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Walejko JM, Antolic A, Koelmel JP, Garrett TJ, Edison AS,
Keller-Wood M. Chronic maternal cortisol excess during late gesta-
tion leads to metabolic alterations in the newborn heart. Am J Physiol
Endocrinol Metab 316: E546-E556, 2019. First published January 8,
2019; doi:10.1152/ajpendo.00386.2018.—Our laboratory has previ-
ously shown in an ovine model of pregnancy that abnormal
elevations in maternal cortisol during late gestation lead to in-
creased fetal cardiac arrhythmias and mortality during peripartum.
Furthermore, transcriptomic analysis of the fetal heart suggested
alterations in TCA cycle intermediates and lipid metabolites in
animals exposed to excess cortisol in utero. Therefore, we utilized
a sheep model of pregnancy to determine how chronic increases in
maternal cortisol alter maternal and fetal serum before birth and
neonatal cardiac metabolites and lipids at term. Ewes were either
infused with 1 mg-kg~'-day~ ! of cortisol starting at gestational
day 115 (n = 9) or untreated (n = 6). Serum was collected from the
mother and fetus (gestational day 125), and hearts were collected
following birth. Proton nuclear magnetic resonance ('H-NMR)
spectroscopy was conducted to measure metabolic profiles of
newborn heart specimens as well as fetal and maternal serum
specimens. Mass spectrometry was conducted to measure lipid
profiles of newborn heart specimens. We observed alterations in
amino acid and TCA cycle metabolism as well as lipid and
glycerophospholipid metabolism in newborn hearts after excess
maternal cortisol in late gestation. In addition, we observed alter-
ations in amino acid and TCA cycle metabolites in fetal but not in
maternal serum during late gestation. These results suggest that
fetal exposure to excess maternal cortisol alters placental and fetal
metabolism before birth and limits normal cardiac metabolic mat-
uration, which may contribute to increased risk of peripartum
cardiac arrhythmias observed in these animals or later life cardio-
myopathies.

cortisol; fetus; heart; metabolomics; newborn

INTRODUCTION

The heart is undergoing many metabolic alterations during
the peripartum period to prepare for the metabolic switch from
primarily utilizing lactate and glucose in utero to preferential
utilization of fatty acids following birth (2, 32, 33). The last 30
days of pregnancy are a crucial developmental period for the
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heart, as cardiomyocytes undergo the transition from cardio-
myocyte proliferation to terminal maturation (21). Cortisol is a
natural glucocorticoid produced in the adrenal glands that plays
an important role in the maturation of fetal organs during late
gestation, including the heart (16, 43). Prenatal glucocorticoid
administration has been linked to cardiac hypertrophy both in
humans and sheep, suggesting disruption of these normal
structural changes during late gestation (5, 34, 55). However,
the effect of excess maternal glucocorticoids in late gestation
on metabolic alterations in the newborn heart is yet to be
determined.

Previous work in our laboratory showed that chronic
elevations in maternal cortisol in an ovine model of preg-
nancy during a 10- to 14-day period in late gestation (to
gestational day 130) lead to enlargement of the fetal heart
(41). Furthermore, we found that this cardiac proliferation is
attenuated with mineralocorticoid antagonist infusion into
the heart (12, 41). If the chronic maternal infusion of
cortisol was maintained from 115 days of gestation until
birth, we observed an increased incidence of stillbirth dur-
ing the peripartum period (22). This incidence of stillbirth
was associated with fetal bradycardia and increased inci-
dence of arrhythmias in the heart during the late stages of
labor and delivery (1). Transcriptomic analysis of the term
fetal heart suggested alterations in lipid and small molecule
metabolism due to excess maternal cortisol exposure in a
similarly treated cohort of sheep (42). Therefore, we utilized
metabolomic and lipidomic techniques to test whether met-
abolic alterations in the newborn heart at birth would be
evident in animals exposed to excess maternal cortisol
during late gestation. We hypothesized that chronic cortisol
exposure in late gestation leads to metabolic alterations of
the newborn heart and that use of metabolomics techniques
would identify pathways altered in this model. We also
hypothesized that the pattern of changes in the newborn
heart metabolome would reflect changes in fetal and/or
maternal serum metabolomes. These changes in metabolic
pathways could be used to better understand the role of
excess maternal cortisol on metabolic development of the
newborn heart and to design further studies to better under-
stand the role of cardiac metabolism in fetal distress during
labor, which may lead to the development of biomarkers for
fetal distress in high-stress pregnancies.
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METHODS

Animals. Fifteen Ramboullet cross ewes and their lambs were
studied. All animal use was approved by the University of Florida
Institutional Animal Care and Use Committee. To control for meta-
bolic variation in the blood, ewes were fed a standardized diet based
on the National Research Council calculations of energy requirements
in the late gestation ewe. Obese or very lean ewes (judged on the basis
of body condition score, the ovine equivalent of body mass index)
were excluded from the study. Animals were housed in a temperature
and light-controlled environment and feed was provided each morn-
ing. Ewes with multiple gestations were excluded from the study.
Ewes were assigned to one of two groups at gestational day 115: a
control group (n = 9) with no treatment and a cortisol group (CORT;
n = 6) with infusion of 1 mgkg~'-day~! of hydrocortisone sodium
succinate in sodium phosphate (Solu-Cortef; Pfizer, New York, NY).
This amount of cortisol is enough to roughly double maternal plasma
cortisol levels (1). Cortisol infusion and surgery were conducted at
gestational day 118 (=1 day) to insert maternal and fetal catheters,
fetal telemetry device, and a flow probe as previously described (1).
Blood pressure, heart rate, ECG, and plasma cortisol concentrations
from these ewes and fetuses have been previously reported (1).

