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Introduction
Nonalcoholic fatty liver disease (NAFLD), first 
named in 1980, is to describe fatty liver disease 
arising without significant alcohol consump-
tion.1 The spectrum of NAFLD ranges from 
simple steatosis (also called nonalcoholic fatty 
liver, NAFL) to nonalcoholic steatohepatitis 
(NASH) and even NAFLD-related cirrhosis, 
which can further develop into liver carci-
noma.2,3 At present, NAFLD has become one of 
the most common causes of chronic liver dis-
ease around the world, with the global preva-
lence reaching 25%.4 Usually, NAFLD arises in 
the context of obesity and its related metabolic 
diseases.5 The prevalence of NAFLD in popula-
tion with diabetes goes up to 55–70%, which is 
much higher than that in population without 
diabetes.6 An approximately 60–70% increase in 
the risk of fatal and nonfatal cardiovascular dis-
ease was also observed in patients with NAFLD.7 
Our previous work including 211 subjects with 
liver biopsy-proven NAFLD showed that the 

proportion of NASH and advanced fibrosis in 
NAFLD patients with type 2 diabetes (T2DM) 
was 96.1% and 56.5%, respectively.8 Thus, there 
is a close association of NAFLD with T2DM, 
obesity, and cardiovascular disease.9–12 Recently, 
an international panel of experts has suggested 
using metabolic (dysfunction) associated fatty 
liver disease (MAFLD) to replace the nomen-
clature of NAFLD,13,14 triggering intense aca-
demic debate. Meta-analysis reveals that the 
global prevalence of MAFLD is 38.77%, which 
is much higher than that of NAFLD.15 With the 
more accurate reflection of the underlying 
pathogenesis and the superior use of the 
MAFLD definition for patient awareness and 
management, global multi-stakeholders from 
over 134 countries endorsed MAFLD defini-
tion,16 which will be a landmark of MAFLD 
renaming process.

The classic two-hit theory was first proposed to 
explain the pathogenesis of MAFLD in 1998,17 
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and the hepatic accumulation of lipids secondary 
to metabolic disorders acts as the first hit to the 
liver. As time goes on, plenty of evidence indi-
cates that multiple factors contribute to the initia-
tion and progression of fatty liver disease, 
including but not limited to insulin resistance, 
adipocyte dysfunction, nutritional factors, gut 
microbiota, and genetic and epigenetic factors, 
bile acid and nuclear receptor signaling, and 
inflammatory and immune signaling.18,19 With 
the progress of high-throughput sequencing  
technology, the application of genome-wide  
association study (GWAS), chromatin immuno-
precipitation sequencing (ChIP-seq), RNA 
sequencing (RNA-seq), and other methods has 
uncovered the features of genetics and epigenetics 
in MAFLD to a large extent, which brings us a 
new comprehension on the effect of genetics and 
epigenetics on the initiation and progression of 
MAFLD. In this review, we summarized the lat-
est progress in genetic and epigenetic factors of 

MAFLD, especially focusing on epigenetic factor 
that regulates MAFLD.

Genetics in MAFLD
The heritability of NAFLD was first reported in 
2000.20 Over the past decade, the application of 
GWAS in the NAFLD research has helped us 
accelerate the discovery of single-nucleotide poly-
morphisms (SNPs) associated with NAFLD. 
More than 10 SNPs linked to risk of NAFLD in 
patients with metabolic dysfunction have been 
found at present (e.g. PNPLA3, TM6SF2, 
MBOAT7) which has been summarized in Table 1. 
Some classic SNPs (e.g. PNPLA3 rs738409 
C > G, TM6SF2 rs58542926 C > T, MBOAT7 
rs641738 C > T, GCKR rs780094 A > G) have 
been replicated in multiple independent studies, 
the effect of which has been well explored. These 
SNPs also contributed to the development of liver 
steatosis in patients with metabolic dysfunction21 

Table 1. The effects and applications of single-nucleotide polymorphism (SNP) associated with MAFLD.

Gene SNP (allele frequency) SNP effects SNP applications References

PNPLA3 rs738409 C > G (17–49%) Increased hepatic lipid accumulation 
and susceptibility to ethanol- and 
methotrexate-induced toxicity

Silencing of Pnpla3 reduced 
liver steatosis and NAFLD 
activity score in Pnpla3 
148M/M knock-in mutant 
mice

22–24

TM6SF2 rs58542926 C > T (3.4–7.2%) Impaired VLDL secretion, increased 
hepatic steatosis, fibrosis, and 
accelerated development of HCC

/ 25,26–29

MBOAT7 rs641738 C > T (36%) Spontaneous steatosis and increased 
liver fibrosis independent of 
inflammation

/ 30–32

GCKR rs780094 C > T (39–47%) and 
rs1260326 C > T (12.9–45%)

