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Abstract

Maternal obesity (MO) during pregnancy is linked to increased and premature
risk of age-related metabolic diseases in the offspring. However, the underly-
ing molecular mechanisms still remain not fully understood. Using a well-
established nonhuman primate model of MO, we analyzed tissue biopsies and
plasma samples obtained from post-pubertal offspring (3-6.5y) of MO mothers
(n = 19) and from control animals born to mothers fed a standard diet (CON,
n = 13). All offspring ate a healthy chow diet after weaning. Using untargeted
gas chromatography-mass spectrometry metabolomics analysis, we quantified a
total of 351 liver, 316 skeletal muscle, and 423 plasma metabolites. We identified
58 metabolites significantly altered in the liver and 46 in the skeletal muscle of
MO offspring, with 8 metabolites shared between both tissues. Several metabo-
lites were changed in opposite directions in males and females in both liver and
skeletal muscle. Several tissue-specific and 4 shared metabolic pathways were
identified from these dysregulated metabolites. Interestingly, none of the tissue-
specific metabolic changes were reflected in plasma. Overall, our study describes
characteristic metabolic perturbations in the liver and skeletal muscle in MO off-
spring, indicating that metabolic programming in utero persists postnatally, and
revealing potential novel mechanisms that may contribute to age-related meta-
bolic diseases later in life.
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1 | INTRODUCTION

Maternal obesity (MO) has become a significant public
health concern globally with its prevalence rising expo-
nentially."* MO before and during pregnancy impacts
offspring development,® developmentally programming
offspring for predisposition to obesity and associated car-
diometabolic disorders including insulin resistance, heart
disease, hypertension, and vascular dysfunction in later
life.* Many studies have attempted to identify the mech-
anisms that predispose to age-related, later-life metabolic
diseases in offspring born to obese mothers, including the
altered expression of genes involved in PPAR signaling,
gluconeogenesis, lipid metabolism pathways, mitochon-
drial dysfunction, oxidative stress, and systemic inflam-
mation.”® However, underlying molecular mechanisms
still remain imperfectly understood and have not been ex-
amined comprehensively across multiple offspring tissues.

The application of various ‘-omics’ technologies such
as metabolomics provides a new opportunity to reveal
novel molecular mechanisms underlying how MO leads to
offspring age-related metabolic diseases. The metabolome
is defined as the complete set of low molecular weight
metabolites, usually ranging from 50 to 1500 Da in a bio-
logical system.” These metabolites, considered the down-
stream products of other biomolecules (such as genes,
mRNAs, and proteins), actively interact with all levels of
biomolecules, and thus play essential and crucial roles in
the regulation of biological systems.® Mass spectrometry
(MS) often coupled with gas chromatography (GC) or lig-
uid chromatography (LC) is considered as the technology
of choice employed in untargeted metabolomics investi-
gations due to its high sensitivity.” While both GC and LC
are complementary to each other in metabolomics anal-
ysis, GC offers superior chromatographic resolution and
peak capacity, especially for volatile, polar metabolites,
and fatty acid analysis. However, GC requires additional
sample preparation steps such as metabolite derivatiza-
tion which is not required for LC-based analyses.'’ Studies
using liquid chromatography-mass spectrometry (LCMS)
have identified metabolic characteristics in offspring of
obese mothers, including altered serum levels of histidine,
tyrosine, 1, 5-anhydroglucitol, acylcarnitines, and various
plasma ceramides.'"'> While some of these previous stud-
ies have attempted to explain the mechanisms underlying
the impact of MO on the offspring metabolic health out-
comes, these have only relied on biofluids such as plasma
or serum which do not represent changes in individual
tissues.

Studies of developmental programming including MO
and the effect on the offspring have relied extensively on
rodent models, with few studies performed in non-human
primate (NHP) models in part because of their long

gestational period as well as the high cost of maintaining
them.'>'* The baboon is a well-established NHP, a power-
ful translational model to understand the pathogenesis of
cardiometabolic diseases in offspring born to obese moth-
ers as they are a species closely related to humans. The
baboon has been used as a model to study the genetics of
various cardiometabolic disorders, including insulin resis-
tance, obesity, heart disease, hypertension, and osteopo-
rosis."” These studies have significant translational value
since baboons share strong genetic, metabolic, and physi-
ological similarities with humans. For instance, lipid me-
tabolism in baboons correlates strongly with humans and
is more similar than other NHPs such as rhesus macaques,
cynomolgus macaques, or vervet monkeys.'® Moreover,
plasma cholesterol and triglyceride (TG) concentrations
respond to dietary cholesterol, fat, and carbohydrates sim-
ilar to humans.'®"’

In the present study, we sought to use an untargeted
metabolomics approach to analyze liver and skeletal
muscle biopsies as well as plasma samples from post-
pubertal baboon MO offspring aged 3-6.5years old
(9-19.5years old human equivalent) to identify early
changes in metabolites and pathway perturbations in
MO offspring prior to clear clinical onset of cardiometa-
bolic abnormalities. Mothers of offspring were either fed
a standard low cholesterol, low fat (chow) diet (CON)®
throughout life or a high energy diet, high-fat diet for at
least 9 months before conception and during pregnancy
and lactation (MO).'* All offspring consumed the stan-
dard control diet after weaning (Figure 1). The primary
goals of this untargeted metabolite profiling in blood,
liver, and skeletal muscle were to understand whether
metabolic changes in adult offspring can be detected in
tissues before they are detectable in circulation, and to
determine whether changes that may eventually con-
tribute to the development of metabolic diseases in off-
spring later in life are, common to, or different among,
plasma, liver, and skeletal muscle. Moreover, we in-
vestigated whether metabolic changes in MO offspring
were sex-specific since both normative aging and pro-
grammed changes in many age-related cardiometabolic
diseases are often sexually dimorphic.

