 1 (CPT1), and 
lipoprotein lipase (LPL)), and downregulates adipogenic pathways 
(PPARγ, C/EBPα) (Mu et al., 2020). Some plant-derived compounds 
also modulate microbial communities and suppress the expression of 
C/EBPα, PPARγ, and SREBP-1, while activating AMPKα and 
repressing adipogenesis-related genes (Tung et al., 2020). Dietary 
factors also impact lipid metabolism by modulating gut microbiota. 
For example, glycine enhances the abundance of beneficial bacteria, 
inhibits the activating transcription factor 6 alpha–C/EBP homologous 
protein (ATF6α–CHOP) stress response pathway, and improves both 
inflammation and lipid metabolism (Zhang et al., 2021).

Interestingly, microbial metabolites exert bidirectional effects on 
this pathway. While butyrate has been shown to promote C/EBPα and 
C/EBPβ expression and enhance adipocyte maturation and glucose 
metabolism in vitro, inflammatory factors like LPS can activate the C/
EBPβ/asparagine endopeptidase (C/EBPβ/AEP) pathway, thereby 
affecting adipogenic gene expression (Fang et al., 2024). Despite its 
significance, the C/EBPα signaling pathway remains relatively 

underexplored in microbiota research, and further studies are 
warranted to elucidate its interaction with gut-derived metabolites and 
microbial taxa.

4.5 NF-κB signaling pathway

NF-κB is a key transcription factor involved in the regulation of 
inflammation, immunity, apoptosis, and metabolism (Zhao et al., 
2024). In adipose tissue, NF-κB modulates fat storage and insulin 
sensitivity by influencing the expression of inflammation- and lipid-
related genes (Lu Y. et al., 2025). The gut microbiota and its metabolites 
can activate NF-κB signaling primarily through Toll-like receptors 
(TLRs), particularly TLR4 (Fitzgerald and Kagan, 2020). Upon 
activation by ligands, such as LPS, TLR4 recruits the adaptor protein 
MyD88 to form a signaling complex known as the myddosome. This 
complex subsequently activates the IκB kinase (IKK) complex, which 
phosphorylates the inhibitory protein IκBα at serine 32 and 36, 
leading to its polyubiquitination and proteasomal degradation 
(Kuzmich et al., 2017).

Following IκBα degradation, the NF-κB heterodimer (typically 
composed of RelA/p65 and p50 subunits) is released and translocated 
into the nucleus, where it initiates the transcription of numerous 
pro-inflammatory genes (Fitzgerald and Kagan, 2020). For instance, 
infection with enterotoxigenic Escherichia coli K88 in weaned piglets 
activates TLR4/NF-κB signaling in the jejunum, triggering a robust 
inflammatory response. In an LPS-challenging model, microbiota-
derived LPS directly activates this pathway, which was evidenced by 
increased phosphorylation of IκBα and NF-κB p65 in intestinal tissue 
and a marked upregulation of pro-inflammatory cytokines (Wang et 
al., 2019). Similarly, in a murine endotoxemia model, LPS 
administration induces a systemic inflammatory response 
characterized by TLR4/MyD88/NF-κB pathway activation in multiple 
organs. Probiotic supplementation can mitigate this systemic 
inflammation by downregulating this signaling cascade (Srivastava 
and Mohanty, 2025). For example, supplementation with L. rhamnosus 
has been shown to inhibit TLR4 expression and attenuate 
inflammation (Li et al., 2012). Other probiotics such as C. butyricum 
and Enterococcus faecalis similarly downregulate TLR4, MyD88, and 
NF-κB, reduce pro-inflammatory cytokine levels, and restore gut 
health, thereby indirectly normalizing lipid metabolism (Wang et al., 
2019). Overall, microbiota-mediated modulation of the NF-κB 
pathway extends beyond inflammation control and includes effects on 
adipocyte apoptosis and functional regulation. Future research should 
aim to identify key microbial strains and metabolites that influence 
this pathway and explore novel regulatory mechanisms, such as 
microRNA-mediated interactions, to develop precise therapeutic 
strategies. Figure 1 displays the mechanism of gut microbiota 
regulating fat deposition.

4.6 Synthesis: an integrated network view 
of microbial metabolites in regulating fat 
deposition

A diverse array of microbial metabolites, including SCFAs, bile 
acids, tryptophan derivatives, BCAAs, and detrimental molecules like 
LPS, does not function independently, but forms a complex signaling 
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network that centrally orchestrates host energy metabolism and lipid 
storage (Heng et al., 2020; Liu Y. et al., 2023). This network operates 
through three interconnected tiers.

