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Abstract: Non-alcoholic fatty liver disease (NAFLD) has emerged as a global health challenge due to its rising preva-
lence and strong association with metabolic syndrome. Recent studies highlight the critical role of the gut-brain axis 
(GBA)-a bidirectional communication system between the gut, brain, and liver-in NAFLD pathogenesis. Dysregula-
tion of this axis can worsen metabolic dysfunction, inflammation, and liver injury. This review discusses the mecha-
nisms driving GBA dysregulation in NAFLD, including alterations in gut microbiota, increased intestinal permeability, 
neuroinflammation, and imbalances in the autonomic nervous system (ANS). We also explore therapeutic strate-
gies, such as microbiota modulation, vagus nerve stimulation, and neuroprotective interventions, that may help 
mitigate the effects of GBA dysfunction on NAFLD progression.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is  
one of the most prevalent chronic liver diseas-
es globally, characterized by excessive fat ac- 
cumulation in hepatocytes without significant 
alcohol consumption [1]. The disease spectrum 
of NAFLD ranges from simple steatosis (non-
alcoholic fatty liver) to non-alcoholic steatohep-
atitis (NASH), which can progress to liver fibro-
sis, cirrhosis, or even hepatocellular carcinoma 
(HCC) [2, 3]. Recent epidemiological studies 
indicate that approximately 25% of the global 
population is affected by NAFLD [4], with signifi-
cant regional and population-based variations. 
The prevalence of NAFLD has been steadily  
rising, posing a major global public health 
challenge.

The pathogenesis of NAFLD is complex and 
multifactorial. Traditionally, insulin resistance, 
dysregulated lipid metabolism, and oxidative 

stress have been considered the primary driv-
ers of the disease [5-7]. However, growing evi-
dence suggests that the gut-brain-liver axis 
plays a critical role in the onset and progression 
of NAFLD [8-11]. The gut-brain-liver axis is a 
bidirectional communication network between 
the gut, brain, and liver, involving neural, endo-
crine, and immune pathways. This network is 
essential for maintaining metabolic homeosta-
sis [12]. The gut microbiota is a central compo-
nent of the gut-brain-liver axis, influencing host 
metabolism through metabolites, neurotrans-
mitters, and immune regulation. In NAFLD, dys-
biosis, characterized by a reduction in benefi-
cial bacteria and an increase in harmful ba- 
cteria, is frequently observed. This dysbiosis 
may impair intestinal barrier function, allowing 
microbial endotoxins such as lipopolysaccha-
rides (LPS) to enter the portal circulation, trig-
gering hepatic inflammation and steatosis [13]. 
Moreover, gut microbiota-derived metabolites, 
such as short-chain fatty acids (SCFAs) and bile 
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acids, regulate liver lipid and glucose metabo-
lism by interacting with host receptors [14-16].

The brain, as the central component of the ner-
vous system, regulates the gut-brain-liver axis 
through the autonomic nervous system (ANS) 
and the hypothalamic-pituitary-adrenal axis. In 
NAFLD, chronic inflammation can induce neuro-
inflammation in the central nervous system, 
disrupting appetite regulation, energy balance, 
and metabolic control [17]. Dysfunction of the 
ANS, particularly reduced vagal nerve activity, 
weakens its protective effects on the liver, con-
tributing to hepatic lipid accumulation. Given 
the critical role of the gut-brain-liver axis in 
NAFLD, targeting this axis has become a prom-
ising therapeutic approach. Interventions such 
as probiotics, prebiotics, and fecal microbiota 
transplantation (FMT) have shown potential in 
alleviating hepatic steatosis by modulating the 
gut microbiota [18-20]. Moreover, neuromodu-
lation techniques, including vagus nerve stimu-
lation (VNS), are being explored to restore auto-
nomic balance and reduce hepatic inflammation 
and steatosis [21, 22].

In summary, dysregulation of the gut-brain-liver 
axis is pivotal in the pathogenesis of NAFLD. A 
deeper understanding of the interactions with-
in this complex network is crucial for uncover-
ing the mechanisms underlying NAFLD and 
holds great promise for the development of 
novel diagnostic and therapeutic strategies. By 
exploring these mechanisms, we can pave the 
way for targeted interventions that may improve 
patient outcomes and ultimately enhance the 
prognosis of individuals with NAFLD. This review 
aims to provide insights into the intricate rela-
tionships within the gut-brain-liver axis, em- 
phasizing their significance in NAFLD patho- 
genesis and the future prospects for clinical 
application.

The Gut-Brain Axis (GBA) in NAFLD pathogen-
esis

Gut microbiota and metabolic dysfunction

The gut microbiota plays a crucial role in main-
taining metabolic homeostasis and serves as a 
key mediator of the gut-liver axis. Dysbiosis, 
characterized by an imbalance in the gut micro-
bial community, has been strongly implicated  
in the pathogenesis of NAFLD [23]. Increasing 
evidence suggests that alterations in gut micro-

biota composition directly contribute to meta-
bolic dysfunction by modulating host energy 
metabolism, insulin sensitivity, and lipid han-
dling, thus exacerbating NAFLD progression 
[24].

A primary mechanism linking the gut microbiota 
to metabolic dysfunction is the production of 
microbial metabolites, including SCFAs, bile 
acids, and LPS. SCFAs, mainly acetate, propio-
nate, and butyrate, are microbial fermentation 
products of dietary fibers [25-28]. While SCFAs 
generally promote metabolic health by serving 
as an energy source and modulating glucose 
and lipid metabolism, alterations in their pro-
duction or absorption have been observed in 
NAFLD patients [29]. For example, overproduc-
tion of acetate has been shown to stimulate 
lipogenesis in hepatocytes via the activation  
of sterol regulatory element-binding protein 1c 
(SREBP-1c), a key transcription factor regulat-
ing de novo lipogenesis [30].

