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La steatosi epatica non alcolica (NAFLD), presente in circa il 20%-30% della popolazione
generale, è una condizione patologica caratterizzata dall’accumulo a livello epatico di gocce
lipidiche, in assenza di un significativo consumo alcolico. La rilevanza clinica della NAFLD
consiste nel fatto che circa il 20%-30% di questa popolazione presenta un quadro di
steatoepatite non alcolica (NASH) che al contrario della semplice steatosi è una condizione
che può evolvere verso la cirrosi epatica e le sue complicanze. Tuttavia i pazienti con
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NAFLD, oltre ad essere a rischio di NASH, sono anche ad elevato rischio malattie
cardiovascolari. Alcuni recenti studi genome-wide hanno identificato polimorfismi a carico di
geni quali il PNPLA3, GCKR e TM6SF2 associati non solo a maggiore prevalenza di
NAFLD ma anche ad una sua maggiore severità (allegati 1 e 2). Studi preliminari hanno
anche talora documentato un effetto di questi poliformismi sugli out come cardiovascolari.
Questi studi tuttavia valutano l’effetto medio dei polimorfismi nell’intera popolazione
studiata, non essendo abili a stimare il rischio specifico nel singolo paziente e soprattutto in
sottogruppi di pazienti differenziati per rilevanti fattori di rischio quali obesità, diabete, etc.
Tali considerazioni comportano una scarsa utilità nella pratica clinica dei polimorfismi
individuati, e possibilmente la sottostima del ruolo di polimorfismi in altri geni in grado di
esercitare il loro effetto in alcuni sottogruppi di pazienti.
Il gruppo guidato dal Prof. Antonio Craxì negli ultimi anni ha prodotto numerosi lavori
scientifici in collaborazione con altri gruppi nazionali ed internazionali, e mirati a valutare
l’impatto di polimorfismi genici sul danno epatico e cardiovascolare nella NAFLD (allegati 35).
Si ritiene estremamente rilevante condurre uno studio multicentrico su un’ampia
popolazione di pazienti con NAFLD per studiare secondo approcci “omics” di genomica
strutturale, genomica funzionale, proteomica, e metabolomica fattori che si associano a
danno epatico e cardiovascolare, sia nella popolazione NAFLD in generale che in
sottogruppi differenziati per sesso, obesità, diabete e rischio genetico. Obiettivo finale sarà
quindi disporre di una carta “omics” del rischio in pazienti NAFLD così da elaborare uno
score genetico-metabolico in grado di discriminare rischi epatici e cardiovascolari nel
singolo paziente NAFLD. Tale approccio innovativo avrà delle ripercussioni positive sul
sistema sanitario regionale e nazionale perché, identificando pazienti NAFLD a rischio
permetterà di ottimizzare risorse lavorative ed economiche non sull’intera popolazione
NAFLD ma su soggetti a maggiore rischio.
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Nonalcoholic fatty liver disease (NAFLD) is a burgeoning health problem of unknown etiology
that varies in prevalence among ethnic groups. To identify genetic variants contributing to
differences in hepatic fat content, we performed a genome-wide association scan of
nonsynonymous sequence variations (n=9,229) in a multiethnic population. An allele in PNPLA3
(rs738409; I148M) was strongly associated with increased hepatic fat levels (P=5.9×10−10) and
with hepatic inflammation (P=3.7×10−4). The allele was most common in Hispanics, the group
most susceptible to NAFLD; hepatic fat content was > 2-fold higher in PNPLA3-148M
homozygotes than in noncarriers. Resequencing revealed another allele associated with lower
hepatic fat content in African-Americans, the group at lowest risk of NAFLD. Thus, variation in
PNPLA3 contributes to ethnic and inter-individual differences in hepatic fat content and
susceptibility to NAFLD.
In humans, adipose tissue serves as a reservoir to limit the deposition of triglyceride (TG) in
the liver and other metabolically active tissues1. The effectiveness of this buffer in
protecting against the accumulation of fat in the liver varies widely among individuals:
hepatic fat content ranges from less than 1% to more than 50% of liver weight in the general
population2. The accumulation of excess TG in the liver, a condition known as hepatic
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steatosis (or fatty liver), is associated with adverse metabolic consequences, including
insulin resistance and dyslipidemia3,4. In a subset of individuals hepatic steatosis promotes
an inflammatory response in the liver, referred to as steatohepatitis, which can progress to
cirrhosis and liver cancer3,5. Nonalcoholic fatty liver disease (NAFLD) is the most common
form of liver disease in Western countries6. Approximately 10% of liver transplants
performed in the United States are for cirrhosis related to NAFLD4.
Factors promoting deposition of fat in the liver include obesity, diabetes, insulin resistance,
and alcohol ingestion3,6. The propensity to develop hepatic steatosis differs among ethnic
groups, with African-Americans having the lower (24%) and Hispanics a higher (45%)
frequency of the disorder than European-Americans (33%) in a large US urban population3.
Hispanics also have a higher prevalence of steatohepatitis and cirrhosis, whereas AfricanAmericans are less prone to develop liver failure2,7–9. The factors responsible for these
ethnic differences in prevalence of hepatic steatosis and liver injury are not known.
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To identify DNA sequence variations that contribute to inter-individual differences in
NAFLD, we performed a genome-wide survey of nonsynonymous (NS) sequence variations
in a multiethnic population-based study, the Dallas Heart Study10. We limited our analysis
to NS sequence variations to screen directly the variants with a higher likelihood of affecting
gene function. Hepatic fat content was measured in the Dallas Heart Study using proton
magnetic resonance spectroscopy (1H-MRS), the most accurate, quantitative noninvasive
method available2,11,12. Of the 12,138 NS variants assayed using chip-based
oligonucleotide hybridization13, 9,229 exceeded the quality control threshold for the study
(see METHODS) and were included in the analysis.
Each variant was tested for association with hepatic fat content in the 1,032 AfricanAmerican, 696 European-American and 383 Hispanic study participants in the Dallas Heart
Study who obtained 1H-MRS of the liver2. To maximize statistical power, the three ethnic
groups were pooled and a global ancestry score (calculated using a panel of 2,270 ancestry
informative SNPs) was included in the model to control for population stratification (see
METHODS). The quantile-quantile plot of P-values showed no systematic deviation from
the null distribution (Fig. 1a).
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A single variant in PNPLA3 (rs738409) was strongly associated with hepatic fat content
(P=5.9×10−10) (Fig. 1b). The variant is a cytosine to guanine substitution that changes codon
148 from isoleucine to methionine; this residue is highly conserved in vertebrates (Fig. 2a).
PNPLA3 encodes a 481 amino acid protein of unknown function that belongs to the patatinlike phospholipase family14. The progenitor of this family, patatin, is a major protein of
potato tubers and has nonspecific lipid acyl hydrolase activity15,16. None of the other NS
sequence variants tested in the genome-wide scan exceeded the Bonferroni-corrected
threshold for significance (P=5.4×10−6) (Fig. 1b).
The association between PNPLA3-I148M and hepatic fat content remained highly
significant (P=7.0 × 10−14) after adjusting for BMI, diabetes status, ethanol use, as well as
global and local ancestry (Fig. 2b), and was apparent in all three ethnic groups (Fig. 2c and
Supplementary Table 1 online). Thus, the association between rs738409 and hepatic fat
content was not attributable either to the effect of known risk factors for liver fat
accumulation or to population stratification.
The frequencies of the PNPLA3-148M allele were concordant with the relative prevalence
of NAFLD in the three ethnic groups2; the highest frequency of the allele was in Hispanics
(0.49), with lower frequencies observed in European Americans (0.23) and AfricanAmericans (0.17). Accordingly, we examined the relationship between PNPLA3-I148M and
evidence of hepatic inflammation, as indicated by release of liver enzymes into the
Nat Genet. Author manuscript; available in PMC 2009 June 1.
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circulation. A significant elevation in serum levels of alanine aminotransferase (ALT) was
found in association with the PNPLA3-148M allele (P=3.7 × 10−4). Analysis of the three
ethnic groups revealed that the association with ALT was limited to the Hispanics (P=1.3 ×
10−5), the group with the greatest prevalence of hepatic steatosis and susceptibility to
cirrhosis (Supplementary Table 1 online)2,7. The PNPLA3-148M allele was also associated
with serum aspartate aminotransferase levels in Hispanics (P=0.002). These findings are
consistent with our prior observation that a higher proportion of Hispanics with hepatic
steatosis have evidence of hepatic inflammation7, and suggests that PNPLA3-148M allele
adversely affects liver function.
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Increased hepatic fat content is associated with insulin resistance and dyslipidemia
[increased plasma levels of TG and lower levels of high density lipoprotein-cholesterol
(HDL-C)], but the causal nature of these relationships remains poorly defined3. No
association was found between the PNPLA3-148M allele and body mass index (BMI) or
indices of insulin sensitivity, including fasting glucose and insulin (Supplementary Table 1
online) or homeostatic model assessment of insulin resistance (HOMA-IR) in the Dallas
Heart Study (Fig. 2b). No associations were observed between PNPLA3 genotype and
plasma levels of TG (Fig. 2b), total cholesterol, HDL-C or low density lipoprotein (LDL)-C
(Supplementary Table 1 online). A corresponding analysis in a larger, biracial sample
(n=14,821), the Atherosclerosis Risk in Communities Study (Supplementary Table 2
online)17, also revealed no association of PNPLA3-I148M with BMI, indices of insulin
sensitivity, or plasma levels of TG or HDL-C (Supplementary Table 2 online). Based on the
observed associations between both the SNP and hepatic fat and between hepatic fat and
HOMA-IR in the Dallas Heart Study, the power to detect an association with HOMA-IR
was >96% in the African-Americans and 91% in the European-Americans in ARIC.
The data from these studies indicate that the PNPLA3-148M allele is associated with a
systematic increase in hepatic fat content but not with major alterations in glucose
homeostasis or lipoprotein metabolism. Thus, increased hepatic fat content does not
inevitably lead to insulin resistance, which is consistent with recent observations in some
animal models18,19.
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To determine if other sequence variations in PNPLA3 contribute to differences in hepatic fat
content, we resequenced the coding region of PNPLA3 in the 80 men (32 AfricanAmericans, 32 European-Americans, and 16 Hispanics) and 80 women who had the highest
levels of hepatic fat in the Dallas Heart Study, and in a sex- and ethnicity-matched group
with the lowest levels2. The number of individuals with NS variants found only in the high
group (n=8) was similar to the number found only in the low group (n=9), but the three
subjects with likely null mutations (Fs-Y21 and IVS7+1) were all in the high group (Fig.
3a), which is consistent with loss-of-function of PNPLA3 causing an increase in hepatic TG
content.
Eight variants were present in both the low and the high hepatic fat groups (Fig. 3a and
Supplementary Table 3 online) and the six most common of these sequence variations were
genotyped in the entire sample. One variant, PNPLA3-S453I, that was common in AfricanAmericans (MAF=0.104) but rare in European-Americans (0.003) and Hispanics (0.008)
(Supplementary Table 3 online) was associated with a significantly lower liver fat content.
Median hepatic TG content was 18% lower in African-Americans with the PNPLA3-453I
allele when compared to African-Americans homozygous for the wild-type allele (3.3%
versus 2.7%, P=6.0 × 10−4) (Fig. 3b). Further evidence that the variant was associated with
lower hepatic fat content was the finding that a significantly greater number of individuals
with the PNPLA3-453I allele had a hepatic fat content in the lowest decile when compared
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to the highest decile of the population (Fig. 3b). No significant difference in the number of
individuals identified in the extremes was found for any of the other SNPs (data not shown).
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The effect of PNPLA3-S453I on hepatic fat content was independent of the PNPLA3-I148M
polymorphism. Both variants were statistically significant when included in a multiple
regression model and the S453I was significantly associated with hepatic fat in AfricanAmericans homozygous for the PNPLA3-148I allele (data not shown). The identification of
a second allele of PNPLA3 (i.e. S453I) that was independently associated with hepatic fat
content further supports a role for PNPLA3 in determining hepatic TG levels, and indicates
the presence of both loss-of-function and gain-of-function alleles at this locus. The
mechanisms by which these alleles affect hepatic fat content are not known.
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The physiological substrate(s) of PNPLA3 has not been defined. Expression of PNPLA3 is
under metabolic control in adipose tissue and the liver; mRNA levels are low in the fasted
state and increase dramatically with carbohydrate feeding20,21. PNPLA3 structurally
resembles calcium-independent phospholipase A2 but the recombinant protein has low
phospholipase activity when expressed in insect (Sf9) cells22. PNPLA3 has more robust
activity against TG in vitro and can also transfer fatty acids to and from mono- and
diacylglycerol22. It is not known if the major effect of PNPLA3 in the liver is to hydrolyze
TG or to transfer fatty acids between lipids (transacetylation). Studies are in progress to
determine the specific effects on lipid metabolism of the NS variants in PNPLA3 identified
in this study.

The frequencies of both PNPLA3-148M and of PNPLA3-453I in the three ethnic groups
represented in the Dallas Heart Study are concordant with ethnic differences in hepatic fat
content2. Exclusion of the individuals carrying either of these two alleles (148M and 453I)
substantially attenuated the differences in hepatic fat content between the ethnic groups;
regression analysis indicated that these two sequence variations accounted for 72% of the
observed ethnic differences in hepatic fat content in the Dallas Heart Study. Thus, genetic
variation in PNPLA3 accounts for a large fraction of the ethnic differences in the propensity
to accumulate excess fat in the liver.
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Currently, we cannot accurately predict which individuals with fatty liver will develop
steatohepatitis and progress to cirrhosis and liver failure. The finding that markers of liver
inflammation (serum levels of liver-derived enzymes) were elevated in PNPLA3-148M
carriers, which was also observed in an independent genome-wide association study23,
suggests that this genetic variant may confer increased susceptibility to hepatic injury.
Patatin-like phospholipase family members in other organisms are up-regulated in response
to environmental insults24. The sequence variations we have identified in PNPLA3 may
provide predictive information regarding the risk of developing hepatic steatosis and liver
injury in response to environmental stresses such as caloric excess, infections, or drugs.

METHODS
Study populations
The Dallas Heart Study is a population-based probability sample of Dallas County. The
sampling frame and the study design are described in detail in Victor et al.10. AfricanAmericans were over-sampled (52% African American, self-identified as ‘black’, 29%
European American, self-identified as ‘white’, 17% Hispanic self identified as ‘hispanic’
and 2% other ethnicities). The institutional review board of University of Texas
Southwestern Medical Center approved the study and all study subjects provided written
informed consent. Alcohol consumption was determined according to answers to previously
validated questions2. Blood pressure, height, weight and BMI and calculated variables were
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measured as described10. Fasting blood samples were obtained from 3,551 subjects (ages
30–65) and 2,971 of these individuals completed a clinic visit; hepatic TG content was
measured using 1H-MRS in 2,240 African-Americans, European-Americans and
Hispanics7,12.
The association between PNPLA3-I148M and metabolic phenotypes were also examined in
the Atherosclerosis Risk in Communities Study (ARIC), a large prospective study that
focuses on cardiovascular disease in European-Americans and African-Americans. Details
of the ARIC study design and the methods used to measure plasma lipid levels have been
published previously17,25. The data used in this analysis was collected from the baseline
examination.
Whole-genome association and other statistical methods
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A genome-wide association analysis was performed using 12,138 NS sequence variations
from dbSNP and the Perlegen SNP database (available on request). SNPs were assayed in
3,383 Africans-American, Caucasian and Hispanic participants of the Dallas Heart Study
using high-density oligonucleotide arrays (Perlegen Sciences, Mountain View, CA). SNPs
that met any of the following criteria were excluded (n=2,623): error probability > 20%,
genotype call rate < 80%, or a significant deviation from Hardy-Weinberg Equilibrium (pvalue <0.0001). Of the 9,515 SNPs that were successfully assayed, 286 were monomorphic
in the Dallas Heart Study sample. The remaining 9,229 variants were tested for association
with hepatic fat content in the 2,111 African-Americans, Caucasians and Hispanic subjects
in the Dallas Heart Study who underwent 1H-MRS of the liver2 and in whom ancestryinformative SNPs had been assayed previously; global and local ancestries were inferred for
each individual using STRUCTURE26 under a linkage model with 2,270 ancestryinformative SNPs27. We pooled all participants together and inferred global ancestry (the
probability of an individual belonging to a given cluster) setting the number of clusters K
equal to 3. Although the ancestry-informative SNP panel was primarily designed for
African-Americans [the mean multipoint information content28 (IC̄) = 0.82], it was
adequately informative in European-Americans (IC̄ = 0.63) and Hispanics (IC̄=0.66). We
also inferred local ancestry as the probability that a particular genomic region belonged to a
given cluster. The results were almost identical when ancestry adjustment was performed
with the same SNPs using principal components analysis (data not shown).
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The statistical significance of 9,229 SNPs in the whole genome association study was
assessed using analysis of variance (ANOVA). To accommodate confounding factors, we
included age, sex, and global ancestry as covariates in the model. The additive effect of each
variant was tested by encoding the genotype variable as 0, 1, and 2. Since the distribution of
hepatic fat levels is highly skewed, a power transformation (λ=1/4) was applied to the trait
before the analysis. To account for multiple testing, we adjusted the significance threshold
for the number of tests performed using the Bonferroni method. SNPs with a nominal Pvalue < 5.4×10−6 were considered significant on a genome-wide scale.
The association between PNPLA3 variants and hepatic fat content within each ethnic group
was tested using ANOVA, including age, gender, BMI, diabetes status, ethanol use and local
ancestry as covariates. Individuals whose genetic ancestry was not consistent with their selfreported ancestry (n = 11, 5, and 16 for African-Americans, European-Americans and
Hispanics, respectively) and had a fractional ancestry that was more than 3 times the interquartile range below the 25th percentile for their reference group were excluded from the
analysis. Because the distribution of hepatic TG content is skewed, we reported medians and
inter-quartile ranges.

Nat Genet. Author manuscript; available in PMC 2009 June 1.

ALLEGATO 1
Romeo et al.

Page 6

NIH-PA Author Manuscript

The association of PNPLA3-I148M with BMI, HOMA-IR and plasma TG levels was
analyzed in the African-Americans, Caucasians and Hispanics together using the ANOVA
including age, gender, and local ancestry as covariates. HOMA-IR was adjusted for BMI
and plasma TG levels were adjusted for BMI and diabetes.
To determine the contribution of the sequence variation we identified in PNPLA3 to the
ethnic differences in hepatic fat content, we examined the proportion of variance explained
by ancestry (R1) using a linear model. We then determined the proportion of variance
explained by ancestry after adjusting for the PNPLA3 genotypes (148M and 453I) (R2). The
proportion of variance due to ancestry and explained by 148M and 453I was determined
from (R1 - R2)/R1.
Resequencing PNPLA3
The exons and flanking introns of PNPLA3 were sequenced as described previously29 in the
African-American, European-American and Hispanic men and women in the Dallas Heart
Study with the highest and lowest hepatic TG content. Oligonucleotide primers used for
sequencing are shown in Supplementary Table 4 online. All sequence variants identified
were verified by manual inspection of the chromatograms and missense changes were
confirmed by an independent resequencing reaction.
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Genotyping assays
Fluorogenic 5′-nucleotidase assays were developed for PNPLA3-I148M and for the
sequence variants identified in both the high and low hepatic TG groups in the resequencing
experiments. Sequence variations in PNPLA3 were assayed using the TaqMan assay system
(Applied Biosystems) on a 7900HT Fast Real-Time PCR instrument. Probes and reagents
were purchased from Applied Biosystems.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Whole-genome scan of liver triglyceride content measured by proton magnetic resonance
imaging in the Dallas Heart Study (n=2,111). (a) Quantile-quantile plot of P-values. (b)
Scatter plot of P-values. The dashed line denotes the Bonferroni corrected significance
threshold (P=5.4×10−6).
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Figure 2.

