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Metabolism-related fatty liver disease (MAFLD) is the most common form of
chronic liver disease in the world. Its pathogenesis is influenced by both
environmental and genetic factors. With the upgrading of gene screening
methods and the development of human genome project, whole genome
scanning has been widely used to screen genes related to MAFLD, and more
and more genetic variation factors related to MAFLD susceptibility have been
discovered. There are genetic variants that are highly correlated with the
occurrence and development of MAFLD, and there are genetic variants that
are protective of MAFLD. These genetic variants affect the development of
MAFLD by influencing lipid metabolism and insulin resistance. Therefore, in-
depth analysis of different mechanisms of genetic variation and targeting of
specific genetic variation genes may provide a new idea for the early
prediction and diagnosis of diseases and individualized precision therapy,
which may be a promising strategy for the treatment of MAFLD.
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1 Introduction

Metabolic associated fatty liver disease (MAFLD) is a clinicopathological syndrome
characterized by diffuse hepatocyte steatosis and lipid accumulation, formerly known as
non-alcoholic fatty liver disease (NAFLD) (Kawaguchi et al., 2022). In early 2020, an
international panel of 30 experts from 22 countries issued an international expert consensus
statement on a new definition of MAFLD, proposing comprehensive and simple diagnostic
criteria for MAFLD, and officially renamending NAFLD as MAFLD to highlight the
causative link between fatty liver disease and metabolic dysfunction (Eslam et al., 2020).
MAFLD can cause a range of diseases, including steatohepatitis, liver fibrosis, cirrhosis and
eventually hepatocellular carcinoma, and has emerged as an important risk factor for liver
failure and liver transplantation (Powell et al., 2021). MAFLD is a multi-systemic clinical
disease that manifests itself not only in the liver but also has a wide range of extrahepatic
manifestations, and findings have shown that patients with MAFLD are at increased risk for
heart failure, obesity, type 2 diabetes mellitus, metabolic syndrome, chronic kidney disease,
extrahepatic malignancies, cognitive impairment, polycystic ovary syndrome, osteoporosis,
and hypothyroidism, among others (Kaya and Yilmaz, 2022; Pipitone et al., 2023; Wei et al.,
2023). With changes in diet and lifestyle, the prevalence of MAFLD is increasing and it has
gradually become the most common form of chronic liver disease worldwide, affecting more
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than one-third of the global population (Chan et al., 2022). Seriously
endanger human health and cause huge economic burden to society
(Eslam et al., 2020).

The pathogenesis of MAFLD is not fully understood. The widely
accepted mechanism is the “two-strike” hypothesis, The first blow is
liver lipid ectopic deposition and insulin resistance (IR), and the
second blow is oxidative stress (Day and James, 1998). The liver is
the central organ of lipid metabolism, secreting very low density
lipoprotein (VLDL) on the one hand, and internalizing fatty acids
and lipoproteins on the other (Heeren and Scheja, 2021), Liver is
also the main target organ of insulin action, which plays a very
important role in the control of blood glucose homeostasis.
Hyperinsulinemia and IR are induced by increased levels of
glucose and free fatty acids in the blood due to lack of exercise
and a high sugar and fat diet. IR can reduce the intake of glucose by
adipose tissue and skeletal muscle, induce hyperglycemia, promote
the conversion of glucose into fatty acids (FAs) and triglycerides in
hepatocytes, increase the new synthesis of liver fat, and lead to excess
lipid deposition in the liver and fatty degeneration of the liver.
However, the accumulation of lipid intermediates such as diglycerol
ester (DAG) and ceramide in fatty liver leads to the inhibition of
insulin signaling cascade, which induces the vicious cycle of IR and
lipid deposition (Sakurai et al., 2021). Excessive accumulation of
liver lipids can induce increased liver lipid toxicity and trigger
cellular stress response, excessive elevation of oxidative stress
level can lead to oxidative modification of specific DNA, protein
and lipid metabolites, and thus cause cell damage. In addition,
oxidative stress can also activate inflammatory bodies represented by
NLRP3, release pro-inflammatory cytokines, induce hepatocyte
necrosis, and promote the development of MAFLD (Clare et al.,
2022).

