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Abstract

Introduction—Murine models provide evidence that maternal stress during pregnancy can 

influence placenta morphology and function, including altered expression of genes involved in the 

maintenance and progression of pregnancy and fetal development. Corresponding research 

evaluating the impact of maternal stress on placental gene expression in humans is limited. We 

examined maternal stress in relation to placental expression of 17 candidate genes in a 

community-based sample.

Methods—Participants included 60 mother-newborn pairs enrolled in the PRogramming of 

Intergenerational Stress Mechanisms pregnancy cohort based at the Mount Sinai Hospital in New 

York City. Placentas were collected immediately following delivery and gene expression was 

measured using a qPCR-based platform. Maternal experiences of traumatic and non-traumatic 

stress were measured using the Life Stressor Checklist-Revised (LSC-R) administered during a 

mid-pregnancy interview. We used multivariable linear regression to examine associations between 

LSC-R scores and expression of each gene in separate models in the sample overall and stratified 

by fetal sex.

Results—Higher maternal stress was associated with significantly increased placental expression 

of the nutrient sensor gene OGT, the glucose transporter gene GLUT1, and the hypoxia sensor 
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gene HIF3A. In models stratified by fetal sex, significant associations remained only among 

males.

Discussion—This study represents one of the most comprehensive examinations of maternal 

lifetime traumatic and non-traumatic stress in relation to placental gene expression in human 

tissue. Our findings support that maternal stress may alter sex-specific placental expression of 

genes involved in critical developmental processes.
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1. Introduction

Maternal stress has been linked to pregnancy complications, including problems related to 

placental morphology and function (e.g., pre-eclampsia), pregnancy loss, poor fetal growth, 

pre-term birth, delivery complications, and neonatal morbidity [1–3]. Evidence also supports 

that prenatal stress can program plastic fetal systems with long-term consequences for 

disease risk [4]. In addition, stress-related exposure to excessive glucocorticoids (i.e. cortisol 

in humans) has been shown to create lasting changes to brain morphology [5], alter offspring 

stress reactivity [6], attenuate immune system response to challenge [7] and shift the 

developmental trajectory of other key regulatory systems. Sex differences in fetal 

development and neonatal risks are also established, including in relation to maternal stress 

[8]. For example, in addition to a higher rate of miscarriage, boys are more likely to be 

stillborn, premature, and suffer delivery complications [9–11]. Sexually dimorphic 

programming of disease susceptibility is further supported by sex biases in the prevalence of 

many developmental and chronic diseases (e.g., autism [12], asthma [13], cardiovascular 

[14]). While the mechanisms underlying stress-induced fetal programming are not well 

elucidated, growing evidence supports a role for the placenta in the transmission of maternal 

stress to the fetus.

The placenta is a dynamic, sex-specific endocrine and immune-active organ that functions as 

a protective barrier and conduit for oxygen and nutrient exchange [15, 16]. The placenta can 

morphologically and functionally adapt to the environment and is poised to respond to 

changes in the maternal milieu given its position at the maternal-fetal interface [17]. For 

example, during pregnancy, the placenta integrates with the maternal hypothalamic pituitary 

adrenal (HPA) stress response axis to influence circulating maternal cortisol levels and 

regulate fetal exposure to cortisol [18]. Research largely conducted using murine models has 

shown that elevated maternal stress and/or glucocorticoid exposure can alter expression of 

placental growth factors, nutrient sensors, nutrient transporters, oxygen sensors, and 

immune-response molecules with downstream consequences for fetal development; 

however, corresponding research in humans is limited [19–26].

The placenta shares the sex of the fetus and sex differences in patterns of placental signaling 

in response to maternal stimuli, including gene expression, have been demonstrated in 

human and rodent tissue [27, 28]. The influence of prenatal stress on placental gene 

expression is less well delineated in humans. Here, we leveraged data from an ethnically 
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diverse urban sample of pregnant women to examine maternal self-reported lifetime 

traumatic and non-traumatic stress ascertained using a standardized instrument in relation to 

sex-specific placental expression of 17 candidate genes involved in a range of key processes 

known to influence fetal development and previously found to be stress-sensitive in animal 

studies.

