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ABSTRACT
Metabolic Dysfunction-Associated Steatotic Liver Disease(MASLD) is increasing in prevalence worldwide 
and has become the greatest potential risk for cirrhosis and hepatocellular liver cancer. Currently, the 
role of gut microbiota in the development of MASLD has become a research hotspot. The development 
of MASLD can affect the homeostasis of gut microbiota, and significant changes in the composition or 
abundance of gut microbiota and its metabolite abnormalities can influence disease progression. The 
regulation of gut microbiota is an important strategy and novel target for the treatment of MASLD with 
good prospects. In this paper, we summarize the role of gut microbiota and its metabolites in the 
pathogenesis of MASLD, and describe the potential preventive and therapeutic efficacy of gut micro
biota as a noninvasive marker to regulate the pathogenesis of MASLD based on the “gut-hepatic axis”, 
which will provide new therapeutic ideas for the clinic.
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Metabolic dysfunction-associated steatotic liver 
disease (MASLD) is a chronic progressive liver 
disease primarily characterized by overnutrition 
and insulin resistance in genetically predisposed 
individuals. MASLD may progress to metabolic 
dysfunction-associated steatohepatitis (MASH), 
further inducing liver fibrosis and cirrhosis. The 
prognosis of MASLD is mainly related to cardio
vascular disease. The combination of progressive 
fibrosis significantly increases the incidence of 
hepatocellular carcinoma (HCC). The global pre
valence of MASLD is as high as 37.8%, with con
siderable regional variations. This disease is highly 
prevalent in overweight and obese populations, 
although it also affects some non-obese or lean 
MASLD patients. Over the past two decades, the 
prevalence of MASLD in Chinese adults has been 
approximately 29.6%, with a higher incidence in 
males (34.8%) compared with females (23.5%).1 

The disease is also gradually replacing viral hepati
tis and is poised to rank first among chronic liver 
diseases in China. Hence, MASLD has emerged as 
a critical public concern worldwide, underscoring 

the urgent demand for enhanced screening and 
prevention strategies. The clinical management of 
MASLD faces serious challenges due to the lack of 
effective diagnostic and therapeutic tools, thus 
imposing a heavy burden on healthcare systems. 
Currently, the crosstalk between the liver and gut 
has been recognized by an increasing number of 
scholars.2–4 In MASLD, significant changes in the 
composition and metabolites of gut microbiota 
suggest that therapeutic strategies targeting the 
gut microbiota may contribute to the decelerated 
progression of steatohepatitis and fibrosis. 
Therefore, the potential clinical value of gut micro
biota profiles as noninvasive markers of metabo
lism-associated steatohepatitis is analyzed in this 
paper based on the influence of gut microbiota and 
its metabolites in the pathogenesis of MASLD. 
Furthermore, the potential preventive and thera
peutic interventions related to gut microbiota for 
the treatment of MASLD are also explored from 
the perspectives of probiotics, prebiotics, synbio
tics, fecal microbiota transplantation (FMT), and 
emerging therapies.
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Gut microbiota and the “Gut-liver axis”

The gut microbiota, one of the most complex micro 
ecosystems in the human body, is involved in 
maintaining intestinal homeostasis through 
a variety of mechanisms, including metabolites 
and immune regulation. The composition and 
function of intestinal microorganisms are not 
only directly related to intestinal diseases, but also 
closely related to the pathogenesis of MASLD 
through the gut-liver axis, which is a bidirectional 
interaction pathway.

Physiological profile and role of gut microbiota

Gut microbiota refers to microorganisms in the gas
trointestinal system that pass through the screening 
of saliva, gastric acid, digestive enzymes, and various 
digestive organs.5 Broadly speaking, gut microbiota 
consists of diverse compositions, including not only 
intestinal bacteria but also fungi, viruses, and archaea. 
The total number of bacteria in the normal intestine 
can reach 10–100 trillion, mainly located in the distal 
small intestine and colon.6 Gut microbiota is predo
minantly composed of specialized anaerobes. The 
core groups include the Gram-positive Firmicutes 
and the Gram-negative Bacteroidetes, and the other 
groups mainly comprise Aspergillus and 
Actinobacterium.7 Gut microbiota is in a dynamic 
state, and its composition is influenced by various 
factors, including diet, drug use, and circadian 
rhythms. There are significant inter- and intra- 
individual variations in the composition of the gut 
microbiota over time.8 Gut microbiota is involved in 
a variety of physiological processes in the body and is 
vital in nutrient absorption, substance metabolism, 
and immunomodulation. Over the past few years, 
scholars have acquired more knowledge about the 
characteristics of gut microbiota and have reported 
that changes in the ecology and composition of gut 
microbiota can affect host health. At present, it has 
been validated that the occurrence of various diseases 
is related to the state of intestinal microbiota, such as 
metabolic syndrome,9 atherosclerosis,10 Parkinson’s 
disease,11 cognitive dysfunction,12 asthma, and 
chronic obstructive pulmonary disease (COPD).13 

Meanwhile, increasing attention has been paid to 
the crosstalk between the liver and gut.14 Therefore, 
exploring the physiological role of gut microbiota is 

of significance for identifying the occurrence and 
development of MASLD.

Physiological structure and characteristics of the 
“gut-liver axis”

The term “gut-liver axis” was first proposed more 
than 100 years ago to identify alterations in the 
composition of the gut microbiota in patients 
with chronic liver disease. Through an investiga
tion into the impaired intestinal motility, intestinal 
permeability, and bacterial translocation in 
patients with chronic liver disease, scholars have 
gradually unraveled the role of gut microbiota and 
metabolites in the development of MASLD.15 

During embryonic development, both the liver 
and the intestine originate from the ventral ante
rior endoderm, and they are intrinsically linked. 
The intestine and liver have close bidirectional 
communication through the bile ducts, portal 
vein, and somatic circulation. Hepatocytes can 
synthesize and secrete bile, which contains abun
dant IgA, bicarbonate, antimicrobial peptides, and 
bile acids, and they can communicate directly with 
the intestine through the biliary system.16 

Nutrients absorbed from the intestine and the 
metabolites of gut microbiota, including carbohy
drates, lipids, amino acids, secondary bile acids, 
ethanol, and short-chain fatty acids, flow into the 
liver through the portal vein. The liver absorbs 
nutrients, processes the metabolites of gut micro
biota, and then supplies hepatic metabolites or 
inflammatory mediators to the intestine via arterial 
blood in the systemic circulation. These findings 
demonstrate that the gut and liver are closely 
linked at the physiological level, and the gut micro
biota and liver are influenced by each other in 
terms of their functions.

Relationship between gut microbiota and 
metabolic dysfunction-associated steatotic liver 
disease

The development and progression of MASLD are 
associated with changes in the gut microbiota. This 
is primarily evidenced by an imbalance in the 
composition of the gut microbiota in patients 
with MASLD, with alterations in the abundance 
of specific gut microbiota potentially impacting 
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the risk of developing MASLD. Furthermore, the 
compositional characteristics of the gut microbiota 
undergo alterations during the course of MASLD. 
Consequently, these observations imply that the 
gut microbiota exerts a significant influence on 
the development of MASLD and that its dynamics 
may serve as a crucial diagnostic tool and a vital 
indicator of the progression of the disease.

Alterations in gut microbiota and the development 
of metabolic dysfunction-associated steatotic liver 
disease

At present, the pathogenesis of MASLD has not been 
fully clarified, and some scholars have proposed the 
“multiple strikes” hypothesis, namely that insulin 
resistance, lipid metabolism disorders, nutritional fac
tors, gut microbiota dysbiosis, genetic determinants, 
and epigenetic factors jointly affect the development 
of MASLD (Figure 1).17 Unhealthy dietary habits and 
fewer physical activities are associated with the pro
gression of MASLD.18 Host genetics can also 

influence the composition and function of gut micro
biota. More specifically, MASLD is characterized by 
familial aggregation,19 and there are more significant 
similarities in the gut microbiota between identical 
twins than between dizygotic twins.20 The patatin-like 
phospholipase domain-containing 3 (PNPLA3), 
transmembrane 6 superfamily member 2 (TM6SF2), 
membrane-bound O-acyltransferase-containing 
structural domain 7 (MBOAT7) and transmembrane 
6 superfamily member 2 (TM6SF2) genes are strongly 
related to the onset of MASLD.21–24

Patients with MASLD may have small intestinal 
bacterial overgrowth (SIBO). SIBO is defined as an 
increased number or abnormal type of bacteria in the 
gut that may induce gastrointestinal symptoms. In 
a meta-analysis of 10 studies, the prevalence of SIBO 
was higher in the MASLD group than in the control 
group (OR = 3.82, 95% CI: 1.93–7.59).25 Another 
meta-analysis including 18 studies showed that the 
incidence of SIBO was 35.0% (95% CI: 24.4%-47.2%) 
and 41.1% (95% CI: 21.9%-63.4%) in patients with 
MASLD and MASH, respectively.26

Figure 1. MASLD progression. The development of MASLD is associated with insulin resistance, genetic susceptibility, gut microbiota 
dysbiosis, and other factors. The composition and function of the gut microbiota affect MASLD through the “gut-liver axis”. The 
spectrum of diseases includes metabolic dysfunction-related fatty liver, liver fibrosis, cirrhosis, and hepatocellular carcinoma. 
Abbreviations: HCC: hepatocellular carcinoma. Created in https://BioRender.com.

GUT MICROBES 3

https://BioRender.com


Patients with MASLD may exhibit significant 
change in the abundance and composition of gut 
microbiota. Compared with healthy people, the 
abundance of the families Enterococcus, 
Bacteroides, and Muribaculaceae is lower in 
patients with MASLD, while the abundance of the 
genera Acidobacteria and Escherichia coli is higher 
in these patients.27 Boursier et al. found that in 
MASH patients with fibrosis at or above stage 2, 
the abundance of the genera Bacteroides, 
Bifidobacterium, and Prevotella increased signifi
cantly, while the abundance of Prevotella 
decreased.28 Through an analysis based on 16s 
RNA gene amplicon sequencing, Li et al. found 
that the families Ruminococcaceae and 
Veillonellaceae were associated with the severity 
of fibrosis in non-obese subjects with MASLD.29 

Jeffery et al. conducted a study based on metage
nomic sequencing and found that the abundance of 
the phyla Bacteroidetes, Verrucomicrobia, and 
Firmicutes was higher in MASH children with 
mild fibrosis or without fibrosis. Additionally, 
they also revealed that the abundance of the phyla 
Bacteroidetes and Proteobacteria was higher in 
MASH children with moderate to severe 
fibrosis.30 These studies suggest that as the disease 
progresses, patients with MASLD have a higher 
abundance of potentially pathogenic microbiota 
(such as Enterobacteriaceae and Enterococcaceae) 
but a lower abundance of commensal microbiota in 
the gut. In addition, Demir et al. performed 
sequencing for the fungal internal transcribed 
spacer region 2 in the feces of 78 patients with 
MASLD, and they demonstrated that non-obese 
patients with MASLD at advanced stages had 
a specific fungal composition and an enhanced 
systemic immune response to Candida albicans.31 

Greta et al. revealed that the fungi Scopulariopsis, 
Kluyveromyces, Malassezia restricta, and 
Scopulariopsis corpus could be used to discrimi
nate alcohol-related liver disease from MASLD.32 

Although the alterations in the abundance or com
position of intestinal t microbiota in patients with 
MASLD have been corroborated in many studies, it 
remains unclear whether gut dysbiosis exacerbates 
MASLD or whether these alterations are caused by 
this disease.