First, the AMPK/mTOR system serves as the core hub for energy 
sensing and metabolic homeostasis. Microbial metabolites, such as 
butyrate, acetate, and BCAAs directly modulate AMPK and mTOR, 
thereby influencing metabolic programs (den Besten et al., 2015; 
Yoneshiro et al., 2019). AMPK activation promotes catabolic 
processes (e.g., fatty acid oxidation and lipolysis), whereas mTOR 
integrates nutrient signals to regulate anabolism and adipocyte 
differentiation. The integration of these microbial signals is therefore 
crucial for determining the host’s energy balance. Second, the 
PPARγ/C/EBPα axis acts as the transcriptional master regulator of 
adipogenesis. PPARγ and C/EBPα are master transcription factors 
driving adipogenesis and represent a convergence point for 
numerous microbial signals. For example, SCFAs, secondary bile 
acids (via FXR/TGR5), and tryptophan metabolites can inhibit the 
PPARγ/C/EBPα pathway, thereby preventing terminal adipocyte 

differentiation (Soundharrajan et al., 2020; Zhang et al., 2020). In 
contrast, gut dysbiosis and harmful metabolites like LPS can 
promote inflammation and thereby indirectly stimulating 
adipogenesis. Additionally, key developmental pathways such as 
Wnt/β-catenin and TGF-β/SMAD3 are modulated by metabolites 
like bile acids and butyrate, which further fine-tune fat production 
(Mouries et al., 2019; Chen et al., 2020). Third, epigenetic 
reprogramming functions as a chromatin-level interface and links 
the gut environment to long-term metabolic regulation (Lin et al., 
2024). Metabolites including SCFAs (as HDAC inhibitors), bile 
acids, and tryptophan-derived indole derivatives (as AHR ligands) 
directly shape the host epigenome by altering histone acetylation, 
histone methylation, and DNA methylation patterns (Luu et al., 
2019; Nshanian et al., 2025). These epigenetic changes can stably 
activate or silence key genes within the AMPK/mTOR and PPARγ/C/
EBPα networks over the long term, thereby providing a molecular 
“memory” that influences susceptibility to obesity and metabolic 
diseases (Yang L. et al., 2025).

FIGURE 1

The mechanism of gut microbiota regulating fat deposition. The Wnt/β-catenin pathway activates the Frizzled and LRP5/6 receptor complex through 
Wnt10b, which in turn inhibits GSK-3β (glycogen synthase kinase-3β), maintaining the stability of β-catenin. Stable β-catenin is translocated from the 
cytoplasm to the nucleus, where it binds to TCFs and, through co-activators, co-regulates the function of β-catenin, indirectly inhibiting PPARγ and C/
EBPα, thereby affecting the regulation of fat metabolism. In the TGF-β/SMAD3 pathway, TGF-β binds to its receptors TGF-βR1 and TGF-βR2, activating 
SMAD3. Activated SMAD3 undergoes phosphorylation (forming SMAD3-P), which then translocates to the nucleus and inhibits the expression of PPARγ 
and C/EBPα, thus reducing fat synthesis and deposition. GPR43 and GPR41 sense SCFAs and activate the AMPK signaling pathway, which in turn 
inhibits the activity of PPARγ. Additionally, TLR2, PI3K, and AKT activate PGC-1α, further inhibiting the activity of PPARγ. In the C/EBPα pathway, BMP2/4 
activates SMAD1/5/8-P through its receptors BMPR1A and BMPR2, which then form a complex with SMAD4, promoting the expression of C/EBPβ and 
PPARγ. The activation of C/EBPα depends on the early regulation of C/EBPβ, and through its interaction with PPARγ, it promotes fat accumulation. In 
the NF-κB pathway, TLR4 activates the MYD88 signaling pathway, further activating the IKK complex, leading to the degradation of IκB, releasing NF-κB 
into the nucleus. In the nucleus, NF-κB activates inflammatory genes such as TNF-α, IL-6, and IL-1β, which, through negative feedback, inhibit the 
expression of PPARγ and C/EBPα, indirectly suppressing adipogenesis. This figure created with BioGDP.com (Jiang et al., 2025).
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Critically, these tiers are highly interconnected and form an 
integrated regulatory circuit. For instance, SCFAs not only activate 
AMPK, but also inhibit HDACs to epigenetically activate fatty acid 
oxidation genes and suppress PPARγ signaling (Luu et al., 2019; 
Nshanian et al., 2025). Similarly, bile acids regulate gene expression 
via FXR signaling while concurrently shaping the epigenome 
(Soundharrajan et al., 2020; Zhang et al., 2020). This multi-tiered 
coordination ensures the precise and stable regulation of lipid 
metabolism. However, gut microbiota dysbiosis disrupts this 
homeostatic balance, leading to network dysfunction characterized by 
suppressed AMPK, overactive mTOR, dysregulated PPARγ-driven 
adipogenesis, and hyperactivation of the NF-κB pathway. Collectively, 
these alterations promote excessive fat deposition. Therefore, future 
therapeutic strategies should aim to restore the integrity of the entire 
host-microbiota regulatory network, rather than targeting isolated 
metabolites or pathways.

