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Abstract

Background

Some genetic variants and different metabolomic profiles have
been reported to be associated with nonalcoholic fatty liver
disease (NAFLD). Few studies have reported various genetic
variants and associated metabolites simultaneously, and no study
has been conducted in pediatric populations.

Objective

The aim of this study was to investigate the effects of genetic
variants on pediatric NAFLD and analyze metabolic differences
between NAFLD patients and controls in a pediatric population. In
addition, other risk factors for pediatric NAFLD were aimed to
investigate.

Methods

NAFLD was defined if hepatic steatosis was shown on ultrasound.
A total of 228 NAFLD patients (body mass index—Z7Z [BMI-Z] =
2.51 * 1.01) and 225 controls (BMI-Z = 0.22 £ 1.48) were
included. All participants underwent examination by anthropometry
and blood cell count and liver function analysis. Four variants of
PNPLA3 (rs738409), TM6SF2 (rsb8542926) and SAMM50
(rs2073080, rs3761472) were genotyped by TagMan allelic

discrimination assay. Metabolic profiles were checked in children
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with overweight. The pediatric NAFLD fibrosis score (PNFS), the
AST/platelet ratio index (APRI) and fibrosis—4 (FIB—4) were used
to evaluate the degree of hepatic fibrosis. Genetic risk factors for
NAFLD in all participants were analyzed by adjusting for age, sex
and BMI—Z. Subgroup analysis was conducted in children with
overweight with more metabolic adjustments. The genetic risk
score was calculated to evaluate the synergetic effects of 4 genetic
variants.

Among them, 166 (105 NAFLD and 61 control) children were
enrolled for metabolomic analysis. The plasma metabolome was
quantified using a Biocrates AbsoluteIDQ p400 kit and Thermo Q
Exactive Plus Orbitrap mass spectrometer.

Results

The four genetic variants (rs738409, rs58542926, rs2073080 and
rs3761472), male sex and BMI—-Z independently increased
susceptibility to NAFLD. These variants remained significant risk
factors with higher odds ratio in children with overweight in addition
to fasting insulin and triglyceride. These variants increased the
alanine aminotransferase level, PNFS, APRI, and FIB—4
independently. As the genetic risk score increased, aspartate

transaminase, alanine aminotransferase, PNFS, APRI, and FIB—4
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increased independently suggesting synergetic effects of these 4
variants.

NAFLD patients showed a higher plasma levels of branched chain
amino acids (BCAAs, leucine, isoleucine, valine), tyrosine,
phosphatidylcholines (PCs), sphingomyelins (SMs), diglyceride,
triglycerides (TGs) than control. Some of these metabolites
including BAAA, glutamate, PCs, SMs had positive association with
homeostasis model assessment—estimated insulin resistance
(HOMA-IR). Plasma levels of glutamine, glycine and serin were
lower in NAFLD patients than control. Glutamine and glycine
showed negative correlation with HOMA—-IR. The carries of
TM6SFZ2 variants significantly showed lower plasma PCs, SMs and
TG compared to wild type and the distribution of metabolites was
reversed to the NAFLD.

Conclusion

The effects of genetic variants and metabolomic profiles 1n

children with NAFLD was first demonstrated in this study. Genetic

variants of PNPLAS, TM6SFZ2 and SAMMS0 are associated with the
development and severity of pediatric NAFLD and their effects are
greater in children with overweight than normal weight. These

variants have synergetic effects on severity of pediatric NAFLD. A
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total of 49 metabolites showed significant differences between
subjects with NAFLD and control, are associated with insulin
resistance. While variants of 7M6SFZ2 results in lower plasma lipids,
other variants did not show significant differences in metabolome.
Keywords: Nonalcoholic fatty liver disease; Patatin—like
phospholipase domain—containing 3, Transmembrane 6 superfamily
member 2; Sammb0; Genetics; Metabolomics

Student Number: 2017—-34184
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Chapter 1. Introduction

1.1. Study Background

Nonalcoholic fatty liver disease (NAFLD) is a common chronic
liver disease that affects a large proportion of adults and children

I3 In Korea, the population of overweight pediatric

worldwide
patients significantly increased from 20.3% in 2010 to 25.5% in
2015, and the prevalence of pediatric NAFLD increased from 4.7%
in 2010 to 5.9% in 2015 *°.

Aside from simple obesity, male sex, ethnicity, insulin resistance,
visceral obesity, dietary factors and several genetic factors are
associated with the development and severity of NAFLD and its
natural course ‘. A previous pediatric study reported that the
prevalence of NAFLD diagnosed with autopsy was higher in
Hispanic and Asian children '°. Another familial aggregation study
showed that children without NAFLD showed a lower prevalence of
NAFLD in their parents or siblings than children with NAFLD °.
These studies suggested heritability of NAFLD. Recently, genome—
wide association studies (GWAS) have shown that a large number
of genetic variants are associated with susceptibility to and the

severity of NAFLD !9 Patatin—like phospholipase—containing

domain 3 (PNPLAS) rs738409 and transmembrane 6 superfamily

3 D +11 &=



member 2 (7M6SF2) rsb8542926 variants are well known to be
associated with pediatric NAFLD 2°2!, In cohorts of Caucasian,
African American, and Hispanic obese children, PNPLAS rs768409
variants were found to increase hepatic fat content by magnetic
resonance imaging without increasing insulin resistance %, and the
rso58542926 variant of 7M6SF2 was found to be associated with
increased hepatic fat fraction, alanine aminotransferase (ALT) level,
fibrosis stage and NAFLD activity score, although it showed
protective effects against cardiovascular risk. A recent large—scale
GWAS of Asian adults reported that rs3761472, rs2073080 and
rs2143571 variants of SAMM50 also affect the incidence and
severity of NAFLD %192,

There have been no pediatric studies of the association between
SAMMS0 and NAFLD. There was no genetic study of pediatric
NAFLD in Korea. In addition, pediatric studies have been conducted
only in children with obesity, and there have been no studies
including children with normal weight.

In metabolomic studies, the levels of some branched—chain amino
acids (BCAAs), such as valine, isoleucine, tryptophan, and lysine,
were significantly increased in NAFLD children compared to obese
controls and were negatively associated with insulin sensitivity 2*.

In an adult study, several bile acids, free fatty acids, BCAAs,
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glucose and pyruvate were significantly different, and these
biomarkers could effectively separate healthy controls from NAFLD

patients and healthy controls for nonalcoholic steatohepatitis

(NASH) %, From these "omic” studies, people are expecting to

understand the more precise mechanism of NAFLD and finally
predict the individual course of the disease to be able to respond to
therapeutic intervention.

To our knowledge, very few studies have conducted simultaneous

analysis of genetic variants and related metabolomes.

1.2. Purpose of Research

The purpose of this study was to evaluate the association of
PNPLAS rs738409, TM6SF2 rs58542926 and SAMMS0 rs2073080
and rs3761472 with the development and severity of NAFLD in
children. Another aim of this study was to investigate other risk
factors in addition to genetic variants for the development of
pediatric NAFLD. In addition, the metabolic profiles according to

genetic variants and pediatric NAFLD were evaluated.



Chapter 2. Method

2.1. Study population

From January 2005 to April 2020, a total of 453 participants who
visited the pediatric department at Seoul National University
Children’ s Hospital and Hallym University Sacred Heart Hospital
were enrolled in this study (Figure 1).

Patients were defined as NAFLD patients if they showed hepatic
steatosis on abdominal ultrasound and controls if they did not.
Controls were chosen among patients who visited clinic and
received abdominal ultrasound for their diagnostic evaluation.
Participants were further divided into two subgroups according to
their body mass index Z (BMI—Z7) score: normal weight (BMI-7Z <
1) and overweight (BMI >1) “*® (Figure 1). The BMI—Z score was
calculated based on the 2017 Korean national growth chart for
children and adolescents *’. Finally, 228 NAFLD patients and 225
controls were recruited: 215 NAFLD patients with overweight
(47.5%) and 13 NAFLD patients with normal weight (2.9%), 71
controls with overweight (15.7%) and 154 controls with normal
weight (34%) for genetic analysis.

Metabolomic analysis in 166 children from 453 participants was



performed. These participants were recruited from January 2019 to
May 2020. A total of 105 NAFLD patients and 61 controls were
enrolled for metabolic analysis; 96 NAFLD patients were
overweight (57.8%) 9 NAFLD patients were normal weight (5.4%),
22 controls were overweight (13.3%) and 39 controls were normal
weight (23.5%).

Patients who took medication known to affect liver function test
results or who consumed alcohol were excluded. Children with viral
hepatitis, such as hepatitis A, hepatitis B, or hepatitis C, and
children with Epstein—Barr virus, Wilson's disease, autoimmune
hepatitis, and muscular disease were excluded. The Institutional
Review Board (IRB No. 1811-149-98, 2018—10-015) of each
hospital approved this study, and informed consent from parents

and children was obtained.



Total participants
For genetic analysis (n=453)

1

Anthropometry (height, weight, BMI), blood cell counts, liver function tests,
PNPLAZ rs738409, TMES5F2 rs58542926 and SAMMS0 rs2073080 and rs3761472

| Plasma metabolomic analysis (n=166) ‘

Steatosis [-) l i
i Steatosis (+)
ﬁ- Hepatic steatosis on
ultrasound 1’
Control MNAFLD
— Genetics (n=225) ] Genetics (n=228) ]
Metabolomics (n=61] Metabolomics (n=105)
Eﬂ-zsl BMI-Z >1 EMI-Z =1 BMI-Z:E|
/ Analysis \
- - Adjustments with age, sex, BMI-Z

Controls with
normal weight
Genetic (n=154)
Metabolomic (n=39)

Controls with
averweight
Genetic (n=71)
Metabolomic (n=22)

MAFLD patients with
normal weight
Genetic (n=13)

Metabolomic (n=9)

MAFLD patients with
overweight
Genetic (n=215)
Metabolomic (n=96)

N /

¥
L » PNF5 APRlandFIEY 4+—— |

Abdominal circumference, systolic and diastelic blood pressure, fasting TC,
TC, LDL-C, HDL-C levels, HbAlc, glucose, fasting insulin, and HOMA-IR

v ¥
L Overweight subgroup analysis

Adjustments with age, sex, BMI-Z and other metabolic factors

Figure 1. Study flow diagram of genetic analysis

Abbreviations: PNPLAS, phospholipase —containing domain 5,
TM6ESFZ2, transmembrane 6 superfamily member 2; BMI—7 score,
body mass index Z score; NAFLD nonalcoholic fatty liver disease;
PNFS, pediatric NAFLD fibrosis score; APRI, AST/platelet ratio
index; FIB—4, fibrosis—4; TC, total cholesterol; TG, triglyceride;

LDL-C, low—density lipoprotein cholesterol; HDL—C high—density



lipoprotein cholesterol, HOMA—IR, homeostatic model assessment

of insulin resistance

2.2. Clinical and laboratory assessments

All participants underwent evaluation by anthropometry (height,
weight and BMI—-Z score), blood cell count and liver function
analysis, including determination of the ALT, aspartate
transaminase (AST), alkaline phosphatase (ALP), and gamma
glutamyl transferase (GGT) levels, and abdominal ultrasonography.
Diagnosis of fatty liver and determination of the grade of steatosis
were defined as increases in the echogenicity of the liver
parenchyma compared to that of the right kidney cortex. The
grading system was as follows: grade O, normal hepatic structure
with the same echogenicity as the kidney; grade 1, mild steatosis:
slightly increased echogenicity compared to the kidney, clear
visualization of the diaphragm and interface of hepatic veins, and
sharp contours; grade 2, moderate steatosis: diffuse increased
echogenicity with slightly impaired visualization of deeper parts of
the liver, the diaphragm and hepatic veins and blunted contours;
grade 3, severe steatosis: markedly increased echogenicity of the
liver with poor or no visualization of the diaphragm or hepatic veins

28,29

To wvalidate the accuracy of hepatic ultrasound in this stglldyz the
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controlled attenuation parameters (CAP) by FibroScan® (Echosens,

Paris, France) were measured in 54 participants (52 NAFLDs and 2
controls defined by ultrasound). CAP measures ultrasonic
attenuation in the liver at 3.5 MHz at depth in the M prove and 2.5
MHz in the XL probe. CAP measures ultrasonic attenuation in the
liver at 3.5 MHz at depth between 25 and 65 mm. The trained

investigators performed CAP measurement. A previous study

suggested that a CAP cutoff point of 225 dB/m for predicting

steatosis was determined with 0.87 sensitivity, 0.83 specificity,
positive predictive value 0.71, negative predictive value 0.93, and
area under the curve 0.93 in pediatric NAFLD *°. In this study, all
53 participants showed above 225 dB/m; mean CAP 324.28 =+
38.56 (range 253—400) dB/m. In this study, the diagnostic
sensitivity of hepatic ultrasonography was 96.3%.

