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Glucocorticoid resistance (GR) is associated with exposure to chronic stress and an increased risk of metabolic and
inflammatory disorders in both animal and human populations. Studies on ethnic disparities highlight the
African-American (AA) population as having a high propensity to both GR and chronic stress exposure. Gluco-
corticoids and inflammation play a very important role in pregnancy outcome and fetal development. To date,

Pregnanc

Streg; y however, the metabolites and metabolic pathways associated with GR during pregnancy have not been identified,
Metabolites obscuring the mechanisms by which adverse health consequences arise, and thus impeding targeted therapeutic
Inflammation intervention. The objective of this study was to perform untargeted high-resolution metabolomics (HRM) profiling

on 273 pregnant AA women, to identify metabolites and metabolic pathways associated with GR during the first
trimester of pregnancy and to evaluate their cross-sectional association with birth outcomes and psychosocial
variables related to chronic stress exposure. For this study, GR was determined by the concentration of dexa-
methasone required for 50% inhibition (Dex IC50) of the cytokine tumor-necrosis factor alpha (TNF-alpha)
release in vitro in response to a standard dose of lipopolysaccharide. The results for Metabolome-Wide Association
Studies (MWAS) and pathway enrichment analysis for serum metabolic associations with Dex IC50, showed
energy (nicotinamide and TCA cycle), amino acid, and glycosphingolipid metabolism as top altered pathways.
Bioinformatic analysis showed that GR, as indicated by elevated Dex IC50 in the pregnant women, was associated
with increased inflammatory metabolites, oxidative stress related metabolites, increased demand for functional
amino acids to support growth and development, and disruption in energy-related metabolites. If confirmed in
future studies, targeting these physiologically significant metabolites and metabolic pathways may lead to future
assessment and intervention strategies to prevent inflammatory and metabolic complications observed in preg-
nant populations.

1. Introduction ICs) of pro-inflammatory cytokines such as tumor necrosis factor alpha

(TNF-a), in the presence of the inflammatory agent bacterial lipopoly-

Glucocorticoids (GC) are steroid hormones under the influence of the
hypothalamic-pituitary-adrenal (HPA) axis. GC mediate their actions by
binding to glucocorticoid receptors, becoming a ligand dependent tran-
scription factor that regulates key physiological events through target
gene modulation in inflammation, glucose and fat metabolism, and
cellular differentiation [1]. An important clinical pathological outcome
observed is glucocorticoid resistance (GR). GR is identified in vitro by an
increase in the dose of dexamethasone required to inhibit 50% (i.e., the
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saccharide (LPS) [2-4]. Mechanisms for the manifestation of GR are still
under investigation, however physiological stimuli such as chronic stress
can activate the HPA axis thereby regulating plasma GC levels and GC
action [5,6]. Genetic and epigenetic studies have shown that early
exposure to altered glucocorticoid response (as early as beginning in
utero) programs changes in neuroendocrine and immune mechanisms [7,
8]. These altered glucocorticoid responses may further lead to increased
vulnerability to adverse health outcomes later in life such as asthma [7];
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insulin resistance [9]; inflammatory disease [10], metabolic syndrome
[11], and potentially, adverse pregnancy outcomes [12,13]. Hence un-
derstanding what metabolites and metabolic pathways are associated
with GR becomes necessary, in order ultimately to delineate mechanisms
that lead to GR and identify therapeutic targets to prevent GR and its
consequences.

Recent advances in metabolomics offer an opportunity to take this
next step. Metabolomics includes multiple technologies that allow the
identification of specific metabolites and complex metabolic pathways
associated with health outcomes of interest [14,15]. A recent state-of
the-science White Paper, emphasizes that an individual’s metabolic
state, that is, the metabolites and metabolic pathways present, reflects
the existing complex interactions between genome, proteome, diet,
environmental exposures, and the gut microbiome [16]. These metabo-
lites and pathways provide a real-time phenotype that can be screened to
identify metabolic trends associated with adverse outcomes, potentially
leading to early and targeted assessment and intervention strategies that
influence those metabolites and pathways [15]. Metabolomics has been
applied previously to identify biomarkers that associate with adverse
pregnancy outcomes, including preterm birth, gestational diabetes mel-
litus, preeclampsia and small for gestational age (SGA) [17-20], but has
not been utilized to identify pathways related to GR or other measures of
chronic stress exposure in pregnant women.