5 Translational applications

With growing insights into the mechanisms by which the gut 
microbiota influences obesity and metabolic diseases, microecology-
based intervention strategies have transitioned from fundamental 
research into clinical and agricultural practice. Currently, five primary 
categories of microbial interventions are recognized: probiotics, 
prebiotics, synbiotics, postbiotics, and FMT. These strategies exhibit 
promising potential for improving metabolic health and regulating fat 
deposition in both humans and livestock.

5.1 Probiotics

Probiotics are defined as live microorganisms that, when 
administered in adequate amounts, confer health benefits to the host. 
As the critical role of gut microbiota in obesity pathogenesis becomes 
increasingly evident, probiotics have emerged as a key tool for 
modulating intestinal microecology. They hold broad promise for 
applications in weight management, metabolic regulation, and the 
optimization of animal production. Currently, over 60% of clinical 
trials involving probiotics report beneficial effects on weight control 
(Vallianou et al., 2020). Multiple randomized controlled trials have 
confirmed that specific probiotic strains, such as L. gasseri SBT2055 
and Bifidobacterium breve, can effectively reduce body weight, body 
fat, and BMI by modulating host metabolism (Kadooka et al., 2010; 
Kondo et al., 2010). Notably, L. gasseri BNR17 has been approved in 
South Korea population as a functional food ingredient with lipid-
lowering properties (Jung et al., 2013).

The efficacy of probiotics is mediated through multiple 
mechanisms. Probiotics can enhance intestinal barrier integrity, 
regulate immune responses, reduce systemic inflammation, and 
modulate lipid synthesis and energy absorption pathways. This is 
achieved both by producing beneficial microbial metabolites and by 
regulating key signaling pathways involved in lipid metabolism. 
These benefits have been consistently observed in animal models. For 
instance, supplementation with Lactobacillus or Bifidobacterium 
species in mice reduces fat accumulation, lowers circulating 
endotoxin levels, and suppresses inflammatory signaling (Chelakkot 
et al., 2018; Lee et al., 2025). Similarly, Lactiplantibacillus plantarum 

alleviates metabolic disorders by reshaping the gut microbiota, 
increasing SCFA production, and modulating adipose tissue and liver 
transcription via the PPAR and PI3K/Akt pathways, respectively 
(Gao et al., 2025). Furthermore, Roseburia hominis exerts its anti-
obesity effects primarily through upregulation of the SIRT1/mTOR 
signaling pathway, as demonstrated by both its live bacteria and its 
culture medium. This mechanism is considered the primary pathway, 
with an additional contribution from reduced dietary energy 
absorption (Huang et al., 2025). Among emerging probiotics, 
A. muciniphila has garnered significant attention. Its abundance is 
negatively correlated with obesity, type 2 diabetes, and hypertension, 
positioning it as a promising next generation “candidate probiotic” 
(Cani and Everard, 2014). Pasteurized A. muciniphila has been shown 
to ameliorate obesity through multiple mechanisms including 
enhancing intestinal barrier integrity by upregulating ZO-1 and 
Occludin, enriching SCFA-producing bacteria, increasing circulating 
SCFA and GLP-1 levels, and regulating key metabolic pathways via 
upregulation of AMPK/PPAR-α and downregulation of PPARγ 
signaling (Yang L. et al., 2025).

In livestock production, the application of probiotics has advanced 
from experimental trials to routine use, particularly in swine farming. 
Multi-strain formulations, such as combinations of Lactobacillus and 
Bacillus, have been shown to promote growth, enhance feed 
conversion efficiency, reduce diarrhea, and inhibit colonization by 
pathogenic bacteria such as enterotoxigenic Escherichia coli K88 
(Guerra-Ordaz et al., 2014). Additionally, probiotics like L. rhamnosus, 
L. plantarum, and Bacillus have been reported to improve intestinal 
immunity and overall health status in pigs.

In general, probiotics consistently demonstrate anti-obesity and 
metabolic regulatory effects in both human and animal studies. These 
benefits are achieved by remodeling the gut microbiota, suppressing 
metabolic inflammation, and enhancing intestinal barrier function. 
Importantly, recent studies have elucidated the underlying molecular 
mechanisms, including the regulation of key signaling pathways (e.g., 
PPAR, AMPK, PI3K-Akt, mTOR) and key microbial metabolites (e.g., 
SCFAs, bile acids), which directly fine-tune host lipid metabolism and 
energy homeostasis. However, challenges remain, including limited 
mechanistic clarity for individual strains, a lack of standardized dosing 
protocols and intervention durations, and variable host-specific 
responses. Future research should focus on strain-level screening, 
mechanistic validation, and precision nutrition strategies to support the 
effective translation of probiotics into clinical and industrial applications.

