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Metabolic dysfunction-associated steatotic liver disease (MASLD), is one of
the most common chronic liver diseases, which encompasses a spectrum
of diseases, from metabolic dysfunction-associated steatotic liver (MASL) to
metabolic dysfunction-associated steatohepatitis (MASH), and may ultimately
progress toMASH-related cirrhosis and hepatocellular carcinoma (HCC). MASLD
is a complex disease that is influenced by genetic and environmental factors.
Dysregulation of hepatic lipidmetabolism plays a crucial role in the development
and progression of MASLD. Therefore, the focus of this review is to discuss the
links between the genetic variants and DNA methylation of lipid metabolism-
related genes and MASLD pathogenesis. We first summarize the interplay
between MASLD and the disturbance of hepatic lipid metabolism. Next, we
focus on reviewing the role of hepatic lipid related gene loci in the onset
and progression of MASLD. We summarize the existing literature around the
single nucleotide polymorphisms (SNPs) associated with MASLD identified
by genome-wide association studies (GWAS) and candidate gene analyses.
Moreover, based on recent evidence from human and animal studies, we further
discussed the regulatory function and associated mechanisms of changes in
DNA methylation levels in the occurrence and progression of MASLD, with a
particular emphasis on its regulatory role of lipid metabolism-related genes
in MASLD and MASH. Furthermore, we review the alterations of hepatic DNA
and blood DNA methylation levels associated with lipid metabolism-related
genes in MASLD and MASH patients. Finally, we introduce potential value of the
genetic variants and DNAmethylation profiles of lipid metabolism-related genes
in developing novel prognostic biomarkers and therapeutic targets for MASLD,
intending to provide references for the future studies of MASLD.
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metabolic dysfunction-associated steatotic liver disease (MASLD), metabolic
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1 Introduction

With the rising prevalence of obesity, metabolic syndrome,
and type 2 diabetes mellitus (T2DM), metabolic dysfunction-
associated steatotic liver disease [MASLD, or previously known
as non-alcoholic fatty liver disease (NAFLD)], has emerged as
a global epidemic (Younossi et al., 2023). Studies indicate that
MASLD affects approximately 30% of the global population, with
the highest prevalence observed in Latin America, the Middle East,
and North Africa. MASLD comprises a spectrum of disorders,
including metabolic dysfunction-associated steatotic liver [MASL, or
previously known as non-alcoholic fatty liver (NAFL) ] and metabolic
dysfunction-associated steatohepatitis [MASH, or previously known
as non-alcoholic steatohepatitis (NASH) ], which can progress to
advanced fibrosis, cirrhosis, and liver cancer in certain patients
(Loomba et al., 2021). MASH is distinguished from MASL by the
presence of hepatic steatosis accompanied by ballooning degeneration
of hepatocytes, lobular inflammation, and perisinusoidal fibrosis,
marking a critical phase in MASLD progression (Hyun and Jung,
2020). Despite the surge in global incidence of MAFLD and
MASH, the complex etiology has hindered the development of
effective pharmacological therapies. Consequently, elucidating the
molecular mechanisms of MASH and identifying key therapeutic
targets are essential for effective prevention and management
(Friedman et al., 2018).

Key factors in MASH pathophysiology include
hepatocellular lipotoxicity and immune-mediated inflammation
(Parthasarathy et al., 2020). Pathological steatosis in MASH results
from an imbalance between lipid accumulation, primarily due to
fatty acid absorption and de novo lipogenesis, and lipid elimination,
leading to excessive triglyceride accumulation in hepatic tissue
(Jacome-Sosa and Parks, 2014). Notably, variations in MASLD
incidence and severity among individuals, along with disparities
among ethnic groups, underscore the importance of genetic
and epigenetic contributions to the disease’s development and
progression. Over the past 15 years, genome-wide association
studies (GWAS) have identified several genetic loci associated with
MASLD and/or MASH (Anstee and Day, 2013; Anstee et al., 2020;
Vujkovic et al., 2022). A recent GWAS meta-analysis reported 17
novel variants linked to MASLD (Chen et al., 2023b), enhancing
our understanding of MASLD etiology (Sharma and Mandal, 2022).
Alongside genetic factors, the impact of epigenetics on metabolic
diseases has garnered increasing attention. Environmental factors,
such as nutrition, smoking, and air pollution, induce epigenetic
modifications that significantly contribute to MASLD and MASH
progression (Ramezani et al., 2023). These alterations affect gene
expression, influencing phenotypic outcomes. Numerous studies
have linked epigenetic changes—such as DNAmethylation patterns,
microRNA (miRNA) expression, and histone modifications—to
MASLD’s onset and progression. Establishing an epigenetic
profile indicative of disease status could enhance individual risk
assessments for MASLD. Importantly, epigenetic modifications
are heritable and reversible, offering potential avenues for
innovative personalized prevention and treatment strategies. DNA
methylation, one of the most studied epigenetic mechanisms, serves
as a paradigmof epigenetic regulation.Thefield has seen a consistent
increase in discoveries driven by ongoing research and technological
advancements (Mattei et al., 2022).

Lipid metabolism is fundamental to various diseases linked
to inflammation and metabolic dysfunction. Numerous single
nucleotide polymorphisms (SNPs) and methylation-modifiable
loci exist within key genes involved in lipid metabolism (Jonas
and Schürmann, 2021). These genetic variants and epigenetic
modifications significantly influence MASLD’s development and
progression. Therefore, understanding the genetic and epigenetic
factors within lipid metabolism-related genes is critical for
addressing the rising incidence of MASLD. This review focuses
on the genetic and epigenetic changes in lipid metabolism-related
genes associated with MASLD risk, providing insights into their
potential applications for risk assessment.

2 Disturbance of hepatic lipid
metabolism in MASLD and MASH

Dyslipidemia, along with insulin resistance, metabolic
syndrome (MetS), obesity, and T2DM, are major risk factors for
MASLD and play key roles in the onset and progression of MASLD
(Powell et al., 2021). Given this context, macrophage infiltration
in visceral adipose tissue triggers a pro-inflammatory state that
exacerbates insulin resistance. Simultaneously, increased lipolysis
results in a substantial influx of free fatty acids into the liver, which,
alongside an elevation in de novo lipogenesis (DNL) and reduction in
liver metabolic capacity. The lipid metabolism disorder contributes
to the accumulation of hepatotoxic lipids, which are related to a
worse histological profile in MASLD. In patients with MASLD,
the accumulation of lipids, including triglycerides, cholesteryl
esters, and phospholipids, particularly triglycerides, leads to the
formation of intracellular lipid droplets in hepatocytes (Musso et al.,
2013b; Jacome-Sosa and Parks, 2014). Research indicates that
approximately 60% of hepatic triglycerides originate from free
fatty acids released by adipose tissue, 26% are synthesized through
de novo lipogenesis (DNL), and 15% are derived from dietary
sources (Figure 1) (Donnelly et al., 2005). The accumulation of
lipids in the liver is associated with an imbalance in hepatic lipid
metabolism, involving the uptake and export of fatty acids, de
novo lipogenesis, and fatty acid utilization (Badmus et al., 2022).
Prolonged accumulation can activate inflammatory and fibrotic
processes, thereby exacerbating liver disease.

Abnormalities in lipid uptake by the liver are significant
contributors to the development of MASLD. Fatty acid transport
proteins (FATPs) and cluster of differentiation 36 (CD36) play
crucial roles in regulating the hepatic uptake of lipids. Alterations
in the promoter region of the FATP5 gene are associated with
increased FATP5 expression, which exacerbates steatosis in the liver
of MASLD patients (Auinger et al., 2010). CD36 is a glycoprotein
receptor located on the cell membrane that functions as a fatty
acid transporter. It facilitates the delivery of long-chain fatty acids
into cells, thereby playing a significant role in energy metabolism.
Study demonstrated that enhanced CD36 expression in the liver
of patients with MASLD correlated with increased hepatic fat
content (Miquilena-Colina et al., 2011). Additionally, elevated levels
of CD36 gene expression have been observed in the liver tissue of
mice subjected to a high-fat diet (HFD) (Buttet et al., 2016).

Abnormal DNL is another key factor contributing to the
development and progression of MASLD and MASH. Enzymes
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FIGURE 1
Dysregulation of hepatic lipid metabolism in MASLD and MASH. Purple ovals represent transcription factors, green ovals indicate upregulated proteins,
red oals denote downregulated proteins, dashed arrows signify regulatory processes, green arrows represent promoting reactions, and red arrows
indicate inhibitory reactions. Created with MedPeer (medpeer.cn). TCA cycle, tricarboxylic acid cycle; ACC1, acetyl-CoA carboxylase 1; FASN, fatty acid
synthase; SCD1, stearoyl-CoA desaturase 1; FATPs, fatty acid transport Proteins; CD36, cluster of differentiation 36; ACSL1, acyl-CoA synthetase
long-chain family member 1; CPT1/2, carnitine palmitoyltransferase 1/2; MTTP, microsomal triglyceride transfer protein; ApoB-100, apolipoprotein
B-100; ChREBP, carbohydrate response element binding protein; PPAR, peroxisome proliferator-activated receptor; SREBP, sterol regulatory
element-binding protein; NEFA, non-esterified fatty acids; FFAs, free fatty acids.

such as acetyl-CoA carboxylase (ACC), fatty acid synthase
(FASN), and stearoyl-CoA desaturase-1 (SCD1) are involved in
regulating DNL in the liver. Studies revealed that transcription
factors like peroxisome proliferator-activated receptor gamma
(PPARγ), sterol regulatory element-binding protein-1 (SREBP-1),

and carbohydrate-responsive element-binding protein (ChREBP)
increase the expression and activity of multiple enzymes, including
FASN, ACC and SCD1 (Buzzetti et al., 2016; Badmus et al., 2022).
ChREBP is predominantly expressed in hepatic tissue, where it
regulates the synthesis, elongation, and degradation of fatty acids
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by activating key enzymes such as ACC1, FASN, ELOVL6, and
SCD1 (Iizuka et al., 2020). In another study, Dentin et al. (2006)
investigated the effects of hepatic ChREBP inhibition in ob/ob
mice, and discovered that it significantly improved hepatic steatosis
by selectively suppressing lipogenesis, this intervention resulted
in a reduction in plasma triglyceride and non-esterified fatty
acid (NEFA) content. Moreover, the sterol regulatory element-
binding proteins (SREBPs) are encoded by the genes SREBF1
and SREBF2. Specifically, SREBP-1c regulates numerous genes
associated with lipid metabolism, including ACC and FASN, which
are two key enzymes involved in DNL (Rong et al., 2017; Shimano
and Sato, 2017). Similar experimental studies have implied that
in 3 mouse models like ob/ob mice, high-fat diet (HFD)-induced
mice, and sucrose diet-induced mice, the absence of SREBPs can
reduce lipid synthesis, ameliorate pathological lipid accumulation,
and prevent the development of MASLD (Moon et al., 2012).
Peroxisome proliferator-activated receptors (PPARs) exist in three
distinct isoforms: PPARα, PPARδ, and PPARγ (Chen et al., 2023a).
These PPARs are transcription factors belonging to the nuclear
receptor superfamily, which play essential roles in MASLD by
modulating key biological processes such as inflammation, lipid
and glucose metabolism, and energy homeostasis. Peroxisome
proliferator-activated receptor alpha (PPARα) is highly expressed
in hepatocytes and plays a critical role in the regulation of lipid
transport and metabolism (Kersten, 2014). There is evidence that
the ablation of PPARα in hepatocytes induces hepatic steatosis
and inflammation in mice fed a HFD (Regnier et al., 2020).
Peroxisome proliferator-activated receptor gamma (PPARγ) is
the most extensively studied isoform, primarily responsible for
regulating adipocyte differentiation, lipogenesis, and various
metabolic functions (Chen et al., 2023a). PPARγ stimulates the
hepatic production of FASN, resulting in elevated triglyceride levels
within hepatocytes. Moreover, it enhances the transcription of
sterol regulatory element-binding protein 1c (SREBP1c), which
activates additional lipogenic genes and accelerates the conversion
of pyruvate into fatty acids. In 2011, Moran-Salvador et al. (2011)
have found that hepatocyte-specific knockdown of PPARγ in
murine models led to a reduction in hepatic steatosis. This finding
indicated that PPARγ was a major regulator of hepatic lipogenesis
and significantly influenced lipid accumulation in the liver.

Apart from the regulation of DNL, triglyceride secretion
constitutes another vital mechanism for controlling hepatic
lipid concentrations. Essential components in this process
include apolipoprotein B100 (ApoB100) and MTTP. Within the
endoplasmic reticulum (ER), MTTP facilitates the lipidation of
ApoB100, leading to the formation of VLDL particles (Hinds et al.,
2020). Genetic abnormalities in MTTP can impair hepatic
triglyceride secretion, causing the occurrence ofMASLD. A separate
study investigating the susceptibility of the Han Chinese population
toMASLD identified that genetic polymorphisms in theMTTP gene
may influence the risk of developing MASLD (Peng et al., 2014).

Over all, the progression of MASLD and MASH is intricately
linked to hepatic fatty acid accumulation, triglyceride synthesis, and
the expression of various regulatory enzymes. Genetic variations
and differential expression of these metabolic pathways may either
elevate or lower the risk of MASLD and MASH. A comprehensive
understanding of these fundamental processes would facilitate the
development of more efficacious therapeutic strategies for the

prevention and treatment of these increasingly prevalent hepatic
disorders.

3 Hepatic lipid related gene loci
associated with MASLD and MASH
susceptibility

Genetic factors play a critical role in the onset and progression of
MASLD andMASH. Previous studies have identified a large amount
of genetic variants associated with MASLD (Del Campo et al.,
2018; Lin et al., 2020). These variants take part in numerous
pathogenic pathways, including lipid metabolism, insulin signaling,
oxidative stress, inflammation, and fibrosis, which contribute to
the significant variability in the incidence and mortality among
individuals with MASLD-related disorders. MASLD and MASH
exhibit a strong heritable component estimated to range from 35%
to 61% (Loomba et al., 2021). Nevertheless, the genetic variants
identified thus far account for only a minor fraction (10%–20%) of
the total heritability (Eslam and George, 2019). Indeed, MASLD is
a polygenic disorder, and developing predictive models requires
more comprehensive genetic information. To date, numerous
studies have detected a variety of genetic variants associated with
MASLD and MASH through genome-wide association studies
(GWAS) (Donati et al., 2016; Abul-Husn et al., 2018; Chung et al.,
2018; Riccio et al., 2022; Xia et al., 2022). In 2008, Romeo et al.
(2008) conducted the first GWAS for MASLD, and identified a
SNP (rs738409 C>G) in PNPLA3 significantly associated with
MASLD. Since then, more and more groups discovered SNPs
linked to lipid metabolism-related genes in patients with MASLD
using GWAS or candidate gene analyses (Chung et al., 2018;
Kawaguchi et al., 2018; Anstee et al., 2020; Chen et al., 2023b).
Those studies identified a number of candidate genes including
PNPLA3, GCKR, TM6SF2, HSD17B13, MBOAT7, PPP1R3B,
SAMM50, NCAN, LYPLAL1 and FDFT1 (Table 1).The associations
between these genetic variants and elevated levels of serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) have
been confirmed. Furthermore, these variants are also linked to
hepatic conditions such as simple steatosis, steatohepatitis, liver
cirrhosis, and HCC. Additionally, they are frequently associated
with metabolic disorders including type 2 diabetes, obesity, and
cardiovascular diseases (Sharma and Mandal, 2022). Notably,
in a recent study, Upadhyay et al. (2023) conducted a GWAS
based on three large databases related to hepatic steatosis,
consisting of the UK Biobank (UKBB), the Michigan Genomics
Initiative (MGI), and the Genetics of Obesity-related Liver Disease
(GLOD) Consortium. They ultimately identified a significant
variant rs6461378 (C>T; SUN1 p.H118Y) that showed closely
association with fatty degeneration. This association was further
confirmed across multiple ethnically diverse validation cohorts
and various cell lines, linking rs6461378 to histological MASLD
and MASLD-associated metabolic characteristics. Their findings
suggested that SUN1 may serve as a promising and relevant
therapeutic target for MASLD/MASH and metabolic diseases.
In this study, we summarized the existing literature around the
SNPs associated with MASLD and MASH identified by GWAS
and candidate gene analyses, and obtained 138 SNPs in 98 genes
(Supplementary Table S1) (Iwamoto et al., 2001; Nozaki et al.,
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2004; Sazci et al., 2008; Carulli et al., 2009; Kotronen et al.,
2009; Musso et al., 2009; Yan et al., 2009; Yoneda et al., 2009;
Chalasani et al., 2010; Dongiovanni et al., 2010; Oliveira et al., 2010;
Teslovich et al., 2010; Valenti et al., 2010; Swellam and Hamdy,
2012; Valenti et al., 2012; Adams et al., 2013; Musso et al., 2013a;
Vazquez-Chantada et al., 2013; Xu, 2013; Di Filippo et al., 2014;
Fares et al., 2014; Li, 2014; Nobili et al., 2014; Wang et al., 2014a;
Wang et al., 2014b; Lutz et al., 2016; Tan et al., 2016; Wallace et al.,
2016; Nakajima et al., 2017; Hudert et al., 2018; Kovalic et al., 2018;
Dongiovanni et al., 2019; Esteve-Luque et al., 2021; Wang et al.,
2021; Buzova et al., 2022; Luukkonen et al., 2023a; Lee et al.,
2024). Enrichment analyses were performed using EnrichR/gseapy
combined with different databases (GO_Biological_Process_2021_
Human, KEGG_2021_Human, MSigDB_Hallmark_2020_Human,
Reactome_2016_Human and WikiPathway_2021_Human) to
determine the potential functions of 98 candidate genes in the
pathogenesis of MASLD (Supplementary Table S2; Figure 2A).
We observed that these genes were predominantly associated
with multiple lipid and glucose metabolism-related pathways.
Subsequently, we screened lipid-related pathways using the
keywords such as lipid, fatty acid, fat, cholesterol and steroid,
and identified 59 unique genes enriched in lipid biosynthetic
process, fatty acid metabolic process, cholesterol homeostasis
and cholesterol biosynthesis pathway, PPAR signaling pathway
and MASLD (Supplementary Tables S3, S4; Figure 2B). The gene
list encompass genes identified in multiple studies across diverse
populations that were closely associated with MASLD and MASH,
including PNPLA3, TM6SF2, HSD17B13, GCKR, members of the
FADS family, FDFT1, and PPP1R3B.

The PNPLA3 gene encodes a triglyceride lipase, which plays a
critical role in lipid metabolism, and many studies have suggested
that PNPLA3 is closely related to the pathogenesis of MASLD.
In the beginning, research on the role of PNPLA3 SNPs in risk
for MASLD has been centered on rs738409 (Romeo et al., 2008).
This SNP, encodes the PNPLA3 I148M variant, results in an
amino acid change from isoleucine to methionine, which has been
recognized as themost commonly associated variants forMASLD in
Hispanic, African American, and European American populations,
and has strongly correlation with increased liver fat and hepatic
inflammation. Additionally, the study identified another variant in
the PNPLA3 gene (rs6006460), involving a thymine-to-cytosine
nucleotide alteration that is associated with reduced hepatic fat
content in African Americans. The associations between PNPLA3
genetic variants and MASLD were further validated by a large
number of subsequent GWAS using populations from Asia, Europe,
and the Americas (Lin et al., 2014; Shang et al., 2015; Anstee et al.,
2020; Gellert-Kristensen et al., 2020b; Xia et al., 2022). In 2022,
a comprehensive genomic analysis identified strong associations
between PNPLA3 (rs738409), MBOAT7 (rs641738), and TM6SF2
(rs58542926) and increased hepatic fat accumulation (Xia et al.,
2022). Researchers calculated a genetic susceptibility score for
MASLD by aggregating these risk alleles, and they discovered a
positive correlation between the genetic susceptibility score and the
liver fat content (LFC) as well as serum levels of ALT. Additionally,
the genetic score exhibited an inverse correlation with plasma
triglyceride and cholesterol levels. Individuals with elevated genetic
susceptibility scores demonstrated markedly increased rates of
liver-specific mortality. Moreover, Chung et al. (2018) performed

a GWAS on a Korean cohort to investigate SNPs associated with
MASLD. The discovery cohort consisted of 1,593 individuals with
MASLD and 2,816 healthy controls, while the validation cohort
included 744 individuals with MASLD and 1,137 healthy controls.
In both cohorts, significant associations were identified between
SNPs in the PNPLA3 (rs738409, rs12483959, and rs2281135) and
MASLD. Associations were also observed for SNPs in the SAMM50
(rs2143571, rs3761472, and rs2073080). These six SNPs were
significantly correlated with the severity of hepatic steatosis, the
incidence of MASLD, and elevated serum alanine aminotransferase
(ALT) levels. Although the significance of PNPLA3 in MASLD
has been repeatedly validated through GWAS, the underlying
pathogenic mechanisms remain incompletely understood. Notably,
in a recently study by Luukkonen et al. (2023b), which employed
advanced stable isotope techniques to investigate the hepatic
metabolic effects in individuals carrying the GG risk homozygosis
for the PNPLA3 I148M variant. Their findings revealed an intrinsic
mechanism characterized by impaired hepatic mitochondrial
function, evidenced by significantly increased ketogenesis alongside
reduced lipogenesis and decreased mitochondrial citrate synthase
flux. This study helps us understand why homozygous carriers of
the PNPLA3 I148M variant were at an elevated risk for progressive
liver disease. Meanwhile, other variants of PNPLA3 warrant our
attention. Donati et al. (2016) discovered that the PNPLA3 variant
rs2294918 (A>G), which encodes the PNPLA3 K434E substitution,
reduces PNPLA3 expression and mitigates the impact of the
I148M variant on susceptibility to hepatic steatosis and liver
injury. Although the K434E variant does not exhibit as strong
predictive power as the I148M variant, it remains highly important
for elucidating how genetic risk factors of PNPLA3 influence the
development of MASLD.