Blood samples were collected from ewe and fetus on gestational
days 125, 130, 135, 138, and 140 and every subsequent day until birth
(control: 144 = 1; CORT: 142 = 2 days gestational age); samples for
metabolomics analysis were collected in glass tubes on ice with no
anticoagulant and spun for 20 min at 4°C; the resulting serum was
stored at —20°C until metabolomic analysis. For two fetuses in the
cortisol treatment group, serum was not collected, and, therefore,
these animals were excluded from serum metabolomic analysis. Im-
mediately following birth, the lambs were euthanized with an over-
dose of Euthasol (pentobarbital sodium and phenytoin sodium; Virbac
AH), and heart tissue was collected from the right ventricle (RV), left
ventricle (LV), and intraventricular septum and immediately frozen in
liquid nitrogen. Tissue samples were stored at —80°C until data
collection. Three control animals were excluded from high-resolution
magic angle spinning (HR-MAS) analysis; two were excluded due to
inadequate tissues available for analysis, while one was excluded due
to timing of heart collection (>3 h following birth). Therefore, heart
tissue was collected from 12 total animals (n = 6 controls; n = 6
CORT), while serum specimens were collected from 13 total animals
(n = 9 controls; n = 4 CORT).

Nuclear magnetic resonance metabolomics analysis. HR-MAS
proton nuclear magnetic resonance (‘H-NMR) was used to determine
metabolites present in RV and LV free walls and intraventricular
septum as previously described (51). Metabolites identified with this
technique were not found to be significantly altered between different
areas of the heart and were therefore treated as biological replicates,
effectively defining cardiac tissue as our experimental unit (29)
(Supplemental Table S1; Supplemental Material for this article is
available online at the Journal website). Briefly, 30 wl of deuterium
oxide (D,O) were added to 17.2-56.6 mg (mean: 29.15 mg) of intact
heart tissue before being placed into a 4-mm HR-MAS rotor (Bruker
Biospin, Billerica, MA) and spun at 6 kHz with a spectral width of 10
ppm. Data were acquired using a one-dimensional nuclear Over-
hauser effect pulse sequence with presaturation of water resonance
(NOESYPRID) on an Avance III 600 MHz Bruker NMR spec-
trometer equipped with a 4-mm HR-MAS probe at the University
of Florida Advanced Magnetic Resonance Imaging and Spectros-
copy Facility.

To further identity the source of altered metabolites in the newborn
hearts after in utero exposure to excess cortisol, we used untargeted
NMR metabolomics on serum samples collected from the ewe and
fetus. One-dimensional (1D) 'H-NMR was used to determine metab-
olites present in maternal and fetal serum as previously described (3).
Briefly, samples were thawed on ice and centrifuged at 3,000 g for 20
min at 4°C. Two-hundred microliters of serum were mixed with 400
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wl of saline buffer (0.9% NaCl) in 10% D-O, and the mixture was
centrifuged for 10 min at 3,000 g at 4°C. For each sample, 500 wl of
resulting supernatant were transferred into a 5-mm SampleJet NMR
tube (Bruker Biospin). Samples were analyzed on an Avance II 600
MHz Bruker NMR spectrometer equipped with a 5-mm cryoprobe and
Bruker SampleJet cooled to 5.6°C at the University of Florida Advanced
Magnetic Resonance Imaging and Spectroscopy Facility. Data were
acquired using a one-dimensional experiment with T> filter using Carr-
Purcell-Meiboom-Gill pulse sequence with water presaturation.

Two-dimensional (2D) '"H-NMR was used to aid in annotation of
metabolites identified in 1D NMR data of cardiac and serum speci-
mens and was not used for any statistical analyses. For cardiac tissue,
one pooled control (n = 2) and one pooled cortisol (n = 2) specimen
were created by pooling 100 mg of cardiac tissue. The two tissue
samples were homogenized and prepared for NMR metabolomics
analysis as previously described (51). For serum, one pooled maternal
(from 4 ewes) and one pooled fetal (from 4 fetuses) specimen were
each used for 2D NMR data acquisition. Serum samples were pre-
pared for extraction as previously described (17) and all solvents used
were high-performance liquid chromatography (HPLC) grade. Brie-
fly, serum samples were thawed at 4°C and 1.2 ml of pooled serum
and saline buffer specimens was mixed with 2.4 ml of cold methanol
(HPLC-grade), vortexed briefly to mix, and incubated in 20 °C for 20
min. Samples were then centrifuged at 16,000 rcf for 30 min to pellet
proteins and the resulting supernatant was transferred into a 1.5-ml
Eppendorf tube and dried using CentriVap Vacuum Concentrator
(Labconco, Kanas City, MO). Concentrated serum specimens were
reconstituted in 100 pM DSS-Dg in D>O as a reference standard and
vortexed until the pellets dissolved. The samples were then centri-
fuged at 14,000 rcf for 15 min at 4°C before the transfer of 180 wl into
3-mm NMR tubes (Bruker Biospin). Extracted tissue and serum
specimens were run on an Avance III HD 600 MHz Bruker NMR
spectrometer equipped with a 5-mm cryoprobe and Bruker SampleJet
cooled to 5.6°C at the University of Georgia Complex Carbohydrate
Research Center. Data were acquired using 2D "H-'3C heteronuclear
single quantum correlation (HSQC), 'H-'*C HSQC-TOCSY (HSQC-
total correlation spectroscopy), and 'H-'H homonuclear Harman-
Hahn (TOCSY) experiments. A total of 27 metabolites were identified
in cardiac tissue, 42 metabolites in fetal serum, and 30 metabolites in
maternal serum using Bruker AssureNMR software (Bruker Biospin)
with BBiorefcode metabolite database and COLMARm (4). The
metabolites were assigned a confidence level ranging from 1 to 5 as
previously described (50). The spectra were processed using Bruker
Topspin 3.6 software and in-house MATLAB scripts. The exact
spectral areas for integration and confidence values for each metab-
olite or feature included in statistical analysis are listed in Supple-
mental Table S2.

