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Introduction
Non-alcoholic fatty liver disease (NAFLD) is a non-communicable 
disease associated with at least a quarter of the world’s popula-

tion. The disease is characterized by fat accumulation in >5% of 
the hepatocytes (steatosis) without significant alcohol intake. The 
average NAFLD prevalence rate is considerably higher in Asia 
(27%) compared to the United States (24%) and Europe (23%).1–3 
NAFLD condition can be seen in both obese individuals as well 
as people having average weight. “Lean/non-obese NAFLD” is 
the medical term for NAFLD if seen in normal-weight individuals. 
Lean/non-obese NAFLD accounts for almost 20% prevalence with-
in the NAFLD population and nearly 5% in the general population.4 
Pathophysiological conditions such as central obesity, hyperglyce-
mia, dyslipidemia, and hypertension are closely linked to NAFLD.5 
Adipose tissue lipolysis is the primary source of hepatic lipid accu-
mulation.6 During obesity, this basal lipolysis gets enhanced, result-
ing in an enhanced flow of free fatty acids to the liver (and skeletal 
muscle).7 This, in turn, promotes resistance to insulin.7,8 Alternate 
sources for lipid accumulation in the hepatocytes include de novo 
lipogenesis from excess dietary sugars and dietary fat.6 NAFLD pa-
tients may have stable disease, progress slowly or rapidly, or even 
regress,9 or some will develop hepatocellular carcinoma (HCC).10

From the stage of simple steatosis, NAFLD may progress to non-
alcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and end-stage 
liver disease, which ultimately necessitates liver transplantation.11 
NASH is characterized by simple steatosis plus inflammation and 
hepatocyte ballooning. NAFLD progresses to NASH when the liver 
exceeds its capacity to metabolize free fatty acids and is character-
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Abstract
Non-alcoholic fatty liver disease (NAFLD) is the most prevalent liver disease, affecting a quarter of the world’s population. The 
spectrum of NAFLD ranges from simple steatosis, non-alcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and ultimately to 
hepatocellular carcinoma (HCC). Multiple factors are involved in the pathogenesis and progression of NAFLD, wherein genetic, 
epigenetic, environmental, gut-microbiome, and dietary factors play a substantial role. Robust genome-wide association studies 
(GWAS) have recently identified several genetic alterations contributing to NAFLD progression to liver cancer. This review de-
scribes the most critical genetic variations identified in various genes that modulate NAFLD pathogenesis. As expected, NAFLD 
shows gene variations that regulate or influence hepatocyte lipid metabolism. In addition to polymorphisms in genes that regulate 
insulin signaling, fibrosis, inflammation, and oxidative stress, cytokine/chemokine-expressing genes also participate in NAFLD 
pathogenesis. GWAS help us distinguish genetic polymorphisms that modulate steatosis, fibrosis, or both in NAFLD patients. 
Identifying genetic factors predisposing an individual to NAFLD helps stratify people at high risk and aids in imparting preven-
tive strategies early in life. Such studies should also help in adopting prevention strategies and targeted treatment regimes.
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ized by the formation of harmful lipid species and activation of lipo-
toxic pathways, leading to hepatocellular injury, as observed both in 
humans and mice models.12–15 Repeated hepatocellular injuries lead 
to irregular wound healing, ultimately leading to fibrosis or scarring 
of liver tissue. During fibrosis, inflammatory molecules activate he-
patic stellate cells to become myofibroblasts. These myofibroblasts 
migrate into the parenchyma of the liver and secrete the collagen-rich 
extracellular matrix that characterizes fibrosis or scarring.16 Scarring 
also gets increased due to inhibition in fibrolysis.16 Scarring leads 
to cirrhosis, characterized by thick, fibrous septae and architectural 
distortion. While steatosis and fibrosis can be reversed, it becomes 
irreversible once the cirrhosis stage is reached. Once cirrhosis is de-
veloped, it predisposes to portal hypertension and organ failure com-
plications and progresses into HCC (Fig. 1).11

Consumption of high fructose, food rich in calories, and less phys-
ical activity undoubtfully increases the risk of NAFLD.17 NAFLD 
is positively associated with insulin resistance (IR) and other meta-
bolic syndromes and is highly prevalent in adults and children.18 In 
addition to these environmental and metabolic dysregulations, both 
epigenetic changes (histone modifications, non-coding RNAs, etc.), 
and genetic (inherited genetic variants) factors are identified, which 
are responsible and/or leading risk factors for NAFLD progression 
into NASH, cirrhosis, and/or HCC.19 The role of epigenetics and 
gut microbiota in NAFLD progression is beyond the scope of this 
review, and the readers are advised to go through some of the recent 
reviews on this topic.20–23 Several genome-wide association studies 
(GWAS) were carried out over the past decade, which led to the 

identification of multiple genetic variants which predispose people 
to NAFLD. Aberrations in lipid processing play a central role in 
the pathogenesis of steatosis and progressive liver disease. It is not 
surprising that the variants that affect the function of genes, which 
are involved in the triglyceride (TG) synthesis, storage, and export, 
are known to modulate the individual’s susceptibility to NAFLD 
(Fig. 1).24 The other genetic variants that have been associated with 
NAFLD include the genes regulating fibrogenesis, oxidative stress, 
and insulin signaling (Table 1).25–71 Besides, aberrant expression of 
several adipokines and cytokines is also associated with NAFLD 
onset and progression. In this review, we discuss various classes of 
genetic variants that predispose individuals to NAFLD.