Association between a sequence variant in PNPLA3 (I148M) and hepatic triglyceride (TG)
content. (a) PNPLA3 is a 481 residue protein that contains a patatin-like domain at the N
terminus (residues 10-179, UniProt http://pir.uniprot.org/uniprot/) with consensus sequences
for a Ser-Asp catalytic dyad (Gly-X-Ser-X-Gly and Asp-X-Gly/Ala)14. The I148M
substitution (rs738409) is located between the consensus sequences for the catalytic dyad
and is highly conserved. (b) Median hepatic TG content, body mass index (BMI),
homeostatic model assessment of insulin resistance (HOMA-IR) and plasma TG levels in
the Dallas Heart Study. Values for hepatic fat content were compared using ANOVA. Age,
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gender, BMI, diabetes status, ethanol use and global ancestry were included as covariates in
the model. (c) Median hepatic fat contents and PNPLA3-I148M genotypes in EuropeanAmericans, African-Americans and Hispanics in the Dallas Heart Study. Associations
between hepatic fat content and PNPLA3-I148M genotypes were tested using ANOVA with
age, local ancestry, gender, diabetes status, ethanol intake and BMI as covariates.
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Identification of a PNPLA3 allele (S453I) associated with lower hepatic fat content in
African-Americans in the Dallas Heart Study. (a) Exons and flanking introns of PNPLA3
were sequenced in the 32 European-American and African-American men and women and
in the 16 Hispanic men and women with the lowest and highest hepatic triglyceride content
determined using proton magnetic resonance imaging2. The NS variations identified in
individuals in only the high, only the low and in both the high and low groups are shown.
All the variants not found in both groups were present in only a single subject unless
otherwise indicated. The rs numbers for polymorphisms and the oligonucleotides used for
PCR-sequencing of the coding regions and are provided in Supplementary Tables 3 online
and Supplementary Table 4 online. (b) Median hepatic TG content in African-Americans
carrying the wild-type or PNPLA3-453I allele. (c) Number of individuals with
PNPLA3-453I in the upper and lower deciles of hepatic fat content.
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Abstract
Nonalcoholic fatty liver disease (NAFLD) clusters in families, but the only known common genetic variants influencing risk
are near PNPLA3. We sought to identify additional genetic variants influencing NAFLD using genome-wide association
(GWA) analysis of computed tomography (CT) measured hepatic steatosis, a non-invasive measure of NAFLD, in large
population based samples. Using variance components methods, we show that CT hepatic steatosis is heritable (,26%–
27%) in family-based Amish, Family Heart, and Framingham Heart Studies (n = 880 to 3,070). By carrying out a fixed-effects
meta-analysis of genome-wide association (GWA) results between CT hepatic steatosis and ,2.4 million imputed or
genotyped SNPs in 7,176 individuals from the Old Order Amish, Age, Gene/Environment Susceptibility-Reykjavik study
(AGES), Family Heart, and Framingham Heart Studies, we identify variants associated at genome-wide significant levels
(p,561028) in or near PNPLA3, NCAN, and PPP1R3B. We genotype these and 42 other top CT hepatic steatosis-associated
SNPs in 592 subjects with biopsy-proven NAFLD from the NASH Clinical Research Network (NASH CRN). In comparisons with
1,405 healthy controls from the Myocardial Genetics Consortium (MIGen), we observe significant associations with
histologic NAFLD at variants in or near NCAN, GCKR, LYPLAL1, and PNPLA3, but not PPP1R3B. Variants at these five loci exhibit
distinct patterns of association with serum lipids, as well as glycemic and anthropometric traits. We identify common
genetic variants influencing CT–assessed steatosis and risk of NAFLD. Hepatic steatosis associated variants are not uniformly
associated with NASH/fibrosis or result in abnormalities in serum lipids or glycemic and anthropometric traits, suggesting
genetic heterogeneity in the pathways influencing these traits.
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well as investigate cis gene expression variation (eQTLs) in liver,
subcutaneous and visceral fat from bariatric surgery patients from
Massachusetts General Hospital [17](Figure 1).

Introduction
NAFLD includes a spectrum of disease ranging from fatty
infiltration of the liver (steatosis) to histologic evidence of
inflammation (nonalcoholic steatohepatitis or NASH), to fibrosis
or cirrhosis, without a history of excessive alcohol ingestion [1,2].
NAFLD can lead to liver failure and is accompanied by substantial
morbidity and mortality, with few known effective treatments [3].
Obesity is a primary risk factor for NAFLD, but not all obese
individuals are affected [4]. Familial clustering of the disease has
been identified [5–7], suggesting that NAFLD may be influenced
by genetic variants. However, thus far only one genetic locus has
been found to reproducibly associate with magnetic resonance
measured steatosis [8,9].
Liver attenuation measured using computed tomography (CT)
is a quantitative measure that is inversely related to the amount of
fat in the liver [10–12]. It is highly correlated (r = 0.92) with the
macrovesicular hepatic steatosis and thus is a non invasive
measure of NAFLD [12]. The purpose of the present study was
to determine the heritability of CT measured hepatic steatosis and
to search for associated genetic variants in a meta-analysis of 7,176
individuals of European descent from the Framingham Heart
Study (FRAM), the Old Order Amish Study (Amish), the Family
Heart Study (FamHS), and the Age, Gene/Environment Susceptibility-Reykjavik study (AGES), which together comprise the
GOLD (Genetics of Obesity-related Liver Disease) consortium
(See Table S1). To validate top associating variants for risk of
histologically verified NAFLD, we utilized cases from the NASH
Clinical Research Network (NASH CRN) that were genetically
matched to healthy controls from the Myocardial Genetics
Consortium (MIGen) consortium(See Table S1). We then further
tested genome wide significant or replicating SNPs for associations
with histologic NAFLD using the same cases from the NASH
Clinical Research Network (NASH CRN) versus a different set of
controls from the Illumina Control Database (iCONT) (See Table
S1). Further, we report the association of these SNPs with other
metabolic traits using data from the Global Lipids Genetics [13],
GIANT [14], DIAGRAM [15], and MAGIC [16] Consortia, as
PLoS Genetics | www.plosgenetics.org

Results
We estimated the heritability of CT hepatic steatosis in three
family-based cohorts. We found that the heritability of CT hepatic
steatosis was 0.27 (standard error, SE 0.08), 0.27 (SE = 0.04), and
0.26 (SE 0.04) in the Amish, FamHS, and FRAM cohorts
respectively (n = 880–3,070) (See Materials and Methods and
Table 1). These data suggest that CT hepatic steatosis, like other
measures of fat has a genetic basis and that a search for influential
genetic variants is warranted.
To identify specific genetic loci associated with CT hepatic
steatosis, genome-wide association analyses were carried out in
each of the four studies (See Materials and Methods and Tables
S2, S3) and the results combined using a fixed effects meta-analysis
(N = 7,176 in total). Variants at three loci emerged as being
associated with CT hepatic steatosis at genome-wide significance
levels (p,561028; Table 2, Figure 2A). These included rs738409
in PNPLA3 (p = 4.3610234), a locus previously reported as
associated with magnetic resonance spectroscopy measured
steatosis, [8] and two additional novel loci: rs4240624 near
PPP1R3B (rs4240624, p = 3.68610218) and rs2228603 near NCAN
(rs2228603, p = 1.22610218). The alleles associated with increasing CT hepatic steatosis ranged in frequency from 0.07 to 0.92
and together account for 4.4% of the variance in hepatic steatosis
(Table 2; range 0.79–2.41%). After removing these genome-wide
significant loci, a quantile-quantile plot of the results demonstrated
an excess of low p-values compared to expectations under the null
(Figure 2B), suggesting that additional variants among those with
moderately low p-values may also be associated with this trait.
Except for variants near PNPLA3, we did not observe any variants
in the region of any of the previously reported liver function test
associated regions [18]. We could not assess whether the recently
reported NAFLD associated variants near APOC3 [19] associate
with CT hepatic steatosis as they were not genotyped on the
2
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genotyping and imputation quality control in the NASH CRN and
MIGen data sets respectively (See Table S3) and were tested for
association with histologic NAFLD in this sample. Two of the
three variants with genome-wide significant associations to CT
hepatic steatosis were also significantly associated with histologic
NAFLD (corresponding to a false discovery rate (FDR) p,0.001):
rs738409 in PNPLA3 (OR = 3.26, p = 3.6610243) as we and others
have recently reported [21,23] and rs2228603 in NCAN
(OR = 1.65, p = 5.2961025) which is a novel finding (Table 2;
See Table S5). The rs4240624 variant near PPP1R3B was not
associated with histologic NAFLD in this sample (OR = 0.93,
p = 0.29). Of the 43 remaining SNPs showing suggestive
association with CT hepatic steatosis, rs780094 in GCKR
(OR = 1.45, p = 2.5961028) and rs12137855 near LYPLAL1
(OR = 1.37, p = 4.1261025) were also significantly associated with
histologic NAFLD (Table 2; See Table S5).
To confirm that the effects on histologic NAFLD observed in
the NASH CRN/MIGen analyses were not due to the
characteristics of the controls, we performed a separate analysis
of the NASH CRN cases with an alternate set of controls from the
Illumina Control database (iCONT; http://www.illumina.com/
science/icontroldb.ilmn). We found that the effects and p values of
rs738409 in PNPLA3 (OR = 3.24, p = 2.16610264), rs2228603 in
NCAN (OR = 1.90, p = 6.82610210), rs4240624 near PPP1R3B
(OR = 0.86, p = 0.15), rs780094 in GCKR (OR = 1.18, p = 0.01),
and rs12137855 near LYPLAL1 (OR = 1.21, p = 0.03) were similar
to the effects seen in MIGen establishing that these results are not
dependent on the choice of control sample (See Table S6).
Furthermore, assessment of imputation accuracy with the SNPs in
these control sets indicates that imputed genotypes at the
associated SNPs are likely to be highly accurate (see Tables S7,
S8).
The variants with the lowest p-values of association with CT
hepatic steatosis at the PNPLA3(rs738408), NCAN (rs2228603), and
GCKR (rs780094) loci are in high LD with or are themselves nonsynonymous variants in PNPLA3 (rs738409; I148M, R2 = 1),
NCAN (rs2228603; P91S, same as hepatic steatosis SNP), and
GCKR (rs1260326; P446L; R2 = 0.93) (Figure 3). The variants with

Author Summary
NAFLD is a spectrum of disease that ranges from steatosis to
steatohepatitis (nonalcoholic steatohepatitis or NASH:
inflammation around the fat) to fibrosis/cirrhosis. Hepatic
steatosis can be measured non-invasively using computed
tomography (CT) whereas NASH/fibrosis is assessed histologically. The genetic underpinnings of NAFLD remain to be
determined. Here we estimate that 26%–27% of the
variation in CT measured hepatic steatosis is heritable or
genetic. We identify three variants near PNPLAL3, NCAN, and
PPP1R3B that associate with CT hepatic steatosis and show
that variants in or near NCAN, GCKR, LYPLAL1, and PNPLA3,
but not PPP1R3B, associate with histologic lobular inflammation/fibrosis. Variants in or near NCAN, GCKR, and
PPP1R3B associate with altered serum lipid levels, whereas
those in or near LYPLAL1 and PNPLA3 do not. Variants near
GCKR and PPP1R3B also affect glycemic traits. Thus, we show
that NAFLD is genetically influenced and expand the
number of common genetic variants that associate with
this trait. Our findings suggest that development of hepatic
steatosis, NASH/fibrosis, or abnormalities in metabolic traits
are probably influenced by different metabolic pathways
that may represent distinct therapeutic targets.

Affymetrix or Illumina platforms used by our studies and these
variants do not have proxies that we could use in HapMap to
impute them.
To determine whether SNPs with evidence of association with
CT hepatic steatosis are also associated with histologic NAFLD,
we genotyped 46 SNPs (independent SNPs with p,5610-3, with
independence defined as pairwise r2,0.1; See Table S4 for SNP
details in GOLD and each cohort) in 592 subjects with biopsyproven NAFLD from the NASH CRN (See Table S1). Using
ancestry-informative genetic markers [20], we had previously
matched these cases to 1,405 healthy controls [21] from the
MIGen study [22] that had undergone GWAS genotyping and
imputation (See Table S1). Forty-five of the 46 SNPs passed

Figure 1. Study design. Meta-analysis of genome-wide association data was performed in Stage 1 across the cohorts shown. SNPs representing the
best associating loci were genotyped in histology based NAFLD samples (Stage 2) from the NASH CRN matched to genome wide genotyped and
imputed MIGen controls. The effects of the five NAFLD associated SNPs on NASH CRN/iCONT, metabolic phenotypes and eQTLs in liver and adipose
tissue were then performed (Stage 3).
doi:10.1371/journal.pgen.1001324.g001
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Table 1. Characterization of family data for heritability estimation.

Study

N

N families

Design

Age range (years)

Heritability

SE

Amish

880

1

founder population participants link to a
single, 14-generation pedigree

29–94

0.27

0.08

Family Heart Study

2679

508

3-generational pedigrees

32–83

0.27

0.04

Framingham Heart Study

3070

721

2-generational pedigrees

31–83

0.26

0.04

N: total number of individuals with fatty liver phenotype; SE: Standard error; For all studies, SOLAR software was used to estimate heritability [47].
doi:10.1371/journal.pgen.1001324.t001

the lowest p-values of association with CT hepatic steatosis at
LYPLAL1 and PPP1R3B lie downstream and upstream of the
coding regions of these genes (Figure 3).
In epidemiologic studies NAFLD is associated with increased
central obesity, higher low density lipoprotein (LDL)- cholesterol
and lower high density lipoprotein (HDL)-cholesterol levels,
impaired fasting glucose, increased risk of diabetes and increased
insulin resistance. [24]In addition, variants in or near GCKR,
NCAN, and PPP1R3B have been previously associated with lipid
levels, GCKR with glycemic traits and LYPLAL1 with abdominal
obesity [16,25–29]. Therefore, we examined the associations of
each of the CT hepatic steatosis-associated variants with serum
LDL-cholesterol, HDL-cholesterol, triglycerides (TG), 2 hour
glucose levels, 2 hour glucose levels controlled for body mass
index (BMI), fasting glucose, homeostatic model for beta call
function (HOMA-B), homeostatic model for insulin resistance
(HOMA-IR), fasting insulin, BMI, waist to hip ratio (WHR)
controlled for BMI, and diabetes in the largest analyses of these
traits available from the Global Lipids Genetics [13], GIANT
[14], DIAGRAM [15], and MAGIC [16] Consortia (see Table 2,
Table S9) Interestingly, we observed several distinct patterns of
association. The allele associated with increasing CT hepatic
steatosis at NCAN was associated with lower triglycerides and
plasma LDL-cholesterol levels. By contrast, the hepatic steatosisincreasing allele at GCKR was associated with higher levels of
plasma LDL-cholesterol and triglycerides, lower fasting glucose,
lower fasting insulin, lower HOMA-IR, but increased 2 hour
glucose, increased 2 hour glucose controlled for BMI, and WHR
controlled for BMI. The hepatic steatosis increasing allele at
PPP1R3B was associated with increased HDL- and LDLcholesterol levels and decreased fasting glucose.(Table 2,
Figure 4). The variants near PNPLA3 and LYPLAL1 were not
associated with any of the traits tested (See Table 2, Table S9 and
Figure 4).
For PNPLA3 (rs738408), NCAN (rs2228603), and GCKR
(rs780094) the variants with the lowest p-values of association
with CT hepatic steatosis are either themselves missense SNPs or
in high LD with missense SNPs. Thus, the most parsimonious
model of how they may act is by directly affecting protein structure
or function. However, the variants with the lowest p-values of
association with CT hepatic steatosis near LYPLAL1 and PPP1R3B
fall in non-coding regions and thus for these (as well as the other
three loci above) we tested whether they have effects on the
expression of nearby genes in liver and adipose tissue from a
sample of bariatric surgery patients [17] (See Table S10). We
found that that the hepatic steatosis increasing variant (rs4240624)
at the PPP1R3B locus increased liver mRNA expression of
PPP1R3B and AW673036_RC and decreased expression of
AK055863. The hepatic steatosis increasing variant (rs780094)
at the GCKR locus increased expression of C2orf16 mRNA in liver.
In these cases the eQTL with the lowest p-value of affecting these
PLoS Genetics | www.plosgenetics.org

transcripts in the region was the same or highly correlated with the
allele that had the lowest p-value of association with CT hepatic
steatosis consistent with the possibility that these SNPs may
function by affecting expression of nearby genes. For all other
cases, the eQTL with the lowest p-value of affecting transcript
expression at the locus was not eliminated by controlling for the
variant that had the lowest p- value of association with CT hepatic
steatosis and thus in these cases, the data do not support an
expression effect as mediating the association with steatosis.
Because alteration of PPP1R3B expression has been shown to
affect serum lipid levels [13] one possibility is that changes in
expression of this gene could mediate its effect on hepatic steatosis.
For GCKR, the variant with the lowest p-value of association with
CT hepatic steatosis is in high LD with a missense variant in
GCKR which has been shown to affect GCKR function [30].
Thus, at GCKR an alternate model of action of how the CT
hepatic steatosis associated variant affects hepatic steatosis is via
altering GCKR function rather than via altering expression of
C2orf16. Further functional work will be needed to prove that these
variants exert their effects on hepatic steatosis via these possible
mechanisms.

Discussion
We have identified variants in three novel loci (NCAN, GCKR,
and LYPLAL1) and one previously reported locus (PNPLA3) that
are associated with both increasing CT hepatic steatosis and
histologic NAFLD. PPP1R3B is associated with CT steatosis but
not histologic NAFLD that includes individuals mostly with
inflammation and fibrosis. These variants all have distinct patterns
of effects on NAFLD and metabolic traits.
We have shown that CT hepatic steatosis is heritable and that
GWA meta-analysis led to the identification of variants associated
not only with CT hepatic steatosis but, also, with more severe
NASH/fibrosis mostly present in the NASH CRN sample.
Because CT hepatic steatosis measurements can be obtained
noninvasively, much larger sample sizes can be accumulated,
thereby increasing power to identify variants that associate with
NAFLD compared with only studying individuals that have
histology diagnosed disease. Follow-up association testing in
samples with histologic phenotypes remains useful however. We
did observe one variant near PPP1R3B that was associated with
CT–assessed liver attenuation but not histology-proven NAFLD.
Possible reasons for why the variant near PPP1R3B is associated
with CT liver steatosis but not histology-proven NAFLD include 1.
It influences steatosis only, not progression to NASH/fibrosis: 2. its
association with CT fat may be a false positive: 3. the NASH
CRN/MIGen sample is underpowered to see an effect on
histologic NAFLD: or 4. the variant is associated with something
other than fat reflected in the CT scan (eg. glycogen content).
Further work is needed to differentiate among these possibilities.
4
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22

19

rs738409

rs2228603

5

8

rs4240624

Gene

9221641

27594741

217515001

19190924

PPP1R3B

GCKR

LYPLAL1

NCAN

PNPLA3

(Mb)

42656060

Nearest

Pos.

A

T

C

T

G

0.92

0.39

0.79

0.07

0.23

0.03

0.29

0.02

0.06

0.02

0.08

0.03

0.24

0.02

0.26

(SE)

Effect

1.18

0.2

0.23
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GOLD: Genetics of Obesity-related Liver Disease; NASH CRN: Nonalcoholic Steatohepatitis Clinical Research Network; MIGen: Myocardial Infarction Genetics Consortium;
**from The Global Lipids Genetics, GIANT, MAGIC, and DIAGRAM Consortia; Chr. Chromosome; Pos.: position, build 35; Mb: Megabase; EA: effect allele; EAF: Effect allele frequency; Effect: increase in inverse normalized fatty liver by
computed tomography SE: Standard Error;% Var- percentage of variance explained; GOLD P: p-value of association in GOLD;
EAFa: Frequency of the effect allele in cases from the NASH CRN study;
EAFb: Frequency of the effect allele in controls from the MIGen study; NAFLD: nonalcoholic fatty liver disease; ORNAFLD: odds ratio for the presence of NAFLD on pathology per effect allele; NAFLD P: False discovery rate p-value of
association for histologic NAFLD; LDL: low density lipoprotein cholesterol; HDL: high density lipoprotein cholesterol; TG: triglycerides; Glucose: fasting glucose; HOMA-IR: homeostatic model assessment of insulin resistance; P: pvalue of association; Dir: direction of effect allele for significant associations in GOLD, NASH CRN/MIGen, LDL, HDL, TG, glucose, HOMA-IR analyses respectively; +/2 represents increasing/decreasing fatty liver in GOLD, and having a
higher/lower odds of having NAFLD in the NASH CRN/MIGen analyses and higher/lower LDL, HDL, TG, glucose, HOMA-IR respectively; N represents no significant effect; PNPLA3: patatin-like phospholipase domain-containing
protein 3 (HUGO Gene Nomenclature Committee, HGNC: 18590); NCAN: neurocan (HGNC: 2465); LYPLAL1: lysophospholipase-like 1 (HGNC: 20440); GCKR: glucokinase regulatory protein (HGNC: 4196); PPP1R3B: protein
phosphatase 1, regulatory subunit 3b (HGNC: 14942).
doi:10.1371/journal.pgen.1001324.t002
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Table 2. Genome-wide significant or replicating variants from GOLD, NASH CRN/MIGen, and metabolic phenotype analyses.
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Figure 2. Genome-wide association results for GOLD (Stage 1). A. Manhattan plot showing the significance of association of all SNPs in the
Stage 1 GOLD meta-analysis with CT hepatic steatosis. SNPs are plotted on the x-axis according to their position on each chromosome against
association with CT hepatic steatosis on the y-axis (shown as -log10 p-value). SNPs that also associate with histology based NAFLD are in red, those
that only associate with CT hepatic steatosis in blue. B. Quantile-quantile plot of SNPs after Stage 1 GOLD meta-analysis (black) and after removing
any SNPs within 500 kb of PNPLA3, PPP1R3B, and NCAN (red).
doi:10.1371/journal.pgen.1001324.g002