2. Methods

2.1 Pregnancy cohort

Participants included 60 mother-newborn pairs enrolled in the ongoing PRogramming of 

Intergenerational Stress Mechanisms (PRISM) pregnancy cohort between January 2016 and 

April 2019. Participants were recruited from the Mount Sinai Hospital prenatal clinic in New 

York City. Eligibility criteria included fluency in English or Spanish and age 18 years or 

older. Exclusion criteria included multiple gestation pregnancy, HIV positive status, intake 

of ≥7 alcoholic drinks per week prior to pregnancy or any alcohol following pregnancy, or a 

major documented health condition with the fetus identified during pregnancy or at delivery. 

Information on race/ethnicity, age, height, weight, education, smoking status, and mode of 

delivery was collected using standardized questionnaires administered during an in-person 

study visit conducted at enrollment and/or during the third trimester. Maternal exposure to 

cigarette smoke was defined as self-reported smoking during pregnancy or exposure to 

environmental tobacco smoke for one hour or more per week during pregnancy. Gestational 

age at birth was estimated from 1) last menstrual period, and 2) obstetrical estimates; if the 

discrepancy between the two sources was greater than two weeks, obstetrical estimates were 

used. Information on diagnosis with gestation-related health conditions (eclampsia, pre-

eclampsia, gestational hypertension, gestational diabetes), chronic health conditions active 

during pregnancy (chronic hypertension, Types 1 diabetes, Type 2 diabetes) or infections 

requiring medical treatment during pregnancy (urinary tract or kidney infection, sexually 

transmitted infection, other infection) was abstracted from the mother’s electronic medical 

record. Written informed consent was obtained from all participants and all study procedures 

were approved by the institutional review board at the Icahn School of Medicine at Mount 

Sinai.

2.2 Maternal lifetime stress

We assessed maternal lifetime stress using the Life Stressor Checklist – Revised (LSC-R), 

which was administered by trained study staff during a mid-pregnancy, in-person interview. 

The LSC-R includes questions about the occurrence of 30 traumatic and non-traumatic 

stressful life events, including experiences with natural disasters, injury and illness, financial 

problems, violence, and other events. The measure is well suited for use with a pregnant 

sample as it has a focus on experiences relevant to women, such as abortion and sexual 

assault. For each endorsed event, the mother is also asked to rate how much the event 

affected her life in the previous year using a five-point intensity scale (1= “not at all or 

never” to 5= “extremely”). We summed the 5-point responses across the 30 events to create 

a score ranging from 0–150 that reflects the mother’s subjective rating of how much the 

endorsed stressors affected her life in the previous year.
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2.3 Placenta collection and processing

Placenta samples were collected at delivery, positioned with the fetal side facing up, and 

biopsied (approximately 1–2 cm3) from each of four quadrants at the midpoint between the 

cord insertion site and the outer edge approximately 1–1.5 cm below the fetal membrane to 

avoid membrane contamination. The membrane was then removed and samples were cut 

into smaller pieces (approximately 0.1 cm3) before being placed into 5 ml of 

RNAlater™RNA Stabilization Reagent (Qiagen) and stored at −4°C for ≤24 h; excess 

RNAlater was then removed and samples were stored at −80°C.

2.4 Selection of candidate genes

We a priori selected 17 genes previously reported to be stress-sensitive in experimental 

animal studies (Table 1). These candidate genes play roles in nutrient sensing (OGT, mTOR, 
DEPTOR) [19, 22, 26, 29], nutrient transport and growth (GLUT1, GLUT3, GLUT4, 
SLC38A1, SLC38A2, IGF2, IGF2R) [19, 21, 23–25, 30], responses to hypoxia (HIF1A, 
HIF3A) [24], inflammation (IL6, IL1B) [20], and maternal-fetal stress transmission 

(HSD11B2, NR3C1, NR3C2) [19, 21, 23, 25, 30–33]).