Importantly, ethnic disparities have been observed in glucocorticoid
induced insulin resistance, wherein African Americans were more insulin
resistant than Caucasian Americans under both placebo and dexameth-
asone treatments [9]. Compared to Caucasians, the National Academy of
Medicine [21] and others (Kramer et al., 2011a; Mutambudzi et al., 2017;
Parker and Douglas, 2010), have also identified stress as a key contrib-
utor to the health disparity in pregnancy outcomes experienced by AA
women. Based on these ethnic disparities, and the future risk for
GR-induced symptoms of metabolic syndrome in AA women, the present
study was focused on utilizing metabolomics to identify metabolites and
metabolic pathways associated with graded Dex IC50 response within the
first trimester in AA women and to evaluate cross-sectional associations
in light of personal factors such as age, body mass index (BMI), parity,
and insurance status, and psychosocial measures of stress including
adverse childhood experiences and exposure to discrimination. The po-
tential to expose metabolites and metabolic pathways associated with GR
and other measures of stress exposure during the first trimester of
pregnancy, and to investigate their associations with pregnancy out-
comes, will ultimately increase our ability to develop, deliver, and
evaluate targeted clinical interventions that will improve maternal and
fetal/infant health outcomes.

2. Materials and methods

Study population. Participants were drawn from women enrolled in
the Emory University African American Vaginal, Oral, and Gut Micro-
biome in Pregnancy Cohort [22], for which pregnant US-born women
who self-identify as African American (AA) are recruited from two hos-
pitals in Atlanta, GA: a private hospital affiliated with Emory University
that provides services for a socioeconomically and educationally diverse
population and a county-supported hospital that provides services to the
low-income and underserved. Both are staffed by Emory Obstetrics and
Gynecology faculty. AA women presenting to the hospital-affiliated
clinics for prenatal care between 8-14 weeks gestation, as determined
by standard criteria based upon last menstrual period and/or first
trimester ultrasound, were offered enrollment if they met the following
inclusion criteria: 1) US-born black by self-report; 2) between 8-14 weeks
gestation with a singleton pregnancy (verified by clinical record); 3) able
to comprehend written and spoken English; 4) between 18-40 years of
age; and 5) experiencing no chronic medical condition or taking pre-
scribed chronic medications aside from prenatal vitamins (verified by
clinical record). Women selected for inclusion in this study (N = 273) are
a subsample of those enrolled into the Emory University African
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American Vaginal, Oral, and Gut Microbiome in Pregnancy Cohort be-
tween June, 2014, and January, 2017, for whom sufficient venous blood
sample was available for determination of GR and metabolomics assays.
The present study was approved by the Emory University Institutional
Review Board; all participants provided written informed consent prior
to enrollment and participation.

Sample collection and clinical data. At the 8-14 week enrollment
encounter, participants completed questionnaires and provided biolog-
ical samples as described in detail previously [22]. Briefly, women were
informed of the study during their first prenatal visit by the prenatal
clinic receptionist and those interested in learning more, then met with
the study coordinator. After hearing details of the study and initial in-
clusion criteria, women who continued to express interest in partici-
pating provided informed consent after which they were accompanied to
the clinical laboratory where a venous blood sample, in addition to that
required for their initial prenatal visit, was collected for later analysis of
in vitro WBC Dex IC50, an indicator of GR [3,23,24] and; (5)
high-resolution serum metabolomics. After completing all biological
sample collections, women returned to the waiting room where they next
completed demographic and health questionnaires providing informa-
tion on: (1) Maternal race, based on self-report; (2) Maternal age, parity,
prenatal health insurance status (Medicaid, private) at the time of
enrollment; (3) Psychosocial measures relevant to the analyses of this
study including participants’ exposure to chronic stress and racial
discrimination; (4) Fetal age at the time of the 1st trimester prenatal
exam as determined by fetal ultrasound and/or last menstrual period; (5)
Infant gestational age at delivery or the occurrence of a spontaneous
abortion (e.g., miscarriage), defined as the loss of a fetus before the 20th
week of pregnancy, and ascertained after delivery from the prenatal re-
cord by medical chart abstraction using a standardized chart abstraction
tool; and (6) Body Mass Index (BMI) calculated from patients’ measured
height at the first prenatal visit and patient-report of pre-pregnancy
weight at the first visit.

In Vitro Dexamethasone Resistance Assay. Blood collected at the
first prenatal visit (weeks 8-14 of gestation) was processed and analyzed
to evaluate GR as described previously [25]. Briefly, whole blood was
diluted 10:1 with sterile phosphate buffered saline, and 450 pL of this
mixture was incubated in duplicate with LPS (from Escherichia Coli
Serotype 055:B5, Millipore-Sigma; final concentration 30 ng/ml) for 24 h
in the absence or presence of serial dilutions of dexamethasone (Milli-
pore-Sigma, 10" to 10 M) in 24-well cell culture plates at 37 °C in 5%
CO». Culture well contents were centrifuged at 1000 X g for 10 min, and
supernatants aliquoted and stored at —80 °C until assayed by ELISA (BD
Biosciences) for TNF-a, a frequently used indicator cytokine, including in
50% of the GR-related studies identified in a recent meta-analysis [4].
The DEX concentration required to suppress 50% of the LPS-induced
cytokine response was determined from supernatant concentrations of
TNF-o using dose-response curves fitted by Prism (GraphPad Software, La
Jolla, CA).

