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5Department of Pathophysiology and Transplantation, Università degli Studi di Milano, Translational Medicine, Department of Transfusion
Medicine and Hematology, Fondazione IRCCS Ca’ Granda, Pad Marangoni, Milan, Italy
*Correspondence: stefano.romeo@wlab.gu.se (S.R.), arun.sanyal@vcuhealth.org (A.S.), luca.valenti@unimi.it (L.V.)
https://doi.org/10.1016/j.cmet.2019.12.002

Fatty liver disease (FLD), including its more severe pathologies, namely steatohepatitis, hepatocarcinoma,
and cirrhosis, is the most common cause of chronic liver disease worldwide and is projected to become
the leading cause of hepatocellular carcinoma and end-stage liver disease. FLD is heterogeneous with mul-
tiple etiologies and diverse histological phenotypes, so therapies will ultimately need to be individualized for
relevant targets. Inherited factors contribute to FLD, and most of the genetic variation influencing liver dis-
ease development and progression is derived from genes involved in lipid biology, including PNPLA3,
TM6SF2, GCKR, MBOAT7, and HSD17B13. From this point of view, we focus in this perspective on how
human molecular genetics of FLD have highlighted defects in hepatic lipid handling as a major common
mechanism of its pathology and how this insight could be leveraged to treat and prevent its more serious
complications.
Introduction
Nonalcoholic fatty liver disease (NAFLD) is the most common

cause of chronic liver disease in most parts of the world (You-

nossi et al., 2016) and is projected to become the leading cause

of hepatocellular carcinoma and end-stage liver disease,

requiring consideration for liver transplantation (Charlton et al.,

2011). The burden of end-stage liver disease due to NAFLD is

further expected to increase 2- to 3-fold over the next two de-

cades (Estes et al., 2018). These sobering statistics have fueled

substantial efforts to develop pharmacological therapeutics to

treat the disease. Implicit in these efforts is the concept that

NAFLD, especially its aggressive phenotype, nonalcoholic stea-

tohepatitis (NASH), is a relatively homogeneous, ‘‘one size fits

all’’ condition. However, there are several lines of evidence indi-

cating that the condition is heterogeneous and that therapies will

ultimately need to be individualized for relevant targets within

relevant populations. These ideas are considered in greater

detail below.

NAFLD Has Multiple Etiologies
By definition, NAFLD does not result from the consumption of

alcohol. Unfortunately, this characterization does not specify

what causes hepatic fat accumulation and liver damage. It is

now appreciated that a number of etiologies can directly cause

or aggravate NAFLD. These factors range from hereditary condi-

tions such as lipodystrophy, hypobetalipoproteinemia, and

cholesterol ester storage disease to drugs such as amiodarone

and tamoxifen, as well as small intestinal bacterial overgrowth

and jejunoileal bypass. However, the most common risk factors

remain excess adiposity and insulin resistance with its associ-

ated factors, such as type 2 diabetes, excessive intake of spe-

cific nutrients (e.g., food-industry-added fructose), and low
physical activity (Chalasani et al., 2018). Even within such popu-

lations, there are subsets of individuals with specific genetic pre-

dispositions who are more likely to develop aggressive disease

(Romeo et al., 2008; Sookoian et al., 2009). It is further recog-

nized that many individuals consume alcohol in amounts greater

than the strict cut-offs used in clinical trials to define the ‘‘nonal-

coholic’’ nature of the condition, but not enough to attribute their

liver disease solely to alcohol. It is therefore common to have

multiple etiologies and risk factors for fatty liver disease (FLD)

in the same individual.

In its simplest form, NAFLD presents as a fatty liver with pre-

dominantly macrovesicular steatosis. The other phenotype is

steatohepatitis. In its classic form, steatohepatitis includes stea-

tosis, hepatocellular ballooning, and lobular inflammation with a

mainly centrilobular distribution (Kleiner et al., 2005). However,

frequently, the individual features are not fully expressed or typi-

cally distributed, and this histological picture has been referred

to as borderline NASH (Kleiner et al., 2005). Recent data indicate

that (1) the natural course of borderline NASH is intermediate be-

tween that of NAFLD and definite NASH (Kleiner et al., 2016), and

(2) disease activity may fluctuate in predisposed individuals

based on the modification of environmental triggering factors

(Pelusi et al., 2019b). In childhood, NASH often occurs in a pre-

dominantly periportal region introducing another layer of hetero-

geneity to the condition (Schwimmer et al., 2005). The molecular

basis for this occurrence remains unknown. In each of the broad

phenotypes, there is further heterogeneity in terms of the severity

of disease activity and fibrosis. Portal inflammation, possibly due

to fluctuations in disease activity in response to changing envi-

ronmental triggers, has also been reported to be associated

with disease progression and adds to the histological variability

of the condition.
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Several lines of evidence indicate that inherited factors

contribute to NAFLD (Eslam et al., 2018). First, some evidence

has been obtained from twin studies, leading to the estimation

that 25%–50% of hepatic fat variability is accounted for by her-

itable factors, while the estimate is even higher for the presence

of NAFLD (Loomba et al., 2015; Makkonen et al., 2009). Second,

population studies have clearly shown a strong interethnic

variability in the susceptibility to NAFLD, which is higher in His-

panics, intermediate in Europeans, and lower in African-Ameri-

cans (Guerrero et al., 2009). Third, family studies have shown

that the risk of NAFLD increases with the number of parents

affected and that cases of FLD progressing to advanced fibrosis

tend to cluster in families (Caussy et al., 2017; Long et al., 2019).

The identification of the specificmajor genetic determinant of the

disorder by the first genome-wide association study (the I148M

variant in PNPLA3) led to the discovery that this inherited variant

accounts for a large fraction of the interethnic variability in

NAFLD susceptibility (Romeo et al., 2008), while other inherited

variants have been robustly demonstrated to contribute to

NAFLD (Eslam et al., 2018).

