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Abstract

Purpose Non-alcoholic fatty liver disease (NAFLD) is a complex disease, resulting from a variety of genetic and environ-
mental factors. The aim of this case—control study was to evaluate the effect of selected genetic polymorphisms, nutrition
aspects and their interaction on the risk of NAFLD.

Methods The sample consisted of 134 patients with NAFLD and 217 controls. Disease was diagnosed by liver ultrasound
and volunteers were clinically and nutritionally assessed. Food groups were extracted from a 172 food-item FFQ question-
naire. Three genetic polymorphisms were assessed: PNPLA3 rs738409, TM6SF2 rs58542926 and GCKR rs780094.
Results We replicated the effect of previously reported risk factors for NAFLD, such as elevated liver enzymes, obesity
and metabolic syndrome. Food groups rich in simple sugars, fat and especially saturated fat were positively associated
with NAFLD risk, whereas food groups rich in polyunsaturated fatty acids were reversely associated with the possibility of
developing the disease (p <0.05). Only the PNPLA3 genetic variant was statistically significantly associated with the disease
(Padditive =0.015). However, it was found that a one-portion increase in fish intake increased the risk of NAFLD in carriers
of the risk allele of TM6SF2 rs58542926 polymorphism compared to non-carriers, after adjusting for age, gender, energy
intake, pack-years, PAL, TM6SF2 genotype and fish consumption (OR,minant = 1.503, 95% CI 1.094-2.064).

Conclusions Fish intake exerts an additive effect on NAFLD risk for carriers of the TM6SF2 polymorphism. This novel find-
ing provides further rationale on the need for personalized nutritional advice, based on the genetic background of NAFLD
patients.
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MUFAs Monounsaturated fatty acids
NAFLD Non-alcoholic fatty liver disease
NASH Non-alcoholic steatohepatitis
NFS NAFLD fibrosis score

PLT Platelets

PUFAs Polyunsaturated fatty acids

SBP Systolic blood pressure

SNPs Single nucleotide polymorphisms
T2DM Type 2 diabetes mellitus

TC Total cholesterol

TG Triglycerides

WBC White blood cells

y-GT Gamma-glutamyltransferase
Introduction

The prevalence of non-alcoholic fatty liver disease (NAFLD)
shows an upward trend, in parallel with the prevalence of
obesity and type 2 diabetes mellitus (T2DM) [1]. NAFLD
is believed to be the hepatic manifestation of the metabolic
syndrome (MetS) and its pathophysiology is complex [2].
It is a multifactorial disease and the mechanisms involved
in its pathophysiology constitute a combination of genetic
predisposition and environmental factors.

In addition to established risk factors, such as age, body
mass index (BMI) and gender, a polygenic background is
believed to confer susceptibility to the onset and progres-
sion of NAFLD [3]. In 2008, a large GWAS by Romeo et al.
demonstrated the significant role of the PNPLA3 gene in
NAFLD pathogenesis [4]. Since then, several other NAFLD-
related genes have been identified. To date, there are three
genetic variants that have been robustly identified as risk
factors for NAFLD: PNPLA3 rs738409 (C>G), TM6SF2
1$58542926 (C>T) and GCKR rs780094 (C>T). PNPLA3
protein (adiponutrin) is believed to act as a triacylglycerol
lipase, with its exact role still being under investigation. The
steatotic effect of PNPLA3 is independent of the presence of
MetS [4]. TM6SF2 protein is believed to participate in the
regulation of hepatic triglyceride (TG) secretion and thus
impaired function of the protein has been linked to NAFLD
[5, 6]. GCKR encodes a glucokinase regulator. Impaired
function of GCKR results in uncontrolled glucose influx in
the hepatocytes, which up-regulates de-novo lipogenesis and
liver steatosis [7].

Lifestyle modifications could counteract the negative
effect of genetics [8]. A healthy diet, especially a diet low in
fat and saturated fatty acids, low in sugars, high in fibers and
antioxidants, has been negatively associated with hepatic
steatosis and inflammation. Therefore, patients diagnosed
or at high risk for NAFLD should be primarily advised for
dietary modifications.
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Considering the multifactorial background and the vari-
ous gene—environment interactions that lead to NAFLD
onset and progression, it becomes quite important to explore
potential gene—diet interactions. Unravelling gene—diet inter-
actions in NAFLD onset and progression may constitute the
key to the application of personalized nutrition and, there-
fore, provide patients with more efficient therapies [9].

The aims of the present study were to evaluate the effect
of PNPLA3, TM6SF2, and GCKR genetic variants on a
NAFLD case—control Greek cohort, to assess the impact of
dietary habits and to further explore the interaction of these
three single nucleotide polymorphisms (SNPs) with dietary
factors and their effect on NAFLD.