In addition to SCFAs, gut microbiota influence 
bile acid metabolism, another key pathway 
implicated in metabolic dysfunction. Bile acids 
act as signaling molecules that regulate glu-
cose and lipid metabolism through activation  
of farnesoid X receptor (FXR) and G-protein-
coupled bile acid receptor 1 [31]. Dysbiosis in 
NAFLD has been associated with altered bile 
acid profiles, including increased secondary 
bile acids that disrupt FXR signaling, leading to 
enhanced lipogenesis, insulin resistance, and 
hepatic inflammation [32].

Furthermore, gut-derived endotoxins such as 
LPS, a component of Gram-negative bacterial 
cell walls, are critical mediators of metabolic 
dysfunction in NAFLD. Dysbiosis often leads to 
increased intestinal permeability, referred to as 
a “leaky gut”. This allows the translocation of 
LPS and other microbial products into the por-
tal circulation, triggering hepatic toll-like recep-
tor 4 (TLR4)-mediated inflammation and activa-
tion of Kupffer cells, the liver’s resident ma- 
crophages [33]. Chronic low-grade inflamma-
tion induced by LPS not only promotes hepatic 
steatosis but also contributes to the progres-
sion from NAFLD to NASH, characterized by 
hepatocyte ballooning and fibrosis [34].

Emerging data also highlight the role of specific 
gut microbial taxa in modulating metabolic 
pathways relevant to NAFLD. For instance, the 
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Firmicutes-to-Bacteroidetes ratio, commonly 
used as an index of dysbiosis, is often increas- 
ed in NAFLD, suggesting enhanced energy har-
vest from the diet [35, 36]. Additionally, spe- 
cies such as Escherichia coli and Enterobac- 
teriaceae have been associated with increased 
endotoxemia and inflammation, while reduc-
tions in beneficial microbes like Faecali- 
bacterium prausnitzii and Akkermansia mu- 
ciniphila correlate with impaired gut barrier 
integrity and insulin resistance [37].

Collectively, these findings underscore the inte-
gral role of gut microbiota in orchestrating met-
abolic dysfunction in NAFLD. Targeting dysbio-
sis through interventions such as probiotics, 
prebiotics, FMT, and dietary modifications 
offers a promising therapeutic avenue [38]. 
Probiotic strains like Lactobacillus and Bifi- 
dobacterium have shown potential in reducing 
hepatic fat accumulation and inflammation, 
while prebiotic fibers may restore SCFA produc-
tion and improve intestinal barrier function 
[39]. However, the heterogeneity of gut micro-
biota profiles in NAFLD across individuals ne- 
cessitates personalized approaches for effec-
tive therapeutic strategies.

In summary, gut microbiota dysbiosis is a criti-
cal driver of metabolic dysfunction in NAFLD. 
Understanding the complex interplay between 
gut microbial composition, microbial metabo-
lites, and host metabolic pathways will pave  
the way for identifying novel biomarkers and 
therapeutic targets to address the growing bur-
den of NAFLD.

Intestinal permeability and endotoxemia

Intestinal permeability and subsequent endo-
toxemia are critical components of the gut-
brain-liver axis, significantly contributing to the 
pathogenesis of NAFLD [40]. The intestinal epi-
thelium acts as a selective barrier, preventing 
the translocation of harmful substances, such 
as microbial-derived endotoxins, into the sys-
temic circulation while allowing the absorption 
of nutrients and metabolites. Dysfunction of 
this barrier, often referred to as “leaky gut”, is 
commonly observed in NAFLD patients and is 
associated with disease onset and progression 
[41]. The resulting endotoxemia, characterized 
by elevated levels of LPS and other microbial 
products in the bloodstream, activates pro-
inflammatory pathways in the liver, promoting 

hepatic steatosis, inflammation, and fibrosis 
[42].

The integrity of the intestinal barrier is main-
tained by intercellular tight junctions, a com-
plex network of proteins including claudins, 
occludins, and zonula occludens-1 (ZO-1) [43]. 
Disruption of these tight junctions is a hallmark 
of increased intestinal permeability in NAFLD. 
Several factors contribute to this dysregulation, 
including gut microbiota dysbiosis, dietary hab-
its, and host immune responses. Gut micro- 
biota dysbiosis in NAFLD is associated with  
an overgrowth of pathogenic bacterial species 
that produce metabolites such as ethanol and 
hydrogen sulfide, which directly damage epithe-
lial cells and disrupt tight junction integrity [44]. 
For instance, studies have shown reduced ex- 
pression of ZO-1 and occludin in the intestinal 
tissues of NAFLD patients, correlating with 
increased translocation of bacterial endotoxins 
[45].

Additionally, alterations in the gut microbial 
composition lead to reduced production of 
SCFAs, such as butyrate, a key metabolite that 
promotes epithelial repair and tight junction 
maintenance. SCFA deficiency exacerbates bar-
rier dysfunction, further amplifying intestinal 
permeability. Dietary factors, particularly high-
fat and high-fructose diets, have also been 
shown to impair intestinal barrier function [46]. 
Excess dietary fat alters bile acid metabolism, 
leading to the accumulation of toxic bile acids 
that damage the intestinal epithelium [47]. 
Similarly, fructose reduces intestinal mucin  
production and enhances oxidative stress in 
enterocytes, further compromising barrier in- 
tegrity. These dietary-induced changes signifi-
cantly contribute to the “leaky gut” observed in 
NAFLD.

Inflammation plays a central role in intestinal 
barrier dysfunction. Chronic low-grade inflam-
mation, often driven by gut dysbiosis, activates 
immune cells and releases pro-inflammatory 
cytokines, such as tumor necrosis factor-alpha 
(TNF-α) and interleukin-6 (IL-6) [48]. These 
cytokines weaken tight junctions and increase 
epithelial apoptosis, further compromising the 
intestinal barrier. Moreover, oxidative stress 
induced by reactive oxygen species can dam-
age enterocytes and tight junction proteins, 
perpetuating intestinal permeability [49].
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Increased intestinal permeability facilitates the 
translocation of microbial products, particularly 
LPS, from the gut lumen into the portal circula-
tion. LPS is a potent activator of the innate 
immune system through its interaction with 
TLR4 on Kupffer cells, the liver’s resident mac-
rophages [50-52]. This activation triggers the 
release of pro-inflammatory cytokines and che-
mokines, leading to hepatic inflammation and 
recruitment of immune cells [53]. Chronic acti-
vation of TLR4 signaling also stimulates hepat-
ic stellate cells, promoting fibrogenesis and the 
progression of NAFLD to NASH. Endotoxemia 
exacerbates hepatic steatosis by disrupting 
lipid metabolism. LPS-induced inflammation 
impairs insulin signaling, leading to hepatic 
insulin resistance [54]. This results in increased 
de novo lipogenesis and reduced β-oxidation of 
fatty acids, contributing to lipid accumulation in 
hepatocytes. Furthermore, systemic endotox-
emia increases circulating free fatty acids and 
inflammatory markers, creating a vicious cycle 
of metabolic dysfunction and liver damage.

