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Abstract

Pediatric NAFLD has distinct and variable pathology, yet causation remains

unclear. We have shown that maternal Western-style diet (mWSD) compared

with maternal chow diet (CD) consumption in nonhuman primates produces

hepatic injury and steatosis in fetal offspring. Here, we define the role of mWSD

and postweaning Western-style diet (pwWSD) exposures on molecular

mechanisms linked to NAFLD development in a cohort of 3-year-old juvenile

nonhuman primates offspring exposed to maternal CD or mWSD followed by
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CD or Western-style diet after weaning. We used histologic, transcriptomic,

and metabolomic analyses to identify hepatic pathways regulating NAFLD.

Offspring exposed to mWSD showed increased hepatic periportal collagen

deposition but unchanged hepatic triglyceride levels and body weight. mWSD

was associated with a downregulation of gene expression pathways underlying

HNF4α activity and protein, and downregulation of antioxidant signaling,

mitochondrial biogenesis, and PPAR signaling pathways. In offspring exposed

to both mWSD and pwWSD, liver RNA profiles showed upregulation of

pathways promoting fibrosis and endoplasmic reticulum stress and increased

BiP protein expression with pwWSD. pwWSD increased acylcarnitines and

decreased anti-inflammatory fatty acids, which was more pronounced when

coupled with mWSD exposure. Further, mWSD shifted liver metabolites

towards decreased purine catabolism in favor of synthesis, suggesting a

mitochondrial DNA repair response. Our findings demonstrate that 3-year-old

offspring exposed to mWSD but weaned to a CD have periportal collagen

deposition, with transcriptional and metabolic pathways underlying hepatic

oxidative stress, compromised mitochondrial lipid sensing, and decreased

antioxidant response. Exposure to pwWSD worsens these phenotypes,

triggers endoplasmic reticulum stress, and increases fibrosis. Overall, mWSD

exposure is associated with altered expression of candidate genes and

metabolites related to NAFLD that persist in juvenile offspring preceding clinical

presentation of NAFLD.

INTRODUCTION

NAFLD is one of the most prevalent noncommunicable
liver diseases worldwide, affecting 10% of children in
the US and up to 34% of obese youth.[1,2] In rarer
incidences, pediatric NAFLD can progress to NASH
with accompanying inflammation and fibrosis, leading to
end-stage liver disease and liver transplantation in early
adulthood or sooner.[3,4] However, the mechanisms
driving the disease remain poorly understood. Pediatric
NAFLD is present in 28% of obese children, yet it is also
present at a rate of 8%–9.6% in nonobese children,
suggesting that pediatric NAFLD onset can occur in the
absence of obesity.[5,6] Pediatric NAFLD in prepubertal
children is associated with a higher risk for NASH
progression.[7,8] Identification of targets for halting
pediatric NAFLD/NASH development is critical, as by
the time pediatric NAFLD patients are admitted to the
hospital, between 23% and 86% already have signs of
NASH.[8]

The pathogenesis of pediatric NAFLD is multifactorial
and distinct from the adult form of the disease.[3,9]

Pediatric NAFLD is more commonly associated with
periportal steatosis and fibrosis rather than the typical
pericentral or perisinusoidal fibrosis commonly seen in

adult NAFLD.[3,10] Recently, we demonstrated, in a
nonhuman primate (NHP) model of maternal Western-
style diet (mWSD) exposure, that fetal livers develop
distinct periportal collagen deposition, steatosis, and
stellate cell activation[11] and have oxidative stress but
no evidence of inflammation.[12] Periportal collagen
deposition was also present in 1-year-old (YO) offspring
exposed to mWSD then switched to a chow diet (CD)
postnatally.[11] These offspring also have increased
hepatic steatosis and increased hepatic macrophage
activation in the absence of obesity, suggesting that
mWSD exposure has long-lasting effects that impact
hepatic metabolism and inflammation later in life.[13]

However, the molecular mechanisms for the pediatric
form of the disease are unknown.

The developmental programming hypothesis states
that adverse exposures during critical windows of
development increase disease risk throughout the
lifespan.[9] Despite the existence of plausible mecha-
nisms, the possibility that adverse perinatal exposures
increase the risk of childhood NAFLD has received only
limited attention.[3,9] In mice exposed to both maternal
and postweaning high-fat diet, NASH is accelerated.[14]

However, the molecular mechanisms underlying these
effects are unclear,[3,9] particularly in models that reflect
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the human condition. Our objective here was to
examine the cellular, histologic, transcriptomic, and
metabolomic pathways associated with development of
NAFLD in 3YO juvenile NHP (equivalent to ∼9YO
human) switched to a healthy CD at weaning. To
discover similarities and differences in the mechanisms
linking Western-style diet (WSD) exposure to NAFLD
progression, we also compared the effects of post-
weaning Western-style diet (pwWSD) alone to contin-
uous WSD exposure on histologic and molecular
phenotypes in the liver of 3YO offspring.

MATERIALS AND METHODS

NHP model

All animal procedures were conducted in accordance with
the guidelines of the Institutional Animal Care and Use
Committee (IACUC) of the Oregon National Primate
Research Center (ONPRC). The ONPRC abides by the
Animal Welfare Act and Regulations enforced by the United
States Department of Agriculture. Adult female Japanese
macaques (Macaca fuscata) were fed a CD (14.7% calories
from fat with 2.6% sucrose; Fiber Balanced 5000, Purina
Mills) or WSD (36.3% calories from fat with 10% fructose
and 8.8% sucrose; TAD diet 5L0P; Purina Mills) before and
throughout pregnancy for 1–8 years, as reported
previously.[15] Dams were extensively phenotyped as
described previously.[12,15] Maternal phenotype data was
measured in the early third trimester for each offspring’s
corresponding pregnancy, including maternal body weight,
fasting plasma insulin and glucose, and intravenous glucose
tolerance test (ivGTT) results.[12,15]

Offspring were delivered naturally and kept with dams
on their respective diets during lactation until weaning, at
which point they were assigned to either a postweaning
chow diet (pwCD) or pwWSD and maintained on that diet
until 3YO. Within 2 months of necropsy, ivGTTs were
performed. Offspring were killed, body and organ weights
were collected, and blood was drawn from the abdominal
aorta postpentobarbital and for analysis of blood chemistry
and lipid profiles.[15] Livers were removed, weighed, and
pieces were flash frozen or fixed for histologic processing.
Retroperitoneal white adipose tissue was also weighed.

Histopathologic analysis

Liver tissue samples were fixed in 10% zinc/formalin for
24 hours followed by storage in 70% ethanol. Samples
were processed, paraffin-embedded, and 5-μm-thick
sections prepared. Slides were stained with hematoxylin
and eosin (H&E) or trichrome. Immunohistochemical
detection of CD68-positive cells was performed[11] with
mouse CD68 (Agilent) and detection with an ImmPress
HRP anti-mouse IGG peroxidase polymer detection kit

(Vector Laboratories). Staining was visualized using an
Olympus IX83 inverted microscope (Tokyo, Japan) and
analyzed using ImageJ software. CD68-positive cells
were counted, while blinded to the treatment group,
within 2 sections per sample including 9–11 fields of
view (FOV) surrounding one portal triad per section.
Results are expressed as the average number of
CD68-positive cells per FOV per animal.

