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Abstract
Non-alcoholic fatty liver disease (NAFLD) represents a growing global health
concern that can lead to liver disease and cancer. It is characterized by an exces-
sive accumulation of fat in the liver, unrelated to excessive alcohol consumption.
Studies indicate that the gut microbiota-host crosstalk may play a causal role
in NAFLD pathogenesis, with epigenetic modification serving as a key mecha-
nism for regulating this interaction. In this review, we explore how the interplay
between gut microbiota and the host epigenome impacts the development of
NAFLD. Specifically, we discuss how gut microbiota-derived factors, such as
lipopolysaccharides (LPS) and short-chain fatty acids (SCFAs), canmodulate the
DNAmethylation and histone acetylation of genes associated with NAFLD, sub-
sequently affecting lipid metabolism and immune homeostasis. Although the
current literature suggests a link between gut microbiota and NAFLD develop-
ment, our understanding of the molecular mechanisms and signaling pathways
underlying this crosstalk remains limited. Therefore, more comprehensive
epigenomic andmulti-omic studies, including broader clinical and animal exper-
iments, are needed to further explore themechanisms linking the gutmicrobiota
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to NAFLD-associated genes. These studies are anticipated to improve micro-
bial markers based on epigenetic strategies and provide novel insights into the
pathogenesis of NAFLD, ultimately addressing a significant unmet clinical need.
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tion, non-alcoholic fatty liver disease (NAFLD)

1 INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most
prevalent hepato-pathological disorder in which lipid con-
tent exceeds 5% of the liver weight in the absence of exces-
sive alcohol consumption [1, 2]. From hepatic steatosis
to non-alcoholic steatohepatitis (NASH), NAFLD encom-
passes a wide range of liver conditions, and can progress
to more severe forms of liver diseases, such as cirrho-
sis and hepatocellular carcinoma (HCC) [3]. NAFLD has
become the leading cause of chronic liver disease globally,
affecting 25%−45% of the general population [4]. NAFLD
is intimately related to metabolic disorders, such as type 2
diabetes, obesity, and hypercholesterolemia [5]. The preva-
lence of NAFLD is estimated to be between 70% and 90%
among patients with metabolic comorbidities [6]. It has
been warned that the prevalence of NAFLD is predicted
to rise by 21%, from 83.1 million in 2015 to 100.9 million in
2030, while NASH prevalence is predicted to increase by
63%, from 16.52million to 27million [7, 8]. At present, there
are no Food and Drug Administration-approved effec-
tive therapeutic agents for the treatment of this disease.
Patientsmainly rely on lifestylemodifications and physical
activity to alleviate the onset of NAFLD [9, 10]. However,
themajority of NAFLD patients are unable to attain remis-
sion [11], and the survival rate of patients who progress to
cirrhosis and HCC remains low.
The underlying causes of NAFLD have been widely

debated over the last few years. About 20 years ago, the
“two-hit” model was proposed, which has been commonly
used to describe how NAFLD occurs [12]. A more compre-
hensivemodel, the updated “multiple parallel hits”model,
has been proposed a decade ago [13]. In this new model,
hepatic lipotoxicity and multiple hits, especially adipose
tissue inflammation and gut microbiota dysbiosis, may
act in parallel, finally resulting in liver inflammation in
genetically predisposed individuals.
Intestinal dysbiosis is amajor causative factor of NAFLD

through diverse immunological, metabolic, and epige-
netic mechanisms [14–16]. In patients with cirrhosis and
NAFLD, the gut microbiota profile is significantly cor-
related with systemic inflammation and can concur in

the process of HCC [17]. A recent study examined the
effect of microbially-derived gut metabolites on host hep-
atic metabolism using a labeling strategy. The researchers
identified and traced bacterial sphingolipids from the gut
microbiome to the liver and established the benefit role
of bacterial sphingolipids synthesized by gut symbiont
Bacteroides on hepatic lipid accumulation [18].
Furthermore, epigenetic modifications play a crucial