Exploration of the causal relationship between gut 
microbiota and MASLD

With the continuous development of the gut-liver 
axis doctrine, more and more evidence suggests that 
gut microbiota play an important role in the devel
opment of MASLD. However, the development of 
MASLD is associated with many factors such as 
obesity, diabetes mellitus, hyperlipidemia, insulin 
resistance, and genetic susceptibility. Most of the 
current studies on the correlation between gut 
microbiota and MASLD are not only affected by 
the above confounding factors, but also are mostly 
case-control studies, which cannot effectively eluci
date the causal relationship between the two.

However, two-sample Mendelian randomization 
(MR) can effectively avoid the confounding factors 
and reverse causality in observational studies, as 
well as the problems of representativeness and fea
sibility in case-control studies.33 Recently, many 
scholars have adopted MR to assess the causal 
relationship between gut microbiota and MASLD 
at multiple biological levels, such as phylum, class, 
order, family, genus, and species, etc. Long et al. 
found that by MR, Enterobacteriales, 
Enterobacteriaceae, and Trichosporonaceae UCG- 
004 and Prevotella9 increase the increased risk of 
MASLD. Dorea and Veillonella can increase the 
risk of MASH, while Oscillospira and 
Ruminococcaceae UCG-013 reduce the risk of 
MASH.34 Ouyang et al. found a negative correla
tion between the abundance of Ruminococcus2 in 
the gastrointestinal tract and the incidence of 
MASLD in a two-sample Mendelian randomiza
tion study. This protective effect seems likely to 
be mediated by increased levels of cysteine- 
glutathione as well as 3-indoleglyoxylic acid.35 

Because 3-indoleglyoxylic acid secreted by rume
nococci 2 may help reduce the incidence of 
MASLD through its ability to protect the integrity 
of the intestinal wall and inhibit the production of 
inflammatory factors.36 However, this result con
tradicts the findings of a study by Boursier et al. 
that showed an elevated abundance of rumeno
cocci in the gut microbiota of MASLD 
patients.28,37 It is possible that because of the 
remarkable diversity of the genus Rumococcus, 
different subtypes of Rumococcus have different 
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effects on the host organism, leading to conflicting 
conclusions.38 In addition, phylum Tenericutes, 
class Deltaproteobacteria and class Mollicutes 
were significantly associated with the risk of 
MASLD.39 Lactobacillaceae, Christensenellaceae, 
and Intestinibacter were negatively associated 
with MASLD. While OCoriobacteriia, 
Actinomycetales, Ruminococcaceae_UCG005 
were positively associated with MASLD.40

These studies explain the causal relationship 
between gut microbiota and MASLD, and changes 
in the abundance of specific gut flora may influence 
the risk of developing MASLD. Although MR is 
relatively reliable for inferring a causal relationship 
between gut microbiota and MASLD, it needs to be 
further validated by randomized controlled trials to 
improve the credibility and robustness of the 
results obtained from two-sample Mendelian ran
domization studies. In conclusion, MR is useful for 
screening the gut microbiota associated with 
MASLD, provides new ideas for the prevention 
and treatment of MASLD, and contributes to 
a deeper knowledge and understanding of the gut- 
liver axis.

Progression of metabolic dysfunction-associated 
steatotic liver disease detected by the 
characterization of gut microbiota

There are significant alternations in the abundance 
and composition of gut microbiota in patients with 
MASLD. This disease at different stages may also 
be associated with different characteristics of the 
constitution of gut microbiota. These characteris
tics can be employed to assess the progression of 
MASLD. Loomba et al. examined the characteris
tics of gut microbiota in MASLD patients with 
advanced fibrosis by a prospective cohort study. 
The metagenomic sequencing of fecal microbiota 
was performed in 86 patients with biopsy-proven 
MASLD. Among these patients, 72 patients had 
mild to moderate fibrosis (i.e., stages 0–2), and 14 
patients had advanced fibrosis (i.e., stages 3–4). 
They also constructed a randomized forest model 
incorporating 37 bacterial traits, age, body mass 
index, and other characteristics that differed 
between the early and advanced phenotypes of 
fibrosis. The area under the receiver operating 
characteristic (ROC) curve (AUC) of this model 

was 0.936, indicating its robustness and statistically 
significant diagnostic accuracy for detecting 
advanced fibrosis in MASLD.30 Caussy et al. also 
examined gut microbiota characteristics in patients 
with MASLD at the cirrhotic stage in the twin and 
family cohorts in a prospective cohort study and 
sequenced 16sRNA profiles of gut microbiota. 
They designed a random forest model incorporat
ing 27 bacterial profiles, age, body mass index, and 
other characteristics. This model was verified in 
a validation cohort comprising the relatives of 
MASLD patients at the stage of cirrhosis (AUC =  
0.87), demonstrating robust diagnostic accuracy 
(AUC = 0.92).41

In addition to bacteria, enteroviruses are also 
significantly altered in the late fibrotic stage of 
MASLD. The characteristics of enteroviruses have 
been explored in inflammatory bowel disease,42 

colorectal cancer,43 and type I diabetes.44 Lang 
et al. developed a clinical data model based on 
fecal viral diversity by the reverse transcription 
and metagenomic sequencing of fecal viral nucleic 
acids. The AUC of this model for MASLD activity 
scores and advanced fibrosis was 0.95 and 0.88, 
respectively. This model exhibited higher accuracy 
for identifying patients with severe MASLD and 
fibrosis compared with other models that were 
constructed based only on clinical or bacterial 
data. Overall, this model provides a better option 
for identifying the features of gut microbiota in 
patients with severe MASLD and fibrosis.45

These studies suggest that gut microbiota char
acterization can provide a noninvasive method for 
detecting advanced fibrosis in MASLD. Although 
these models using the microbiome as a marker to 
diagnose fibrosis in MASLD have been established, 
there has been no further cross-regional validation 
to assess clinical relevance.

Notably, Howell Leung et al. recently demon
strated, for the first time in a prospective cohort, 
that the composition and function of the gut 
microbiota of patients differed from that of healthy 
subjects even before the ultrasound diagnosis of 
MASLD, and constructed a microbiota prediction 
model that was able to predict the risk of NAFLD 
onset over the next 4 years in healthy subjects with 
or without MASLD. By analyzing the macroge
nomic data for bacterial diversity, although the 
study found no significant differences between the 
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case and control groups in terms of overall bacter
ial composition, the two groups did differ signifi
cantly compared to patients who had already been 
diagnosed with MASLD at baseline. The initial 
colony model used 14 colony composition, func
tion, and metabolite profiles, categorized according 
to MASLD status after 4.6 years, with an area under 
the ROC curve of 0.72. When age, BMI, HDL, and 
fasting insulin were added, the area under the ROC 
curve for the final model was up to 0.80. The final 
model’s efficacy remained stable in cross-regional 
external validation, with an area under the ROC 
curve of 0.72. The area under the ROC curve ran
ged from 0.72 to 0.78. Comparison of the colony 
prediction model with three previously reported 
clinical prediction models for MASLD resulted in 
superior results to the clinical prediction models, 
and all three clinical prediction models showed 
a significant improvement in predictive efficacy 
when incorporating colony-related features.46 

This independent cohort study identifies micro
biome features in the early stages of hepatic stea
tosis and constructs a risk prediction model for the 
development of MASLD, which provides a new 
direction for exploring microbiome-based 
MASLD prevention and intervention.

Although these studies confirmed the validity of 
the gut microbiota characterization models at differ
ent stages of MASLD progression, yet it is challen
ging to apply these models in clinical trials. This is 
because the baseline gut microbiota is determined by 
many factors, including age, gender, geographic 
location, and lifestyle factors. This therefore means 
that validated tests must be developed to ensure ease 
of diagnosis and reproducibility.

Influencing mechanisms of gut microbiota in 
the progression of metabolic 
dysfunction-associated steatotic liver disease

The gut and liver are connected by a complex net
work of anatomical structures, including the bile 
ducts, portal vein, and the body’s circulation sys
tem. This network facilitates bidirectional commu
nication between the two organs. The liver 
communicates with the intestine by releasing bile 
acids and biologically active mediators into the 
biliary tract and somatic circulation. In the intes
tine, gut microbiota metabolites are transferred to 

the liver through the portal vein. During this pro
cess, the intestinal barrier plays a crucial role in 
absorbing essential nutrients and preventing inva
sion by intestinal luminal microbiota. When the 
intestinal barrier is compromised, the gut micro
biota and its metabolites, such as pathogen- 
associated molecular patterns and endogenous 
ethanol, can influence the progression of MASLD 
through a variety of mechanisms (Figure 2).

Increased intestinal barrier permeability 
exacerbates the progression of metabolic 
dysfunction-associated steatotic liver disease

The intestinal barrier consists of multiple defense 
lines (Figure 3). The first defense line is the mucus 
layer. Specifically, the mucus layer consists of 
water, lipids, mucins, and electrolytes, which iso
lates bacteria and other antigens from direct expo
sure to the intestinal epithelium.47 In the ileocytes 
of mice after the induction by a high-fat diet 
(HFD), the expression of CFTR was down- 
regulated, and mucus synthesis and secretion 
were blocked, resulting in a thinner and less 
dense mucus layer.48 The thinning and rupture of 
the mucus layer is an early feature of MASLD.49 

The second defense line is the intestinal epithelial 
barrier. Specifically, it is mainly composed of 
epithelial cells with tight junctions (TJs) that 
restrict the passage of live bacteria but allow the 
passage of small molecules (such as short-chain 
fatty acids) through the paracellular gap.50 Three 
intercellular junction complexes including TJs, 
desmosomes and adherens junctions are character
istic of the epithelial layer. TJs consist of trans
membrane proteins and related proteins involved 
in intramembrane linkages and vesicle trafficking. 
TJ transmembrane proteins consist of the claudins, 
TJ-associated proteins, and junctional adhesion 
molecules (JAMs). In addition, intracellular scaf
fold proteins such as zonula occludens (ZO)-1, ZO- 
2, and ZO-3, perform regulatory functions by con
necting the TJ to the actin cytoskeleton via trans
membrane proteins. The capacity of the intestinal 
epithelial barrier is related to the expression of TJ 
proteins.51 It has been reported that the expression 
of such TJ proteins as occludin and ZO-1 is down- 
regulated in patients with MASLD.52 Mice with the 
disruption of the gene encoding junctional 
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adhesion molecule A (JAM-A) had defective intest
inal epithelial permeability, and more severe stea
tohepatitis was detected in these HFD-induced 
mice.53 As revealed in a meta-analysis, patients 
with MASLD had increased intestinal permeability, 
which was proved by the oral disaccharide test and 
detection of serum zonulin levels.54 The third 
defense line is the immune defense system. 
Specifically, it is mainly composed of various 
immune cells and secretory IgA. Secretory IgA is 
mainly secreted by plasma cells in the inner layer of 
the gastrointestinal mucosa, which can protect the 
intestinal mucosa from pathogen adhesion and 
regulate the composition of gut microbiota.55 