Associated with hepatic steatosis and 
fasting glucose level

/ 33–36

MARC1 rs2642438
G > A (/)

Associates with protection from 
cirrhosis and high level of hepatic 
polyunsaturated phosphatidylcholines

/ 37,38

HSD17B13 rs72613567 T > TA (27%) and 
rs6834314 A > G (6–50%)

Inversely associated with MASH, 
cirrhosis and HCC

/ 39–41

FNDC5 rs3480 A > G
(40–41%)

Increased hepatic lipogenesis and 
lipid accumulation

Fndc5 protein treatment 
alleviated hepatic steatosis 
in mice model

42–44

(Continued)
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Gene SNP (allele frequency) SNP effects SNP applications References

IFNL3/4 rs12979860 CC (50%) and 
rs368234815 TT > deltaG (34%)

Associated with increased hepatic 
inflammation and severe fibrosis

FibroGENE-DT to predict 
fast fibrosis progression, 
cirrhosis, and significant 
fibrosis

45–47

FGF21 rs838133 (A) allele (43%) Associated with increased hepatic 
inflammation

/ 48

UCP2 rs695366 G > A (30–31%) Associated with increased liver UCP2 
expression and decreased risk of 
MASH

/ 49

PPP1R3B rs4240624 G > A (90%) Associated with hepatic steatosis / 34

APOC3 rs2854116 C > T (/), rs2854117 
T > C (/), rs2070666 T > A 
(2.7–24%) and rs2070667 G > A (/)

Increased hepatic steatosis, 
inflammation, insulin resistance, and 
serum triglycerides

/ 50–54

IRGM rs10065172 C > T (46%) Inhibition of autophagic flux and 
increased hepatic steatosis

/ 55

KLF6 rs3750861 G > A (14%) Associated with liver fibrosis / 56

SOD2 rs4880 C > T (48–49%) Associated with liver fibrosis / 57

APOC, apolipoprotein C; FNDC5, fibronectin type III domain-containing 5; GCKR, glucokinase regulator; HCC, hepatocellular carcinoma; HSD17B13, 
hydroxysteroid 17-β dehydrogenase 13; IRGM, immunity-related GTPase M; KLF6, kruppel-like factor 6; MARC1, mitochondrial amidoxime reducing 
component 1; MASH, metabolic steatohepatitis; MBOAT7, membrane bound O-acyltransferase domain-containing 7; NAFLD, nonalcoholic fatty liver 
disease; PNPLA3, Patatin-like phospholipase domain-containing 3; PPP1R3B, protein phosphatase 1 regulatory subunit 3B; SAMM50, SAMM50 
sorting and assembly machinery component; SOD, superoxide dismutase 2; TM6SF2, transmembrane 6 superfamily member 2; UCP2, uncoupling 
protein 2; VLDL, very low density lipoprotein.

(Figure 1). Some new SNPs linked to risk of 
MAFLD have been discovered in recent years. 
Although genetic risk of MAFLD in individuals 
have gained considerable advance, the effect  
and application of these SNPs has not yet  
been explored adequately, which need a future 
investigation.

PNPLA3
The patatin-like phospholipase domain-contain-
ing 3 (PNPLA3) is located in the hepatic  
lipid droplets, which interferes with adipose tri-
glyceride lipase activity by interacting with its 
cofactor, comparative gene identification-58 
(CGI-58).58 Since the identification of PNPLA3 
as a modifier of NAFLD pathogenesis in the first 
reported NAFLD GWAS,22 the PNPLA3 
rs738409 C > G variant has been fully demon-
strated to be the most robust genetic variant asso-
ciated with NAFLD in populations from all 
ethnicities.59,60 This variant is also associated with 
metabolic steatohepatitis (MASH) and severe 

fibrosis in subjects with lean MAFLD.61 Recent 
progress on the mechanism underlying the asso-
ciation between the PNPLA3 variant and fatty 
liver disease indicated that the accumulation of 
PNPLA3 variant (I148M) sequesters CGI-58 on 
hepatic lipid droplets, thus restricting its access to 
adipose triglyceride lipase and causing liver fat 
accumulation.20 Human metabolomic study also 
found that the hepatic triglyceride export from 
the liver via VLDL1 was reduced in the PNPLA3 
variant carriers. Therefore, the individuals with 
PNPLA3 variant could develop liver steatosis 
with a relative favorable cardiovascular risk pro-
file.21,62 Further studies supported an interactive 
effect of the metabolic and genetic risk factors on 
the development of MAFLD,63 and our recent 
study found that the PNPLA3 variant increased 
the risk of MAFLD but not fatty liver without 
metabolic dysfunction.21 Thus, metabolic dys-
function status might be a prerequisite for the 
contribution of PNPLA3 variant to the develop-
ment of liver steatosis.22 In addition, a recent 
study showed that Caucasian lean subjects with 

