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ABSTRACT

Adverse pregnancy outcomes disproportionately affect non-Hispanic (NH) Black patients in the
United States. Structural racism has been associated with increased psychosocial distress and
inflammation and may trigger oxidative stress. Thus, the nitric oxide (NO) pathway (involved in
the regulation of inflammation and oxidative stress) may partly explain the underlying disparities
in obstetric outcomes.

Cohort study of 154 pregnant patients with high-risk obstetric histories; n = 212 mRNAs and
n = 108 microRNAs (miRNAs) in the NO pathway were evaluated in circulating white blood cells.
NO pathway mRNA and miRNA transcript counts were compared by self-reported race; NH Black
patients were compared with women of other races/ethnicities. Finally, miRNA-mRNA expression
levels were correlated.

Twenty-two genes (q < 0.10) were differentially expressed in self-identified NH Black indivi-
duals. Superoxide dismutase 1 (SOD1), interleukin-8 (IL-8), dynein light chain LC8-type 1 (DYNLLT),
glutathione peroxidase 4 (GPX4), and glutathione peroxidase 1 (GPX7) were the five most differ-
entially expressed genes among NH Black patients compared to other patients. There were 63
significantly correlated miRNA-mRNA pairs (q < 0.10) demonstrating potential miRNA regulation
of associated target mRNA expression. Ten miRNAs that were identified as members of significant
miRNA-mRNA pairs were also differentially expressed among NH Black patients (g < 0.10).

These findings support an association between NO pathway and inflammation and infection-
related mRNA and miRNA expression in blood drawn during pregnancy and patient race/ethnicity.
These findings may reflect key differences in the biology of inflammatory gene dysregulation that
occurs in response to the stress of systemic racism and that underlies disparities in pregnancy

ARTICLE HISTORY
Received 23 March 2021
Revised 13 July 2021
Accepted 15 July 2021

KEYWORDS

Gene expression; microRNA;
nitric oxide pathway;
pregnancy complications;
health disparities

outcomes.

Introduction

In the United States, the rates of nearly all adverse
obstetric outcomes vary by patient race. Non-
Hispanic/Latinx (NH) Black individuals carry the
highest risks of several major pregnancy complica-
tions, including preterm birth and preeclampsia, at
rates up to twofold higher than patients who iden-
tify with other racial/ethnic groups [1-3]. Preterm
birth, defined as delivery <37 weeks’ gestation, is
the leading cause of morbidity and mortality
among non-anomalous neonates in the United
States and formerly preterm children who survive
carry a disproportionate share of lifelong compli-
cations compared with children born full term [4-
8]. NH Black patients are also more likely to

deliver at the earliest gestational ages, when the
risk of neonatal morbidity and mortality is highest
[9-12]. Similarly, pre-eclampsia is a serious preg-
nancy complication that is associated with an
increased risk of medically indicated preterm
birth, and can be accompanied by systemic dys-
function, seizures, and death of the patient and/or
neonate [13-15]. For the remainder of this manu-
script, we will use the term ‘NH Black’ patients to
encompass both race and ethnicity. Further, we
note that race as used here serves not as
a ‘biologic variable’ but as a social construct and
is an indicator of the lived experience of being
Black in the United States.
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Though the precise mechanisms remain elusive,
stress related to longstanding personal, structural,
and societal racism - rather than the social con-
struct of race itself — likely best explains the racial
disparities that are observed in pregnancy and
birth outcomes [16-19]. Regardless of an indivi-
dual’s personal experience with racism, structural
and systemic racism are terms that are often used
interchangeably and refer to a pervasive pattern in
society. In the United States, structural and sys-
temic racism have penetrated nearly all facets of
life, including housing, education, employment,
credit, healthcare, and criminal justice, and have
perpetuated discriminatory beliefs, values, and dis-
tribution of resources - whereby ‘whiteness’ is
associated with advantage and ‘colour’ is asso-
ciated with disadvantage and the need to endure
and adapt over time[20]. Structural racism differs
slightly from systemic racism in that it focuses
more on the historical, cultural, and social psycho-
logical aspects of society. Experiencing, being
exposed to, and living in a society — such as that
which is present in the United States — in which
there is both structural racism and systemic racism
is associated with poorer mental and physical
health [21]. The negative effects of structural and
systemic racism are not abrogated by age, sex,
birthplace, or education, suggesting effects on
entire populations [21].

The nitric oxide pathway has biologic plausibil-
ity in the pathophysiology of adverse obstetric
outcomes including preterm birth and preeclamp-
sia. Nitric oxide is a biologic messenger that is
ubiquitous throughout the body; it has roles as
a neurotransmitter, vasodilator, and bactericide
[22]. During pregnancy, endogenous and exogen-
ous progestogens stimulate nitric oxide synthesis
via transcriptional and non-transcriptional path-
ways in human endothelial cells [23-26]. Nitric
oxide also increases cyclic guanine monopho-
sphate, which relaxes both peripheral vessels (con-
tributing to the physiologic drop in blood pressure
that occurs in pregnancy) and in the myometrium
(helping to prevent the onset of uterine contrac-
tions and parturition). The nitric oxide pathway
also mediates inflammation, a key driver of spon-
taneous preterm birth; tissue-derived inducible
nitric oxide synthase is up-regulated in response
to infectious stimuli (e.g., lipopolysaccharide)[27].