5.2 Prebiotics

Prebiotics are non-digestible dietary components, such as 
polysaccharides, oligosaccharides, and certain fibers, that beneficially 
affect host health by selectively stimulating the growth and activity of 
beneficial gut microorganisms, particularly Lactobacillus and 
Bifidobacterium (Ji et al., 2023). These compounds are not directly 
absorbed or metabolized by the host, but instead act through 
microbiota-mediated mechanisms.

The efficacy of prebiotics is largely mediated by their capacity to 
reshape the gut microbiota and its metabolic output. For example, 
polysaccharides derived from marine algae, e.g., purple algae and 
reticular moss, increase the abundance of SCFA-producing bacteria 
and directly activate the AMPK/ACC signaling pathway. This 
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promotes lipolysis and fatty acid oxidation while suppressing PPARγ, 
collectively contributing to a pronounced anti-obesity effect (Zheng 
M. et al., 2024; Zheng W. et al., 2024; Nohesara et al., 2025). Similarly, 
raspberry polysaccharides and the isoflavone formononetin enrich 
butyrate-producing bacteria, modulate hepatic miRNA expression, 
and influence inflammatory markers, thereby alleviating metabolic 
disorders (Nohesara et al., 2025). These findings highlight the presence 
of a microbiota-metabolite-epigenetics axis.

Furthermore, prebiotics help alleviate metabolic inflammation by 
reinforcing intestinal barrier integrity and inhibiting pro-inflammatory 
signaling. For instance, fucoidan and arctigenin enhance the gut barrier, 
elevate SCFA levels, and concurrently suppress the MAPK/NF-κB and 
TLR4/NF-κB pathways, thereby ameliorating obesity-associated 
pathologies (Wang N. et al., 2024; Zheng W. et al., 2024). Specifically, 
arctigenin promotes SCFA-producing bacterial populations, which 
increases SCFA levels, activates the GPR41/43 pathway, and inhibits 
HDAC3. These actions collectively maintain intestinal immune 
homeostasis and activate the hepatic GPR/AMPK axis, ultimately 
reducing lipid accumulation (Wang N. et al., 2024).

In human studies, diets enriched with prebiotics have been 
strongly associated with reductions in body weight and fat mass, 
particularly in overweight or obese individuals (Panichsillaphakit et 
al., 2021). In animal production, prebiotics have also been applied due 
to their regulatory effects on fat deposition and production 
performance. For example, combined supplementation with maternal-
source probiotics and synbiotics significantly altered plasma metabolic 
indices in piglets, including reductions in cholinesterase, blood urea 
nitrogen, and glucose, while also modulating lipid-related parameters 
such as low-density lipoprotein cholesterol (LDL-C), total cholesterol, 
and triglycerides across different developmental stages (Zhu et al., 
2022). These findings provide strong evidence for the application of 
prebiotics in improving lipid profiles.

Overall, prebiotics are natural, low-toxicity, and multi-faceted 
metabolic modulators with significant potential for improving host 
metabolism and body weight regulation. Their mechanisms are 
multifactorial. It not only selectively stimulates beneficial gut microbes 
but also activates host metabolic pathways (e.g., AMPK, PPARs) and 
facilitates epigenetic modifications (e.g., HDAC inhibition, miRNA 
regulation), largely through microbial metabolites such as SCFAs. 
Future research should focus on elucidating the structure–function 
relationships of specific prebiotics and optimizing their targeted 
applications in clinical and animal nutrition.

5.3 Synbiotics

Synbiotics are synergistic formulations combining probiotics 
and prebiotics based on the principle of functional complementarity. 
They aim to enhance the survival, colonization, and metabolic 
activity of beneficial microorganisms, thereby maintaining 
intestinal microecological balance and improving host health. 
Compared with probiotics or prebiotics administered individually, 
synbiotics offer improved probiotic viability in food or feed 
matrices and facilitate selective fermentation of prebiotics to 
expand target microbial populations. However, the efficacy of 
synbiotics is highly dependent on the compatibility between 
selected microbial strains and prebiotic substrates. This interaction 
is often complex, exhibiting synergistic, additive, or even 

antagonistic effects, which contribute to the diverse yet not fully 
understood potential of synbiotics in modulating the gut microbiota 
(Chen et al., 2023).

In recent years, synbiotics have gained attention as a promising 
strategy for addressing obesity and its associated metabolic disorders. 
Evidence suggests that synbiotics may confer greater metabolic benefits 
than probiotics or prebiotics alone. For example, a novel synbiotic 
comprising Lactiplantibacillus plantarum LLY-606 and galacto-
oligosaccharides (GOS) was found to reduce visceral fat and alleviate 
obesity. A key mechanism involves elevating serum arginine levels, 
which in turn activates the AMPK signaling pathway to improve lipid 
metabolism. Causality was established through experiments which 
showed that inhibiting arginine synthesis or knocking out the bacterial 
argininosuccinate synthetase 1 (Ass1) gene abrogates these benefits (Shi 
et al., 2025). Similarly, a synbiotic combination of Bifidobacterium, 
Lactobacillus, Lactococcus, Bacillus, and omega-3 fatty acids 
significantly inhibited hepatic fat accumulation and reduced circulating 
lipid levels (Kobyliak et al., 2017).