Some studies have shown that the serum level of 
secretory IgA is significantly higher in individuals 
with severe MASH than in those with mild MASH, 
which may be correlated with fibrosis in the 
advanced stages of this disease.56 Patients with 
MASLD have a decreased level of FOXP3- 
expressing regulatory T cells but an increased 
level of Th1 and CD8+ T cells within the intestinal 
lamina propria. Trypsin-like enzymes from mast 

cells are responsible for ZO-1 cleavage, thus down- 
regulating the JAM-A expression and increasing 
the permeability of the gut epithelial barrier.57

Moreover, there is an intestinal vascular bar
rier consisting of vascular endothelial cells, peri
cytes, and intestinal neuroglia, which prevents 
the transfer of pathogens from the lamina pro
pria to the portal circulation.58 In addition to 
the down-regulated expression of ZO-1 in the 
intestinal epithelial barrier, the expression of 
plasma membrane vesicle-associated protein-1 
was up-regulated significantly in HFD-induced 
mice, which may correlate with the disrupted 
integrity of the gut vascular barrier.59 In mice 
model of MASLD, a dextran fluorescent probe 
tracer was injected intravenously into the HFD- 
fed mice to cross the intestinal vascular barrier 
and reach the lamina propria of the ileum, sug
gesting a significant increase in the permeability 
of the intestinal vascular barrier.60 Further stu
dies revealed that this process was induced by 
the disruption of the intestinal vascular barrier 
through interference with the WNT/β-catenin 

Figure 2. The mechanism of the gut-liver axis: the gut and liver are connected by a complex network of anatomical structures, 
including the bile ducts, portal vein, and the body’s circulation system. This network facilitates bidirectional communication between 
the two organs. The liver communicates with the intestine by releasing bile acids and biologically active mediators into the biliary tract 
and somatic circulation. In the intestine, gut microbiota metabolites are transferred to the liver through the portal vein. The gut 
microbiota and their metabolites, such as pathogen-associated molecular patterns and endogenous ethanol, SCFA, and BA, can 
influence the progression of MASLD through a variety of mechanisms. Abbreviations: SCFA: short-chain fatty acids; BA: bile acids; LPS: 
lipopolysaccharide; AMPK: AMP-activated protein kinase; NF-κB: nuclear factor-κB; IL: interleukin; TNF: tumor necrosis factor; ASBT: 
apical sodium-bile acid transporter; SHP: small heterodimer partner; FXR: farnesoid X receptor; FGF: fibroblast growth factor.
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signaling pathway.61 These results suggest that 
the intestinal barrier contains multiple anatomi
cal and functional structure layers, ranging from 
the intact mucus layer, the intestinal epithelial 
barrier, and the intestinal vascular barrier, to 
the intestinal immune system, which together 
maintain the integrity of the intestinal barrier. 
When the intestinal barrier is impaired, gut 
microbiota and its metabolites can be trans
ferred to the liver via the portal vein, leading 
to liver injury and inflammation or aggravating 
existing liver disease.

Relationship between gut microbiota metabolites 
and metabolic dysfunction-associated steatotic 
liver disease

Pathogen-associated molecular patterns contribute to 
the progression of metabolic dysfunction-associated 
steatotic liver disease
The disruption of the intestinal barrier in the 
early stage of MASLD makes pathogen- 
associated molecular patterns (PAMPs) more 

susceptible to translocation. PAMPs are some 
molecular structures in pathogens, including 
Gram-negative bacteria-associated lipopolysac
charide (LPS), Gram-positive bacteria-associated 
lipoproteins and peptidoglycans, yeast glycans in 
yeast, and DNA from viruses and bacteria.62 

PAMPs can be recognized by pattern recognition 
receptors (PRRs) on immune cells in the gut 
lamina propria and liver, thus triggering an 
immune response. PRRs include Toll-like recep
tors (TLRs), purinergic P2X7 receptors, inflam
matory vesicle family thermoproteins, and GMP- 
AMP synthases.63 Among them, TLRs play a key 
role (Figure 4). The serum level of LPS is notably 
higher in MASLD patients than in healthy people, 
and its level is correlated with the stage of 
MASLD, which can be regarded as a key factor 
for exacerbating MASLD.64 LPS stimulates the 
recruitment of TLR4 through the myeloid differ
entiation primary response gene 88 (MyD88) 
pathway or MyD88-independent signaling, which 
activates the classical nuclear factor-κB (NF-κB) 
and mitogen-activated protein kinase (MAPK) 

Figure 3. Intestinal mechanical barrier: 1. Mucus layer is an external mechanical barrier composed of mucus. 2. Epithelial layer. 3. Tight 
junctions consist of proteins controlling paracellular pathways, adherens junctions, bridges, and gap junctions. 4. Intestinal vascular 
barrier. Abbreviations: LPS: lipopolysaccharide; IgA: immunoglobulin A. Created in https://BioRender.com.
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signaling pathways. This further leads to the 
expression of pro-inflammatory cytokines, includ
ing tumor necrosis factor-alpha (TNF-α), inter
leukin-6 (IL-6), interleukin-8 (IL-8), interleukin- 
12 (IL-12), and chemokines (including interferon- 
γ and monocyte chemoattractant protein-1 
[MCP-1]), thereby promoting inflammation.65 

This process involves multiple intracellular cas
cades, including the stress response and promye
locytic leukemia protein kinase, c-Jun NH 2 - 
terminal kinase (JNK), and P38 mitogen- 
activated protein kinase, which trigger the tran
scription of proinflammatory genes and promote 
the hepatic migration of neutrophils and mono
cytes, thus promoting the low-grade systemic 
inflammation and liver injury induced by oxida
tive stress mediators (namely nitrogen- and oxy
gen-responsive substances).66 TLR4/NF-κB 
signaling not only aggravates the hepatic cellular 
inflammatory response and steatosis but also up- 
regulates the expression of the Notch ligand 
Jagged1 (JAG1) and induces liver fibrosis.67 

Mitochondrial DNA released from hepatocytes 
injured by lipid overload induces the up- 

regulated expression of macrophage IL-33 via 
TLR 9 and enhances the lipopolysaccharide- 
induced production of inflammatory cytokines.68 

In MASLD mice, PAMPs induced the activation 
and polarization of hepatic macrophages to M1- 
type macrophages via the TLR2-NF-kB/NLRP3- 
Caspase-1 pathway and activated the mTOR- 
S6K1-SREBP-1/PPAR-α signaling pathway, thus 
leading to a shift in lipid metabolism from trigly
ceride oxidation to triglyceride synthesis.69 In the 
liver, the activation of TLR4 by gut-derived LPS 
activates NK-κB, which promotes the synthesis of 
cytokines and pro-inflammatory factors, including 
the chemokines CC-chemokine ligand 2 (CCL2) 
and IL-8, which attract neutrophils and macro
phages to the liver, respectively.14

Notably, the activation of the TLR4-Nf-κB 
pathway stimulates the production of pro-IL-β. 
Interleukin-1β (IL-1β) amplifies the synthesis of 
proinflammatory cytokines through the autocrine 
mechanism, which makes hepatocytes more 
prone to apoptosis, thus promoting hepatic fat 
accumulating and accelerating hepatic fibrosis.70 

In addition, the NOD-like receptor protein 3 

Figure 4. Types of TLRs. TLR1, 2, 4, 5, and 6 conjugate to molecules associated with bacterial membranes. TLR4 is one of the most 
studied TLRs and conjugates to LPS from the cell wall of gram-negative bacteria. TLR3, 7, 8, and 9 recognise viral, bacterial or 
endogenous nucleic acid. Abbreviations: TLR: toll-like receptor; NF-κB: nuclear factor- κB; MyD88: myeloid differentiation factor 88; IFR: 
interferon regulatory factor; PAMP: pathogen-associated molecular pattern. Created in https://BioRender.com.
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(NLRP3) can stimulate immunity by forming 
inflammatory vesicles with apoptosis-associated 
speck-like protein containing a CARD (ASC, an 
apoptosis-associated speck-like CARD-domain 
protein), thus activating procaspase 1.71 

Inflammatory vesicle dysfunction may lead to 
an excessive hepatic inflammatory response, 
liver fibrosis, and cell death. In addition, patients 
with MASH have been found to have an elevated 
plasma level of mitochondrial DNA, which can 
act as a potent TLR-9 activator. It was also 
revealed that TLR-9-deficient mice were protec
tive against HFD-induced hepatosteatosis and 
inflammation, highlighting the significance of 
the TLR-9 pathway in regulating inflammation 
in MASH.72 The above results corroborate the 
acting mechanism of PAMPs in the pathogenesis 
of MASLD.

Endogenous ethanol promotes the progression of 
metabolic dysfunction-associated steatotic liver 
disease
Under normal conditions, the concentration of 
blood ethanol increases in humans after the inges
tion of nonalcoholic foods, which have been con
firmed to be continuously fermented by gut 
microbiota to produce ethanol. Under normal con
ditions, endogenous ethanol is rapidly and comple
tely removed from the portal bloodstream, which is 
typically achieved by hepatic ethanol dehydrogen
ase, the microsomal ethanol oxidation system, and 
catalase.73 Patients with MASLD have significantly 
higher plasma endogenous ethanol concentrations 
produced by gut microbiota compared with 
healthy individuals.74 The high alcohol-producing 
Klebsiella pneumoniae in gut microbiota has been 
confirmed to cause a fatty liver via the 2,3-butane
diol fermentation pathway.75 Some researchers 
have identified other ethanol-producing micro
biota in the gut, such as Limosilactobacillus fer
mentum, Enterocloster bolteae, Mediterraneibacter 
gnavus, Streptococcus mutans, Pichia kudriavzevii, 
Candida albicans and Candida glabrata Yeasts.76,77

Endogenous ethanol can disrupt the integrity of 
the intestinal barrier through several mechanisms. 
Specifically, acetaldehyde, a metabolite of ethanol, 
can down-regulate the expression of TJ proteins 

(such as ZO-1 and claudin-1) in IECs through 
a protein phosphatase 2A-dependent 
mechanism,78 thereby impairing the structural 
integrity of intestinal TJs. Ethanol can significantly 
elevate the level of apoptosis-related marker pro
teins, such as intestinal cytochrome P450 2E1 
(CYP2E1), inducible nitric oxide synthase (iNOS), 
and nitrulin, proving that ethanol can disrupt the 
intestinal barrier.79 Ethanol may also impair the 
mucosal repair capacity of the intestinal barrier 
through β-catenin signaling dysregulation, which 
inhibits the proliferation of intestinal stem cells,80 

further exacerbating the damage of the gastroin
testinal barrier. The ethanol-induced increase in 
gastrointestinal permeability promotes the move
ment of more microbe-associated molecular pat
terns (MAMPs) and triggers an immune response 
that may lead to liver inflammation.81