TM6SF2 is a transmembrane protein predominantly expressed
in the liver, kidneys, and small intestine. TM6SF2 plays a
crucial role in hepatic lipid metabolism, affecting the secretion
of triglycerides and the composition of lipid droplets within the
liver. Dysfunction of TM6SF2 has been associated with the onset
of MASLD (Kozlitina et al., 2014; Mahdessian et al., 2014). The
TM6SF2 variant rs58542926 (C>T), which results in an amino acid
substitution at position 167, from glutamate to lysine (E167K), has
been identified as one of the significant genetic determinants of
hepatic fat content (Romeo et al., 2020). Researchers in Finland
applied isotope tracing methods to explore the association between
the TM6SF2 E167K variant and reduced levels of MASLD and
plasma triglycerides in humans Boren et al. (2020), which involved
in 10 homozygote carriers for TM6SF2 E167K and 10 controls.
Their findings demonstrated that the TM6SF2 E167K variant was
directly linked to a decrease in the hepatic production of very
low-density lipoprotein 1 (VLDL1). According to the proposed
mechanism, the body’s ability to secrete large, triglyceride-rich
lipoproteins is compromised, resulting in an inefficient VLDL
pathway, which leads to lipid accumulation in the liver. In
a recent study, Chen et al. (2024) systematically estimated the
effects on hepatic steatosis of dietary patterns alongside genetic
variants including PNPLA3-rs738409-G, TM6SF2-rs58542926-T,
a polygenic risk score (PRS) based on 16 variants, and their
interactions among 21,619 participants from the UK Biobank
(UKBB). An association analysis was conducted between those
factors and LFC, which indicated that these genetic factors
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FIGURE 2
Top 5 enriched terms and pathways of genes (A) and lipid-related genes (B) affected by MASLD genetic risk variants determined by GO, KEGG, MSigDB,
Reactome, and WikiPathways.

exacerbated the impact of diet on hepatic steatosis, inflammation,
and fibrosis.

The 17β-hydroxysteroid dehydrogenase (HSD17B) enzyme
family consists of 15 isoenzymes that play important roles in various
metabolic processes (Su et al., 2019). These enzymes are essential
for the metabolism of steroid hormones, cholesterol, fatty acids,
and bile acids, consequently, they influence multiple physiological
functions and biological pathways in the pathophysiology of
MASLD. In 2008, Horiguchi et al. (2008) identified HSD17B13 as
a novel protein associated with lipid droplets, with expression
predominantly in liver tissue, particularly within hepatic lipid
droplets, which highlighted the potential significance of HSD17B13
in hepatic lipid metabolism and related diseases. Recent research
suggested that SNPs in the HSD17B13 were critical for regulating
hepatic lipid homeostasis, and may further have effect on the
susceptibility and MASLD histological severity (Lin et al., 2020).
Abul-Husn et al. (2018) performed an exome-wide association
study using exome sequencing data and electronic health records
from 46,544 European participants. This study identified the variant
rs72613567 in HSD17B13 as a protective variant associated with
lower serum transaminase levels (ALT and AST), reduced risks
of MASH, and non-alcoholic cirrhosis. Notably, this variant was
also linked to a decreased risk associated with the PNPLA3
I148M polymorphism. Interestingly, a study involving 111,612
participants from theDanish population found that individuals with
a higher risk of fatty liver disease exhibited enhanced functionality
of the HSD17B13 (rs72613567) variant in lowering ALT levels
(Gellert-Kristensen et al., 2020a). Furthermore, another study by
Kallwitz et al. (2020) found that the HSD17B13 rs72613567 variant
was associated with a reduced risk of MASLD and a lower FIB-4
score in a cohort of 9,342 Hispanic or Latino individuals. A separate
study involving a multi-ethnic Asian population of 165 individuals
similarly observed that the HSD17B13 variants rs72613567 and
rs6834314 were negatively correlated with the severity of MASLD
and MASH, as well as with the degree of hepatocellular ballooning.
These variants were also associated with a lower incidence of liver-
related complications (Ting et al., 2021). Importantly, a recently

study revealed HSD17B13 rs72613567-A variant protected against
liver fibrosis by suppression of pyrimidine catabolism in humans and
two different mouse models of MASLD (Luukkonen et al., 2023c).

Furthermore, numerous previous studies have indicated that
SNPswithin theGCKRgene are associatedwithMASLD (Zain et al.,
2015). The GCKR gene plays a significant role in the negative
regulation of glucose kinase activity (Agius, 2016). The SNP
rs780094 in the GCKR is associated with hepatic lipid levels,
and another SNP, rs1260326, diminishes the inhibitory effect on
glucose kinase, prompting hepatocytes to increase glycolysis, which
subsequently leads to hepatic steatosis. Yuan et al. (2022) conducted
an association analysis involving 733 older Chinese individuals
diagnosed with MASLD and 824 age- and race-matched controls.
The variants rs780094 and rs1260326 of GCKR were found to be
significantly associated with MASLD, with the T allele of rs1260326
correlating with elevated triglyceride levels. A GWAS involving
902 individuals with MASLD and 7,672 controls from the general
population in Japan identified a significant association between the
rs1260326 SNP in the GCKR gene and MASLD (Kawaguchi et al.,
2018). In addition, they used the genetic variants of PNPLA3
(rs2896019), GCKR (rs1260326), and GATAD2A (rs4808199,
rs17007417) to develop the risk-estimation models for MASLD and
MASH, which is able to predict MASLD with higher accuracy and
assist patients in making better treatment choices.

The SAMM50 gene encodes the Sam50 protein, which is located
in the outer mitochondrial membrane and plays a critical role
in the removal of reactive oxygen species, as well as maintaining
mitochondrial morphology and division. Several studies have
reported that the rs738491 variant in SAMM50 is an important
SNPs that has a close association with MASLD in Japanese, Korean
and Chinese Han papulation (Kitamoto et al., 2013; Chung et al.,
2018; Xu et al., 2021). Li Z. et al. (2021) investigated the association
between SAMM50 polymorphisms (rs738491 and rs2073082) and
MASLD in a Chinese Han cohort, aiming to elucidate the functional
implications of this relationship.The clinical data and corresponding
blood samples were gathered from 380 individuals diagnosed with
MASLD, along with 380 comparable control subjects. Through the
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case-control study, they found that individuals carrying the T allele
of rs738491 or the G allele of rs2073082 had an increased risk of
developing MASLD, which was associated with elevated triglyceride
levels, ALT, and AST. Furthermore, they performed experiments
in SAMM50 knockdown cells, and observed that SAMM50 gene
variants reduced its expression. They also demonstrated that the
impairment of SAMM50 function disrupted fatty acid oxidation
(FAO), which led to lipid metabolic dysregulation in cells.

The MBOAT7 gene encodes the MBOAT7 protein, which
functions as a lysophosphatidic acid acyltransferase (LPIAT),
playing a crucial role in the reacylation of phospholipids within
the phospholipid remodeling pathway (Johansen et al., 2016).
In 2016, Mancina et al. (2016) carried out a GWAS in 1,149
individuals of European ancestry and pointed to a strong
association between the rs641738 locus near the genes encoding
MBOAT7-TMC4 and an increased risk of severe liver damage
and fibrosis in MASLD patients. In accordance with human
genetic research, cellular culture, and mouse models indicate
that loss of MBOAT7 results in the accumulation of lipids in
hepatocytes, exacerbating liver damage and promoting liver fibrosis
(Mann et al., 2020; Thangapandi et al., 2021; Xia et al., 2021). In
2021 (Thangapandi et al., 2021), performed a knockout of the
MBOAT7 gene in the liver of murine models. In hepatocytes with
MBOAT7 deficiency, spontaneous steatosis occurred, which was
characterized by elevated levels of cholesterol esters. After 6 weeks
of feeding on a methionine-choline-deficient (MCD) diet, non-
inflammatory fibrosis was observed in theMBOAT7 knockoutmice.
Furthermore, they genotyped the MBOAT7 variant (rs641738)
in human liver biopsies and similarly found that this variant was
associated with liver fibrosis (LF), independent of inflammatory
processes. Importantly, Teo et al. (2021) conducted a meta-analysis
using data from 1,066,175 participants across 42 European studies,
and found that the rs641738 C>T mutation close to MBOAT7 gene
was linked to liver fat, ALT and fibrosis in MASLD.

In addition to the aforementioned studies focusing on the
comparatively well-characterized SNPs associated with lipid
metabolism, several SNPs in other potential genes have also
been implicated in lipid metabolic dysregulation in MASLD.
Specifically, in humans, the G allele of rs174537 in the FADS1
gene was reported to be associated with increased desaturase
activity of FADS1 as well as elevated levels of arachidonic acid
in the bloodstream (Mathias et al., 2011). This association may
be particularly pronounced in African American populations.
The rs174616 variant in the FADS2 gene may affect fatty acid
metabolism by inducing alterations in DNA methylation, which
could potentially contribute to the pathogenesis of MASLD
(Walle et al., 2019). GWAS have demonstrated a strong correlation
between hepatic steatosis and the rs2228603 variant in the NCAN
gene, as well as the rs4240624 variant in the PPP1R3B gene. Besides,
the rs12137855 variation in the LYPLAL1 gene shows a significant
association with histological features of MASLD (McCarthy et al.,
2011). The FDFT1 gene is involved in the regulation of cholesterol
synthesis, and the rs2645424 variant in FDFT1 has been associated
with MASLD activity scores, as well as moderate to severe fibrosis in
a cohort of overweight adolescents from diverse ethnic backgrounds
(Santoro et al., 2013). A number of rare variants also predisposed
individuals to MASLD and MASH. Specifically, rare mutations
in the MTTP, APOB, and ATG7 genes have been associated with

an increased susceptibility to MASLD. Interestingly, infrequent
loss-of-function mutations in MTTP were known to induce
abetalipoproteinemia (Chen et al., 2023b). The progression of the
disease was exacerbated by the presence of rare loss-of-function
mutations in the ATG7 gene, which disrupted lipophagy and
mitophagy in hepatocytes (Moretti et al., 2024). Notably, a recent
study found that rare protein-truncating variants in BSN were
associated with an elevated risk of MASLD (Zhao et al., 2024).

It should be note that the prevalence of MASLD exhibits
considerable variation across different racial and ethnic groups
(Browning et al., 2004). Certain studies have aimed to validate
the findings of the Genetics of Obesity-Related Liver Disease
Consortium within diverse cohorts. Palmer et al. (2013) utilized
computed tomography to assess hepatic steatosis in adult
populations of African American and Hispanic descent. They found
that the allele frequencies and effect sizes of the PNPLA3 rs738409,
NCAN rs2228603, LYPLAL1 rs12137855, GCKR rs780094, and
PPP1R3B rs4240624 variants differed among individuals of
various racial backgrounds. In addition, hepatic steatosis showed
a significant association with variants of PNPLA3, NCAN, GCKR,
and PPP1R3B, along with nearby variants in African Americans.
In Hispanic Americans, the associations were primarily observed
with polymorphisms of PNPLA3 and PPP1R3B. Interestingly, a
study conducted by Lin et al. (2014) evaluated the genetic diversity
in obese children of Han Chinese descent in Taiwan, consisting
of a cohort of 797 overweight or obese children aged 7–18 years.
This study primarily focused on the impact of genetic variants
PNPLA3 rs738409, NCAN rs2228603, LYPLAL1 rs12137855,
GCKR rs780094, and PPP1R3B rs4240624 on MASLD. Their
findings corroborated the association between the genetic variations
GCKR rs780094 and PNPLA3 rs738409withMASLD. Furthermore,
they also discovered that NCAN rs2228603, LYPLAL1 rs12137855,
and PPP1R3B rs4240624 were significantly linked to insulin
resistance. On the other hand, the research indicated that genetic
variations in GCKR and PNPLA3 may significantly increase
the susceptibility of multiethnic obese individuals to MASLD.
Collectively, genetic variants associated with lipid metabolism genes
may elucidate the disparities in the incidence and mortality rates
associated with MASLD, as well as its related conditions among
individuals, families, and populations. All these findings enhance
our understanding of the genetic basis of MASLD and MASH,
while also providing a theoretical framework for the development
of personalized treatment strategies.

4 The effect of DNA methylation in
hepatic lipid-associated genes on
MASLD and MASH

DNA methylation represents a fundamental and ubiquitous
modification found in eukaryotic cells, serving as the primary
epigenetic mechanism regulating gene expression in mammals
(Wu et al., 2023). This process facilitates the transmission of
genetic information to progeny DNA through the action of
DNA methyltransferases (DNMTs). Various forms of methylation
modifications exist, including 5-methylcytosine (5mC), 5-
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-
carboxylcytosine (5caC). Among these, 5mC is the most prevalent
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FIGURE 3
DNA methylation regulation. DNA methylation occurs mainly in the islands of cytosine-phosphate-guanine (CpG) gene promoter region. It promotes
gene transcription in the promoter region by activating DNA methyltransferases. DNA methylases can be divided into three categories according to
their roles in DNA methylation: writing enzymes, erasing enzymes, and reading enzymes. Writing enzymes catalyze the addition of methyl groups to
cytosine residues. The function of erasing enzymes is to modify and remove methyl groups. Reading enzymes can recognize and bind methyl groups
to affect gene expression. Created with MedPeer (medpeer.cn). C, cytosine; 5mC, 5-methylcytosine; 5hmC, 5-hydroxymethylcytosine; 5fC,
5-formylcytosine; 5caC, 5-carboxylcytosine; DNMTs, DNA methyltransferases; TETs, ten-eleven translocation enzymes; MBDs, methyl-CpG binding
domain proteins; MeCP2, methyl CpG binding protein 2; UHRF, ubiquitin-like with PHD and RING finger domains; ZBTB4, zinc finger and BTB domain
containing 4; ZBTB38, zinc finger and BTB domain containing 38.

epigenetic modification within the human genome and has been
extensively studied, conversely, the other forms of DNAmethylation
are comparatively rare. DNA methylases are classified into three
distinct categories based on their specific functions in the DNA
methylation process: writing enzymes, erasing enzymes, and reading
enzymes (Figure 3) (Shi et al., 2022).

Writing enzymes facilitate the transfer of a methyl group
from S-adenosylmethionine (SAM) to cytosine residues, primarily
comprising members of the DNA methyltransferase (DNMT)
family (Chen and Zhang, 2020). Within this family, DNMT3
is predominantly responsible for establishing methylation marks,
whereas DNMT1 plays a crucial role in the maintenance of
these methylation patterns. DNMT3 family encompasses enzymes
DNMT3A, DNMT3B, DNMT3C, and DNMT3L, which facilitate
the attachment of methyl groups to unmethylated cytosines. This
process is known as de novo methylation (Zeng and Chen, 2019).
DNMT3A and DNMT3B are the principal enzymes responsible
for establishing DNA methylation during embryonic development
(Bourc’his and Bestor, 2004). While DNMT3A and DNMT3B
exhibit considerable structural similarity, they display different
target preferences. DNMT3A is predominantly expressed during
late embryonic development and in differentiated cells, whereas
DNMT3B is mainly active during the early stages of embryonic
development. Despite the fact that DNMT3L lacks intrinsic
enzymatic activity, it serves as a critical cofactor in the de
novo methylation process. Following the establishment of DNA
methylation, DNMT1 exhibits a distinctive capability to replicate
CpG methylation patterns and transfer them to the newly

synthesized DNA strand. This process is essential for sustaining
the DNA methylation status during DNA replication (Hyun and
Jung, 2020).

The function of the erasing enzyme involves the modification
and removal of methyl groups, with DNA demethylation occurring
through either active or passive mechanisms. Active DNA
demethylation is mediated by the TET (Ten−Eleven Translocation)
enzymes, which includes TET1, TET2, and TET3 (Greenberg and
Bourc’his, 2019). These enzymes catalyze the conversion of 5mC
into 5hmC, 5fC, and 5caC. Subsequently, DNA demethylation
is completed when thymine-DNA glycosylase (TDG) excises the
base from 5fC and 5caC, thereby initiating the base excision repair
pathway. In previous study, CpG methylation was considered to be
a stable feature within the genomic context (Bird, 2002). However,
the emergence of next-generation sequencing technologies allows
for the measurement of DNA methylation at single-base resolution,
which has uncovered that DNA methylation is highly dynamic,
exhibiting alterations in response to variations within cellular and
tissue microenvironments (Booth et al., 2012; Moore et al., 2013).

Reading enzymes are capable of recognizing and binding to
methyl groups, thereby influencing gene expression, primarily
manifested as transcriptional repression. This interaction
encompasses three protein families that specifically recognize DNA
methylation: Methyl-CpG binding domain (MBD) proteins, UHRF
proteins, and zinc finger proteins (Shi et al., 2022). MBD proteins
possess a MBD that demonstrates a high affinity for individual
methylated CpG sites, with notable family members including
MeCP2, MBD1, MBD2, MBD3, and MBD4. The UHRF protein
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family plays a critical role in the maintenance of DNA methylation
by binding to DNMT1 and targeting hemimethylated DNA. In
contrast, zinc finger proteins, such as Kaiso, ZBTB4, and ZBTB38,
primarily exert transcriptional inhibition through mechanisms rely
on DNA methylation.

In recent years, numerous studies have shown that the
expression of lipid-related genes is closely associated with DNA
methylation, as evidenced by both animal models and human liver
biopsy samples. Abnormal methylation patterns of these genes
are implicated in the mechanisms underlying the progression
of MASLD and MASH, and they may also serve as potential
biomarkers for evaluating the advancement of the disease.

4.1 Animal models

The dietary intake exerts a considerable impact on the
pathogenesis of MASLD, therefor, the establishment of an optimal
animal model for MASLD is essential for elucidating the etiology
of this condition (Wolf et al., 2014; Liu et al., 2017; Li et al., 2021a;
Li et al., 2021b). Nutrient imbalance models represent the primary
approaches for the establishment of animal models relevant to
MASLD and MASH. Researchers may develop animal model
using various dietary interventions, including the western diet
(WD), high-cholesterol diet (HCD), high-fat and high-fructose diet
(HFHF), high-fat and high-cholesterol diet (HFHC), methionine
and choline deficiency diet (MCD), and the choline-deficient, L-
amino acid-defined high-fat diet (CDAHFD) (Oligschlaeger and
Shiri-Sverdlov, 2020). Certain dietary components, such as betaine,
folate, and choline, serve as methyl donors essential for the synthesis
of S-adenosyl methionine (SAM). These methyl donors play a
pivotal role in the metabolic pathways of methionine, in which
SAM is integral to the process of genomic methylation (Niculescu
and Zeisel, 2002; Kalhan et al., 2011). As a result, nutritional
elements have emerged as critical determinants of DNAmethylation
(Table 2).

In 2021, Sámano-Hernández et al. (2021) established a MASLD
model in rats through the administration of a methionine-choline
deficient diet. For thisMASLDmousemodel, the ratio of S-adenosyl
methionine to S-adenosyl homocysteine (SAM/SAH) exhibited a
notable decline, while levels of plasma homocysteine, free fatty
acids, and long-chain acylcarnitines were significantly elevated.
The liver of mice subjected to a diet deficient in methyl donors
such as choline and folate demonstrated diminished levels of S-
adenosylmethionine (SAM). This finding was reported in a study
led by (Tryndyak et al., 2010). Employing theCpG islandmicroarray
technique, they identified alterations in CpG island methylation
across 164 genes within the liver tissue. These genes are associated
with changes in lipid and glucose metabolism, DNA damage and
repair, apoptosis, fibrosis progression, and liver tissue remodeling.
Remarkably, the number of hypomethylated genes substantially
outstripped that of genes undergoing hypermethylation. Betaine, a
methylation donor, has been demonstrated to alleviate fatty liver
induced by a HFD. This effect was achieved by reversing the
hypermethylation of the Mttp promoter, which in turn ameliorated
theMttp dysregulation caused by theHFD (Wang et al., 2014c).This
modification led to widespread hypomethylation across the genome,
thereby promoting the export of triglycerides (TG) from the livers

of mice subjected to a HFD. Consequently, there is a reduction
in hepatic fat content, effectively mitigating hepatic steatosis. In
another study, Cordero et al. (2013) utilized radiolabeled DNA
synthesis to quantify total DNA methylation in a mouse model
of MASLD induced by an HFS diet. To examine gene-specific
methylation, a mass spectrometry technique known as EpiTYPER
was employed in this study. Methyl-donor-supplemented with a
dietary cocktail including folate, betaine, choline, and vitamin B12
was found to alter DNA methylation in the promoter regions of
genes such as Agpat3, Esr1, and Srebf2, which are implicated in
the pathogenesis of obesity and lipid metabolism. This regulatory
mechanism plays a crucial role in restoring fat accumulation
in the liver of rats subjected to HFS diets. This method also
revealed that supplementation with methyl donors can induce
hypermethylation of the Fasn gene, which probably had a significant
role in the alleviation of MASLD due to the effects of methyl donor
supplementation (Cordero et al., 2012).