Previous studies have found differences in nitric
oxide gene expression in the blood of individuals
destined to deliver preterm vs. full term [28,29],
differences in nitric oxide pathway CpG methyla-
tion and gene expression patterns in placentas
from patients with recurrent preterm birth vs.
term births[30], and differential nitric oxide path-
way microRNA (miRNA) expression among pla-
centas from patients with severe preeclampsia
compared to those without preeclampsia[31].
miRNAs are small, single-stranded, non-coding
RNA molecules that are known to play a critical
role in post-transcription control of gene expres-
sion. Specifically, miRNAs induce messenger RNA
(mRNA) degradation or repress translation by
binding to the 3X untranslated region of the target
mRNA[32]. Therefore, an increase in miRNA
expression commonly corresponds to
a subsequent decrease in target mRNA gene
expression, though in some cases miRNAs may
activate gene expression and be positively asso-
ciated with mRNA expression [32,33].

Structural and systemic racism have been asso-
ciated with heightened psychosocial distress and
elevated levels of inflammation and oxidative stress
in pregnant and non-pregnant individuals [34-36].
Thus, the nitric oxide pathway - intimately involved
in the regulation of inflammation and oxidative
stress — provides a plausible mechanism linking
patient race and adverse pregnancy outcomes.
However, it is unknown whether epigenetic differ-
ences in the nitric oxide and related pathways may
partly explain the underlying disparities in obstetric
outcomes. Thus, the hypothesis of this study was
that nitric oxide pathway gene expression during
mid-pregnancy differs among self-reported NH
Black patients compared to patients of other racial/
ethnic backgrounds. Further, we also hypothesized
that differentially expressed genes would be corre-
lated with miRNAs known to regulate their expres-
sion and that these miRNAs would also demonstrate
differences by patient race.

Materials and methods
Cohort description

This cross-sectional study was derived from the
prospective University of North Carolina Preterm



Birth Biobank (UNC Preterm Birth Biobank)
cohort study. The UNC Preterm Birth Biobank
enrolled 271 patients at high risk for spontaneous
preterm birth from outpatient obstetric clinics and
inpatient obstetric units at the University of North
Carolina-Chapel Hill (Chapel Hill, NC), 2015-
2017. Patients were considered ‘high-risk’ for
spontaneous preterm birth if they met at one or
more of the following criteria: (a) at least one
spontaneous preterm birth between 16°[7] and
36°[7] weeks™ gestation in a previous pregnancy;
(b) a short transvaginal cervical length (<25 mm
prior to 24°[7] weeks’ gestation) in the current
pregnancy; (c) a twin or triplet gestation; and/or
(d) admission to the high-risk antepartum service
due to either preterm pre-labour rupture of mem-
branes or threatened preterm labour (defined as
cervical change and/or cervical dilation in the set-
ting of at least 6 symptomatic uterine contractions
per hour). Patients carrying foetuses with major
structural anomalies or aneuploidy were ineligible.
Each patient’s pregnancy due date was determined
using a combination of the last menstrual period
(if available) and earliest ultrasound using stan-
dard American College of Obstetricians and
Gynaecologists criteria[37]. At enrolment, partici-
pants met with trained research staff and were
asked a set of standardized clinical interview ques-
tions to obtain demographic, medical, and prior
and current pregnancy history data, including an
open-ended question regarding what race they best
identified with, and whether they identified as
Hispanic/Latinx. Interview data was verified and
supplemented by information from the electronic
medical record. Antenatal characteristics, labour
and delivery course, delivery indication, and neo-
natal outcomes were also collected from the elec-
tronic medical record. All clinical management
decisions were made at the discretion of each
patient’s obstetric provider. Blood was collected
by standard venipuncture at enrolment into
a PaxGene RNA tube (Qiagen, Valencia, CA),
which was then frozen at —80°C until analysis.
Study data were collected and managed using
REDCap (Research Electronic Data Capture)
tools, a secure, web-based application designed to
support data capture for research studies, hosted at
UNC-Chapel Hill[38]. All participants provided
written, informed consent and this study was
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approved by the Institutional Review Board of
the UNC-Chapel Hill, Chapel Hill.