2 | MATERIALS AND METHODS
2.1 | Animal husbandry, protocol, and
ethical clearance

All animal procedures were approved by the Texas
Biomedical Research Institute's Institutional Animal
Care and Use Committee (IACUC protocol number
1675 PC, September 30, 2018). Southwest National
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FIGURE 1 Study design and metabolomics workflow. Baboon mothers were fed a HFD or chow diet prior to and during pregnancy, and
their offspring were weaned to a chow diet. Tissue and blood samples were collected from offspring animals once they reached early post-

puberty for metabolomic data acquisition, metabolite identification, and quantification.

Primate Research Center (SNPRC) facilities at the Texas
Biomedical Research Institute and the animal use pro-
grams and facilities are accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
International (AAALAC) which operates according to the
National Institutes of Health (NIH) and U.S. Department
of Agriculture guidelines. All animal care decisions
were made by the SNPRC veterinarians, all of whom are
AALAC certified. All animals were housed in group cages
allowing them to live in groups with normal social inter-
actions and physical activity. All animals had ad libitum
access to food and water. Enrichments, including toys,
food treats, and music were provided on a daily basis by
the SNPRC veterinary and behavioral staff in accordance
with AAALAC, NIH, and U.S. Department of Agriculture
guidelines.

2.2 | Study design and sample collection

Details of the study design have been described in
detail elsewhere by Li et al.'* Briefly, female baboons
were maintained in custom-built group cages with up to
16 females and a vasectomized male that allowed nor-
mal physical and social interaction and environmental
enrichment at SNPRC. Females were randomly assigned
prior to breeding to the CON or MO group. CON moth-
ers ate SNPRC biscuits (Purina Monkey Diet and Monkey
Diet Jumbo, Purina Lab Diets, St Louis, MO) which con-
tained 12% energy fat, 0.29% glucose, 0.32% fructose, and
a 3.07kcal/g metabolizable energy ad libitum. For at
least 9months prior to breeding, MO mothers were fed
ad libitum Purina 5045-6 (Purina Lab Diets, St Louis,
MO, USA), a high fat and high energy diet (HFD) made
up of 45% energy fat, 4.6% glucose, 5.6% fructose, and a

4.03kcal/g metabolizable energy with equal access to the
CON diet ad libitum. We have observed in many stud-
ies that mothers eat more of each diet when provided
both. MO mothers also had continuous ad libitum access
to a high fructose beverage and water."® At the appro-
priate time, a proven breeder male was introduced into
the cage. Following delivery, mothers were maintained
on their pregnancy diet until offspring were weaned. At
weaning, all offspring were weaned onto a chow diet'® at
approximately 9 months of age. Following weaning, off-
spring were sorted into male and female juvenile groups
and continued to feed ad libitum chow diet. At 3-6.5years
of age (9-19.5years old human equivalent), liver and
skeletal muscle biopsies, and plasma samples were col-
lected. Freshly collected plasma samples were aliquoted
and stored at —80°C until analysis. Tissue biopsies were
immediately snap-frozen in liquid nitrogen upon collec-
tion and stored at —80°C until analysis. The distribution
of offspring of CON and MO animals studied by age and
sex is shown in Table 3.

2.3 | Sample processing

The extraction of metabolites from the liver, skeletal
muscle, and plasma samples was performed following a
protocol adopted from a previously described study by
Misra et al.?® In brief, aliquots (15pl) of plasma or tis-
sue homogenates were subjected to sequential solvent
extraction, once each with 1 ml of acetonitrile: isopro-
panol: water (3:3:2) and 500 ul of acetonitrile: water (1:1)
mixtures at 4°C.>' An internal standard, adonitol 2u
from 10 mg/mL stock), was added to each aliquot prior
to the extraction. Extracts were then dried under vac-
uum at 4°C prior to chemical derivatization (silylation
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reactions). Blank tubes without samples, treated simi-
larly to sample tubes, were included to account for any
background noise and other sources of contamination.
Samples and blanks were sequentially derivatized with
methoxyamine hydrochloride (MeOX) and 1% TMCS in
N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA)
or 1% TMCS -containing N-(t-butyldimethylsilyl)-N-
methyltrifluoroacetamide (MTBSTFA) as described in
Misra et al.** This involved addition of 20pl of MeOX
(20mgmlL-1) in pyridine to the dry extracts and incuba-
tion at 55°C for 60min followed by the addition of 80pl
MTBSTFA and incubation at 60°C for 1h.