In prevalent animal models associated with MASLD and MASH
related to nutritional imbalances, Pacana et al. (2015) identified
elevated homocysteine levels alongside methionine deficiency in
the liver of mice with MASLD induced by a HFHC diet. The
assessment of 5mC levels was conducted through the enzymatic
breakdown of DNA into nucleotides. Although the overall DNA
methylation remained unchanged, a significant downregulation
of DNMT3A gene expression was observed in these mice.
They employed methylation-specific restriction endonucleases to
perform real-time quantitative PCR on the promoter CpG islands
of critical genes, including Fasn andHMG-CoA reductase (Hmgcr).
Notably, the Hmgcr gene exhibited substantial methylation levels.
Recently, Bi et al. (2023) applied RNA sequencing (RNA-seq)
and whole-genome bisulfite sequencing (WGBS) to investigate
the role of DNA methylation and gene expression levels in a
mouse model of MASH induced by a HFHC diet. Following
integrated bioinformatic analysis, they identified that genes involved
in cholesterol metabolism, including Sqle, Insig1, Hmgcr, and
Acsl1, exhibited higher methylation levels coupled with lower
mRNA expression. These findings indicated that alterations in
DNA methylation within lipid metabolism genes as well as their
related signaling pathways significantly contribute to the molecular
events underlying MASH. Moreover, Kim et al. (2019) developed
an animal model of MASLD by applying two distinct dietary
interventions to C57BL/6J mice: HFD and a high-fructose diet
(HFrD). They conducted a genome-wide methylation analysis
utilizing reduced representation bisulfite sequencing (RRBS-seq)
for liver DNA. Based on KEGG pathways analyses for the
differentially methylated CpGs, they identified genes such as
Apoa4, Atp1a1, Kcnj16, Nfatc1, and Plb1 predominantly displayed
sustained hypomethylation. Conversely, genes including Fgfr1,
Ptpn11, Shank2, Gria1, and Col4a2 were primarily associated with
sustained hypermethylation. Notably, the researchers emphasized
the relationship between Apoa4 and liver triglyceride exportation,
highlighting its potential role in metabolic regulation in MASLD.
Additionally, Tryndyak et al. (2022) observed distinct differences
in DNA methylation and gene expression levels of the Apoa4,
Gls2, and Apom genes in mice predisposed to severe MASLD.
These differential patterns were not evident in mice exhibiting
mild MASLD phenotypes. The analysis was conducted using
genome-wide targeted bisulfite DNA methylation next-generation
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sequencing on liver tissues obtained from Collaborative Cross
(CC) mice subjected to a high-fat and high-sucrose (HF/HS) diet.
Although the two studies employed different dietary interventions to
establish animal models of MASLD, both independently identified
alterations in the methylation status of the Apoa4 gene within
these models. Apolipoprotein A-IV (Apoa4) plays a critical role by
binding to chylomicrons to facilitate the transport of dietary lipids.
Additionally, Apoa4 is involved in the formation and remodeling of
high-density lipoprotein (HDL), which aids in the reverse transport
of cholesterol and enhances the clearance of excess cholesterol from
peripheral tissues. Consequently, changes in the expression levels
and DNA methylation of the Apoa4 gene provide valuable insights
into the mechanisms underlying the pathogenesis of MASLD.
These findings suggest that alterations in the expression and DNA
methylation status of lipid-related genes may serve as predictive
markers for the development of MASLD.

Dipeptidyl peptidase 4 (DPP4) is an adipokine secreted by
hepatocytes, and expression of hepatic Dpp4 are elevated in
individuals who are overweight or haveMASLD. In a study involving
mice fed a HFD for 6 weeks, liver DPP4 expression was found to
increase concomitantly with weight gain. Baumeier et al. (2017)
conducted their investigation using direct bisulfite sequencing
PCR (dBSP) and pyrosequencing to examine methylation profile
of Dpp4 gene in mouse liver. They identified reduced methylation
at four CpG sites within the DPP4 gene in HFD mice. Furthermore,
analysis of liver biopsy samples from overweight individuals also
revealed that elevated hepaticDpp4 levelswere associatedwith lower
DNA methylation as specific CpG site in both hepatosteatosis and
MASH. In a study conducted by Chen et al. (2020), apolipoprotein
(Apo) E-deficient female mice were fed a WD characterized by
elevated levels of fat and cholesterol. The researchers investigated
the implications of this dietary exposure on the development
of MASLD in male offspring of WD-fed dams. Their findings
revealed that male offspring exhibited lower serum levels of
Apolipoprotein B (ApoB) alongside reduced hepatic expression
of the ApoB gene. Subsequent DNA methylation analysis was
performed using bisulfite sequencing, indicated that the livers
of male offspring from dams fed a WD displayed increased
methylation within the promoter region of the ApoB gene.
These results suggested that maternal consumption of a western
diet may induce epigenetic modifications that alter ApoB gene
expression, thereby exacerbating the risk of MASLD in male
offspring. Nuclear factor erythroid 2-related factor 2 (NRF2) is a
transcription factor that plays a protective role against MASLD
by downregulating the expression of genes implicated in lipid
accumulation. Reduced expression and activity of NRF2 have been
documented in livers of MASH. In a study involving mice subjected
to a HFD, resveratrol was shown to induce hypomethylation
of the hepatic Nrf2 promoter. This hypomethylation was
associated with decreased triglyceride levels and reduced
expression of lipogenic genes, such as fatty acid synthase (Fasn)
and sterol regulatory element-binding protein 1c (Srebp-1c)
(Hosseini et al., 2020).

Taken together, in various animalmodels ofMASLD andMASH
induced by dietary modifications, alterations in the methylation
patterns of hepatic genes associated with lipid metabolism have
been observed. These findings suggest that environmental factors,
such as diet, may influence the expression of genes related to

lipid metabolism through epigenetic mechanisms, particularly via
abnormal changes in DNA methylation.

4.2 Human studies

Abnormal DNA methylation patterns have been associated
with dysregulated gene expression and are implicated in the
pathogenesis of various human diseases (Zeybel et al., 2015;
Pardo et al., 2022; Kang et al., 2023; Wu et al., 2023). With the
continuous advancement of DNA methylation detection methods
and the in-depth investigation of DNA methylation changes in
the process of MASLD, researchers have obtained substantial
information regarding specific differential DNA methylation in
patients with varying stages of MASLD (Supplementary Table S5)
(Sookoian et al., 2009; Murphy et al., 2013; Pirola et al., 2013;
Nishida et al., 2016; Baumeier et al., 2017; Nano et al., 2017;
Tian et al., 2020; Yaskolka Meir et al., 2021; Pan et al., 2022;
Magdy et al., 2024). These global hypomethylation and specific
differential methylation events play a crucial role in the progression
of MASLD, particularly the methylation modifications occurring
at the transcriptional start sites of genes involved in lipid
metabolism (Table 3) (Kitamoto et al., 2015; Lai et al., 2019;
Ma et al., 2019; Walle et al., 2019; Motta et al., 2023). These
methylation alterations in lipid metabolism-related genes will
provide valuable insights into the mechanisms underlying the
occurrence and progression of MASLD.

4.2.1 DNA methylation alterations in liver tissue
Currently, liver biopsy remains the gold standard for diagnosing

MASLD and MASH, providing the most accurate assessment
of inflammatory damage and fibrosis staging in hepatic tissue
(Leng et al., 2021). To investigate the changes in site-specific DNA
methylation of lipid metabolism-related genes in the liver tissues
of MASLD, researchers utilized Methylation Specific Polymerase
Chain Reaction (MS-PCR) to obtain methylation information at
specific position (Sookoian et al., 2010b). A study that involved
DNA methylation analysis using MS-PCR on liver biopsy samples
from 18 control participants and 47 patients with MASLD. The
results revealed a higher methylation level of PPARGC1A promoter
in MASLD livers compared to control livers, along with a lower
mRNA level of PPARGC1A. In another study, Kitamoto et al. (2015)
performed a target-bisulfite sequencing to explore the methylation
status of four different CpG islands (CpG99, CpG71, CpG26, and
CpG101) within the regulatory regions of the PNPLA3, SAMM50,
and PARVB. This study found that CpG26 in the regulatory
region of PARVB variant 1 was significantly hypomethylation,
and CpG99 of PNPLA3 were remarkably hypermethylation in
the livers of patients with advanced MASLD relative to those
with mild MASLD, respectively. Notably, a significant negative
correlation was observed between the abundance of PNPLA3
mRNA and CpG99 methylation levels in MASLD patients. These
findings suggested that the abnormal DNA methylation of PNPLA3
and PARVB may play a crucial role in the fibrosis severity in
patients with MASLD or chronic hepatitis C infection. In addition,
bisulfite pyrosequencing has emerged as a powerful technique
for analyzing DNA methylation due to its high sensitivity and
specificity. Zeybel et al. (2015) examined the methylation status of
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TABLE 3 List of the lipid metabolism-related genes and the alteration of methylation involved in the development and progression of MASLD in human
liver and blood.

Gene name
(CpG site)

Sample type Correlations
with DNA

methylation

Number of
subjects

DNA
methylation
measurement
Method(s)

Reference

Hyper: PPARGC1A
(promoter)

Liver biopsy Plasma fasting insulin
level, HOMA-IR

11 Controls, 63 MASLD MS-PCR Sookoian et al. (2010b)

Hyper: PNPLA3
(CpG_99)

Frozen liver biopsy Liver fibrosis,
rs738409-CpG_99

65 MASLD Targeted-bisulfite
sequence analysis

Kitamoto et al. (2015)

Hypo: PDGFRA
(promoter CpG_3)

Hyper: PPARA
(promoter CpG_3),
PPARD (promoter

CpG_2)

Paraffin-embedded liver
biopsy

Liver fibrosis 17 MASLD, 10 ALD Bisulfite pyrosequencing Zeybel et al. (2015)

Hypo: PRKCE
(cg04035064), IP6K3
(cg10714061), ACLY
(cg25687994), PLCG1

(cg18347630)

Frozen liver biopsy MASLD 18 Controls, 45 Obesity Infinium Human
Methylation 450K

BeadChip
Bisulfite sequencing

Ahrens et al. (2013)

Hyper: EPHX1
(cg26187962,
cg03337430,
cg24928687,
cg17468616,
cg23096144,
cg03459809,
cg05385434,
cg25152404,

cg24868305), SLC51A
(cg17526770,
cg27558485,
cg08877188,
cg21748136,
cg05473677,

cg04478991), SLC10A1
(cg05633152,
cg21088438,

cg01448863), SLC27A5
(cg19469742,
cg18495710,
cg16107172,
cg07726085,
cg16278661,
cg06621784),

SLCO2B1(cg12537437,
cg25367084,
cg23577865,
cg20358275,
cg15751948,
cg18589858)

Liver biopsy MASLD, liver fibrosis 75 Controls, 103 MASLD Infinium Human
Methylation 450K

BeadChip

Schiöth et al. (2016)

(Continued on the following page)

paraffin-embedded liver biopsy specimens from 17 patients with
MASLDusing bisulfite pyrosequencing. Among these patients, eight
had mild fibrosis, while nine exhibited severe fibrosis. The results
demonstrated that those with severe MASLD showed increased
methylation of specific CpG sites in the promoters of PPARα (CpG3)
and PPARγ (CpG2). In contrast, these patients had low methylation
levels of specific CpGs in the promoters of PDGFα (CpG3).

Since Illumina developed a platform for whole-genome
DNA methylation analysis at single CpG resolution, which can
simultaneously detect millions of methylation sites, and this
method has also been widely used to investigate the specific DNA
methylation changes associated with MASLD (Ammerpohl et al.,
2011; Ahrens et al., 2013; Kuramoto et al., 2017; Mwinyi et al.,
2017). Ahrens et al. (2013) conducted a study using the Infinium
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TABLE 3 (Continued) List of the lipid metabolism-related genes and the alteration of methylation involved in the development and progression of
MASLD in human liver and blood.

Gene name (CpG
site)

Sample type Correlations with
DNA methylation

Number of
subjects

DNA methylation
measurement
Method(s)

Reference

Hyper: SCD (cg02237755,
cg24503796, cg03440556,
cg06400428, cg18328965),
NPC1L1 (cg06907626,

cg14477619, cg12252759,
cg05358848, cg23118549),

G6PC1 (cg05353659),
FGF21 (cg13881341,

cg21107581, cg21967668),
APOC4 (cg17769836,

cg25017250,cg04401876,
cg06736138, cg27353824),

APOB (cg00673290,
cg26112457, cg07636176,
cg25035485), APOA2

(cg18281418, cg01053621,
cg08922317), ACOX2

(cg16587010, cg22012981,
cg16209444)

Liver biopsy MASLD, liver fibrosis 75 Controls, 103 MASLD Infinium Human
Methylation 450K

BeadChip

Mwinyi et al. (2017)

Hypo: HDAC9
(cg16925459), SLCO3A1

(cg03756778), BMP2
(cg16831623)

Hyper: C1QTNF1
(cg00193613)

Liver biopsy MASH, serum fasting
insulin level

95 Obesity Infinium Human
Methylation 450K

BeadChip

de Mello et al. (2017)

Hypo: FADS2
(cg06781209, cg07999042)

Liver biopsy D6D activity, rs174616
-cg07999042

95 Obesity Infinium Human
Methylation 450K

BeadChip

Walle et al. (2019)

Hypo: CCN1, PDGFA,
AQP1, PIP4P2

Hyper: ETNK2, NEU4,
RBP5

Frozen liver biopsy Liver fibrosis 35 Mild MASLD
25 Advanced MASLD

Infinium Human
Methylation 450K

BeadChip

Hotta et al. (2018)

Hypo: NSMAF, ANXA2
Hyper: BIN1, EPHX2,
ACADS, LSS, APOM

Liver biopsy Liver fibrosis 15 Controls, 14 MASLD Infinium Human
Methylation 450K

BeadChip

Gerhard et al. (2018)

Hypo: ACSL4
(cg15536552, cg06822229),

CPT1C (cg21604803)

Peripheral blood Risk for MASLD 30 Controls, 35 MASLD Infinium Human
Methylation 450K

BeadChip
Bisulfite pyrosequencing

Zhang et al. (2018)

Hyper: ABCC1
(cg04981696)

Peripheral blood MASH specific 30 Controls, 35 MASLD Infinium Human
Methylation 450K

BeadChip
Bisulfite pyrosequencing

Wu et al. (2018)

Hypo: DHCR24
(cg17901584), MSMO1
(cg05119988), CPT1A

(cg00574958)
Hyper:

SREBF1(cg11024682),
ABCG1 (cg27243685,

cg06500161)

Peripheral blood Hepatic fat 3400 European ancestry,
401 African ancestry,
724 Hispanic ancestry

Infinium Human
Methylation 450K

BeadChip

Ma et al. (2019)

Hyper: PPARG (CpG_1,
CpG_2)

Plasma Liver fibrosis 9 Controls, 26 MASLD, 13
ALD cirrhosis

Bisulfite pyrosequencing Hardy et al. (2017)
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HumanMethylation 450 BeadChip and bisulfite sequencing
to analyze DNA methylation patterns and mRNA expression
profiles in various liver samples. Those individuals included 18
normal controls, 18 healthy obese, 12 steatosis, and 15 MASH.
The results revealed that four genes exhibiting low methylation
levels (ACLY, PLCG1, PRKCE, and IP6K3) are closely associated
with the pathogenesis and progression of MASLD. Notably,
these genes encode key enzymes that play critical roles in lipid
metabolism and signal transduction. For instance, ACLY (ATP-
citrate lyase) catalyzes the conversion of citrate to acetyl-CoA,
thereby linking glucose metabolism to fatty acid synthesis, while
PLCG1 (phospholipase C gamma 1) promotes the production of
diacylglycerol and inositol trisphosphate (IP3) (Pirola and Sookoian,
2020). In another study, multiple CpG site DNA methylation
analysis was carried out using the Infinium HumanMethylation
450 BeadChip on 103 patients with MASLD and 75 non-MASLD
patients to investigate the methylation and transcriptional changes
of bile acid homeostasis and drug metabolism genes in MASLD.
They found that, in comparisonwith non-MASLDpatients,MASLD
patients exhibited several differential methylation sites in lipid
metabolism-related genes, such as EPHX1, SLC27A5, SLC51A,
SLC10A1, and SLCO2B1, which displayed a hypermethylated
state and lower mRNA expression levels (Schiöth et al., 2016).
A year later, Mwinyi et al. (2017) from the same team utilized
the same database to gain further insights into the methylation
changes of lipid metabolism genes. They investigated a cluster of
74 lipid metabolism-related genes and identified 41 genes with
significant methylation differences associated with the progression
of MASLD. Notably, specific CpG loci in the SCD, ACOX2, APOC4,
APOB, FGF21, APOA2, NPC1L1, and G6PC exhibited a high
methylation status that was closely related to their transcriptional
expression changes during the progression of MASLD. In another
study involving 26 patients with MASH, 35 patients with simple
fatty liver, and 34 individuals with normal liver phenotypes,
significant DNA methylation-specific changes were identified
at 1,292 CpG sites across 677 genes in the MASH liver biopsy
samples. Among these, 30 genes exhibited DNA methylation
sites that was associated with their mRNA expression. They
detected the hypomethylated CpGs of lipid metabolism-related
genes, including HDAC9, SLCO3A1, and BMP2, while the CpGs
mapped to C1QTNF1 was hypermethylated (de Mello et al., 2017).
Interestingly, based on the published methylation dataset of these
95 obese individuals, Walle et al. (2019) made new discoveries
regarding FADS2, which encodes delta-6 desaturase (D6D), an
enzyme essential for the metabolism of polyunsaturated fatty
acids (PUFAs). Previous studies have already established a positive
correlation between MASH and the expression levels of FADS2
in liver tissue (Walle et al., 2016). Subsequently, Walle et al. (2019)
explored the relationship between methylation changes of FADS2
and its expression levels in the 95 obese individuals. The findings
revealed a negative correlation between the methylation levels of
two specific CpG sites associated with the FADS2 gene (cg07999042
and cg06781209) and with the activity of delta-6 desaturase (D6D)
on the base of both liver and serum fatty acids. Among them, the
methylation level of FADS2 (cg07999042) is closely associated
with the FADS2 variant rs174616. Moreover, by analyzing the
DNA methylation profiles of MASLD patients, low methylation
and high expression levels were observed for the liver lipid

metabolism-related genes CCN1, PDGFA, AQP1, and PIP4P2
in cases of severe MASLD. Conversely, high methylation and
low expression levels were found in ETNK2, NEU4, and RBP5
(Hotta et al., 2018). In the same year, Gerhard et al. (2018) analyzed
the whole-genome methylation profiles of age- and sex-matched
control patients (n = 15) and patients with stage 3/4 MASLD
(n = 14) who exhibited histological liver phenotypes, aiming to
explore the methylation characteristics associated with MASLD-
related cirrhosis. The study identified 99 hypomethylated and
109 hypermethylated CpG islands, including 34 sites negatively
correlated with liver gene expression. Among the differentially
methylated genes, the hypomethylated lipid metabolism-related
genes were NSMAF and ANXA2, while hypermethylated lipid
metabolism-related genes included BIN1, EPHX2, ACADS,
LSS, and APOM.

Increasing evidence indicated that DNA methylation could act
as a predictive biomarker for the risk of liver cancer development
in patients with MASLD and MASH. The methylation levels
of individual or multiple lipid-related genes may serve to
evaluate the risk of MASLD and MASH. These findings not
only deepen our understanding of the underlying mechanisms
of these diseases but also highlight the important clinical
implications of DNA methylation for diagnosis, prognosis,
and potential therapeutic interventions for MASLD patients
in the future. Such insights could lead to more personalized
approaches to treatment and monitoring, ultimately improving
patient outcomes.

4.2.2 DNA methylation alterations in peripheral
blood

Performing liver biopsies to reliably confirm MASH and
to measure gene expression alongside DNA methylation is
a highly invasive procedure, which carries risks for patients.
As a more accessible alternative, the assessment of DNA
methylation in peripheral blood mononuclear cells (PBMCs)
is emerging as a potential biomarker for the diagnosis of
MASLD (Hardy et al., 2017; Loomba et al., 2018; Ma et al., 2019).
The research teams conducted an epigenome-wide association
studies (EWAS) using this minimally invasive method to detect
DNA methylation changes in PBMCs of patients with varying
stages of MASLD. The aim is to determine whether specific
methylation changes can facilitate the stratification of patients
with MASLD who are at a higher risk of liver fibrosis. In
fact, as early as 2013, a study developed an age predictor
(Hannum Epigenetic Clock) based on the analysis of DNA
methylation changes in peripheral blood (Hannum et al., 2013).
This predictor utilizes information derived from 27 CpG sites
to estimate biological age. Although the initial purpose of
epigenetic clocks was to estimate chronological age, research
has indicated that the discrepancy between chronological age
and epigenetic age serves as a significant predictor for complex
diseases (Margiotti et al., 2023). Loomba et al. (2018) employed the
Horvath Epigenetic Clock to assess the methylation levels of 353
age-related CpG sites in the peripheral blood of MASH patients,
which included 193 hypermethylated and 160 hypomethylated
CpGs. The results indicated that MASH patients at fibrosis stages
F2-F3 exhibited accelerated epigenetic aging compared to the
control group.
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Regarding the DNA methylation changes in peripheral blood
leukocytes during the progression of MASLD, we are particularly
interested in the alterations associated with lipidmetabolism-related
genes. Zhang et al. (2018) carried out an EWAS of peripheral
blood leukocytes from 35 individuals with MASLD and 30
healthy controls from the Han Chinese population. Utilizing the
450K BeadChip and bisulfite pyrosequencing for methylation
profiling, they identified methylation alterations at 863 different
CpG sites in MASLD patients, primarily characterized by global
hypomethylation.Thefindings revealed a heightened risk ofMASLD
associated with low methylation levels at specific CpG sites in the
ACSL4 gene (cg15536552) and the CPT1C gene (cg21604803),
both of which are significant in adipocyte signaling pathways.
In the same year, Wu et al. (2018) conducted a comparison of
global methylation levels among groups with simple steatosis,
MASH, and healthy controls using the same sample sets and
methodologies. In contrast to the healthy control group, 35
patients with MASLD exhibited methylation changes at 65 CpG
sites associated with 60 genes in circulating blood leukocytes.
Within the simple steatosis group, 32 CpG sites were correlated
with levels of triglycerides (TG), total cholesterol (TC), or low-
density lipoprotein cholesterol (LDL-C), indicating the presence of
dyslipidemia. Among these 32 sites, 11 were significantly associated
with the histological features of MASLD. Notably, the ABCC1
gene (cg04981696) was identified as the only lipid metabolism-
related gene linked to hepatic steatosis. In another study involving
peripheral blood samples from 3,400 participants of European
ancestry, 401 participants of Spanish ancestry, and 724 participants
of African ancestry, the researchers performed a comprehensive
epigenome-wide association analysis to explore the relationship
between DNA methylation at over 400,000 CpG sites and LFC.
Among the participants of European descent, the methylation
levels of 22 CpG sites were associated with liver fat. Specifically,
the hypermethylated CpGs mapped to lipid metabolism-
related genes included DHCR24 (cg17901584), SC4MOL
(cg05119988), and CPT1A (cg00574958), while the hypomethylated
CpGs loci in lipid metabolism-related gene comprised
SREBF1 (cg11024682) and ABCG1 (cg27243685, cg06500161)
(Ma et al., 2019).

