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ORIGINAL ARTICLE: HEPATOLOGY
Pediatric Non-Alcoholic Fatty Liver Disease Is Affected by

Genetic Variants Involved in Lifespan/Healthspan
�Annalisa Crudele, ySerena Dato, zOriana Lo Re, z§Andrea Maugeri, zPaola Sanna,

zSebastiano Giallongo, jjJude Oben, �Nadia Panera, yFrancesco De Rango, �

Antonella Mosca, yGiuseppina Rose, yGiuseppe Passarino, �Anna Alisi, and zjj#Manlio Vinciguerra
See ‘‘Identifying the Genetics Underlying Nonalcoholic Fatty
Liver Disease: A Quest That is Far From Over’’ by Koot and
Jansen on page 139.

What Is Known

� Non-alcoholic fatty liver disease (NAFLD) is the lead-
ing cause of chronic liver disease in both adults
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Objectives: Non-alcoholic fatty liver disease (NAFLD) is the leading cause

of chronic liver disease in both adults and children. Along with obesity and

metabolic syndrome, genetic predisposition influences the progression of

NAFLD. Here, we investigated the effect of lifespan/healthspan-related

single nucleotide polymorphisms (SNPs) on metabolically associated fatty

liver disease in children.

Methods: We evaluated the impact of 10 SNPs involved in both human

liver/metabolic diseases and healthspan (interleukin-6 [IL-6] rs1800795,

antisense non coding RNA in the INK4 locus (ANRIL) rs1556516, SH2B3/

ATXN2 rs7137828, FURIN rs17514846, TP53 rs1042522, APOC3

rs2542052, KL rs9536314, KL rs9527025, SIRT6 rs107251, FOXO3

rs2802292) on NAFLD-related metabolic and liver features in 177

pediatric patients with biopsy-proven NAFLD, by comparing them to

146 healthy controls. We then applied a multidimensional reduction

(MDR) case–control analysis of SNP–SNP interactions, to identify the

joint effect of analyzed SNPs in predicting NAFLD and associated features.

Results: Discrete SNPs were significantly associated with individual metabolic

NAFLD features, but none of them significantly associated with NAFLD

diagnosis. By testing potential synergies using the MDR approach, the best

combination to diagnose NAFLD (P¼ 0.0011) resulted in the one encompassing

IL-6 rs1800795 and ANRIL rs1556516. Consistently, the risk combinations

suggested by SNP–SNP analysis strongly associated with a higher level of

fasting plasma blood glucose level (P¼ 0.024).

Conclusion: In conclusion, here we demonstrated a synergic interaction

between IL-6 rs1800795 and ANRIL rs1556516 in the diagnosis of

NAFLD, and NAFLD-associated hyperglycemia in children. Larger studies

are required to confirm our findings and to elucidate mechanisms by which the

genetic interaction between these two genes influences healthspan in pediatric

NAFLD.

Key Words: children, glucose metabolism, lifespan, non-alcoholic fatty

liver disease, single nucleotide polymorphism
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O ne of the most common chronic non-communicable dis-
eases is an obesity-associated non-alcoholic fatty liver

disease (NAFLD) (1,2). The histologic spectrum of NAFLD ranges
from steatosis through non-alcoholic steatohepatitis (NASH), fibro-
sis and hepatocellular carcinoma (HCC) (3,4). The recent increase
in the prevalence of NAFLD in the pediatric population is particu-
larly worrying for the impact on several chronic diseases later in life
(5). NAFLD is a multifactorial disease where behavioral and
genetic factors interact. Several genome-wide association studies
(GWAS) have identified several single nucleotide polymorphisms
(SNPs), such as PNPLA3, TM6SF2, and Klotho, associated with a
higher NAFLD risk (6–13). However, other unidentified genetic
variants may determine the complex heritable pathological pattern
associated with NAFLD. In this respect, increased healthspan, the
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major determinant of lifespan, has a strong genetic component
(14–17). It has been advocated that nutritional programs based on
activation of anti-aging signaling pathways, should be adminis-
tered to young individuals to increase their healthspan later in life
(18). It is currently unknown if gene variants predisposing to a
longer lifespan are associated with protection from pediatric
NAFLD.