In summary, intestinal permeability and endo-
toxemia are central to the pathophysiology of 
NAFLD, acting as key drivers of hepatic inflam-
mation, steatosis, and fibrosis. Disruption of 
the intestinal barrier, compounded by gut dys-
biosis and dietary factors, leads to the translo-
cation of microbial endotoxins, triggering in- 
flammatory cascades in the liver. Therapeutic 
interventions targeting intestinal barrier integ-
rity and endotoxemia hold promise for halting 
or reversing NAFLD progression. However, fur-
ther clinical studies are necessary to optimize 
these strategies and evaluate their long-term 
efficacy in diverse patient populations.

Neuroinflammation and hypothalamic dysfunc-
tion

Neuroinflammation and hypothalamic dysfunc-
tion are increasingly recognized as critical fac-
tors in the pathogenesis of NAFLD within the 
framework of GBA dysregulation [55]. The hypo-
thalamus, a key regulator of energy homeosta-
sis, integrates peripheral metabolic signals 
such as leptin, insulin, and gut-derived hor-
mones to control food intake, energy expendi-
ture, and glucose metabolism. Chronic low-gra- 
de neuroinflammation disrupts hypothalamic 
function, contributing to the development and 
progression of metabolic disorders, including 

NAFLD [56, 57]. Neuroinflammation, marked by 
microglial and astrocytic activation, as well as 
elevated levels of pro-inflammatory cytokines 
such as IL-6 and TNF-α, impairs neuronal sig-
naling in the hypothalamic arcuate nucleus 
(ARC) [58]. This disruption decreases leptin and 
insulin sensitivity, leading to hyperphagia, cen-
tral insulin resistance, and altered lipid metab-
olism-critical drivers of hepatic steatosis.

The GBA plays a crucial role in initiating and 
maintaining hypothalamic neuroinflammation 
via gut microbiota-derived metabolites and sys-
temic inflammation. Gut dysbiosis increases 
intestinal permeability, allowing endotoxins like 
LPS to enter circulation [59]. LPS activates 
TLR4 signaling in the hypothalamus, triggering 
inflammatory cascades that impair neuronal 
function. Moreover, changes in microbial me- 
tabolites, such as SCFAs and bile acids, affect 
hypothalamic inflammation and neurogenesis 
through the gut-brain-liver axis. Dysbiosis-re- 
lated reductions in SCFA levels hinder anti-
inflammatory signaling, further exacerbating 
hypothalamic dysfunction [60]. Emerging evi-
dence also underscores the role of vagal nerve 
signaling in transmitting inflammatory signals 
from the gut to the brain, forming a bidirection-
al feedback loop that perpetuates neuroinflam-
mation [61-64].

Therapeutic strategies targeting neuroinflam-
mation and hypothalamic dysfunction in NAFLD 
are promising but still under investigation. 
Restoring gut microbiota composition through 
probiotics, prebiotics, or FMT could alleviate 
hypothalamic inflammation by reducing endo-
toxemia and promoting the production of anti-
inflammatory metabolites. Pharmacological 
agents targeting microglial activation or inhibit-
ing TLR4 signaling in the hypothalamus are  
also under study as potential therapies [65]. 
Furthermore, lifestyle modifications, including 
dietary changes and exercise, have proven 
effective in reducing both systemic and central 
inflammation, improving hypothalamic func-
tion, and enhancing metabolic outcomes. Fu- 
ture research should aim to clarify the molecu-
lar mechanisms linking neuroinflammation and 
hypothalamic dysfunction to NAFLD and evalu-
ate the effectiveness of targeted interventions 
in clinical settings. Addressing neuroinflamma-
tion’s central role in energy dysregulation and 



Gut-Brain axis dysregulation in NAFLD pathogenesis and therapy

3280	 Am J Transl Res 2025;17(5):3276-3292

liver pathology could lead to innovative thera-
peutic approaches to combat NAFLD.

ANS imbalance

ANS imbalance is a significant mechanism link-
ing GBA dysregulation to the pathogenesis of 
NAFLD [66]. The ANS, comprising the sympa-
thetic and parasympathetic branches, is es- 
sential for regulating metabolic processes such 
as glucose homeostasis, lipid metabolism, and 
hepatic inflammation. In NAFLD, ANS dysregu-
lation-often characterized by heightened sym-
pathetic tone and reduced parasympathetic 
activity-has been implicated in promoting insu-
lin resistance, hepatic steatosis, and systemic 
inflammation [67]. This imbalance disrupts the 
delicate homeostatic communication between 
the brain and liver, aggravating metabolic dys-
function and driving disease progression.

Sympathetic overactivity is a hallmark of ANS 
dysregulation in NAFLD, contributing to in- 
creased hepatic lipogenesis, oxidative stress, 
and inflammation [68]. Elevated sympathetic 
tone impairs hepatic blood flow and worsens 
liver injury through adrenergic receptor activa-
tion on hepatocytes, stellate cells, and im- 
mune cells. Simultaneously, parasympathetic 
dysfunction, often mediated by vagal nerve 
impairment, further disrupts the gut-brain-liver 
axis by diminishing anti-inflammatory signaling 
and impairing glucose and lipid homeostasis 
[69]. The vagus nerve, a key component of the 
parasympathetic system, modulates hepatic 
metabolism and inflammation through interac-
tions with gut microbiota and the enteric ner-
vous system [70]. Disruptions in vagal signaling 
due to dysbiosis, compounded by increased 
systemic endotoxemia, exacerbate ANS imbal-
ance and worsen NAFLD pathophysiology.

