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The Natural History of NAFLD: 7
Environmental vs. Genetic Risk Factors

Luca Valenti and Serena Pelusi

7.1 Features of NAFLD

Nonalcoholic fatty liver disease (NAFLD) is now the leading cause of liver disease
worldwide [1], and prevalence is still on the rise [2]. The hallmark of NAFLD is
represented by hepatic fat accumulation exceeding 5% of liver weight, which is
not explained by at- risk alcohol intake, usually defined by a threshold of 30/20 g/
day in males/females. The main risk factors for the disease are represented by obe-
sity, the constellation of metabolic alterations associated with insulin resistance (the
so called metabolic syndrome) and type 2 diabetes. In most of the cases, NAFLD
represents the hepatic manifestation of insulin resistance [3]. Hepatic fat is mainly
accumulated within intracellular lipid droplets in hepatocytes, under the form of
triglycerides. Indeed, the esterification within triglycerides represents the safest
way to store free fatty acids, which derive from the adipose tissue due to systemic
insulin resistance and from de novo lipogenesis stimulated by hyperinsulinemia,
and would otherwise cause severe lipotoxicity and activation of fibrogenesis [4].
However, lipid droplets formation, metabolism and catabolism are highly regulated,
and several proteins involved in the pathogenesis of liver damage and potentially
lipotoxic compounds are involved in this biological process [5].

The acronym NAFLD defines a wide spectrum of liver conditions, ranging from
simple uncomplicated steatosis to forms of liver disease associated with hepato-
cellular damage (“ballooning”) and lobular inflammation, which is non-alcoholic
steatohepatitis (NASH) [6]. NASH is more commonly associated with activation of
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hepatic fibrogenesis, initially at pericellular and perivenular level, which in suscep-
tible individuals may lead to cirrhosis and advanced liver disease. The pathogenesis
of the transition from simple steatosis to NASH or progressive disease is still not
completely understood, and likely multifactorial [7]. Altered microbiota and gut
permeability, the severity of metabolic alterations, oxidative stress and a proinflam-
matory imbalance in the release of mediators from the adipose tissue and the muscle
are likely involved.

7.2  Natural History of NAFLD

The knowledge on the natural history of liver disease related to NAFLD is still
limited by the relatively low number and the selection bias of patients with histo-
logical characterization of liver damage with available long-term follow-up, and
conversely by the lack of detailed characterization of liver damage for most indi-
viduals included in prospective population studies. However, a few robust conclu-
sions could be established. The first one is that a diagnosis of NAFLD seems to be
associated with an increased mortality rate, the leading cause being cardiovascular
disease, followed up by extra-hepatic cancer and liver disease (the latter with the
higher relative risk as compared to the general population) [8—11]. Heightened car-
diovascular risk seems to be related to accelerated atherogenesis, independently of
classic risk factors [12, 13], but may also reflect more severe insulin resistance with
increased susceptibility to develop type 2 diabetes [14].

Secondly, the main prognostic determinant in patients with NAFLD is repre-
sented by the severity of liver fibrosis [15]. Overall evidence indicates that, com-
pared to NAFLD patients with no fibrosis, NAFLD patients with fibrosis are at an
increased risk for all-cause mortality, and this risk increased with increases in the
stage of fibrosis. When NAFLD-related fibrosis was estimated non-invasively, this
conclusion held true also in the general population, and the association was inde-
pendent of several possible confounding factors [16]. Most importantly, the impact
of fibrosis is more pronounced for liver-related mortality as the risk of liver-related
mortality increased exponentially with each increase in the stage of fibrosis, even
if these estimates could not be corrected for age [15]. For stage 1, mortality rate
ratio was estimated at 1.41 (95% confidence interval (CI) 0.17-11.95); stage 2, 9.57
(95% CI 1.67-54.93); stage 3, 16.69 (95% CI 2.92-95.36); and stage 4 (cirrho-
sis), 42.30 (95% CI 3.51-510.34) [15]. In particular, in patients with cirrhosis, liver
disease becomes the leading cause of death [17, 18]. Conversely, cardiovascular
disease and extra-hepatic cancer predominate in those with lower fibrosis stages,
but their incidence as liver function begins to deteriorate [17]. In contrast, although
the presence of NASH overall is also associated with increased mortality as com-
pared to simple mild steatosis [19], NASH without liver fibrosis does not seem to
confer an increased risk of mortality [20, 21]. Indeed, fibrosis progression rate is
influenced by basal fibrosis stage. Although there is a wide variability in the transi-
tion rates between different stages of fibrosis, estimates are consistent with lower
rate transition between no to mild fibrosis (0.3-2.2%) than between intermediate to
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advanced fibrosis (2.8-13.3%) [2]. It should be taken into account that these esti-
mates also account for disease regressors, about one-third of patients in prospective
studies, mostly represented by individuals who lose weight or improved metabolic
control during the follow-up [22].