role in regulating gene expression, and their dysregu-
lation has been linked to various diseases, including
NAFLD. It is crucial to understand the underlying causes
of NAFLD, such as gut microbiota dysbiosis and epige-
netic modifications. The epigenetic mechanisms underly-
ing the crosstalk between gut microbiota and abnormal
gene expression in NAFLD have attracted the attention
of many researchers. For example, a recent study demon-
strated that gut microbiota differentially methylated genes
implicated in maintaining the energy and glucose bal-
ance in adipose tissue in obese subjects [19]. Additionally,
the gut microbiota regulates the expression of hepatic
lipid metabolism-related genes by modulating global his-
tone acetylation and methylation in multiple host tissues,
including the liver, primarily through the synthesis of
short-chain fatty acids (SCFAs) [20, 21]. Therefore, the
goal of our study is to comprehensively outline of how
the gut microbiota/metabolites influence epigenetic fac-
tors and their impacts on the progression of NAFLD
(Figure 1).

2 NAFLD AND GUTMICROBIOTA

Human bodies are home to 10–100 trillion microbial
cells, including bacteria, archaea, fungi, and viruses.
These diverse symbiotic microbial communities and their
genomes, which are about 100 times more numerous
than the human genome, are collectively referred to as
the “microbiome” [14]. Advanced technologies, partic-
ularly next-generation sequencing-based metagenomics,
have revolutionized our understanding of the microbial
world, including the human microbiome. Studies have
found that microbial communities are located on the skin,
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F IGURE 1 The progression of NAFLD may be facilitated by possible epigenetic changes caused further by factors derived from the gut
microbiota. The NAFLD phenotype and related complications can be caused by the gut microbiota’s action on the epigenetic landscape, as
seen in this picture. Through epigenetic mechanisms like DNA methylation and histone acetylation, the bioactive components and
metabolites of the gut microbiota can change the accessibility of chromatin. The resulting epigenetic modifications have an effect on the
genome by altering gene expression patterns and thus participate in the development and progression of NAFLD and its complications.

mouth, gut, vagina, lungs, uterus, and bladder, among
other mucosal surfaces of the human body [22, 23]. The
microbiota-host interplay is complex and challenging to
understand; however, a recent evolutionary theory states
that since the earliest multicellular organisms, the micro-
biota and host have co-evolved, with symbionts evolving to
remain competitive within the host ecosystem, while hosts
evolve to keep the ecosystem under control [24].

The microbiota in the gastrointestinal tract is highly
diverse, providingmany unique genes that have important
implications for the host [25]. The gut microbiota can help
the host digest dietary fiber for nutrient uptake [26], syn-
thesize essential metabolites to train the immune system
[27], and defend against pathogens by competing for space
and nutrients [28], among many other functions. How-
ever, an unbalanced gut microbiota often contributes to



4 of 14 TANG et al.

metabolic disorders such as NAFLD, diabetes, and obesity
[29–31].
Studies have shown that dysbiosis and metabolic dys-

function of gut microbiota are closely associated with the
occurrence and development of NAFLD. Dysbiosis of gut
microbiota may lead to increased gut permeability and
endotoxemia, which can trigger hepatic inflammation and
fibrosis [32, 33]. The gut microbiota in NAFLD is charac-
terized by a significantly lower microbial diversity [34, 35].
Literature has identified a specific gut microbial profile in
patients with NAFLD compared to normal controls [36].
Compared with healthy individuals, patients with NAFLD
exhibited consistent increased Proteobacteria [37–41] at
the phylum level, increasedEnterobacteriaceae [38, 41] and
decreased Rikenellaceae [41, 42] and Ruminococcaceae [38,
39, 41, 43] at the family level, and increased Escherichia
[37, 41], Dorea [39, 42],Peptoniphilus [42, 43] and decreased
Anaerosporobacter [43, 44],Coprococcus [37, 41, 43],Eubac-
terium [37, 41] and Faecalibacterium [41, 45] at the genus
level. Prevotella-copri was associated with a greater risk of
progression from NAFLD to NASH, which may be related
to higher intestinal permeability and lower butyrate pro-
duction capacity [46]. The fecal microbiome of NAFLD
patients with cirrhosis had lower levels of Akkermansia
and increased levels of Enterobacteriaceae and Streptococ-
cus [17]. Enrichment in Bacteroides and Ruminococcaceae
members, which were associated with systemic inflamma-
tory and immunological indicators, was noted in patients
with NAFLD-HCC [17, 47].
Fecal microbiota transplantation (FMT) experiments