Lipidomic analysis of cardiac specimens. Tissue specimens were
prepared for lipidomic analysis as previously described (51). Internal
and injections standard mixtures are listed in Supplemental Table S3.
Lipid analysis was performed on a Thermo Q-Exactive Orbitrap with
Dionex Ultimate 3000 UHPLC and autosampler. The mass spectrom-
eter was operated in the positive and negative ionization mode, using
a heated electrospray ionization source. Spectra were collected from
m/z 200-2200 at with a mass resolution setting of 70,000 (defined at
m/z 200), and tandem mass spectra were collected using data-depen-
dent scanning (top 10) and all-ion fragmentation. Feature finding and
alignment were performed with MZmine 2.26 (40) as previously
described (25). LipidMatch was used to identify lipids (26), and
identified lipids were normalized to their representative internal stan-
dard using an in-house R script, LipidMatch Normalizer, which can be
accessed at (http://secim.ufl.edu/secim-tools/). UHPLC-tandem mass
spectrometry (MS/MS) identified 284 lipids across 26 different lipid
classes in control and cortisol right ventricle tissues (Supplemental
Table S4).

Statistics. All raw and processed metabolomics and lipidomics
data are available on the Metabolomics workbench (http:/www.
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metabolomicsworkbench.org/), along with detailed experimental
NMR and mass spectrometry methods. Metabolomic and lipidomic
data were normalized using probabilistic quotient normalization
and then batch corrected using an empirical Bayes method in
Metaboanalyst 4.0, an online webserver for metabolomic data
analysis (8) to correct for batch-effects over multiple sheep seasons
(8, 9, 20). Following batch correction, data were range scaled before
multivariate statistical analysis (9, 11). Multivariate analyses of processed
spectra were performed using in-house MATLAB scripts (https://github.
com/artedison/Edison_Lab_Shared_Metabolomics_ UGA) and the PLS
Toolbox for MATLAB (Eigenvector Research, Manson, WA) (49).
Orthogonal signal correction partial least squares discriminant analysis
(OSC-PLSDA) was conducted with a venetian blinds cross validation
including 20 latent variables and 10 data splits. A heatmap of the top 30
significant lipids was generated in Metaboanalyst 4.0 using a Pearson
correlation coefficients of autoscaled features, and clustering was deter-
mined using the Ward algorithm (52).

Univariate statistics were performed on metabolites identified in
serum and heart tissue using 1D '"H-NMR data as well as lipids
identified in heart tissue after probabilistic quotient normalization.
Initially, a one-way ANOVA was used to determine the metabolites
that differed between areas of the heart for HR-MAS metabolomics
data in different cardiac regions; a Tukey-Kramer post hoc analysis
determined that there are no significant metabolite variations between
different regions of the cardiac walls for metabolites identified by
HR-MAS (Supplemental Table S1). As values of metabolites in all
three regions were not significantly different (P > 0.05), values in all
three regions were used in further analyses as independent replicates,
defining cardiac tissue as our experimental unit (29). We utilized a
Student’s -test to determine significant metabolites, as well as lipids
in cardiac tissue to perform further analyses to identify significant
pathways altered by treatment.

For analysis of maternal and fetal serum specimens, metabolite
concentrations at five different ranges of time relative to birth were
determined: /) 0-2 days, 2) 3—6 days, 3) 7-10 days, 4) 11-15 days,
and 5) >15 days before birth. For animals that had greater than one
sample in each time period, the average value of the metabolites in
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those samples were used in the analysis. Differences in metabolites in
maternal and fetal serum were analyzed using a linear mixed-effects
model, taking into account a random effect (animal), random error
(within animals), fixed effect (cortisol treatment), and a covariate
(time leading to delivery). A Student’s t-test was used to determine
metabolites altered due to treatment at all time points, as well as the
three time points within 10 days of delivery. Due to low sample size,
individual metabolites and lipids were considered significantly
changed if they had a raw P < 0.05. This broad criteria for inclusion
of metabolites and lipids was used to assess significant pathways
[false discovery rate (FDR)-corrected P < 0.10] that included these
compounds (see section below).

Finally, to identify pathways that showed enrichment for significant
compounds in heart tissue (metabolites and lipid) and metabolites in
serum specimens, we utilized an overrepresentation analysis (ORA)
based on a hypergeometric test (54). Significant pathways were
defined as pathways with FDR-corrected P < 0.10. Pathways with
D-amino acids were removed from results as we were not able to
distinguish between L- and D-configurations with our NMR metabo-
lomic technique, and we therefore could not determine the relevance
of these pathways in our model.