Major genetic risk alleles identified by GWAS studies modu-
late the progression of non-alcoholic fatty liver disease
The heritable nature of NAFLD was proven in many studies.72,73 
GWAS, Exome sequencing, and candidate gene studies have un-
earthed NAFLD susceptibility genes. Below, we explain the five 
significant gene products in detail, whose alteration in their genomic 
sequence majorly affects NAFLD’s development and progression.

PNPLA3 (Patatin-like phospholipase 3; adiponutrin, or calcium-
independent phospholipase A2-epsilon, or acylglycerol O-acyl-
transferase)
Patatin-like phospholipase domain-containing protein 3 is a sin-

Fig. 1. Schematic representation showing the spectrum of the different stages of FLD and its progression toward HCC. Healthy liver encounters several 
insults in daily life, including unhealthy diet, physical inactivity, drugs, and hepatitis virus infection. Insulin resistance and dysfunctional adiposity mainly 
represent the first hit, wherein the healthy liver gets converted FLD state. Steosis represents FLD’s first stage, wherein there is an abnormal accumulation of 
lipids in the hepatocytes in the form of cytoplasmic lipid droplets. Steatohepatitis represents FLD’s next stage, where lipid accumulation is accompanied by 
chronic inflammation. During steatohepatitis, fibrotic scars are developed, and the parenchymal hepatic tissue is also seen. Undifferentiated regenerating 
hepatocyte nodules with extended fibrosis characterize steatohepatitis and fibrosis progression to cirrhosis. The FLD is reversible until the cirrhosis stage 
(from the healthy liver). This cirrhosis is a significant risk factor for FLD progression into HCC. Note that HCC may also occur in non-cirrhotic livers showing 
the characteristics of only fibrosis and/or inflammation. FLD, fatty liver disease; HCC, hepatocellular carcinoma.
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Table 1. Candidate genes discussed in this review that are involved in the non-alcoholic fatty liver disease progression

S. No Gene Name Pathway Involved References

1 Adiponectin Determine the Insulin Sensitivity 25

2 Angiotensin II Involved in Fibrosis 26

3 Angiotensin II type 1 receptor Involved in Fibrosis 27

4 Apolipoprotein C3 Involved in Lipid Metabolism 28

5 Apolipoprotein E Involved in Lipid Metabolism 29

6 CD14 Regulates cytokine release 30

7 CYP2E1 Involved in Oxidative Stress 31

8 ENPP1 Involved in Lipid Metabolism 32

9 HFE Regulates Iron Absorption 33,34

10 Glutathione-S-Transferase Involved in Oxidative Stress 35

11 GCKR Involved in Lipid Metabolism 36–38

12 HSD17B13 Involved in Lipid Metabolism 39–41

13 IL-6 Regulates Inflammation 42,43

14 IRS-1 Involved in Insulin Signaling 32

15 KLF6 Involved in Fibrosis 44

16 Leptin Receptor Regulates Inflammation 45

17 MTP Involved in Lipid Metabolism 46,47

18 MBOAT7 Involved in Lipid Metabolism 48–50

19 NCAN Remodeling of the extracellular matrix 51

20 PEMT Involved in Lipid Metabolism 52

21 PIK3AP1 Involved in PI3K Signaling 53

22 PNPLA3 Controls Lipid Accumulation 54–56

23 PPARGC1A Controls Lipid Accumulation 57

24 PPARα Controls Lipid Accumulation 58

25 PPARg Controls Lipid Accumulation 59

26 PXR Involved in Lipid Metabolism 60

27 SOD2 Involved in Oxidative Stress 61

28 STAT3 Regulates Inflammation 62

29 TCF7L2 Determine the Insulin Sensitivity 63

30 TNF-α Regulates Inflammation 64

31 TGF-β1 Regulates Inflammation 26

32 TM6SF2 Involved in Lipid Metabolism 65–67

33 TRAIL Regulates Inflammation 68

34 TRIB1 Involved in Lipid Metabolism 69,70

35 UGT1A1 Involved in Oxidative Stress 71

CD14, cluster of differentiation 14; CYP2E1, cytochrome P450; ENPPI, ectoenzyme nucleotide pyrophosphate phosphodiesterase 1/PC-1; GCKR, glucokinase regulatory pro-
tein; HFE, hemochromatosis; KLF6, kruppel-like factor 6; IL-6, interleukin-6; IRS-1, insulin receptor substrate-1; MBOAT7, membrane-bound O-acyltransferase domain contain-
ing protein 7; MTP, microsomal triglyceride transfer protein; NCAN, neurocanin; PEMT, phosphatidyl ethanolamine methyl transferase; PIK3AP1, phosphoinositide-3-kinase 
adaptor protein 1; PI3K, phosphatidylinositol 3-kinase; PNPLA3, patatin-like phospholipase 3; PPARGC1A, peroxisome proliferator-activated receptor gamma, coactivator 1 
alpha, PPARα, peroxisome proliferator-activated receptor-alpha; PPARg, peroxisome proliferator-activated receptor gamma; PXR, pregnane X receptor; STAT3, signal trans-
ducer and activator of transcription 3; SOD2, super oxide dismutase-2; TCF7L2, transcription factor 7 like 2; TM6SF2, transmembrane 6 superfamily member 2; TNF-α, tumor 
necrosis factor-alpha; TGF-β1, transforming growth factor, beta 1. TRAIL, TNF-related apoptosis-inducing ligand; TRIB1, tribbles homolog 1; UGT1A1, UDP glucuronosyltrans-
ferase 1 family, polypeptide A1.
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gle-pass type II membrane protein. This enzyme is multifunctional 
and is shown to have at least three enzymatic activities, including 
triacylglycerol lipase, acylglycerol O-acyltransferase, and retinyl 
esterase.74–76 PNPLA3 is present mainly on the endoplasmic re-
ticulum membrane and on the lipid droplets’ surface in hepato-
cytes, hepatic stellate cells, and adipocytes.77–78 Pingitore et al. 
demonstrated that overexpression of wild-type PNPLA3 protects 
against fibrosis by decreasing the secretion of tissue inhibitor of 
metalloproteinases 1 and 2 (TIMP1 and 2) and secretion of matrix 
metallopeptidase 2.77