SHG signal was acquired from unstained paraffin
slides using a Zeiss 780 LSM laser-scanning confocal/
multiphoton-excitation fluorescence microscope, as pre-
viously published.[11] Image processing was performed
using Zeiss ZEN 2012 software. Eight to 12 FOV
containing 1 to 2 portal triads of similar size were
analyzed for each liver sample using random blinded
sampling. Images were analyzed and quantified with
ImageJ software to obtain SHG signal intensity and area
of SHG signal per FOV. The average intensity and area
values for all measured FOV per animal are reported.

H&E-stained slides were scored by 2 independent,
experienced pediatric hepatopathologists, blinded to the
offspring groups, for features of NAFLD. Composite
histologic activity was assessed using the validated
NAFLD activity score (NAS) according to the NASH
Clinical Research Network scoring system.[16] NAS
uses a semiquantitative scale to assess steatosis (0–3
score), lobular inflammation (0–3 score), and hepato-
cyte ballooning (0–2 score) to clinically grade liver
histopathology.[16]

Liver tissue analysis

TBARS content was measured in liver tissue as
previously described.[17] Frozen liver tissue (∼50 mg)
was homogenized in 500 μL ice-cold cell lysis buffer
(20 mM Tris, pH 7.4, 150 mM NaCl, 0.5% Triton
X-100, 1 mM EGTA, 1 mM EDTA) with phosphatase
and protease inhibitors described previously[13] using
a bead mill homogenizer and ceramic beads. Capillary
electrophoresis was performed on Jess Automated
Simple Western System (ProteinSimple) according to
manufacturer’s instructions with 0.5 mg/mL whole cell
lysate and the following antibodies: HNF4α (1:10; Cell
Signaling; 31135), BiP (1:20; Cell Signaling; 3183),
and vinculin (1:1000; Cell Signaling; 13901). HNF4α
and BiP were analyzed using RePlex Simple Western
Assay to serially measure protein of interest and
loading control (vinculin) within the same assay.
Results were analyzed on Compass for Simple West-
ern software.

Subset of offspring for multiomics analysis

For transcriptomic and metabolomic profiling experi-
ments, we selected a subset of CD/CD and WSD/CD
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offspring based on the following criteria. In the CD/CD
group, only offspring from dams with body fat measure-
ments of < 26% were used. In the WSD/CD group, only
offspring from dams with > 30% body fat before
pregnancy were used, with the exception of one animal
that was born to a dam with 22% body fat. Given the
smaller available sample numbers in the pwWSD
cohorts, all offspring in the CD/WSD and WSD/WSD
groups were included.

Bulk RNA sequencing and ingenuity
pathway analysis (IPA)

RNA from the left liver lobe was isolated and quantitated
on a Bioanalyzer system (Agilent). Total RNA
(200–500 ng) and the Swift Rapid RNA Library kit
(Integrated DNA Technologies) were used to prepare
libraries. Libraries were sequenced as 2 × 150 bp reads on
the NovaSeq. 6000 (Illumina) at the OUHSC Genomics
Core. Derived sequences were analyzed with a custom
computational pipeline consisting of the open-source
GSNAP, Cufflinks, and R for sequence alignment and
ascertainment of differential gene expression.[18] Reads
generated were mapped to the rhesus macaque genome
(mmul10) by GSNAP,[19] FPKM expression derived by
Cufflinks,[19] and differential expression analyzed with
ANOVA in R. Differentially expressed genes (DEGs;
p < 0.05 and Q < 0.1) were generated by comparing
each group of WSD-exposed animals to CD/CD. Each of
these lists, corresponding to each WSD group versus CD/
CD, were then input into InteractiVenn software to
determine the overlap of genes in each group (Venn
diagrams) and to sort the DEGs into sets for downstream
functional annotation (http://www.interactivenn.net/). Heat-
maps were generated with Morpheus software (https://
software.broadinstitute.org/morpheus). Data have been
deposited into NCBI’s GEO and are accessible through
GEO series accession number GSE220102 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE220102).

Lists of DEGs and the linear fold change compared
with CD/CD were used as inputs in IPA (Qiagen) to
identify predicted pathways and putative upstream
regulators modified by mWSD and pwWSD exposure.
Canonical pathways that met a threshold of −log(p
value) of 5 or higher were declared significant. Positive
Z-scores indicate predicted upregulation of the path-
way, negative Z-scores indicate downregulation,
Z-scores of 0 indicate neither upregulation nor down-
regulation, and pathways with no Z-score indicate that
IPA was unable to calculate a Z-score. Predicted
upstream regulators were declared significant with a
p value of 1E-10 or lower and the list was filtered to
include categories named in IPA as transcription
regulator, ligand-dependent nuclear receptor, pepti-
dase, group, kinase, growth factor, enzyme, transporter,
and phosphatase.

Targeted metabolomic analysis

Frozen liver tissues were extracted at 15 mg/mL in
cold 5:3:2 MeOH:MeCN:water with 30 minutes of
vortexing at 4°C in the presence of glass beads as
previously described.[20] Homogenates were clarified
by centrifugation (18,000 g, 10 minutes, 4°C) and
analyzed on a Thermo Vanquish UHPLC coupled to a
Q Exactive MS using 5-minute C18 gradients in
positive and negative ion modes (separate runs) as
previously described.[20] Metabolites were annotated
and peaks integrated using MAVEN (Princeton Uni-
versity) in conjunction with the KEGG database. Zero
readings (which were present in a maximum of 3
samples across all diet groups) were replaced with
half of the minimum value detected for that metabolite
across all diet groups. Metaboanalyst software (V5.0)
was used for subsequent analysis. For comparisons of
all 4 diet groups together, data were normalized by
sum with range scaling, and CD/CD versus WSD/CD
metabolite data were normalized by median, with
auto-scaling. CD/WSD versus WSD/WSD were nor-
malized by mean, with auto-scaling. Multivariate
principal component analysis was performed with
partial least squares discriminant analysis using
metabolite profiles from all 4 diet groups or from CD/
CD versus WSD/CD alone or CD/WSD versus WSD/
WSD alone. The top 25 metabolites with the highest
variable importance in projection (VIP) scores were
loaded into clustered heatmaps (Pearson-Ward hier-
archical clustering). Pathway enrichment analysis in
the SMPDB database was performed using the top
VIP metabolites in each dataset. Pathways were
considered significant with p ≤ 0.05. In addition, for
2-group comparisons, and 4-group 4-way ANOVA
comparisons, t tests were performed on normalized
data to identify metabolites significantly different
(p < 0.05) between groups.

