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Abstract

Purpose of Review To summarize the key factors contributing to the onset and progress of nonalcoholic fatty liver disease
(NAFLD) and put them in a system genetics context. We particularly focus on how genetic regulation of hepatic lipids
contributes to NAFLD.

Recent Findings NAFLD is characterized by excessive accumulation of fat in the liver. This can progress to steatohepatitis
(inflammation and hepatocyte injury) and eventually, cirrhosis. The severity of NAFLD is determined by a combination of
factors including obesity, insulin resistance, and lipotoxic lipids, along with genetic susceptibility. Numerous studies have
been conducted on large human cohorts and mouse panels, to identify key determinants in the genome, transcriptome, pro-
teome, lipidome, microbiome and different environmental conditions contributing to NAFLD.

Summary We review common factors contributing to NAFLD and put them in a systems genetics context. In particular, we
describe how genetic regulation of liver lipids contributes to NAFLD. The combination of an unhealthy lifestyle and genetic
predisposition increases the likelihood of accumulating lipotoxic specie lipids that may be one of the driving forces behind

developing severe forms of NAFLD.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) encompasses many
abnormalities, ranging from liver steatosis to nonalcoholic
steatohepatitis (NASH), and cirrhosis, in the absence of exces-
sive consumption of alcohol and viral infection. Liver stea-
tosis is defined by intrahepatic fat content exceeding 5% of
liver weight, whereas NASH is defined as hepatic steatosis
accompanied by inflammation and hepatocyte injury (balloon-
ing) in the presence or absence of fibrosis [1, 2]. Cirrhosis is
considered an advanced stage of NASH, with scarring/fibrosis
of the liver caused by long-term tissue damage [2].

NAFLD is the most common liver disease in afflu-
ent societies [3]. Steatosis is usually not a major concern,
but it increases the risk of developing the more severe
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inflammatory condition known as NASH, which is projected
to increase by ~60% in the USA, from 17 million in 2015 to
27 million affected individuals in 2030 [4]. NASH is associ-
ated with increased mortality due to increased risk of liver-,
cancer-, and cardiovascular-related mortality [5]. Progres-
sion of NASH can ultimately lead to end-stage liver diseases
such as cirrhosis and hepatocellular carcinoma.

NAFLD is closely related to other metabolic abnormali-
ties such as obesity, type 2 diabetes, and cardiovascular dis-
eases (CVDs). It is linked to CVDs through dyslipidemia,
insulin resistance, altered coagulation, and inflammation
[6, 7]. Furthermore, many subjects with NAFLD have an
increased risk of developing hypertension, coronary heart
disease, cardiomyopathy, and cardiac arrhythmias [8]. How-
ever, studies conducted so far are insufficient in establishing
NAFLD as an independent risk factor for CVDs, and reports
suggesting increased risk for CVDs in individuals with
NAFLD should be interpreted with caution. Several compre-
hensive studies involving large sample sizes and long-term
follow-up suggest that NAFLD increases CVDs risk, but not
necessarily CVD-related mortality in itself [9, 10]

Although the risk of developing NAFLD increases with
obesity, insulin resistance, and unhealthy lifestyle, genetics
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play an important role in disease development [11, 12]. The
importance of liver fat is underscored by a recent Mende-
lian randomization study suggesting a causal connection
between long-term accumulation of hepatic fat in patients
with NAFLD and development of fibrosis [13]. Although
the presence of fat in the liver may play a direct role in the
development of fibrosis in NAFLD patients, most patients
with NAFLD do not develop NASH. Several factors seem to
contribute to the progression of NAFLD into NASH, indi-
cating a multi-factorial disease, where disease progression
is influenced by a combined impact of multiple genetic and
environmental factors. Identified factors at the cellular level
include genetic variability, dysregulated lipid metabolism,
oxidative stress, endoplasmic reticulum (ER) stress, mito-
chondrial dysfunction, abnormal secretion of adipokines and
cytokines, lipotoxicity, and gut-derived endotoxins [14—-17].

