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Abstract

Objective: To examine associations of dietary changes from childhood to adolescence with
adolescent hepatic fat and whether the PNPLAZrs738409 risk allele, a strong genetic risk factor
for HF, modifies associations.

Study design: Data were from 358 participants in the Exploring Perinatal Outcomes among
CHildren (EPOCH) study, a longitudinal cohort in Colorado. Diet was assessed by food frequency
questionnaire in childhood (~10 yrs) and adolescence (~16 yrs) and converted to nutrient densities.
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HF was assessed in adolescence by magnetic resonance imaging. Linear regression was used to
test associations of dietary changes (A) from childhood to adolescence with adolescent HF.

Results: Increases in fiber, vegetable protein and polyunsaturated fat intake from childhood

to adolescence were associated with lower adolescent HF, and increases in animal protein were
associated with higher HF [B(95%CI) per 5 unit increase on log-HF: -0.12(-0.21,-0.02) for
Afiber; —0.26(-0.45,-0.07) for Avegetable protein; —0.18(-0.35,-0.02) for Apolyunsaturated fat;
0.13(0.04,0.22) for Aanimal protein]. There was evidence of effect modification by PNPLA3
variant, whereby inverse associations of Afiber and Avegetable protein and positive associations
of Asaturated fat with adolescent HF were stronger in risk allele carriers. Conclusions were
similar after adjusting for obesity in adolescence, but associations of Asaturated fat with HF were
attenuated to the null.

Conclusions: Our results suggest that nutrient intake changes between childhood and
adolescence, particularly decreases in fiber and vegetable protein and increases in saturated fat
intake, interact with the PNPLA3 variant to predict higher HF in adolescence, and may be targets
for reducing HF in high-risk youth.

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease in
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children®- 2 and is strongly associated with obesity and the metabolic syndrome3: 4. NAFLD
disproportionately affects certain groups, such as children of Hispanic ethnicity? 5, in-part
due to a higher frequency of certain genetic risk alleles associated with NAFLD, such as the
patatin-like phospholipase domain-containing 3 (PNPLA3) gene®-10. NAFLD can progress
to steatohepatitis and further to cirrhosis'l, and is the foremost cause of liver transplants
among young adults12,

The typical age of diagnosis for pediatric NAFLD is in adolescence?, likely due to a
culmination of lifecourse exposures and biological and behavioral changes that occur
during this time, interacting with underlying genetic predisposition; though, the exact
mechanisms remain unknown. Notably, dietary behaviors often change during the transition
from childhood to adolescence, as reported in a 2012 review!3, due to greater independence,
increased sedentary activities, and time spent away from home4, which may carry health
risks. For example, studies have reported increased sugar consumption, especially from
sugar sweetened beverages, in adolescents compared with younger children1>-17, which in
turn is associated with weight gain®.

Understanding whether these dietary changes are associated with NAFLD, especially

in those with a genetic predisposition, would help in designing more effective dietary
interventions for preventing NAFLD. The objective of this study was to examine whether
dietary changes from childhood (~10 yrs) to adolescence (~16 yrs), specifically for
macronutrients and fiber, are associated with HF levels in adolescence using data from a
longitudinal cohort study in Colorado. We also explored whether associations were modified
by the PNPLA3rs738409 risk allele, a strong genetic risk factor that was previously
associated with HF content in this cohort®.
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METHODS:

The Exploring Perinatal Outcomes among CHildren (EPOCH) study is a prospective,
multiethnic cohort of 604 mother/child pairs based in Colorado. Eligible participants were
offspring of singleton pregnancies at a single hospital between 1992 and 2002, whose
biological mothers were members of the Kaiser Permanente of Colorado Health Plan at the
child’s delivery. Offspring were invited to complete two research visits: first in childhood
between 6-12 years old (visit 1, mean: 10.4+1.5 years) and second in adolescence between
12-19 years old (visit 2, mean: 16.7+1.2 years). More details on the study population and
methodology have been previously published!8: 19, The eligible sample for this study was
399 offspring who underwent magnetic resonance imaging (MRI) at visit 2 to assess HF in
adolescence. Among these participants, 16 were excluded for missing dietary data at visit
1 or visit 2 and 25 were excluded for having extreme energy intakes at visit 1 or visit 2
(defined as <800 or > 4000 kcal for boys and <500 kcal or >3500 kcal for girls)20, resulting
in an analytical sample of 358 participants. The study was approved by Colorado Multiple
Institutional Review Board. Mothers provided written informed consent and children >8
years provided written assent.

Dietary assessment (exposure):

Dietary intake at each visit was assessed using a modified version of the Block Kid’s Food
Questionnaire, a semi-quantitative food frequency questionnaire that has been validated

in youth as young as 8 years old?1: 22, A detailed description of the development of the
modified questionnaire has been published elsewhere?3. Briefly, the questionnaire used
the same format as the Block Questionnaire, but expanded the number of food groups
queried (to 85 food lines), particularly focusing on adding foods with regional or cultural
importance. The instrument was administered to participants by trained staff, in either a
self-administered or structured interview format. Participants were able to ask questions if
needed and research staff were able to request clarifications on participant answers and
returned forms. Data collected from the questionnaire was analyzed by the Nutrition Data
System for Research software (University of Minnesota, Minneapolis, MN, USA) at the
University of North Carolina Nutrition Obesity Research Center to quantify intakes of
nutrients and food groups.