RESULTS

Excess maternal cortisol exposure in late gestation alters the
metabolic profile of newborn cardiac tissue. HR-MAS 'H-
NMR revealed changes in the metabolite profile of cardiac
tissue in the newborn heart exposed to excess maternal cortisol
in utero compared with control animals (Fig. 1). Although
principal component analysis scores plot did not yield group
separation (data not shown), an OSC-PLSDA scores plot
(R? = 0.68; Q0 =0.35) revealed separation of control and
CORT tissues (Fig. 1A). A variable importance projection
(VIP) plot was used to identify the first 15 metabolites that
contribute to the OSC-PLSDA separation in the first compo-
nent. The VIP plot revealed that valine, glutamine, succinate,
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Fig. 1. Orthogonal signal corrected partial least squares discriminant analysis (OSC-PLSDA) reveals separation of high-resolution magic angle spinning
(HR-MAS) cardiac tissue specimens from control and cortisol (CORT) newborn sheep immediately following birth. A: OSC-PLSDA scores plot reveals
separation of control (n = 18 from 6 animals, blue) and CORT (n = 18 from 6 animals, red) cardiac tissue in the first principal component. B: variable importance
of projection (VIP) plot for the first 15 metabolites that contribute to separation in OSC-PLSDA component 1. The more a metabolite contributes to the separation
in the scores plot, the greater the VIP score (x-axis). Metabolites colored in blue are elevated in control cardiac tissue specimens, while those colored in red are
elevated in CORT specimens relative to control. GPC, glycerophosphocholine.
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and scyllo-inositol, which were elevated in CORT cardiac
tissue, and dimethylamine, glycerophosphocholine (GPC), be-
taine, and glutamate, which were diminished in CORT cardiac
tissue, were driving OSC-PLSDA separation with VIP scores
greater than one (Fig. 1B). Furthermore, comparison of metab-
olites by Student’s r-test indicated that valine, glutamine, and
succinate were significantly elevated in CORT cardiac tissue,
whereas dimethylamine, GPC, and betaine, and glutamate were
diminished (P < 0.05, Table 1).

Excess maternal cortisol exposure in late gestation alters the
lipid profile of newborn cardiac tissue. A Pearson correlation
heatmap revealed clustering of specimens based on group (Fig.
2). However, a principal component analysis scores plot did
not yield group separation of lipids between control and CORT
cardiac tissue (data not shown). Relative means of each lipid
following normalization determined eight lipid species that
were significant by Student’s #-test in CORT cardiac tissue
compared with control (Table 2). We observed decreases in
plasmenyl-phosphatidylcholines (plasmenyl-PCs), plasmanyl-
phosphatidylethanolamines, and cardiolipins (CLs) in CORT
cardiac tissue compared with controls, whereas triglycerides
(TGs) and diglycerides (DGs) were elevated in CORT cardiac
tissue (P < 0.05, Table 2).

Excess maternal cortisol exposure in late gestation alters the
metabolic profile of fetal serum before birth. We identified 42
metabolites in fetal serum using '"H-NMR. A linear mixed
effects model of samples from all time points revealed a
significant decrease of methionine and creatine in serum from
CORT animals compared with control, while very low-density
lipoproteins, branched-chain amino acids (BCAAs; valine,
leucine, and isoleucine), choline, and glycine were signifi-
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cantly elevated in serum from CORT fetuses (Table 3). In
addition, a Student’s f-test of samples within 10 days of
delivery revealed a significant increase in 3-hydroxyisobu-
tyrate at 7-10 days before delivery in serum specimens from
CORT fetuses (Table 3). In addition, citrate and anserine were
both significantly lower 0—2 days and 7-10 days, respectively,
before delivery in CORT fetal serum specimens compared with
control. In contrast, myo-inositol was significantly elevated in
CORT fetal serum specimens at 0—2 days before delivery
along with citrulline at 3—6 days (Table 3).

Excess maternal cortisol exposure in late gestation alters the
metabolic profile of maternal serum before birth. We identi-
fied 30 metabolites in maternal serum specimens using
'H-NMR. A linear mixed effects model from all time points
revealed a significant decrease of 1-methylhistidine and
betaine in serum from CORT ewes compared with control
while scyllo-inositol was significantly elevated in serum
from CORT ewes (Table 4). A Student’s #-test of samples at
the three closest time points until delivery revealed signif-
icant decreases in 1-methylhistidine and betaine at 0-2 and
3—6 days until delivery in serum from CORT compared with
serum from control ewes (Table 4). Anserine and scyllo-
inositol were significantly elevated in CORT specimens at
3—6 days until delivery, while lactate and 3-hydroxyisobu-
tyrate were significantly elevated in serum from CORT ewes
at 7-10 days until delivery (Table 4).

Pathways altered in newborn cardiac tissue and fetal and
maternal serum due to excess cortisol treatment during late
gestation. ORA of significantly altered metabolites and lipids
(P < 0.05) identified in fetal heart tissue revealed significant
enrichment in six pathways (FDR-corrected P < 0.10). This

Table 1. Metabolites altered in the newborn cardiac tissue due to chronic maternal cortisol exposure in late gestation

Relative Means = SE

Metabolite P Value Control Cortisol Log2(FC) (Cortisol/Control)
Dimethylamine 1.20E—04 0.305 = 0.018 0.196 = 0.009 —-0.64
Valine 3.11E—04 0.078 = 0.005 0.189 = 0.022 1.27
GPC 6.48E—03 11.356 = 0.333 9.014 = 0.569 -0.33
Glutamine 0.01 1.847 = 0.097 2331 £0.114 0.34
Succinate 0.01 0.234 = 0.016 0.340 = 0.028 0.54
Betaine 0.03 2.600 = 0.130 2.085 = 0.138 —-0.32
Glutamate 0.05 2915 £0.115 2.445 = 0.145 -0.25
Scyllo-inositol 0.06 0.732 = 0.039 0.851 = 0.033 0.22
Taurine 0.07 9.844 * 0.646 7.945 = 0.496 —0.31
Lactate 0.22 5.931 £ 0.236 6.612 = 0.375 0.16
Ethanolamine 0.28 0.645 = 0.018 0.615 = 0.013 —0.07
Isoleucine 0.32 0.352 = 0.032 0.423 = 0.047 0.26
Alanine 0.35 2.491 = 0.131 2.792 = 0.220 0.16
1,2-Propanediol 0.44 4.104 = 0.463 3,511 £0418 —-0.23
AMP 0.59 0.238 = 0.016 0.254 = 0.018 0.10
2-Hydroxybutyrate 0.60 0.469 = 0.058 0.526 = 0.067 0.16
Myo-inositol 0.61 8.404 * 0.443 8.755 £ 0.331 0.06
Lipid (-CH = CH-) 0.64 5.072 £ 0.616 5.581 = 0.634 0.14
Lipid (3-CH>) 0.69 4.936 = 0.657 5.371 = 0.608 0.12
Inosine 0.81 0.497 = 0.033 0.485 = 0.023 —0.03
Lipid («-CH>) 0.84 5.023 £ 0.719 5.276 = 0.739 0.07
Creatine 0.85 13.463 = 0.291 13.360 = 0.317 —0.01
Ethanol 0.87 1.004 = 0.115 1.041 = 0.136 0.05
Choline 0.88 2.072 £ 0.129 2.043 = 0.089 —0.02
Glutathione 091 0.547 = 0.022 0.543 = 0.014 —0.01
Lipid (CO»-CH) 0.93 1.051 £ 0.091 1.064 = 0.081 0.02
Lipid (-CHs3) 0.95 19.128 = 1.352 19.273 = 1.488 0.01