High-Resolution Metabolomics. High-resolution metabolomics
(HRM) was completed using established methods [26,27]. A total of 50
uL of serum sample was treated with 100 pL of ice-cold LC-MS grade
acetonitrile (Sigma Aldrich) containing 2.5 pL of internal standard so-
lution with eight stable isotopic chemicals selected to cover a range of
chemical properties. Following addition of acetonitrile, serum was
equilibrated for 30 min on ice, and the precipitated proteins were
removed by centrifugation (16.1 x g at 4 °C for 10 min). Resulting su-
pernatant was maintained at 4 °C until analysis. Serum samples were
analyzed in batches of 20; each batch included duplicate analysis of
pooled human plasma (QStd) for quality control purposes.

Samples were analyzed in triplicate with 10 pL injections using hy-
drophilic interaction liquid chromatography (HILIC) column in positive
electrospray ionization (ESI) mode (Thermo Scientific Dionex Ultimate
3000RSLCnano, Thermo Scientific Orbitrap Fusion Tribrid Mass Spec-
trometer). The high-resolution mass spectrometer was operated in full
scan mode at 120,000 resolution and mass-to-charge ratio (n/z) range
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85-1275. Raw data files were extracted and aligned using apLCMS [28]
with modifications by xMSanalyzer [29]. Uniquely detected ions con-
sisted of accurate mass m/z, retention time and ion abundance, referred
to as m/z features. Prior to data analysis, m/z features were batch cor-
rected using ComBat [30].

Metabolite Annotation. Metabolic features were annotated using
with xMSannotator using HMDB database, wherein the confidence scores
for annotation are derived from a multistage clustering algorithm [31].
Further identification of the selected metabolites by criteria of Schy-
manski [32] in combination with xMSannotator [31], included metab-
olite identification through matching to both m/z and retention time of a
previously characterized authenticated chemical standard (level 1); an-
notated compounds matching m/z from databases wherein M+H is pre-
sent and isotopes co-elute (level 2); annotated compounds matching m/z
from databases wherein M-+H is present and pathway metabolites pre-
sent (level 3); m/z match from database within 5ppm tolerance with
unique identifier (level 4). Database used for annotation include HMDB
(Human Metabolome Database, http://www.hmdb.ca/) [33] and KEGG
(Kyoto Encyclopedia of Genes and Genomes, http://www.genome.jp/ke
gg/) [34]. Additional manual search was done using METLIN (http://
metlin.scripps.edu/index.php) at 5 ppm tolerance [35].

Bioinformatics analysis. A total of 16,481 m/z features were
detected, which were further filtered to retain only features with non-
zero values in >80% in all individuals and >50% in all technical repli-
cates. The remaining 8830 m/z features were log2 transformed, quantile
normalized and used for further regression based statistical analysis. A
linear regression model adjusted for demographic covariates such as age,
BMI and parity, was used to select metabolic features associated with
increasing GR (Dex IC50) in a metabolome-wide-association study
(MWAS). Threshold at P < 0.05 without adjustment for multiple com-
parisons and for q < 0.05 after correction for false discovery rate (FDR)
was applied. FDR correction protects against type 1 error but not type 2
statistical error. Significant features (raw P < 0.05) were further studied
by pathway enrichment analyses using mummichog 1.0.9 [36]. This
approach protects against type 2 statistical error and protects against type
1 statistical error by permutation testing in pathway enrichment analysis
by including all features at P < 0.05 [37]. Hierarchical cluster analysis
(HCA) and partial least square discriminant analysis (PLS-DA) were used
for comparison of the 1094 significant features obtained from lmreg
model and plotted for quintile 1 (n = 55, Dex IC50 < 5348 pM) and
quintile 5 (n = 55, Dex IC50 > 12898 pM) (raw P < 0.05) using
Metaboanalyst [38]. Boxplots were plotted in R v.3.2.3.

Statistical Analyses. Descriptive analyses were conducted for the
study population with median (range) and percentages (n) computed for
demographic variables including age, BMI, parity and insurance status,
each previously shown to impact pregnancy outcomes [39-43].
Spearman correlation was used to test for associations between Dex IC50
and demographic data, while crude odds ratio (OR) and adjusted OR
were calculated using logistic regression modeling for pregnancy out-
comes and psychosocial variables. Dex IC50 was used as a continuous
variable in the linear regression analyses.