Here, we evaluated the impact of 10 gene variants, including
interleukin (IL)-6 rs1800795, antisense non-coding RNA in the
INK4 locus (ANRIL) rs1556516, Ataxin-2 (ATXN2) rs7137828,
FES Upstream Region (FURIN) rs17514846, TP53 rs1042522,
apolipoprotein C3 (APOC3) rs2542052, Klotho (KL) rs9527025
and rs9536314, sirtuin-6 (SIRT6) rs107251, and longevity-associ-
ated Forkhead Box O3 (FOXO3) rs2802292)—which were care-
fully selected from manually curated literature for their reported
involvement in lifespan/healthspan and liver diseases (19–31) on
NAFLD-related pathological features in a cohort of pediatric
patients with biopsy-proven NAFLD, by comparing them to
healthy controls. These genes perform diverse functions: IL-6 is
a multifunctional interleukin modulating inflammation; ANRIL is
a long non-coding RNA implicated in multiple diseases (19);
ATXN2 is a regulator of mRNA translation involved in neurologi-
cal disorders; FURIN is a ubiquitous endoprotease (20); TP53 is a
master tumor suppressor (21,23); apolipoprotein C3 is a regulator
of triglyceride-rich lipoproteins; klotho is a type-I membrane
protein that is related to b-glucuronidases (25,26); SIRT6 is a
stress-responsive protein deacetylase and mono-ADP ribosyltrans-
ferase enzyme (27); FOXO3 belongs to the O subclass of the
forkhead family of transcription factors which are characterized by
a distinct forkhead DNA-binding domain, which regulates inflam-
mation and aging (28). We then applied a bioinformatics analysis
to identify the synergistic effect of SNPs related to lifespan/
healthspan in predicting NAFLD-associated liver and metabolic
features.

METHODS

Study Participants
The study cohort included 177 Italian pediatric (mean age

13.7 years) patients with biopsy-proven NAFLD, evaluated at Bam-
bino Gesù Children’s Hospital between January 2018 and June 2019.
Other causes of liver disease including viral and autoimmune hepati-
tis, hereditary hemochromatosis, alpha1-antitrypsin deficiency, and
history, Wilson disease, and infection with hepatitis B or hepatitis C
were excluded. Body mass index (BMI) and waist circumference
were measured using standard procedures. Alanine aminotransferase
(ALT), aspartate aminotransferase (AST), triglycerides (TGs), total
cholesterol, high-density lipoprotein cholesterol (HDL-C), and low-
density lipoprotein cholesterol (LDL-C) were measured by standard
laboratory methods. As a control group, we included samples from 39
pediatric healthy children (mean age 10.7 years) who adhered to
special programs of liver disease screening performed by our hospital
each year. As an additional control group, 107 self-declared healthy
Italians (Tuscans) individuals from the 1000 Genomes project for
whom the genotypes of interest were available (https://www.interna-
tionalgenome.org/data-portal/population/TSI) were included. Sam-
ples and data were collected and used after the institutional review
board approval ethics committee (protocol numbers 734_OPBG_
Drs Annalisa Crudele, Serena Dato, Oriana Lo Re, Andrea Maugeri, and
Paola Sanna contributed equally to this study

Copyright # 2021 The Author(s). Published by Wolters Kluwer Health,
Inc. on behalf of the European Society for Pediatric Gastroenterology,
Hepatology, and Nutrition and the North American Society for Pediatric
Gastroenterology, Hepatology, and Nutrition. This is an open access

162
2014 and 1956_OPBG_2019). Written informed consent was
obtained from the parents of each child enrolled in the study.

Additional Laboratory Tests on Non-Alcoholic
Fatty Liver Disease Patients

Further laboratory tests were routinely performed in patients
with NAFLD. Venous blood samples were collected in the morning
after an overnight fast of at least 8 hours and immediately processed.
Gamma-glutamyltransferase (GGT), glucose, insulin, bilirubin, uric
acid, transferrin, and ferritin levels were measured using standard
laboratory procedures. Homeostasis model assessment (HOMA-IR)
score was used for estimating insulin resistance according to the
equation: fasting insulin (mU/mL) � fasting glucose (mg/dL)/405.

Liver Histology

Liver histology was evaluated by an experienced histopa-
thologist unaware of clinical and genetic data as already described
(11). The main histological features, commonly described in
NAFLD, including steatosis, lobular inflammation, hepatocyte
ballooning, and fibrosis were scored according to the Scoring
System for Non-Alcoholic Fatty Liver Disease developed by the
NIH-sponsored NASH Clinical Research Network (CRN) (32).
Disease activity was assessed according to the NAFLD Activity
Score (NAS).