However, the presence of histological NASH is likely associated with faster pro-
gression, on average, of liver fibrosis [23-25], in keeping with a role of oxidative
stress and immune activation in determining the evolution of this liver disease. In
particular, a meta-analysis of early studies led to an estimation that to progress
of one fibrosis stage, it takes on average 14 years in patients with steatosis, while
only 7 years in those with NASH, but fibrosis progression occurs in only about
one-third of patients. However, there is a wide variability, and a significant propor-
tion of patients without histological NASH show rapid progression of liver disease.
Furthermore, even in patients without NASH, the presence of mild histological
inflammation may be associated with a higher risk of disease progression [26].

The increasing prevalence of this condition, and especially due to the ageing
of affected individuals and more and more frequent association with type 2 dia-
betes, is leading to a dramatic rise in the proportion of patients who may develop
advanced fibrosis [2]. Indeed, NAFLD is already becoming a leading indication for
liver transplantation in Western countries [27]. Hepatocellular carcinoma is also a
rising cause of liver disease included in the disease spectrum of NAFLD [28, 29].
Although the risk of progression is higher with increasing severity of liver fibro-
sis, it should be noted that HCC may also develop in patients with NAFLD with
significant liver disease, rendering surveillance, early diagnosis and application of
curative treatments difficult tasks [30, 31].

7.3  Environmental Risk Factors for Disease Progression

The severity of the metabolic abnormalities, insulin resistance, and in particular the
presence of type 2 diabetes represent the major risk factor associated with develop-
ment of advanced liver disease, and with fibrosis progression in prospective stud-
ies in patients with NAFLD [23-25]. A key mediator of liver disease progression
induced by metabolic risk factors may be represented by severity of hepatic fat
accumulation, which has been linked with short- and long-term fibrosis progression
independently of several confounders [32-34]. Cohort studies also highlighted a
possible role of arterial hypertension as a risk factor for progressive worsening of
fibrosis, possibly due to activation of the neurohormonal sympathetic system lead-
ing to stimulation of hepatic stellate cells. In keeping, variations in body weight and
associated metabolic abnormalities represent the main clinical predictor of the liver
disease evolution during the follow-up.

Cross-sectional studies also highlighted that independently of adiposity, physical
exercise may have a protective role, while sarcopenia is associated with more severe
liver damage. Furthermore, besides total caloric intake, the quality of diet also mat-
ters. Indeed, industrial fructose intake has been associated with higher risk of both
development and progression of NAFLD, probably by inducing ATP depletion,
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stimulating lipogenesis and decreasing lipid oxidation [35], and an increase in the
ratio of dietary saturated/unsaturated fat intake may also play a role. On the other
hand, the role of red meat consumption is less established. Concerning beverages,
besides a predisposing role of sodas containing fructose, a moderate intake of alco-
hol with wine, but not with beer, and not under the form of binge drinking, was
associated with protection from fibrosis in cross-sectional epidemiological studies,
but any alcohol intake was associated with increased risk of disease progression in
those with clinically significant fibrosis [36]. Vice versa, coffee consumption may
be protective by promoting the antioxidant response.

Lastly, some drugs active on cardiovascular risk factors may influence the risk of
liver damage progression, e.g. statins and renin angiotensin aldosterone axis modu-
lators may reduce fibrogenesis by reducing free cholesterol and altering activation
of hepatic stellate cells. Exposure to environmental toxins may also play a role in
disease susceptibility, but few data are available in the literature.