A caveat of these findings is that NAFLD susceptibility is driven

by genes in the presence of risk factors associated with excess

energy intake resulting in obesity and insulin resistance. In other

words, there is an interaction between a specific genetic back-

ground (e.g., carriers of the PNPLA3 genetic variant) and these

environmental factors. This interaction has been shown for

PNPLA3 as well as for the other major genetic risk variants

(Pirazzi et al., 2012; Romeo et al., 2010; Stender et al., 2017).

This finding indicates that the weight of genetic variants in dis-

ease susceptibility increases with the increase in the environ-

mental risk factor.

A body of evidence supports a role for the gut microbiome in

the susceptibility to NAFLD. A specific signature in the micro-

biome is present in individuals with NASH compared to the mi-

crobiomes of those with simple steatosis or healthy controls

(Mouzaki et al., 2013; Yuan et al., 2019; Zhu et al., 2013). The di-

versity in the microbiome may increase fat deposition, induce

changes in metabolism, and trigger inflammation contributing

to chronic liver disease (Laparra and Sanz, 2010; Smith et al.,

2013; Spencer et al., 2011) Large studies are needed to deter-

mine whether manipulation of the gut microbiome is a viable

therapeutic strategy to treat NAFLD.

Proteomic andMetabolomic Signatures Defining NAFLD
It is interesting to note that despite similar drug intake and sys-

temic exposure, drugs so far tested in clinical trials to treat

NASH improve liver histology in only a minority of patients (Neu-

schwander-Tetri et al., 2015; Ratziu et al., 2016; Sanyal et al.,

2010). This phenomenon raises the question of whether there

is molecular heterogeneity underlying the disease state where

specific targets are relevant in only some but not all individuals.

Several lines of evidence support this possibility. It is already well

established that subsets of the overall population of patients with

NAFLD carry specific gene variants that enhance or reduce dis-

ease risk. The PNPLA3 I148M variant was first identified to be

related to the development of steatohepatitis and to be associ-

ated with more advanced disease and development of hepato-

cellular cancer (Dongiovanni et al., 2013; Pirazzi et al., 2012;

Romeo et al., 2008). The PNPLA3 I148M variant is also a
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response variable for treatment with u-3 fish oils and statins,

hampering their beneficial effect (Dongiovanni et al., 2015b;

Scorletti et al., 2015). The pathogenesis of NAFLD and steatohe-

patitis in those with this mutation may be distinct from others

with this condition, with the mechanism being more related to

reduced lipid turnover and release from lipid droplets than

enhanced de novo lipogenesis (Luukkonen et al., 2019; Mancina

et al., 2015; Pirazzi et al., 2012; Wang et al., 2019), but additional

studies are required to confirm that these features are indepen-

dent of higher hepatic fat content.

Recently, in a diet-induced animal model of NAFLD that has

been validated to reproduce many facets of human disease (As-

gharpour et al., 2016; Cazanave et al., 2017; Sanyal and Pacana,

2015), it has been shown that the gene expression profile

changes with disease progression, with greater expression of

metabolic pathways related to lipid metabolism soon after the

onset of adiposity and development of steatosis (Cazanave

et al., 2017). These changes were further amplified as the dis-

ease progressed to steatohepatitis but then decreased as

fibrosis developed. As the disease progressed, there was an

increasing expression of inflammatory, fibrogenic, and onco-

genic pathways. Importantly, these changes were related to

cross-sectional human datasets including early- and late-stage

diseases and were found to be concordant. There are also spe-

cific pathways linked to the severity of disease activity and stage.

This heterogeneity in molecular profiles within otherwise histo-

logically similar individuals is also reflected in the circulating

metabolome, with markers of lipogenesis increasing early in

the disease, and increased activation of inflammatory eicosa-

noids and oxidized lipids occurring with disease progression

(Puri et al., 2009). Choline deficiency has also been noted in a

minority of individuals (Guerrerio et al., 2012). Similarly, there

are specific proteomic signatures associated with varying histo-

logical phenotypes of NAFLD (Rodrı́guez-Suárez et al., 2010).

Together, these data provide evidence for heterogeneity at

many levels within the population of patients with NAFLD, which

has specific implications for disease development, progression,

and potential response to specific therapeutic agents. The data

further provide a strong rationale for generating additional data

to substratify the population based on relevant targets (e.g.,

presence of PNPLA3 I148M concerning the inherited variants)

and natural history to be able to match the right drug to the right

patient.

Fatty Liver Due to Excess Nutrients or Alcohol: Same or
Different Disease?
NAFLD was first described as a new clinical entity (‘‘NASH’’)

in 1980 (Ludwig et al., 1980). In this case series from a Mayo

clinic study, physicians reported a total of twenty individuals

with histological features commonly associated with alcohol

toxicity, including steatosis, oxidative damage of hepatocytes,

and lobular inflammation with frequent evolution to fibrosis and

cirrhosis in individuals not drinking alcohol. Patients were most

frequently obese women with type 2 diabetes. The question as

to whether this yet-to-be-understood disease was the same or

different from alcoholic liver disease (ALD) suddenly arose.

It became subsequently clear that some of the pathophysio-

logical mechanisms underlying inflammation (so-called ‘‘steato-

hepatitis’’) are remarkably similar between NAFLD and ALD
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(Valenti et al., 2009). These mechanisms include the activation of

hepatocytes and liver macrophages (Kupffer cells) via pattern

recognition receptors by bacterial products, stress molecules,

and oxidized fatty acids, with the subsequent release of inflam-

matory mediators and inflammatory and fibrogenic cell recruit-

ment (Tilg and Moschen, 2010; Valenti et al., 2009).