Genotyping

Analyses were limited to 10 SNPs found in nine genes. We
selected our genes of interest firstly based on their association with
longevity, preferably in two or more cohorts, and based on the
association with liver/metabolic disorders. For our study, 7 of 26
genes were selected on the base of longevity-related genes reported
on the online source SNPedia (https://www.snpedia.com/index.php/
Longevity). Namely: IL6, ANRIL, ATXN2, FURIN, TP53, APOC3,
and FOXO3. We also selected two SNPs on KLOTHO gene (KL),
termed ‘‘KL-VS’’ variant, which were previously associated with
longevity in multiple studies and in particular, in an Italian popula-
tion. Moreover, we added another variant on KLB gene (b-Klotho),
recently associated with liver damage in young NAFLD patients.
Finally, we selected SIRT6 because of its association with longevity
in two different cohorts, with glucose metabolism and because of its
interaction with FOXO3. Genetic association studies of longevity
were examined both manually, through researches on available
bibliography, and by using specific browsers such as the already
mentioned SNPedia, LongevityMap (https://genomics.senescen-
ce.info/longevity/), and GWAS catalog (https://www.ebi.ac.uk/
gwas/). The gene variants of interest were selected from Ensembl
Database with a frequency of >0.1 in the European population. The
SNPs (Table 1, Supplemental Digital Content, http://links.lww.com/
MPG/C294) were genotyped by TaqMan SNP genotyping assays
(Thermo Fisher Scientific, USA). Briefly, genomic DNAwas isolated
from venous blood using a Blood & Tissue DNA Extraction Kit
(Qiagen, Valencia, CA, USA). The absorbance ratio at 260/280 nm of
all the samples ranged from 1.8 to 2 indicating that they were all free
from contaminants. Real-time polymerase chain reaction (PCR) was
article distributed under the terms of the Creative Commons Attribu-
tion-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND),
where it is permissible to download and share the work provided it is
properly cited. The work cannot be changed in any way or used
commercially without permission from the journal.
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TABLE 1. Anthropometric and biochemical characteristics of healthy

(CTL) and NAFLD children

CTL (39) NAFLD (177) P value

Age (y) 12.1 (3.3) 13.7 (3.1) –

Sex (female/male) 12/27 71/106 –

BMI (kg/m2) 18 (12–30) 25.9 (14.3–66.1) <0.001

Total cholesterol (mg/dL) 152 (58–244) 154 (51–226) –

Triglycerides (mg/dL) 68 (29–195) 82 (20–322) <0.01

HDL-C (mg/dL) 55 (28–72) 45 (21–105) <0.01

LDL-C (mg/dL) 87 (46–129) 94 (14–166) –

AST (UI/L) 24 (12–41) 31 (13–256) <0.001

ALT (UI/L) 22 (13–35) 30 (6–216) <0.01

GGT (UI/L) – 16 (1–121) –

Glucose (mg/dL) – 95 (39–125) –

Insulin (mg/dL) – 50 (15.3–211) –

HOMA-IR – 3 (0.8–10) –

Bilirubin (mg/dL) – 0.63 (0.2–3.5) –

Uric acid (mg/dL) – 5.1 (2.4–10.4) –

Transferrin (mg/dL) – 296 (155–406) –

Ferritin (ng/dL) – 49 (10–140) –

Data are reported as median (ranges). Unpaired Student t-test was used for
comparisons between two groups in quantitative data. Statistically signifi-
cant values are at P < 0.05 versus CTL.

ALT ¼ alanine aminotransferase; AST ¼ aspartate aminotransferase;
BMI ¼ body mass index; CTL ¼ Italian children; GGT ¼ gamma-gluta-
myltransferase; HDL-C ¼ high-density lipoprotein cholesterol; HOMA-IR
¼ homeostasis model assessment of insulin resistance; LDL-C ¼ low-
density lipoprotein cholesterol; NAFLD¼ non-alcoholic fatty liver disease.
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performed using StepOnePlus Real-Time PCR System (Thermo
Fisher Scientific, USA). Negative controls (NTC) were included
on each reaction plate. Analyses were performed through Thermo
Fisher Connect TM online tool for genotyping (n¼ 216).