Nutrient intakes in grams/day were converted to kcal/day and then to nutrient densities

as a percentage of total energy intake (TEI). These conversions were done for total
carbohydrates, protein, and fat, as well as specific types of macronutrients [starch and total
sugar intake, animal and vegetable protein intake, and saturated fat (SFA), monounsaturated
fat (MUFA), and polyunsaturated fat (PUFA)]. Dietary fiber intake was converted to grams
per 1000 kcal/day. For all intakes, change values were calculated as visit 2 intake minus
visit 1 intake. Plausibility of TEI was assessed using the Goldberg method?4 25, which
compares individual ratios of reported TEl:basal metabolic rate (BMR) to a physical activity
level constant. Specifically, we calculated BMR using Schofield equations and assumed a
conservative physical activity constant of 1.55 based on World Health Organization (WHO)
recommendations for light activity due to a lack of objective physical activity measures.
The cut-off for under-reporting was the lower confidence limit calculated using the equation
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described by Black?4; thus, participants with TEl:BMR<1.10 were categorized as under-
reporters.

Hepatic fat assessment (outcome):

As previously described® 26, offspring HF was measured by MRI only during the second
research visit, when participants were adolescents. Briefly, MRIs were performed by trained
technicians and research staff at the University of Colorado Anschutz Medical Campus
using a breathold, 6-point MRI-proton density fat fraction (PDFF) technique?’. HF was
calculated from the mean pixel signal intensity data for each flip angle acquisition using

the Osirix, Lipoquant plug-in28. For descriptive purposes in Table 1, participants were
categorized as having NAFLD at visit 2 in adolescence based on a cut-off of HF>5.5%2°.
Given the low prevalence of clinical NAFLD in EPOCH at visit 2 (n=22 or 6%), we
otherwise analyzed HF as a continuous variable.

Genetic assessments (effect modifier):

Standard approaches were used for genotyping as described in detail by Stanislawski et

al, which investigated the relationship between genetic factors and HF as a continuous
measure among participants in the same cohort.® Briefly, DNA was extracted from stored
peripheral venous blood samples using the QlAamp kit (Qiagen, Germantown, MD). DNA
quantification and purity assessment were performed using a NanoDrop spectrophotometer
and a Qubit fluorometer (Thermo Scientific, Wilmington, DE). For the EPOCH cohort,
genotyping occurred in two batches: the first batch was performed using the Illlumina
Infinium Omni2.5-8 v1.1 BeadChip (for n=226 samples), and the second batch was
performed using the Illumina Multi-Ethnic Global Array v1.0 (for n=130 samples). All
quality control and filtering steps were performed using PLINK 1.9 (https://www.cog-
genomics.org/plink/1.9), which were previously described in detail®0. Participants with >5%
missing genotypes and SNPs with >2% missing genotypes were excluded, and genetic
data were imputed to the 1000 Genomes Phase 3 (v5) multi-ethnic reference panel. We
also calculated principal components (PCs) to assess global ancestry, batch effects, and
any residual relatedness for SNPs that were directly genotyped and passed quality control
thresholds on both platforms. In this prior study of EPOCH, we evaluated associations
between a set of five SNPs (PNPLA3 5738409, GCKR 151260326, PPPIR3B rs4240624,
LYPLAL1rs12137855, and NCANs2228603) and adolescent HF, and found that only the
PNPLAZ3 risk allele was associated with HF content. Thus, for the purpose of the present
analysis, we focused only on the PNPLA3rs738409 risk allele as a potential effect modifier
of associations of nutrient intake changes with adolescent HF.

Other covariate assessments:

Participant sex and race/ethnicity were self-reported at the first research visit. For analyses,
we grouped participants as Hispanic or non-Hispanic ethnicity due to small sample sizes for
non-Hispanic black and non-Hispanic other. Height and weight were measured at both visits
in light clothing without shoes. Age- and sex-adjusted body mass index (BMI) z-scores were
calculated using the WHO growth reference3!. Pubertal stage was assessed by self-reported
Tanner staging of pubic hair for boys and breast development for girls32. Physical activity
was assessed by 3 day physical activity recall questionnaire33, which has been validated
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against accelerometry34, and used to calculate average energy expenditure over three days in
metabolic equivalents (METS). Offspring were categorized as having exposure to maternal
diabetes mellitus (DM) during pregnancy if the mother had a physician diagnosis of
gestational DM during pregnancy or DM prior to pregnancy, which was ascertained from

a medical records database as previously described8. Maternal pre-pregnancy BMI was
calculated using the last measured weight in the medical record before pregnancy and

height collected at the first research visit, and categorized as obesity based on pre-pregnancy
BMI1=30 kg/m2. Maternal education and smoking during pregnancy were assessed at the first
research visit via questionnaire.

Statistical analyses

Descriptive statistics were performed to summarize characteristics of the sample overall

and according to NAFLD status at visit 2. Means and standard deviations or medians

and interquartile ranges (IQRs) were reported for continuous variables and compared
between groups using the Student T-tests or Mann-Whitney tests, respectively. Counts and
frequencies were reported for categorical variables and compared between groups using
Chi-square tests. Linear regression models were constructed to examine associations of
nutrient intake changes from visit 1 to visit 2 with HF at visit 2. Prior to analysis, HF was
natural log-transformed to ensure that residuals were normally distributed. Histograms of the
distribution of HF before and after log-transformation are shown in Figure 1 (available at
www.jpeds.com). Models were adjusted for covariates in a stepwise manner, whereby Model
1 was adjusted for potential confounders selected a priori, including offspring age, sex,
race/ethnicity, maternal education (high school or less or some college or more), exposure

to maternal DM during pregnancy, maternal smoking during pregnancy, baseline nutrient
intake at visit 1, change in TEI (visit 2-visit 1), and TEI plausibility at visit 1 (acceptable
reporter or under reporter). Model 2 was adjusted for Model 1 covariates plus BMI z-score
at visit 2 to assess if associations were independent of concurrent obesity. We reported the
B-coefficients and 95% confidence intervals (ClIs) for associations of a 5 unit increase in
each nutrient intake on adolescent log-HF. For interpretation, we also reported results after
back-transformation in supplementary tables, where p-coefficients and 95% Cls reflect the
ratio of geometric means for adolescent HF per 5 unit increase in intakes.

