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Pathogenesis and intervention
strategies for metabolic
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perspective of the gut—
microbiota—liver axis
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Trillions of microorganisms in the human gut are important regulators of health,
and the gut and liver have a symbiotic relationship with them. The study found that
there is bidirectional communication of substances and signals between the gut
and liver, and the gut microbiota is an important medium for mediating
bidirectional communication in the gut-liver axis. During metabolic dysfunction-
associated fatty liver disease (MAFLD) development, the gut microbiota and its
metabolites change to different degrees and affect MAFLD pathogenesis through
the gut-liver axis. However, the bidirectional communication mechanism between
the gut and liver in MAFLD remains unexplored, and further investigation in this
domain is warranted. In this review, we summarize the role of the gut-liver axis in
the pathogenesis of MAFLD and explore potential therapeutic strategies targeting
intestinal microecology (such as probiotic intervention and phage therapy) to
provide a theoretical basis for the precise prevention and treatment of MAFLD.
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1 Introduction

Metabolic dysfunction-associated fatty liver disease (MAFLD) is the most common
chronic liver disease worldwide, with a prevalence rate of 32.4%, which is expected to
exceed 55% (1, 2) by 2040. Its disease spectrum covers the gradual progression from
metabolic dysfunction-associated steatohepatitis (MASH) to brosis and liver cancer (3).
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Insulin resistance and lipotoxicity are traditionally considered the
core drivers of MAFLD (4). However, recent studies have revealed
that intestinal microecological disorders play a key role in the gut-
microbiota-liver axis, forming a new paradigm for pathological
mechanism research (5). The gut and liver interact via portal
circulation and bile acid (BA) metabolism, and changes in the
structure and function of the gut microbiota have a decisive
impact on the liver microenvironment. Clinical and animal model
studies have shown that patients with MAFLD exhibit characteristic
microbiota dysregulation, increased abundance of proin ammatory
bacteria (such as Proteobacteria), signi cantly reduced barrier-
protective bacteria (such as Akkermansia muciniphila), and an
abnormal Firmicutes/Bacteroides (F/B) ratio, leading to secondary
BA synthesis disorders (6, 7). This imbalance in the gut microbiota
leads to multiple pathological effects. Lipopolysaccharide (LPS)
cleaved by gram-negative bacteria activates an intrahepatic
in ammatory storm via the TLR4/NF-kB pathway. Moreover,
short-chain fatty acid (SCFAs) depletion weakens the gut barrier
function, resulting in metabolic endotoxemia (8). Notably, microbe-
derived trimethylamine N-oxide (TMAO) exacerbates cholestasis
by inhibiting farnesoid X receptor (FXR) signaling, revealing that
microbial metabolites have dual in ammatory and metabolic
regulatory effects in MAFLD (9, 10).

Although the gut-microbiota-liver axis theory provides a new
perspective on the mechanism of MAFLD, some key scienti ¢
questions regarding its multidimensional interactions remain
unanswered. First, the heterogeneity of the gut microbiota leads
to insuf cient reproducibility of clinical study results, making it
challenging to understand their impact. Second, the concentration-
dependent effect thresholds for metabolites, such as BAs and
SCFAs, have not been de ned, which limits our understanding
of their mechanisms of action. Furthermore, the lack of a
systematic interpretation of the spatiotemporal dynamics of
interactions between the microbiota and host within immune
microenvironments adds an additional layer of complexity to
such studies. In this review, we systematically describe how gut
microbiota drives MAFLD progression through the exchange of
metabolites, immune signal transmission, and epigenetic regulation,
integrating the structure and function framework of the gut-
microbiota-liver axis. Based on this, we propose a re ned
treatment strategy for targeted microbiota intervention, thereby
establishing a theoretical foundation for overcoming the bottleneck
in the prevention and treatment of MAFLD. Importantly, beyond
the classical gut-liver axis, emerging evidence supports a gut—
spleen—liver immune circuit that contributes to sustained low-
grade in ammation and systemic immune dysregulation during
MAFLD/MASLD progression. Accordingly, while this review is
structured around gut microbiota—derived metabolic and barrier
signals, we incorporate the spleen as a peripheral immune
“ampli er/hub” to better explain the coupling between systemic
cytokine tone and the hepatic in ammatory microenvironment.
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2 Anatomical and physiological basis
of the gut-microbiota-liver axis

2.1 Bidirectional regulation of the gut-liver
axis

The functional synergy between the liver and gut is rooted in their
embryonic homology. The embryonic foregut endoderm differentiates
into hepatic progenitor cells and the intestinal epithelium, which is the
basis of their anatomical and functional interactions through the portal
vein (transporting intestinal metabolites) and the biliary system
(secreting BAs and immune factors) (11). The liver relies on the
portal venous system for approximately 75% of its blood supply,
making it the primary “sensor” (12) of intestinal metabolite levels.
The liver actively regulates the composition of the gut microbiota
through the secretion of IgA and antibacterial peptides by the biliary
tract, forming a bidirectional regulatory circuit that links metabolism
and immunity (13). In addition, primary BAs synthesized by the liver
(cholic acid [CA] and chenodeoxycholic acid [CDCA]) are converted
into secondary BAs (deoxycholic acid [DCA] and lithocholic acid
[LCAY]) by the gut microbiota (such as Bacteroides and Clostridium).
Approximately 95% of these are reabsorbed through enterohepatic
circulation (14). Secondary BAs activate FXR and G protein-coupled
BA receptor 1 (TGRS5), regulate glycolipid metabolism, and inhibit
in ammation (14). This process presents a characteristic disorder in
MAFLD: dysregulation of the microbiota leads to reduced secondary
BAs production, impaired FXR-mediated lipid oxidation, and
increased hepatic fat deposition. The effects of gut microbiota on the
host are a double-edged sword. SCFAs (e.g., butyric acid) enhance gut
barrier integrity and inhibit hepatic steatosis by activating GPR41/43
receptors (15). Conversely, excess LPS activates the Toll-like receptor 4
(TLR4) pathway in hepatic Kupffer cells via portal vein translocation,
driving insulin resistance and brosis progression (16). This ne
regulation of the microbial-host metabolic interface highlights the
pivotal role of the gut-liver axis in disease development. To avoid
conceptual overlap, we operationally distinguish the “gut-liver axis”
from the “gut—spleen—liver axes.” Here, the gut-liver axis primarily
refers to the portal delivery of microbial components and metabolites
(e.g., LPS, bacterial DNA, SCFAs, and bile acid intermediates)
following dysbiosis and barrier disruption, which directly triggers
hepatic innate immune and metabolic responses, while liver-derived
bile acid and immune signals reciprocally reshape the gut ecosystem. In
contrast, the gut—spleen—liver axis emphasizes immune ampli cation.
The spleen integrates gut-derived antigenic and in ammatory cues,
modulates T-cell polarization and monocyte/macrophage activation,
and increases cytokine output. Splenic immune cells can subsequently
migrate to the liver and reinforce the in ammatory and pro brotic
milieu. Together, these pathways form a triangular immunometabolic
network with partially overlapping inputs, but distinct dominant
drivers and readouts.
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2.2 Physiological barrier system of the gut-
microbiota-liver axis

As the core interface separating the gut microbiota from the
host’s internal environment, the intestinal mucosal barrier
maintains a balance in microbiota-host interactions through four
defense mechanisms (mechanical, biological, chemical, and
immune), and its functional integrity directly affects liver
metabolism and immune homeostasis.

