
04 November 2024

AperTO - Archivio Istituzionale Open Access dell'Università di Torino

Original Citation:

A nutrigenetic precision approach for the management of non-alcoholic fatty liver disease

Published version:

DOI:10.1016/j.clnu.2023.09.022

Terms of use:

Open Access

(Article begins on next page)

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

Availability:

This is the author's manuscript

This version is available http://hdl.handle.net/2318/1936131 since 2023-10-06T15:04:05Z



CO
RR

EC
TE

D
PR

OO
F

Clinical Nutrition xxx (xxxx) 1–7

Contents lists available at ScienceDirect

Clinical Nutrition
journal homepage: www.elsevier.com/locate/clnu

Original article

A nutrigenetic precision approach for the management of non-alcoholic
fatty liver disease
Nuria Perez-Diaz-del-Campo a, Eleonora Dileo a, Gabriele Castelnuovo a, Aurora Nicolosi a,
Marta Guariglia a, Gian Paolo Caviglia a, Chiara Rosso a, Angelo Armandi a, b,
Elisabetta Bugianesi a, c, *
a Department of Medical Sciences,University of Turin, 10126 Turin, Italy
bMetabolic Liver Disease Research Program, I. Department of Medicine,University Medical Center of the Johannes Gutenberg-University, 55131Mainz, Germany
c Gastroenterology Unit, Città della Salute e della Scienza—Molinette Hospital, 10126 Turin, Italy

A R T I C L E  I N F O

Article history:
Received 6 April 2023
Accepted 21 September 2023

Keywords:
NAFLD
PNPLA3
Carbohydrates intake and steatosis

A B S T R A C T

Background & aims: The Patatin-like phospholipase domain–containing 3 (PNPLA3) rs738409 single nucleotide
polymorphism (SNP) is one of the major genetic determinant of non-alcoholic fatty liver disease (NAFLD) and is
strongly regulated by changes in energy balance and dietary factors. We aimed to investigate the association be-
tween the PNPLA3 rs738409 SNP, nutrient intake and NAFLD severity.
Method: PNPLA3-rs738409 SNP was genotyped in 181 patients with NAFLD who completed the EPIC Food
Frequency Questionnaire. Liver steatosis was evaluated by Controlled Attenuation Parameter (CAP) (Fi-
broscan®530, Echosens). According to the established cut-off, a CAP value ≥ 300 dB/m was used to iden-
tify severe steatosis (S3). An independent group of 46 biopsy-proven NAFLD subjects was used as validation
cohort.
Results: Overall, median age was 53 years (range 44; 62) and 60.2% of patients were male. Most subjects
(56.3%) had S3 and showed increased liver stiffness (p < 0.001), AST (p = 0.003) and ALT levels (p < 0.001)
compared to those with CAP<300 dB/m. At logistic regression analyses we found that the interaction between
carbohydrates intake and the carriers of the PNPLA3 G risk allele was significantly associated with S3
(p = 0.001). The same result was confirmed in the validation cohort, were the interaction between high carbo-
hydrate intake (48%) and PNPLA3 SNP was significantly associated with steatosis ≥33% (p = 0.038).
Conclusion: The intake of greater than or equal to 48% carbohydrate in NAFLD patients carriers of the CG/GG al-
lele of PNPLA3 rs738409 may increase the risk of significant steatosis.

© 20XX

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) has emerged as the most
prominent cause of chronic liver disease in the world,with a prevalence
that is rising parallel to the obesity burden [1] as it is tightly linked to
insulin resistance and metabolic syndrome features, including obesity,
type 2 diabetes mellitus (T2DM), dyslipidemia and hypertension [2].
NAFLD may present as simple steatosis or with a potentially progressive
inflammatory form (non-alcoholic steatohepatitis - NASH), leading to
fibrosis and ultimately to cirrhosis and/or hepatocellular cancer (HCC)
[3]. The underlying mechanisms for the development of NAFLD are
complex and multiple environmental and genetic factors are involved
[4]. In this regard, the main association uncovered is with the Patatin-
like phospholipase domain–containing 3 (PNPLA3) rs738409 single nu-
cleotide polymorphism (SNP), which has also been shown to interact
with the environment [5]. Of note, the dietary components of an obeso-

genic environment may unveil or amplify the risk associated with ge-
netic variants [6].

Since no pharmacological drug has yet been approved specifically
for the treatment of NAFLD, lifestyle modification that leads to weight
loss (hypocaloric diets and/or increased physical activity) is the corner-
stone approaches so far [7]. Factors such as a high calorie intake and
the excessive consumption of saturated fats or refined carbohydrates
have been related to NAFLD developments [8]. However, there is little
agreement regarding whether diet composition or following a particu-
lar dietary pattern or strategy provides greater benefit [9]. Precision
nutrition is an emerging therapeutic approach that takes into account
the individual's genetic and epigenetic information, as well as age, sex
or particular pathophysiological state, with the aim of establishing nu-
tritional guidelines for specific subgroups [10]. In this approach, the
identification of people who carry a specific genetic variant predispos-
ing to NASH allows targeting of the same specific gene or molecular
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pathway to halt or reverse their hepatic steatosis, inflammation and fi-
brosis [11,12].

In this context, the aim of this study was first, to investigate the as-
sociation of dietary components and liver damage in patients with
NAFLD. Next,we tested the impact of interactions in dietary factors and
the PNPLA3 rs738409 genotype on the risk of NAFLD.

2. Materials & methods

2.1. Study design and participants

The current study included 181 Caucasian men and women aged
18–65 years with NAFLD diagnosed by ultrasound consecutively en-
rolled at the University Hospital of Turin, Italy. The exclusion criteria
included refusal or inability to provide informed consent or an average
alcohol consumption of more than 21/14 units/week (male/female) in
the previous 6 months or history of excessive alcohol consumption in
the last 5 years, among others. Subsequently, a validation analysis was
carried out in 46 Caucasian subjects with biopsy-proven NAFLD. The
presence of the Metabolic Syndrome (MetS) was detected according to
the presence of any three out of five components (waist circumference
>102 cm for men and >88 cm for women; fasting blood glucose
≥100 mg/dL; triglycerides ≥150 mg/dL or under treatment; blood
pressure ≥130/85 mm Hg or under treatment; and high density
lipoprotein-cholesterol cholesterol <40 mg/dL in men or <50 mg/dL
in women) [13]. Subjects aged ≥18 years signed the informed consent
for participation in the study.