Strikingly, in recent years, genetic association studies have

highlighted that the genetic determinants of the interindividual

variability in the predisposition to NAFLD and ALD are largely

shared. This concept was first demonstrated for the PNPLA3

I148M rs738409 variant, the major genetic determinant of

hepatic fat content (Romeo et al., 2008) that increases suscep-

tibility to the whole spectrum of NAFLD, from steatosis to

inflammation and NASH, finishing with fibrosis, cirrhosis, and

hepatocellular carcinoma (HCC) (Dongiovanni et al., 2013; Pi-

razzi et al., 2012; Sookoian and Pirola, 2011; Valenti et al.,

2010). The I148M variant is also associated with an increased

risk of steatosis and fibrosis in other chronic and acute liver dis-

eases (Buch et al., 2015; St€attermayer et al., 2015; Valenti

et al., 2012; Valenti et al., 2011; Viganò et al., 2013), with a

larger effect observed in ALD (Dongiovanni et al., 2013) but

also an evident effect in chronic hepatitis C (CHC) (Valenti

et al., 2011). Therefore, this genetic variant may be considered

a general modulator of liver disease progression. Notably, car-

riage of the I148M variant was the strongest genetic determi-

nant of severe steatohepatitis due to alcohol intoxication (Atkin-

son et al., 2017).

Along this line, the TM6SF2 E167K rs58542926 variant predis-

poses patients to hepatic fat accumulation (Kozlitina et al., 2014)

by altering very-low-density lipoprotein export, resulting in an

increased risk of progressive NAFLD/ALD and CHC (Buch

et al., 2015; Dongiovanni et al., 2015a; Liu et al., 2017b). Remark-

ably, the first genome-wide association study examining the risk

of alcoholic cirrhosis identified the variants in PNPLA3 and

TM6SF2 and at theMBOAT7 locus (rs641738) as the major com-

mon determinants. We showed that the rs641738 variant is simi-

larly associated with hepatic fat content and fibrosis (Mancina

et al., 2016). Furthermore, the MBOAT7 variation also confers

an increased risk of progression of NAFLD/ALD to HCC (Donati

et al., 2017; Liu et al., 2014; Trépo et al., 2014). Genetic variations

in HSD17B13 have been linked to protection against the devel-

opment of cirrhosis due to ALD and NAFLD and against fibrosis

in individuals with CHC (About et al., 2018; Abul-Husn et al.,

2018; Ma et al., 2019). Finally, different predominant triggers,

including CHC and other metabolic or toxic causes of liver dam-

age (Krawczyk et al., 2013; St€attermayer et al., 2015; Valenti

et al., 2012), result in subtle differences in the histological fea-

tures and small changes in the natural history.

In conclusion, the overlap in the genetic architecture suggests

that ALD and NAFLD share common pathogenetic mechanisms,

which indicates that NAFLD and ALD are spectra of the same

condition, namely, FLD. This concept would not be surprising

considering that there is no difference in the pathophysiology

of progressive liver disease associated with hepatic fat accumu-

lation. A practical implication of these observations is that

therapies aimed at FLD resolution targeting a specific pathway

leading to liver damage may have a preventive effect against

FLD progression irrespective of whether the disease ismetabolic

in nature or related to excessive alcohol intake.
Same Fatty Liver with Diverse Clinical Presentations
The most common phenotype associated with NAFLD is excess

body weight (Chalasani et al., 2018). However, NAFLD has been

reported in individuals with normal BMI in both Western and

Asian countries (Das et al., 2010). Individuals with normal BMI

and NAFLD usually have central fat accumulation and sarcope-

nia. The severity of insulin resistance also varies across these

populations, although in general, lean individuals with NAFLD

are less insulin resistant and have milder histologic severity of

disease (Fracanzani et al., 2011), although this has not been uni-

versally reported (Denkmayr et al., 2018). The distribution of po-

tential etiologies of NAFLD has not been systematically studied

across these populations beyond the description of varying

prevalence of the PNPLA3 I148M variant (Fracanzani et al.,

2017). Based on epidemiological considerations, it is expected

that conditions such as celiac disease and hypoalphalipoprotei-

nemia/hypobetalipoproteinemia are more likely to be present in

lean individuals with NAFLD in Western populations (Pelusi

et al., 2019a). In Asian countries, an increase in caloric intake

often occurs in adulthood and is associated with hypertrophy

of adipocytes, whereas in other countries with a high preva-

lence of childhood obesity, there is both hyperplasia and hyper-

trophy of adipocytes, which can affect biology and the ability to

contribute to the systemic inflammatory state associated with

NAFLD (Skurk et al., 2007). It is noteworthy that even in appar-

ently lean individuals, increasing adiposity, especially in the

visceral compartments, and insulin resistance are key risk fac-

tors for the development of NAFLD (Wong et al., 2015).

Variants Regulating Lipid Biology Increase the Risk
of FLD
A common mechanism that could explain the damage induced