Materials and methods
Study population

Study participants were consecutively recruited among vol-
unteers visiting the Outpatient Clinics of the First Depart-
ment of Propaedeutic Medicine, Laiko General Hospital,
from June 2012 to February 2015. Adult subjects with (a) no
self-declared concomitant liver injury at the time of recruit-
ment (viral, autoimmune, genetic or drug-induced), and (b)
no self-declared excessive alcohol intake were screened for
the disease. Exclusion criteria included: age > 65 years, the
presence of congenital or acquired liver disease, the presence
of chronic viral hepatitis, the exposure to hepatotoxic drugs,
daily consumption of ethanol more than 20 g for women and
more than 30 g for men, the co-presence of a life-threatening
disease or psychiatric disorders impairing the patient’s abil-
ity to provide written informed consent, pregnant or lac-
tating women. After applying the exclusion criteria, a total
of 351 individuals of Caucasian origin were recruited. All
study subjects were informed about the aims of the study
and signed a written consent. This study was approved by
the Ethics Committee of Harokopio University of Athens
(38074/13-07-2012), based on the Helsinki Declaration.

NAFLD diagnosis and classification

Participants were screened for NAFLD in the Radiology
Department of the hospital. All volunteers underwent an
abdominal ultrasound (U/S), performed by the same opera-
tor throughout the study period. Diagnosis of NAFLD was
based on three parameters: (a) diffused echogenicity of the
liver, (b) increased echogenicity compared to the renal cor-
tex, (c) loss of definition of the diaphragm and blurring of
the vascular margins [10]. Screened individuals were ini-
tially classified as follows: absence of hepatic steatosis (nor-
mal echogenicity), mild hepatic steatosis (mildly increased
echogenicity, normal diaphragm and vascular margins
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definition), moderate hepatic steatosis (moderately increased
echogenicity, mild loss of diaphragm and vascular margins
definition) and severe hepatic steatosis (severely increased
echogenicity and loss of diaphragm and vascular margins
definition). Due to similar metabolic and clinical profiles,
individuals with no and mild hepatic steatosis were further
classified as controls, whereas individuals with moderate
and severe hepatic steatosis were classified as cases.

Data collection
Demographics, medical history and family medical history

On the recruitment day, participants were interviewed
regarding their age, origin, place of residence, education
level, marital status, individual and family medical history.
Medical history included information about medication and
diseases, among others T2DM, hyperlipidemia, hyperten-
sion, hepatitis, Wilson disease, hypothyroidism, gastroe-
sophageal reflux disease (GERD) and cardiovascular dis-
eases (CVD).

Clinical and laboratory data

Blood pressure and heart rate were measured using an elec-
tronic blood pressure monitor. Three measurements were
taken and the recorded value constituted the average of the
last two.

Blood samples were collected after a 12-h overnight fast.
Blood analysis included lipid profile, liver enzymes, fasting
glucose, fasting insulin, glycated haemoglobin (HbAlc),
uric acid, alkaline phosphatase (ALP) and albumin (Alb).
Low-density lipoprotein cholesterol (LDL-C) was calcu-
lated using the Friedewald equation and the degree of insu-
lin resistance was determined by the homeostatic model
assessment (HOMA-IR) [11, 12]. Blood was centrifuged
and plasma and serum were extracted and stored at — 80 °C
for future analysis. Serum leptin levels were determined by
an immunometric sandwich enzyme-linked immunosorbent
assay (DuoSet ELISA, R&D Systems). Plasma and serum
samples were extracted and stored at — 80 °C for future
analysis.

Diagnosis of hyperlipidemia, T2DM, impaired fasting
glucose (IFG), hypertension, hypothyroidism, CVD, sleep
apnea and GERD were based on a combination of the self-
declared information derived from the medical history
questionnaire, the medication history and the blood tests
results. MetS diagnosis was based on the following criteria:
waist circumference [102 cm (men) or 88 cm (women)];
fasting blood glucose > 100 mg/dl or previously diagnosed
type 2 diabetes; triglycerides > 150 mg/dl or current treat-
ment for this abnormality; blood pressure > 130/85 mmHg
or treatment for previously diagnosed hypertension; HDL

cholesterol <40 mg/dl (men) or <50 mg/dl (women) or spe-
cific treatment for this abnormality [13]. Patients meeting
three of these criteria were considered to have MetS.

Two predictive scores were calculated to assess the
disease progression in our sample. NASH score has been
validated to predict non-alcoholic steatohepatitis (NASH)
[14]. NASH score calculation included PNPLA3 geno-
type at rs738409, AST levels and fasting insulin levels
[-3.05+0.562 x PNPLA3 genotype (CC=1/CG=2/
GG =3)-0.0092 x fasting insulin (mU/L)+0.0023 x AST
(U/L)+0.0019 X (fasting insulin X AST)]. NFS (NAFLD
Fibrosis Score) constitutes a scoring system validated to
separate NAFLD patients with and without advanced fibro-
sis. It was calculated based on a formula constructed by
Angulo et al. [-1.675+0.037 X age (years) +0.094 x BMI
(kg/m2)+ 1.13 X IFG/diabetes (yes=1, n0=0)+0.99 x AST/
ALT ratio — 0.013 X platelet (X 109/1) — 0.66 X albumin (g/
dD] [15].

