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Abstract

Elevated maternal testosterone levels are shown to cause fetal growth restriction, eventually 

culminating in sex-specific adult-onset hypertension that is more pronounced in males than 

females. In this study, we tested whether utero- and feto-placental disturbances underlie fetal 

growth restriction and if these changes vary in male and female placentas. Pregnant Sprague-

Dawley rats were injected with vehicle (n=16) or testosterone propionate (0.5 mg/Kg/day from 

gestation day 15–19; n=16). On gestation day 20, we quantified uterine artery blood flow using 

microultrasound, visualized placental arterial network using x-ray microcomputed tomography, 

determined fetoplacental hypoxia using pimonidazole and hypoxia-inducible factor-1α, and used 

Affymetrix array to determine changes in placental expression of genes involved in vascular 

development. Plasma testosterone levels increased 2-fold in testosterone-injected rats. Placental 

and fetal weights were lower in rats with elevated testosterone. Uterine artery blood flow was 

lower and resistance index was higher in testosterone group. Radial and spiral artery diameter and 

length, number of fetoplacental arterial branches, and umbilical artery diameter were reduced in 

the testosterone group. In addition, markers of hypoxia in the placentas and fetuses were elevated 

in the testosterone group. The magnitude of changes in placental vasculature and hypoxia were 

greater in males than females and were associated with sex-specific alteration of unique sets of 

genes involved in angiogenesis and blood vessel morphogenesis. The results demonstrate that 

elevated testosterone during gestation induces a decrease in uterine arterial blood flow and fetal 

sex-related uteroplacental vascular changes, which may set the stage for subsequent sex 

differences in adult-onset diseases.
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INTRODUCTION

About 1 in every 12 babies in the United States1 and up to 15% of all pregnancies 

worldwide exhibit some degree of intrauterine growth restriction (IUGR) and are 

consequently at a higher risk of perinatal and childhood morbidity and mortality.2 Moreover, 

those IUGR babies develop chronic conditions in adult life, such as hypertension, 

dyslipidaemia, and diabetes mellitus.3–9 Maternal health factors, such as chronic 

hypertension, preeclampsia, diabetes mellitus, chronic renal disease, poor nutrition, 

smoking, and fetal genetic abnormalities increase the risk of IUGR.10 The maternal 

cardiovascular system undergoes tremendous adaptations to accommodate the increased 

circulatory requirements of the growing fetus. Nowhere are these adaptations more profound 

than in the uteroplacental vasculature, where a marked increase in uteroplacental blood flow 

is achieved by a large reduction in vascular resistance11;12 and pronounced enlargement and 

structural reorganization of the uterine and spiral arteries.13 These changes allow the 

expansion of blood volume in the uteroplacental unit and sufficient blood flow from the 

placenta to the fetus.13 Normal fetal growth is vastly dependent on adequate placental 

development, whereas increased vascular resistance and hypoxia are associated with reduced 

fetal growth.14 However, the molecular basis of uteroplacental dysfunction in IUGR is not 

well understood.

Epidemiological studies show human IUGR is associated with increased maternal 

testosterone (T) levels.15;16 Most pregnancy pathologies which cause fetal growth restriction 

also present with high androgen levels, such as preeclampsia,17–21 polycystic ovarian 

syndrome (PCOS),22 congenital adrenal hyperplasia (CAH),23;24 and maternal smoking or 

nicotine intake.25–27 Moreover, pregnant African-American women have higher serum T 

levels, with a greater frequency of low-birth-weight babies.28–30 Experimental studies show 

that increasing T levels in pregnant rats to concentrations similar to levels in preeclamptic 

pregnancies leads to fetal growth restriction.31;32 Furthermore, these low-birth-weight T 

offspring develop cardiovascular dysfunction in a sex-specific manner that is more 

pronounced in males than females.33;34 However, the pathophysiological mechanism by 

which T induces fetal growth restriction is unknown.