A cartoon depicting the natural history of liver disease in NAFLD is presented
in Fig. 7.1. Given the wide uncertainty concerning the progression (and possible
regression) rates across the different stages of the disease, which may vary accord-
ing to the specific populations, wide confidence intervals are indicated.
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Fig. 7.1 Natural history of NAFLD. The majority of individuals with environmental, metabolic
and genetic risk factors develop some form of NAFLD, and 10-30% of them NASH. With time
and ageing, NASH can progress to advanced fibrosis at variable rates (although progression from
simple steatosis cannot be excluded) and then to liver failure or hepatocellular carcinoma (HCC).
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7.4 Role of Heritable Factors in NAFLD

Accumulating evidence indicate that hepatic fat and NAFLD are strongly heritable
conditions [37]. First, twin studies led to the estimation that in the general popu-
lation more than half of the variability of aminotransferases levels in individuals
without viral hepatitis or alcohol abuse and of hepatic fat content are accounted for
by heritable factors [38, 39]. Interestingly, they also suggested that heritability of
liver fat and fibrosis share are shared traits, in line with a causal role of hepatic fat
accumulation in triggering progressive liver disease [38, 39]. Second, multi-ethnic
cohort studies demonstrated that there is a strong interethnic variability in the sus-
ceptibility towards NAFLD development, being higher in Hispanics, intermediate
in Europeans and lower in African Americans, independently of adiposity, type 2
diabetes and socioeconomic factors [40]. Lastly, family studies showed that cases of
NAFLD progressing to advanced fibrosis tend to cluster in specific families. Indeed,
the risk of progressive NAFLD is higher in first-degree relatives of patients with
NAFLD cirrhosis as compared to the general population, independently of several
confounders [41].

7.5 Genetic Determinants of NAFLD Development
and Progression: The PNPLA3 1148M Variant

The most important common genetic determinants of hepatic fat variability and
the susceptibility to develop NAFLD have been uncovered thanks to the advent of
genome-wide association studies in the last years. The major one is the rs738409
C>G encoding for the 1148M protein variant of Patatin-like phospholipase
domain-containing 3 (PNPLA3), accounting for a large fraction of the increased
risk of this condition in Hispanics [42]. The [148M variant is specifically associ-
ated with increased hepatic fat, without major influences on adiposity, circulating
lipids and risk of type 2 diabetes [42]. Importantly, the I148M variant increases
susceptibility to the whole spectrum of liver damage related to NAFLD, from
simple steatosis to NASH, fibrosis and cirrhosis, thereby representing a general
modifier of liver disease progression [43]. Furthermore, the I148M variant height-
ens the risk of progression to hepatocellular carcinoma development indepen-
dently of the effect on fibrosis. In Europeans, homozygosity for the mutation is
enriched almost ninefold in patients who develop NAFLD-HCC as compared to
the general population, while absence of the variant can rule out HCC risk with a
high specificity in the general population [43-45]. Homozygosity of the mutation
is also associated with increased risk of hepatic decompensation in patients with
fatty liver and portal hypertension [46].

Carriage of this variant impacts on the risk of liver disease particularly during
the developmental age [47, 48], interacting with dietary factors such as intake of
fructose-enriched drinks and lack of physical activity [49]. However, the major
environmental trigger of the phenotypic expression of the variant in those who
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do not drink excess alcohol is represented by excess adiposity [50]. Indeed, dur-
ing obesity and insulin resistance, the PNPLA3 protein is induced by insulin and
expressed at the surface of lipid droplets, where it mediates the remodelling of
triglycerides and phospholipids, in particular by mediating the hydrolysis of oleic
acid [51]. The mechanism behind the association with steatosis is related to accu-
mulation of the mutated 1148M protein on the surface of lipid droplets altering
lipid remodelling and turnover [51-53]. Furthermore, the 1148M alters retinol
release from hepatic stellate cells directly favouring inflammation and fibrogenesis
[54-56].