Statistical analysis

Phenotypic data were analyzed by 2-way ANOVA with
fixed effects of maternal diet, postweaning diet, sex, and
interaction (SAS 9.4 or Prism V9; GraphPadA). Individ-
ual posttest comparisons (uncorrected Fisher least
significant difference test) were made when the p value
for maternal diet, postweaning diet, or interaction effect
were p < 0.05. Posttest comparisons were considered
significant if p < 0.05. NAS results were analyzed with a
mixed-model ANOVA with fixed effects of maternal diet,
postweaning diet, and sex, interaction effect (between
maternal diet, postweaning diet, and sex), and random
effect to account for repeated scores made by each
pathologist. When significant, the effect of offspring sex
is noted. When not significant, data for males and
females were combined.
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RESULTS

mWSD and pwWSD increase fasting insulin
but not obesity in 3YO offspring

Body weight was not increased in offspring from either
mWSD nor pwWSD groups, but pwWSD offspring had
greater retroperitoneal adipose tissue and liver
weights compared with pwCD groups (Table 1).
Exposure to either mWSD or pwWSD increased
fasting plasma insulin concentrations in 3YO
offspring, while fasting glucose was lower in mWSD
offspring weaned to CD (Table 1). In ivGTTs, glucose

AUC was decreased and insulin AUC was greater in
pwWSD offspring. No effect of mWSD was observed
on glucose or insulin AUC. Offspring exposed to
pwWSD had increased serum alanine transa-
minase concentrations, while aspartate transaminase
concentrations were unaffected by mWSD or pwWSD
(Table 1). Offspring from pwWSD groups had
increased total serum cholesterol, LDL, and HDL
levels (Table 1). Female offspring had higher
circulating insulin levels, whereas male offspring had
higher body weights, gamma-glutamyl transferase,
and aspartate transaminase compared with female
offspring (Table 1). Maternal phenotypes for the

TABLE 1 Phenotype of 3-year-old offspring

Maternal diet: CD CD WSD WSD p values (ANOVA )
Postweaning diet: CD WSD CD WSD mWSD pwWSD INT Sex

n 26 6 27 9

Sex (male/female) 10/16 4/2 17/10 4/5

Body weight (kg) 6.13 ±0.18 5.63± 0.32 6.42±0.26 5.82±0.28 0.58 0.10 0.44 < 0.05

Male 6.52±0.29 5.80± 0.45 7.00±0.32 6.38±0.33

Female 5.89±0.22 5.30± 0.30 5.43±0.19 5.37±0.33

Average RWAT (g) 0.45±0.05 2.38± 1.04 0.85±0.13 2.04±0.44 0.51 <0.0001 0.21 0.21

Liver weight (g) 135.1±4.1 116.9± 7.8 142.0±4.8 122.9±6.9 0.57 <0.05 0.69 0.06

Glucose homeostasis

Glucose (mg/dL)a 57.4±1.8 60.5± 5.3 51.3±1.7 54.8±2.4 < 0.05 0.12 0.24 0.59

Insulin (μU/mL)a 4.4±0.6 21.8± 7.4 6.4±1.2 10.0±1.9 < 0.005 <0.0001 < 0.0001 < 0.05
Male 4.4±1.3 13.9± 6.9 6.6±1.9 11.8±1.9

Female 4.4±0.6 37.5± 12.6 6.1±0.8 8.6±3.1

Glucose AUCb 10008±201 8455± 368 9020±337 8236±377 0.19 <0.05 0.56 0.07

Insulin AUCb 1725±132 2192± 329 1836±160 2264±244 0.94 <0.05 0.07 0.67

Blood chemistries

ALT (IU/L)c 44±2 52± 5 44±1 65±4 0.10 <0.0001 0.22 0.70

AST (IU/L)c 38±1 37± 1 38±1 44±2 0.15 0.46 0.61 0.81

GGT (IU/L)c 90±2 87± 3 102±4 97±5 0.07 0.53 < 0.1 < 0.05
Male 96±4 87± 5 113±3 100±4

Female 87±3 85± 5 83±5 94±10

Alkaline phosphatase
(IU/L)c

411±14 457± 36 463±22 470±48 0.26 0.30 0.24 < 0.0005

Male 434±26 493± 43 521±22 539±97
Female 396.6±17.6 387± 38 363±25 415±33

Total cholesterol (mg/
dL)c

120±3 166± 8 124±3 170±9 0.20 <0.0001 0.09 0.57

LDL (mg/dL)c 63±2 80± 8 67±3 82±10 0.29 <0.05 0.22 0.71

HDL (mg/dL)c 55±1 87± 5 55±1 89±4 0.25 <0.0001 < 0.1 0.23

TGs (mg/dL)a 37±3 53± 9 42±4 32±5 0.25 0.65 0.31 0.82

Data are represented as mean±SEM. Two-way ANOVA with fixed effect for maternal (mWSD) and postweaning (pwWSD) diet, interaction (INT) effect, and sex is
shown. When sex effect for a variable has a p< 0.05, mean±SEM for each sex is shown. p values in bold indicate significance.
aFasting plasma levels, obtained during necropsy.
bPlasma levels, performed under fasting conditions within 2 months before necropsy.
cSerum levels, obtained under fasting conditions during necropsy.
Abbreviations: ALT indicates alanine transaminase; AST, aspartate transaminase; CD, chow diet; GGT, gamma-glutamyl transferase; RWAT, retroperitoneal white
adipose tissue, TG, triglyceride; WSD, Western-style diet.
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complete set of 3YO offspring, and maternal and
offspring phenotypes for the subset of animals used
for omics analyses are described in Tables 2–4,
respectively.

3YO mWSD offspring have increased
periportal hepatic collagen deposition

We previously reported increased liver triglyceride content
and periportal SHG signal, a highly sensitive measure of
fibrillar collagen deposition,[21] in 1YO offspring exposed to
mWSD.[11,13] Here, in 3YO offspring, H&E showed an
absence of large lipid droplets in any of the groups
(Figure 1A). Hepatic triglyceride content was not different
in 3YO offspring exposed to either mWSD or pwWSD
(Figure 1D). No change in CD68-positive macrophage

count in mWSD offspring was observed but count
increased by 28% with pwWSD (Figure 1B, E; p <
0.005). Both SHG signal intensity (Figure 1C, F) and area
(Figure 1G) were greater in mWSD and pwWSD offspring
compared with control offspring (p < 0.05). Hepatic
TBARS content, a marker of oxidative stress, was
increased in mWSD offspring with additive effects in
pwWSD offspring (Figure 1H).