Table 1. (Continued)

https://journals.sagepub.com/home/tae


TherapeuTic advances in 
endocrinology and Metabolism Volume 13

4 journals.sagepub.com/home/tae

MAFLD developed hepatic and extrahepatic dis-
ease independent of PNPLA3 genotype during a 
median follow-up of 94 months, indicating that 
MAFLD can progress in both non-lean and lean 
individuals.64

TM6SF2
The transmembrane 6 superfamily member 2 
(TM6SF2) is a membrane protein that located in 
the cellular endoplasmic reticulum membrane 
(ER) and the ER-Golgi intermediate compart-
ment.65 The TM6SF2 rs58542926 C > T vari-
ant was associated with hepatic steatosis and 
lower plasma cholesterol and triglycerides (TG) 
according to the exome-wide association study 
(EWAS) analysis in the multiethnic population 
from the Dallas Heart Study.25 The TM6SF2 
rs58542926 (T) allele was also associated with 
lean MAFLD,66 reduced hepatitis C viral load, 
and increased hepatitis B viral load.67 Knockdown 
of TM6SF2 in the mouse liver inhibited the lipi-
dation of apolipoprotein B-containing lipopro-
teins, thus decreased hepatic VLDL-TG secretion 
and led to liver steatosis.68 The TM6SF2 
rs58542926 C > T variant was associated with 
increased risk of MAFLD, MASH, and advanced 

liver fibrosis, but protected against cardiovascular 
disease.69 Consistent with the PNPLA3 variant, 
TM6SF2 variant promoted the development of 
MAFLD but not the fatty liver disease without 
metabolic dysfunction.21

MBOAT7
The membrane-bound O-acyltransferase domain-
containing 7 (MBOAT7), also known as lysophos-
phatidylinositol acyltransferase 1 (LPIAT1), is a 
protein with six transmembrane domains located 
in the endoplasmic reticulum membrane.70 
MBOAT7 has lysophospholipid acyltransferase 
activity that incorporates arachidonic acid into 
phosphatidylinositol (PI). The association 
between MBOAT7 rs641738 C > T variant and 
liver cirrhosis was first identified in GWAS of 
alcohol abusers.71 Further analysis in individuals 
from the Dallas Heart Study and of European 
descent showed that the MBOAT7 variant carri-
ers were associated with increased hepatic fat con-
tent, more severe liver damage, and increased risk 
of liver fibrosis compared with subjects without 
the variant.30 Recent meta-analysis confirmed the 
association of MBOAT7 rs641738 C > T variant 
with hepatic fat content and MAFLD in Caucasian 
adults.72 The MBOAT7 rs641738 variant was 
also associated with severe hepatic inflammation 
and increased risk of fibrosis in subjects with 
chronic hepatitis B or C.73,74 Liver-specific knock-
out of Mboat7 led to the development of liver stea-
tosis and associated liver injury in chow-fed mice 
due to the marked increase in de novo lipogenesis. 
The mechanism seemed to be related to the 
remodeling of the composition of PI species with a 
reduction in 20 carbon fatty acids in the ER, 
which caused increased activation of SREBP-1c.75 
In the setting of high-fat diet (HFD), Mboat7 loss 
of function also promotes the progression of 
MAFLD in mice.76 Thus, the MBOAT7 variant 
also independently predisposes to the develop-
ment of MAFLD.77

MARC1
The mitochondrial amidoxime reducing compo-
nent 1 (MARC1) is a protein located in the outer 
mitochondrial membrane.78 Its function is to cat-
alyze the reduction of N-oxygenated molecules in 
metabolism.79 Recent study including 12,361 all-
cause cirrhosis cases and 790,095 controls showed 
that a missense MARC1 variant (rs2642438 
A > G) was associated with low liver fat content, 

Figure 1. The genetics and epigenetics of MAFLD. The genetics and 
epigenetics of MAFLD include gene polymorphisms, DNA methylation, 
histone modifications, non-coding RNAs regulations, and RNA methylation.
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low blood liver enzymes, and protection from all-
cause cirrhosis.37 Subsequent study found that 
MARC1 rs2642438 variant was associated with 
increased hepatic phosphatidylcholines and 
decreased steatosis, activity, and fibrosis (SAF) 
score in 369 subjects with liver biopsy.38 The sim-
ilar association between MARC1 rs2642438 vari-
ant and low risk of alcohol-related cirrhosis was 
also found in European cohorts.80 However, the 
causal relationship between MARC1 variant and 
MAFLD is still unknown. Transgenic animal 
models are probably applied to further illustrate 
the function of MARC1 in the development and 
progression of MAFLD.