The pathogenesis of MAFLD is complex, caused by an
interaction between genetic, environmental, and metabolic
disorders, The “two-strike” hypothesis is not a good explanation
of the complexity of its pathogenesis, and has been gradually
replaced by the “multiple strike” theory. The “multiple shocks”
include genetic factors, insulin resistance, lipid metabolism
disorders, hepatocyte steatosis, oxidative stress, inflammation,
mitochondrial dysfunction, endoplasmic reticulum stress,
epigenetic factors, intestinal flora disorders, etc. Multiple
mechanisms work together to promote the occurrence and
development of MAFLD (Bence and Birnbaum, 2021). With the
continuous development of genetics, the genetic characteristics of
MAFLD have been revealed to a large extent, and the role of genetic
factors in the occurrence and development of MAFLD has been
increasingly understood, which may involve intra-hepatic lipolysis,
triglyceride output, hepatic mitochondrial oxidation or glucokinase
activity (Sangro et al., 2023). Specific genetic risk variants have been
shown to play a critical role in MAFLD and amplify the effect of
MAFLD on disease outcome, increasing liver-related and overall
mortality (Pingitore and Romeo, 2019).

2 Major genetic predisposition in
MAFLD

MAFLD is a metabolic liver injury that is closely related to
genetic susceptibility, and the clinical and phenotypic variation in

patients may be caused by genetic variation factors (Dabravolski
et al., 2021; Xia et al., 2021), and it is associated with a Single
nucleotide polymorphism (SNP) in multiple related gene loci (Zhu
et al., 2022). SNP refers to the DNA sequence polymorphism caused
by the change of a single nucleotide at the genome level, which is
mostly the conversion or reversal of a single base. With advances in
high-throughput sequencing technology, genome-wide association
Studies (GWAS) have provided insight into the heritage background
of MAFLD (Sveinbjornsson et al., 2022). To identify the genetic
variation associated with MAFLD, a study involving a large
European population sample based on GWAS identified five
genetic variation loci that may influence susceptibility to
MAFLD, they were located near GCKR, TR1B1, TM6SF2, APOE
and PNPLA3(Ghodsian et al., 2021). In addition, more and more
genetic factors have been identified as genetic modification factors of
MAFLD (Liao et al., 2022).

2.1 PNPLA3

PNPLA3 protein, an enzyme with lipase activity for triglycerides
and retinol esters and acyltransferase activity for phospholipids, is a
key regulator of lipid droplets in hepatocytes and hepatic stellate
cells, mapping of human PNPLA3 gene to chromosome 22, it has
9 exons encoding 481 amino acids, belongs to the Patatin-like
phospholipase family, and is the most highly expressed in human
hepatocytes and hepatic stellate cells (Pingitore and Romeo, 2019).
PNPLA3 has attracted great attention in the field of liver since
Romeo et al. discovered a non-synonymous variant (rs738409,
I148M) in PNPLA3 via GWAS that is significantly associated
with liver fat content (Romeo et al., 2008). The I148M variant of
PNPLA3 is a SNP caused by the substitution of isoleucine (I) with
methionine (M) in amino acid coding sequence 148(I148M) (Xiang
et al., 2021). The incidence of PNPLA3I148M varies in different
populations, and studies have shown a major association between
the PNPLA3I148M variant and MAFLD in women, but not in men
(Chen et al., 2015). The incidence of PNPLA3I148M is higher in
Hispanic populations than in European-American and African
American populations (Romeo et al., 2008). PNPLA3 I148M is a
genetic variant highly associated with the occurrence and
development of MAFLD (Basu Ray, 2019; Salari et al., 2021). In
order to elucidate the mechanism by which genes and their variants
affect disease development, human induced pluripotent stem cells
(hiPSC) have been used to establish a PNPLA3-related NAFLD
model. This in vitro system provides a platform for elucidation of the
complete pathophysiology of the PNPLA3I148M variant in NAFLD
and drug development. While minimizing reliance on live animal
models, the results show that I148M variants lead to increased lipid
accumulation and susceptibility to hepatotoxins (Tilson et al., 2021).
Previous studies have demonstrated that PNPLA3(148M) variation
is associated with a variety of liver diseases, including MAFLD, non-
alcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and
hepatocellular carcinoma (HCC) (Dhar and Loomba, 2021), and
increases the risk of liver-related death (Grimaudo et al., 2020;
Stender and Loomba, 2020). The genetic locus has been identified as
having the most powerful role in increasing liver disease (Shang and
Mashek, 2020). Despite the importance of PNPLA3I148M, the
underlying pathogenic mechanism behind this variation remains
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unclear and may be related to lipid metabolism disorder,
inflammation, and pro-fibrosis (Figure 1).