To determine the clinical relevance of NAFLD
severity in 3YO NHP offspring, liver sections were
scored using NAS (Table 5). There were no increases
in steatosis or lobular inflammation scores due to
mWSD or pwWSD exposure. The hepatocyte
ballooning score, a measure of hepatocyte apoptosis
associated with NASH,[22] was increased in
association with mWSD and highest in WSD/WSD
livers (INT p < 0.005; Figure 1I). The overall NAS was

TABLE 2 Phenotype of the dams of the 3-year-old offspring

Maternal diet: CD CD WSD WSD p values (ANOVA)
Postweaning diet: CD WSD CD WSD mWSD pwWSD INT

n 26 6 27 9

Age (years) 10.1± 0.7 9.6±0.4 8.1±0.4 6.7±0.6 <0.05 0.22 0.54

Years on diet 0± 0 0±0 2.9±0.3 2.5±0.7 t test: p = 0.64

Body weight (kg) 9.4± 0.3 9.4±0.5 10.4±0.4 9.1±0.8 0.56 0.24 0.27

Body fat (%) 22.3± 1.7 20.0±3.8 27.9±1.9 16.1±2.1 0.77 <0.05 0.10

Body weight (kg)a 10.2± 0.3 10.0±0.5 10.4±0.3 9.7±0.7 0.91 0.39 0.69

Glucose (mg/dL)a 40.9± 2.0 38.3±5.9 42.2±1.2 45.3±5.5 0.23 0.93 0.40

Insulin (µU/mL)a 33.9± 8.4 14.6±1.5 31.7±4.8 33.7±8.3 0.44 0.43 0.34

Insulin AUCa 7415± 771 4358±771 12415±1897 7316±1115 0.10 0.09 0.67

Glucose AUCa 6432± 292 6934±167 6367±269 6137±419 0.36 0.77 0.44

Data are represented as mean±SEM. Two-way ANOVA with fixed effect for maternal and postweaning diet is shown. Student’s t test shown for years on WSD for
WSD/CD versus WSD/WSD dams. p values in bold indicate significance.
aMeasurement taken during early third trimester of pregnancy.
Abbreviations: CD indicates chow diet; WSD, Western-style diet.

TABLE 3 Phenotype of the dams of 3-year-old offspring used in RNA sequencing and metabolomics

Maternal diet: CD CD WSD WSD p values (ANOVA)
Postweaning diet: CD WSD CD WSD mWSD pwWSD INT

n 10 6 10 9

Age (years) 10.0±0.8 9.6± 0.4 10.4±0.3 6.7±0.6 0.06 <0.005 < 0.05

Years on diet 0±0 0± 0 4.4±0.4 2.5±0.7 t test: p = 0.06

Body weight (kg) 9.1±0.3 9.4± 0.5 12.3±0.3 9.1±0.8 <0.05 <0.05 < 0.005

Body fat (%) 18.1±2.2 20.0± 3.8 35.9±1.0 16.1±2.1 <0.005 <0.0005 < 0.0001

Body weight (kg)a 10.1±0.3 10.0± 0.5 11.8±0.6 9.7±0.7 0.23 0.05 0.1

Glucose (mg/dL)a 40.3±3.2 38.3± 5.9 38.7±1.4 45.3±5.5 0.53 0.59 0.32

Insulin (µU/mL)a 40.3±14.8 14.6± 1.5 45.9±8.5 33.7±8.3 0.34 0.15 0.60

Insulin AUCa 8104±1213 4358± 771 18855±3599 7316±1115 <0.05 <0.05 0.18

Glucose AUCa 6856±263 6934± 167 6940±483 6137±419 0.46 0.46 0.37

Data are represented as mean±SEM. Two-way ANOVA with fixed effect for maternal (mWSD) and postweaning (pwWSD) diet is shown. The Student t test shown for
years on WSD for WSD/CD versus WSD/WSD dams. p values in bold indicate significance.
aMeasurement taken during early third trimester of pregnancy.
Abbreviations: CD indicates chow diet; WSD, Western-style diet.

6 | MATERNAL DIET IS ASSOCIATED WITH PEDIATRIC NAFLD



highest in the WSD/WSD group compared with the
other 3 groups (INT p < 0.05). The fibrosis score was
not different but, in general, males had overall higher
scores than females irrespective of diet.

Analysis comparing mWSD and pwWSD
transcriptomics reveals distinct and
common gene expression patterns

Given increased periportal collagen formation with mWSD
exposures and hepatocyte ballooning score in WSD/CD
offspring, we next sought to uncover potential molecular

mechanisms that may be driving associations between
WSD feeding and hepatic pathophysiology. There were
distinct gene expression profiles in all 4 diet groups, as
shown by clustering of samples within each group with
principal component analysis (Figure 2A). To identify
DEGs, gene expression in WSD/CD, WSD/WSD, and
CD/WSD groups were compared with the CD/CD group.
There were 861, 420, and 1269 DEGs n WSD/CD, WSD/
WSD, and CD/WSD groups respectively compared with
CD/CD (Figure 2B).

To compare the distinct and shared patterns of
genes in mWSD- and pwWSD-exposed 3YO, we
sorted these sets of DEGs (Figure 2C). First, there

TABLE 4 Phenotype of the subset of offspring used for RNA sequencing and metabolomics

Maternal diet: CD CD WSD WSD p values (ANOVA)
Postweaning diet: CD WSD CD WSD mWSD pwWSD INT Sex

n 10 6 10 9

Sex (male/female) 4/6 4/2 6/4 4/5

Body weight (kg) 5.7±0.2 5.6±0.3 6.3±0.2 5.8±0.2 0.20 0.08 0.51 <0.05

Male 5.9±0.1 5.8±0.4 6.6±0.2 6.3±0.3

Female 5.6±0.4 5.3±0.3 5.7±0.1 5.3±0.3

Average RWAT (g) 0.58±0.09 2.38±1.04 0.76±0.11 2.04±0.44 0.50 < 0.0005 0.48 0.20

Liver weight (g) 134.3±6.5 116.9±7.8 142.1±6.4 122.9±6.9 0.45 < 0.05 0.88 0.22

Glucose homeostasis

Glucose (mg/dL)a 54.1±3.9 60.50±5.30 53.60±3.67 54.89±2.43 0.21 0.18 0.24 0.87

Insulin (μU/mL)a 3.52±0.88 21.82±7.40 7.26±2.30 10.05±1.92 0.05 < 0.0005 < 0.05 0.06

Glucose AUCb 10095±466 8455±368 9976±601 8236±377 0.75 < 0.005 0.76 <0.05

Male 10320±842 8865±246 10771±625 8628±493
Female 9915±582 7636±815 8783±972 7923±558