HSD17B13
Hydroxysteroid 17-β dehydrogenase 13 
(HSD17B13) is expressed predominantly in the 
liver and is a liver-specific lipid droplet-associated 
protein.81 Recently, studies have showed that a 
splice-site SNP in HSD17B13 (rs72613567 
T > TA) and another SNP, rs62305723 (encod-
ing a P260S mutation, considered loss of func-
tion variant), were significantly associated with 
decreased inflammation and ballooning in liver 
histology and low risk of MASH.39,82 This variant 
was also associated with low risk of alcohol-
related hepatocellular carcinoma (HCC).83,84 It 
seems that there is a specific function of 
HSD17B13 in the development and progression 
of MAFLD. To explore the function of HSD17B13 
in liver, Hsd17b13 global knockout (KO) mice 
were applied and fed on regular chow, HFD, 
Western diet, or alcohol exposure. However, no 
significant protective effect of HSD17B13 was 
observed regarding body weight, liver weight, liver 
triglycerides content, inflammation, and fibrosis, 
which is opposite to the phenotype of human 
loss-of-function mutants.85 This opposite result 
may be that (1) HSD17B13 enzymatic activity is 
compensated by other enzymes in mice; (2) 
HSD17B13 function in mice is quite different 
from humans; and (3) the protect effect of 
HSD17B13 in humans is independent of its enzy-
matic activity.85 Therefore, further studies should 
be carried out to illustrate the causal relationship 
between HSD17B13 variant and MAFLD.

FNDC5
The membrane protein fibronectin type III 
domain-containing 5 (FNDC5) is a precursor of 

myokine, which is proteolytically cleaved in skel-
etal muscle to form irisin and secrete into blood.86 
Serum irisin level is negatively associated with 
liver triglyceride content and liver enzymes in 
obese subjects.86 Irisin treatment induces brown-
ing and UCP1 expression of white adipose tissue, 
leading to increased energy expenditure.86,87 
Studies found that the FNDC5 rs3480 A > G 
variant was associated with protection from sig-
nificant fibrosis in patients with liver biopsy 
proved MAFLD.88 Recent study including 987 
Caucasian patients with MAFLD showed that 
the FNDC5 rs3480 variant was associated with 
advanced steatosis, but not inflammation or 
fibrosis,42 and serum irisin was inversely associ-
ated with hepatic steatosis.42 For the function of 
FNDC5, Fndc5 global knockout mice on a HFD 
displayed increased liver lipid accumulation, 
decreased fatty acid oxidation (FAO), and 
autophagy.43 It seems that FNDC5 might be a 
potential target to treat MAFLD. Administration 
of nicotinamide riboside (NR) increased plasma 
Fndc5/irisin level, leading to improved body 
weight, insulin resistance, hepatic steatosis, stea-
tohepatitis, and fibrosis.44

IFNL3/4
The interferon lambda type 3 and 4 (IFNL3/4) is 
a cytokine that can be induced by viral infection 
and has an association with immune and inflam-
matory response. Studies revealed that IFNL4 
rs12979860 and rs368234815 variants were asso-
ciated with increased liver inflammation and severe 
fibrosis in Europeans with MAFLD.45,46 Based on 
the association with IFNL genotype and hepatic 
fibrosis, a prediction model (FibroGENE-DT) of 
fast fibrosis progression, cirrhosis, and significant 
fibrosis was developed and performed well in 
MAFLD subjects.47 For the mechanism, the 
expression of downstream of IFNL4, including 
interferon regulatory factor 9 (IRF9), tyrosine 
kinase non receptor 1 (TNK1), signal transducer 
and activator of transcription 2 (STAT2), interleu-
kin 10 receptor subunit beta (IL10RB), and tyros-
ine kinase 2 (TYK2), was reduced in subjects with 
IFNL4 rs368234815 TT/TT and rs12979860 
CC, indicating that IFNL4 variant may affect 
hepatic inflammation and fibrosis via mediating 
inflammatory response.46 At protein level, the 
hepatic inflammation and fibrosis in subjects with 
the IFNL3-IFNL4 risk haplotype (producing 
IFNL3 protein only) were much more severe, 
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 suggesting that IFNL3, not IFNL4, probably 
mediates liver inflammation and fibrosis.89

FGF21
Fibroblast growth factor 21 (FGF21) is a hepa-
tokine that regulates metabolic homeostasis. 
However, whether FGF21 has beneficial effect on 
metabolism is controversial.90 Recent study 
revealed that FGF21 rs838133 variant was asso-
ciated with elevated serum FGF21 level and 
increased hepatic inflammation in subjects with 
MAFLD.48 For the mechanism, FGF21 rs838133 
minor allele increased FGF21 translation and 
protein stability, leading to elevated serum FGF21 
level and subsequent liver inflammation.48