by alcohol and excess nutrients is related to the accumulation

of enlarged lipid droplets. Indeed, both ethanol and metabolic

substrates are converted into lipids once in the hepatocyte and

are then stored within these intracellular organelles (Stickel and

Hampe, 2012). The striking observation when examining human

molecular genetics of NAFLD is that all the main genetic varia-

tions contributing to NAFLD susceptibility impact the activity of

proteins involved in lipid droplet biology. The PNPLA3 protein

is an enzyme located on the surface of lipid droplets of hepato-

cytes and hepatic stellate cells. PNPLA3 displays hydrolase ac-

tivity toward triglycerides and retinyl esters and has potential

transacetylase activity to incorporate polyunsaturated fatty

acids into phospholipids (Mitsche et al., 2018). The I148Mmuta-

tion induces a loss of function in lipase activity and accumulates

at the surface of lipid droplets where CGI-58, an essential

cofactor for the adipose triglyceride lipase (ATGL), is seques-

tered (Wang et al., 2019). The tridimensional structure of protein

domains andwhether themutant induces a change in the protein

topology are not yet known. Irrespective of the mechanism, ge-

netic variation reducing PNPLA3 expression seems to have a

beneficial effect against NAFLD in carriers of the I148M mutant

(Donati et al., 2016), and pharmacological downregulation of

the protein induces amelioration of hepatic fat accumulation in

both wild-type and mutant mice and inflammation and fibrosis

in mice carrying the mutant protein fed with a NAFLD-inducing

diet (BasuRay et al., 2019; Kumashiro et al., 2013; Lindén

et al., 2019).
Cell Metabolism 31, January 7, 2020 37



Figure 1. Hepatic Fat Accumulation Is Causally Linked with Fibrosis
Comparison of the impact of naturally occurring risk variants in PNPLA3 I148M
(rs738409), TM6SF2 E167K (rs58542926), GCKR P446L (rs1260326),
MBOAT7 rs641738, and PPP1R3B (rs4841132) on hepatic histological stea-
tosis versus fibrosis in a cross-sectional liver biopsy cohort (n = 1388) (Don-
giovanni et al., 2018a; Dongiovanni et al., 2018b). Normalized correlation
coefficients were estimated by generalized linear regression models adjusted
for age, sex, bodymass index, and presence of type 2 diabetes. Modified from
Valenti and Baselli, (2019).
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TM6SF2 is another membrane protein located in the Golgi

whose loss of function is responsible for lipid retention in the he-

patocyte via reduction in lipidation and number of lipoprotein

particles (Kim et al., 2017; Prill et al., 2019; Smagris et al.,

2016). While the E167K mutation increases the risk of NAFLD

by determining the compartmentalization of lipids within intracel-

lular droplets, it reduces the risk of cardiovascular disease by

reducing circulating lipoproteins (Dongiovanni et al., 2015a; Ko-

zlitina et al., 2014). MBOAT7 is a six-transmembrane protein

anchored to lipid endomembranes, specifically lipid droplets,

mitochondrial-associated membranes, and the endoplasmic re-

ticulum (Caddeo et al., 2019; Mancina et al., 2016). Interestingly,

the enzymatic activity of this protein, although it has yet to be

studied in detail, seems to be related to the remodeling of phos-

pholipids with polyunsaturated fatty acids in the Lands cycle.

GCKR rs1260326 encodes a loss-of-function variant (P446L)

that increases the activity of intracellular glucokinase and results

in a net increase in intracellular glucose phosphate, leading to

de novo lipogenesis via the induction of glycolysis and the stim-

ulation of carbohydrate-responsive element-binding protein

(ChREBP) (Raimondo et al., 2015). This process has a net effect

on carriers of the variant reflected by higher liver fat and circu-

lating triglycerides but lower insulin resistance and reduced pre-

disposition to diabetes. Similarly, the rs4841132 variation in

PPP1R3B shifts energy storage from glycogen to lipid accumu-

lation in the liver, resulting in an increased risk of NAFLD in at-risk

individuals (Dongiovanni et al., 2018a).

Inactivating variants in the HSD17B13 gene, which encodes

the hepatic lipid droplet protein hydroxysteroid 17-b dehydroge-

nase 13, have recently been linked with a reduced risk of alco-

holic and non-alcoholic chronic liver disease without affecting

liver fat content (Abul-Husn et al., 2018; Grimaudo et al.,

2019b; Kozlitina et al., 2018; Ma et al., 2019). Among these,
38 Cell Metabolism 31, January 7, 2020
the rs72613567 T to TA insertion variant adjacent to the donor

splice site downstream of exon 6 of HSD17B13 may affect

mRNA splicing and lead to the production of a truncated protein

(Abul-Husn et al., 2018). Interestingly, the rs72613567 interacted

with PNPLA3 I148M, such that additional HSD17B13 TA alleles

reduced the risk of liver disease conferred by PNPLA3 I148M

(Abul-Husn et al., 2018). The enzymatic activity of HSD17B13

is still subject to debate. Abul-Husn et al. show that the protein

has enzymatic activity against several bioactive lipid species

(e.g., leukotriene B) that potentially cause the inflammation

(Abul-Husn et al., 2018).

In Figure 1, we showed the correlation, which was derived

from the normalized estimates of the impact of genetic variation

in the same cohort (Dongiovanni et al., 2018a; Dongiovanni et al.,

2018b; Valenti and Baselli, 2019) between the effect size of these

variants on liver fat and fibrosis. Remarkably, there was an

almost complete and robust linear relationship between the

impact of genetic variants on fat and fibrosis, the major predic-

tors of liver-related events in patients with NAFLD. This evidence

points to a deleterious effect of liver fat accumulation. Indeed, a

formal Mendelian randomization (MR) analysis (Figure 2) indi-

cated that the epidemiological association between hepatic fat

and fibrosis was fully consistent with a causal role of hepatic

fat on liver disease independent of the severity of dysmetabolism

(Dongiovanni et al., 2018b). In other words, MR suggests that

liver steatosis should not be considered merely ‘‘benign,’’ but

rather as a form of FLD that has yet to develop into steatohepa-

titis (Pelusi et al., 2019b; Pelusi and Valenti, 2019).

One should bear in mind that the quality of lipid species may

also contribute to the onset of steatohepatitis. Another caveat

is that the genetic predisposition to obesity and diabetes is

well established (Ingelsson and McCarthy, 2018; McCarthy,

2017; Goodarzi, 2018) and therefore, in studies investigating

the genetic susceptibility of FLD, it would be important to ac-

count for the obesity and diabetes genetic predisposition

irrespective of the adjustment in the analyses for metabolic

diseases.

Human Genetics to Identify Drug Targets: Lessons from
Cardiovascular Disease
Studies conducted in the field of cardiovascular disease may

help in understanding the significance of the MR analysis cited

above and the clinical implications for patients with NAFLD.