Anthropometrics

All participants underwent anthropometric measurements.
Body weight and body composition were assessed with an
electronic scale (TANITA Segmental Body Composition
Analyzer BC-418). This instrument estimates the percentage
of fat mass, fat-free mass, total body water and bone mass
using bioelectrical impedance analysis (BIA). BMI was cal-
culated as weight (in kg) divided by height (in m) squared.
Waist and hip circumferences were measured by well-trained
dietitians using a stretch-resistant measuring tape. Waist
measurements were taken at the point midway between the
lower costal margin and the iliac crest and were recorded
to the nearest 0.5 cm. Hip measurements were taken at the
widest portion of the buttocks, with the tape parallel to the
floor. All measurements were repeated twice and the average
measurement was recorded.

Lifestyle and dietary habits

Subjects were interviewed about their smoking habits.
Questions included their current smoking status (current
smoker/nonsmoker/ex-smoker), smoking/abstinence dura-
tion and average number of cigarettes smoked daily. Pack-
years were calculated for each individual using the formula:
number of pack-years =(number of cigarettes smoked
per day/20) X number of years smoked. Physical activ-
ity information was collected applying the validated short
self-reported questionnaire Athens Physical Activity Ques-
tionnaire (APAQ) [16]. The APAQ evaluates the physical
activity of an individual during work, at home and at leisure
time during the past week. Physical activity data were used
to calculate physical activity level (PAL) and total energy
expenditure for each participant.
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Dietary habits were assessed by a semi-quantitative self-
reported Food Frequency Questionnaire (FFQ), which pro-
vides information about the consumption of 172 food items
during the past year [17]. This questionnaire is adapted to the
dietary habits of the Greek population; therefore, it reflects
more accurately the actual dietary intake of our sample. Nutri-
tionist Pro version 2-2 software (Axxya Systems-Nutritionist
Pro, Stafford, TX, USA) was used to analyse nutritional infor-
mation. All self-reported information was double-checked by
well-trained dietitians in order to eliminate under- and over-
reporting of dietary intake. Dietary information was summa-
rized into food groups (Supplementary Table I).

DNA extraction and genotyping

DNA was extracted from the peripheral blood lympho-
cytes of each subject. Individuals were genotyped with a
genome-wide SNP assay (Infinium CoreExome-24 Bead-
Chip, Illumina). PNPLA3 rs738409 (C — G) (RefSeq
NM_025225.2), TM6SF2 rs58542926 (G — A) (RefSeq
NM_001001524.2) and GCKR rs780094 (G — A) (RefSeq
NM_001486) genetic information for each individual was
extracted from the database. A genetic risk score (GRS) was
calculated based on the three loci, to investigate their com-
bined effect on the condition. The GRS sums up the number
of risk alleles carried by each individual.

Statistical analysis

Nominal and ordinal variables are given as frequencies (%),
while continuous parametric traits as mean values + SD. Nor-
mality of variables was tested using Kolmogorov—Smirnov
test. To compare mean differences between the groups,
Chi-square test (categorical variables), independent sample
t test (parametric continuous variables) and Mann—Whitney
test (non parametric continuous variables) were performed.
Binary multiple logistic regressions were performed to test
the hypothesis of association between various risk factors
with the presence of NAFLD. Gene—diet interactions were
also tested, assuming an additive model for PNPLA3 and
GCKR and a dominant model for TM6SF2. All tests were
two-sided and the cut-off level of significance was defined
at 0.05. Significance of genetics results was assessed with a
Bonferroni correction (p value <0.017). Statistical analyses
were performed using IBM SPSS Statistics v21.0 and Plink
v1.07.

Results
The sample consisted of 134 patients with NAFLD and 217

controls (Table 1). Mean age of cases was higher than that
of controls (p <0.001). NAFLD patients were less educated,
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less active and reported a higher rate of smoking compared
to controls (p <0.05). However, there was no difference
regarding annual income, marital status and total sleeping
hours. All anthropometric measurements, namely BMI,
waist circumference, waist-to-hip ratio, % fat mass and fat
free mass (kg), were higher in cases compared to controls
(p<0.001).

The clinical characteristics of the study population are
summarized in Table 2. NAFLD patients had a bigger liver
size compared to controls (p <0.001). Systolic and diastolic
blood pressure, white blood cells, iron and ferritin levels,
as well as C-reactive protein levels were statistically sig-
nificantly increased compared to controls. Furthermore, all
glycemic and lipidemic traits, liver enzymes and biochemi-
cal indices were higher in the patients group (p <0.05).
Moreover, leptin levels were lower in the controls com-
pared to the case group. No difference was found regarding
platelets and albumin levels. NASH score and NFS were
higher in NAFLD patients compared to controls (p <0.001).
Prevalence of most NAFLD-related metabolic diseases was

Table 1 Demographic, lifestyle and anthropometric characteristics of
the study population

Controls (N=217) Cases (N=134) p value

Gender (% males) 39.2 455 0.144
Age (years) 43.75+11.23 50.36 +10.51 <0.001
Education years 15.25+3.60 14.02+3.99 0.005
Annual family 0.507

income (€)