Insulin AUCb 1577±213 2192±329 1618±169 2264±244 0.87 < 0.0005 < 0.05 0.23

Blood chemistries

ALT (IU/L)c 42±3 52±5 46±2 65±4 0.10 < 0.005 0.81 0.79

AST (IU/L)c 38±2 37±1 40±2 44±2 0.13 0.73 0.77 0.86

GGT (IU/L)c 91±4 87±3 98±7 97±5 0.20 0.82 < 0.1 <0.05
Male 92±7 87±5 113±4 100±4

Female 90±6 85±5 76±7 94±10

Alkaline phosphatase
(IU/L)c

388±21 457±36 428±36 470±48 0.43 0.10 0.80 <0.005

Male 427±33 493±43 496±25 539±97
Female 362±23 387±38 326±51 415±33

Total cholesterol (mg/dL)c 129±5 166±8 116±3 170±9 0.90 < 0.0001 0.14 0.63

LDL (mg/dL)c 66±5 80±8 60±3 82±10 0.93 < 0.05 0.39 0.52

HDL (mg/dL)c 57±1 87±5 52±1 89±4 0.88 < 0.0001 0.05 0.10

TGs (mg/dL)c 46±5 53±9 37±5 32±5 0.05 0.96 0.20 0.37

Data are represented as mean±SEM. Two-way ANOVA with fixed effect for maternal (mWSD) and postweaning (pwWSD) diet, interaction (INT) effect, and sex is
shown. When sex effect for a variable has a p < 0.05, mean±SEM for each sex is shown. p values in bold indicate significance.
aFasting plasma levels, obtained during necropsy.
bPlasma levels, performed under fasting conditions within 2 months before necropsy.
cSerum levels, obtained under fasting conditions during necropsy.
Abbreviations: ALT indicates alanine transaminase; AST, aspartate transaminase; CD, chow diet; GGT, gamma-glutamyl transferase; RWAT, retroperitoneal white
adipose tissue, TG, triglyceride; WSD, Western-style diet.
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F IGURE 1 Liver phenotype in 3-year-old offspring. Representative images of hematoxylin and eosin (H&E)-stained livers (A), CD68-positive
macrophage (brown) near portal triads (PTs); blue arrows indicate macrophage (B), and second harmonic generation (SHG) images of PTs with
SHG signal in red (C). Scale bar: 100 μm. (D) Liver triglyceride (TG) content. (E) Mean number of CD68-positive macrophage per portal area in
livers. SHG signal intensity (F) and area (G) in PT regions. (H) Thiobarbituric acid reactive substances (TBARS) content in livers. (I) Repre-
sentative images from H&E-stained livers showing normal hepatocytes in CD/CD and hepatocyte ballooning in WSD/WSD. Blue arrows indicate
hepatocytes and green, HSCs. Scale bar: 20 μm. (D–G) Symbols represent sample numbers per group, squares represent males, circles
represent females. (D–H) Two-way ANOVA with effect for maternal (mWSD) and postweaning (pwWSD) diet is shown. Individual posttest
comparisons are indicated when maternal, postweaning, or interaction effect are p < 0.05 and different letters represent differences between
groups. n = 6–26 CD/CD, n = 10–27 WSD/CD, n = 5–6 CD/WSD, n = 6–9 WSD/WSD. Abbreviations: CD indicates chow diet; WSD, Western-
style diet.
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were 578 genes (545+33) with expression affected by
mWSD exposure in the absence of pwWSD (set A).
Second, there were 283 genes (159+124) with

expression affected by mWSD in offspring
regardless of their postweaning diet (set B). Third,
there were 775 DEGs affected only in WSD/WSD

TABLE 5 Three-year-old liver histopathology reads comprising NAS

Maternal diet: CD CD WSD WSD p values (ANOVA)
Postweaning diet: CD WSD CD WSD mWSD pwWSD INT Sex

n 15–16 6 23–24 8

Sex (male/female)

Steatosis 0.35±0.09 0±0 0.19±0.06 0±0 0.23 <0.0005 0.19 0.38

Lobular inflammation 0.65±0.12 0.67±0.19 0.79±0.1 0.75±0.19 0.41 0.93 0.69 0.10

Hepatocyte ballooning 0.32±0.09 0±0 0.24±0.07 0.75±0.23 < 0.05 0.53 < 0.005 0.72

NAS 1.32±0.16 0.67±0.19 1.21±0.13 1.5±0.24 0.05 0.32 < 0.05 0.56

Fibrosis 0.68±0.12 0.83±0.21 0.7±0.1 0.81±0.19 0.89 0.44 0.78 < 0.05

Males 0.91±0.22 0.87±0.29 0.79±0.12 0.87±0.29
Females 0.52±0.11 0.75±0.25 0.55±0.14 0.75±0.25

Data are represented as mean±SEM for both pathologists’ reads together. Two-way ANOVA with effect for maternal (mWSD) and postweaning (pwWSD) diet,
interaction (INT), and sex is shown. When sex effect is significant, mean±SEM for the variable, broken down by males and females, is shown.
Abbreviations: CD indicates chow diet; NAS, NAFLD activity score; WSD, Western-style diet. p values in bold indicate significance.

F IGURE 2 Liver transcriptomic analysis in 3-year-old offspring. (A) Two-dimensional principal component analysis plot showing samples in all
diet groups. Black indicates CD/CD, green indicates WSD/CD, red indicates CD/WSD, and blue indicates WSD/WSD; squares indicate male and
circles indicate female offspring. (B) The number of differentially expressed genes (DEGs) that are upregulated or downregulated and total DEGs
in each group compared with CD/CD. (C) Venn diagram showing overlapping and distinct sets of DEGs. Blue circle indicates DEGs in WSD/CD
versus CD/CD, red circle indicates DEGs in WSD/WSD versus CD/CD, yellow circle indicates DEGs in CD/WSD versus CD/CD. DEGs in set A
are associated with maternal WSD (mWSD) in the absence of postweaning WSD (pwWSD). DEGs in set B are comprised of DEGs associated
with mWSD regardless of postweaning diet. DEGs in set C are associated with mWSD only when combined with pwWSD. n = 10 CD/CD; n = 10
WSD/CD; n = 6 CD/WSD; n = 7 WSD/WSD. Abbreviations: CD indicates chow diet; WSD, Western-style diet.
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offspring (set C). We used these DEG sets (A–C) in
our subsequent functional annotation analysis.

mWSD regulates genes associated with
mitochondrial function

In set A, there were 45 genes upregulated and 533
downregulated in WSD/CD compared with CD/CD
(Figure 3A). The DEGs in set A, associated with
mWSD exposure, were enriched for 20 predicted
canonical pathways (Figure 3B). Pathways predicted to
be downregulated included acute phase response, LXR/
RXR activation, oxidative phosphorylation, fatty acid β-
oxidation, complement system, and NRF2-mediated
oxidative stress response. Other predicted pathways
derived from set A DEGs included FXR/RXR signaling,
mitochondrial dysfunction, glucocorticoid receptor
signaling, and extrinsic prothrombin activation. We went
on to identify a putative set of enriched upstream
regulators corresponding to set A DEGs (Figure 3C).
HNF4α and HNF1α, which can resolve steatosis and
fibrosis in NAFLD,[23,24] were predicted to be
downregulated. Members of the PPAR family
(PPARGC1α, PPARα, and PPARα), key factors for
driving mitochondrial biogenesis and nutrient sensing,

were predicted to be downregulated.[25] TP53 (p53),
insulin, insulin receptor (INSR), and NFE2L2 (NRF2)
were also predicted to be downregulated. CLPP and
LONP1, regulators driving the repair of misfolded or
damaged mitochondrial proteins,[26,27] were predicted to
be upregulated.

mWSD decreases expression of
antioxidant response genes, increases
expression of mitochondrial dysfunction
genes, and increases expression of
endoplasmic reticulum (ER) stress
response genes

The genes in set B were differentially expressed in both
WSD/CD and WSD/WSD groups compared with CD/CD,
yet, unexpectedly, the direction of differential expression was
not the same for all genes. Within this set, we identified 2
subsets of DEGs (Figure 4A): one that had the same relative
direction of change in bothWSD/CD andWSD/WSD groups
compared with CD/CD (197 DEGs) and another that had
divergent expression between WSD/CD and WSD/WSD
groups (85 DEGs). The genes that were similarly affected in
both WSD/CD and WSD/WSD groups were enriched for
pathways involved in oxidative phosphorylation, which was