3. Results
3.1. Demographics and clinical parameters

A total of 273 AA women at 8-14 weeks of gestation met criteria for
inclusion in this study. Demographic and clinical characteristics for all
273 AA pregnant women, including serum Dex IC50 levels, maternal
age in the first trimester, body mass index, parity, insurance status and
education are summarized in Table 1. The concentration of dexa-
methasone required to suppress 50% of the LPS-induced TNF-a
response (Dex IC50), a measure for GR, is depicted as a bar plot for each
of the participating subjects (Fig. 1) and the range of values are pre-
sented as quintiles in Table 1. The range of Dex IC50 values for the
study population was 125-fold and the median (range) was 9524 pM
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Table 1
Demographic and clinical characteristics of the study population. (Pregnant AA
women, n = 273, *P < 0.05).

Characteristics Results Quintile 1 Quintile 5
Number of subjects 273 55 55
DexICso (pM)* 9524 3593 16504 *
(246-30,888) (246-5348) (12898-30888)

Age, y* 24 (18-35) 24 (19-35) 23 (18-35)

<20y" 34 (12.5%) 5 8

20-29 yh 190 (69.6%) 31 37

>30 y° 49 (17.9%) 14 8
BMI (kg/m?)? 26.1 26.6 24.6 (16.5-45.6)

(16.5-56.5) (18.4-56.5)

Parity”

0 133 (48.7%) 22 28

1 79 (28.9%) 20 14

2 39 (14.3%) 9 6

3 18 (6.6%) 3 6

4 4 (1.5%) 1 1
Insurance Status”

Government 211 (77.3%) 44 42

Insurance

Private Insurance 62 (22.7%) 11 13

? median (range).
® n (%).

TNF-a GC resistance
35

25 A
20 -

ICso, *10* (PM)

Individual subjects

Fig. 1. Glucocorticoid resistance in pregnant African-American women.
Dex IC50 in pM concentration required to suppress 50% of the LPS-induced
cytokine response is plotted for each of the 273 pregnant African-American
women. Each bar represents an individual, with the lowest Dex IC50 value
recorded at 246 pM and highest at 30,888 pM. Details on the Dex IC50 values
for each individual along with age, BMI and parity are provided in Supple-
mental Table 1.

(246 - 30,888 pM). The median Dex IC50 for Quintile Q1, was 3593 pM
and highest quintile, Q5 was 16,504 pM. Demographic survey results
show that the median age for the study sample was 24 years; 17.9% of
the subjects were greater than 30 years of age, and the majority were in
the age range of 20-29 years (69.6%). The median BMI was 26.1 kg/m?>
and ranged from 16.5 to 56.5 kg/m?%; with 54.6% of the study popula-
tion overweight. The study sample comprised of 48.7% subjects
without previous birth history. A total of 77.3% of the study population
had medical insurance from the government and 22.7% had private
medical insurance. The majority of subjects either graduated high
school (35.9%) or attended some college/technical school (86%). None
of the demographic variables reported were correlated with serum Dex
IC50 values.
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3.2. Metabolome wide association study of glucocorticoid resistance

In order to investigate the global serum metabolic alterations asso-
ciated with GR, we performed a metabolome wide association study of
untargeted serum metabolic features identified by HRM. Using a linear
regression model with Dex IC50 values as a continuous variable, a total of
75 out of 8830 were found as discriminatory features at a false discovery
rate (FDR) of 0.25 and 1092 m/z features at a raw P value < 0.05. This
selection was adjusted for demographic covariates such as age, BMI and
parity. The Dex IC50 values, age, BMI and parity for each individual
subject is provided in Supplemental Table 1. The type 1 Manhattan plot
(-log10 P versus m/z) shows that these discriminatory features comprise a
broad range of m/z (Fig. 2A), wherein red represents features that are
positively and blue represents features negatively associated with Dex
IC50. The top dotted horizontal line marks FDR 0.25 threshold and the
bottom dotted line represents raw P value < 0.05 threshold (Fig. 2). Two
thirds of all the 1092 discriminatory features were negatively associated
with Dex IC50. Also 73% of features with an m/z less than 400 were
positively associated with Dex IC50, while 84% of features greater than
m/z 400 were negatively associated. The type 2 Manhattan plot (-logio P
versus chromatographic retention time) showed that 62% of the
discriminatory features elute within 60 s (Fig. 2B). 78% of these early
eluting features were negatively associated with Dex IC50, while the later
eluting features comprised mostly of positively associated metabolic
features, consistent with an amino acid elution pattern. The mass to
charge, retention time and P-value for the 1092 discriminatory metab-
olites is provided in Supplemental Table 2.