For the purposes of the current analysis, we
included 155 participants after excluding 115
patients with evidence of active preterm labour
(defined as at least 6 uterine contractions
per hour in the presence of cervical dilation) or
preterm prelabour rupture of membranes prior to
37 weeks’ gestation at the time of study enrolment
and one patient with missing race/ethnicity data.

mRNA and miRNA isolation and quantification

Total RNA was isolated from stored maternal blood
using the PaxGene Blood miRNA/RNA kit
(Qiagen, Valencia, CA) according to manufac-
turer’s instructions. The Zymo Clean and
Concentrate kit (Zymo Research, Irvine, CA) was
used, according to manufacturer’s instructions, to
clean and concentrate RNA. Standard 260:230 and
260:280 spectrophotometer analysis was used to
quantify RNA and assess RNA sample purity.
A custom 212-gene NanoString (NanoString
Technologies, Seattle, WA) mRNA panel (contain-
ing n = 202 candidate genes and n = 10 house-
keeping genes) was then used to evaluate RNA
transcript counts for each subject. Genes in the
nitric oxide pathway (per the Kyoto Encyclopaedia
of Genes and Genomes), those associated with
inflammation and infection (e.g., cytokines), and
those previously associated with spontaneous pre-
term birth were selected for inclusion on the panel
[39-45]. A custom 108-gene NanoString
(NanoString Technologies, Seattle, WA) miRNA
panel (containing n = 99 candidate miRNA and
n = 9 housekeeping miRNA) was similarly
designed. The miRSystem (ver. 20,160,513) data-
base was then used to predict miRNA-mRNA tar-
get pairs; this database integrates multiple miRNA
target gene prediction programs (DIANA,
miRanda, miRBridge, PicTar, PITA, rna22, and
TargetScan)[46]. We selected miRNAs for inclusion
that specifically target the genes included on the
custom mRNA panel in addition to individual
miRNAs previously associated with adverse preg-
nancy outcomes (NanoString Technologies, Seattle,
WA). When we considered transcripts included on
both the mRNA and miRNA panels, there were 162
known mRNA-miRNA pairings, 36 miRNAs not
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known to target any of the analysed mRNA, and 20
mRNAs not known to be a target of the included
miRNAs.

Filtering, normalization, and QA/QC of
nanostring mRNA transcripts

Universally low expressed transcripts were
excluded, as per our previous genome-wide
mRNA analyses, in order to remove transcripts
that may bias results [47-49]. Specifically, after
conducting a sensitivity analysis of various filter-
ing approaches, genes with a median signal
intensity above 5, which was the median signal
intensity of all 10 mRNA housekeeping genes,
remained in the analysis. Based on these para-
meters, n = 159 genes remained in the final
analysis (n = 53 genes were excluded due to
low transcript counts).

Raw, filtered transcript counts were evaluated
using the DeSeq2 package (v 1.28.0) in the ‘R’ statis-
tical software [50,51]. First, counts were normalized
in order to adjust for RNA composition bias and
library size. Specifically, the DeSeq2 normalization
was used in which counts are divided by a sample-
specific size factor, resulting in to ‘log transformed
normalized counts’ that approximate the ratio of
transcript count divided by size factor.
Comprehensive QA/QC was also then conducted
to determine if there were any substantial outliers
in the data warranting removal. Specifically, hier-
archical clustering, using the hclust function, and
principal component analysis, via the prcomp func-
tion were used. No sample was deemed a significant
outlier to require removal from the analysis. The
Remove Unwanted Variation (RUVSeq) (v 1.122.0)
package in R was used to account for cell type het-
erogeneity, such as variation in gene expression asso-
ciated with white blood cell counts that may
otherwise bias results. RUV functions through
empirically calculating a surrogate variable represen-
tative of background variation in the data, based on
the expression of housekeeping genes. This surrogate
variable was then added to the multivariable model,
detailed below. This package is designed for use with
NanoString data [52,53].

Statistical analysis

Patients were grouped by their self-reported
race/ethnicity for the purposes of analysis; at
the time of the original study interview, indivi-
duals who self-identified with more than one
race and/or ethnicity were asked to identify
with a primary race/ethnicity. Because the
greatest disparity in obstetric outcomes occurs
among NH Black patients, those individuals
who self-identified as NH Black were compared
to patients who self-identified as belonging to
other racial/ethnic groups. Demographic char-
acteristics of the cohort were evaluated using
bivariate tests of clinical characteristics, com-
paring NH Black patients to those of other
racial/ethnic groups using two-tailed t-test, chi-
square, and Wilcoxon rank-sum as appropriate
using STATA statistical software (version 15.1,
College Station, TX). Medians were compared
for continuous data that were not normally
distributed.

Negative binomial generalized linear models
within DESeq2 were used to identify mRNAs
that were differentially expressed among NH
Black patients (dependent variable), controlling
for covariates. Model covariates included the
gestational age (considered continuously, in
weeks and days) at the time of blood sample
collection, and the RUV surrogate variable to
account for cell type heterogeneity. The gesta-
tional age at sample collection was included
based on prior knowledge of variation in gene
expression by gestational age [54-57]. There
were no subjects missing data with regards to
these key covariates. In brief, negative binomial
generalized linear models calculate shrunken
logarithmic fold changes in expression, which
are then divided by their standard error values
to produce z-statistics. These z-statistics are
compared to standard normal distribution
curves to generate Wald test p-values. To
account for multiple testing, the Benjamini-
Hochberg (BH) procedure was used to control
for the false discovery rate (FDR). Statistical
significance for mRNA gene expression was
set at g-value of <0.10.