2.2. Anthropometric, biochemical and dietary assessment

The assessment of anthropometrical measurements and blood sam-
ples was carried out after overnight fasting at the time of enrolment.
Body Mass Index (BMI) was calculated as the body weight divided by
the squared height (kg/m2). Blood glucose, total cholesterol, triglyc-
erides, aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and gamma-glutamyl transferase (GGT) concentrations were re-
trieved from patients’ medical records.

The dietary intake of participants was assessed by the European
Prospective Investigation into Cancer and Nutrition Food Frequency
Questionnaire (EPIC) [14]. The following variables were analysed: total
energy (kcal/d), carbohydrates (% of energy), fat (% of energy), protein
(% of energy), alcohol (% of alcohol), fiber, monounsaturated fatty
acids (MUFA) (g/d), polyunsaturated fatty acids (g/d) and saturated
fatty acids intake (SFA) (g/d).

2.3. Genotyping

Genomic DNA was isolated from the whole blood sample according
to the specific procedures in each centre. Genotyping for PNPLA3 SNP
rs738409 was performed by real-time allelic discrimination assay (Taq-
Man SNP Genotyping Assay, Applied Biosystems, Foster City, CA) using
TaqMan SNP Genotyping Master Mix (Applied Biosystems) on a Real-
time PCR instrument [15]. Hardy–Weinberg equilibrium, linkage dise-
quilibrium and haplotype inferences were estimated using the Convert
program (Version 1.31) and the Arlequin software (Version 3.0).
Hardy–Weinberg equilibrium was calculated with a statistical test (Chi-
square). The variant of PNPLA3 gene was in Hardy Weinberg equilib-
rium (p > 0.05).

2.4. Evaluation of liver status

The presence/entity of liver stiffness (LS) and steatosis was indi-
rectly evaluated by transient elastography (FibroScan®,Echosens) and
Controlled Attenuation Parameter (CAP) in fasting condition with the
subject in the supine position and the right arm in maximum abduction.

Depending on the obesity status,M and XL probes at 50 Hz between the
6th and the 9th intercostal space were selected under the professional
criteria. Repeated shots were performed until obtaining 10 valid values
of which the median was the selected value. All measurements were
considered technically reliable according to the interquartile range
(IQR)/median range below 30%.

In the subset of patients with histological diagnosis of NAFLD, liver
biopsies were centrally read at the University of Torino. Liver speci-
mens were stained with haematoxylin and eosin, Masson's trichrome,
and special stains for iron and copper and examined by a local expert
liver pathologist blinded to patient clinical information. The average
length of liver tissue was 25 mm (range 14–45 mm), with a minimum
of 11 portal tracts. Histological features of NAFLD, i.e. steatosis, inflam-
mation, hepatocyte ballooning, and fibrosis were assessed and scored as
described elsewhere [16]. Diagnosis of NASH was established accord-
ing to the joint presence of steatosis, hepatocyte ballooning, and lobular
inflammation with or without fibrosis.

2.5. Statistical analysis

Continuous variables are expressed as means and standard deviation
(SD) or as medians and interquartile ranges (IQR) depending on their
distribution, while qualitative categorical variables were analyzed with
the X2 test and reported as absolute (n) and relative frequencies (%).
Distribution of variables was assessed through the Shapiro-Wilk test.
Data normality and outliers were also checked using boxplots. Those
variables following a normal distribution were analyzed using paramet-
ric statistical tests while for those variables with a non-normal distribu-
tion, non-parametric statistics were applied. Descriptive statistics were
used to compare baseline data of participants. For continuous variables,
Student's t-tests (for parametric) of independent samples and Mann-
Whitney U tests (for non-parametric) were applied. In the whole study
population, liver steatosis was classified in two different groups CAP
<300 vs. CAP≥300 according to established cut-off for severe steatosis,
while advanced liver fibrosis was classified in two different groups
LS < 8.7 vs. LS ≥ 8.8 [17]. In the subgroup with liver biopsy, signifi-
cant liver steatosis was classified as steatosis ≥33% and advanced fibro-
sis as ≥ F3 according to Kleiner score [16].

Diagnostic tests of the regression assumption for linearity and equal
variance of residuals, and the variance inflation factor (VIF) for testing
collinearity between independent variables, were conducted. Logistic
regression models were set up to evaluate the association of both liver
steatosis and liver fibrosis risk (dependent variables) with carbohydrate
intake (%E) (independent variable). To carry out the analyses, the car-
bohydrates intake was split into tertiles, evaluating the effect of tertile
one plus tertile two versus tertile three. Moreover, we stratifies the
study population under a dominant genetic model of the rs738409 PN-
PLA3 genetic variant (CC vs. CG + GG). Regression models were ad-
justed for potential confounders showing at least a marginal statistical
trend (p < 0.10) at the univariate logistic analysis, as well as potential
interaction introducing the corresponding interaction terms to the mod-
els. Data were expressed in Odds Ratio (OR) and Confidence Interval
(CI, 95%).

Analyses were performed using STATA 12.0 software (Stata Corp
College Station, TX, USA). All calculated p-values were two-tailed. Val-
ues of p < 0.05 were considered to be statistically significant in the
analyses.

3. Results

3.1. Clinical, biochemical and hepatic features of the study population

A total of 181 participants with US-diagnosed or histologically con-
firmed NAFLD were included in the study. The PNPLA3 rs738409 geno-
type was CC in 64 (35.4%), CG in 86 (47.5%), and GG in 31 (17.1%) pa-
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tients. Main body composition and biochemical features are reported in
Table 1. Median age was 53 years (range 44–62) and most of the indi-
viduals were males (60.2%). Overall, the median BMI was 29.4 (range
26.1; 32.5), 57.46% had of the patients had MetS while T2DM was
found in 27.6% of the participants. In addition, among patients with
type 2 diabetes mellitus (N = 50), 22 (44%) were treated with met-
formin, 8 (16%) were treated with glucagon-like peptide-1 receptor ag-
onists (GLP-1 agonists), 2 (4%) with pioglitazone and 4 (8%) with
sodium-glucose cotransporter 2 inhibitors (SGLT-2 inhibitors),while 14
(28%) were under dietary treatment. Moreover, 33 (18.23%) patients
with dyslipidaemia received statins.