The mechanisms underlying ANS imbalance in 
NAFLD are multifactorial, involving gut microbi-
ota dysbiosis, neuroinflammation, and chronic 
stress. Gut-derived metabolites like LPS and 
bile acids affect both sympathetic and para-
sympathetic pathways through neural and hu- 
moral mechanisms, contributing to autonomic 
dysregulation [71, 72]. Neuroinflammation in 
central autonomic control centers, such as the 
hypothalamus and brainstem, impairs neural 
regulation of the ANS, perpetuating sympa- 
thetic overactivity and vagal suppression [73]. 
Additionally, chronic stress, associated with 

hypothalamic-pituitary-adrenal axis activation, 
further exacerbates ANS imbalance by increas-
ing sympathetic output and decreasing vagal 
tone, creating a vicious cycle of metabolic and 
inflammatory dysregulation [74]. Therapeutic 
strategies targeting ANS imbalance offer prom-
ising avenues for managing NAFLD.

Interventions aimed at enhancing vagal activi-
ty, such as VNS, have shown potential in reduc-
ing hepatic inflammation and improving meta-
bolic parameters in preclinical models [75]. 
Lifestyle modifications, including regular exer-
cise and stress reduction techniques such as 
mindfulness and yoga, can restore ANS bal-
ance by increasing parasympathetic activity 
and reducing sympathetic overdrive. Addi- 
tionally, probiotic and prebiotic therapies may 
help mitigate ANS dysfunction by modulating 
gut microbiota composition and reducing endo-
toxemia, which influences vagal signaling. Fu- 
ture research should focus on elucidating the 
precise mechanisms of ANS involvement in 
NAFLD pathogenesis and evaluating the effec-
tiveness of these interventions in clinical trials. 
By addressing the autonomic dysregulation 
underlying metabolic and inflammatory path-
ways, these strategies could provide novel ther-
apeutic opportunities for the prevention and 
treatment of NAFLD.

Correlation between GBA dysregulation, gut 
microbiota, metabolic dysfunction, neuroin-
flammation, hypothalamic dysfunction, and 
NAFLD pathogenesis

The correlation between GBA dysregulation,  
gut microbiota, metabolic dysfunction, neuroin-
flammation, hypothalamic dysfunction, and the 
pathogenesis of NAFLD is complex, involving 
both upstream and downstream interactions, 
as well as feedback loops. The gut microbiota 
plays a central role in regulating the GBA. 
Dysbiosis, or an imbalance in the gut microbio-
ta, can lead to increased intestinal permeabili-
ty, allowing the translocation of microbial prod-
ucts, such as LPS into the bloodstream. These 
products trigger systemic inflammation, dis-
rupting normal metabolic functions and pro-
moting hepatic steatosis and insulin resis-
tance-key factors in the progression of NAFLD. 
Simultaneously, dysregulation of the GBA im- 
pacts neuroinflammation and hypothalamic 
dysfunction. The hypothalamus, which regu-
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lates energy homeostasis and metabolism, is 
particularly affected. Disruption of hypothalam-
ic signaling leads to altered appetite regulation, 
insulin resistance, and ANS imbalance, all of 
which contribute to metabolic dysfunction and 
liver damage.

These components do not operate in isolation 
but form a dynamic, interconnected network 
with multiple feedback mechanisms. Metabolic 
dysfunction and neuroinflammation resulting 
from gut microbiota disturbances exacerbate 
each other, creating a vicious cycle. For in- 
stance, inflammation in the liver can lead to the 
release of pro-inflammatory cytokines, which 
may reach the brain, amplifying neuroinflam-
mation and disrupting hypothalamic regulation. 
This, in turn, worsens metabolic abnormalities 
such as insulin resistance, further aggravating 
liver injury. Thus, these interactions can occur 
both in an upstream-downstream fashion and 
as a closed-loop system, where changes in one 
component perpetuate dysfunction in others. 
The bidirectional communication between the 
gut, brain, and liver emphasizes the complexity 
of NAFLD pathogenesis, underscoring the need 
for in-depth exploration of these interactions. 
Understanding whether these interactions are 
more predominantly upstream, downstream, or 
feedback-driven is crucial for identifying no- 
vel therapeutic strategies that target specific 
points within this network, ultimately breaking 
the cycle of NAFLD progression.

Therapeutic implications

Microbiota-targeted therapies

Microbiota-targeted therapies have emerged 
as a promising approach to address GBA dys-
regulation in the pathogenesis of NAFLD. The 
gut microbiota plays a pivotal role in host 
metabolism, immune function, and hepatic 
physiology, with dysbiosis strongly implicated  
in the development and progression of NAFLD. 
Therapies aimed at modulating gut microbiota 
composition and function-such as probiotics, 
prebiotics, synbiotics, and FMT-aim to restore 
microbial balance, enhance intestinal barrier 
integrity, and reduce systemic inflammation, 
targeting multiple pathways central to NAFLD 
pathogenesis [76, 77].

Probiotics, defined as live microorganisms that 
confer health benefits to the host, have shown 

promise in alleviating NAFLD-related features. 
Specific strains of Lactobacillus and Bifido- 
bacterium have been shown to reduce hepatic 
steatosis, inflammation, and oxidative stress  
in both preclinical and clinical studies. These 
effects are mediated through mechanisms 
such as increased production of SCFAs, resto-
ration of tight junction integrity, and inhibition 
of endotoxemia-induced TLR4 signaling [78, 
79]. Clinical trials have reported improvements 
in liver enzymes, lipid profiles, and markers of 
systemic inflammation in NAFLD patients treat-
ed with probiotics, though strain-specific effi-
cacy and optimal dosing remain areas of ongo-
ing investigation [80].