In addition to the assessment of DNA methylation in PBMCs,
dying hepatocytes release degraded genomic DNA into the
circulation, resulting in the easy acquisition of this circulating
free DNA (cfDNA) from plasma (Moran-Salvador and Mann,
2017). Given that hepatocyte death is a primary pathological
feature of MASLD, quantifying the methylation of cfDNA in the
plasma of patients may reflect the severity of MASLD and is
proposed as a high-precision alternative for MASLD stratification
(Hardy et al., 2017). A study conducted in 2016 utilized bisulfite
pyrosequencing to investigate themethylation changes of circulating
DNA in the plasma of MASLD patients (Hardy et al., 2017). The
findings unveiled that the DNA methylation level of the PPARγ
gene promoter increased with the severity of fibrosis associated
with MASLD. Based on the methylation levels of the differentially
methylated regions (DMRs) within the PPARγ gene promoter,
plasma DNA can be analyzed to non-invasively stratify the risk of
fibrosis in MASLD. This liquid biopsy biomarker has the potential
to serve as an important clinical tool. We require more extensive
and in-depth studies to establish a comprehensive database of liver

and hepatocyte-specific DNA methylation patterns. This would
enhance the accuracy and sensitivity of cfDNA as a potential
biomarker for MASLD.

5 The relationship between genetic
variants and DNA methylation of lipid
metabolism–related genes and
immune response in MASLD and
MASH

An increasing number of studies have demonstrated that the
immune pathways are crucial in the pathogenesis of MASLD and
MASH (Parthasarathy et al., 2020; Wang et al., 2023a), highlighting
the potential involvement of MASLD and MASH-related risk
variants and DNA methylation mediating the immune-driven
disease severity (Sookoian and Pirola, 2023; Zhang et al., 2023).
Although hepatic immune cells are critical in the pathogenesis
of different liver disease including MASH (Guilliams and Scott,
2022), presently, there is a absence of extensive research directly
connecting the genetic predisposition of genes like PNPLA3,
TM6SF2, MBOAT7 and HSD17B13 to immune regulation in
the context of MASH. Nevertheless, certain conclusions can
be extrapolated based on their established cellular functions.
For instance, a recent study suggested that PNPLA3 I148M
macrophages exhibit a proinflammatory phenotype, exacerbating
lipid metabolism dysregulation in MASLD (Dixon et al., 2023).
More specifically, compared to wild-type PNPLA3 hepatic stellate
cells (HSCs), HSCs carrying PNPLA3 I148M showed upregulated
secretion of cytokines, including CCL5, GM-CSF, and CXCL8.
When THP-1-differentiated macrophages were treated with
conditioned media from PNPLA3 I148M HSCs or wild type
PNPLA3 HSCs, they displayed a pronounced chemotactic response
(Bruschi et al., 2017). Notably, Kabbani et al. (2022) established a
human pluripotent stem cell (hPSC)-derived multicellular liver
culture by incorporating hPSC-derived hepatocytes, HSCs, and
macrophages to model MASLD. They generated an isogenic pair
of hPSCs harbouring wild-type (WT) or I148M PNPLA3, they
did not discover cell-intrinsic differences in hPSCI148M-derived
hepatocytes, macrophages, and HSCs. In their liver cultures,
PNPLA3 was identified in HSCs and hepatocytes, but not in
macrophages as previously reported (Pirazzi et al., 2014). Then,
they compared the response of PNPLA3WT or PNPLA3I148M liver
cultures after 2 weeks in lipotoxic conditions, they found that
PNPLA3I148M HSCs show enhanced and accelerated activation
under prolonged lipotoxic insult. Most importantly, they observed
an elevated IL-6/STAT3 activity induced by NF-κB activation
in PNPLA3I148M liver cultures. By comparing the purified cells
from PNPLA3WT and PNPLA3I148M cultures, the found the
elevated IL-6 expression comes primarily from macrophages. In
another recently study, Kabbani et al. (2022) developed an animal
model to investigate the role of human hepatocytes in MASLD,
after feeding huFNRG mice on western diet (WD) for 4 weeks,
they found inflammatory infiltrates were detected in a subset
of huFNRG mouse, including an increasing number of hepatic
macrophages as well as neutrophils. Interestingly, in contrast to
previous 148I-huFNRG studies, PNPLA3 148M-huFRG livers
contained high grade of ballooning degeneration and lobular
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inflammation. These data suggested that there are potential links
between PNPLA3 variant and macrophage function in liver cultures
and mouse model. Interestingly, recent studies showed that the
PNPLA3 I148M variant alters HSCs biology via attenuation of
PPARγ, AP-1, LXRα and TGFβ activity (Pingitore et al., 2016;
Bruschi et al., 2017; Bruschi et al., 2019). Additionally, other studies
have shown an association between PNPLA3 rs738409 and serum
levels of soluble intercellular adhesion molecule 1 (sICAM-1), an
inflammatory marker produced by endothelial and immune cells
(Georges et al., 2011). Research indicates that hepatic ICAM-1
expression levels are significantly correlated with the severity of
lobular inflammatory infiltration and necroinflammatory activity
(Sookoian et al., 2010a). In addition (Sookoian and Pirola, 2023),
retrieved from the PhenoScanner database a set of SNPs that
induce changes in immune-related gene expression in blood.
The PNPLA3 rs738409 variant also correlates with whole-blood
expression of FAM89B, which negatively regulates TGFβ-induced
signaling—a critical pathway in the immune response (Batlle and
Massagué, 2019). Moreover, the rs58542926 variant in TM6SF2 has
been linked to blood expression levels of CXCL9, a chemokine
superfamily member that encodes a secreted protein involved
in immune regulation and inflammation (Kitade et al., 2017).
Lastly, rs641738 in MBOAT7 has been associated with whole-
blood levels of LILRP1 (leukocyte immunoglobulin-like receptor
pseudogene 1). These findings collectively underscore the intricate
links between genetic factors, immunological pathways, and the
progression of MASH and related liver diseases. In addition,
polymorphisms rs72613567:TA in HSD17B13 have been shown to
confer protection from liver inflammation in chronic liver disease
(Abul-Husn et al., 2018; Luukkonen et al., 2020), by regulating
lipid accumulation and pyrimidine catabolism (Su et al., 2014;
Luukkonen et al., 2023c). However, the specific mechanism by
which human HSD17B13 may regulate inflammation through
metabolic enzyme activity was rarely reported. It has been reported
that HSD17B13 liquid–liquid phase separation promotes leukocyte
adhesion in chronic liver inflammation (Ye et al., 2024). It should
be note that single-cell RNA-seq (scRNA-seq) analysis showed
that human HSD17B13 is mainly localized in hepatocytes, with
very low expression in other liver cells such as cholangiocytes,
macrophages, hepatic stellate cells, liver sinusoidal endothelial
cells (LSECs), T cells, and plasma cells (MacParland et al., 2018;
Sookoian and Pirola, 2023). Similarly, the mouse HSD17B13 gene
is also mainly expressed in mouse hepatocytes, with very low levels
in Kupffer cells, LSECs, B cells and NK cells (Schaum et al., 2018).
Although the effects of HSD17B13 epigenetic modifications on
pro-inflammatory cytokine networks or hamper immune-driven
fibrotic pathways are still unclear, the application of scRNA-seq
in future research may shed light on the epigenetic regulation
of HSD17B13 in the immune microenvironment of MASLD
and MASH.

Moreover, various T-cell subtypes have been identified as
significant contributors to the development of MASH and its
potential transformation into HCC. A current summary of the
intricate involvement of innate and conventional T cells in
MASH is detailed by (Hirsova et al., 2021). Investigations across
human and mouse experimental systems revealed that CD8 T
cells facilitate MASH progression through the production of
pro-inflammatory mediators and non-specific hepatocellular

cytotoxicity (Dudek et al., 2021; Koda et al., 2021). In addition,
recent work have underscored the importance of TREM2+
macrophages in MASH pathogenesis. A study conducted by
Fredrickson et al., reported that TREM2+ macrophages may exert
a beneficial effect in the context of MASH and bariatric surgery
(Fredrickson et al., 2024). Another group reported that TREM2+
macrophages restrain MASH pathology, as well as facilitate MASH
with fibrosis resolution, by attenuating inflammasome activation
and tissue inflammation while promoting phagocytosis, ECM
degradation, and lipid metabolism (Ganguly et al., 2024). These
findings highlight the need to further explore how alterations in
DNA methylation might intersect with immune mechanisms in
MASH. It has been reported that pharmacological inhibition of
PPARγ1 promoter DNA methylation via 5-aza-2′-deoxycytidine
or genetically by DNMT1 knockout promotes macrophage
alternative activation in obesity (Wang et al., 2016). A study by
Zhou et al. (2021) in mice demonstrated that knockdown of
the Osr1 gene led to changes in the expression of Ccl3 and
Pcgf2, along with alterations in CpG methylation sites. These
molecular modifications coincided with increased macrophage
infiltration and inflammation in the liver. Honggui Li’s group
recently examined the role of hepatic adenosine kinase (ADK)
in the context of fat accumulation and liver inflammation
(Li et al., 2023a). ADK is an enzyme that phosphorylates adenosine
to adenosine monophosphate and promotes the methionine
cycle, thereby enhancing methylation reactions. They found
that hepatic ADK levels were abnormally elevated in MASLD
patients. Moreover, liver-specific ADK overexpression in mice
resulted in weight gain, increased obesity, and more severe hepatic
steatosis and inflammation. Mechanistically, ADK upregulates
DNA methylation and suppresses Ppara, thereby promoting lipid
deposition in hepatocytes. Furthermore, ADK in hepatocytes drives
the proinflammatory activation of liver nonparenchymal cells via
ADK-driven hepatocyte mediators, involving macrophage STING
and Ly6c2. Given the link between DNA methylation and immune
pathways in MASLD progression, Pant et al. (2023) employed a
DNA demethylating agent (a DNMT1 inhibitor) to treat MASLD
mice fed a Western-style diet. They discovered that, in the treated
MASLD mice, DNA methylation was reduced at the promoters
of autophagy-related genes in hepatic macrophages, leading to
elevated gene expression. This shift drove macrophage polarization
toward the M2 phenotype, subsequently mitigating inflammation
and halting MASLD progression. Moreover, a recently study on
DNMT1 gene knockout (LD1KO) mice showed that DNMT1
deficiency ameliorated HFD-induced hepatic steatosis in mice.
To elucidate the cell type-resolved mechanisms by which DNA
methylation regulates hepatic lipid metabolism, they conducted
single-nucleus RNA sequencing (snRNA-seq) on frozen liver
specimens from liver-specific deletion of Dnmt1 mice and their
fl/fl controls using 10X genomics sequencing methodology. They
discovered a significant reduction in macrophages/Kupffer cells,
declining from 25% in fl/fl liver to 9.4% in LD1KO mice, coinciding
with a concurrent decrease in other immune cell populations,
including T cells (from 5.3% to 3.2%), dendritic cells (from
2% to 1%), and endothelial cells (from 37.5% to 28.8%). Their
results suggested that Dnmt1 deletion prevents HFD-induced
remodeling of the liver cell compositions by reducing immune
cell migration into hepatic tissue, consequently preserving liver
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homeostasis (Wang et al., 2023b). These findings collectively
underscore the importance of epigenetic regulation in MASLD
pathogenesis and pave the way for further exploration of DNA
methylation–targeted therapies.

6 The interplay between extrahepatic
signals from other tissues and DNA
methylation of lipid
metabolism–related genes in MASLD
and MASH

MASLD is regarded as a systemic disease characterized by
intricate crosstalk among adipose tissue, muscle, and the gut–liver
axis (Fan et al., 2025). For instance, adipose tissue, serving as a key
organ for interorgan communication, releases a variety of signaling
molecules that affect energy balance and immune regulation
(Ghesmati et al., 2023). The infiltration of macrophages producing
inflammatory cytokines in adipose tissue significantly aggravates
inflammatory processes in liver (Bijnen et al., 2018). Specially,
resistin, predominantly produced by white adipose tissue (WAT)
in mice and observed in human preadipocytes and mature adipose
tissues, is associated with insulin resistance (IR) and contributes
to MASLD (Filková et al., 2009). Notably, gut microbiota–induced
DNA methylation changes may play a particularly important
role in the pathogenesis of MASLD (Tang et al., 2023). Research
has shown that antibiotic-mediated gut microbiome modulation
prevents diet-induced weight gain and adipocyte expansion.
The reduction of Firmicutes, Lactobacillus, and Helicobacter, along
with the increase in Bacteroides, Enterobacter, and Klebsiella,
enhances adipose tissue expression of adiponectin and resistin
through promoter DNA hypomethylation and downregulation
of DNMT1 and DNMT3A (Yao et al., 2020). Another study
has shown that the gut microbiome can maintain intestinal
immune homeostasis by altering Toll-like receptor 4 (TLR4) DNA
methylation in intestinal epithelial cells (IECs), achieved through
DNMT3 recruitment, a mechanism crucial to hepatic fibrosis and
steatosis progression (Narabayashi et al., 2022). Moreover, short-
chain fatty acids (SCFAs), which are the principal metabolites
produced by microbial fermentation of indigestible carbohydrates,
can directly reduce the expression of DNMT1, DNMT3a, and
DNMT3b and inhibit their binding to the promoters of adiponectin
and resistin, thereby correcting the abnormal expression of these
molecules in obesity (Lu et al., 2018). On the other hand, the gut
microbiome serves as an important source of vitamins, including
vitamin B9 (folate) and vitamin B12 (cobalamin). Acting as key
methyl donors, these vitamins modulate one-carbon metabolism,
thereby influencing DNA methylation in MASLD (Abe et al.,
2021). In the brain, specific nuclei and neural networks integrate
crucial metabolic hormones and neuropeptides from peripheral
sources, facilitating adaptive adjustments of food intake and energy
expenditure (Roh et al., 2016). As the primary site for nutrient
metabolism and transport, the gastrointestinal tract not only
provides essential precursors for MASLD development but also
secretes signaling molecules that influence interactions among
hepatic and extrahepatic organs (Ezquerro et al., 2018). Meanwhile,
the pancreas secretes various hormones and peptides that affect
both hepatic and extrahepatic MASLD progression. The skeleton

functions as an endocrine organ, with bone-derived factors from
osteoblasts regulating hepatic glucose and lipid metabolism via the
bone–liver axis (Li et al., 2023b). Skeletal muscle, a major organ for
energy expenditure and thermogenesis, is closely associated with
metabolic disorders. Given the complexity of this systemic disease, it
is essential to investigate these interconnections from an epigenetic
(DNA methylation) perspective.

7 Conclusion and perspectives

Evidence from human and animal studies clearly indicates
that the onset of MASLD is influenced by genetic and epigenetic
factors. In this review, we closely examine genetic variants in
lipid metabolism-related genes that are significantly associated
with MASLD and MASH. Additionally, we explore relevant
animal models and the alterations in DNA methylation of lipid
metabolism-related genes observed in liver tissue and peripheral
blood leukocytes of MASLD and MASH patients. It is important
to recognize that genetic and epigenetic factors should not
be viewed as two independent categories that operate without
interaction. Existing study has identified a close relationship
between DNA methylation and nucleotide variation. For instance,
the genetic variant at the rs738409 locus in the PNPLA3 gene
is strongly associated with methylation changes at CpG_99,
while the genetic variant at the rs174616 locus in the FADS2
gene is closely related to methylation alterations at cg07999042
(Kitamoto et al., 2015; Walle et al., 2019). Interestingly, in our
comprehensive analysis of SNPs and DNA methylation information
related to lipid metabolism genes significantly associated with
MASLD and MASH, we found that both genetic variants and
differential DNA methylation cites were mapped to ACSL4, APOB,
PPARα, PPARγ, and SLC27A5 genes, which play a crucial role
in the progression of MASLD and MASH. Additionally, we
briefly reviewed the relationship between genetic variants and
DNA methylation of lipid metabolism–related genes and immune
response, as well as the interplay between extrahepatic signals from
other tissues and DNA methylation of lipid metabolism–related
genes in MASLD and MASH.

It is noteworthy that non-invasive detection methods hold
considerable value in clinical practice. Compared to liver biopsy,
blood tests are more readily accepted by patients (Powell et al.,
2021). The genomic DNA derived from leukocytes and cfDNA
in peripheral blood contain extensive genetic and epigenetic
(DNA methylation) information. The ability to identify valuable
biomarkers from this information for stratifying MASLD will aid in
its diagnosis, prognosis, and therapeutic interventions. Currently,
numerous studies predominantly employ bisulfite conversion-
based sequencing methods to investigate DNA methylation
modifications in liver diseases. However, these methods present
unavoidable limitations, primarily associated with the handling of
bisulfite (Tanaka and Okamoto, 2007). Firstly, over half of the DNA
molecules may degrade during bisulfite treatment, restricting their
applicability in rare and precious samples. Secondly, the conversion
of unmethylated cytosines (which account for approximately 95%
of the human genome) to uracils can adversely affect the base
composition of DNA sequences, leading to reduced accuracy
in sequencing data and diminished effectiveness in genomic
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alignments. Additionally, samples subjected to bisulfite treatment
are often unsuitable for detecting SNVs. Consequently, the same
sample must undergo two distinct assays to evaluate SNVs and
DNA methylation levels, complicating the investigation of the
relationships between genetic and epigenetic factors.

A technology that can conveniently and accurately detect SNP
and DNA methylation information in the blood of large clinical
cohorts will greatly enhance our understanding and exploration of
the intricate relationships between genetic and epigenetic factors
affecting diseases. Fortunately, with the ongoing advancements in
sequencing technology, third-generation long-read sequencing has
been introduced in epigenetic research. Notably, Oxford Nanopore
Technologies (ONT) has developed a third-generation sequencing
technique known as nanopore sequencing (Simpson et al., 2017).
This technique’s core involves guiding DNA molecules into
the nanopore channels on a sequencing chip (flow cell). As
these molecules pass through the nanopores, different bases and
methylation states generate characteristic current signals, which can
be measured to simultaneously and accurately obtain information
on SNP and methylation states. This technology has gained
widespread application in recent years due to its advantages of
single-molecule real-time sequencing and ultra-long read lengths
(Zhang et al., 2021). In DNA methylation detection, this technology
exhibits numerous advantages over conventionalmethods regarding
read length, throughput, speed, and the requirement for DNA
sample pre-treatment (such as bisulfite conversion and PCR
amplification) in detecting 5 mC modifications. Consequently,
nanopore sequencing is positioned as an ideal technology for
the concurrent detection of gene variants and DNA methylation
status. Furthermore, in the context of large patient cohorts, specific
barcodes can be ligated to different patient samples during the
library preparation process, allowing sequencing on the same
sequencing chip (flow cell). Subsequently, these samples can be
distinguished during data analysis. To improve the sequencing depth
of targeted regions of interest and reduce sequencing costs, ONT
has introduced their Cas9 protocol for targeted sequencing, utilizing
CRISPR-Cas9 technology to selectively cleave and enrich specific
gene regions for sequencing. Several studies have successfully
employed this technology, achieving desired information and
significant outcomes (Gabrieli et al., 2018; Gilpatrick et al., 2020;
Stangl et al., 2020; Wongsurawat et al., 2020; Stevanovski et al.,
2022; Wieting et al., 2023). It is worth noting that with the
development of bioinformatics technologies, analysis software based
on nanopore long-read sequencing and nCATS sequencing data has
been gradually developed, including Nanopolish, f5c, DeepSignal,
DeepMP, DeepMod, Tombo, Megalodon, Dorado, and DeepMod2,
as described in Ahsan et al. (2024), which provide powerful tools
for identifying methylation sites of target genes. Therefore, the
simultaneous detection of DNA methylation and genetic variants
information in peripheral blood through nanopore sequencing
technology is anticipated to become an important clinical tool in
the future.

Overall, these efforts aim to provide vital insights into how
genetic variants and DNA methylation influence the genes involved
in lipidmetabolism, leading to the onset and progression ofMASLD
and MASH. Furthermore, the pursuit of accurate and sensitive
biomarkers for the stratification of MASLD will significantly aid
in the diagnosis, prognosis, and therapeutic interventions for

MASLD, thereby promoting the advancement of personalized
medicine.