To screen metabolic risks in children with overweight, abdominal
circumference (AC), systolic and diastolic blood pressure (SBP and
DBP), HbAlc, fasting blood sugar (FBS), insulin, total cholesterol
(TC), triglyceride (TG), low—density lipoprotein cholesterol (LDL—
C), and high—density lipoprotein cholesterol (HDL—-C) levels and
homeostatic model assessment of insulin resistance (HOMA-IR)

were measured in children with overweight.



2.3. Noninvasive fibrosis parameters

Several noninvasive fibrosis parameters have been used for
pediatric NAFLD, such as the pediatric NAFLD fibrosis score
(PNFS), the AST/platelet ratio index (APRI), and the fibrosis—4
(FIB—4) score °'¥2. A previous Korean study suggested that
NAFLD showed that APRI and FIB—4 might be useful noninvasive
fibrosis scores in children with NAFLD “2. Another study showed
that PNFS had better accuracy for identifying advanced fibrosis
than the APRI and FIB—4 score *. Therefore, three noninvasive
fibrosis parameters were used to evaluate the degree of hepatic
fibrosis, as follows: the PNFS, determined using the ALT, ALP, and
GGT levels and the platelet count **; the APRI, determined by (AST
level/AST upper level of normal/platelet count) X 100 *%; and the
FIB—4 score, determined by (age X AST level/platelet count X
ALT) *.

These fibrosis scores were calculated in all NAFLD patients (n =
228) and controls with overweight (n = 71). Because of the
sensitivity and specificity of the diagnostic accuracy of
ultrasonography, especially in mild steatosis %%’ these fibrosis
scores were analyzed in controls with overweight to evaluate the

potential risk of NAFLD and fibrosis.



2.4. Genotyping and genetic analysis

Genomic DNA was extracted from peripheral blood using a Gentra
PureGene Blood Kit (Qiagen, Hilden, Germany) according to the
manufacturer ° s instructions. Patients were genotyped for 4
variants of 3 genes, namely, PNPLAS (rs738409), 7TM6SEFZ2
(rsb8542926) and SAMM50 (rs2073080, rs3761472), by TagMan
allelic discrimination assay on an ABI 7900HT Real—-Time PCR
system (Applied Biosystem, Foster City, CA, USA). Predesigned
assay primers and probes were purchased from Applied Biosystems.
A logistic regression test was performed to evaluate the effects of
4 genetic variants on the development of NAFLD in the genotype
model and additive model. In the genotype model, genetic variants
were considered as categorical variables. In the additive model, wild
type was coded as O, heterozygotes as 1, and homozygotes as 2. In
the analysis of 7M6SFZ2 rsb8542926, wild—type vs risk allele
carriers (dominant model) were compared because of low minor
allele frequency (MAF). To evaluate the synergetic effects of 4
genetic variants on liver function tests (AST, ALT and ALP) and
fibrosis scores (PNFS, APRI and FIB—4), the genetic risk score
was calculated as giving value as 1 for carrying O or 1 risk allele, 2
for carrying 2 to 3 risk alleles, 3 for carrying 4 to 5 risk alleles, and

4 for carrying 6 to 7 risk alleles, resulting in a range of 1 to _|4. :
10 -":l'\-\._! _'-._':._ 1..i



2.5. Metabolomic analysiscD

After overnight fasting, 4 mL of blood samples was collected and
centrifuged at 4° C, and plasma samples were stored at —80° C

until use. A commercially available high—resolution mass

spectrometry—based AbsoluteIDQ® p400 HR Kit by Biocrates®

(Innsbruck, Austria) was used. This quantitative kit covered 408
metabolites of several classes, including 21 amino acids, 21
biogenic amines, 1 monosaccharide, 55 acylcarnitines, 18
diglycerides (DGs), 42 TGs, 24 lysophosphatidylcholines (LPCs),
127 phosphatidylcholines (PCs), 31 sphingolipids including
sphingomyelins (SMs) and ceramides (Cer) and 14 cholesterol
esters (CEs).

Plasma samples for metabolomic profiling were prepared in

accordance with the laboratory manual provided by Biocrates® and

measured using a Q Exactive Plus orbitrap mass spectrometer with
a heated electrospray ionization source coupled with an Ultimate
3000 ultra—performance liquid chromatography (Thermo Fisher
Scientific, MA, USA). In brief, thawed plasma samples on ice were

centrifuged, and the supernatant was used. For quantifying amino

@D Metabolomic experiments and raw data generation were
conducted by Woori Chae and Prof. Joo—Youn Cho.
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acids and biogenic amines, liquid chromatography —based mass
spectrometry was used. Quantitation of raw data and metabolites
via calibration curves was performed using Xcalibur software by
Thermo Fisher Scientific (MA, USA). Concentration data were

exported in.csv format and imported to MetIDQ software by

Biocrates® (Innsbruck, Austria) for further processing. Flow

injection—based mass spectrometry was applied to assess hexoses,
lipids, acylcarnitines and cholesterol esters. Raw data processing
and metabolite quantitation were performed using MetIDQ software.
To minimize batch effects, the entire concentration of the plasma
metabolome was normalized by pooled quality control samples.
Then, adjusted concentration data were exported for further

analyses in.xlsx format.

2.6. Statistical analysis

Differences in categorical variables (e.g., patient group, sex)
according to genotype were compared by the chi—squared test, and
those in continuous variables (e.g., age, BMI—Z score, AST level,
ALT level, noninvasive fibrosis indexes) were compared by

analysis of wvariance with post hoc analysis or T—test. The

Kruskal—Wallis or Mann—Whitney U test was used to compare

fasting glucose, HbAlc and HOMA-IR, which were not normally

12 *—-! !

3 =11 =1
|-1-'l| .J!'



distributed. A general linear model was used to evaluate differences
in continuous variables according to genotype. A logistic regression
analysis was performed to calculate the odds ratio (OR) and 95%
confidence interval (CI) of the presence of NAFLD according to
genotype. Since three variants, PNPLAS rs738409, SAMMS0
rs2073080, and SAMM50 rs3761472, showed multicollinearity
(variance inflation factors >10), logistic regression analysis was
performed using 7M6SFZ2 rsb8542926 and one of these three
variants as covariates. A univariate analysis was performed to find
potential compounding variables for NAFLD. Based on the
univariate analysis, sex, BMI=Z score, AC, blood pressure (SBP,
DBP), fasting lipids (TC, TG, LDL-C, HDL—-C), fasting insulin and
HOMA-IR were significant variables. To reduce multicollinearity,
BMI—-Z score age, sex, SBP, TGs and insulin were selected as
compounding variables. The associations of the genetic risk score
with liver function tests and fibrosis scores were analyzed using a
general linear model adjusted for confounding factors. Statistical
analysis was performed using SPSS Statistics software, version
23.0 (IBM Corp., Armonk, NY, USA), and data are expressed as the
mean T standard deviation and median = 95% CI according to their
distributions. Two—sided P values less than 0.05 were considered

statistically significant in genetic analysis.
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Web—based MetaboAnalyst 5.0 (http://www.metaboanalyst.ca/)
was used to perform descriptive statistics and to identify
metabolomic biomarkers. To evaluate the pathways, enrichment
analysis was conducted, performing metabolite set enrichment
analysis of human and mammalian species based on several libraries
containing ~9000 groups of metabolite sets. Missing values were
replaced by 1/5 of the minimum positive values of their
corresponding variables. Some variables were appropriately log—
transformed when required. The t—test was performed to evaluate
differences between subjects with NAFLD and controls. Because
BCAAs, glycine, carnitine and lipids such as TG and DG are known
metabolites associated with NAFLD **** valine, isoleucine, leucine,
glycine, carnitine and TG (50:2) were used as positive controls to
confirm the quality of metabolomic samples. Pearson’ s correlation
coefficient was used to evaluate the association between HOMA —IR
and metabolites.

Metabolomic differences of each genetic variant were also
analyzed. P-—values were corrected for multiple testing by

controlling the false discovery rate (FDR) for metabolomic analysis.
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Chapter 3. Results

Baseline characteristics

The mean age of participants for genetic analysis was 12.6 = 3.2
(range 5.8 ~ 20.3) years. There were significantly more boys in
the NAFLD group (n = 178, 78.1%) than in the control group (n =
138, 61.3%) (P < 0.001). There were no age differences between
NAFLD patients and controls; however, the BMI—7Z score was
significantly higher in the NAFLD patients than in the controls (P <
0.001). The mean levels of AST, ALT, ALP, GGT and uric acid
were significantly higher in the NAFLD patients than in the controls
(Table 1). There were no differences between the control with
overweight and normal weight controls. Regarding metabolic
profiles, NAFLD patients showed significantly higher AC, SBP, DBP,
fasting glucose, insulin, TC, TG, LDL-C and HOMA-IR than
controls. The mean HDL-C level was significantly lower in the
NAFLD patients than in the controls (P = 0.003). However, there
was no significant difference in HbAlc levels between the two
groups (Table 1).

These differences between NAFLD patients and controls were also

shown in participants for metabolomic analysis (Table 1). More

15 "-:l:" I "Nl-.|- 1_-li [£ 5



boys (n = 83, 79%) and significantly higher BMI-Z, AC, AST, ALT,

ALP, GGT, uric acid, SBP, fasting insulin, TC, TG, LDL—C and

HOMA—-IR were observed in the NAFLD group.