To date, the C>G transversion polymorphism (rs738409[G]) 
encoding isoleucine to methionine (I148M) substitution in PN-
PLA3 has been correlated the best with susceptibility to non-
alcoholic,54 as well as alcoholic79 liver disease (Fig. 2a). This 
transversion is observed at a high frequency in Hispanics, which 
subjects the liver to damage from fatty liver to NASH, fibrosis, 
and HCC.80 The presence of a homozygous minor allele (I148M; 
non-synonymous variant) in the PNPLA3 gene generally results 
in high hepatic fat content54,55 and high hepatic inflammation,81 
as indicated by elevated alanine aminotransferase (ALT) and as-
partate aminotransferase (AST) concentrations.56 PNPLA3 I148M 
variant has limited hydrolase activity, therefore halts retinyl ester 
release, and finally accumulating of TGs and retinyl esters in the 
hepatocytes and stellate cells, leading to fatty liver.76,82,83 Besides, 
PNPLA3 I148M variant protein accumulates on lipid droplets’ sur-
face and obstructs lipid modifications in hepatocytes. Furthermore, 
it also inhibits other lipases’ activity (i.e., PNPLA2), and finally, 
reduces the turnover and release of TGs.84 This may be due to less 
availability of the I148M protein to ubiquitin ligases, leading to 
an impairment in 26S proteasomal degradation.83 It is important 
to note that environmental factors trigger this protein accumula-
tion. A meta-analytic study of 24 studies with 9915 patients from 
diverse backgrounds identified that the PNPLA3 I148M variant 
was extensively associated with fibrosis (Fig. 2b).85 Another me-
ta-analysis report of 16 studies showed that the presence of the 
PNPLA3 I148M variant had significantly increased steatosis and 
fibrosis. Guanine guanine (GG) homozygous genotype individuals 
demonstrated 77% more fat content86 and a 5-fold increase in dis-
ease development than the cytosine and cytosine (CC) nucleotides 
genotype.87 In contrast, another allele (rs6006460[T]) encoding 

serine to isoleucine (S453I) substitution in the same gene is most 
prevalent in the African-American population and is associated 
with diminished fat content in the liver.54

The PNPLA3 I148M variant has been associated with the clini-
cal presentation of HCC, particularly with more advanced disease 
and a poorer prognosis.88,89 Allelic frequency calculations showed 
that rs738409 C>G shows more risk of HCC progression than the 
progression to cirrhosis.87,90 The unadjusted risk for HCC with the 
homozygote GG genotype was 12.19 (95% CI 6.89–21.58) over 
CC.87 Homozygous PNPLA3 148M individuals (along with long-
standing advanced liver disease and cirrhosis) have a 2 to 16-fold 
increased risk of developing HCC.91 Similarly, a 16-fold higher 
HCC risk was observed in obese subjects with rs738409 C>G ho-
mozygosity.92

Transmembrane 6 superfamily member 2
Transmembrane 6 superfamily member 2 (TM6SF2) is mainly ex-
pressed in the liver and small intestine and regulates cholesterol 
synthesis and secretion of lipoproteins.65,93,94 The protein coded 
by TM6SF2 gets concentrated at the endoplasmic reticulum and 
golgi in the hepatocytes and aids in TG-rich lipoproteins secretion. 
A decreased expression of TM6SF2 upsurges hepatic TG content 
in cell culture models,93 suggesting that loss of TM6SF2 may be 
priming HCC development and progression.

Single nucleotide polymorphism (SNP) rs58542926 (c.449 
C>T; causing E167K missense mutation) in TM6SF2 is strongly 
associated with NAFLD65 in both adults65,95–98 and pediatric99,100 
cohorts. This non-synonymous polymorphism is second to that of 
PNPLA3 and seen in Europeans (∼7%), Hispanics (∼4%), African 
Americans (∼2–3%),65,101 as well as Indians.102 This SNP is asso-
ciated with advanced hepatic fibrosis/cirrhosis.96 Due to the loss-
of-function mutation of this variant protein, the reduced TM6SF2 
mRNA and protein expression result in withholding lipids by im-
pairing very-low-density lipoprotein (VLDL)-mediated lipid secre-
tion (Fig. 3). Therefore, the predisposition of the TM6SF2 variant 
increases the susceptibility to liver damage.65,95,96,103,104 NAFLD 
with TM6SF2 E167K polymorphism comes under a distinct cat-
egory. Even though these patients show increased liver fat content, 
they preserve the insulin sensitivity regarding lipolysis and hepatic 
glucose.66 Moreover, persons with TM6SF2 E167K polymorphism 