We show that some of the variants that are associated with
increased CT hepatic steatosis have distinct patterns of effects on
metabolic traits that, when taken together, give us insight into their
functional clustering. For example, unlike the other three loci,
variants in or near PNPLA3 and LYPLAL1 do not affect any of the
other metabolic traits and interestingly PNPLA3 and LYPLAL1related proteins have been predicted to play a role in consecutive
steps in triglyceride breakdown [31,32]. Thus these could increase
hepatic steatosis by preventing breakdown of triglycerides, as
recently shown for PNPLA3(I148M) [33]. The apparent discordance between the strong effect on hepatic steatosis and modest, if
any, effect on serum lipid levels suggests that these genes, if they
are involved in lipid metabolism, exert their effects within the liver
in ways that are not well reflected in serum measurements. Thus,
similarities in the pattern of pleiotropic effects on other traits may
provide insights into the functional clustering of the genes that
these variants effect.
Unlike PNPLA3 and LYPLAL1, variants near NCAN(which
encodes for an adhesion molecule [34]), PPP1R3B (which encodes
for a protein that regulates glycogen breakdown [35]), and GCKR
(which, through inhibition of glucokinase, regulates glucose
storage/disposal and provides substrates for de novo lipogenesis
PLoS Genetics | www.plosgenetics.org

[30]), are associated with distinct changes in serum and liver lipids
as well as glycemic traits. Indeed, these data may provide new
insights into how obesity can lead to metabolic complications in
some but not all individuals- some but not all of these individuals
carry variants that predispose them both to liver fat deposition and
to metabolic dysregulation. Further, our data show that the alleles
of SNPs that associate with increased liver steatosis are also
associated with a diverse pattern of metabolic phenotypes
including different combinations of increased or decreased serum
LDL-cholesterol, increased serum HDL-cholesterol, increased
serum TG, decreased serum fasting glucose and insulin, decreased
insulin resistance, and increased WHR adjusted for BMI. In
addition, some hepatic steatosis-associated variants are not
strongly associated with any of these metabolic traits (PNPLA3
and LYPLAL1). These results indicate that hepatic steatosis is likely
to be influenced by different metabolic pathways, based on these
various patterns of association. Thus it may be possible to resolve
genetic heterogeneity in the etiology of hepatic steatosis, which
may present unique opportunities for personalized therapies.
Compared with earlier efforts, this study is well-powered, using
more than 7,176 individuals for discovery of variants that affect
NAFLD. Thus, noninvasive measures of hepatic steatosis such as
6
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Figure 3. Regional plots of genome-wide significant or replicating loci of association in GOLD. SNPs are plotted by position on
chromosome against association with CT hepatic steatosis (–log10 p-value). The figures highlight the SNP taken into Stage 2 (diamond). The SNPs
surrounding the most significant SNP are color-coded to reflect their LD with this SNP as in the inset (taken from pairwise R2 values from the HapMap
CEU database, www.hapmap.org). Estimated recombination rates (from HapMap) are plotted in cyan to reflect the local LD structure. Genes and the
direction of transcription, are noted below the plots (data from UCSC genome browser, genome.ucsc.edu). Coding SNPs in high LD with the best SNP
are noted with rs number and protein change.
doi:10.1371/journal.pgen.1001324.g003

CT scanning can provide valuable information for use in
population- and family-based studies aimed at identifying genetic
risk factors for NAFLD. Although the identities of nearby genes
and effects on lipid levels provide important clues, functional
studies will be needed to further understand the mechanisms by
which these risk factors influence the development and progression
of NAFLD. Overall however, our work gives us new insights into
the biology and genetics of NAFLD and opens up avenues for
biological, diagnostic, and therapeutic research for this condition
in humans.

platforms and quality control measures are described in Tables S2
and S3.
Age Gene-Environment Susceptibility—Reykjavik Study
(AGES-Reykjavik). The AGES-Reykjavik Study is a single

center prospective population-based cohort nested in the original
Rykjavik Study, a cohort of 30,795 randomly sampled persons
living in Reykjavik, Iceland. The cohort included 19,381 men and
women born between 1907 and 1935. Re-examination of a sample
of surviving members of the Reykjavik Study was initiated in 2002
as the AGES-Reykjavik Study. This study included imaging by
computerized tomography, from which liver attenuation was
measured from a 1mm thick slice at the level of the L1/L2
vertebrae by calculating the average Hounsfield Unit in a region of
interest with a diameter of 1 cm located 10% of the distance from
where a tangent from the mid-anterior of the spinal canal bisected
a line between the second and third rib. Four thousand seven
hundred and seventy two individuals were assessed for hepatic
steatosis using CT scanning. Liver attenuation controlled for an
external phantom was inverse normally transformed and residuals
created from a linear regression model in Proable [36]/R with
covariates of age, age2, gender and drinks along with the SNPs in
an additive genetic model (See Tables S2, S3).

Materials and Methods
Ethics statement
All work done in this paper was approved by local institutional
review boards or equivalent committees.

GOLD studies and genetic analyses
Each of the participating studies had the overarching objective
of investigating cardiovascular disease and its risk factors. The
studies are population based and 3 of the 4 are family studies.
Genome-wide SNP data were available in each case, and the

Figure 4. Effects on traits. Direction of effect on CT fatty liver, histology NAFLD, lipid and glycemic traits of the best associating SNPs at the loci
shown. Direction is shown only for significant associations. CT: CT hepatic steatosis; LDL: low density lipoprotein cholesterol; HDL: high density
lipoprotein cholesterol; TG: triglycerides; HOMA-IR: homeostatic model of insulin resistance; PNPLA3: patatin-like phospholipase domain-containing
protein 3 (HGNC: 18590); NCAN: neurocan (HGNC: 2465); LYPLAL1: lysophospholipase-like 1 (HGNC: 20440); GCKR: glucokinase regulatory protein
(HGNC: 4196); PPP1R3B: protein phosphatase 1, regulatory subunit 3b (HGNC: 14942).
doi:10.1371/journal.pgen.1001324.g004
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The Amish. Subjects were identified from 2 studies of
cardiovascular health in the Old Order Amish community in
Lancaster County: the Amish Family Calcification Study (2001–
2006) [37] and the Amish Longevity Study (2000–2006) [38]. In
total, 541 individuals had both genome-wide SNP data and CTassessed hepatic steatosis. Thoracic electron-beam computerized
tomography (EBCT) scans were obtained as part of the Amish
Family Calcification Study by an Imatron C-150 EBCT scanner.
Measurements from two regions-of-interest, the liver and spleen,
were obtained. The spleen measurements were used as an
attenuation standard. Accu View (Accuimage Corp.) software
was used to calculate the attenuation coefficient in Hounsfield
Units for each region-of-interest. Two 1.0-cm2 region-of-interest
measurements were obtained from the liver and one was
obtained from the spleen. The average of the liver attenuation
measurements divided by the spleen attenuation measurement was
then calculated. The region-of-interest measurements were placed
in such a manner that minimized measurements from vessels, focal
lesions, areas of artifact or near the edges of the organs.
The liver attenuation/spleen attenuation ratio was inverse
normally transformed and association was tested with genotypes in
an additive genetic model controlling for age, age2, and gender
and relatedness; alcohol is generally not consumed in this
population. A (n-1)-degree-of-freedom t test was used to assess
the significance of the measured genotype. The polygenic
component was modeled using the relationship matrix derived
from the complete 14-generation pedigree structure, to properly
control for the relatedness of all subjects in the study.
The Family Heart Study. The Family Heart Study (https://
dsgweb.wustl.edu/PROJECTS/MP1.html) recruited 1,200 families,
half randomly sampled, and half selected because of an excess of
coronary heart disease (CHD) or risk factor abnormalities as
compared with age- and sex-specific population rates [39] from
four population-based parent studies: the Framingham Heart Study,
the Utah Family Tree Study, and two Atherosclerosis Risk in
Communities centers (Minneapolis, and Forsyth County, NC). Study
participants belonging to the largest pedigrees were invited for a
second clinical exam, at which time coronary artery calcification was
assessed using computed tomography, which included imaging of the
liver. A total of 2,767 Caucasian subjects in 508 extended families
were examined; the heritability was estimated in this sample . A twostage design was adopted for the GWAS. In the first stage, 1,016
subjects were chosen, equally distributed between the highest and
lowest quartiles of age- and sex-adjusted values for coronary artery
calcification, assessed by CT scan. These subjects were chosen to be
largely unrelated with 200 subjects having 1 or more siblings selected
into the sample. We report association results based on 886 subjects
after excluding 130 subjects ascertained from the Framingham
Massachusetts to avoid any possible overlap with the Framingham
Heart Study participants.
Participants underwent a cardiac multidetector CT exam with
four detectors using a standardized protocol as described
previously [40]. For participants weighing 100 kg (220 lbs) or
greater, the milliamperes were increased by 25%. Participants
received two sequential scans of the heart with ECG gating in late
diastole. A phantom with either 3 or 4 samples of calcium
hydroxylapatite was included in each participants scan. CT images
from all study centers were sent electronically to the central CT
reading center located at Wake Forest University Health Sciences,
Winston Salem, NC, USA.
CT images were analyzed using Medical Image Processing,
Analysis, and Visualization (MIPAV) software (McAuliffe 2009)
with custom programmed subroutines (a.k.a.‘‘plug-ins’’) coded at
Wake Forest University Health Sciences. CT images of the chest
PLoS Genetics | www.plosgenetics.org

were used to measure liver attenuation corresponding to superior
aspects of the right and medial lobes or hepatic segments 4a, 7 and
8 using the Couinaud system. An external calcium standard was
used as a control for penetrance of the films.
The liver attenuation was regressed on age, age2, age3, field
center, phantom average, alcohol consumption and 10 genetic
principal components, by sex, using a stepwise procedure and
retaining terms significant at the 5% level. We then applied an
inverse normal rank transformation to the adjusted phenotype
within sex strata and association was assessed assuming an additive
model using PROC MIXED in SAS to account for the siblings.
The Framingham Heart Study. The Framingham Heart
Study recruited 5,209 residents in 1948 from the population in
Framingham, Massachusetts [41]. These individuals have had
serial examinations and collection of respective data since. In
1971, 5,124 offspring from the original residents and their spouses
were recruited into the Offspring Study and have been followed
for four to eight years since [42]. In 2002, 4,095 third generation
members and their spouses were enrolled [43].
Between 2002 and 2005, 1,400 individuals from the Offspring
Study and 2,011 individuals from third generation underwent
multidectector computed tomograms on which we evaluated liver
attenuation as previously described [44]. Inclusion criteria
favored individuals who lived in the New England area and
included 755 families. Minimum age was 35 in men and 40 in
women. Women of childbearing age were screened and pregnant
women and individuals .160 kilograms were excluded from
scanning. Individuals with scans that could not be interpreted for
hepatic steatosis or did not attend offspring examination 7 as they
lacked covariate data were not used for analysis. The average of
the liver attenuation measures and a high density external
calcium control were used to create a liver/phantom ratio to
control for scan penetrance.
For GWAS analysis, inverse normally transformed liver
attenuation/phantom ratio was used in a mixed linear model
(controlling for relatedness) in R [45]with covariates of age, age
squared, gender, and alcoholic drinks (4 oz = 1 drink) with the first
ten principal components (as determined in Eigenstrat [46]) as
covariates. Principal components were first generated using an
unrelated sample of 718 and then projected to the rest of the
cohort. Individuals who deviated from the mean of the principal
components of more than six standard deviations were removed
prior to analysis (n = 1).
Heritability analyses. Three of the four studies participating in this consortium were family studies and the family
structure characteristics used for heritability are shown in Table 1.
Liver attenuation adjusted for scan penetrance and then inverse
normally transformed and corrected for age gender and number of
alcoholic drinks (drinks in FamHS, and FRAM only as the Amish
do not drink) was estimated in each of the studies and then
heritability assessed using a variance components method as
implemented in the software SOLAR [47]. Despite the diverse
character of these family studies, there was remarkable consistency
in the estimates of the proportion of variance due to genetic effects,
and the magnitude of the heritabilities is comparable to many
complex quantitative traits and suggests that a search for
underlying genetic variants is warranted.
Meta-analysis and GWAS. Association data from the four
studies above were filtered for SNPs that had a minor allele
frequency .1% and for SNPs that had an imputation quality
score of .0.3. All files were GC corrected after filtering and before
meta-analysis. The inflation factor for the AGES study was 1.01,
for the Amish was 1.05, for the Family Heart Study was 1.03, for
the Framingham Heart Study was 1.02. Meta-analysis was
9
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Myocardial Infarction Genetics Consortium (MIGen) [22] as
controls for individuals with early onset MI. The genetic ancestry
the MIGen samples was explored by using the program Eigenstrat
[46]; the first principal component was the most significant and
correlated with the commonly observed Northwest- Southeast axis
within Europe [20] and genetic ancestry along this principal
component is correlated with reported country of origin in the
MIGen sample [22]. From this analysis, 120 unlinked SNPs were
chosen from the MIGen genotype data that were most strongly
correlated with the first principal component. These SNPs were
genotyped in the NASH CRN samples to enable matching of
MIGen controls to the NASH CRN [20] cases for genetic
background. PLINK [50] was used to match individuals based on
identity by state (IBS) distance using a pairwise population
concordance test statistic of .161023 for matching. The SNPs
selected for validation were tested in this case-control sample using
logistic regression controlling for age, age2, gender, and the first 5
principal components as covariates in PLINK [50]. We report the
p-values, odds ratios and confidence intervals.

conducted using a fixed effects model with a beta and standard
error as implemented in METAL (http://www.sph.umich.edu/
csg/abecasis/metal/). After meta-analysis, SNPs present in fewer
than 3 studies were eliminated from analysis. The inflation factor
for the overall meta-analysis was 1.03. The meta-analysis was GC
corrected before the final p values were reported. The variation in
CT hepatic steatosis explained by the tested SNPs was estimated
from stage 2 analyses using 2f (1 – f) a2, where f is the frequency of
the variant and a is its additive effect in units of standard
deviations from the meta analysis [48].

Selection of SNPs for validation/replication with
histologic NAFLD
To define independently associated SNPs, the LD was required
to be R2,0.10 and the SNPs located at least 1 megabase from
each other. From among these, the SNP with the strongest
association was chosen for follow up (P,0.0001). Two iPlex pools
consisting of 46 SNPs were designed and were successfully
genotyped in the NASH CRN samples. Of these, only 45 were
imputed well in MIGen, and only these SNPs were analyzed.
Variants with a false discovery rate of q ,0.05 were considered
associated with NAFLD.

iCONT samples
We obtained 3,294 population based control samples with
genotypes from Illumina (see http://www.illumina.com/science/
icontroldb.ilmn). These individuals were used as controls in
various case control analyses. Individuals were removed as
described in Table S4 and 3,212 individuals were then used as
controls for the NASH CRN/iCONT analyses.

NASH CRN samples
Study: The NASH CRN samples were collected from eight
different centers in the U.S. as previously described [2,49]. Adults
from both the Database and the PIVENS trial (Pioglitazone versus
Vitamin E versus Placebo for the Treatment of Nondiabetic Patients
with Nonalcoholic Steatohepatitis) were used for analysis. Briefly,
individuals from the Database were part of an observational study of
nonalcoholic fatty liver disease. Inclusion criteria included age .18,
histologic diagnosis for NAFLD, or histologic diagnosis for
cryptogenic cirrhosis or suspected NAFLD on the basis imaging
studies suggestive of NAFLD, or clinical evidence of cryptogenic
cirrhosis. No subjects reported regular excessive use of alcohol within
two years prior to the initial screening period. Exclusion criteria
included histologic evidence of liver disease besides nonalcoholic
liver disease, known HIV positivity, and conditions that would
interfere with study follow up. Individuals in the PIVENS database
were part of a multicenter placebo controlled study with three
parallel groups examining the effects of pioglitazone vs. vitamin E vs.
placebo on NAFLD. Inclusion and exclusion criteria were as
described previously [2,49]. For this analysis, we excluded
individuals who did not describe their race as being white and
non-Hispanic. There were 678 adults who matched these criteria.
Finally, individuals without histology available for central review
were excluded, leaving 592 adults for the current study.

Analysis in NASH CRN/iCONT samples
The 592 individuals from the NASH CRN described above
were used as cases and 3,212 individuals from the iCONT
database were used as controls. Genome wide significant or
replicating SNPs were tested in this case-control sample using
logistic regression controlling for gender in PLINK [50]. We
report the p-values, odds ratios and confidence intervals.

Concordance analysis of imputed SNPs in MIGen and
iCONT with the HapMap3 TSI sample
To assess the concordance of imputed SNPs in the MIGen and
iCONT samples we obtained the genotyped SNPs from the
HapMap3 TSI (Tuscans from Italy) sample. Using only the SNPs
present on the Affymetrix 6.0 platform (used to genotype MIGen)
or only the SNPs present on the Illumina platform (used to
genotype iCONT samples) and the LD information from
HapMap2 we imputed the remainder of the SNPs using
MACH(1.0.16) and compared the imputed calls to the actual
genotypes stratified by imputation quality score (R2 hat).

Histology determination in NASH CRN

Evaluation of effects on other metabolic traits

Histologic diagnoses were determined in the NASH CRN by
central review by NASH CRN hepatopathologists using previously
published criteria [2,49]. Predominantly macrovesicular steatosis
was scored from grade 0–3. Inflammation was graded from 0–3
and cytologic ballooning from 0–2. The fibrosis stage was assessed
from a Masson trichrome stain and classified from 0–4 according
to the NASH CRN criteria. Individuals could contribute to more
than one of these outcomes. The NASH CRN samples were
genotyped and analyzed as described in Tables S2 and S3.

To obtain data on whether CT hepatic steatosis SNPs affect
other metabolic traits we obtained data from four consortia that
had the largest and most powered analyses of these traits.
Association results for HDL-, LDL- cholesterol levels and
triglycerides (TG) were obtained from publicly available data of
the GLOBAL Lipids Genetics Consortium (http://www.sph.
umich.edu/csg/abecasis/public/Teslovich et al. 2010) [13].
Association results for fasting insulin, glucose, 2 hr-glucose,
HOMA-IR and HOMA-B were obtained from the MAGIC
Investigators. Association results for risk of type 2 diabetes were
obtained from the DIAGRAM consortium [15].
Association results for risk of BMI and waist to hip ratio
controlled for BMI were obtained from the GIANT consortium
[14]. We used a conservative nominal p,0.0008 corresponding to

Analysis in NASH CRN/MIGen samples
MIGen controls were matched to the NASH CRN samples for
genetic background. As previously described, the MIGen samples
were collected from various centers in the US and Europe by the
PLoS Genetics | www.plosgenetics.org
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association in the analyses; % Var: % variance explained; P het:
p-value for heterogeneity across studies; N: number of individuals
in the analyses.
Found at: doi:10.1371/journal.pgen.1001324.s004 (0.41 MB
DOC)

a bonferroni correction of 12 phenotypes tested for 5 SNPs to
determine significance.

Expression QTL analyses
The expression QTL analyses in liver, subcutaneous and
omental fat tissue have been described in detail previously [17].
Tissue were obtained from patients who underwent bariatric
surgery, and RNA expression assessed using a custom Agilent
44,000 feature microarray composed of 39,280 oligonucleotide
probes targeting transcripts representing 34,266 known and
predicted genes. Patients were also genotyped on the Illumina
650Y SNP genotyping arrays. SNPs were tested for cis-associations
with transcripts within a 1 Mb region, assuming an additive effect
of the CT hepatic steatosis increasing allele adjusting for age, race,
gender, and surgery year using linear regression. Cis-associations
between each SNP and the adjusted gene expression data were
tested, and only associations with a nominal p-value ,3.561025
corresponding to a bonferroni correction for 284 gene transcripts x
5 SNPs tested are shown in Table S10. Conditional analyses were
performed by conditioning the CT hepatic steatosis associated
SNP on the most significant cis-associated SNP for that particular
gene transcript and vice versa.

Table S5 Top genotyped hits in NASH CRN/MIGen analysis.