Author contributions

J-JW: Data curation, Formal Analysis, Investigation,
Resources, Validation, Visualization, Writing–original draft,
Writing–review and editing. X-YC: Data curation, Investigation,
Resources, Validation, Writing–original draft, Writing–review
and editing. Y-RZ: Investigation, Resources, Validation,
Writing–review and editing. YS: Investigation, Validation,
Writing–review and editing. M-LZ: Validation, Writing–review
and editing. JZ: Validation, Writing–review and editing. J-JZ:
Conceptualization, Funding acquisition, Investigation, Resources,
Supervision, Visualization, Writing–original draft, Writing–review
and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article.This research
was supported by the National Natural Science Foundation of China
(No. 82200653), Natural Science Foundation of Jiangxi Province,
China (No. 20232BAB216017), the doctoral startup fund of Gannan
Medical University (No. QD202112).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product thatmay be evaluated in this article, or claim
thatmay bemade by itsmanufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.2025.
1562848/full#supplementary-material

Frontiers in Physiology 20 frontiersin.org

https://doi.org/10.3389/fphys.2025.1562848
https://www.frontiersin.org/articles/10.3389/fphys.2025.1562848/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2025.1562848/full#supplementary-material
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Wang et al. 10.3389/fphys.2025.1562848

References

Abe, R. A. M., Masroor, A., Khorochkov, A., Prieto, J., Singh, K. B., Nnadozie, M.
C., et al. (2021). The role of vitamins in non-alcoholic fatty liver disease: a systematic
review. Cureus. doi:10.7759/cureus.16855

Abul-Husn, N. S., Cheng, X., Li, A. H., Xin, Y., Schurmann, C., Stevis, P., et al. (2018).
A protein-truncating HSD17B13 variant and protection from chronic liver disease. N.
Engl. J. Med. 378 (12), 1096–1106. doi:10.1056/NEJMoa1712191

Adams, L. A., White, S. W., Marsh, J. A., Lye, S. J., Connor, K. L., Maganga,
R., et al. (2013). Association between liver-specific gene polymorphisms and their
expression levels with nonalcoholic fatty liver disease. Hepatology 57 (2), 590–600.
doi:10.1002/hep.26184

Agius, L. (2016). Hormonal and metabolite regulation of hepatic glucokinase. Annu.
Rev. Nutr. 36, 389–415. doi:10.1146/annurev-nutr-071715-051145

Ahrens, M., Ammerpohl, O., von Schönfels, W., Kolarova, J., Bens, S., Itzel, T., et al.
(2013). DNA methylation analysis in nonalcoholic fatty liver disease suggests distinct
disease-specific and remodeling signatures after bariatric surgery. Cell. Metab. 18 (2),
296–302. doi:10.1016/j.cmet.2013.07.004

Ahsan,M.U., Gouru, A., Chan, J., Zhou,W., andWang, K. (2024). A signal processing
and deep learning framework for methylation detection using Oxford Nanopore
sequencing. Nat. Commun. 15 (1), 1448. doi:10.1038/s41467-024-45778-y

Ammerpohl, O., Pratschke, J., Schafmayer, C., Haake, A., Faber, W., von Kampen, O.,
et al. (2011). Distinct DNA methylation patterns in cirrhotic liver and hepatocellular
carcinoma. Int. J. Cancer 130 (6), 1319–1328. doi:10.1002/ijc.26136

Anstee, Q. M., Darlay, R., Cockell, S., Meroni, M., Govaere, O., Tiniakos, D.,
et al. (2020). Genome-wide association study of non-alcoholic fatty liver and
steatohepatitis in a histologically characterised cohort☆. J. Hepatology 73(3), 505–515.
doi:10.1016/j.jhep.2020.04.003

Anstee, Q. M., and Day, C. P. (2013). The genetics of NAFLD. Nat. Rev.
Gastroenterology and Hepatology 10 (11), 645–655. doi:10.1038/nrgastro.2013.182

Auinger, A., Valenti, L., Pfeuffer,M., Helwig, U., Herrmann, J., Fracanzani, A. L., et al.
(2010). A promoter polymorphism in the liver-specific fatty acid transport protein 5 is
associated with features of the metabolic syndrome and steatosis.Horm. Metab. Res. 42
(12), 854–859. doi:10.1055/s-0030-1267186

Badmus, O. O., Hillhouse, S. A., Anderson, C. D., Hinds, T. D., and Stec, D. E.
(2022). Molecular mechanisms of metabolic associated fatty liver disease (MAFLD):
functional analysis of lipidmetabolism pathways.Clin. Sci. (Lond) 136 (18), 1347–1366.
doi:10.1042/CS20220572

Batlle, E., and Massagué, J. (2019). Transforming growth factor-β signaling in
immunity and cancer. Immunity 50 (4), 924–940. doi:10.1016/j.immuni.2019.03.024

Baumeier, C., Saussenthaler, S., Kammel, A., Jähnert, M., Schlüter, L., Hesse, D., et al.
(2017). Hepatic DPP4 DNA methylation associates with fatty liver. Diabetes 66 (1),
25–35. doi:10.2337/db15-1716

Bi, H., Zhou, B., Yang, J., Lu, Y., Mao, F., and Song, Y. (2023). Whole-genome DNA
methylation and gene expression profiling in the livers of mice with nonalcoholic
steatohepatitis. Life Sci. 329, 121951. doi:10.1016/j.lfs.2023.121951

Bijnen, M., Josefs, T., Cuijpers, I., Maalsen, C. J., van de Gaar, J., Vroomen, M.,
et al. (2018). Adipose tissue macrophages induce hepatic neutrophil recruitment and
macrophage accumulation in mice. Gut 67 (7), 1317–1327. doi:10.1136/gutjnl-2016-
313654

Bird, A. (2002). DNA methylation patterns and epigenetic memory. Genes. and Dev.
16 (1), 6–21. doi:10.1101/gad.947102

Booth, M. J., Branco, M. R., Ficz, G., Oxley, D., Krueger, F., Reik, W., et al. (2012).
Quantitative sequencing of 5-methylcytosine and 5-hydroxymethylcytosine at single-
base resolution. Science 336 (6083), 934–937. doi:10.1126/science.1220671

Boren, J., Adiels, M., Bjornson, E., Matikainen, N., Soderlund, S., Ramo, J., et al.
(2020). Effects of TM6SF2 E167K on hepatic lipid and very low-density lipoprotein
metabolism in humans. JCI Insight 5 (24). doi:10.1172/jci.insight.144079

Bourc’his, D., and Bestor, T. H. (2004). Meiotic catastrophe and retrotransposon
reactivation in male germ cells lacking Dnmt3L. Nature 431 (7004), 96–99.
doi:10.1038/nature02886

Browning, J. D., Szczepaniak, L. S., Dobbins, R., Nuremberg, P., Horton, J. D., Cohen,
J. C., et al. (2004). Prevalence of hepatic steatosis in an urban population in the United
States: impact of ethnicity. Hepatology 40 (6), 1387–1395. doi:10.1002/hep.20466

Bruschi, F. V., Claudel, T., Tardelli, M., Caligiuri, A., Stulnig, T. M., Marra, F., et al.
(2017). The PNPLA3 I148M variant modulates the fibrogenic phenotype of human
hepatic stellate cells. Hepatology 65 (6), 1875–1890. doi:10.1002/hep.29041

Bruschi, F. V., Claudel, T., Tardelli, M., Starlinger, P., Marra, F., and Trauner, M.
(2019). PNPLA3 I148M variant impairs liver X receptor signaling and cholesterol
homeostasis in human hepatic stellate cells. Hepatol. Commun. 3 (9), 1191–1204.
doi:10.1002/hep4.1395

Buttet, M., Poirier, H., Traynard, V., Gaire, K., Tran, T. T., Sundaresan, S., et al. (2016).
Deregulated lipid sensing by intestinal CD36 in diet-induced hyperinsulinemic obese
mouse model. PLoS One 11 (1), e0145626. doi:10.1371/journal.pone.0145626

Buzova, D., Braghini, M. R., Bianco, S. D., Lo Re, O., Raffaele, M., Frohlich,
J., et al. (2022). Profiling of cell-free DNA methylation and histone signatures in
pediatric NAFLD: a pilot study. Hepatol. Commun. 6 (12), 3311–3323. doi:10.1002/
hep4.2082

Buzzetti, E., Pinzani, M., and Tsochatzis, E. A. (2016). The multiple-hit pathogenesis
of non-alcoholic fatty liver disease (NAFLD). Metabolism 65 (8), 1038–1048.
doi:10.1016/j.metabol.2015.12.012

Carulli, L., Canedi, I., Rondinella, S., Lombardini, S., Ganazzi, D., Fargion, S.,
et al. (2009). Genetic polymorphisms in non-alcoholic fatty liver disease: interleukin-
6−174G/C polymorphism is associated with non-alcoholic steatohepatitis. Dig. Liver
Dis. 41 (11), 823–828. doi:10.1016/j.dld.2009.03.005

Chalasani, N., Guo, X., Loomba, R., Goodarzi, M. O., Haritunians, T., Kwon, S., et al.
(2010). Genome-wide association study identifies variants associated with histologic
features of nonalcoholic fatty liver disease. Gastroenterology 139 (5), 1567–1576.e6.
doi:10.1053/j.gastro.2010.07.057

Chen, H., Tan, H., Wan, J., Zeng, Y., Wang, J., Wang, H., et al. (2023a). PPAR-gamma
signaling in nonalcoholic fatty liver disease: pathogenesis and therapeutic targets.
Pharmacol. Ther. 245, 108391. doi:10.1016/j.pharmthera.2023.108391

Chen, H. C., Chen, Y. Z., Wang, C. H., and Lin, F. J. (2020). The nonalcoholic
fatty liver disease-like phenotype and lowered serum VLDL are associated with
decreased expression and DNA hypermethylation of hepatic ApoB in male offspring
of ApoE deficient mothers fed a with Western diet. J. Nutr. Biochem. 77, 108319.
doi:10.1016/j.jnutbio.2019.108319

Chen, V. L., Du, X., Oliveri, A., Chen, Y., Kuppa, A., Halligan, B. D., et al.
(2024). Genetic risk accentuates dietary effects on hepatic steatosis, inflammation
and fibrosis in a population-based cohort. J. Hepatology 81 (3), 379–388.
doi:10.1016/j.jhep.2024.03.045

Chen, Y., Du, X., Kuppa, A., Feitosa, M. F., Bielak, L. F., O’Connell, J. R., et al. (2023b).
Genome-wide association meta-analysis identifies 17 loci associated with nonalcoholic
fatty liver disease. Nat. Genet. 55 (10), 1640–1650. doi:10.1038/s41588-023-
01497-6

Chen, Z., and Zhang, Y. (2020). Role of mammalian DNA methyltransferases in
development. Annu. Rev. Biochem. 89 (1), 135–158. doi:10.1146/annurev-biochem-
103019-102815

Chung, G. E., Lee, Y., Yim, J. Y., Choe, E. K., Kwak, M.-S., Yang, J. I., et al.
(2018). Genetic polymorphisms of PNPLA3 and SAMM50 are associated with
nonalcoholic fatty liver disease in a Korean population. Gut Liver 12 (3), 316–323.
doi:10.5009/gnl17306

Cordero, P., Campion, J., Milagro, F. I., and Martinez, J. A. (2013). Transcriptomic
and epigenetic changes in early liver steatosis associated to obesity: effect of
dietary methyl donor supplementation. Mol. Genet. Metab. 110 (3), 388–395.
doi:10.1016/j.ymgme.2013.08.022

Cordero, P., Gomez-Uriz, A.M., Campion, J.,Milagro, F. I., andMartinez, J. A. (2012).
Dietary supplementation with methyl donors reduces fatty liver and modifies the fatty
acid synthase DNA methylation profile in rats fed an obesogenic diet. Genes. and Nutr.
8 (1), 105–113. doi:10.1007/s12263-012-0300-z

Del Campo, J., Gallego-Durán, R., Gallego, P., and Grande, L. (2018). Genetic and
epigenetic regulation in nonalcoholic fatty liver disease (NAFLD). Int. J. Mol. Sci. 19
(3), 911. doi:10.3390/ijms19030911

de Mello, V. D., Matte, A., Perfilyev, A., Männistö, V., Rönn, T., Nilsson, E.,
et al. (2017). Human liver epigenetic alterations in nonalcoholic steatohepatitis
are related to insulin action. Epigenetics 12 (4), 287–295. doi:10.1080/15592294.
2017.1294305

Dentin, R., Benhamed, F., Hainault, I., Fauveau, V., Foufelle, F., Dyck, J. R., et al.
(2006). Liver-specific inhibition of ChREBP improves hepatic steatosis and insulin
resistance in ob/ob mice. Diabetes 55 (8), 2159–2170. doi:10.2337/db06-0200

Di Filippo, M., Moulin, P., Roy, P., Samson-Bouma, M. E., Collardeau-Frachon,
S., Chebel-Dumont, S., et al. (2014). Homozygous MTTP and APOB mutations
may lead to hepatic steatosis and fibrosis despite metabolic differences in
congenital hypocholesterolemia. J. Hepatology 61 (4), 891–902. doi:10.1016/j.jhep.
2014.05.023

Dixon, E. D., Claudel, T., Genger, J.-W., Zhu, C., Stadlmayr, S., Paolini, E., et al. (2023).
The PNPLA3 I148M variant initiates metabolic reprogramming in macrophages. J.
Hepatology 78, S739–S740. doi:10.1016/s0168-8278(23)02140-2

Donati, B., Motta, B. M., Pingitore, P., Meroni, M., Pietrelli, A., Alisi, A.,
et al. (2016). The rs2294918 E434K variant modulates patatin-like phospholipase
DomainContaining 3 expression and liver damage. Hepatology 63 (3), 787–798.
doi:10.1002/hep.28370

Dongiovanni, P., Meroni, M., Baselli, G., Mancina, R. M., Ruscica, M., Longo,
M., et al. (2019). PCSK7 gene variation bridges atherogenic dyslipidemia
with hepatic inflammation in NAFLD patients. J. Lipid Res. 60 (6), 1144–1153.
doi:10.1194/jlr.P090449

Dongiovanni, P., Valenti, L., Rametta, R., Daly, A. K., Nobili, V., Mozzi, E., et al.
(2010). Genetic variants regulating insulin receptor signalling are associated with the

Frontiers in Physiology 21 frontiersin.org

https://doi.org/10.3389/fphys.2025.1562848
https://doi.org/10.7759/cureus.16855
https://doi.org/10.1056/NEJMoa1712191
https://doi.org/10.1002/hep.26184
https://doi.org/10.1146/annurev-nutr-071715-051145
https://doi.org/10.1016/j.cmet.2013.07.004
https://doi.org/10.1038/s41467-024-45778-y
https://doi.org/10.1002/ijc.26136
https://doi.org/10.1016/j.jhep.2020.04.003
https://doi.org/10.1038/nrgastro.2013.182
https://doi.org/10.1055/s-0030-1267186
https://doi.org/10.1042/CS20220572
https://doi.org/10.1016/j.immuni.2019.03.024
https://doi.org/10.2337/db15-1716
https://doi.org/10.1016/j.lfs.2023.121951
https://doi.org/10.1136/gutjnl-2016-313654
https://doi.org/10.1136/gutjnl-2016-313654
https://doi.org/10.1101/gad.947102
https://doi.org/10.1126/science.1220671
https://doi.org/10.1172/jci.insight.144079
https://doi.org/10.1038/nature02886
https://doi.org/10.1002/hep.20466
https://doi.org/10.1002/hep.29041
https://doi.org/10.1002/hep4.1395
https://doi.org/10.1371/journal.pone.0145626
https://doi.org/10.1002/hep4.2082
https://doi.org/10.1002/hep4.2082
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.1016/j.dld.2009.03.005
https://doi.org/10.1053/j.gastro.2010.07.057
https://doi.org/10.1016/j.pharmthera.2023.108391
https://doi.org/10.1016/j.jnutbio.2019.108319
https://doi.org/10.1016/j.jhep.2024.03.045
https://doi.org/10.1038/s41588-023-01497-6
https://doi.org/10.1038/s41588-023-01497-6
https://doi.org/10.1146/annurev-biochem-103019-102815
https://doi.org/10.1146/annurev-biochem-103019-102815
https://doi.org/10.5009/gnl17306
https://doi.org/10.1016/j.ymgme.2013.08.022
https://doi.org/10.1007/s12263-012-0300-z
https://doi.org/10.3390/ijms19030911
https://doi.org/10.1080/15592294.2017.1294305
https://doi.org/10.1080/15592294.2017.1294305
https://doi.org/10.2337/db06-0200
https://doi.org/10.1016/j.jhep.2014.05.023
https://doi.org/10.1016/j.jhep.2014.05.023
https://doi.org/10.1016/s0168-8278(23)02140-2
https://doi.org/10.1002/hep.28370
https://doi.org/10.1194/jlr.P090449
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Wang et al. 10.3389/fphys.2025.1562848

severity of liver damage in patients with non-alcoholic fatty liver disease. Gut 59 (2),
267–273. doi:10.1136/gut.2009.190801

Donnelly, K. L., Smith, C. I., Schwarzenberg, S. J., Jessurun, J., Boldt, M. D., and
Parks, E. J. (2005). Sources of fatty acids stored in liver and secreted via lipoproteins in
patients with nonalcoholic fatty liver disease. J. Clin. Investigation 115 (5), 1343–1351.
doi:10.1172/JCI23621

Dudek, M., Pfister, D., Donakonda, S., Filpe, P., Schneider, A., Laschinger, M., et al.
(2021). Auto-aggressive CXCR6+ CD8 T cells cause liver immune pathology in NASH.
Nature 592 (7854), 444–449. doi:10.1038/s41586-021-03233-8

Eslam,M., andGeorge, J. (2019). Genetic contributions toNAFLD: leveraging shared
genetics to uncover systems biology. Nat. Rev. Gastroenterology and Hepatology 17 (1),
40–52. doi:10.1038/s41575-019-0212-0

Esteve-Luque, V., Padró-Miquel, A., Fanlo-Maresma, M., Corbella, E., Corbella, X.,
Pintó, X., et al. (2021). Implication between genetic variants from APOA5 and ZPR1
and NAFLD severity in patients with hypertriglyceridemia. Nutrients 13 (2), 552.
doi:10.3390/nu13020552

Ezquerro, S., Mocha, F., Frühbeck, G., Guzmán-Ruiz, R., Valentí, V., Mugueta, C.,
et al. (2018). Ghrelin reduces TNF-α-induced human hepatocyte apoptosis, autophagy
and pyroptosis: role in obesity-associated NAFLD. J. Clin. Endocrinol. and Metabolism.
doi:10.1210/jc.2018-01171

Fan, Y.-H., Zhang, S., Wang, Y., Wang, H., Li, H., and Bai, L. (2025). Inter-organ
metabolic interaction networks in non-alcoholic fatty liver disease. Front. Endocrinol.
15. doi:10.3389/fendo.2024.1494560

Fares, R., Petta, S., Lombardi, R., Grimaudo, S., Dongiovanni, P., Pipitone, R.,
et al. (2014). The UCP2 ‐866 G>A promoter region polymorphism is associated with
nonalcoholic steatohepatitis. Liver Int. 35 (5), 1574–1580. doi:10.1111/liv.12707

Filková, M., Haluzík, M., Gay, S., and Šenolt, L. (2009). The role of resistin as a
regulator of inflammation: implications for various human pathologies. Clin. Immunol.
133 (2), 157–170. doi:10.1016/j.clim.2009.07.013

Fredrickson, G., Florczak, K., Barrow, F., Mahmud, S., Dietsche, K., Wang, H., et al.
(2024). TREM2 macrophages mediate the beneficial effects of bariatric surgery against
MASH. Hepatology. doi:10.1097/hep.0000000000001098

Friedman, S. L., Neuschwander-Tetri, B. A., Rinella, M., and Sanyal, A. J. (2018).
Mechanisms of NAFLD development and therapeutic strategies. Nat. Med. 24 (7),
908–922. doi:10.1038/s41591-018-0104-9

Gabrieli, T., Sharim, H., Fridman, D., Arbib, N., Michaeli, Y., and Ebenstein,
Y. (2018). Selective nanopore sequencing of human BRCA1 by Cas9-assisted
targeting of chromosome segments (CATCH). Nucleic Acids Res. 46 (14), e87.
doi:10.1093/nar/gky411

Ganguly, S., Rosenthal, S. B., Ishizuka, K., Troutman, T. D., Rohm, T. V.,
Khader, N., et al. (2024). Lipid-associated macrophages’ promotion of fibrosis
resolution during MASH regression requires TREM2. Proc. Natl. Acad. Sci. 121 (35).
doi:10.1073/pnas.2405746121

Gellert-Kristensen, H., Nordestgaard, B. G., Tybjaerg-Hansen, A., and Stender,
S. (2020a). High risk of fatty liver disease amplifies the alanine transaminase-
lowering effect of a HSD17B13 variant. Hepatology 71 (1), 56–66. doi:10.1002/
hep.30799

Gellert-Kristensen, H., Richardson, T. G., Davey Smith, G., Nordestgaard, B. G.,
Tybjaerg-Hansen, A., and Stender, S. (2020b). Combined effect of PNPLA3, TM6SF2,
andHSD17B13 variants on risk of cirrhosis and hepatocellular carcinoma in the general
population. Hepatology 72 (3), 845–856. doi:10.1002/hep.31238

Georges, M., Paré, G., Ridker, P. M., Rose, L., Barbalic, M., Dupuis, J., et al. (2011).
Genome-wide association analysis of soluble ICAM-1 concentration reveals novel
associations at the NFKBIK, PNPLA3, RELA, and SH2B3 loci. PLoS Genet. 7 (4),
e1001374. doi:10.1371/journal.pgen.1001374

Gerhard, G. S., Malenica, I., Llaci, L., Chu, X., Petrick, A. T., Still, C. D., et al. (2018).
Differentially methylated loci in NAFLD cirrhosis are associated with key signaling
pathways. Clin. Epigenetics 10 (1), 93. doi:10.1186/s13148-018-0525-9

Ghesmati, Z., Rashid, M., Fayezi, S., Gieseler, F., Alizadeh, E., and Darabi, M.
(2023). An update on the secretory functions of brown, white, and beige adipose
tissue: towards therapeutic applications. Rev. Endocr. Metabolic Disord. 25 (2), 279–308.
doi:10.1007/s11154-023-09850-0

Gilpatrick, T., Lee, I., Graham, J. E., Raimondeau, E., Bowen, R., Heron, A.,
et al. (2020). Targeted nanopore sequencing with Cas9-guided adapter ligation. Nat.
Biotechnol. 38 (4), 433–438. doi:10.1038/s41587-020-0407-5

Greenberg, M. V. C., and Bourc’his, D. (2019). The diverse roles of DNA methylation
in mammalian development and disease. Nat. Rev. Mol. Cell. Biol. 20 (10), 590–607.
doi:10.1038/s41580-019-0159-6

