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Metabolic dysfunction-associated steatotic liver disease (MASLD) has emerged as
the most prevalent chronic liver condition globally. Studies have revealed distinct
differences in the gut microbiota (GM) composition between healthy individu-
als and MASLD patients, suggesting a crucial role of GM in disease initiation and
progression. This review summarizes characteristic gut microbial alterations in
MASLD, examines the relationship between GM and their metabolites in MASLD
pathogenesis, and discusses potential mechanistic pathways. Furthermore, we
summarize the possible therapeutic applications of probiotics, fecal microbiota
transplantation (FMT), and natural products in managing MASLD through GM
modulation. Although current evidence indicates these interventions may slow
or prevent MASLD progression, most research remains limited to animal experi-
ments and small-scale clinical studies. The scarcity of high-quality clinical evi-
dence has created a significant gap between theoretical research and clinical
application. Therefore, this article aims to summarize existing findings, explore
the prospects of GM-targeted strategies for MASLD treatment, and propose
future research directions in this field.

KEYWORDS
GM, gut-liver axis, MASLD, probiotics, FMT, natural products

1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver
disease globally, affecting up to 38% of the adult population worldwide as of 2023 (1). The
global prevalence among adolescents also increased from 3.73% in 1990 to 4.71% in 2019,
representing a relative increase of 26.27% (2). Its main feature is hepatic lipid accumulation
resulting from insulin resistance and associated metabolic dysfunction (3). With growing
understanding, NAFLD is now recognized as a multisystem disorder closely linked to
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metabolic syndrome, involving multiple extrahepatic organs and regu-
latory pathways (4). Consequently, in 2023, three major international
liver associations recommended replacing the term “NAFLD” with
“MASLD” (5). Metabolic dysfunction-associated steatotic liver disease
(MASLD) can progress to an inflammatory stage known as metabolic
dysfunction-associated steatohepatitis (MASH) and further advance
to fibrosis, cirrhosis, and hepatocellular carcinoma (HCC). Although
extensive studies have investigated the etiology of MASLD, its precise
pathogenesis remains incompletely understood. In recent years, the
gut microbiota (GM) has attracted increasing attention for its poten-
tial role in MASLD development.

The GM comprises trillions of bacteria, fungi, and archaea that
play essential roles in maintaining host metabolic homeostasis.
Evidence from both animal and human studies suggests that GM dys-
biosis may be a key driver of MASLD pathogenesis (6, 7). Advances in
high-throughput sequencing technologies, particularly shotgun
metagenomic sequencing, have revealed strong associations between
GM alterations and MASLD progression. For instance, increased
levels of Escherichia coli and Bacteroides vulgatus are associated with
advanced fibrosis in MASLD patients (8). A 2024 Mendelian random-
ization study further supported the potential causal relationship
between specific gut bacterial taxa and MASLD development in
humans (9).

The GM is highly plastic, and its compositional shifts can alter
microbial metabolites, ultimately influencing host physiology through
the gut-liver axis (10). Given its central role in MASLD, targeting the
GM represents a promising therapeutic strategy. For instance, probi-
otic supplementation has been shown to improve liver enzymes, liver
stiffness measurement (LSM), and hepatic steatosis in patients with
MASLD (11). Fecal microbiota transplantation (FMT), an emerging
therapeutic approach, has shown promising results in animal models
and preliminary human trials (12). In high-fat diet (HFD)-induced
MASLD mouse models, FMT reduced hepatic lipid accumulation and
pro-inflammatory cytokine levels, and it also alleviated hepatic fibro-
sis and inflammatory infiltration in mice with established steatohepa-
titis (13). Numerous preclinical studies have shown that natural
products can ameliorate MASLD by modulating the GM (14).
However, outcomes across studies remain heterogeneous, with end-
points including liver enzyme levels and histological features such as
steatosis, lobular inflammation, and fibrosis (15). Evidence supporting
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the therapeutic efficacy of FMT in MASLD remains limited (12).
Moreover, although many natural products appear to alleviate
MASLD, their mechanisms of action are complex, and the specific
contribution of GM modulation to their beneficial effects remains
unclear.

This review summarizes the current literature on MASLD, empha-
sizing the mechanisms by which the GM contributes to disease onset
and progression. We discuss GM-targeted therapeutic strategies,
including probiotics, FMT, and natural products. Furthermore, we
highlight the existing gap between preclinical research and clinical
application, and offer key perspectives on future directions. Ultimately,
this review aims to deepen the understanding of the GM as a thera-
peutic target for MASLD and to provide a theoretical foundation and
practical guidance for its clinical translation (Figure 1).