Prebiotics, non-digestible compounds that se- 
lectively promote the growth of beneficial  
gut bacteria, offer another microbiota-targeted 
strategy [81]. Dietary fibers, such as inulin and 
fructooligosaccharides, enhance SCFA produc-
tion, particularly butyrate, which exerts anti-
inflammatory effects and strengthens the in- 
testinal barrier [82]. By increasing the abun-
dance of commensal bacteria, prebiotics can 
counteract dysbiosis, reduce LPS transloca-
tion, and alleviate hepatic inflammation. Emer- 
ging evidence suggests that prebiotic supple-
mentation may also improve insulin sensitivity 
and lipid metabolism, further supporting its 
therapeutic potential in NAFLD.

FMT has garnered attention as an innovative 
approach to directly modify the gut microbiota. 
By transferring fecal material from healthy 
donors to NAFLD patients, FMT aims to restore 
a healthy microbial ecosystem [83]. Preclini- 
cal studies have shown that FMT can reduce 
hepatic steatosis, improve glucose homeosta-
sis, and alleviate gut-liver axis dysfunction [83]. 
However, clinical data on FMT in NAFLD are lim-
ited, and concerns regarding donor selection, 
long-term safety, and regulatory oversight must 
be addressed before its widespread adoption. 
In addition to these established approaches, 
next-generation microbiota-based therapies 
are under development [84]. These include 
engineered microbial consortia designed to 
produce specific metabolites or modulate key 
pathways implicated in NAFLD, as well as post-
biotics-microbial-derived bioactive compounds, 
such as SCFAs or bacterial peptides. These 
novel therapies have the potential to precisely 
modulate gut microbiota and its metabolic out-
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puts, offering new avenues for targeted inter-
vention [85].

While microbiota-targeted therapies show con-
siderable promise, several challenges remain. 
The inter-individual variability in gut microbiota 
composition, influenced by genetics, diet, and 
lifestyle, necessitates personalized approach-
es to treatment. Furthermore, the long-term 
efficacy and safety of these interventions re- 
quire rigorous evaluation in well-designed clini-
cal trials. Future research should focus on iden-
tifying specific microbial taxa or metabolites as 
biomarkers for therapy selection and monitor-
ing, as well as understanding the interplay 
between gut microbiota, host metabolism, and 
the brain-liver axis. Addressing these challeng-
es will be crucial for establishing microbiota-
targeted therapies as a cornerstone of preci-
sion medicine in managing NAFLD.

VNS

VNS has emerged as a promising therapeutic 
strategy for mitigating GBA dysregulation and 
its downstream effects in NAFLD [86]. The 
vagus nerve plays a central role in the bidirec-
tional communication between the gut and the 
brain, regulating key physiological processes 
such as energy metabolism, inflammation, and 
gut barrier integrity. Dysregulation of vagal 
activity, characterized by reduced parasympa-
thetic tone, has been implicated in NAFLD 
pathogenesis through mechanisms such as 
impaired anti-inflammatory signaling, increa- 
sed systemic inflammation, and altered hepatic 
glucose and lipid metabolism [87]. By enhanc-
ing parasympathetic activity, VNS offers a novel 
approach to restoring homeostasis in the gut-
brain-liver axis and alleviating NAFLD-related 
metabolic dysfunction.

One of the primary mechanisms through which 
VNS exerts its therapeutic effects is by attenu-
ating systemic and hepatic inflammation. Va- 
gal stimulation activates the cholinergic anti-
inflammatory pathway, which reduces the re- 
lease of pro-inflammatory cytokines such as 
TNF-α, IL-1β, and IL-6 by inhibiting nuclear fac-
tor-kappa B signaling in macrophages and 
Kupffer cells. This anti-inflammatory effect not 
only mitigates hepatic inflammation but also 
disrupts the inflammatory feedback loop con-
tributing to insulin resistance and hepatic ste-
atosis in NAFLD [88-91]. Additionally, VNS influ-

ences gut function and microbiota composition, 
both of which are critical in NAFLD pathophysi-
ology. Stimulation of the vagus nerve enhances 
intestinal motility and secretion, promoting the 
clearance of luminal endotoxins and prevent- 
ing microbial overgrowth [92]. Furthermore, 
VNS improves intestinal barrier integrity by 
upregulating tight junction proteins such as 
occludin and claudin-1, thereby reducing the 
translocation of LPS into the portal circulation. 
Preclinical studies have demonstrated that 
VNS-induced improvements in gut barrier func-
tion are associated with reduced endotoxemia, 
systemic inflammation, and hepatic lipid accu-
mulation, highlighting the integral role of the 
gut-brain-liver axis in mediating its therapeutic 
effects [93].

Beyond its anti-inflammatory and gut-regulato-
ry effects, VNS also directly impacts hepatic 
metabolism. Experimental models have shown 
that VNS improves hepatic insulin sensitivity, 
reduces gluconeogenesis, and enhances fatty 
acid β-oxidation, thereby addressing key meta-
bolic derangements in NAFLD. These effects 
are mediated, in part, by the modulation of 
hypothalamic control centers involved in auto-
nomic regulation and energy homeostasis, em- 
phasizing the central role of the brain in coordi-
nating liver metabolism. While the therapeutic 
potential of VNS is evident, its application in 
NAFLD is still in the early stages of investiga-
tion. Preclinical studies have provided robust 
evidence for its efficacy in reducing hepatic ste-
atosis, inflammation, and fibrosis, but clinical 
studies in humans remain limited [94]. Initial 
pilot studies have shown that non-invasive VNS 
can improve metabolic markers such as glu-
cose tolerance and inflammatory cytokine lev-
els in patients with metabolic syndrome, a key 
precursor to NAFLD. However, larger random-
ized controlled trials are needed to establish 
the long-term efficacy and safety of VNS in 
NAFLD populations. Challenges associated 
with VNS include the invasiveness of tradi- 
tional implantable devices, variability in patient 
response, and potential side effects such as 
bradycardia or dysphagia. Recent advance-
ments in non-invasive VNS (nVNS) technolo-
gies, which use transcutaneous stimulation of 
the auricular branch of the vagus nerve, offer a 
less invasive and more accessible alternative, 
with promising results in other chronic inflam-
matory and metabolic diseases [95]. Future 
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research should focus on optimizing stimula-
tion parameters, identifying biomarkers to pre-
dict therapeutic response, and evaluating the 
integration of VNS with other GBA -targeted 
therapies, such as microbiota modulation or 
dietary interventions.