Guilliams, M., and Scott, C. L. (2022). Liver macrophages in health and disease.
Immunity 55 (9), 1515–1529. doi:10.1016/j.immuni.2022.08.002

Hannum, G., Guinney, J., Zhao, L., Zhang, L., Hughes, G., Sadda, S., et al. (2013).
Genome-widemethylation profiles reveal quantitative views of human aging rates.Mol.
Cell. 49 (2), 359–367. doi:10.1016/j.molcel.2012.10.016

Hardy, T., Zeybel, M., Day, C. P., Dipper, C., Masson, S., McPherson, S., et al. (2017).
Plasma DNA methylation: a potential biomarker for stratification of liver fibrosis

in non-alcoholic fatty liver disease. Gut 66 (7), 1321–1328. doi:10.1136/gutjnl-2016-
311526

Hinds, T. D., Jr., Creeden, J. F., Gordon, D. M., Stec, D. F., Donald, M. C., and Stec,
D. E. (2020). Bilirubin nanoparticles reduce diet-induced hepatic steatosis, improve fat
utilization, and increase plasma beta-hydroxybutyrate. Front. Pharmacol. 11, 594574.
doi:10.3389/fphar.2020.594574

Hirsova, P., Bamidele, A. O.,Wang, H., Povero, D., and Revelo, X. S. (2021). Emerging
roles of T cells in the pathogenesis of nonalcoholic steatohepatitis and hepatocellular
carcinoma. Front. Endocrinol. 12. doi:10.3389/fendo.2021.760860

Horiguchi, Y., Araki, M., and Motojima, K. (2008). 17beta-Hydroxysteroid
dehydrogenase type 13 is a liver-specific lipid droplet-associated protein. Biochem.
Biophys. Res. Commun. 370 (2), 235–238. doi:10.1016/j.bbrc.2008.03.063

Hosseini, H., Teimouri, M., Shabani, M., Koushki, M., Babaei Khorzoughi, R.,
Namvarjah, F., et al. (2020). Resveratrol alleviates non-alcoholic fatty liver disease
through epigenetic modification of the Nrf2 signaling pathway. Int. J. Biochem. and Cell.
Biol. 119, 105667. doi:10.1016/j.biocel.2019.105667

Hotta, K., Kitamoto, T., Kitamoto, A., Ogawa, Y., Honda, Y., Kessoku, T., et al.
(2018). Identification of the genomic region under epigenetic regulation during
non-alcoholic fatty liver disease progression. Hepatol. Res. 48 (3), E320-E334–E334.
doi:10.1111/hepr.12992

Hudert, C. A., Selinski, S., Rudolph, B., Bläker, H., Loddenkemper, C., Thielhorn, R.,
et al. (2018). Genetic determinants of steatosis and fibrosis progression in paediatric
non‐alcoholic fatty liver disease. Liver Int. 39 (3), 540–556. doi:10.1111/liv.14006

Hyun, J., and Jung, Y. (2020). DNA methylation in nonalcoholic fatty liver disease.
Int. J. Mol. Sci. 21 (21), 8138. doi:10.3390/ijms21218138

Iizuka, K., Takao, K., and Yabe, D. (2020). ChREBP-mediated regulation of lipid
metabolism: involvement of the gut microbiota, liver, and adipose tissue. Front.
Endocrinol. (Lausanne) 11, 587189. doi:10.3389/fendo.2020.587189

Iwamoto, N., Ogawa, Y., Kajihara, S., Hisatomi, A., Yasutake, T., Yoshimura,
T., et al. (2001). Gln27Glu beta2-adrenergic receptor variant is associated with
hypertriglyceridemia and the development of fatty liver. Clin. Chim. Acta 314 (1-2),
85–91. doi:10.1016/s0009-8981(01)00633-7

Jacome-Sosa,M.M., and Parks, E. J. (2014). Fatty acid sources and their fluxes as they
contribute to plasma triglyceride concentrations and fatty liver in humans. Curr. Opin.
Lipidol. 25 (3), 213–220. doi:10.1097/mol.0000000000000080

Johansen, A., Rosti, R. O., Musaev, D., Sticca, E., Harripaul, R., Zaki, M., et al. (2016).
Mutations in MBOAT7, encoding lysophosphatidylinositol acyltransferase I, lead to
intellectual disability accompanied by epilepsy and autistic features.Am. J. Hum. Genet.
99 (4), 912–916. doi:10.1016/j.ajhg.2016.07.019

Jonas, W., and Schürmann, A. (2021). Genetic and epigenetic factors determining
NAFLD risk. Mol. Metab. 50, 101111. doi:10.1016/j.molmet.2020.101111

Kabbani, M., Michailidis, E., Steensels, S., Fulmer, C. G., Luna, J. M., Le Pen,
J., et al. (2022). Human hepatocyte PNPLA3-148M exacerbates rapid non-alcoholic
fatty liver disease development in chimeric mice. Cell. Rep. 40 (11), 111321.
doi:10.1016/j.celrep.2022.111321

Kalhan, S. C., Edmison, J., Marczewski, S., Dasarathy, S., Gruca, L. L., Bennett, C.,
et al. (2011). Methionine and protein metabolism in non alcoholic steatohepatitis:
evidence for lower rate of transmethylation of methionine. Clin. Sci. (Lond) 121 (4),
179–189. doi:10.1042/CS20110060

Kallwitz, E., Tayo, B. O., Kuniholm, M. H., Daviglus, M., Zeng, D., Isasi, C. R., et al.
(2020). Association of HSD17B13 rs72613567:TA with non-alcoholic fatty liver disease
in Hispanics/Latinos. Liver Int. 40 (4), 889–893. doi:10.1111/liv.14387

Kang, Z., Jiang, L., Chen, D., Yan, G., Zhang, G., Lai, Y., et al. (2023).
Whole genome methylation sequencing reveals epigenetic landscape and abnormal
expression of FABP5 in extramammary Paget’s disease. Skin Res. Technol. 29 (10).
doi:10.1111/srt.13497

Kawaguchi, T., Shima, T., Mizuno, M., Mitsumoto, Y., Umemura, A., Kanbara,
Y., et al. (2018). Risk estimation model for nonalcoholic fatty liver disease
in the Japanese using multiple genetic markers. PLoS One 13 (1), e0185490.
doi:10.1371/journal.pone.0185490

Kersten, S. (2014). Integrated physiology and systems biology of PPARα.Mol. Metab.
3 (4), 354–371. doi:10.1016/j.molmet.2014.02.002

Kim, H., Worsley, O., Yang, E., Purbojati, R. W., Liang, A. L., Tan, W., et al. (2019).
Persistent changes in liver methylation andmicrobiome composition following reversal
of diet-induced non-alcoholic-fatty liver disease. Cell. Mol. Life Sci. 76 (21), 4341–4354.
doi:10.1007/s00018-019-03114-4

Kitade, H., Chen, G., Ni, Y., and Ota, T. (2017). Nonalcoholic fatty liver disease
and insulin resistance: new insights and potential new treatments. Nutrients 9 (4), 387.
doi:10.3390/nu9040387

Kitamoto, T., Kitamoto, A., Ogawa, Y., Honda, Y., Imajo, K., Saito, S., et al. (2015).
Targeted-bisulfite sequence analysis of the methylation of CpG islands in genes
encoding PNPLA3, SAMM50, and PARVB of patients with non-alcoholic fatty liver
disease. J. Hepatology 63 (2), 494–502. doi:10.1016/j.jhep.2015.02.049

Kitamoto, T., Kitamoto, A., Yoneda, M., Hyogo, H., Ochi, H., Nakamura, T., et al.
(2013). Genome-wide scan revealed that polymorphisms in the PNPLA3, SAMM50,

Frontiers in Physiology 22 frontiersin.org

https://doi.org/10.3389/fphys.2025.1562848
https://doi.org/10.1136/gut.2009.190801
https://doi.org/10.1172/JCI23621
https://doi.org/10.1038/s41586-021-03233-8
https://doi.org/10.1038/s41575-019-0212-0
https://doi.org/10.3390/nu13020552
https://doi.org/10.1210/jc.2018-01171
https://doi.org/10.3389/fendo.2024.1494560
https://doi.org/10.1111/liv.12707
https://doi.org/10.1016/j.clim.2009.07.013
https://doi.org/10.1097/hep.0000000000001098
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1093/nar/gky411
https://doi.org/10.1073/pnas.2405746121
https://doi.org/10.1002/hep.30799
https://doi.org/10.1002/hep.30799
https://doi.org/10.1002/hep.31238
https://doi.org/10.1371/journal.pgen.1001374
https://doi.org/10.1186/s13148-018-0525-9
https://doi.org/10.1007/s11154-023-09850-0
https://doi.org/10.1038/s41587-020-0407-5
https://doi.org/10.1038/s41580-019-0159-6
https://doi.org/10.1016/j.immuni.2022.08.002
https://doi.org/10.1016/j.molcel.2012.10.016
https://doi.org/10.1136/gutjnl-2016-311526
https://doi.org/10.1136/gutjnl-2016-311526
https://doi.org/10.3389/fphar.2020.594574
https://doi.org/10.3389/fendo.2021.760860
https://doi.org/10.1016/j.bbrc.2008.03.063
https://doi.org/10.1016/j.biocel.2019.105667
https://doi.org/10.1111/hepr.12992
https://doi.org/10.1111/liv.14006
https://doi.org/10.3390/ijms21218138
https://doi.org/10.3389/fendo.2020.587189
https://doi.org/10.1016/s0009-8981(01)00633-7
https://doi.org/10.1097/mol.0000000000000080
https://doi.org/10.1016/j.ajhg.2016.07.019
https://doi.org/10.1016/j.molmet.2020.101111
https://doi.org/10.1016/j.celrep.2022.111321
https://doi.org/10.1042/CS20110060
https://doi.org/10.1111/liv.14387
https://doi.org/10.1111/srt.13497
https://doi.org/10.1371/journal.pone.0185490
https://doi.org/10.1016/j.molmet.2014.02.002
https://doi.org/10.1007/s00018-019-03114-4
https://doi.org/10.3390/nu9040387
https://doi.org/10.1016/j.jhep.2015.02.049
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Wang et al. 10.3389/fphys.2025.1562848

and PARVB genes are associated with development and progression of nonalcoholic
fatty liver disease in Japan. Hum. Genet. 132 (7), 783–792. doi:10.1007/s00439-013-
1294-3

Koda,Y.,Teratani,T.,Chu,P.-S.,Hagihara,Y.,Mikami,Y.,Harada,Y., et al. (2021).CD8+
tissue-resident memory T cells promote liver fibrosis resolution by inducing apoptosis
of hepatic stellate cells. Nat. Commun. 12 (1), 4474. doi:10.1038/s41467-021-24734-0

Kotronen, A., Yki-Järvinen, H., Aminoff, A., Bergholm, R., Pietiläinen, K. H.,
Westerbacka, J., et al. (2009). Genetic variation in the ADIPOR2 gene is associated
with liver fat content and its surrogate markers in three independent cohorts. Eur. J.
Endocrinol. 160 (4), 593–602. doi:10.1530/eje-08-0900

Kovalic, A. J., Banerjee, P., Tran, Q. T., Singal, A. K., and Satapathy, S. K. (2018).
Genetic and epigenetic culprits in the pathogenesis of nonalcoholic fatty liver disease.
J. Clin. Exp. Hepatology 8 (4), 390–402. doi:10.1016/j.jceh.2018.04.001

Kozlitina, J., Smagris, E., Stender, S., Nordestgaard, B. G., Zhou, H. H., Tybjaerg-
Hansen, A., et al. (2014). Exome-wide association study identifies a TM6SF2 variant
that confers susceptibility to nonalcoholic fatty liver disease.Nat.Genet. 46 (4), 352–356.
doi:10.1038/ng.2901

Kuramoto, J., Arai, E., Tian, Y., Funahashi, N., Hiramoto, M., Nammo, T., et al.
(2017). Genome-wide DNA methylation analysis during non-alcoholic steatohepatitis-
related multistage hepatocarcinogenesis: comparison with hepatitis virus-related
carcinogenesis. Carcinogenesis 38 (3), 261–270. doi:10.1093/carcin/bgx005

Lai, Z., Chen, J., Ding, C., Wong, K., Chen, X., Pu, L., et al. (2019). Association of
hepatic global DNA methylation and serum one-carbon metabolites with histological
severity in patients with NAFLD. Obesity 28 (1), 197–205. doi:10.1002/oby.22667

Lee, Y., Cho, E. J., Choe, E. K., Kwak, M.-S., Yang, J. I., Oh, S.-W., et al. (2024).
Genome-wide association study of metabolic dysfunction-associated fatty liver disease
in a Korean population. Sci. Rep. 14 (1), 9753. doi:10.1038/s41598-024-60152-0

Leng, Y.-R., Zhang, M.-H., Luo, J.-G., and Zhang, H. (2021). Pathogenesis of NASH
and promising natural products. Chin. J. Nat. Med. 19 (1), 12–27. doi:10.1016/s1875-
5364(21)60002-x

Li, H., Zheng, J., Xu, Q., Yang, Y., Zhou, J., Guo, X., et al. (2023a). Hepatocyte
adenosine kinase promotes excessive fat deposition and liver inflammation.
Gastroenterology 164 (1), 134–146. doi:10.1053/j.gastro.2022.09.027

Li, M.-R., Zhang, S. H., Chao, K., Liao, X. H., Yao, J. Y., Chen, M. H., et al. (2014).
Apolipoprotein C3(-455T>C) polymorphism confers susceptibility to nonalcoholic
fatty liver disease in the Southern Han Chinese population. World J. Gastroenterology
20 (38), 14010–14017. doi:10.3748/wjg.v20.i38.14010

Li, X., Yuan, B., Lu, M., Wang, Y., Ding, N., Liu, C., et al. (2021a). The
methyltransferase METTL3 negatively regulates nonalcoholic steatohepatitis (NASH)
progression. Nat. Commun. 12 (1), 7213. doi:10.1038/s41467-021-27539-3

Li, Y., Xu, J., Lu, Y., Bian, H., Yang, L., Wu, H., et al. (2021b). DRAK2 aggravates
nonalcoholic fatty liver disease progression through SRSF6-associated RNA alternative
splicing. Cell. Metab. 33 (10), 2004–2020.e9. doi:10.1016/j.cmet.2021.09.008

Li, Z., Shen, W., Wu, G., Qin, C., Zhang, Y., Wang, Y., et al. (2021c). The role of
SAMM50 in non‐alcoholic fatty liver disease: from genetics tomechanisms. FEBS Open
Bio 11 (7), 1893–1906. doi:10.1002/2211-5463.13146

Li, Z., Wen, X., Li, N., Zhong, C., Chen, L., Zhang, F., et al. (2023b). The roles of
hepatokine and osteokine in liver-bone crosstalk: advance in basic and clinical aspects.
Front. Endocrinol. 14. doi:10.3389/fendo.2023.1149233

Lin, Y.-C., Chang, P.-F., Chang, M.-H., and Ni, Y.-H. (2014). Genetic variants in
GCKR and PNPLA3 confer susceptibility to nonalcoholic fatty liver disease in obese
individuals. Am. J. Clin. Nutr. 99 (4), 869–874. doi:10.3945/ajcn.113.079749

Lin, Y.-C., Wu, C.-C., and Ni, Y.-H. (2020). New perspectives on genetic
prediction for pediatric metabolic associated fatty liver disease. Front. Pediatr. 8.
doi:10.3389/fped.2020.603654

Liu, Y., Cheng, F., Luo, Y., Zhan, Z., Hu, P., Ren, H., et al. (2017). PEGylated curcumin
derivative attenuates hepatic steatosis via CREB/PPAR-?/CD36 pathway. Biomed. Res.
Int. 2017, 8234507. doi:10.1155/2017/8234507

Loomba, R., Friedman, S. L., and Shulman, G. I. (2021). Mechanisms and
disease consequences of nonalcoholic fatty liver disease. Cell. 184 (10), 2537–2564.
doi:10.1016/j.cell.2021.04.015

Loomba, R., Gindin, Y., Jiang, Z., Lawitz, E., Caldwell, S., Djedjos, C. S., et al. (2018).
DNA methylation signatures reflect aging in patients with nonalcoholic steatohepatitis.
JCI Insight 3 (2). doi:10.1172/jci.insight.96685

Lu, Y., Fan, C., Liang, A., Fan, X., Wang, R., Li, P., et al. (2018). Effects of SCFA on the
DNA methylation pattern of adiponectin and resistin in high-fat-diet-induced obese
male mice. Br. J. Nutr. 120 (4), 385–392. doi:10.1017/s0007114518001526

Lutz, S. Z., Peter, A., Machicao, F., Lamprinou, A., Machann, J., Schick, F., et al.
(2016). Genetic variation in the 11β-hydroxysteroid-dehydrogenase 1 gene determines
NAFLD and visceral obesity. J. Clin. Endocrinol. and Metabolism 101 (12), 4743–4751.
doi:10.1210/jc.2016-2498

Luukkonen, P. K., Färkkilä, M., Jula, A., Salomaa, V., Männistö, S., Lundqvist, A.,
et al. (2023a). Abdominal obesity and alcohol use modify the impact of genetic risk for
incident advanced liver disease in the general population. Liver Int. 43 (5), 1035–1045.
doi:10.1111/liv.15554

Luukkonen, P. K., Porthan, K., Ahlholm, N., Rosqvist, F., Dufour, S., Zhang, X.
M., et al. (2023b). The PNPLA3 I148M variant increases ketogenesis and decreases
hepatic de novo lipogenesis andmitochondrial function in humans.Cell.Metab. 35 (11),
1887–1896.e5. doi:10.1016/j.cmet.2023.10.008

Luukkonen, P. K., Sakuma, I., Gaspar, R. C., Mooring, M., Nasiri, A., Kahn, M.,
et al. (2023c). Inhibition of HSD17B13 protects against liver fibrosis by inhibition of
pyrimidine catabolism in nonalcoholic steatohepatitis. Proc. Natl. Acad. Sci. 120 (4).
doi:10.1073/pnas.2217543120

Luukkonen, P. K., Tukiainen, T., Juuti, A., Sammalkorpi, H., Haridas, P. A. N.,
Niemelä, O., et al. (2020). Hydroxysteroid 17-β dehydrogenase 13 variant increases
phospholipids and protects against fibrosis in nonalcoholic fatty liver disease. JCI Insight
5 (5). doi:10.1172/jci.insight.132158

Ma, J., Nano, J., Ding, J., Zheng, Y., Hennein, R., Liu, C., et al. (2019). A peripheral
blood DNA methylation signature of hepatic fat reveals a potential causal pathway for
nonalcoholic fatty liver disease. Diabetes 68 (5), 1073–1083. doi:10.2337/db18-1193

MacParland, S. A., Liu, J. C., Ma, X.-Z., Innes, B. T., Bartczak, A. M., Gage, B. K.,
et al. (2018). Single cell RNA sequencing of human liver reveals distinct intrahepatic
macrophage populations. Nat. Commun. 9 (1), 4383. doi:10.1038/s41467-018-06318-7

Magdy, A., Kim, H.-J., Go, H., Lee, J. M., Sohn, H. A., Haam, K., et al. (2024). DNA
methylome analysis reveals epigenetic alteration of complement genes in advanced
metabolic dysfunction-associated steatotic liver disease. Clin. Mol. Hepatology 30 (4),
824–844. doi:10.3350/cmh.2024.0229

Mahdessian, H., Taxiarchis, A., Popov, S., Silveira, A., Franco-Cereceda, A., Hamsten,
A., et al. (2014). TM6SF2 is a regulator of liver fat metabolism influencing triglyceride
secretion and hepatic lipid droplet content. Proc. Natl. Acad. Sci. U. S. A. 111 (24),
8913–8918. doi:10.1073/pnas.1323785111

Mancina, R. M., Dongiovanni, P., Petta, S., Pingitore, P., Meroni, M., Rametta, R.,
et al. (2016). The MBOAT7-TMC4 variant rs641738 increases risk of nonalcoholic fatty
liver disease in individuals of European descent. Gastroenterology 150 (5), 1219–1230.
doi:10.1053/j.gastro.2016.01.032

Mann, J. P., Pietzner, M., Wittemans, L. B., Rolfe, E. D. L., Kerrison, N. D., Imamura,
F., et al. (2020). Insights into genetic variants associated with NASH-fibrosis from
metabolite profiling. Hum. Mol. Genet. 29 (20), 3451–3463. doi:10.1093/hmg/ddaa162

Margiotti, K., Monaco, F., Fabiani, M., Mesoraca, A., and Giorlandino, C. (2023).
Epigenetic clocks: in aging-related and complex diseases. Cytogenet. Genome Res. 163
(5-6), 247–256. doi:10.1159/000534561

Mathias, R. A., Sergeant, S., Ruczinski, I., Torgerson, D. G., Hugenschmidt, C. E.,
Kubala, M., et al. (2011). The impact of FADS genetic variants on ω6 polyunsaturated
fatty acid metabolism in African Americans. BMC Genet. 12, 50. doi:10.1186/1471-
2156-12-50

Mattei, A. L., Bailly, N., and Meissner, A. (2022). DNA methylation: a historical
perspective. Trends Genet. 38 (7), 676–707. doi:10.1016/j.tig.2022.03.010

McCarthy, M. I., Speliotes, E. K., Yerges-Armstrong, L. M., Wu, J., Hernaez, R., Kim,
L. J., et al. (2011). Genome-wide association analysis identifies variants associated with
nonalcoholic fatty liver disease that have distinct effects onmetabolic traits. PLoSGenet.
7 (3), e1001324. doi:10.1371/journal.pgen.1001324

Miquilena-Colina, M. E., Lima-Cabello, E., Sanchez-Campos, S., Garcia-Mediavilla,
M. V., Fernandez-Bermejo, M., Lozano-Rodriguez, T., et al. (2011). Hepatic fatty acid
translocase CD36 upregulation is associated with insulin resistance, hyperinsulinaemia
and increased steatosis in non-alcoholic steatohepatitis and chronic hepatitis C. Gut 60
(10), 1394–1402. doi:10.1136/gut.2010.222844

