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ABSTRACT

Prenatal testosterone exposure impacts postnatal reproduc-
tive and endocrine function, leading to alterations in sex steroid
levels. Because gonadal steroids are key regulators of cardio-
vascular function, it is possible that alteration in sex steroid
hormones may contribute to development of hypertension in
prenatally testosterone-exposed adults. The objectives of this
study were to evaluate whether prenatal testosterone exposure
leads to development of hypertension in adult males and females
and to assess the influence of gonadal hormones on arterial
pressure in these animals. Offspring of pregnant rats treated with
testosterone propionate or its vehicle (controls) were examined.
Subsets of male and female offspring were gonadectomized at 7
wk of age, and some offspring from age 7 to 24 wk received
hormone replacement, while others did not. Testosterone
exposure during prenatal life significantly increased arterial
pressure in both male and female adult offspring; however, the
effect was greater in males. Prenatal androgen-exposed males
and females had more circulating testosterone during adult life,
with no change in estradiol levels. Gonadectomy prevented
hyperandrogenism and also reversed hypertension in these rats.
Testosterone replacement in orchiectomized males restored
hypertension, while estradiol replacement in ovariectomized
females was without effect. Steroidal changes were associated
with defective expression of gonadal steroidogenic genes, with
Star, Sf1, and Hsd17b1 upregulation in testes. In ovaries, Star
and Cyp11a1 genes were upregulated, while Cyp19 was
downregulated. This study showed that prenatal testosterone
exposure led to development of gonad-dependent hypertension
during adult life. Defective steroidogenesis may contribute in
part to the observed steroidal changes.

gonadectomy, hypertension, prenatal testosterone, sex steroids,
steroidogenesis

INTRODUCTION

Exposure to excess androgen during fetal life causes
intrauterine growth retardation and low birth weight [1–3]
and disrupts several metabolic, reproductive, and cardiovascu-
lar parameters in adult life [3–6]. Exposure to excess androgen

can occur in fetuses of pregnant women with pre-eclampsia or
polycystic ovary syndrome (PCOS) who show elevated levels
of plasma testosterone during the last third of pregnancy [7–
11]. Studies of endocrine disruptors have shown the existence
of environmental substances with androgenic actions, such as
17-b-trenbolone and triclocarban, which are a potential cause
of abnormal fetal outcomes [12–14]. Alternatively, it has been
proposed that the placenta [15] or the fetal gonads [16] can by
themselves be a source of androgen due to abnormalities in
genes controlling steroidogenesis. Because hormonal perturba-
tions during this critical developmental window may have
adverse effects that persist into adulthood, it is important to
study the consequences of androgen exposure in utero.

Experimental studies show that prenatal androgen exposure
leads to development of adult life cardiovascular dysfunctions,
as shown by enlargement of the left cardiac ventricle and
kidneys [17, 18], and a moderate increase in blood pressure [3,
4]. Moreover, epidemiological studies show that offspring born
to PCOS mothers or offspring of pre-eclampsia pregnancies are
more likely to have increased blood pressure during postnatal
life [19–22]. We have recently shown that hypertension in
adult female offspring exposed prenatally to testosterone is
associated with reduced endothelium-dependent vascular
relaxation involving decreased endothelial nitric oxide synthase
(eNOS) expression and reduced nitric oxide production from
endothelial cells [3]. The cardiovascular consequences of prenatal
testosterone exposure in adult males have not been studied.

In addition to cardiovascular dysfunctions, prenatal androgen
exposure has been shown to alter sex steroid hormone
production during postnatal life. Prenatal exposure of a female
fetus to androgens results in the development of features
characteristic of PCOS in nonhuman primates, rats, and sheep
[5, 23, 24]. The females exposed to prenatal testosterone have
disruptions in the regulation of the hypothalamic-pituitary-
gonadal (HPG) axis with desensitization of gonadotropin-
releasing hormone (GnRH) neurons to steroid feedback, elevated
luteinizing hormone (LH) levels [25–28], and irregular repro-
ductive cycles [29, 30]. Male fetuses prenatally exposed to
androgens also have altered gonadal responsiveness to GnRH
[31], increased volume of sexually dimorphic nuclei in the brain
[32], and increased expression of follicle-stimulating hormone
receptor (FSHR) in testes [6]. Both males and females exposed
to testosterone during fetal life tend to produce increased
testosterone during adult life, with little or no change in estradiol
levels [30, 31, 33, 34].