For control and cortisol groups, n = 18 from 6 animals. GPC, glycerophosphocholine; AMP: adenosine 5’-monophosphate; GPC, glycerophosphocholine; FC,

fold change.
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Fig. 2. Pearson correlation heatmap of top 30 significant features reveals clustering of control (n = 6) and cortisol (CORT; n = 6) newborn cardiac tissue samples
based on lipid class. Ether-linked lipids as well as cardiolipins and sphingomyelins were elevated in control cardiac tissue, while triglycerides were the main class
upregulated in CORT cardiac tissue. PC, phosphatidylcholine; PE, phosphatidylethanolamine; CL, cardiolipin; TG, triglyceride.

included one pathway involved in amino acid metabolism:
alanine, aspartate, and glutamate metabolism. In addition, two
pathways involved in carbohydrate metabolism, propanoate,
and butanoate metabolism, as well as aminoacyl-tRNA biosyn-
thesis, glycerophospholipid metabolism, and nitrogen metabo-
lism, were significantly enriched (Table 5).

Four pathways were significantly enriched in fetal serum
(FDR-corrected P < 0.10; Table 5) including two involved in
amino acid metabolism, specifically glycine, serine, and thre-
onine metabolism and BCAA degradation. In addition, BCAA
biosynthesis was significantly over-represented. Finally, ami-
noacyl-tRNA biosynthesis, also significantly enriched in heart

tissue, was found to be overrepresented in fetal serum. ORA of
maternal serum did not reveal any significantly altered path-
ways (FDR-corrected P < 0.10; data not shown).

DISCUSSION

In this study, we used metabolomics to identify changes in
metabolic pathways in the newborn heart as a result of excess
cortisol exposure in utero. The metabolomics analysis indicates
changes in TCA cycle and lipid metabolism as a consequence
of chronically elevated maternal cortisol levels. These findings
are consistent with transcriptomic modeling of the gene ex-
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Table 2. Lipids significantly altered in the newborn cardiac tissue due to chronic maternal cortisol exposure in late

gestation
Relative Means + SE
Lipids P Value Control Cortisol Log2(FC) (Cortisol/Control)

DG (18:0/18:1) 0.02 0.092 = 0.002 0.141 = 0.002 0.61
TG (16:0/18:1/24:1) 0.03 0.006 = 0.000 0.009 = 0.000 0.58
Plasmenyl-PC (18:1/20:3) 0.03 1.019 = 0.011 0.728 = 0.013 —0.49
Plasmenyl-PC (16:0/20:3) 0.03 0.822 = 0.014 0.544 = 0.009 —0.60
CL (16:1/18:1/18:1/18:1) 0.03 0.112 = 0.003 0.063 = 0.001 —-0.82
TG (14:0/16:0/16:0) 0.04 0.047 = 0.000 0.076 = 0.002 0.69
Plasmanyl-PE (16:0/18:1) 0.05 0.011 = 0.000 0.009 = 0.000 —0.31
TG (18:1/18:1/24:1) 0.05 0.003 = 0.000 0.004 = 0.000 0.66

For control and cortisol groups, n = 18 from 6 animals. DG, diglyceride; TG, triglyceride; PC, phosphatidylcholine; CL, cardiolipin; PE, phosphatidyletha-

nolamine; FC, fold change.

pression in a previous cohort of similarly treated fetuses at
~142 days gestation (42). More importantly, the metabolic
profiling suggests a metabolic defect may occur, as we have
previously reported bradycardia and arrhythmias in these same
fetuses (1). In the most severe cases (2 of the 6 CORT hearts
in this study), this resulted in cardiac failure at birth.
Chronic exposure to excess maternal cortisol in late gesta-
tion leads to altered amino acid and TCA cycle intermediate
profiles in the fetus and newborn cardiac tissue. Metabolomic
analysis revealed upregulation in some amino acids (valine and
glutamine) as well as succinate, a TCA cycle intermediate, in
the newborn cardiac tissue that developed in an environment of
excess maternal cortisol during late gestation (Table 1). Valine
is a BCAA and is involved in aminoacyl-tRNA biosynthesis as
well as propanoate metabolism. Following birth, the heart
gradually transitions from utilizing lactate and glucose as
primary energy substrates in utero to fatty acids, which is
sustained in the healthy heart into adult life (2, 32, 33).
Previous work in our laboratory has found that transcripts for
BCAA degradation are enriched in fetal hearts in healthy sheep
compared with newborn hearts on the first day of life (51).
Additionally, studies in adult human hearts has suggested that