Concerning indirect assessment of liver damage, liver stiffness had a
median value of 5.1 (range 4.4; 6.1), while 102 (56.3%) of the partici-
pants had a CAP≥300 dB/m, indicative of severe steatosis. In terms of
dietary intake (median values), energy intake was 1694 kcal (range
1275; 2134),while macronutrient values were as follows: percentage of
carbohydrates 45.0 (range 41.0; 49.7), percentage of protein intake
18.7 (range 15.8; 21.5) and percentage of fat intake 36.5 (range 33.0;
40.7).

Characteristics of the study cohort according to liver steatosis (mild or
moderate vs severe) and liver stiffness (mild/moderate vs advanced)

For the purpose of the analysis, participants were split into those
with mild or moderate steatosis (CAP<300 dB/m, n = 79) versus

Table 1
General characteristics of participants.
Variables n = 181

Sex (Male/Female) 109/72
Age (years) 53.0 (44; 62)
BMI (kg/m2) 29.4 (26.1; 32.5)
Metabolic syndrome, n (%) 104 (57.46)
T2DM n (%) 50 (27.62)
PNPLA3 CG + GG n (%) 117 (64.64)
Liver and biomarkers assessment
Liver stiffness kPa, n (%)
≤7 kPa (F0–F1) 151 (83.43)
7.1–8.7 kPa (F2) 13 (7.18)
8.8–10.3 Kpa (F3) 6 (3.31)
≥ 10.4 (F4) 11 (6.08)
CAP dB/m, n (%)
≤ 234 22 (12.15)
234-269 28 (15.47)
270-300 29 (16.02)
≥ 300 102 (56.35)
AST (UI) 29.5 (24; 38)
ALT (UI) 40 (28; 60)
GGT (UI) 39 (26; 75)
Glucose (mg/dl) 96 (87; 113)
Triglycerides (mg/dl) 129 (96; 178)
Cholesterol (mg/dL) 196 (170; 222)
HDL-cholesterol (mg/dL) 47.5 (42; 57)
Dietary intake
Energy intake (kcal/d) 1694 (1275; 2134)
Alcohol intake (% of energy) 0.4 (0; 1.4)
Carbohydrates intake (% of energy) 45.0 (41.0; 49.7)
Fiber (g/d) 14.3 (10.7; 20.4)
Protein intake (% of energy) 18.7 (15.8; 21.5)
Fat intake (% of energy) 36.5 (33.0; 40.7)
MUFA (g/d) 24.3 (17.4; 30.7)
PUFA (g/d) 13.4 (9.9; 20.8)
SFA (g/d) 22.7 (16.3; 32.3)

Data are shown as n (%) or median (IQR) according its distribution. ALT, Ala-
nine Aminotransferase; AST, Aspartate Aminotransferase; BMI, Body Mass In-
dex; CAP, Controlled Attenuation Parameter; GGT, Gamma-Glutamyl Trans-
ferase; HDL-c, High density lipoprotein-cholesterol; MUFA, Monounsaturated
Fatty Acids; PNPLA3, Patatin-like phospholipase domain–containing; PUFA,
Polyunsaturated Fatty Acids; SFA, Saturated Fatty Acids; T2DM, Type 2 Dia-
betes Mellitus.

those with severe steatosis (CAP≥300 dB/m, n = 102). Baseline an-
thropometric, biochemical and hepatic data as well as dietary intake
characteristics of the study cohort according to hepatic steatosis groups
are presented in Table 2. No sex and age differences were found be-
tween groups. However, patients with severe steatosis had a higher rate
of diabetes (p < 0.001), higher BMI as well as increased AST
(p = 0.003), ALT (p < 0.001), glucose (p = 0.017) and triglycerides
levels (p = 0.017). Of note, the prevalence of the PNPLA3 G-allele
(68.6%) and liver stiffness were significantly increased in patients with
a CAP≥300 compared to the mild or moderate steatosis group. Regard-
ing dietary intake, no significant differences were found in any of the
variables.

Moreover, patients were also classified into two different groups
LS < 8.7 (n = 164) versus LS ≥ 8.8 (n = 17) for the assessment of ad-
vanced liver stiffness (Table 3). Significant differences were observed
among groups in age (p = 0.002), as well as in the presence of diabetes
(p < 0.001). Regarding biochemical variables, patients with advanced
stiffness had higher levels of AST (p = 0.011), GGT (p = 0.001), glu-
cose (p < 0.001) and triglycerides (p = 0.027). Importantly, a higher
CAP value was observed in the advanced fibrosis group, while the dis-
tribution of PNPLA3 genotype was not different. In terms of dietary as-
sessment, patients with advanced stiffness had lower levels of MUFA
(p = 0.029) and SFA (p = 0.025).

Table 2
Characteristics of participants according to the steatosis degree.

CAP<300 dB/m CAP≥300 dB/m p-value

n 79 102
Sex n (%)
Male 50 (63.29) 59 (57.84) 0.458
Female 29 (36.71) 43 (42.169
Age (y) 52 (41; 60) 55 (46; 63) 0.139
Diabetes n (%) 12 (15.19) 38 (37.25) <0.001
BMI (kg/m2) 27.7 (24.1; 30.4) 30.8 (27.8; 35.1) <0.001
PNPLA3 n (%)
CC 32 (40.51) 32 (31.37) 0.202
CG + GG 47 (59.49) 70 (68.63)
Liver and biomarkers assessment
Liver stiffness (kPa) 4.6 (4; 5.4) 5.7 (4.9; 7) <0.001
AST (UI) 27 (22; 32) 32 (26; 41) 0.003
ALT (UI) 34 (24; 51) 47 (33; 67) <0.001
GGT (UI) 40 (24; 81) 38 (27; 71) 0.889
Glucose mg/dl 93.5 (84; 104) 101 (89; 117) 0.017
Triglycerides (mg/dl) 108 (85; 167) 142 (108; 180.5) 0.017
Cholesterol (mg/dL) 199.1 (37.5) 195.6 (46.7) 0.621
HDL-c (mg/dL) 49.5 (43; 56) 47 (41; 58) 0.409
Dietary intake
Energy intake (kcal/d) 1688 (1235;