<8000 10.9 14.7

8000-15,000 25.1 26.4

15,000-25,000 29.9 23.3

>25,000 34.1 35.7
Marital status 0.061

Single 30.0 17.2

Married 58.1 70.1

Widowed 2.3 2.2

Divorced 9.7 10.4
PAL 1.43+0.22 1.38+0.23 0.011
Sleeping hours 7.07+1.17 7.16+1.22 0.506
Pack-years 8.08+13.71 15.19+24.49 0.024
BMI (kg/m?) 24.92+3.27 31.11+4.72 <0.001
WC (cm) 84.94+10.22 103.59+11.72  <0.001
WHR 0.83+0.09 0.92+0.08 <0.001
Fat mass (%) 26.23 +8.64 33.76 +8.93 <0.001
Fat-free mass (kg) 52.85+11.03 59.25+12.68 <0.001

Values given as mean=+SD for qualitative and frequencies (%) for
categorical variables

p value: t test p value for quantitative and Chi-square p value for cat-
egorical variables

PAL physical activity level, BMI body mass index, WC waist circum-
ference, WHR waist-to-hip ratio
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Table 2 Clinical characteristics of the study population

Controls (N=217) Cases (N=134) p value

Vertical liver size (cm) 14.96+1.26 16.45+1.69 <0.001
Hyperlipidaemia 38.2 70.9 <0.0001

(yes %)
T2DM (yes %) 0.9 9.7 <0.0001
1FG (yes %) 3.7 24.6 <0.0001
Hypothyroidism (yes ~ 14.7 142 0.507

%)
Hypertension (yes %) 25.3 64.2 <0.0001
CVD (yes %) 0.9 0.7 0.675
MetS (yes %) 11.5 59 <0.0001
Sleep apnea (yes %) 4.6 17.2 <0.0001
GERD (yes %) 13.36 24.6 0.006
SBP (mmHg) 118.97+13.71 129.56+13.63 <0.001
DBP (mmHg) 74.23+9.09 83.37+9.99 <0.001
WBC (K/uL) 6.08+1.78 6.65+1.60 0.001
PLT (K/uL) 239.60+53.52 249.91+51.28 0.052
Fe (ug/dL) 97.18+£35.50 107.76 +36.24 0.011
Fer (ng/mL) 76.36 +66.08 115.43+89.94 <0.001
CRP (mg/L) 2.61+1.02 3.81+2.94 <0.001
FGlu (mg/dL) 84.39+8.27 93.33+£12.65 <0.001
FIns (uU/mL) 10.29+6.22 16.59+11.91 <0.001
HOMA-IR 2.19+1.41 3.90+3.05 <0.001
HbAlc (%) 5.23+0.34 5.56+0.44 <0.001
TC (mg/dL) 195.44+38.85 209.19+33.66 0.001
LDL (mg/dL) 120.99 +33.05 132.77+30.38 0.001
HDL (mg/dL) 57.87+14.42 50.98 +12.42 <0.001
TG (mg/dL) 78.51+37.31 127.43 +62.64 <0.001
AST (U/L) 21.10+6.77 23.75+8.44 0.002
ALT (U/L) 21.44+11.73 30.26+14.51 <0.001
AST/ALT 1.09+0.31 0.84+0.23 <0.001
y-GT (U/L) 19.98+17.58 28.29+21.72 <0.001
Uric acid (mg/dL) 473+1.17 5.65+1.25 <0.001
Direct bilirubin (mg/  0.24+0.11 0.21+0.09 0.013

dL)
Albumin (g/dL) 4.54+0.25 4.56+0.24 0.114
ALP (U/L) 59.65+17.03 67.53+16.51 <0.001
NASH Score —1.83+0.39 —1.42+0.79 <0.001
NFS —-2.76+0.93 —-1.99+1.26 <0.001
Leptin (ng/mL) 15.97+17.74 30.71+25.64 <0.001

Values given as mean+SD for qualitative and frequencies (%) for
categorical variables

p value: ¢ test p value for quantitative and Chi-square p value for cat-
egorical variables

T2DM type 2 diabetes mellitus, /FG impaired fasting glucose, CVD
cardiovascular disease, MetS metabolic syndrome, GERD gastroe-
sophageal reflux disease, SBP systolic blood pressure, DBP diastolic
blood pressure, WBC white blood cells, PLT platelets, Fe iron, Fer
ferritin, CRP C-reactive protein, FGlu fasting glucose, Fins fasting
insulin, HOMA-IR homeostatic model assessment, TC total choles-
terol, LDL low-density lipoprotein, HDL high-density lipoprotein, 7G
triglycerides, AST aspartate transaminase, ALT alanine transaminase,
AST/ALT AST to ALT ratio, y-GT gamma-glutamyltransferase, ALP
alkaline phosphatase, NF'S NAFLD fibrosis score

significantly higher in cases than in controls. Specifically,
hyperlipidemia was present in 70.9% of the NAFLD group,
whereas only 38.2% of controls suffered from hyperlipi-
demia. Similarly, diabetes mellitus type 2, impaired fasting
glucose, hypertension, metabolic syndrome, sleep apnea
and gastroesophageal reflux disease were more prevalent in
cases than in controls (p <0.05). However, the prevalence of
cardiovascular disease and hypothyroidism was not different
between the groups.