2 The role of GM in MASLD
2.1 GM signatures in MASLD

The GM plays a crucial role in fermenting dietary fibers, regulat-
ing immunity, maintaining intestinal barrier integrity, and synthesiz-
ing vitamins (16). Abnormal alterations in GM composition and
function are implicated in the onset and progression of MASLD via
the “gut-liver axis” Since the GM is predominantly bacterial, most
studies to date have focused on bacteria. The human GM is predomi-
nantly composed of the phyla Firmicutes, Bacteroidetes,
Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia,
with Firmicutes and Bacteroidetes together accounting for over 90%
of the total population (17). Within the Firmicutes phylum, dominant
Eubacterium, and

Ruminococcus, Blautia,

Faecalibacterium. The key genera within the Bacteroidetes phylum

genera include
include Bacteroides and Prevotella (18), and their relative abundances
are inversely correlated (19, 20). Actinobacteria, which constitute a
relatively low proportion of the GM, are primarily represented by the
genus Bifidobacterium (20).

The diversity and abundance of gut microorganisms are essential
for maintaining intestinal homeostasis and function, thereby estab-
lishing a state of symbiotic equilibrium (21). However, numerous
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studies have shown that the GM composition in MASLD patients dif-
fers from that of healthy individuals. A recent meta-analysis of 54
studies found that MASLD patients exhibit significantly lower GM
diversity than healthy controls (22). At the phylum level, the relative
abundance of Bacteroidetes is generally lower in MASLD patients,
although considerable heterogeneity across studies exists. As the dis-
ease progresses, the abundance of Proteobacteria gradually increases,
while that of Firmicutes decreases (23-25). However, changes within
the Firmicutes phylum are complex, with genera including
Eubacterium and Faecalibacterium showing higher abundance in
healthy controls, whereas Enterococcus and Veillonella were enriched
in MASLD patients (24). At the family level, consistent reductions are
observed in Ruminococcaceae (26, 27) and Prevotellaceae (28, 29).
Similarly, at the genus level, studies consistently report a marked
decrease in the anti-inflammatory genus Faecalibacterium (26, 30)
alongside a consistently reported increase in the potentially patho-
genic Escherichia-Shigella group (24, 28). However, reported abun-
dances of key genera such as Prevotella and Bacteroides vary across
studies (23, 26, 31). These inconsistencies may be related to the stage
of disease progression and the geographic distribution of the popula-
tion (32). For instance, in a study of pediatric MASLD, a high abun-
dance of Prevotella copri was associated with more severe liver fibrosis
and was correlated with lower a-diversity and Hispanic ethnicity (33).
Enrichment of the Escherichia-Shigella group within the
Proteobacteria phylum is observed in both pediatric and adult MASH
patients (28, 34), accompanied by the depletion of beneficial genera
such as Ruminococcus obeum and Eubacterium rectale (8). Given the
close association between MASLD and obesity, researchers have
examined potential GM differences between obese and non-obese
patients. Despite controlling for obesity-related confounders, the
reduction of Faecalibacterium and Ruminococcus persists, suggesting
that these changes may be independent of obesity (35, 36).
Collectively, alterations in the GM are closely associated with the
pathogenesis of MASLD, although considerable heterogeneity exists
across studies. MASLD is characterized by reduced GM diversity,
diminished microbial abundance, depletion of anti-inflammatory
taxa, and enrichment of pro-inflammatory species, although specific
microbial changes are inconsistent across studies. Apart from the fac-
tors already mentioned, dietary composition and habits also shape the
GM and may contribute to MASLD progression (37). Moreover, the
predominant reliance on fecal samples, which represent the luminal
content of the distal colon, does not fully capture the microbial com-
position at other intestinal sites, such as the small intestine or mucosal
surfaces. Future studies employing segmental sampling along the gas-
trointestinal tract are warranted to provide a spatially resolved and
more comprehensive understanding of GM alterations in MASLD.