2.2.1 Mechanical barriers: dynamic regulation of
tight junction proteins

The mechanical barrier, located beneath the mucus layer, is the
most important factor affecting the selective permeability of the
intestinal mucosa (17, 18). This barrier is composed of specialized
epithelial cells, including goblet, Paneth, and M cells. The apical
junction complex (AJC) is a critical structural component that
consists of TJs and adherens junctions (AJs), the two primary
modes of cellular connection (19, 20). TJ, the core regulatory
element of the mechanical barrier, are composed of
transmembrane proteins (claudins, occludin, and junctional
adhesion molecules) and cytoplasmic scaffold proteins (ZO-1/2/
3), which maintain barrier integrity through dynamic anchoring to
the cytoskeleton (21-23). ZO-1 plays a central regulatory role in
maintaining the structural stability of AJC through its interaction
with cytoskeletal proteins (24). Studies have demonstrated that TJ
protein expression levels are signi cantly negatively correlated with
intestinal permeability, and that ZO-1 is an established biomarker
for assessing TJ function (25). Under pathological conditions, the
expression of ZO-1 is downregulated, resulting in endotoxin (such
as LPS) translocation and activation of the TLR4/NF-kB pathway in
liver Kupffer cells, driving liver in ammation and insulin resistance
(26, 27).

2.2.2 Biological barriers: bi-directional regulation
of microbiota metabolites

Bacteroidetes and Firmicutes are the dominant phyla in the
human gut microbiota. Actinobacteria and Proteobacteria
cooperate to form multidimensional biological barrier (28). These
symbiotic bacteria prevent the colonization of pathogenic bacteria,
such as Salmonella, by secreting bacteriocins, producing SCFAs,
and competitively deprressing pathogenic bacteria of essential
nutrients. Butyric acid not only decreases intestinal pH and
inhibits pathogen proliferation, but also activates the peroxisome
proliferator-activated receptor gamma (PPARg) signaling pathway
in the intestinal epithelium, upregulates TJ protein expression, and
strengthens the mechanical barrier (29). The gut microbiota also
maintains immune tolerance to symbiotic bacteria by inducing
regulatory T cell (Treg) differentiation and secretory IgA (sIgA)
production through low-intensity interactions of model molecules
(such as LPS and peptidoglycan) with intestinal epithelial TLR.
Notably, Kupffer cells clear portal vein microbiota antigens and
block systemic in ammation, while hepatic-originated complement
components, such as complement component 5a (C5a), exert
feedback regulation on the secretion of intestinal slgA, forming
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closed-loop immune homeostasis (30, 31). In contrast, hepatic
primary BAs (CA and CDCA) are transformed into secondary
BAs (DCA and LCA) by the gut microbiota (e.g., Bacteroides and
Clostridium), which enhance barrier function through the following
mechanisms: 1) direct antibacterial effect (hydrophobic BAs destroy
pathogen membrane structure) (32) and 2) signal activation
(conjugated BAs activate intestinal epithelium FXR, promote
antibacterial peptide [e.g., ANG4] expression, and mucus
secretion) (33). Additionally, microbiota metabolites, such as
tryptophan derivatives, are transported to the liver via the portal
vein, regulating the FXR/FGF19 signaling axis, inhibiting lipid
synthesis, and maintaining BA homeostasis (34).

2.2.3 Chemical barriers: coordinated regulation
of BAs and digestive enzymes

The intestinal chemical defense system forms a cascade of
antibacterial barriers through the synergistic action of gastric acid,
BAs, digestive enzymes (including proteases and lipases),
lysozymes, and antimicrobial peptides (AMPs) (35). Among
them, gastric acid, trypsin, and lysozyme play a non-speci ¢
bactericidal role by destroying microbial cell walls (such as the
outer membrane of gram-negative bacteria) or degrading antigenic
proteins, thus maintaining the integrity and function of the gut
barrier (36). BAs play a dual regulatory role in this system (37). On
one hand, they act as physiological detergents, with hydrophobic
BAs (e.g, DCA) disrupting the membrane structures of gram-
positive bacteria at critical concentrations (> 2 mM). On the
other hand, they act as signaling molecules, with conjugated BAs
activating FXR/TGRS5 receptors to upregulate TJ protein (occludin)
expression and drive microbiota-mediated secondary BA
conversion. In addition, AMPs (e.g., defensins and cathelicidins)
disrupt pathogen membrane integrity through charge interactions
while exhibiting selective tolerance to symbiotic bacteria, thereby
maintaining barrier homeostasis (38).

2.2.4 Immune barriers: slgA immune dialogue
with the liver

The gut immune barrier is primarily composed of gut-
associated lymphoid tissue (GALT) and slgA. Among them,
GALT sustains mucosal immune homeostasis through the
“antigen sampling-immune education-effect output” cascade. The
core mechanism is that micropleated cells (M cells) transport
intestinal lumen antigens to Pyle’s node, and integrin alpha E
(CD103)" dendritic cells induce Treg differentiation through
retinoic acid signaling, thus establishing immune tolerance to
symbiotic bacteria (39). Furthermore, the gut-speci ¢ chemokine
chemokine (C-C motif) ligand 25 (CCL25) directs plasmablasts to
migrate to the lamina propria and differentiate into sIgA plasma
cells, which produce 80% of intestinal immunoglobulins (40).
Subsequently, slgAs block pathogen adhesion and invasion by
binding to fragment antigen-binding (Fab) fragments (such as
agellin). In addition, sIgA can limit the excessive proliferation of
symbiotic bacteria through Fc alpha receptor (FcaR)-mediated
encapsulation and maintain the spatial colonization stability of
the microbiota (41). Clinical studies have shown that reduced
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slgA levels lead to abnormal ampli cation and translocation of
proteobacteria, such as Escherichia coli, which activate the TLR4/
NF -kB pathway in Kupffer cells via the portal vein, driving hepatic
in ammation and metabolic disorders (42). In addition to sIgA,
intestinal epithelial cells release IgE, 1gG, and various other
immunoglobulins that play key roles in maintaining intestinal
humoral immunity. 1gG activates neutrophil extracellular trap
formation (NETosis) via FcgR in areas of gut barrier injury,
thereby exacerbating tissue in ammation (43) (Table 1). In
summary, the gut-liver axis is a bidirectional metabolic-immune
circuit primarily mediated by portal circulation and enterohepatic
bile acid cycling. Its physiological “gatekeeping” relies on multilayer
intestinal barriers (mechanical, biological, chemical, and immune)
that constrain microbial translocation while preserving host—
microbiota mutualism. Disruption of these barriers and bile acid/
SCFA signaling shifts the hepatic microenvironment toward
steatosis-prone metabolism and in ammation, providing a
structural basis for MAFLD initiation and progression (Figure 1).
Building on this barrier-mucosal immune framework, the spleen
can function as a key “gain-control” organ in systemic immunity.
When gut-derived antigenic load and in ammatory cues increase,
splenic immune programming (e.g., T-cell polarization and

10.3389/fimmu.2026.1667180

monocyte/macrophage activation) can elevate the basal
in ammatory tone and cytokine output. Consequently, splenic
immune cells may be recruited to the liver, amplifying
intrahepatic in ammation and brogenic signaling. This cross-
organ circuitry supports the view that immune dysregulation in
MAFLD/MASLD is not purely liver-centric but can emerge from
coordinated gut-spleen—liver crosstalk.