2.1.1 Promote lipid accumulation
In hepatocytes, PNPLA3 is regulated by carbohydrate response

element-binding protein (ChREBP) and sterol regulatory element-
binding protein 1c (SREBP1c), has hydrolase activity on
triglycerides, and plays an important role in lipid drome
remodeling and very low density lipoprotein (VLDL) secretion in
hepatocytes (BasuRay et al., 2019). I148M replacement results in loss
of PNPLA3 lipase activity, impaired lipid catabolism, lipid droplet
remodeling and VLDL secretion, VLDL secretion is the pathway by
which fat escapes from the liver, thus leading to the accumulation of
triglycerides in hepatocytes (Qadri et al., 2020; Akkiz et al., 2021). In
addition, I148M is associated with decreased ubiquitination,
resulting in accumulation of PNPLA3 in the liver and decreased
TG mobilization in lipid droplet (LD) (BasuRay et al., 2017). The
efficacy of CGI-58 as a co-activator of adipose triglyceride lipase
(ATGL) in promoting intracellular fat decomposition has been well
known. CGI-58 was able to combine with ATGL to promote fat
decomposition and lipid phagocytosis, leading to LD degradation
(Yu et al., 2020). PNPLA3I148M may inhibit ATGL catalyzed
lipolysis by binding with CGI-58, leading to inhibition of liphagy,
and thus increasing liver LD accumulation. The ability of
PNPLA3 I148M to promote steatosis was weakened in mice
lacking liver CGI-58 (Wang et al., 2019), further consolidating
the key role of CGI-58 in mediating the action of PNPLA3 I148M.

2.1.2 Promote inflammatory response
In addition to fat accumulation, inflammation is an important

factor in the progression of MAFLD (Khanmohammadi and

Kuchay, 2022). Overexpression of PNPLA3I148M leads to
phosphorylation of STAT3 and activation of downstream
inflammatory pathways, leading to the production of
inflammatory substances such as IL-1β and IL-6, activates
hepatic stellate cells, and further accelerates the process of NASH
with fibrosis (Banini et al., 2021). NF-kB is the most important
transcription factor that regulates inflammation and is involved in
the progression of MAFLD. It was found that PNPLA3 I148M was
activated by the transcription of NF-kB, and PNPLA3 I148M
protein activated IRE1a signal of endoplasmic reticulum stress,
then phosphorylated JNK1/2, upregulated the expression of
c-Jun, and finally upregulated the expression of C-Jun-dependent
inflammatory cytokines, such as TNF-α, and promote inflammation
(Yuan et al., 2020). Enhanced IL-6/STAT3 signaling has been
observed in PNPLA3I148M liver culture, which plays a central
role in inflammation (Hirano, 2021), and can promote the
progression of PNpla3I148M-induced MAFLD. IL-6 is a
multipotent inflammatory cytokine involved in tissue
homeostasis, regeneration and metabolism. IL-6 is significantly
elevated in the liver of patients with MAFLD and correlates with
severity, accelerating the progression of the disease, while blocking
IL-6 signaling across the board reduces the progression of MAFLD
(Park et al., 2023). Recruitment of these inflammatory cells
eventually converges on hepatic stellate cells (HSCS), leading to
activation.