Studies of spontaneous and secondary types of hypertension
have provided abundant evidence that manipulation of sex
steroid hormones through gonadectomy alters the course of
hypertension [35–39]. Sex differences in blood pressure have
been attributed to protection of the female by estrogens [40] or
the prohypertensive activities of testosterone [40, 41].
Ovariectomy led to hypertension in aging female Dahl salt-
sensitive and female mRen2.Lewis rat models, in which intact
female rats are normotensive while their male counterparts are
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hypertensive [42, 43]. Castration of male spontaneously
hypertensive rats (SHR) or Dahl salt-sensitive rats at a young
age (3–5 wk) delayed development of hypertension, and
testosterone treatment of castrated males exacerbated their
hypertension [35, 44, 45]. These studies suggest that sex
steroids in both males and females may contribute to the
development and progression of hypertension.

Because gonadal steroids are key regulators of cardiovascular
function, we hypothesized that prenatal testosterone exposure
leads to defective gonadal steroidogenesis, generating alterations
in plasma steroid hormone levels during adult life, contributing
to development of hypertension. Thus, the objectives of this
study were to evaluate whether prenatal testosterone exposure
leads to development of hypertension in adult males and females
and to assess the influence of gonadal hormones on arterial
pressure in these animals. To mimic the gestational excess
androgen associated with PCOS, pre-eclampsia, and other
inappropriate androgen exposure, our laboratory developed a
rat model treated with testosterone propionate late in gestation
[1, 3]. Previously, we described cardiovascular abnormalities in
the female offspring, using this model [3].

MATERIALS AND METHODS

Animals

All experimental procedures were carried out in accordance with National
Institutes of Health guidelines (NIH publication no. 85–23 [revised 1996]) with
approval by the Animal Care and Use Committee at the University of Texas
Medical Branch. Rats were housed in a temperature-controlled room (238C),
with a 12L:12D cycle, and with food and water available ad libitum. Timed
pregnant Sprague-Dawley rats were purchased from Harlan Laboratories, Inc.
(Houston, TX). At Day 14 of gestation, rats were divided into two groups.
Group I received daily injections of testosterone propionate (TP) subcutane-
ously from Gestational Days 15 to 19 with 0.5 mg/kg/day (n¼ 8), and Group II
received only vehicle (sesame oil; n¼8). All dams in both groups were allowed
to deliver at term, and birth weights of pups were recorded within 12 h of birth.
At that time, the number of pups in the control and TP litters was adjusted to 10
pups per dam to ensure equal nutrient access for all offspring (pups with
weights at each extreme were euthanized). The male:female pup ratio remained
equivalent after culling, when possible. Pups were weaned at 3 wk of age. At 7
wk of age, control and TP rats underwent sham surgery or were
gonadectomized or received replacement therapy with estradiol benzoate, TP,
or sesame oil vehicle up to 24 wk of age, as described below. Changes in
arterial pressure were measured in conscious, free-moving rats at 24 wk of age.
Animals were euthanized by CO

2
inhalation, and blood was collected by

cardiac puncture to determine plasma estradiol and testosterone levels. Testes
and ovaries were collected and snap frozen in liquid nitrogen and stored at
�808C for assessment of genes controlling steroidogenesis. Measurements of
all experimental end points were performed when rats reached 24 wk of age.
Care was taken to use only one male and female per litter for any parameter.

Ovariectomy and Estrogen Supplementation

Females of both control and TP litters underwent ovariectomy as described
previously at 7 wk of age [46]. In those rats receiving estradiol supplementation,
17-b-estradiol (5 lg/kg in 100 ll of sesame oil [Sigma, St. Louis, MO]) was
injected subcutaneously once every 4 days immediately after ovariectomy and up
to 24 wk of age. Rats have an estrous cycle of 4 days; hence, this regimen of
estradiol was chosen to closely mimic physiological changes in 17-b-estradiol
levels across the rat estrous cycle as described previously [46].

Orchiectomy and Testosterone Supplementation

Males of both control and TP litters underwent bilateral orchiectomy as
described previously [47] at 7 wk of age. In those rats receiving testosterone
supplementation, TP (2 mg in 100 ll of sesame oil [Sigma]) was injected
subcutaneously once daily immediately after orchiectomy and up to 24 wk of
age.