Moon, Y. A., Liang, G., Xie, X., Frank-Kamenetsky,M., Fitzgerald, K., Koteliansky, V.,
et al. (2012).The Scap/SREBP pathway is essential for developing diabetic fatty liver and
carbohydrate-induced hypertriglyceridemia in animals. Cell. Metab. 15 (2), 240–246.
doi:10.1016/j.cmet.2011.12.017

Moore, L. D., Le, T., and Fan, G. (2013). DNA methylation and its basic function.
Neuropsychopharmacology 38 (1), 23–38. doi:10.1038/npp.2012.112

Moran-Salvador, E., Lopez-Parra, M., Garcia-Alonso, V., Titos, E., Martinez-
Clemente, M., Gonzalez-Periz, A., et al. (2011). Role for PPARγ in obesity-induced
hepatic steatosis as determined by hepatocyte- and macrophage-specific conditional
knockouts. FASEB J. 25 (8), 2538–2550. doi:10.1096/fj.10-173716

Moran-Salvador, E., and Mann, J. (2017). Epigenetics and liver fibrosis. Cell. Mol.
Gastroenterology Hepatology 4 (1), 125–134. doi:10.1016/j.jcmgh.2017.04.007

Moretti, V., Romeo, S., and Valenti, L. (2024). The contribution of genetics
and epigenetics to MAFLD susceptibility. Hepatol. Int. 18 (S2), 848–860.
doi:10.1007/s12072-024-10667-5

Motta, B. M., Masarone, M., Torre, P., and Persico, M. (2023). From non-
alcoholic steatohepatitis (NASH) to hepatocellular carcinoma (HCC): epidemiology,
incidence, predictions, risk factors, and prevention. Cancers 15 (22), 5458.
doi:10.3390/cancers15225458

Murphy, S. K., Yang, H., Moylan, C. A., Pang, H., Dellinger, A., Abdelmalek,
M. F., et al. (2013). Relationship between methylome and transcriptome in
patients with nonalcoholic fatty liver disease. Gastroenterology 145 (5), 1076–1087.
doi:10.1053/j.gastro.2013.07.047

Musso, G., Cassader, M., Bo, S., De Michieli, F., and Gambino, R. (2013a). Sterol
regulatory element-binding factor 2 (SREBF-2) predicts 7-year NAFLD incidence and

Frontiers in Physiology 23 frontiersin.org

https://doi.org/10.3389/fphys.2025.1562848
https://doi.org/10.1007/s00439-013-1294-3
https://doi.org/10.1007/s00439-013-1294-3
https://doi.org/10.1038/s41467-021-24734-0
https://doi.org/10.1530/eje-08-0900
https://doi.org/10.1016/j.jceh.2018.04.001
https://doi.org/10.1038/ng.2901
https://doi.org/10.1093/carcin/bgx005
https://doi.org/10.1002/oby.22667
https://doi.org/10.1038/s41598-024-60152-0
https://doi.org/10.1016/s1875-5364(21)60002-x
https://doi.org/10.1016/s1875-5364(21)60002-x
https://doi.org/10.1053/j.gastro.2022.09.027
https://doi.org/10.3748/wjg.v20.i38.14010
https://doi.org/10.1038/s41467-021-27539-3
https://doi.org/10.1016/j.cmet.2021.09.008
https://doi.org/10.1002/2211-5463.13146
https://doi.org/10.3389/fendo.2023.1149233
https://doi.org/10.3945/ajcn.113.079749
https://doi.org/10.3389/fped.2020.603654
https://doi.org/10.1155/2017/8234507
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.1172/jci.insight.96685
https://doi.org/10.1017/s0007114518001526
https://doi.org/10.1210/jc.2016-2498
https://doi.org/10.1111/liv.15554
https://doi.org/10.1016/j.cmet.2023.10.008
https://doi.org/10.1073/pnas.2217543120
https://doi.org/10.1172/jci.insight.132158
https://doi.org/10.2337/db18-1193
https://doi.org/10.1038/s41467-018-06318-7
https://doi.org/10.3350/cmh.2024.0229
https://doi.org/10.1073/pnas.1323785111
https://doi.org/10.1053/j.gastro.2016.01.032
https://doi.org/10.1093/hmg/ddaa162
https://doi.org/10.1159/000534561
https://doi.org/10.1186/1471-2156-12-50
https://doi.org/10.1186/1471-2156-12-50
https://doi.org/10.1016/j.tig.2022.03.010
https://doi.org/10.1371/journal.pgen.1001324
https://doi.org/10.1136/gut.2010.222844
https://doi.org/10.1016/j.cmet.2011.12.017
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1096/fj.10-173716
https://doi.org/10.1016/j.jcmgh.2017.04.007
https://doi.org/10.1007/s12072-024-10667-5
https://doi.org/10.3390/cancers15225458
https://doi.org/10.1053/j.gastro.2013.07.047
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Wang et al. 10.3389/fphys.2025.1562848

severity of liver disease and lipoprotein and glucose dysmetabolism. Diabetes 62 (4),
1109–1120. doi:10.2337/db12-0858

Musso, G., Gambino, R., and Cassader, M. (2013b). Cholesterol metabolism and
the pathogenesis of non-alcoholic steatohepatitis. Prog. Lipid Res. 52 (1), 175–191.
doi:10.1016/j.plipres.2012.11.002

Musso, G., Gambino, R., Pacini, G., Pagano, G., Durazzo, M., and Cassader, M.
(2009). Transcription factor 7–like 2 polymorphism modulates glucose and lipid
homeostasis, adipokine profile, and hepatocyte apoptosis in NASH. Hepatology 49 (2),
426–435. doi:10.1002/hep.22659

Mwinyi, J., Boström, A. E., Pisanu, C., Murphy, S. K., Erhart, W., Schafmayer,
C., et al. (2017). NAFLD is associated with methylation shifts with relevance for
the expression of genes involved in lipoprotein particle composition. Biochimica
Biophysica Acta (BBA) - Mol. Cell. Biol. Lipids 1862 (3), 314–323. doi:10.1016/j.bbalip.
2016.12.005

Nakajima, S., Tanaka, H., Sawada, K., Hayashi, H., Hasebe, T., Abe, M., et al.
(2017). Polymorphism of receptor‐type tyrosine‐protein phosphatase delta gene in the
development of non‐alcoholic fatty liver disease. J. Gastroenterology Hepatology 33 (1),
283–290. doi:10.1111/jgh.13820

Nano, J., Ghanbari, M., Wang, W., de Vries, P. S., Dhana, K., Muka, T., et al.
(2017). Epigenome-wide association study identifies methylation sites associated
with liver enzymes and hepatic steatosis. Gastroenterology 153 (4), 1096–1106.e2.
doi:10.1053/j.gastro.2017.06.003

Narabayashi, H., Koma, C., Nakata, K., Ikegami, M., Nakanishi, Y., Ogihara, J., et al.
(2022). Gut microbiota-dependent adaptor molecule recruits DNA methyltransferase
to the TLR4 gene in colonic epithelial cells to suppress inflammatory reactions. Front.
Mol. Biosci. 9. doi:10.3389/fmolb.2022.1005136

Niculescu,M.D., andZeisel, S.H. (2002). Diet,methyl donors andDNAmethylation:
interactions between dietary folate, methionine and choline. J. Nutr. 132 (8 Suppl. l),
2333S-2335S–2335S. doi:10.1093/jn/132.8.2333S

Nishida, N., Yada, N., Hagiwara, S., Sakurai, T., Kitano, M., and Kudo, M. (2016).
Unique features associated with hepatic oxidative DNA damage and DNA methylation
in non‐alcoholic fatty liver disease. J. Gastroenterology Hepatology 31 (9), 1646–1653.
doi:10.1111/jgh.13318

Nobili, V., Donati, B., Panera, N., Vongsakulyanon, A., Alisi, A., Dallapiccola, B.,
et al. (2014). A 4‐polymorphism risk score predicts steatohepatitis in children with
nonalcoholic fatty liver disease. J. Pediatr. Gastroenterology Nutr. 58 (5), 632–636.
doi:10.1097/mpg.0000000000000279

Nozaki, Y., Saibara, T., Nemoto, Y., Ono, M., Akisawa, N., Iwasaki, S., et al. (2004).
Polymorphisms of interleukin-1?? and ??3-Adrenergic receptor in Japanese patients
with nonalcoholic steatohepatitis. Alcohol. Clin. and Exp. Res. 28 (Suppl. ment), 106S-
110S–110S. doi:10.1111/j.1530-0277.2004.tb03226.x

Oligschlaeger, Y., and Shiri-Sverdlov, R. (2020). NAFLD preclinical
models: more than a handful, less of a concern? Biomedicines 8 (2), 28.
doi:10.3390/biomedicines8020028

Oliveira, C. P. M. S., Stefano, J. T., Cavaleiro, A. M., Zanella Fortes, M. A. H.,
Vieira, S. M., Rodrigues Lima, V. M., et al. (2010). Association of polymorphisms
of glutamate‐cystein ligase and microsomal triglyceride transfer protein genes in
non‐alcoholic fatty liver disease. J. Gastroenterology Hepatology 25 (2), 357–361.
doi:10.1111/j.1440-1746.2009.06001.x

Pacana, T., Cazanave, S., Verdianelli, A., Patel, V., Min, H. K., Mirshahi, F.,
et al. (2015). Dysregulated hepatic methionine metabolism drives homocysteine
elevation in diet-induced nonalcoholic fatty liver disease. PLoS One 10 (8), e0136822.
doi:10.1371/journal.pone.0136822

Palmer, N. D., Musani, S. K., Yerges-Armstrong, L. M., Feitosa, M. F., Bielak, L. F.,
Hernaez, R., et al. (2013). Characterization of European ancestry nonalcoholic fatty liver
disease-associated variants in individuals of African and Hispanic descent. Hepatology
58 (3), 966–975. doi:10.1002/hep.26440

Pan, X., Wu, Y., Peng, H., Cai, X., Hu, Z., Lin, X., et al. (2022). Genome-wide
DNA methylation profiling in nonalcoholic fatty liver reveals predictive aberrant
methylation in PRKCE and SEC14L3 promoters. Dig. Liver Dis. 54 (4), 521–528.
doi:10.1016/j.dld.2021.05.013

Pant, R., Kabeer, S. W., Sharma, S., Kumar, V., Patra, D., Pal, D., et al. (2023).
Pharmacological inhibition of DNMT1 restores macrophage autophagy and M2
polarization inWestern diet–induced nonalcoholic fatty liver disease. J. Biol. Chem. 299
(6), 104779. doi:10.1016/j.jbc.2023.104779

Pardo, J. C., Ruiz de Porras, V., Gil, J., Font, A., Puig-Domingo, M., and Jordà, M.
(2022). Lipid metabolism and epigenetics crosstalk in prostate cancer. Nutrients 14 (4),
851. doi:10.3390/nu14040851

Parthasarathy, G., Revelo, X., and Malhi, H. (2020). Pathogenesis of nonalcoholic
steatohepatitis: an overview. Hepatol. Commun. 4 (4), 478–492. doi:10.1002/hep4.1479

Peng, X. E., Wu, Y. L., Lu, Q. Q., Hu, Z. J., and Lin, X. (2014). MTTP polymorphisms
and susceptibility to non-alcoholic fatty liver disease in aHanChinese population. Liver
Int. 34 (1), 118–128. doi:10.1111/liv.12220

Pingitore, P., Dongiovanni, P., Motta, B. M., Meroni, M., Lepore, S. M., Mancina, R.
M., et al. (2016). PNPLA3 overexpression results in reduction of proteins predisposing
to fibrosis. Hum. Mol. Genet. 25, 5212–5222. doi:10.1093/hmg/ddw341

Pirazzi, C., Valenti, L., Motta, B. M., Pingitore, P., Hedfalk, K., Mancina, R. M., et al.
(2014). PNPLA3 has retinyl-palmitate lipase activity in human hepatic stellate cells.
Hum. Mol. Genet. 23 (15), 4077–4085. doi:10.1093/hmg/ddu121

Pirola, C. J., Gianotti, T. F., Burgueño, A. L., Rey-Funes, M., Loidl, C. F., Mallardi,
P., et al. (2013). Epigenetic modification of liver mitochondrial DNA is associated
with histological severity of nonalcoholic fatty liver disease. Gut 62 (9), 1356–1363.
doi:10.1136/gutjnl-2012-302962

Pirola, C. J., and Sookoian, S. (2020). Epigenetics factors in nonalcoholic
fatty liver disease. Expert Rev. Gastroenterology and Hepatology 16 (6), 521–536.
doi:10.1080/17474124.2020.1765772

Powell, E. E.,Wong, V.W.-S., and Rinella,M. (2021). Non-alcoholic fatty liver disease.
Lancet 397 (10290), 2212–2224. doi:10.1016/s0140-6736(20)32511-3

Ramezani, M., Zobeiry, M., Abdolahi, S., Hatami, B., Zali, M. R., and Baghaei,
K. (2023). A crosstalk between epigenetic modulations and non-alcoholic fatty liver
disease progression. Pathol. Res. Pract. 251, 154809. doi:10.1016/j.prp.2023.154809

Regnier, M., Polizzi, A., Smati, S., Lukowicz, C., Fougerat, A., Lippi, Y., et al. (2020).
Hepatocyte-specific deletion of Pparα promotes NAFLD in the context of obesity. Sci.
Rep. 10 (1), 6489. doi:10.1038/s41598-020-63579-3

Riccio, S.,Melone, R., Vitulano, C., Guida, P.,Maddaluno, I., Guarino, S., et al. (2022).
Advances in pediatric non-alcoholic fatty liver disease: from genetics to lipidomics.
World J. Clin. Pediatr. 11 (3), 221–238. doi:10.5409/wjcp.v11.i3.221

Roh, E., Song, D. K., and Kim, M.-S. (2016). Emerging role of the brain in the
homeostatic regulation of energy and glucose metabolism. Exp. and Mol. Med. 48 (3),
e216. doi:10.1038/emm.2016.4

Romeo, S., Kozlitina, J., Xing, C., Pertsemlidis, A., Cox, D., Pennacchio, L. A., et al.
(2008). Genetic variation in PNPLA3 confers susceptibility to nonalcoholic fatty liver
disease. Nat. Genet. 40 (12), 1461–1465. doi:10.1038/ng.257

Romeo, S., Sanyal, A., and Valenti, L. (2020). Leveraging human genetics to
identify potential new treatments for fatty liver disease. Cell. Metab. 31 (1), 35–45.
doi:10.1016/j.cmet.2019.12.002

Rong, S., Cortes, V. A., Rashid, S., Anderson, N. N., McDonald, J. G., Liang, G.,
et al. (2017). Expression of SREBP-1c requires SREBP-2-mediated generation of a sterol
ligand for LXR in livers of mice. Elife 6. doi:10.7554/eLife.25015

Sámano-Hernández, L., Fierro, R., Marchal, A., Guéant, J.-L., González-Márquez, H.,
and Guéant-Rodríguez, R.-M. (2021). Beneficial and deleterious effects of sitagliptin
on a methionine/choline-deficient diet-induced steatohepatitis in rats. Biochimie 181,
240–248. doi:10.1016/j.biochi.2020.12.004

Santoro, N., Feldstein, A. E., Enoksson, E., Pierpont, B., Kursawe, R., Kim, G., et al.
(2013). The association between hepatic fat content and liver injury in obese children
and adolescents: effects of ethnicity, insulin resistance, and common gene variants.
Diabetes Care 36 (5), 1353–1360. doi:10.2337/dc12-1791

Sazci, A., Akpinar, G., Aygun, C., Ergul, E., Senturk, O., and Hulagu, S. (2008).
Association of apolipoprotein E polymorphisms in patients with non-alcoholic
steatohepatitis. Dig. Dis. Sci. 53 (12), 3218–3224. doi:10.1007/s10620-008-0271-5

Schaum, N., Karkanias, J., Neff, N. F., May, A. P., Quake, S. R., Wyss-Coray, T., et al.
(2018). Single-cell transcriptomics of 20 mouse organs creates a Tabula Muris. Nature
562 (7727), 367–372. doi:10.1038/s41586-018-0590-4

Schiöth, H. B., Boström, A., Murphy, S. K., Erhart, W., Hampe, J., Moylan, C., et al.
(2016). A targeted analysis reveals relevant shifts in the methylation and transcription
of genes responsible for bile acid homeostasis and drug metabolism in non-alcoholic
fatty liver disease. BMC Genomics 17 (1), 462. doi:10.1186/s12864-016-2814-z

Shang, X. R., Song, J. Y., Liu, F. H., Ma, J., and Wang, H. J. (2015). GWAS‐Identified
common variants with nonalcoholic fatty liver disease in Chinese children. J. Pediatr.
Gastroenterology Nutr. 60 (5), 669–674. doi:10.1097/mpg.0000000000000662

Sharma, D., and Mandal, P. (2022). NAFLD: genetics and its clinical implications.
Clin. Res. Hepatology Gastroenterology 46 (9), 102003. doi:10.1016/j.clinre.2022.102003

Shi, Y., Zhang, H., Huang, S., Yin, L., Wang, F., Luo, P., et al. (2022). Epigenetic
regulation in cardiovascular disease: mechanisms and advances in clinical trials. Signal
Transduct. Target. Ther. 7 (1), 200. doi:10.1038/s41392-022-01055-2

Shimano, H., and Sato, R. (2017). SREBP-regulated lipid metabolism: convergent
physiology - divergent pathophysiology. Nat. Rev. Endocrinol. 13 (12), 710–730.
doi:10.1038/nrendo.2017.91

Simpson, J. T., Workman, R. E., Zuzarte, P. C., David, M., Dursi, L. J., and Timp, W.
(2017). DetectingDNA cytosinemethylation using nanopore sequencing.Nat.Methods
14 (4), 407–410. doi:10.1038/nmeth.4184

Sookoian, S., Castaño, G., Gianotti, T. F., Gemma, C., and Pirola, C. J. (2009).
Polymorphisms of MRP2 (ABCC2) are associated with susceptibility to nonalcoholic
fatty liver disease. J. Nutr. Biochem. 20 (10), 765–770. doi:10.1016/j.jnutbio.2008.07.005

Sookoian, S., Castaño, G. O., Burgueño, A. L., Rosselli, M. S., Gianotti, T. F., Mallardi,
P., et al. (2010a). Circulating levels and hepatic expression of molecular mediators
of atherosclerosis in nonalcoholic fatty liver disease. Atherosclerosis 209 (2), 585–591.
doi:10.1016/j.atherosclerosis.2009.10.011

Sookoian, S., and Pirola, C. J. (2023). Genetics in non-alcoholic fatty liver disease:
the role of risk alleles through the lens of immune response. Clin. Mol. Hepatology 29
(Suppl. l), S184–S195. doi:10.3350/cmh.2022.0318

Frontiers in Physiology 24 frontiersin.org

https://doi.org/10.3389/fphys.2025.1562848
https://doi.org/10.2337/db12-0858
https://doi.org/10.1016/j.plipres.2012.11.002
https://doi.org/10.1002/hep.22659
https://doi.org/10.1016/j.bbalip.2016.12.005
https://doi.org/10.1016/j.bbalip.2016.12.005
https://doi.org/10.1111/jgh.13820
https://doi.org/10.1053/j.gastro.2017.06.003
https://doi.org/10.3389/fmolb.2022.1005136
https://doi.org/10.1093/jn/132.8.2333S
https://doi.org/10.1111/jgh.13318
https://doi.org/10.1097/mpg.0000000000000279
https://doi.org/10.1111/j.1530-0277.2004.tb03226.x
https://doi.org/10.3390/biomedicines8020028
https://doi.org/10.1111/j.1440-1746.2009.06001.x
https://doi.org/10.1371/journal.pone.0136822
https://doi.org/10.1002/hep.26440
https://doi.org/10.1016/j.dld.2021.05.013
https://doi.org/10.1016/j.jbc.2023.104779
https://doi.org/10.3390/nu14040851
https://doi.org/10.1002/hep4.1479
https://doi.org/10.1111/liv.12220
https://doi.org/10.1093/hmg/ddw341
https://doi.org/10.1093/hmg/ddu121
https://doi.org/10.1136/gutjnl-2012-302962
https://doi.org/10.1080/17474124.2020.1765772
https://doi.org/10.1016/s0140-6736(20)32511-3
https://doi.org/10.1016/j.prp.2023.154809
https://doi.org/10.1038/s41598-020-63579-3
https://doi.org/10.5409/wjcp.v11.i3.221
https://doi.org/10.1038/emm.2016.4
https://doi.org/10.1038/ng.257
https://doi.org/10.1016/j.cmet.2019.12.002
https://doi.org/10.7554/eLife.25015
https://doi.org/10.1016/j.biochi.2020.12.004
https://doi.org/10.2337/dc12-1791
https://doi.org/10.1007/s10620-008-0271-5
https://doi.org/10.1038/s41586-018-0590-4
https://doi.org/10.1186/s12864-016-2814-z
https://doi.org/10.1097/mpg.0000000000000662
https://doi.org/10.1016/j.clinre.2022.102003
https://doi.org/10.1038/s41392-022-01055-2
https://doi.org/10.1038/nrendo.2017.91
https://doi.org/10.1038/nmeth.4184
https://doi.org/10.1016/j.jnutbio.2008.07.005
https://doi.org/10.1016/j.atherosclerosis.2009.10.011
https://doi.org/10.3350/cmh.2022.0318
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Wang et al. 10.3389/fphys.2025.1562848

Sookoian, S., Rosselli, M. S., Gemma, C., Burgueño, A. L., Fernández Gianotti, T.,
Castaño, G. O., et al. (2010b). Epigenetic regulation of insulin resistance in nonalcoholic
fatty liver disease: impact of liver methylation of the peroxisome proliferator-
activated receptor γ coactivator 1α promoter. Hepatology 52 (6), 1992–2000.
doi:10.1002/hep.23927