Elevated maternal T levels can produce at least 2 major potential effects: direct actions of T 

on the fetus and indirect actions on the uteroplacental unit. Numerous studies have 

demonstrated that T directly causes fetal damage.35–39 On the other hand, the adverse effects 

of T on fetal growth could be from the indirect action of T on the maternal-fetal unit and the 

uteroplacental circulation. Studies in humans have shown that elevated T, as observed in 

PCOS pregnancies, is associated with impaired decidual trophoblast invasion, increased 

uterine artery resistance index, and reduced blood flow.40;41 Further experimental studies 

have shown that elevated T decreases placental weight in rats,32 advances placental 

differentiation in sheep,42 decreases placental nutrient transport capacity in rats,32 and 
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exaggerates vascular contractile response in uterine arteries of rats.43 However, in spite of 

the well-documented effects of elevated maternal T on placental growth and the available 

circumstantial evidence of its association with increased uterine artery resistance in PCOS 

pregnancy,40;41 the effect of T on placental vascular development has not been studied. 

Furthermore, the placenta is often considered an asexual organ, with most studies 

consistently pooling data derived from the placentas of male and female fetuses into a single 

group.44 It has been postulated that the placenta is a programming agent that can contribute 

to the sex differences in adult-onset diseases.45 Hence, in this study, we examined if the 

pronounced hypertensive responses reported in the prenatal T-exposed adult males 

compared to females33;34 relate to the underlying sex-specific utero- and feto-placental 

disturbances. Herein, we present evidence in an in vivo pregnancy rat model that elevated T, 

at concentrations similar to that observed in clinical conditions, promotes a decrease in 

uterine artery blood flow, increases resistance in uterine arteries, and reduces placental 

vascularization, leading to placental and fetal hypoxia. Interestingly, the magnitude of 

changes in placental vasculature and hypoxia appears to be sex-dependent, with a greater 

effect in males than females, and is associated with alteration in a unique set of sex-specific 

genes involved in angiogenesis and blood vessel morphogenesis.

MATERIALS AND METHODS

Animals

All procedures were approved by the Animal Care and Use Committee at the University of 

Texas Medical Branch and were in accordance with those guidelines published by the US 

National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH 

Publication No. 85–23, revised 1996). As we described earlier,31;43;46;47 timed pregnant 

Sprague-Dawley rats (gestational day [GD] 12; presence of copulation plug is day 1), 

purchased from Charles River (Wilmington, MA), were used in this study. After 

acclimatization, on GD 14, dams were randomly divided into 2 groups. Dams in the 

treatment group were subcutaneously injected with T propionate (0.5 mg/Kg/day, n=16) for 

5 days from GD 15–19. The control group received vehicle (sesame oil, n=16). This dose 

and duration of exposure is commonly used to mimic plasma T levels observed in 

preeclamptic and IUGR pregnancies.48;32;49;50 Standard rodent chow and water were 

available ad libitum throughout the experimental protocols. The animals were housed in a 

room with a controlled temperature and a 12-hour light-dark cycle. From 8–10 am on day 20 

of pregnancy, rats were anaesthetized for ultrasound and then used for placental 

vascularization. Another set of animals were used to examine placental and fetal 

oxygenation. Additional animals were sacrificed with carbon dioxide inhalation and 

placentas and fetuses were isolated, blotted to remove fluids and blood, weighed, snap-

frozen in liquid nitrogen, and stored at −80°C until analyzed. An expanded Methods section 

is available in the online-only Data Supplement, which includes, measurement of plasma T 

levels, ultrasound of uterine arteries, placental vascularization, assessment of placental and 

fetal hypoxia, placental and fetal sex determination, placental gene expression by 

microarray, and validation of gene expression by quantitative real-time PCR.
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Statistical Analysis

All values are given as mean ±S.E.M, where n is the number of mothers. Statistical 

comparisons were made by ANOVA followed by the Bonferroni post hoc test on multiple 

observations and unpaired Student t test for comparison of single observations between 

control and T groups. Correlation between microarray and RT-qPCR data was assessed with 

a Spearmann correlation test. All tests were performed with GraphPad Prism (San Diego 

CA, USA). Statistical significance was assumed if P<.05.

RESULTS

Increased Plasma T levels in T dams

Plasma T levels were 2-fold higher in T dams (2.39±0.12 ng/mL; P<.05) compared to 

controls (1.19 ± 0.08 ng/mL).

Fetal, Placental, and Maternal Growth in dams with elevated T

Fetal body weight was significantly lower (−26% in males and −25% in females) at 20 days’ 

gestation in T dams compared with controls (Fig 1A; P<.05). Sex ratios within the litters 

were not significantly different. No significant differences were noted in mean litter sizes 

between controls (13.4 ± 1.7) and T dams (12.7 ± 2.2). Placental weights of male and female 

fetuses were also significantly lower (−25% in males and −21% in females) compared to 

respective controls (Fig 1B; P<.05). The fetal to placental weight ratio remained unchanged 

(Fig 1C). Maternal body weight increased similarly in both groups and was not significantly 

different at 20 days’ gestation between T dams and controls (T dams: 318·5 ± 29 g; controls: 

327·5 ± 33·3 g).