NASH CRN: Nonalcoholic Steatohepatitis Clinical Research
Network; MIGen: Myocardial Infarction Genetics Consortium;
Chr. Chromosome; Pos.: position, build 35; EA: effect allele;
OA:other allele; EAFa: Frequency of the effect allele in cases from
the NASH CRN study; EAFb :Frequency of the effect allele in
controls from the MIGen study; Impb: Imputation quality score in
MIGen; NAFLD: nonalcoholic fatty liver disease; OR NAFLD:
odds ratio for the presence of NAFLD on pathology per effect
allele; P NAFLD: False discovery rate p-value of association for
histologic NAFLD.
Found at: doi:10.1371/journal.pgen.1001324.s005 (0.10 MB
DOC)
Table S6 Genome-wide significant or replicating variants in
NASH CRN/iCONT analysis. NASH CRN: Nonalcoholic
Steatohepatitis Clinical Research Network; iCONT: Illumina
Control database; EA: effect allele; OA:other allele; EAFa:
Frequency of the effect allele in cases from the NASH-CRN
study; EAFb :Frequency of the effect allele in controls from
iCONT; Impb: Imputation quality score in iCONT; NAFLD:
nonalcoholic fatty liver disease; OR NAFLD: odds ratio for the
presence of NAFLD on pathology per effect allele; P NAFLD:
False discovery rate p-value of association for histologic NAFLD.
Found at: doi:10.1371/journal.pgen.1001324.s006 (0.03 MB
DOC)

Supporting Information
Table S1 Study sample characteristics. (*) Drinking alcohol is
not practiced in Amish culture and not measured this study.
GOLD: Genetics of Obesity-related Liver Disease; NASH CRN:
Nonalcoholic Steatohepatitis Clinical Research Network; MIGen:
Myocardial Infarction Genetics Consortium; iCONT: Illumina
Control Database; SD: standard deviation; P25, P75: 25th and
75th percentiles; Phantom LD or HD- low or high density external
hydroxyapetite CT control; Median raw liver measures in
Hounsfield units; steatosis .5% more than 5% steatosis on
histology; NASH: having histologic criteria for diagnosis of
nonalcoholic steatohepatitis (NASH); Fibrosis: having histologic
criteria for diagnosis of fibrosis.
Found at: doi:10.1371/journal.pgen.1001324.s001 (0.05 MB
DOC)

Table S7 Imputation R2 hat measures versus concordance to

real genotypes in TSI individuals from HapMap 3. TSI: Toscans
in Italy; R2 hat: Imputation quality score from MACH; N SNPs:
number of SNPs used for concordance analysis; concordance:
average concordance amongst the SNPs assayed.
Found at: doi:10.1371/journal.pgen.1001324.s007 (0.01 MB
DOCX)
Table S8 Imputation R2 hat measures in MIGen and iCONT

Genotyping and association information. Imp’n:
Imputation; MAF: minor allele frequency; HWE: Hardy Weinberg Equilibrium; GOLD: Genetics of Obesity-related Liver
Disease; NASH CRN: Nonalcoholic Steatohepatitis Clinical
Research Network; MIGen: Myocardial Infarction Genetics
Consortium; iCONT: Illumina Control database.
Found at: doi:10.1371/journal.pgen.1001324.s002 (0.05 MB
DOC)
Table S2

versus concordance to real genotypes in TSI individuals from
HapMap 3. Impa: imputation quality score in MIGen; Concordancea: average concordance of SNPs in TSI given imputation
quality score in MIGen; Impb: imputation quality score in
iCONT; Concordanceb: average concordance of SNPs in TSI
given imputation quality score in iCONT.
Found at: doi:10.1371/journal.pgen.1001324.s008 (0.01 MB
DOCX)

Table S3 Quality control. * Sample genotyping success rate; i.e.
percentage of successfully genotyped SNPs per sample. GOLD:
Genetics of Obesity-related Liver Disease; NASH CRN: Nonalcoholic Steatohepatitis Clinical Research Network; MIGen:
Myocardial Infarction Genetics Consortium; iCONT: Illumina
Control database; IBD pi hat: value for identical by descent of
.0.15.
Found at: doi:10.1371/journal.pgen.1001324.s003 (0.05 MB
DOC)

Table S9 Effect of genome-wide significant or replicating
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Thorand, Jean Tichet, Anke Tönjes, Tiinamaija Tuomi, André GUitterlinden, Ko Willems van Dijk, Mandy van Hoek, Dhiraj Varma, Sophie
Visvikis-Siest, Veronique Vitart, Nicole Vogelzangs, Gérard Waeber, Peter
J Wagner, Andrew Walley, G Bragi Walters, Kim L Ward, Hugh Watkins,
Michael N Weedon, Sarah H Wild, Gonneke Willemsen, Jaqueline C M
Witteman, John W G Yarnell, Eleftheria Zeggini, Diana Zelenika, Björn
Zethelius, Guangju Zhai, Jing Hua Zhao, M Carola Zillikens, DIAGRAM
Consortium, GIANT Consortium, Global BPgen Consortium, Ingrid B
Borecki, Ruth J F Loos, Pierre Meneton, Patrik KEMagnusson, David M
Nathan, Gordon H Williams, Andrew T Hattersley, Kaisa Silander,
Veikko Salomaa, George Davey Smith, Stefan R Bornstein, Peter Schwarz,
Joachim Spranger, Fredrik Karpe, Alan R Shuldiner, Cyrus Cooper,
George V Dedoussis, Manuel Serrano-Rı́os, Andrew D Morris, Lars Lind,
Lyle J Palmer, Frank B Hu, Paul W Franks, Shah Ebrahim, Michael
Marmot, W H Linda Kao, James S Pankow, Michael J Sampson, Johanna
Kuusisto, Markku Laakso, Torben Hansen, Oluf Pedersen, Peter Paul
Pramstaller, H Erich Wichmann, Thomas Illig, Igor Rudan, Alan F
Wright, Michael Stumvoll, Harry Campbell, James F Wilson, Anders
Hamsten on behalf of Procardis Consortium, Richard N Bergman,
Thomas A Buchanan, Francis S Collins, Karen L Mohlke, Jaakko
Tuomilehto, Timo T Valle, David Altshuler, Jerome I Rotter, David S
Siscovick, Brenda W J H Penninx, Dorret I Boomsma, Panos Deloukas,
Timothy D Spector, Timothy M Frayling, Luigi Ferrucci, Augustine Kong,
Unnur Thorsteinsdottir, Kari Stefansson, Cornelia Mvan Duijn, Yurii
SAulchenko, Antonio Cao, Angelo Scuteri, David Schlessinger, Manuela
Uda, Aimo Ruokonen, Marjo-Riitta Jarvelin, Dawn M Waterworth, Peter
Vollenweider, Leena Peltonen, Vincent Mooser, Goncalo R Abecasis,
Nicholas J Wareham, Robert Sladek, Philippe Froguel, Richard M
Watanabe, James B Meigs, Leif Groop, Michael Boehnke, Mark I
McCarthy, Jose C Florez & Inês Barroso for the MAGIC investigators.
GOLD Consortium
Gudny Eiriksdottir, Melissa E. Garcia, Vilmundur Gudnason, Tamara
B. Harris, Lauren J. Kim, Lenore J. Launer, Michael A. Nalls, Albert V.
Smith,Jeanne M. Clark, Ruben Hernaez, W. H. Linda Kao, Braxton D.
Mitchell, Alan R. Shuldiner, Laura M. Yerges-Armstrong, Ingrid B.
Borecki, J. Jeffrey Carr, Mary F. Feitosa, Jun Wu, Johannah L. Butler,
Caroline S. Fox, Joel N. Hirschhorn, Udo Hoffmann, Shih-Jen Hwang,
Joseph M. Massaro, Christopher J. O’Donnell, Cameron D. Palmer,
Dushyant V. Sahani, Elizabeth K. Speliotes.

B. Hayes, Joachim Heinrich, Frank B. Hu, Kristian Hveem, Thomas Illig,
Marjo-Riitta Jarvelin, Jaakko Kaprio, Fredrik Karpe, Kay-Tee Khaw,
Lambertus A. Kiemeney, Heiko Krude, Markku Laakso, Debbie A.
Lawlor, Andres Metspalu, Patricia B. Munroe, Willem H. Ouwehand,
Oluf Pedersen, Brenda W. Penninx, Annette Peters, Peter P. Pramstaller,
Thomas Quertermous, Thomas Reinehr, Aila Rissanen, Igor Rudan,
Nilesh J. Samani, Peter E.H. Schwarz, Alan R. Shuldiner, Timothy D.
Spector, Jaakko Tuomilehto, Manuela Uda, André Uitterlinden, Timo T.
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IL28B and PNPLA3 polymorphisms affect histological liver damage
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Background & Aims: Genetic background may affect liver damage in patients with non-alcoholic fatty liver disease (NAFLD).
The main outcomes of the study were to assess whether IL28B
rs12979860 and rs8099917 polymorphisms, together with
PNPLA3 rs738409 C>G polymorphism, are associated with lobular
inﬂammation and ﬁbrosis, in NAFLD patients.
Methods: One hundred sixty consecutive NAFLD patients were
assessed by liver biopsy (Kleiner score); anthropometric, and biochemical and metabolic features were included. IL28B
rs12979860 C>T, IL28B rs8099917 G>C, and PNPLA3 rs738409
C>G single nucleotide polymorphisms were tested.
Results: Seventy-four (46.2%) patients had IL28B rs12979860 CC
polymorphism, compared with 72 (45%) and 14 (8.8%) with TC
and TT variants, respectively. PNPLA3 rs738409 CC polymorphism
was present in 47 (29.4%) patients, compared with 79 (49.4%) and
34 (21.3%) with CG and GG variants, respectively. Multivariate
logistic regression analysis showed that age (OR 1.043, 95% CI
1.012–1.075, p = 0.007), triglycerides (OR 1.005, 95% CI 1.000–
1.010, p = 0.04), hyperuricemia (OR 5.027, 95% CI 1.839–13.742,
p = 0.002), IL28B rs12979860 TT/TC (OR 0.219, 95% CI 0.101–
0.472, p <0.001), and steatosis grade (OR 1.704, 95% CI 1.048–
2.773, p = 0.03) were independently linked to moderate-severe
lobular inﬂammation. Finally, IL28B rs12979860 CC was associated with severe ﬁbrosis (F3–F4) on univariate analysis, even if
only older age (OR 1.064, 95% CI 1.026–1.104, p = 0.001), high
HOMA (OR 1.213, 95% CI 1.068–1.377, p = 0.003), and lobular
inﬂammation (OR 3.181, 95% CI 1.438–7.036, p = 0.004),
remained associated in multivariate logistic regression analysis.
Conclusions: In NAFLD patients, IL28B rs12979860 CC genotype,
together with PNPLA3 rs738409 GG, is associated with the severity of liver damage.
Ó 2012 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is a leading cause of
chronic liver disease [1,2], affecting about 20% of the general population worldwide [3]. A relevant proportion of NAFLD patients
(20–30%), particularly those with non-alcoholic steatohepatitis
(NASH), may progress to cirrhosis and its complications [1,4].
Obesity [6], insulin resistance (IR) [5,7], and liver necroinﬂammation [5,8] have been identiﬁed as the most relevant factors associated with both severity of ﬁbrosis, and progression of liver disease.
Other than these conventional risk factors, growing though
contrasting evidence suggests that inherited factors, and in particular single nucleotide polymorphisms (SNPs) in genes involved
in inﬂammation, oxidative stress, and ﬁbrogenesis could play a
major role in the susceptibility to NAFLD and in the severity of
liver disease [9]. Within this complex picture, various studies
and a recent meta-analysis have clearly demonstrated that the
rs738409 C>G polymorphism of patatin-like phospholipase-3
(PNPLA3)/adiponutrin, encoding the I148M protein variant, is
more prevalent among NAFLD patients compared with healthy
controls, and is also associated, in patients with biopsy-proven
NAFLD, with a diagnosis of NASH, and with severity of both steatosis and ﬁbrosis [10–14].
Recent studies have shown that SNPs around the gene coding
for interleukin 28B (IL28B) strongly predict the achievement of a
sustained virologic response (SVR) after standard antiviral therapy in patients with chronic hepatitis C. In particular, IL28B
rs12979860 CC and IL28B rs8099917 TT genotypes have shown
the strongest relationships to SVR [15–19]. In addition, in this
setting of patients, contrasting results also show a link between
IL28B polymorphisms and severity of liver disease, in terms of
steatosis [20,21], necroinﬂammatory activity [22,23], and ﬁbrosis
[23–26]. According to these data in CHC patients, on the relevant
role of IL28B SNPs in modulating inﬂammatory response, and
according to the relevance of liver inﬂammation to the severity
of liver damage and the progression of liver disease in NAFLD
patients, we speculated that a proinﬂammatory IL28B genotype
could affect the severity of liver disease also in NAFLD patients.
With this in mind, the main outcomes of the study were to
assess, in a homogeneous cohort of biopsy-proven NAFLD
patients, whether IL28B rs12979860 and rs8099917 SNPs,
together with PNPLA3 rs738409 C>G polymorphism, the best
characterized genetic determinant of NAFLD, are associated with
liver lobular inﬂammation and ﬁbrosis.
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was assessed as the percentage of hepatocytes containing fat droplets (minimum
5%), and evaluated as a continuous variable. The Kleiner classiﬁcation [32] was
used to compute the non-alcoholic fatty liver disease activity (NAS) score (from
0 to 8, on a scale including separate scores for steatosis, lobular inﬂammation,
and hepatocellular ballooning), and to stage ﬁbrosis from 0 to 4.

Patients
One hundred and sixty consecutive patients with NAFLD, recruited at the Gastrointestinal and Liver Unit at the University Hospital, in Palermo, and fulﬁlling all
inclusion and exclusion criteria detailed below, were assessed. Inclusion criteria
were (1) availability of blood samples for genetic analyses; and (2) histological
diagnosis of NAFLD on a liver biopsy done less than 6 months before enrollment.
The diagnosis of NAFLD was based on chronically elevated ALT for at least
6 months, alcohol consumption <20 g/day in the year before liver biopsy and
evaluated by a questionnaire, and steatosis (>5% of hepatocytes) at histology with
or without necroinﬂammation, and/or ﬁbrosis. Exclusion criteria were (1)
advanced cirrhosis; (2) hepatocellular carcinoma; (3) other causes of liver disease
or mixed etiologies (excessive alcohol consumption, hepatitis C, hepatitis B, autoimmune liver disease, Wilson’s disease, hemochromatosis, a1-antitrypsin deﬁciency); (4) human immunodeﬁciency virus infection; (5) previous treatment
with antiviral therapy, immunosuppressive drugs, and/or regular use of steatosis-inducing drugs, evaluated by interview; (6) therapy with medications known
to affect uric acid (UA) metabolism or (7) active intravenous drug addiction.
The study was carried out in accordance with the principles of the Helsinki
Declaration and its appendices, and with local and national laws. Approval was
obtained from the hospital’s Internal Review Board and its Ethics Committee,
and written informed consent was obtained from all patients, including that for
genetic testing.
Clinical and laboratory assessment
Clinical and anthropometric data were collected at the time of liver biopsy. Body
mass index (BMI) was calculated on the basis of weight in kilograms and height in
meters, and patients were classiﬁed as normal weight (BMI 18.5–24.9 kg/m2),
overweight (BMI 25–29.9), obese (BMI P 30). Waist circumference was measured
at the mid-point between the lower border of the rib cage and the iliac crest. The
diagnosis of arterial hypertension was based on the following criteria: systolic
blood pressure P135 mmHg and/or diastolic blood pressure P85 mmHg (measured three times within 30 min, in the sitting position and using a brachial
sphygmomanometer), or use of blood-pressure-lowering agents. The diagnosis
of type 2 diabetes was based on the revised criteria of the American Diabetes
Association, using a value of fasting blood glucose P126 mg/dl on at least two
occasions [27]. In patients with a previous diagnosis of type 2 diabetes, current
therapy with insulin or oral hypoglycemic agents was documented.
A 12-h overnight fasting blood sample was drawn at the time of biopsy to
determine serum levels of ALT, total cholesterol, HDL–cholesterol, triglycerides,
plasma glucose concentration, insulin, uric acid (UA), and platelet count. IR was
determined with the homeostasis model assessment (HOMA) method, using
the following equation [28]: Insulin resistance (HOMA-IR) = fasting insulin (lU/
ml)  fasting glucose (mmol/L)/22.5. HOMA-IR has been validated in comparison
with the euglycemic/hyperinsulinemic clamp technique in both diabetic and nondiabetic patients [29]. Hyperuricemia was diagnosed when UA serum levels were
>7 mg/dl in men, and >6 mg/dl in women [30].
Genetic analyses
Two bi-allelic single-nucleotide polymorphisms (SNPs) (rs12979860 and
rs8099917) in linkage disequilibrium around the IL28B gene on chromosome 19
were studied. Both polymorphisms have been associated with treatment
response in Caucasians, Japanese, and African Americans. Genotyping for IL28B
rs12979860 and rs8099917 and for PNPLA3 rs738409 was carried out using the
TaqMan SNP genotyping allelic discrimination method (Applied Biosystems, Foster City, CA, USA). Commercial genotyping assays were available for rs8099917
(cat. C_11710096_10) and for rs738409 (cat. C_7241_10), while a custom assay
was created by AB for rs12979860. Custom genotyping assays were designed by
submitting the SNP sequences to KBioscience.
The genotyping call was done with SDS software v.1.3.0 (ABI Prism 7500, Foster City, CA, USA). Genotyping was conducted in a blinded fashion relative to
patient characteristics.
Assessment of histology
Slides were coded and read by one pathologist (D.C.), who was unaware of the
patient’s identity and history. A minimum length of 15 mm of biopsy specimen
or the presence of at least 10 complete portal tracts was required [31]. Steatosis

Statistics
Continuous variables were summarized as mean ± standard deviation, and categorical variables as frequency and percentage. The t-test and Chi-square test were
used when appropriate. Multiple logistic regression models were used to assess
the factors independently associated with moderate-severe steatosis, moderatesevere lobular inﬂammation, ballooning, NAS score P5, and signiﬁcant ﬁbrosis.
In the ﬁrst model, the dependent variable was steatosis, coded as 0 = mild (steatosis grade 1) or 1 = moderate-severe (steatosis grade 2–3). In the second model,
the dependent variable was lobular inﬂammation, coded as 0 = absent-mild (lobular inﬂammation 0–1) or 1 = moderate-severe (lobular inﬂammation 2–3). In the
third model, the dependent variable was ballooning coded, as 0 = ballooning
grade 0–1 or 1 = ballooning grade 2. In the fourth model, the dependent variable
was NAS score, coded as 0 = NAS <5 or 1 = NAS P 5. In the ﬁfth model, the dependent variable was ﬁbrosis, coded as 0 = no severe ﬁbrosis (F0–F2) or 1 = severe
ﬁbrosis (F3–F4).
As candidate risk factors, we selected age, gender, BMI, waist circumference,
baseline ALT, platelet count levels, triglycerides, total and HDL cholesterol, blood
glucose, insulin, HOMA score, diabetes, arterial hypertension, steatosis, UA,
hyperuricemia, IL28B rs12979860, IL28B rs8099917, PNPLA3 rs738409, lobular
inﬂammation, hepatocellular ballooning, NAS score, and ﬁbrosis.
In all analyses, we considered the most frequent genotype as reference, i.e. CC
for IL28B rs12979860, TT for IL28B rs8099917, and CC for PNPLA3 rs738409,
choosing a dominant model of inheritance.
To avoid the effect of co-linearity, HOMA score, blood glucose, and insulin
levels, or UA hyperuricemia, waist circumference, or BMI, or the NAS score and
its components were not included in the same multivariate model. Regression
analyses were performed using PROC LOGISTIC, PROC REG, and subroutines in
SAS [33].