2.2 Pathogen-associated molecular patterns
(PAMPs) and MASLD

The gut and liver communicate bidirectionally via the gut-liver
axis. Within this axis, the synthesis and secretion of bile by the liver
facilitate direct communication with the intestine via the biliary
system, thereby contributing to the maintenance of GM homeostasis
(38). Microorganisms in the gut metabolize endogenous substrates
(e.g., bile acids and amino acids derived from protein breakdown) and
exogenous substrates (derived from the diet and environmental expo-
sures), generating metabolites that enter the liver via the portal vein.
The liver further processes these compounds and releases
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inflammatory mediators or metabolites into the systemic circulation,
which may, in turn, influence intestinal function (39). The integrity of
the intestinal barrier is essential for the proper function of this axis. It
operates through a three-tiered defense system that prevents the trans-
location of pathogens and harmful substances into the systemic circu-
lation (40).

The immune barrier relies on intestinal epithelial cells, gut-asso-
ciated lymphoid tissue (GALT), and immune cells to achieve dynamic
immunoregulation. Intestinal epithelial cells not only express anti-
inflammatory cytokines such as interleukin 10 (IL-10) (41), but also
express various pattern recognition receptors (PRRs), including Toll-
like receptors (TLRs) and nucleotide-binding oligomerization domain
(NOD) proteins. Upon recognizing microbial signals, these receptors
can induce the production of chemokines (42). GALT comprises
Peyer’s patches (PPs) and isolated lymphoid follicles (ILFs), which are
aggregates of lymphoid cells including dendritic cells, T cells, regula-
tory T cells (Tregs), and B cells (43). In the PPs-associated epithelium,
specialized microfold cells (M cells) efficiently take up and transport
luminal antigens, a process that may involve receptors such as TLRs.
Subsequently, M cells facilitate the secretion of cytokines and chemo-
kines, thereby activating underlying immune cells and inducing the
generation of secretory immunoglobulin A (SIgA)-producing plasma
cells. These sites are key locations for triggering adaptive immune
responses, and the produced SIgA serves as a major effector molecule
in intestinal tissues (44, 45). The mechanical barrier consists of epithe-
lial cells—including absorptive enterocytes, goblet cells, enteroendo-
crine cells, Paneth cells, and M cells—together with intercellular
junctions and the mucus layer (46). Epithelial cells form a selectively
permeable interface through tight junction proteins such as occludin
and zonula occludens-1 (ZO-1), as well as adherens junctions, desmo-
somes, and gap junctions (47). Goblet cell-secreted mucins, such as
MUC2 and MUC5AC, form the mucus layer, which protects intestinal
cells from external factors (48). The mucus layer also plays an impor-
tant role in the interaction with the GM, providing nutrients and
attachment sites (49). The biological barrier comprises the GM, which
constitutes a dynamic and symbiotic ecosystem. Under physiological
conditions, the GM and its metabolites exert beneficial effects by pre-
venting pathogen invasion and maintaining intestinal microenviron-
mental homeostasis (50). However, in MASLD, gut dysbiosis disrupts
intestinal barrier integrity, thereby exacerbating disease progression.

Studies have shown that increased intestinal permeability is highly
prevalent among patients with MASLD. A meta-analysis including
128 MASLD patients revealed that approximately 39.1% exhibited
elevated intestinal permeability, as assessed by the urinary excretion
of permeability markers, compared to only 6.8% in healthy controls.
Notably, nearly 49.2% of patients with MASH were found to have
increased intestinal permeability (51). GM dysbiosis is a key contribu-
tor to this impairment of the intestinal barrier. Evidence from an FMT
study demonstrated that germ-free mice receiving feces from HFD—
fed mice developed increased intestinal permeability, whereas those
receiving feces from standard diet-fed mice did not. This finding indi-
cates that HFD-induced dysbiosis acts as a causal factor in intestinal
barrier impairment (52). However, the mechanisms underlying GM
alterations that lead to increased intestinal permeability and impaired
barrier integrity remain largely unclear. One plausible explanation is
that GM dysbiosis in MASLD directly downregulates the expression
of tight junction proteins, such as ZO-1 and occludin (53, 54), thereby
disrupting the tight junction structure (55). Moreover, ethanolamine
serves as both an essential phospholipid component of mammalian
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cell membranes and an energy source for several bacterial species (56,
57). A recent study further demonstrated that in obese mouse models,
the levels of ethanolamine-metabolizing GM are significantly reduced,
leading to the accumulation of ethanolamine in the gut (58). This
elevated ethanolamine was shown to upregulate microRNA-101a-3p
expression, which decreases the mRNA stability of tight junction pro-
teins, suppresses their translation, and ultimately compromises intes-
tinal barrier integrity.