2.5 RNA isolation and quantitative PCR

RNA was extracted from placental biopsies using the Maxwell simplyRNA Tissue Kit 

(Promega #AS1280) following the manufacturer’s instructions. Quantity and purity of 

extracted RNA was assessed with a Nanodrop spectrophotometer (Thermo Electron North 

America, Madison, WI, USA) and samples were stored at −80°C until use. Placental RNA 

was reverse transcribed using the RT2 First Strand Kit (Cat #33040, QIAGEN) following the 

manufacturer’s protocol and a custom RT2 Profiler PCR Array (QIAGEN) was carried out. 

The qPCR reactions were conducted on a LightCycler 480 II Instrument (Roche Diagnostics 

Corporation, Indianapolis, IN) using the following thermocycling conditions: an initial 

denaturation step at 95°C for 10 min, followed by 45 cycles at 95°C for 15 s, and 60°C at 1 

min. All samples were assayed in triplicate and Ct values within a sample were averaged. 

Seven samples were removed due to quality control failure leaving a final sample size of 53 

participants (28 females, 25 males). Differences in sample content were accounted for by 

normalizing the data against the geometric mean of standard housekeeping genes (ACTB, 
GAPDH); the housekeeping genes were not significantly associated with maternal stress 

(p=0.69) or fetal sex (p=0.45) as determined by linear regression. mRNA expression was 

determined using the relative quantification 2−ΔCt approach [34] and values were log2-

transformed to achieve a normal distribution before statistical analyses.

2.6 Statistical analysis

We first ran t-tests to determine whether placental gene expression significantly varied by 

sex. We also examined whether expression varied by 1) maternal chronic or gestation-related 

health complications during pregnancy, or 2) maternal infection during pregnancy. Next, we 

considered the role of maternal stress by regressing mRNA level on LSC-R scores in the 

sample overall and stratified by sex. We controlled for multiple comparisons using the FDR 

adjustment approach. We log2-transformed LSC-R scores to achieve normal residuals, 

therefore, we interpret effect estimates as the percent change in expression per 10% increase 
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in maternal stress (i.e. LSC-R score). We examined both unadjusted models and models 

adjusted for maternal age (continuous in years), race/ethnicity (Black vs. Hispanic vs. 

White/other), education (less than high school degree vs. high school degree or equivalent), 

pre-pregnancy BMI (continuous in kg/m2), cigarette smoke exposure during pregnancy (any 

versus none as previously defined), newborn gestational age at delivery (continuous in 

weeks), and mode of delivery (vaginal vs. cesarean section). All statistical analyses were 

conducted using SAS software (version 9.4 SAS Institute, Cary, N.C., USA) or RStudio 

(version 3.6.2, The R Foundation).

3. Results

3.1 Sample characteristics

Fetal sex was approximately evenly distributed by design (n=28, 53% females; n=25, 47% 

males). The average maternal age at delivery was 28 years and the majority of women were 

Black (60%) or Hispanic (30%). Approximately one third of mothers reported exposure to 

cigarette smoke during pregnancy and 40% had less than a high school education. The 

majority of mothers delivered vaginally (60%) and the average newborn gestational age was 

39 weeks; five babies were born before 37 weeks gestation. The range of LSC-R scores was 

1–51 and the median±interquartile range was 9±9. LSC-R scores were not significantly 

different between mothers carrying a male versus female (t(51)=0.98, p=0.33). Likewise, no 

covariate considered in analyses significantly varied by fetal sex (all p-value <0.05, Table 2).

3.2 Impact of fetal sex on placental mRNA expression

Figure 1 and Supplemental Table 1 present placental gene expression results stratified by 

sex. As illustrated, several genes showed basal differences (p<0.10) in expression, including: 

GLUT1 (p=0.073), IL6 (p=0.0002), IL1B (p=0.012), HIF1A (p=0.067), and HIF3A 
(p=0.059). In all cases except GLUT1, expression was higher among female compared to 

male placentas.