2.1.3 Regulation of hepatic stellate cells
Activation of hepatic stellate cells is a central factor in the

progression of hepatic fibrosis. Upon liver injury, HSCs are
activated, lose lipid-rich granules, and are transdifferentiated into
a-smooth muscle actin (a-SMA)-positive myofibroblasts, which

FIGURE 1
Schematic diagram of pathogenesis of genetic variation of PNPLA3 I148M.
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produce increased amount of ECM, proinflammatory, and
profibrogenic cytokines, and cause liver fibrosis (Wang et al.,
2022). In hepatic stellate cells, PNPLA3 is involved in retinol
metabolism and has hydrolase activity on retinol ester, allowing
the release of retinol from hepatic stellate cells. The hepatic stellate
cells carrying PNPLA3I148M mutation lost the function of
hydrolase activity, resulting in retinol intracellular retention.
Impaired retinol production may lead to decreased secretion of
matrix metalloproteinases and tissue inhibitors of
metalloproteinases, resulting in extracellular matrix deposition
and play an important role in hepatic stellate cell activation
(Xiang et al., 2021). Human hepatic stellate cells with the
PNPLA3(148M) variant showed higher expression of
inflammatory cytokines and chemokines, and showed higher cell
proliferation and migration (Bruschi et al., 2020). The genetic
variation I148M has a significant effect on enhancing the pro-
inflammatory response and pro-fibrosis characteristics of human
hepatic stellate cells (Trepo et al., 2016; Bruschi et al., 2020). Thus,
I148M variation in the PNPLA3 gene by regulating hepatic stellate
cells is a risk factor for the development of severe hepatic fibrosis.

In conclusion, PNPLA3 is an important protein with a wide
range of implications in metabolic liver diseases ranging from simple
steatosis to cirrhosis and liver cancer, A better understanding of the
biological function of PNPLA3 in lipid droplet metabolism will help
advance the progress of disease treatment. This protein is an
attractive target for the treatment of MAFLD, and targeting the
PNPLA3(148M) variant is expected to be a promising direction for
modern personalized medicine (Dong, 2019).

2.2 TM6SF2

Transmembrane 6 superfamily member 2 (TM6SF2) is located
on chromosome 19 and encodes proteins containing 375 or
377 amino acids, respectively. The protein is expected to have
7–10 transmembrane domains, but does not contain any known
functional domains and is mainly expressed in the gut and liver,
suggesting a metabolism-related function (Zhang et al., 2018).
TM6SF2 is localized in the endoplasmic reticulum (ER) and ER-
Golgi intermediate region and plays a key role in intracellular
lipidization of very low density lipoproteins, thereby preventing
fatty liver disease (Luo et al., 2022b).

The non-synonymous variant of TM6SF2 (E167K, rs58542926)
is characterized by cytosine (C) mutation of nucleotide 499 to
thymine (T), and lysine-altered glutamic acid encoding codon
167 (E167K) (Jiang et al., 2021). The misfolding of the E167K
variant protein accelerates protein degradation, resulting in
decreased TM6SF2 protein levels and gene function. The loss of
function leads to a decrease in the number of lipoprotein particles
responsible for lipidation and lipoprotein, resulting in very low
density lipoprotein (VLDL) retention in the liver and increased TAG
content in the liver. Therefore, it is considered to be an important
risk factor for lipid metabolism-related diseases (Li et al., 2018).
Studies have shown that liver specific TM6SF2 loss impairs VLDL
secretion, promotes hepatic steatosis and fibrosis, and accelerates
HCC development (Newberry et al., 2021). Loss of TM6SF2 also
strongly affects the structure of endoplasmic reticulum and
mitochondria, thereby increasing ER stress and oxidative stress.

Endoplasmic reticulum stress is closely related to lipogenesis or
lipolysis, interfering with lipid metabolism and ultimately leading to
inflammation and liver cell damage (Flessa et al., 2022), playing an
important role in the progression of MAFLD (Longo et al., 2022).
Clinical and epidemiological studies have confirmed the role of the
TM6SF2 variant in the development of MAFLD (Xue et al., 2022),
and TM6SF2 has also been shown to play an important role in
promoting liver fibrosis and hepatocellular carcinoma in mouse
models (Luo et al., 2022a).