CNV
The role of copy number variation (CNV) in 
MAFLD should not be ignored. CNV is a com-
mon form of genetic alterations ranging from 1 kb 
and up to the megabase scale. CNV is quite dif-
ferent from SNPs in size and mutation rate. An 
increasing body of evidence reveals that CNV can 
affect gene expression and is a significant factor of 
human diseases. However, current studies about 
CNV and MAFLD are limited. The first study 
about CNV and MAFLD was reported in 2014, 
showing that four rare and novel CNVs (12q24.33, 
13q12.11, 21p11.1–11.2, and 12q13.2) were 
associated with MAFLD in 49 patients with 
NAFLD and 49 controls.91 Subsequent study 
enrolled 646 Caucasian subjects with biopsy-
proven MAFLD and 170 healthy controls con-
firmed that the exportin 4 (XPO4) CNV was 
associated with hepatic fibrosis. Functional 
experiments showed that XPO4 CNV reduced 
liver expression of XPO4, resulting in hepatic 
stellate cells (HSC) activation and fibrosis via 
SMAD3/4 signaling.92 More studies should be 
carried out to further illustrate the role of CNV in 
MAFLD.

Epigenetics in MAFLD
Genetics can only partially explain the epidemio-
logical characteristics of MAFLD, suggesting that 
other hereditary factors may also play a role. 
Epigenetics is a study that explores the mecha-
nism in which phenotypes are changed by non-
DNA sequence variation, including DNA 
methylation, histone modifications, non-coding 

RNAs regulations, and, in recent years, RNA 
methylation. Over the last decade, epigenetics has 
become an important field to study physiology 
and pathophysiology of fatty liver disease. The 
association between epigenetics and MAFLD in 
humans has been well established.19,93 The inter-
action between epigenetics and environment, 
diet, aging, gut microbiota, and so on indicates an 
intriguing and complex role of epigenetic modifi-
cation in MAFLD. The characteristics of epige-
netics in MAFLD help us understand the 
development and progression of fatty liver disease 
from a different aspect and give us an opportunity 
to predict or even diagnose metabolic associated 
fatty liver (MAFL)/MASH. It also brings a new 
way to develop treatment for MAFLD. In this 
part, we focused on recent advance in the epige-
netics of MAFLD including the characteristics 
and function of epigenetic modification in 
MAFLD and the application of epigenetics in 
prediction and treatment of MAFLD (Figure 1).

DNA methylation
The association between DNA methylation and 
MAFLD has been well established.94,95 Study 
including 56 subjects showed that a total of 
69,247 differentially methylated CpG sites in the 
advanced liver fibrosis group compared with that 
in the mild liver fibrosis group (histologic fibrosis: 
F0–1 mild and F3–4 advanced).94 The advanced 
MAFLD group displayed hypomethylated and 
overexpressed genes relative to tissue repair genes 
(e.g. transmembrane protein 204 TMEM204, 
fibroblast growth factor receptor 2 FGFR2) and 
increased expression of hypomethylated genes 
compared with the mild liver fibrosis group.94 
Another study found that nine differentially 
methylated genes (e.g. putative polypeptide N-ac
etylgalactosaminyltransferase-like protein 4 
GALNTL4, ATP citrate lyase ACLY, glutamate 
receptor delta-1 GRID1, insulin-like growth fac-
tor binding protein 2 IGFBP2, phospholipase 
C-gamma-1 PLCG1, protein kinase C epsilon 
PRKCE, insulin-like growth factor 1 IGF1, inosi-
tol hexaphosphate kinase 3 IP6K3, pyruvate car-
boxylase PC) in the normal control, healthy 
obese, simple steatosis, and steatohepatitis 
groups. The methylation at the loci of homeobox 
B1 (HOXB1), protein kinase C zeta (PRKCZ), 
solute carrier family 38 member 10 (SLC38A10), 
and secreted and transmembrane 1 (SECTM1) 
could be reversible after bariatric surgery.96 The 
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association between hepatic DPP4 methylation 
and fatty liver disease was also reported.97

Because liver biopsy is an invasive operation, it is 
hard to obtain the liver tissue in clinical practice. 
Therefore, a method of plasma cell-free DNA 
methylation is developed. It is reported that circu-
lating DNA methylation could be detected in 
human plasma and hypermethylation at the 
PPARγ promoter of plasma DNA was associated 
with the methylation in hepatocellular DNA, sug-
gesting that plasma cell-free DNA methylation 
measurement could be a potential non-invasive 
biomarker to distinguish liver fibrosis severity.95,98 
But the DNA methylation model still needs to  
be verified in other large cohorts. Subsequent  
study using peripheral blood DNA in Europeans 
found that hypomethylation of cg08309687 
(LINC00649) was associated with MAFLD and 
risk for new-onset type 2 diabetes mellitus 
(T2DM).99 However, DNA methylation is 
dynamic and can be affected by environment, 
diet, aging, gut microbiota, and so on. It is hard to 
keep a stable DNA methylation condition at pre-
sent. We are not sure whether there might be some 
stable DNA methylation loci that are only affected 
by environmental factors. Thus, it is still a long 
way to go to use DNA methylation for distinguish 
MAFLD.