3.3 Impact of maternal health on placental mRNA expression

Supplemental Tables 2 and 3 present placental gene expression results stratified by whether 

the mother had: 1) a gestation-related or chronic health condition active during pregnancy 

(n=13), or 2) an infection requiring medical treatment during pregnancy (n=13). We 

observed no significant differences in expression of candidate placental genes by these 

factors.

3.3 Associations between maternal stress and placental mRNA expression

In the sample overall, higher maternal stress was associated with upregulation of OGT 
(unadjusted: percent change per 10% increase in LSC-R = 2.13%, nominal p-value: 0.0008, 

FDR p-value: 0.014; adjusted: 2.21%, nominal: 0.0004, FDR: 0.007) and HIF3A 
(unadjusted: 2.08%, nominal: 0.014, FDR: 0.122; adjusted: 2.14%, nominal: 0.007, FDR: 

0.063); in adjusted models, we also observed a significant association with GLUT1 (1.62%, 

nominal: 0.029, FDR: 0.167). When considering models among male and female placentas 

separately, we observed significant associations only among male placentas. Specifically, 

among males higher maternal stress was associated with significantly higher placental 

Cowell et al. Page 5

Placenta. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression of OGT (2.94%, nominal: 0.0009, FDR: 0.008), GLUT1 (2.37%, nominal: 0.018, 

FDR: 0.104), and HIF3A (3.21%, nominal: 0.0004, FDR: 0.007) in unadjusted models 

(Supplemental Table 4). Findings were similar in adjusted models: OGT (2.78%, nominal: 

0.005, FDR: 0.049), GLUT1 (2.81%, nominal: 0.007, FDR: 0.049), and HIF3A (2.26%, 

nominal: 0.009, FDR: 0.049) (Supplemental Table 5). The unadjusted association with 

NR3C1 was marginally significant (1.22%, nominal: 0.051, FDR: 0.215), however, 

significance was lost after controlling for multiple comparisons, as well as covariates 

(0.96%, nominal: 0.108, FDR: 0.459). We did not observe significant associations between 

maternal stress and gene expression among female placentas; however, the relationship 

between maternal stress and placental gene expression diverged by sex for HSD11B2, IGF2 
and IL1B. In these cases, higher stress was associated with a trend towards lower expression 

in males and higher expression in females. Figure 2 presents the percent change in placental 

gene expression per 10% increase in maternal LSC-R scores overall and stratified by fetal 

sex for each candidate gene and Figure 3 presents scatter plots of associations that reached 

statistical significance.

4. Discussion

We examined the relationship between maternal lifetime stress and placental expression of 

candidate genes previously shown to be stress-sensitive in experimental animal studies 

among a sample of women enrolled in an urban pregnancy cohort. Among male placentas, 

higher maternal stress was associated with significantly increased expression of placental 

OGT, GLUT1, and HIF3A, which play key roles in nutrient sensing, glucose transport, and 

cellular responses to hypoxia, respectively. We did not find significant associations between 

maternal stress and placental expression of any candidate genes among females. While 

previous research investigating these relationships in humans is limited, a number of prior 

studies have been conducted using murine models with mixed results. Our finding of an 

association between maternal stress and altered levels of placental OGT corroborates results 

from several recent studies conducted in mice and rats indicating OGT is stress sensitive [19, 

22, 26, 35], however, the direction of effect has varied across species and by whether mRNA 

or protein levels were considered. Similarly, two previous studies conducted in rats have 

shown GLUT1 to be sensitive to stressors administered late during pregnancy, however, 

while these studies identified a negative association, we found increased maternal stress was 

associated with upregulated GLUT1 [19, 23]. It is notable that the association we observed 

was among male placentas only, whereas prior research in rats has not considered sex 

specific relationships. Less research has examined maternal stress in relation to placental 

expression of HIF hypoxia sensors. Consistent with our findings, the only prior study to 

investigate this relationship found male, but not female, placentas of mice exposed to 

chronic variable stress during pregnancy showed a significant upregulation of HIF3A [24]. 