3.1. Genetic association of pediatric NAFLD

3.1.1 Genotype frequencies

The allele frequencies of the genotype distribution of the 4
variants were in Hardy —Weinberg equilibrium (P > 0.05). The risk
allele frequencies of PNPLAS3 rs738409 (G), TM6SF2rs58542926
(T), SAMM50 rs2073080 (T) and SAMM50rs3761472 (G) were
0.499, 0.099, 0.488 and 0.478, respectively. These results are
consistent with the findings of the Allele Frequency Database 1000
Genomes Project
(https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/). Risk
allele frequencies of PNPLA3 rs738409 (G), SAMM50 rs2073080
(T) and SAMM50rs3761472 (G) were higher in Korean children
and Asians (Korean adults, Han Chinese and Japanese) than in

other ethnicities (Table 2).
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Table 1. Baseline

Genetic analysis (N = 453)

Metabolomic analysis (N = 166)

Control NAFLD Control NAFLD
(n = 225) (n = 228) P (n=61) (n = 105) P

Male 138 (61.3%) 178 (78.1%) <0.001 39 (63.9%) 83 (79%) 0.033
Female 87 (38.7%) 50 (21.9%) 22 (36.1%) 22 (21%)

Age 12.54 = 3.43 12.59 = 3.06 0.587 13.52 = 3.09 12.97 = 3.04 0.267
BMI-Z 0.22 * 1.48 2.51 £ 1.01 <0.001 0.31 = 1.38 2.45 * 1.07 <0.001
AC, cm 79.25 £ 10.9 90.88 = 11.68 <0.001 80.10 = 10.18 91.19 = 12.4 0.001

AST, IU/L 22.67 £ 8.84 66.9 = 51.7 <0.001 22.56 = 12.96 58.68 £ 41.83 <0.001
ALT, IU/L 16.03 = 5.27 123.82 = 108.35 <0.001 20.38 * 26.12 106.76 = 97.74  <0.001
ALP, U/L 206.56 £ 04.27 263.18 £ 127.0 <0.001 205.2 = 05.81 260.8 = 139.03 0.008
GGT, IU/L 14.53 © 7.91 48.78 * 39.89 <0.001 16.13 = 19.25 45.76 £ 37.19 <0.001
Uric acid, mg/dL 5.34 £ 1.51 6.67 = 1.55 <0.001 5.67 = 1.47 6.58 = 1.70 0.001
SBP (mmHg) 111.38 = 13.61 123.59 £ 12,78 <0.001 117.76 £ 3.42 124.17 = 1.79 0.029
DBP (mmHg) 66.51 * 0.03 72.58 £ 11.3 <0.001 72.52 = 73.79 73.79 £ 9.03 0.581
FBS (mg/dL) 98 (93.5-100.7) 99 (99.6—109) 0.709 103 (98.2-107.3) 101 (96-116.6) 0.170



31

Insulin (WU/mL) 12.2 £ 5.90 19.7 £ 9.95

TC (mg/dL) 155.62 £ 29.38 178.14 = 34.47

TG (mg/dL) 101.41 = 5.21 138.38 = 78.97
HDL-C (mg/dL) 51.58 = 9.34 47.19 £ 9.85
LDL-C (mg/dL) 105.55 £ 27.87 116.03 = 33.57

HbAlc (%) 5.35 (5.23-5.43) 5.5 (5.36—6.43)
HOMA-IR 2.78 (2.42—3.35) 4.58 (4.46—5.57)

<0.001

<0.001
0.001
0.003
0.033
0.012

<0.001

9.98 = 5.62

157.61 £ 30.34
95.11 = 41.14
52.96 £ 10.05
103.23 £ 26.51
5.13 (5.14-5.2)

2.61 (1.34-4.64)

19.35 £ 10.69

174.25 £ 35.78
137.39 £ 73.01
48.66 = 11.09
110.56 £ 26.15
5.3 (6.29-5.88)

4.18 (3.87-5.73)

0.001

0.004
0.005
0.075
0.207
0.048

<0.001

Abbreviations: NAFLD; nonalcoholic fatty liver disease; BMI—Z score, body mass index Z score; AC, abdominal

circumference; AST, aspartate transaminase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; GGT,

gamma glutamyl transferase; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBS, fasting blood sugar;

TC, total cholesterol; TG, triglyceride; HDL—C high—density lipoprotein cholesterol, LDL—C, low—density lipoprotein

cholesterol; HOMA—IR, homeostatic model assessment of insulin resistance
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Table 2. Comparison of risk allele frequencies by countries

Risk allele Risk allele

frequency in frequency in

19

Risk allele frequency in other countries

this study Korean adults

Korean  Korean Finnish

Han Americans British in
Gene name  Genetic variants Control NAFLD  adult adults Japanese Indian in

Chinese of African England
control  NAFLD Finland
PNPLA3 rs738409 (G) 0.429  0.571 0.398 0.466 0.391 0.423 0.172 0.221 0.253 0.172
TM6SF2  rsb8542926 (T)  0.069  0.129 0.066 0.094 0.114 0.072 0.082 0.123 0.071 0.061
SAMMS50  rs2073080 (T) 0.422  0.553 0.395 0.454 0.403 0.433 0.218 0.216 0.236 0.232
SAMMS50  rs3761472 (G) 0.402  0.553 0.39 0.45 0.395 0.428 0.148 0.216 0.187 0.232

Abbreviations: NAFLD; nonalcoholic fatty liver disease; PNPLAS, phospholipase —containing domain 3, TM6SFZ,

transmembrane 6 superfamily member



Figure 2 shows the genotype distributions of the 4 wvariants iIn
subjects with NAFLD and the controls. Homozygous carriers of the
risk alleles PNPLA3 (GG) and SAMM50 (TT and GG) had a
significantly higher frequency of NAFLD than the controls. Carriers
of the 7TM6SF2 CT/TT genotypes showed a significantly higher
frequency of NAFLD (65.5%) than carriers of the wild type (CC)

(46.7%, P = 0.02).

m NAFLD wm Control

P < 0.001 P =0.02 P < 0.001 P < 0.001
57.4% 56.9%
CT/TT
PNPLA3 rs738409 TMBSF2 rs57542926 SAMMSO0 rs2073080 SAMMSO0 rs37161472

Figure 2. Genotype distribution of PNPLAS3 rs738409, TM6SFZ2
rs58542926, and SAMMS0 rs2073080 and rs3761472 in subjects
with NAFLD and controls The frequencies of the PNPLAS GG,
TM6SF2 CC/TT, and SAMMS50 TT and GG genotypes were
significantly higher in the NAFLD group than in the control group.

Abbreviations: PNPLAS, phospholipase—containing domain 3/

TM6ESFZ2, transmembrane 6 superfamily member 2
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3.1.2 Clinical characteristics according to genotype

In all participants, individuals with the PNPLAS3 rs738409 (GQG),
TM6SF2 (CT/TT), and SAMMS50 rs2073080 (TT) and rs3761472
(GG) genotypes had significantly higher AST and ALT levels than
those with other genotypes (Table 3). The grade of steatosis on
sonography was significantly different among all 4 variants.

In the analysis of metabolic features in children with overweight,
only 7TM6SFZ2 showed a significant difference in the lipid profile
(Table 3). The CT/TT genotype of 7TM6SF2 rsb8542926 was
associated with significantly lower plasma TC and TG levels than
the wild type (P = 0.033 and P = 0.038). In simple linear

regression analysis, the risk allele (T) of TM6SF2rs57542926 also

significantly reduced the TC (B8 = —10.093, P = 0.036) and TG (B

= =20.962, P = 0.035) levels. There were no significant
differences in metabolic features, such as blood pressure, fasting

glucose, insulin, HbAlc and HOMA-IR, for all 4 variants.
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Table 3. Clinical characteristics and metabolic features by genotype

PNPLA3rs738409 TM6SFZ rs58542926 SAMM501rs2073080 SAMM501s3761472
P- P- P- P-
CcC CG GG CcC CT/TT cC CT TT AA AG GG
value value value value
All (n= (n= (n= (n= (n= (n= (n= (n= (n= (n= (n=
participants 122) 204) 122) 366) 87) 125) 213) 114) 129) 211) 109)
BMI-Z 131 13=% 1.6 £ _ 1.3 £ 1.49 £ 1.3 £ 1.3 £ 1.6 £ 1.32 £ 119 18 =% b
score 1.6 1.8 1.6 0.155 1.7 1.5 0.473 1.7 1.8 1.6 0.175 1.68 1.8 1.4 0.011
40.0 £ 395 % 59.1% <0.001 421« 57.0 = 39.8 £ 400 £ 598 £ 38.2 = 404 £ 618 £
. <0.001¢ <0.001%
AST (IU/L) 41.6 38.7 49.6 a 39.9 53.8 0.004 42.6 36.2 52.3 0.001 40.3 37.5 52.7 0.001
102.4 102.8 107.7
58.2 = 581 % <0.001 639 £ 97.3 £ 57.0 £ 60.8 £ 55.4 £ 60.0 £
ALT (UAL) 32 8 81.7 - a 87.6 115.9 0.003 94.1 78.8 - <0001 92.5 78.7 - <0.001%
' ' 109.2 ’ ' ' ' 113.5 ' ' 113.9
218.1 241.4 231. 271. 229.1 274.2
8 2245 267.9 2336 209.1 £ 310 3 2122 ! 7 )
ALP (U/L) * 0.001° + 0.584 + + <0.001* + + <0.001*
+116.7 =£119.7 118.0 116.5 117.9
119.1 126.4 117.3 119.6 118.2 117.9
281 165 393 = 28.7 £ 385 £ 28.3 278 378 % 2802 274 % 394 =
GGT (IU/L 0.007° 0.03 0.05 0.016°
(o) 40.1 30.7 34.2 31.2 46.5 39.8 31.4 33.6 0 39.21 31.5 33.8
Children with (n= (n= (n= (n= (n= (0 = 76) (n= (n= (n= (n= (n=
n=
overweight 76) 114) 90) 225) 59) 122) 85) 80) 115) 86)
BMI-Z 2.3 £ 96+ 1 2.4 * 0.079 25 T 2.3 * 0.952 2.4 £ 2.6 T 2.4 * 0.331 2.4 * 26 T 2.4 * 0313
score 0.9 T 0.9 ' 1.0 1.0 ' 1.0 1.0 0.9 ’ 1.0 1.0 0.9 ’
92 = 89.3 £ 888 % 89.8 £ 89.5 £ 92.7 889 887+ 92.6 £ 89.3 £ 884 =
A . 895 1 1
¢ 12.5 11.6 12.1 0.367 12.1 11.7 0.895 12.6 11.9 11.5 0178 2.4 12.4 11.6 0175
SBP 122.3 122.7 121.2 122.2 £ 1225 1224 = 1236 120.2 1223 = 1234 120.5
0.765 0.863 0.262 0.363
(mmHg) +138 *+129 £13.8 13.2 + 145 13.5 +132 £136 13.5 +13.1 =£137
DBP 738 718 70.3f 0.194 72.0 £ 714 £ 0733 741 718 701 0.132 73.7 £ 720 700 0.154
A] 2-t)] &
II_' e l - 1



€e

(mmHg)
FBS
(mg/dL)
Insulin
(uU/mL)

TC (mg/dL)

TG (mg/dL)

HDL-C
(mg/dL)
LDL-C
(mg/dL)

HbAlc (%)

HOMA-IR

10.5
106.1
T 35.1
187 =
10.3
176.2
326
123.9
£59.3
494 *
7.8
116.1
T 281
56
0.7
49 £
3.3

10.6
100.8
275
18.8 =
10.9
175.1
356
123.8
£57.6
48.5 =
10.1
113.5
+ 28.8
6.1 £
5.1

49 £
4.3

12.9
100.1
*15.2
18.8 =
9.3
175.2
£ 329
142.5
*82.7
46.7 =
11.3
114.4
T 40.2
56
0.9
47 £
2.7

0.288

0.999

0.975

0.116

0.229

0.887

0.589

0.932

11.3
101.3 £
23.5
19.4 =
10.0
177.7 £
33.8
1342 =
69.3
48.6 =
10.4
116.0 £
33.8
59
3.7

50 £
3.8

11.7
103.9
*36.1
16.6 =
8.7
167.1
329
113.0
£57.9
46.3 *
8.3
108.8
*28.0
55 *
0.5
42 %
2.2

0.515

0.080

0.033

0.038

0.136

0.150

0.548

0.139

10.5
1058 £
35.3
18.3 =
10.2
1742 £
34.2
1153 £
53.8
49.2 £
7.7
1134
28.9
56
0.6

48 £
3.3

10.3
100.5
* 26.7
19.2 =
10.1
176.4
£34.0
130.8
£62.3
477 x
10.1
115.0
276
6.0 £
4.9
50 £
4.3

13.1
100.3
*15.3
18.4 =
9.0
175.5
335
140.5
£ 82.0
476 *
11.6
114.9
T 41.3
56 £
0.9
46 £
2.6

0.330

0.810

0.906

0.079

0.549

0.944

0.607

0.777

10.4
105.6 £
34.5
18.8 =
10.2
173.8 £
33.9
117.8 £
54.2
48.9 =
7.8
1142 £
28.9
56
0.6