We tested for effect modification by the PNPLAS3 rs738409 risk allele, as well as offspring
sex and race/ethnicity, using product terms. Stratified estimates were reported based on
P-interaction<0.05. We also performed several sensitivity analyses. First, we re-ran analyses
after excluding participants with obesity to determine whether associations were only driven
by these individuals. We also examined whether results differed when we adjusted Model

1 for additional covariates at visit 1 or visit 2, which were only available in a sub-sample,
including maternal pre-pregnancy obesity, pubertal stage, and self-reported physical activity
level, or when we additionall adjusted for TEI plausibility at visit 2. All analyses were
carried out using SAS statistical software (v9.4, Cary, NC, USA).
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Characteristics of the sample of 358 participants included in analyses, according to NAFLD
status at visit 2, are shown in Table I. A total of 22 participants (6.1%) were categorized

as having NAFLD (defined as HF>5.5%). Among participants with NAFLD vs. without
NAFLD, there were higher percentages of Hispanic children (77.3% vs. 34.2% respectively)
and exposure to maternal pre-pregnancy obesity /n utero (61.5% vs. 18.6%) (Table 1).
Participants with NAFLD also had higher mean BMI z-score at visit 1 (1.27 vs. 0.13,
respectively) and visit 2 (1.82 vs. 0.29, respectively) (Table 1). All other characteristics were
similar between groups. The frequency of the PNPLA3rs738409 risk allele is also shown in
Table 1, which was higher in participants with NAFLD at visit 2 (0.47) compared with those
without NAFLD (0.28).

Associations of nutrient intake changes in childhood with HF in adolescence:

Mean change values for each nutrient intake are summarized in Table 2 (available

at www.jpeds.com). Estimates for associations of nutrient intake changes from visit 1
(childhood) to visit 2 (adolescence) with log-transformed HF at visit 2 are shown in Table
3. Increases in dietary fiber, vegetable protein, and PUFA intake were associated with
significantly lower log-HF at visit 2 (Table 3). based on Model 1 adjusted for potential
confounding variables. In contrast, increases in animal protein intake were associated with
higher HF at visit 2 (Table 3). For dietary fiber, we examined whether associations differed
for soluble versus insoluble fiber and found that increases in both types of fiber were
inversely associated with log-HF at visit 2, but estimates for soluble fiber crossed the null
(Table 3). We also examined whether results differed by type of PUFA and found that

the association was attenuated and less precise for omega-3 PUFASs, but similar for all

other PUFASs (calculated as total - omega-3 PUFAS) (Table 3). All results were similar

after additionally adjusted for BMI z-score at visit 2 in Model 2 (Table 3), suggesting
associations were independent of concurrent obesity at the time HF was assessed. Estimates
for the above associations after back-transformation are summarized in Table 4 (available at
www.jpeds.com).

Examining potential effect modification by genetic risk and demographics:

We found evidence of effect modification by the PNPLAZrs738409 risk allele for
associations of fiber (p-interaction=0.007), vegetable protein (p-interaction=0.005), and
SFA intake (p-interaction=0.039) with HF at visit 2. In model 1 adjusted for potential
confounders, inverse associations of changes in fiber and vegetable protein intake and
positive associations for change in SFA intake with log-HF at visit 2 were stronger and

only significant in carriers of the risk allele compared with non-carriers (Table 5 and Figure
2). Associations followed a similar pattern for soluble versus insoluble fiber (Table 5). In
Model 2, conclusions were similar when models were additionally adjusted for BMI z-score
at visit 2, but associations of change in SGA intake with log-HF were attenuated (Table 5),
suggesting partial mediation by concurrent obesity at visit 2. Back-transformed estimates
are shown in Table 6 (available at www.jpeds.com). We also found evidence of effect
modification by Hispanic ethnicity for associations of change in fiber intake with HF at visit
2 (p-interaction=0.029), whereby inverse associations with log-HF were stronger and only
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significant in Hispanic participants [B (95% CI): —0.22 (-0.36, —0.08) per 5 g/1000 kcal
fiber, p=0.002] versus non-Hispanic [-0.08 (-0.18, 0.02) per 5 g/1000 kcal fiber, p=0.13].
Estimates were not appreciably changed after additionally adjusting for BMI z-score at visit
2 (not shown).

Sensitivity analyses:

We performed a sensitivity analysis where we excluded participants with obesity at either
visit to assess whether these participants were driving our results. As shown in Table

7 (available at www.jpeds.com) and Table 8 (available at www.jpeds.com) for the full
sample and stratified by the PNPLAS3 rs738409 risk allele, respectively, most results were
unchanged in terms of directionality and significance, but the magnitude of several estimates
was attenuated slightly. We also examined whether results differed after adjusting for

other potential confounders, including maternal pre-pregnancy obesity exposure, pubertal
stage at visit 1 or visit 2, and physical activity at visit 1 or visit 2, and found that no
associations were appreciably changed (available upon request). Results were also similar if
we additionally adjusted for TEI plausibility at visit 2 (available upon request).