Endogenous ethanol can not only increase 
intestinal permeability but also affect lipid meta
bolism in the liver and hepatocyte inflammation. 
Although endogenous ethanol exacerbates fat 
accumulation in hepatocytes, it is not directly 
involved in fatty acid synthesis. Ethanol can ulti
mately increase fatty acid synthesis in the liver 
through the activation of transcription factors for 
fatty acid synthesis such as sterol regulatory ele
ment binding protein-1c (SREBP-1c).82 In the 
metabolism process of ethanol to acetaldehyde, 
NAD+ is consumed, which increases the ratio 
of NADH to NAD+ and disrupts fatty acid oxi
dation, leading to hepatic steatosis.73 The meta
bolism of ethanol to acetaldehyde can affect the 
expression of SREBP1c and peroxisome prolifera
tor-activated receptor alpha (PPAR-α) by regulat
ing their transcription, modulating the immune 
response activation, endoplasmic reticulum 
stress-related variants in adenosine and lipocalin 
levels, and reducing the activity of the regulatory 
protein ATAT3, thus contributing to fatty acid 
accumulation.83 Ethanol can stimulate the activa
tion of PPAR-α, which results in the down- 
regulated expression of various genes related to 
free fatty acid transport and oxidation.70 Besides, 
ethanol can also induce oxidative stress by dis
rupting the mitochondrial respiratory chain of 
hepatocytes, thus leading to the production of 
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reactive oxygen species (ROS).84 In addition, 
acetaldehyde exacerbates oxidative stress induced 
by ethanol consumption by binding to glu
tathione (GSH), an important antioxidant in the 
liver, thereby leading to a decrease in the hepatic 
antioxidant capacity.70 Ultimately, ROS generated 
after exposure to ethanol can interact with pro
teins to alter their structure and function. 
Further, these ROS can even directly combine 
with and destroy DNA, causing impaired cellular 
function and increasing the risk of hepatic 
carcinoma.85

Overall, the mechanisms by which endogenous 
ethanol promotes the development of MASLD are 
similar to those by which exogenous ethanol causes 
MASLD. Long-term exposure to endogenous etha
nol can cause liver injury. However, there are no 
treatment guidelines for the excessive production 
of endogenous ethanol, and most clinical evidence 
is summarized from case reports. Therefore, it is 
essential to further investigate the genetic and 
metabolic characteristics of these ethanol- 
producing bacteria.

Effects of short-chain fatty acids on metabolic 
dysfunction-associated steatotic liver disease
A short-chain fatty acid (SCFA) is an organic fatty 
acid synthesized by the gut microbiota through the 
fermentation of indigestible carbohydrates and 
soluble dietary fiber, mainly including acetate, pro
pionate, butyrate, and valerate.86 High levels of 
SCFAs are produced in the intestine mainly by 
the genera Clostridium, Bacillus, and 
Butyricum.87 Intestinal SCFAs can enter the liver 
through the hepatic portal vein, accounting for 
about 5%-10% of the energy supply.88 SCFAs can 
delay the development of MASLD by improving 
the intestinal barrier function, regulating the appe
tite, and exerting anti-inflammatory effects.

SCFAs can directly enhance the intestinal barrier 
function via G protein-coupled receptors (GPCRs), 
including GPR41 and GPR43, which affect a range 
of cells, including columnar cells, epithelial stem 
cells, and enteroendocrine cells. For instance, 
GPCRs can regulate epithelial cell turnover and 
maintain epithelial barrier integrity.89 SCFAs can 
stimulate prostaglandin production by subepithe
lial myofibroblasts and up-regulate the expression 
of mucin.90 Butyrate can up-regulate the 

expression of TJ proteins and increase their abun
dance by activating the synthesis of Akt/mTOR- 
mediated proteins, including claudin 3 and claudin 
4 in epithelial cells.91 It has been demonstrated that 
SCFAs can reverse the decreased transepithelial 
resistance, increased paracellular permeability, 
and disrupted morphology of TJ proteins observed 
upon lipopolysaccharide (LPS) stimulation by inhi
biting autophagy and acting as a histone deacety
lase (HDAC) inhibitor to suppress NLRP3 
inflammatory vesicles.92 In addition to maintaining 
the integrity of the intestinal barrier through the 
formation of TJs, SCFAs can also support the 
renewal of IECs. Butyrate can inhibit the prolifera
tion of intestinal stem cells and progenitor cells and 
delay wound repair through the transcription fac
tor fork-head box O3 (FOXO3).93 The butyrate- 
dependent inhibition of histone deacetylase 8 
(HDAC8) can prevent IECs from death during 
intestinal inflammation by suppressing the expres
sion of hexokinase 2 and subsequently inhibiting 
mitochondrial respiration.94 Butyrate increases the 
oxygen consumption of IECs, thereby stabilizing 
the expression of hypoxia-inducible factors (HIFs) 
to promote intestinal barrier repair.95

SCFAs can promote the expression of PPAR-1α, 
activate the AMP-activated protein kinase (AMPK) 
signaling pathway, promote fatty acid oxidation, 
and inhibit lipogenesis.96 Besides, SCFAs can also 
inhibit the synthesis of hepatic fatty acids by down- 
regulating the expression of genes related to hepa
tic adipogenesis, primarily by regulating the 
expression of sterol regulatory element-binding 
protein-1c (SREBP-1c).97 Additionally, SCFAs sti
mulate the secretion of glucagon-like peptide-1 
(GLP-1) and peptide YY (PYY) via free fatty acid 
receptor 2 (FFAR2), which promotes satiety and 
regulates insulin sensitivity through the activation 
of endocrine receptors in the hypothalamus and 
the nucleus tractus solitarius.98 Charlotte et al. 
found that SCFAs were not dependent on FFAR2/ 
FFAR3 but primarily acted as energy sources for rat 
colonocytes, subsequently triggering the secretion 
of GLP-1.99 Nicola et al. further showed that SCFAs 
can influence food intake by modulating orexin/ 
hypothalamic orexin neuron inhibition mediated 
by orexigenic neuron activities.100 Moreover, 
SCFAs can alter gene transcription via HDACs, 
an enzyme that can catalyze the clearance of acetyl 
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groups from lysine residues on histones, thereby 
reducing gene transcription. Butyrate may exert an 
anti-inflammatory effect by inhibiting HDACs. 
Active butyrate has an anti-inflammatory effect 
on hepatic Kupffer cells. The supplementation of 
butyrate to rats in vivo enhanced the ability of blast 
cells in the liver to produce immunosuppressive 
prostaglandin E2 (PFE2), namely that the supple
mentation of butyrate to the blast cells in the liver 
in vitro increased the production of PGE2 and 
inhibited the secretion of tumor necrosis factors 
(TNFs).89 SCFAs are associated with the develop
ment of MASLD, and butyrate plays a particularly 
important role in this process. Therefore, targeting 
the metabolism of SCFAs exhibits the potential to 
prevent MASLD.

Bile acids alleviate metabolic dysfunction-associated 
steatotic liver disease
Bile acids (BAs) can be classified into primary and 
secondary bile acids. Specifically, primary bile acids 
are synthesized by hepatocytes and stored in the 
gallbladder, while secondary bile acids are products 
of bacterial metabolism. The cholesterol biosynth
esis of bile acids is initiated by cholesterol 7a- 
hydroxylase (CYP7A1) in the classical pathway in 
hepatocytes or sterol 27-hydroxylase (CYP27A1) in 
the alternative pathway in extrahepatic tissues. 
When food is consumed, bile acids are released 
into the duodenum, where they are metabolized 
by gut microbiota in the gastrointestinal tract. 
Approximately 95% of the bile acids are reabsorbed 
before reaching the end of the ileum and circulat
ing through the gut-liver axis. The remaining 5% of 
bile acids enter the colon and contribute to the 
production of deoxycholic acid (DCA) through 
dehydroxylation and reabsorption.

Bile acids can act as emulsifiers to promote fat 
absorption, and they are also closely related to 
various metabolic regulation patterns in the body. 
The serum level of total bile acids is elevated in 
adult patients with MASH.101 It has been stated 
that the level of total bile acids is elevated in diet- 
induced MASH mice, which is closely related to the 
severity of fibrosis.102 Bile acids regulate bile acid 
metabolism, energy metabolism, lipid metabolism, 
glucose metabolism, and immune cell function 
through the activation of nuclear or membrane 
receptors, such as farnesoid X receptors (FXRs), 

vitamin D receptors, pregnane X receptors, and 
G protein-coupled receptors5. Additionally, bile 
acids can maintain intestinal epithelial integrity 
through the expression of ZO-1 and claudin-1 sti
mulated by FXRs, and they can regulate mucin 
production to maintain the integrity of the gastro
intestinal vascular barrier.103

Bile acids can affect glucose and lipid metabolism 
through the FXR signaling pathway. Besides, bile 
acids can inhibit gluconeogenesis through FXR- 
dependent and non-FXR-dependent mechanisms. 
In addition, they can also indirectly regulate glucose 
homeostasis through the FXR-dependent induction 
of intestinal fibroblast growth factor 15 (FGF15) 
(FGF19 in humans),104 down-regulates the expres
sion of SREBP-1c, reduces adipogenesis, and 
increases fatty acid β-oxidation.105 Moreover, bile 
acids can promote the synthesis and release of insu
lin through the activation of GLP-1 by the 
G-protein-coupled bile acid receptor (Takeda 
G-protein-coupled receptor 5 [TGR5]). 
Furthermore, they can also protect pancreatic β- 
cells by inhibiting apoptosis and stimulating β-cell 
proliferation, thus reducing insulin resistance.106

Bile acids also play an essential role in immuno
modulation through the FXR signaling pathway. 
The activation of FXRs inhibits NF-κB and reduces 
hepatic inflammation. Bile acid signaling through 
FXRs and TGR5 affects TLR-dependent pathways 
and NRLP3-dependent inflammatory vesicle acti
vation, thereby modulating immune effects.107,108 

The results show that FXRs have a critical role in 
the progression of MASLD. FXR agonists can lower 
the level of triglycerides through multiple mechan
isms, including the inhibition of atypical nuclear 
receptor small heterodimers by SREBP-1c and the 
FXR-dependent induction of PPAR-α.109

Gut microbiota can convert primary bile acids 
into secondary bile acids, and bile acids can also 
influence the composition of gut microbiota. The 
diets with a high level of bile acids significantly 
inhibit the phyla Anabaena and Actinobacteria.110 

Nie et al. found that 3-succinylcholic acid pro
moted the growth of Akkermansia muciniphila in 
the gut.111 Thus, the interaction between bile acids 
and gut microbiota is bidirectional, and its effects 
on MASLD are highly complex. Bile acids are the 
end products of cholesterol metabolism and play 
a key role in regulating gut microbiota. Bile acids 
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facilitate the digestion and absorption of dietary 
fats and fat-soluble vitamins, thus regulating host 
metabolism and immunity. Therefore, targeting 
bile acid metabolism and signaling is expected to 
become a novel therapeutic option for MASLD.