Mean Arterial Pressure

Rats under anesthesia (ketamine, 45 mg/kg; xylazine, 5 mg/kg [Burns
Veterinary Supply, Westbury, NY]) received surgically implanted flexible

catheters (polyethylene tubing PE-50; Becton Dickinson, Sparks, MD) in the
left carotid artery for measurement of arterial pressure as previously described
[46]. Catheters were tunneled to the nape of the neck and exteriorized. Arterial
pressure measurements were performed with rats in the conscious state after a
24-h recovery phase via connection of the arterial catheter to a pressure
transducer and a data acquisition system (product no. DBP001; direct blood
pressure system and Workbench for Windows software; both from Kent
Scientific, Litchfield, CT). Arterial pressure was monitored continuously for 30
min to determine baseline values.

Plasma Estradiol and Testosterone Levels

Blood samples were collected between 900 h and 1000 h from all rats. In
rats with intact ovaries, blood samples were collected at diestrus, as determined
by vaginal cytology. In estradiol-supplemented rats, blood was collected 48 h
after supplementation to mimic diestrus levels. In TP-supplemented rats, blood
was collected 2 h after supplementation. Plasma was separated by
centrifugation and stored at �208C until the time of measurement. Estradiol
and testosterone levels in the samples were measured using Ultra Sensitive
estradiol RIA (Diagnostic Systems Laboratories, Inc., Webster, TX) and a
testosterone ELISA kit (Enzo Life Sciences, Farmingdale, NY), respectively, as
in our previous publications [46]. The minimum detectable concentration of
estradiol was 2.2 pg/ml, whereas that of testosterone was 6 pg/ml. Intra- and
interassay coefficients of variation for estradiol and testosterone were lower
than 5%.

Quantitative Real-Time PCR

Total RNA was isolated from whole adult testes or ovaries by using TRIzol
reagent (Invitrogen, Carlsbad, CA). All RNA isolates were made DNA free by
treatment with DNase and further purification with RNeasy clean-up kit
(QIAGEN Inc., Valencia, CA). Total RNA concentration and purity were
determined using an ND-1000 model Nanodrop spectrophotometer (Thermo
Fisher Scientific, Newark, DE). Two micrograms of total RNA were reverse
transcribed (RT) using a modified Maloney murine leukemia virus-derived RT
(New England Biolabs Inc., Ipswich, MA) and a blend of oligo(dT) and random
hexamer primers (Invitrogen). The reaction was carried out at 288C for 15 min
and then at 428C for 50 min and stopped by heating at 948C for 5 min, followed
by 48C, before storage at �208C until further analysis. One microliter of the
resulting cDNA was amplified by real-time PCR using SYBR Green (Bio-Rad,
Hercules, CA) as fluorophore in an CFX96 model real-time thermal cycler
(Bio-Rad). Specific pairs of primers (Table 1) from published literature were
used for each gene amplification. PCR conditions used were 10 min at 958C for
1 cycle, 15 sec at 958C, 30 sec at 608C, and 15 sec at 728C for 40 cycles, with a
final dissociation step (0.05 sec at 658C and 0.5 sec at 958C). Results were
calculated using the 2–DDCT method and expressed as fold-level increases or
decreases of expression of genes of interest in TP-treated rats versus those in
control rats. All reactions were performed in duplicate, and 18S rRNA was used
as an internal control.

Statistics

Statistical Analysis System software (SAS Institute, Cary, NC) was used for
statistical analyses. All data are presented as means 6 SEM. Measurements of
mean arterial pressure (MAP) and plasma hormones were compared using 2 3 3
ANOVA model in which the factors were treatment (prenatal testosterone and
vehicle exposure) and gonadal status (intact, gonadectomy, and gonadectomy
with hormone replacement) and used contrasts to make pairwise comparisons.
For comparison of genes expressed between the control and prenatally
testosterone-exposed groups, unpaired Student t test was used. A P value of
,0.05 was considered statistically significant.

RESULTS

Testosterone administration during pregnancy in rats caused
intrauterine growth retardation. Male and female pups were
smaller at birth by 11% and 14%, respectively, compared to
corresponding controls (male control, 6.01 6 0.18 g; male TP,
5.34 6 0.27 g; female controls, 5.82 6 0.21 g; female TP, 5.01
6 0.25 g; n¼ 8 litters in each group). The length of gestation
was not significantly affected by prenatal testosterone treat-
ment (control, 22 6 0.3; T, 22 6 0.7 days; n ¼ 8 in each
group), and no significant differences were noted in mean litter
sizes between controls (13.4 6 1.8) and prenatally testoster-
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one-exposed dams (12.8 6 1.6). These results are consistent
with those of our previous publications [1, 3].