Indeed, epidemiological studies describe the association of

various traits with diseases and clinical outcomes. These studies

are the foundation of descriptive medicine, but even in well-con-

ducted prospective studies, causality between the variables

under study cannot be inferred due to the roles of unmeasured

confounders. The best way to assess causality in human studies

is performing interventions that specifically modify an exposure

potentially causing the clinical outcome with randomization of

participants. However, a valid alternative is using MR. Indeed,

the combination of alleles in a single individual is a result of a

randomization performed by nature during meiotic recombina-

tion. Therefore, a genetic variation with a primary effect on a trait

can be used if a series of assumptions are fulfilled, as recently re-

viewed (Holmes et al., 2017; Neeland and Kozlitina, 2017), to

establish whether changes in this biological trait causemodifica-

tions in the outcome.



Figure 2. Mendelian Randomization as a
Tool to Understand Causality
(A) Mendelian randomization consists of an instru-
mental variable analysis meeting the following as-
sumptions: (1) single or multiple variants (instru-
mental variable) in bluemust be associatedwith the
exposure in green; (2) must not associate with
confounders in gray; and (3) must not affect the
phenotype in yellow except through the risk factor.
(B) A Mendelian randomization study on fatty liver
disease by Dongiovanni et al. (2018b) showed that
excess in liver fat causes fibrosis, which in turn
causes insulin resistance.
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Examples from the field of atherosclerosis can elucidate how

this approach has been successfully used to understand disease

mechanisms and identify drug targets. High circulating low-den-

sity lipoprotein (LDL-C) levels are associated with accelerated

atherosclerosis, while high levels of high-density lipoprotein

(HDL-C) have been shown to be protective against this disease in

epidemiological studies. Early epidemiological studies coupled

with studies inmice have prompted the idea that while LDL-C ac-

cumulates in the atherosclerotic plaque, HDL-C is responsible

for the opposite event, namely, clearing the lipids from the pla-

que. In the last 35 years, several intervention studies have

been conducted to lower LDL-C or increase HDL-C to prevent

cardiovascular disease. Interestingly, all the studies reducing

LDL-C, with different drugs acting on the same (rosuvastatin,

atorvastatin, and simvastatin) or different mechanisms (ezeti-

mibe or PCSK9 inhibitors), have succeeded in reducing athero-

sclerosis, while all the drugs raising HDL-C (e.g., torcetrapib)

have had a neutral or detrimental effect (Neeland and Kozlitina,

2017). Importantly, the reduction in atherosclerosis was propor-

tional to the size of the reduction in LDL-C in all trials. All of these

results showed that LDL-C plays a causal role, while HDL-C is

only a marker of a disease process. Learning from this lesson,

the novel clinical trials of drugs for reducing atherosclerosis are

coming from MR studies and providing successful results (for

example, inhibitors of Lp(a), ANGPTL3, and APOC3) (Gaudet

et al., 2017; Graham et al., 2017; Tsimikas et al., 2015).

A recent work by Sun et al. (2019) shows elegantly how

oxidized phospholipids and key inflammatory and atherogenic

factors arising from oxidative stress accumulate in human and

mouse NASH. Oxidized phospholipids promote reactive oxygen

species, resulting in hepatocyte mitochondrial dysfunction, and

their neutralization improved the entire spectrum of FLD. This

work further strengthens the parallel between atherosclerosis

and FLD.
Using the Lessons from Human
Genetics to Discover Drugs for FLD
Coming back to NAFLD, an MR study us-

ing, as instrumental variables, four vari-

ants in PNPLA3, TM6SF2, MBOAT7,

and GCKR, demonstrated a causal role

of liver fat in inducing liver inflammation,

ballooning, and fibrosis (Dongiovanni

et al., 2018b). Interestingly, this study

suggests that insulin resistance that is

often associated with NAFLD is due to

the degree of fibrosis and not the pres-
ence of fat in the liver. This finding suggests that the most

obvious target to counteract liver disease progression should

be represented by reduction in the hepatic fat within intracellular

lipid droplets, which is the common feature linking genetic

risk variants with disease predisposition (Figure 3). Therefore,

hepatic fat (including the accumulation of triglycerides, choles-

terol, and possibly specific lipotoxic species) is analogous to

LDL-C accumulation in the plaque as a driver and therapeutic

target for atherosclerosis (Figure 4).

It would be predicted that drugs targeting liver fat content (and

the accumulation of lipotoxic species) will most likely be suc-

cessful in impeding FLD progression. This may be achieved by

different approaches: (1) by reducing the delivery of lipotoxic

loads and excess carbohydrates to the liver (e.g., by adminis-

tering drugs targeting GLP-1, which directly modulates food

intake; SGLT2, which induces a negative caloric balance; and

PPAR-g, which modulates adipose tissue insulin sensitivity and

adiponectin release); (2) by promoting the oxidation of lipids

within hepatocytes (e.g., via u-3 fatty acids, PPARa and d ago-

nists, metabolism, and TRH receptor b agonists); (3) by inhibiting

lipogenesis (e.g., via ACC and SCD1 inhibitors); and (4) by exert-

ing a more complex modulation of lipid metabolism with diver-

sion of lipids from the liver, partly via the modulation of the farne-

soid X receptor (FXR) and fibroblast growth factor-19 (FGF19)

axis. Although these pathways also have several pleiotropic ef-

fects, they showed promising results in terms of the reduction

in fibrosis or biomarkers, as recently reviewed (Pelusi and Val-

enti, 2019).

The path of reducing de novo lipogenesis is not free from

negative effects. The GCKR P446L variant leads to a reduction

in hepatic glucose metabolism, most likely through ChREBP, re-

sulting in lower concentrations of malonyl-CoA, a substrate for

de novo lipogenesis (van de Bunt and Gloyn, 2010). Although

carriers of this variant have less liver disease than noncarriers,
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Figure 3. Mechanism by Which Genetic
Risk Variants Involved in the Susceptibility
to Hepatic Fat Accumulation Lead to Liver
Damage and Therapeutic Opportunities
Green indicates a druggable target. Purple in-
dicates druggable targets with possible side ef-
fects as suggested by human genetics. Yellow
indicates undruggable targets.
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they have a higher risk of diabetes. Overall, one could hypothe-

size that by reducing de novo lipogenesis, liver disease would

also be reduced, but insulin resistance and hyperglycemia may

be worsened. If this will be the case, the question is whether

the effect on liver disease reduction will outweigh the effect on

increasing cardiovascular disease risk.