F IGURE 3 Differentially expressed genes (DEGs) associated with maternal WSD (mWSD) exposure. (A) Clustered heatmap showing
upregulated and downregulated genes in set A. (B) Canonical pathways enriched in the DEGs are shown in order by p value. Bar shading
indicates the predicted activation Z-score on a scale from highest (red) to lowest (blue), with white representing 0. For some pathways, ingenuity
pathway analysis could not assign a Z-score (gray). (C) Predicted upstream regulators plotted with p value (x-axis) and predicted Z-score (y-axis).
n = 10 CD/CD; n = 10 WSD/CD. Abbreviations: CD indicates chow diet; WSD, Western-style diet.
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predicted to be downregulated, and mitochondrial
dysfunction (Figure 4B). In the subset of DEGs with
divergent expression in WSD/CD and WSD/WSD, there
was no enrichment for canonical pathways, likely due to the
small number of input DEGs. However, in this gene set,
XBP1, the major transcriptional activator of the ER stress
response,[28] was predicted to be downregulated in WSD/
CD and upregulated in WSD/WSD (Figure 4C).

Continuous WSD exposure drives gene
expression supporting the ER stress
response and hepatic collagen deposition

The DEGs in set C represent genes differentially
expressed only in WSD/WSD livers compared with
CD/CD livers. In this set, there were 652 genes
upregulated and 123 downregulated (Figure 5A). The
canonical pathways enriched and predicted to be
upregulated in this gene set included unfolded protein
response, AMPK signaling, hepatic fibrosis signaling
pathway, estrogen receptor signaling, and Rho family
GTPase signaling. Other enriched pathways included
glucocorticoid signaling, clathrin-mediated endocytosis,
and CLEAR lysosomal signaling (Figure 5B). Upstream
regulators enriched in DEGs from this set included
ESR1, XBP1, HNF4A, PTEN, and TGFB1 and all were
predicted to be upregulated (Figure 5C).

mWSD decreases HNF4α protein
expression and pwWSD increases BiP
protein expression

HNF4α is a transcription factor commonly targeted as a
NASH therapeutic and modulates pathways in the liver
including antioxidant response and lipid metabolism, in
part by stimulating mitochondrial functions such as
β-oxidation.[23,24,29] Protein expression of HNF4α
was decreased only in WSD/CD livers (Figure 6A),
consistent with the transcriptomics prediction
(Figure 3C). However, WSD/WSD livers had HNF4α
levels comparable to CD/CD, supporting that the
predicted upregulation of HNF4α (Figure 5C) may
overcome downregulation by mWSD. We also
measured the protein expression of BiP (also known
as GPR78), a key driver of the ER stress response.[30]

BiP expression was higher in offspring consuming the
pwWSD (Figure 6B), supporting pwWSD effects on
upregulation of ER stress pathways.

pwWSD alone drives changes in the liver
metabolome supporting free fatty acid
overload

To determine whether there were metabolite changes in
3YO offspring exposed to mWSD with or without pwWSD,
we used a targeted metabolomic screen (181 metabolites
were identified). partial least squares discriminant analysis
of samples in all 4 groups showed distinct clustering by
diet combination (Figure 7A). The 25 metabolites with the
highest VIP scores driving separation of the 4 groups are
shown in a clustered heatmap (Figure 7B). pwWSD had a
greater effect than mWSD, as all 25 metabolites were
different in pwWSD versus pwCD groups via one-way
ANOVA. Within the top 25 metabolites between all 4
groups, 13 were increased in pwWSD groups and 12 were
decreased. These 25 metabolites were enriched for 3
metabolic pathways: linoleic acid metabolism,
phosphatidylcholine biosynthesis, and gluconeogenesis
(Figure 7C). pwWSD livers had decreased unsaturated
long-chain fatty acids including alpha-linoleic, eicos-
apentaenoic, docosapentaeonoic, docosahexaenoic, and
octadecanoic acids, which are associated with anti-
inflammatory actions.[31] Further, short-chain and
medium-chain acylcarnitines (methylmalonylcarnitine,
hexanoylcarnitine, octenoylcarnitine, and proprio-
nylcarnitine), which result from incomplete oxidation of
free fatty acids,[32] were increased in pwWSD livers
(Figure 7B). In addition, there was decreased choline
and increased S-adenosylmethionine (Figure 7B,C),
suggesting epigenetic regulation.[33,34] Glucose-
6-phosphate, glucose, and lactate were increased,
supporting increased glycolysis and/or increased
gluconeogenesis (Figure 7B, C).

F IGURE 4 Differentially expressed genes (DEGs) associated with
maternal WSD (mWSD) exposure in both postweaning CD (pwCD)
and postweaning WSD (pwWSD) groups. (A) Clustered heatmap
showing 2 sets of DEGs in set B. One with the same direction of fold
change in WSD/CD and WSD/WSD and the other with opposite fold
changes between WSD/CD and WSD/WSD. (B) Canonical pathways
enriched in the DEGs are shown in order by p value. Bar shading
indicates the predicted activation Z-score on a scale from highest (red)
to lowest (blue), with white representing 0. For some pathways,
ingenuity pathway analysis could not assign a Z-score (gray).
(C) Predicted upstream regulator plotted with p value (x-axis) and
predicted Z-score (y-axis). n = 10 CD/CD; n = 10 WSD/CD; n = 7
WSD/WSD. Abbreviations: CD indicates chow diet; WSD, Western-
style diet.
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mWSD combined with pwWSD has greater
effects on pentose phosphate pathway
activity and exacerbates effects on the
metabolome

Next, to further evaluate the relationship between mWSD
and pwWSD, we evaluated CD/WSD versus WSD/WSD
liver metabolite profiles (Figure 7D). Ribulose-5-phosphate
and seduheptulose-7-phosphate were increased in WSD/
WSD livers, consistent with pentose phosphate pathway
activation. In addition, methylmalonylcarnitine, a short-
chain acylcarnitine, and glycerol-3-phosphate, a key
substrate for triglyceride synthesis, were increased in
WSD/WSD livers. Octadecanoic acid was further
decreased compared with CD/WSD in WSD/WSD livers,
as were other long-chain fatty acids including
tetradecanoic acid, hexadecenoic acid, and myristoleic
acid. Proline, a key intermediate for collagen synthesis,
was also increased in WSD/WSD livers compared with
CD/WSD. Together, these results indicate that the
combination of mWSD with pwWSD has a greater
impact on fatty acid metabolism and pentose phosphate

pathway activity compared with animals that were fed a
WSD beginning at weaning but not exposed to mWSD.