Multifactor Dimensionality Reduction Analysis
of Epistatic Interactions

The presence of epistatic interactions between pairs of SNPs in
relation to NAFLD diagnosis was investigated by applying an
multifactor dimensionality reduction (MDR) analysis (33,34).
Through this approach, it is possible to estimate high-order interac-
tions among variants with respect to a given phenotype and discover
multilocus genotype combinations associated with high/low disease
risk. In brief, MDR applies an entropy-based clustering algorithm,
which starts with a contingency table for k SNPs and calculates case–
control ratios for each of the possible multilocus genotypes. The
MDR interaction model finally resulting reports in a network describ-
ing the percentage of entropy (information gain or IG) by each or two-
way interaction. Graphical visualization is made through connections
among the markers: values in the nodes indicate independent main
effect, while values in the connectors the combined effect. The
network helps to interpret additive and non-additive interactions
effects on phenotype: positive values of entropy indicate synergistic
or non-additive interactions, while negative entropy values indicate
redundancy or lack of any synergistic interaction between the mar-
kers. Consistently, red and orange connections indicate epistatic
interaction, in green and brown independence or additivity and blue
indicates redundancy. For significance, permutation testing was
applied, dividing the dataset into 10 portions, and using nine portions
as a training data set, and the remaining as a testing data set. Missing
genotypes were imputed directly with the MDR data tool software
(version 0.4.3) from the existing data set. MDR analyses were
implemented in the open-source MDR software package version
3.0.2 (available on https://sourceforge.net/projects/mdr/).

Statistical Analyses

All statistical analyses were conducted using GraphPad
Prism (version 6.0, GraphPad Software, USA) or SPSS Statistics
software (version 22.0, IBM Corporation, USA). The Kolmogorov-
Smirnov test was first used to test the normality of continuous
variables before further analyses. Results are expressed as median
and minimum and maximum ranges or as the median and inter-
quartile range (IQR) for skewed variables. Clinical parameters were
compared across genotypes by Mann-Whitney U test for skewed
variables. Association of the phenotypic trait (diagnosis of NAFLD
vs healthy control) with genetic variants was first analyzed by Chi-
squared test and eventually by fitting logistic regression models.
The interaction between IL-6 rs1800795 and ANRIL rs1556516
variants on the association with clinical parameters was analyzed by
generalized linear regression, adjusted for sex and age. All tests
were two-sided and P values <0.05 were considered statistically
significant, unless otherwise stated. The Bonferroni correction was
applied for multiple comparison testing.

RESULTS

Association Between Pediatric Non-Alcoholic
Fatty Liver Disease and Associated Hepato-
Metabolic Damage with ‘‘Longevity’’ Variants

The study population was composed of 177 Italian children
with biopsy-proven NAFLD and 39 healthy Italian children (CTL).
www.jpgn.org
Anthropometric and biochemical characteristics of the two groups
(CTL vs NAFLD) are reported in Table 1. Median values of BMI,
triglycerides, AST and ALT were significantly higher in NAFLD
children than in controls; while HDL-C levels in NAFLD children
were lower when compared to controls.

As previously indicated in methods, the sample size of
controls was increased by considering 107 genotypes of healthy
subjects (Caucasians, Tuscans) retrieved by 1000 Genomes. Since
we found no difference in the allele frequency distribution between
the young and adult control group, for genetic analyses the two
subsamples were merged in a unique control group of 146 subjects.
Minor allele frequency (MAF) analysis showed that FOXO3
rs2802292-G and SH2B3/ATXN2 rs7137828-T tended to be
slightly over-represented in children with NAFLD when compared
with controls, while IL6 rs1800795-C was under-represented.
However, these differences were not statistically significant
(Fig. 1).

Differences in clinical parameters based on the presence of
each genetic variant in children with NAFLD are shown in Table 2,
Supplemental Digital Content, http://links.lww.com/MPG/C295.
The comparison between carriers of each genetic variant and
homozygous carriers of the corresponding major allele revealed
that some variants might be associated with metabolic derangement.
Carrying the G allele of ANRIL rs1556516 tended to be associated
with increased levels of glucose and insulin, and corresponding
HOMA-IR. Carriers of the G allele of TP53 rs1042522 exhibited
lower albumin levels and higher HOMA-IR value. Moreover,
subjects with C allele for IL-6 rs1800795 exhibited decreased
HOMA-IR, with allele A for FURIN rs17514846 showed decreased
insulin levels, with allele A for APOC3 rs2542052 decreased total
bilirubin levels, and with allele G for FOXO3 rs2802292 increased
ferritin levels; however, none of these comparisons was statistically
significant after the Bonferroni correction.
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FIGURE 1. Allele frequencies distribution of healthspan variants. The histogram reports the frequency distribution of minor allele in children with

NAFLD (n¼177) and healthy (n¼146: pediatric healthy controls [n¼39]þ healthy Italian individuals from the 1000 genomes project [n¼107]).