Results
Patient features and histology
The baseline features of the 160 patients are shown in Table 1.
The majority of our patients were in the overweight to obesity
range, and nearly a quarter was hypertensive. Diabetes was present in about 15% of patients.
Using the Kleiner score (39), 62.2% of NAFLD patients were
classiﬁed as NASH on liver biopsy, 9.4% as non-NASH, and
28.4% were indeterminate. One out of three patients had steatosis
>66%, and 22% had ﬁbrosis P3.
Seventy-four (46.2%) patients had IL28B rs12979860 CC polymorphism, compared with 72 (45%) and 14 (8.8%) with TC and TT
variants, respectively. The IL28B rs8099917 TT polymorphism
was observed in 105 patients (65.6%) compared with 52 (32.5%)
and 3 (1.9%) with TG and GG variants, respectively. Finally,
PNPLA3 rs738409 CC polymorphism was present in 47 (29.4%)
patients, compared to 79 (49.4%) and 34 (21.3%) with CG and
GG variants, respectively. Genetic frequencies of the three studied polymorphisms ﬁt with Hardy–Weinberg equilibrium
(v2 = 0.36 for IL28B rs12979860, v2 = 1.44 for IL28B rs8099917,
v2 = 0.01 for PNPLA3 rs738409; p >0.05 for all).
Factors associated with histological features
High BMI, high insulin levels, high HOMA, high UA levels, hyperuricemia, and PNPLA3 rs738409 CG/GG genotype were associated
with moderate-severe steatosis (grade 2–3) by univariate
analysis (p <0.10), even if only high HOMA (OR 1.172, 95% CI
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1.007–1.364, p = 0.04) and hyperuricemia (OR 4.417, 95% CI
1.548–12.605, p = 0.006) were signiﬁcantly associated in multivariate logistic regression analysis. However, according to literature data showing a strong association between liver damage
and PNPLA3 rs738409 GG genotype in NAFLD [11,14], PNPLA3
rs738409 GG remained signiﬁcantly associated by multivariate
analysis with moderate-severe steatosis (OR 3.017, 95% CI
1.123–8.108, p = 0.02), when considering a recessive model. No
variables remained signiﬁcantly associated with severe steatosis
after Bonferroni correction.
The univariate and multivariate comparisons of variables
between patients with and without moderate-severe lobular
inﬂammation (grade 2–3) are reported in Table 2. Multivariate
logistic regression analysis showed that the following features
were independently linked to moderate-severe lobular inﬂammation: age (OR 1.043, 95% CI 1.012–1.075, p = 0.007), triglycerides (OR 1.005, 95% CI 1.000–1.010, p = 0.04), hyperuricemia
(OR 5.027, 95% CI 1.839–13.742, p = 0.002), IL28B rs12979860
TT/TC (OR 0.219, 95% CI 0.101–0.472, p <0.001), and steatosis
grade (OR 1.704, 95% CI 1.048–2.773, p = 0.03) (Table 2). Results
remained still signiﬁcant (p = 0.008 for hyperuricemia, and
p = 0.004 for IL28B rs12979860 CC) after Bonferroni correction.
Fig. 1A shows the prevalence of moderate-severe steatosis
according to IL28B rs12979860 polymorphism.
The univariate and multivariate comparison of variables
between patients with NAS score <5, and those with NAS score
P5 is reported in Table 3. Multivariate logistic regression analysis showed that the following features were independently linked
to NAS score P5: higher HOMA index (OR 1.210, 95% CI 1.031–
1.420, p = 0.02), and hyperuricemia (OR 6.740, 95% CI 2.173–
20.906, p = 0.002). However, according to literature data showing
a strong association between liver damage and PNPLA3 rs738409
GG genotype in NAFLD [11,14], PNPLA3 rs738409 GG remained
signiﬁcantly associated by multivariate analysis (OR 3.064, 95%
CI 1.107–8.480, p = 0.03), when considering a recessive model.
Only hyperuricemia (p = 0.008) remained signiﬁcantly associated
with NAS P5 after Bonferroni correction.
Older age, high BMI, high insulin levels, high HOMA, IL28B
rs12979860 CC, and lobular inﬂammation were associated with
severe ﬁbrosis (F3–F4) by univariate analysis (p <0.10), even if
only older age (OR 1.064, 95% CI 1.026–1.104, p = 0.001), high
HOMA (OR 1.213, 95% CI 1.068–1.377, p = 0.003), and lobular
inﬂammation (OR 3.181, 95% CI 1.438–7.036, p = 0.004) were signiﬁcantly associated by multivariate logistic regression analysis.
Results remained still signiﬁcant (p = 0.004 for older age;
p = 0.01 for higher HOMA; p = 0.01 for lobular inﬂammation) after
Bonferroni correction. In light of the protective role of IL28B
rs12979860 TC/TT in lobular inﬂammation, age (1.067, 1.029–
1.106; p <0.001), HOMA (1.205, 1.060–1.370; p = 0.004) and
IL28B rs12979860 TT/TC (0.411, 0.173–0.974; p = 0.04) were
independently correlated with severe ﬁbrosis, after exclusion of
lobular inﬂammation from the model. Fig. 1B shows the prevalence of severe ﬁbrosis in patients with the IL28B rs12979860
polymorphism.
Considering rs738409 GG patients, the prevalence of moderate-severe lobular inﬂammation was signiﬁcantly higher in
rs12978960 CC subjects compared to TT/CT (11/13 vs. 9/21;
p = 0.01. Similarly, when considering rs738409 CC/CG patients,
the prevalence of both moderate-severe lobular inﬂammation
was signiﬁcantly higher in rs12978960 CC subjects compared to
TT/CT (34/61 vs. 16/65, p <0.001).
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Table 1. Demographic, laboratory, metabolic, and histological features of 160
consecutive patients with non-alcoholic fatty liver disease.

Variable

Mean age (yr)

Non-alcoholic fatty
liver disease
(n = 160)
45.6 ± 13.5

Gender, male

108 (67.5)

Mean body mass index (kg/m2)

29.7 ± 4.4

Body mass index (kg/m2)
<25
25-29.9
≥30
Waist circumference (cm)

19 (11.9)
75 (46.9)
66 (41.2)
100.6 ± 11.9

Alanine aminotransferase (IU)

80.3 ± 57.5

Platelet count (103 x mm3)

224.2 ± 63.5

Cholesterol (mg/dl)

207.0 ± 48.9

HDL cholesterol (mg/dl)

49.1 ± 19.0

Triglycerides (mg/dl)

151.3 ± 80.0

Blood glucose (mg/dl)

97.7 ± 29.1

Insulin (µU/ml)

17.2 ± 10.0

HOMA score

4.34 ± 3.41

Type 2 diabetes

24 (15.0)

Arterial hypertension

37 (23.1)

Uric acid (mg/dl)

5.70 ± 1.22

Hyperuricemia

33 (20.6)

IL28B rs12979860 polymorphism
C/C
T/C
T/T
IL28B rs8099917 polymorphism
T/T
T/G
G/G
PNPLA3 rs738409 polymorphism
C/C
C/G
G/G
Histology
NAFLD activity score (NAS)
1-2
3-4
5-8
Lobular inflammation
0
1
2
3
Steatosis as continuous variable
Steatosis grade
1 (5-33%)
2 (>33-66%)
3 (>66%)
Hepatocellular ballooning
0
1
2
Stage of fibrosis
0
1
2
3
4

74 (46.2)
72 (45.0)
14 (8.8)
105 (65.6)
52 (32.5)
3 (1.9)
47 (29.4)
79 (49.4)
34 (21.3)

15 (9.4)
46 (28.4)
99 (62.2)
9 (5.6)
81 (50.6)
64 (40.0)
6 (3.8)
45.6 ± 26.0
58 (36.3)
50 (31.3)
52 (32.4)
10 (6.3)
64 (40.0)
86 (53.7)
40 (25.0)
42 (26.3)
42 (26.3)
24 (15.0)
12 (7.4)

Data are given as mean ± SD or as number of cases (%).
HDL, high-density lipoprotein; HOMA, homeostasis model assessment; IL28B,
interleukin 28B; PNPLA3, patatin-like phospholipase-3.
Reference genotype is CC for IL28B rs12979860, TT for IL28B rs8099917, and CC for
PNPLA3 rs738409; the mode of inheritance is dominant.
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Table 2. Univariate and multivariate analysis of risk factors associated with moderate-severe lobular inﬂammation in 160 patients with non-alcoholic fatty liver
disease.

Variable

Mean age (yr)
Gender, males
Mean body mass index (kg/m2)
Waist circumference (cm)
Alanine aminotransferase (IU)
Platelet count (103 x mm3)
Cholesterol (mg/dl)
HDL cholesterol (mg/dl)
Triglycerides (mg/dl)
Blood glucose (mg/dl)
Insulin (µU/ml)
HOMA score
Diabetes
Arterial hypertension
Uric acid
Hyperuricemia
IL28B rs12979860 polymorphism
C/C vs. T/C and T/T
IL28B rs8099917 polymorphism
T/T vs. T/G and G/G
PNPLA3 rs738409 polymorphism
C/C vs. C/G and G/G
Histology
Steatosis (continuous variable)
Steatosis grade 1/2/3

Grade 0-1 lobular
inflammation
n = 90
43.5 ± 13.1
68
29.2 ± 4.1
98.8 ± 12.1
76.2 ± 57.0
223.9 ± 58.5
202.2 ± 49.1
51.1 ± 21.4
137.8 ± 76.0
94.7 ± 22.6
15.6 ± 10.4
3.96 ± 3.53
78/12
70/20
5.59 ± 1.20
80/10

Grade 2-3 lobular
inflammation
n = 70
48.6 ± 13.5
40
30.3 ± 4.6
102.1 ± 14.5
85.4 ± 58.0
224.6 ± 69.8
213.3 ± 48.2
46.5 ± 15.3
168.7 ± 82.2
101.5 ± 35.5
19.3 ± 9.1
4.84 ± 3.20
58/12
53/17
5.85 ± 1.24
47/23

Univariate analysis

Multivariate analysis

p value
0.01
0.01
0.13
0.11
0.31
0.94
0.16
0.13
0.01
0.14
0.02
0.16
0.50
0.75
0.18
0.001

OR (95% CI)
1.043 (1.012-1.075)
2.032 (0.890-4.637)
1.005 (1.000-1.010)
1.011 (0.974-1.050)
5.027 (1.839-13.742)

0.002

29/61

45/25

<0.001

0.219 (0.101-0.472)

<0.001

54/36

51/19

0.08

-

28/62

19/51

0.58

-

40.4 ± 26.7
43/22/25

52.1 ± 23.6
15/28/27

0.005
0.002

1.704 (1.048-2.773)

p value
0.007
0.09

0.04
0.56

0.03

80

CC
TT and TC

p <0.001

60
40
20
0

n = 74

n = 86

IL28B rs12979860

B

Severe fibrosis (%)

A

Moderate-severe
lobular inflammation (%)

Data are given as mean ± SD or as number of cases (%).
HDL, high-density lipoprotein; HOMA, homeostasis model assessment; IL28B, interleukin 28B; PNPLA3, patatin-like phospholipase-3.
Reference genotype is CC for IL28B rs12979860, TT for IL28B rs8099917, and CC for PNPLA3 rs738409; the mode of inheritance is dominant.

60
50
40
30
20
10
0

p = 0.04

CC
TT and TC

moderate-severe steatosis (10/13 ? 76.9% vs. 37/65 ? 56.9%,
p = 0.17) and for severe ﬁbrosis (4/13 ? 30.7% vs. 10/65 15.3%,
p = 0.18).

Discussion
n = 74

n = 86

IL28B rs12979860

Fig. 1. IL28B rs12979860 single nucleotide polymorphism (SNP) and liver
damage in patients with non-alcoholic fatty liver disease (NAFLD). Prevalence
of (A) moderate-severe lobular inﬂammation, and (B) severe ﬁbrosis according to
IL28B rs12979860 SNPs in 160 patients with NAFLD. Reference genotype for IL28B
rs12979860 was CC, and a mode of dominant inheritance was used.

Considering the strong link between the studied polymorphisms and the histological severity of NAFLD, we observed that
patients with both IL28B rs12979860 CC and PNPLA3 rs738409
GG had a prevalence of moderate-severe lobular inﬂammation
and NAS P5 of 84.6% (11/13) and 84.6% (11/13), respectively,
that were signiﬁcantly higher compared with that of patients
without both unfavorable polymorphisms (16/65 ? 24.6%,
p <0.001; 33/65 ? 50.7%, p = 0.02; respectively). A similar trend,
even if not statistically signiﬁcant, was also observed for

In this study of 160 patients with histological diagnosis of NAFLD,
mostly overweight or obese, and with a high prevalence of NASH,
we found that IL28B rs12979860 CC genotype, together with
PNPLA3 rs738409 GG genotype, is associated with the severity
of histological features of liver disease, independent of HOMA
and hyperuricemia, well known risk factors for liver damage in
NAFLD.
A recent clinical study clearly showed a relevant role of the
genetic background, together with environmental factors, in
prompting development of NAFLD [34]. Divergent, perhaps even
contrasting evidence suggests that SNPs of genes involved in
inﬂammatory and metabolic homeostasis may well affect NAFLD
prevalence and its severity [9]. The strongest available evidence
shows that the rs738409 C>G polymorphism of PNPLA3 is associated with a higher prevalence of NAFLD and more severe histological damage in biopsy-proven NAFLD patients [10–14].
In our study, we conﬁrmed that in NAFLD patients, PNPLA3 GG
homozygosis was independently associated with a more severe
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Table 3. Univariate and multivariate analysis of risk factors associated with NAS score P5 in 160 patients with non-alcoholic fatty liver disease.

Variable

NAS score <5

NAS score ≥5

Univariate analysis

Multivariate analysis

n = 61

n = 99

p value

OR (95% CI)

Mean age (yr)

45.4 ± 12.5

45.9 ± 14.1

0.85

-

p value

Gender, males

48

60

0.01

2.119 (0.952-4.928)

0.08

Mean body mass index (kg/m2)

28.9 ± 4.5

30.2 ± 4.3

0.05

1.035 (0.949-1.129)

0.43

Waist circumference (cm)

98.9 ± 12.1

102.3 ± 11.5

0.07

-

Alanine aminotransferase (IU)

71.8 ± 65.2

85.6 ± 51.6

0.14

-

Platelet count (103 x mm3)

227.7 ± 63.6

222.1 ± 63.7

0.59

-

Cholesterol (mg/dl)

213.7 ± 53.5

201.0 ± 47.8

0.12

-

HDL cholesterol (mg/dl)

51.7 ± 22.3

47.4 ± 16.5

0.16

-

Triglycerides (mg/dl)

147.8 ± 79.1

153.5 ± 80.9

0.66

-

Blood glucose (mg/dl)

93.7 ± 19.4

100.2 ± 33.7

0.17

-

Insulin (µU/ml)

13.4 ± 8.8

19.6 ± 10.0

<0.001

-

HOMA score

3.31 ± 2.85

4.98 ± 3.57

<0.001

1.210 (1.031-1.420)

Diabetes

54/7

82/17

0.35

-

Arterial hypertension

44/17

79/20

0.36

-

Uric acid (mg/dl)

5.48 ± 1.15

5.84 ± 1.25

0.07

-

Hyperuricemia

4

29

0.001

6.740 (2.173-20.906)

25/36

49/50

0.29

-

40/21

65/34

0.99

-

20/41

27/72

0.45

-

IL28B rs12979860 polymorphism
C/C vs. T/C and T/T
IL28B rs8099917 polymorphism
T/T vs. T/G and G/G
PNPLA3 rs738409 polymorphism
C/C vs. C/G and G/G

0.02

0.001

Data are given as mean ± SD or as number of cases (%).
HDL, high-density lipoprotein; HOMA, homeostasis model assessment; NAS, non-alcoholic fatty liver disease activity score; IL28B, interleukin 28B; PNPLA3, patatin-like
phospholipase-3. Reference genotype is CC for IL28B rs12979860, TT for IL28B rs8099917, and CC for PNPLA3 rs738409; the mode of inheritance is dominant.

grade of steatosis, and a NAS score P5, suggestive of a diagnosis
of NASH [10–14].
To the best of our knowledge, this is the ﬁrst study to assess
the potential association between IL28B polymorphisms and
severity of liver damage in NAFLD patients. The novel ﬁnding of
this study lies in the identiﬁcation of an independent association
between the presence of IL28B rs12979860 CC homozygosis, the
genotype associated with a good response to antiviral therapy
in CHC patients, and the severity of lobular inﬂammation in a
cohort of histologically diagnosed NAFLD patients. Recently,
increasing evidence has shown that SNPs, located in the IL28B
region on chromosome 19, strongly affect the natural history of
patients with G1 CHC. In this clinical setting, IL28B SNPs were
associated not only with both spontaneous and treatmentinduced viral clearance [15–19], but also, even if contrasting data
exist [24,26], with the severity of liver necroinﬂammation [22,23]
and ﬁbrosis [23,25]. So our data are in line with those reported by
Thompson et al. [23], who observed a direct link between IL28B
rs12979860 C/C genotype and liver necroinﬂammatory activity
in a large cohort of Western G1 CHC patients. We did not ﬁnd
an association between IL28B rs8099917 SNP and severity of liver
necroinﬂammatory activity in our NAFLD patients. This data is
not consonant with that found in Asiatic G1 CHC patients [22],
even if differences in the prevalence of polymorphisms and in
the race of the studied populations may explain this discrepancy.
In addition, although Tillmann and colleagues recently
showed a protective role of IL28B rs12979860 C/C genotype
against steatosis in CHC patients, we did not conﬁrmed this
1360

association, due to the fact that we evaluated a population where
all patients have steatosis, mostly moderate-severe, and obviously we did not identify any link between steatosis and IL28B
genotype. In addition, differences in demographic, anthropometric and histological features of the studied population and in the
etiology of the liver disease could also explain the observed
differences.
Finally, our data are not consistent to evaluate whether NAFLD
patients have a higher IL28B rs12979860 C/C genotype prevalence compared to the Sicilian general population, due to the lack
of data in this setting. However, we can only observe that the
prevalence of 46% of IL28B rs12979860 C/C in our NAFLD population is higher compared to about 30% in Sicilian patients with
CHC [35], and unpublished data but similar to the 46% observed
in an homogeneous cohort of 301 consecutive Sicilian patients
with thalassemia major (48.8% with active HCV infection, 31.6%
with spontaneous clearance of HCV infection, and 18.6% without
HCV infection) [36].
Though this study was not designed to clarify the pathogenetic link between IL28B rs12979860 C/C genotype and severity
of liver lobular inﬂammation in NAFLD patients, some hypotheses
can be forwarded in relation to the existing literature. IL28 gene
transcripts have been reported to be higher in patients homozygous for the CC genotype [16,17]. Accordingly, it seems reasonable that the inﬂammation is stronger in patients with elevated
IL28 production because this molecule induces expression of
interferon-stimulated genes [37], including some inﬂammatory
cytokines.
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In our study, we also found a direct relation between IL28B
rs12979860 C/C genotype and severity of ﬁbrosis in NAFLD
patients, even if, after correction for lobular inﬂammation, this
association was not signiﬁcant. Our data, therefore, suggest a role
of IL28B C/C genotype in prompting ﬁbrosis severity, via induction of a more severe grade of liver inﬂammation.
Considering the observed relevant role of both IL28B
rs12979860 and PNPLA3 rs738409 SNPs in NAFLD severity, we
also observed that patients carrying both IL28B rs12979860 CC
and PNPLA3 rs738409 GG genotypes are at very high risk of
severe histological liver damage compared with those without
both unfavorable genotypes.
All the above data, arising from a relatively low number of
consecutive biopsy-proven NAFLD patients enrolled at a tertiary
care center, and obviously needing further validation in large
scale studies, could perhaps identify a subgroup of NAFLD
patients at higher risk of disease severity and likely requiring
more intensive follow-up and therapeutic approaches.
Finally, in this study we conﬁrmed older age, higher HOMA,
and hyperuricemia [38] as disease modiﬁers that, together with
the genetic background, can strongly affect the severity of liver
disease in NAFLD patients.
The main limitation of this study lies in its cross-sectional nature, making it impossible to dissect the temporal relation
between genetic background and progression of liver disease
over time. A further methodological question is the potentially
limited external validity of the results for different populations
and settings. Our study included a cohort of Italian patients
enrolled at a tertiary care center, who may be different, in terms
of both metabolic features and severity of liver disease, from the
majority of prevalent cases of NAFLD in the general population,
even if similar to what observed in another cohort afferent to specialized centers [39]. In addition, the exclusion of patients with
post-NASH advanced cirrhosis, and the absence of data on a conﬁrmatory validation cohort might limit the strengths of our
results. The lack of data on serum levels and liver expression of
pro-inﬂammatory cytokines and adipocytokines, as well as on
SNPs of genes potentially involved in NAFLD pathogenesis, may
have also affected the results.
In conclusion, this study on a cohort of patients with histological diagnosis of NAFLD showed an independent link between
IL28B rs12979860 CC homozygosis and hepatic lobular inﬂammation, independent of PNPLA3 rs738409 SNPs and of already
known risk factors, namely higher HOMA and hyperuricemia.
These results, which need further validation in large scale studies,
may perhaps allow us to identify NAFLD patients at high genetic
risk of more severe liver damage.
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Abstract
Background and Aims: Variant in glucokinase regulatory protein (GCKR), associated with lipid and glucose traits, has been
suggested to affect fatty liver infiltration. We aimed to assess whether GCKR rs780094 CRT SNP influences the expression of
steatosis, lobular inflammation and fibrosis in NAFLD patients, after correction for PNPLA3 genotype.
Methods: In 366 consecutive NAFLD patients (197 from Sicily, and 169 from center/northern Italy), we assessed
anthropometric, biochemical and metabolic features; liver biopsy was scored according to Kleiner. PNPLA3 rs738409 C.G
and GCKR rs780094 C.T single nucleotide polymorphisms were also assessed.
Results: At multivariate logistic regression analysis in the entire NAFLD cohort, the presence of significant liver fibrosis (.F1)
was independently linked to high HOMA (OR 1.12, 95% CI 1.01–1.23, p = 0.02), NAFLD activity score $5 (OR 4.09, 95% CI
2.45–6.81, p,0.001), and GCKR C.T SNP (OR 2.06, 95% CI 1.43–2.98, p,0.001). Similar results were observed considering
separately the two different NAFLD cohorts. GCKR C.T SNP was also associated with higher serum triglycerides (ANOVA,
p = 0.02) in the entire cohort.
Conclusions: In patients with NAFLD, GCKR rs780094 C.T is associated with the severity of liver fibrosis and with higher
serum triglyceride levels.
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rs738409 C.G SNP remains the most validated risk gene [11–
18].
Besides the classical PNPLA3, a recent genome wide study
identified other genetic variants associated with computerized
tomography (TC)-proven hepatic steatosis in individuals of
European ancestry, and validated the results in 592 subjects with
biopsy-proven NAFLD from the NASH Clinical Research
Network (NASH CRN) database [19]. Among these gene variants,
the glucokinase regulatory protein (GCKR) has been further
confirmed as linked with steatosis (identified either by ultrasonography, by magnetic resonance, or by computed tomography) in
children, in obese patients, and in populations of different ethnicity
[20–22]. GCKR seems to interfere with glucose and lipid
homeostasis by regulating glucose storage/disposal and by
providing substrates for de novo lipogenesis via inhibition of
glucokinase, but its potential association with the severity of liver
damage has never been tested
Having this in mind, the main outcome of this study was to assess
whether GCKR rs780094 was associated with the histological

Introduction
Non-alcoholic fatty liver disease (NAFLD) is a frequent and
growing cause of chronic liver disease [1,2], affecting about 20%–
30% of the general population worldwide [3]. Patients with
NAFLD, and especially those with non-alcoholic steatohepatitis
(NASH), are at risk of progression to cirrhosis and its complications [1,4], presenting also a high rate of cancer and cardiovascular events [5] compared to subjects without fatty liver. Classical
risk factors for liver disease severity and its progression are obesity,
insulin resistance (IR) and necroinflammation [6–9].
The above-mentioned conventional risk factors do not entirely
explain the occurrence and severity of NAFLD, suggesting that a
genetic background might also modulate the spectrum of liver
disease and its progression. Accordingly, the severity of disease has
been variably associated with different single nucleotide polymorphisms (SNPs) in genes involved in metabolic homeostasis,
inflammation, oxidative stress and fibrogenesis [10]. In this
context, the patatin-like phospholipase-3 (PNPLA3)/adiponutrin,
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The genotyping call was done with SDS software v.1.3.0 (ABI
Prism 7500, Foster City, CA, USA). Genotyping was conducted in
a blinded fashion relative to patient characteristics.

features of liver damage in patients with biopsy-proven NAFLD,
after correction for PNPLA3 genotype.