Identification of miRNA regulators and
correlation between miRNA and mRNA
expression

We next evaluated the correlation between
miRNA and mRNA expression utilizing in silico
prediction and correlation analysis. First, miRNA
targets of significantly differentially expressed
mRNA were identified utilizing the publicly avail-
able miRSystem database [46,58]. Multiple pre-
dicted miRNA-mRNA pairs were generated;
these pairs were then filtered to miRNAs that
were measured and were evaluated for significant
correlation of expression levels[46]. Specifically,
the correlation between normalized mRNA and
normalized miRNA counts was evaluated utiliz-
ing the two-tailed Spearman rank test, which
accounts for non-normal distributions. miRNA
count data were normalized using similar metho-
dology to the normalization of mRNA data, also
utilizing the DeSeq2 package. The miRNA data,
however, were not filtered to remove universally
lowly expressed counts because the miRNA data
were not used for a differential expression analy-
sis. miRNA-mRNA pairs with a correlation with
p < 0.05 were considered statistically significant
due to the exploratory nature of this analysis;
however, FDR corrected p values were also calcu-
lated utilizing the BH procedure described above
for reference. In sum, this analytical step identi-
fied miRNA-mRNA expression pairs wherein a)
the mRNA was differentially expressed by patient
race/ethnicity; b) the miRNA is predicted to tar-
get the mRNA; ¢) the miRNA and mRNA nor-
malized counts were significantly correlated in
this cohort.

Additional considerations

This was an exploratory analysis derived from an
existing cohort. For this reason, sample size calcu-
lations were not performed. Further, because post-
hoc power analysis is often considered by epide-
miologists and statisticians to be misleading, no
post-hoc power analysis was performed[59]. All
laboratory and analytic personnel were blinded to
the clinical data through the mRNA QC steps, and
patient race/ethnicity data were available for each
subject only in the final steps of the analysis. De-
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identified datasets are available to external investi-
gators upon request.

Results
Cohort description

In total, 155 patients met inclusion criteria and
were included. Of these, 51 (32.9%) self-
identified as NH Black, 59 (38.1%) as NH
White, 38 (24.5%) as Hispanic/Latinx ethnicity
with unspecified race, and 7 (4.5%) as belonging
to ‘other’ racial/ethnic groups. Demographic and
obstetric characteristics of the study population
are shown in Table 1. Changes in maternal cir-
culating blood gene expression were assessed at
a median 19.1 [interquartile range (IQR) 12.9-
24.9] weeks’ gestation (range: 6%'[7] through 40%
[7] weeks™ gestation); the gestational age at the
time of the sample collection did not differ by
NH Black patients vs. other patients (p = 0.31).
The vast majority of patients (141/155, 90.6%),
had their blood drawn early (prior to 28 weeks’
gestation), and the distribution of individuals
with an early blood draw was also similar
between NH Black patients and other patients.

mRNA transcripts associated with NH black race

In multivariable models controlling for the gesta-
tional age at sample collection and the RUV sur-
rogate variable, a total of 22 genes (q < 0.10) were
differentially expressed among NH Black patients
compared to other patients (Table 2; Figure 1).
A nearly equal number of differentially expressed
genes were down-regulated (negative log-fold
change; 10/22, 45.4%) and up-regulated in NH
Black patients (12/22, 54.5%) compared to other
patients. The five most differentially expressed
genes between NH Black compared to other
patients were SODI, log-fold change 0.674,
q = 421 x 107[7]), interleukin-8 IL-8 (also
known C-X-C motif chemokine ligand 8
(CXCLS); log-fold change -1.110, q = 5.78 x
107[7]), dynein light chain LC8-type 1 (DYNLLI;
log fold change 0.330, q = 5.27 x 10 [4]), glu-
tathione peroxidase 4 (GPX4; log fold change
0.435, q = 833 x 107[4]), and glutathione
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Table 1. Demographic, prior pregnancy, and antenatal charac-
teristics of the study cohort. Data are n(%) unless otherwise
specified; the denominator is provided, as applicable, if there
are missing values for a variable.

Non-
Hispanic Patients of other
Black race and/or
patients ethnic groups
Characteristic n =51 n = 104 p-value
Maternal age, mean 314 £ 6.2 321 £ 66 0.546
years (+ SD)
Married 23 (45.1) 77 (75.5) <0.001
Low socioeconomic 14 (27.5) 35 (34.3) 0.391
status*®
Smoked cigarettes during 5 (9.8) 14 (13.9) 0.475
pregnancy
Pre-pregnancy body 32.7 (26.0, 283 (23.2,333) 0.003
mass index, 39.1)
median kg/m? (IQR)
No prior pregnancy to 11 (21.6) 22 (21.2) 0.953
reach at least
14 weeks’ gestation
Prior preterm birth 38 (95.0) 79 (96.3) 0.726
<37 weeks’
gestation**
Gestational age of 22.1 (194, 26.0 (20.9, 32.6)  0.257
earliest prior preterm 30.7)
birth, median weeks
(IQR)"
Shortest endovaginal 28 (9, 37) 31.5 (16, 40) 0.568
cervical length,
median mm (IQR)*
Endovaginal cervical 21/47 39/94 (41.5) 0.718
length less than (44.7)
25 mm¥
Cervical cerclage placed 26 (51.0) 41 (39.4) 0.172
Received 17-alpha 33/38 67/79 (84.8) 0.770
hydroxyprogesterone (86.8)
caproate**
Received vaginal 17 (33.3) 24 (23.1) 0.174
progesterone

* defined as one or more of the following: no healthcare insurance,
annual household income <$24,000 annually, or less than high
school education

**among 122 patients with at least one prior pregnancy reaching
14 weeks’ gestation

tamong patients with >1 prior preterm birth and prior history available

*among 141 patients with =1 endovaginal cervical length 16.0-
23.9 weeks’ gestation

peroxidase 1 (GPXI; log fold change 0.513,
q = 9.32 x 107 [4]).