3 Alterations in gut microbiota
composition in MAFLD patients

The gastrointestinal tract contains hundreds of bacteria that are
intimately involved in the physiological functions of the body
through metabolites, immune regulation, microbial components
and neuromodulation. The gut microbiota plays a crucial role in
metabolism, genetics, and immune regulation of the host. To date,
studies have found that changes and imbalances in the gut
microbiota are strongly associated with acute pancreatitis,
intestinal diseases, cardiovascular diseases and cancers. In recent
years, numerous studies have demonstrated that gut microbiota
plays a role in the pathogenesis of MAFLD, and alterations in gut

TABLE 1 Barrier system from the gut-liver axis perspective: structure-function integration and pathological mechanism.

Barrier Core components . . . o
Functional mechanism Pathological association
type and key molecules 9
Specialized epithelial cells -
The AIC ts epithelial cells through TJ and AJ. ) .
(goblet cells, Paneth cells, M ¢ connects epitnefial cefls rou.g . an . Z0-1 downregulation leads to increased
o Z0-1 anchors the cytoskeleton to maintain barrier . : - .
cells) (19, 20); apical junction Integrity (24) intestinal permeability, LPS translocation,
Mechanical complex (AJC) tight junction . S 9 ) ) L : activation of TLR4/NF-kB pathway
. TJ protein expression is negatively correlated with intestinal . .
barrier (TY) crmeabilit in hepatic Kupffer cells,
proteins (claudins, occluding, _p Y Liver in ammation, and
ZO-1 is a core regulatory . .
JAMs, rotein (25) insulin resistance (26, 27).
20-1/213) (21, 23) p '
. SCFAs secreted by microbiota activate peroxisome proliferator-
Gut microbiota (e.g., R R . A -
. S activated receptor gamma (PPARg) in the intestinal epithelium and
Bacteroides and Firmicutes) . . . .
(28): short-chain fatt upregulate TJ proteins (30, 31). Secondary BAs destroy pathogen Micro ora imbalance and LPS translocation
L g ¥ membrane structure and activate farnesoid X receptor (FXR), cause systemic in ammation (30, 31), abnormal
Biological acids (SCFAs) (e.g., . s . . . . . .
- L enhancing antimicrobial peptide expression and microbiota BA conversion, and weakened
barrier butyric acid) and - . . . R . . .
. . -liver interaction (32). Tryptophan metabolites regulate the FXR/ antibacterial function (34). Gut-liver axis
secondary bile acids (BAs) ) Lo
(.9, DCA and FGF19 disorders exacerbatemetabolic disease (44).
lEE:A) 29) axis to maintain BA
homeostasis (33).
Hydrophobic BAs (> 2 mM) disrupt pathogen membranes (38).
BAs (CA, CDCA, and DCA) Digest-ive er]zyme.s Abnormal BAic.onc.entra.tions, in-creased risk of
(35). digestive enzymes degrade microbial antigens. Gram-positive infections38, inadequate
Chemical ' g_ Y AMPs selectively kill pathogens and maintain AMPs, pathogen proliferation, digestive enzyme
. (proteases, lipases, lysozymes, . . L .
barrier and antimicrobial pentides microbiotabalance (38) de ciencies, antigen clearance
(AMPS)[e defensri)nS) 36) FXR/TGR5 activation disorders, and barrier
o enhances occludin disruption (38)
expression (38).
gut-associated lymphoid
tissue (GALT) M cells present antiaens slgA levels decreased Proteota ampli cation,
(with M cells and . . .p gens, . bacterial translocation, and activation of the
Treg differentiation induces immune tolerance (40). CCL25 induces . .
. Treg), secretory . . hepatic TLR4/NF-kB pathway (43). 1gG activates
Immunologic : . plasma cells to produce slgA, blocks pathogen adhesion, and limits . .
. immunoglobulin A(slgA) . . . . . neutrophil extracellular trap formation
barrier X . microbiota hyperproliferation (41). Hepatic Kupffer cells clear . . . L
(39), chemokine Chemokine . (NETosis) and increases in ammation in
- antigen, and Complement component 5a (C5a) feedback regulates
(C-C motif) Ligand 25 slgA secretion (42) damaged
(CCL25) chemokine, and 9 ' areas (45).
19G/IgE (41).
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like receptor 4.

Immunometabolic gating along the gut—liver axis. The gut—liver axis is a bidirectional circuit that integrates intestinal barrier immunity and hepatic
innate sensing. Mucus, antimicrobial peptides, and epithelial tight junctions limit microbial translocation, whereas CD103™ dendritic cells, Treg cells,
and slgA-producing plasma cells maintain mucosal tolerance. Microbiota-derived metabolites (SCFAs and secondary bile acids) and trace LPS reach
the liver via the portal vein to modulate FXR/TGR5 and GPR41/43 signaling, whereas excessive LPS activates TLR4 in Kupffer cells to amplify

in ammation. Hepatic bile acids return to the gut, reshaping the gut ecosystem and barrier tone. SCFAs, short-chain fatty acids; LPS,
lipopolysaccharide; sIgA, secretory immunoglobulin A; FXR, farnesoid X receptor; TGRS5, bile acid receptor; GPR41/43, SCFA receptors; TLR4, Toll-

microbiota have been observed in both patients and animal models
of MAFLD. We provide an overview of the gut microbiota in
MAFLD, laying the foundation for further exploration of the role
and mechanisms of gut microbiota in this condition (Figure 2).

3.1 Patients with MAFLD

Recent studies have found that patients with MAFLD have
characteristic disorders in their gut microbiota. Multiple cohort
studies have shown that, compared with healthy individuals,
patients with MAFLD have an increased abundance of
Bacteroidetes and a decreased abundance of Firmicutes, with
SCFA-producing Lachnospiraceae and Lactobacillaceae being
signi cantly reduced (46, 47). Proteobacteria and its subordinate
Enterobacteriaceae, especially e-proteobacteria and g-proteobacteria,
abnormally proliferated in children with MAFLD. The microbiota
characteristics differed signi cantly at different stages of the disease.
Firmicutes and Eubacterium rectale were dominant in patients with
mild/moderate MAFLD, whereas Proteobacteria abundance
increased in patients with advanced brosis, especially Escherichia
coli proliferation (48, 49). Notably, ethanol-producing microbiota
(e.g., Escherichia spp. of the Enterobacteriaceae family) are
speci cally elevated in patients with MASH, and their abundance is
positively correlated with serum ethanol concentration (50, 51). A
random forest model analysis revealed that the diagnostic model
based on marker bacteria, such as Ruminococcus and Enterococcus,
exhibited excellent discrimination ability for advanced brosis (52).

Frontiers in Immunology

A study also revealed population heterogeneity in microbiota
changes, with Prevotella hyperproliferation in obese children with
MAFLD and abnormal increases in Propionibacterium and
Parabacteroides in adults (53). Notably, baseline Erysipelothrix
levels were positively correlated with the risk of hepatic fat
accumulation, whereas Gammaproteobacteria had a protective
effect (54). These microbiota characteristics were signi cantly
associated with clinical parameters, such as gut-derived LPS levels
and liver in ammation, suggesting that microbiota-host interactions
play a key role in MAFLD progression.