Reduced Uteroplacental Blood Flow and Elevated Uteroplacental Vascular Resistance in T 
dams

Uterine arterial blood flow measured using transcutaneous micro ultrasound was 

significantly reduced by 40% in T dams relative to controls (Fig 2A; P<.05). The uterine 

arterial diameter was significantly reduced in T dams (Control: 736.12± 19.4 µm and T: 

547.23± 26 µm, P<.001, Table 1). We observed significant elevations in the resistance index 

(Fig 2B; P<.05) and pulsatility index (Fig 2C; P<.05) in T dams compared to controls. Thus, 

results indicate that elevated T decreases uterine artery diameter and blood flow and 

increases uterine vascular resistance.

Reduced Growth of Spiral Arteries, Central Arterial Canals, Fetoplacental Arterial 
Branches, and Umbilical Arteries in T dams

Changes were observed in the uteroplacental arterial tree (Fig supplementary S1), beginning 

with a 23% reduction in uterine artery diameter relative to controls (Fig supplementary S2A; 

Table 1; P<.05). The uterine artery directly supplied a smaller number of preplacental radial 

arteries in the T dams (3 in males; 3.5 in females) compared to controls (4.75 in males, 4.5 

in females) (Table 1). Also, the first segment of preplacental radial arteries in T dams were 

shorter (−26% in males; −22% in females; Table 1), branching sooner than controls, and 

were smaller in diameter (−26% in males; −27% in females; Table 1). Preplacental radial 
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arteries gave rise to spiral arteries, which were less coiled and smaller in T mothers than 

controls. This reduction was not due to the number of spiral arteries, which was 

approximately 13 in each group (Table 1); rather, it was due to decreased diameters (−27% 

in males; −25% in females; Table 1) and reduced length (−22% in males; +8% in females; 

Table 1). Spiral arteries converge into canals, which were smaller in placentas of T dams. 

This reduction was not due to a decrease in canal diameters but was related to a decrease in 

canal length (−15% in males; −9% in females; Table 1). Trends toward reduced canal 

branches (P=.09) were also observed in male placentas of T dams (Table 1).

Examination of the fetoplacental arterial trees showed a centrally located umbilical artery 

branched across the chorionic plate before elaborately branching into smaller diameter 

intraplacental arteries. Measurements revealed a small but significant decrease (−5% in 

males; −3.2% in females; Table 2) in umbilical artery diameters in T placentas. Vascular 

segmentation further revealed that there was a significant decrease in the total number of 

arterial vessel segments in T placentas (−13% in males; −11% in females; Table 2) 

compared to controls. Also, the number of branching generations were significantly lower in 

T dams (−24% in males; −10% in females; Fig supplementary S2B; Table 2) compared to 

controls.

Together, these changes in uteroplacental and fetoplacental vascularity suggest a generalized 

reduction in arterial enlargement and elaboration of the utero- and feto-placental circulation 

in T rats. Overall, the magnitude of changes appears to be similar in male and female 

placentas of T dams compared to their respective controls expect that the spiral artery length 

and number of canals were significantly decreased only in T males.

Increased Placental and Fetal Hypoxia in T dams

Decreased uterine arterial blood flow and improper placental vascularization were 

anticipated to decrease oxygen delivery to the placenta. We, therefore, predicted that the 

placentas in T dams would be hypoxic in vivo. To test this, we used the oxygen-sensitive 

hypoxia marker pimonidazole and hypoxia inducible factor (HIF) 1α. Western blotting 

revealed increased pimonidazole binding (+55% in males; +27% in females; Fig 3A; P<.05) 

and HIF 1α levels (+2.1 fold in males, +1.4 fold in females; Fig 3B; P<.05) in placentas of T 

dams compared to controls. The percent increase in pimonidazole binding and fold increase 

in HIF 1α levels in T males was significantly higher compared to T females (Fig 3A and B; 

P<.05).

Since pimonidazole crosses the placenta51 and binds to hypoxic fetal cells, we next 

determined whether elevated maternal T levels affect oxygen delivery to the fetus. 