from NAFLD patients to rodents reproduce the liver
phenotypes in patients, suggesting that gutmicrobiota dys-
biosis has a significant causative role in the pathogenesis of
NAFLD. FMT fromNASH patients to germ-free (GF) mice
induced hepatic steatosis and hepatic inflammation in GF
mice, and these symptoms can be significantly exacerbated
by a high-fat diet (HFD). In contrast, GF mice fed an HFD
had only lipid accumulation and mild liver inflammation
[48].Moreover,GFmice colonizedwith a fecalmicrobiome
from 2-week-old human infants of obese mothers demon-
strated histological patterns common in pediatric cases
of NAFLD, compared with those transferred from infants
of normal-weight mothers. Furthermore, fecal microbiota
obtained fromobesewomenwith hepatic steatosis induced
a rapid increase in hepatic triglycerides and triggered
steatosis in conventional mice fed a chow diet via FMT.
A substantial link was found between the mouse phe-
notype and the donor’s microbiome [37]. Together, these
rodent studies reinforce the idea that dysbiosis of the gut
microbiome leads to the onset of NAFLD.
The interaction between NAFLD and gut microbiota

involves several mechanisms, including altered gut per-
meability, increased production of microbial metabolites,

and modulation of host immune response. Dysbiosis of
gut microbiota may lead to increased gut permeabil-
ity, allowing translocation of bacterial components, such
as lipopolysaccharides (LPS), into the circulation. LPS
can activate the toll-like receptor 4 signaling pathway,
triggering hepatic inflammation and fibrosis. Moreover,
gut microbiota can produce various metabolites, such
as SCFAs and bile acids, which can modulate host
metabolism and immunity [36]. Thus, themicrobiome and
host crosstalk play a critical role in the NAFLD pathogene-
sis, making it essential to understand how themicrobiome
and host interact. Recent research has revealed that the gut
microbiota can modulate the host’s epigenetic landscape
through bacterial components and microbial metabolites.
Dysbiosis of gutmicrobiotamay lead to aberrant epigenetic
modifications, such asDNAmethylation and histonemod-
ifications, which can affect gene expression and contribute
to the pathogenesis of NAFLD [49–51]. Therefore, in this
review, we will focus on the evidence suggesting that the
gut microbiome influences the pathogenesis of NAFLD by
manipulating epigenetic mechanisms.

3 IMPACT OFMICROBIOTA-HOST
CROSSTALK ON EPIGENETIC
MODIFICATIONS IN NAFLD

Epigenetics is the study of the molecular mechanisms
that dynamically and reversibly alter the structure of
chromatin, without changing the DNA sequence. Dys-
regulation of epigenetic modifications, such as DNA
methylation, histonemodifications, and non-coding RNA-
mediated regulation, can contribute to the development
and progression of NAFLD [52]. More recently, gut micro-
biota have been identified as important factors that signif-
icantly influence the host epigenetic landscape in NAFLD
pathogenesis [49–51, 53–56], highlighting the need for fur-
ther research in this area to develop new therapeutic
strategies. Gut microbiota can modulate the host’s epige-
netic landscape in the context of NAFLD through various
mechanisms.
Firstly, gut microbiota can impact the host’s epigenetic

landscape by altering DNA methylation levels of spe-
cific NAFLD-associated genes. For instance, a Firmicutes-
dominant gut microbiome in pregnant women has been
linked to differential gene promoter methylation, which is
associated with lipid metabolism and obesity [57]. Addi-
tionally, gut microbiota can maintain intestinal immuno-
logical homeostasis by epigenetically altering toll-like
receptor 4 DNA methylation through recruiting DNA
methyltransferase (DNMT) 3 in intestinal epithelial cells
(IECs), which play a crucial role in the development
of hepatic fibrosis and steatosis [49, 58]. Moreover, the
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gut microbiota influences host epigenetics in NAFLD
by modulating one-carbon metabolism, supplying methyl
groups like folate and choline for DNA methylation. For
example, in GF mice, reduced circulating levels of gut
microbiota metabolite folate led to altered DNA methyla-
tion in colonic IECs, affecting crosstalk between IECs and
natural killer cells, which play complex roles in NAFLD
progression [53, 59]. The detailed mechanisms of how one-
carbon compounds modify host epigenetics in NAFLD
will be discussed in Section 4.2. Furthermore, probiotics
have been shown to improve gut dysbiosis in NAFLD
rats, reduce liver inflammation through adiponectin DNA
methylation signaling, and modulate genetic-epigenetic
networks related to hepatic stellate cell signaling, ulti-
mately delaying or preventing NAFLD progression [55,
56].
Secondly, gut microbiota influences epigenetics and