Hierarchal cluster analysis plot (HCA) of the 1092 features showed
that a total of 392 m/z features increased while 700 m/z features
decreased with an increase in Dex IC50 value as graphically represented
by the highest Dex IC50 quintile (Q5, Dex IC50 mean + SEM; 17,685 +
590.1 pM, n = 55) compared to the lowest quintile (Q1, Dex IC50 mean
+ SEM; 3552 + 169.5 pM, n = 55) (Fig. 3A). These 1092 discriminatory
metabolites selected by linear regression for all 273 AA women were
further assessed by PLS-DA to identify the top discriminatory features
that separated individuals in the highest Dex IC50 quintile, Q5, from the
lowest quintile, Q1. In the 3-dimensional PCA score plot (Fig. 3B),
principal component 1 accounted for 19.2% of the variance and principal
component 2 accounted for 11.2%. The top 50 metabolites (VIP>1.5)
responsible for the separation of Q1 and Q5 along principal component 1
are presented in Fig. 3C. These metabolites were annotated using
xMSannotator with KEGG, Metlin and HMDB databases. These metabo-
lites were comprised of increases in inflammatory markers such as gly-
cosphingolipids  —sphingomyelin, ceramides, ganglioside; and
glycerophospholipids - PE  (phosphotidyethanolamine), PG
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(phosphotidylglycerol), glycerophosphocholine and diglycerides (DG).
The list also extended to other inflammatory markers such as oxidized
LTE4 imidazole acetol phosphate and cholesterol ester (CE); oxidative
stress related metabolite hypoxanthine and pentose phosphate pathway
metabolite ribose phosphate, all of which increased with increases in Dex
IC50 value.

3.3. Metabolic pathways and key metabolites associated with
glucocorticoid resistance

To investigate how these 1092 discriminatory m/z features obtained
by the linear regression model were enriched in metabolic pathways,
pathway enrichment analysis was performed using Mummichog [36].
Results showed the top 4 discriminatory pathways that were significantly
altered by glucocorticoid resistance (P < 0.05). These included nicotin-
amide metabolism (P = 0.004); amino acid metabolism (P = 0.005); TCA
cycle (P = 0.01) and glycosphingolipid metabolism (P = 0.04) (Fig. 4).
Pentose phosphate pathway (P = 0.07) was not significant at the P-value
cutoff.

We further examined the key metabolites that were involved in the
top discriminatory pathways associated with glucocorticoid resistance.
The results are graphically depicted by raw intensity of each metabolite
as a boxplot with10-90th percentile bars, at the lowest quintile (Q1) and
highest quintile (Q5) for Dex IC50 (Fig. 5). The median and mean are
represented as a solid long and short horizontal line respectively within
each box. A number of key amino acids included in nicotinamide and
amino acid metabolism increased with increase in Dex IC50 and
comprised of metabolites such as glutamine (P = 0.0295), aspartate (P =
0.0385) and arginine (P = 0.0335) (Fig. 5A-C). Glycosphingolipids are
an integral part of the cell membrane and play an important role in cell
adhesion and as signaling molecules. In the glycosphingolipid meta-
bolism, sphingomyelin hydrolysis is a major pathway for stress-induced
ceramide generation [44]. Our results show that sphingomyelin (P =
0.0109) and multiple ceramide species including lactosylceramide (P =
0.0023) increased with increase in Dex IC50 values in the cohort, sup-
porting the evidence for increased inflammation with increased Dex IC50
(Fig. 5D-E). Leukotrienes are eicosanoid lipid mediators of inflammation
and the results show that leukotriene (P = 0.0090) also increased with
increasing Dex IC50 (Fig. 5F). Energy metabolites such as oxalosuccinate
(P =0.0391) and phosphoenolpyruvate (P = 0.0475) also increased with
increased Dex IC50, suggesting disruption in energy metabolism
(Fig. 5G-H). Details on the identification of metabolites significantly
associated with glucocorticoid resistance in the 273 pregnant AA women
are provided in Supplemental Table 3.

Fig. 2. Metabolome wide association
study of chronic stress. (A) Type 1 Man-

@ Decreased hattan plot shows the negative log P (-log P)

for each metabolite (m/z features) as a
° function of the mass to charge ratio (m/z).
(B) Type 2 Manhattan plot shows the -log P
for each metabolite as a function of retention
time in seconds. Positively associated m/z
features are represented as red dots and
negative associations are represented as blue
dots. The top dashed horizontal line repre-
sents an FDR cutoff of 25% using Benjamini-
Hochberg correction and the lower dashed
horizontal line represents a cutoff at raw P <
0.05. Details on the discriminatory metabo-