2177)
1709 (1294;
2104)

0.965

Alcohol intake (% of energy) 0.5 (0; 1.8) 0.3 (0; 1.4) 0.259
Carbohydrates intake (% of
energy)

45.0 (40.7; 50.9) 44.6 (41.0; 49.2) 0.549

Fiber (g/d) 13.8 (10.5; 22.0) 14.5 (10.7; 20.4) 0.770
Protein intake (% of energy) 18.6 (15.0; 21.2) 18.7 (16.1; 21.8) 0.267
Fat intake (% of energy) 36.9 (6.5) 36.5 (6.0) 0.700
MUFA (g/d) 23.9 (17.4; 33.4) 24.3 (17.0; 30.5) 0.845
PUFA (g/d) 13.3 (9.9; 21.8) 13.4 (9.8; 20.6) 0.904
SFA (g/d) 22.1 (16.2; 33.3) 23.4 (16.3; 31.2) 0.845

Data are shown as n (%), mean (SD) or median (IQR) according its distribution.
ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase; BMI, Body
Mass Index; CAP, Controlled Attenuation Parameter; GGT, Gamma-Glutamyl
Transferase; HDL-c. High density lipoprotein-cholesterol; MUFA, Monounsatu-
rated Fatty Acids; PNPLA3, Patatin-like phospholipase domain–containing;
PUFA, Polyunsaturated Fatty Acids; SFA, Saturated Fatty Acids.
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Table 3
Characteristics of participants according to liver stiffness degree.

LS < 8.7 kPa LS ≥ 8.8 kPa p-value

n 164 17
Sex n (%)
Male 101 (61.5) 8 (47.06) 0.244
Female 63 (38.4) 9 (52.94)
Age (y) 52 (44; 61) 63 (58; 68) 0.002
Diabetes n (%) 36 (21.95) 14 (82.35) <0.001
BMI (kg/m2) 29.3 (25.9; 32.5) 30.6 (26.3; 36.4) 0.346
PNPLA3 n (%)
CC 59 (35.98) 5 (29.41) 0.590
CG + GG 105 (64.02) 12 (70.59)
CAP (dB/m) 301.5 (263; 335) 348 (312; 360) 0.002
AST (UI) 29 (23.5; 37) 38.5 (29; 46) 0.011
ALT (UI) 39 (28; 62) 47 (38; 55) 0.502
GGT (UI) 38 (25; 65) 89 (42; 161) 0.001
Glucose mg/dl 94 (87; 108) 125.5 (105; 131) <0.001
Triglycerides (mg/dl) 126 (93; 172) 159 (125.5;

215.5)
0.027

Cholesterol (mg/dL) 197.4 (42.7) 194.2 (47.2) 0.780
HDL-c (mg/dL) 48.5 (34; 55) 42.5 (34; 55) 0.126
Dietary intake
Energy intake (kcal/d) 1709 (1285;

2141)
1451 (1048;
1901)

0.096

Alcohol intake (% of energy) 0.4 (0; 1.7) 0 (0; 0.5) 0.250
Carbohydrates intake (% of
energy)

45.0 (41.0; 49.5) 43.0 (39.2; 51.9) 0.785

Fiber (g/d) 14.4 (10.6; 20.5) 13.9 (11.1; 19.0) 0.895
Protein intake (% of energy) 18.7 (15.7; 21.3) 18.5 (17.2; 24.6) 0.298
Fat intake (% of energy) 36.9 (6.2) 34.8 (6.2) 0.199
MUFA (g/d) 24.5 (17.4; 32.0) 18.4 (13.5; 27.1) 0.029
PUFA (g/d) 13.8 (10.1; 21.5) 11.7 (9.5; 14.4) 0.176
SFA (g/d) 23.2 (16.7; 32.6) 19.1 (15.1; 21.5) 0.025

Data are shown as n (%), mean (SD) or median (IQR) according its distribution.
ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase; BMI, Body
Mass Index; CAP, Controlled Attenuation Parameter; GGT, Gamma-Glutamyl
Transferase; HDL-c. High density lipoprotein-cholesterol; MUFA, Monounsatu-
rated Fatty Acids; PNPLA3, Patatin-like phospholipase domain–containing;
PUFA, Polyunsaturated Fatty Acids; SFA, Saturated Fatty Acids.

Logistic regression analysis: prediction of severe hepatic steatosis and fibrosis
based on the interaction between PNPLA3 CG + GG genotype x
carbohydrates intake (E%)

In order to evaluate the risk of liver steatosis according on the inter-
action between genetics and dietary intake a logistic regression model
was constructed. After adjusting for sex, age, protein intake, carbohy-
drate intake, energy intake and presence of diabetes,we found a signifi-
cant interaction between carriers of the risk genotype (CG or GG) of the
PNPLA3 genetic variant and carbohydrate intake (p-value for interac-
tion = 0.001) (Table 4). Specifically, the risk of developing hepatic
steatosis is higher in subjects with a carbohydrate intake ≥48% carry-
ing the risk allele PNPLA3 CG or GG, when compared to a wild type PN-
PLA3 carriers who ingests the same amount of carbohydrates (Fig. 1).
When we repeated the same analysis according to LS threshold of
8.8 kPa, we did not observe any statistically significant interactions be-
tween dietary components and PNPLA3 (p-value for interac-
tion = 0.591).

3.2. Subgroup analysis in NAFLD patients with liver biopsy: Clinical,
biochemical and histological features of the study population

A total of 46 biopsy-proven cases of NAFLD were included in the
study (Table 5). The median age was 49 years (range 41–60) and 54.3%
were male. The PNPLA3 rs738409 genotype was CC in 15 (32.61%), CG
in 22 (47.83%) and GG in 9 (19.57%) patients. The prevalence of T2DM
was 36.96% while 67.39% of the patients had MetS. Moreover, among
patients with T2DM (N = 17) 4 (23.5%) were treated with metformin,

Table 4
Univariate and multivariate logistic regression analysis for risk of severe
steatosis (CAP≥300 dB/m) by carbohydrates intake.