The disruption of the intestinal barrier, driven by GM dysbiosis,
facilitates the translocation of PAMPs. Among these, the translocation
of lipopolysaccharide (LPS), a component of the outer membrane of
Gram-negative bacteria, is particularly notable (59). Patients with
MASLD exhibit significantly higher serum LPS levels than healthy
individuals, and these levels correlate positively with MASLD disease
stages, indicating that LPS serves as a key promoter of disease progres-
sion (60). Mechanistically, LPS contributes to MASLD pathogenesis
through multiple pathways. First, LPS has been demonstrated to
directly increase intestinal epithelial permeability by disrupting tight
junctions under both experimental and physiological conditions (61).
Second, LPS, which is commonly referred to as endotoxin, translo-
cates to the liver via the portal vein and promotes hepatic steatosis
progression (62).

At the molecular level, LPS binds to lipopolysaccharide-binding
protein (LBP) in the liver. This complex then facilitates the activation
of the Toll-like receptor 4 (TLR4)/myeloid differentiation factor-2
(MD-2) complex on Kupfter cells, with the assistance of cluster of dif-
ferentiation 14 (CD14), thereby initiating downstream signaling cas-
cades. TLR4 activation influences MASLD pathogenesis primarily
through two distinct pathways: the myeloid differentiation primary
response 88 (MyD88)-dependent pathway and the TIR-domain-
containing adapter-inducing interferon-p (TRIF)-dependent pathway.
In the MyD88-dependent pathway, TLR4 recruits the adaptor protein
MyD88, which activates mitogen-activated protein kinase (MAPK)
and nuclear factor-kappa B (NF-kB) signaling cascades. This activa-
tion promotes the expression of pro-inflammatory cytokines, such as
tumor necrosis factor-alpha (TNF-a), IL-6, IL-8, and IL-12, as well as
chemokines including interferon-gamma (IFN-y) and monocyte che-
moattractant protein-1 (MCP-1), thereby driving inflammation (63).
This pathway in Kupffer cells also contributes to hepatic reactive
oxygen species (ROS) formation and insulin resistance (64). In the
MyD88-independent/TRIF-dependent pathway, the adaptor proteins
TRIF and the TRIF-related adaptor molecule (TRAM) recruit TNF
receptor-associated factor 3 (TRAF3). TRAF3 subsequently activates
IKK-related kinases, including TANK-binding kinase 1 (TBK1) and
Inhibitor of kappa B (IkB) kinase epsilon (IKKe), resulting in the
phosphorylation of interferon regulatory factor 3 (IRF3). The phos-
phorylated IRF3 then dimerizes and translocates into the nucleus,
where it induces the expression of interferon-stimulated genes and
inflammatory mediators (65). In hepatocytes, LPS binding to TLR4
activates the MyD88-dependent signaling pathway. This activation
triggers a downstream cascade involving Interleukin-1 Receptor-
Associated Kinase 1 (IRAK1) and TNF Receptor-Associated Factor 6
(TRAF®6), leading to the specific activation of c-Jun N-terminal kinase
(JNK). Activated JNK subsequently phosphorylates the transcription
factor c-Jun, which forms the activator protein-1 (AP-1) complex and
drives the transcription of hepcidin. The resulting disruption of iron
metabolism exacerbates oxidative stress and promotes lipid peroxida-
tion in hepatocytes, thereby contributing to MASLD progression (66).
Activated Notch signaling upregulates osteopontin (OPN), which acts
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on hepatic stellate cells (HSCs) to promote their activation and the
subsequent development of hepatic fibrosis (67). LPS also interacts
directly with quiescent HSCs, leading to marked downregulation of
bone morphogenetic protein (BMP) and the activin membrane-
bound inhibitor (BAMBI), a pseudoreceptor for TGF-p. This down-
regulation relieves the intrinsic inhibition of TGF-f signaling, thereby
sensitizing HSCs to TGF-f stimulation. Sensitized HSCs secrete abun-
dant chemokines (e.g., CCL2 and CCL3) and express adhesion mol-
ecules such as intercellular adhesion molecule-1 (ICAM-1), vascular
cell adhesion molecule-1 (VCAM-1), and E-selectin, actively recruit-
ing Kupfer cells to their vicinity. These recruited Kupffer cells, in turn,
release active TGF-f, amplifying TGF-p signaling and promoting the
transdifferentiation of HSCs into myofibroblasts, thereby driving
hepatic fibrosis (68) (Figure 2).