Fig. 2. PNPLA3 gene locus showing the rs738409 polymorphism and its role in HCC progression. a) Schematic diagram showing the presence of the PNPLA3 
gene at chromosome 22q13.31. The gene spans the length of 22471 nucleotides with 9 exons. rs738409 variant in PNPLA3 is a point mutation, wherein 
‘cytosine’ nucleotide gets converted into “guanine” nucleotide in exon 3 (C→G). b) Schematic representation showing how I148M variant in PNPLA3 gene 
locus leads to HCC. HCC, hepatocellular carcinoma; PNPLA3, patatin-like phospholipase 3.
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do not show hypertriglyceridemia.66 The TM6SF2 function is not 
well established; however, it is thought to be involved in VLDL 
secretion.65 Subjects carrying TM6SF2 rs58542926 C>T E167K 
variant had reduced circulating lipids and improved lipid profiles, 
and had reduced cardiovascular disease risk. Substitution of ly-
sine with glutamic acid at residue 167 of TM6SF2, which reduces 
the protein production by at least 2-fold, decreased the VLDL 
secretion by 50%.65 TM6SF2 loss of function using Caco-2 cells 
in vitro and the zebrafish model in vivo demonstrated diminished 
lipid clearance and increased ER stress and TG accumulation in 
enterocytes.67 TM6SF2 is required for apolipoprotein B (APOB) 
protein stability.105 The E167K mutation in TM6SF2 cannot stabi-
lize the APOB protein, resulting in hepatic lipid accumulation and 
low serum lipid levels.105

Liver-specific deletion of TM6SF2 in mice leads to impairment 
in VLDL secretion, resulting in hepatic steatosis and fibrosis, ulti-
mately causing accelerated HCC development.106 Further, in these 
mice models, the tumor burden is inversely correlated with the 
TM6SF2 protein levels.106

Glucokinase regulatory protein
The glucokinase regulatory protein (GCKR) gene encodes glu-
cokinase regulatory protein and is expressed mainly in the liver, 
pancreas, and colon. In the hepatocytes, GCKR shuttles between 
the cytoplasm and nucleus and regulates de novo lipolysis by con-
trolling the glucose influx. GCKR is a potent glucokinase (GK) 
enzyme inhibitor and prevents the liver’s glucose storage and dis-
posal. GCKR binds to the enzyme and forms an inactive complex. 
Fructose metabolites regulate the binding affinity of GCKR for 
GK.

The rs780094 (C>T) variant is present in an intronic region of 
GCKR. Still, it shows a high percentage of linkage disequilibrium 
with rs1260326, a functional non-synonymous substitution C>T 

encoding the GCKR protein with P446L substitution (Fig. 4).107 
This SNP in the GCKR contributes to the risk of type-2 diabetes and 
dyslipidemia in multiple populations.36 The association between 
the rs1260326 C>T polymorphism and the NAFLD progression 
is demonstrated in various GWAS studies from East Asia,37,38,108 
South Asia,109 and Europe.110,111 African American and Hispanic 
NAFLD patients also show concordant but nonsignificant trends 
in rs1260326 C>T polymorphism.101 The P446L substitution is 
closely associated with liver fat deposition and is one of NAFLD’s 
inheritable risk factors.112,113 GCKR rs1260326 P446L variant re-
duces the inhibitory activity of GCKR over glucokinase, which 
results in an enhancement in glucose flux and an increase in de 
novo lipogenesis.114,115 GCKR rs1260326 P446L variant negative-
ly regulates the GK activity in response to fructose-6-phosphate. 
This means it increases glucose uptake by the liver and decreases 
the circulating glucose and insulin levels. In addition, the GCKR 
rs1260326 P446L variant also directs increased glycolysis and 
malonyl-CoA production, which is the substrate for lipogenesis 
and blocks fatty acid oxidation, thus, favoring hepatic fat accumu-
lation.115 A meta-analysis of five studies revealed that the rs780094 
variant in GCKR is positively associated with hepatic steatosis.116 
Thus, not surprisingly, the same variant is also associated with a 
modest risk of having a fatty liver, whereas homozygous people 
are at a 1.2-fold higher risk of developing NAFLD in their life-
time.37

Membrane-bound O-acyltransferase domain-containing protein 7
The available data suggest that the TCM4 gene is not abundantly 
expressed in the human liver (Fig. 5).48 However, the available 
eQTL (Expression Quantitative Trait Loci) analysis suggests that 
rs641738 SNP present in the first exon of TCM4 gene leads to C>T 
missense mutation, and leads to reduced expression and activity 
of MBOAT7, and perhaps participates in the progression of liver 

Fig. 3. TM6SF2 gene locus showing the rs58542926 polymorphism. Schematic diagram showing the presence of TM6SF2 gene at chromosome 19p13.11. 
The gene spans the length of 8552 nucleotides with 10 exons. rs58542926 variant in TM6SF2 is a point mutation, wherein the ‘Guanine’ nucleotide gets 
converted into “adenine” nucleotide in exon 6 (G→A). TM6SF2, transmembrane 6 superfamily member 2.
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disease.48,117–119

Membrane-bound O-acyltransferase domain-containing protein 
7 (MBOAT7) is an integral membrane protein with LPIAT1 (lyso-
phosphatidyl acyl-transferase1) enzymatic activity. MBOAT7 is 
mainly expressed in the hepatocytes, hepatic sinusoidal, and stel-
late cells and localized in the mitochondria-associated membrane. 