Recent technological and statistical advances have resulted
in a paradigm shift in the studies of multi-factorial diseases.
Integration of systems biology, multi-omics and computa-
tional modeling, offers a powerful approach to study meta-
bolic diseases and is useful to identify factors contributing to
disease development [18] (Fig. 1). We will describe some of
the most common factors contributing to NAFLD and dem-
onstrate how the combination of genetic variants and multi-
omics approaches can be used to unravel new mechanisms
in hepatic lipid metabolism and development of NAFLD.
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Fig. 1 Individuals exhibit different susceptibility to nonalcoholic fatty
liver disease (NAFLD) due to genetic variation. For example, carri-
ers of mutations in TM6SF2 and PNPLA3 genes have enhanced risk
of developing NAFLD. Accumulation of lipotoxic lipids may contrib-
ute to the development of nonalcoholic steatohepatitis (NASH) [14,
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Hepatic steatosis

Hepatic Fat Accumulation

Hepatic free fatty acids (FFAs) are derived from the hydroly-
sis of triacylglycerol (TAG) stored in the liver or adipose
tissue, dietary lipids, or endogenously produced FFAs.
FFAs produced in the liver by de novo lipogenesis are
derived from either carbohydrates, amino acids, or alcohol.
Regardless of their origin, all forms of hepatic FFAs can be
incorporated into TAG and stored in hepatic lipid droplets
(LDs), promoting hepatic steatosis. Alternatively, they may
be exported as components of very low-density lipoprotein
particles (VLDL) or used for ATP production [24]. Disrup-
tion of these pathways can lead to excessive hepatic fat accu-
mulation, a hallmark of NAFLD [25].

Hepatic steatosis arises from an imbalance between
lipid acquisition and disposal. This imbalance is mainly
affected by four major routes: hepatic uptake of circulating
lipids, de novo lipogenesis, fatty acid oxidation, and secre-
tion of lipids in VLDL [26]. Thus, the precise molecular
mechanisms driving pathological fat accumulation in the
liver may differ and will often be obscure. We will explore
pathological conditions that adversely impact lipid metabo-
lism on a systemic level and thereby are likely to affect
hepatic lipid metabolism and the progression of NAFLD
into NASH.

Lipotoxic lipids NASH

v

» Steatosis

+ Inflammation
+ Ballooning

« Fibrosis

19-22]. Obesity and type 2 diabetes exacerbate the risk of NAFLD,
and lifestyle interventions can be particularly beneficial in certain
patients, such as those harboring the PNPLA3-1148M variant [23].
Created with BioRender.com
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Obesity, Systemic Inflammation, and Insulin
Resistance

Obesity is characterized by expansion of adipose tissue. The
size of adipose tissue is positively associated with systemic
low-grade inflammation where enlarged adipocytes and infil-
trating immune cells secrete inflammatory cytokines such as
tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6),
interleukin-1 beta (IL-1f), monocyte chemoattractant pro-
tein-1 (MCP-1), plasminogen activator inhibitor-1 (PAI-1),
and visfatin [27]. These mediators interfere with insulin-
signaling pathways, causing insulin resistance, where cells
in several organs fail to respond effectively to insulin. Thus,
insulin fails to suppress the release of FFAs from adipose
tissue promoting increased hepatic FFA uptake. Insulin resist-
ance is also associated with failure to suppress hepatic glu-
coneogenesis and reduce insulin-mediated skeletal muscle
glucose uptake. Instead, glucose diverted to the liver becomes
substrate to hepatic de novo lipogenesis, driving lipid accumu-
lation. This chronic inflammatory state and hyperinsulinemia
work in a vicious cycle, each exacerbating the other, escalat-
ing insulin resistance and inflammation [28-30].

Altered Gut Microbiota

The gut microbiota is composed of 10-100 trillion of micro-
organisms [31]. These microorganisms generate metabolites
and signal molecules affecting host metabolism including
the immune system. The species composition of the gut
microbiota seems to differ between healthy individuals and
patients with chronic diseases like type 2 diabetes, obesity,
CVDs, and NAFLD [32-35], suggesting a possible influence
of altered gut microbiota in these metabolic diseases [36].
Dysbiosis refers to disturbed or abnormal gut microbiota
with elevated intestinal permeability, change in bile acid
metabolism, increased translocation of lipopolysaccharide
(LPS) (from the outer membrane of mainly Gram-negative
bacteria), and initiation of inflammatory pathways. Inflam-
mation can also contribute to dysbiosis. The first reports
linking gut dysbiosis to NAFLD emerged from descriptive
human studies, suggesting an overrepresentation of small
intestinal bacterial overgrowth in patients with NASH [37].
Animal experiments involving altered microbiome have
later supported an association between dysbiosis, obesity,
and NAFLD [38, 39]. Although the role of the microbiome
is unclear, it is hypothesized that LPS from the gut may
activate nuclear factor kB (NF-xB) in the liver of NAFLD
patients [40]. This activation promotes increased levels in
TNF-a and IL-1f, which in turn triggers recruitment of
inflammatory cells, leading to elevated inflammation and
eventually development of fibrosis [40]. Activation of the
farnesoid X receptor (FXR), which is a bile acid receptor

with roles in lipid, glucose, and energy metabolism, may
suppress NF-kB activity and is able to mitigate hepatic
inflammation [41, 42].