Pimonidazole binding (+57% in males; +38% in females; Fig 4A; P<.05) and HIF 1α levels 

(+1.5 fold in males, +1.3 fold in females; Fig 4B; P<.05) were greater in T fetuses than in 

controls. These findings suggest that placentas and fetuses of T dams are hypoxic with a 

more pronounced effect in the males that females. The percent increase in pimonidazole 

binding in T male fetuses was significantly higher compared to T female fetuses (Fig 4A; 

P<.05)..
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Placental Expression of Genes Involved in Blood Vessel Morphogenesis and 
Angiogenesis were Altered in T dams

To characterize the underlying changes in genes that could contribute to the altered vascular 

development, microarray analysis was performed on placental cDNA obtained from control 

and T dams. In order to characterize whether elevated maternal T triggers different changes 

in males and females, we analyzed the gene changes in both sexes separately. We compared 

the male T with the male control microarrays and female T with the female control 

microarrays. The microarray data are in compliance with the Minimum Information about 

Microarray Experiments and these microarray data have been submitted to Gene Omnibus 

and are accessible through accession number GSE61543 (http://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?token=uxmlqiimhxalziv&acc=GSE61543). We found that 782 genes were 

affected (Fc >1·25, P < 0.05) in T male placentas with 486 being up-regulated and 296 

down-regulated. In the T female placentas, 603 genes were affected with 394 up-regulated 

and 209 down-regulated.

To further analyze the observed gene expression changes, DAVID functional annotation 

clustering was used to identify pathways, physiological functions, cellular localization, or 

other meaningful commonalities among the regulated genes. The dysregulated genes in male 

placentas were involved principally in response to hormone stimulus, vasculature 

development and angiogenesis, response to nutrient levels, extracellular region, and cell 

adhesion (Supplementary Table S1). In female placentas, the biological functions associated 

with the dysregulated genes were principally involved in extracellular region, extracellular 

matrix, inflammatory response, response to hormone stimulus, response to nutrient levels, 

vasculature development and angiogenesis (Supplementary Table S2). There is no 

significant difference in the pathways affected between the T male s and females.

Since elevated T levels induced striking effects on the length, diameter and branching of 

placental vasculature, we further examined dysregulated genes within the vascular 

development pathway (GO:0048514 : blood vessel morphogenesis [412 gene products] and 

GO:0001525 : angiogenesis [333 gene products]). Compared to the controls, in the male 

placentas of T dams, 51 differentially expressed genes were identified, with 47 genes 

upregulated and 4 genes down regulated (Fig 5). In the female placentas of T dams, 36 

genes were differentially expressed, with 29 upregulated and 7 downregulated (Fig 5). 

Among these altered genes, only 18 were dysregulated in both sexes: 17 upregulated and 1 

downregulated. Interestingly, some genes showed sexual dimorphism: 30 were upregulated 

and 3 downregulated in males only, and 12 were upregulated and 6 downregulated in 

females only (Fig 5). The fold change in gene expression in presented in supplementary 

Table S3.

Quantitative RT-PCR Validation of Blood Vessel Morphogenic and Angiogenic Genes

The differentially expressed of genes involved in blood vessel morphogenesis and 

angiogenesis in males (Nos3, Angptl4, Emcn, Edn1 Flt1, and sFlt) (Fig 6A) and females 

(Cxcr4 Bmp4, Plau, and IL1β) (Fig 6B) were confirmed by real-time PCR. For all genes 

examined, a significant correlation between microarray and qPCR data was established 

(Spearman’s Rank Correlation, P<.05).
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DISCUSSION

Human and animal studies reported that elevated maternal T levels are associated with 

reduced fetal weight52–55; however, the mechanisms underlying this growth-restricted 

phenotype are not known. In the present study, we found that the reduced fetal weight in 

pregnant rats with elevated maternal T is associated with uteroplacental dysfunction 

evidenced by greater uterine artery resistance index with reduced blood flow, abnormal 

placental vascularization, and hypoxia. Interestingly, these placental changes were 

associated with differential expression of unique sets of genes in males and female 

placentas.