Impaired choline metabolism affects metabolic 
dysfunction-associated steatotic liver disease
Choline engaged in the synthesis of phospholipids, 
betaine, acetylcholine, and trimethylamine (TMA). 
Due to its importance for liver function, brain 
development, nerve function, and muscle move
ment, choline is considered an indispensable nutri
ent for the human body. Rodents fed on a choline- 
deficient diet have been used to mimic nonalco
holic steatohepatitis in humans. Choline can be 
processed into phosphatidylcholine, which contri
butes to the excretion of very low-density proteins 
from the liver and prevents hepatic steatosis. 
A choline-deficient diet can reduce the diversity 
of gut microbiota by altering the representative 
strains in the gut microbiota.112 Besides, this diet 
may also disrupt the integrity of the intestinal 
epithelial barrier and exacerbate MASLD by down- 
regulating the expression of TJ proteins such as 
ZO-1.113 Juliette et al. found that a choline- 
deficient diet down-regulated the expression of 
the WNT/β-catenin signaling pathway, further up- 
regulating the expression of plasmalemma vesicle 
associated protein-1 (PV-1) and inducing 
a disruption to the intestinal vascular barrier.61

It has been found that gut microbiota, including 
Anaerococcus hydrogenalis, Clostridium asparagi
forme, Clostridium hathewayi, Clostridium sporo
genes, Escherichia fergusonii, Proteus penneri, 
Providencia rettgeri, and Edwardsiella tarda, can 
convert choline to TMA.114,115 TMA is absorbed 
by the intestinal epithelium and then transported 
through the portal vein to the liver, where it is 
oxidized to trimethylamine N-oxide (TMAO).116 

As revealed in some clinical studies, the level of 
TMAO in the blood is associated with the progress 
of MASLD, and a high level of TMAO may increase 
the risk of MASLD in adults.117

TMAO induces lipid accumulation, inflamma
tory infiltration, liver injury, and liver fibrosis in 
zebrafish, while activating the protein kinase 
R (PKR)-like endoplasmic reticulum kinase 
(PERK) signaling pathway for endoplasmic 

reticulum stress in the liver of zebrafish.118 Nian 
et al. found that TMAO disrupted the structure and 
function of the intestinal barrier at different levels, 
which further activated the TLR 4/MyD 88/NF-κB 
pathway and inhibited the WNT/β-catenin path
way. TMAO can also induce endothelial dysfunc
tion via the capillarization of liver sinusoidal 
endothelial cells (LSECs) and simultaneously reg
ulate macrophage polarization.119 In addition to 
damaging the intestinal epithelium, Miyata et al. 
further found that TMAO ingestion ameliorated 
liver injury in FXR-deficient mice by altering the 
metabolism of bile acids and cholesterol in an FXR- 
independent manner.120 However, Zhao et al. 
found that in high-fat and high-cholesterol diet- 
induced MASH rats, TMAO intervention inhibited 
intestinal cholesterol uptake by down-regulating 
the cholesterol influx-associated protein 
(Niemann-Pick C1-like 1 protein [NPC1L1]), 
while up-regulating cholesterol efflux-associated 
proteins (ATP binding cassette subfamily 
G member 5/8 [ABCG 5/8]), which attenuated 
cholesterol-induced endoplasmic reticulum stress 
and cell death in the liver.121 Based on these 
mechanisms, a high serum level of TMAO may 
aggravate MASLD. However, whether the serum 
level of TMAO can be used as a biomarker for 
MASLD still needs further exploration.

Effects of other gut microbiota metabolites on 
metabolic dysfunction-associated steatotic liver 
disease
Tryptophan is an essential amino acid that can be 
converted to a variety of bioactive substances in the 
human body. The addition of tryptophan to foods 
reduces the severity of MASLD by reducing fat 
accumulation and relieving the disruption of bioe
lectrical properties, and it can also prevent 
a decrease in the synthesis of adenosine tripho
sphate (ATP) in mitochondria.122 Approximately 
5% of tryptophan is converted to indole metabo
lites by gut microbiota, which may alleviate 
MASLD. In HFD-induced hepatic steatosis mice, 
Indole-3-acetic acid (IAA) reduced the infiltration 
of macrophages in liver tissues, decreased the level 
of chemotactic protein-1 and TNF-α in monocytes, 
and down-regulated the expression of genes 
involved in adipogenesis.123 Zhao et al. found that 
IAA induced the expression of TJ proteins such as 
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ZO-1 and occludin, which enhanced the intestinal 
barrier, reduced endotoxin leakage, inhibited NF- 
κB signaling, decreased the level of such pro- 
inflammatory factors as TNF-α and IL-1β, and 
inhibited the expression of fibrogenic proteins 
and collagenous proteins, thereby attenuating 
hepatic steatosis.124 Zhu et al. confirmed that 
indole supplementation significantly reduced the 
severity of hepatic steatosis, inflammation, and 
hepatic fibrosis in MASLD mice. Some cellular 
experiments revealed that indole supplementation 
inhibited the fibrotic activation of hepatic stellate 
cells (HSCs) as well as intestinal pro-inflammatory 
responses, thereby attenuating MASH.125

Other gut microbiota metabolites such as 
Trimethyl-5-aminovaleric acid (TMAVA) have 
also been implicated in the pathogenesis of 
MASLD. Zhao et al. found that the plasma level 
of TMAVA was elevated in patients with hepatic 
steatosis, and TMAVA supplementation in HFD- 
fed mice exacerbated MASLD by inhibiting γ-butyl 
betaine hydroxylase and reducing carnitine synth
esis and fatty acid oxidation.126 The metabolites of 
gut microbiota generally affect gastrointestinal bar
rier integrity and affect hepatic steatosis, inflam
matory responses, and oxidative stress by 
influencing various signaling pathways. A more 
thorough insight into the acting mechanisms of 
these metabolites may contribute to identifying 
the pathogenic targets of MASLD, thus promoting 
the development of drugs with MASLD-specific 
targets.

Progress in the application of intestinal 
probiotics in the treatment of metabolic 
dysfunction-associated steatotic liver disease

The pathophysiological mechanisms of MASLD 
are extremely complex, involving multiple patho
genic pathways that have not yet been fully eluci
dated. To date, there is only one potent drug 
(namely, Resmetirom) approved by the Food and 
Drug Administration (FDA) for the clinical treat
ment of MASLD.127 However, it is only indicated 
for patients with stage F2 and F3 fibrotic MASH 
who have not progressed to cirrhosis. This also 
suggests that existing MASH therapeutics cannot 
meet the clinical need. Clinical practice guidelines 

from the European and American Societies of 
Hepatology recommend a low-calorie diet com
bined with exercise to achieve a degree of weight 
loss in overweight or obese patients with MASLD, 
thus improving biochemical liver function and alle
viating histological hepatic steatosis. However, 
individuals who have had the disease still face 
a recurrence rate of up to 49%.128 Therefore, there 
is still an urgent demand for novel drugs. 
Currently, there is widespread interest in the treat
ment of MASLD by modulating the constitutive 
species or metabolites of gut microbiota, including 
antibiotics, probiotics, prebiotics, synbiotics, and 
gut microbiota transplants). Although antibiotics 
can remove or prevent specific bacterial infections 
or colonization in the gut to maintain the composi
tion of gut microbiota, the use of antibiotics inevi
tably leads to the emergence of resistance in 
individuals, which limits their application. 
Engineered bacteria and phage therapies are emer
ging therapeutic strategies that may have shown 
precision in targeting gut microbiota.

Probiotics

Probiotics are safe and live bacteria that can pro
mote host health. The effectiveness of probiotics 
for MASLD treatment has been verified in 
a growing number of animal experiments 
(Table 1). In MASLD, Lactobacillus and 
Bifidobacterium are the most common conven
tional probiotics. Conventional probiotics can ful
fill functions in the treatment of MASLD through 
several mechanisms, including regulating the com
position or abundance of gut microbiota; influen
cing the metabolism of bile acids, which in turn 
affects hepatic lipid and glucose homeostasis; 
maintaining the integrity of the gastrointestinal 
barrier; down-regulating the expression of pro- 
inflammatory factors as well as the production of 
SCFAs; reducing oxidative stress. For example, 
dietary complex probiotics promote ileal FXR sig
naling and up-regulate the hepatic FXR/SHP path
way to negatively regulate the synthesis of bile acid. 
Meanwhile, modulating FXR signaling can stimu
late PPAR-α-mediated lipid oxidation and inhibit 
SREBP1c/PPAR-γ-mediated lipid synthesis.139 

Acetate produced by the fermentation using 
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probiotics in the intestinal lumen can regulate 
insulin sensitivity via hepatic FFAR2, thereby pre
venting the progression of MASLD.140 The probio
tic Bacillus monomorphus could promote 
glucosamine production through the synthesis of 
3-succinylated cholic acid (3-sucCA), which in 
turn stimulated the growth of the probiotic bacter
ium Ackermannia mucinophilus, thus remodeling 
gut microbiota and decelerating the progression of 
MASH in mice.111

It is noteworthy that Akkermansia muciniphila 
has become a research hotspot for the probiotic 
treatment of MASLD in recent years. 
Akkermansia muciniphila is a Gram-negative 
anaerobic bacterium that colonizes the mucus 
layer of the intestine and alleviates MASLD 
through three ways. Firstly, extracellular vesicles 
produced by the metabolism of Akkermansia 
muciniphila can be used as a delivery vehicle to 
improve the depth and thickness of mucosal crypts 
induced by HFDs and thus improve intestinal 

permeability. This further up-regulates the expres
sion of TJ-related proteins, including ZO-1, occlu
din, and claudin-1, thus improving the expression 
of MASLD in obese mice and humans.141,142 

Secondly, Akkermansia muciniphila can regulate 
the hepatic immune microenvironment through 
the TLR2-γδT17 cell axis by secreting cytokines 
such as IL-17A and IL-22 as well as regulating the 
conversion of macrophages into anti-inflammatory 
macrophages, which in turn reduces hepatic 
inflammation.143 Thirdly, Akkermansia mucini
phila can lower blood glucose and inhibit gastric 
emptying by stimulating GLP-1 secretion.144 The 
above findings suggest that probiotics may delay 
the progression of MASLD by regulating hepatic 
lipid metabolism, improving insulin resistance, 
inhibiting hepatic inflammatory responses, influ
encing the composition of gut microbiota, or 
improving the permeability of the gut microbiota 
barrier. In addition, it has been validated in clinical 
trials that probiotics can mitigate MASLD 

Table 1. Preclinical studies on the effect of different probiotics on MAFLD.
Probiotics Animal model Experimental Methods Mechanism of action

Bacteroides 
thetaiotaomicron 
(B. theta)129

HFD-fed male mice B. theta tube-feeding was administered 
continuously 3 times a week for 12 weeks.

1) Regulation of gut microbiota. 
2) Enhances folate synthates and regulates 

folate metabolism. 
3) Regulation of unsaturated fatty acids.

Lactococcus lactis KF140 
(LL-KF140)130

CML and HFD-fed 
mice

LL-KF140 was administered for 8 weeks. 1) Reduced adipogenic gene expression. 
2) Significantly reduced poor glucose tolerance 

and insulin resistance.
Bacteroides ovatus131 HFHC-fed male 

C57BL/6 J mice
Bacteroides ovatus tube feeding method for 

8 weeks.
1) Reduced adipogenic gene expression. 
2) Regulates gut microbiota. 
3) Suppression of the inflammatory response. 
4) Increase SCFA levels.