Stangl, C., de Blank, S., Renkens, I., Westera, L., Verbeek, T., Valle-Inclan, J. E.,
et al. (2020). Partner independent fusion gene detection by multiplexed CRISPR-
Cas9 enrichment and long read nanopore sequencing. Nat. Commun. 11 (1), 2861.
doi:10.1038/s41467-020-16641-7

Stevanovski, I., Chintalaphani, S. R., Gamaarachchi, H., Ferguson, J. M., Pineda, S. S.,
Scriba, C.K., et al. (2022). Comprehensive genetic diagnosis of tandem repeat expansion
disorders with programmable targeted nanopore sequencing. Sci. Adv. 8 (9), eabm5386.
doi:10.1126/sciadv.abm5386

Su, W., Mao, Z., Liu, Y., Zhang, X., Zhang, W., Gustafsson, J. A., et al. (2019). Role
of HSD17B13 in the liver physiology and pathophysiology. Mol. Cell. Endocrinol. 489,
119–125. doi:10.1016/j.mce.2018.10.014

Su, W., Wang, Y., Jia, X., Wu, W., Li, L., Tian, X., et al. (2014). Comparative proteomic
study reveals 17β-HSD13 as a pathogenic protein in nonalcoholic fatty liver disease.
Proc. Natl. Acad. Sci. U. S. A. 111 (31), 11437–11442. doi:10.1073/pnas.1410741111

Swellam,M., andHamdy,N.M. (2012). Association of nonalcoholic fatty liver disease
with a single nucleotide polymorphism on the gene encoding leptin receptor. IUBMB
Life 64 (2), 180–186. doi:10.1002/iub.597

Tan, H.-L., Mohamed, R., Mohamed, Z., and Zain, S. M. (2016).
Phosphatidylethanolamine N-methyltransferase gene rs7946 polymorphism
plays a role in risk of nonalcoholic fatty liver disease: evidence from meta-analysis.
Pharmacogenetics Genomics 26 (2), 88–95. doi:10.1097/fpc.0000000000000193

Tanaka, K., and Okamoto, A. (2007). Degradation of DNA by bisulfite treatment.
Bioorg. and Med. Chem. Lett. 17 (7), 1912–1915. doi:10.1016/j.bmcl.2007.01.040

Tang, R., Liu, R., Zha, H., Cheng, Y., Ling, Z., and Li, L. (2023). Gut microbiota
induced epigenetic modifications in the non‐alcoholic fatty liver disease pathogenesis.
Eng. Life Sci. 24 (5). doi:10.1002/elsc.202300016

Teo, K., Abeysekera, K. W. M., Adams, L., Aigner, E., Anstee, Q. M., Banales, J. M.,
et al. (2021). rs641738C>T near MBOAT7 is associated with liver fat, ALT and fibrosis
in NAFLD: a meta-analysis. J. Hepatology 74 (1), 20–30. doi:10.1016/j.jhep.2020.08.027

Teslovich, T. M., Musunuru, K., Smith, A. V., Edmondson, A. C., Stylianou, I. M.,
Koseki,M., et al. (2010). Biological, clinical and population relevance of 95 loci for blood
lipids. Nature 466 (7307), 707–713. doi:10.1038/nature09270

Thangapandi, V. R., Knittelfelder, O., Brosch, M., Patsenker, E., Vvedenskaya, O.,
Buch, S., et al. (2021). Loss of hepaticMboat7 leads to liver fibrosis.Gut 70 (5), 940–950.
doi:10.1136/gutjnl-2020-320853

Tian, Y., Arai, E., Makiuchi, S., Tsuda, N., Kuramoto, J., Ohara, K., et al. (2020).
Aberrant DNA methylation results in altered gene expression in non-alcoholic
steatohepatitis-related hepatocellular carcinomas. J. Cancer Res. Clin. Oncol. 146 (10),
2461–2477. doi:10.1007/s00432-020-03298-4

Ting, Y. W., Kong, A. S., Zain, S. M., Chan, W. K., Tan, H. L., Mohamed, Z., et al.
(2021). Loss-of-functionHSD17B13 variants, non-alcoholic steatohepatitis and adverse
liver outcomes: results from a multi-ethnic Asian cohort. Clin. Mol. Hepatol. 27 (3),
486–498. doi:10.3350/cmh.2020.0162

Tryndyak, V. P., Han, T., Muskhelishvili, L., Fuscoe, J. C., Ross, S. A., Beland, F.
A., et al. (2010). Coupling global methylation and gene expression profiles reveal key
pathophysiological events in liver injury induced by a methyl-deficient diet. Mol. Nutr.
and Food Res. 55 (3), 411–418. doi:10.1002/mnfr.201000300

Tryndyak, V. P., Willett, R. A., Avigan, M. I., Sanyal, A. J., Beland, F. A.,
Rusyn, I., et al. (2022). Non-alcoholic fatty liver disease-associated DNA methylation
and gene expression alterations in the livers of Collaborative Cross mice fed
an obesogenic high-fat and high-sucrose diet. Epigenetics 17 (11), 1462–1476.
doi:10.1080/15592294.2022.2043590

Upadhyay, K. K., Du, X., Chen, Y., Buscher, B., Chen, V. L., Oliveri, A., et al.
(2023). A common variant that alters SUN1 degradation associates with hepatic
steatosis and metabolic traits in multiple cohorts. J. Hepatol. 79 (5), 1226–1235.
doi:10.1016/j.jhep.2023.07.036

Valenti, L., Fracanzani, A. L., Bugianesi, E., Dongiovanni, P., Galmozzi, E., Vanni,
E., et al. (2010). HFE genotype, parenchymal iron accumulation, and liver fibrosis
in patients with nonalcoholic fatty liver disease. Gastroenterology 138 (3), 905–912.
doi:10.1053/j.gastro.2009.11.013

Valenti, L., Motta, B. M., Alisi, A., Sartorelli, R., Buonaiuto, G., Dongiovanni, P., et al.
(2012). LPIN1 rs13412852 polymorphism in pediatric nonalcoholic fatty liver disease.
J. Pediatr. Gastroenterology Nutr. 54 (5), 588–593. doi:10.1097/MPG.0b013e3182442a55

Vazquez-Chantada, M., Gonzalez-Lahera, A., Martinez-Arranz, I., Garcia-Monzon,
C., Regueiro, M. M., Garcia-Rodriguez, J. L., et al. (2013). Solute carrier family 2
member 1 is involved in the development of nonalcoholic fatty liver disease.Hepatology
57 (2), 505–514. doi:10.1002/hep.26052

Vujkovic, M., Ramdas, S., Lorenz, K. M., Guo, X., Darlay, R., Cordell, H. J., et al.
(2022). A multiancestry genome-wide association study of unexplained chronic ALT
elevation as a proxy for nonalcoholic fatty liver diseasewith histological and radiological
validation. Nat. Genet. 54 (6), 761–771. doi:10.1038/s41588-022-01078-z

Wallace, G. R., Sun, M.-Y., Zhang, L., Shi, S.-L., and Lin, J.-N. (2016). Associations
between methylenetetrahydrofolate reductase (mthfr) polymorphisms and non-
alcoholic fatty liver disease (NAFLD) risk: a meta-analysis. Plos One 11 (4), e0154337.
doi:10.1371/journal.pone.0154337

Walle, P., Männistö, V., de Mello, V. D., Vaittinen, M., Perfilyev, A., Hanhineva, K.,
et al. (2019). Liver DNA methylation of FADS2 associates with FADS2 genotype. Clin.
Epigenetics 11 (1), 10. doi:10.1186/s13148-019-0609-1

Walle, P., Takkunen, M., Mannisto, V., Vaittinen, M., Lankinen, M., Karja, V., et al.
(2016). Fatty acid metabolism is altered in non-alcoholic steatohepatitis independent of
obesity. Metabolism 65 (5), 655–666. doi:10.1016/j.metabol.2016.01.011

Wang, H., Barrow, F., Fredrickson, G., Florczak, K., Nguyen, H., Parthiban, P., et al.
(2023a). doi:10.1101/2023.06.07.544061

Wang, J., Conti, D. V., Bogumil, D., Sheng, X., Noureddin, M., Wilkens, L. R., et al.
(2021). Association of genetic risk score with NAFLD in an ethnically diverse cohort.
Hepatol. Commun. 5 (10), 1689–1703. doi:10.1002/hep4.1751

Wang, J., Guo, X. F., Yu, S. J., Song, J., Zhang, J. X., Cao, Z., et al. (2014a).
Adiponectin polymorphisms and non‐alcoholic fatty liver disease risk: a meta‐analysis.
J. Gastroenterology Hepatology 29 (7), 1396–1405. doi:10.1111/jgh.12562

Wang, L., Athinarayanan, S., Jiang, G., Chalasani, N., Zhang,M., and Liu,W. (2014b).
Fatty acid desaturase 1 gene polymorphisms control human hepatic lipid composition.
Hepatology 61 (1), 119–128. doi:10.1002/hep.27373

Wang, L. J., Zhang, H. W., Zhou, J. Y., Liu, Y., Yang, Y., Chen, X. L., et al. (2014c).
Betaine attenuates hepatic steatosis by reducing methylation of the MTTP promoter
and elevating genomic methylation in mice fed a high-fat diet. J. Nutr. Biochem. 25 (3),
329–336. doi:10.1016/j.jnutbio.2013.11.007

Wang, S., Zha, L., Cui, X., Yeh, Y. T., Liu, R., Jing, J., et al. (2023b). Epigenetic
regulation of hepatic lipid metabolism by DNA methylation. Adv. Sci. 10 (20).
doi:10.1002/advs.202206068

Wang, X., Cao, Q., Yu, L., Shi, H., Xue, B., and Shi, H. (2016). Epigenetic regulation of
macrophage polarization and inflammation by DNA methylation in obesity. JCI Insight
1 (19), e87748. doi:10.1172/jci.insight.87748

Wieting, J., Jahn, K., Bleich, S., Frieling, H., and Deest, M. (2023). A targeted
long-read sequencing approach questions the association of OXTR methylation with
high-functioning autism.Clin. Epigenetics 15 (1), 195. doi:10.1186/s13148-023-01616-4

Wolf,M. J., Adili, A., Piotrowitz, K., Abdullah, Z., Boege, Y., Stemmer, K., et al. (2014).
Metabolic activation of intrahepatic CD8+ TCells and NKT cells causes nonalcoholic
steatohepatitis and liver cancer via cross-talk with hepatocytes. Cancer Cell. 26 (4),
549–564. doi:10.1016/j.ccell.2014.09.003

Wongsurawat, T., Jenjaroenpun, P., De Loose, A., Alkam, D., Ussery, D. W.,
Nookaew, I., et al. (2020). A novel Cas9-targeted long-read assay for simultaneous
detection of IDH1/2 mutations and clinically relevant MGMT methylation in fresh
biopsies of diffuse glioma. Acta Neuropathol. Commun. 8 (1), 87. doi:10.1186/s40478-
020-00963-0

Wu, J., Zhang, R., Shen, F., Yang, R., Zhou, D., Cao, H., et al. (2018). Altered
DNA methylation sites in peripheral blood leukocytes from patients with simple
steatosis and nonalcoholic steatohepatitis (NASH). Med. Sci. Monit. 24, 6946–6967.
doi:10.12659/MSM.909747

Wu, Y.-L., Lin, Z.-J., Li, C.-C., Lin, X., Shan, S.-K., Guo, B., et al. (2023). Epigenetic
regulation in metabolic diseases: mechanisms and advances in clinical study. Signal
Transduct. Target. Ther. 8 (1), 98. doi:10.1038/s41392-023-01333-7

Xia, M., Chandrasekaran, P., Rong, S., Fu, X., and Mitsche, M. A. (2021). Hepatic
deletion of Mboat7 (LPIAT1) causes activation of SREBP-1c and fatty liver. J. Lipid Res.
62, 100031. doi:10.1194/jlr.RA120000856

Xia, M., Ma, S., Huang, Q., Zeng, H., Ge, J., Xu, W., et al. (2022). NAFLD-related
gene polymorphisms and all-cause and cause-specificmortality in an Asian population:
the Shanghai Changfeng Study. Alimentary Pharmacol. and Ther. 55 (6), 705–721.
doi:10.1111/apt.16772

Xu, K., Zheng, K. I., Zhu, P.-W., Liu, W.-Y., Ma, H.-L., Li, G., et al. (2021).
Interaction of SAMM50-rs738491, PARVB-rs5764455 and PNPLA3-rs738409
increases susceptibility to nonalcoholic steatohepatitis. J. Clin. Transl. Hepatology 10
(2), 219–229. doi:10.14218/jcth.2021.00067

Xu, Y.-P., Liang, L., Wang, C. L., Fu, J. F., Liu, P. N., Lv, L. Q., et al. (2013). Association
betweenUCP3gene polymorphisms and nonalcoholic fatty liver disease in Chinese
children. World J. Gastroenterology 19 (35), 5897–5903. doi:10.3748/wjg.v19.i35.5897

Yan, X., Xu, L., Qi, J., Liang, X., Ma, C., Guo, C., et al. (2009). sTRAIL
levels and TRAIL gene polymorphisms in Chinese patients with fatty liver disease.
Immunogenetics 61 (8), 551–556. doi:10.1007/s00251-009-0389-4

Yao,H., Fan, C., Lu, Y., Fan, X., Xia, L., Li, P., et al. (2020). Alteration of gutmicrobiota
affects expression of adiponectin and resistin through modifying DNA methylation in
high-fat diet-induced obese mice. Genes. and Nutr. 15 (1), 12. doi:10.1186/s12263-020-
00671-3

Yaskolka Meir, A., Keller, M., Muller, L., Bernhart, S. H., Tsaban, G., Zelicha,
H., et al. (2021). Effects of lifestyle interventions on epigenetic signatures of liver
fat: central randomized controlled trial. Liver Int. 41 (9), 2101–2111. doi:10.1111/
liv.14916

Frontiers in Physiology 25 frontiersin.org

https://doi.org/10.3389/fphys.2025.1562848
https://doi.org/10.1002/hep.23927
https://doi.org/10.1038/s41467-020-16641-7
https://doi.org/10.1126/sciadv.abm5386
https://doi.org/10.1016/j.mce.2018.10.014
https://doi.org/10.1073/pnas.1410741111
https://doi.org/10.1002/iub.597
https://doi.org/10.1097/fpc.0000000000000193
https://doi.org/10.1016/j.bmcl.2007.01.040
https://doi.org/10.1002/elsc.202300016
https://doi.org/10.1016/j.jhep.2020.08.027
https://doi.org/10.1038/nature09270
https://doi.org/10.1136/gutjnl-2020-320853
https://doi.org/10.1007/s00432-020-03298-4
https://doi.org/10.3350/cmh.2020.0162
https://doi.org/10.1002/mnfr.201000300
https://doi.org/10.1080/15592294.2022.2043590
https://doi.org/10.1016/j.jhep.2023.07.036
https://doi.org/10.1053/j.gastro.2009.11.013
https://doi.org/10.1097/MPG.0b013e3182442a55
https://doi.org/10.1002/hep.26052
https://doi.org/10.1038/s41588-022-01078-z
https://doi.org/10.1371/journal.pone.0154337
https://doi.org/10.1186/s13148-019-0609-1
https://doi.org/10.1016/j.metabol.2016.01.011
https://doi.org/10.1101/2023.06.07.544061
https://doi.org/10.1002/hep4.1751
https://doi.org/10.1111/jgh.12562
https://doi.org/10.1002/hep.27373
https://doi.org/10.1016/j.jnutbio.2013.11.007
https://doi.org/10.1002/advs.202206068
https://doi.org/10.1172/jci.insight.87748
https://doi.org/10.1186/s13148-023-01616-4
https://doi.org/10.1016/j.ccell.2014.09.003
https://doi.org/10.1186/s40478-020-00963-0
https://doi.org/10.1186/s40478-020-00963-0
https://doi.org/10.12659/MSM.909747
https://doi.org/10.1038/s41392-023-01333-7
https://doi.org/10.1194/jlr.RA120000856
https://doi.org/10.1111/apt.16772
https://doi.org/10.14218/jcth.2021.00067
https://doi.org/10.3748/wjg.v19.i35.5897
https://doi.org/10.1007/s00251-009-0389-4
https://doi.org/10.1186/s12263-020-00671-3
https://doi.org/10.1186/s12263-020-00671-3
https://doi.org/10.1111/liv.14916
https://doi.org/10.1111/liv.14916
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Wang et al. 10.3389/fphys.2025.1562848

Ye, J., Huang, X., Yuan, M., Wang, J., Jia, R., Wang, T., et al. (2024). HSD17B13
liquid–liquid phase separation promotes leukocyte adhesion in chronic liver
inflammation. J. Mol. Cell. Biol. 16 (6). doi:10.1093/jmcb/mjae018

Yoneda,M., Hotta, K., Nozaki, Y., Endo, H., Uchiyama, T., Mawatari, H., et al. (2009).
Association between angiotensin II type 1 receptor polymorphisms and the occurrence
of nonalcoholic fatty liver disease. Liver Int. 29 (7), 1078–1085. doi:10.1111/j.1478-
3231.2009.01988.x

Younossi, Z. M., Golabi, P., Paik, J. M., Henry, A., Van Dongen, C., and Henry,
L. (2023). The global epidemiology of nonalcoholic fatty liver disease (NAFLD)
and nonalcoholic steatohepatitis (NASH): a systematic review. Hepatology 77 (4),
1335–1347. doi:10.1097/hep.0000000000000004

Yuan, F., Gu, Z., Bi, Y., Yuan, R., Niu, W., Ren, D., et al. (2022). The association
between rs1260326 with the risk of NAFLD and the mediation effect of triglyceride on
NAFLD in the elderly Chinese Han population. Aging (Albany NY) 14 (6), 2736–2747.
doi:10.18632/aging.203970

Zain, S. M., Mohamed, Z., and Mohamed, R. (2015). Common variant in
the glucokinase regulatory gene rs780094 and risk of nonalcoholic fatty liver
disease: a meta-analysis. J. Gastroenterol. Hepatol. 30 (1), 21–27. doi:10.1111/
jgh.12714

Zeng, Y., and Chen, T. (2019). DNAmethylation reprogramming duringmammalian
development. Genes. 10 (4), 257. doi:10.3390/genes10040257

Zeybel, M., Hardy, T., Robinson, S. M., Fox, C., Anstee, Q. M., Ness, T., et al.
(2015). Differential DNA methylation of genes involved in fibrosis progression in non-
alcoholic fatty liver disease and alcoholic liver disease. Clin. Epigenetics 7 (1), 25.
doi:10.1186/s13148-015-0056-6

Zhang, J., Xie, S., Xu, J., Liu, H., and Wan, S. (2021). Cancer biomarkers discovery
of methylation modification with direct high-throughput nanopore sequencing. Front.
Genet. 12. doi:10.3389/fgene.2021.672804

Zhang, N., Tian, X., Yan, T., Wang, H., Zhang, D., Lin, C., et al. (2023). Insights
into the role of nucleotidemethylation inmetabolic-associated fatty liver disease. Front.
Immunol. 14. doi:10.3389/fimmu.2023.1148722

Zhang, R.-N., Pan, Q., Zheng, R.-D., Mi, Y.-Q., Shen, F., Zhou, D., et al. (2018).
Genome-wide analysis of DNA methylation in human peripheral leukocytes identifies
potential biomarkers of nonalcoholic fatty liver disease. Int. J. Mol. Med. 42, 443–452.
doi:10.3892/ijmm.2018.3583

Zhao, Y., Chukanova, M., Kentistou, K. A., Fairhurst-Hunter, Z., Siegert, A. M.,
Jia, R. Y., et al. (2024). Protein-truncating variants in BSN are associated with severe
adult-onset obesity, type 2 diabetes and fatty liver disease. Nat. Genet. 56 (4), 579–584.
doi:10.1038/s41588-024-01694-x

Zhou, Y., Liu, Z., Lynch, E. C., He, L., Cheng, H., Liu, L., et al. (2021). Osr1 regulates
hepatic inflammation and cell survival in the progression of non-alcoholic fatty liver
disease. Lab. Investig. 101 (4), 477–489. doi:10.1038/s41374-020-00493-2

Frontiers in Physiology 26 frontiersin.org

https://doi.org/10.3389/fphys.2025.1562848
https://doi.org/10.1093/jmcb/mjae018
https://doi.org/10.1111/j.1478-3231.2009.01988.x
https://doi.org/10.1111/j.1478-3231.2009.01988.x
https://doi.org/10.1097/hep.0000000000000004
https://doi.org/10.18632/aging.203970
https://doi.org/10.1111/jgh.12714
https://doi.org/10.1111/jgh.12714
https://doi.org/10.3390/genes10040257
https://doi.org/10.1186/s13148-015-0056-6
https://doi.org/10.3389/fgene.2021.672804
https://doi.org/10.3389/fimmu.2023.1148722
https://doi.org/10.3892/ijmm.2018.3583
https://doi.org/10.1038/s41588-024-01694-x
https://doi.org/10.1038/s41374-020-00493-2
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

	1 Introduction
	2 Disturbance of hepatic lipid metabolism in MASLD and MASH
	3 Hepatic lipid related gene loci associated with MASLD and MASH susceptibility
	4 The effect of DNA methylation in hepatic lipid-associated genes on MASLD and MASH
	4.1 Animal models
	4.2 Human studies
	4.2.1 DNA methylation alterations in liver tissue
	4.2.2 DNA methylation alterations in peripheral blood


	5 The relationship between genetic variants and DNA methylation of lipid metabolism–related genes and immune response in MASLD and MASH
	6 The interplay between extrahepatic signals from other tissues and DNA methylation of lipid metabolism–related genes in MASLD and MASH
	7 Conclusion and perspectives
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References