DISCUSSION:

In this study, we examined associations of nutrient intake changes during the transition
from childhood to adolescence with hepatic fat levels in adolescence and whether genetic
background modifies these associations. This was based on a well-characterized, multi-
ethnic, longitudinal cohort in the U.S. (Colorado), where intake was assessed as nutrient
densities relative to total energy intake, and HF was assessed by MRI. Collectively, our
results suggest that increases in dietary fiber, vegetable protein, and PUFA intake, and
decreases in animal protein intake from childhood to adolescence may be protective against
higher HF in adolescence. Examination of effect modification by genetic risk of HF revealed
that inverse associations of fiber and vegetable protein and positive associations of saturated
fat with HF were markedly stronger in carriers of the PNPLA3rs738409 variant. In
contrast, the positive association between change in animal protein and adolescent HF in
the sample overall was similar regardless of genetic profile. Importantly, most associations
were independent of concurrent BMI z-score at the time of HF assessment, suggesting a
pathway between these nutrients and HF that is independent of obesity.

Most epidemiological evidence of associations between specific nutrient intakes and HF

is limited to cross-sectional studies, which cannot establish temporality. This may explain
inconsistent findings in the literature, with some studies showing that certain nutrient intakes
are associated with higher HF35-38, such as carbohydrates (especially refined carbohydrates
and sugars) and saturated fat, and others reported no associations between these nutrient
intakes and HF3%-41, Among the few longitudinal investigations conducted thus far, one
study from the UK found no associations between energy-adjusted macronutrient intakes at
any age in childhood (3, 7, or 13 years) and ultrasound-measured HF at 17 yrs#2. Similarly,
a longitudinal study by Perng et al, which was based on the same EPOCH cohort as

this analysis, found no associations between dietary pattern scores (derived from principal
components analysis) in childhood (visit 1) and HF in adolescence (visit 2); whereas, greater
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adherence to a prudent diet pattern at visit 2 was associated with lower HF at visit 225,
Together with the results of our study, this suggests that dietary shifts from childhood to
adolescence, especially changes characterized by a divergence from a ‘healthy’ diet pattern,
such as decreases in fiber, vegetable protein, and PUFAs and increases in animal protein, are
more strongly associated with higher HF in adolescence compared with nutrient intakes or
dietary patterns in early childhood.

Our study also revealed several gene-nutrient interactions associated with HF in
adolescence, especially for the PNPLA3Zrs738409 allele, which is the strongest genetic

risk factor for HF and confers susceptibility likely by impairing triglyceride hydrolysis#3: 44,
Specifically, we found that an increase in SFA intake from childhood to adolescence was
associated with higher adolescent HF in risk allele carriers. As shown by Luukkonen et

al, a link between excess SFA intake and HF is likely explained by upregulation adipose
tissue lipolysis and subsequently the hepatic fatty acid pool4>, which contributes to HF
deposition. It is plausible this SFA-induced lipolysis exacerbates disruptions in hepatic lipid
metabolism in carriers of the PNPLA3Z variant. We also found that increases in “‘healthy’
nutrients, especially fiber and vegetable protein, were more protective against adolescent HF
in carriers of the risk allele, suggesting that higher intakes of these nutrients may attenuate
the adverse effect of the PNPLA3Zvariant on HF. Relative to the literature on this topic, it
should be noted that other pediatric studies have reported an interaction between PNPLA3
and carbohydrate/sugar intake on HF deposition3?: 46, which was not observed in our study.
It is possible that this discrepancy was due to differences in sample characteristics; in
particular, the EPOCH cohort is multi-ethnic and generally healthy, compared with the other
samples that found this interaction, which had more homogenous ancestries (Hispanic or
Italian) and higher rates of obesity, NAFLD, and/or other metabolic alterations.

This study has limitations and strengths. We relied on self-reported dietary data, which may
be prone to recall and social desirability biases. This may lead to under-reporting, especially
in children with obesity#?, and for certain food groups, such as sugary beverages*s. At

the same time, we used an FFQ that has been validated in children to assess long-term
dietary habits, which is directly relevant to chronic disease risk, and examined within-person
changes in intake, which limited potential bias. We also adjusted for plausibility of energy
intake at both times, which did not alter findings; thus, we believe measurement error had a
limited impact. We only tested the PNPLAS3 risk allele as an effect modifier due to previous
associations with HF in this cohort3°, but not a// genetic variants that have been reported

in the literature. Larger studies will be needed to assess diet-by-gene interactions in a more
global manner. Because HF was only assessed at visit 2 in adolescence, we were unable to
assess parallel changesin HF from childhood to adolescence. Thus, studies with repeated
measures of HF across childhood and adolescence are also needed to test this. The sample
size of participants with clinically-defined NAFLD was low in EPOCH (n=22 or 6.1%),

but similar to prevalence estimates in other general population studies (7.6%, as reported

by Anderson et all). Thus, by examining associations with HF as a continuous outcome in
adolescence in a relatively healthy, general risk population, our findings could be used to
inform strategies for NAFLD prevention in the future. The sample also included multiple
racial/ethnic groups and individuals across the spectrum of BMI categories, including

lean participants in addition to participants with overweight or obesity, which increases
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the generalizability of our findings, especially given most associations were similar even
when we excluded participants with obesity in sensitivity analyses. Other strengths include
the use of state-of-the-art MRI to assess HF as a continuous measure, the integration of
offspring genotypic information to elucidate nutrient-by-gene interactions, and the extensive
phenotypic assessments performed at two visits, which enabled us to control for and stratify
by key variables.