Identification of miRNAs potentially targeting
differentially expressed mRNA

Because miRNAs are known to regulate mRNA
expression, we next evaluated whether miRNA
expression was correlated with the differentially
expressed mRNA. We found 162 miRNA-mRNA
pairs that included 36 unique miRNAs. Overall, 63

Table 2. Genes differentially expressed among non-Hispanic
Black patients compared to other patients after adjusting for
gestational age at sample collection.

Log
Gene fold  Standard

Gene Symbol change  Error  g-value
Superoxide dismutase SoD1 0.674 0.114  4.2e-07
Interleukin-8 IL8 -1.11 0.194  5.8e-07
Dynein light chain 1, DYNLLT 0336 0.074  2.0e-04

cytoplasmic
Glutathione peroxidase 4 GPX4 0.439 0.104  5.8e-04
Glutathione peroxidase 1 GPX1 0.513 0.126  9.3e-03
Cyclin dependent kinase CDKNT1A  0.301 0.078  1.4e-03

inhibitor 1A
Neutrophil cytosolic factor NCF1  -0.258 0.069 2.7e-03

1

CREB binding protein CREBBP  —0.213  0.076 0.058

RAP2C, member of RAS RAP2C  —0.126  0.046 0.065
oncogene family

Signal transducer and STAT1T ~ —0.247  0.091 0.066

activator of transcription
1

Peroxiredoxin 2

Major histocompatibility
complex, class Il, DQ
alpha 1

AKT serine/threonine kinase  AKT1
1

Fos proto-oncogene, AP-1 FOS
transcription factor
subunit

PRDX2  0.387 0.144 0.066
HLADQAT 1121 0.422 0.068

-0.165  0.063 0.070

-0.311 0.124 0.080

Phosphatidylinositol- PIK3CD -0.195  0.078 0.080
4,5-bisphosphate
3-Kinase catalytic subunit
delta

Galactosidase alpha GLA 0.128 0.051 0.078

TXNRD2  0.225 0.092 0.086
MSRA -0.170  0.070 0.087

Thioredoxin reductase 2

Methionine sulphoxide
reductase A

Interleukin-6 receptor IL6R -0.194  0.081 0.087

Hypoxanthine phospho- HPRT1 0.133 0.056 0.087
ribosyltransferase 1

Erythropoietin receptor EPOR 0.160 0.068 0.096

Cold shock domain CSDE1 0.168 0.073 0.096
containing E1

of the 162 miRNA-mRNA pairs (44%) were sig-
nificantly correlated (q < 0.10), Table 3. Of the 63
significant miRNA-mRNA pairs, a nearly equal
number (n = 30, 47.6%) were negatively associated
(e.g., increased miRNA expression was associated
with decreased mRNA expression) as were posi-
tively associated. Correlation between the most
significantly correlated miRNA-mRNA pairs is
shown in Figure 2.

miRNA transcripts associated with NH Black race

Finally, we evaluated the direct association
between miRNA expression and NH Black race
and found that 10 miRNA that were identified as
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Figure 1. Volcano plot of genes differentially expressed by race and ethnicity.

members of significant miRNA-mRNA pairs were
also independently associated with NH Black race
(q < 0.10). The miRNAs that differed most signit-
icantly by race included miR-539-5p, miR-15a-5p,
and miR-21-5p, Table 4.

Discussion

We found that the nitric oxide pathway and
related gene expression in inflammatory pathways
in maternal blood obtained during pregnancy dif-
fers in NH Black patients compared to those of
other races/ethnicities. Furthermore, we found evi-
dence for miRNA regulation of this gene expres-
sion. Disparate pregnancy outcomes in NH Black
individuals in the US occurs - at least in part — as
a result of systemic and/or personal perceived
racism and discrimination [16-19,21]. Though
this study was not designed to evaluate the aetiol-
ogies underlying the biologic differences observed
here, it is possible that the acute and chronic stress
associated with structural, institutional, and

systemic racism may result in epigenetic changes
in genes such as those studied here. These epige-
netic changes result in biologic effects that subse-
quently increase an individual’s risk for adverse
obstetric outcomes.