NAFLD progression by regulating histone modifications,
such as acetylation and crotonylation, which are crucial
for gene expression regulation [60]. By modulating these
modifications, gut microbiota can impact gene expression
related to lipid metabolism, inflammation, and immune
response, all of which are essential factors in NAFLD
development and progression [61]. Gut microbiota regu-
lates histonemodificationsmainly through the production
of SCFAs, such as acetate, propionate, and butyrate, which
function as histone deacetylase (HDAC) inhibitors [62].
SCFAs lead to increased histone acetylation and altered
gene expression, which in turn can affect the develop-
ment and progression of NAFLD [63]. Furthermore, gut
microbiota-induced HDAC inhibition by SCFAs can influ-
ence histone crotonylation, a recently discovered histone
modification linked to gene expression activation, which
may play a role in the context of NAFLD [64]. The
detailedmechanisms bywhich gutmicrobiota impacts epi-
genetics and NAFLD progression by regulating histone
modifications, primarily through SCFAs production, will
be discussed further in Section 4.1.
In addition, the gut microbiota can affect host epige-

netics in NAFLD through non-coding RNAs, particularly
MicroRNAs (miRNAs). MiRNAs regulate gene expression
post-transcriptionally and play a crucial role in regulat-
ing lipid metabolism, inflammation, and liver injury in
NAFLD pathogenesis [65, 66]. Several miRNAs, such as
the miR-17/92 cluster and miR-21, have been found to be
elevated in patients with NAFLD and identified as poten-
tial diagnostic tools and therapeutic targets for NAFLD
[67–69]. Overexpression of miR-30c-5p has been shown to
reduce hepatic steatosis in db/db mice by downregulat-
ing fatty acid synthase (FASN) [70]. The gut microbiota
can influence the regulation of these miRNAs by produc-
ing metabolites such as trimethylamine N-oxide (TMAO),
which affects host miRNAs expression involved in inflam-

mation and lipid metabolism (see more detailed informa-
tion in Section 4.5) [71, 72]. Further research is needed to
fully understand the interaction between the gut micro-
biota and host epigenetics in NAFLD through non-coding
RNAs.
These studies suggest that gut microbiota play a cru-

cial role in modulating the host’s epigenetic landscape and
influencing disease progression inNAFLD.Gutmicrobiota
achieve this either through direct interactions with host
cells or through the production of microbial metabolites.
In conclusion, understanding the complex interactions
between gut microbiota and host epigenetic modifica-
tions is critical for developing novel therapeutic strategies
for NAFLD. Further research is needed to elucidate the
specific mechanisms through which gut microbiota mod-
ulate the host’s epigenetic landscape, including DNA
methylation, histonemodifications, and non-coding RNA-
mediated regulation. This knowledge could potentially
pave theway for the development of targeted therapies and
personalized medicine approaches to manage and treat
NAFLD, taking into account individual gut microbiota
composition and epigenetic profiles.

4 EPIGENETICMODIFICATION OF
HOST CELLSMEDIATED BYMICROBIAL
METABOLITES IN NAFLD

An important mechanism underlying the interplay
between the microbiota and the host is the production of
bioactive metabolites that can be taken up by host cells
and impact cellular activities [11]. This interaction has
significant implications for NAFLD pathogenesis. The
gut microbiota produces a variety of metabolites that
can alter host metabolism, immune function, and gene
expression [73]. SCFAs, for instance, have been shown
to enhance insulin sensitivity and reduce inflammation,
ultimately reducing the risk of developing NAFLD [74].
bile acids, another important microbial metabolite, can
influence host lipid metabolism and inflammation [75].
Additionally, tryptophan and choline metabolites have
been shown to contribute to the development of NAFLD
by affecting lipid metabolism and inflammation [76, 77].
Studies have shown that changes in these commensal
bacterial metabolites, are linked to epigenetic alterations
in NAFLD pathogenesis [36, 78–80].