For each SNP, the minor allele was defined as the one with the lowest frequency in the control group. None of the differences observed was

statistically significant. CTL ¼ Italian children; NAFLD ¼ non-alcoholic fatty liver disease; SNP ¼ single nucleotide polymorphism.
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The NAS in the whole population was 4.25� 1.3 on average.
Among the 177 pediatric patients with biopsy-proven NAFLD, 141
children (79.7%) had NASH, 139 children (78.5%) had fibrosis.
The 12.9% (n¼ 23) of patients had a severe degree of F3 fibrosis
and as many as 34.5% (n¼ 61) had a degree F2 (see Table 3,
Supplemental Digital Content, http://links.lww.com/MPG/C296).
When carriers of each genetic variant were compared to homozy-
gous carriers of the corresponding ancestral allele, emerged that
NAFLD children with steatosis >1 were less frequent in those
carrying the G allele for ANRIL rs1556516, while subjects with
histologically definite NASH and with fibrosis >1 were less
frequent in those with the T allele for SIRT6 (Table 2); however,
these potential associations were not statistically significant after
adjusting for multiple comparisons.

Analysis of Single Nucleotide Polymorphism–
Single Nucleotide Polymorphism Interactions

Next, we analyzed whether gene–gene interactions among
the 10 analyzed loci could be a predictor of pediatric NAFLD. For
this purpose, we used the MDR method, which has been previously
shown to be effective for detecting and characterizing gene to gene
interactions in case-control studies on dyslipidemias, with relatively
small samples (35,36), and successfully applied in the study of the
genetic component of human longevity (37).

MDR analysis was performed by considering the NAFLD
cases versus the whole control group. A significant epistatic
interaction was found between the SNPs IL-6 rs1800795 and
ANRIL rs1556516 (odds ratio: 2.34 [1.34, 3.93]; training X2:
10.67 [P¼ 0.0011]). As shown by the red line in the interaction
graph (A) and dendrogram (B) of Figure 2, the combination of these
two SNPs gives a positive IG (2.01% explained entropy of the
system), evidencing an increased contribution to the phenotype with
respect to the single variants (0.97% and 0.07%, respectively).
Moreover, Figure 2A and B shows a weaker but not significant
164
interaction (P> 0.05 by permutation test) between the ANRIL
rs1556516 and the ATXN2 rs7137828 variants (1.60% of entropy
for the combination with respect to the single IG values, 0.07% and
0.61%, respectively).

Panel C of Figure 2 shows the risk/protective combinations
of IL-6 rs1800795 and ANRIL rs1556516 genotypes with respect to
the phenotype. A careful analysis of these distributions, which
results globally significant (P¼ 0.0002) also after Bonferroni cor-
rection (P< 0.005), suggests that the genotype GG at IL-6
rs1800795 is an absolute risk genotype; and the combination of
the two SNPs defines four risky combinations for NAFLD (IL-6-
GG/ANRIL-CC; IL-6-GG/ANRIL-G carriers; IL-6-CG/ANRIL-
CC; IL-6-CC/ANRIL-G carriers) and two protective ones (IL-6-
CG/ANRIL-G carriers and IL-6-CC/ANRIL-CC), although less
relevant because represented by a fewer number of samples.
L-6/ANRIL Single Nucleotide Polymorphism–
Single Nucleotide Polymorphism Interaction is
Associated with Blood Glucose in Children with
Non-Alcoholic Fatty Liver Disease

We further evaluated whether the interaction between the
SNPs IL-6 rs1800795 and ANRIL rs1556516 affected clinical
parameters in patients with NAFLD. To this purpose, we applied
generalized linear models to investigate both genotype-genotype
interactions and risky/protective combinations for NAFLD after
adjusting for age and sex. Except for mean blood glucose, no
interaction was evident for the other clinical parameters. The
genotype–genotype interaction on the mean glucose level,
indeed, was statistically significant (P¼ 0.042), resulting in a
different effect of the genotype GG at IL-6 rs1800795 across
ANRIL rs1556516 genotypes (Fig. 3A). Specifically, the lowest
glucose levels were found in subjects with the protective disease
risk IL-6-CC/ANRIL-CC combination; however, among patients
www.jpgn.org
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TABLE 2. Comparison of histopathologic features by genetic variants in children with NAFLD