2.4 | GC/MS data acquisition and pre-
processing

Data were acquired using a high-resolution/accurate
(HRAM) Orbitrap MS (Q-Orbitrap MS, Thermo Fisher)
coupled to gas chromatography (GC). In all cases, 1 pl of
the derivatized sample was injected into the TRACE 1310
GC (Thermo Scientific, Austin, TX) in a splitless (SSL)
mode at 220°C. The carrier gas was helium and the flow
rate was 1 ml/min for separation on a Thermo Scientific
Trace GOLD TG-5SIL-MS 30m lengthx0.25mm
i.d.x0.25pm film thickness column with an initial oven
temperature of 50°C for 0.5 min, followed by an initial
gradient of 20°C/min ramp rate. The final temperature
of 300°C was held for 10 min. Eluting peaks were trans-
ferred via an auxiliary transfer line into a Q Exactive-
GC-MS (Thermo Scientific, Bremen, Germany). The
total run time was 25min. All data were acquired in a
full scan electron ionization MS (EI MS1) mode at 70eV
energy, emission current of 50pA, and an ion source
temperature of 250°C. A filament delay of 5.7 min was
selected to prevent excess reagents from being ionized.
High-resolution EI spectra were acquired using 60000
resolution (fwhm at m/z 200) with a mass range of m/z
50-650. The transfer line was set to 230°C and the ion
source 250°C. Data acquisition and instrument control
were carried out using Xcalibur 4.3 and TraceFinder
4.1 software (Thermo Scientific). The capillary voltage
was 3500V with a scan rate of 1 scan/s. Finally, raw
data (.raw files) obtained from data acquired by GCMS
were converted to .mzML formats using ProteoWizard's
msConvert tool prior to data preprocessing using open
source software, MS-DIAL 4.6 (Riken, Japan, and Fiehn
Lab, UC Davis, Davis, CA, USA). MS-DIAL 4.6 was used
for raw peak extraction and data baseline filtering and
calibration of baseline, peak alignment, deconvolution
analysis, peak annotation, and integration of the peak
height followed as described.** Key parameters included
a peak width of 20 scan, a minimum peak height of 10000

amplitudes applied for peak detection, a sigma window
value of 0.5, and an EI spectra cutoff of 50000 amplitudes
for deconvolution. For the annotation setting, the reten-
tion time tolerance was 0.5 min, the m/z tolerance was
0.5 Da, the EI similarity cutoff was 60%, and the annota-
tion score cutoff was 60%. In the alignment parameters
setting process, the retention time tolerance was 0.5 min,
and the retention time factor was 0.5. Spectral library
matching for metabolite identification was performed
using an in-house and public library consisting of pool
EI spectra from MassBank, GNPS, RIKEN, and MoNA.
Data were further normalized by QC-based-loess nor-
malization followed by log;, transformation and missing
values were imputed based on the random forest imputa-
tion method.

2.5 | Statistical analysis

Statistical processing of metabolomics datasets was per-
formed using statistical software R (Version 3.5.1). This
includes univariate, unsupervised multivariate method
Principal Component Analysis (PCA), and supervised
multivariate methods, Sparse Partial Lease Squares
Discriminant Analysis (sPLS-DA). All values were pre-
sented as the mean +SEM, and differences between
groups were examined for statistical significance by
computing a linear model. The normalized and log,,-
transformed metabolite intensities were modeled as the
outcome and batch, sex, and biopsy age were adjusted
for as covariates. We modeled MO status as a predictor
and also included the interaction between sex and MO
status. We also ran separate analyses stratified by sex to
determine whether metabolites identified in our inter-
action analysis were male- or female-specific. Based on
which metabolites demonstrated suggestive evidence
in each of our analyses they were placed into three
possible categories: male-specific, female-specific, or
shared. Male-specific metabolites included any me-
tabolites that met our significance criteria in the inter-
action analysis and the male-only analysis. Similarly,
female-specific metabolites included any metabolites
that met our significance criteria in both the interac-
tion analysis and the female-only analysis. Shared
metabolites included any metabolites that met our
significance criteria in the joint analysis adjusting for
sex as a covariate. Metabolites meeting an unadjusted
p-value <.05 were considered suggestive evidence for
downstream pathway analysis and metabolites meeting
an FDR-adjusted p-value <.05 were considered statisti-
cally significant. Pathway analyses were conducted on
the MetaboAnalyst website? (https://www.metaboanal
yst.ca/).
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3 | RESULTS

A total of 32 baboon MO offspring that were fed a normal
diet after weaning to post-pubertal age, were included in
the current study. The ages of the animals at biopsy and
blood sample collection were similar between MO and
CON groups (Table 1).

3.1 | Metabolomic profiles of young
MO (3.8-6.4years) and CON (3-6.5years)
adult offspring

To obtain global metabolite data for liver, plasma, and
skeletal muscle samples, an untargeted metabolomics
approach was carried out using a Q-Exactive GC-High-
Resolution Orbitrap Mass Spectrometer (QEGC-HRMS).
In our analysis, we identified and quantified 351, 316,
and 423 metabolites in liver, skeletal muscle, and
plasma, respectively. Multivariate statistical analysis
identified differences between MO and CON offspring
samples. An unsupervised PCA analysis showed some
separation between MO and CON offspring samples in
all three tissues (Figure S1IA-C). The differences were
more apparent in a supervised sPLS-DA analysis which
is a special case of PLS-DA for data selection and clas-
sification in a one-step procedure was used since the
algorithm is more effective in reducing the original high-
dimensional data to a smaller number of relevant and
important metabolites for robust and easy-to-interpret
discriminant models.** The sPLSDA score plots showed
less overlap between MO and CON offspring in the liver
when compared to skeletal muscle and plasma, sug-
gesting that sSPLSDA was able to better discriminate be-
tween MO and CON offspring in the liver than in the
other samples (Figure 2A-C). Moreover, while the error
rates for all sample types were quite high, the error rates
for the liver samples were lower than for skeletal muscle
and plasma (Figure 2D-F).