VNS represents a novel and multifaceted 
approach to targeting GBA dysregulation in 
NAFLD. By restoring parasympathetic tone, 
reducing inflammation, improving gut barrier 
function, and modulating hepatic metabolism, 
VNS addresses several key pathways implicat-
ed in NAFLD pathogenesis. With further vali- 
dation through clinical trials and technological 
advancements, VNS has the potential to be- 
come a cornerstone therapy for this increas-
ingly prevalent liver disease.

Neuroprotective and anti-inflammatory thera-
pies

Neuroprotective and anti-inflammatory thera-
pies have gained increasing attention as poten-
tial strategies for addressing GBA dysregula- 
tion in the pathogenesis of NAFLD. Chronic low-
grade inflammation and neuroinflammation are 
key drivers of hypothalamic dysfunction, ANS 
imbalance, and systemic metabolic disturbanc-
es in NAFLD. Targeting these inflammatory pro-
cesses and protecting neuronal health may 
help restore metabolic homeostasis, reduce 
hepatic inflammation, and slow disease pro-
gression. Several therapeutic approaches, 
ranging from pharmacological agents to life-
style modifications, have shown promise in 
mitigating inflammation and preserving neural 
function in NAFLD.

A central focus of neuroprotective therapies is 
the modulation of microglial activation in brain 
regions involved in energy regulation, particu-
larly the hypothalamus. Excessive microglial 
activation in response to systemic inflamma-
tion or gut-derived endotoxins leads to the pro-
duction of pro-inflammatory cytokines such as 
IL-6, IL-1β, and TNF-α, which disrupt hypotha-
lamic signaling and contribute to metabolic dys-
regulation [95]. Pharmacological agents target-
ing microglial activation, such as minocycline 
and palmitoylethanolamide (PEA), have demon-
strated efficacy in reducing neuroinflammation 
and improving metabolic outcomes in preclini-
cal models of NAFLD [96]. These agents hold 
potential for clinical application as adjunct ther-

apies targeting central drivers of NAFLD 
pathology.

Anti-inflammatory therapies aimed at systemic 
and hepatic inflammation also play a crucial 
role in modulating the gut-brain-liver axis. For 
example, inhibitors of TLR4 signaling, such as 
TAK-242, have shown promise in reducing he- 
patic inflammation by attenuating the effects  
of LPS translocated from the gut [97]. Similarly, 
IL-1 receptor antagonists, such as anakinra, 
have demonstrated the ability to dampen both 
systemic and hepatic inflammation, indirectly 
improving hypothalamic function and autonom-
ic regulation [98]. These therapies highlight the 
interconnected nature of systemic and neuroin-
flammatory pathways in NAFLD and underscore 
the importance of targeting both peripheral 
and central inflammation.

Emerging evidence suggests that neuroprotec-
tive dietary compounds, such as omega-3 poly-
unsaturated fatty acids (PUFAs), polyphenols, 
and flavonoids, may also offer significant bene-
fits in NAFLD by reducing neuroinflammation 
and oxidative stress [99]. Omega-3 PUFAs, for 
instance, exert anti-inflammatory effects by 
modulating eicosanoid production and sup-
pressing microglial activation. Polyphenols 
such as resveratrol and curcumin have been 
shown to improve hypothalamic insulin sensi-
tivity and reduce hepatic steatosis through 
their antioxidant properties. These compounds 
may complement pharmacological therapies  
as part of a holistic approach to managing GBA 
dysregulation.

Neuroprotective and anti-inflammatory thera-
pies represent a critical frontier in addressing 
GBA dysregulation in NAFLD. By targeting neu-
roinflammatory pathways, preserving neuronal 
function, and reducing systemic and hepatic 
inflammation, these therapies offer a multifac-
eted approach to mitigating NAFLD progres-
sion. Continued exploration of these interven-
tions, alongside advances in precision me- 
dicine, has the potential to improve outcomes 
for patients with this complex and multifactori-
al disease.

Combined multimodal approaches

Given the multifaceted nature of NAFLD and its 
complex interplay with GBA dysregulation, com-
bined multimodal approaches have emerged 
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as a promising therapeutic strategy. NAFLD 
involves the convergence of metabolic, inflam-
matory, neural, and microbial pathways, sug-
gesting that single-target therapies are un- 
likely to provide optimal results. By integrating 
multiple interventions-such as microbiota-tar-
geted therapies, neuroprotective agents, die- 
tary modifications, and VNS-combined app- 
roaches aim to address the disease’s systemic 
and interconnected drivers, offering synergistic 
benefits.

A key advantage of multimodal strategies is 
their ability to simultaneously target both up- 
stream and downstream pathways within the 
gut-brain-liver axis [99]. For example, combin-
ing probiotics and prebiotics with anti-inflam-
matory therapies can enhance gut barrier  
function, reduce systemic endotoxemia, and 
mitigate both hepatic and neuroinflammation. 
Clinical evidence supports the efficacy of such 
combinations: trials using synbiotics (probio- 
tics plus prebiotics) alongside dietary interven-
tions have demonstrated significant reductions 
in hepatic fat content, systemic inflammation, 
and insulin resistance in NAFLD patients [100]. 
These findings underscore the importance of 
addressing both gut microbiota dysbiosis and 
dietary factors contributing to disease pro- 
gression.

Another example of a multimodal approach is 
the integration of VNS with lifestyle interven-
tions such as exercise and stress manage- 
ment. VNS enhances parasympathetic tone, 
reduces inflammation, and improves gut barrier 
integrity, while exercise and stress reduction 
further modulate autonomic balance and meta-
bolic health [101, 102]. Combining these thera-
pies may amplify their individual effects by tar-
geting both neural and metabolic pathways, 
thus restoring homeostasis within the GBA. 
Early pilot studies in patients with metabolic 
syndrome and NAFLD suggest that such app- 
roaches can improve markers of liver function, 
glucose homeostasis, and overall quality of life.