7.6 Other Common Genetic Determinants of NAFLD

Other common genetic mutations regulating hepatocellular lipid handling contrib-
ute to the risk of NAFLD. The rs58542926 C>T encoding for the E167K variant in
Transmembrane 6 superfamily member 2 (TM6SF2) favours hepatic fat accumula-
tion by decreasing lipid secretion in very-low-density lipoproteins (VLDL), also
leading to increased susceptibility to liver damage. At the same time, this genetic
factor protects from cardiovascular disease by reducing circulating lipids [57-59].
Variants in Glucokinase regulator (GCKR) [60, 61] and in membrane bound O-acyl
transferase 7 (MBOAT?7) [62] also contribute to the risk, by increasing de novo
lipogenesis and altering the remodelling of phospholipids, respectively. All these
factors result in fat accumulation and higher risk of liver disease. Conversely, a
variant in protein phosphatase 1 regulatory subunit 3B (PPPIR3B) has recently
been demonstrated to protect against hepatic fat accumulation, possibly by shunting
the excessive energy supply towards glycogen synthesis [63]. This also resulted in
decreased risk of progressive liver disease in individuals at high risk of NASH. All
in all, a general concept emerging from these studies is that the risk of progressive
NAFLD is strongly related and proportional to the impact of these genetic risk fac-
tors on hepatic fat accumulation, suggesting this is a major driver of liver damage
progression [33].

However, other genetic variants may modify the effect of fat accumulation
on inflammation and fibrosis. The best studied are represented by variants regu-
lating oxidative stress and innate immunity in the liver. Indeed, variants in the
mitochondrial Mn-superoxidase dismutase 2 (SOD2), and uncoupling protein 2
(UCP2), regulating fatty acid oxidation and redox status in the mitochondria [64,
65]. Concerning inflammation, variants in the interleukin 28 (/L28) locus encoding
for the alternative interferon lambda-3 and lambda-4 proteins, and those in Mer T
kinase (MERTK), regulating the activation of phagocytes and hepatic stellate cells
[66]. Very recently, a common variant in 17-beta hydroxysteroid dehydrogenase 13
(HSD17B13) encoding form of this enzyme that is expressed at the surface of lipid
droplets in hepatocytes has been identified. This polymorphism protects against
progressive liver disease associated with fat accumulation particularly in carriers of
the 1148M PNPLA3 variant [67, 68].
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7.7 The Role of Rare Inherited Mutations

Noteworthy, rare genetic mutations with a strong impact on the function of proteins
involved in NAFLD pathogenesis may also contribute to determine the predisposi-
tion to develop advanced NAFLD and disease clustering in specific families. For
example, mutations in Apolipoprotein B (APOB) favour disease progression again
by causing lipid compartmentalization in hepatocytes [69]. This is caused by the
inability to secrete VLDL from hepatocytes. However, as APOB is also involved
in the secretion of chylomicrons, damage to the intestinal barrier due to accumula-
tion of lipids in enterocytes, and malabsorption of liposoluble vitamins (and espe-
cially A, D, E may be relevant for the risk of NAFLD) may also occur. Another
mechanism leading to progressive NAFLD is related to telomere shortening and cell
senescence [70], usually mediating the effect of ageing on the risk of liver disease,
and mutations in telomerase reverse transcriptase (TERT) have been associated
with progressive NAFLD [71, 72]. Finally, it should not be forgotten that in chil-
dren NAFLD may represent the manifestation of severe genetic disorders, such as
lysosomal acid lipase deficiency caused by mutation of LIPA gene, which determine
accumulation of cholesteryl esters and triglycerides in hepatocytes [73].

An overall picture of genetic loci associated with NAFLD development and pro-
gression, classified according to the role on encoded proteins in the accumulation of
lipids (lipogenesis, lipid oxidation, lipid droplets formation and remodelling, lipid
secretion within VLDL) and development of liver damage (lipotoxicity, inflamma-
tion and activation of fibrogenesis) is shown in Fig. 7.2.