DNA methylation has been proposed as a meas-
ure of human chronological and biological  
age, also called the ‘Horvath clock’, in recent 
years.100–102 The principle of DNA methylation 
age is an unbiased assessment of aging by calcu-
lating a predicted aging rate based on methylation 
patterns. If a DNA methylation age exceeds the 
chronologic age, it would suggest age accelera-
tion. The deviation between DNA methylation 
age and chronologic age is usually associated with 
health issues, which is helpful to see health status. 
Recent study showed that DNA methylation age 
acceleration was existed in MASH subjects com-
pared with controls and was associated with 
hepatic collagen content.103

Histone modification
Histone is one of the basic structures of nucleo-
some, which assembles with DNA base pairs. 
There are four kinds of histones including H1, H3, 
H2, and H4 according to their molecular weight. 
For the structure of histone, an N-terminal amino 
acid tail on histone can be post-translational 

modificated including methylation, acetylation, 
phosphorylation, ribosylation, sumoylation, ubiq-
uitination, and so on. The post-translational modi-
fication of histone affects multiple physiological 
processes (e.g. gene transcriptional regulation, 
alternative splicing, DNA repair, chromosomal 
condensation). However, inappropriate histone 
modification causes organism dysfunction and dis-
ease. The association between histone modifica-
tion with MAFLD is established and the cause 
effect of histone modification in MAFLD is also 
explored.

Histone acetylation is the most reported histone 
modification in MAFLD at present. Cluster of 
differentiation 36 (CD36) is a fatty acid translo-
case that mediates fatty acid uptake in hepato-
cytes.104 Recent study has demonstrated that 
nuclear receptor subfamily 2, group F, member 6 
(NR2F6) directly bound to the CD36 promoter, 
recruited nuclear receptor coactivator 1 (SRC-1), 
and promoted histone acetylation at CD36 pro-
moter in hepatocytes, leading to increased hepatic 
fat accumulation.105 Another nuclear receptor, 
liver X receptor α (LXRα), is also involved in the 
pathophysiology of MAFLD. Impaired Ser196 
(S196A) LXRα phosphorylation induced hepatic 
steatosis, but decreased hepatic inflammation and 
fibrosis in mice on a high cholesterol diet by his-
tone acetylation (H3K27) and transcriptional 
regulation in pro-fibrotic and pro-inflammatory 
genes.106 Histone acetylation also mediated the 
transcriptional regulation of fatty acid synthase 
(FASN) by carbohydrate responsive element 
binding protein (ChREBP) in vitro.107 ChREBP 
promoted FASN expression and induced hepatic 
steatosis via H3 and H4 acetylation, H3K4 tri-
methylation, and the phosphorylation of H3S10 
in FASN promoter.107 RNA methyltransferase, 
methyltransferase like 3 (METTL3), that cata-
lyzes mRNA m6A modifications, plays a role in 
histone deacetylation. Recent study showed that 
liver-specific METTL3 knockout mice displayed 
increasing hepatic fat content and inflammation 
via CD36 and CCL2, respectively. For the mech-
anism, METTL3 bound to the promoters of the 
Cd36 and Ccl2 genes with HDAC1/2 to promote 
H3K9 and H3K27 deacetylation in their pro-
moter regions, leading to suppress the transcrip-
tion of Cd36 and Ccl2.108

The histone methylation is also involved in the 
pathophysiology of MAFLD. The histone dem-
ethylase, plant homeodomain finger 2 (Phf2), was 
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co-recruited with ChREBP on stearoyl-CoA 
desaturase 1 (SCD1) promoter and promoted 
H3K9me2 demethylation at the SCD1 promoter, 
resulting in increased de novo lipogenesis (DNL) 
and hepatic fat content in mice with fatty  
liver and obesity.109 Another histone demethyl-
ase, Jumonji domain-containing protein 2B 
(JMJD2B), bound to LXRα-target gene promoter 
region with LXRα and reduced the enrichment of 
H3K9me2 and H3K9me3, leading to the accu-
mulation of hepatic fat content.110

However, little is known about the effect of his-
tone phosphorylation, ribosylation, sumoylation, 
and ubiquitination in the development and pro-
gression of MAFLD at present, which should be 
further investigated.