Lactobacillus rhamnosus 
GG132

HFHF-fed male Wistar 
rats

GG administered by oral force-feeding for 6 weeks 1) Reduced adipogenic gene expression.

Lactobacillus oris133 C57BL–6 ob/ob mice Oral Lactobacillus oris for 5 weeks 1) Regulates fatty acid synthesis. 
2) Promotes the conversion of cholesterol to bile 

acids.
Bifidobacterium134 WD fed C57BL/6 

J mice
Bifidobacterium feeding for 8 weeks 1) Regulation of gut microbiota and their 

metabolites. 
2) Strengthening the intestinal barrier. 
3) Regulation of lipid metabolism and 

modulation of inflammatory responses.
Lactobacillus plantarum 

ATCC14917135
HFD-fed male 

Sprague Dawley 
rats

Lactobacillus plantarum ATCC14917 intervention 
8 weeks

1) Regulation of oxidative stress. 
2) Relieves liver inflammation. 
3) Regulates gut microbiota.

Cholesterol lowering (CL) 
probiotics136

HFD-fed male FXR 
knockout mice

Gavage with probiotics for 16 weeks 1) Suppression of liver inflammation. 
2) Restore the balance of gut microbiota. 
3) Correct bile acid composition and content.

Bifidobacterium animalis 
subsp. lactis SF137

HFD-fed C57BL/6N 
mice

Probiotics given by gavage for 12 weeks 1) Regulation of lipid metabolism and reduction 
of insulin resistance. 

2) Reduces oxidative stress and inflammatory 
responses. 

3) Restoring the intestinal barrier. 
4) Regulation of gut microbiota abundance.

Mutaflor(®) Probiotics138 HFHSD-fed male 
Wistar rats

Mutaflor(®) probiotics were administered by tube 
feeding for 12 weeks.

1) Reduces inflammatory response. 
2) Reduces liver fibrosis.

Abbreviation: HFD: high-fat diet; CML: Nε-carboxymethyl-lysine; HFHCD: high-fat and high-cholesterol diet; HFHFD: high-fat high-fructose diet; WD: western 
diet; HFHSD: high-fat high sucrose diet.
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(Table 2), which is in line with the results of animal 
experiments. Overall, probiotics are effective in the 
treatment of MASLD. However, there are currently 
no strains or probiotic combinations to achieve 
clinical therapeutic effects. Therefore, additional 
studies are needed through the standardization of 
strains, probiotic doses, and treatment duration to 
assess their long-term efficacy and clarify their 
precise acting mechanisms.

World Health Organization(WHO) suggests 
that probiotics are beneficial to their intended 
hosts if provided in sufficient quantities.152 The 
dose range of probiotics for the treatment of 
MASLD in existing clinical research trials varies 
widely, usually 5 × 106/1010 CFU/day.153 There 
are few studies that have systematically explored 
the linear relationship between probiotic dose 
and the effect of treatment of MASLD. 
However, probiotics have been explored in the 
dose effect of antibiotic-associated diarrhea and 
other diseases. Studies on fecal recovery and anti
biotic-associated diarrhea (AAD) have shown 
a dose-response relationship. Early observations 
by Van Niel et al. are consistent with their earlier 

observations, where they observed a dose- 
response to the inclusion of four probiotic pro
ducts in the study in an AAD analysis, with 
a dose of less than 1010 CFU being 
ineffective.154 Similarly, Johnston et al. observed 
that higher doses (more than 5 × 109 CFU) were 
more effective than lower doses (less than 5 × 109 

CFU) based on 15 studies and 10 different pro
biotic products.155 These studies suggest that 
higher doses of probiotics are most effective in 
treating antibiotic-associated diarrhea. In addi
tion, probiotics provide beneficial effects in the 
treatment of necrotizing enterocolitis. However, 
studies have shown no clear correlation between 
dose and risk ratio of necrotizing small bowel 
colitis.156 In other diseases, no clear dose effect 
has been observed.157 However, the absence of 
evidence of a dose effect does not mean that no 
dose effect exists. A meta-analysis on meta- 
analysis showed that leptin levels in patients 
with MASLD decreased more than other clinical 
indicators in response to probiotic and synbiotic 
supplementation. Although the degree of leptin 
decline did not show significant differences in 

Table 2. Clinical treatment with probiotics.

Probiotics

Number 
of 

patients

Duration 
of 

treatment Effect

Probiotic mix Lactobacillus acidophilus + Lactobacillus rhamnosus 
+ Lactobacillus paracasei + Bifidobacterium lactis145

44 24 weeks (1) Intervention with probiotics in the early stages of NASH 
showed no significant changes in hepatic and clinical 
parameters.

Multi-strain probiotics (MCP®BCMC®strains) containing 
Lactobacillus acidophilus, Lactobacillus casei subspecies, 
Lactobacillus lactis, Bifidobacterium bifidum, Bifidobacterium 
infantis and Bifidobacterium longum146

40 6 months (1) Probiotics reduce the secretion of inflammatory 
cytokines.

(2) Significantly altered beta diversity analysis to improve 
gut microbiota imbalance.

VSL#3 [A highly concentrated multi-strain probiotic blend 
containing one strain of Streptococcus thermophilus BT01, three 
strains of Bifidobacterium, and four strains of Lactobacilli]147

60 3 months (1) Liver function improved.
(2) Total cholesterol, LDL-C and HDL-C in lipids were 

unchanged and TG was reduced.
Multi-strain probiotics of six different Lactobacillus and 

Bifidobacterium species (MCP®BCMC®strains: Lactobacillus 
acidophilus, Lactobacillus casei subspecies, Lactobacillus lactis, 
Bifidobacterium bifidum, Bifidobacterium infantis and 
Bifidobacterium longum).148

39 6 months (1) There was no statistically significant reduction in hepatic 
fat deformation levels.

(2) There were no significant changes in LiverFAST analysis 
(Steatosis, Fibrosis and Inflammation Score), alanine 
aminotransferase, total cholesterol, triglycerides and 
fasting blood glucose.

(3) There was no significant change in transient elastogra
phy measurements.

(4) Stabilising mucosal immune function and protecting 
NAFLD patients from increased intestinal permeability.

Lactobacillus Lb149 50 3 months (1) ALT, AST and BMI improved.
(2) MASLD fibrosis scores were not significantly altered.

Lactobacillus acidophilus and Bifidobacterium lactis150 48 6 months (1) The AST to platelet ratio index improved.
(2) Insufficient to improve enzymatic liver markers, inflam

matory parameters and gut microbiota in MASH patients.
Lactobacillus acidophilus Lactobacillus acidophilus Bifidobacterium 

breve, B. longum, L. delbrueckii susp. bulgaricus, L. helveticus, 
L. plantarum, L. rhamnosus, L. casei, Lactococcus lactis susp. 
lactis, Streptococcus thermophiles151

48 12 weeks (1) Improvement in AST, NAFLD fibrosis score, serum trigly
cerides and visceral obesity index.

Abbreviation: LDL-C: low-density lipoprotein-cholesterol; HDL-C: high-density lipoprotein-cholesterol; TG: triglycerides; AST: aspartate aminotransferase; ALT: 
alanine aminotransferase; BMI: body mass index.
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terms of intervention form (probiotic/synbiotic 
type), total bacterial dose, length of follow-up, 
or quality of randomized controlled trials 
(RCTs), the following trend was observed: the 
decline in leptin levels was more pronounced 
when probiotics/synbiotics were supplemented 
in the form of dietary supplements, at a low 
daily dose, and for a duration of ≥12 weeks.158 

Currently, there is a lack of standardized dosage 
recommendations for probiotics in the treatment 
of MASLD, and more studies are needed to com
pare the effects of different dosages due to the 
wide variation in populations, regimens, and 
endpoints.

This is because the mechanism by which probio
tics regulate MASLD is complex and involves the 
regulation of multiple metabolites. Acetate pro
duced by Bifidobacterium pseudolongum inhibits 
hepatocellular carcinoma associated with nonalco
holic fatty liver disease.159 Lactobacillus rhamnosus 
GG depletes intestinal fatty acids and defends 
against the initial stages of MASLD development 
earlier than in vitro changes in intestinal perme
ability or inflammation.160 A randomized con
trolled trial showed that a multi-strain 
combination probiotic was superior to a single 
strain in improving liver enzymes, hepatic steato
sis, and fibrosis scores.161 Yang et al. analyzed 
a total of 35 RCTs involving 2212 patients with 
MASLD and showed that Lactobacillus, 
Bifidobacterium, and Streptococcus may be the 
most effective probiotic combinations for the treat
ment of liver enzymes, lipid profile, and inflamma
tory factors.162

Prebiotics and synbiotics

Prebiotics are substrates that are selectively utilized 
by host microorganisms and confer health benefits 
on hosts.163 Prebiotics are mainly composed of 
polysaccharides (such as inulin, cellulose, pectin, 
and resistant starch), oligosaccharides (such as oli
gofructose, oligogalactose, oligoisomaltose, and 
lactofructose), and non-carbohydrates (such as fla
vonoids). A growing number of experiments have 
demonstrated the significant efficacy of prebiotics 
in the treatment of MASLD (Table 3). Prebiotics 
can reduce triglyceride accumulation by stimulat
ing fatty acid oxidation via PPAR-α and reduce 

cholesterol accumulation by inhibiting SREBP- 
2-dependent cholesterol synthesis.164

Sea buckthorn polysaccharides can also attenu
ate hepatic lipid accumulation by regulating the 
Nrf-2/HO-1 signaling pathway.166 Silymarin is 
a flavonolignan extracted from the fruit of the 
Chinese medicine silymarin and has been con
firmed to be beneficial to the treatment of liver 
disease.182 In a mouse model of MASLD, silymarin 
as a prebiotic inhibited NF-κB signaling by enhan
cing FXR transcriptional activities, thus ameliorat
ing insulin resistance and decreasing inflammation 
levels.183 In clinical trials, silymarin reduced liver 
fibrosis in adult patients with biopsy-proven 
MASH.184 Resveratrol can prevent HFD-induced 
insulin resistance and hepatic steatosis by targeting 
the miR-34a/SIRT1 axis.185 Several clinical trials 
have revealed that prebiotic supplementation in 
patients with MASLD improves blood lipids 
(Table 4). However, a recent clinical trial based 
on 19 subjects showed no significant changes in 
the hepatic fat content and the level of metabolic 
and inflammatory mediators in liver function tests 
in MASLD patients supplemented with inulin.189 

The undefined effectiveness of prebiotics due to 
different treatment courses and the heterogeneity 
in the patient populations necessitates large-scale 
and long-term trials.