The following discussion provides more detail on each of the candidate genes selected and 

compares our findings to previously conducted research.

Nutrient sensors

OGT is a widely expressed enzyme that catalyzes the post-translational modification of 

target proteins with a single moiety of N-acetyl glucosamine (N-GlcNAc) through O-linked 
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glycosylation (O-GlcNAcylation), which alters target protein stability, degradation, and 

transcriptional activity [36]. In the placenta, O-GlcNAcylation is important for nutrient 

sensing, growth signaling, and regulation of oxygen tension, among other functions [37]. 

OGT is X-linked and in murine models it has been shown to escape X-inactivation, resulting 

in placental levels that are twice as high in females compared to males. One previous study 

measured OGT in human placenta tissue (n=4) enriched for fetal (XY) or maternal (XX) 

contributions and found expression was lower among XY samples [22]. Our results are 

consistent with this finding, however, the difference in expression between male and female 

placentas was not statistically significant. Previous research (Supplemental Table 6) 

examining dams exposed to corticosterone during pregnancy via an implanted pump found 

OGT protein levels were significantly higher among male, but not female, placentas of 

treated compared to control mice [26]. Yet, other research conducted using murine models 

has found placental Ogt is downregulated following maternal exposure to chronic daily 

stress [22] or physiological stressors [19] during pregnancy. Targeted deletion of placental 

Ogt in mice has also been shown to recapitulate offspring phenotypes characteristic of 

prenatal stress exposure [35].

In contrast to the significant association we detected between stress and OGT in male 

placentas, we did not find a relationship between maternal stress and mTOR or DEPTOR 
expression. mTOR and DEPTOR are components of a key nutrient-sensing signaling 

pathway that is thought to facilitate supply and demand relationships between mother and 

fetus [38, 39]. Research in rodents has shown this pathway, which is in part regulated by the 

IGF system, is stress-sensitive [29], however, we are not aware of other research in humans 

that has investigated these associations (Supplemental Table 6).

Nutrient transporters

Glucose and amino acids are the primary energy substrates utilized by the developing fetus 

and are shuttled across trophoblast and endothelial cell membranes by glucose (GLUT1, 

GLUT3, GLUT4) and amino acid transporters (SLC38A1, SLC38A2), which are in part 

modulated by the IGF system. GLUT1 is the primary isoform involved in placental glucose 

transport throughout pregnancy and is considered rate limiting [40]. GLUT3 is a high-

affinity isoform that is thought to enable sufficient glucose uptake early during pregnancy, 

when placenta circulation is incomplete and glucose concentrations in poorly-exchanging 

extracellular fluids are limited [41]. GLUT4 is insulin responsive during the first trimester 

and is hypothesized to enhance placental glucose uptake in response to insulin signals of 

maternal nutrient surplus [41]. Prior research in humans and rodents suggests the GLUT 

transporter family is particularly sensitive to disruption by adverse conditions, including 

dietary deficiencies and psychosocial stress [23, 24]. We found a significant association 

between maternal stress and increased expression of GLUT1 among male placentas; 

however, we did not detect associations with GLUT3 or GLUT4 among either sex. Glucose 

transporters are regulated in part by glucocorticoids and previous research supports that 

altered expression of glucose transporters following cortisol exposure may mediate the well-

established association between maternal stress and reduced fetal growth [42]. For example, 

administration of synthetic glucocorticoids to pregnant dams has been shown to result in a 

dose-dependent decline in fetal weight and a dose-dependent increase in Glut1 and Glut3 
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expression [43]. It is plausible that the increased placental GLUT1 expression we observed 

in relation to stress reflects a reflexive increase in fetal glucose availability to counter the 

growth restricting effects of excessive stress-related cortisol exposure. Previous studies 

conducted in rodents have reported a mix of positive and negative associations between 

maternal stress and expression of glucose transporters (Supplemental Table 6). In a study of 

male rats, restraint stress during late pregnancy was associated with significantly decreased 