FDR=0.25

P=0.05

A. B
,_® Increased @ Decreased ,_® Increased
6 1 ° ® 6 - ®
54
a
24
g’ 3 d
FDR=0.25 '
24
P=0.05
0
1000 1200 0

lites are provided in Supplemental Table 2.
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 3. Hierarchal cluster analysis and partial least square discriminant analysis dependent separation of Dex IC50 quintiles. (A) Supervised hierarchal
clustering of the 1092 discriminatory metabolites from linear regression model is displayed for the lowest (Q1) and highest (Q5) Dex IC50 quintiles. A total of 392
metabolites increased and 700 metabolites decreased with increasing Dex IC50 values (Q1, Dex IC50 mean + SEM; 3552 + 169.5 pM, n = 55 and Q5, Dex IC50 mean
+ SEM; 17,685 + 590.1 pM, n = 55). Blue: metabolites that decreased and Red: metabolites that increased with increase in Dex IC50 values. (B) PLS-DA score plot for
high-resolution metabolomics data resulting in separation of lowest (Q1) and highest (Q5), Dex IC50 quintiles along principal component 1 (PC1-19.2%), along
principal component 2 (PC1-11.2%) and along principal component 3 (PC1-3.1%) is shown. (C) The top 50 discriminatory metabolic features contributing to the
separation listed from top to bottom is shown with their VIP scores (variable importance in projection scores) and changes in intensity at Q1 and Q5 (VIP>1.5). The
metabolite associated with the m/z features is putatively annotated as determined by KEGG, HMDB and Metlin ID within 5ppm tolerance. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Enriched Pathways 0 0.5 1 1.5 2 2.5

1.Nicotinamide metabolism--—--—
2.Urea cycle/ amino group------- i
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Fig. 4. Metabolic pathways associated with glucocorticoid resistance. The
1092 discriminatory metabolites from the regression model were used as
Mummichog input for pathway enrichment analysis. Only pathways >4 over-
lapping metabolites are shown. The 4 metabolic pathways significantly affected
by chronic stress (Dex IC50 measure) are shown by —log P and the number of
matched features in each pathway are indicated in overlap/total size. The ver-
tical line represents cut off at P < 0.05. The most significantly altered pathways
were nicotinamide metabolism, amino acid metabolism, TCA cycle and glyco-
sphingolipid metabolism (P < 0.05).

3.4. Evaluation of pregnancy outcomes associated with glucocorticoid
resistance

In order to determine the association of increased GR with adverse
pregnancy outcomes including preterm birth and spontaneous abortion,
odds ratio with and without adjustment for confounding factors was
calculated (Supplemental Fig. 1). Results for adverse pregnancy

outcomes showed that women with increased concentrations of Dex IC50
did not have increased odds of gestational age for birth <37 wk (OR =
1.88, 5%CI: 0.74, 95%CI: 4.78; P = 0.18), early term spontaneous birth
(OR = 1.13, 5%CI: 0.45, 95%CIL: 2.86; P = 0.80), preterm spontaneous
birth (OR = 2.03, 5%CI: 0.6, 95%CI: 6.95; P = 0.26) or spontaneous
abortion (OR = 2.26, 5%CI: 0.38, 95% CI: 13.51; P = 0.37). The results
did not reach statistical significance even after adjustment for age, BMI
and parity.

3.5. Evaluation of psychosocial variables with glucocorticoid resistance

Glucocorticoid resistance has been reported in populations exposed
to chronic stress including, among others, women suffering from post-
traumatic stress syndrome [45]. African American women in particular
are more often exposed to chronic stress including perceived racism
[46], neighborhood violence [47,48], and poverty [49] compared to
Caucasian women and are also at a notably higher risk for nearly all
types of adverse maternal, fetal, and infant outcomes [21,50,51]. In
order to evaluate the strength of the association between GR and psy-
chosocial factors in the current study population, odds ratio with and
without adjustment for confounding factors was calculated (Supple-
mental Fig. 2). Results showed that there was no association between
increased concentrations of Dex IC50 and psychosocial events such as
adverse childhood experiences (ACE; OR = 0.73, 5%CI: 0.16, 95%CI:
3.46; P = 0.70), sexual life experience inventory (SLEL; OR = 1.05, 5%
CI: 0.36, 95%CI: 3.06; P = 0.93), Krieger experiences of discrimination
(KEOD; OR = 0.2, 5%CI: 0.03, 95%CI: 1.19; P = 0.08) and everyday
discrimination scale (EDS; OR = 0.71, 5%CI: 0.26, 95% CI: 1.95; P =
0.51). The results did not reach statistical significance even after
adjustment for age, BMI and parity. The results indicate that GR is not
associated with psychosocial stress factors in this study cohort. The data
thus suggest that GR could be attributed to a number of factors that may
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not be limited to standard chronic stress measures observed in ethnic
communities, but could be an outcome of stressors such as environ-
mental exposures [52], lifestyle choices [53] or genetic polymorphisms
in glucocorticoid receptors [54].