7.8 The Role of Epigenetic Changes

The term “epigenetic changes” refer to relatively stable alterations of nuclear DNA
and the mechanisms of transcriptional regulation that can be transmitted through
cell division. These are involved in mediating the effect of environmental factors
on phenotype, and may possibly explain part of the missing heritability and vari-
ability of disease progression of common diseases such as NAFLD. Methylation
of cytosine nucleotides at CpG-rich regulatory or promoter regions represents the
first level of regulation of gene expression. Several post-translational modifications
of histones also contribute to modulating the access of transcription and regulatory
factors to the DNA. An important role of epigenetic factors in modulating the sus-
ceptibility to NAFLD is demonstrated by the effect of intrauterine exposure to high-
fat diet in experimental models, leading to more severe hepatic fat accumulation
and the development of NASH [74]. These experiments recapitulate the effect of an
adverse foetal environment on the risk of NAFLD. Indeed, both intrauterine growth
retardation and accelerated foetal growth are associated with an increased risk of
NAFLD and NASH [75-78]. In keeping, hepatic DNA tends to be demethylated in
patients with NAFLD [79]. Genes involved in the methylation process, lipid metab-
olism (including PNPLA3), inflammation and fibrogenesis showed stage-dependent
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Fig. 7.2 Genetic loci involved in the development and progression of NAFLD, classified accord-
ing to the mechanism by which the encoded proteins intervene in the pathogenesis of the disease.
Red arrows indicate pathological processes/lipid fluxes, green arrows beneficial pathways.
PPPIR3B Protein phosphatase 1 regulatory subunit 3B, GCKR glucokinase regulator, UCP2
uncoupling protein 2, SOD2 mitochondrial superoxide dismutase, LIPA lysosomal acid lipase,
PNPLA3 patatin-like phospholipase domain-containing 3, MBOAT7 membrane bound O-acyl
transferase 7, HSD17B13 17-beta hydroxysteroid dehydrogenase 13, TM6SF2 transmembrane 6
superfamily member 2, APOB apolipoprotein B, VLDL very-low-density lipoproteins, I/FNL4
interferon lambda 4, MERTK Mer T kinase, TERT human telomerase reverse transcriptase

regulation, suggesting that epigenetic changes are involved in the progression of
liver disease [79, 80]. These alterations confer an especially high risk of liver dis-
ease in patients born with a strong genetic predisposition.

Another layer of regulation is provided by non-coding RNAs. Indeed, NAFLD is
associated with deregulation of many hepatic micro-RNAs (miRNA) [81, 82]. The
most robustly validated alteration is represented by downregulation of miR-122,
[81-85], which promotes lipogenesis [81], and in experimental model is associated
with spontaneous development of NASH and HCC [83]. However, several miRNAs
are altered during NASH, and their variability seem be involved in mediating the
susceptibility to the disease [37, 86].

7.9 Interaction Between Genetic and Environmental Factors

The phenotypic expression of the disease is triggered by the interaction between
the genetic background and environmental triggers. The most common one is rep-
resented by increased adiposity, leading to insulin resistance and hyperinsulinemia
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[87]. For example, at the general population level most of the carriers of PNPLA3,
TM6SF2 and GCKR common risk variants are not affected by NAFLD, and most
importantly do not develop progressive liver disease. However, the impact of the
variants on hepatic fat content, the risk of NAFLD and that of cirrhosis increases
exponentially with increasing BMI, indicating the presence of a synergism between
these components of the disease [88]. Similarly, there seems to be an interaction
between consumption of industrial fructose in soft drinks and the PNPLA3 1148M
variant in determining the susceptibility to NAFLD [49]. On the other hand, omega-3
fatty acids would be less effective in reducing lipogenesis and liver fat in carriers of
this variant [89, 90]. Importantly, in individuals at high genetic risk a healthy dietary
patter modelled on the Mediterranean diet may reduce the risk of NAFLD [91], as
well as regular physical activity may prevent disease development [49].

An overview of common inherited and acquired factors involved in the develop-
ment and progression of NAFLD is presented in Fig. 7.3 [78].

Male sex Waist circumferencg, BMI, insulin
Low birth-weight BMI ALT, alcohol intake,
Insulin systolic blood pressure, ApoB,
Physical activity

-t A

Ethnicity Fructose, Western diet Age
PNPLA3I148M visceral fat, sarcopenia, Menopause
TM6SF2 E167K T2D and metabolic syndrome,

MBOAT?7, GCKR, PCOS, hyperferritinemia

Other common & variants

Fig. 7.3 Complementary role of inherited and acquired risk factors for NAFLD according to life
stages. BMI body mass index, ALT alanine aminotransferases, 72D type 2 diabetes, PCOS poly-
cystic ovary syndrome, PNPLA3 patatin-like phospholipase domain-containing 3, MBOAT7 mem-
brane bound O-acyl transferase 7, GCKR glucokinase regulator, TM6SF2 transmembrane 6
superfamily member 2
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7.10 Possible Future Clinical Applications of Genetics