2.3 GCKR

The Glucose kinase regulatory protein gene (GCKR) is located
on human chromosome 2p23.3, approximately 27 kb in length,
consisting of 19 exons and 18 introns. The GCKR gene encodes
a protein consisting of 625 amino acids called Glucose kinase
regulatory protein (GKRP), which is a member of the glucose
isomerase family. GKRP is a heat-resistant chemical protein.
Glucose kinase (GCK), a phosphorylase related to glucose
metabolism, phosphorylates glucose to form glucose 6-phosphate,
thus regulating liver glucose metabolism and promoting liver lipid
generation. By regulating the activity of GCK, GKRP can further
affect the utilization of glucose by liver cells, regulate body
metabolism and resynthesis of fat (Peter et al., 2011). In
hypoglycemia, GKRP binds to GCK to inactivate it and thus
prevent GCK from entering the nucleus, reducing glucose
decomposition and raising blood sugar; When blood sugar rises,
GKRP separates from GCK, and the GCK in the nucleus restarts and
returns to the cytoplasm, promoting glycolysis and lowering plasma
glucose levels. Thus, GCKR encodes GKRP, which is involved in the
regulation of glucose homeostasis and blood glucose control, thereby
regulating glucose flow into hepatocytes and thereby inducing new
adipogenesis (DNL) (Meroni et al., 2021). A SNP in GCKR,
rs1260326 c.1337C > T p. P446L, is a proline to leucine
substitution encoding the amino acid position of GCKR protein
446 (P446L). GCKR P446L is a functionally deficient variant that
increases fat production by inducing glycolysis (Carlsson et al.,
2020). The variation of GCKR is associated with a variety of lipid
metabolism disorders (Fernandes Silva et al., 2019), significantly
affected the MAFLD (Yuan et al., 2022). A meta-analysis showed
that both the GCKR rs780094 and rs1260326 polymorphisms were
significantly associated with an increased risk of MAFLD (Li et al.,
2021).

2.4 APOE

The apolipoprotein E (Apo E) gene is located in the 2 band of the
13 region on the long arm of human chromosome 19, containing
4 exons and 3 introns (19q13.2). Apo E is a polymorphic protein
synthesized mainly by the liver that influences lipid metabolism by
binding to chylomicron and LDL receptors to mediate the clearance
of very low density lipoproteins in serum (Zhou et al., 2020). The
genetic variation of Apo E is consistently associated with increased
liver fat content (Nascimento et al., 2020). The variant APOE gene
obstructs the clearance of circulating lipoproteins and may hinder
the reuptake of lipids in the liver, thus failing to timely transport
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excess cholesterol in the blood, resulting in lipid accumulation.
These findings may help to better elucidate the genetic susceptibility
associated with the onset and progression of MAFLD (Jamialahmadi
et al., 2021).

2.5 TRIB1

The nerve cell death inducing protein kinase 1 (TRIB1) gene is
located on human chromosome 8 and encodes the tribbles protein
(Zhang et al., 2019), Although proteins of the TRIB1 family are
pseudokinases that lack typical phosphotransferase activity, this
pseudokinase plays a key role in normal and disease biology
through its function as signal transduction mediators and protein
scaffolds (Zhang et al., 2021). TRIB1 is closely related to lipid
metabolism and downregulates liver lipogenesis through multi-
molecular interactions (Ishizuka et al., 2014). Promotes
ubiquitination of the transcription factor CCAAT enhancer
binding protein α, thereby promoting its degradation (Quiroz-
Figueroa et al., 2021). Downregulated ChREBP inhibits the
expression of lipogenic genes and reduces the secretion of very
low density lipoprotein, thus reducing the accumulation of lipids in
the liver (Iwamoto et al., 2015). The TRIB1 rs17321515 variant has
been identified by GWAS as a risk site for MAFLD (Vujkovic et al.,
2022). In addition, studies have confirmed that
TRIB1 rs17321515 gene polymorphism increases the risk of
MAFLD patients in Han Chinese (Liu et al., 2019a; Liu et al., 2019b).