Patients and Methods
Assessment of Histology

Patients

Slides were coded and read at each clinical center by one expert
pathologist, who was unaware of patients’ identity and history. A
minimum 15 mm-length of the biopsy specimen or the presence of
at least 10 complete portal tracts was required [27]. Steatosis was
assessed as the percentage of hepatocytes containing fat droplets
(minimum 5%) and evaluated as a continuous variable. Kleiner
classification [28] was used to compute steatosis, balloning and
lobular inflammation, and to stage fibrosis from 0 to 4. NASH was
considered to be present when the NAFLD activity score (NAS)
was $5 [28].

We analyzed data from 366 prospectively recruited Italian
patients with a clinical and histological diagnosis of NAFLD, and
with blood samples available for genetic analyses. The study
cohort included 197 patients from the Gastrointestinal & Liver
Unit of the Palermo University Hospital, and 169 central/
northern Italy patients from the Department of Internal Medicine
Catholic University of the Sacred Heart Rome (n = 114), and from
the Gastro-hepatology Division of the University Hospital Torino
(n = 55). Other causes of liver disease were ruled out, including
alcohol intake (.20 g/day) evaluated by a questionnaire, viral and
autoimmune hepatitis, hereditary hemochromatosis and alpha1antitrypsin deficiency. Patients with advanced cirrhosis, hepatocellular carcinoma and current use of steatosis inducing drugs were
excluded.
The study was carried out in accordance with the principles of
the Helsinki Declaration, and with local and national laws.
Approval was obtained from the hospital Internal Review Boards
and their Ethics Committees (UOC Gastroenterologia, AOUP
Policlinico of Palermo, Institute of Internal Medicine, Catholic
University of the Sacred Heart, Rome, and Division of GastroHepatology, San Giovanni Battista Hospital, University of
Torino), and written informed consent for the study was obtained
from all patients.

Statistics
Continuous variables were summarized as mean 6 standard
deviation, and categorical variables as frequency and percentage.
The t-test, ANOVA test, and chi-square test were used when
appropriate.
Multiple logistic regression models were used to assess the
factors independently associated with severe steatosis, NAS $5,
and significant fibrosis. In the first model, the dependent variable
was steatosis, coded as 0 = mild-moderate (steatosis grade 1–2),
1 = severe (steatosis grade 3). In the second model, the dependent
variable was NAS $5, coded as 0 = NAS,5 or 1 = NAS $5. In
the third model, the dependent variable was fibrosis, coded as
0 = no significant fibrosis (F0–F1) or 1 = significant fibrosis (.F1).
As candidate risk factors, we selected age, gender, BMI, the
baseline levels of ALT, triglycerides, total and HDL cholesterol,
blood glucose, insulin, HOMA score, the presence of diabetes,
arterial hypertension, PNPLA3 rs738409, GCKR rs780094,
steatosis, lobular inflammation and fibrosis.
In all models, in agreement with literature data, we compared
patients homozygous for PNPLA3 G risk allele to all other variants
[14], while an additive model was used GCKR C.T SNP [19].
To avoid the effect of colinearity, diabetes, HOMA score, blood
glucose and insulin levels, or ALT levels and lobular inflammation
were not included in the same multivariate model. Variables
associated with the dependent variable at univariate analysis
(probability threshold, p#0.10) were included in the multivariate
regression models; PNPLA3 and GCKR SNPs, were forced into
the models when not significant associated to the tested dependent
variable. Regression analyses were performed using PROC
LOGISTIC, PROC REG, and subroutines in SAS [29].

Clinical and Laboratory Assessment
Clinical and anthropometric data were collected at the time of
liver biopsy. Body mass index (BMI) was calculated on the basis of
weight in kilograms and height in meters. The diagnosis of arterial
hypertension was based on the following criteria: systolic blood
pressure $135 mm Hg and/or diastolic blood pressure
$85 mm Hg (measured three times within 30 minutes, in the
sitting position and using a brachial sphygmomanometer), or use
of blood-pressure-lowering agents. The diagnosis of type 2 diabetes
was based on the revised criteria of the American Diabetes
Association, using a value of fasting cut-off value of blood glucose
$126 mg/dl on at least two occasions [23]. In patients with a
previous diagnosis of type 2 diabetes, current therapy with insulin
or oral hypoglycemic agents was documented.
A 12-hour overnight fasting blood sample was drawn at the time
of biopsy to determine serum levels of ALT, total cholesterol,
HDL-cholesterol, triglycerides, plasma glucose and insulin concentrations. IR was assessed by homeostasis model assessment
(HOMA), using the following equation [24]: Insulin resistance
(HOMA-IR) = Fasting insulin (mU/mL)6Fasting glucose (mmol/
L)/22.5. [25]. HOMAbeta was also assessed as expression of
pancreatic beta-cell function [26]

Results
Patient Features and Histology
The baseline characteristics of the 197 Sicilian and the 169
Center/Northern Italian NAFLD patients are shown in Table 1.
Patients from Sicily were slightly older and with a moderately
lower prevalence of males, were more likely to be obese and to
have more severe steatosis and lobular inflammation compared to
Center/Northern Italian patients. Nevertheless, histological staging was similar in the two cohorts and significant fibrosis (.F1)
was present in approximately half of the patients.
The prevalence of GCKR rs780094 CC, CT and TT genotypes
was 16.4%, 48.9% and 34.7% in the entire cohort. When split
according to center (Sicily vs. Center/Northern Italy) the
prevalence of the single SNPs was similar (16.2%, 50.3% and
33.5% in the Sicilian cohort, vs. 16.6%, 47.3% and 36.1%;
p = 0.98). Similarly, the prevalence of PNPLA3 rs738409 CC, CG

Genetic Analyses
DNA was purified using the QIAmp blood Mini Kit (Qiagen,
Mainz, Germany) and DNA samples were quantified using
spectrophotometric determination. Genotyping for PNPLA3
(rs738409), and GCKR (rs780094) was carried out using the
TaqMan SNP genotyping allelic discrimination method (Applied
Biosystems, Foster City, CA, USA). Commercial genotyping
assays were available for the following SNPs: rs738409 (cat.
C_7241_10), rs780094 (cat. C_2862873_10).
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Table 1. Baseline Demographic, Laboratory, Metabolic, and Histological Features of 366 Italian Patients with Non-alcoholic Fatty
Liver Disease.

Variable

Non-alcoholic Fatty Liver
Disease (Sicily n = 197)

Non-alcoholic Fatty Liver Disease
(Center/Northern Italy n = 169)

P value

Mean Age – years

45.0613.3

42.2611.2

0.03

131 (66.5)

130 (76.9)

0.03

Male Gender
Mean Body Mass Index – kg/m

2

29.764.6

27.864.1

,0.001

Alanine Aminotransferase – IU/L

79.4655.1

77.8653.3

0.78

Arterial Hypertension

46 (23.3)

47 (27.8)

0.21

Type 2 Diabetes

28 (14.2)

22 (11.2)

0.39

Cholesterol – mg/dL

205.8644.8

203.4645.2

0.74

HDL Cholesterol – mg/dL

49.0615.4

47.7611.3

0.38

Triglycerides – mg/dL

147.6678.7

142.7686.9

0.57

Blood Glucose – mg/dL

96.1625.2

94.7621.5

0.56

Insulin – mU/mL

16.569.6

14.5610.6

0.08

HOMA Score

4.0362.96

3.5763.41

0.18

C/C

62 (31.5)

54 (31.9)

C/G

94 (47.7)

79 (46.7)

G/G

41 (20.8)

36 (21.4)

C/C

32 (16.2)

28 (16.6)

C/T

99 (50.3)

80 (47.3)

T/T

66 (33.5)

61 (36.1)

0.98

Balloning

83 (42.1)

20 (11.8)

,0.001

1–2

181 (91.8)

122 (71.7)

,0.001

1 (5%–33%)

72 (36.6)

76 (44.9)

2 (.33%–66%)

62 (31.5)

62 (36.7)

3 (.66%)

63 (31.9)

31 (18.4)

0.01

NAS$5

116 (58.8)

41 (24.2)

,0.001

86 (43.6)

72 (42.6)

0.84

PNPLA3 rs738409 polymorphism

0.98

GCKR rs780094 polymorphism

Histology
Lobular inflammation
2–3

Steatosis grade

Stage of Fibrosis
2–4

Abbreviation: IU, international units; HOMA, homeostasis model assessment; HDL, high density lipoprotein. Data are given as mean 6 standard deviation, or as number
of cases (%).
doi:10.1371/journal.pone.0087523.t001

and GG genotypes was 31.5%, 47.7% and 20.8% in the Sicilian
cohort, and 31.9%, 46.7% and 21.4% in the Center/Northern
Italy cohort (p = 0.98).
Genetic frequencies of the two polymorphisms fit with Hardy–
Weinberg equilibrium.

GCKR TT genotype and higher blood glucose levels was also
observed (85.5611.6 for CC, 96.7624.4 for CT, 96.4620 for TT;
p = 0.03). By contrast, in the Sicilian cohort the rs780094 genotype
was not associated with abnormal triglyceride levels.

Factors Associated with Histological Features
Influence of GCKR Genotype on Metabolic and
Biochemical Parameters

In the entire cohort, multivariate logistic regression analysis
showed that high BMI (OR 1.10, 95% CI 1.04–1.117, p = 0.001),
high HOMA considered as continuous variable (OR 1.08, 95% CI
1.00–1.17, p = 0.04), and PNPLA3 GG (OR 1.97, 95% CI 1.11–
3.51, p = 0.02) were independently associated with severe steatosis
(table 3 upper panel). Similar results were observed when analyses
were split by center (table 3 upper panel).
In the whole NAFLD cohort, NAS score $5 was independently
associated with female gender (OR 2.55, 95% CI 1.51–4.31,

The association of the rs780094 GCKR CRT genotype with
anthropometric, metabolic and biochemical parameters in the
entire cohort is shown in Table 2. The only significant association
was between the TT genotype and higher triglyceride levels,
although independent of age, gender distribution, and BMI. When
split according to center, broadly similar data were observed in the
Center/Northern Italian cohort, where an association between
PLOS ONE | www.plosone.org
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Table 2. Association of the rs780094 CRT GCKR SNP with anthropometric, biochemical, metabolic and histological features in 366
Patients with Non-alcoholic Fatty Liver Disease.

Variable

GCKR CC N = 60

GCKR CT n = 179

GCKR TT n = 127

Univariate Analysis p
value6

Mean age – years

42.2613.0

43.3612.6

44.9611.8

0.33

Males

48

127

86

0.22

Mean body mass index – kg/m2

28.564.6

28.764.4

29.164.5

0.61

Alanine aminotransferase – IU/L

81.6670.6

81.4652.1

73.4648.0

0.40

Cholesterol – mg/dL

198.6647.9

202.4640.9

209.5648.5

0.23

HDL cholesterol – mg/dL

50.2618.2

48.9613.2

47.1612.2

0.32

Triglycerides – mg/dL

139.8683.3

138.0669.8

158.3696.3*

0.09

Blood glucose – mg/dL

91.4618.6

96.6627.7

95.8618.5

0.32

Insulin – mU/mL

15.169.8

16.069.1

15.4611.5

0.78

HOMA-score

3.6563.23

3.9663.03

3.7063.05

0.68

HOMAbeta %

144.4663.7

144.6671.5

131.8661.0

0.25

Diabetes

8

21

18

0.81

Arterial hypertension

14

41

38

0.35

Steatosis grade 3

13

44

37

0.49

Lobular Inflammation Grade 2–3

17

53

34

0.86

Ballooning

46

151

105

0.39

NAS $5

24

82

51

0.54

Fibrosis .F1

17

71

70

0.001

Data are given as mean 6 SD or as number of cases. HDL: high-density lipoprotein; HOMA: homeostasis model assessment.
u
by ANOVA;
*p = 0.02 versus GCKR CC/CT.
doi:10.1371/journal.pone.0087523.t002

p,0.001), high BMI (OR 1.11 95% CI 1.04–1.17, p = 0.004),
HOMA (OR 1.13 95% CI 1.03–1.25, p = 0.01), and PNPLA3 GG
(OR 2.15, 95% CI 1.22–3.77, p = 0.008) at multivariate logistic
regression analysis (table 3).
Finally, the presence of significant liver fibrosis (.F1) was
independently linked to high HOMA (OR 1.12, 95% CI 1.01–
1.23, p = 0.02), NAS $5 (OR 4.09, 95% CI 2.45–6.81, p,0.001),
and GCKR C.T SNP (OR 2.06, 95% CI 1.43–2.98, p,0.001) in
the whole study population (table 3 lower panel). When
histological variables were removed from the model, .F1 fibrosis
was independently linked to female gender (OR 1.77, 95% CI
1.05–2.99, p = 0.03), BMI (OR 1.08, 95% CI 1.02–1.14,
p = 0.008), HOMA (OR 1.16, 95% CI 1.05–1.28, p = 0.004),
and GCKR C.T SNP (OR 1.88, 95% CI 1.33–2.66, p,0.001).
Figure 1 shows the stepwise increased prevalence of significant
fibrosis (.F1) according to GCKR genotype. Similar results were
observed when the NAFLD cohorts were split by center (table 3
lower panel).

diagnosis of NAFLD in a population of healthy subjects [19],
and the association has been further validated in children and in
patients of different ethnicity [20–22]. In this study, besides
confirming the associations between PNPLA3 C.G SNP and
steatosis/lobular inflammation [11–15], for the first time we also
highlighted the potential impact of GCKR CRT SNP on liver
fibrosis in an European cohort of histologically diagnosed NAFLD
patients.
Of importance, this association was independent from other
well-known determinants and the severity of liver fibrosis showed a
stepwise increase from patients carrying one risk allele to those
carrying two risk alleles. It is noteworthy that this trend was
observed in both tested cohorts. Our findings are in agreement
with the evidence of a link between GCKR CRT SNP and higher
ALT levels reported by Hernaez et al [22] in the US Health and
Nutrition Examination Survey III, and also agree with preliminary
unpublished data from FLIP cohort [30], and published data from
a small Asiatic population [31] reporting the association between
GCKR gene variant and severity of liver damage in NAFLD.
Although this study was not designed to clarify the pathogenic
link between GCKR SNPs and liver fibrosis in NAFLD, some
hypotheses can be provided. The GCKR gene product, the
glucokinase regulatory protein, acts as an inhibitor of glucokinase
(GCK) activity, a key liver enzyme for glucose metabolism, whose
hepatic concentrations are increased in fatty liver [32,33]. GCKR
rs780094 C.T SNP might facilitate liver fibrogenesis by reducing
the inhibitory effect of GCKR, thereby increasing GCK activity.
GCKR rs780094 SNP is in linkage disequilibrium with the GCKR
rs1260326 SNP, that is associated with an increased GCK liver
activity [20,34]. By inducing de novo hepatic lipogenesis and by
suppressing hepatic fatty acid oxidation, GCK liver activity

Discussion
The main finding of this study on a large cohort of Italian
patients with NAFLD is the association between GCKR rs780094
C.T SNP and high triglyceride levels and the severity of liver
fibrosis, independent of other known risk factors for liver damage
The complex interplay between genetic background and
environmental factors in the development of NAFLD [26] is
progressively unveiled by the recognition of the role of specific
SNPs, such as PNPLA3 C.G SNPs. The GCKR CRT SNPs is
also emerging as an important genetic determinant of NAFLD.
This trait has been initially associated with imaging-based
PLOS ONE | www.plosone.org
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Table 3. Association of the GCKR rs780094 genotype and liver damage as evaluated by unadjusted and adjusted models in 366
Patients with Non-alcoholic Fatty Liver Disease.

Variable

Sicilian Cohort n = 197

Center/northern Italy Cohort n = 169

Combined n = 366

OR (95% C.I.)

OR (95% C.I.)

OR (95% C.I.)

P value

P value

P value

Steatosis (1 vs 2 vs 3)
Unadjusted Model

Adjusted Model

Unadjusted Model Adjusted Model

Unadjusted Model Adjusted Model

Females

-

-

-

-

1.94 (1.18–3.20)
0.009

1.43 (0.83–2.44)
0.19

Mean BMI – kg/m2

1.09 (1.02–1.17)
0.006

1.08 (1.00–1.16)
0.03

1.15 (1.05–1.27)
0.003

1.12 (1.01–1.25)
0.02

1.13 (1.07–1.19)
,0.001

1.10 (1.04–1.17)
0.001

HOMA-score

1.13 (1.01–1.25)
0.02

1.08 (0.97–1.21)
0.14

1.16 (1.03–1.29)
0.01

1.08 (0.96–1.22)
0.17

1.15 (1.06–1.24)
,0.001

1.08 (1.00–1.17)
0.04

GCKR CC vs CT
vs TT

1.23 (0.79–1.91)
0.35

1.19 (0.75–1.90)
0.44

1.27 (0.72–2.25)
0.40

1.37 (0.74–2.52)
0.31

1.22 (0.87–1.73)
0.24

1.22 (0.85–1.76)
0.27

PNPLA3 CC vs
CG vs GG

2.19 (1.08–4.45)
0.02

2.12 (1.02–4.41)
0.04

2.48 (1.05–5.83)
0.03

2.50 (1.03–6.05)
0.04

2.24 (1.31–3.83)
0.003

1.97 (1.11–3.51)
0.02

Mean age – years

-

-

-

-

1.01 (1.00–1.03)
0.05

0.99 (0.97–1.00)
0.79

Females

2.47 (1.30–4.69)
0.006

1.69 (0.83–3.42)
0.14

3.98 (1.83–8.64)
,0.001

3.70 (1.62–8.47)
0.002

3.16 (1.97–5.06)
,0.001

2.55 (1.51–4.31)
,0.001

Mean BMI – kg/m2

1.10 (1.03–1.18)
0.003

1.05 (0.97–1.13)
0.21

1.15 (1.05–1.25)
0.002

1.13 (1.02–1.25)
0.01

1.14 (1.09–1.21)
,0.001

1.11 (1.04–1.17)
0.004

HOMA-score

1.38 (1.17–1.64)
,0.001

1.28 (1.07–1.53)
0.005

1.14 (1.02–1.27)
0.01

1.03 (0.91–1.17)
0.54

1.24 (1.12–1.36)
,0.001

1.13 (1.03–1.25)
0.01

GCKR CC vs CT
vs TT

1.14 (0.75–1.73)
0.52

1.10 (0.69–1.75)
0.67

0.76 (0.46–1.27)
0.30

0.75 (0.43–1.30)
0.31

0.96 (0.71–1.29)
0.79

0.91 (0.65–1.26)
0.58

PNPLA3 CC/CG
vs GG

3.62 (1.57–8.35)
0.002

3.06 (1.26–7.41)
0.01

2.49 (1.13–5.51)
0.02

2.31 (1.00–5.31)
0.04

2.54 (1.52–4.27)
,0.001

2.15 (1.22–3.77)
0.008

NAS$5

Fibrosis (0–1 versus
2–4)
Mean age – years

1.03 (1.01–1.06)
0.001

1.03 (1.00–1.05)
0.02

-

-

1.02 (1.01–1.04) 0.001 1.01 (0.99–1.03) 0.28

Females

2.34 (1.28–4.29)
0.006

1.44 (0.68–3.03)
0.33

2.73 (1.30–5.71)
0.007

2.06 (0.86–4.91)
0.10

2.47 (1.55–3.93)
,0.001

1.40 (0.80–2.45) 0.23

Mean BMI – kg/m2

1.10 (1.03–1.18)
0.002

1.02 (0.94–1.11)
0.52

1.17(1.07–1.28)
,0.001

1.12 (1.01–1.23)
0.02

1.12 (1.07–1.18)
,0.001

1.05 (0.98–1.11) 0.10

HOMA-score

1.31 (1.14–1.52)
,0.001

1.15 (1.00–1.32)
0.04

1.16 (1.03–1.32)
0.01

1.06 (0.91–1.23)
0.43

1.24 (1.12–1.36)
,0.001

1.12 (1.01–1.23) 0.02

Arterial
hypertension

-

-

-

-

1.93 (1.20–3.12) 0.007 1.36 (0.76–2.43) 0.29

NAS$5

7.83 (3.93–15.5)
,0.001

7.05 (3.22–15.4)
,0.001

5.58 (2.55–12.2)
,0.001

4.43 (1.80–10.9)
0.001

5.06 (3.23–7.93)
,0.001

4.09 (2.45–6.81)
,0.001

GCKR CC vs CT
vs TT

1.82 (1.18–2.81)
0.006

2.07 (1.22–3.49)
0.006

1.75 (1.10–2.76)
0.01

2.23 (1.31–3.82)
0.003

1.77 (1.30–2.44)
,0.001

2.06 (1.43–2.98)
,0.001

PNPLA3 CC/CG
vs GG

1.47 (0.73–2.93)
0.27

0.62 (0.26–1.49)
0.29

1.94 (0.92–4.09)
0.07

1.32 (0.54–3.18)
0.53

1.67 (1.01–2.67)
0.04

1.03 (0.56–1.87)
0.92

Unadjusted and adjusted OR were presented for PNPLA3 and GCKR SNPs, and only for clinical, metabolic and histological variables significant at univariate analysis.
PNPLA3 and GCKR SNPs, when not significant, were forced into the models.
doi:10.1371/journal.pone.0087523.t003

prompts the hepatic accumulation of triglycerides, causing organ
damage. In addition, GCKR rs780094 SNP might favor liver
fibrogenesis along two more pathways: a) by affecting the
expression of nearby genes, and specifically by increasing the
expression of C2orf16 mRNA in the liver [19]; b) by favoring a
low grade chronic inflammation as expressed by higher serum
levels of C-reactive protein [35].
In our study we also demonstrated that patient homozygous for
the T allele of GCKR had higher serum triglycerides levels, in