49 £
3.3

10.5
100.6
274
18.8 =
10.3
177.3
345
130.6
£63.2
48.0 *
10.3
114.8%
28.0
6.1 £
5.0
50 £
44

13.0
100.3
T15.2
18.4 =
9.0
175.2
335
140.0
816
475 =
11.5
114.7
T 411
56
0.9
46 £
2.6

0.773

0.136

0.706

0.991

“Homozygous vs. heterozygous and wild type ® Homozygous vs. heterozygous
Abbreviations: PNPLAS3, phospholipase —containing domain 3, TM6SFZ2, transmembrane 6 superfamily member 2, BMI—7 score,

body mass index Z score; AC, abdominal circumference; AST, aspartate transaminase; ALT, alanine aminotransferase; ALP,
alkaline phosphatase; GGT, gamma glutamyl transferase; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBS,
fasting blood sugar; TC, total cholesterol; TG, triglycerides; LDL—C, low—density lipoprotein cholesterol; HDL—C high—density
HOMA-IR,

lipoprotein

cholesterol,

homeostatic

model

assessment

of

insulin

resistance



3.1.3 Genetic association of pediatric NAFLD

Noninvasive fibrosis scores, such as the PNFS and APRI, were
significantly higher in risk allele carriers for each gene (Figure 3).
The mean PNFS was significantly higher in carriers of PNPLAS GG
(77.41 £ 18.05) than in carriers of CC (65.40 £ 18.87, P < 0.001)
or CG (68.0 £ 20.5, P = 0.001). For SAMM50 rs2073080 and
rs3761472, the mean PNFS was also significantly higher in
homozygous carriers than in others: rs2073080 TT (77.35 =+
18.17) vs CC (63.39 £ 20.5, P <0.001) and CT (69.39 * 20.57, P
= 0.009); rs3761472 GG (77.41 £ 18.08) vs AA (63.93 £ 18.59,
P < 0.001) and AG (69.55 = 20.52, P = 0.010). For TM6SFZ2, the
CT/TT genotypes (75.77 * 18.67) showed a significantly higher
PNFS than the CC genotype (68.85 £ 19.99, P = 0.013). The mean
APRI was also higher in risk allele homozygotes than in those with
other genotypes for PNPLA3Z rs738409 GG (0.58 £ 0.43) vs CC
(0.40 = 0.45, P = 0.014) and CG (0.44 = 0.42, P = 0.039) and
SAMMS50 rs2073080 TT (0.59 = 0.45) vs CC (0.41 £ 0.46, P =
0.027) and CT (0.43 = 0.39, P = 0.026). The homozygous risk
allele carrier of SAMMS50 rs3761472 showed a significantly higher
APRI than the wild type GG (0.58 * 0.45) vs AA (0.38 = 0.41,P =

0.007). For 7TM6SF2 those with the CT/TT genotype had a
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significantly higher APRI (0.60 %= 0.54) than those with the CC

genotype (0.44 £ 0.39, P = 0.009).
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Figure 3. Pediatric NAFLD fibrosis score (PNFS) and AST/platelet
ratio index (APRI) according to genotype in NAFLD patients and
controls with overweight.

The PNFS and APRI were significantly higher in risk allele carriers
for the 4 variants. For PNPLAS and SAMMS50, homozygous risk
alleles were associated with a significantly higher PNFS and APRI
than the wild type. For 7M6SFZ homozygous and heterozygous
risk alleles significantly increased the PNFS and APRI compared
with the wild type. Abbreviations: FPNFPLAS, phospholipase—
containing domain 3; 7M6SFZ transmembrane 6 superfamily
member 2; PNFS, pediatric NAFLD fibrosis score; APRI,
AST/platelet ratio index
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3.1.4 Independent risk factors for the development and

severity of NAFLD

In all participants, after adjusting for sex, age, and BMI—Z score,
the 4 risk alleles remained significant risk factors for NAFLD.
Subjects with homozygous variants of PNPLA3rs738409 (genotype
model 1, OR = 5.78, 95% CI = 2.61—-12.8, P < 0.001), SAMM50
rs2073080 (genotype model 2, OR = 5.18, 95% = CI 2.33—11.49, P
< 0.001) and SAMM50rs3761472 (genotype model 3, OR = 5.71,
95% CI = 2.57—12.7, P < 0.001) had a five— to 6—fold higher risk
of pediatric NAFLD than wild—type subjects (Table 4). Subjects
with the CT/TT genotype of TM6SF2rs58542926 showed a 4
times higher risk of pediatric NAFLD (OR = 3.87—4.21, 95% CI =

1.85—8.75) than wild—type subjects (P < 0.001) (Table 4).

Heterozygotes of PNPLAS rs738409, SAMMS50 rs2073080 and

SAMMS0 rs3761472 did not increase the risk of NAFLD.

In the analysis of the additive model, as the risk alleles

of PNPLA3 rs738409 (additive model 1), SAMMS50 rs2073080

(additive model 2), SAMMS50 rs3761472 (additive model 3) and

TM6SFZ2 rsb58542926 (additive model 1—3) increased, the risk

of NAFLD independently increased (Table 5). Male sex and BMI—Z
26



score were also independent risk factors in all participants.

In the subgroup analysis among children with overweight, these 4
variants remained significant risk factors for NAFLD with a higher
OR after adjusting for sex, age, BMI—Z score, SBP, fasting insulin
and TGs. Subjects with the CT/TT genotype of 7TM6SFZ2
rsb8542926 showed a 36— to 42—fold higher risk of pediatric
NAFLD (genotype model 4—6, OR = 35.78—-46.37, 95% CI = 3.18—
519.93) than wild—type subjects in children who were overweight
(P < 0.05) (Table 6). Subjects with homozygous variants of
PNPLA3rs738409 (genotype model 4, OR = 24.5, 95% CI = 3.65—
164.52, P = 0.001), SAMM50 rs2073080 (genotype model 5, OR =
13.32,95% CI = 2.6—68.25, P = 0.002) and SAMM50rs3761472
(genotype model 6, OR = 15.51, 95% CI = 2.99-80.48, P = 0.001)
had a 13— to 25—fold higher risk of pediatric NAFLD than wild—

type subjects (Table 6). In the analysis of the additive model, as

the risk alleles of PNPLAS3 rs738409 (additive model

4), SAMM50 rs2073080 (additive model 5), SAMM50rs3761472

(additive model 6) and 7TM6SF2 rs58542926 (additive model 4—

6), increased, the risk of NAFLD independently increased in

children with overweight (Table 7). Genetic effects were greater in
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children with overweight than in all participants. In addition, male
sex, fasting insulin and triglycerides were also independent risk
factors for NAFLD in children.

All 4 variants were significantly positively associated with the
AST and ALT levels after adjusting for age, sex, and BMI—Z score
(Table 8). As the number of risk alleles increased, the ALT level
independently increased by 18.6 IU/L for PNPLAS 18.6 to 20.0
IU/L for SAMM50 and 33.8 TU/L for TM6SFZ. The steatosis grade
independently increased according to the number of risk alleles for
all 4 variants.

In children with overweight, the increase in the ALT level related
to the risk allele was greater than that in all participants, at 18.6
IU/L for PNPLAS, 22.5 to 22.8 TU/L for SAMM50 and 47.3 TU/L for
TM6SFZ. When one risk allele increased, the PNFS independently
increased by 4.5 for PNPLAS, 5.3 to 5.4 for SAMMS0, and 6.6 for
TMS6SFZ. The APRI and FIB—4 score independently increased
according to risk alleles for all 4 variants (APRI: 0.08—-0.192, FIB—

4 score: 0.021—0.035) (Table R).
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Table 4. Independent risk factors for pediatric NAFLD by genotype model

Genotype model 1 Genotype model 2 Genotype model 3
—_ P_
Variable OR 95% CI Variable OR 95% C1 P-value Variable OR 95% CI
value value
PNPLASZ SAMMS50 SAMMS50
578  2.61-12.80 <0.001 5.18 2.33-11.49 <0.001 5.71  2.57-12.7 <0.001
rs738409 (GG)® rs2073080 (TT)® rs3761472 (GG)¢
TM6SF2 TM6SF2 TM6SF2
rsb8542926 3.87 1.85-8.1 <0.001 rsb8542926 421  2.02-8.75  <0.001 rs58542926 4.04 1.92-850 <0.001
(CT/TT)® (CT/TT)® (CT/TT)®
Male sex 3.22 1.70-6.08  <0.001 Male sex 291 1.56-5.44 0.001 Male sex 2.99 1.59-5.60  0.001
BMI-Z 5.03 3.69-6.85  <0.001 BMI-Z 49  3.63-6.61 <0.001 BMI-Z 489 3.61-6.63 <0.001

Adjusted for age, sex, and BMI-Z score

a The PNPLA3 rs738409 genetic variant has CC, CG, and GG genotypes; the CC genotype, the wild type, served as the reference group.

b The 7M6SF2rsb8542926 genetic variant has CC, CT and TT genotypes; the CC genotype, the wild type, served as the reference group
¢ The SAMM50rs2073080 genetic variant has CC, CT and TT genotypes; the CC genotype, the wild type, served as the reference group.

d The SAMMS50rs3761472 genetic variant has AA, AG and GG genotypes; the AA genotype, the wild type, served as the reference group

Abbreviations: PNPLAS, phospholipase—containing domain 3° TMOSFZ, transmembrane 6 superfamily member 2, BMI—7 score, body mass

index Z score; OR, odds ratio, CI, confidence interval
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Table 5. Independent risk factors for pediatric NAFLD by additive model

Additive model 1 Additive model 2 Additive model 3
P- P- P-
Variable OR 95% CI Variable OR 95% CI Variable OR 95% CI
value value value
SAMM50 SAMM50
PNPLA3
2.315 1.575-3.403 <0.001 rs2073080 2.256 1.519-3.351 <0.001 rs3761472 2.374 1.596-3.531 <0.001
rs738409 (G)
(T) @
TM6SF2 TM6SF2 TM6SF2
rsh8542926  3.956 1.939-8.071 <0.001  rsb8542926  4.195  2.065-8.521 <0.001  rsb8542926  4.088 1.987-8.408 <0.001
(T) (T) (T)
Male 2.969 1.591-5.541 0.001 Male 2.842  1.525-5.296 0.001 Male 2.924 1.563-5.470 0.001
BMI-Z 4939  3.648-6.688 <0.001 BMI-Z 4910  3.639-6.626 <0.001 BMI-Z 4,948  3.648-6.711 <0.001

Adjusted for age, sex, and BMI—Z score

Abbreviations: PNPLAS3, phospholipase —containing domain 3, TM6SFZ, transmembrane 6 superfamily member 2, BMI—7 score,

body mass index Z score; OR, odds ratio, CI, confidence interval
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Table 6. Independent risk factors for pediatric NAFLD among children with overweight by genotype model

Genotype model 4 Genotype model 5 Genotype model 6
P- P- P-
Variable OR 95% CI Variable OR 95% CI Variable OR 95% CI
value value value
PNPLA3 SAMM50 SAMM50
245 3.65-164.5 0.001 13.32  2.60-68.25 0.002 15,51 2.99-80.48 0.001
rs738409 (GG) ® rs2073080 (TT) © rs3761472 (GG) ¢
TM6SF2 TM6SF2 TM6SF2
rsb8542926 35.78 3.18-402.3 0.004 rsb8542926 4297 3.92-471.49 0.002 rsb8542926 46.37 4.14-519.9 0.002
(CT/TT) ® (CT/TT) ® CT/TT) ®
Male sex 6.9 1.77-26.92 0.005 Male sex 5.56 1.59-19.52 0.007 Male sex 548 1.55-19.43 0.008
BMI-Z 3.0 1.32-6.83  0.009 BMI-Z 2.64 1.24-5.63 0.012 BMI-Z 2.66 1.24-5.72 0.012
Insulin 1.16 1.056-1.27 0.002 Insulin 1.14 1.06-1.25 0.003 Insulin 1.15  1.05-1.25 0.002
Triglyceride 1.02  1.00-1.03 0.019 Triglyceride 1.02 1.00-1.03  0.013 Triglyceride 1.02  1.00-1.03 0.013

Adjusted for age, sex, BMI-Z score, SBP, insulin and triglyceride

a The PNPLA3rs738409 genetic variant has CC, CG, and GG genotypes; the CC genotype, the wild type, served as the reference group.

b The 7M6SF2rsb8542926 genetic variant has CC, CT and TT genotypes; the CC genotype, the wild type, served as the reference group.