4.1 SCFAs

SCFAs are major metabolites produced by the gut micro-
biota fermenting indigestible carbohydrates. The most
prevalent SCFAs produced by gut bacteria are acetate,
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propionate, and butyrate. Colonocytes primarily absorb
SCFAs produced in the digestive tract via diffusion or
co-transport and utilize them as energy-generating sub-
strates [30]. SCFAs nourish intestinal cells and activate
goblet cells to produce appropriate amounts of mucus and
maintain the integrity of the intestinal barrier [11]. SCFAs
that the colonocytes are unable to digest are delivered to
the liver through the portal circulation. Moreover, cer-
tain SCFAs can enter the systemic circulation through the
inferior vena cava [30]. With normal function of the gut-
liver axis, SCFAs are predominantly used in gut and liver
tissues.
Many studies have shown abnormal levels of SCFAs in

NAFLD patients [81, 82]. NAFLD and/or NASH patients
have increased concentrations of SCFAs in the feces
compared with healthy individuals, and the taxonomic
differences in the gut microbiota are mainly determined
by the increased SCFAs-producing bacteria. The increased
concentration of SCFAs correlated with immunological
signatures ofNAFLDdisease progression [82]. A high-fiber
intervention has been shown to reduced liver steatosis
in NAFLD patients [81]. On the other hand, studies in
rodents have suggested that SCFAs can significantly allevi-
ate hepatic steatosis and inflammation in NASH mice [83,
84]. Thus, SCFAs play a critical role in NAFLD and can
be important targets for future personalized medicine in
NAFLD patients.
As inhibitors of HDACs, SCFAs play an important role

in modulating immune responses by epigenetic regulating
the proliferation, differentiation, and function of immune
cells in NAFLD pathogenesis. For instance, SCFAs reduce
tumor necrosis factor alpha (TNF-α) and interleukin (IL)
−6 in monocytes and adipose tissue macrophages of obese
subjects by altering free fatty acid receptor and HDAC
expression, thereby attenuating obese systemic inflamma-
tion [85]. Studies have shown that SCFAs can upregulate
IL-22 production in CD4 T cells and innate lymphoid cells
through histone modification [86]. Moreover, SCFAs can
inhibit the proliferation and activation of intestinal lam-
ina propria CD4 T cells andmodulate the effector function
of CD8 T cells by inhibiting HDAC activity [87–89]. SCFAs
can also promote the differentiation of T cells into effector
T cells and regulatory T cells [90, 91]. Butyrate, a typical
type of SCFAs, promotes the differentiation of induced reg-
ulatory T cells, which is associatedwith fatty acid oxidation
[92]. In addition, SCFAs promote B10 cell generation and
function by activating p38 MAPK in a manner dependent
on HDAC inhibitory activity [93].
SCFAs also play a beneficial role in the process of

NAFLD by epigenetically controlling the expression of
hepatic lipid metabolism-related genes. Animal studies
have revealed that butyrate inhibits HDAC3 and promotes
the gene expression of fibroblast growth factor 21 (FGF21)

in the liver of dietary obese C57BL/6J mice. FGF21 further
mediates butyrate activity to increase fatty acid use and
ketosis, which is beneficial for the treatment of NAFLD
[94, 95]. Butyrate prevented the progression of steato-
sis to NASH in the NAFLD mouse model by inhibiting
HDAC2 independently of GPR43/GPR109a to stimulate
hepatic glucagon-like peptide-1 receptor expression [63].
Not only that, butyrate inhibits hepatic steatosis through
liver kinase B1 induced enhancement of insulin-induced
gene activity and repression of lipogenic genes inmice [96].
Furthermore, SCFAs also ameliorate NAFLD related

insulin resistance and overweight through a DNA
methylation-dependent epigenetic mechanism. SCFA can
directly reduce the expression of DNMT1, DNMT3a, and
DNMT3b, and inhibit the binding of these enzymes to
adiponectin and resistin promoters, thereby correcting the
abnormal expression of adiponectin and resistin in obesity
[97].