The mitochondria-associated membrane connects the endoplas-
mic reticulum and mitochondria, where biosynthesis of fats and 
formation of lipid droplets occurs.120,121 LPIAT1 is a critical en-
zyme of the phospholipid acyl-chain remodeling pathway called 
the “Lands’ Cycle”.122 LPIAT1 adds acyl-CoA to the second acyl 
chain of lysophospholipids, using arachidonoyl-CoA as an acyl 

Fig. 5. TMC4 and MBOAT7 genes locus showing the rs641738 polymorphism. Schematic diagram showing the presence of TMC4 and MBOAT7 genes at 
chromosome 19q13.42. The TMC4 gene spans 12,812 nucleotides with 15 exons, while the MBOAT7 gene spans 144,465 nucleotides with 7 exons. rs641738 
single nucleotide polymorphism is a point mutation wherein the ‘cytosine’ nucleotide gets converted into “thymine” nucleotide (C→T) in exon 1 of TMC4. 
Note that the expression of TMC4 in hepatocytes is minimal, and rs641738 SNP in TMC4 affects the MBOAT7 expression. MBOAT7, Membrane-Bound O-
acyltransferase Domain Containing Protein 7; SNP, single nucleotide polymorphism.

Fig. 4. GCKR gene locus showing the rs738409 polymorphism. Schematic diagram showing the presence of GCKR gene at chromosome 2p23.3. The gene 
spans the length of 26,535 nucleotides with 19 exons. rs738409 variant in GCKR is a point mutation, wherein the ‘cytosine’ nucleotide gets converted into 
the “thymine” nucleotide in exon 16 (C→T). GCKR, glucokinase regulatory protein.
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donor. This way, it controls phospholipids’ desaturation and the 
quantity of free arachidonic acid, a predecessor of proinflamma-
tory mediators.123

SNP rs641738 C>T results in diminished MBOAT7 protein ex-
pression and reduced desaturation of phosphatidyl-inositol in the 
hepatocytes. rs641738T SNP favors hepatic fat accumulation and 
contributes to various liver diseases, including NAFLD, fibrosis, 
and HCC.48–50 SNP rs641738 was initially associated with alcohol-
ic cirrhosis.124 However, immediately after, it was also linked with 
steatosis and progressive NAFLD,48,98,125 as well as with markers 
of liver fibrosis.126 MBOAT7 rs641738 C>T polymorphism also 
correlates with high hepatic fat content and elevated serum ALT 
levels,119 and perhaps may also regulate IR and glucose metabo-
lism in NAFLD patients.127

HSD17B13
The gene HSD17B13 encodes for 17β-HSD type 13 (17β-hydroxy-
steroid dehydrogenase type 13) enzyme with retinol dehydroge-
nase activity. It is involved in metabolizing retinoids, fatty acids, 
and sex steroids.128 The liver is the predominant site of HSD17B13 
protein expression129 and is localized to hepatocytes lipid drop-
lets.130

The rs72613567 variant in HSD17B13 is an insertion, wherein 
the ‘adenine’ nucleotide gets incorporated next to “thymine” (T) 
present at the donor splice site of exon 6 (T> Thymine and Ad-
enine (TA)). This insertion leads to truncated and unstable pro-
tein with diminished enzymatic activity.39 The ‘TA’ minor allele 
is commonly seen in Europeans and East Asians, while it is seen 
to a lesser extent in Africans and Hispanic/Latino individuals. HS-
D17B13 rs72613567: TA is generally associated with lower serum 
AST and ALT levels and has an overall reduced risk of chronic 
liver disease (Fig. 6).39,40 Further, the rs72613567: TA is signifi-
cantly associated with reduced occurrence of chronic liver disease, 
non-alcoholic cirrhosis, alcoholic liver disease, as well as alco-
holic cirrhosis. Surprisingly, data from bariatric surgery patients 
showed that the HSD17B13 rs72613567: TA allele is associated 

with liver fibrosis but not with steatosis.41,131 The data from this 
study confirm that this SNP is probably not involved in steatosis 
development, but it regulates the disease progression. Although 
the HSD17B13 expression is high in NAFLD subjects, the precise 
biological function of HSD17B13 and the pathway/mechanism 
through which the rs72613567: TA variant contributes to fat accu-
mulation in the liver is still not known.132 Overexpression of HS-
D17B13 in mouse liver increases lipogenesis, leading to hepatic 
steatosis.133 This data is consistent because NAFLD patients show 
enhanced HSD17B13 expression in their livers.132,133 However, 
HSD17B13 knock-out mice also show increased hepatic steatosis 
and inflammation phenotype, mainly due to an increase in de novo 
lipogenesis.134 This observation contrasts with what is observed in 
humans; HSD17B13 loss-of-function protects from liver disease.39 
A recent study in Chinese ethnicity suggests that this variant in the 
HSD17B13 gene confers disease susceptibility rather than disease 
progression.135 In highlighting these discrepancies, further studies 
are warranted to define the role of wt. HSD17B13 and its variants 
in liver metabolism, both under physiological and pathological 
conditions.