¢ The SAMM50rs2073080 genetic variant has CC, CT and TT genotypes; the CC genotype, the wild type, served as the reference group.

d The SAMM50rs3761472 genetic variant has AA, AG and GG genotypes; the AA genotype, the wild type, served as the reference group.

Abbreviations: PNPLAS, phospholipase —containing domain 3, TM6SFZ, transmembrane 6 superfamily member 2, BMI=7 score, body mass index Z score; OR,
odds ratio, CI, confidence interval
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Table 7. Independent risk factors for pediatric NAFLD among children with overweight by additive model

Additive model 4 Additive model 5 Additive model 6
— P_ —
Variable OR 95% CI Variable OR 95% CI Variable OR 95% CI
value value value
SAMM50
PNPLA3 SAMM50
3.488 1.674-7.267  0.001 3.077 1.517-6.241 0.002 rs3761472 3.418 1.648-7.088  0.001
rs738409 (G) rs2073080 (T)
(®)
TM6SF2 TM6SF2 TM6SF2
rsh8542926 46.493 4.22-512.9 0.002 rsb8542926  45.79 4.29-489.37 0.002  rsb8542926  50.345 4.57-555.0 0.001

(T) (T) (T)

Male 5.066 1.451-17.69  0.011 Male 4,786  1.432-15.998  0.011 Male 4.885 1.429-16.70  0.011
BMI-Z 2.440 1.153-5.164  0.020 BMI-Z 2.419 1.169-5.002 0.017 BMI-Z 2.500 1.188-5.258  0.016
Insulin 1.154 1.058-1.259  0.001 Insulin 1.143 1.050-1.244 0.002 Insulin 1.152 1.067-1.256  0.001

Triglyceride 1.017 1.003-1.032  0.018 Triglyceride  1.016 1.003-1.030 0.017  Triglyceride 1.017 1.003-1.030  0.016

Adjusted for age, sex, BMI-Z score, SBP, insulin and triglyceride

Abbreviations: PNPLAS, phospholipase —containing domain 3, TMOSFZ, transmembrane 6 superfamily member 2, BMI=7 score, body mass index Z score; OR,

odds ratio, CI, confidence interval



Table 8. Associations of the 4 variants with clinical traits

ce

PNPLAS3 rs738409 TM6SFZ2 rs58542926 SAMMS50 rs2073080 SAMMS50rs3761472
Coefficient P- Coefficient P- Coefficient P- Coefficient P-
SE SE SE SE
estimate value estimate value estimate value estimate value
AST (IU/L) @ 8.0 2.63 0.003 15.3 4.6 0.001 8.0 2.67 0.003 9.18 2.67 0.001
AST (IU/L) ® 7.2 3.95 0.07 22.91 6.94 0.001 8.5 4.05 0.037 9.01 3.98 0.025

ALT (IU/L) @ 18.57 5.57 0.001 33.84 9.75 0.001 18.56 5.65 0.001 19.97 5.66 <0.001

ALT (IU/L) ° 18.6 8.64 0.033 47.33 15.29 0.002 22.5 8.87 0.012 22.8 8.71 0.01
PNFS ° 4.52 1.552 0.004 6.573 2778 0.019 5.348 1.601 0.001 5.382 1.5671 0.001
APRI ¢ 0.080 0.034 0.020 0.192 0.059 0.001 0.091 0.035 0.010 0.094 0.034 0.007
FIB—4 ¢ 0.022 0.010 0.025 0.035 0.017 0.036 0.021 0.010 0.037 0.021 0.010 0.028

# Analysis of all participants, adjusted for age, sex, and BMI-Z score

> Analysis in children in overweight, adjusted for age, sex, BMI-Z score, systolic blood pressure, insulin and triglyceride level

¢ Analysis of NAFLD patients and overweight controls, adjusted for age, sex, BMI-Z score, systolic blood pressure, insulin and triglyceride level
Abbreviations: PNPLAS, phospholipase —containing domain 3, TM6SFZ, transmembrane 6 superfamily member 2, AST, aspartate transaminase;
ALT, alanine aminotransferase, PNFS, pediatric NAFLD fibrosis score; APRI, AST/platelet ratio index; FIB—4, fibrosis—4; SE, standard error



3.1.5 Synergetic effects on the severity of NAFLD

Synergetic effects of these 4 variants were found on the severity
of pediatric NAFLD. As the genetic risk score increased, the mean
AST (P < 0.001), ALT (P < 0.001), ALP (P = 0.013) and GGT (P
= 0.026) independently increased after adjustments for age, sex
and BMI-Z (Figure 4). Furthermore, as the genetic risk score
increased, the mean PNFS (P < 0.001), APRI (P < 0.001), and FIB—
4 (P = 0.004) also significantly increased in NAFLD patients and
control with overweight (Figure 4).

A. Liver functions tests according to genetic risk score in all participants
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B. Fibrosis scores according to genetic risk score in NAFLD patients and controls with overweight
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rsb8542926, and SAMMS0 rs2073080 and rs3761472 on liver
function tests and fibrosis scores.

Abbreviations: AST, aspartate transaminase; ALT, alanine
aminotransferase; ALP, alkaline phosphatase; PNFS, pediatric NAFLD
fibrosis score; APRI, AST/platelet ratio index; FIB—4, fibrosis—4
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3.2 Metabolomic difference between NAFLD and

control children

Principal component analysis (PCA) score plots discriminating the
control (red) from the NAFLD patients (green, Figure 5). Samples
were appropriate for metabolomic analysis because quality control
samples (blue) were located at the center of the PCA score plot. In
the positive control analysis, the plasma levels of BCAAS, carnitine
and TG(50:2) were significantly higher in NAFLD than in the
control, while the glycine level was lower in NAFLD. These results
were the same as those of previous studies suggesting that the
quality of metabolomic samples was appropriate (Figure 5) ***2,

A total of 101 metabolites were significantly different between
NAFLD and the control: 11 amino acids, 5 biogenic amines, 4
acylcarnitines, 33 PCs, 6 LPCs, 14 sphingolipids and 28 neutral
lipids (Supplementary Table 1). Forty—nine metabolites (1 AC, 8
amino acids, 15 PCs, 5 DGs, 14 TGs, 6 SMs) showed a significant
correlation with HOMA—IR (Table 9). Higher metabolites in NAFLD
were positively correlated with HOMA—IR, and lower metabolites in
NAFLD were negatively correlated with HOMA-IR. However,
metabolites were not significantly different between overweight and

normal—weight NAFLD subjects.
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Principal component analysis Comparison of mean metabolites between NAFLD and contrl
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Figure 5. Principal component analysis of whole metabolomes and
positive control analysis
Abbreviations: NAFLD, nonalcoholic fatty liver disease. TG.

Triglyceride
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Table 9. Metabolites associated with pediatric NAFLD and insulin resistance

Control vs NAFLD Correlation with HOMA-IR
t value® P-value FDR r? P-value
Methylmalonylcarnitine -2.615 0.009755 0.0315 0.284 0.007
Glycine 6.6613 3.92E-10 3.35E-08 -0.27 0.011
Glutamine 4.25 3.58E-05 0.00031 -0.491 1.16E-06
Glutamate -4.291 3.03E-05 0.00028 0.534 8.45E-08
Valine -5.8618 2.45E-08 0.000001 0.285 0.007
Leucine + Isoleucine -5.4052 2.25E-07 0.000005 0.364 0.0005
Alanine -3.2592 0.0014 0.0066 0.274 0.01
Lysine -4.3482 2.40E-05 0.0002 0.22 0.039
Ornitine —2.7277 0.0071 0.0252 0.278 0.009
DG(34:1) -5.7514 4.23E-08 1.61E-06 0.535 7.92E-08
DG(34:3) -2.6815 0.0081 0.0279 0.303 0.004
DG(36:2) -4.353 2.36E-05 0.0002 0.458 7.41E-06
DG(36:3) -2.4811 0.0141 0.0419 0.340 0.001
DG-0(34:1) -4.4617 1.50E-05 0.0002 0.450 1.11E-05
TG(44:4) -3.1339 0.002 0.0091 0.332 0.002
TG(48:1) —4.4778 1.41E-05 0.0002 0.378 0.0003
TG(48:2) -3.3397 0.001 0.0054 0.299 0.005
TG(49:1) -4.2951 2.98E-05 0.0003 0.409 7.68E-05
TG(49:2) -2.6869 0.008 0.0278 0.316 0.003
TG(50:1) -5.8907 2.12E-08 1.17E-06 0.486 1.6E-06
TG(50:2) -5.2666 4.31E-07 9.83E-06 0.419 4.77E-05
TG(50:3) -3.883 0.0001 0.001 0.335 0.001
TG(50:4) —2.7846 0.006 0.0223 0.249 0.019
TG(51:2) -4.1913 4.52E-05 0.0004 0.265 0.012
TG(52:2) -5.1532 7.28E-07 1.38E-05 0.405 8.96E-05
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TG (52:3) -3.5419 0.0005 0.003 0.310 0.003
TG(54:3) —-4.8426 2.94E-06 5.04E-05 0.287 0.007
TG(56:6) -5.9019 2.00E-08 1.17E-06 0.314 0.003
PC(32:0) -3.1296 0.0021 0.0091 0.351 0.001
PC(32:1) —-4.5377 1.09E-05 0.0002 0.235 0.028
PC(34:1) -2.4994 0.0134 0.041 0.275 0.009
PC(36:3) —-2.4738 0.0144 0.0421 0.213 0.046
PC(39:4) 5.1885 6.19E-07 1.32E-05 -0.413 6.45E-05
PC(40:3) —2.7559 0.0065 0.0237 0.232 0.029
PC(42:4) -2.9016 0.0042 0.0166 0.305 0.004
PC(43:6) -2.7939 0.0058 0.0219 0.397 0.0001
PC(44:1) -5.8395 2.73E-08 1.17E-06 0.497 8.61E-07
PC(46:2) =5.7227 4.87E-08 1.65E-06 0.396 0.0001
PC(0-40:4) 3.1778 0.001774 0.0082 -0.217 0.042
PC(0-42:4) 3.0025 0.003098 0.0129 -0.350 0.001
PC(0-42:5) 2.6296 0.009362 0.0308 -0.252 0.018
PC(0-42:6) 3.188 0.001716 0.008 -0.263 0.013
PC(0-44:6) 5.5998 8.86E-08 2.33E-06 -0.374 0.0003
Cer(42:1) -3.2513 0.001395 0.00672 0.214 0.046
SM(37:1) -4.0165 8.98E-05 0.0006 0.296 0.005
SM(38:3) -6.7011 3.16E-10 3.35E-08 0.342 0.001
SM(39:2) -2.623 0.0095 0.0311 0.270 0.011
SM(43:1) -4.5274 1.14E-05 0.0002 0.238 0.025
SM(44:1) —2.4048 0.0173 0.0489 0.266 0.012

a NAFLD served as the reference group.