Genotypes Steatosis > 1 NASH Fibrosis > 1 Lobular inflammation > 1 Ballooning > 1 NAS > 4

IL-6 rs1800795

CCþCG 75.6% 76.9% 46.2% 32.1% 28.2% 47.4%

GG 78.4% 81.4% 49.0% 38.1% 41.2% 49.5%

P-value 0.671 0.462 0.713 0.402 0.073 0.788

ANRIL rs1556516

GGþGC 72.3% 82.1% 50.9% 40.2% 36.6% 47.3%

CC 85.7% 74.6% 41.9% 27.0% 33.3% 50.8%

P-value 0.043 0.236 0.257 0.080 0.664 0.659

SH2B3/ATX2 rs7137828

TTþTC 74.0% 78.9% 43.9% 33.3% 31.7% 45.5%

CC 84.6% 80.8% 56.9% 40.4% 44.2% 55.8%

P-value 0.126 0.775 0.119 0.373 0.113 0.215

FURIN rs17514846

AAþAC 74.3% 78.0% 44.4% 34.9% 34.9% 49.5%

CC 81.8% 81.8% 53.0% 36.4% 36.4% 47.0%

P-value 0.252 0.543 0.271 0.841 0.841 0.741

TP53 rs1042522

GGþGC 80.3% 81.7% 50.0% 33.8% 31.0% 42.3%

CC 75.0% 77.9% 46.2% 36.5% 38.5% 52.9%

P-value 0.414 0.541 0.618 0.710 0.310 0.167

APOC3 rs2542052

AAþAC 76.4% 79.2% 47.6% 36.8% 36.8% 48.6%

CC 80.6% 80.6% 48.4% 29.0% 29.0% 48.4%

P-value 0.609 0.853 0.933 0.412 0.412 0.982

KLOTHO rs9527025

GGþGT 80.4% 74.5% 56.0% 35.3% 35.3% 49.0%

TT 75.8% 81.5% 44.4% 35.5% 35.5% 48.4%

P-value 0.512 0.302 0.164 0.981 0.981 0.939

KLOTHO rs9536314

CCþCG 80.4% 74.5% 56.0% 35.3% 35.3% 49.0%

GG 75.8% 81.5% 44.4% 35.5% 35.5% 48.4%

P-value 0.512 0.302 0.164 0.981 0.981 0.939

SIRT6 rs107251

TTþTC 78.1% 65.6% 31.3% 28.1% 28.1% 40.6%

CC 76.9% 82.5% 51.4% 37.1% 37.1% 50.3%

P-value 0.884 0.033 0.039 0.339 0.339 0.320

FOXO3 rs2802292

GGþGT 83.3% 80.6% 48.6% 34.5% 35.3% 46.8%

TT 75.5% 75.0% 44.4% 38.9% 36.1% 55.6%

P-value 0.321 0.461 0.660 0.626 0.923 0.347

Results are reported as percentage and compared by the Chi-squared test. In this analysis, the Bonferroni-adjusted significance level is 0.0008.
NAS ¼ non-alcoholic fatty liver disease activity score; NASH ¼ non-alcoholic steatohepatitis.
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with the genotype CC at ANRIL, mean glucose level increased
with the presence of the allele G at IL-6. A different scenario was
observed among children who were G carriers for ANRIL
rs1556516, where a progressive decrease of mean glucose levels
was observed. The analysis of the risky/protective combinations
uncovered by the MDR method yielded similar findings
(P¼ 0.026; Fig. 3B). Indeed, three risky combinations for
NAFLD (IL-6-GG/ANRIL-CC; IL-6-CG/ANRIL-CC; IL-6-CC/
ANRIL-CGþGG) were also associated with higher mean glucose
levels, while the protective IL-6-CC/ANRIL-CC combination led
to the lowest value. However, the IL-6-GG/ANRIL-GGþCG
combination, which constituted a risk for NAFLD, seemed not
to be associated with high glucose levels, as well as the IL-6-CG/
ANRIL-GGþCG combination, which appears to confer a protec-
tive effect for NAFLD, seemed not to be associated with low
glucose levels.
www.jpgn.org
DISCUSSION

The present study has identified genetic variants affecting
lifespan/healthspan associated with metabolic and liver features in
pediatric NAFLD.