Non-coding RNA
The non-coding RNAs (ncRNAs) are transcribed 
from the genome and perform its biological func-
tions at the RNA level without being translated 
into proteins. Several ncRNAs have been reported 
including transfer RNA, ribosomal RNA, micro-
RNA (miRNA), small nucleolar RNA, long 
ncRNA (lncRNAs), and recent circular RNA 
(circRNA). Evidence has suggested that ncRNA 
plays an important role in mediating the develop-
ment and progression of MAFLD.

MicroRNA
miRNA is a class of ncRNA encoded by endoge-
nous genes with a length of about 22 nucleotides. 
miRNAs that are associated with MAFLD have 
been founded. miRNA-223 global knockout mice 
on a HFD displayed increased hepatic steatosis, 
inflammation, fibrosis, and easier to develop into 
HCC.111 Meanwhile, myeloid-specific IL-6 
knockout in mice downregulated miRNA-223 
expression in macrophages and promoted profi-
brotic gene expression in hepatocytes through 
exosomal transfer, worsening liver fibrosis.112 
miRNA-192-5p from lipotoxic hepatocyte-
derived exosomes induced M1 polarization of 
macrophages and liver inflammation, resulting in 
the progression of MAFLD.113 In addition of 
miRNA from exosomes, miRNA from hepato-
cyte-derived extracellular vesicles (EVs) also reg-
ulates MAFLD progression. miRNA-9-5p from 
hepatocyte-derived EVs induced M1 polarization 
of macrophages and inflammation.114 Knockdown 
of miRNA-9-5p in mice reduced hepatic steatosis 

and inflammation.114 Endoplasmic reticulum 
(ER) stress is one of the mechanisms that pro-
motes MAFLD. Study showed that liver-specific 
deficiency of microRNA-26a in mice promoted 
HFD-induced ER stress and hepatic steatosis.115 
Mechanistically, miR-26a exerted its effect by 
directly targeting the eukaryotic initiation factor 
2α (eIF2α).115 miRNA-378 is also involved in the 
development of steatosis. Knockdown of miR-
378 via injecting miR-378 anti-sense oligo 
increased FAO and improved hepatic steatosis, 
whereas overexpression of miR-378 in liver atten-
uated FAO and increased liver fat content.116 In 
mice on a high cholesterol diet, miR-125b-5p 
promoter methylation in liver was increased and 
its expression was reduced, leading to liver fibro-
sis via integrin α8 (ITGA8).117 In addition, other 
miRNAs such as miR-137-3p,118 miR-103,119 
miR-21,120,121 miRNA-130b-5p,122 miRNA-
27a,123 miRNA-29c,124 miRNA-103,125 miRNA-
146b,126 miRNA-33,127 miRNA-7a,128 and 
miRNA-451129 are also associated with fatty liver 
disease caused by metabolic disorders.

Recently, circulating microRNAs have been 
applied as biomarkers to diagnose and prognose 
MAFLD. Four serum miRNAs (miR-21-5p, 
miR-151a-3p, miR-192-5p, and miR-4449) were 
used to distinguish MASH from MAFL.130 The 
area under the receiver operating characteristic 
curve (AUROC) value of four miRNAs for 
MASH diagnosis was 0.875, which had been con-
firmed in another 37 subjects with MAFLD.130 
However, the subject number is relatively small in 
this study, the result of which should be validated 
in a large population. Another study using a com-
posite biomarker of miR-192, miR-21, miR-505, 
and alanine aminotransferase (ALT) to predict 
MASH in mice and the AUROC could be up to 
0.913.131 A study including 441 subjects with 
liver biopsy confirmed MAFLD showed that 
serum miR-122 levels was a significant risk factor 
of mortality, which could predict mortality of 
subject with MAFLD.132