Univariate analysis Multivariate analysis

OR (95% CI) p-
value

OR (95% CI) p-
value

CH intake (≥48%) x PNPLA3
(CG + GG)

11.5 (2.6;
49.2)

0.001

Sex (Women) 1.2 (0.6;
2.2)

0.458 – –

Age 1.0 (0.9;
1.0)

0.164 – –

Energy (kcal) 1.0 (0.9;
1.0)

0.662 – –

Fat intake (%) 0.9 (0.94;
1.0)

0.698 – –

Protein intake (%) 1.0 (0.9;
1.1)

0.178 – –

T2DM 3.3 (1.5;
6.9)

0.001 3.4 (1.6; 7.4) 0.001

CH, carbohydrates; T2DM, type 2 diabetes mellitus.

Fig. 1. Impact of the PNPLA3 rs738409 polymorphism on carbohydrates in-
take on the risk for severe steatosis (CAP≥300 dB/m). The model was ad-
justed by T2DM. Abbreviations: PNPLA3, Patatin-like phospholipase do-
main–containing.

2 (11.8%) with GLP-1 agonists and 5 (29.4%) with SGLT-2 inhibitors,
while 6 (35.3%) patients were being treated with diet. Also, among pa-
tients with dyslipidaemia, 4 (8.70%) took statins.

As for the indirect assessment of liver damage, CAP values corre-
lated with the amount of steatosis at liver biopsy (r = 0.413,
p = 0.025) and LS with fibrosis stage (r = 0.653, p < 0.001). Overall,
15/46 patients (32.6%) had advanced fibrosis (F ≥ 3) on liver histology
and 30/46 (65.2%) had at least 33% of hepatic fat at histology. The me-
dian energy intake was 1824 kcal (range 1468; 2166) while the per-
centage of macronutrients was carbohydrates 42.6% (range 37.4; 48.5),
protein 18.1% (range 14.7; 20.6) and fat intake 40.5% (range 35.4;
44.9).
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Table 5
General characteristics of participants.
Variables n = 46

Sex (Male/Female) 25/21
Age (years) 49 (41; 60)
Weight (kg) 90.5 (83; 98)
BMI (kg/m2) 30.5 (28.5; 34.1)
T2DM, n (%) 17 (36.96)
Metabolic syndrome, n (%) 31 (67.39)
PNPLA3 CG + GG, n (%) 31 (67.39)
Liver stiffness (kPa) 7.1 (5.3; 9)
CAP (dB/m) 323 (302; 350)
AST (UI) 29.5 (24; 42)
ALT (UI) 49.5 (34; 83)
GGT (UI) 44.5 (28; 67)
Glucose mg/dl 94.5 (85.5; 111)
Triglycerides (mg/dl) 135.5 (100; 197)
Cholesterol (mg/dL) 184.5 (153; 230.5)
HDL-c (mg/dL) 42 (39; 49)
Histopathological report
Fibrosis stages, n (%)
0 7 (15.22)
1 20 (43.48)
2 4 (8.70)
3 11 (23.91)
4 4 (8.70)
Steatosis, n (%)
5–33% 16 (34.78)
33–66% 22 (47.83)
>66% 8 (17.39)
Lobular inflammation, n (%)
No foci 6 (12.77)
<2 foci/200x 32 (69.57)
>2 foci/200x 8 (17.39)
Ballooning, n (%)
None 8 (17.39)
Few 31 (67.39)
Many 7 (15.22)
NAS Kleiner, n (%)
NAS<4 17 (36.96)
NAS≥4 29 (63.04)
Dietary intake
Energy intake (kcal/d) 1824 (1468; 2166)
Alcohol intake (% of energy) 0 (0; 0.63)
Carbohydrates intake (% of energy) 42.6 (37.4; 48.5)
Fiber (g/d) 15.1 (12.5; 18.4)
Protein intake (% of energy) 18.1 (14.7; 20.6)
Fat intake (% of energy) 40.5 (35.4; 44.9)
MUFA (g/d) 27.9 (18.3; 33.7)
PUFA (g/d) 21.6 (12.8; 27.1)
SFA (g/d) 27.6 (21.0; 31.4)

Data are shown as n (percent) or median (IQR). ALT, Alanine Aminotransferase;
AST, Aspartate Aminotransferase; BMI, Body Mass Index; CAP, Controlled At-
tenuation Parameter; GGT, Gamma-Glutamyl Transferase; HDL-c. High density
lipoprotein-cholesterol; MUFA, Monounsaturated Fatty Acids; NAS Kleiner,
NAFLD activity score; PNPLA3, Patatin-like phospholipase domain–containing;
PUFA, Polyunsaturated Fatty Acids; SFA, Saturated Fatty Acids; T2DM, Type 2
Diabetes Mellitus.

Logistic regression analysis: prediction of histological significant steatosis
and advanced fibrosis based on an interaction between PNPLA3 CG+ GG x
carbohydrates intake (E%)

To assess the risk of steatosis and liver fibrosis according to genetic
and dietary intake, a logistic regression model was constructed (Table
S1). First, we observed a significant interaction between the PNPLA3
CG + GG genetic variants and carbohydrate intake (p-value for interac-
tion = 0.038) for the risk of significant steatosis (≥33%) (Fig. 2). This
model was adjusted for fat intake (%). Second, a logistic regression
analysis adjusted by sex, age was performed to evaluate the risk of ad-
vanced fibrosis (≥F3). In this case, the results showed only a trend to-

Fig. 2. Impact of the PNPLA3 rs738409 polymorphism on carbohydrates intake
on the risk for significant liver steatosis (≥33%) Abbreviations: PNPLA3,
Patatin-like phospholipase domain–containing.

wards a significant interaction between the PNPLA3 risk genotype and
carbohydrates intake (p-value for interaction = 0.105) (Fig. S1).