Because liver fat content can be reduced by increasing triglyc-

eride secretion from the liver, an obvious question is whether this

could be used as a therapeutic strategy. The TM6SF2 E167K

variant results in an increase in liver fat content by reducing liver

fat secretion through quantitative (reduced lipidation) and quali-

tative (lower number of particles) changes in lipoprotein particle

secretion (Kim et al., 2017; Prill et al., 2019; Smagris et al., 2016).

The upregulation of this gene could technically free the liver from

fat, but the prediction will be, given that carriers of the genetic

variant are protected from cardiovascular events, that by

increasing TM6SF2 function we will cause not only a reduction

in liver fat but also an increased risk of cardiovascular disease

mediated by the increase in circulating lipoproteins. Overall,

the data suggest that themodulation of secreted lipoprotein par-

ticles will change the risk of both liver disease and cardiovascular

disease, unfortunately in the opposite direction.

Beyond fat accumulation, human genetics has revealed

another, until recently, unsuspectedmajor player in liver damage

progression in FLD; that is, the derangement of hepatic retinol

metabolism. Retinol is released from hepatic stellate cells after

liver damage (Friedman et al., 1985; Friedman, 2008), transdiffer-

entiating in the fibrogenic phenotype. Retinol is converted into its

active form, retinoic acid, a potent nuclear transcription factor

that increases the secretion ofmetalloproteases andmetallopro-

teases involved in fibrosis remodeling and repair (Pingitore et al.,

2016). Therefore, it may be speculated that the PNPLA3 I148M

variant has direct fibrogenic activity in hepatic stellate cells de-

pending on the reduction in retinol availability (Pingitore et al.,

2016; Pingitore and Romeo, 2019; Pirazzi et al., 2014). This

reduction may lead to a failure to repair collagen deposition re-

sulting in fibrosis. Modulation of retinol metabolism (PNPLA3)

represents another possible therapeutic approach, but a better

understanding of the mechanism by which retinoids regulate he-

patic inflammation and fibrosis is required.

Regarding the concept of translating the MR approach into

drug discovery for the validation of potential targets identified
40 Cell Metabolism 31, January 7, 2020
in pathophysiological studies, as is

currently the practice for cardiovascular

disease, we already have some evidence

that this concept will also work for FLD.

Indeed, initial data suggest that the

rs35724 variant in the N1RH4 gene (en-

coding FXR), linked with increased gene
expression, was associated with protection against fibrosis

and fat but not inflammation, but this variant was associated

with increases in LDL-C levels (Grimaudo et al., 2019a). This

pattern recapitulates the results of randomized controlled trials

evaluating obeticholic acid, a potent FXR agonist, for the treat-

ment of severe NASH (Neuschwander-Tetri et al., 2015).

Although this approach needs further validation, it suggests

that the genetic variation affecting the expression and activity

of candidate pharmacological targets may be used as a proxy

to forecast the likely impact of pharmacological manipulation in

clinical trials.

A Precision Medicine Approach to NAFLD Based on
Human Genetics
In medicine, there is yet no precision treatment for metabolic dis-

eases tackling a specific inborn genetic variant. The human ge-

netics of FLD offers the opportunity to implement precisionmed-

icine with the PNPLA3 I148M variant. As described before, this

variant is the strongest genetic determinant increasing suscepti-

bility to FLD. A recent study inmicewithPNPLA3 variant knock in

attempted to prevent FLD progression in mice by downregulat-

ing the PNPLA3 mutant protein by means of antisense oligonu-

cleotides (Lindén et al., 2019). Although the mechanisms are

not entirely clear, there is a general consensus that the mutant

protein has a deleterious effect by inhibiting lipid droplet remod-

eling in hepatocytes and hepatic stellate cells (Pingitore and

Romeo, 2019). Downregulation of the mutant protein resulted

in a reduction in fatty liver in these mice and, importantly, a spe-

cific effect in ameliorating inflammation and fibrosis specifically

in mice homozygous for the Pnpla3 I148M mutant protein

(Lindén et al., 2019). If these results are translated into humans,

downregulation of themutant protein may be the first example of

human genetics-based precision medicine. The novelty will be

that with this drug, we will treat the cause of the disease and

not merely the phenotype.

Using Human Genetics in Clinical Trials
The accumulating evidence on the role of genetics in FLD can

already be useful for the design andmanagement of clinical trials

in the field. For example, as screening failure represents one of

the major limitations in NASH trials, scores encompassing the

determination of the PNPLA3 variant may help to noninvasively



Figure 4. A Parallel between the Development and Progression of Atherosclerosis and NAFLD
In both diseases, there is an initial trigger due to the accumulation of lipids, mainly cholesterol during atherosclerosis and triglycerides, cholesterol, and lipids in
the subintima layer of the arterial walls and the liver, respectively. This process causes fatty streaks with intima-media thickening and simple steatosis,
respectively. The subsequent lipid oxidation and accumulation of lipotoxic compounds causes inflammation and the activation of fibrogenesis, leading to the
development of plaques and fibrosing NASH, respectively. When buffering mechanisms are exhausted, especially in the presence of facilitating factors, these
processes lead to plaque rupture and thrombosis or to liver failure and the development of liver cancer.
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predict those patients with a higher likelihood of being affected

by NASH with severe histological activity (Hyysalo et al., 2014).