Glut1, but increased Glut3 and Glut4 expression, compared to control males [23]. In a 

separate study, placentas from male, but not female, mice showed increased Glut4 
expression in response to chronic variable stress [24]. In contrast, physiological stress during 

pregnancy has been associated with reduced Glut1, Glut2, and Glut4 mRNA levels in rats, 

however, sex-specific associations were not examined [19].

While we did not detect significant associations between maternal stress and SLC38A1 or 

SLC38A2, in sex-stratified models we observed a positive trend between stress and 

expression of these amino acid transporters among female placenta only. This is in contrast 

to a previous mouse study that detected an inverse association between physiological stress 

and Slc38a2 levels in male and female placentas considered together [19]. We also did not 

detect significant associations between maternal stress and expression of IGF2 or its receptor 

IGF2R, which play important roles in regulating nutrient transport and have previously been 

identified as sex-differential and stress-sensitive, albeit with mixed results across studies [19, 

21, 25]. In one previous human study, maternal anxiety and depressed mood, correlates of 

psychosocial stress, were associated with significantly increased female placental expression 

of IGF2 [30]. Maternal depressed mood was also associated with increased IGF2R 
expression among female placentas [30].

Hypoxia sensors

We detected a significant positive association between maternal stress and HIF3A expression 

among male placentas; we did not detect a significant association with HIF1A among either 

sex. Prior to complete development of the functioning placenta, pregnancy take place under 

low-oxygen conditions that promote trophoblast differentiation. As pregnancy progresses, 

connections with the maternal system are established that enable improved oxygen transfer. 

HIF1A and HIF3A play key roles in regulating development across this shifting oxygen 

gradient. Specifically, in the early hypoxic uterine environment, HIF1A and HIF3A are 

stable and regulate hypoxia-responsive target genes that promote cell survival. Under 

normoxic conditions, as occurs later during pregnancy, HIFs are rapidly degraded and 

transcriptional activity is lost. Our finding of higher HIF3A expression at term among higher 

stress placentas may reflect an underlying relationship between stress and increased 

hypoxia. In turn, hypoxia during later pregnancy has been associated with adverse pregnancy 

outcomes, including fetal growth restriction and low birthweight [44]. Elevated levels of 

placental HIFs beyond the first trimester have also been associated with pre-eclampsia, 

pregnancy loss, and fetal growth restriction [45], with limited research supporting sexually 

dimorphic relationships [46]. In the only other study to our knowledge that has investigated 

expression of HIF3A in placenta tissue, mice exposed to chronic variable stress early during 

pregnancy showed significant upregulation of Hif3a among male, but not female, placenta 

[24].
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Pro-inflammatory cytokines

Despite extensive research supporting that stress can precipitate immune system changes, 

including activation of pro-inflammatory cytokines, we did not detect significant 

associations between maternal stress and placental expression of IL6 or IL1B. This is 

consistent with a previous mouse study that did not detect significant associations between 

chronic variable stress administered during pregnancy and Il6 [24], but in contrast to a 

second study that detected increased Il6 and Il1b among male placentas from dams exposed 

to chronic variable stress during early pregnancy only [20]. Notably, we did find that levels 

of IL6 and IL1B were significantly higher among female compared to male placentas, 

supporting that differences in immune responses may contribute to sex-biased pregnancy 

complications and later disease susceptibility.