4. Discussion

In this study, we demonstrated an interaction of genetic and dietary
factors in the development of the main hallmarks of liver damage in
NAFLD. Specifically, we demonstrated that, carrying the PNPLA3
CG + GG alleles together with a high carbohydrate intake (≥48%) was
associated with an increased risk of severe hepatic steatosis (≥300 dB/
m) by CAP. This finding has been confirmed by a subsequent analysis in
46 patients with biopsy-proven NAFLD: PNPLA3 rs738409 G-allele car-
riers have an altered susceptibility to high carbohydrate intake (≥48%)
leading to an increased risk of significant (>33%) steatosis. In this spe-
cific subgroup of PNPLA3 risk allele with high carbohydrate intake we
also noticed a clear trend for an increased risk of advanced fibrosis at
liver biopsy, that was borderline significant because of the limited num-
ber of subjects.

One of the biggest challenges in the field of NAFLD is the identifica-
tion and management of high-risk individuals [18]. From this point of
view, medical treatment of NAFLD has long focused on weight reduc-
tion, mainly through low-energy dietary intervention with or without
modified macronutrient distribution [19]. In our results, participants
carrying the CG/GG PNPLA3 genotype along with an intake of carbohy-
drates ≥48% showed a higher risk of developing steatosis compared to
carriers of the CC PNPLA3 genotype. Human and animal studies have
strongly demonstrates that the PNPLA3 gene is related to changes in en-
ergy balance, being it expression strongly suppressed by fasting and
stimulated by refeeding [20]. Carbohydrates, in particular fructose, are
key factors in liver fat deposition because they activate sterol regula-
tory element-binding protein-1, which stimulates hepatic de novo lipo-
genesis and inhibits hepatic fatty acid oxidation [21]. In accordance
with our results, a previous study carried out in Hispanic children, ob-
served that carriers of the GG PNPLA3 genotype have reduced capacity
to hydrolyze triglycerides in the liver, being therefore more susceptible
to increased hepatic fat when dietary carbohydrate intake, specifically
sugar, was high. Moreover, recent evidence from in vivo studies demon-
strated the role of downregulation of the PNPLA3 mutant allele in im-
proving all features of NAFLD [22], implying that factors targeting this
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gene variant may be considered as part of the management for treating
fatty liver. Our findings extend prior studies observing interactions be-
tween PNPLA3 variant and adiposity [23,24], PNPLA3 and body weight
[25] and PNPLA3 variant and PNPLA3 variant and alcohol [26]. Alto-
gether, these results imply that the effect of PNPLA3 genetic variant on
liver disease may be modulated by environmental factors.

On the other hand, we also found an increased risk of significant
liver fibrosis in individuals carrying the CG/GG PNPLA3 genotype and a
carbohydrate intake ≥48%. This result is in line with a previous study
carried out in 452 non-Hispanic whites with histologically confirmed
NAFLD [27]. In this study, authors speculated that PNPLA3
rs738409 G-allele might modulate the effect of specific dietary nutri-
ents on risk of fibrosis in patients with NAFLD. Also, it has been recently
published a moderate effect of PNPLA3 rs738409 G allele on the associ-
ation between visceral fat area and risk of significant liver fibrosis
(F ≥ 2) in adult subjects. However, although PNPLA3 gene expression is
known to be regulated by some nutrients, the relationships between
rs738409, nutrient intake and liver histology in NAFLD are not well un-
derstood [28].

One of the main strengths of this research is the conceptual model-
ling for personalized diet prescription using genetic information. In this
regard, we showed for the first time a differential response of PNPLA3
rs738409 genetic variant to carbohydrate intake on the risk of severe
steatosis and significant fibrosis. It is also important to highlight that
our findings by non-invasive tools were corroborated by similar results
in the subgroup with liver biopsy, which is considered the gold stan-
dard for the diagnosis of NAFLD. Our study has some drawbacks: firstly,
the mutation rates for PNPLA3 rs738409 polymorphism vary among
different ethnic populations, thus, the findings of our study might not
be generalizable to other ethnic group. Second, due to the cross-
sectional design of the study, causal inferences cannot be made. How-
ever, since PNPLA3 rs738409 polymorphism is inherited, reverse causa-
tion does not apply. Thirdly, dietary and data including information
about competing causes of liver disease were collected either using self-
reported information or based on a clinical interview. Thus, results may
be susceptible to some biases. Lastly, we lack physical activity assess-
ment in these patients as well as a non-NAFLD control group, so further
studies including a larger number of individuals and different cohorts
could confirm whether the PNPLA3 rs738409-diet interactions ob-
served in patients with NAFLD are reproducible in the context of other
diseases.

5. Conclusion

In this study, we showed that a carbohydrate intake greater than or
equal to 48% in NAFLD patients carriers of the CG/GG allele of PNPLA3
rs738409 may increase the risk of significant steatosis. Future nutri-
tional and lifestyle interventions will benefit greatly from personalized
and tailored treatment strategies (i.e. “precision nutrition”) rather than
aiming for weight loss per se.

Funding statement

This work was funded in part by EU/EFPIA IM2 Joint Undertaking,
LITMUS grant no. 777377 and also in part by Italian Ministry for Educa-
tion, University and Research (MIUR) under the programme “Diparti-
menti di Eccellenza 2018–2022”, Project code D15D18000410001.

Author contributions

Conceptualization, N.P.D.D.C. and E.B.; data curation, N.P.D.D.C.;
formal analysis, N.P.D.D.C.; funding acquisition, E.B; investigation,
N.P.D.D.C.;methodology, N.P.D.D.C., E.D., G.P.C. and C.R..; project ad-
ministration, E.B; resources, E.B.; software, N.P.D.D.C.; supervision,
E.B; validation N.P.D.D.C. and E.B.; visualization, G.C., G.P.C., C.R.,

A.A and E.B; Roles/Writing—original draft preparation, N.P.D.D.C.;
writing—review and editing, G.P.C., C.R., and E.B. All authors have
read and agreed to the published version of the manuscript.

Data availability statement

Data available on request due to privacy/ethical restrictions.

Conflict of Interest

The authors declare no conflict of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clnu.2023.09.022.