Investigation of the role of gut microbiota in NAFLD
development is challenging, given the complexity of the
microbiome. To improve studies, several key approaches can
be employed. For instance, longitudinal design can be used
to capture the dynamic changes in microbiota over time and
trace such changes to manifestation of hepatic inflammation
and fibrosis. Alternatively, large-scale cohort studies with
diverse populations are expected to include individuals with
various NASH severity. From such cohorts, parallel analyses
of the microbiome and circulating or hepatic lipids can be
used to identify factors contributing to NASH. In animal
models, fecal microbiota transplantation experiments can
be useful in demonstrating if a particular strain of bacteria
plays a causal role. Standardized sampling and analytical
methods would ensure comparability, including integration
of clinical and microbiota data to uncover confounders and
complex interactions.

Inflammation and Oxidative Stress

Oxidative stress is characterized by imbalance between genera-
tion of reactive oxygen species (ROS) and efficiency of the anti-
oxidant defense system [43, 44]. This imbalance can be due to
increased production of pro-oxidant substances or dysfunction
of the antioxidant system. Even small increases in the levels of
reactive species can cause oxidative stress, promoting DNA
damage, ER stress, mitochondrial damage, endothelial dysfunc-
tion cytotoxicity, apoptosis, and fibrosis [45].

Oxidative stress [46] and mitochondrial dysfunction [47]
are frequently observed in NAFLD. For instance, increased
activity of endothelial nitric oxide synthase (eNOS) and
inducible nitric oxide synthase (iNOS) may contribute to
elevated oxidative damage in the liver vasculature, promot-
ing inflammation and fibrosis [48]. Altered lipid metabolism,
causing hepatic steatosis, often leads to the production of
ROS in the mitochondria and the ER, and by extracellular
NADPH oxidase. A disruption in the normal flow of elec-
trons in the electron transport chain can cause a non-enzy-
matic reaction with oxygen. The outcome of such reaction is
primarily two types of ROS called superoxide anion (O,e-)
and hydrogen peroxide (H,0,). Additionally, the levels of
antioxidant enzymes like glutathione (GSH) peroxidase,
superoxide dismutase (SOD2) (converts two O2e- to H,0,),
and different catalases that may neutralize ROS appear to
be reduced in the liver of individuals with NASH, limiting
mitochondrial ability to reduce levels of reactive ROS [47].

Subjects with NASH may exhibit elevated activity of
cytochrome P450 2E1 (CYP2E1) [49], which generates ROS as
a byproduct of fatty acid metabolism. When increased activity
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of CYP2E1 coincides with the presence of C47T polymor-
phisms in SOD2 (also known as MnSOD), the hepatic capac-
ity to counteract oxidative stress can be compromised [50-53].

Genetic Determinants in the Development
of NAFLD

Oligonucleotide scanning arrays used to conduct genome-wide
association studies (GWAS) on large patient cohorts for nearly
any disease have altered research in recent decades. GWAS
has enabled identification of allelic gene variants significantly
contributing to individual predisposition to NAFLD [54].

Despite the fact that surrogate markers for hepatic fat con-
tent (such as alanine transaminase (ALT) often has been used
in human GWAS, allelic gene variants identified as important
in the development of NAFLD are often linked to biological
processes affecting hepatic fat accumulation. Allelic variants
have been identified in genes encoding patatin-like phospho-
lipase domain—containing protein 3 (PNPLA3), transmem-
brane 6 superfamily member 2 (TM6SF2), membrane-bound
O-acyltransferase domain—containing 7 (MBOAT?7), hydrox-
ysteroid 17f3-dehydrogenase (HSD17B13), and glucokinase
regulator (GCKR) [55]. Genes involved in regulating oxi-
dative stress and mitochondrial function also seem to play
a significant role in NAFLD pathogenesis, such as SOD2,
uncoupling protein 2 (UCP,), UCP;, and mitochondrial
amidoxime reducing component 1 (MARC1) [22, 56]. We
will briefly discuss the genetic contribution of PNPLA3 and
TM6SF6 in NAFLD development [21].