Incorporating a larger set of genetic risk variants (e.g., using a

weighted genetic risk score with variants in PNPLA3, TM6SF2,

GCKR, and MBOAT7) would lead to further improvement of

the diagnostic accuracy (Dongiovanni et al., 2018b). Further-

more, carriage of the PNPLA3 variant can help identify patients

at risk of progressive liver disease in the absence of histological

NASH at a definite time point, which may be worth targeting in

future studies (Pelusi et al., 2019b). As the shift of late phase

studies is moving from histological changes to hard clinical

events, the inclusion of a proportion of patients at high genetic

riskmay allow for an increase in the power of the studies. Indeed,

the genetic risk profile correlates with the risk of developing he-

patocellular carcinoma (Donati et al., 2017; Pelusi et al., 2019a)

and liver-related events (Grimaudo et al., 2019b). Furthermore,

stratification of genetic risk would certainly help to balance

arms of clinical intervention studies and help achieve success,

highlighting at the same time potential sources of variability

related to disease heterogeneity.

Indeed, several studies have shown genetic background re-

sults in specific changes in liver physiology. For example,

PNPLA3 I148M carriers have lower de novo lipogenesis and a

higher content of polyunsaturated fatty acids than noncarriers

(Mancina et al., 2015). GCKR and TM6SF2 carriers have higher

de novo lipogenesis (Prill et al., 2019). Based on these data,

one may speculate that carriers of GCKR and TM6SF2 would

respond better to inhibitors of DNL, while carriers of PNPLA3

variant would not. Moreover, PNPLA3 variant carriers also
respond differently to the administration of specific drugs. As

an example, they do not experience the beneficial effect of sta-

tins (Dongiovanni et al., 2015b), have higher transaminase levels

after administration of hormones (Guzman et al., 2018; Pillai

et al., 2018), and have higher prevalence of liver-related side ef-

fects of chemotherapy (Dold et al., 2017; Liu et al., 2017a). These

findings suggest that it would be a clever step to genotype pa-

tients for these common variants in clinical trials and perform

subanalyses to test whether specific genetically defined sub-

groups have a higher response rate and fewer side effects to

drug administration. This processmay lead to the demonstration

of efficacy and approval of treatment, which may have no or only

modest benefits in the overall population.

Future Perspectives
As discussed, FLD is a complex pathology with multiple facets

and histological subtypes. While human genetics clearly show

that excess liver fat content and lipotoxicity cause liver fibrosis,

a question remains for the other features of FLD; namely, inflam-

mation, ballooning, and direct activation of hepatic stellate cells

and the role played by retinoids in the progression of liver dis-

ease remain to be elucidated. To understand the implication of

having higher liver inflammation or ballooning, per se, the identi-

fication and characterization of genetic variants specifically

altering the susceptibility to hepatocellular damage and inflam-

mation are needed.

Notwithstanding, current genetic knowledge already allows

for the identification of a subset of patients with an increased

risk of liver-related complications of FLD, which is associated
Cell Metabolism 31, January 7, 2020 41



Cell Metabolism

Perspective
with a distinct pathophysiological profile and altered response to

some therapeutic approaches. Genetic scores may therefore be

able to help stratify the risk of progressive liver disease and he-

patocellular carcinoma independently of fibrosis staging to allow

for the indication of specific treatments and surveillance for liver-

related complications. Moreover, modulation of the expression

of the main protein associated with FLD susceptibility, namely

PNPLA3, holds the promise to become the first precision-based

approached for the treatment of a chronic disorder.

Currently, the Food and Drug Administration requires that clin-

ical trials for the treatment of FLD show efficacy in the reduction

of hepatic fibrosis and inflammation (i.e., NASH) in order to

approve any new drug therapies in this space. This requirement

effectively focuses on secondary prevention in FLD. Drugs tar-

geting defects in lipid biology are likely to reach these clinical

endpoints, because abolishing the cause of inflammation and

fibrosis will allow the liver to take full advantage of its high regen-

erative potential as shown for drugs targeting hepatitis C virus

(Belli et al., 2016). But the current enrollment requirements in

such clinical trials leads to an important question: should simple

steatosis be treated as a primary prevention to halt FLD progres-

sion to NASH? Results from the MR studies suggest that, yes,

simple steatosis should be treated (Dongiovanni et al., 2018b)

in the same way that treating elevated LDL-C is recommended

to prevent atherosclerosis. If these results are confirmed by lon-

gitudinal studies, the next step will be to define the threshold of

liver fat required to start treatment as a primary prevention

strategy.
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Hyysalo, J., M€annistö, V.T., Zhou, Y., Arola, J., K€arj€a, V., Leivonen, M., Juuti,
A., Jaser, N., Lallukka, S., K€akel€a, P., et al. (2014). A population-based study
on the prevalence of NASH using scores validated against liver histology.
J. Hepatol. 60, 839–846.
Ingelsson, E., and McCarthy, M. (2018). Human Genetics of Obesity and Type
2 Diabetes Mellitus: Past, Present, and Future. Circ Genom. Precis. Med. 11,
e002090.

Kim, D.S., Jackson, A.U., Li, Y.K., Stringham, H.M., Kuusisto, J., Kangas, A.J.,
Soininen, P., Ala-Korpela, M., Burant, C.F., Salomaa, V., et al.; FinMetSeq In-
vestigators (2017). Novel association of TM6SF2 rs58542926 genotype with
increased serum tyrosine levels and decreased apoB-100 particles in Finns.
J. Lipid Res. 58, 1471–1481.

Kleiner, D.E., Brunt, E.M., Van Natta, M., Behling, C., Contos, M.J., Cummings,
O.W., Ferrell, L.D., Liu, Y.C., Torbenson, M.S., Unalp-Arida, A., et al.; Nonalco-
holic Steatohepatitis Clinical Research Network (2005). Design and validation
of a histological scoring system for nonalcoholic fatty liver disease. Hepatol-
ogy 41, 1313–1321.

Kleiner, D., Brunt, E.B., Belt, P.H., Wilson, L.A., Guy, C.D., Yeh, M., Gill, R.,
Kowdley, K.V., Neuschwander-Tetri, B.A., and Sanyal, A.J. (2016). Diagnostic
pattern and disease activity are related to disease progression and regression
in nonalcoholic fatty liver disease. Conference reports for NATAP (NDDK
NASH CRN).