NAFLD reflects increased rates of obesity and its metabolic
consequences; however genetic factors clearly determine how
individuals respond to environmental factors (ie, diet). Among
the discovered genetic variants, the rs738409 in patatin-like phos-
pholipase domain-containing protein 3 (PNPLA-3) gene has
emerged as a major common determinant of NAFLD, but also
others relevant mutations have been discovered to exert a small
effect on the risk of the disease (38).

Moreover, NAFLD is considered a nexus of metabolic
and liver disease both in adults and children (5). Insulin resistance
is crucial for pediatric NAFLD progression and common
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FIGURE 2. Interaction in NAFLD data set resulting from MDR analysis.

(A) Interaction graph for NAFLD data set. For each SNP is reported in

percent the value of information gain (IG) and numbers in the
connections indicate the entropy-based IG for the SNP pairs. (B)

Interaction dendrogram for NAFLD data set. (A and B) Red bar and

orange bar indicate the high-level synergies on the phenotype, while

the brown indicates a medium-level interaction between the markers.
(C) Histograms report the distributions of cases (left bars) and controls

(right bars) for two-locus genotype combinations of IL-6 and ANRIL

SNPs, globally significant (P¼0.0002) and holding Bonferroni cor-

rection (P<0.005). Dark-shaded cells are considered ‘‘high risk,’’
whereas light-shaded cells are ‘‘low risk’’ combination for NAFLD.

White cells indicate the absence of subjects with a given genotype

combination in the dataset. IG ¼ information gain; IL-6 ¼ interleukin-

6; MDR ¼ multidimensional reduction; NAFLD ¼ non-alcoholic fatty
liver disease; SNP ¼ single nucleotide polymorphism.
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polymorphisms of genes involved in the insulin-signaling pathway
influence the susceptibility to T2D. Since 2007, genome-wide
association studies (GWAS) have identified approximately 88 loci
associated with the risk of developing T2D, with most of them
primarily associated with insulin sensitivity, such as glucokinase
regulator (GCKR) gene locus (39).

A genetic variation in GCKR (rs1260326), encoding for the
P446L protein variant affects the ability of the protein to negatively
regulate the glucokinase in response to fructose-6-phosphate, thus
determining constitutive activation of hepatic glucose uptake and
166
contributing to NAFLD development (40). The combined effects of
PNPLA3 rs738409 and GCKR rs1260326 variants may explain up
to one-third of variability in liver fat content in obese children (41).

However, several other rare genetic variants may presumably
explain the risk of disease in subjects that exhibit specific pheno-
types in only one ethnic or few populations. Currently, it is
unknown if rare gene variants predisposing to longer lifespan are
associated with protection from NAFLD and its metabolic distur-
bances. Hence, in this study, we carefully selected from the
literature ten SNPs for their established involvement in both life-
span/healthspan and liver/metabolic diseases in humans (19–28).
None of these SNPs was significantly associated with the risk of
NAFLD, even if ANRIL rs1556516-G variant was less frequent in
NAFLD children with steatosis, and SIRT6 rs107251-T variant was
less frequent in subjects with NASH and fibrosis. These data
represent the first evidence that couples these gene variants with
pediatric NAFLD.

We found that ANRIL rs1556516 (CC) and TP53 rs1042522
(CC) tended to be associated with reduced, while IL-6 rs1800795
(GG) associated with increased, insulin resistance assessed by
HOMA-IR. ANRIL rs1556516 (CC) was also related to lower
levels of glucose and insulin.

Despite the lack of significance after correction of multiple
testing, these results are however in agreement with the already
existing evidence of a link between IL-6 and ANRIL genes, and
insulin resistance. Indeed, IL-6 is one of several pro-inflammatory
cytokines associated with insulin resistance and T2D. Plasma levels
of IL-6 are two- to three-fold higher in patients with obesity and
T2D than in lean control subjects. This elevation is highly related to
increased blood glucose, decreased glucose tolerance, and
decreased insulin sensitivity (42). It has been reported that IL-6
can inhibit insulin receptor (IR) signal transduction and insulin
action in both primary mouse hepatocytes and the human HepG2
hepatocarcinoma cell line (43). Furthermore, individuals with G/G
genotype of the IL-6 gene have a polymorphism that leads to
increased IL-6, increased circulating insulin, and higher blood
glucose than those individuals who have the C/C genotype (43).
Whereas, ANRIL has been confirmed to be associated with the
onset of diabetic retinopathy, a severe diabetic complication. Over-
expression of ANRIL may be a result of the activation of the renin–
angiotensin system (RAS) and nuclear factor kappa B (NF-kB)
pathway (44,45). Anu Alice Thomas et al revealed that ANRIL
expression can be upregulated in vascular endothelial cells through
PRC2, miR200b, and p300 and that ANRIL can mediate the
proliferation of retinal vascular endothelial cells and participate
in the pathogenesis of diabetic retinopathy (46).