Additionally, pharmacological interventions tar-
geting bile acid signaling or TLR4 pathways may 
be combined with microbiota-based therapies 
to achieve comprehensive modulation of gut-
liver communication [103]. For instance, bile 
acid-based agents like obeticholic acid not only 
reduce hepatic inflammation but also influence 
gut microbiota composition and intestinal per-

meability. When paired with probiotics or FMT, 
these agents may yield enhanced benefits by 
addressing dysbiosis and its downstream met-
abolic effects.

Despite the promise of multimodal approach-
es, several challenges must be addressed to 
facilitate their clinical implementation [104]. 
Coordinating and standardizing combinations 
of therapies, evaluating their cost-effective-
ness, and assessing long-term safety and effi-
cacy are critical areas for future research. 
Moreover, large-scale, randomized controlled 
trials are needed to validate the synergistic 
effects of these combined interventions and 
establish evidence-based guidelines for their 
use.

Combined multimodal approaches represent  
a novel and promising strategy for addressing 
the systemic and interconnected mechanisms 
underlying NAFLD. By leveraging the synergis- 
tic potential of microbiota-targeted therapies, 
neural interventions, dietary modifications, and 
precision pharmacology, these strategies offer 
the potential for improved therapeutic out-
comes. Continued research and clinical innova-
tion will be essential to realize their full poten-
tial and transform the management of this 
complex disease.

Challenges and future directions

Despite considerable progress in understand-
ing the role of GBA dysregulation in NAFLD, sig-
nificant challenges remain in translating this 
knowledge into clinical applications. A key ob- 
stacle is the mechanistic complexity of the gut-
brain-liver axis, which involves intricate bidirec-
tional communication between the gut micro-
biota, neural circuits, and hepatic metabolism. 
Deciphering this interplay is further complicat-
ed by inter-individual variability in microbiota 
composition, dietary patterns, and genetic pre-
dispositions, all of which contribute to the het-
erogeneous clinical presentation of NAFLD. 
Furthermore, methodological inconsistencies, 
such as non-standardized approaches to as- 
sessing gut microbiota, intestinal permeability, 
and neural signaling, impede reproducibility 
and hinder the identification of reliable bio- 
markers.

Looking forward, integrative multi-omics app- 
roaches, encompassing metagenomics, meta- 
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bolomics, and transcriptomics, will be essential 
for uncovering specific microbial metabolites 
and signaling pathways that mediate GBA dys-
function. Personalized medicine approaches, 
leveraging machine learning and artificial intel-
ligence, can stratify patients based on microbi-
ota profiles, genetic risk factors, and disease 
phenotypes, enabling tailored therapeutic in- 
terventions. The targets of NAFLD involved in 
the GBA are summarized in Table 1. Addi- 
tionally, further exploration of emerging thera-
pies, such as engineered probiotics, FMT, and 
neuroprotective agents, holds promise for add- 
ressing both microbial and neurobehavioral 
dimensions of GBA dysregulation. Ultimately, 
large-scale, longitudinal clinical trials with stan-
dardized methodologies will be critical to vali-
date these findings and advance innovative, 
multi-targeted therapeutic strategies for the 
effective management of NAFLD.

Therapeutic implications

The therapeutic implications for current and 
potential clinical applications in NAFLD, espe-
cially those targeting the GBA, are becoming 
increasingly important due to the complex 
pathophysiology of the disease. As a multifac-
torial condition, NAFLD is closely associated 
with disruptions in metabolic, immune, and 
neural regulation. The GBA, a key mediator of 
these interactions, plays a pivotal role in the 
progression of NAFLD, making it an important 
target for therapeutic intervention. However, a 
critical question arises: is it more effective to 
intervene directly with NAFLD, treat the cere-
bro-intestinal axis, or target both? A compari-
son of the advantages and disadvantages of 
each approach is essential for guiding thera-
peutic strategies.

Direct interventions targeting NAFLD focus on 
liver-specific pathways, such as regulating lipid 
metabolism, reducing hepatic inflammation, 
and improving insulin sensitivity. The main 
advantage of this approach is that it directly 
targets the liver, where the primary pathology 
occurs, leading to potentially more immediate 
effects on liver function and metabolic param-
eters. However, it may not fully address the  
systemic and neuroinflammatory aspects that 
contribute to disease progression. Moreover, 
liver-focused therapies alone may be less effec-
tive for modulating the gut-brain-liver communi-

cation, which plays a crucial role in the dis-
ease’s progression.

In contrast, treatments targeting the GBA aim 
to address the gut-brain-liver communication 
and neuroinflammation, both central to NAFLD 
pathogenesis. These approaches may offer the 
advantage of targeting multiple facets of the 
disease, including both the liver and neural reg-
ulation. For example, microbiota-targeted ther-
apies, such as probiotics, prebiotics, synbiot-
ics, and FMT, have shown promise in reducing 
hepatic steatosis, inflammation, and improving 
metabolic outcomes by producing SCFAs that 
regulate gut barrier integrity and reduce endo-
toxemia. Similarly, VNS enhances parasympa-
thetic activity to regulate inflammation, metab-
olism, and gut barrier function, with preclinical 
studies suggesting it can reduce hepatic in- 
flammation, improve glucose metabolism, and 
restore gut motility. The advantage of these 
approaches is their ability to target systemic 
pathways, offering a more holistic treatment for 
NAFLD. However, the downside is that they may 
not directly address liver-specific mechanisms 
of disease progression.

A combined approach-directly targeting the 
liver while also modulating the GBA-could offer 
synergistic benefits by simultaneously add- 
ressing both metabolic and neuroinflammatory 
pathways. For example, combining microbiota-
targeted therapies with VNS could potentially 
provide a more comprehensive treatment by 
targeting multiple levels of disease. The inte-
gration of neuroprotective and anti-inflammato-
ry therapies, which target neuroinflammation 
through modulation of microglial activation or 
cytokine signaling, could also complement 
microbiota-targeted treatments or VNS. These 
therapies may help restore hypothalamic func-
tion and improve autonomic regulation, which 
are often disrupted in NAFLD. The combined 
approach could lead to more comprehensive 
management, but challenges remain in deter-
mining the optimal therapeutic combination.