2.3 GM-derived metabolites and MASLD

In addition to the translocation of PAMPs such as LPS, metabo-
lites produced by the GM also play a crucial role in the pathogenesis
and progression of MASLD. These metabolites act as key mediators of
host-microbiota crosstalk and play a major role in hepatic metabolic
and immune regulation via the gut-liver axis. Among the wide array
of microbial metabolites, the most extensively studied classes in the
context of MASLD include short-chain fatty acids (SCFAs), bile acids
(BAs), and tryptophan (Trp) derivatives (Figure 3).

2.3.1SCFAs

SCFAs, primarily acetate, propionate, and butyrate, are bioactive
metabolites generated through microbial fermentation of dietary fiber
and resistant starches in the colon (69). The concentration of SCFAs
in MASLD patients varies across different studies (70-72). SCFAs play
a dual role in MASLD pathophysiology, as they can either promote or
inhibit disease progression.

Typically, SCFAs exert protective effects against MASLD by pro-
moting energy expenditure and lipid oxidation (73). A 24-week inter-
vention study in overweight individuals showed that the targeted
colonic delivery of propionate significantly reduced hepatic lipid con-
tent (74). Multiple animal studies have indicated that SCFA supple-
mentation ameliorates hepatic steatosis and inflammation in MASLD
mice by modulating hepatic lipid metabolism in an adenosine mono-
phosphate (AMP)-activated protein kinase (AMPK)-dependent
manner (75). Specifically, GM-derived acetate activates the AMPK-
peroxisome proliferator-activated receptor gamma (PPARY) coactiva-
tor 1-alpha (PGC-la)-peroxisome proliferator-activated receptor
alpha (PPARa) pathway, which suppresses chylomicron secretion in
enterocytes and enhances lipid oxidation (76). SCFAs also act through
the activation of G protein-coupled receptors, such as G-protein-
coupled receptor 41 (GPR41) and GPR43. In the liver, butyrate supple-
GPR41/43-mediated
calmodulin-dependent protein kinase II-(CaMKII)-cyclic adenosine

mentation  activates  the calcium/
monophosphate (cAMP) response element-binding protein (CREB)
pathway in hepatocytes, thereby inhibiting hepatic steatosis and pro-
moting fatty acid oxidation in mice (77).

In the gut, GPR41 and GPR43 stimulate L cells to secrete gluca-
gon-like peptide-1 (GLP-1) and peptide YY (PYY), thereby improving
insulin resistance (78). Furthermore, SCFAs, especially butyrate, sig-
nificantly enhance intestinal barrier integrity (79). This effect involves
AMPK-mediated upregulation of claudin-2 (80), and HIF1a-driven
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FIGURE 2

Pathological cascade triggered by intestinal barrier disruption in MASLD. Gut dysbiosis and increased intestinal permeability facilitate the translocation of
PAMPs, particularly LPS, from the gut lumen into the portal circulation. Upon reaching the liver, LPS activates various cell types via the TLR4 signaling
pathway. In Kupffer cells, the LPS-LBP complex binds to the CD14/TLR4/MD-2 receptor, initiating either the MyD88-dependent or TRIF-dependent
signaling pathways, which drive hepatic inflammation and insulin resistance. In HSCs, LPS binding enhances TGF-p signaling by downregulating the
pseudoreceptor BAMBI, thereby promoting HSC activation and collagen production and driving liver fibrosis. Activated HSCs also secrete chemokines
to recruit Kupffer cells. In hepatocytes, TLR4 activation induces hepcidin expression via the JINK/c-Jun/AP-1 pathway, exacerbating oxidative stress, and
upregulates OPN via the Jagged1-Notch pathway, further promoting liver fibrosis.

expression of claudin-1 and occludin (81). Interestingly, SCFAs also
appear to epigenetically regulate MASLD progression. Butyrate has
been shown to inhibit histone deacetylase (HDAC) activity in mice,
thereby increasing acetylation of the NF-xB subunit p65. This modi-
fication reduces the expression of pro-inflammatory genes and pro-
motes apoptosis of pro-inflammatory macrophages (82). Additionally,
studies in cultured mouse macrophage cell lines have demonstrated
that SCFAs attenuate LPS-induced production of TNF-«, IL-1f, and
IL-6 while enhancing LPS-stimulated IL-10 production (83). However,
SCFAs may also contribute to the development of MASLD. Absorbed
SCFAs delivered via the portal vein can serve as direct substrates for
hepatic lipogenesis and gluconeogenesis, thereby promoting intrahe-
patic lipid accumulation (84). Studies have shown that GPR43-
deficient mice exhibit lower hepatic triglyceride levels (85). Similarly,
under HFD conditions, intestine-specific GPR41 knockout mice dis-
play decreased body weight and fat mass (86). These findings indicate
that activation of these GPRs may promote obesity and metabolic
dysfunction through multiple mechanisms, thereby contributing to
the pathogenesis of fatty liver disease.