3.2 Animal models with MAFLD

In rodent models of MAFLD, gut microbiota disturbance is
frequently associated with liver pathology. High-fat diet (HFD)-
induced MAFLD mice exhibited characteristic Changes in gut
microbiota composition, including a marked increase in the
abundance of Firmicutes and Proteobacteria, as well as a notable
decrease in the abundance of Bacteroidetes and bene cial bacteria
with immune regulatory functions (such as Bi dobacterium) (55, 56).
In these models, dysbiosis is accompanied by impaired gut barrier
function, manifested by reduced secretion of mucin 2 (MUC2),
downregulation of TJ proteins (occludin and ZO-1), and increased
intestinal permeability, which can increase the translocation of
endotoxins (LPS) into the bloodstream and is linked to systemic
in ammation (57). Mechanistic evidence from animal experiments
suggests that HFD decreases the production of antimicrobial peptides
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Gut dysbiosis—barrier dysfunction axis drives MAFLD progression via portal circulation. In healthy individuals, SCFA-producing commensals support
mucus (MUC2) and tight junction integrity (e.g., ZO-1 and occludin), limiting luminal LPS translocation. Under MAFLD-associated dysbiosis (e.g., a
high-fat diet), reduced SCFAs and increased microbial products (LPS and ethanol) impair barrier function and increase permeability (“leaky gut”).
Portal delivery of LPS/ethanol activates Kupffer cells via TLR4—NF-kB, inducing pro-in ammatory cytokines (e.g., TNF-a, IL-1b) and oxidative stress,
thereby driving steatosis, progression to MASH and brosis. Probiotics/FMT and PPARg agonism are shown as potential modulators. MAFLD,
metabolic dysfunction—associated fatty liver disease; MASH, metabolic dysfunction—associated steatohepatitis; SCFAs, short-chain fatty acids; FMT,
fecal microbiota transplantation; HFD, high-fat diet; LPS, lipopolysaccharide; TJ, tight junction; ZO-1, zonula occludens-1.

(e.9., Reg3-g) and mucins by inhibiting the PPARg signaling pathway,
whereas the PPARg agonist rosiglitazone has been shown to restore
gut barrier function (58, 59). In addition, fecal microbiota
transplantation (FMT) studies in mice provide causal support
within the experimental setting: recipient mice develop typical
MAFLD-like phenotypes, such as steatosis, in ammatory
in Itration, and insulin resistance, after germ-free mice are
colonized with gut microbiota from MAFLD donors, supporting a
causal contribution of microbiota con gurations in this model rather
than establishing causality in humans (6). Notably, the absence of
Bi dobacterium is associated with increased liver in ammation.
However, its protective effects may involve metabolism-
independent pathways, such as Toll-like Receptor 2 (TLR2)-
mediated immune modulation. In experimental models,
Proteobacteria proliferation-driven activation of the LPS—-TLR4/NF-
kB pathway has been proposed to further exacerbate hepatocyte
damage (60). These ndings collectively support the notion that, in
animal models, the gut microbiota can modulate MAFLD-related
phenotypes through the “microbiome—gut-liver axis” and provide an
experimental basis for intervention strategies targeting the microbiota
(e.g., probiotics and FMT) or the PPARg pathway. Taken together,
both clinical cohorts and animal models indicate that MAFLD is
accompanied by stage-dependent dysbiosis. Importantly,
transplantation and perturbation studies in rodents support
causality within the model, whereas con rmation in humans
requires adequately powered interventional trials.
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4 Microbiota risk factors for MAFLD

4.1 Exogenous risk factors

4.1.1 Diet and nutrition

Nutrition and dietary composition are key factors regulating the
structure and function of gastrointestinal microbiota communities.
Early cross-regional studies revealed that African children following
a traditional high- ber diet exhibited a 38% Prevotella/
Enterobacteriaceae ratio. In contrast, Italian children on a
Westernized diet had a higher Firmicutes/Enterobacteriaceae
ratio, which was closely associated with the conversion of excess
choline into trimethylamine (TMA) catalyzed by choline
trimethylamine-lyase (CutC) and its activator CutD in Western
diets and the subsequent production of Trimethylamine N-oxide
(TMAO), a proin ammatory mediator. A modern re ned diet
( ber < 15 g/day) decreases Prevotella abundance and SCFA
production, directly impairing PPARa-mediated fatty acid
oxidation (61). Similarly, a low- ber diet reduces microbiota BA
hydrolase activity, leading to an accumulation of primary BAs(e.g.,
CA), which inhibits Cytochrome P450 family 7 subfamily A
member 1 (CYP7AL) expression by activating the FXR/SHP
pathway in hepatocytes and exacerbating cholesterol metabolism
imbalance (62, 63). HFD has profound effects on the composition of
the gut microbiota, and remodeling of the gut microbiota occurs
independently of obesity. In mice fed HFD for 8 weeks, the
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abundance of Proteobacteria increased, and that of SCFA-
producing Roseburia decreased (64, 65). In addition, HFD
induced the upregulation of microbiota choline metabolic
pathway activity, which was accompanied by a simultaneous
increase in serum TMAO levels (66). Transplantation of gut
microbiota from HFD-fed donor mice into germ-free recipients
recapitulated the phenotypes of hepatic steatosis, in ammation, and

brosis, con rming that microbiota disorder is the core medium of
diet-induced liver damage (8). In a cohort study of patients with
advanced liver disease, dietary patterns rich in coffee (3 cups/day),
whole grains (> 30%), and fermented dairy products (200 g per day)
signi cantly increased intestinal microbial alpha diversity and
reduced the risk of hospitalization (67). In further animal studies,
a chronic high-fat high-cholesterol (HFHC) diet (> 14 months)
induced liver steatosis (14 weeks), in ammation (20 weeks), brosis
(36 weeks), and liver cancer (56 weeks) progression. Concurrently,
the bile salt hydrolase (BSH) activity of gut microbiota was reduced,
resulting in the inhibition of intestinal FXR signaling and
intensi cation of lipid accumulation in the liver. Thus, the
evolution of liver steatosis and liver in ammation in MAFLD has
evolved into a classic example of diet-induced in ammation,
suggesting that excess nutrients can spread disease along the “gut-
liver axis.”

4.1.2 Biological clock

The biological clock is the core regulatory system that enables
organisms to adapt to day—night environments, and its interaction
with the gut microbiota has been gradually clari ed. Studies have
demonstrated that approximately 20% of the gut microbiota exhibit
circadian uctuations in abundance and metabolic function, and
experimental evidence supports that these oscillations are strongly
shaped by host behavioral timing (especially feeding schedules),
rather than implying a universal direct regulatory mechanism. The
gut microbiota prioritizes energy metabolism and DNA replication
during the daytime and shifts to detoxi cation pathways and SOS
response-mediated DNA repair at night. Moreover, the feeding
rhythms of the host not only drive diurnal reprogramming of
microbiota functions but also shape dynamic uctuations in
microbiota composition. Together, these observations suggest that
feeding cycles act as major zeitgebers (timing cues) for the microbial
rhythmicity (68, 69).