During pregnancy, the development of uteroplacental circulation with low vascular tone 

accommodates a greater than 20-fold increase in uterine blood flow in near-term pregnant 

sheep and in humans, which ensures normal placental perfusion and fetal development.13;56 

The adaptation of uterine artery contraction and relaxation mechanisms to pregnancy is 

complex. In addition to remodeling of the uterine vasculature and reduction in downstream 

resistance, decreased uterine artery resistance is accomplished by significantly blunted 

vascular contractility57;58 and enhanced endothelium-dependent relaxation of the uterine 

artery.59;60 We have previously shown that elevated T in pregnant rats enhances vascular 

smooth muscle contractile responses to angiotensin II and decreases endothelium-dependent 

relaxation in uterine arteries.43 This elevated T-induced enhancement of uterine artery 

contraction may contribute to the decrease in diameter and increase in resistance index, 

culminating eventually in decreased uterine artery blood flow. In addition, the increase in 

downstream vascular resistance due to poor placental vascularization may also contribute to 

elevated uterine artery resistance indices and the decrease in blood flow. This suggests that 

elevated maternal T can cause alterations in uterine artery hemodynamics, which could 

explain for the observed increase in uterine artery resistance index and decrease in blood 

flow in pregnant hyperandrogenic PCOS patients.61;62 These results are also consistent with 

the increase in uterine vascular resistance and decrease in blood flow in fetal growth-

restricted human pregnancies.63

We found an important and previously unrecognized role of elevated maternal T on 

placental vascularization. This study showed about 25% reductions in radial and spiral artery 

diameters in rats with elevated T. The spiral arteries were also less elongated and less 

tortuous in rats with elevated T than in controls. Reduced diameters were limited to 

endothelial-lined vessels; diameters did not differ in trophoblast-lined maternal arterial 

canals. It is not clear if the effect of elevated T on endothelium contributes to this segmental 

difference. In contrast to the 25% reductions in diameter of endothelial-lined uteroplacental 

arteries in rats with elevated T, the diameter of fetoplacental umbilical vessels decreased by 

<5%, even though endothelium is present in umbilical vessels, at least in humans.64 This 

result suggests that elevated T plays a lesser role in control of arterial diameters of the 

fetoplacental arterial vasculature than the uteroplacental vasculature. Instead, changes in the 

fetoplacental arterial vasculature in rats with elevated T were mostly influenced on 

elaboration of arterioles as evidenced by decreased arterial length and branching 

generations. This is consistent with rarefaction of fetoplacental arteriole vessels in fetal 

growth-restricted human pregnancies.65 Although placental analysis did not reveal any 
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significant sex differences, the magnitude of vascular disturbances in male placentas was 

marginally higher than in female placentas.

The placentas of T rats showed signs of increased hypoxia, as indicated by increased 

pimonidazole binding and HIF1α levels. Increased hypoxia could be attributed to reduced 

uteroplacental blood flow and impaired placental vascular development observed in rats 

with elevated T, which would tend to reduce oxygen delivery to placenta. The hypoxia is 

also extended to fetus. The decreased umbilical artery diameter in T dams, together with the 

decreased in placental vascularity (ie, decreased fetal-placental exchange surface), will also 

contribute to the decreased fetal oxygen delivery. Interestingly, the placental and fetal 

hypoxia appear to be sex-specific, with male placentas being more hypoxic than females. 

The underlying mechanisms for higher hypoxic effects in the male placentas and fetuses 

remain nebulous; however, the higher nutritional and oxygen demand by the faster growing 

male fetus in utero66 may predispose them to exhibit pronounced hypoxic effects following 

oxygen and/or nutrient deprivation.67

Vasculogenesis and angiogenesis are critical processes that lead to the formation of the 

placental vascular network necessary for adequate uteroplacental circulation.68;69 We 

observe that elevated T increases expression of angiopoietin2 (angpt2) and its receptor 

(tie1), which is known to disrupt vascular remodeling and induce endothelial cell 

apoptosis.70 In addition, we observed downregulation in several important vascular 

development and angiogenesis-related genes (Ccr3, Stra6, Dhcr7, Arid1a, Ptprj, Col1a2, 

Lef1, Col1a1, and Mmp2), suggesting an antivasculogenic gene expression profile was in 

placentas of rats with elevated T. Microarray studies on human placentas complicated with 