3.2 | Metabolic dysregulation between
MO and CON offspring group

To identify altered metabolites in liver, skeletal muscle,
and plasma, we computed linear models both stratified by
sex and jointly with sex-adjusted as a covariate. Across all
analyses, we reported a total of 58 metabolites that dem-
onstrated suggestive differences between groups in the
liver (Table 2), and 46 metabolites with suggestive differ-
ences between groups in skeletal muscle (Table 3). There
were no metabolites with suggestive differences in plasma
samples. Only 7 metabolites from the liver analysis passed

- 50f13
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TABLE 1 MO and CON offspring by age, mean age, sex, and size

Group Age (years) Mean age Sex N
CON 3-6.5 4.85 M 7
5.40 F 6
MO 3.8-6.4 4.76 M 9
4.75 F 10

Abbreviations: M, Male; F, Female; N, Size.

the FDR <0.05 (Table S1), and none passed FDR in skel-
etal muscle.

Among the 58 liver metabolites that were significantly
different between MO and CON offspring, most were ei-
ther carbohydrate- or amino acid-related metabolites.
Forty-five differential liver metabolites were downreg-
ulated and 13 differential metabolites in the liver were
upregulated in MO compared to CON offspring (Table 2).
Similarly, in skeletal muscle, among the 46 altered metab-
olites between MO and CON offspring, 28 were downreg-
ulated and 18 upregulated (Table 3).

Comparing altered metabolites between the liver and
skeletal muscle samples, regardless of categorization
(male, female, or shared analysis), 8 metabolites were sig-
nificantly different in both liver and skeletal muscle. These
metabolites were L-serine, GABA, D-(+)-mannose, meso-
tartarate, L-glutamine, serotonin, 3-aminoisobutyric acid,
and myoinositol.

3.3 | Assessing sex-specific differential
metabolites in MO offspring

In addition to the joint analysis that identified metabo-
lites with suggestive evidence of differences between
CON and MO offspring across both sexes, we also tested
for sex-specific effects. In the liver dataset, we observed
8 metabolites that were only different in males, which
were all downregulated and 11 metabolites that were only
different in females, of which 10 were upregulated. Only
2-Methylhippuric acid was downregulated in the liver of
female MO offspring (Table 2). In a similar analysis with
the skeletal muscle dataset, we observed 21 metabolites
downregulated in males only and 18 metabolites upregu-
lated in females only (Table 3). No sex-specific metabolite
changes were observed in the plasma samples.

3.4 | Pathway enrichment analysis of the
liver, skeletal muscle, and sex-specific
differential metabolites

To further characterize the metabolic processes of the
significantly different metabolites identified between
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FIGURE 2 Sparse Partial Lease Squares Discriminant Analysis (sPLS-DA) for all metabolites in liver, muscle, and plasma samples (MO:
3.8-6.4y,n =19,10 F and 9 M; CON: 3-6.5y, n = 13, 6 F and 7 M). (A, B and C) illustrate the maximum separation achieved between the
control and MO samples in liver, muscle, and plasma samples, respectively. Controls are visualized as blue diamonds and MO samples are
visualized as orange circles. 95% confidence intervals are illustrated as ellipses for each group of samples. None of the tissues demonstrate
definite separation between the two groups. (D, E, and F) show the classification error rates computed for a mahalanobis distance between
the two groups in liver, muscle, and plasma samples, respectively. The overall error rate is represented by a solid line and the balanced error
rate is represented by a dashed line. The groups are well-balanced so a small difference between the overall error rate and the balanced error

rate is expected.

MO and CON offspring, we used pathway enrichment
analyses to map the liver and skeletal muscle differential
metabolites using MetaboAnalyst 5.0 and KEGG library.
This analysis revealed 9 metabolic pathways (Figure 3
and Table S2) that were significantly enriched using the
58 differential liver metabolites between MO and CON
offspring. These metabolic pathways include arginine and
proline metabolism, D-galactose metabolism, glutathione
metabolism, nitrogen metabolism, and beta-alanine me-
tabolism which were perturbed in MO offspring liver but
not enriched in the skeletal muscle of the same offspring.
In the skeletal muscle of MO offspring, using the 46 dif-
ferential metabolites between MO and CON offspring, 10
metabolic pathways (Figure 4 and Table S3) were signifi-
cantly enriched including citrate cycle (TCA cycle), bu-
tanoate metabolism, pantothenate and CoA metabolism,
ascorbate and aldarate metabolism, cysteine, and methio-
nine metabolism and glyoxylate and dicarboxylate metab-
olism. Moreover, pathways analyses showed that while