It is worth noting that defects in core clock genes in animal
models are associated with an imbalance in microbiota homeostasis.
Mutations in the circadian locomotor output cycles kaput (Clock)
have been reported to be accompanied by the proliferation of
proin ammatory Enterobacteriaceae, and deletions of circadian
rhythm target genes Per 1/2 or brain and muscle ARNT-like
protein 1 (BMALZ1) disrupt microbial rhythmicity and are linked to
gut barrier dysfunction (70). These ndings indicate that the
biological clock system sustains symbiotic equilibrium between the
microbiota and host through a dual mechanism involving genetic
regulation and environmental cues, such as photoperiod and feeding
time. Furthermore, its disruption may contribute to the pathogenesis
of metabolic diseases by altering microbial rhythms, although its
causal relevance in humans requires interventional con rmation.
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In addition, in a germ-free mouse experiment, transplantation
of gut microbiota from trans-time travelers was suf cient to induce
obesity and impaired glucose tolerance in recipient animals (71, 72),
supporting a causal contribution of altered microbiota
con gurations within this experimental setting. Furthermore,
although HFD disrupts the circadian rhythm of the microbiota
and induces obesity and metabolic syndrome, limiting the time
window of HFD intake (time-restricted feeding in mice) can restore
glucose metabolism homeostasis and suppress weight gain (73, 74).
This protective effect has been associated with a partial restoration
of gut microbiota rhythmicity, manifested by a decrease in the
abundance of obesity-associated bacteria and an increase in the
functional activity of bene cial taxa, such as Oscillibacter,
Ruminococcus, and SCFA-producing strains (75). Further studies
have revealed that HFD intake with circadian rhythm disruption in
experimental models exacerbates gut microbiota dysregulation,
resulting in impaired gut barrier function and endotoxin entry
into the bloodstream, which is linked to systemic in ammation and
may accelerate metabolic syndrome progression (76). These

ndings suggest that regulating microbial circadian rhythms is a
mechanistically plausible intervention avenue supported by
animal studies; however, translation to humans will require well-
designed clinical trials with time-resolved microbiome and
metabolic endpoints.

4.1.3 Smoking

Smoking, a global public health problem, is closely associated
with the onset and progression of MAFLD. Large-scale population-
based studies have shown that smoking is an independent risk
factor for MAFLD, and its harmful effect are dose-dependent (77,
78). A cross-sectional analysis of 6,852 patients with MAFLD
showed that those who smoked 20 cigarettes per day had a
signi cantly higher risk of liver brosis than light smokers (< 10
cigarettes per day), with an increased risk of brosis of 30% per 10
years of smoking history. A multicenter cohort study from 16
centers in the United States further con rmed that smokers had a
signi cantly higher risk of liver steatosis, lobular in ammation, and
cirrhosis progression over 5 years than nonsmokers (79). In
addition, there are sex differences in the effects of smoking on
MAFLD. A multicenter cohort study conducted in China
demonstrated that female smokers have a 1.7-fold higher risk of
developing MASH than male smokers, and that liver brosis
progresses faster among females (80). Recent studies have
revealed that gut microbiota disorders are central to the
mechanism by which smoking exacerbates MAFLD. Nicotine and
other tobacco smoke components can directly interact with the gut
microbiota, remodeling its structure. For example, the abundance of
proin ammatory bacteria (such as Prevotella and Veillonella) in the
intestinal tract of smokers increases signi cantly, whereas the
proportion of bene cial bacteria, such as Firmicutes, decreases.
Inhibition of gut colonization by SCFA-producing bacteria (such as
Bi dobacterium) decreases SCFA levels in the cecum and increases
intestinal pH, thus destroying the integrity of the gut barrier (81).
Smoking also signi cantly increases the proportion of Gram-
negative bacteria such as Proteobacteria, resulting in increased
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LPS production (82). LPS is transferred to the liver through the
portal vein, binds to TLR4 on Kupffer cell surfaces, activates the NF-
kB pathway, drives the release of proin ammatory factors such as
TNF-a and IL-6, and triggers insulin resistance and excessive lipid
deposition in hepatocytes (83, 84). Animal models have provided
direct evidence for this mechanism. SCFA levels in the cecum of rats
exposed to cigarette smoke for 4 weeks were reduced, and
antimicrobial peptide expression was suppressed. Additionally, in
the intestines of mice treated with cigarette smoke condensate, the
abundance of pathogenic bacteria, such as Erysipelothrix, is
increased, accompanied by increased serum LPS levels and
increased liver steatosis (85-88). In conclusion, smoking may
affect the composition of the gut microbiota by changing the
intestinal microenvironment (such as excessive proliferation of
pathogenic bacteria), thereby regulating the host immune
in ammatory response and SCFA production, ultimately leading
to MAFLD progression.

4.1.4 Atmospheric particulates

Particulate matter with a diameter of less than 2.5 micrometers
(PM2.5), a major air pollutant in China, has attracted considerable
attention owing to its extensive exposure and multi-organ toxicity.
Recent studies have found that PM2.5 not only directly damages the
respiratory system but also becomes a new environmental driver of
MAFLD progression by reshaping intestinal microecology,
disrupting the intestinal mucosal barrier, and triggering systemic
in ammatory responses. In animal experiments, short-term
exposure (7 days) can cause signi cant spatial heterogeneity in
the gastrointestinal microbiota of mice. b-diversity increases from
the proximal (stomach) to the distal (colon) regions, suggesting that
PM2.5 exerts a stronger selective pressure on the distal intestine
(89). Notably, prolonged exposure (12 weeks) did not signi cantly
reduce the a-diversity of the microbiota, but resulted in a decrease
in the relative abundance of Firmicutes and a 2-fold increase in
Proteobacteria, resulting in the development of a proin ammatory
microbiota phenotype (90). Further studies have shown that PM2.5
reduces cecal butyrate levels by inhibiting the growth of SCFA-
producing bacteria (such as Roseburia and Faecalibacterium) and
impairs its regulatory effect on liver lipid metabolism (91). In
addition to dysbiosis, PM2.5 impairs gut barrier integrity via a
dual pathway. PM2.5 downregulates the mRNA expression of the
TJ protein ZO-1 and occludin in intestinal epithelial cells and
induces a burst of mitochondrial reactive oxygen species (ROS)
burst (92). ROS-mediated apoptosis: Excessive ROS activate the
JNK/c-Jun pathway, triggering apoptosis of colonic epithelial cells
and causing a mucosal mechanical barrier breach. These changes
cause metabolic endotoxemia-gut microbiota disorder, promote
increased LPS production and translocation to the portal venous
circulation through the damaged barrier, activate the TLR4/NF-kB
pathway in Kupffer cells, and increase the release of
proin ammatory factors (TNF-a and IL-6) (93).

4.15 Drugs

Proton pump inhibitors (PPIs), the most widely used antacids
worldwide, have been associated with gut microbiota disorders in
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multi-omics studies. A large population cohort study in the
Netherlands revealed reduced a-diversities in the gut microbiota
of PPI users and an abundance shift (94) in nearly one- fth of the
microbiota taxa. Metagenomic analysis further con rmed that PPIs
signi cantly altered the activity of 133 metabolic pathways involved
in the functional remodeling of lipid synthesis, Nicotinamide
Adenine Dinucleotide (NAD +) fermentation, and purine
degradation. This phenomenon of “oral-intestinal microbiota
homology” results in the loss of integrity of the intestinal
mechanical barrier and increased translocation of endotoxins
(e.g., LPS) (95). The release of LPS into the blood drives the
secretion of hepatic in ammatory factors (TNF-a and IL-6) by
activating the TLR4/NF-kB pathway in Kupffer cells and inhibiting
insulin receptor substrate phosphorylation, thereby exacerbating
hepatocyte steatosis and MAFLD progression (96). In addition,
PPIs induce microbiota imbalance and barrier damage to form a
vicious circle, eventually promoting MAFLD progression to the
brosis stage. This nding suggests that the risks associated with
long-term PPI use should be considered in clinical practice.