PNPLA3 rs738409, TM6SF2 rs58542926 and GCKR
rs780094 were genotyped for the whole sample. Genetic
frequencies of the polymorphisms are in Hardy—Weinberg
equilibrium. Information about the variants is demonstrated
in Table 3. Effect allele frequencies in the study sample are
28.95% for the rs738409, 5.56% for the rs58542926 and
57.33% for the rs780094. Figure 1 summarizes the dif-
ferences of prevalence of the risk alleles between the two
groups. Carriers of risk alleles were equally distributed
between the groups. Nevertheless, GRS was not equally
distributed. There were more NAFLD patients than con-
trols with a GRS =4 and less cases with a GRS =1. How-
ever, GRS =0 is more prevalent in the cases group. The lat-
ter could be explained by the increased frequency of the
rs780094 risk allele (EAF 57.33%).

Energy intake of NAFLD patients and controls was not
different (p <0.05) (Table 4). Moreover, most food groups
were equally consumed. However, cases reported a higher
intake of refined starchy foods than controls (2.52 +£2.09 vs
2.08 £1.95, p=0.046), as well as a lower consumption of
fresh fruit juice (0.15+0.26 vs 0.22+0.29, p=0.003).

Age, male gender, BMI, waist circumference, WHR and
body composition were positively associated with NAFLD
risk (p <0.001). Regarding blood tests, most indices were
positively associated with the condition, apart from HDL
levels and AST/ALT ratio, which were negatively associated,
after adjusting for the main confounding factors. The asso-
ciation of HDL with NAFLD was lost after further adjust-
ment for pack-years and PAL. Moreover, the presence of the
metabolic syndrome and its coexistent diseases statistically
significantly increased the risk for NAFLD.

Among the three studied SNPs, only PNPLA3 rs738409
reached the Bonferroni-corrected level of association. Carry-
ing one copy of the G allele was found to increase the risk of
NAFLD by 78% compared to non-carriers (p=0.013). After
correcting the model for number of pack-years and PAL, the
association remained statistically significant (p =0.015). On
the other hand, TM6SF2 and GCKR variants were not asso-
ciated with the disease risk (OR 1.521,95% CI10.621-3.725,
p=0.359 and OR 0.82, 95% CI 0.521-1.292, p=0.393,
respectively) (Supplementary Table II).

Adjustment for the aforementioned factors, uncovered more
associations of food groups with the condition. Refined starchy
foods, full fat cheese, fast food, sweet spreads and sugar, sauces
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Table 3 Genetic variants’

. . SNP Gene Chr Strand Build Position Effect allele Non HWE p value EAF
information
effect
allele
15738409 PNPLA3 22 + 37 44,324,727 G C 0.2922 0.2895
1s58542926 TM6SF2 19 — 37 19,379,549 A G 1 0.0556
rs780094 GCKR 2+ 37 27,741,237 A G 0.0964 0.5733
p value: ¢ test p value for quantitative and Chi-square p value for categorical variables
SNP single nucleotide polymorphism, Chr Chromosome, HWE p value Hardy—Weinberg Equilibrium test p
value, EAF effect allele frequency
100
90
¥ Controls
80
O Cases
70
X *
g
2
v 50
3
g a0 \
w

PNPLA3-G  TM6SF2-A GCKR - A GRS=0

[

-

GRS=1 GRS=2 GRS=3 GRS=4

Fig. 1 Distribution of PNPLA3, TM6SF2, GCKR risk alleles and GRS between controls and cases. *p value <0.05. GRS genetic risk score

and fried food were positively associated with NAFLD risk,
whereas fish, fatty fish and nuts were reversely associated with
the possibility of developing the condition (p <0.05).

Table 5 summarizes the main contributors to NAFLD,
which were revealed after adjusting for the main confound-
ing factors (age, gender, BMI/energy intake) and other life-
style factors (physical activity, smoking).

Moreover, some gene—diet interactions were detected.
It was demonstrated that an increase of fish intake by one
portion/week, increases the risk of developing NAFLD by
51.3% in those who carry at least one copy of the risk allele
of TM6SF2 variant, compared to non-carriers (p =0.012),
taking into account age, gender, energy intake, PAL, pack-
years, fish intake and TM6SF2 genotype (Fig. 2). Similarly,
fatty fish was found to interact with TM6SF2 variant but this
association was only nominally significant and did not reach
the corrected level of statistical significance (OR 1.693, 95%
CI 1.006-2.847, p=0.047) (Fig. 3).

Discussion
Our study evaluated the effect of various clinical and life-

style factors on NAFLD in a sample of Greek population.
Moreover, we assessed the effect of selected loci on the
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disease, as well as their interaction with dietary habits in
NAFLD.

We successfully replicated some previously reported risk
factors for the disease, including age, BMI, body composi-
tion, glycemic and lipidemic profile, as well as the presence
of other metabolic disturbances. Male gender was positively
associated with NAFLD in our study, which is in accordance
with most studies indicating males and post-menopausal
women to be at high risk of developing the disease [18].
Furthermore, predictive scores indicated that our sample
mainly consists of simple steatosis patients and not NASH
patients, since mean values of NASH score and NFS did not
exceed the estimated cut-off points (— 1.054 and —1.455,
respectively).