In conclusion, future research should focus on elucidating the
distinct roles of individual SCFAs in MASLD and on exploring novel
therapeutic strategies that precisely regulate specific SCFA levels.

2.3.2 BAs

Another important function of the GM is converting primary BAs
into secondary BAs. BAs are derived from cholesterol. Free BAs are
conjugated with taurine or glycine in the liver (87), stored in the gall-
bladder, and released into the intestine upon food intake (88).
Approximately 75% of primary BAs are synthesized through the
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classical pathway in hepatocytes, a process catalyzed by cholesterol
7a-hydroxylase (CYP7A1) (89, 90). Approximately 5% of primary BAs
(e.g., cholic acid [CA] and chenodeoxycholic acid [CDCA]) are
hydrolyzed by bacterial bile salt hydrolase (BSH) and subsequently
converted by gut anaerobes via 7a-dehydroxylase into secondary bile
acids, such as deoxycholic acid (DCA) and lithocholic acid (LCA). In
contrast, about 95% of BAs are reabsorbed in the terminal ileum via
the apical sodium-dependent bile acid transporter (ASBT) and
returned to the liver (91). The remaining BAs excreted in feces repre-
sent the primary route of cholesterol elimination and are essential for
maintaining systemic steroid homeostasis. BAs act as potent signaling
molecules that regulate their own synthesis, glucose and lipid metabo-
lism, and inflammatory responses by modulating nuclear receptors
such as the farnesoid X receptor (FXR) and the Takeda G protein-
coupled receptor 5 (TGR5) (92).

FXR serves as a master nuclear receptor that regulates BA metabo-
lism and lipid homeostasis (93, 94). It modulates BA synthesis through
two distinct pathways. In the liver, BA-activated FXR induces small
heterodimer partner (SHP), which inhibits the transcriptional activity
of hepatocyte nuclear factor 4o (HNF4a) and liver receptor homo-
log-1 (LRH-1), thereby directly suppressing the expression of the rate-
limiting BA synthetic enzymes CYP7A1 and sterol 12a-hydroxylase
B1 (CYP8BL1) (92). In the ileum, BA-activated FXR induces fibroblast
growth factor 15 (FGF15; its human ortholog is FGF19) (95).
FGF15/19 is secreted into the portal circulation and activates the
hepatic FGFR4/B-Klotho complex, triggering downstream signaling,
including the extracellular signal-regulated kinase (ERK) pathway,
thereby indirectly suppressing CYP7A1 (96). Notably, selective activa-
tion of intestinal FXR through the aforementioned enteric pathway
elicits a spectrum of metabolic improvements that extend beyond
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FIGURE 3
This figure illustrates the dual roles of key GM-derived metabolites, SCFAs, BAs, and tryptophan derivatives in MASLD. SCFAs: Their effects are context-
dependent. They primarily exert protective effects by activating AMPK and G protein-coupled receptors (e.g., GPR41/43), leading to enhanced lipid
oxidation, improved insulin sensitivity, strengthened intestinal barrier, and attenuated inflammation. Conversely, they can also serve as substrates for de
novo lipogenesis in the liver, potentially promoting hepatic steatosis. BAs: The GM converts primary BAs to secondary BAs, thereby altering signaling
through receptors such as the FXR and TGRS5. This process regulates BA homeostasis, lipid metabolism, and inflammation. MASLD is associated with an
altered BA pool, which disrupts these pathways and promotes steatosis and inflammation. Tryptophan derivatives (e.g., IAA and IPA): These metabolites
exhibit protective effects by improving insulin sensitivity, reducing lipogenesis, strengthening the intestinal barrier, and inhibiting inflammatory pathways
such as NF-kB.