there were liver or skeletal muscle-specific altered meta-
bolic pathways observed in MO offspring, 4 key pathways
including alanine, aspartate, and glutamate metabolism,
aminoacyl-tRNA biosynthesis, arginine metabolism, and
D-Glutamine and D-glutamate metabolism were altered
in both liver and skeletal muscle of MO offspring com-
pared to CON offspring (Figures 3 and 4 and Table S4).
Pathway enrichment analysis for liver metabolites that
differed only in males showed enrichment in arginine
and proline metabolism. In contrast, female MO offspring
showed enrichment of pathways related to tyrosine me-
tabolism, nitrogen metabolism, and D-Glutamine and
D-glutamate metabolism (data not shown). There was
no overlap of altered skeletal muscle metabolic pathways
between male and female MO offspring. While male MO
skeletal muscle samples were enriched with pathways re-
lated to the TCA cycle, D-glutamine, and D-glutamate me-
tabolism, alanine, aspartate and glutamate metabolism,
pyridine metabolism, arginine biosynthesis, butanoate
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TABLE 2 Summary of differential metabolites in the liver between MO (aged 3.8-6.4y, n = 19, 10 F and 9 M) and CON offspring (aged

3-6.5y, n =13, 6 F and 7 M) listed with its respective group, category, log (FC), and p-value

Metabolite

Fructose bisphosphate
Proline
4-Methylumbelliferone
Oxoproline
N-Acetylmannosamine
Meso-tartarate
Ribose-5-phosphate
4-Hydroxybenzoate
Maltose
Galactose-6-phosphate
Asparagine

Spermidine

Adenosine
5-Sulfosalicylic acid
N-Methylaspartate
Glutamic acid

Sorbitol

Serotonin

Azelate
DL-Glyceraldehyde
Myoinositol
Selenomethionine
Phosphate
2,3-Diaminopropionate
1,5-Anhydroglucitol
Phosphoserine
DL-alpha, epsilon-Diaminopimelic acid
D-Arabinose 5-phosphate
Resveratrol
alpha-Methylserine
Aspartic acid
alpha-D-Glucose
6-Carboxyhexanoate
1,6-Anhydro-beta-D-glucose
Dithiothreitol

L-Serine
Cyclopentanone

Lyxose
DL-Cystathionine
2-Methylhippuric acid
Methyl-4-aminobutyrate
3,4-Dihydroxymandelic acid

P-Octopamine

Group

Sugar

Amino acid
Hydroxycoumarin
Amino acid
Acylaminosugar
Sugar acid

Sugar conjugate
Benzoic acid

Sugar

Sugar derivative
Amino acid

Amine

Purine nucleoside
Benzenesulfonic acid
Amino acid

Amino acid

Sugar conjugate
Tryptamine derivative
Fatty acid

Sugar

Alcohol

Amino acid
Non-metal phosphate
Amino acid

Sugar

Amino acid

Amino acid

Sugar conjugate
Stilbene

Amino acid

Amino acid

Sugar

Fatty acid conjugate
Sugar conjugate
Dithiane

Amino acid
Carbonyl compound
Sugar

Amino acid conjugate
Benzoic acid derivative
Amino acid
Benzenediol

Benzenoids

Category
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Female
Female
Female

Female

log(FC)
—0.61
—0.34
~0.35
-0.33
—0.61
—0.33
—0.44
—1.07
—0.37
—0.37
—0.36
—0.39
0.28
—0.12
—-0.43
—0.43
-0.33
—0.52
—0.22
—0.85
—0.20
—0.31
—0.20
—0.33
—0.29
—0.19
-0.15
0.21
—-0.12
—0.23
—0.27
—0.65
-0.17
—0.26
—0.12
—0.27
0.31
—0.17
—0.20
—1.04
1.50
0.07
0.12

p-Value

1.53 x10™%
2.90 x10~*
3.03x107*
3.74 x10”*
4.56 x10™%
5.65 x10™*
9.19 x10™*
1.16 x10™%
248 x107%
248 x107%
5.20 x10™%
6.19 x10™*
7.70 x107%
8.45 107"
1.02 x107%
1.02 x 10~
1.33 x107%2
1.33 X107
1.71 x107%
1.78 X107
1.98 x10™%
2.02 107
2.18 x107*
2.20 x10™*
235 107"
2.46 x10™*
2.59 x10™*
2.65 x10™%
2.89 x107*
3.11x107%2
3.33 %107
3.38 1072
3.54 x107%2
3.69 x 10~
3.88 107
4.70 x10™%
4.94 x107%
4.95 x10™%
4.96 x107%
1.80 x10™%
6.85x107%
7.67 x10™%
1.22 x107%

(Continues)
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TABLE 2 (Continued)
Metabolite Group Category log(FC) p-Value
n-Butylamine Amine Female 0.53 1.28 X107
1,3-Diaminopropane Amine Female 0.21 1.49 x107%
6-Aminohexanoic acid Fatty acid Female 0.21 1.49 x10™*
3-Aminoisobutyric acid Amino acid Female 0.20 1.60 X107
Glutaric acid Dicarboxylic acid Female 0.16 3.77 X107
L-Glutamine Amino acid Female 0.14 4.00 x107%
Tyramine Amine Female 0.07 4.62 x 107"
Cadaverine Amine Male —0.52 1.56 x 107"
Harmaline Alkaloid Male —0.52 1.56 x10~%
D-(+)-Mannose Sugar Male —0.51 248 x107%
D-(4)-Galactose Sugar Male —0.48 3.25%x10°%
GABA Amino acid derivative Male —0.51 5.34 x107%
Niacinamide Pyridinecarboxylic acid Male —0.32 1.12 x107%
N-Acetylputrescine Carboximidic acid Male —0.65 2.86 107"
L-Glutathione Amino acid derivative Male —1.31 4.61 x10™%

metabolism, propanoate, and glyoxylate and dicarboxylate
metabolism, female MO offspring showed no significantly
enriched pathways.