BCAA degradation is diminished in the failing heart (27, 48).
Therefore, elevated valine in cardiac tissue exposed to excess
cortisol in utero may reflect an inability of this tissue to
undergo normal metabolic transitions during birth, in turn
leading to activation of other pathways for energy, including
propanoate metabolism, which was significantly enriched in
both the newborn cardiac tissue and fetal serum before delivery
(Table 5). Furthermore, BCAAs have been shown to be up-
regulated in serum from humans with insulin resistance (19,
36, 37). While insulin resistance was not found in ewes or
fetuses in these sheep (1), fetal serum did show an upregulation
of BCAA across all time points and pathway analysis modeled
significant enrichment in BCAA synthesis and degradation
(Table 3). However, these elevations in BCAA were not
observed in maternal serum (Table 4), suggesting that altera-
tions in fetal BCAA levels are not maternal in origin. Interest-
ingly, ongoing research in our laboratory has found a signifi-
cant decrease in expression of transcripts involved in BCAA
degradation in the placenta at gestational day /42 in a cohort of
animals that received the same cortisol treatment (data not
published), indicating that these BCAA alterations observed in
fetal serum before birth may be due to altered placental

Table 3. Significant metabolites in fetal serum due to chronic maternal cortisol exposure in late gestation

Metabolite Intercept

SE P Value Trend

All time points (n = 41 control from 9 animals, n = 14 cortisol from 4 animals)

Creatine —0.11 0.04 0.01 Control>Cort
Glycine 0.43 0.19 0.03 Cort>Control
VLDL 0.67 0.31 0.04 Cort>Control
BCAA 1.43 0.69 0.04 Cort>Control
Choline 0.17 0.08 0.05 Cort>Control
Methionine —0.07 0.04 0.05 Control>Cort
Relative Means *= SE
Control Cortisol P Value Log2(FC) (Cortisol/Control)
0-2 Days until delivery (n = 8 control, n = 3 cortisol)
Citrate 0.708 = 0.022 0.429 = 0.032 0.03 -0.72
Myo-inositol 1.4 11 £ 0.067 2.067 = 0.059 0.05 0.55
3-6 Days until delivery (n = 9 control, n = 3 cortisol)
Citrulline 0.188 = 0.005 0.257 = 0.012 0.05 0.45
7—10 Days until delivery (n = 8 control, n = 4 cortisol)
3-Hydroxyisobutyrate 0.298 = 0.005 0.391 = 0.004 743E—04 0.39
Anserine 0.178 = 0.005 0.135 = 0.004 0.04 —0.40

VLDL, very-low density lipoprotein; BCAA, branched chain amino acids; FC, fold change.
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Table 4. Significant metabolites in maternal serum due to chronic maternal cortisol exposure in late gestation

Metabolite Intercept SE P Value Trend
All time points (n = 42 control from 9 animals, n = 16 cortisol from 4 animals)
Betaine —1.95 0.69 0.01 Control > Cort
Scyllo-inositol 0.35 0.10 1.28E—03 Cort > control
1-Methylhistidine —0.07 0.02 1.20E—03 Control > Cort
Relative Means = SE
Control Cortisol P Value Log2(FC) (Cortisol/Control)

0-2 Days until delivery (n = 9 control, n = 3 cortisol)

1-Methylhistidine 0.172 + 0.007 0.079 * 0.004 2.68E—03 -1.13

Betaine 9.880 = 0.311 6.670 £ 0.174 0.01 —0.57
3-6 Days until delivery (n = 9 control, n = 4 cortisol)

Betaine 9.791 + 0.238 6.647 £ 0.117 8.78E—04 —0.56

Anserine 0.291 = 0.011 0.398 + 0.008 9.53E—-03 0.45

1-Methylhistidine 0.173 = 0.010 0.081 £ 0.007 0.01 —1.11

Scyllo-inositol 0.216 + 0.030 0.804 + 0.106 0.01 1.90
7—10 Days until delivery (n = 8 control, n = 4 cortisol)

Lactate 6.432 + 0.220 11.754 + 1.060 0.03 0.87

3-Hydroxyisobutyrate 0.110 = 0.005 0.165 £ 0.010 0.04 0.59

1-Methylhistidine 0.149 = 0.009 0.093 + 0.003 0.05 —0.68

FC, fold change.

metabolism. Although the source of these elevations in BCAAs
in the fetal serum and newborn cardiac tissue from animals
exposed to excess maternal cortisol in utero are yet to be
determined, their alterations suggest that newborn cardiac
tissue may be altered in BCAA degradation at birth.

In addition to valine, glutamine was significantly elevated in
newborn cardiac tissue from CORT animals (Table 1). Glu-
tamine is involved in numerous significantly enriched meta-
bolic pathways identified by ORA, including alanine, aspartate
and glutamate metabolism, aminoacyl-tRNA biosynthesis, and
nitrogen metabolism. Glutamine has previously been shown to
be an important metabolite in maintaining normal cardiac
function in the adult heart (23, 24, 31). Furthermore, elevations
in cardiac glutamine activate the hexosamine biosynthetic
pathway (HBP) leading to elevations in [3-oxidation and car-
diac TGs due to increased translocation of CD36, a fatty acid
translocase protein, to the cellular membrane (28). However,

the exact mechanism leading to this CD36 translocation by
HBP is not known. In our model, three TG species [TG
(16:0/18:1/24:1); TG (14:0/16:0/16:0); and TG (18:1/18:1/24:
1)] were significantly upregulated in the CORT newborn car-
diac tissue (Table 2), as well as TGs being upregulated as a
class, suggesting increased activation of HBP in the cardiac
tissue of CORT newborns. However, glutamine was not found
to be significantly altered in CORT fetal or maternal serum
before birth (Tables 3 and 4). Finally, glutamate was signifi-
cantly diminished in cardiac tissue from CORT animals (Table
1). Glutamate is a major substrate in the heart important in the
synthesis of TCA cycle intermediates, including succinate,
which was upregulated in cardiac tissue from CORT animals
(39, 53). Therefore, decreases in glutamate in the newborn
cardiac tissue due to chronic maternal cortisol exposure in
utero may be due to upregulation in TCA cycle anaplerosis, as
evident through elevations in succinate upon cortisol exposure.