PNPLA3 and NAFLD

PNPLA3 is localized to the LD surface and belongs to the
patatin-like phospholipase domain—containing family [57,
58]. Whereas PNPLA3 exhibits lipase activity targeting
TAGs in vitro [59], it mainly possesses acyltransferase activ-
ity on phospholipids in mouse livers [59, 60]. A specific
variant of the PNPLA3 gene (isoleucine-to-methionine sub-
stitution), called rs738409[G] (I1148M), leads to loss of TAG
hydrolysis (PNPLA3 inactivation) [61] promoting elevated
hepatic fat accumulation and inflammation [62]. However,
whole body knock-out of Pnpla3 in mice did not result in
hepatic steatosis [63].

The rs738409[G] variant also seems to cause a preferen-
tial accumulation of polyunsaturated (PUFA) and saturated
fatty acids into liver LDs and VLDLs, respectively [64]. The
preferential storage of PUFAs in LDs might cause a reduc-
tion of PUFA availability for phosphatidylcholine (PC) syn-
thesis [64]. This alteration in PC composition might affect
hepatic metabolism and inflammation, as ongoing research
explores the potential of PC as an adjunct therapy in patients
with NAFLD [65, 66].
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Subjects with the rs738409[G] variant have increased risk of
developing the full spectrum of NAFLD. They show on aver-
age twice the amount of hepatic fat as compared to individuals
with other gene variants [62], an increased independent risk of
developing fibrosis, and a~ 12-fold increased risk of develop-
ing liver cancer [67]. However, it seems that individuals with
NAFLD harboring the rs738409[G] variant exhibit less insulin
resistance as compared to control subjects with NAFLD [68].
Intriguingly, weight loss decreased liver fat more effectively
in subjects carrying the rs738409[G] variant as compared to
controls with matched liver fat [23]. Another allelic variant of
the PNPLA3 gene, rs6006460[T] or S4531 (serine-to-isoleucine
substitution), is associated with low hepatic fat content and
reduced risk of developing NAFLD [62].

TM6SF2 and NAFLD

TMO6SF?2 is localized to ER and the Golgi apparatus of hepat-
ocytes and enterocytes, where it is involved in synthesis and
packaging of apolipoprotein B-containing lipoprotein particles
[69]. In a comprehensive exome-wide association study includ-
ing 80,000 individuals, a genetic variant in the TM6SF2 gene,
1$58542926 (Glul67Lys), was associated with liver steatosis
[21]. A similar association was observed in a meta-analysis
involving 123,800 individuals across 44 studies [70], where
the rs58542926 variant exhibited an increased risk of NAFLD
progression and development of fibrosis, as well as elevated
levels of alanine transaminase (ALT) and aspartate transami-
nase (AST). Similar to what has been found for the PNPLA3
genetic variants, this TM6SF2 allelic variant, rs58542926, was
negatively associated with serum total cholesterol, low-density
lipoprotein (LDL), and TAGs. Tm6sf2 knock-out mice showed
a higher degree of hepatic steatosis, inflammation, combined
with lowered plasma levels of both total and LDL choles-
terol, mirroring the observed phenotype in humans [69, 71].
Furthermore, TM6SF2 siRNA inhibition in cultured human
hepatocytes was associated with reduced secretion of TAG-
rich lipoproteins and increased cellular TAG concentration [72].
TMO6SF2 overexpression, on the other hand, reduced hepatic
TAG accumulation [72]. Interestingly, using adeno-associated
virus to overexpress Tmo6sf2 in mice resulted in phenotypes pre-
viously observed in Tm6sf2-deficient mice including reduced
plasma lipid levels, diminished hepatic TAGs secretion, and
increased hepatic steatosis [73]. Taken together, the results
demonstrate TM6SF?2 as a causative gene in NAFLD.

Systems Biology to Study Liver Fat
Metabolism

Due to recent methodological improvements in the detec-
tion of individual lipid species, there has been a shift from
studying whole lipid classes towards targeting specific lipid
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species in the development of lipid-related diseases [74-76].
Lipids encompass a variety of hydrophobic molecules, such
as fatty acids, mono-, di-, and triglycerides, phospholipids,
sterols, sphingolipids, and other members of distinct lipid
classes. Lipid species within the same class often have simi-
lar structures and functions as compared to species from
different classes.