Metformin isa rst-line Type 2 diabetes mellitus (T2DM) drug,
and its hypoglycemic effect is partially achieved through microbiota-
host interaction. Intervention studies have shown that metformin
speci cally increases the abundance of SCFA-producing bacteria
while inhibiting in ammation-associated enterobacteriaceae (97).
Transplantation experiments conducted in germ-free mice
demonstrated that microbiota reshaped by metformin treatment
led to a reduction in blood glucose levels and an enhancement in
glucagon-like peptide-1(GLP-1) secretion (98). However, this
repopulation also resulted in adverse reactions, such as diarrhea/
abdominal distension, which may be related to the increased
intestinal gas production caused by the hyperproliferation of
Methanobrevibacterium (99). Studies suggest that metformin’s
modulation of the gut microbiota may have potential bene ts for
patients with MAFLD by improving gut microbiota structure and
reducing in ammation levels, thereby reducing liver steatosis and
in ammatory response (100).

4.2 Endogenous host factors

4.2.1 Delivery patterns

The traditional “sterile uterus” hypothesis has been overturned,
and the latest metagenomic studies have con rmed that human fetal
intestinal colonization begins in utera Low biomass but highly
speci ¢ microbiota communities (such as Lactobacillus and
Bi dobacterium) were detected in the placenta and amniotic uid,
with 165 rRNA gene abundance of 10"°~10" copies/q tissue (101). In
mouse models, orally administered uorescently labeled
Enterococcus faecium can cross the placental barrier via maternal
circulation and colonize the fetal intestine, and the detection rate of
labeled bacteria in the meconium microbiota is approximately 70%
(102). This nding indicates a potential pathway for vertical
maternal-fetal microbial transmission. The mode of delivery is a
decisive factor for the initial microbiota of newborns. Lactobacillus
crispus and Prevotella bivia from the maternal vagina are the main
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gut microbiota of newborns, and they are metabolically characterized
by SCFAs synthesis pathway enrichment (103). The microbiota may
also be derived from maternal skin bacteria (such as Streptococcus
and Cutibacteria), which is accompanied by an increase in LPS
biosynthesis pathway activity (10). These primary microbiota
evolve to become more diverse and relatively stable. At 3 years of
age, the gut microbiota of children becomes similar to that of adults.
Early colonization and composition of the gut microbiota have
profound effects on the host's metabolic health. Studies have shown
that the composition of the early gut microbiota is closely related to
the metabolic state of the host, especially with the onset and
development of MAFLD (104). For instance, microbiota disruption
leads to the downregulation of occludin expression, an increase in
intestinal permeability, enhanced endotoxin (LPS) translocation, and
activation of the TLR4/NF-kB pathway in hepatic Kupffer cells,
thereby promoting TNF-a secretion and hepatic fat deposition (6).
In addition, certain bacterial species (e.g., Akkermansia muciniphila)
regulate BA metabolism by inducing FXR signaling and inhibiting
hepatocyte lipid synthesis, whereas Clostridium-derived secondary
BAs enhance white fat browning (105) via the TGR5-CAMP-PKA
pathway (106, 107). Thus, colonization and composition of the early
gut microbiota may provide new insights into the prevention and
treatment of MAFLD.

4.2.2 Aging

The global aging population is accelerating, and the population
aged 65 and over is projected to exceed 20% (approximately 1.5 billion)
by 2050. Among these, 80% will be in low- and middle-income
countries, and the prevalence of MAFLD in this population is
expected to increase signi cantly (108). Aging drives gut-liver axis
imbalance by remodeling the structure and function of the gut
microbiota. The a-diversity of the gut microbiota in older adults is
signi cantly lower than that in younger individuals and is imbalanced,
characterized by the expansion of pathogens and the depletion of
symbiotic bacteria (109, 110). This disorder results in a decrease in
SCFA synthesis and a concomitant decrease in 7a-dehydroxylase
activity, leading to the accumulation of unconjugated BAs (DCA and
LCA), which, in turn, inhibits ileal FXR signaling (111). Gut barrier
injury increases LPS levels in the portal vein, inhibits insulin receptor
phosphorylation through activation of the hepatic TLR4/MyD88
pathway, and stimulates TGF-b1 secretion by hepatic stellate cells.
Additionally, accumulated hydrophobic BAs induce mitochondrial
ROS bursts and inhibit CPT1 a-mediated fatty acid oxidation (26).
These cascades ultimately lead to hepatocellular steatosis,
in ammation, and brosis, which constitute the core pathological
mechanisms of aging-related MAFLD.

4.2.3 Epigenetic modi cation

Host epigenetic programs dynamically interact with gut micro ora
through multi-level regulation. At the histone modi cation level,
histone deacetylase 3 (HDAC3) maintains microbiota homeostasis
through spatiotemporal regulation of intestinal epithelial antibacterial
programs. Gut-speci ¢ HDAC3 knockout mice have decreased ileal a-
defensin mRNA expression, resulting in increased proteobacteria
abundance, while the microbiota metabolite butyric acid promotes
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Treg differentiation by inhibiting HDAC3 activity (112, 113). Silent
mating type Information Regulation2 homolog 1(SIRT1) de ciency
exacerbates fatty diet-induced hepatic lipid deposition (114, 115) by
decreasing the ratio of secondary to primary BAs and inhibiting ileal
FXR signaling. Chromatin remodeling mechanisms further drive the
coevolution of the gut barrier and microbiota. Chromodomain
Helicase DNA Binding protein 1(CHD1) deletion leads to a reduced
expression of the TJ protein Claudin-3, and intestinal permeability is
positively correlated with g-proteobacteria abundance (116). Lysine-
Speci ¢ Demethylase 5(KDM5/JARID1) regulates ZO-1 transcription
through histone H3 lysine 4 trimethylation(H3K4me3) modi cation,
and its intestinal epithelial-speci ¢ knockout increases LPS levels in the
portal vein and activates the TLR4/MyD88 pathway in the liver (117).
Non-coding RNA mediate precise regulation across species. Host miR-
122-5p targets E. coli through exosomes, inhibits agellin synthesis,
and reduces bacterial bio Im formation capacity (118). Clinical cohorts
have shown a signi cant negative correlation between fecal miR-21-5p
levels and Enterobacteriaceae abundance (119) in patients with
MAFLD. The intergenerational effects of environmental stress
highlight the importance of epigenetic memories. Dexamethasone
exposure during pregnancy induces Cytosine-phosphate-Guanine
(CpG) island hypermethylation in the promoter region of the solute
carrier family 5 member 8 (SLC5A8/SMCT1) gene in offspring mice,
resulting in decreased SCFAs transporter expression, accompanied by
an imbalance in the Bacteroides/Firmicutes ratio and an increased risk
of liver steatosis in adulthood (120). These ndings reveal the pivotal
role of epigenetic regulation in the gut-liver axis, providing new targets
for intervention in metabolic liver disease.