References

[1] Ferguson D, Finck B.N. Emerging therapeutic approaches for the treatment of
NAFLD and type 2 diabetes mellitus. Nat Rev Endocrinol 2021;17(8):484–95.
https://doi.org/10.1038/S41574-021-00507-Z.

[2] Byrne C.D, Targher G. NAFLD as a driver of chronic kidney disease. J Hepatol
2020;72(4):785–801. https://doi.org/10.1016/j.jhep.2020.01.013.

[3] Semmler G, Datz C, Reiberger T, Trauner M. Diet and exercise in NAFLD/NASH:
beyond the obvious. Liver Int 2021;41(10):2249–68. https://doi.org/10.1111/
LIV.15024.

[4] Sookoian S, Pirola C.J, Valenti L, Davidson N.O. Genetic pathways in
nonalcoholic fatty liver disease: insights from systems biology. Hepatology 2020;72
(1):330–46. https://doi.org/10.1002/hep.31229.

[5] Albhaisi S, Sanyal A.J. Gene-environmental interactions as metabolic drivers of
nonalcoholic steatohepatitis. Front Endocrinol 2021;12.

[6] Perez-Diaz-Del-Campo N, Riezu-Boj J.I, Marin-Alejandre B.A, Monreal J.I, Elorz
M, Herrero J, et al. A nutrigenetic tool for precision dietary management of NAFLD
deeming insulin resistance markers. Panminerva Med April 2022. https://doi.org/
10.23736/S0031-0808.22.04590-6.

[7] Petroni M.L, Brodosi L, Bugianesi E, Marchesini G. Management of non-alcoholic
fatty liver disease. BMJ 2021;372. https://doi.org/10.1136/bmj.m4747.

[8] Hosseini Z, Whiting S.J, Vatanparast H. Current evidence on the association of
the metabolic syndrome and dietary patterns in a global perspective. Nutr Res Rev
2016;29(2):152–62. https://doi.org/10.1017/S095442241600007X.

[9] Moore M.P, Cunningham R.P, Dashek R.J, Mucinski J.M, Rector R.S. A fad too
far? Dietary strategies for the prevention and treatment of NAFLD. Obesity 2020;28
(10):1843. https://doi.org/10.1002/OBY.22964.

[10] Ramos-Lopez O, Milagro F.I, Allayee H, Chmurzynska A, Choi M.S. Curi R., et al.
Guide for current nutrigenetic, nutrigenomic, and nutriepigenetic approaches for
precision nutrition involving the prevention and management of chronic diseases
associated with obesity. J Nutrigenetics Nutrigenomics 2017;10(1–2):43–62.
https://doi.org/10.1159/000477729.

[11] Carlsson B, Lindén D, Brolén G, Liljeblad M, Bjursell M, Romeo S, et al. Review
article: the emerging role of genetics in precision medicine for patients with non-
alcoholic steatohepatitis. Aliment Pharmacol Ther 2020;51(12):1305–20. https://
doi.org/10.1111/apt.15738.

[12] Kanwal F, Shubrook J.H, Adams L.A, Pfotenhauer K, Wai-Sun Wong V. Wright E.,
et al. Clinical care pathway for the risk stratification and management of patients
with nonalcoholic fatty liver disease. Gastroenterology 2021;161(5):1657–69.
https://doi.org/10.1053/J.GASTRO.2021.07.049.

[13] Grundy S.M, Cleeman J.I, Daniels S.R, Donato K.A, Eckel R.H. Franklin B.A., et
al. Diagnosis and management of the metabolic syndrome: an American Heart
Association/National Heart, Lung, and Blood Institute Scientific Statement.
Circulation 2005;112(17). https://doi.org/10.1161/
CIRCULATIONAHA.105.169405.

[14] Riboli E, Hunt K, Slimani N, Ferrari P, Norat T, Fahey M, et al. European
Prospective Investigation into Cancer and Nutrition (EPIC): study populations and
data collection. Publ Health Nutr 2002;5(6B):1113–24. https://doi.org/10.1079/
PHN2002394.

[15] Rosso C, Kazankov K, Younes R, Esmaili S, Marietti M., Sacco M, et al. Crosstalk
between adipose tissue insulin resistance and liver macrophages in non-alcoholic
fatty liver disease. J Hepatol 2019;71(5):1012–21. https://doi.org/10.1016/
J.JHEP.2019.06.031.

[16] Kleiner D.E, Brunt E.M, Van Natta M, Behling C, Contos Cummings OW.et al M.J.,
. Design and validation of a histological scoring system for nonalcoholic fatty liver
disease. Hepatology 2005;41(6):1313–21. https://doi.org/10.1002/HEP.20701.

[17] Karlas T, Petroff D, Garnov N, Böhm S, Tenckhoff Wittekind C.et al H.,. Non-
invasive assessment of hepatic steatosis in patients with NAFLD using controlled
attenuation parameter and 1H-MR spectroscopy. PLoS One 2014;9(3). https://
doi.org/10.1371/journal.pone.0091987.

[18] Perez-Diaz-Del-Campo N, Martínez-Urbistondo D, Bugianesi E, Martínez J.A.
Diagnostic scores and scales for appraising Nonalcoholic fatty liver disease and
omics perspectives for precision medicine. Curr Opin Clin Nutr Metab Care 2022;25

https://doi.org/10.1016/j.clnu.2023.09.022
https://doi.org/10.1016/j.clnu.2023.09.022
https://doi.org/10.1038/S41574-021-00507-Z
https://doi.org/10.1016/j.jhep.2020.01.013
https://doi.org/10.1111/LIV.15024
https://doi.org/10.1111/LIV.15024
https://doi.org/10.1002/hep.31229
http://refhub.elsevier.com/S0261-5614(23)00311-4/sref5
http://refhub.elsevier.com/S0261-5614(23)00311-4/sref5
https://doi.org/10.23736/S0031-0808.22.04590-6
https://doi.org/10.23736/S0031-0808.22.04590-6
https://doi.org/10.1136/bmj.m4747
https://doi.org/10.1017/S095442241600007X
https://doi.org/10.1002/OBY.22964
https://doi.org/10.1159/000477729
https://doi.org/10.1111/apt.15738
https://doi.org/10.1111/apt.15738
https://doi.org/10.1053/J.GASTRO.2021.07.049
https://doi.org/10.1161/CIRCULATIONAHA.105.169405
https://doi.org/10.1161/CIRCULATIONAHA.105.169405
https://doi.org/10.1079/PHN2002394
https://doi.org/10.1079/PHN2002394
https://doi.org/10.1016/J.JHEP.2019.06.031
https://doi.org/10.1016/J.JHEP.2019.06.031
https://doi.org/10.1002/HEP.20701
https://doi.org/10.1371/journal.pone.0091987
https://doi.org/10.1371/journal.pone.0091987