Abbreviations: HOMA—IR, homeostatic model assessment of insulin

resistance; FDR, false discovery rate; DG, diglyceride; TG, triglyceride;

PC, phosphatidylcholine; Cer, ceramide; SM, sphingomyelin
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3.2.1 Amino acids and biogenic amines

The mean concentrations of plasma BCAAs (leucine, isoleucine,
valine), glutamate, tyrosine, alanine, lysine, phenylalanine, and
ornithine were higher in subjects with NAFLD than in the controls
(Figure 6). Some of these metabolites had a positive correlation
with HOMA~-IR: glutamate (r*= 0.534, P = 8.45E-08), leucine +
isoleucine (r*= 0.364, P = 0.0005), valine (r*= 0.285, P = 0.007),
ornithine (r* = 0.278, P =0.009), alanine (r*= 0.274, P = 0.011)
and lysine (r?= 0.220, P = 0.007) (Figure 7). Furthermore, glycine
and glutamine were lower in NAFLD than in the control (Figure 6)
and showed a negative correlation with HOMA—IR (r* = —0.027, P
= 0.011 and r*= —0.491, P < 0.001) (Figure 7). In addition, some
biogenic amines, such as kynurenine, asymmetric dimethylarginine,
spermidine, taurine and sarcosine, were significantly higher in
NAFLD than in the control (FDR < 0.05) (Supplementary Table 1).

3.2.2 Lipids

Most  of the lipid metabolites, such as carnitine,
glycerophospholipid, sphingolipids and neutral fats, showed
significantly higher plasma concentrations in NAFLD than in the
control (Supplementary Table 1). The plasma levels of carnitine,

octenoylcarnitine, methylmalonyl carnitine and hexanoylcarnitine
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were significantly elevated in NAFLD patients compared to controls.

Meanwhile, methylmalonyl carnitine had a positive correlation with
HOMA-IR (r*= 0.284, P = 0.007) (Table 9).

Significant differences in the levels of sphingolipids such as
Cer(42:1) and several SMs were significantly higher in NAFLD than
in the control (Figure 6, Supplementary table 1). Among the 14
SMs, Cer(42:1), SM(37:1), SM(38:3), SM(39:2), SM(43:1) and
SM(44:1) were positively associated with HOMA—-IR (P < 0.05)
(Table 9, Figure 7).

Although many glycerophospholipids were significantly different
between the NAFLD and control groups, the pattern of differences
was not consistent. Most of the PCs, such as PC(44:1), PC(46:2),
PC(39:4), PC(38:3), PC(32:1), etc. showed higher concentrations
in NAFLD subjects than in control subjects (Figure 6). Among
these PCs that were higher in subjects with NAFLD, 9 PCs showed
a positive correlation with HOMA—IR. However, 12 PCs, PC(39:4),
PC(35:2), PC(O—-44:6), PC(O—34:3), etc. and 6 LPCs; LPC(18:2),
LPC(18:1), LPC(20:4), LPC(17:0), etc. were significantly lower in
subjects with NAFLD than in controls (Supplementary table 1).
Among these, 6 PCs showed a negative correlation with HOMA—IR

(Table 9, Figure 7).
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Mean levels of CE(16:2), 7 DGs and 20 TGs were higher in

pediatric NAFLD patients than in controls (Supplementary table 1).

Among 28 significant neutral fats, 5 DGs and 14 TGs showed a

positive correlation with HOMA—IR (Table 9, Figure 7).
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3.3 Metabolomic profiles according to genetic

variants and NAFLD

Among 101 significant metabolites between subjects with NAFLD
and controls, the differences according to genetic variants were
further analyzed. These metabolites were described with raw P—
values (P < 0.05) in addition to FDR (Supplementary Table 2).

Although most of the lipids were higher in NAFLD patients than
controls, the risk allele carriers of the TMOSFZ2 rs58542926 variant
showed significantly lower plasma PC(32:0), PC(36:3) PC(36:4),
PC(38:4), PC(40:7), SM(32:1), SM(38:1), SM(39:1) and TG (50:4)
after FDR adjustments (Figure 8A). The distributions of these lipid
metabolites between risk allele carrier vs noncarrier of 7TM6SFZ2
rs58542926 and NAFLD vs control were inversed. A total of 35
lipids CE(16:1), Cer(42:1), 19 PCs, 3 LPCs, 7 SMs and 4 TGs)
were lower in TM6SFZ variant carriers by raw P—value (P < 0.05)
(Supplementary Table 2).

Homozygous risk allele carriers of SAMM50 rs2073080 (TT) and
rs3761472 (GG) showed higher concentrations of glutamate,
PC(39:4), PC(40:4), PC(42:7) and TG(56:6), while the level of
glutamine was lower than that of the wild type according to the raw

P—value (Supplementary Table 2). These distributions of
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metabolites between SAMMS0 variant genotypes were similar to
the distribution between NAFLD vs control (Figure 8B).
Homozygous risk allele carriers of PNPLAS3rs738409 (GQG)
showed higher kynurein, PC(40:4), PC(42:7) and TG(56:6) than
CC/CT type (P < 0.05). However, metabolomic differences among
PNPLAS3 and SAMMS50 genotypes were not significant after FDR

correction (Supplementary Table 2).
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Chapter 4. Discussion

This was the first study to analyze various genetic variants with
metabolomic differences simultaneously in a pediatric population.
This is the first study of SAMMS0 in Asian children with NAFLD.
The impact of genetic variants on the risk of NAFLD was greater in
the children with overweight than in all participants. The risk alleles
for PNPLAS, TM6ESFZ2 and SAMMS0 are independent risk factors
for NAFLD and independently increase the steatosis grade and
fibrosis scores, regardless of sex, age, BMI—Z score and other
metabolic factors. In the metabolomic analysis, NAFLD patients
showed higher levels of BCAAS, tyrosine, PCs, SMs, DGs, and TGs
and lower levels of glycine in both children with overweight and
normal weight.

PNPLAS is the most well—known gene associated with NAFLD in
both adult and pediatric populations '"?2**9 This gene belongs to
the patatin—like phospholipase domain—containing family of proteins
and encodes a protein called adiponutrin. The rs738409 C/G variant
of this gene results in the amino acid substitution 1148 M and is
regarded as a major contributor to the development of fatty liver.
These results support those of previous studies showing that

PNPLASZ rs738409 increased the susceptibility to NAFLD in
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children and increased the ALT level and grade of hepatic steatosis
on sonography, in addition to the incidence of suspected fibrosis.
The MAF of PNPLAS rs738409 is 0.42-0.5 in the Asian population
and 0.483 ¥°Y among Hispanic children 2%, similar to the MAF in this
study (0.49). These MAFs are higher than those in Caucasian
(0.324) and African American (0.183) children **, which could
explain the higher prevalence of fatty liver in Asian and Hispanic
children (10.2~11.8%) than in black and white children (1.5~8.6%)
reported in a previous study °!.

TM6SFZ2 1s known to be involved in lipid metabolism, affecting
NAFLD pathogenesis °*°°. The loss—of—function mutation results in
reduced TG secretion in the liver and therefore intrahepatic TG
accumulation °°. Although the risk allele frequency was the lowest,
the OR of TM6SFZ2 rsb58542926 was higher than that of the other
variants in this study. In a previous study conducted in obese
children, 7M6SSF2 rsb8542926 also showed a higher OR
(2.58~4.13) than other genetic variants (OR = 1.34~1.66) ?°, °". In
this study, risk allele carriers (CT/TT) showed significantly lower
TC and TG levels than wild—type allele carriers. Loss of TM6SFZ2
function results in a higher risk of hepatic steatosis but a favorable

lipid profile, including low plasma TG and LDL levels °2°%,
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For the first time, the association between SAMM50 and fatty liver
in a pediatric population was demonstrated. Some variants
s3761472, rs2073080 and rs2143571 of SAMMS0 have recently
been found to be associated with NAFLD in GWASs of Asian adults
18.19.23 9nd Hispanic individuals °°. SAMM50 encodes Sam50, which
i1s part of the sorting and assembly machinery required for the
assembly of mitochondrial outer membrane B —barrel proteins and
plays a crucial role in maintaining mitochondrial function .

Mitochondrial dysfunction is important because of insulin
resistance, which is a major contributor to the development and
progression of NAFLD °'. In a study of Japanese adults, SAMM50
showed a strong association with NAFLD and was positively
associated with AST and ALT levels and histological traits.
Although the metabolic effects of SAMM50 remain controversial
181923 the TG level was higher in risk allele carriers than in
noncarriers in this study. Further research for accurate elucidation
of the pathogenesis of NAFLD and the effect of SAMMS50 on lipid
metabolism is needed.

Because of the invasiveness of liver biopsy, noninvasive fibrosis

scores have been used to predict hepatic fibrosis in children with

NAFLD. Three scores, including the PNFS, APRI and FIB—4 score
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were used ““. The APRI and FIB—4 score are useful fibrosis scores
to distinguish mild (stage 0—1) and significant fibrosis (stage 2—3)

(area under the receiving operating characteristic curve: FIB—4
score, 0.81; APRI, 0.70) *. The PNFS is better for identifying
advanced fibrosis (stage 3—4) than the APRI and FIB—4 score *°. In
this study, the mean PNFS and APRI were significantly higher in
PNPLAS, TM6SFZ2 and SAMMSO0 risk allele carriers. Furthermore,
each risk allele independently increased the PNFS, APRI and FIB—4
score even after correcting for sex, BMI—Z score, age, and
metabolic factors. The risk alleles of the 4 variants might affect the
progression of fibrosis in pediatric NAFLD patients.

A recessive inheritance pattern of PNPLAS rs738409, SAMMS50
rs2073080 and SAMMS0 rs3761472 and a dominant inheritance
pattern of 7M6SFZ2 rsb8542926 were found for the development of
NAFLD and the severity of NAFLD, such as the mean AST, ALT,
PNFS and APRI. In addition, dose—dependent increase in AST, ALT,
PNFS, APRI and FIB—4 were found according to the number of risk
alleles of all 4 variants. A study from Asian obese children also
showed a recessive inheritance model of rs738409 with a risk allele
frequency of 0.392. They showed a greater OR of the GG genotype

(OR 5.84, P < 0.001) than the GC genotype (OR 2.96, P = 0.0008)
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compared to the wild type (CC) of rs738409. They reported that
only the GG genotype increased ALT levels compared to the wild

6 However, most of the

type independently, not in the CG type
studies of PNPLAS demonstrated that the rs738409 G allele was
strongly associated with the development and severity of NAFLD in
a dose—dependent manner (additive model) with the highest risk of
GG type 29446263 Previous studies of SAMM50 analyzed the genetic

| 181959 Hence, this study is the first

risk as an additive mode
demonstration of a recessive pattern of SAMM50 rs2073080 and
rs3761472. Because of the lower risk allele frequency of TM6SF2
rsb8542926, it reveals the dominant effects of the risk allele (T).
These dominant effects on NAFLD development and severity were
also replicated in a multiethnic group study and several other
pediatric studies 2%°%%%,

In addition to genetic effects, male sex was a significant risk factor
for NAFLD in this study, which is consistent with the findings of
several studies in pediatric and adult populations **%°. One study of
NAFLD in obese children and adolescents indicated that the
prevalence was highest in postpubertal boys (51.2%) and lowest in

postpubertal girls (12.2%), suggesting a sex—specific role of sex

steroids in the development of NAFLD %, The fasting insulin level
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was an independent risk factor for the development of NAFLD in
the overweight population. It is well known that insulin resistance is
one of the most important factors in the development of NAFLD and
its progression to NASH #%6

This study supports these synergetic effects of PNPLAS rs7384009,
TM6SFZ2 rsb8542926, and SAMMS50 rs2073080 and rs3761472
variants on NAFLD severity. As the genetic risk score calculated by
the sum of risk alleles increased, AST, ALT, ALT, GGT and fibrosis
scores, such as PNFS, APRI and FIB4, also increased independently.
This report is the first to evaluate the synergetic effects of variants
of SAMMS 0 along with PNPLAS and TM6SFZ, especially in children.
A previous study also showed these synergetic effects of 7TM6SFZ2
rs58542926 and PNPLAS rs738409 in nonalcoholic steatohepatitis

63 Another pediatric study conducted an

and significant fibrosis
analysis of 11 genetic variants, and 7M6SFZ2 rsb58542926, PNPLAS
rs738409 and glucokinase regulatory protein rs1260326 remained
independently associated with NAFLD. They also developed
weighted genetic risk scores based on 11 genetic variants with
clinical risk factors with high accuracy to predict NAFLD 7.