Long non-coding RNA
lncRNA is a non-coding RNA with a length 
greater than 200 nucleotides, which plays a sig-
nificant role in epigenetic regulation, cell cycle, 
and cell differentiation. The association between 
lncRNA and MAFLD has been established.133–136 
lncRNA (RP11-484N16.1), screened from 
sequencing of human liver, was associated with 
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hepatic steatosis and MASH. Knockdown of 
IncRNA (RP11-484N16.1) inhibited cell growth 
and viability in hepatocyte cell lines. However, 
whether IncRNA (RP11-484N16.1) mediated 
liver steatosis, inflammation, and fibrosis or not is 
still unknown.135 Studies showed that lncRNA 
Blnc1 mediated hepatic lipogenesis and the devel-
opment of MASH. Liver-specific Blnc1 knockout 
mice on a HFD displayed reduced hepatic steato-
sis and insulin resistance and were resistant to 
MASH by inhibiting hepatic lipogenesis.137 
Recent study has reported that lncRNA Platr4 
had a beneficial effect on liver inflammation. 
Platr4 knockdown reduced liver inflammasome 
activity and was much easier to develop MASH in 
mice on a methionine-choline-deficient diet, 
whereas overexpression of Platr4 reversed it.138 
lncRNA HULC was reported to regulate 
MAFLD-associated fibrosis. HULC siRNA 
injection via vein in rats attenuated hepatic fibro-
sis and apoptosis through the mitogen-activated 
protein kinase (MAPK) signaling pathway.139 
LncARSR not only regulated liver fat content but 
also inhibited liver tumor growth. LncARSR 
silencing via lentivirus reduced hepatic steatosis 
in mice on an HFD. Moreover, knockdown of 
LncARSR in HepG2 inhibited its growth in nude 
mice on an HFD.140 LncRNA SNHG20 also 
mediated the growth of HCC in mice. Knockdown 
of SNHG20 delayed the progression of HCC 
from MAFLD in mice on a 36 weeks HFD with 
20 weeks diethyl nitrosamine.141 Another 
lncRNA, MEG3, inhibited hepatic lipid accumu-
lation and inflammation in mice on an HFD.142 
Mechanistically, MEG3 induced the ubiquitina-
tion and degradation of enhancer of zeste homolog 
2 (EZH2) and increased the expression of EZH2 
target gene, sirtuin 6 (SIRT6), thus leading to the 
protective effect on liver steatosis.142 Another 
study showed that overexpression of fatty liver-
related lncRNA 2 (FLRL2) attenuated liver fat 
content, ER stress, and inflammation, indicating 
its therapeutic potential in MAFLD.143

In addition, studies in vitro had revealed the func-
tion of lncRNA in MAFLD. For instance, knock-
down of CCAT1 inhibited hepatic steatosis, 
suggesting that CCAT1 mediated lipid accumu-
lation in hepatocytes.144 Knockdown of lncRNA 
nuclear enriched abundant transcript 1 (NEAT1) 
reduced fatty acid uptake by hepG2 cells, leading 
to decreased hepatic lipid accumulation.145 
Besides, MALAT1, LINC01260, and lncARSR 

were also reported to mediate the development 
and progression of MAFLD.136,146,147

Circular RNA
Study about circRNA and MAFLD is rare. cir-
cRNA expression profiles are changed in 
MAFLD, indicating that circular RNA may par-
ticipate in the development and progression of 
liver steatosis.148,149 Knockdown of circScd1 in 
liver cell line AML12 promote hepatic fat con-
tent, while overexpression of circScd1 attenuated 
steatosis, suggesting that circScd1 mediated 
hepatic steatosis.150 circRNA_0046366 increased 
hepatocellular FAO via inhibiting miRNA-34a 
function, leading to reduced hepatic steatosis.151 
In addition, overexpression of circRNA_0001805 
via a nanodrug system alleviated hepatic steatosis 
and inflammation by targeting miR-106a-5p/
miR-320a.152

Conclusion and future perspective
There is no doubt that genetics and epigenetics 
play a critical role in development and progres-
sion of MAFLD. The progress of technology 
helps us further uncover the detail of genetics and 
epigenetics on MAFLD. In addition to the classic 
SNPs in MAFLD, some new SNPs (e.g. MARC1, 
HSD17B13, FNDC5) have been reported, but 
their function on the development and progres-
sion of MAFLD requires further investigated. 
DNA methylation is the epigenetic modification 
mostly studied, whereas studies about m6A mod-
ifications or circRNA in MAFLD are still rare. As 
to the histone modification, the effect of phos-
phorylation, ribosylation, sumoylation, and ubiq-
uitination should be further explored. Recently, a 
new concept of the shared genetic basis between 
MAFLD and other metabolic diseases has been 
proposed based on mounting evidence.90,153 In 
this situation, collaboration and partnerships 
between stakeholders need to be further strength-
ened to provide optimal care for patients with 
MAFLD and associated metabolic diseases153 
(Figure 2).

The potential translational impact of genetic and 
epigenetic findings on drug development and 
non-invasive biomarkers is also of great concern. 
Although the pathophysiology of MAFLD has 
been widely explored, no efficient drug for 
MAFLD is available at present. However, the 
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genetics and epigenetics of MAFLD have a 
potential to identify new drug targets or opportu-
nities for drug repurposing, elucidate pharmaco-
logical mechanism, and predict adverse events 
and a therapeutic window for new therapies154 
(Figure 2). In addition, the dynamic change of 
epigenetics makes it as a potential biomarker for 
disease diagnosis, monitoring, and treatment 
response155 (Figure 2). Although the translational 
application of genetic and epigenetic findings is 
still in its infancy, this area will bring us the hope 
to conquer MAFLD in the future.
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