IUGR have shown aa similar antiangiogenic gene expression profile.71 However, T 

placentas also showed some upregulated angiogenesis genes that could be an effort to 

compensate for the decreased uteroplacental circulation and placental hypoxia. Although 

there is no significant quantitative difference in T-induced decrease in diameter, length and 

branching of placental vasculature between the male and female placentas, we show for the 

first time that there is striking difference in the gene sets altered by T. Indeed, the sets of 

genes affected by T differed markedly between the two sexes. It is unclear if the male 

placentas cope differently than the female placentas to the same maternal insult or if this T-

induced difference in gene expression is driven by the genetic sex of the cells. Sexual 

dimorphism in placenta could result from differential effects of sex chromosomes. In bovine 

blastocysts, sex determines the level of expression of one third of the actively expressed 

genes.72 In human term placentas, Sood et al. showed that many of the sex-correlated genes 

were located on the sex chromosomes, but that some were autosomal.73 In our study, we 

cannot conclude that there are more genes on the Y or X chromosome directly accounting 

for sexually dimorphic placental gene expression in basic conditions. Differences in 

expression of androgen receptor levels between the male and female T placentas may also 

contribute for the gender differences in gene expressions. A similar difference in sex-

specific placental gene expression has been reported in pregnant dams fed a high-fat74 or 

low-protein diet.75 Further, our transcriptomic analysis provides evidence for a greater 

perturbation in male than in female rat placentas of T dams in terms of the numbers of 

dysregulated genes. This evidence contrasts studies reported in mice in which high-fat-fed 
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dams displayed more changes in placental gene expression in female than males.74 This 

discrepancy in reactivity between males and females placentas may be due to differences in 

maternal insult, species, and placental developmental stage. Although sex-specific 

alterations in the gene expression of the placenta were found, it remains to be established if 

these alterations are found in the fetus as well and if they play a underlying role in 

contributing to sex differences in the development of adult-life dysfunctions. The limitation 

of this study, like most expression studies in rats and mice, is that we analyzed whole 

placentas that contain mixed cell populations.74;76;77 Changes in the proportions of the 

different cell populations might generate the differences observed independently of changes 

in gene expression in a single cell population.

PERSPECTIVES

Elevated T during pregnancy is associated with abnormal fetal growth and development 

leading to adult-life diseases, yet the mechanisms underlying the detrimental effects of T 

remain unknown. In the present study, clinically relevant concentrations of testosterone 

produced a reduction in uterine arterial blood flow and disruption of uteroplacental arterial 

vasculature, resulting in placental hypoxia in pregnant rats. The effect of elevated T in 

maintaining high-vascular resistance and in disrupting fetoplacental vascularization most 

likely contributed to reduced fetal tissue oxygenation and reduced fetal growth at term. 

Further, current findings suggest that elevated maternal T-induced disruption of placental 

vascular development is associated with underlying alteration in expression of genes 

involved in blood vessel development and angiogenesis. Intriguingly, elevated T induced 

striking differences in altering different sets of genes in the male and female placentas. The 

results suggest a role for T as a possible mediator of increased vascular resistance and 

placental insufficiency during pregnancy. Therefore, some of the vascular effects observed 

during preeclampsia or PCOS pregnancies may indeed be androgen-mediated. The ability of 

elevated T to influence vascular and placental function during pregnancy may contribute to 

some of the negative effects of T on fetal growth and development. Understanding T’s 

influences on the vascular and placental system could lead to new therapeutic approaches to 

antagonize some placental dysfunctions during pregnancy. Furthermore, these results 

provide a novel approach to understanding the sex differences in the underlying factors that 

contribute to the gender differences in the pathogenesis of fetal origins of adult diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NOVELTY AND SIGNIFICANCE

What Is New?

• In contrast to the well-studied beneficial roles of estrogen and progesterone in 

maternal cardiovascular adaptations to pregnancy, this study shows that elevated 

maternal plasma T, at levels similar to those observed in preeclampsia, PCOS 

mothers, and pregnant African-American women, leads to a reduction in uterine 

arterial blood flow, disruption in development of uteroplacental arterial 

vasculature, and placental hypoxia in pregnant rats.

• Testosterone-mediated impairments in placental vascular development correlate 

with alteration in placental expression of genes involved in blood vessel 

development and angiogenesis.

• Elevated T induces striking sexual dimorphism by inducing alterations in 

different sets of genes in the male and female placentas.

• The enhanced uterine artery contraction and reduced relaxation mechanisms 

may decrease uterine arterial blood flow, and disruption of placental 

vascularization may contribute to reduced fetal tissue oxygenation and nutrient 

delivery, leading to reduced fetal growth.

What Is Relevant?