4.2 Vitamins

The gut microbiota is an essential source of vitamins,
including vitamin B9 (folate) and vitamin B12 (VB12)
[98]. This is clearly demonstrated by the need for cer-
tain B vitamins in GF animals [99]. Studies have linked
vitamin deficiency with the development of NAFLD and
susceptibility to more severe liver damage. Disruption
of vitamins is associated with gut microbiota dysbiosis,
hepatic lipotoxicity, immune system alterations, unneces-
sary inflammation, oxidative stress, geneticmutations, and
epigenetic modifications in NAFLD [98].
Folate and VB12 play an important role in the epi-

genetic regulation of genes involved in NAFLD as they
are methyl donors for S-adenosylmethionine synthesis
[100]. Insufficient folate and VB12 levels are independent
predictors of the severity of NASH histology in patients
[101]. Dysregulation of these methyl donors may pro-
mote NAFLD through modulation of DNA methylation.
In the mouse liver, 164 genes involved in lipid and glucose
metabolism, DNA damage and repair, the onset of fibrosis,
and liver tissue remodeling were mostly hypomethylated
on CpG islands as a result of a methyl-deficient diet
[102]. A methyl-deficient diet stimulated inflammation by
enhancing the kynurenine pathway [103]. Dietary methyl-
donor supplement (including folate, betaine, choline, and
VB12) protects rodents from diet-induced hepatic steato-
sis by reversing the methylation status of genes involved
in lipid metabolism, such as peroxisome proliferators-
activated receptor alpha, acetyl-CoA acyltransferase and
FASN [104–106]. VB12 oral supplementation resulted in
differential CpG methylation of genes related to intestinal
barrier function, fatty acidmetabolism, andmitochondrial
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metabolism, while suppressing the inflammatory response
[107].

4.3 Bile acids

The gutmicrobiota plays an important role in transforming
primary bile acids into secondary bile acids. After a meal,
primary bile acids synthesized in the liver are released into
the duodenum, where they are subsequently converted
to secondary bile acids by the gut microbiota [108, 109].
Bile acids not only control the absorption of lipids in the
gut but also regulate lipogenesis in the liver [110]. Bile
acids regulate host metabolism mainly through Takeda G
protein-coupled receptor 5, and thenuclear receptor, farne-
soid X receptor (FXR). Takeda G protein-coupled receptor
5, also known as G protein-coupled bile acid receptor 1, is
a member of the membrane receptor family that induces
the secretion of insulin and GLP-1,making it a key player
in host energy, glucose, and lipid metabolism [36]. FXR,
belonging to the family of nuclear hormone receptors,
mediates antibacterial and lipid metabolism regulation
[110]. Recently, the results of an 18-month interim analy-
sis of a multicenter, randomized, placebo-controlled phase
3 trial of a strong FXR agonist, obeticholic acid, in 931
patients with biopsy-proven F2–F3 fibrosis were reported.
The results showed that the obeticholic acid-treated group
exhibited regression of NASH, no deterioration of fibrosis
or improvement of at least one stage of fibrosis without
deterioration of NASH compared to the control group [111].
Therefore, such evidence links gutmicrobiota-induced bile
acid biotransformation to NAFLD and NASH progression
[108, 112].
Studies on animals and humans have shown that bile

acids can regulate the expression of lipid metabolism-
related genes through epigenetic mechanisms and affect
the progression of NAFLD. Multiple genes involved in
bile acid homeostasis had significantly different levels
of methylation, based on liver-derived methylation and
expression data from three cohort studies involving 103
NAFLD and 75 non-NAFLD individuals. This reveals that
NAFLD is closely related to themethylation and transcrip-
tion levels of key genes involved in bile acid homeostasis
[113]. Bile acids can induce FGF15/19 signaling through
FXR/NR1H4 to activate Small Heterodimer Partners and
recruit DNMT3A to lipogenic genes, leading to inhibi-
tion of hepatic lipogenesis via DNA methylation [114].
Furthermore, a recent study reported that the secondary
bile acid taurine deoxycholic acid remodels histone mod-
ification surrounding the cell death-inducing DNA frag-
mentation factor-like effector A and cell-death-inducing
DNA-fragmentation-factor-like effector C genes, leading to
downregulation of their expression, and thereby improv-

ing the developmentally-programmed hepatic steatosis
[115].