Recently, another protein-truncating variant in HSD17B13, i.e., 
rs143404524 and c.573delC, was identified. This deletion leads 
to a frameshift at codon 192, resulting in prematurely truncated 
protein.136 This variant is common in African Americans and rare 
in Whites and Hispanic/Latino people.136 Similar to rs72613567: 
TA, people with rs143404524 show reduced liver disease. Simi-
larly, rs62305723 G>A encoding missense variant p.P260S, which 
shows lower enzymatic activity, is also associated with decreased 
disease severity.132 All these data support the idea that reducing the 
HSD17B13 expression may halt liver disease progression.

Polymorphisms/mutations in genes involved in insulin signal-
ing/insulin resistance
121Gln mutation in ENPP1 (ectoenzyme nucleotide pyrophos-
phate phosphodiesterase 1/PC-1) and several polymorphisms of 

Fig. 6. HSD17B13 gene locus showing the rs72613567 polymorphism. Schematic diagram showing the presence of the HSD17B13 gene at chromosome 
4q21.1. The gene spans the length of 17,624 nucleotides with 7 exons. rs72613567 variant in HSD17B13 is an insertion mutation, wherein the ‘Adenine’ 
nucleotide gets incorporated next to “thymine” present at the donor splice site of exon 6 (T→TA).
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IRS-1 (insulin receptor substrate-1) correlate with liver damage 
and fibrosis.32 These genetic determinants are associated with IR, 
which more often predisposes people to NAFLD. Transcription 
factor 7 like 2 (TCF7L2) is a known regulator of glucose ho-
meostasis. Polymorphisms in this gene that increase the type 2 
diabetes risk are correlated with IR and NAFLD severity.63,137 
Polymorphisms observed in apolipoprotein E (APOE),29 and nu-
clear receptor pregnane X receptor (PXR)60 also correlate well 
with either NAFLD appearance or severity.

Polymorphisms/mutations in genes involved in lipid metabolism
The 493 G>T SNP in the 5′ promoter region of the microsomal 
triglyceride transfer protein (MTP) is associated with increased 
steatosis and histological NASH grade compared to either with 
high-activity homozygous allele or with heterozygous allele-con-
taining patients.46,47 MTP encodes protein-disulfide isomerase and 
mediates neutral lipid transfer between the membranes.138 MTP 
is essential for VLDL synthesis and secretion in the liver and the 
intestine. The G>T SNP in MTP decreases the transcription rate, 
reducing protein levels that are insufficient to excrete all the TGs 
from liver cells.

The presence of C-482T, T-455C, or both polymorphisms in the 
apolipoprotein C3 (APOC3) gene increases the NAFLD preva-
lence by 38% compared to wild-type homozygotes.139 These same 
authors showed that people with these polymorphisms also exhibit 
a whopping 60% increase in plasma TG levels.139

Phosphatidyl Ethanolamine MethylTransferase (PEMT) gene 
product participates in the phosphatidylcholine synthesis, which 
is required to synthesize VLDL. Compared to controls, NASH pa-
tients show a higher frequency of PEMT loss-of-function (V175M) 
allele, and these patients mainly show low body mass index.52

Polymorphisms/mutations in cytokine/adipokines
Genetic studies have shown a clear correlation between the se-
verity of liver diseases, such as steatosis, inflammation, IR, and 
fibrosis, with the SNPs of genes involved in fibrogenesis, inflam-
mation, and oxidative stress-responsive pathways.42,140–143 TNF-α 
(Tumor Necrosis Factor-alpha) is the first cytokine whose SNPs 
are linked to susceptibility for NAFLD, steatohepatitis, and IR.64 
Mutations/polymorphisms at -238G, -863A, and -1031C in TNF-α 
are identified in NASH patients.64,144,145 Several other SNPs in 
genes such as TNF-related apoptosis-inducing ligand (TRAIL),68 
Interleukin-6,42,43 Signal Transducer and Activator of Transcrip-
tion 3 (STAT3),62 Adiponectin,25 Leptin receptor,45 peroxisome 
proliferator-activated receptor-alpha (PPARα),58 PPARγ,59 peroxi-
some proliferator-activated receptor gamma-coactivator 1 alpha 
(PGC-1α)57 have also been correlated with the NAFLD disease 
progression (Table 1).

Miscellaneous Polymorphisms
The role of phosphatidylinositol 3-kinase (PI3K) signaling as a 
significant pathway in human cancer development and progres-
sion, primarily HCC, is well known.146–148 Moreover, IR abroga-
tion is invariably linked to NAFLD progression.149,150 A recent 
high-throughput whole exosome gene sequencing had identified 
a familial c.512C>T variation in the phosphoinositide-3-kinase 
adaptor protein 1 gene.53 However, this single-family study re-
quires a more extensive population-based genomic analysis before 
understanding its role in NAFLD progression. Neurocan (NCAN), 