Regarding dietary habits, energy intake was not different
between the two groups, despite the significant difference
in BMI and clinical profile. Moreover, fish, fatty fish and
nuts intakes were associated with decreased odds of devel-
oping NAFLD, whereas refined starchy foods, fast food,
sweet spreads and sugar, sauces and fried food were found
to increase the odds of NAFLD. The protective effect of
fish and especially fish oil on NAFLD has been previously
described by several studies [19, 20]. Fish and fatty fish,
due to their exclusively high content of the omega-3 fatty
acids, exert their beneficial effect on NAFLD by improving
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Table 4 Energy iqtake and food Controls (N=217) Cases (N=134) p value

groups’ consumption of the

study population Energy intake (kcal/day) 2.557.30+1188.23  2.501.77+1011.46 0.773
Refined starchy foods (portions/day) 2.08+1.95 2.52+2.09 0.046
Whole-grain starchy foods (portions/day) 1.59+1.53 1.46+1.71 0.073
Full-fat dairy (portions/day) 0.21+0.37 0.15+0.33 0.077
Low-fat dairy (portions/day) 0.49+0.61 0.51+0.57 0.265
Full-fat cheese (portions/day) 1.69+1.39 1.93+1.75 0.478
Low-fat cheese (portions/day) 0.26+0.48 0.35+0.59 0.266
Fruits (portions/day) 237+1.74 227+1.64 0.743
Fresh fruit juice (portions/day) 0.22+0.29 0.15+0.26 0.003
Fruit drinks (portions/day) 0.07+0.15 0.06+0.12 0.990
Vegetables (portions/day) 4.32+2.59 4.42+2.94 0.958
Legumes (portions/week) 2.06+1.84 2.04+1.69 0.721
Oil-based cooked vegetables (portions/week) 2.60+2.34 2.45+2.55 0.238
Fish (portions/week) 2.77+2.38 2.37+2.17 0.117
Fatty fish (portions/week) 1.39+1.43 1.17+1.26 0.191
Poultry (portions/week) 2.64+2.74 231+2.25 0.860
Red Meat (portions/week) 5.49+3.74 5.52+4.05 0.790
Processed red meat (portions/week) 3.03+3.76 2.92+3.44 0.855
Eggs (portions/week) 1.94+2.56 1.70+1.89 0.713
Potatoes (portions/day) 2.33+2.09 2.43+2.41 0.869
Savoury and puff pastry snacks (portions/week) 1.58 +1.61 1.72+1.88 0.497
Sweetened soft drinks (portions/day) 0.07+0.18 0.07+0.16 0.148
Unsweetened soft drinks (portions/day) 0.05+0.14 0.05+0.15 0.748
Tea (portions/day) 0.22+0.42 0.16+0.31 0.257
Sweets (portions/week) 8.71+7.08 8.46+7.00 0.674
Fast food (portions/week) 1.36+1.67 1.51+1.77 0.402
Nuts (portions/day) 5.90+7.61 4.35+6.46 0.079
MUFAs rich foods (portions/day) 0.36+0.44 0.41+0.49 0.786
Sauces (portions/day) 0.93+1.47 1.48+2.30 0.072
Spreads (portions/day) 0.13+0.26 0.18+0.33 0.974
Fried food (portions/week) 2.21+2.49 2.62+2.49 0.044
Alcohol drinks (portions/day) 0.39+0.47 0.39+0.47 0.723

Values given as mean=+SD

p value: ¢ test p value

the lipidemic and glycemic control, as well as by attenuat-
ing inflammation. Nuts constitute a rich source of antioxi-
dants, especially monounsaturated fatty acids (MUFAs) and
polyunsaturated fatty acids (PUFAs), but also vitamin E,
polyphenols and phytosterols. Both fish and nuts show a
therapeutic potential in NAFLD [21]. On the other hand,
foods rich in simple sugars, such as refined starchy foods,
sweet spreads and sugar, and foods high in fat and saturated
fat, such as fast food, sauces, fried food and full-fat cheese,
aggravate the metabolic profile of NAFLD patients and
increase hepatic steatosis. It seems that the type of fat and
carbohydrates is more important that their actual amount.
Regarding the genetic background of the disease, we
replicated the harmful effect of the PNPLA3 G allele on
NAFLD. However, we failed to show an association of the

GCKR and TM6SF?2 risk alleles with the disease. Interest-
ingly enough, the glucose-lowering allele of the GCKR
rs780094 (A) was more prevalent in our sample (EAF
57.3%) compared to the European population (EAF 39.4%)
(HapMap—CEU) [22]. In 2014, Petta et al. reported an
increased risk allele frequency for rs780094 in an Italian
population [23]. We could hypothesize that there are genetic
mixtures in the Mediterranean populations, probably with
Asian populations in which the reported rs780094 EAF was
similar to the one reported herein [22].