The metabolic effects of synbiotics are closely linked to their 
capacity to modulate microbial metabolites. In diet-induced obese 
mice, synbiotic intervention restored HFD-induced declines in cecal 
SCFAs and reduced the expanded total bile acid pool, indicating 
comprehensive restoration of microbial metabolic functions (Ke et al., 
2019). Another study showed that a synbiotic combining C. butyricum 
with corn gluten reduced pathogenic bacterial abundance, enhanced 
SCFA-producing microbes, and increased acetate and isopentanoate 
concentrations (Zhang et al., 2018). Similarly, L. paracasei N1115 plus 
oligofructose improved NAFLD phenotypes and downregulated TLR4 
and NF-κB pathways (Yao et al., 2019). At the host signaling level, 
synbiotic lowered serum and hepatic LPS levels, thereby alleviating 
metabolic endotoxemia and inhibiting the hepatic TLR4/NF-κB 
pathway. Concurrently, it upregulated colonic gene expression of 
GLP-1, GPR41, and GPR43 that connected reduced inflammation to 
improved glucose metabolism (Kang et al., 2023). Through these 
multi-targeted, synergistic mechanisms, synbiotics can reshape the gut 
microbiota, enhance beneficial metabolite production, restore 
intestinal barrier integrity, and mitigate inflammatory responses, 
collectively supporting their potential in preventing and managing 
obesity and metabolic diseases.

The efficacy of synbiotics is influenced by numerous factors, 
including formulation design, host genetics, and environmental 
conditions. The superior therapeutic effects observed with certain 
synbiotics likely stem from their ability to act synergistically by 
enriching key microbial communities, regulating critical metabolites 
such as short-chain fatty acids, bile acids, and arginine, and 
consequently coordinating host metabolic pathways including AMPK, 
NF-κB, and PPARs, and modulating tissue functions such as fat 
browning and hepatic lipid metabolism (Ke et al., 2019; Kang et al., 
2023; Shi et al., 2025). Future research should prioritize mechanistic 
studies, formulation optimization, and the development of 
personalized intervention strategies to support the effective clinical 
translation and industrial application of synbiotics.

5.4 Postbiotics

Postbiotics are defined as functional substances composed of 
inanimate microorganisms or their cellular components that confer 

https://doi.org/10.3389/fmicb.2025.1675155
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Liu� 10.3389/fmicb.2025.1675155

Frontiers in Microbiology 15 frontiersin.org

health benefits to the host. Due to their inherent stability, safety, and 
absence of infection risk, postbiotics have become an emerging focus 
in the field of microecological interventions.

In the context of metabolic regulation, postbiotics modulate fat 
deposition and systemic metabolic homeostasis via diverse signaling 
pathways. For example, extracellular polysaccharides derived from 
L. plantarum L-14 activate the TLR2–AMPK pathway, thereby 
inhibiting preadipocyte differentiation and reducing fat accumulation 
and dyslipidemia (Lee et al., 2021). Similarly, long-chain 
polyphosphates produced by Lactobacillus johnsonii alleviate 
intestinal inflammation and enhance epithelial barrier integrity 
through activation of the ERK signaling pathway (Isozaki et al., 
2021). Other bacterial structural components, such as muramyl 
dipeptide (MDP), a cytosolic peptidoglycan fragment, have 
demonstrated anti-inflammatory and insulin-sensitizing properties 
via the NOD2–IRF4 signaling pathway. Interestingly, while MDP 
binding to NOD2 exerts beneficial effects, its interaction with NOD1 
may exacerbate metabolic disturbances, emphasizing the receptor-
specific nature of postbiotic actions (Cavallari et al., 2020).

Among microbial metabolites, butyrate represents the most 
extensively studied postbiotic molecule. It has been shown to 
strengthen intestinal barrier function by activating GPR43, 
upregulating NLRC3 expression via the TRAF6 axis, and increasing 
tight junction protein levels (e.g., ZO-1) (Cheng et al., 2018). In 
murine models of NAFLD, butyrate supplementation upregulated 
ZO-1 expression in the small intestine, lowered circulating endotoxin 
levels, and alleviated systemic metabolic inflammation associated 
with gut barrier dysfunction (Ye et al., 2018). In livestock production, 
postbiotics have also demonstrated potential for improving animal 
health and performance. For instance, dietary supplementation with 
heat-killed Lactobacillus salivarius 189 improved gut microbial 
composition in pigs by reducing the abundance of Prevotella and 
increasing Parabacteroides, correlating with reduced fat accumulation 
(Ryu et al., 2022). Similarly, supplementation with L. rhamnosus 
(heat-treated at 80 °C for 30 min, 1 × 109 CFU/g) improved piglet 
growth performance, feed conversion ratio, and dry matter 
digestibility, while also reducing the incidence of diarrhea and serum 
levels of TNF-α, TGF-β1, and cortisol (Kang et al., 2021).