also known as chondroitin sulfate proteoglycan 3 is a proteoglycan 
mainly involved in remodeling the extracellular matrix of the cen-
tral nervous system151 but also shows its expression in the liver.152 
Gorden et al. in 2013 demonstrated that NCAN rs2228603 (T 
variant; P92S) is positively linked with steatosis, lobular inflam-
mation, and fibrosis.51 Mammalian tribbles homolog 1 (TRIB1) 
regulates the liver’s lipogenesis by modulating the plasma’s TG 
and Cholesterol levels. SNP rs6982502 present in the enhancer se-
quence of TRIB1 genomic sequence was shown to be significantly 
associated with NAFLD.69 SNP rs17321515 and rs2954029 gene 
polymorphisms found in TRIB1 also increase NAFLD.70 Further-
more, TRIB1 rs17321515 gene polymorphism increased coronary 
heart disease risk in both the general population and NAFLD 
patients.153 A recent Multiomics study of NAFLD had identi-
fied 18 independent sequence variants at 17 loci, of which 4 loci, 
i.e., rs140201358 in PNPLA2, rs7029757 in TOR1B, rs1801689 
in apolipoprotein H (APOH), and rs6955582 in Glucuronidase 
beta (GUSB) are novel variants.154 PNPLA2 homozygous muta-
tions are associated with neutral lipid storage disease and fatty 
liver.155 PNPLA2 p.Asn252Lys variant leads to an increase in the 
levels of high-density lipoprotein-cholesterol156,157 and is asso-
ciated with a high waist: hip ratio. The rs7029757[A] polymor-
phism in TOR1B has been associated with ALT levels and cirrhosis 
but not NAFLD.158 APOH is highly and almost exclusively ex-
pressed in the liver.159,160 The trait associations of p.Cys325Gly 
in APOH strongly suggest its role in lipid metabolism.157,161–163 
GUSB encodes β-glucuronidase, a lysosomal enzyme involved in 
the breakdown of glycosaminoglycans.164 The exact role of how 
p.Leu649Pro in GUSB associates with NAFL disease progression 
needs to be established.

Other than these polymorphisms in genes that influence the se-
verity of fibrosis like transforming growth factor, beta 1 (TGF-β1) 
and Angiotensin II,26 angiotensin II type 1 receptor,27 Kruppel-like 
factor 6,44 in genes influencing the release and/or response to en-
dotoxin or cytokines like cluster of differentiation 14 (CD14),30 
and in genes that regulate oxidative stress like hemochromatosis 
(HFE),33,34 superoxide dismutase-2,61 cytochrome P450,31 UDP 
glucuronosyl-transferase 1 family, polypeptide A1,71 and glu-
tathione-s-transferase genes35 are also reported. However, most of 
these studies were conducted with a small cohort of patients and 
require further validation using a larger sample size.

GWAS analysis largely failed to discriminate the polymor-
phisms present in the conditions of high-fat liver accumulation 
cases vs. the onset of NAFL and/or cirrhosis. Magnetic resonance 
imaging (MRI)-derived proton density fat fraction provides accu-
rate liver fat quantification, but liver biopsy is essential for NASH 
diagnosis and staging. In most cases, the gene polymorphisms that 
account for high fatty deposition in liver cells correlate well with 
the onset of cirrhosis. The exception is p.His48Arg in alcohol dehy-
drogenase 1b165 and p.Cys282Tyr in homeostatic iron regulator.166 
These two variants are associated with cirrhosis through alcohol 
consumption 1b and HFE rather than solely through hepatic fat.154 
A recent multi-omics approach using 4,809 all-cause cirrhosis and 
861 HCC cases led to the identification of 4 gene variants, i.e., 
rs738409 in PNPLA3, rs28929474 in SERPINA1, rs58542926 in 
TM6SF2, and rs72613567 in HSD17B13 that are significantly as-
sociated with cirrhosis.154 It is worth noting that only two of these 
four variants (rs738409 in PNPLA3 and rs58542926 in TM6SF2) 
are associated with lipid accumulation in the liver cells, while the 
other two variants, rs72613567 in HSD17B13 and rs28929474 in 
SERPINA1, are associated with NASH39 and α1-antitrypsin defi-
ciency,167 respectively.
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Polygenic risk scores and prediction panels and their clinical 
relevance
Polygenic risk scores (PRS; also known as genetic risk scores) 
help assess the heritable risk of developing a particular disease in 
an individual’s lifetime based on the combined number of genetic 
variations associated with that particular individual.168 GWAS 
studies had identified robust and reproducible associations for the 
NAFLD progression with variants in the genes such as PNPLA3, 
TM6SF2, HSD17B13, MBOAT7, and GCKR. However, PRS 
forms the forefront frontier in the studies involving NAFLD herit-
ability. PRS helps aggregate the most appropriate genetic variants 
associated with NAFLD progression with biochemical param-
eters to identify the patients at greater risk of developing severe 
NAFLD.169 These PRS and metabolic factors could be utilized 
to identify severe liver diseases in patients with gene regulatory 
networks. PRS helps guarantee the most highly predictive value, 
the best diagnostic accuracy, and the more precise individualized 
therapy.170

Conclusions and future perspectives
Genetic studies over the past decade, particularly family stud-
ies and inter-ethnic susceptibility variations, have significantly 
advanced our understanding of NAFLD’s molecular basis. The 
genome-wide scans continue to provide compelling new insights 
into NAFLD biology and highlight desirable pharmaceutical tar-
gets. Identifying genetic factors predisposing an individual to 
NAFLD also helps to stratify the people at high risk and gives 
them a chance to follow preventive strategies early in their life. 
GWAS analysis helped distinguish the genetic polymorphisms that 
modulate either the steatosis, fibrosis, or both in NAFLD patients. 
For example, the TM6SF2 E167K genotype associates with stea-
tosis but not fibrosis, whereas MBOAT7 rs641738 is solely associ-
ated with increased fibrosis.98 On the other hand, for example, the 
PNPLA3 genotype is generally correlated with S2-S3 grades of 
steatosis and F2-F4 stages of fibrosis.98