4 | DISCUSSION

Multiple compelling epidemiological and experimental
studies have shown that MO during pregnancy has lasting
effects on the long-term health of the offspring, including
obesity, hyperglycemia, diabetes, and hypertension, which
are key features of metabolic syndrome.*>*® The concept
that the nutritional status of the mother during pregnancy
influences the long-term adult health of the offspring
has been termed “developmental programming”.'*?’
However, the underlying molecular mechanism(s) medi-
ating the impact of MO on the development of age-related
cardiometabolic disorders later in the life of the offspring
remain poorly understood. The goal of this study was to
identify tissue-specific and shared metabolic pathways
that are altered in MO offspring despite the same nutrition
after weaning as the CON offspring, which may contrib-
ute to the development of cardiometabolic abnormalities.
To do so, we characterized tissue-specific differences in
metabolites in MO and CON offspring by performing me-
tabolomics analyses of plasma, liver, and skeletal mus-
cle samples. MO and CON offspring were fed a normal
chow diet after weaning thereby ensuring that life-course
changes were induced during fetal development by ma-
ternal nutrition. Offspring were post-pubertal aged 3-
6.5years old for the CON offspring and 3.8-6.4years old
for the MO offspring at the time of tissue biopsy and blood

collection with no indication of cardiometabolic disease,
allowing the discovery of metabolic perturbations prior to
clinical disease.

Supervised sPLS-DA of metabolomics data showed a
clear separation between MO and CON offspring, indicat-
ing metabolic alterations and dysregulation, particularly
in the liver. Liver samples showed better classification
rates compared to skeletal muscle and plasma, indicating
that the greatest metabolic dysregulation induced by de-
velopmental programming was in the liver. The fact that
MO and CON offspring were fed the same chow diet and
lived in the same social groups emphasizes that differ-
ences between groups are very likely due to developmen-
tal programming effects mediated by differences in the
maternal diet.

Univariate statistical analysis to investigate differ-
ential metabolites between MO and CON offspring re-
vealed several altered metabolites with the liver (58
metabolites) showing a more altered metabolite profile
in MO offspring than either skeletal muscle (46 metab-
olites) or plasma (0 metabolites). This observation was
consistent in both the shared and sex-specific analyses.
Similar differences in the liver compared to other tissues
have been observed in postnatal dietary studies in mice.
A previous LC-MS/MS metabolomics analysis of liver,
serum, and intestine which compared mice fed a high-fat
diet versus a control chow diet reported 47 altered me-
tabolites in the liver, 7 in the serum, and 56 in the intes-
tine with 17 metabolites shared between liver and small
intestine.® Interestingly, we see a similar magnitude of
differences induced by maternal nutritional differences
in utero that are maintained into the post-pubertal age
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TABLE 3 Summary of differential metabolites in skeletal muscle between MO (aged 3.8-6.4y, n = 19, 10 F and 9 M) and CON offspring
(aged 3-6.5y, n =13, 6 F and 7 M) listed with its respective group, category, log (FC), and p-value

Metabolite

L-Serine
L-Gulcono-1,4-lactone
Cysteine

GABA

L-Valine
3,4-Dihydroxyphenylglycol
Norvaline
3,6-Anhydro-d-hexose
Adipate

Capric acid
D-(+)-Mannose

Lactose

Isothreonic acid
L-Gulonolactone
Salicylic acid
3-Hydroxybenzoate
Homogentisate
Mevalonate

Cerotinic acid
3,5'-Cyclic AMP
Methionine
2’-Deoxyadenosine
Meso-tartarate
Rhamnose
Hydroxybutyric acid
Ibuprofen

DL-Pipecolic acid
3-Pyridylacetic acid
Succinic acid

Aconitic acid
beta-Alanine
Inosine-5’-monophosphate
L-Glutamine
Methylglutarate
DL-Threo-beta-methylaspartic acid
Cytidine monophosphate
Serotonin

Maltotriose
2-Oxoglutarate
Meso-erythritol
3-Aminoisobutyric acid
Myoinositol

Trehalose
Phosphoenolpyruvate
DL-2,3-Diaminopropionic acid

5-Aminovaleric acid

Group

Amino acid

Sugar conjugate
Amino acid

Amino acid derivative
Amino acid
Benzenediol

Amino acid

Sugar

Organic acid

Fatty acid

Sugar

Sugar

Sugar acid

Lactone

Benzoic acid

Benzoic acid
Phenylacetic acid
Fatty acid

Fatty acid

Purine nucleotide
Amino acid

Purine 2’'-deoxyribonucleoside
Sugar acid

Sugar

beta hydroxy acid
Phenylpropanoic acid
Amino acid

Pyridine

dicarboxylic acid
tricarboxylic acid
Amino acid

Purine ribonucleotide
Amino acid

Fatty acid

Amino acid derivative
Pyrimidine ribonucleotide
Tryptamine derivative
Sugar

gamma-keto acid derivative
Sugar conjugate
Amino acid

Alcohol

Sugar

Alpha keto acid derivative
Amino acid derivative

Delta amino acid derivative

Category
Shared
Shared
Shared
Shared
Shared
Shared
Shared
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male