Kozlitina, J., Smagris, E., Stender, S., Nordestgaard, B.G., Zhou, H.H., Tyb-
jærg-Hansen, A., Vogt, T.F., Hobbs, H.H., and Cohen, J.C. (2014). Exome-
wide association study identifies a TM6SF2 variant that confers susceptibility
to nonalcoholic fatty liver disease. Nat. Genet. 46, 352–356.

Kozlitina, J., Stender, S., Hobbs, H.H., and Cohen, J.C. (2018).HSD17B13 and
chronic liver disease in blacks and hispanics. N. Engl. J. Med. 379, 1876–1877.

Krawczyk, M., Portincasa, P., and Lammert, F. (2013). PNPLA3-associated
steatohepatitis: toward a gene-based classification of fatty liver disease.
Semin. Liver Dis. 33, 369–379.

Kumashiro, N., Yoshimura, T., Cantley, J.L., Majumdar, S.K., Guebre-Eg-
ziabher, F., Kursawe, R., Vatner, D.F., Fat, I., Kahn, M., Erion, D.M., et al.
(2013). Role of patatin-like phospholipase domain-containing 3 on lipid-
induced hepatic steatosis and insulin resistance in rats. Hepatology 57,
1763–1772.

Laparra, J.M., and Sanz, Y. (2010). Interactions of gut microbiota with func-
tional food components and nutraceuticals. Pharmacol. Res. 61, 219–225.

Lindén, D., Ahnmark, A., Pingitore, P., Ciociola, E., Ahlstedt, I., Andréasson,
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karainen, A., Rametta, R., Mozzi, E., Fargion, S., Valenti, L., et al. (2015). Par-
adoxical dissociation between hepatic fat content and de novo lipogenesis
due to PNPLA3 sequence variant. J. Clin. Endocrinol. Metab. 100, E821–E825.

Mancina, R.M., Dongiovanni, P., Petta, S., Pingitore, P., Meroni, M., Rametta,
R., Boren, J., Montalcini, T., Pujia, A., Wiklund, O., et al. (2016). The MBOAT7-
TMC4 variant rs641738 increases risk of nonalcoholic fatty liver disease in in-
dividuals of european descent. Gastroenterology 150, 1219–1230.e6.

McCarthy, M.I. (2017). Genetics of T2DM in 2016: Biological and translational
insights from T2DM genetics. Nat. Rev. Endocrinol. 13, 71–72.

Mitsche, M.A., Hobbs, H.H., and Cohen, J.C. (2018). Patatin-like phospholi-
pase domain–containing protein 3 promotes transfer of essential fatty acids
from triglycerides to phospholipids in hepatic lipid droplets. J. Biol. Chem.
293, 6958–6968.

Mouzaki, M., Comelli, E.M., Arendt, B.M., Bonengel, J., Fung, S.K., Fischer,
S.E., McGilvray, I.D., and Allard, J.P. (2013). Intestinal microbiota in patients
with nonalcoholic fatty liver disease. Hepatology 58, 120–127.

Neeland, I.J., and Kozlitina, J. (2017). Mendelian Randomization: Using Natural
Genetic Variation to Assess the Causal Role of Modifiable Risk Factors in
Observational Studies. Circulation 135, 755–758.

Neuschwander-Tetri, B.A., Loomba, R., Sanyal, A.J., Lavine, J.E., Van Natta,
M.L., Abdelmalek, M.F., Chalasani, N., Dasarathy, S., Diehl, A.M., Hameed,
B., et al.; NASH Clinical Research Network (2015). Farnesoid X nuclear recep-
tor ligand obeticholic acid for non-cirrhotic, non-alcoholic steatohepatitis
(FLINT): a multicentre, randomised, placebo-controlled trial. Lancet 385,
956–965.

Pelusi, S., and Valenti, L. (2019). Hepatic fat as clinical outcome and therapeu-
tic target for nonalcoholic fatty liver disease. Liver Int. 39, 250–256.

Pelusi, S., Baselli, G., Pietrelli, A., Dongiovanni, P., Donati, B., McCain, M.V.,
Meroni, M., Fracanzani, A.L., Romagnoli, R., Petta, S., et al. (2019a). Rare
Pathogenic Variants Predispose to Hepatocellular Carcinoma in Nonalcoholic
Fatty Liver Disease. Sci. Rep. 9, 3682.

Pelusi, S., Cespiati, A., Rametta, R., Pennisi, G., Mannisto, V., Rosso, C.,
Baselli, G., Dongiovanni, P., Fracanzani, A.L., Badiali, S., et al. (2019b). Prev-
alence and Risk Factors of Significant Fibrosis in Patients With Nonalcoholic
Fatty Liver Without Steatohepatitis. Clin. Gastroenterol. Hepatol. 17, 2310–
2319.e6.

Pillai, S., Duvvuru, S., Bhatnagar, P., Foster, W., Farmen, M., Shankar, S., Har-
ris, C., Bastyr, E., 3rd, Hoogwerf, B., and Haupt, A. (2018). The PNPLA3 I148M
variant is associated with transaminase elevations in type 2 diabetes patients
treated with basal insulin peglispro. Pharmacogenomics J. 18, 487–493.

Pingitore, P., and Romeo, S. (2019). The role of PNPLA3 in health and disease.
Biochim. Biophys. Acta. Mol. Cell Biol. Lipids 1864, 900–906.

Pingitore, P., Dongiovanni, P., Motta, B.M., Meroni, M., Lepore, S.M., Man-
cina, R.M., Pelusi, S., Russo, C., Caddeo, A., Rossi, G., et al. (2016). PNPLA3
overexpression results in reduction of proteins predisposing to fibrosis. Hum.
Mol. Genet. 25, 5212–5222.

Pirazzi, C., Adiels, M., Burza, M.A., Mancina, R.M., Levin, M., Ståhlman, M.,
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