A total of 101 metabolites showed significantly different plasma

levels between subjects with NAFLD and controls. It is well known
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that BCAAs are significantly higher in NAFLD patients and that
circulating BCCAs are correlated with insulin resistance 24,

BCAASs are also associated with progression to simple steatosis to
NASH or hepatic fat contents. Adipose tissue dysfunction might
have a key role in the development of NAFLD because NAFLD
patients showed down—regulation of BCAA catabolism in adipose
tissue and mitochondrial energy metabolism, resulting in increased
serum BCAA concentrations. The rate of BCAA metabolism was
negatively associated with plasma BCAA concentrations, liver fat
content, and indexes of insulin resistance °7,?%. In this study,
significantly higher levels of BCAAs (isoleucine, leucine, valine),
hydrophobic amino acids (alanine), glutamate, ornitine and lysine
were also reported in NAFLD patients than in controls. A positive
association between BCAAs, glutamate, alanine and HOMA —IR was
observed which supports previous results that insulin resistance
has a positive association with these metabolites.

Lower levels of glycine, glutamine and serine in subjects with
NAFLD than in controls, and a negative association of glycine and
glutamine with HOMA—IR were found in this study. In a previous
study, glycine, serine and glutamine were known to have a negative

association with insulin resistance, and a higher glutamine—to—
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glutamate ratio was associated with a lower risk of diabetes °®.
Furthermore, the glutamate/[serine + glycine] index could be used
as an index of hepatic insulin resistance and inflammation **. A
previous study suggested that subjects with hepatic steatosis have
reduced de novo synthesis of glutathione due to limited availability
of glycine and serine substrates. With this, serine (a precursor to
glycine) supplementation was proposed for NAFLD treatment °°.
This study reported several lipids, such as acylcarnitines, PCs,
SMs, CEs, DEs and TGs, that were higher in the NAFLD group than
in the control group. However, some circulating PCs and LPCs were
lower in NAFLD patients than in controls. Similar to these results,
previous studies on hepatic or plasma glycerophospholipids and
sphigolipids are still inconsistent *'. PCs are the major components
of glycerophospholipids in mammals, which are important
components of structural cellular membranes, and only phospholipid
molecules can regulate the assembly and secretion of lipoproteins.
Up to 30% of hepatic PC comes from the conversion of
phosphatidylethanolamine (PE) to PC by the enzyme
phosphatidylethanolamine N—methyltransferase (PEMT) ™.
However, the pathophysiology is not well understood since low

hepatic PC levels and an altered hepatic PC/PE ratio are known to
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have major implications in the development of NAFLD, and loss—
of—function mutation of the PEMT gene might confer susceptibility
to NAFLD "° ', The possible pathophysiology of NAFLD associated
with PCs is synthesis impairment of PC in hepatocytes. Low hepatic
PCs could decrease very low—density lipoprotein (VLDL) secretion
from the liver and result in hepatic TG accumulation "% In terms of
circulating lipid metabolites, the total contents of serum PC and SM
significantly increased in NAFLD patients compared with controls ™
which was similar to these results.

An association between phospholipids and HOMA —IR was reported
in this study. Interestingly, PCs that were higher in NAFLD patients
showed a positive association with HOMA—IR, while PCs that were
lower in NAFLD patients had a negative association with HOMA—IR.
Although more precise functional studies are still required,
phospholipids are related to several insulin actions. Phospholipids
regulate insulin secretion from the pancreas, mediate insulin action
on adipocytes and skeletal muscle, modulate gene expression
related to glucose uptake and control mitochondrial function “*.
Since the relationship between insulin resistance and phospholipids
1s very complex, phospholipids could be a promising target for

controlling the physiological or pathophysiological processes
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affecting insulin sensitivity .

LPC is a biologically active lipid generated from PC and is
considered an important mediator of hepatic lipotoxicity*'. In this
study, several LPCs were significantly lower in NAFLD patients.
Recent studies also reported that plasma LPC species were
decreased in patients with NASH or that LPC was diminished in
patients with NAFLD "7¢_ Although these findings seem to be
related to TG, HDL metabolism and insulin sensitivity, the exact
pathophysiology needs to be investigated further %777,

In this study, several SMs, Cer(42:1), showed significantly higher
plasma levels in NAFLD subjects than in controls, and 5 SMs and
Cer(42:1) had a positive association with HOMA—IR. The plasma
levels of SM have been previously reported to correlate with BMI,
and ceramide is a well—known contributing factor to insulin
resistance "%, Although many studies have shown different results,
they have provided some evidence that sphingolipid metabolism is
related to NAFLD development and severity ‘7, Several previous
studies support these results that the serum levels of some SM and
ceramide species were higher in patients with NAFLD than in

healthy controls “*%%8! Regarding insulin resistance, fasting plasma

insulin and HOMA-IR were positively associated with SM contents
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of erythrocyte and adipocyte membranes in obese women %2%,

The levels of several DGs and TGs were significantly higher in
NAFLD patients than in controls and positively associated with
HOMA—IR in this study. A previous study reported that NAFLD is
characterized by both TG and free cholesterol accumulation without
any corresponding increase in CE *°. They reported a stepwise
increase in the mean TG (product)/DG (precursor) ratio from
normal livers to simple steatosis to NASH *°. The same study group
found that plasma DG and TG were significantly increased in
subjects with NAFLD compared with controls, which is the same as
our results *. The functional measure of enzyme activity revealed a
marked step up from DG to TG in NAFLD, which supports that the
enzyme diacylglycerol acyl transferase plays an important role in
the development of hepatic steatosis **. The accumulation of

specific lipid metabolites (DGs and/or Cers) in liver and skeletal

muscle is a common final pathway leading to impaired insulin

signaling and insulin resistance .

Insulin resistance is a complex metabolic disorder related to
ectopic lipid accumulation ®°. Among 101 significant metabolites, 49
metabolites (1 AC, 8 amino acids, 15 PCs, 5 DGs, 14 TGs, 6 SMs)

had significant correlations with HOMA —IR. Correlation directions
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between HOMA—IR and metabolites were the same as differences
between NAFLD and the control. Higher metabolites in NAFLD
were positively correlated with HOMA —IR, and lower metabolites in
NAFLD were negatively correlated with HOMA —IR. This result
suggests that the metabolic difference between NAFLD patients and
controls could be partially explained by insulin resistance.

This was the first study to analyze numerous metabolites with
several genetic variants simultaneously between NAFLD and
controls in children. A total of 101 metabolites that showed
significant differences between NAFLD and the control were further
analyzed by genetic variants to evaluate their differences by each
genetic variant. 7M6SFZ2 rsb8542926—T was strongly associated
with NAFLD development and severity, but the distribution of
metabolites with/without NAFLD and with/without the T allele

showed the opposite direction, especially in lipid profiles such as 5

PCs, TG(50:4), and 3 SMs, which was similar to a previous study *’.

TM6SFZ is known to be associated with VDLD secretion from the
liver; therefore, NAFLD patients with the rsb8542926—T allele
showed reduced concentrations of circulating lipids, unlike other
NAFLD patients with obesity °?°. Because PCs are the only

necessary phospholipids to assemble VDLD particles, PC deficiency
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increases intrahepatic degradation of VLDL particles and thereby

8889 The mechanism leading to reduced

reduces their secretion
secretion of VLDL particles in 7TM6SFZ2 rsb8542926—T carriers
seems to be caused by deficiency in polyunsaturated
phosphatidylcholines and increased hepatic TG %. These
metabolomic results of 7TM6SFZ2 rs58542926 are compatible with
previous lipidomic studies that variant carriers showed metabolic

silencing, although they pose a great risk of NAFLD 87:8890,

These results also suggested that several metabolites may also be
affected by PFPNPLAS rs738409, SAMM50 rs2073080, and
rs3761472 variants, which showed the same patterns as NAFLD
presence by raw p—value (Supplementary Table 2); however, this
1s a very preliminary result that needs further study. A previous
study showed that PNPLAS has no effect on circulating metabolites,
and  another  suggested that it is  associated  with

1 8791 Only one study reported that

glycerophospholipids and retino
SAMM50 was associated with only one metabolite *!. However, only
a few genomic and metabolomic studies have been conducted
simultaneously, and additional evidence needs to be accumulated to

confirm the metabolomic effects of these genetic variants.

To our knowledge, this was the first study that analyzed several
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genetic variants and various metabolites. Very few studies have
been conducted on various genetic variants and associated
metabolomic differences, and none have been conducted in pediatric
populations. The effects of genetic variants and metabolomic
differences for NAFLD were analyzed in both overweight and
normal weight children, and the genetic effect was greater in
overweight children than in normal weight children. A simultaneous
analysis of several variants and synergetic effects related to
NAFLD were conducted in a pediatric population. Both genotype and
additive models were analyzed among several genetic variants. All
genetic variants had additive effects on the development and
severity of pediatric NAFLD. This was the first report of the
association of SAMMS0 and pediatric NAFLD in addition to the
recessive effect of SAMMSO. Carriers of the TMOSFZ variant
showed significantly lower circulating lipids while they had a higher
risk of NAFLD than those with wild—type. A possible mechanism
related to metabolic differences between NAFLD patients and
controls might be insulin resistance.

This study also has some limitations. First, liver biopsy was not
performed to evaluate the degree of steatosis and fibrosis in

patients with NAFLD. Liver biopsy is usually performed to evaluate
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NAFLD patients with an increased risk of NASH and/or advanced
fibrosis *. Second, this study did not investigate lifestyle factors,

such as diet and exercise.
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Chapter 5. Conclusion

Risk alleles of PNPLAS rs738409, TM6SF2 rs58542926, SAMMS0

rs2073080 and rs37361472 were independent risk factors for
NAFLD in this study. These variants also independently increased
the severity of NAFLD, regardless of sex, age, BMI—Z score and
other metabolic factors. The effects of genetic variants on the
development of NAFLD were greater in the overweight subgroup
than in all participants. As the genetic risk score increases, AST,
ALT and fibrosis scores increase independently, suggesting the
synergetic effects of the four genetic variants. Male sex, fasting
insulin and triglyceride levels were also independent risk factors for
NAFLD in children.

Metabolomic differences between NAFLD patients and controls
were reported in the pediatric population. A total of 101 metabolites,
such as amino acids, PCs, SMs and neutral fats, showed significant
differences between subjects with NAFLD and controls. Among
them, 49 metabolites were associated with HOMA—IR, supporting
that metabolomic differences in NAFLD are associated with insulin
resistance.

Some of these metabolites were significantly correlated with

HOMA-IR with the same pattern. Carriers of the 7TM6ESFZ variant
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showed significantly lower circulating lipids than wild—type carriers,
and they were in the opposite direction to NAFLD patients.