CO
RR

EC
TE

D
PR

OO
F

N. Perez-Diaz-del-Campo et al. / Clinical Nutrition xxx (xxxx) 1–7 7

(5):285–91. https://doi.org/10.1097/MCO.0000000000000849.
[19] Parra-Vargas M, Rodriguez-Echevarria R, Jimenez-Chillaron J.C. Nutritional

approaches for the management of nonalcoholic fatty liver disease: an evidence-
based review. Nutrients 2020;12(12):1–22. https://doi.org/10.3390/
NU12123860.

[20] Huang Y, He S, Li J.Z, Seo Y.K, Osborne T.F, Cohen J.C, et al. A feed-forward loop
amplifies nutritional regulation of PNPLA3. Proc Natl Acad Sci U S A 2010;107(17):
7892–7. https://doi.org/10.1073/PNAS.1003585107.

[21] Chen Y.C, Chen R.J, Peng S.Y, Yu W.C.Y, Chang V.H.S. Therapeutic targeting of
nonalcoholic fatty liver disease by downregulating SREBP-1C expression via
AMPK-KLF10 Axis. Front Mol Biosci 2021;8. https://doi.org/10.3389/
FMOLB.2021.751938.

[22] Lindén D, Ahnmark A, Pingitore P, Ciociola E, Ahlstedt I, Andréasson AC, et al.
Pnpla3 silencing with antisense oligonucleotides ameliorates nonalcoholic
steatohepatitis and fibrosis in Pnpla3 I148M knock-in mice. Mol Metabol 2019;22:
49–61. https://doi.org/10.1016/J.MOLMET.2019.01.013.

[23] Stender S, Kozlitina J, Nordestgaard B.G, Tybjærg-Hansen A, Hobbs H.H, Cohen
J.C. Adiposity amplifies the genetic risk of fatty liver disease conferred by multiple
loci. Nat Genet 2017;49(6):842–7. https://doi.org/10.1038/ng.3855.

[24] Li G, Tang L.J, Zhu P.W, Huang O.Y, Rios Zheng KI.et al R.S.,. PNPLA3 rs738409

C>G variant influences the association between visceral fat and significant fibrosis
in biopsy-proven nonalcoholic fatty liver disease. J Clin Transl Hepatol 2022;10(3):
439–48. https://doi.org/10.14218/JCTH.2021.00286.

[25] Garcia D.O, Morrill K.E, Lopez-Pentecost M, Villavicencio E.A, Vogel R.M, Bell
M.L, et al. Nonalcoholic fatty liver disease and associated risk factors in a
community-based sample of Mexican-origin adults. Hepatol Commun 2022;6(6):
1322–35. https://doi.org/10.1002/HEP4.1896.

[26] Lazo M, Bilal U, Mitchell M.C, Potter J, Hernaez R, Clark J.M. Interaction
between alcohol consumption and PNPLA3 variant in the prevalence of hepatic
steatosis in the US population. Clin Gastroenterol Hepatol 2021;19(12):
2606–2614.e4. https://doi.org/10.1016/J.CGH.2020.08.054.

[27] Vilar-Gomez E, Pirola C.J, Sookoian S, Wilson L.A, Belt P, Liang T, et al. Impact of
the association between PNPLA3 genetic variation and dietary intake on the risk for
significant fibrosis in patients with NAFLD. Am J Gastroenterol 2021;116(5):994.
https://doi.org/10.14309/AJG.0000000000001072.

[28] Cherubini A, Casirati E, Tomasi M, Valenti L. PNPLA3 as a therapeutic target for
fatty liver disease: the evidence to date. Expert Opin Ther Targets 2021;25(12):
1033–43. https://doi.org/10.1080/14728222.2021.2018418.

https://doi.org/10.1097/MCO.0000000000000849
https://doi.org/10.3390/NU12123860
https://doi.org/10.3390/NU12123860
https://doi.org/10.1073/PNAS.1003585107
https://doi.org/10.3389/FMOLB.2021.751938
https://doi.org/10.3389/FMOLB.2021.751938
https://doi.org/10.1016/J.MOLMET.2019.01.013
https://doi.org/10.1038/ng.3855
https://doi.org/10.14218/JCTH.2021.00286
https://doi.org/10.1002/HEP4.1896
https://doi.org/10.1016/J.CGH.2020.08.054
https://doi.org/10.14309/AJG.0000000000001072
https://doi.org/10.1080/14728222.2021.2018418

	A nutrigenetic precision approach for the management of non-alcoholic fatty liver disease
	1. Introduction
	2. Materials & methods
	2.1. Study design and participants
	2.2. Anthropometric, biochemical and dietary assessment
	2.3. Genotyping
	2.4. Evaluation of liver status
	2.5. Statistical analysis

	3. Results
	3.1. Clinical, biochemical and hepatic features of the study population
	Characteristics of the study cohort according to liver steatosis (mild or moderate vs severe) and liver stiffness (mild/moderate vs advanced)
	Logistic regression analysis: prediction of severe hepatic steatosis and fibrosis based on the interaction between PNPLA3 CG + GG genotype x carbohydrates intake (E%)
	3.2. Subgroup analysis in NAFLD patients with liver biopsy: Clinical, biochemical and histological features of the study population
	Logistic regression analysis: prediction of histological significant steatosis and advanced fibrosis based on an interaction between PNPLA3 CG + GG x carbohydrates intake (E%)

	4. Discussion
	5. Conclusion
	Funding statement
	Author contributions
	Data availability statement
	References


	fld73: 
	fld74: 
	fld116: 
	fld129: 