MDR, which we used in our study to identify the genotype–
genotype interactions and risky combinations for NAFLD, is a well-
known multivariate technique, often used in genetics for studying
population substructure. If individuals come from populations with
different allele frequencies, then an MDR of the genetic marker data
typically separates the individuals of the different populations.
Besides its use in studies focusing on hyperlipidemia, MDR allowed
the identification of SAMM50 gene variants in the susceptibility to
NAFLD (35,36).

In the present study, MDR revealed, for the first time,
epistatic interaction between IL6 and ANRIL highlighting risk
and protective genotype combinations for the disease. The evidence
that ANRIL, which is a long non-coding RNA, acts as an upstream
regulator of IL-6 expression, particularly in stress conditions (45),
provides a biologically plausible mechanism for the reported
genetic interactions.

Interestingly, our analysis showed a protective combination
for NAFLD associated with lower glucose levels, as well as risk
combinations associated with higher glucose levels, suggesting that
www.jpgn.org



FIGURE 3. Interaction of mean blood glucose levels in children with NAFLD stratified for IL-6 rs1800795 and ANRIL rs1556516 genotypes. (A) The
bar graph shows mean blood glucose levels for each IL-6 rs1800795-ANRIL rs1556516 genotype-genotype interaction. (B) The bar graph shows

mean blood glucose level for risky/protective combinations uncovered by the MDR method. P-values are based on test for interaction using

generalized linear models adjusting for age and sex. IL-6 ¼ interleukin-6; MDR ¼multidimensional reduction; NAFLD ¼ non-alcoholic fatty liver

disease.
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genetic interactions between specific combinations of IL-6 and
ANRIL alleles may influence the risk of disease by influencing
hepatocellular glucose turnover.

During NAFLD pathogenesis, insulin resistance results in
increased concentrations of circulating free fatty acids, which
inhibits glucose uptake by muscle cells and increases glucose
production by the liver. Impaired glucose metabolism leads to
impaired glucose tolerance that is an intermediate stage in the
natural history of T2D and predicts the risk of CVD (47,48). Thus,
the association of healthspan/lifespan genetics with the hypergly-
cemia that we found here could be also partially explain the
predisposition to T2D of children with NAFLD. Glucose metabo-
lism and its association with NAFLD were, in fact, investigated in
several cohorts of obese children of different ethnic origins (49–
51); however, a recent study reported that children with NAFLD
exhibited a higher prevalence of abnormal glucose tolerance than
subjects without the disease, and that impaired glucose metabolism
also increased predisposition to NASH in this pediatric setting (52).
Thus, in this vicious circle glucose metabolism may impact on
NAFLD and vice versa, and combined interaction between IL-6
rs1800795, ANRIL rs1556516 and hyperglycemia could increase
the risk of children with NAFLD in developing T2D strongly
affecting their healthspan and lifespan.

It should however also be noted that our data indicate that the
relationship among IL-6/ANRIL genotypic combinations, glucose
levels, and disease risk is not linear, reflecting the complex genetic
architecture of NAFLD, which is affected by genetic variant
combinations potentially modified by non-genetic factors. We
could then speculate that SNPs located in IL-6 and ANRIL syner-
gistically cooperate, ultimately affecting NAFLD risk in a manner
that is dependent on allele dosage for each SNP and by the
pleiotropic effects of these genes on different clinicopathological
aspects of the disease.

In conclusion, in the present study, we have demonstrated a
synergic interaction between IL-6 rs1800795 and ANRIL
rs1556516 in NAFLD diagnosis, and NAFLD-associated hypergly-
cemia in a pediatric setting. Quality longitudinal data of the natural
history of pediatric NAFLD is limited, and rigorous efforts for
structured follow-up are a priority to better develop the understand-
ing of life-long outcomes of children with NAFLD. Larger studies
are required to confirm our findings and to elucidate the mecha-
nisms through which the genetic interaction between IL-6 and
ANRIL influences healthspan in subjects with NAFLD.
www.jpgn.org
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