Despite the prevalence of disparities in obste-
trics, a paucity of other research studies have eval-
uated epigenetic or gene expression differences by
self-reported race and/or ethnicity in pregnant
patients. In one study that included 148 Latinx
patients residing in the US and evaluated DNA
methylation from maternal blood in two regions
associated with inflammation [(FPXP3 Treg-cell-
specific demethylated region and the promoter of
tumour necrosis factor-alpha (TNF-a)], investiga-
tors found that those reporting high levels of per-
ceived discrimination during pregnancy had
differential regulation depending on whether or
not they ultimately developed postnatal emotional
distress or depression and anxiety symptoms[60].
The researchers concluded that epigenetic regula-
tion of inflammatory regions of the genome may
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Table 3. Significantly correlated miRNA-mRNA pairs. Table 3. (Continued).
Gene Gene
Gene name symbol  miR  Coefficient p-value Gene name symbol miR  Coefficient p-value
AKT serine/threonine kinase AKT1 miR- -0.467  9.18E- Hypoxanthine phospho- HPRT1T  miR- 0.445 3.05E-
1 495-3p 06 ribosyltransferase 1 146b- 05
miR- 0.406 1.83E- 5p
222-3p 04 miR- 0374  6.46E-
miR- -0.35 1.60E- 494-3p 04
143-3p 03 miR- 0243 3.73E-
miR- —-0.338 2.41E- 432-5p 02
. . 53{9—5p 03 Interleukin 6 receptor IL6R miR- -0.427  7.02E-
Cyclin dependent kinase CDKNTA  miR- 0.296 9.10E- 34 c-5p 05
inhibitor 1A 15a-5p 03 miR- 0.396 2.75E-
CREB binding protein CREBBP  miR- 0.409 1.62E- 15a-5p 04
181a- 04 miR- -0.392 3.20E-
5p 143-3p 04
miR- -0.366  8.72E- miR- —0.381 5.09E-
495-3p 04 495-3p 04
miR- 0.357 1.24E- miR- 0.368 8.24E-
140-5p 03 145-5p 04
miR- -0.312 5.51E- miR- -0.35 1.60E-
494-3p 03 146b- 03
miR- 0.293 1.00E- 5p
145-5p 02 miR- 0312 550E-
miR- —0267  2.09E- 140-5p 03
340-5p 02 miR- 0286  121E-
miR- 0253  2.98E- 106b- 02
106b- 02 5p
5p miR- -0281 139
miR- -0.239 4.09E- 103a- 02
539-5p 02 3p
Cold shock domain CSDET  miR- 0.377 5.88E- miR- —0239  4.08E-
containing E1 15a-5p 04 432-5 02
let- —0.246  3.44E- miR- P 0.221 6.15E-
7 ¢-5p 02 150- p)
miR- -0.228  5.28E- msig_sp 0217 6.27E—
539-5p 02 21-5 02
miR- 0.221 6.11E- miR—p —0.211 7.62E-
222-3p 02 214-3p 02
g:"g —0.216 6'212'5' Methionine sulphoxide MSRA miR- -0357  1.21E-
ductase A 876-5 03
miR- 0214  7.08E- reductase et 0234 asiE
106b- 02 495-3p 02
5p Phosphatidylinositol- PIK3CD  miR- 0475  6.08E-
?I(F){-S 0.203 8.&(3)§E- 4,5-bisphosphate 222-3p 06
P 3-Ki talytic subunit miR- ~0.442  3.46E-
CX-C motif chemokine  CXCL8  miR- 0438  433E- g carai st 495-3p 05
ligand 8 876-5p 05 miR- 0425  7.68E-
miR- 0.388 3.70E- 92a-3p 05
539-5p 04 miR- 0416  1.17E-
miR- -0.376 6.17E- 34 ¢-5p 04
106b- 04 miR- —-0.408 1.68E-
5p 494-3p 04
miR- 0.268 2.03E- miR- -0.377 5.87E-
340-5p 02 539-5p 04
miR- 0.225 5.67E- miR- -0.368  8.39E-
214-3p 02 663a 04
Dynein light chain 1, DYNLLT miR- 0423 8.25E- miR- 0.322 4.10E-
cytoplasmic 143-3p 05 342-3p 03
miR- 0.242 3.86E- miR- -0.259 2.53E-
204-5p 02 940 02
miR- 0.198 9.82E- miR- —0235  4.52E-
876-5p 02 214-3p 02
Fos proto-oncogene, AP-1  FOS miR- 0.273 1.74E- -
transcription factor 29b-3p 02 (Continued)
subunit miR- —-0.232  4.85E-
222-3p 02

(Continued)



Table 3. (Continued).