PLOS ONE | www.plosone.org

agreement with previous finding by Speliotes et al [19], and with
the hypothesis that the GCKR rs780094 SNP could lead to a
higher activity of liver glcokinase. In addition we also observed
higher triglycerides levels in Sicilian compared with Center/
Northern Italy cohort, probably attributable to the more
unhealthy lifestyle characterizing the southern population. By
contrast we did not identify any association between severity of
steatosis and GCKR genotype. Our data are not in contrast with
the study of Speliotes et al [19] and more recent studies showing a
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Figure 1. Prevalence of significant fibrosis according to GCKR rs780094 SNP in the Sicilian cohort, in the Center/Northern Italian
cohort, and in the combined cohorts of NAFLD patients. *p = 0.02 for prevalence of F2–F4 fibrosis according to GCKR genotype; u p = 0.04 for
prevalence of F2–F4 fibrosis according to GCKR genotype; ‘p = 0.001 for prevalence of F2–F4 fibrosis according to GCKR genotype.
doi:10.1371/journal.pone.0087523.g001

link between GCKR SNP and the presence of steatosis [20–22].
We did not test subjects without steatosis of the same geographic
area, and therefore we were not able to discriminate between
presence/absence of fatty liver infiltration. Obviously, the lack of
these data could partially affect the interpretation of our results,
and in particular of the significance of the real effect of GCKR
SNP on steatosis.
Finally, we did not confirm the reported association between
PNPLA3 genotype and severity of liver fibrosis [14]. Differences in
the characteristics of the individual study cohorts could explain the
lack of association in our cohort.
The main limitation of this study lies in its cross-sectional
nature, making it impossible to dissect the temporal relation
between genetic background and progression of liver disease over
time. This issue should be tested in longitudinal analyses. A further
methodological question is the potentially limited external validity
of the results for different populations and settings. Our study
included cohorts of Italian patients enrolled at tertiary care

centers, who may be different, in terms of both metabolic features
and severity of liver disease, from the majority of prevalent cases of
NAFLD in the general population. However, validation of the
results in two independent, largely different populations from
South and Northern/Center Italy supports a general involvement
of GCKR rs780094 C.T polymorphisms in NAFLD progression.
In conclusion, this study on a large cohort of patients with
histological diagnosis of NAFLD, showed an independent link
between GCKR SNPs and significant hepatic fibrosis. Further
studies are needed to explore the pathogenic mechanisms
underlying this association.

Author Contributions
Conceived and designed the experiments: SP. Performed the experiments:
CR DC SB SG RMP. Analyzed the data: SP. Wrote the paper: SP. Had
full control of the study design, data analysis and interpretation, and
preparation of article: LM EB CC VD AG GM AC.

References
1. Petta S, Muratore C, Craxı̀ A (2009) Non-alcoholic fatty liver disease
pathogenesis: the present and the future. Dig Liver Dis 41:615–25.
2. Marchesini G, Bugianesi E, Forlani G, Cerrelli F, Lenzi M, et al. (2003)
Nonalcoholic fatty liver, steatohepatitis, and the metabolic syndrome. Hepatology 37:917–23.
3. Bedogni G, Miglioli L, Masutti F, Tiribelli C, Marchesini G, et al. (2005)
Prevalence of and risk factors for nonalcoholic fatty liver disease: the Dionysos
nutrition and liver study. Hepatology 42:44–52.
4. Petta S, Craxı̀ A (2010) Hepatocellular carcinoma and non-alcoholic fatty liver
disease: from a clinical to a molecular association. Curr Pharm Des 16:741–52.
5. Targher G, Marra F, Marchesini G (2008) Increased risk of cardiovascular
disease in non-alcoholic fatty liver disease: causal effect or epiphenomenon?
Diabetologia 51:1947–53.
6. Petta S, Tripodo C, Grimaudo S, Cabibi D, Cammà C, et al. (2011) High liver
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Abstract
Background and Aim: To evaluate if the presence of carotid atherosclerosis in patients with NAFLD, could be related to
gene variants influencing hepatic fat accumulation and the severity of liver damage.
Methods: We recorded anthropometric, metabolic and histological data(Kleiner score) of 162 consecutive, biopsy-proven
Sicilian NAFLD patients. Intima-media thickness(IMT), IMT thickening(IMT$1 mm) and carotid plaques(focal thickening of
.1.3 mm at the level of common carotid artery) were evaluated using ultrasonography. IL28B rs12979860 C.T, PNPLA3
rs738409 C.G, GCKR rs780094 C.T, LYPLAL1 rs12137855 C.T, and NCAN rs2228603 C.T single nucleotide polymorphisms
were also assessed. The results were validated in a cohort of 267 subjects with clinical or histological diagnosis of NAFLD
from Northern Italy, 63 of whom had follow-up examinations.
Results: Carotid plaques, IMT thickening and mean maximum IMT were similar in the two cohorts, whereas the prevalence
of diabetes, obesity, NASH, and PNPLA3 GG polymorphism(21%vs.13%, p = 0.02) were significantly higher in the Sicilian
cohort. In this cohort, the prevalence of carotid plaques and IMT thickening was higher in PNPLA3 GG compared to CC/CG
genotype(53%vs.32%, p = 0.02; 62%vs.28%, p,0.001, respectively). These associations were confirmed at multivariate
analyses (OR2.94;95%C.I. 1.12–7.71, p = 0.02, and OR4.11;95%C.I. 1.69–9.96, p = 0.002, respectively), although have been
observed only in patients ,50years. Also in the validation cohort, PNPLA3 GG genotype was independently associated with
IMT thickening in younger patients only (OR: 6.00,95%C.I. 1.36–29, p = 0.01), and to IMT progression (p = 0.05) in patients
with follow-up examinations.
Conclusion: PNPLA3 GG genotype is associated with higher severity of carotid atherosclerosis in younger patients with
NAFLD. Mechanisms underlying this association, and its clinical relevance need further investigations.
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ventricular geometry and early features of left ventricular diastolic
dysfunction, [6,7] low coronary flow reserve [8] and coronary
calcification, [9] and carotid atherosclerosis.[10–12] These alterations have been partly associated with the severity of liver
damage, measured by both lobular inflammation and fibrosis.
Cross sectional studies demonstrated a link between NAFLD and
the presence/extent of coronary, cerebral and peripheral cardiovascular involvement, [13] whereas prospective studies identified
NAFLD as risk factor for cardiovascular events after correction for
conventional confounders. [14].
In the last few years, data arising from genome-wide (GWAS) or
candidate association studies identified single nucleotide polymorphisms (SNPs) in genes involved in metabolic homeostasis,

Introduction
Nonalcoholic fatty liver disease (NAFLD) affects about 20%–
30% of the general population. [1] In addition to being at risk for
non-alcoholic steatohepatitis (NASH), leading to cirrhosis and its
complications, [1] NAFLD patients are also at higher risk of
systemic and cardiovascular diseases. [2] Specifically, surrogate
markers of NAFLD, namely fatty liver index, [3] and elevated
ALT [4] and GGT [5] have been associated with carotid
atherosclerosis and incident cardiovascular disease, respectively.
Similarly, NAFLD, diagnosed either by ultrasonography or by
liver biopsy, has been associated with a higher prevalence of early
asymptomatic cardiovascular alterations such as altered left
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(NAS) (from 0 to 8, on a scale including separate scores for
steatosis, lobular inflammation, and hepatocellular ballooning) and
to stage fibrosis from 0 to 4. NASH was considered to be present
when steatosis, ballooning, and lobular inflammation were present.

inflammation, oxidative stress and fibrogenesis, as associated with
NAFLD and its severity. Patatin-like phospholipase-3 (PNPLA3)/
adiponutrin, rs738409 C.G SNP, remains the most validated risk
gene in this setting. [15,16] Because NAFLD is the liver expression
of a systemic metabolic dysregulation, we hypothesized that SNPs
of genes associated with NAFLD and its severity -PNPLA3,
GWAS-derived genes like neurocan (NCAN), glucokinase regulatory protein (GCKR), lysophospholipase-like 1 (LYPLAL1) [17],
and IL28B which have been recently associated with hepatic
lobular inflammation and fibrosis [18] - could also be linked to the
severity of systemic, and in particular cardiovascular alterations in
this setting of patients.
We evaluated carotid atherosclerosis in an homogeneous cohort
of biopsy-proven NAFLD patients, in order to assess its correlation
with gene variants influencing hepatic fat accumulation and the
severity of liver damage in NAFLD. The results were raised and
validated in two totally independent cohorts.

Genetic Analyses
DNA was extracted from peripheral blood collected at the time
of enrollment in both Sicilian and Northern Italy cohorts.
Genotyping for IL28B (rs12979860), PNPLA3 (rs738409),
GCKR (rs780094), LYPLAL1 (rs12137855), and NCAN
(rs2228603) was carried out using the TaqMan SNP genotyping
allelic discrimination method (Applied Biosystems, Foster City,
CA, USA). Commercial genotyping assays were available for the
following SNPs: rs738409 (cat. C_7241_10), rs780094 (cat.
C_2862873_10), rs12137855 (cat. C_31403184_10), rs2228603
(cat. C_16171492_10). A custom assay was created by Applied
Biosystem for rs12979860. The genotyping call was done with
SDS software v.1.3.0 (ABI Prism 7500, Foster City, CA, USA).
Genotyping was conducted in a blinded fashion relative to
patient characteristics.

Materials and Methods
The study was performed in accordance with the principles of
the Declaration of Helsinki and its appendices, and with local and
national laws. Approval was obtained from the AOUP Policlinico
Paolo Giaccone of Palermo and from the Fondazione IRCCS Ca’
Granda Ospedale Maggiore Policlinico Milan, Institutional
Review Boards and Ethics Committees, and written informed
consent was obtained from all patients.

Carotid Artery Evaluation
Carotid atherosclerosis was evaluated by an expert physician in
each clinical centre, in a blinded fashion as to characteristic of
patients, using a high-resolution B-mode ultrasonography
equipped with a multifrequency linear probe.
Carotid arteries were investigated in longitudinal projections of
both the left and right side at the level of the common carotid
artery, of the bulb and of the internal carotid. The carotid intimamedia thickness (IMT) was measured as the difference between the
first (intima-lumen) and the second (media-adventitia) interface on
the far wall of the common carotid artery in a section free of
plaques beginning 10 mm below their bifurcations and including
the bifurcations for 10 mm. For each subject, three measurements
on both sides were performed, i.e., the anterior, lateral, and
posterior projection of the near and far wall. Maximum (outside
the plaque) rather than mean values of IMT were considered, and
edge detection was performed manually. IMT measurements from
the left and right side were averaged. Carotid thickening was
defined as an IMT$1 mm; this value has been previously
associated with a higher cardiovascular risk. [24,25] A carotid
plaque was defined as a focal thickening .1.3 mm at the level of
either common and internal carotid arteries or bifurcations. [12].

Patients
We analyzed data from 429 Italian consecutive patients with
NAFLD and with available DNA and ultrasonographic carotid
arteries assessment. Among them, 162 patients with clinical and
histological diagnosis of NAFLD were prospectively recruited at
the Gastrointestinal & Liver Unit of the Palermo University
Hospital (training set)., and 267 patients were recruited at the
Metabolic Liver Diseases outpatient service, Fondazione IRCCS
Ca’ Granda Ospedale Maggiore Policlinico, Milan (validation
set),. The latter has already been included in a previous study on
cardiovascular risk factors for NAFLD. [19] Other causes of liver
disease were excluded, including alcohol intake (.20 g/day)
evaluated by a questionnaire, viral and autoimmune hepatitis,
hereditary hemochromatosis, and alpha1-antitrypsin deficiency.
Patients with advanced cirrhosis, hepatocellular carcinoma,
current use of drugs interfering with lipid metabolism (i.e., statins,
fibrates) (only for Sicilian patients), and previous diagnosis of
carotid atherosclerosis, were excluded.

Statistics
Continuous variables were summarized as mean 6 SD, and
categorical variables as frequency and percentage. The ANOVA
test, student’s t-test and chi-square test were used when
appropriate.
Multiple logistic regression models were used to assess the
relationship of IMT thickening ($1 mm), and carotid plaques with
clinical, biochemical, genetic (PNPLA3 only in Milan patients) and
histological parameters in both NAFLD cohorts. In the first model,
the dependent variable was the presence of an IMT thickening
coded as 0 = IMT,1 mm vs 1 = IMT$1. In the second model,
the dependent variable was the presence of one or more carotid
plaque, coded as 1 = present vs. 0 = absent. As candidate risk
factors, we selected age, gender, BMI, baseline ALT, triglycerides,
total, HDL and LDL cholesterol, GGT, ferritin, blood glucose,
diabetes, arterial hypertension, smoking, insulin, HOMA, adiponectin (only in Palermo patients), IL28B rs12979860 (only in
Sicilian patients), PNPLA3 rs738409, GCKR rs780094 (only in
Sicilian patients), LYPLAL1 rs12137855 (only in Sicilian patients),
NCAN rs2228603 (only in Sicilian patients), and histological

Clinical, Laboratory and Histological Assessment
Clinical and anthropometric data, including BMI, the presence
of arterial hypertension and type 2 diabetes, were collected at the
time of enrollment. [20] A 12-hour overnight fasting blood sample
was drawn to determine serum levels of ALT, total, HDL and
LDL-cholesterol, triglycerides, ferritin, GGT, plasma glucose
concentration, and insulin. Insulin resistance was determined by
the homeostasis model assessment (HOMA). [21] Serum adiponectin (SPIbio – Bertin Pharma Human Adiponectin EIA Kit)
levels were measured in duplicate in the Sicilian patients.
Slides were coded and read at each clinical center by one expert
pathologist, who was unaware of patients identity and history. A
minimum 15 mm-length of the biopsy specimen or the presence of
at least 10 complete portal tracts was required. [22] Steatosis was
assessed as the percentage of hepatocytes containing fat droplets
(minimum 5%), and evaluated as a continuous variable. Kleiner
classification [23] was used to compute the NAFLD activity score
PLOS ONE | www.plosone.org
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Table 1. Baseline Demographic, Laboratory, Metabolic, Genetic and Histological Features of 429 Italian Patients with Non-alcoholic
Fatty Liver Disease.

Variable

Non-alcoholic Fatty Liver
Disease (Sicily n = 162)

Non-alcoholic Fatty Liver
Disease (Northern Italy n = 267)

P value

Mean Age – years

47.2612.8

52.9612.4

,0.001

Age$50 years

74 (45.7)

154 (57.6)

0.02

Male Gender

102 (63)

217 (81)

,0.001

Mean Body Mass Index – Kg/m2

30.064.9

27.567.9

,0.001

,25

20 (12.3)

81 (30.3)

25–29.9

70 (43.2)

137 (51.3)

$30

72 (44.5)

49 (18.4)

,0.001

Arterial Hypertension

46 (28.4)

93 (34.8)

0.20

Type 2 Diabetes

29 (17.9)

21 (8.0)

0.002

Smoking

27 (16.7)

72 (27.0)

0.01

Body Mass Index – Kg/m2

Statin use

0 (0)

22 (8)

,0.001

Carotid Intima-Media Thickness – mm

0.8560.24

0.8660.23

0.66

Carotid thickening

57 (35.2)

90 (33.7)

0.83

Carotid Plaques

59 (36.4)

84 (31)

0.29

Alanine Aminotransferase – IU/mL

77648

39625

,0.001

Cholesterol – mg/Dl

205.6647.0

202.6633.7

0.44

HDL Cholesterol – mg/Dl

51619

43614

,0.001

LDL Cholesterol – mg/Dl

126639

126633

0.99

Triglycerides – mg/Dl

145677

139674

0.37

Blood Glucose – mg/Dl

99.0628.2

95.2616.3

0.07

Insulin – mU/Ml

16.569.7

16.9610.3

0.69

HOMA Score

4.1463.14

4.263.7

0.86

Hyperferritinemia

52 (32.1)

121 (45.3)

0.009

IL28B rs12979860 polymorphism
C/C

74 (45.7)

–

T/C

74 (45.7)

–

T/T

14 (8.6)

–

C/C

53 (32.7)

113 (42)

C/G

75 (46.3)

121 (45)

G/G

34 (21.0)

33 (13)

C/C

24 (14.8)

–

C/T

84 (51.9)

–

T/T

54 (33.3)

–

C/C

95 (58.6)

–

C/T

64 (39.5)

–

T/T

3 (1.9)

–

–

PNPLA3 rs738409 polymorphism

0.02

GCKR rs780094 polymorphism

–

LYPLAL1 rs12137855 polymorphism

–

NCAN rs2228603 polymorphism
C/C

145 (89.5)

–

C/T

17 (10.5)

–

T/T

0 (0.0)

–

1–2

17 (10.5)

97 (76.0)

3–4

44 (27.2)

23 (18.3)

–

Histology*
NAFLD activity score (NAS)
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Table 1. Cont.

Non-alcoholic Fatty Liver
Disease (Sicily n = 162)

Non-alcoholic Fatty Liver
Disease (Northern Italy n = 267)

P value

101 (62.3)

7 (5.6)

,0.001

0

12 (7.4)

50 (39.7)

1

77 (47.5)

70 (55.6)

2

66 (40.7)

6 (2.7)

3

7 (4.3)

0

1 (5%–33%)

57 (35.2)

74 (58.7)

2 (.33%–66%)

49 (30.2)

40 (31.7)

3 (.66%)

56 (34.6)

12 (9.6)

0

13 (8.0)

103 (87.7)

1

75 (46.3)

23 (22.3)

2

74 (45.7)

0

present

160 (98.8)

58 (46)

absent

2 (1.2)

68 (54)

0

45 (27.8)

58 (46.0)

1

39 (24.1)

43 (34.2)

2

38 (23.5)

18 (14.2)

3

27 (16.7)

3 (2.3)

4

13 (8.0)

4 (3.2)

Variable
5–8
Lobular inflammation

,0.001

Steatosis grade

,0.001

Hepatocellular ballooning

,0.001

NASH

,0.001

Stage of Fibrosis

,0.001

Abbreviation: IU, international units; HOMA, homeostasis model assessment; LDL, low density lipoprotein; HDL, high density lipoprotein; IL28B: interleukin 28B; PNPLA3:
patatin-like phospholipase-3; GCKR: glucokinase regulatory protein; LYPLAL1: lysophospholipase-like 1; NCAN: neurocan. Data are given as mean 6 standard deviation,
median {interquartile range}, or as number of cases (%).
*Histological data are available for all Sicilian patients, and for 126 Northern Italy patients.
doi:10.1371/journal.pone.0074089.t001

variables like steatosis, lobular inflammation, hepatocellular
ballooning, NAS score, NASH, and fibrosis (for all Sicilian
patients, and for the Northern Italian patients who underwent liver
biopsy).
Multiple linear regression analysis was done to identify
independent predictors of IMT (continuous dependent variable)
in both cohorts of NAFLD patients. As candidate risk factors, we
selected the same independent variables included in the logistic
model.
In all models, we compared patients homozygous for at-risk
alleles to all other variants. [15].
Regression analyses were done using Proc Logistic, Proc Reg,
and subroutine in SAS (SAS Institute, Inc., Cary, North Carolina,
U.S.A.). [26].

diabetes), and had higher ALT serum levels compared to Northern
Italian patients.
Comparing Sicilian patients with the Northern Italian cases
with liver biopsy, we have found a more severe spectrum of liver
disease, i.e. more severe steatosis, lobular inflammation, fibrosis
and obviously a higher prevalence of NASH, but a lower
prevalence of hyperferritinemia.
The genetic frequency of the polymorphisms tested in Sicilian
and Northern Italian cohorts are reported in Table 1. Specifically,
PNPLA3 rs738409 GG genotype was present in 34 (21%) of
Sicilian, compared to 33 (13%) of Northern Italy patients
(p = 0.02). Genetic frequencies of the five polymorphisms tested
in the Sicilian cohort fit with the Hardy–Weinberg equilibrium
(x2 = 1.08 for IL28B rs12979860, x2 = 0.10 for PNPLA3 rs738409;
x2 = 0.35 for GCKR rs780094; x2 = 0.71 for LYPLAL1
rs12137855; x2 = 0.22 for NCAN rs2228603; p.0.05 for all), as
well as genetic frequency of PNPLA3 SNP tested in the Northern
Italy cohort (x2 = 0, p.0.05).