As a cutting-edge strategy in microbiota-based interventions, 
postbiotics offer a promising avenue for metabolic disease prevention, 
gut barrier restoration, and livestock productivity enhancement, 
owing to their controlled composition, enhanced safety profile, and 
immunomodulatory potential. By activating specific host receptors, 
modulating immune and metabolic signaling, and improving barrier 
and endocrine function, postbiotics expand the functional spectrum 
of microecological therapies. Future research should prioritize the 
functional characterization of active compounds, elucidation of 
receptor-mediated mechanisms, and development of personalized, 
context-specific applications to enable their efficient translation into 
human health management and animal agriculture.

5.5 FMT

FMT is a microecological intervention strategy that aims to 
restore gut microbiota composition and function in a recipient by 
transferring fecal microbiota from a healthy donor. Initially 

developed for the treatment of recurrent Clostridioides difficile 
infection, with consistently high clinical efficacy, FMT has since 
gained attention for its potential in addressing obesity, metabolic 
syndrome, and related conditions. Recent advances in gut 
microbiome research have revealed the strong association between 
gut microbiota and metabolic diseases, which has driven interest in 
expanding the therapeutic scope of FMT. Although preliminary 
clinical studies suggest that FMT can improve insulin sensitivity, the 
overall efficacy of FMT in metabolic interventions remains 
inconclusive, likely due to limitations such as small sample sizes, 
short intervention durations, and donor–recipient microbiota 
heterogeneity (Kootte et al., 2017).

FMT improves host metabolism by reshaping the gut microbial 
ecosystem and reactivating key metabolic pathways, including SCFAs 
and bile acid metabolism. FMT promotes the colonization of 
beneficial taxa, such as butyrate-producing bacteria (Faecalibacterium, 
Roseburia intestinalis), species with BSH activity, and next-generation 
probiotics such as A. muciniphila (Dao et al., 2016). These microbial 
shifts enhance GLP-1 secretion and improve insulin sensitivity. 
Supplementation with A. muciniphila alone has been shown to 
improve insulin sensitivity and reduce total cholesterol and fat mass 
(Depommier et al., 2019). In livestock, FMT has also shown 
promising effects on fat deposition. The gut microbial composition 
of pigs is closely linked to their adiposity profiles. “Fat-type” breeds 
such as Rongchang and Jinhua pigs have a significantly higher 
Firmicutes/Bacteroidetes ratio than lean breeds like Yorkshire and 
Landrace pigs (Yang et al., 2018). Yan et al. (2016) demonstrated that 
mice receiving FMT from Rongchang or Yorkshire pigs exhibited 
increased fat deposition, confirming that gut microbiota can mediate 
cross-species transmission of obesity-associated traits.

Although FMT has a promising future in metabolic disease 
intervention, its clinical application still faces multiple challenges, 
including: firstly, inconsistent donor selection criteria; secondly, a 
lack of standardization of FMT preparation and preservation 
procedures; and thirdly, differences in the background of the 
recipient’s microbiota affecting implantation efficacy. Studies have 
shown that the diversity of the recipient’s own microbiota and the 
structure of the core microbiota have a significant impact on the 
effectiveness of FMT (Danne et al., 2021). Therefore, individualized 
FMT strategies should be developed to optimize the colonization 
effect. In the field of animal husbandry, FMT can be used as a new 
strategy to improve production performance. For example, 
transplanting lean pig colonies to fat pigs is expected to reduce fat 
deposition and increase lean meat percentage (Yan et al., 2016). 
However, key issues such as long-term stability and safety of the 
colonies still need to be addressed to realize this goal and ensure their 
sustainable application. Figure 2 displays the microbiome-based 
intervention strategies and their effects on gut health, metabolism, 
and systemic function.

6 Challenges and future directions

The pivotal role of the gut microbiota in regulating adipose tissue 
deposition and metabolic disorders has garnered extensive attention, 
catalyzing the development of diverse intervention strategies, 
including probiotics, prebiotics, and FMT. Despite these advances, 
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significant challenges persist across fundamental mechanistic 
research, clinical translation, and the integration of emerging 
technologies, necessitating systematic breakthroughs to advance 
the field.