log(FC) p-Value
—0.89 2.17 x107%
—0.89 2.73 x10™%
—0.72 2.86 X107
—0.77 3.89 X107
—-0.72 4.06 x 107"
—0.76 4.27 x10™%
—0.72 4.44 x107%
0.28 4.69 x 10-04
3.18 112 x107%?
0.27 1.32 x107%
0.49 1.32x107%?
0.60 1.51 10~
0.44 1.75 107
2.12 1.86 x10™*
0.32 2.15x107*
0.32 2.15 x10™%
2.06 2.25 x107%
0.56 2.34 x10™%
0.67 2.76 x107%
1.51 3.06 X107
0.86 3.30 x10™*
0.22 4.41 x10™%
0.29 4.45 x 107"
0.58 4.54 x10™%
0.49 4.69 x10™%
—0.55 1.12 107
—0.70 1.15 x107?
—0.77 1.30 x10™%
—0.49 1.57 x10™%
—0.50 1.89 x10™*
—0.70 2.47 x107%
—0.50 2.57 x10™%
—0.48 2.85x107%
—0.56 2.85 x 10~
—0.53 2.97 x 107
—0.42 3.21 x10™*
—0.31 3.74 x107%
—0.48 3.78 X107
—0.54 3.84 x107*
-1.52 3.93 x10™%
—0.64 3.99 x107*
—0.52 4.42 x107%
—0.30 4.57 x10™%
—0.42 4.57 x10™%
—0.57 4.74 x107%
—0.44 4.99 x 10~
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of the offspring despite the identical post-weaning nutri-
tion of the animals. Interestingly, however, the changes
seen in our study in. liver and skeletal muscle are not
reflected in the plasma, in contrast to the rodent stud-
ies of acute diet effects where plasma metabolites are
also significantly changed. This suggests that there are
early onset metabolic changes in tissues, particularly in
the liver, which persist postnatally, and these changes
are not reflected in circulatory metabolites. Moreover,
the liver and skeletal muscle share several altered me-
tabolites and altered metabolic pathways which is an

FIGURE 3 Pathway analysis for
differential liver metabolites for MO
(aged 3.8-6.4y,n =19, 10 F and 9 M) vs
CON (aged 3-6.5y,n =13,6 Fand 7 M)
offspring. Global metabolite pathways
related to the perturbations of MO were
performed using the online version

of MetaboAnalyst based on all the
differential metabolites listed in Table 2.
All pathways were shown with p values
reflecting the significance of pathway
enrichment (y axis) and pathway impact
values from pathway topology analysis
(x axis), with the most impacted pathways
colored in red. Pathways with significant
p-value <.05 are annotated.

FIGURE 4 Pathway analysis for
differential skeletal muscle metabolites
for MO (aged 3.8-6.4y, n =19, 10 F and
9 M) vs CON (aged 3-6.5y,n=13,6 F
and 7 M) offspring. Global metabolite
pathways related to the perturbations

of MO were performed by the website

of MetaboAnalyst based on all the
differential metabolites listed in Table 3.
All matched pathways were shown
according to p values reflecting the
significance of pathway enrichment
analysis (y axis) and pathway impact
values from pathway topology analysis
(x axis), with the most impacted pathways
colored in red. Pathways with significant
p-value <.05 are annotated.

indication of the muscle-liver axis at the center of the
metabolic derangement cascade as reported in rodent
studies.”® Our liver and skeletal muscle metabolomics
analysis revealed lower abundances of dysregulated me-
tabolites unique to male adult MO offspring and higher
abundances of dysregulated metabolites specific to fe-
male MO offspring. This suggests that long-term meta-
bolic changes in male MO offspring are different from
female MO offspring. A previous multi-omics study in
mice revealed sex-specific metabolic pathways. The au-
thors reported that vitamin and cofactor metabolism
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and ion channel transport were only altered in females,
while phospholipid, lysophospholipid, and phosphati-
dylinositol metabolism and insulin signaling pathways
were dysregulated in males in a liver disorder, NAFLD.*
Moreover, the different metabolic regulation between
males and females is consistent with the Li et al study
where male MO offspring baboons increased in body
weight at 2 years of weight assessment but no significant
growth was observed in females within the same time
point even though there was no body weight difference
between control and MO offspring at the time of wean-
ing for both sexes.'*