Gene
Gene name symbol  miR  Coefficient p-value
RAP2C, member of RAS RAP2C  miR- -0.214  7.01E-
oncogene family 301a- 02
3p
miR- 0.213 7.34E-
340-5p 02
miR- 0.206 8.36E-
146b- 02
5p
Signal transducer and STATT  miR- 0.223 5.91E-
activator of transcription 214-3p 02
1
Thioredoxin reductase 2 TXNRD2 miR- —0.267  2.04E-
539-5p 02

provide an important mechanism by which indi-
viduals ultimately exhibit resilience or sensitivity
to discrimination-related prenatal stress. In
another study, Carroll, et al. studied 103 pregnant
individuals (33 classified by their group as
‘African-American’ and 70 classified only as
‘White’) and found upregulation of proinflamma-
tory transcription factors NF-«B, activator protein
1 (API), and cyclic adenosine monophosphate
response element-binding protein (CREB) and
down-regulation of anti-inflammatory glucocorti-
coid responses and anti-viral response factors
(IRF) among African-American individuals with
sleep disturbances during pregnancy; these difter-
ences were less pronounced in White individuals
[61]. In another study, Fortunato, et al. evaluated
inflammatory related gene expression of amnio-
chorionic membranes ex vivo following stimula-
tion with endotoxins, and racially disparate
immune responses in membranes derived from
African-American and  White patients[62].
Specifically, an increase in protective soluble
tumour necrosis alpha (TNF-a) gene expression
was observed in the membranes of White patients
but not African-American patients. Further, the
gene expression of matrix metalloproteinase 9
(MMP-9) was increased in the membranes of
African-American patients in response to endo-
toxin, but there was no change in the membranes
of White patients[62].

The findings of increased expression of some
genes and decreased expression of others when
evaluating changes in gene expression by race
reflects the complexity of the conditions being
studied. In addition, though increased miRNA
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expression is traditionally associated with
decreased mRNA expression, we found both posi-
tive and negative miRNA-mRNA correlations.
This is not unexpected and reflects the complex
bidirectional regulation of miRNA targets as has
been observed in previous studies [63-65].
Furthermore, algorithms identifying predicted
miRNA-mRNA pairs are not cell-type specific
and are unable to account for post-transcriptional
modifications (e.g., histone acetylation and DNA
methylation).

In this study, the IL-8 gene was among the top
differentially expressed genes; expression was
reduced among NH Black patients compared to
other patients (log fold change —1.11, standard
error 0201, q = 2.7¢ ). IL-8 is a pro-
inflammatory cytokine; previous studies have
found elevated IL-8 cytokine levels in those with
spontaneous preterm deliveries, other studies have
found that IL-8 cytokine levels are not associated
with spontaneous preterm birth. Though elevated
levels of IL-8 in NH Black women would be
expected compared to those of other races, these
results are consistent with prior studies evaluating
IL-8 in pregnancy by race. One study found high-
risk Black birthing people had lower levels of IL-8
in blood compared to high-risk White birthing
people (median 12.1 vs. 18.9, p = 0.02)[66].
Another study found IL-8 amniotic fluid concen-
trations were similar between Black women who
delivered preterm vs at term (742 pg/mL vs
731 pg/mL, p = 0.90) but higher in White
women who delivered preterm vs. at term
(1362 pg/mL vs. 533.5 pg/mL, p = 0.005)[67].
Finally, in a study evaluating the concentration of
IL-8 in foetal membranes, similar IL-8 concentra-
tions were found in unstimulated control mem-
branes, but higher IL-8 concentrations were
detected in membranes from Caucasian vs.
African American women after stimulation with
the proinflammatory infectious endotoxin. One
possible mechanism for these findings of reduced
IL-8 gene expression (this present study) and
lower cytokine levels in various tissues (literature)
in NH Black patients may be mediated through
progesterone[68]. In in vitro human decidual cell
models, addition of progesterone to an inflamma-
tory cell model reduces IL-8 expression compared
to models without progesterone[69]. Though
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Figure 2. Scatterplots of top 6 correlated miRNA-mRNA pairs.

a similar proportion of NH Black and NH White
individuals received progestogen supplementation,
factors including compliance, absorption, and
drug levels from participants in this study are
unknown, and progesterone use may have affected
IL-8 levels through this mechanism.

The STATI gene also exhibited reduced expres-
sion among NH Black patients (log fold change
—-2.47, standard error 0.091, q = 0.064). In contrast
to IL-8, STATI provides defence against pathogens

miR-495-3p and AKT1

<& Coefficient=-0.467, FDR p-value <0.01

400

200

100

50 7

AKT1 (normalized count), log-scale

10 20 30 40 50
miR-495-3p (normalized count)
miR-495-3p and PIK3CD

Coefficient=-0.442, FDR p-value <0.01

2400

1200

600

d <
300 o

PIK3CD (normalized count), log-scale

10 20 30 40 50
miR-495-3p (normalized count)
miR-34c¢-5p and IL6R

Coefficient=-0.427, FDR p-value <0.01

2400

1200

600

300

IL6R (normalized count), log-scale

0 5 10 15
miR-34¢-5p (normalized count)

by mediating response to pro-inflammatory cyto-
kines[70]. In one study evaluating genetic path-
ways associated with spontaneous preterm birth
and preterm pre-labour rupture of membranes,
STATI was the predicted upstream transcription
factor for multiple genes implicated in preterm
pre-labour rupture of membranes, including clus-
ter of differentiation 14 (CDI14), FAS cell surface
death receptor (FAS), and insulin-like growth fac-
tor 1 receptor precursor (IGFIR)[70]. STATI is