4.2.4 Genetic polymorphisms and immune cells
Genome-wide association studies (GWAS) have revealed that
carriers of the PNPLA3 rs738409 risk allele have an increased
abundance of Prevotella in their colonic contents and an encoded
alcohol dehydrogenase that catalyzes endogenous ethanol production
and promotes lipid droplet deposition by inhibiting hepatocyte
mitochondrial complex | activity (121, 122). Similarly, the TM6SF2
rs58542926 T allele results in a decreased abundance of the Bacteroides
phylum, decreased synthesis of the secondary BA ursodeoxycholic acid
(UDCA), impaired FXR-mediated carnitine palmitoyltransferase 1
(CPT1) a expression, and activation of the NACHT, LRR, and PYD
domains-containing protein 3 (NLRP3) in ammasome (123).
Gut-derived Tregs form immune homeostasis loops in response
to microbiota metabolites. Butyric acid (50 mM) activates the G
protein-coupled receptor 109A (GPR109A/HMT74A) receptor on
Tregs, induces C-C chemokine receptor type 9 (CCR9) expression,
drives Treg migration to the lamina propria of the colon, and
promotes IL-10 secretion (124-126) through histone H3 lysine 27
acetylation(H3K27ac) modi cation. This process inhibits hepatic
CD8+ T cell proliferation and TNF-a release. Simultaneous
mechanistic studies suggest that butyric acid upregulates forkhead
box protein P3(Foxp3) expression by inhibiting HDAC3 activity in
liver macrophages and blocks TLR4/NF-kB pathway overactivation
(127) through suppressor of cytokine signaling 3(SOCS3)-mediated
ubiquitination degradation. This regulatory axis is impaired in
patients with MAFLD. Serum butyrate levels < 15 mM are
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associated with a decreased hepatic Treg/Teff ratio and are
signi cantly negatively correlated with the lobular in ammation
score and brosis stage (128, 129)(Figure 3).In summary, MAFLD-
relevant dysbiosis is shaped by a convergence of exogenous
exposures (dietary patterns, circadian disruption, smoking, air
pollution, and medications) and endogenous host determinants
(early life microbial seeding, aging, epigenetic programs, and
genetic-immune context). Although these factors differ in timing
and intensity, they tend to converge on common downstream
consequences, including reduced bene cial metabolite output,
impaired barrier integrity, and heightened portal in ammatory
signaling. Conceptualizing risk factors through shared
microbiota-barrier-liver nodes helps explain clinical heterogeneity
and identi es modi able entry points for prevention.

5 Molecular mechanism of MAFLD
driven by the “enterobacteria-liver
axis”

5.1 Gut mmicrobiomei

5.1.1 LPS

Serum LPS levels are signi cantly elevated in patients with
MAFLD, driving disease progression through a dual mechanism.
First, LPS directly activates intrahepatic in ammation in the liver. It
binds with high af nity to the toll-like receptor 4-myeloid

10.3389/fimmu.2026.1667180

differentiation factor 2 (TLR4-MD2) complex on the surface of
hepatocytes and Kupffer cells, triggers myeloid differentiation
primary response 88(MyD88) -dependent signaling pathways,
induces IL-6 and IL-1b secretion, and directly leads to hepatocyte
apoptosis and MASH deterioration (130). Serum co-receptor
lipopolysaccharide-binding protein (LBP) levels are abnormally
elevated in patients with MAFLD, and LBP gene knockout
signi cantly improves liver lipid deposition and insulin resistance
(131, 132). Additionally, LPS activates the NLRP3 in ammatory
body through the TLR4/TRIF pathway, promotes caspase-1 self-
cleavage and release of the gasdermin D N-terminal domain
(GSDMD-N), drives mature IL-1b production, and intensi es the
intrahepatic in ammatory cascade (133). Second, LPS indirectly
aggravates liver injury by disrupting gut-liver axis homeostasis,
activating the intestinal TLR4/MyD88 signaling axis, and
upregulating myosin light chain kinase, resulting in decreased
expression of the TJ protein occludin and signi cantly increasing
intestinal permeability (134). Increased LPS levels in the portal vein
aggravate the disease through a dual pathway: 1) activation of the
NF-kB pathway in Kupffer cells, promotion of TGF-b1 secretion,
induction of hepatic stellate cell activation, and collagen deposition
(135); and 2) inhibition of Peroxisome Proliferator-Activated
Receptor Alpha(PPARa) signaling in hepatocytes, reduction of
fatty acid b-oxidation, and upregulation of sterol regulatory
element-bhinding protein 1c(SREBP-1c143), a key factor in lipid
generation. Eventually, a self-reinforcing vicious cycle develops
between the gut and liver. Intrahepatic in ammatory factors (e.g.,
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TNF-a) inhibit intestinal epithelial repair through portal feedback,
resulting in asigni cant positive correlation between the abundance
of LPS-producing proteobacteria in the gut and liver brosis stage
(136). This cycle of “intestinal leakage-LPS into the liver-liver
damage” is the core driving force for MAFLD progression to end-
stage liver disease, providing a theoretical basis for precise
treatment targeting the LPS/TLR4 pathway.

5.1.2 Peptidoglycans

Peptidoglycans (PGN) possess immune recognition properties
owing to their structural heterogeneity. The cell walls of gram-
positive bacteria are approximately 50-100 nm thick, and the
lipoteichoic acid in their cell walls is crosslinked with PGN to
form a highly crosslinked three-dimensional network structure. In
contrast, the cell walls of gram-negative bacteria (3—8 nm thin layer)
are loosely anchored to the outer membrane (137, 138) by the Braun
lipoprotein. This structural difference results in a higher PGN
release ef ciency in gram-positive bacteria than in gram-negative
bacteria and signi cantly affects the activation threshold of the host
pattern recognition receptor (139). In the HFD model, decreased
fasting glucose and triglyceride (TG) deposition in TLR2/-/-mice
were directly correlated with a decreased abundance of PGN-
producing Lactobacillus (140). However, in the methionine- and
choline-de ciency (MCD) model, isogenic defects resulted in
increased liver in ammation scores, associated with increased
PGN release and decreased levels of short-chain fatty acids
(SCFAs) in Enterobacteriaceae, suggesting that dietary
intervention dynamically modulates TLR2 signaling sensitivity
(141) by reshaping the metabolic pro le of the microbiota. PGN
activates nucleotide-binding oligomerization domain-containing
protein 1/2(NOD1/2) receptors with high af nity, synergistically
triggering the NF-kB and MAPK pathways to drive a
proin ammatory factor storm. NOD1/2 double-knockout mice
have signi cantly decreased TG content and in ammatory cell
in Itration area, con rming the key role of this pathway in lipid
metabolism disorders (142, 143).

5.1.3 Bacterial DNA

When microbial (bacterial) DNA is internalized by immune
cells and traf cked to endosomal compartments, its unmethylated
CpG motifs (5 -CpG-3) can be recognized by toll-like receptor 9
(TLR9, an endosomal DNA-sensing PRR), initiating downstream
signaling. The continued activation of extracellular signal-regulated
kinase 1/2 (ERK1/2) and c-Jun N-terminal kinase (JNK) in the
MAPK pathway has been reported in experimental systems to
promote macrophage secretion of TNF-a and IL-12, while the
NF-kB pathway can synergistically facilitate NLRP3 in ammasome
assembly by accelerating inhibitor of kappa B alpha (IkBa)
degradation and enhancing nuclear factor kappa B subunit p65
(p65) nuclear translocation, thereby providing mechanistic support
for in ammation that may contribute to progression from MAFLD
to MASH in animal models (144, 145). Notably, in preclinical
studies, TLR9 inhibits interferon regulatory factor 7 (IRF7)
phosphorylation via the IkB kinase a (IKKa)-microtubule-
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associated protein 1A/1B-light chain 3 (LC3) complex, reducing
type | interferon synthesis and forming a “proin ammatoryanti-
interferon” imbalance that may exacerbate metabolic in ammation
by blunting antiviral responses (146).