Our findings may have important clinical and public health implications. Although currently
the mainstay treatment for NAFLD is lifestyle management to promote weight loss*?,

there has been insufficient data to identify an ‘optimal’ dietary and/or exercise prescription
for improving NAFLD outcomes®% 51, Further, evidence from pediatric interventions has
shown that it is very challenging to achieve and maintain meaningful weight loss52 53,
Thus, there is need to develop more targeted and sustainable strategies for preventing HF

in high-risk children, as well as treating or reducing HF in those already diagnosed. The
findings from this study suggest that nutrient intake changes from childhood to adolescence,
especially decreases in fiber, vegetable protein, and PUFAs and increases in animal protein
and saturated fat, are associated with higher HF deposition in adolescence, independent

of potential intrauterine and postnatal confounding variables. Over time, higher HF in
adolescence may be associated with higher risk of NAFLD in adulthood and its associated
hepatic and extrahepatic co-morbidities. Longitudinal studies with repeated measures of

HF starting earlier in childhood will be needed to fully elucidate the relationship between
the dietary intakes throughout childhood and adolescence and HF deposition. In addition,
intervention studies will be needed to test whether targeting these dietary factors is an
effective strategy for reducing or preventing HF deposition in youth.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Online Only.

Log-Hepatic Fat

Histograms showing the distribution of hepatic fat values at visit 2 (adolescence, ~16 yrs) in
the sample of multi-ethnic youth, before and after natural log-transformation (n=358). The
decision to natural log-transform hepatic fat for all analyses was also based on ensuring a

normal distribution of residuals in linear regression models.
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Figure 2:
Trend lines for associations of nutrient intake changes from childhood to adolescence with

HF in adolescence according to PNPLA3 (rs738409) risk allele. Trend lines were estimated
from linear regression models adjusted for offspring sex, age, Hispanic ethnicity, maternal
education, maternal DM, maternal smoking, baseline intake (visit 1), change in TEI (visit
2-visit 1), and TEI plausibility at visit 1. Abbreviations: HF, hepatic fat; TEI, total energy
intake.
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Characteristics of the sample of multi-ethnic youth, overall and by clinical nonalcoholic fatty liver disease
(NAFLD) diagnosis * at visit 2 (adolescence) (n=358)

Overall (n=358) Non-NAFLD (n=336) NAFLD™ (n=22)
Variable: Meanor N | SDor% | MeanorN | SDor% | Meanor N | SD or % pa
Male sex, n (%) 169 47.2% 157 46.7% 12 54.6% 0.48
Hispanic ethnicity, n (%) 132 36.9% 115 34.2% 17 77.3% <0.001
Offspring Traits at visit 1 (~10 yrs):
Age (years), mean (SD) 10.4 15 10.5 15 9.9 16 0.08
BMI z-score, mean (SD) 0.20 1.20 0.13 1.18 1.27 1.08 <0.001
BMI z-score <1.0, n (%) 252 70.4% 244 72.6% 8 36.4% <0.001
BMI z-score >1.0 to <2, n (%) 82 23.2% 76 22.6% 7 31.8%
BMI z-score 2.0, n (%) 23 6.4% 16 4.8% 7 31.8%
Physical activity”¢, mean (SD) 1.90 031 1.90 031 1.91 0.27 0.27
Pubertal Stagec, n (%)
Pre-Pubertal (Tanner=1) 157 44.0% 145 43.3% 12 54.6% 0.30
Pubertal (Tanner=2-4) 200 56.0% 190 56.7% 10 45.5%
TEI Under-reporter, n (%) 80 22.4% 70 20.8% 10 45.5% 0.007
Offspring Traits at visit 2 (~16 yrs):
Age (years), mean (SD) 16.7 12 16.7 12 16.2 13 0.06
BMI z-score, mean (SD) 0.39 1.12 0.29 1.07 1.82 0.82 <0.001
BMI z-score <1.0, n (%) 246 68.7% 244 72.6% 2 9.0% <0.001
BMI z-score >1.0 to <2, n (%) 85 23.7% 75 22.3% 10 45.5%
BMI z-score 2.0, n (%) 27 7.5% 17 5.1% 10 45.5%
Physical activityS, mean (SD) 1.94 0.40 1.94 0.40 1.89 043 054
Pubertal Stagec, n (%)
Pubertal (Tanner=2-4) 161 45.0% 152 45.2% 9 40.9% 0.69
Post-Pubertal (Tanner=5) 197 55.0% 184 54.8% 13 59.1%
Hepatic Fat (%)d’ median (IQR) 1.81 1.2-25 1.75 1.2-24 8.36 6.9-11.1 | <0.001
Under-reporter, n (%) 237 66.2% 217 64.6% 20 90.9% 0.01
Maternal Traits, n (%0):
Education, Some college or more 292 81.6% 275 81.9% 17 77.3% 0.59
Maternal pre-pregnancy obesity® 52 20.8% 44 18.6% 8 61.5% | <0.001
Maternal diabetes in pregnancy 65 18.2% 61 18.2% 4 18.2% 0.99
Maternal smoking in pregnancy 26 7.3% 25 7.4% 1 4.6% 0.61
Risk Allele Frequency €
PNPLA3 rs738409 (G) 0.28 0.27 0.47 0.02
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a . . . . .
P-values calculated by Student’s test for continuous variables or Chi-square test for continuous variables
Measured as average mean expenditure in metabolic equivalents over 3 days based on physical activity questionnaire.

Data was missing for the following traits: n=6 participants missing physical activity at visit 1; n=9 participants missing physical activity at visit 2;
n=1 participant missing pubertal stage at visit 1; n=86 participants missing maternal pre-pregnancy BMI/obesity.

dReporting medians and IQRs due to non-normal distribution for hepatic fat. P-value calculated by Mann-Whitney test.

EBased on the sub-sample (n=308) who underwent genotyping. To calculate p-values by Chi-square test, we rounded imputed values to the nearest
integer and categorized participants based on number of risk alleles (0, 1, or 2).

*
NAFLD diagnosis at visit 2 was defined as hepatic fat>5.5% measured by magnetic resonance imaging.