Table 4. Shown are median expression levels (IQR) of microRNAs

differentially expressed among non-Hispanic Black patients com-

pared to other patients.
non-Hispanic
Black patients

Patients of other racial
and/or ethnic groups

miRNA n=>51 n =104 P-value
miR- 5.71 8.43 0.0029
539- (3.52, 7.89) (4.21, 12.66)
5p
miR- 369.1 230.1 0.0029
15a- (147.8, 590.5) (67.7, 392.5)
5p
miR-21- 25.0 18.3 0.0079
5p (17.4, 32.7) (11.2, 25.3)
miR- 6.04 8.88 0.0118
204- (3.58, 8.51) (5.28, 12.48)
5p
miR- 3.40 426 0.0374
940 (2.08, 4.73) (2.23, 6.28)
miR- 146b-5p 12.3 15.8
(9.5, 15.2) (10.6,
21.1)
0.0495
miR- 2.17 3.24 0.0703
876- (1.20, 3.14) (1.87, 4.60)
5p
miR- 1.26 1.98 0.0888
663a (0.10, 2.42) (0.87, 3.09)
miR- 13.6 12.3 0.0929
200a- (9.3, 17.9) (8.5, 16.1)
3p
miR- 436 5.91 0.0997
340- (3.03, 5.68) (2.21, 9.61)
5p

also associated with the renin-angiotensin system
and genes that regulate blood pressure[71].

It is important to note that other explanations —
beyond the aforementioned hypotheses related to
racism and discrimination - may be responsible
for the observed differences in mRNA and miRNA
gene expression by patient race in this study. For
example, some medical conditions are more com-
mon among individuals of certain ancestry groups
due to different carrier rates for minor alleles
associated with autosomal recessive disorders
(e.g., it is estimated that the carriage rate for
a panel of germline mutations known to cause
cystic fibrosis - is 1:25 among individuals of
European ancestry whereas it is 1:65 among indi-
viduals of African ancestry)[72]. Prior studies have
also demonstrated that individuals with darker
skin pigmentation are more likely to experience
vitamin D deficiency, due to a reduction in the
absorption of ultraviolet radiation in the presence
of increasing amounts of melanin pigment and
subsequently, an increased dietary requirement
[73]. Indeed, vitamin D has roles as an antioxidant
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and antimicrobial; in prior studies, it has been
found to directly impact nitric oxide pathway
function; vitamin D deficiencies have been pro-
posed to partly explain disparities in other areas
of medicine [74,75].

Study strengths and limitations

There are several strengths to the current study.
Use of peripheral blood samples during pregnancy
offers clear advantages as a non-invasive approach
to evaluate differences in biology during preg-
nancy. Inflammation, preterm birth, and white
blood cells are closely linked, lending biologic
plausibility for using maternal blood as a matrix
to evaluate gene expression during pregnancy [76-
78]. These data add to the current paucity of
transcriptomic data from NH Black patients dur-
ing pregnancy. The study of paired mRNA and
miRNA expression at the same time during preg-
nancy permitted assessment of the association
between miRNA-mediated gene expression
changes by patient race/ethnicity. Evaluation of
self-identified NH Black patients may capture
and reflect the effects of structural, institutional,
and systemic racism (pervasive throughout
society) and other potential biologic factors on
samples collected during pregnancy [21]. Further,
these findings support the previously observed
clinical findings of different clinical preterm birth
phenotypes, specifically, higher rates of inflamma-
tion and histologic chorioamnionitis among NH
Black compared to NH White patients delivering
preterm [79].

These results should be interpreted in the con-
text of the study limitations. Our study was not
designed to evaluate an individual’s perceived
stress or personal experiences with racism or
discrimination, nor did we have additional bio-
logic variables such as vitamin D variables; all
factors which may provide key insight into the
mechanisms underlying the observed differences.
Multiple miRNAs target individual genes and
each miRNA typically targets more than one
gene; thus, our focused custom mRNA and
miRNA panels were not all-inclusive. In addi-
tion, it is possible that covariates or population
characteristics other than the ones considered in
this analysis contributed to our findings. The
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findings from this high-risk pregnancy cohort
may not be applicable to the general obstetric
population. Our sample size did not allow eva-
luation of gene expression among patients of
other races and ethnicities, nor did it allow for
direct comparison between NH Black patients
and patients of only one other racial and ethnic

group.

Conclusions

These findings provide evidence of an association
between NO pathway and inflammation and
infection-related mRNA and miRNA expression
in blood drawn during pregnancy among NH
Black patients. These findings may reflect key
differences in the biology of inflammatory gene
dysregulation that underlies differences in preg-
nancy outcomes, using self-reported patient race/
ethnicity as a surrogate marker for the lived
experiences of individuals of colour in the
United States — which are all encompassing and
may also include underlying differences in other
biologic processes. Further study - e.g., through
direct assessment of one’s lived experience of
structural, institutional, and systemic racism - is
required to determine whether these biologic
changes in gene expression are directly related to
acute and/or chronic stress or other factors unique
to the lived experience of persons of colour in the
United States, whether downstream protein
expression is also affected, and how the observed
findings may contribute to disparate pregnancy
outcomes.
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