Whereas certain lipid species are associated with stea-
tosis, the understanding of how these lipids contribute to
NASH is limited. Synthesis of TAG and subsequent storage
in stable intracellular LDs in hepatocytes seem to protect
cells from accumulation of “lipotoxic” lipids [77]. When the
intracellular LD level expands beyond its capacity, lipotoxic
lipids may accumulate in the intracellular environment and
contribute to inflammation, cell damage, and fibrosis by acti-
vating hepatic stellate cells to collagen-producing myofibro-
blasts [78]. Elevated levels of free cholesterol and saturated
fatty acids, in addition to certain ceramides species, have all
been proposed to increase the risk of NASH [79].

The use of inbred mice strain panels, like the Hybrid
Mouse Diversity Panel (HMDP), has been particularly suc-
cessful to study genetic regulation of hepatic lipids [80].
There are several advantages with the use of inbred mice
cohorts to study genetic and environmental factors underly-
ing complex traits, compared to, e.g., human GWAS [80].
First, all relevant tissues can be obtained. Second, the envi-
ronment can be carefully controlled. Third, several individu-
als with identical genomes can be studied, which increases
power substantially. Finally, results from independent stud-
ies can be integrated and reanalyzed. We will describe
several studies on inbred mice cohorts to study liver lipid
metabolism.

In a pioneering liver lipidomics study, Jha et al. con-
ducted a comprehensive profiling of a subset of hepatic
lipids related to storage, signaling, membrane, and mito-
chondrial functions, across 47 different BXD recombi-
nant inbred mice strains fed either a chow or a high-fat/
high-sucrose (HF/HS) diet [19]. The BXD lines represent a
genetic reference population derived from a cross between
the C57BL/6 J and DBA/2 J strains. The researchers inte-
grated lipid profiling data with complementary multi-omics
datasets, creating a comprehensive and integrated view
of the genetic regulation of liver lipids in NAFLD. They
identified several gene-lipid associations and lipid quantita-
tive trait loci (IQTL) including genes relevant for energy
metabolism like Tm6sf2, protein phosphatase 1 regulatory
subunit 3B (Ppp1r3b), phospholipid transfer protein (Ptlp),
cytochrome P450, family 26 (Cyp26al), and pancreatic
lipase related protein 2 (Pnliprp2). Of particular interest
was the identification of certain cardiolipin (CL) species
that seemed relevant for hepatic health. Out of 23 CL spe-
cies, nine seemed particularly important. Two CL species,
tetralinoleoyl-CL (CL(LLLL)) and its precursor/remodeling

intermediate, trilinoleoyl-MLCL (MLCL(LLL)), exhibited
a negative correlation with liver size, whereas seven CL
species enriched in monounsaturated fatty acids (MUFAs),
such as oleic acid and palmitoleic acid, all showed a positive
correlation. These associations between specific CL species
and NAFLD were confirmed in a follow-up study where
C57BL/6 J mice were fed a HF/HS diet with or without nico-
tinamide riboside (NR), used to ameliorate the development
of NAFLD induced by HF/HS feeding. Taken together, the
“healthy” CLs exhibited a negative correlation with obesity
and NAFLD traits, whereas the “unhealthy” CLs showed a
positive correlation. This suggests that hepatic CL species
might serve as markers of hepatic health, and even be impor-
tant for the pathogenesis of NAFLD.

Parker and colleagues studied genetic regulation of ~ 300
hepatic lipid species from 107 inbred mice strains develop-
ing fatty liver after 16 h of fasting [20]. The inbred mice
strains were obtained from the HMDP [80]. Liver and
plasma lipidomics were integrated with the liver proteome
and genetic polymorphism data to identify high-confidence
candidate genes that influence lipid accumulation. One of
the candidate genes identified using IQTL as well as protein
QTL, was proteasome 26S subunit, non-ATPase 9 (Psmd9).
The effect of Psmd9 on the development of hepatic steatosis
in mice fed a HF/HS diet was confirmed in DBA/2 J mice
using antisense oligonucleotides (ASO) blocking Psmd9
expression. Finally, they combined hepatic and plasma lipid
analysis and identified blood-based biomarkers for NAFLD
using machine learning. The identified lipid signature was
confirmed to predict hepatic lipid accumulation with high
accuracy in a human cohort with varying degrees of hepatic
steatosis.