Abbreviations: TEI, total energy intake; BMI, body mass index; HFF, hepatic fat fraction
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Table 3:

Associations of nutrient intake changes from visit 1 (childhood) to visit 2 (adolescence) with log-transformed
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hepatic fat at visit 2 in the sample of multi-ethnic youth (n=358)

Model 12 Model 2b

A Nutrient Intake (% TEI or g/1000 kcal) | Mean A Intake®: B (95% CI)d p B (95% CI)d p
Total Carbohydrates -2.20 (7.98) -0.02 (-0.05,0.02) | 0.35 | -0.01(-0.04,0.03) | 0.70
Starch -0.21 (5.07) -0.003 (—0.06, 0.06) 0.91 0.02 (-0.04, 0.07) 0.52
Sugar -2.49 (8.02) -0.005 (-0.04,0.03) | 0.79 | -0.003 (-0.04,0.03) | 0.87
Total Fiber 0.64 (3.90) -0.12 (-0.21,-0.02) | 0.02 | -0.11(-0.20,-0.02) | 0.02
Soluble fiber 0.21 (1.31) -0.28 (-0.57,0.01) | 006 | -0.25(-0.52,0.02) | 0.07
Insoluble fiber 0.42 (2.65) -0.17 (-0.31,-0.03) | 0.02 | -0.16 (-0.29, -0.03) | 0.02
Total Protein 0.62 (2.78) 0.10 (-0.2, 0.21) 0.09 | 0.08(-0.02,019) | 0.13
Animal Protein 0.22 (3.31) 0.13 (0.04, 0.22) 0.007 0.11 (0.02, 0.20) 0.01
Vegetable Protein 0.39 (1.50) -0.26 (-0.45, -0.07) | 0.008 | -0.24 (-0.41, -0.06) | 0.008
Total Fat 1.75 (6.39) -0.002 (-0.05,0.04) | 0.92 | -0.02(-0.06,0.03) | 0.48
Saturated Fat 0.13 (2.76) 0.08 (-0.03,0.19) | 0.14 | 0.05(-0.05, 0.15) 0.34
Monounsaturated Fat 1.09 (3.00) -0.02 (-0.12, 0.08) 0.67 -0.04 (-0.13, 0.05) 0.36
Polyunsaturated Fat 0.22 (1.78) -0.18 (-0.35,-0.02) | 0.03 | -0.21(-0.36,-0.06) | 0.008
Other PUFA® 0.19 (1.73) -0.19 (-0.36, -0.02) | 0.03 | -0.22 (-0.38,-0.06) | 0.007
Omega-3 PUFA 0.03 (0.20) -0.11(-1.62,1.41) | 089 | -0.03(-1.72,1.12) | 0.68

aModeI 1: Adjusted for offspring sex, age, Hispanic ethnicity, maternal education, maternal DM, maternal smoking, baseline intake (visit 1),

change in TEI (visit 2-visit 1), and TEI plausibility at visit 1.

bModeI 2: Adjusted for Model 1 covariates and BMI z-score at visit 2.

c TR
Mean change values calculated as visit 2-visit 1.

B coefficients are estimate the effect on log-hepatic fat for a +5 unit increase in each nutrient as a percentage of TEI, except for dietary fiber,

which is assessed as g/1000 kcal. Bold black indicates p<0.05.

ECaIcuIated as total PUFA intake — omega-3 PUFA intake.

Abbreviations: HF, hepatic fat; TEI, total energy intake; BMI, body mass index; PUFA, polyunsaturated fat.
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Table 4 (Online Only):

Back-transformed estimates for associations of nutrient intake changes from visit 1 (childhood) to visit 2
(adolescence) with log-transformed hepatic fat at visit 2 in the sample of multi-ethnic youth (n=358)

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Model 12 Model Zb

A Nutrient Intake (%TEI or g/1000 keal) [ B (95% c1)® | p-value | B (95% c)® | p-value
Total Carbohydrates 0.98(0.95,1.02) | 035 | 0.99(0.96,1.03) | 0.70
Starch 1.00 (0.94, 1.06) 0.91 1.02 (0.96, 1.08) 0.52
Sugar 1.00 (0.96,1.03) | 0.79 | 1.00(0.96,1.03) | 0.87
Total Fiber 0.89 (0.81, 0.98) 0.02 0.90 (0.82, 0.98) 0.02
Soluble fiber 0.76 (0.56,1.01) | 0.06 | 0.78(0.59,1.02) | 0.07
Insoluble fiber 0.84 (0.73,0.97) 0.02 0.85 (0.75, 0.97) 0.02
Total Protein 1.10 (0.98, 1.24) 0.09 1.08 (0.98, 1.21) 0.13
Animal Protein 1.14 (1.04, 1.25) 0.007 1.12 (1.02, 1.22) 0.01
Vegetable Protein 0.77 (0.64, 0.93) 0.008 0.79 (0.66, 0.94) 0.008
Total Fat 1.00 (0.95, 1.04) 0.92 0.98 (0.94, 1.03) 0.48
Saturated Fat 1.09 (0.97, 1.21) 0.14 1.05 (0.95, 1.17) 0.34
Monounsaturated Fat 0.98 (0.89, 1.08) 0.67 0.96 (0.88, 1.05) 0.36
Polyunsaturated Fat (PUFA) 0.83 (0.71, 0.98) 0.03 0.81 (0.70, 0.95) 0.008
Other PUFAd 0.82 (0.70, 0.98) 0.03 0.74 (0.18, 3.07) 0.007
Omega-3 PUFA 0.90 (0.20,4.11) | 0.89 | 0.80(0.69,0.94) | 0.68

aModeI 1: Adjusted for offspring sex, age, Hispanic ethnicity, maternal education, maternal DM, maternal smoking, baseline intake (visit 1),

change in TEI (visit 2-visit 1), and TEI plausibility at visit 1.

bModeI 2: Adjusted for Model 1 covariates and BMI z-score at visit 1.