Results
Patient Features and Histology
The baseline features of the 162 Sicilian (training set) and the
267 Northern Italian (validation set) patients are shown in Table 1.
Sicilian patients were younger, comprised a larger prevalence of
females and of subjects with metabolic alterations (obesity and
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p = 0.02; and 62% vs. 28%, p,0.001, respectively) (Figure 1A and
1B). The association was only observed in patients younger than
50 (40% vs. 11%, p = 0.005 for carotid plaques; and 53% vs. 14%,
p = 0.001 for IMT thickening), but not in those older than50 years
(63% vs. 60%, p = 0.75 for carotid plaques; and 68% vs. 47%,
p = 0.11 for IMT thickening) (Figure 1A and 1B). At multivariate
logistic regression analyses, PNPLA3 GG genotype remained
independently associated with the above quoted features (OR
2.94; 95% C.I. 1.12–7.70, p = 0.02 for carotid plaques, and OR
3.86; 95% C.I. 1.62–9.15, p = 0.002 for carotid thickening),
together with age$50 years (OR 5.39; 95%C.I. 2.14–13.5,
p,0.001) and diabetes (OR 5.29; 95% C.I. 1.51–18.5,
p = 0.009) for carotid plaques (Table 2), and with age $50 years
(OR 4.25; 95%C.I. 1.88–9.62, p = 0.001) and LDL (OR 1.01;
95%C.I. 1.00–1.02, p = 0.007) for carotid thickening (Table 3).
After Bonferroni correction, the link between PNPLA3 GG
genotype and carotid alterations, was maintained for carotid
thickening (p = 0.01), but not for carotid plaques (p = 0.10).
Interestingly, no association was found between carotid alterations
and both adiponectin serum levels (6.262.1 vs. 5.962.2, p = 0.41
for absence/presence of carotid plaques; 6.162.0 vs. 6.062.3,
p = 0.78 for absence/presence of carotid thickening), serum
ferritin (2586184 vs. 2986361, p = 0.44 for absence/presence of
carotid plaques; 2456200 vs. 3356364, ng/ml, p = 0.11 for
absence/presence of carotid thickening), and the other studied
SNPs (Table S1).
Among histological features, both moderate-severe lobular
inflammation and severe fibrosis were associated with the presence
of carotid plaques even if this link was not maintained at
multivariate analysis (Table 2). When considering separately
patients ,50 and $50 years, PNPLA3 GG genotype remained
independently linked to both carotid plaques (OR 5.00, 95%C.I.
1.24–20.1; p = 0.02) (Table S2) and carotid thickening (OR 7.46,
95%C.I. 1.96–28.3; p = 0.003) (Table 3) in patients younger 50
years only.
In the validation cohort from Northern Italy, the prevalence of
carotid plaques and carotid thickening was not significantly
different according to the presence/absence of PNPLA3 GG
genotype (24% vs. 33%, p = 0.32; and 30% vs. 34%, p = 0.69,
respectively), but a significant difference was observed for carotid
thickening in patients younger than 50 years (26% vs. 8%,
p = 0.04) (Figure 1A and 1B). When the PNPLA3 GG genotype
was forced into the carotid plaque model, the polymorphism was
not associated with carotid plaques, while an independent
association was observed for age $50 years (OR 7.91, 95%C.I.
3.72–18.3, p,0.001), ferritin (OR 1.96, 95%C.I. 1.41–2.83,
p,0.001), and arterial hypertension (OR 2.08, 95%C.I. 1.11–
3.89, p = 0.02) (Table 2). By contrast, when the PNPLA3 GG
genotype and its term of interaction with age was forced into the
carotid thickening model, the interaction term (p = 0.02) resulted
independently associated with carotid thickening together with
age$50 years (OR 6.43, 95% C.I. 3.23–13.6, p = ,0.001) and
LDL (OR 1.01, 95% C.I. 1.00–1.02, p = 0.04) (Table 3).
Accordingly, considering separately patients ,50 and $50 years,
PNPLA3 GG genotype remained independently associated with
carotid thickening in patients younger than 50 years (OR 6.00,
95% C.I. 1.36–29, p = 0.01), but not in their older counterpart
(OR 0.54, 95% C.I. 0.15–1.78, p = 0.35) (Table 3).
In the analysis using IMT as a continuous variable, Sicilian
patients with PNPLA3 CC/CG genotype had a lower mean
maximum IMT than their counterpart with PNPLA3 GG
genotype (0.8260.23 vs. 0.9460.25, p = 0.01). Again, this difference is significant in patients younger than 50 years (0.7560.17 vs.
0.8560.25, p = 0.05), not in those older (0.9360.25 vs. 1.0060.26,

Figure 1. Carotid atherosclerosis in Sicilian and Northern
Italian NAFLD patients according to age and to PNPLA3
genotype. Prevalence of carotid artery plaques according to age and
to PNPLA3 genotype (A). Prevalence of carotid thickening according to
age and to PNPLA3 genotype (B). Mean maximum intima-media
thickness values according to age and to PNPLA3 genotype (C).
doi:10.1371/journal.pone.0074089.g001

carotid thickening (35% vs. 34% p = 0.83), and mean maximum
IMT (0.8560.24 mm vs. 0.8660.23 mm; p = 0.66). No study
participants had clinically relevant carotid stenosis (i.e., $60%).
In the Sicilian cohort the prevalence of carotid plaques and
carotid thickening was higher in patients with PNPLA3 GG
compared to those with CC and CG genotype (523% vs. 32%,
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Table 2. Multivariate Analysis of Risk Factors Associated with the Presence of Carotid Plaques in 429 Italian Patients with Nonalcoholic Fatty Liver Disease.

Sicilian NAFLD Cohort

Northern Italian NAFLD Cohort

(n = 162)

(n = 267)
Multivariate Analysis

Multivariate Analysis

Variable

OR (95% CI)

p value

Variable

OR (95% CI)

p value

Age $50 years

5.39 (2.14–13.5)

,0.001

Age .50 years

7.91(3.72–18.3)

,0.001

Femal Gender

2.10 (0.91–4.87)

0.08

BMI Kg/m2

1.00(0.97–1.05)

0.95

Arterial Hypertension

0.86 (0.34–2.13)

0.75

Arterial Hypertension

2.08(1.11–3.89)

0.02

Type 2 Diabetes

5.29 (1.51–18.5)

0.009

ALT– IU/Ml

1.00(0.99–1.01)

0.86

Alanine Aminotransferase – IU/L

0.99 (0.98–1.00)

0.08

LDL mg/dl

0.99(0.99–1.01)

0.88

LDL Cholesterol – mg/dL

1.00 (0.99–1.01)

0.17

Ferritin log ng/ml

1.96(1.41–2.83)

,0.001

Blood Glucose – mg/dL

0.99 (0.97–1.00)

0.39

PNPLA3 GG genotype

1.15(0.42–3.34)

0.49

PNPLA3 GG genotype

2.94 (1.12–7.70)

0.02

Lobular inflammation grade 2–3

1.43 (0.59–3.49)

0.42

Severe Liver Fibrosis

1.09 (0.41–2.91)

0.85

Abbreviation: IU, international units; BMI, body mass index; LDL, low density lipoprotein; ALT, alanine aminotransferase; PNPLA3: patatin-like phospholipase-3.
doi:10.1371/journal.pone.0074089.t002

p = 0.32) (Figure 1C). Older age (p = 0.001), higher LDL
cholesterol (p = 0.04) and PNPLA3 GG genotype (p = 0.03) were
independent factors associated with high IMT at multiple linear
regression analysis. The link between PNPLA3 GG genotype and
higher IMT was not maintained after Bonferroni correction
(p = 0.15). No association was found in this cohort between IMT
and adiponectin, ferritin serum levels, the other studied SNP, and
histological features (p.0.10). In Northern Italian patients mean
maximum IMT values were similar in patients with and without
PNPLA3 GG genotype (0.8560.21 in GG vs. 0.8760.24 in CC/
CG p = 0.87), even if a weak trend was observed in patients ,50
years (0.7960.21 in GG vs. 0.7260.19 in CC/CG, p = 0.19)
(Figure 1C). When PNPLA3 genotype was forced in the model, it
was not significantly associated with higher IMT (p = 0.32), but
IMT was independently linked to older age (p,0.001) and higher
LDL serum levels (p,0.001).
A subgroup of 63 Northern Italy patients underwent ultrasonographic follow-up of carotid assessment. At the baseline, they
were characterized by a slightly younger age (age .50, 19/
63 = 46% vs. 125/204 = 61% of the rest of the cohort; p = 0.04),
and by a lower prevalence of altered iron metabolism (hyperferritinemia, 17/63 = 27% vs. 104/204 = 51%; p,0.001), but with
similar sex distribution, BMI, lipid levels, smoking status, liver
enzymes and prevalence of NASH, basal IMT thickness and
prevalence of plaques (p.0.5 for all). In this cohort, PNPLA3 GG
was at risk for IMT progression (Figure 2) compared to CG and
CC genotypes (p = 0.02). In particular PNPLA3 GG genotype
(p = 0.05), together with age.50 years (p = 0.03) was independently associated with IMT progression by multivariate linear
regression analysis (Table 4).

cohort of Northern Italian NAFLD patients, where PNPLA3 GG
genotype was also associated with atherosclerosis progression.
Different lines of evidence, including cross sectional and
prospective studies, showed that NAFLD patients are at high risk
of cardiovascular dysfunction/events, identifying conventional
cardiometabolic alterations and the severity of liver damage as
risk factors.[2–14] To the best of our knowledge this is first study
assessing carotid atherosclerosis as a function of gene variants at
risk for NAFLD. The novel finding, limited to a cohort of biopsyproven Sicilian NAFLD patients, is the independent association
between the presence of carotid plaques or larger IMT and
PNPLA3 GG genotype. Of note this link was maintained after
adjustment for well-known cardiovascular risk factors, including
lipid levels and IR - not associated in our cohort to PNPLA3
genotype (data not shown) - and histological features of NAFLD.
In particular we found that only 10% of patients ,50 years
carrying the PNPLA3 CC/CG genotype had carotid plaques,
compared with 40% in the group carrying the PNPLA3 GG
genotype. This figure is close to the value observed in the subgroup
of patients $50 years (again, about 60%), irrespective of the
PNPLA3 genotype. These data were also confirmed when
considering IMT$1 mm, and high maximum IMT instead of
carotid plaques. Interestingly, in the validation cohort of Northern
Italian NAFLD patients, vascular alterations were also not
different according to PNPLA3 genotype in the total population,
but in patients younger than 50 a link between atherosclerosis and
PNPLA3 GG genotype was again observed, and maintained after
correction for well known risk factors. The weaker association
between PNPLA3 genotype and carotid atherosclerosis in
Northern Italian, compared to Sicilian patients, could be
expression of the lower prevalence of PNPLA3 GG genotype,
metabolic dysfunctions and severity of liver disease observed in the
validation cohort. In any case, results from both populations are
finally consonant, and data from the Northern Italy NAFLD also
demonstrated an independent association between PNPLA3 GG
genotype and IMT progression over time in a subgroup of patients
characterized by young age at presentation.

Discussion
In a Sicilian cohort of biopsy-proven NAFLD patients, carotid
atherosclerosis was independently associated not only with wellknown risk factors for atherosclerosis, but also with the PNPLA3
GG genotype; this association was only observed in younger
patients. Of note, this feature was validated in an independent
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Table 3. Multivariate Analysis of Risk Factors Associated with the Presence of Carotid Thickening in 429 Italian Patients with Nonalcoholic Fatty Liver Disease, considered overall or according to age.

Sicilian NAFLD Cohort

Northern Italian NAFLD Cohort

(n = 162)

(n = 267)
Multivariate Analysis

Multivariate Analysis

Variable

OR (95% CI)

p value

Variable

OR (95% CI)

p value

Age $50 years

4.25 (1.88–9.62)

0.001

Age .50 years

6.43(3.23–13.6)

,0.001

Arterial Hypertension

0.98 (0.41–2.31)

0.96

BMI Kg/m2

0.99(0.94–1.03)

0.58

LDL Cholesterol – mg/dL

1.01 (1.00–1.02)

0.007

Arterial Hypertension

1.39(0.76–2.52)

0.29

PNPLA3 GG genotype

3.86 (1.62–9.15)

0.002

ALT IU/Ml

0.99(0.98–1.02)

0.49

LDL mg/dl

1.01(1.00–1.02)

0.04

Ferritin log ng/ml

1.19(0.90–1.59)

0.18

PNPLA3 GG genotype

1.32(0.52–3.32)

0.49

Interaction Age.50*PNPLA3G/G

0.02

Sicilian NAFLD Cohort ,50 years

Northern Italian NAFLD Cohort ,50 years

(n = 88)

(n = 113)
Multivariate Analysis

Multivariate Analysis

Variable

OR (95% CI)

p value

Variable

OR (95% CI)

p value

Blood Glucose – mg/dL

1.00 (0.98–1.03)

0.41

BMI Kg/m2

0.99 (0.93–1.07)

0.94

LDL Cholesterol – mg/dL

1.02 (1.00–1.04)

0.01

Arterial Hypertension

1.18 (0.24–7.74)

0.84

PNPLA3 GG genotype

7.46 (1.96–28.3)

0.003

ALT IU/Ml

0.99 (0.96–1.04)

0.72

LDL mg/dl

1.02 (1.00–1.04)

0.01

Ferritin log ng/ml

1.70 (0.90–2.06)

0.12

PNPLA3 148 M/M

6.00 (1.36–29)

0.01

Sicilian NAFLD Cohort $50 years

Northern Italian NAFLD Cohort $50 years

(n = 74)

(n = 154)

HOMA

0.89 (0.76–1.05)

0.18

BMI Kg/m2

0.99 (0.94–1.03)

0.52

PNPLA3 GG genotype

2.13 (0.66–6.83)

0.20

Arterial Hypertension

1.46 (0.75–1.81)

0.26

Grade 2–3 Lobular Inflammation

0.46 (0.16–1.27)

0.15

ALT IU/Ml

0.99 (0.99–1.01)

0.79

LDL mg/dl

1.01 (0.99–1.01)

0.37

Ferritin log ng/ml

1.12 (0.87–1.57)

0.47

PNPLA3 148 M/M

0.54 (0.15–1.78)

0.35

Abbreviation: IU, international units; BMI, body mass index; LDL, low density lipoprotein; ALT, alanine aminotransferase; PNPLA3: patatin-like phospholipase-3.
doi:10.1371/journal.pone.0074089.t003

Although this study was merely observational and not designed
to explore the reasons for the association of atherosclerosis markers
with PNPLA3 genotype, some hypotheses can be proposed. A
recent study by Valenti and colleagues showed that PNPLA3
variant was directly related to hepatic apoptosis in NAFLD. [15]
According to these data, it is plausible to hypothesize that
PNPLA3 genotype, by regulating apoptotic activity - a finding also
involved in the pathogenesis of atherosclerosis [27] -, might
modulate vascular damage. PNPLA3 gene variants in individual
patients might increase lipid storage in the arterial vessels, similar
to that observed in the liver, and could also induce release of
ICAM-1, an endothelium-derived inflammatory marker that has
been associated with myocardial infarction and stroke. [28]
Finally, considering that the mechanisms linking the severity of
NAFLD to the PNPLA3 genotype are largely unknown, we might
PLOS ONE | www.plosone.org

also hypothesize that the same pathway generating liver disease
might also produce vascular damage.
The association of PNPLA3 GG genotype with atherosclerosis
limited to younger patients is intriguing. A possible hypothesis
would be that in younger patients, where the role of aging and
classic atherosclerosis risk factors are weaker, PNPLA3 can fully
exert its atherogenic role; in older patients, as effect of PNPLA3induced liver disease progression, the reduction of LDL levels
(115.1638.6 mg/dl in F3–F4 vs. 128.9638.2 mg/dl in F0–F2
Sicilian cohort) [29] and arterial pressure values associated with
advanced liver disease might counterbalance the potential
atherogenic role of the PNPLA3 genotype, vanishing the
differences in IMT of the different polymorphisms.
We confirmed that type 2 diabetes and higher LDL cholesterol
levels in the Sicilian cohort, as well as arterial hypertension, higher
7
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Figure 2. Effect of PNPLA3 CG polymorphism on carotid intima-media thickness progression in 63 Northern Italy patients with
NAFLD.
doi:10.1371/journal.pone.0074089.g002

cardiovascular risk (i.e. NAFLD/NASH), could explain why the
I148M PNPLA3 gene variant was not identified as a risk factor for
cardiovascular diseases/events in GWAS studies, [30,31] other
than a recent report observing a link between ICAM-1 serum
levels and PNPLA3 genotype in a large cohort of healthy women.
Accordingly, the clinical significance of our data need to be
assessed with caution. Further prospective large scale studies,
assessing separately younger and older patients are needed to
clarify the effect on cardiovascular outcomes, and the importance
of a more intensive diagnostic workload and follow-up to prevent
cardiovascular complications in selected NAFLD groups according
to PNPLA3 genotype.
The main limitation of this study lies in its cross-sectional
nature, unable to identify pathogenic mechanisms(s) linking
PNPLA3 genotype and carotid atherosclerosis, and in the relative
low number of patients younger 50 years. A further methodological question is the potentially limited external validity of the
results caused by the small sample of patients especially when
considering subgroup analyses according to age. Our study
included two cohorts of Italian NAFLD patients, largely
overweight-obese, who may be different, in terms of both
metabolic features and severity of liver disease, from the majority
of prevalent cases of NAFLD in the general population. The lack
of data on a control Sicilian population might further limit the
strength of our results; however considering the data published
from our group, [32] we can observe that our NAFLD population
had similar mean IMT and a higher prevalence of carotid plaques,
compared to an older control population, [32] and a higher
prevalence of PNLA3 GG genotype compared to a cohort of 258
Sicilian CHC patients followed at our center (21%vs 9%)
(unpublished data). Obviously, only a case control study could
assess if the higher prevalence of carotid atherosclerosis observed
in NAFLD [2] compared to individuals without steatosis, is related
to an higher prevalence of PNPLA3 genotype and risk of
cardiovascular disease. Finally, we also need data on serum levels

LDL cholesterol and ferritin levels in the Northern Italian cohort,
were all independent risk factors for carotid atherosclerosis.
Interestingly, in the Sicilian population, even if not maintained
at multivariate analysis, we also observed an association between
carotid plaques and the severity of both liver lobular inflammation
and fibrosis, as also reported by Targher et al. [11] Due to the
very high prevalence of NASH in the Sicilian cohort, we cannot
evaluate the potential association between atherosclerosis and the
diagnosis of NASH. Finally, in the test cohort, we did not find any
association between carotid atherosclerosis and other SNP
promoting NAFLD and its severity. Accordingly GCKR,
LYPLAL, NCAN and IL28B gene variants might exert their
pathogenic effect mainly in the liver, without (in)directly affecting
vascular endothelium.
From a clinical point of view, our data confirm that NAFLD
patients are at high risk of carotid atherosclerosis, especially in the
presence of classical risk factors, in younger patients with PNPLA3
GG genotype, and in patients aged 50 or more. The lack of
association between PNPLA3 GG genotype and atherosclerosis in
older patients, together with the selection of a population at high
Table 4. Independent predictors of CC-IMT progression over
time (mm/year) in 63 patients with NAFLD from Northern
Italy.

Variable

Estimate coefficient

P value

Age $50 years

20.0860.03

0.030

Arterial Hypertension

+0.0560.03

0.13

Smoking

0.0660.03

0.14

PNPLA3 GG genotype

+0.0960.04

0.050

Abbreviation: PNPLA3: patatin-like phospholipase-3.
doi:10.1371/journal.pone.0074089.t004

PLOS ONE | www.plosone.org

8

September 2013 | Volume 8 | Issue 9 | e74089

ALLEGATO 5
Atherosclerosis, PNPLA3 and NAFLD

Table S2 Multivariate Analysis of Risk Factors Associated with
the Presence of Carotid Plaques in 162 Sicilian Patients with Nonalcoholic Fatty Liver Disease according to age.
(DOC)

and liver expression of markers of dysmetabolic function and
proinflammatory cytokines potentially involved in the cardiovascular alterations of NAFLD patients.
In conclusion, in two cohorts of Sicilian and Northern Italian
NAFLD patients, we showed that PNPLA3 GG genotype is
associated with a high risk of carotid atherosclerosis in patients
younger than 50. Mechanisms underlying this association, and
whether PNPLA3 genotype also influences cardiovascular events
need to be further investigated.
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