Stress-response system

Maternal cortisol binds to placental glucocorticoid (NR3C1) and mineralocorticoid (NR3C2) 

receptors, which translocate into the nucleus and act as transcription factors to control 

development of fetal systems and promote intra-uterine growth [47]. Cortisol can passively 

diffuse across the placenta, however, fetal exposure is limited by the action of HSD11B2, 

which catalyzes the conversion of glucocorticoids to inactive metabolites (i.e. cortisol to 

cortisone) [48]. We did not detect significant associations between maternal stress and these 

(HSD11B2, NR3C1, or NR3C2) components of the placenta stress response system, 

although the association with NR3C1 among males approached significance. Additionally, 

while associations with HSD11B2 were not significant, the direction of effect diverged by 

sex, such that higher stress was associated with decreased expression among males, but 

increased expression among females. Several studies conducted using murine models have 

shown that stress down regulates Hsd11b2 expression [19, 23, 25, 31], yet other research has 

failed to detect significant associations [21, 49] and only two studies have examined sex-

specific effects with conflicting results [23, 25]. In humans, prenatal negative life events 

have been linked to decreased placental HSD11B2 expression among white women, but not 

among Black or Hispanic women. Several other studies have examined maternal symptoms 

of anxiety and/or depression in relation to placental HSD11B2 expression with mixed results 

[30, 32, 50–52] (Supplemental Table 7).

Less research has examined stress in relation to NR3C1 and NR3C2 expression. In rodents, 

physical stress during pregnancy has been associated with decreased expression of both 

receptors [19], whereas, direct cortisol administration has been associated with increased 

Nr3c1 expression among males, but not females [21]. This finding is consistent with the 

positive, albeit marginally significant, association we detected between maternal stress and 

NR3C1 expression among males only. In humans, anxious and/or depressive symptomology 

has been associated with increased placental NR3C1 and NR3C2 expression [33, 50]; 

although the only study reporting sex-specific associations found an inverse relationship 

among females [30] (Supplemental Table 7).

Strengths and Limitations

This study has a number of strengths. Foremost, the majority of prior research in this area 

has examined the impact of stress on placental gene expression in murine models, for which 
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considerable differences exist in placenta morphology and function, including differences in 

the stress barrier [17]. For example, the cortisol inactivating enzyme HSD11B2 ceases to be 

produced in the murine placenta around mid-gestation, but is highly expressed in humans 

throughout pregnancy [53]. Additionally, while the majority of previous studies that have 

been conducted in humans have examined only 1–4 genes, we were able to consider a wider 

range of genes with roles that span several important developmental processes. We evaluated 

maternal stress using a comprehensive instrument that considers a breadth of traumatic and 

non-traumatic stressful experiences and evaluates both objective and perceived domains. It is 

also notable that our study sample is diverse, with the majority of mother-infant pairs self-

reporting Black or Hispanic race/ethnicity. Despite bearing a greater burden of stress 

exposure, minority women remain understudied in much biomedical and public health 

research [54].

Some limitations are also worth noting. As with most human research, placenta samples 

were collected at term, thus we were unable to evaluate whether the impact of maternal 

stress on placenta gene expression varies across the course of pregnancy or is heightened 

during gestational windows corresponding to the development of specific prenatal systems. 

Notably, recent research examining extracellular vesicles of placental origin and their cargo, 

which can be isolated from maternal blood throughout pregnancy, provides an emerging 

avenue that may enable consideration of mid-gestational placental functioning in future 

studies [55]. Importantly, the findings in this study are based on a limited sample size. It will 

be critical for future studies to validate the results reported here in larger samples. Future 

research is also needed to better understand the mechanisms, such as the role of epigenetic 

programming, through which maternal stress influences gene expression.

5. Conclusion

We found maternal history of traumatic and non-traumatic stress was associated with sex-

specific changes in placental expression of key nutrient sensors, nutrient transporters, and 

regulators of oxygen tension. These intra-uterine adaptations may play a role in long-term 

programming effects and contribute to the sex bias observed in many developmental and 

chronic diseases. Understanding the mechanisms by which potentially modifiable factors, 

such as stress, program the propensity for future disease could inform strategies for 

improving pregnancy outcomes and developmental trajectories.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Placental expression of GLUT1, IL6, IL1B, HIF1A, and HIF3A is sex-

differential.