4.4 Tryptophan metabolites

Tryptophan is produced from the degradation of dietary
proteins and further catalyzed into various metabo-
lites by tryptophanases of the gut microbiota. Trypto-
phan metabolites include indole, indole-3-carboxaldehyde
(ICA), indole-3-propionic acid (IPA) and indole acetic
acid (IAA). Tryptophan metabolites are important signal-
ing molecules in the microbial community as well as in
host-microbe interactions, and may improve NAFLD by
regulating intestinal and systemic immune homeostasis
and lipid metabolism through specific nuclear receptor
and HDAC inhibition [116]. ICA can activate the het-
erologous aryl hydrocarbon receptor (AHR) to increase
the expression of cytokine IL-10, promote the prolifer-
ation of intestinal epithelial cells and promote goblet
cell differentiation [117]. IPA can also induce an IL-10R1-
mediated anti-inflammatory mechanism in human and
mouse intestinal epithelial cells via AHR [118]. Addition-
ally, indole can alleviate liver inflammation and regulate
cholesterol metabolism in LPS-injected mice by inhibiting
key pro-inflammatory factors downstream of the NF-κB
signaling pathway [119]. IAA can act on macrophages
and hepatocytes to reduce hepatic lipogenesis, oxidative
and inflammatory stress, and has a protective effect on
liver injury in HFD-induced NAFLD mice [120]. More-
over, IAA significantly reduces pro-inflammatory cytokine
production in macrophages, while attenuating lipogenesis
and inflammatory responses in hepatocytes in an AHR-
dependent manner [76]. Furthermore, indole-3-butyric
acid derivatives are potentHDAC inhibitors that have been
found to inhibit tumor growth and apoptosis in athymic
mice [121].

4.5 Choline metabolites

Trimethylamine (TMA) is produced by the gut microbiota
when it metabolizes dietary choline and carnitine. TMA
then reaches the liver where it is further metabolized
by the hepatic enzyme hepatic flavin mono-oxygenases
3 to generate TMAO [122]. TMA and/or TMAO have
been considered as novel biomarkers for early metabolic
syndrome and correlated with NAFLD severity [123].
Patients with more severe NAFLD have been found to
have higher TMAO but lower betaine and betaine/choline
ratios in human studies [124]. A characteristic model of
NAFLD has been identified in mice on a choline-deficient
diet, which results in increased liver fat and altered gut
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microbiota [125, 126]. Studies in mice have shown an asso-
ciation between elevated urinary levels of TMAandTMAO
and increased severity of NAFLD [123, 127]. These findings
suggest that TMA and/or TMAO play an important role
in the development of NAFLD. Several studies have
shown that TMAO can epigenetically modify genes asso-
ciated with NAFLD. TMAO upregulates the expression
of miR-17/92 cluster members in the liver and increases
the expression of target genes related to atherosclerosis
and inflammation [71]. TMAO alters miR-21-5p and
miR-30c-5p expression in liver and macrophages, leading
to induction of inflammation and release of cytokines, and
regulation of cholesterol and fatty acid metabolism [72].
Table 1 details the putative relationships between host

epigenetic modifications and gut microbial metabolites as
well as their potential implications in the development of
NAFLD.

5 DISCUSSION

The host’s physiological state is significantly affected by
the complex interplay between the microbiome and its
host. Current clinical and experimental investigations have
uncovered the crucial role of epigeneticmechanisms in the
impact of gut microbiota on the pathogenesis of NAFLD.
However, research exploring the impact of gut micro-
biota on NAFLD pathogenesis through epigenetics faces
numerous challenges.
Firstly, the interactions between the gut microbiota

and the host are multifaceted, encompassing an array
of signaling pathways, molecules, and biological pro-
cesses. A comprehensive understanding of how gut micro-
biota modulate NAFLD progression through epigenetic
mechanisms remains to be achieved. To address this,
researchers should adopt interdisciplinary and multi-
faceted approaches, incorporating metagenomics, tran-
scriptomics, metabolomics, and epigenetic techniques, to
gain a more holistic and in-depth understanding of the
subject.
Secondly, current research primarily relies on animal