6.1 Bottlenecks in mechanism investigation

6.1.1 Challenges in establishing causality
Discerning causal relationships between the gut microbiota and 

host metabolic phenotypes remains a central focus in microbial 
ecology. However, the intrinsic complexity of microbial 
communities coupled with multifactorial host and environmental 
influences has largely confined current research to correlative 
associations, impeding clear differentiation of whether microbial 
alterations are causative drivers or consequential markers of disease 
(Cani et al., 2021). Although interventional approaches, such as 
FMT and GF animal models, have provided preliminary evidence 
for causality, these methodologies are technically demanding, 
costly, and prone to confounding effects due to variability in 
individual baseline microbiota. Notably, identical microbial 
interventions often yield heterogeneous responses among recipients, 
with pronounced inter-individual differences observed in probiotic 
efficacy and FMT outcomes. This biological heterogeneity severely 

constrains reproducibility and generalizability, underscoring the 
urgent need for the development of standardized, quantitative 
frameworks to robustly validate causality and thereby enhance 
mechanistic insights.

6.1.2 Limitations imposed by species differences 
on translational validity

Mechanistic investigations into host-microbiota interactions 
predominantly rely on murine models. Nonetheless, fundamental 
interspecies disparities in physiological metabolism, immune system 
dynamics, and gut microbial composition critically limit the 
extrapolation of findings from mice to humans. For instance, 
discrepancies exist in the relative abundance of dominant bacterial 
phyla, colonization capacity of human-derived pathogens, and 
immune pathway activation patterns between murine and human gut 
ecosystems (Ley et al., 2008), diminishing the translational relevance 
of mouse-derived data.

Recently, porcine models have gained traction due to their closer 
resemblance to human anatomy and metabolic physiology. However, 
comprehensive functional annotation of the porcine microbiome and 
elucidation of its metabolic interaction mechanisms remain 
underdeveloped. Furthermore, cross-species validation of 
microbiota-mediated mechanisms is lacking. Future research should 
emphasize a “multi-model validation” strategy, integrating rodent, 

FIGURE 2

Microbiome-based intervention strategies and their effects on gut health, metabolism, and systemic function. This figure created with BioGDP.com 
(Jiang et al., 2025).
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large animal, and advanced in vitro organoid models, to enhance 
mechanistic understanding and facilitate more reliable translation of 
preclinical findings to human contexts.

6.2 Challenges in translational application

6.2.1 Stability and persistence of 
microbiota-based interventions

Although interventions such as probiotics, prebiotics, postbiotics, 
and FMT have demonstrated promising effects in mitigating obesity 
and metabolic disorders in short-term studies, comprehensive and 
systematic evaluations of their long-term efficacy, safety, and holistic 
impacts on host microbial ecology remain insufficient. This issue is 
particularly critical in the context of animal husbandry, where 
probiotic and prebiotic supplementation has emerged as a novel 
approach to enhance animal performance and meat quality. However, 
several key challenges impede their widespread application (Swanson 
et al., 2025).

First, formulation stability is paramount; probiotic strains must 
withstand gastric acid, bile salts, digestive enzymes, and thermal 
stresses encountered during feed processing without significant loss 
of viability. Second, storage and feeding conditions critically influence 
microbial viability, as exposure to elevated temperature and humidity 
often diminishes strain activity, compromising intervention efficacy. 
Third, interactions with feed components may lead to antagonistic or 
destabilizing effects between microbial formulations and other 
nutritional ingredients, undermining functional outcomes. Fourth, 
persistence of functional expression remains to be fully elucidated, 
including the delivery efficiency, absorption kinetics, and specific 
target engagement of bioactive compounds such as prebiotics and 
postbiotics within the host.

Addressing these challenges necessitates the development of more 
robust, storage-stable formulations with precisely targeted release 
mechanisms, alongside rigorous evaluation of their synergistic 
compatibility with complex feed matrices. Such advances are critical 
to facilitating the effective and sustainable implementation of 
microecological interventions in animal production systems.

6.2.2 Increasing demand for individualized 
modulation

In human metabolic regulation, the demand for individualized 
microbiota-based interventions is growing. Due to significant inter-
individual differences in gut microbial composition, metabolic 
activity, and host genetic background, responses to the same 
intervention can vary greatly. For instance, some individuals respond 
well to specific probiotic strains, while others exhibit no apparent 
effect (Ejtahed et al., 2017).

Personalized microecological interventions require the integration 
of multi-omics data, encompassing microbiota configuration, 
metabolomic features, host genotypes, and dietary behaviors (Rouskas 
et al., 2025). However, such personalized modulation strategies are 
still in the early stages of exploration and face challenges including 
high data acquisition costs, complex model construction, and long 
clinical validation cycles. Establishing actionable predictive models 
that link “microbiota–host–intervention outcomes” represents a 
critical direction for future research in precision nutrition and 
precision medicine.