The Global Prebiotic Association (GPA) defines 
the prebiotic effect as “a health or performance 
benefit due to a change in the composition and/or 
activity of the microbiota as a direct or indirect 
result of the utilization of specific and well- 
defined compounds or ingredients by 
microorganisms.195 Traditional medicinal extracts 
have been used in China for thousands of years to 
prevent and treat diseases, and the vast majority of 
them are mainly taken orally. Many of their active 
ingredients enter the gastrointestinal tract and are 
metabolized by intestinal flora before being 
absorbed and exerting pharmacological effects, 
such as polysaccharides and flavonoids. 
Traditional medicinal extracts have an impact on 
MASLD through the prebiotic effect, such as pow
dered kudzu polysaccharide,196 maitake 
polysaccharide,197 flavonoid-rich mulberry leaf,175 

and so on. They maintain gut microbiota home
ostasis by affecting the composition of the gut 
microbiota. In addition to altering the composition 
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Table 3. Preclinical trials of prebiotics and synbiotics.
Prebiotics/Synbiotics Animal model Breeding method Effect

Prebiotics
Melissa Officinalis Extract (MFE)164 5-week-old male C57BL/6/J mice MFE was given daily by 

oral gavage for 4 weeks.
(1) Modulating the inflamma

tory response.
(2) Regulation of lipid 

metabolism.
Sarsaparilla Polysaccharide (SCP)165 Feeding 8-week-old male C57BL/6/J 

mice
SCP by gavage daily for 

12 weeks.
(1) Reduces serum and liver 

lipid levels.
(2) Regulates fatty acid synth

esis and metabolism.
(3) Regulates gut microbiota.

Sea buckthorn polysaccharide (SP)166 Male Wistar rats SP solution was given by 
oral gavage for 4 weeks.

(1) Improvement of lipid 
metabolism.

(2) Relief of oxidative stress.
(3) Suppression of the inflam

matory response.
(4) Restoring gut microbiota 

abundance.
Yellow Tea Polysaccharide (YTP)167 HFD-fed 4-week-old male C57 BL/6 

J mice
Gavage YTP for 12 weeks (1) Regulation of bile acid 

metabolism.
(2) Restoration of gut micro

biota diversity.
Inulin168 HSD-fed mice (1) Improves liver steatosis 

and inflammation.
(2) Restoring the integrity of 

the intestinal barrier.
(3) Regulates the composition 

of the gut microbiota.
NUTRIOSE® Soluble Fibre169 IGN-deficient mice fed a high-fat diet (1) Regulation of hepatic 

steatosis.
(2) Regulates the composition 

of the gut microbiota.
Auricularia auriculae polysaccharide (Auricularia 

auriculae polysaccharide)170
HFHCD combined with carbon 

tetrachloride induced in 6–8 week 
C57BL/6 male mice

Gavage for 8 weeks. (1) Effectively reduces liver 
damage, inflammation 
and fibrosis.

(2) Maintenance of intestinal 
barrier function.

(3) Regulates bile acid meta
bolism and reduces 
cholestasis.

(4) Regulates gut microbiota 
dysbiosis.

Low molecular weight polysaccharide RPP-2 from 
Pueraria lobata root171

HFD-fed C57BL/6J mice Gavage for 12 weeks (1) Reduce inflammation.
(2) Regulating steatosis to 

reduce liver injury.
(3) Regulation of the abun

dance of gut microbiota 
and their metabolites.

IOEC Extract172 Fructose-fed C57BL/6J mice Gavage for 12 weeks (1) Regulation of fatty acid 
synthesis.

(2) Improves liver inflammation.
(3) Alter the composition of 

the gut microbiota.
Oligofructose and cassis polyphenol extracts173 HFD-fed Zucker rats Add oligofructose and 

cassis polyphenol 
extract to your diet.

(1) Reduces liver fat accumu
lation and blood lipid 
levels.

(2) The liver is more resistant 
to oxygen.

(3) Elevates insulin sensitivity.
Artemisia argyi polysaccharide174 Intraperitoneal injection of 

lipopolysaccharide-induced 
intestinal inflammation in mice

21 days by gavage (1) Regulates the composition 
of gut microbiota.

(2) Restoration of intestinal 
barrier function.

Mulberry leaf aqueous extract175 HFD-fed ICR mice Gavage for 6 weeks (1) Reduces fatty degeneration.
(2) Enhances the antioxidant 

capacity of the liver.
(3) Regulates gut microbiota.

(Continued)
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of gut microbiota, medicinal polysaccharides can 
be fermented into SCFAs by gut microbes.174,198 

Yang et al. found that Puerarin effectively amelio
rated metabolic disorders and dysbiosis of the gut 
microbiota in obese mice, mainly through FXR- 
dependent pathways.199 In recent years, more and 
more scholars have studied the effects of traditional 
medicinal food extracts on MASLD through the 
gut microbiota, and have achieved good results in 
animal experiments. However, it is not clear what 
mechanism plays a dominant role, and the com
plexity of the composition of traditional medicinal 
food extracts is an important challenge for their 
clinical use.

There are indeed fewer studies that systemati
cally explore the linear relationship between pre
biotic dose and the effectiveness of treatment of 
MASLD. While prebiotics are generally considered 
safe, the results based on the limited studies suggest 
that prebiotic dosage also affects its safety. For 
example, low (2.5–10 g/day) and high (40–50 g/ 
day) doses of prebiotics can cause flatulence and 
osmotic diarrhea, respectively. A dose of 2.5-10 g of 

prebiotics per day is needed to perform its bene
ficial functions on human health.200 Factors such as 
gut microbiota composition and baseline metabolic 
status may influence the dose-response of prebio
tics and need to be combined with individualized 
therapy. The reason for this may be that prebiotics 
can be fermented by gut microbiota to produce 
gases such as hydrogen, carbon dioxide, or 
methane, which are rapidly broken down by gut 
microbiota in the intestines to produce gas, leading 
to abdominal distension. In addition, prebiotics are 
indigestible, and their entrance into the intestinal 
tract increases the permeability of the intestinal 
lumen, causing water to enter the intestinal 
lumen, which may lead to diarrhea when used in 
high doses.201 Therefore, in the development of 
prebiotic products, it is necessary to evaluate the 
gas production of prebiotics and the health effects 
of different doses, to determine the effective dose 
and the maximum tolerable dose. In a dose-effect 
study of prebiotics, it was found that the daily 
intake of fructo-oligosaccharides needed to reach 
more than 10 g to produce the effect of 

Table 3. (Continued).
Prebiotics/Synbiotics Animal model Breeding method Effect

Anionic polysaccharide GG176 HFD-fed C57BL/6J mice Gavage for 12 weeks (1) Reduces blood lipid levels.
(2) Regulates gut microbiota.
(3) Promotes the production 

of short-chain fatty acids.
(4) Improves liver 

inflammation.
Synbiotics
Bifidobacteria, Streptococcus thermophilus and 

Inulin (HS)177
HFD-fed male mice Gavage for 8 weeks (1) Improvement of lipid 

metabolism.
(2) Inhibit the development of 

inflammation.
(3) Restoration of intestinal 

barrier function.
(4) Restoration of gut micro

biota composition.
Contains piperine, fulvic acid, silymarin herbs and 

a probiotic blend (F3)178
HFD-fed C57BL/6 J male mice Gavage for 1 month (1) Improvement of lipid 

metabolism.
(2) Restoration of gut micro

biota composition.
Synbiotic composition of Lactobacillus acidophilus, 

Bifidobacterium infantis and konjac 
glucomannan oligosaccharides179

HFD-fed C57 BL/6 J male mice Gavage for 12 weeks (1) Improvement of lipid 
metabolism.

(2) Restoration of gut micro
biota composition.

(3) Restoration of intestinal 
barrier function.

Mu l tistrain probiotic mixture and prebiotic inulin 
fibre180

HSHFD-fed rats Gavage for 12 weeks (1) Reduce the degree of stea
tosis, inflammation and 
fibrosis.

Prebiotic oat beta-glucan (OAT) and the probiotic 
Lactobacillus rhamnosus GG181

HFD-fed C57BL/6N mice Gavage for 17 weeks (1) It has anti-inflammatory 
and antioxidant 
properties.

Abbreviation: HFD: high-fat diet; HSD: high sucrose diet; HFHCD: high-fat and high-cholesterol diet; HFHFD: high-fat high-fructose diet; HSHFD: high-sucrose 
high-fat diet.
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bifidobacteria in a healthy population, while the 
daily intake of inulin only needed to be 2.5–5.0 g 
to produce the same effect.202 Another intervention 
study of galacto-oligosaccharides (β-GOS), an oli
gogalactose mixture, in elderly subjects found that 
β-GOS increased the abundance of bifidobacteria 
in the intestinal tract, as well as increased the blood 
levels of the anti-inflammatory cytokine IL-10 and 
significantly decreased the expression of the 
inflammatory factor IL-1β, compared to 
placebo.203 These findings are often difficult to 
obtain through in vitro simulated fermentation 
experiments. Therefore, for the evaluation of the 
efficacy of prebiotics, it is recommended to use 
in vitro screening combined with in vivo validation 
to clarify the effective dose range of prebiotics.

Synbiotics are a combination of probiotics and 
prebiotics. The probiotic and inulin mixture may 
delay the progression of MASH through genes 
related to the Hippo signaling pathway, such as 

YAP1, LATS1, and NF2, as well as the epigenetic 
regulator miR-1205-lncRNA SRD 5A 3-AS 1.180 

A meta-analysis involving 634 patients with 
MASLD showed that synbiotic supplementation 
improved liver function, regulated lipid metabo
lism, and reduced hepatic fibrosis in patients with 
MASLD, but these effects should be confirmed by 
further studies.204 However, synbiotics have not 
been compared with probiotics or prebiotics alone 
in terms of their efficacy in the treatment of 
MASLD. Furthermore, it is necessary to identify 
the synbiotic combinations that are most effective 
in the treatment of MASLD.

Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) is the 
transplantation of functional gut microbiota from 
healthy human faces into the intestines of patients 
to reestablish a new gut microbiota for the 

Table 4. Clinical trials of prebiotics and synbiotics.
Prebiotics and synbiotics Clusters Span Effect

Oligofructose186 33 9 months (1) Improvement in hepatic steatosis and improvement in 
overall NAS score.

(2) Promotes the growth of bifidobacteria and inhibits the 
growth of clostridial microbiota.

Amazonian berry camu-camu187 30 12 weeks (1) Reduced AST and ALT levels.
(2) Improvement of gut microbiota composition.
(3) Reducing liver fat in adults reduces the risk of developing 

MASLD.
Inulin and metronidazole188 60 12 weeks (1) ALT decreases

(2) Improvement of gut microbiota composition.
ITFs Inulin-based fructans189 19 12 weeks (1) Bifidobacteria levels were increased in faecal samples 

from patients treated with probiotics.
(2) There were no significant changes in liver fat content, nor 

in metabolic and inflammatory mediators in liver func
tion tests, and probiotic treatment without weight loss 
was insufficient to improve MASLD.

64 × 109 CFU of Lactobacillus and Bifidobacterium and 6.4 g of 
inulin in the synbiotic190

84 12 weeks (1) Significantly reduced hepatic steatosis.
(2) Significantly reduced ultrasensitive C-reactive protein 

levels.
(3) The gut microbiota increased in Lactobacillus spp, 

Bifidobacterium spp, Faecalibacterium spp and 
Streptococcus spp and decreased in Ruminalococcus spp 
and Enterobacter spp.