Emerging treatments also include the use of 
neuroprotective dietary compounds, such as 
omega-3 fatty acids and polyphenols, which 
have been shown to reduce neuroinflammation 
and oxidative stress, improving both hepatic 
and neural outcomes. While these therapies 
show great promise, the integration of multi-
modal approaches is likely to represent the 
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Table 1. The targets of NAFLD involved in the brain-gut axis
Therapeutic Strategy Mechanism of Action Potential Benefits in NAFLD Current Status
Microbiota-Targeted  
Therapies

Modulate gut microbiota composition and 
function through probiotics, prebiotics, 
synbiotics, and FMT

Restores microbial balance, improves intestinal 
barrier integrity, reduces systemic inflammation

Clinical trials and preclinical 
studies

Probiotics Administer beneficial live microorganisms 
(e.g., Lactobacillus, Bifidobacterium) to 
regulate gut microbiota

Reduces hepatic steatosis, inflammation,  
oxidative stress, and endotoxemia

Clinical studies show promising 
results, but strain-specific efficacy 
varies

Prebiotics Non-digestible compounds (e.g., inulin, 
FOS) that promote growth of beneficial gut 
bacteria

Enhances SCFA production, reduces LPS  
translocation, improves insulin sensitivity

Preclinical and early clinical  
studies support benefits

FMT) Transfers fecal material from healthy donors 
to NAFLD patients to restore microbial 
ecosystem

Reduces hepatic steatosis, improves glucose 
metabolism and gut-liver axis function

Limited clinical data; safety and 
donor selection challenges

VNS Enhances parasympathetic tone to regulate 
inflammation, gut microbiota, and hepatic 
metabolism

Reduces hepatic inflammation, improves gut 
barrier function, and enhances metabolic  
homeostasis

Preclinical studies; early pilot  
trials in metabolic syndrome

Neuroprotective and  
Anti-Inflammatory Therapies

Target microglial activation and inflammato-
ry signaling pathways (e.g., TLR4 inhibitors, 
IL-1 antagonists)

Reduces neuroinflammation, improves  
metabolic control, and restores hypothalamic 
function

Preclinical studies; some clinical 
trials ongoing

Dietary Neuroprotective 
Compounds

Omega-3 fatty acids, polyphenols, flavo-
noids with anti-inflammatory and antioxi-
dant properties

Reduces neuroinflammation, improves  
hypothalamic insulin sensitivity, decreases 
hepatic steatosis

Clinical trials and dietary  
intervention studies

Combined Multimodal  
Approaches

Integrating microbiota-targeted therapies, 
neuroprotective agents, dietary modifica-
tions, and VNS

Addresses multiple pathways within the  
gut-brain-liver axis for synergistic benefits

Emerging therapeutic approach, 
requiring further clinical  
validation

Challenges and Future  
Directions

Inter-individual variability, methodological 
inconsistencies, need for standardized clini-
cal trials

Personalized medicine approaches, integrative 
multi-omics strategies, biomarker discovery

Ongoing research and need for 
large-scale longitudinal studies

NAFLD: Non-Alcoholic Fatty Liver Disease; SCFA: Short-Chain Fatty Acid; FMT: Fecal Microbiota Transplantation; VNS: Vagus Nerve Stimulation; TLR4: Toll-Like Receptor 4; FOS: fruc-
tooligosaccharides.
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future of NAFLD treatment. Combining micro- 
biota-targeted therapies with VNS, anti-inflam-
matory agents, and neuroprotective compo- 
unds could address multiple pathways within 
the brain-gut-liver axis simultaneously, poten-
tially leading to more effective management of 
NAFLD than single-therapy interventions.

The clinical application of these therapies  
faces several challenges. Personalized medi-
cine approaches will be crucial, given the vari-
ability in gut microbiota composition, genetic 
predispositions, and lifestyle factors. Further- 
more, the safety and efficacy of these treat-
ments must be rigorously evaluated in large-
scale, randomized controlled trials to deter-
mine the most effective combination of the- 
rapies and identify biomarkers that can predict 
treatment response.

Key mechanistic molecules in the GBA associ-
ated with NAFLD

The GBA is a complex communication network 
between the gut, central nervous system, and 
peripheral systems, playing a crucial role in 
regulating metabolism, inflammation, and ener-
gy homeostasis. Several key molecules within 
this axis have been implicated in NAFLD patho-
genesis. For instance, glucagon-like peptide-1, 
a gut-derived hormone, influences insulin sen-
sitivity and hepatic steatosis. LPS, derived from 
gut microbiota, can provoke systemic inflam-
mation, contributing to insulin resistance and 
the development of fatty liver. Cytokines such 
as TNF-α, IL-6, and IL-1β are central to the 
inflammatory response in both the brain and 
liver, affecting neuroinflammation and liver 
function. Moreover, the vagus nerve plays a 
vital role in transmitting signals from the gut to 
the brain, influencing hypothalamic function 
and metabolic processes. Neuropeptides such 
as ghrelin and leptin are involved in appetite 
regulation and energy balance, and their dys-
regulation can exacerbate metabolic distur-
bances in NAFLD. Additionally, the hypothala-
mus, through pathways like the endocannabinoid 
system and the sympathetic nervous system, 
integrates these molecular signals to regulate 
food intake, fat storage, and hepatic lipid 
metabolism. By summarizing these molecular 
mechanisms, we aim to provide a clearer un- 
derstanding of how these molecules interact 
within the GBA to influence NAFLD pathogene-

sis, offering potential targets for therapeutic 
intervention.

Conclusion

Dysregulation of the GBA plays a central role  
in the pathogenesis of NAFLD, influencing me- 
tabolic, inflammatory, and neural pathways. 
Targeting the brain-gut axis through microbiota 
restoration, neuroprotection, and autonomic 
modulation presents promising avenues for 
personalized NAFLD management. A deeper 
understanding of GBA mechanisms will pave 
the way for innovative therapies and improved 
patient outcomes in NAFLD treatment.
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