We failed to demonstrate any additive effect of these
three SNPs on disease development, after adjusting for
the main confounding factors. However, a combined effect
of rs738409 G and rs58542926 A alleles was found for
individuals who carried 2 or 3 risk alleles, compared to
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Table 5 Contributors to NAFLD in our sample

Model 1 Model 2
OR 95% CI p value OR 95% CI p value
Age (years)* 1.059 1.029-1.090 <0.001 1.058 1.028-1.090 <0.001
Gender (males)®  2.160 1.161-4.017 0.015 2.127 1.136-3.985 0.018
BMI (kg/m?)° 1.533 1.390-1.691 <0.001 1.520 1.378-1.677 <0.001
WC (cm) 1.121 1.066-1.178 <0.001 1.119 1.064-1.177 <0.001
WHR 1.079 1.038-1.122 <0.001 1.081 1.039-1.124 <0.001
Fat mass (%) 1.280 1.209-1.355 <0.001 1.274 1.203-1.350 <0.001
Fat-free mass 1.213 1.151-1.279 <0.001 1.220 1.156-1.288 <0.001
(kg)
Vertical liver size 1.684 1.337-2.122 <0.001 1.749 1.377-2.221 <0.001
(cm)
MetS (yes) 3.945 2.035-7.651 <0.001 4.142 2.107-8.144 <0.001
Hypertension 2.935 1.556-5.534 0.001 2.818 1.487-5.341 0.001
(yes)
IFG (yes) 3.670 1.332-10.110 0.012 3.494 1.276-9.567 0.015
Hyperlipidaemia 1.934 1.044-3.580 0.036 1.931 1.031-3.616 0.040
(yes)
DBP (mmHg) 1.064 1.026-1.103 0.001 1.062 1.025-1.102 <0.001
WBC (K/uL) 1.231 1.033-1.467 0.020 1.220 1.019-1.462 0.031
Fe (ug/dL) 1.014 1.005-1.024 0.003 1.014 1.005-1.024 0.004
Fer (ng/mL) 1.005 1.000-1.010 0.030 1.005 1.000-1.009 0.051
FGlu (mg/dL) 1.060 1.027-1.094 <0.001 1.058 1.025-1.093 0.001
FIns (uU/mL) 1.059 1.013-1.107 0.012 1.058 1.013-1.106 0.012
HOMAIR 1.340 1.097-1.636 0.004 1.328 1.091-1.616 0.005
HbAlc (%) 3.613 1.183-11.031 0.024 3.656 1.185-11.277 0.024
HDL (mg/dL) 0.976 0.953-0.999 0.041 0.976 0.953-1.000 0.053
TG (mg/dL) 1.018 1.011-1.026 <0.001 1.018 1.011-1.026 <0.001
AST (U/L) 1.041 1.000-1.084 0.050 1.043 1.001-1.086 0.045
ALT (U/L) 1.040 1.016-1.066 0.001 1.043 1.018-1.069 0.001
AST/ALT 0.967 0.953-0.982 <0.001 0.033 0.007-0.149 <0.001
Uric acid (mg/ 1.650 1.207-2.256 0.002 1.687 1.230-2.313 0.001
dL)
PNPLA3-G 1.78 1.13-2.804 0.013 1.766 1.116-2.796 0.015
Refined starchy ~ 1.143 1.007-1.296 0.038 1.162 1.021-1.322 0.022
foods (portions/
day)
Cheese full fat 1.172 0.992-1.386 0.063 1.192 1.001-1.418 0.048
(portions/day)
Fish (portions/ 0.859 0.766-0.962 0.009 0.845 0.751-0.950 0.005
week)
Fatty fish (por- 0.790 0.658-0.948 0.011 0.769 0.636-0.931 0.007
tions/week)
Fast food (por- 1.321 1.108-1.576 0.002 1.345 1.123-1.612 0.001
tions/week)
Nuts (portions/  0.954 0.919-0.991 0.016 0.947 0.910-0.984 0.006
day)
Sweet spreads 1.175 1.002-1.378 0.047 1.188 1.009-1.400 0.039
and sugar (por-
tions/day)
Sauces (portions/ 1.215 1.059-1.393 0.006 1.203 1.045-1.385 0.010
day)
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Table 5 (continued)
Model 1 Model 2
OR 95% CI p value OR 95% CI p value
Fried food (por-  1-130 1.017-1.256 0.023 1.128 1.012-1.258 0.030
tions/week)

Model 1: Model adjusted for age, gender and BMI or energy intake for the food groups

Model 2: Model 1 included model 1, pack-years and PAL

OR odds ratio, 95% CI 95% confidence interval, p value binary logistic regression p value, BMI body mass index, WC waist circumference, WHR
waist-to-hip ratio, MetS metabolic syndrome, /FG impaired fasting glucose, DBP diastolic blood pressure, WBC white blood cells, Fe iron, Fer
ferritin, FGlu fasting glucose, Fins fasting insulin, HOMA-IR homeostatic model assessment, HDL high-density lipoprotein, TG triglycerides,
AST aspartate transaminase, ALT alanine transaminase, AST/ALT AST to ALT ratio

#Model adjusted for gender, BMI
"Model adjusted for age, BMI
“Model adjusted for age, gender

[ TM6SF2
12.007 ‘ p-value interaction = 0.012 rs58542926
| OR=1503,95% CI: 1.094 - 2.064 - dce
OGA + AA