2.6 MBOAT7

The membrane bound O-acyltransferase 7 domain (MBOAT7),
also known as lysophosphatidyl inositol acyltransferase 1 (LPIAT1),
is a gene encoding acyltransferase activity and is located on human
chromosome 19 (Sharma and Mandal, 2022). The acyltransferase
activity encoding lysophosphatidyl inositol is involved in the
conversion of fatty acids between phosphoesters and
lysophosphoesters (Varadharajan et al., 2022). Experiments
showed that the deficiency of MBOAT7 in mice remodeled PI
and lysophosphatidylinositol (LPI) liver levels and promoted
hyperinsulinemia and hepatic insulin resistance (Massey et al.,
2023). MBOAT7 deficiency in mice and humans leads to fibrosis,
suggesting that this may be an inflammation-independent hepatic
fibrosis pathway mediated by lipid signaling (Thangapandi et al.,
2021). rs641738C > T variation in the MBOAT7 gene caused
damage to arachidonic acid phosphatidylinositol and promoted
intracellular liver fat deposition, resulting in the conversion of
saturated lysate phosphatidylinositol to triglycerides, thus
promoting adipogenesis (Ismaiel and Dumitrascu, 2020). The
study demonstrated that the rs641738C>T variant near
MBOAT7 was a risk factor for the presence and severity of
MAFLD in individuals of European ancestry (Teo et al., 2021).

2.7 HSD17B13

The human HSD17B13 gene is located on chromosome 4q22.1,
with a total length of about 17kb, 8 exons and 7 introns

(Chen et al., 2020). HSD17B13 belongs to the HSD17B family.
HSD17B13 is the most highly expressed lipid droplet associated
protein enriched in liver with hepatocellular specificity. HSD17B1 is
selectively expressed in hepatocytes and localized only to the surface
of lipid droplets. HSD17B13 also acts as a retinoic dehydrogenase
that converts retinol to retinoic acid (RA), and its elevated level is
closely related to the development of MAFLD (Zhang et al., 2021). A
genetic variant of HSD17B13 (rs72613567, T > TA) was first
described in 2018 and was associated with a reduced risk of
MAFLD (Abul-Husn et al., 2018), other variants of HSD17B13
(rs6834314, A > G and rs9992651, G > A) were later associated with
lower inflammatory scores in patients with MAFLD, which may be
related to protection against MAFLD (Motomura et al., 2021). A
meta-analysis showed that a polymorphism of the
HSD17B13rs72613567:TA allele variant was associated with a
reduced risk of HCC and MAFLD in the entire study population
(Tang et al., 2021). Other studies have found that there may be
interaction between HSD17B13 rs72613567 gene variation and
PNPLA3 rs738409, which directly affect the expression level of
PNPLA3 mRNA in liver and reduce the activity of
PNPLA3 p. I148 (Abul-Husn et al., 2018). In a multiracial cohort
of Asian patients with NAFLD, variants of
HSD17B13 rs72613567 and rs6834314 were negatively associated
with MAFLD and NASH and were associated with a lower incidence
of adverse liver outcomes (Ting et al., 2021). Therefore,
HSD17B13 is considered as a potential therapeutic target for
MAFLD. However, it should be noted that the
HSD17B13rs72613567 variant appears to be a risk variant for
liver fibrosis in the Chinese Han MAFLD population, which is
inconsistent with previous conclusions, indicating that future
studies need to be verified by different ethnic groups, and it is
necessary to study different groups in genetic studies. To map the
genome-wide association study signal in detail (Liu et al., 2021).

2.8 Klotho

Klotho (KL) is a gene related to aging. It is located in 13q12. The
total length of the 50 kb gene contains 4 introns and 5 exons, and has
various biological effects such as antioxidant, anti-inflammatory and
anti-apoptosis (Martin-Gonzalez et al., 2022). The human KL gene
encodes alpha-Klotho protein, a multifunctional protein that
regulates phosphate, calcium, and vitamin D metabolism, it is
mainly expressed as a single transmembrane glycoprotein in
kidney, parathyroid, brain and adipose tissue, and as a co-
receptor of fibroblast growth factor 23(FGF23) (Kuro, 2019). A
study using an animal model found that klotho knockout mice were
extremely emaciated and significantly reduced fat accumulation in
the liver, suggesting that it may play a direct role in the
pathophysiology of fatty liver disease (Ohnishi et al., 2011). The
KLrs495392 polymorphism was found to be protective against
severe hepatic steatosis in patients with MAFLD and may reduce
the risk of severe steatosis caused by the PNPLA3rs738409G variant
(Liu et al., 2022). These data suggest that Klotho may be a
therapeutic target for fatty liver disease and warrant further
investigation (Chi et al., 2023).