4. Discussion

In this report, we describe the association between GR as reflected by
increasing Dex IC50 during early pregnancy, and altered metabolic
pathways in AA women, through serum metabolic phenotyping with
high-resolution metabolomics. Glucocorticoids activate multiple
biochemical processes that not only alter cell physiology at a systemic
level for the mother and the fetus, but also facilitate long term adaption
to post-uterine life [55]. Our findings, that GR in pregnant AA women,
was associated with inflammatory metabolites, oxidative stress, disrup-
tion in energy metabolism and increased demand for functional amino
acids essential for growth and development but not with preterm birth or
other birth outcomes, may indicate that exposure to chronic stress has
implications for fetal and child development rather than birth outcomes.
Future study is essential.

Glutamine, aspartate and arginine are considered functional amino
acids that alter metabolic processes that improve growth and develop-
ment [56]. Previous amino acid profiling studies in pregnant women
(>25 weeks gestational age) have shown that glutamine, aspartate and
arginine are increased in plasma of women with gestational diabetes
after adjusting for covariates such as gestational age and BMI [57]. Our
results showed increases in these same three functional amino acids in
association with increased Dex ICso. While indicating a relationship,
given the cross-sectional nature of the study, directional effects of these
associations cannot be determined. Moreover, although future studies to
determine whether an increase in these amino acids is associated with
disorders such as the development of gestational diabetes in subjects with
GR are required, serum quantitation of amino acids along with routine
laboratory tests, may someday play a role in pregnancy health moni-
toring to prevent future adverse metabolic outcomes in mother and the
fetus.

Normally, circulating cortisol binds to glucocorticoid receptors in the
WBC cytoplasm; once bound, the hormone-receptor complex translocates
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to the nucleus and inhibits further production of NF-kB and other tran-
scription factors that regulate pro-inflammatory cytokine gene expres-
sion, limiting further production of pro-inflammatory cytokines [58]. In
response to chronic stress, however, GR may develop, suppressing this
feedback loop [12,45,59] and establishing a chronic inflammatory
milieu. In both animal [60] and human [61,62] studies, biomarkers
associated with oxidative stress and inflammation have been linked to
adverse birth outcomes and inadequate energy availability early in
pregnancy, disrupting fertility and fetal development [63,64]. Chronic
inflammation is also associated with adverse health outcomes across the
lifespan in non-pregnant populations [65-67], when present during
pregnancy, it increases the risk of gestational diabetes and hypertension
[68-70], and under some circumstance, maternal depressive symptoms
[71] and autism spectrum disorder [72]. Sphingolipids have been
implicated as mediators of cell-stress responses as they play an important
role in intracellular signal transduction. Sphingomyelins and ceramides
are mainly associated with low-density lipoproteins (LDL), thus alluding
to their potential atherogenic properties [73]. Increased sphingomyelin
and ceramides are associated with cardiovascular diseases [74], insulin
resistance [75], type 2 diabetes and obesity [75]. They are also potent
activators of the inflammatory cascade [76]. Our results showed that
increased Dex IC50 was associated with increased serum sphingomyelin,
leukotriene and multiple ceramide species, which indicate that GR within
the first trimester is linked to increased inflammation in AA women.
These findings may predispose the mother and/or the fetus to adverse
outcomes, including maternal metabolic syndrome and insulin resis-
tance, aa well as altered fetal development and/or future health risks for
offspring [77,78]. Future studies that include assessment of offspring
health outcomes are required to better understand the role of GR and
early inflammatory metabolic alteration on long term offspring health
and development.

Although mechanisms by which systemic and local inflammation
associate with adverse health outcomes remain under investigation,
inflammation increases oxidative stress [79,80], which could alter en-
ergy production and mitochondrial function [81]. Further evidence
supports that glucocorticoid receptors (GRs) translocate into mitochon-
dria and modulate mitochondrial gene expression, thereby altering
mitochondrial function and impacting energy production [82]. The
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Fig. 6. Proposed schematic for first trimester glucocorticoid resistance induced metabolic alterations leading to long term effects on maternal and
offspring health in AA women. Glucocorticoid resistance observed in AA women within the first trimester could be an outcome of a combination of factors such as
environmental exposures, genetic polymorphisms, lifestyle choices or standard chronic stress variables like psychosocial parameters. Increasing maternal DexIC50, as
determined by in vitro testing within the first trimester is associated with disruption in amino acid metabolism, an increase in glutamine, aspartate and arginine,
functional amino acids required to cope with growth and development; enrichment in glycosphingolipid metabolism with an increase in sphingomyelin and ceramide
species that contribute to oxidative stress and inflammation; and disruption in mitochondrial TCA cycle with accumulation of energy metabolites. Thus glucocorticoid
resistance induced alterations in maternal endogenous metabolic pathways within the first trimester, could lead to inflammation, oxidative stress and energy deficits
that may influence the long term growth and development of the offspring, or to metabolic effects ultimately predisposing the mother and child to disease and

metabolic syndrome.

current study does indeed demonstrate that GR observed in pregnant AA
women impacts the TCA cycle and suggests energy availability may be
compromised with disruption in energy related precursor accumulation.