models, whichmay not accurately replicate the complexity
of human gut microbiota and their interplay with NAFLD.
Experimental conditions and dietary designs may not pre-
cisely reflect the diversity of human diets. Establishing
more human-like disease models for studying NAFLD,
such as “humanized”mousemodels or utilizing organoids,
will contribute to enhancing the accuracy and reliability of
research.
Moreover, due to genetic, lifestyle, and environmental

factors, there is considerable variation in gut microbiota
and epigenetic features among individuals, which may

affect the consistency and generalizability of research find-
ings. Currently, studies often lack extensive samples and
diverse populations for investigating the effects of indi-
vidual differences on research outcomes. To gain a more
comprehensive understanding of the impact of individ-
ual differences on research findings, investigators should
expand sample sizes and diversity, and engage in multi-
center, international collaborative studies that encompass
diverse ethnicities, ages, genders, and lifestyles.
Additionally, investigations into gut microbiota and

epigenetics involve extensive data sets, such as metage-
nomic, transcriptomic, and methylation data, requiring
sophisticated computational methodologies and special-
ized knowledge for analysis and interpretation. Nonethe-
less, numerous laboratories may encounter constraints
regarding analytical tools and expertise, potentially imped-
ing research advancement. By bolstering interdisciplinary
cooperation and combining proficiency in computational
biology, data science, and microbiology, user-friendly ana-
lytical instruments, and platforms can be developed. This
will reduce the challenges associated with data processing
and analysis, thereby facilitating improved management
and interpretation of substantial data quantities.
Ultimately, gut microbiota and epigenetic characteris-

tics may undergo dynamic changes over time and space,
influenced by various factors such as diet, medication,
and lifestyle habits. However, most studies focus only on
observations at specific time points, making it challeng-
ing to reveal the dynamic changes of gut microbiota and
epigenetics in NAFLD pathogenesis. Longitudinal stud-
ies should be conducted to monitor the dynamic changes
of gut microbiota and epigenetic characteristics. Further-
more, researchers need to use multiple time-point sample
collection and analysis to more comprehensively explore
the impact of different factors on gut microbiota and
epigenetics during the pathogenesis of NAFLD.
Hence, future studies should overcome these limitations

to gain a deeper understanding of how gut microbiota
influence the development of NAFLD via epigenetics. By
tackling these challenges, we will improve our under-
standing of the role of gut microbiota and epigenetics in
the development of NAFLD, thus presenting new strate-
gies and targets for the prevention and treatment of this
disease.

6 CONCLUDING REMARKS

In conclusion, the gutmicrobiome has been shown to have
a significant impact on the development and progression
of NAFLD through various components and metabo-
lites. However, the molecular mechanisms and signaling
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pathways underlying this complex interplay remain
limited and require further investigation.
Epigenetic modifications are crucial in shaping the gut

microbiome-host interaction, with the gut microbiome
regulating host epigenetic modifications such as DNA
methylation, histonemodifications, and non-coding RNA-
mediated regulation. A more comprehensive understand-
ing of these mechanisms could shed light on the specific
role of the gut microbiome in NAFLD pathogenesis.
Studying the gut microbiome-induced epigenetic mod-

ifications in NAFLD has important realistic and clinical
implications, including the development of new diagnostic
biomarkers, identification of novel therapeutic targets, and
personalized medicine approaches. Advanced epigenetic
techniques may identify specific epigenetic modifications
associated with NAFLD, providing more accurate and
early disease diagnosis. Identifying specific gut micro-
biome metabolite-induced epigenetic modifications may
lead to new biomarkers for NAFLD diagnosis and disease
progression.Developing treatment strategies targeting spe-
cific gut microbiome and their metabolites could also
provide more effective treatment for NAFLD patients. For
example, targeting gut microbiome metabolite-induced
epigenetic modifications may reduce the risk of NAFLD
development and progression. Furthermore, understand-
ing the impact of individual differences in gut microbiome
composition and epigenetic modifications may help iden-
tify personalized treatment strategies for different sub-
groups of NAFLD patients, leading to more effective and
targeted treatment.
In summary, further research into gut microbiome-

induced epigenetic modifications in NAFLD could have
significant clinical implications, paving the way for more
effective diagnosis, treatment, and prevention of this
disease.
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