Pathway analysis of differential metabolites suggests
that carbohydrate metabolism and amino acid metabo-
lism were the most significantly altered in both the liver
and skeletal muscle of MO offspring. Since these two
tissues are the main site for metabolism of glucose, fat,
and amino acids, altered metabolism in these tissues
may be an indication of metabolic impairment induced
during development in utero by early exposure to poor
maternal nutrition. In livers of MO offspring, we found
significantly downregulated sugar metabolites (includ-
ing fructose bisphosphate, N-acetyl mannosamine, D-
mannose, maltose, galactose-6-phosphate, D-galactose,
DL-glyceraldehyde, 1, 5-anhydroglucitol, alpha-D-glucose,
1, 6-anhydro-beta-D-glucose, and lyxose), many involved
in the galactose metabolism pathway. In skeletal muscle,
altered sugar metabolites were either down-regulated
(such as maltotriose and trehalose) or up-regulated (in-
cluding D-mannose, lactose, rhamnose), and TCA cycle
and glyoxylate and dicarboxylate metabolism pathways
were altered in MO offspring. Altered galactose metabo-
lism has been associated with disturbances in metabolic
disorders of carbohydrates in the liver, and increased cho-
lesterol concentration which predisposes to age-related
diseases such as cardiovascular disease and non-alcoholic
fatty liver disease.”® A previous mouse study investigating
the impact of maternal and post-weaning metabolic sta-
tus on the adult male offspring’s metabolome showed an
alteration of carbohydrate-related pathways observed in
MO offspring similar to our study.’’ However, it is worth
mentioning that MO offspring in the rodent study fed
high-fat diets post-weaning, which differed from our study
where MO offspring fed low cholesterol, low-fat chow diet
(healthy control diet) post-weaning to early puberty. This
means that there are possible metabolic imprinting effects
caused by early maternal poor nutrition which persists ir-
respective of dietary changes after weaning and beyond,
hence predisposing to age-related diseases.

Dysregulation of amino acid metabolism induced by
MO has been reported in baboons'® which can predispose
the offspring to several cardiometabolic diseases later
in life.* Using our sensitive untargeted metabolomics
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method to investigate the impact of MO on post-natal
offspring fed a healthy chow diet since weaning, we ob-
served that several amino acid metabolites and pathways
were dysregulated. This dysregulation was greatest in the
liver, which is consistent with the liver serving as the pri-
mary site of protein and amino acid metabolism. Several
liver amino acids including L-serine, glutamic acid, as-
paragine, proline, oxoproline, N-methylaspartate, sele-
nomethionine, phosphoserine, alpha-methylserine, and
DL-cystathione were all downregulated and L-Glutamine
and 3-aminobutyric acid were upregulated in the MO off-
spring compared to CON offspring. Metabolic pathways
related to amino acid metabolism altered in the liver in-
cluded alanine, aspartate and glutamate metabolism, ar-
ginine and proline metabolism, arginine biosynthesis,
glutathione metabolism, D-Glutamine and D-glutamate
metabolism, and nitrogen metabolism. Analysis of the
skeletal muscle metabolite dataset showed downregula-
tion of several amino acid-related metabolites including L-
serine, cysteine, GABA, L-valine, norvaline, beta-alanine,
L-glutamine, 5-aminovaleric acid, and 3 of the amino acid
metabolism-related pathways observed in MO offspring
livers such as alanine, aspartate and glutamate metab-
olism, D-glutamine and D-glutamate metabolism, and
arginine metabolism. In addition, MO offspring skeletal
muscle showed dysregulation of cysteine and methionine
metabolic pathways. Concentrations of methionine, gly-
cine, serine, and taurine were lower in MO fetuses in a
previous targeted study that focused on investigating the
impact of MO on fetal methionine cycle biomarkers in ba-
boons.'? These circulatory fetal metabolite changes did not
persist in our post-natal MO offspring. However, amino
acid metabolites and pathway alterations did persist in the
liver and skeletal muscle as reported in our current study.
We also observed alteration of the aminoacyl-tRNA bio-
synthesis pathway in both the liver and skeletal muscle of
MO which is consistent with a previous study in mice fed
HFD,® further supporting the hypothesis that metabolic
programming in utero has consequences similar to poor
nutrition in postnatal animals. Our current findings sug-
gest these pathways might be therapeutic targets for the
prevention of the early onset of age-associated metabolic
disorders in later life.

In summary, we used a well-established NHP baboon
model of developmental programming by maternal diet
and an untargeted metabolomics approach to show that
MO leads to early tissue metabolic impairment, espe-
cially in the livers of MO offspring. The tissue-specific
alterations in liver and skeletal muscle were not reflected
in plasma. In addition, this study revealed sex- and
tissue-specific altered metabolites in the MO offspring,
with very little overlap across sample types. Further,
our analysis identified key early metabolic pathways



AMPONG ET AL.

M?ASEB{OURNAL

specifically involved in carbohydrate and amino acid
metabolism which were dysregulated in MO offspring
in both liver and skeletal muscle, including alanine,
aspartate and glutamate metabolism, aminoacyl-tRNA
biosynthesis, arginine metabolism, and D-glutamine
and D-glutamate metabolism. These pathways are im-
plicated in many cardiometabolic diseases including
NAFLD and CVD.*® Therefore, this study provides ini-
tial global metabolic insights into the putative long-term
implications of MO on offspring in predisposing them
to metabolic disorders in later life. Further studies are
needed to investigate the metabolic changes in tissues
and plasma altered as these animals age, and whether
they develop cardiometabolic abnormalities at younger
ages than the CON animals. That is, do these early-life
metabolic disturbances predict long-term health? Once
validated, these early metabolic changes in the liver may
serve as targets to develop effective treatments for age-
related metabolic disorders that are likely to develop in
adulthood due to developmental MO exposure.
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