Table 5. Pathways significantly altered due to chronic maternal cortisol exposure in late gestation as identified by

overrepresentation analysis

No. Metabolite Hits/No.

Significant Metabolite(s) Significant Metabolite(s)

Pathway Total Metabolites P Value FDR-Corrected P Value Increased in Controls Increased in Cortisol
Newborn heart
Alanine, aspartate, and glutamate
metabolism 3/24 7.04E—05 5.63E—03 Glutamate Glutamine, succinate
Aminoacyl-tRNA biosynthesis 3/75 2.13E-03 0.06 Glutamate Glutamine, valine
Propanoate metabolism 2/35 6.94E—03 0.10 — Succinate, valine
Nitrogen metabolism 2/39 8.57E—03 0.10 Glutamate Glutamine
Glycerophospholipid metabolism 2/39 8.57E—03 0.10 GPC, cardiolipin —
Butanoate metabolism 2/40 9.01E—03 0.10 Glutamate Succinate
Fetal serum
Aminoacyl-tRNA biosynthesis 5/75 1.72E-05 1.18E—03 Methionine Valine, leucine, isoleucine, glycine
BCAA degradation 4/40 2.94E—-05 1.18E—03 — Valine, leucine, isoleucine,
3-hydroxyisobutyrate
BCAA biosynthesis 3/27 2.59E—-04 6.91E—-03 — Valine, leucine, isoleucine
Glycine, serine, and threonine
metabolism 3/48 1.44E—03 0.03 Creatine Choline, glycine

FDR, false discovery rate; BCAA, branched-chain amino acid; GPC, glycerophosphocholine.
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Although glutamate and succinate were not significantly al-
tered in fetal serum before birth, citrate, a TCA cycle interme-
diate, and citrulline, a urea cycle intermediate, were signifi-
cantly increased at 0—2 days and 3-6 days before delivery
(Table 3). However, TCA or urea cycle intermediates were not
altered in maternal serum before delivery (Table 4), suggesting
that these metabolic changes occur in the placental-fetal unit.
Furthermore, on-going research in our laboratory has found a
significant decrease in expression of transcripts involved in
placental glycolysis at gestational day 142 (data not published).
Therefore, alterations in glycolysis in the placenta due to
excess cortisol exposure may lead to alterations in TCA cycle
intermediates in the fetal serum before delivery, resulting in
altered substrates for the newborn cardiac tissue at term. Figure
3 shows the proposed mechanism of altered glycolysis and
TCA cycle flux in the newborn CORT cardiac tissue (Fig. 3A)
and CORT fetal serum before birth (Fig. 3B). Further studies
with labeled isotopes are needed to confirm altered TCA cycle
flux in the placental-fetal unit and newborn cardiac tissue.
However, our study provides novel information of alterations
in amino acid and TCA cycle intermediates that occur in the
fetus before birth and the newborn cardiac tissue due to altered
chronic increase in maternal cortisol.

Exposure to excess maternal cortisol in late gestation leads
to altered lipid profiles in newborn cardiac tissue. Lipidomic
analysis of the CORT newborn cardiac tissue revealed signif-
icant elevations in DG [DG (18:0/18:1)] and three TG species
[TG (16:0/18:1/24:1); TG (14:0/16:0/16:0); and TG (18:1/18:
1/24:1)] due to excess cortisol exposure in utero. Previous
work in our laboratory found significant elevations of TGs
immediately following birth in the newborn cardiac tissue,
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g Fructose-6-P — biosynthesis
v | |
Glutamine
utami v ‘
}Jvate Triglycerides
Acet7y\I-CoA Glutamate
/ N
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with evidence that these elevations in TGs are due to synthesis
from DGs (51). In humans, elevations in circulating TG levels
are linked to heart failure (35), but the relation of elevated TGs
in the heart to cardiac failure is yet to be determined. TGs in
the heart account for 10-50% of fatty acids for energy when
circulating levels of fatty acids are low (44). Therefore, abnor-
mal elevations of TGs and DGs following birth may be
indicative of an altered ability to efficiently utilize DGs and
TGs in the heart for energy and may lead to metabolic failure
of the newborn heart.

In addition, two ether-linked lipid species, plasmenyl-PCs
and plasmanyl-phosphatidylethanolamines, were diminished in
the CORT newborn cardiac tissue. While plasmenyl-PCs have
been previously reported in the bovine heart (45), the function
of these plasmalogens in the heart is less clear. In the porcine
heart, oxidized plasmalogen products were elevated following
cardiac infarction, adding to evidence of their protective role in
free radical consumption and prevention of oxidative damage
following stress in the heart (6, 10). Furthermore, oxidative
products of plasmalogens undergo lipid peroxidation in human
brain tissue, which may help prevent oxidative damage (46).
While the function of ether-linked lipids in the heart remains
unclear, decreased levels in CORT cardiac tissue may leave
these animals more vulnerable to altered cell membrane sig-
naling and oxidative damage, ultimately leading to altered
B-oxidation in cardiac tissue following birth.