In another HMDP study [81e], Norheim et al. investigated
the genetic regulation of ~250 liver lipids obtained from 102
inbred strains fed a HF/HS diet for 8 weeks. First, they deter-
mined how chow and HF/HS diet affected the accumulated
hepatic lipids in three specific mice strains (C57BL/6 J,
DBA/2 J, and C3H/HeJ). Many lipids including ceramides,
known to be involved in fatty liver development, increased
significantly in response to the HF/HS diet as compared to
the chow diet, regardless of the genetic background. How-
ever, certain lipids were differently altered in response to the
two diets, depending on the mouse strain. For example, C3H/
HeJ mice had lower phosphatidylcholine (PC) and higher
phosphatidylethanolamine (PE) hepatic content compared to
the other two strains (C57BL/6 J and DBA/2J), suggesting
that allelic gene variants contribute to hepatic accumula-
tion of lipid species. Next, using 1QTL analysis, gene-lipid
correlations, and network modeling, biological pathways
and genes underlying these interactions were examined and
led to the identification of interferon-activated gene (Ifi203)
and mitogen-activated protein kinase 6 (Map2k6) as regula-
tors of hepatic phosphatidylcholine homeostasis and TAG
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accumulation, respectively. The effect of Map2k6 on hepatic
steatosis was confirmed with hepatic overexpression of the
gene in the liver using adeno-associated virus (AAV) [81e].

Although several researchers have reported genetic
regulation of lipids accumulating in hepatic steatosis, none
has investigated the genetic regulation of lipids that might
contribute to the transition of hepatic steatosis into NASH.
Future studies should focus on understanding this transi-
tion to identify new targets and mechanism that hopefully
can result in important therapeutic breakthroughs in NASH
treatment. Such studies can be performed in inbred mice
strains that develop different degrees of NASH. Hepatic
lipidomics data can then be integrated with clinical traits,
different omics technologies, and gut microbiota.

NAFLD and Atherosclerosis

Considering the high prevalence of atherosclerosis in NAFLD
patients [82—84], ongoing research aims to explore shared
genetic and behavioral risk factors between NAFLD and ath-
erosclerosis. Both NAFLD and atherosclerosis are classified
as metabolic-associated disorders [85], and their shared risk
factors include obesity, metabolic syndrome, hypertension,
dyslipidemia, and type 2 diabetes. NAFLD involves exces-
sive accumulation of lipids, mainly TAGs in hepatocytes [86].
Atherosclerosis is initiated by the accumulation of apoB lipo-
protein—derived cholesterol and cholesteryl esters in the sub-
endothelial space of middle-sized arteries [87, 88ee].

There are complex genetic relationships between athero-
sclerosis and NAFLD. Whereas many genetic associations
are positively correlated with both diseases, examples of
opposing correlations between genetic associations for the
two diseases are also known [89]. For instance, there is a
discrepancy in findings that link NAFLD and atherosclero-
sis, even in well-documented allelic variants of the PNPLA3
gene; the rs738409[G] allelic variant is strongly associated
with NAFLD development [62] but carriers of this allelic
variant exhibit reduced lipid secretion into the circulation,
promoting lower plasma cholesterol levels [90] and conse-
quently reduced risk of developing atherosclerosis [91, 92].
On the other hand, some data suggest that the PNPLA3 allelic
variant does not significantly affect the levels of TAG or cho-
lesterol in plasma [64, 93, 94]. Moreover, data from 429 Ital-
ian NAFLD patients show that the PNPLA3-rs738409[G]
allelic variant is associated with high severity of carotid ath-
erosclerosis in individuals that are < 50 years old [95]. Other
studies have linked the PNPLA-rs738409[G] allelic variant
to chronic kidney disease, which is a well-known marker
of increased cardiovascular risk in NAFLD patients [96].
Hence, the statement that the PNPLA3-rs738409[G] allelic
variant promotes NAFLD while offering protective effects
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against atherosclerosis requires reexamination. New precise
and comprehensive studies are required to tease out genetic
interactions between NAFLD and atherosclerosis.

Concluding Remarks

The severity of NAFLD is determined by a combina-
tion of several factors such as obesity, insulin resistance,
inflammation, and alterations in the microbiota, along with
genetic susceptibility. Allelic gene variants identified in
human GWAS are often linked to hepatic fat accumulation.
Recently, several systems genetic studies using inbred mice
panels have shown the importance of investigating the accu-
mulation of specific lipids species. Future studies should
investigate the genetic regulation of lipotoxic lipids in the
development of NASH.
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