B coefficients have been back-transformed and represent the geometric mean ratio for hepatic fat per +5 unit increase per nutrient as a percentage

of TEI, except for dietary fiber, which is assessed as g/1000 kcal. Bold black indicates p<0.05.

dEstimated as total PUFA intake — omega-3 PUFA intake.

Abbreviations: TEI, total energy intake; PUFA, polyunsaturated fat; BMI, body mass index.
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Associations of select nutrient intake changes from visit 1 (childhood) to visit 2 (adolescence) with log-

Table 5:

Page 21

transformed hepatic fat at visit 2 in the sample of multi-ethnic youth stratified by PNPLA3 rs7384009 risk allele

(n=308)
Model 12 Model 2b
A Nutrient Intake (%TEI or g/1000 keal) | # Risk Alleles B (95% CI)° p-value B (95% CI)° p-value
0 -0.05(-0.16,007) | 041 | -0.04(-0.15006) | 041
Total Fiber 1 -0.20(-0.32,008) | 001 | -018(-029,-0.07) | 0.002
2 -0.36 (-0.56, -0.15) | <0.001 | -0.31(-050,-0.13) | 0.001
-0.04(-041,033) | 083 | -0.04(-037,030) | 084
Soluble Fiber 1 -047(-0.83,-011) | 001 | -0.40(-0.73,-0.07) | 0.2
2 -0.90 (-1.48,-031) [ 0.003 | -0.77 (-1.31,-0.23) | 0.005
0 -0.08(-0.24,008) | 032 | -008(-022,007) | 032
Insoluble Fiber 1 -0.32(-0.49, -0.14) | <0.001 | -0.28 (-0.44,-0.12) | <0.001
2 -0.55(-0.85,-0.25) | <0.001 | -0.49 (-0.76,-0.21) | <0.001
0 -0.09(-035,017) | 050 | -0.06(-030,017) | 050
Vegetable Protein 1 -0.49 (-0.72,-0.26) | <0.001 | -0.50 (-0.71, -0.29) | <0.001
2 ~0.90 (-1.45,-0.45) | <0.001 | -0.93 (-1.34,-0.52) | <0.001
0 -0.00(-0.14,014) | 097 | -001(-014,012) | 093
Saturated Fat 1 0.14 (0.01, 0.27) 0.04 0.10 (-0.02, 0.22) 011
2 0.39 (0.04, 0.53) 0.02 0.20 (-0.02, 0.43) 0.07

aModeI 1: Adjusted for offspring sex, age, Hispanic ethnicity, maternal education, maternal DM, maternal smoking, baseline intake (T1), change in

TEI (T2-T1), and TEI plausibility at T1.

b . .
Model 2: Adjusted for Model 1 covariates and BMI z-score at T2.

c/f coefficients are estimate the effect on log-hepatic fat for a +5 unit increase in each nutrient as a percentage of TEI, except for dietary fiber,
which is assessed as g/1000 kcal. Bold black indicates p<0.05.

Abbreviations: TEI, total energy intake; BMI, body mass index.
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Table 6 (Online Only):

Back-transformed estimates for associations of select nutrient intake changes from visit 1 (childhood) to visit
2 (adolescence) with log-transformed hepatic fat at visit 2 in the sample of multi-ethnic youth, stratified by

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

PNPLA3 rs738409 risk allele (n=308)

Model 12 Model 2b

A Nutrient Intake (%TEI or g/1000 keal) | #Risk Alleles | B (95% cn)® | p-value | g (95% c)® | p-value

0 0.95(0.85,1.07) | 041 | 0.96(0.86,1.06) | 0.41

Total Fiber 1 082(0.72,092) | 001 | 0.84(0.75,093) | 0.002

2 0.70 (057, 0.86) | <0.001 | 0.73(0.61,0.88) [ 0.001

0 0.96(0.66,1.39) | 083 | 097(0.69,1.36) | 0.84

Soluble Fiber 1 0.63(0.44,090) | 001 | 0.67(0.48,093) | 0.02

2 0.41(0.23,0.74) | 0003 | 0.46(0.27,08) | 0.005

0 092(0.78,1.08) | 032 | 093(08,1.08) | 032
Insoluble Fiber 1 0.73(0.61,0.87) | <0.001 | 0.76(0.64,0.89) | <0.001
2 0.58(0.43,0.78) | <0.001 | 0.61(0.47,081) | <0.001

0 0.91(0.70,1.19) | 050 | 0.94(0.74,1.19) | 0.50
Vegetable Protein 1 0.61(0.48,0.77) | <0.001 | 0.61(0.49,0.75) | <0.001
2 0.41(0.26,0.64) | <0.001 | 0.39(0.26,059) | <0.001

0 1.00 (087,115 | 097 | 099(0.87,1.13) | 0.93

Saturated Fat 1 115(1.01,1.31) | 004 | 11(0.98125 | o011

2 1.33(1.05,1.69) | 002 | 1.23(0.98153) | 0.07

aModeI 1: Adjusted for offspring sex, age, Hispanic ethnicity, maternal education, maternal DM, maternal smoking, baseline intake (visit 1),

change in TEI (visit 2-visit 1), and TEI plausibility at visit 1.

bModeI 2: Adjusted for Model 1 covariates and BMI z-score at visit 1.

B coefficients have been back-transformed and represent the geometric mean ratio for hepatic fat per +5 unit increase per nutrient as a percentage

of TEI, except for dietary fiber, which is assessed as g/1000 kcal. Bold black indicates p<0.05.