6.3 Breakthroughs driven by cutting-edge 
technologies

6.3.1 Organoid models for in vitro mechanism 
simulation

Organoid technology, a three-dimensional cell culture system that 
has emerged in recent years, effectively recapitulates the structural and 
functional characteristics of native tissues and organs. The 
establishment of co-culture systems combining intestinal organoids 
with microorganisms offers novel insights into the mechanistic basis 
of host–microbiota interactions. Compared to traditional 
two-dimensional cell lines, organoid models provide superior 
physiological relevance, enabling dynamic observation of microbial 
or metabolite-mediated regulatory effects on intestinal epithelial and 
immune cells (Zheng L. et al., 2024). Looking ahead, organoid 
platforms are poised to become indispensable tools for high-
throughput screening of novel microecological therapeutics and 
functional validation.

6.3.2 Single-cell technologies enhance functional 
resolution

While metagenomics and metabolomics afford a broad perspective 
on microbial community functions, they remain limited in resolving 
functions at the level of individual bacterial cells and their precise 
interactions with host cells. Single-cell sequencing technologies facilitate 
high-resolution characterization of microbial functional states, gene 
expression profiles, and microbe–host cell interactions (Madhu et al., 
2023). Utilizing single-cell transcriptomics, researchers can delineate 
cell-type-specific responses of intestinal epithelial cells or immune cells 
to microbial stimuli and identify core signaling pathways regulating 
lipid metabolism. Additionally, these approaches enable the discovery 
of novel regulatory targets, including transcription factors and 
regulatory elements modulated by specific bacterial strains.

6.3.3 Artificial intelligence for constructing 
“microbe-host” interaction networks

Artificial intelligence (AI) has demonstrated a remarkable 
capacity for analyzing multi-omics datasets, detecting complex 
patterns, and constructing predictive models. Leveraging machine 
learning and deep learning frameworks, AI can integrate 
metagenomic, transcriptomic, metabolomic, and clinical phenotypic 
data to forecast host responses to diverse microbial interventions. For 
example, AI models have been developed to predict individual 
response variability following probiotic administration and to simulate 
metabolic trajectories post-FMT (Patil et al., 2025). Shortly, AI is 
expected to be pivotal in transforming gut microbiology research from 
descriptive characterization to predictive modeling, thereby providing 
robust algorithmic support for precision nutrition, precision medicine, 
and precision animal breeding.

6.3.4 System modeling and metabolite-receptor 
mapping for deciphering causal mechanisms

Leveraging the predictive power of artificial intelligence (AI), 
system modeling has emerged as a critical research direction and a 
major trend for future development. Methods such as constraint-
based reconstruction and analysis (COBRA) and genome-scale 
metabolic models (GEMs) provide a powerful computational platform 
for quantitatively simulating the interactions between the gut 
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microbiota and the host’s metabolic network (Li G. H. et al., 2025; 
Taubenheim et al., 2025). These modeling approaches extend beyond 
traditional correlation analyses. They can predict metabolic fluxes, 
identify key metabolic pathways in conditions like obesity and 
inflammatory bowel disease (IBD), and screen for potential 
therapeutic metabolites or dietary interventions through in silico 
simulations (Taubenheim et al., 2025). The integration of metabolic 
models with metabolite-receptor interaction maps represents a 
promising strategy to bridge the gap between microbial metabolism 
and host physiology. This strategy functions by linking specific 
microbial metabolites to their cognate host receptors. For instance, it 
elucidates how metabolites, including short-chain fatty acids and 
tryptophan derivatives, engage receptors such as the aryl hydrocarbon 
receptor, GPCRs, and the pregnane X receptor, thereby establishing 
causal relationships between the microbiota and the regulation of host 
immunity and metabolism (Koduru et al., 2022). Ultimately, the 
combination of system modeling and receptor mapping is pivotal for 
translating complex microbiome data into targeted microbial therapies 
with well-defined mechanisms of action.

7 Discussion

As a critical regulator of metabolic homeostasis, the gut 
microbiota holds substantial potential for preventing and treating 
obesity and related metabolic disorders. Nonetheless, significant 
challenges remain, including difficulties in establishing causality in 
mechanistic studies, interspecies differences limiting translational 
applicability, insufficient long-term evaluation of microbiota-targeted 
interventions, and the pressing need for individualized therapeutic 
strategies. The advent of advanced technologies such as organoid 
culture, single-cell sequencing, and AI-driven modeling is 
progressively overcoming the constraints inherent to traditional 
methodologies and ushering in a new era characterized by high-
throughput, high-precision, and personalized microbiome regulation.

Future studies should include elucidating the specific roles of 
microbial metabolites in host lipid metabolism, developing cross-
species, high-fidelity platforms for causal validation, optimizing the 
stability and targeting efficiency of microbial interventions, 
constructing multi-omics-guided personalized intervention 
frameworks, and accelerating the translation of scientific discoveries 
into clinical and agricultural applications. These endeavors will 
facilitate the establishment of scientifically rigorous, systematic, and 
sustainable approaches for precise prevention and management of 
obesity and metabolic diseases, as well as for enhancing the economic 
performance of animal husbandry.
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