mere inhibition of BA synthesis, offering a unique advantage in alle-
viating hepatic steatosis. The core mechanism involves the intestinal
FXR-FGF15/19 axis-mediated inhibition of CYP7Al, altering the
composition of the BA pool and leading to a relative increase in the
proportion of secondary BAs such as LCA. By activating the widely
expressed TGR5 in adipose tissue, LCA stimulates thermogenesis in
brown adipose tissue (BAT) and induces the “browning” of white adi-
pose tissue (WAT), thereby significantly enhancing systemic energy
expenditure and improving insulin sensitivity, which collectively con-
tribute to the amelioration of hepatic steatosis (97). Concurrently,
hepatic FXR activation directly mitigates steatosis through dual mech-
anisms: suppression of sterol regulatory element-binding protein 1c
(SREBP-1c¢) reduces de novo lipogenesis (98), while upregulation of
carboxylesterase 1 (CES1) promotes fatty acid release and subsequent
PPARa-driven fatty acid oxidation, thereby decreasing hepatic lipid
accumulation (99, 100). However, the FXR signaling network exhibits
context-dependent effects. For instance, studies have found that under
specific conditions, the intestinal FXR-FGF15 axis may suppress
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hepatic cAMP response element-binding protein (CREB), leading to
downregulation of hepatic PGC-1a expression and subsequently
inhibiting fatty acid oxidation (101, 102). This further underscores the
importance of precisely regulating tissue-specific FXR activity.
Collectively, FXR orchestrates systemic energy metabolism and
hepatic lipid homeostasis through the aforementioned multi-tissue,
multi-layered, and coordinated mechanisms.

Indeed, BAs also exert multifaceted beneficial effects in ameliorat-
ing MASLD by activating TGR5. Specifically, BAs promote GLP-1
secretion in obese mice, thereby enhancing insulin sensitivity (103),
and concurrently suppress the activation of the inflammatory tran-
scription factor NF-kB (104). Furthermore, BAs can inhibit LPS-
induced cytokine production—including interleukin-la (IL-1x),
IL-1, IL-6, and tumor necrosis factor (TNF)—via a TGR5-cAMP-
dependent pathway in Kupffer cells, directly mitigating hepatic
inflammation (105). At the intestinal level, activation of FXR and
TGRS by BAs in intestinal epithelial cells enhances tight junction pro-
tein expression, improves barrier function, and ultimately reduces the
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portal influx of pro-inflammatory stimuli by restricting bacterial
translocation (106, 107).

In MASLD, GM-driven alterations in the BA pool modulate the
activity of key receptors such as FXR and TGRS5, thereby driving criti-
cal pathological processes, including hepatic steatosis, inflammation,
insulin resistance, and fibrosis. Collectively, these findings suggest that
targeting bile acid metabolism and receptor signaling represents a
promising therapeutic strategy for MASLD.

2.3.3 Tryptophan derivatives

Tryptophan (Trp) plays a pivotal role in metabolic regulation
and serves as a precursor for multiple bioactive compounds. Under
physiological conditions, approximately 4%-6% of dietary trypto-
phan is metabolized by the GM into various indole derivatives,
including indole-3-acetic acid (IAA), indole-3-propionic acid
(IPA), indole-3-lactic acid, indole-3-carboxylic acid, and trypt-
amine (108). Accumulating evidence indicates that indole deriva-
tives play protective roles in MASLD progression. GM dysbiosis
associated with MASLD significantly reduces the production of
indoles and their derivatives in both animal models and humans
(109, 110).

In HFD-induced MASLD mouse models, IAA significantly
improves insulin resistance, as assessed by the homeostasis model
assessment of insulin resistance (HOMA-IR). Moreover, IAA down-
regulates the expression of key lipogenic genes, such as sterol regula-
tory element-binding protein 1 (Srebfl), stearoyl-coenzyme A
(CoA) desaturase 1 (Scd1), and peroxisome proliferator-activated
receptor gamma (PPARY), and reduces the expression of inflamma-
tory mediators such as MCP-1 and TNF-a, thereby alleviating
hepatic steatosis (111). IPA restores HFD-fed gut dysbiosis and
enhances intestinal barrier integrity by upregulating tight junction
proteins (ZO-1 and occludin) and mucins (MUC2 and MUC4).
These effects collectively reduce LPS translocation and subsequent
TLR4 signaling activation, ultimately mitigating MASH pathology
(112, 113). Furthermore, IPA inhibits NF-kB signaling and decreases
pro-inflammatory cytokines such as IL-1f and IL-6, thereby miti-
gating liver inflammation (112). In vitro studies using hepatocytes
have shown that indole suppresses LPS-induced pro-inflammatory
responses in macrophages by inhibiting JNK and NF-xB phosphory-
lation and reducing the release of inflammatory mediators. This
effect may be mediated through the upregulation of 6-phospho-
fructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) in macro-
phages (109). In mice, oral indole administration following
endotoxin challenge reduces prostaglandin-associated inflammatory
cytokines (IL-1, IL-6, and IL-15) and NF-«B expression, thereby
ameliorating liver inflammation (114).