WSD/CD livers have increased purine
synthesis

Last, we studied whether metabolite profiles were altered in
livers from WSD/CD offspring versus CD/CD offspring. The
top 25 VIP metabolites were enriched in purine synthesis,
pentose phosphate pathway, arginine & proline metabolism,
phosphatidylcholine biosynthesis, aspartate metabolism,
and pyrimidine metabolism pathways (Figure 7E, F).
Enrichment of these pathways was largely driven by
increases in products of purine and pyrimidine synthesis
(IMP, AMP, CMP), decreases in products of purine
catabolism (guanine, guanosine, inosine), decreases in
substrates of purine and pyrimidine synthesis (PRPP,
ribose), and increases in products of pyrimidine
breakdown (thymine, dihydrothymine) (Figure 7E). In
addition, the methyl donor S-adenosylmethionine, shown
to protect mitochondria from oxidative stress,[35] and to

F IGURE 5 Differentially expressed genes (DEGs) associated with maternal WSD (mWSD) exposure when combined with postweaning WSD
(pwWSD). (A) Clustered heatmap showing upregulated and downregulated genes in set C. (B) Canonical pathways enriched in the DEGs are
shown in order by p value. Bar shading indicates the predicted activation Z-score on a scale from highest (red) to lowest (blue), with white
representing 0. For some pathways, ingenuity pathway analysis could not assign a Z-score (gray). (C) Predicted upstream regulators plotted with p
value (x-axis) and predicted Z-score (y-axis). n = 10 CD/CD; n = 7 WSD/WSD. Abbreviations: CD indicates chow diet; WSD, Western-style diet.
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regulate epigenetic pathways,[33,34] was decreased in WSD/
CD livers (Figure 7E).

DISCUSSION

Here, we demonstrate that mWSD exposure is asso-
ciated with altered expression in many well-recognized
signaling pathways and metabolites for NAFLD that
promote fibrosis, oxidative stress, and mitochondrial
dysfunction. Importantly, these effects persisted in 3YO
juvenile offspring without advanced clinical histopatho-
logic presentation of NAFLD. Histologically, we found
increased hepatic portal collagen deposition, a major
component of pediatric NAFLD that is more typical of
pediatric versus adult forms of NAFLD.[3] We used SHG
imaging, a more sensitive method compared with
standard histologic approaches,[11,21] to identify this
unique pattern of periportal collagen deposition in both
mWSD and pwWSD 3YO offspring. Mechanistically, we
identified robust changes in specific hepatic transcript
and metabolite profiles in offspring exposed to mWSD,
despite only slight increases in histologic-based NAS
scoring, in the absence of hepatic steatosis or obesity.
Importantly, our results demonstrate that these hepatic
effects are present even when mWSD-exposed off-
spring are switched to a healthy diet at weaning, nearly
2.5 years earlier. Further, our results demonstrate that,

unlike WSD initiated postnatally, continuous WSD
exposure across the early lifespan had additive and
potentially synergistic effects that worsened metabolite
and gene signatures supporting fibrosis, and advanced
histologic signs of NAFLD severity.

Increased portal collagen in mWSD-exposed livers
implicates a perinatal origin for fibrosis patterning and
longer term disease pathology. Previously, we showed
that fetal and 1YO offspring exposed to mWSD have
increased periportal collagen deposition.[11] Fibrosis can
not only progress, but can also regress spontaneously
over time in NASH patients.[36,37] Thus, the persistence of
collagen deposition in 3YO mWSD-exposed offspring
suggests that there is an impairment of pathways
necessary to resolve fibrosis and/or an activation of
pathways promoting fibrosis. With continuous WSD
exposure, more profound transcriptional, metabolic, and
histologic changes consistent with fibrosis were present,
but there was no evidence of steatosis nor inflammation.
This suggests that hepatocellular damage and fibrosis
develops earlier in the pediatric NAFLD disease process
than previously thought. Indeed, many well-known signal-
ing pathways involved in pediatric NAFLD/NASH develop-
ment are dysregulated early in the disease course, without
histologic evidence of inflammation and fibrosis.[38] Below,
we discuss putative mechanisms driving collagen deposi-
tion supported by our transcriptomic and metabolomic
profiling experiments.

F IGURE 6 Protein expression of HNF4α and BiP. Representative images and analysis of protein capillary electrophoresis for HNF4α (A) and
BiP (B) and loading control vinculin. Two-way ANOVA with effect for interaction effect (INT) or postweaning WSD (pwWSD) diet is shown.
Individual posttest comparisons are indicated when maternal, postweaning, or interaction effect are p < 0.05 and different letters represent
differences between groups. n = 6 CD/CD; n = 7 WSD/CD; n = 6 CD/WSD; n = 9 WSD/WSD. Abbreviations: CD indicates chow diet; WSD,
Western-style diet.
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F IGURE 7 Metabolomics analysis of 3-year-old livers. (A) Two-dimensional partial least squares discriminant analysis plot showing separation of
samples from CD/CD (red), WSD/CD (green), CD/WSD (light blue), and WSD/WSD (dark blue); squares indicate males and circles indicate females.
(B) Heatmap showing hierarchical clustering of top 25 variable importance in projection (VIP) scoring metabolites between all 4 diet groups. (C) Metabolic
pathways enriched in the top 25 VIP metabolites between all 4 groups. (D) Heatmap showing hierarchical clustering of the top 25 VIP metabolites between
CD/WSD andWSD/WSD. (E) Heatmap showing hierarchical clustering of the top 25 VIP metabolites between CD/CD andWSD/CD. (F) Metabolic pathways
enriched in the top 25 VIP metabolites from CD/CD versus WSD/CD. (B, D, E) Red indicates relative increase of each metabolite, and blue indicates relative
decrease of eachmetabolite. (D and E) Asterisks indicate metabolites that are significantly (p< 0.05) different between the groups via unpaired t test. Numbers
next to each metabolite indicate their relative VIP score rank. n = 10 CD/CD, n = 10 WSD/CD, n = 6 CD/WSD, n = 7 WSD/WSD. Abbreviations: CD
indicates chow diet; PRPP, phosphoribosylpyrophosphate; WSD, Western-style diet.
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Decreased HNF activity, mitochondrial dysfunction, and
oxidative stress may be major mechanisms driving
persistent collagen deposition following mWSD exposure.
While WSD/CD livers did not have classical gene
expression signatures of fibrosis, HNF4α and HNF1α
pathways were identified as putative-enriched upstream
regulators predicted to be downregulated. Indeed, protein
expression of HNF4α was also decreased in WSD/CD
livers. Since increased HNF activity can resolve fibrosis,[24]

likely through direct inactivation of HSCs, downregulation
of HNF4α in WSD/CD may prevent resolution of collagen
deposition. In WSD/CD livers, we also found enrichment of
the mitochondrial dysfunction pathway and predicted
downregulation of the oxidative phosphorylation pathway,
as well as a predicted downregulation of NRF2, PPARα,
and PPARGC1α, which together suggest impaired mito-
chondrial function, increased oxidative stress, and gen-
eration of reactive oxygen species.[14,25,39] Increased
hepatic TBARS content in WSD/CD livers supports the
presence of oxidative stress. In addition to these effects on
mitochondrial function, our data suggest an ongoing
mitochondrial DNA repair response. Supporting this,
WSD/CD livers had a metabolite profile consistent with
increased purine synthesis (increased AMP, IMP,
decreased PRPP) and decreased purine catabolism
(decreased guanosine, guanine, inosine). Purine synthesis
and availability is critical for DNA and RNA synthesis and
repair.[40] Further, mitochondrial dysfunction increases
cellular purine pool size and modulates purine
metabolism.[40,41] Thus, increased purine synthesis in

WSD/CD livers may be a consequence of mitochondrial
dysfunction.[41] WSD/CD livers also showed CLPP and
LONP1 activation, which are pathways critical for mito-
chondrial repair and mitochondrial unfolded protein
response.[26] Reactive oxygen species are capable of
driving HSC activation and fibrosis.[42] We have previously
shown oxidative stress, HSC activation, and portal
collagen deposition in mWSD-exposed fetuses,[11]

depicted in Figure 8A, and we speculate that this
persists at 3 years of age (Figure 8B). We speculate that
reduced mitochondrial oxidative capacity and repair
mechanisms through oxidative stress and mitochondrial
dysfunction continue to support HSC activation or lack of
collagen repair (Figure 8B).