• Most pregnancy pathologies, which cause fetal growth restriction, also present 

with high androgen levels, such as preeclampsia, PCOS, congenital adrenal 

hyperplasia, maternal smoking or nicotine intake, caffeine intake, obesity, or 

stress. Moreover, pregnant African-American women have higher serum T 

levels, with a greater frequency of low-birth-weight babies. Thus, it is of clinical 

significance to examine androgen’s role in fetal growth.

• Numerous studies have demonstrated that T directly causes fetal damage. On the 

other hand, the adverse effects of T on fetal growth could be from indirect 

action of T on the maternal-fetal unit and the uteroplacental circulation.

• Herein, we present evidence for the first time that elevated T levels induce a 

decrease in uterine arterial blood flow and fetal sex-related uteroplacental 

vascular changes, which may set the stage for subsequent sex-differences in 

adult-onset diseases.

• Strategies that target excessive androgen action in the uteroplacental circulation 

could have an important therapeutic potential in treatment of pregnancies 

complicated by fetal growth restriction.

Summary

• This article is the first to show how elevated maternal T, at concentrations 

relevant to those observed in abnormal pregnancy conditions, like preeclampsia 

and IUGR, affects uterine artery and placental function. Elevated maternal T 

increased vascular resistance, decreased uterine blood flow, and disrupted 
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placental vascular development, which may lead to reduced fetal nutrient and 

oxygen delivery and growth restriction.
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Figure 1. 
Fetal and placental weight are reduced in pregnant rats with elevated T. Fetal (A), placental 

(B), and feto-placental ratio (C) at gestation day 20 in control and T dams. Data expressed 

as mean ± SEM of 6 rats in each group. *P<.05 vs respective controls.
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Figure 2. 
Uterine arterial blood flow and resistance are altered in pregnant rats with elevated T. 

Uterine arterial blood flow (A), resistance index (B), and pulsatility index (C) measured 

using micro-ultrasound gestation day 20 in control and T dams. Data expressed as mean ± 

SEM of 6 rats in each group. *P<.05 vs respective controls.
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Figure 3. 
Increased markers of placental hypoxia in pregnant rats with elevated T. Pimonidazole (A) 

and hypoxia-inducible factor (HIF) 1α (B) immunoblotting were used to identify hypoxia in 

the placenta at gestation day 20 in control and T dams. Representative Western blots for 

Pimonidazole, HIF1α, and β-actin are shown at top; blot density obtained from 

densitometric scanning of Pimonidazole and HIF1α normalized to actin is shown at bottom. 

Values are given as means ± SEM of 6 rats in each group. *P≤.05 vs respective control. #P≤.

05 vs T females.
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Figure 4. 
Increased markers of hypoxia in fetuses from pregnant rats with elevated T. Pimonidazole 

(A) and hypoxia-inducible factor (HIF) 1α (B) immunoblotting were used to identify 

hypoxia in the placenta at gestation day 20 in control and T fetuses. Representative Western 

blots for Pimonidazole, HIF1α, and β-actin are shown at top; blot density obtained from 

densitometric scanning of Pimonidazole and HIF1α normalized to β-actin is shown at 

bottom. Values are given as means ± SEM of 6 fetuses in each group. *P≤.05 vs respective 

control. #P≤.05 vs T female fetueses.
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Figure 5. 
Venn diagram displaying significant sexual dimorphism in the dysregulated genes. The list 

of dysregulated gens are presented below.

Gopalakrishnan et al. Page 21

Hypertension. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Validation of placental mRNA levels for candidate genes, determined by RT-qPCR, in the 

placentas of pregnant rats with elevated T. Real-time reverse transcriptase PCR was used to 

assess mRNA expression. Quantitation of candidate genes was normalized relative to β-actin 

levels. Values are given as means ± SEM of 6 placentas in each group. *P≤.05 vs control.
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Table 2

Fetoplacental arterial tree measurements

Parameter Male Female

Control T Control T

Umbilical artery diameter 0.62±0.056 0.59±0.036* 0.62±0.036 0.60±0.034*

Number of vessel segments 2136±76 1856±53* 1986±48 1754±58*

Total length of vasculature 562±11 465±15* 492±9 451±11*

Number of branching generations 46±4 35±3* 51±3 46±2*

Values are expressed as mean±SEM, n=8 in each group

Diameter and length are presented in ‘mm’

*
P<.05 compared to respective control group
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