In summary, indole derivatives generated through gut microbial
metabolism of tryptophan play a crucial role in maintaining metabolic
homeostasis and attenuating MASLD progression. Therefore, target-
ing indole metabolism may represent a promising novel therapeutic
strategy for MASLD.

In conclusion, the link between the GM and MASLD has become
increasingly well established. Dysbiosis of the GM, disruption of the
intestinal barrier, translocation of PAMPs, and dysregulation of
microbial metabolites collectively drive the progression of
MASLD. Although the precise mechanisms remain to be fully eluci-
dated, current evidence provides a solid theoretical foundation for
developing interventions targeting the GM.
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3 Targeting GM for MASLD treatment:
probiotics, FMT, and natural products

Building upon this evidence, GM dysbiosis is now recognized as
a central driver of MASLD pathogenesis, making it a promising thera-
peutic target. Consequently, interventions aimed at restoring micro-
bial homeostasis, reinforcing intestinal barrier function, and
enhancing the production of beneficial microbial metabolites have
attracted substantial attention. Among these approaches, probiotics,
FMT, and natural products have been extensively investigated as ther-
apeutic strategies for MASLD. Their therapeutic potential lies in their
capacity to remodel the gut ecosystem, preserve intestinal barrier
integrity, and modulate host metabolic and immune pathways. This
section summarizes these three strategies, emphasizing their mecha-
nisms of action, preclinical and clinical evidence, and translational
challenges and future prospects.

3.1 Probiotics

Animal models of MASLD have demonstrated that probiotics can
mitigate liver injury, improve metabolic parameters, and modulate the
GM through multiple pathways (Table 1). Lactobacillus and
Bifidobacterium are the most studied probiotic genera for MASLD
treatment (39). Among them, Lactobacillus kefiranofaciens ZW3 was
found to restore intestinal mucosal structure, reduce LPS transloca-
tion, and inhibit the pro-inflammatory TLR4/MyD88 signaling path-
way (115). This probiotic activity may be linked to its ability to secrete
exopolysaccharides, which play an important role in protecting the
physical intestinal barrier and regulating immune responses (116).
Disordered BA metabolism interacts with the GM, leading to intesti-
nal barrier dysfunction. This elevates the risk of endotoxemia, which,
in turn, activates the immune system and exacerbates inflammation,
thereby driving MASLD progression (117). Targeting the FXR signal-
ing pathway is a key therapeutic strategy for MASLD. In an animal
study, Lactobacillus significantly activated hepatic FXR and upregu-
lated FGF15 expression at both mRNA and protein levels.
Concurrently, it reduced serum total cholesterol (TC), triglyceride
(TG), and total BA levels. These findings suggest that this strain inhib-
its excessive BA synthesis and lipid deposition via the FXR-FGF15
axis (118). Another study demonstrated that Bifidobacterium bifidum
from the BeNa Culture Collection of China alleviates MASLD by acti-
vating hepatic FXR while suppressing intestinal FXR. It also modu-
lates GM composition and enhances intestinal barrier function (119).
As key microbial metabolites, SCFAs influence energy metabolism
and inflammation through diverse pathways. Lactobacillus reuteri
DSM 17938 restores the physiological ratio of acetate, propionate, and
butyrate, thereby suppressing inflammation (120). Bifidobacterium
longum BL-19 specifically promotes butyrate production and modu-
lates hepatic CYP7A1 activity, improving BA metabolism and reduc-
ing hepatic lipid deposition (121). Both Bifidobacterium breve
CKDBO002 and Bifidobacterium longum CKDB004 modulate GM and
metabolites, improve intestinal barrier function, and attenuate
MASLD. However, B. longum CKDB004 appears more effective in
suppressing the proliferation of the harmful genus Helicobacter (122).
This suggests functional differentiation among probiotic strains in
regulating microbial communities.

Despite strong preclinical evidence, the efficacy of probiotics in
MASLD patients shows heteroge