In addition, there are many potential genetic modification
factors. Klotho beta (KLB) is a protein-coding gene located on
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chromosome 4p14. The gene belongs to the glycoside hydrolase
family 1 gene group. It is mainly expressed in fat and liver, KLB gene
polymorphism is associated with obesity and liver inflammation,
and may be involved in the pathogenesis of MAFLD (Ji et al., 2019).
For example, the KLBrs17618244 gene variant was associated with
liver damage in adult MAFLD patients, even more so in the presence
of obesity stratification (Panera et al., 2021). An experiment based
on MRI-PDFF and liver biopsy to study the clinical, laboratory, and
genetic characteristics of MAFLD patients in A Chinese population
found that patients with a variant allele of UQCC1 had low LFC, and
UQCC1rs878639 (A>G) was identified as having a protective effect
against MAFLD (Yang et al., 2022). Mitochondrial amidoxme
reducing Component 1 (MARC1) variant rs2642438 increases
phosphatidylcholine in human liver and reduces the severity of
non-alcoholic fatty liver disease (Luukkonen et al., 2020).

In summary, it can be seen that genetic polymorphism is closely
related to lipid metabolism, inflammation and fibrosis in MAFLD
(Figure 2). These genetic variants are either risk factors or protective
factors. Therefore, in-depth analysis of genetic variants can improve
our understanding of the pathogenesis of the disease, and may
provide new targets and more personalized treatment for future
MAFLD treatment.

3 Therapeutic potential associated with
genetic variation factors

Currently, lifestyle interventions and weight loss remain the
cornerstones of treatment for MAFLD (Stefano et al., 2023). Given
the multifaceted pathophysiology of the disease, combination
therapy such as lipid lowering, blood pressure lowering, glucose
lowering, anti-obesity, antioxidant, anti-inflammatory and anti-
fibrosis drugs may be considered a reasonable alternative (Makri

et al., 2022). Some new signaling pathways and pharmacological
targets are also being studied, such as cell therapy and intestinal flora
regulation therapy (Raza et al., 2021), but no drug has been approved
for the treatment of this disease alone. Genetic factors have been
shown to be closely related to the onset and progression of MAFLD,
suggesting that the exploration of genetic variants with diagnostic
and therapeutic potential may have a promising clinical application
prospect in the treatment of MAFLD (Romeo et al., 2020).
Currently, the identification of people at risk for MAFLD
patients is not accurate enough, and biomarkers to predict
disease risk and treatment response are still lacking (Friedman
et al., 2018). So on the one hand we can use these genetic factors
to predict disease risk; on the other hand, therapeutic drugs can be
developed by targeting genes that are particularly important.

3.1 Genetic risk prediction and early
diagnosis

Liver biopsy is the gold standard diagnostic method forMAFLD,
but it is limited due to its high cost and the possibility of
complications due to the invasive procedure (Tsai and Lee,
2018). Genetic methods, especially SNPs, have received increasing
attention in recent years due to their non-invasive applications,
which combine the effects of a single SNP into a single score for
predicting the risk of MAFLD. An increasing number of studies have
demonstrated the utility of genetic risk scores (GRS) (June 2021).
The higher the GRS, the higher the risk of liver–related disease
MAFLD (Wang et al., 2021). GRS tools can be used to screen large
numbers of people and, for those at high risk, can be prevented
through aggressive lifestyle changes, increased physical activity and
dietary modifications. For older adults who already have some
degree of liver disease, these relevant genomic features may also

FIGURE 2
Molecular mechanism of genetic variation in MAFLD.
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guide more rigorous monitoring of liver disease complications
(cirrhosis, liver cancer). It has been shown that inclusion of
PNPLA3, TM6SF2 and HSD17B13 as genetic risk factors in a
risk stratification model may improve its prediction of MAFLD
severity and advanced fibrosis (Paternostro et al., 2021). Especially
for children and adolescents, this population has relatively few other
risk factors, so early predictive diagnosis with genetic biomarkers
and early lifestyle interventions for those at risk may benefit patients
the most (Li et al., 2020). The GRS tool can provide
recommendations for lifestyle changes in genetically predisposed
patients, but the effects on liver-related mortality and liver cancer
development need to be determined in long-term studies (June
2021). Polygenic Risk Scores (PRS) can be used to predict MAFLDs
non-invasively. For the increasing incidence of MAFLD-associated
HCC, it is also necessary to develop reliable PRS for in-depth
understanding of the causal relationship between NAFLD and
HCC and to improve HCC risk stratification (Bianco et al.,
2021). In the future, robust prediction models should also
integrate rare and common variations and other risk factors,
requiring very large samples to be developed (Dessein, 2021).