• Maternal stress is associated with placental upregulation of OGT, GLUT1 and 

HIF3A.

• When considering sex, significant associations remain only among males.

• The placenta may be a key determinant of sexually dimorphic prenatal 

programming.
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Figure 1. 
Box and whisker plots of sex-specific placental expression of 17 genes. Boxes on the left 

(blue) represent male data and boxes on the right (pink) represent female data. The y-axis is 

log2 gene expression.
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Figure 2. 
Overall and sex-specific associations between maternal stress and expression of 17 candidate 

placental genes. The marker indicates the percent change in expression per 10% increase in 

stress score and bars reflect the 95% confidence limits.
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Figure 3. 
Scatter plots of maternal stress, as indicated by Life Stressor Checklist - Revised (LSC-R) 

scores, and placental expression of OGT, GLUT1, and HIF3A, stratified by fetal sex.
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Table 1.

Candidate placental genes.

Symbol Name Function

OGT O-Linked N-Acetylglucosamine Transferase Glycosyltransferase

mTOR Mammalian Target of Rapamycin Cellular response to nutrient deprivation

DEPTOR DEP Domain Containing mTOR Interacting Protein Regulates mTOR signaling

GLUT1 Solute Carrier Family 2 Member 1 Glucose transporter

GLUT3 Solute Carrier Family 2 Member 3 Glucose transporter

GLUT4 Solute Carrier Family 2 Member 4 Glucose transporter (insulin-regulated)

IGF2 Insulin Like Growth Factor 2 Growth promoter

IGF2R Insulin Like Growth Factor 2 Receptor IGF2 receptor

SLC38A1 Solute Carrier Family 38 Member 1 Amino acid (glutamine) transporter

SLC38A2 Solute Carrier Family 38 Member 2 Amino acid transporter (sodium-dependent)

HIF1A Hypoxia Inducible Factor 1 Subunit Alpha Regulates hypoxia-inducible gene expression

HIF3A Hypoxia Inducible Factor 3 Subunit Alpha Regulates hypoxia-inducible gene expression

IL6 Interleukin 6 Pro-inflammatory cytokine

IL1B Interleukin 1 Beta Pro-inflammatory cytokine

HSD11B2 Hydroxysteroid 11-Beta Dehydrogenase 2 Conversion of cortisol to cortisone

NR3C1 Nuclear Receptor Subfamily 3 Group C Member 1 Glucocorticoid receptor

NR3C2 Nuclear Receptor Subfamily 3 Group C Member 2 Mineralocorticoid receptor
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Table 2.

Characteristics of the study sample. Numbers are mean±standard deviation or frequency (%).

All (n=53, 100%) Male (n=25, 47%) Female (n=28, 53%) P-value
a

Maternal age (years) 28.5±6.1 27.7±6.7 29.2±5.6 0.375

Race/ethnicity 0.820

 White/other 5 (10) 3 (13) 2 (7)

 Black 30 (60) 12 (52) 18 (67)

 Hispanic 15 (30) 8 (35) 7 (26)

Education 0.610

 High school or less 21 (40) 9 (37) 12 (43)

 More than high school 31 (60) 15 (63) 16 (57)

Pre-pregnancy body mass index
b 27.0±9.2 25.8±7.7 29.7±13.4 0.081

Cigarette smoke exposure 19 (36) 7 (28) 12 (43) 0.260

Mode of delivery 0.102

 Vaginal 32 (60) 18 (72) 14 (50)

 Cesarean section 21 (40) 7 (28) 14 (50)

Gestational age at birth (weeks) 38.7±2.3 38.9±2.3 38.5±2.4 0.474

Life Stressor Checklist-Revised score
b 9.0±9.0 9.0±9.0 9.0±12.5 0.457

a
P-value are from t-tests (continuous variables) or Chi-Square tests (categorical variables) for differences by sex.

b
Values are median±interquartile range and p-value is from Wilcoxon Rank Sum test.
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