Bifidobacterium lactis, Lactobacillus acidophilus, Lactobacillus 
casei, Lactobacillus salivarius, and Lactococcus lactis, 5 
probiotics, and inulin from agave inulin191

86 7 weeks (1) Significantly reduced ALT.
(2) Significant changes in the composition of the gut micro

biota: an increase in Lactobacillus and Lactococcus 
strains.

Spores of Bacillus coagulans (GBI-30) plus inulin192 53 Lasts 12 weeks (1) Reduces serum alanine aminotransferase and gamma 
glutamine aminotransferase.

(2) Significantly reduced a-TNF and NF-κB.
(3) Significantly reduced hepatic steatosis.
(4) There was no significant effect on associated cardiovas

cular risk factors.
Oligofructose and Bifidobacterium lactis subspecies193 104 10–14 months (1) Altered gut microbiota groups but did not reduce liver fat 

content or liver fibrosis markers.
L. fermentum strains and acacia gum194 180 3 months (1) Visceral adipose tissue and mean hepatic steatosis grade 

improved.

Abbreviation: NAS: nonalcoholic fatty liver activity score; AST: aspartate aminotransferase; ALT: alanine aminotransferase; TNF: tumor Necrosis Factor; NF- κB: 
nuclear factor- κB.

20 H. WU ET AL.



treatment of intestinal and extra-intestinal diseases. 
This therapy has been successfully used in the 
treatment of patients with refractory and recurrent 
Clostridium difficile (C. difficile) infection.205 It is 
also more commonly used in the treatment of 
inflammatory bowel disease and irritable bowel 
syndrome. In a MASH mouse model induced by 
HFDs, it was proved that FMT could correct intest
inal dysbiosis, increase the intestinal butyrate con
centration and the intestinal TJ protein level, and 
reduce the intrahepatic lipid accumulation and 
serum proinflammatory cytokine levels to improve 
liver inflammation.206 Recently, washed microbiota 
transplantation (WMT), a modified gut microbiota 
transplantation method, was validated to up- 
regulate the expression of hepatic homing 
C-X-C motif chemokine receptor 6 (CXCR6) in 
group 3 innate lymphoid cells (ILC3s), which pro
moted the migration of ILC3s to the liver of 
MASLD mice via the CXCL16/CXCR6 axis. 
Besides, it was found that the severity of this disease 
was negatively correlated with the proportion of 
ILC3s in the liver, suggesting that WMT and tar
geting hepatic homing of ILC3s may be a novel 
approach for the treatment of MASLD.207 Daniela 
et al. found an increased abundance of wild fungi 
and the potentially probiotic bacterium Wechsler’s 
Braunschweig in homozygous FMT compared with 
autologous FMT, as well as the presence of an 
altered level of intestinal-derived phenylacetylcar
nitine and phenylacetylglutamine. In addition, 
there were extensive changes in hepatic DNA 
methylation profiles, particularly the altered 
methylation status of threonyl-tRNA synthetase 1 
and zinc finger protein 57. These studies suggest 
that FMT may induce changes in the metabolic 
pathways from gut microbiota to the liver.208

In a randomized clinical study based on 21 sub
jects with hepatic steatosis, a trend toward 
improvement in hepatic necroinflammatory scores 
was found in patients after FMT. In the homozy
gous FMT group, the expression of a number of 
hepatic genes associated with inflammation and 
lipid metabolism was significantly altered. 
However, their liver function biochemistry did 
not improve significantly.209 A recent randomized 
clinical trial based on 75 patients with MASLD 
demonstrated a significant reduction in hepatic 
fat in patients after FMT, despite that there was 

no significant difference in their lipid levels. 
Notably, FMT can exert a greater effect on the gut 
microbiota structure in lean MASLD patients than 
in obese MASLD patients.210 The results indicated 
a tendency toward enhancement in necroinflam
matory scores, gut microbiota composition, as well 
as plasma metabolites and hepatic gene expression 
involved in inflammation and lipid metabolism.211 

While these findings are encouraging, further 
research is necessary to formally assess the efficacy 
of FMT in reversing histologic alterations in the 
liver and slowing the progression of MASLD. 
Because the composition of gut microbiota changes 
with age, genetics, and dietary habits of individuals. 
Therefore, healthy individuals who may provide 
fecal microbiota should be selected based on more 
stringent and standardized criteria, patients with 
the same stage of MASLD should also be enrolled 
in the treatment of MASLD using FMT in clinical 
trials. Furthermore, MASLD should be treated 
based on more rational administration approaches 
and doses, in a trial based on a larger sample size.

Engineered bacteria and phage therapy

Engineered bacteria are new types of bacteria that 
have been modified by genetic engineering techni
ques to obtain superior traits. As mentioned earlier, 
it is difficult to control the effects of probiotics in 
clinical trials due to the diversity of probiotics and 
their non-targeted properties. Among the probio
tics, Lactobacillus and Bifidobacterium have favor
able safety and stability. They are often used as 
precursors for engineered bacteria. Currently, 
some experiments using engineered bacteria as 
targeted therapies have been conducted, mainly 
for metabolic diseases. Interleukin (IL) acts as 
a cytokine that regulates lectins to mediate intest
inal immune responses against pathogens. In some 
studies, the engineering of Lactococcus lactis has 
been performed to express IL-10 and IL-36 in the 
intestines to improve the intestinal environment in 
mice, thereby reducing hepatic inflammation in 
mice.212,213 In addition to delivering cytokines, 
engineered bacteria can also be employed to deliver 
beneficial peptides. GLP-1 can regulate glucose 
metabolic homeostasis. Ma et al.converted 
Lactobacillus gattii to a GLP-secreting engineered 
bacterium, which significantly increased insulin 
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levels and glucose tolerance in diabetic rats.214 

They also found that the engineered bacteria atte
nuated steatotic liver disease in obese mice and 
increased the a-diversity of gut microbiota, but 
these bacteria did not significantly alter the relative 
abundance of the Firmicutes and Bacteroidetes.215 

Engineered bacteria can also replenish molecules 
that are deficient in the gut. N-acylethanolamides 
(NAEs) are molecules that can provide a feeling of 
satiety. Chen et al. compensated for the reduction 
by developing an E. coli-engineered bacterium that 
synthesized NAEs, resulting in a reduction in 
weight gain and fat accumulation in HFD-fed 
mice compared with control mice.216 By binding 
fructose dehydrogenase and mannitol dehydrogen
ase to glucose transporter proteins encoded by 
Aeromonas sp., Somabhai et al. found that mice 
showed an increase in SCFAs and the potent anti
oxidant compound PQQ, which significantly sup
pressed the elevated level of hepatic triglycerides 
and cholesterol.217 These studies suggest that engi
neered bacteria can exert biological effects in the 
gut by synthesizing specific bioactive molecules. 
The downstream effects of the changes include 
lipid metabolism regulation, antimicrobial effects, 
and immunomodulation. However, foreign genes 
of interest are specifically inserted into carrier bac
teria are still very experimental. Before promoting 
engineered bacterial therapies, key issues such as 
their biosafety, therapeutic efficacy, and efficient 
delivery must be addressed to ensure the controll
ability of the bacterial vectors in vivo, low toxicity 
to the host, and precision of drug release, which are 
specific challenges encountered in current 
research.

Phages are prokaryotic viruses that infect and 
kill bacteria. As one of the components of gut 
microbiota, viruses have the possibility of influen
cing the development of MASLD. In noninvasive 
predictive models, changes in gut viruses combined 
with clinical data designed to assess the severity of 
liver fibrosis can be employed to assess the severity 
of liver fibrosis to a larger extent. Lin et al. blocked 
endogenous ethanol production by the phage- 
targeted removal of high alcohol-producing 
Klebsiella pneumoniae and mitigated hepatic stea
tosis and inflammation in mice. Notably, the ther
apy does not induce significant changes in gut 
microbiota.218 Ichikawa et al. reduced the 

abundance of Klebsiella pneumoniae and attenu
ated hepatic inflammation in mice susceptible to 
hepatobiliary injury by lysogenic phage 
mixtures.219 To date, however, there has been no 
direct pathogenic relationship between the gut 
microbiota in the development of MASLD, except 
for the highly alcoholic Klebsiella pneumoniae, 
which has been clearly recognized as the causative 
bacterium, which has limited the application of 
phages in MASLD. However, phage therapy target
ing the gut microbiota in liver disease has not yet 
been studied outside of mouse models, which 
requires further evaluation of not only efficacy 
but also clinical safety in humans. Now no clinical 
trials are available since the phage therapy for 
MASLD treatment is still in its infancy. Although 
phages are highly specific as a natural antimicrobial 
agent and can effectively eliminate target bacteria 
without affecting other gut bacteria. This therapy 
reduces the risk of antibiotic resistance compared 
with conventional antibiotic therapies. However, 
before promoting engineered bacterial therapies, 
key issues such as their biosafety, therapeutic effi
cacy, and efficient delivery must be addressed to 
ensure the controllability of the bacterial vectors 
in vivo, low toxicity to the host, and precision of 
drug release, which are specific challenges encoun
tered in current research.

Summary and outlook

As the most common chronic liver disease, MASLD 
has become a serious public concern worldwide. 
However, there are still considerable challenges in 
the clinical treatment of MASLD due to the unclear 
pathogenesis of MASLD. Based on the influence of 
gut microbiota and its metabolites in the pathogen
esis of MASLD, this paper illustrates that gut micro
biota profiles can be used as noninvasive markers of 
metabolism-associated steatohepatitis. Furthermore, 
the potential preventive and therapeutic interven
tions related to gut microbiota for the treatment of 
MASLD are also explored from probiotics, prebio
tics, synbiotics, FMT, and emerging therapies.

The diagnostic and prognostic assessment of 
MASLD can be achieved based on gut micro
biota-related biomarkers. However, it is difficult 
to achieve the transition from experimental 
modeling to clinical application. This may be 
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explained that MASLD is a heterogeneous dis
ease with a phenotype that results from the 
interaction of multiple factors, including gender, 
age, genetic background, medication history, 
and lifestyle. The stratification by classifying 
patients into high- or low-risk categories based 
on the severity of MASLD before treatment can 
identify patients who may achieve favorable out
comes by targeted gut microbiota therapies. In 
addition, the gut microbiota or the concentra
tion of gut microbiota metabolites of patients is 
typically examined based on their fecal samples, 
which limits the understanding of the entire 
gastric microbiota and its metabolites. 
Therefore, it is necessary to develop more com
prehensive and convenient techniques to mea
sure microbiota and their metabolite 
concentrations in vivo.

Given the epidemiological trend of MASLD, it is 
necessary to develop a prevention and treatment 
protocol for MASLD with a focus on the targeting 
of gut microbiota. Despite many challenges in the 
field, investigating the mechanisms by which tar
geting the gut microbiota contributes to the patho
genesis of MASLD may eliminate the limitations of 
the current treatment of MASLD based on the 
“gut-liver axis”, ultimately benefiting more patients 
with MASLD.
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