3.2 Development of potential therapeutic
targets

Genetic variation plays an important role in the pathogenesis of
MAFLD and its evolution into cirrhosis and HCC, so targeting the
locus of genetic variation may be a promising therapeutic approach.
Among them, antisense oligonucleotides (ASOs) are a novel
therapeutic approach that targets homologous mRNA sequences,
modulates gene expression or translation of related proteins, and
ASOs can be easily injected under the skin and directly target mRNA
molecules, resulting in faster and longer-lasting responses than
directly inhibiting protein production (Scharner and Aznarez,
2021). Some studies have found that targeting PNPLA3I148M by
ASOs at the RNA level may provide significant advantages for
realizing long-term inhibition of the expression of risk variants in
carriers (Cherubini et al., 2021). Liver targeting of triantennal
n-acetyl galactosamine-coupled ASO mediated Pnpla3 silencing
reduced liver lipogenesis and steatosis in mice carrying a human
I148M mutant (Linden et al., 2019). More recently, ION839
(AZD2693), a PNpla3-targeting ASO, was used in patients with
NASH and PNPLA3 I148M in a Phase I clinical trial
(NCT04483947) (Xu et al., 2022). Although ASOs is a promising
precision medicine drug, mild to moderate toxicity as well as some
pro-inflammatory and platelet reduction manifestations can still be
observed at long-term high doses, requiring further research
(Goyenvalle et al., 2023). In addition to targeting PNPLA3 gene
variants, liver-specific acetyl-CoA carboxylase (ACC) inhibitors
(MK4074) block enhanced fatty acid synthesis, improve fatty acid
beta-oxidation, and then reverse the NAFLD phenotype caused by
TM6SF2 defects (Li et al., 2022). The protective HSD17B13 variant is
also a potential therapeutic target, reproterol, a potential regulator of
17β-HSD13, was found to prevent MAFLD through
phosphorylation of 17β-HSD13Ser33 mediated by PKA, so
targeting the Ser33 phosphorylation site may be a potential
treatment approach (Su et al., 2022).

3 Conclusion

Metabolically related fatty liver is a common chronic
disease, but its pathogenesis remains unclear. Most current
studies believe that it is the result of multiple factors such as
genetic variation and environment. With the increasing
prevalence of MAFLD worldwide, it is imperative to explore
new and effective treatments. In the past decade, more and more
genetic variants such as GCKR, TRIB1, TM6SF2, APOE,
PNPLA3, HSD17B13, etc. have been discovered, which
regulate the susceptibility and progression of MAFLD by
affecting lipid metabolism, inflammatory response, insulin
resistance, oxidative stress, liver fibrosis and other processes.
Therefore, targeting specific genetic variants may provide new
ideas for the early prediction and diagnosis of MAFLD and
individualized precision therapy. For genes involved in the
pathogenesis of MAFLD, drugs that silence or turn off the
gene can be used to reduce the effect of the gene variant; for
protective gene variants, the effect of protective mutations can
be simulated to prevent MAFLD. However, it is important to
note that further research is needed to expand on the molecular
mechanisms associated with these new findings, for example,
according to the current study, PNPLA3I148M is mainly
involved in lipid accumulation in the liver, but the specific
mechanisms need further research to clarify and further
validate these results. All new therapies need to be
extensively evaluated for safety and efficacy in clinical trials.
To sum up, this is a very promising research area. Although still
in its infancy, this field may open up a whole new avenue for the
treatment of MAFLD, and there are many more potential
therapeutic targets waiting to be explored and discovered in
the future, giving us hope to conquer MAFLD in the future.
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