Pathway analysis indicated that glycerophospholipid metab-
olism was altered in newborn cardiac tissue of CORT ewes
(Table 5). GPC and betaine were significantly diminished in
newborn cardiac tissue from CORT animals. GPC is an abun-
dant storage form of choline, whereas betaine, a breakdown

Glucose

v
Fructose-6-P

N\ 4
Pyruvate
/Citrate
Acetyl-CoA
7
/ TCA Oxoglutarat
xoglutarate
BCAA Cycle |
degradation v
Citrulline

Fig. 3. Altered amino acid and TCA cycle metabolism present in newborn cardiac tissue immediately following birth (A) and fetal serum before birth (B) due
to chronic maternal cortisol exposure in late gestation. Citrate was significantly diminished in cortisol (CORT) serum at 0—2 days before delivery, while citrulline
was significantly elevated in CORT serum at 3—6 days before delivery. Branched-chain amino acids (BCAA) degradation was significantly enriched in fetal
serum following overrepresentation analysis (ORA), with BCAA and 3-hydroxyisobutyrate (both elevated in CORT serum) contributing to this pathway.
Metabolites in red are significantly elevated in CORT compared with control specimens, while metabolites in blue are significantly elevated in control compared
with CORT specimens. Solid arrows (—) reflect single enzymatic steps, while dashed arrows (- ->) reflect multiple enzymatic steps. Dashed lines with circles

(- -®) reflect associations observed in the literature with no direct relationship.
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product of choline, is important in maintaining osmotic ho-
meostasis in cells. Betaine has been shown to significantly
reduce oxidative damage and maintain mitochondrial function
in the heart following isoprenaline-induced myocardial infarc-
tion (13—15). Therefore, altered GPC and betaine in CORT
cardiac tissue could lead to an inability of the heart to adapt to
oxidative stress at birth, leading to metabolic failure of the
heart later in life. In addition, betaine is an important methyl-
group donor, capable of forming methionine, which was found
to be significantly downregulated in CORT fetal serum sam-
ples across all time points (Table 3). Dimethylamine, another
breakdown product of choline, was diminished in cardiac
tissue from CORT newborns, adding to the evidence of in-
creased choline and betaine metabolism in tissue from CORT
fetuses. While betaine was significantly diminished in CORT
ewe serum at 0—2 to 3—6 days leading to labor (Table 4), no
significant alterations were observed in fetal serum at these
time points (Table 3), suggesting that alterations in glycero-
phospholipid metabolism occur in the fetal-placental unit and
are not from maternal metabolic alterations. Figure 4 shows a
summary of proposed glycerophospholipid metabolic altera-
tions occurring in the CORT newborn cardiac tissue (Fig. 4A)
and CORT fetal serum (Fig. 4B).

In addition to GPC, one CL species [CL (16:0/18:1/18:1/18:
1)] was diminished in CORT newborn cardiac tissue. CLs are
localized in the mitochondrial inner membrane and act not only
as structural proteins but also play an important role in energy
metabolism in the heart (18, 38). CLs in both humans and rats
have been linked to the development of heart failure, showing
its importance in maintaining normal cardiac function (7, 30,
47). This may be due to the role of CLs in maintaining
mitochondrial function by supporting electron transport chain
function. Ongoing transcriptomic analysis of LV tissue from
these animals revealed that three genes (CDS2, LPCAT3, and
MBOATI) involved in cytidine diphosphate-diacylglycerol
biosynthesis, a molecule important in biosynthesis of cardioli-
pin, were significantly downregulated (P < 0.05) in CORT
cardiac tissue compared with control tissue. These results add
to evidence of decreased synthesis of cardiolipin in newborn
cardiac tissue due to chronic maternal cortisol exposure in late
gestation (data not published). In addition, previous transcrip-
tomic modeling of the effect of this cortisol treatment on the
term fetal heart in our laboratory revealed that 20% of the
differentially regulated genes encoded for mitochondrial pro-
teins and that mitochondrial number was reduced (42). Our
laboratory has also found that subunit 4 of cytochrome c¢
mRNA and protein was reduced in the septum of CORT
animals relative to controls (data not published). Therefore,

Dimethylamine

diminished levels of CLs in the cardiac tissue may lead to these
changes in mitochondrial structure and/or function. However,
our metabolomic techniques were not able to determine the
presence of these lipids in fetal or maternal serum before
delivery, and future studies are needed to determine if these
lipid alterations in cardiac tissue are also present in the fetus
before delivery.

Perspectives. Birth is a metabolically challenging event as
the heart undergoes the transition from a low-oxygen to a
high-oxygen environment and from preferential utilization of
lactate and glucose to fatty acids for energy (2, 32, 33). Our
laboratory has previously shown that chronic maternal cortisol
elevations in late gestation lead to transcriptomic alterations in
cardiac metabolism in the term fetal heart (42). In the cohort of
animals studied in this article, we also found evidence of
impaired cardiac function, including bradycardia at birth, and
increased incidence of arrhythmias, including atrioventricular
block and ectopic beats. The results presented here suggest that
the amino acid and TCA cycle metabolism as well as lipid and
glycerophospholipid metabolism are altered in the newborn
cardiac tissue after excess maternal cortisol in late gestation.
In addition, we observed alterations in amino acid and TCA
cycle metabolites in fetal serum, but not in maternal serum,
during late gestation, suggesting that placental metabolism
and/or transport is altered as a consequence of excess
maternal cortisol before birth. Future targeted studies, in-
cluding flux with stable isotopes, would better determine
altered metabolism in the newborn cardiac tissue due to
chronic maternal cortisol exposure during late gestation.
Our results suggest that excess maternal cortisol alters the
normal cardiac metabolic maturation that occurs; this per-
turbation may contribute to the peripartum cardiac arrhyth-
mias and stillbirth observed previously in our laboratory (1,
42). Therefore, metabolic alterations in the mother, either
from high stress or disease, may lead to metabolic changes
in the fetal heart before birth. These metabolic alterations
may predispose the heart to abnormal metabolic adaptations
during the stress of labor and delivery, leading to metabolic
changes in the newborn heart and ultimately later life
cardiomyopathies. A better understanding of how metabolic
alterations in the mother affect the fetal and newborn car-
diac tissue will lead to better treatments for neonates with
cardiac failure following birth.
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