Abbreviations: TEI, total energy intake; BMI, body mass index.
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Table 7 (Online Only):

Associations of nutrient intake changes from visit 1 (childhood) to visit 2 (adolescence) with log-transformed
hepatic fat at visit 2 in the sample of multi-ethnic youth, excluding participants with obesity at visit 1 or visit 2

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

(n=322)

Model 12 Model Zb

A Nutrient Intake (% TEI or g/1000 kcal) B (95% CI)° p B (95% CI)° p
Total Carhohydrate -0.02 (-0.05,0.01) | 0.25 | -0.01(-0.04,0.02) | 0.48
Starch 0.01(-0.05,0.06) | 0.83 | 0.02(-0.03,0.07) | 0.47
Sugar -0.01(-0.05,0.02) | 0.49 | -0.01(-0.04,0.02) | 0.57
Total Fiber -0.08 (-0.17,0.01) | 0.07 | -0.08 (-0.16,0.01) | 0.09
Soluble Fiber -0.16 (-0.43,0.12) | 0.26 | -0.14(-0.41,0.12) | 0.29
Insoluble Fiber -0.13 (-0.26, —0.01) | 0.04 | -0.12 (-0.25, 0.00) 0.05
Total Protein 0.07 (-0.03, 0.17) 0.19 0.06 (-0.04, 0.16) 0.26
Animal Protein 0.10 (0.01, 0.18) 0.03 0.08 (0.00, 0.17) 0.05
Vegetable Protein -0.21 (-0.39, -0.03) | 0.02 | -0.19 (-0.36, -0.02) | 0.03
Total Fat 0.01 (-0.03, 0.05) 0.73 0.00 (-0.04, 0.04) 0.91
Saturated Fat 0.11 (0.01, 0.21) 0.03 0.08 (-0.02, 0.18) 0.10
Monounsaturated Fat -0.01 (-0.10,0.08) | 0.87 | -0.02(-0.11,0.06) | 0.62
Polyunsaturated Fat -0.15(-0.30,0.01) | 0.06 | —0.16 (-0.31,-0.01) | 0.03
Other PUFAd -0.16 (-0.31, -0.01) | 0.03 | -0.18 (-0.33, -0.02) | 0.03
Omega-3 PUFA 0.21(-1.22,1.64) | 0.77 | 0.03(-1.37,1.42) | 0.97

aModeI 1: Adjusted for offspring sex, age, Hispanic ethnicity, maternal education, maternal DM, maternal smoking, baseline intake (visit 1),

change in TEI (visit 2-visit 1), and TEI plausibility at visit 1.

bModeI 2: Adjusted for Model 1 covariates and BMI z-score at visit 2.

B coefficients are estimate the effect on log-hepatic fat for a +5 unit increase in each nutrient as a percentage of TEI, except for dietary fiber,

which is assessed as /1000 kcal. Bold black indicates p<0.05. Bold black italic indicate p<0.10.

a ’ ;
Calculated as total PUFA intake — omega-3 PUFA intake.

Abbreviations: HF, hepatic fat; TEI, total energy intake; BMI, body mass index; PUFA, polyunsaturated fat.
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Table 8 (Online Only):

Page 24

Associations of select nutrient intake changes from visit 1 to visit 2 with log-transformed hepatic fat at visit
2 in the sample of multi-ethnic youth stratified by PNPLAS3 rs7384009 risk allele, excluding participants with

obesity at visit 1 or visit 2 (n=3279)

Model 12 Model 2b

A Nutrient Intake (%TEI or g/1000 keal) | # Risk Alleles B (95% CI)° p-value B (95% CI)° p-value
0 -0.08(-0.19,003) | 015 | -007(-0.17,004) | o0.21
Total Fiber 1 -015(-0.27,-0.04) | 001 | -0.14(-0.25,-0.03) | o0.01
2 -0.23(-0.42,-0.04) | 002 | -0.21(-0.4,-0.03) | o0.02
-0.15(-049,020) | 040 | -011(-0.44,022) | 051
Soluble Fiber 1 -0.35(-0.69,-0.01) [ 004 | -030(-0.63002) | 007
2 -055(-1.12,001) | 005 | -0.50(-1.04,004) | 0.07
0 -012(-0.27,003) | 011 | -011(-025004) | 015
Insoluble Fiber 1 -0.24 (-0.4,-0.08) | 0.004 | -0.22(-0.38 -0.07) | 0.1
2 -0.36 (-0.64,-0.07) | 001 | -0.34(-0.61,-0.06) | 002
0 -010(-0.34,014) | 040 | -0.08(-031,015 | 050
Vegetable Protein 1 -0.36 (-0.58, -0.14) | 0.001 | -0.36 (-057,-0.16) | 0.001
2 -0.62 (-1.05,-0.19) | 0.005 | -0.65(-1.06,-0.24) | 0.002
0 0.07(-0.06,020) | 028 | 005(-0.07,018) | 040
Saturated Fat 1 0.14 (0.02, 0.26) 002 | 011(-001,023) | 006
2 0.22(-0.01,0.44) | 006 | 017(-0.04,038) | 012

aModeI 1: Adjusted for offspring sex, age, Hispanic ethnicity, maternal education, maternal DM, maternal smoking, baseline intake (T1), change in

TEI (T2-T1), and TEI plausibility at T1.

bModeI 2: Adjusted for Model 1 covariates and BMI z-score at T2.

C,B coefficients are estimate the effect on log-hepatic fat for a +5 unit increase in each nutrient as a percentage of TEI, except for dietary fiber,
which is assessed as g/1000 kcal. Bold black indicates p<0.05. Bold black italic indicate p<0.10.

Abbreviations: TEI, total energy intake; BMI, body mass index.
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