Variants in PNPLA3 and TM6SF?2 are strong risk factors for NAFLD, especially in
individuals with strong predisposition, such as obese adolescents with severe insulin
resistance developed after intrauterine growth retardation. Genotypization of these
common variants is able to significantly improve the prediction of the risk of severe
progressive NAFLD, hopefully allowing to tailor preventive lifestyle approaches
in the future [78]. Furthermore, the number of common genetic risk variants for
hepatic fat accumulation in PNPLA3, TM6SF2, and MBOATY7 nicely stratify the risk
of NAFLD in the general population, interacting with adiposity [50, 62]. Notably,
the same simple genetic instrument is able to predict the risk of HCC in patients
with NAFLD independently of classic risk factors, possibly improving risk stratifi-
cation for this condition, even in patients without severe fibrosis [92]. An emerging
concept is that genetic risk variants for progressive liver disease related to NAFLD
may protect at the same time from dyslipidemia and cardiovascular disease. This
is particularly true for those that have inhibition of lipid secretion within VLDL as
the main mechanism, such as those in TM6SF2 and APOB, and also the PNPLA3
1148M mutation. Therefore, they may be useful to dissociate the risk of hepatic vs.
cardiovascular complications of insulin resistance, and help guiding surveillance of
complications. This concept is exemplified in Fig. 7.4.

NAFLD

!

Genetic risk profile

PNPLA3 148I+ PNPLA3 148M/M
TM6SF2 167E/E TMBSF2 167K+
MBOAT7 T- MBOAT7 T+
APOB mutations
Health risk Cardiovascular Hepatic
Treatment Insulin sensitizers HCC screening
statins? PNPLAS directed drugs?

Fig. 7.4 Possible role of genetics for stratification of patients with NAFLD in those at higher risk
of hepatic vs. cardiovascular complications, and disease management. PNPLA3 patatin-like phos-
pholipase domain-containing 3, MBOAT7 membrane-bound O-acyl transferase 7, TM6SF2 trans-
membrane 6 superfamily member 2, APOB apolipoprotein B
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Carriage of specific genetic risk factors may influence the response and in
particular the side effect of drugs. For example, the PNPLA3 1148M variant has
been reported to reduce the protective effect of statins on the risk of progres-
sive NAFLD [93], to reduce the beneficial impact of dapaglifiozin, an SGLT2
inhibitor, on hepatic fat accumulation, and to predict hepatotoxicity of glucagon
receptor agonists and insulin peglispro, which is related to induction of hepatic
fat accumulation [94-96]. Finally, drugs directly targeting protein mutated in
NAFLD may prove beneficial to prevent progressive liver disease caused by
fat accumulation. For example, silencing of the mutated PNPLA3 protein may
potentially revert liver damage in carriers of the mutation by restoring dismissal
of lipids from intracellular droplets, and possibly retinol metabolism [97]. This
concept is presented in Fig. 7.5. Therefore, it could be envisioned that evalua-
tion of genetic risk variants may help guiding pharmacological therapy for the
disease. The clinical utility of these approached remains to be demonstrated in
future studies.
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Fig.7.5 Possible role of drugs silencing the mutated PNPLA3 in the prevention and treatment of
liver disease in carriers of the [148M variant. Beneficial fluxes of lipids are indicated by green
arrows, detrimental pathways as red arrows. The wild-type protein is involved in the remodelling
and dismissal of lipids from lipid droplets under insulin resistance conditions. The mutated 1148M
variant is not enzymatically active and accumulate at the surface of lipid droplets because it is not
ubiquitylated. At this level, it acquires the ability to impede lipid remodelling causing their reten-
tion and likely reduced turnover and activation of lipotoxicity. Pharmacological approaches that
downmodulate the PNPLA3 [148M protein may contrast this pathophysiological mechanism.
PNPLA3 patatin like phospholipase domain-containing 3, TAG triglycerides, Ub ubiquitin
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