NAFLD pathogenesis shares several genes involved in more 
general processes, such as inflammation and fibrosis. NAFLD 
generally occurs along with systemic metabolic dysfunction 
leading to a concomitant increase in cardiovascular and diabetes 
risk.171 Characterizing this shared genetic basis of NAFLD and 
other related disorders should enable the development of precision 
medicine approaches and the identification of preventive and ther-
apeutic strategies.171 The data generated from studies involving 
either candidate-gene associations or GWAS is also exploited to 
discover drugs. Based on the candidate gene approach and GWAS 
studies, therapeutic targeting of PPARα, PPARγ, PGC-1α, STAT3, 
and TNF should benefit NAFLD/NASH patients. Elafibranor is 
a dual PPARα and PPARδ ligand that alleviates histological out-
comes associated with NASH without worsening fibrosis.172

Despite numerous GWAS studies, the identified variants can 
explain only a fraction of calculated NAFLD heritability.173–176 
It may be easy to feel that the previous generation GWAS stud-
ies, mainly array-based, are not powerful enough to identify the 
minute fraction of the genetic variants responsible for NAFLD 
heritability. However, the more important cause could be that none 
of the GWAS studies probably considered gene-gene interaction 
and/or gene-environment interaction to predict the progression of 
NAFLD. Strengthening this idea, it was observed that the relative 
risk associated with the NAFLD progression is modified by obe-
sity, which leads to inter-individual risk variability.177 However, all 
individuals with this jeopardy do not develop the disease, signify-

ing that these inter-individual differences are products of interac-
tions between genes and the environment.178 It is also possible that 
various genetic factors also could work interactively. For example, 
APOC3 and PNPLA3 gene variants account for nearly 11% and 
6.5% of NAFLD, respectively, while both account for 13.1% of the 
variance, suggesting the interactive effects of these two polymor-
phisms.139 GWAS’s vital contribution is identifying polygenic risk 
scores, which combine the effects of known genetic risk variants. 
These polygenic risk scores should help predict the patients at the 
highest risk of developing/progressing the disease.108,179 Although 
such a risk scoring assessment is highly statistically significant, 
this process is highly limited by their classification protocol and 
accuracy in prediction.108

Future Perspectives
GWAS and Omics platforms have identified the gene variants that 
increase the risk of NAFLD and HCC. However, these variants 
are comparatively rare and cannot completely explain the increas-
ing prevalence of NAFLD worldwide. It is important to note that 
diet, lifestyle, and metabolic co-morbidities are the most critical 
environmental risks.17,180 Lifestyle modifications, essentially in-
volving dietary energy restriction and regular physical activity, 
are fundamental to the treatment of NAFLD.181,182 American As-
sociation for the Study of Liver Diseases recommends at least 
3–5% total weight reduction to ameliorate steatosis, while 7–10% 
weight loss improves most pathophysiological features.183 The 
European Association for the Study of the Liver, European As-
sociation for the Study of Diabetes, and European Association 
for the Study of Obesity also advise 7–10% of total weight loss 
target.184

The interaction between genes and nutrients is called Nutrig-
enomics,185,186 including ‘nutrigenetics’ and ‘nutriepigenetics’. 
It gives insight into how nutrients influence the expression of a 
person’s genetic makeup that swaps from healthiness to disease. 
PNPLA3 is the most widely studied gene, which shows interac-
tion with the diet patterns in NAFLD patients.187 An Italian cohort 
study showed that high carbohydrate and sugar intake in PNP-
LA3 homozygous mutated people, but not wild type group led to 
high TG accumulation.188 PNPLA3 is also influenced by dietary 
fatty acids, particularly n-6/n-3 polyunsaturated fatty acids.189,190 
When challenged with a high-fat diet, the TM6SF2 mutated al-
lele carriers showed better fasting and postprandial lipid profiles. 
There was also a consequent reduction of circulating atherogenic 
lipoproteins in them.67,191 MBOAT7 expression was shown to be 
also downregulated by diet-induced hyperinsulinemia.50 Inde-
pendent of other metabolic risk factors and dietary restrictions, 
whole-grain supplementation to the GCKR mutated allele carri-
ers shows a reduction in fasting glucose levels associated with 
reduced insulin concentrations.192 In addition to these gene vari-
ants, hepatic transcription factors, which regulate the metabolism, 
are known to be perturbed in metabolic syndromes. These include 
cAMP-responsive element binding proteins like 3 (CREB3L3), 
PPARα, and forkhead box O1 (FoxO1), etc. Proteins like these 
can sense nutrient availability and thus can bridge the NAFLD 
genetics with the environment. i.e., these transcription factors ap-
pear to be amenable to dietary and/or nutrient-based therapies, 
being potential targets of nutritional therapy.193 No drugs are cer-
tified to treat NAFLD;194 thus, a better understanding of Nutrig-
enomics and the development of genome-based dietary guidelines 
and personalized nutrition therapy for NAFL disease management 
will help develop effective treatments.
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