This study identified a wide range of Dex IC50 concentrations across
the AA cohort. The level of Dex IC50 in this population was not associ-
ated with age, BMI, parity, pregnancy outcomes, psychosocial factors or
standard indicators of SES variables including education or insurance
[See Table 1, Supplementary Figs. S1 and S2, and Fig. 6]. While GR has
been associated with chronic stress measures in other populations [3,23,
59,83], inter-comparison of GR in AA women and to other ethnicities
may highlight this association more significantly. Chronic stress across
the lifetime of AA women was identified nearly thirty years ago by
Geronimus [84] as “weathering”. Recent research by that team further
clarifies this concept with results suggesting that, contrary to expecta-
tion, greater SES in AA women is associated with increased reports of
both racial discrimination and symptoms of depression [85]. These re-
sults are consistent with our finding that Dex IC50 levels were not
associated with SES indicators of education or insurance status. Other
evidence also indicates that stressors experienced by AA women may not
be improved with rising social status or income. For instance, research
shows less improvement in infant birth weight in AA women with
increasing SES compared to white women [86]. The latter observation
suggests that this population may experience a biological vulnerability
that could underlie a number of adverse health outcomes — including
adverse pregnancy outcomes — disproportionately experienced by AA
women. In the current study, we add to this important body of literature,
by identifying several critical metabolites and metabolic pathways
differentially expressed with rising Dex IC50 in pregnant AA women

independent of typical SES indicators. Furthermore, our study shows that
intra-comparison within the AA population indicates an association of
GR as a function of Dex IC50, with chronic stress related perhaps to a
mileu of environmental exposures, lifestyle choices, genetic poly-
morphisms and psychosocial variables, rather than a single factor. These
findings also support the need for future studies to evaluate the contri-
bution of these experiences to adverse birth outcomes comparing AA
women to other ethnicities (Fig. 6).

As with most studies, this investigation has limitations. Although
results suggest that GR is not associated with adverse birth outcomes in
our study cohort, this may be related to small sample size in each group
and requires further experimental validation with a larger cohort. With
273 AA women, and although the data show strong correlation of GR
with inflammation, energy deficit and amino acid dysregulation, a larger
sample size is essential to determine if lack of association between GR
and standard chronic stress measures such as SES variables and psy-
chosocial parameters still holds true. The study is also limited by its cross-
sectional nature, which makes it impossible to know if the changes in
metabolites are a consequence or a cause of GR. Additional information
on GR changes across pregnancy and developmental parameters of the
child at birth are likewise essential. Another potential limitation is the
lack of a non-AA comparison group, which would further strengthen the
associations between GR and reported chronic stress variables. However,
a key tenant of health disparity research is that to understand the true
underpinnings of health disparity, one must first look within the disparity
group for group-defined risk and protective factors [87,88]. Our study
also lacks the measure of serum cortisol within the group, which could
further serve as a surrogate for in vitro Dex IC50 measures. However,
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based on metabolomics analysis, 18-hydroxycortisol and aldosterone
sulfate, both downstream metabolites of cortisol increased and were
significantly associated with Dex IC50, which further suggest that
cortisol-related metabolites are upregulated and associated strongly with
Dex IC50 measure in AA women within the first trimester (See Supple-
mentary Table S3). And finally, our study did not include an assessment
of offspring health outcomes, which could further inform the conse-
quences of early pregnancy GR, observed in AA women.

In conclusion, this study of AA pregnant women during their first
trimester utilized HRM to identify GR-associated dysregulation of
maternal metabolic pathways with the potential to influence maternal
health and/or offspring development. These pathways are linked to in-
creases in inflammatory metabolites, oxidative stress related metabolites,
increased demand for functional amino acids to cope with growth and
development, and disruption in energy related metabolism. Given the
high prevalence of adverse pregnancy outcomes among AA women of all
SES levels compared to white women, future studies are essential to
provide an additional foundation for interventions or monitoring stra-
tegies related to stress and coping that will eliminate this persistent
health disparity and improve the maternal and childhood health of all
members of our population.
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