In the methionine—choline de cient diet (MCD) feeding model,
activation of the TLR9-MyD88 axis in Kupffer cells is associated with
increased IL-1b secretion and has been linked to hepatocyte injury
markers such as LDH release through caspase-1-dependent
in ammatory cell death signaling in this model (147). Consistent
with a functional role in mice, TLR9-/- mice show reduced steatosis
area, portal vein brosis score, and hepatic hydroxyproline content,
supporting that TLR9-MyD88 signaling is an important contributor
to MASH-like disease severity in this experimental setting, rather
than establishing it as the sole driver in humans (148).

Bacterial DNA may also contribute to liver injury through
broader immune reprogramming. Abnormal B cell activation
promotes immunoglobulin G subclass 2¢ (1gG2c) secretion, leading
to immune complex deposition and activation of the complement
C3a—Cbha axis. NK cells can induce hepatocyte apoptosis through
perforin and Fas ligand/Fas receptor (Fas/FasL) signaling and,
together with interferon-gamma (IFN-g) secretion, may amplify
in ammatory cascades (149, 150). In an early translational study,
the TLR9 antagonist oligodeoxynucleotide (ODN) TTAGGG (5 mg/
kg) reduced serum alanine aminotransferase (ALT) levels and
improved NAS scores after four weeks of treatment; however, in
patients, plasma bacterial DNA levels were reported to be strongly
correlated with  brosis stage, which supports clinical association but
does not establish causality (151).

5.1.4 Bacterial outer membrane vesicles

Outer membrane vesicles (OMVs) are nanosized bilayer
membrane vesicles with a diameter of 20-300 nm secreted by
gram-negative (such as Escherichia coli) and some gram-positive
bacteria. OMVs completely encapsulate LPS, virulent proteins, and
circular DNA. OMVs deliver LPS directly to the cytoplasm of host
cells through a membrane fusion-mediated Trojan horse mechanism,
activating caspase-11-dependent non-classical in ammatory bodies
and driving increased IL-1b secretion (152). In the gut
microenvironment, OMVs are activated via a dual receptor
coactivation pattern: MyD88-dependent signaling triggered by the
TLR4-MD2 complex in intestinal epithelial cells and activation of
NLRP3 in ammatory bodies in macrophages, resulting in the
spatiotemporal co-release of TNF-a and IL-6 and an
“in ammatory storm” (153, 154). This multi-target effect makes
OMVs critical “in ammation ampli ers” for disrupting the
enterohepatic axis in MAFLD. Clinical cohort studies have
demonstrated a positive correlation between fecal OMV
concentrations and serum ALT levels in patients with MAFLD, and
liver tissue OMVs are highly localized within brotic regions (155,
156). At present, the molecular pathway by which OMVs affect host-
microbiota interactions by regulating gut barrier TJ proteins and BA
metabolism requires systematic analysis. Nano-intervention
strategies based on OMV component editing may provide new
ideas for remodeling the gut-liver immune homeostasis (Figure 4).
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FIGURE 4

(resatorvid); HDL3, high-density lipoprotein 3.

Gut leakiness—driven MAMP signaling promotes hepatic in ammation and brosis. Dysbiosis increases luminal microbial products (LPS, PGN, CpG-
rich bacterial DNA, and OMVs) and disrupts epithelial tight junctions (e.g., reduced occludin levels), leading to increased intestinal permeability. These
MAMPs enter the portal vein (often via LBP) and activate the hepatic innate immunity. In Kupffer cells, TLR4 signaling (MyD88/TRIF) drives NF-kB
activation and in ammasome responses (NLRP3/caspase pathways), increasing the levels of pro-in ammatory cytokines. In hepatocytes, LPS/PGN
signaling cooperates with NF-kB/MAPK to promote apoptosis and steatosis (e.g., such as SREBP-1c induction and reduced PPARa-mediated b-
oxidation). Cytokine output activates hepatic stellate cells, resulting in myo broblast transition and collagen deposition, thereby accelerating brosis.
MAMPs, microbe-associated molecular patterns; LPS, lipopolysaccharide; PGN, peptidoglycan; OMVs, outer membrane vesicles; LBP, LPS-binding
protein; IECs, intestinal epithelial cells; TJ, tight junction; HSC, hepatic stellaproin ammatory lammatoryta-derived metabolites and endotoxin drive
the gut—liver axis in MAFLD. Dietary ber, choline/L-carnitine, and ethanol shape dysbiotic microbiota, shifting SCFAs, TMA/TMAO, bile acids (BAs),
lipopolysaccharides (LPS), and increased ethanol loss. The loss of tight junction (TJ) proteins (ZO-1/occludin) promotes leaky gut and portal delivery
of microbial products. In the liver, TMAO—FXR/BA dysregulation and SCFA signaling (GPR43—AMPK/ACC; ACSS2) reprogram lipid metabolism,
whereas ethanol (ADH/CYP2E1) generates ROS. LPS activates Kupffer cell TLR4—MyD88/TRIF—NF-kB to induce TNF-a, IL-6, and IL-1b, driving
hepatic stellate cell (HSC) activation and brosis. The intervention nodes included OM-101, OCA, INT-777, TAK-242, and HDL3. SCFAs, short-chain
fatty acids; TMA, trimethylamine; TMAO, trimethylamine N-oxide; BAs, bile acids; LPS, lipopolysaccharide; TJ, tight junction; ZO-1, zonula
occludens-1; FMO3, avin-containing monooxygenase 3; FXR, farnesoid X receptor; GPR43, G protein—coupled receptor 43 (FFAR2); AMPK, AMP-
activated protein kinase; ACC, acetyl-CoA carboxylase; ACSS2, acyl-CoA synthetase short-chain family member 2; ADH, alcohol dehydrogenase;
CYP2EL, cytochrome P450 2E1; ROS, reactive oxygen species; TLR4, Toll-like receptor 4; MyD88, myeloid differentiation primary response 88; TRIF,
TIR-domain—containing adaptor-inducing interferon-b; NF-kB, nuclear factor kappa B; TNF-a, tumor necrosis factor alpha; IL-6, interleukin 6; IL-1b,
interleukin 1 beta; HSC, hepatic stellate cell; OM-101, occludin mimetic; OCA, obeticholic acid; INT-777, TGR5 agonist; TAK-242, TLR4 inhibitor

5.2 Metabolite-mediated pathological
cascade

SCFAs, TMAO, and BAs produced by the metabolic
reprogramming of intestinal microorganisms constitute the core
medium of the gut-liver axis dialogue. SCFAs are transported to the
liver via the portal vein, activate G protein-coupled receptor 43
(GPR43) receptors, and inhibit histone deacetylase (HDAC) activity
in hepatocytes, dually regulating PPARg-mediated glycolipid
homeostasis (157-159). TMAO promotes cytochrome P450
family 7 subfamily A member 1(CYP7Al)-dependent BA
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synthesis by activating the FXR/TGRS5 signaling axis in hepatic
stellate cells and induces NLRP3 in ammasome assembly (160).
BAs inhibit sterol regulatory element-binding protein 1c(SREBP-
1c) expression through the farnesoid X receptor (FXR)-small
heterodimer partner (SHP) pathway and reduce TG deposition in
the liver. Temporal and spatial activation of its receptor, pregnane X
receptor (PXR), may coordinate gut barrier TJ protein expression
with immune tolerance in liver Kupffer cells (161, 162). Clinical
cohort studies have shown that when the total fecal SCFAs in
patients with MAFLD decrease to 0, plasma TMAO levels are
positively correlated with liver NAS scores, and serum DCA
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