10.004

p-value = 0.807 p-value = 0.001
8.00-

6.00
4.007
2.001
.00

T

T
Controls Cases

NAFLD

Fish (portions/week)

Fig.2 Interaction of fish consumption with TM6SF2 rs58542926
and NAFLD risk. Box plot describes fish consumption of NAFLD
cases and controls, according to their TM6SF2 genotype (dominant
model). NAFLD patients who are carriers of A allele of rs58542926
consume more fish than non-carriers (p value=0.001). On the other
hand, mean fish intake is not different between NAFLD controls (p
value=0.807). Interaction analysis showed that an increase of fish
intake by 1 portion/week increases by 50.3% the risk of NAFLD
for carriers of the risk allele compared to non-carriers (p value for
interaction=0.012). p value ¢ test p value, p value interaction logistic
regression p value

non-carriers (OR 3.051, 95% CI 1.252-7.436, p=0.014)
(data now shown). This finding is in accordance with the
results of Wang et al., who reported an additive effect of
PNPLA3 and TM6SF2 on NAFLD Chinese patients [24].
Furthermore, a study by Krawczyk et al. showed higher
ALT and AST levels in carriers of the two variants [25].

6.00 p-value interaction = 0.047 TM6SF2
i rs58542926
OR = 1.693. 95% CI: 1.006 - 2.847 | [ [}
OGA + AA

5.004 p-value = 0.726

p-value = 0.001

4.004

3.004

2.001

Fatty fish (portions/week)

1.004

T
Controls Cases

NAFLD

Fig.3 Interaction of fatty fish consumption with TMG6SF2
rs58542926 and NAFLD risk. Box plot describes fatty fish con-
sumption of NAFLD cases and controls, according to their TM6SF2
genotype (dominant model). NAFLD patients who are carriers of A
allele of rs58542926 consume more fatty fish than non-carriers (p
value=0.001). On the other hand, mean fatty fish intake is not dif-
ferent between NAFLD controls (p value =0.726). Interaction analy-
sis showed that an increase of fatty fish intake by 1 portion/week
increases by 69.3% the risk of NAFLD for carriers of the risk allele
compared to non-carriers (p value for interaction=0.047). However,
the latter was only nominally significant. p value t test p value, p
value interaction logistic regression p value

Our study also reported some gene—diet interactions in
NAFLD. Increase of fish and fatty fish intake by rs58542926
A allele carriers further increased the odds of NAFLD
(»p=0.012 and p=0.047, respectively). This finding further
supports the hypothesis that the TM6SF2 protein constitutes
a novel key regulator of postprandial lipaemia. Recently,
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Luukkonen et al. demonstrated both in vitro and in vivo that
rs58542926 A allele carriers experience impaired PUFAs
integration into TG compared to non-carriers [26]. This
resulted in higher intrahepatic TG and cholesteryl ester
(CE) content, but lower phosphatidylcholine (PC) and serum
TG levels. Furthermore, O’Hare et al. studied the effect of
TM6SF2 deficiency in cultured human hepatocytes and in
a zebrafish model [27]. Following dietary lipids stimula-
tion, both systems developed impaired lipid homeostasis in
the small intestine and in the liver. Deficiency of TM6SF2
resulted in increased lipid accumulation and decreased
lipid export. The exact role of the encoded protein in lipid
metabolism remains unclear. However, Ruhanen et al. have
suggested that TM6SF2 affects the hepatocellular membrane
lipid synthesis and dynamics [28]. Taking this into account,
it seems that in response to high PUFAs intake, carriers of
the TM6SF2 variant experience increased intrahepatic accu-
mulation of TG and, therefore, hepatic steatosis. PUFAs sup-
plementation in TM6SF2 variant carriers and non-carriers
would shed light on this gene—diet interaction. So far, there
is only one randomized clinical trial (RCT) which involves
DHA (docosahexaenoic acid) + EPA (eicosapentaenoic
acid) supplementation of NAFLD patients and the effect of
TM6SF2 genotype [29]. The authors found no effect of the
genotype on the results of the intervention. More RCTs are
needed to clarify this potential interaction.

Some limitations of our study should be considered in
interpreting the results. First of all, the diagnosis of NAFLD
was based on U/S. U/S has 60-94% sensitivity and 84-95%
specificity for detecting liver steatosis. Furthermore, results
are highly dependent on the operator. The size of our sam-
ple is modestly small, which limits the possibility to detect
genetic associations and gene—diet interactions. Last but not
least, misclassification and recall bias of lifestyle and dietary
information may still exist, despite all actions taken to elimi-
nate this possibility.

Conclusion

This is the first study to report an interaction of TM6SF2
with food intake and its effect on NAFLD risk. Our results
indicate an increased risk of developing the disease for GA
and AA vs GG individuals when fish intake is increased
by one portion per week. Even though replication by larger
studies and RCTs is needed, the results of this case—control
study show that PUFAs intake is not beneficial regardless of
the genetic background. Unravelling gene—diet interactions
in NAFLD would shed light on the personalized nutritional
therapy of each individual.
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