PNPLAS rs738409, SAMMS50 rs2073080, SAMMS50 rs3761472
variants, some amino acids and lipids play an important role in the
development of pediatric NAFLD. This study will provide the basis

of precision medicine for pediatric NAFLD.
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Chapter 6. Abbreviations

NAFLD, nonalcoholic fatty liver disease
GWAS, genome—wide association study
PNPLAS3, phospholipase —containing domain 3
TM6SFZ, transmembrane 6 superfamily member 2
ALT, alanine aminotransferase

BCAA, branched—chain amino acid

NASH, nonalcoholic steatohepatitis

BMI—7Z score, body mass index Z score

AST, aspartate transaminase

ALP, alkaline phosphatase

GGT, gamma glutamyl transferase

CAP, controlled attenuation parameter

AC, abdominal circumference

SBP, systolic blood pressure

DBP, diastolic blood pressure

FBS, fasting blood sugar

TC, total cholesterol

TG, triglyceride

LDL-C, low—density lipoprotein cholesterol

HDL —C, high—density lipoprotein cholesterol
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HOMA —1IR, homeostatic model assessment of insulin resistance

PNFS, pediatric NAFLD fibrosis score
APRI, AST/platelet ratio index
FIB—4, fibrosis—4

MAPF, minor allele frequency

DG, diglyceride

LPC, lysophosphatidylcholine

PC, phosphatidylcholine

SM, sphingomyelin

Cer, ceramide

CE, cholesterol ester.

OR, odds ratio

CI, confidence interval

FDR, false discovery rate

PE, phosphatidylethanolamine

PEMT, phosphatidylethanolamine N—methyltransferase

VLDL, very low—density lipoprotein
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Chapter 8. Supplementary tables

Supplementary table 1. A total of 101 metabolites were significantly

different between NAFLD patients and controls in the pediatric

population
Metabolites  tvalue®  P-value FDR Metabolites ~ tvalue®  P-value FDR
Amino acids (11) Acylarnitines (4)
Glycine 6.66 3.92E-10 3.35E-08 AC(0:0) -3.88  0.000149 0.001
Tyrosine -6.66  3.83E-10 3.35E-08 AC(8:1) -2.96 0.00348 0.0142
Valine -5.86  2.45E-08 1.17E-06 AC(4:0-DC) -2.6 0.009755 0.0315
Leucine+
-540  2.25E-07 5.49E-06 AC(6:0) -2.40  0.017741 0.0497
Isoleucine
Lysine -4.34  2.40E-05 0.0002 Sphingolipids (14)
Glutamine 4.25 3.58E-05 0.00031 Cer(42:1) -3.25 0.0014 0.00671
Glutamate -4.29  3.03E-05 0.00028 SM(38:3) -6.70  3.16E-10 3.35E-08
Phenylalanin
-3.64 0.0004 0.0022 SM(36:1) -5.69  5.64E-08 1.65E-06
e
Alanine -3.26 0.0014 0.0066 SM(41:1) -5.16  7.20E-07 1.38E-05
Ornitine -2.73 0.0071 0.0252 SM(43:1) -4.53  1.14E-05 0.0002
Serine 2.51 0.0131 0.0408 SM(38:1) -448  1.41E-05 0.0002
Phosphatidylcholines (39) SM(42:1) -4.44  164E-05  0.0002
PC(44:1) -5.84  2.73E-08 L.17E-06 SM(37:1) -4.02  8.98E-05 0.0006
PC(46:2) -5.72  4.87E-08 1.65E-06 SM(39:1) -3.82 0.0002 0.0012
PC(39:4) 5.18 6.19E-07 1.32E-05 SM(36:2) -3.74 0.0003 0.0016
PC(38:3) -4.69  5.83E-06 8.67E-05 SM(39:2) -2.62 0.0095 0.0311
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PC(32:1)
PC(32:6)
PC(34:4)
PC(40:6)
PC(36:1)
PC(38:4)
PC(35:2)
PC(32:0)
PC(42:4)
PC(42:5)
PC(43:6)
PC(40:2)
PC(40:3)
PC(42:7)
PC(36:4)
PC(40:4)
PC(34:1)
PC(36:3)
PC(40:7)
PC(0-44:6)
PC(0-34:3)
PC(0-30:0)
PC(0-36:2)
PC(0-42:6)
PC(0-40:4)

PC(0-42:4)

-4.47

-4.25

-4.22

-3.82

-3.46

3.24

-3.13

-2.90

-2.90

-2.79

-2.71

-2.76

-2.75

5.60

4.50

4.2

417

3.188

3.1778

3.0025

1.09E-05

1.45E-05

3.56E-05

3.95E-05

0.0002

0.0007

0.0014

0.0021

0.0042

0.0042

0.0058

0.0062

0.0065

0.0067

0.0092

0.0128

0.0134

0.0144

0.0166

8.86E-08

1.26E-05

4.37E-05

4.85E-05

0.001716

0.001774

0.003098

0.0002 SM(40:4) -2.59 0.0105 0.0331
0.0002 SM(32:1) -2.47  0.0144 0.0421
0.0003 SM(44:1) -2.40 0.0173 0.0489
0.00033 Natural lipids (28)

0.0012 TG(48:1) -4.48  141E-05 0.0002
0.0037 TG(49:1) -4.30  2.98E-05 0.0003
0.0068 TG(1:2) -4.19  4.52E-05 0.0004
0.0091 TG(50:3) -3.88 0.0001 0.001
0.0166 TG(52:3) -3.54 0.0005 0.003
0.0166 TG(54:4) -3.42 0.0008 0.0043
0.0219 TG(48:2) -3.34 0.001 0.0054
0.0228 TG(54:6) -3.14 0.002 0.0091
0.0237 TG(44:4) -3.134 0.002 0.0091
0.0241 TG(54:5) -3.01 0.0023 0.0099
0.0308 TG(50:4) -2.78 0.006 0.0223
0.0403 TG(49:2) -2.69 0.008 0.0278
0.041 TG(56:8) -2.67 0.0084 0.0286
0.0421 TG(53:5) -2.63 0.0093 0.0308
0.0472 CE(16:1) -3.52 0.0006 0.0031
2.33E-06 DG(34:1) -5.75  4.23E-08 1.61E-06
0.0002 DG-0(34:1) -4.46  1.50E-05 0.0002
0.0004 DG(36:2) -4.35  2.36E-05 0.0002
0.0004 DG(41:1) -4.11 0.0001 0.0005
0.008 DG(39:0) -3.49 0.0006 0.0035
0.0082 DG(34:3) -2.68 0.0081 0.0279
0.0129 DG(36:3) -2.48 0.0141 0.0419
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PC(0-36:6)
PC(0-42:5)
PC(0-34:1)
LPC(18:2)
LPC(18:1)
LPC(20:4)
LPC(17:0)
LPC(0-16:1)

LPC(15:0)

2.8683

2.63

2.46

4.77

4.40

413

3.56

2.98

2.48

0.004669

0.009362

0.014905

3.99E-06

1.98E-05

5.7T7E-05

0.000481

0.003223

0.013809

0.0181

0.0308

0.0432

6.21E-05

0.000211

0.000439

0.002885

0.013278

0.041793

TG(50:1) -589  212E-08 1.17E-06
TG(56:6) -5.90  2.00E-08 1.17E-06
TG(50:2) -5.27  4.31E-07 9.83E-06
TG(52:2) -5.15  T7.28E-07 1.38E-05
TG(54:3) -4.84  2.94E-06 5.04E-05
TG(56:7) -477  4.00E-06 6.21E-05
Biogenic Amines (5)
Kynurenine -4.09  6.67E-05 0.0005
Spermidine -3.38  0.000892  0.0047
ADMA -2.94  0.003674  0.0148
Taurine -2.82  0.005323  0.0203
Sarcosine -2.50  0.013257 0.0408

a NAFLD served as the reference group.

Abbreviations: FDR, false discovery rate; SM, sphingomyelin; PC,

phosphatidylcholine; Cer, ceramide; CE, cholesterol ester; DG, diglyceride;

TG, triglyceride
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Supplementary table 2. Different metabolomic profiles by each

genetic variant with raw p values

TMESF2 1558542926 (CC vs CT/TT) PNPLA31s738409 (CC/CG vs GG)

Metaholites tvalue®  P-value FDR Metabolites tvalue®  P-value FDR

PC(32:0) 3.061 0.003 0.043 Kynurenine -2.407 0.017 0579
PC(36:3) 3.379 0.001 0.041 PC(40:4) -2.462 0.015 0.579
PC(36:4) 3.230 0.001 0.041 PC(42:7) -2.039 0.043 0.741
PC(40:7) 3.203 0.002 0.041 TG(56:6) -2.734 0.007 0.579
PC(38:4) 2.969 0.003 0.048

PC(34:1) 2.807 0.006 0.053 SAMM501s2073080 (CC/CT vs TT)
PC(35:2) 2.650 0.009 0.059 Metabolites tvalue®  P-value  FDR
PC(42:7) 2.571 0.011 0.070 Glutamine 2111 0.036 0.611
PC(40:6) 2.490 0.014 0.082 Glutamate -2.917 0.004 0.407
PC(40:3) 2.396 0.018 0.096 PC(40:4) -2.285 0.024 0.611
PC(40:4) 2.309 0.022 0.097 PC(39:4) 2.210 0.029 0.611
PC(34:4) 2.266 0.025 0.104 PC(42:7) -2.175 0.031 0.611
PC(42:4) 2.195 0.030 0.115 TG(56:6) -2.448 0.015 0.611
PC(38:3) 2.153 0.033 0.122 Cer(42:1) -1.983 0.049 0.498
PC(40:2) 2.076 0.039 0.124

PC(32:1) 2.000 0.047 0.136 SAMME0ts3761472 (AA/AG vs GG)

PC(0-30:0) 2.770 0.006 0.053 Metabolites tvalue!  P-value FDR

PC(0-34:3) 2.367 0.019 0.096 Glutamine 2.214 0.028 0.475

PC(0-36:6) 2.217 0.028 0.113 Glutamate -3.182 0.002 0.177

LPC(17:0) 2.726 0.007 0.055 PC(32:6) -2.001 0.047 0.476

LPC(15:0) 2.350 0.020 0.096 PC(39:4) 2.241 0.026 0.475
8 2
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LPC(0-16:1) 2.686 0.008 0.058 PC(40:4) -2.391 0.018 0.475

Cer(42:1) 2.129 0.035 0.122 PC(42:7) -2.352 0.020 0.475
SM(32:1) 3.066 0.003 0.043 SM(38:3) -2.150 0.033 0.476
SM(38:1) 2.935 0.004 0.048 DG(41:1) -1.994 0.048 0.476
SM(39:1) 2.899 0.004 0.048 TG(56:6) —2.734 0.007 0.475
SM(41:1) 2.320 0.022 0.097
SM(42:1) 2.120 0.035 0.122
SM(39:2) 2.080 0.039 0.124
SM(40:4) 2.061 0.041 0.125
CE(16:1) 2.782 0.006 0.053
TG(50:4) 3.228 0.002 0.041
TG(50:3) 2.349 0.020 0.096
TG(56:6) 2.111 0.036 0.122
TG(51:2) 2.000 0.047 0.136

a. The TM6SFZ rs58542926 genetic variant has CC, CT and TT genotypes; the
CT/TT genotype served as the reference group.

b. The PNPLASZ rs738409 genetic variant has CC, CG, and GG genotypes; the
homozygous variants (GG) served as the reference group.

c. The SAMMS0 rs2073080 genetic variant has CC, CT and TT genotypes; the
homozygous variant (TT) genotype served as the reference group.

d. The SAMMS50 rs3716172 genetic variant has AA, AG and GG genotypes; the
homozygous variant (GG) genotype served as the reference group.

Abbreviations: 7TM6SFZ, transmembrane 6 superfamily member 2;
PNPLAS3, phospholipase—containing domain 3;
FDR, false discovery rate; PC, phosphatidylcholine; Cer, ceramide; SM,

sphingomyelin; DG, diglyceride; TG, triglyceride
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