WSD/WSD livers had more classical signs of fibrosis
in the portal region, which may be due to distinct
mechanisms versus WSD/CD or CD/WSD livers. We
noted a significant increase in portal CD68 staining,
along with increased plasma aspartate transaminase
consistent with local macrophage infiltration and mild
liver injury in pwWSD offspring. We speculate that bile
acid metabolism also specifically contributes to portal
fibrosis, a distinct characteristic of pediatric NAFLD.[43]

In WSD/WSD livers, there was predicted upregulation of
the TGFβ1 pathway, a key driver of HSC activation and
fibrosis,[44] in addition to upregulation of the canonical
hepatic fibrosis signaling pathway, comprised of colla-
gen synthesis and HSC activation genes. Importantly,
these gene signatures were specific to the WSD/WSD
group and not the result of pwWSD alone. Further, we

F IGURE 8 Long-term role for maternal WSD (mWSD) in the development of preclinical NAFLD phenotypes in juvenile nonhuman primates.
(A) Exposure to mWSD drives oxidative stress, portal collagen deposition, HSC activation, and steatosis in fetal liver. (B) In mWSD 3-year-old
(3YO) offspring weaned to CD (WSD/CD), livers show upregulated mitochondrial repair pathways including LONP1, CLPP, and purine synthesis.
Pathways for NRF2, PPAR, and HNF are downregulated, which may activate HSCs and compromise regulatory pathways for portal collagen
repair. (C) With continuous WSD exposure (offspring exposed to maternal and postweaning WSD, WSD/WSD), macrophages are recruited, free
fatty acids (FFAs) are increased, and anti-inflammatory FFAs are decreased in the liver. Increased FFAs may activate HSCs and produce reactive
oxygen species (ROS). Continuous WSD also increased acylcarnitines and upregulated pathways for TGFB activation, ROS production, and
endoplasmic reticulum (ER) stress, which may contribute to increased portal collagen deposition, hepatocyte ballooning, and NAFLD activity
scores (NAS). Created with BioRender.com. Abbreviations: CD indicates chow diet; WSD, Western-style diet.
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found that the activation state of the XBP1 pathway was
predicted to be downregulated in WSD/CD, but upregu-
lated in WSD/WSD. Protein expression of BiP, a target in
the ER stress pathway, was increased by pwWSD. Thus,
XBP1 activation and ER stress may be key features of
mWSD exposure only when combined with pwWSD.
This chronic ER stress may potentiate fibrosis and
contribute to the hepatocyte ballooning observed in
WSD/WSD livers (Figure 8C), as it can worsen oxidative
stress and drive apoptosis.[45,46] Proline was also
increased in WSD/WSD livers, supporting collagen
synthesis. In addition, excess dietary-free fatty acids
from a pwWSD may directly stimulate HSCs to drive
collagen deposition.[47] When paired with mWSD-driven
impairments in mitochondrial function, these excess free
fatty acids may worsen oxidative stress through
increased mitochondrial reactive oxygen species
production and increased ER stress (Figure 8C). The
decreased content of anti-inflammatory unsaturated
long-chain fatty acids, which are inversely correlated with
fibrosis,[48] may set the stage for inflammation over time,
while portal macrophage recruitment of CD688-positive
cells in WSD/WSD livers may signify a role for a subset
of macrophage in driving local collagen deposition
through activation of portal HSCs, worsening fibrosis
(Figure 8C). Collectively, in WSD/WSD livers, increased
TBARS content, circulating alanine transaminase, NAS
score, and hepatocyte ballooning suggest a potentially
accelerated pathway for NAFLD/NASH.

Remarkably, despite evidence of reduced mitochon-
drial function and fuel overload in WSD/WSD offspring,
hepatic steatosis was not detectable by hepatic
triglyceride content or clinical steatosis scoring. This
was surprising given our prior work demonstrating
triglyceride accumulation in fetal[12] and 1YO[13] livers
exposed to mWSD. However, over time and in
combination with high physical activity and energy
expenditure in these animals,[49,50] the hepatic lipids
may be dissipated to levels similar to controls by 3 years
of age. Interestingly, the 3YO juvenile animals in this
WSD/WSD cohort demonstrated higher physical activity
and energy expenditure compared with CD/CD,[49,50]

suggesting that increased caloric load is matched with
greater energy expenditure. However, pwWSD off-
spring did have increased retroperitoneal fat mass
(visceral fat), which suggests that some excess fuels
are being stored. Interestingly, despite the absence of
hepatic steatosis, many pathways were primed towards
lipid storage in WSD/CD livers (decreased β-oxidation,
oxidative phosphorylation, HNF4α signaling, PPA
RGC1α, and PPARα) and WSD/WSD livers (decreased
oxidative phosphorylation). Further, WSD/WSD livers
had increased acylcarnitines and decreased anti-
inflammatory fatty acids, supporting incomplete mito-
chondrial oxidation and processing of free fatty acids. In
addition, WSD/WSD livers had increased glycerol-
3-phosphate compared with CD/WSD, suggesting a

possible increase in de novo lipogenesis. Thus, our
data support that mWSD initiates gene expression
changes that support priming of steatosis pathways.

Our results also support that maternal diet rather than
maternal obesity contributes to the phenotypes we
observed in the offspring liver. The chronic WSD used
here has a variable effect on maternal obesity.[13] However,
we found no correlation between maternal percent body fat
at time of conception with the degree of fibrosis in the
offspring (data not shown). Further, we previously showed
that switching obese dams to a healthy diet during
pregnancy can prevent hepatic collagen deposition in fetal
livers.[11] Thus, this strongly suggests that maternal diet (a
modifiable risk factor) can be targeted to prevent the
developmental programming of pediatric NAFLD.

In summary, these findings demonstrate a long-term role
for mWSD in the development of preclinical juvenile NAFLD
phenotypes including portal collagen deposition, mitochon-
drial dysfunction, and oxidative stress, in the absence of
obesity. The implications of local collagen deposition,
oxidative stress, and mitochondrial dysfunction in juvenile
offspring despite 2.5 years on a normal diet suggests that
mWSD drives juvenile liver metabolic reprogramming.
Further, the persistence of these phenotypes, even before
pathologic evidence for inflammation and fibrosis, suggests
increased susceptibility to more advanced NAFLD, and
argue for an early intervention, beginning in utero, to prevent
the development of childhood NAFLD.
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