Effect of Prenatal Testosterone Exposure on Arterial
Pressure Responses of Adult Males

In males with intact testes, MAP was significantly elevated
in the prenatally testosterone-exposed group (122 6 5 mm Hg;
mean increase of 22 mm Hg; n¼ 8; P � 0.05) compared with
intact controls (100 6 4 mm Hg; n¼ 8; P � 0.05) (Fig. 1A).
Orchiectomy negated the marked increase observed in the
prenatally testosterone-exposed group (104 6 3 mm Hg; n¼ 7;
P � 0.05) but did not have a significant effect on blood
pressure in controls (97 6 5 mm Hg; n ¼ 8) (Fig. 1A).
Testosterone replacement in orchiectomized males maintained
hypertension in the prenatally testosterone-exposed group (129
6 4 mm Hg; n¼ 6) but was without any significant effect on
blood pressure in the controls (105 6 4 mm Hg; n ¼ 6) (Fig.
1A).

Effect of Prenatal Testosterone Exposure on Arterial
Pressure Responses of Adult Females

MAP was significantly higher in ovary-intact prenatally
testosterone-exposed females (111 6 5 mm Hg; mean increase
of 15 mm Hg; n¼ 7; P � 0.05) than in intact controls (96 6 3

mm Hg; n ¼ 8) (Fig. 1B). Ovariectomy significantly reduced
MAP in the prenatally testosterone-exposed group (97 6 2 mm
Hg; n¼ 8; P � 0.05) but had no effect in control rats (92 6 3
mm Hg; n ¼ 6) (Fig. 1B). Estradiol replacement in
ovariectomized rats did not significantly alter MAP in the
prenatally testosterone-exposed group (99 6 4 mm Hg; n¼ 6)
or controls (92 6 4 mm Hg; n ¼ 6) (Fig. 1B).

Effect of Prenatal Testosterone Exposure on Plasma
Testosterone and Estradiol Levels of Adult Males

Testosterone levels were significantly increased in testes-
intact prenatally testosterone-exposed males (n¼ 7; P � 0.05)
compared with those in intact controls (n¼ 7), and testosterone
levels were markedly reduced following orchiectomy in both
prenatally testosterone-exposed (n¼ 7) and control males (n¼
8; P � 0.05) compared with those of their intact counterparts
(Fig. 2A). Testosterone replacement reinstated plasma testos-
terone levels in both prenatally testosterone-exposed (n ¼ 6)
and control (n ¼ 6) males, similar to those of intact controls
(Fig. 2A).

Plasma estradiol levels in testes-intact prenatally testoster-
one-exposed males (n ¼ 6) were similar to those of intact
controls (n ¼ 6) (Fig. 2B). Orchiectomy and testosterone
replacement did not alter estradiol levels in either prenatally

TABLE 1. Forward and reverse primer sequences for quantitative RT-PCR.

Primera Forward (50–30) sequence Reverse (50–30) sequence

Star AGGAAAGCCAGCAGGAGAATG GTCCATGGGCTGGTCTAGCA
Sf1 TGTCTGTCTCAAGTTCCTCATCCTC TGGCCTGCAGCATCTCAAT
Cyp11a1 TCAAGCAGCAAAACTCTGGA CGCTCCCCAAATACAACACT
Cyp17a1 TGAATGGGACCAGCCAGATC CAGCTCCGAAGGGCAAGTAA
Hsd3b1 AGGGCATCTCTGTTGTCATCCAC TGCCTTCTCGGCCATCCTTT
Hsd3b2 ATCTCTGTTGTCATCCACACGGCTTC CACTGCCTTCTCGGCCATCTT
Hsd17b1 ACTCCGGGCGTGTGCTGGTGA GGCGTGTCTGGATCCCCTGAAACTT
Hsd17b7 GAACGCCGGAATCATGCCTAACC GGAAAAGCCACACCAATGCCTCTG
Cyp19 CCT GGAGATGACGTGAT TG CGATGTACT TCCCAGCACAG
18s CACGGCCGGTACAGTGAAA AGAGGAGCGAGCGACCAA

a Star, steroidogenic acute regulatory protein; Sf1, steroidogenic factor 1; Cyp11a1, cholesterol side chain cleavage enzyme; Cyp17a1, 17 alpha-
hydroxylase; Hsd3b1, 3 beta-hydroxysteroid dehydrogenase-type 1; Hsd3b2, 3 beta-hydroxysteroid dehydrogenase-type 2; Hsd17b1, 17 beta-
hydroxysteroid dehydrogenase-type 1; Hsd17b7, 17 beta-hydroxysteroid dehydrogenase-type 7.

FIG. 1. Effect of prenatal testosterone exposure on arterial pressure responses of adult animals. Arterial pressure was determined in conscious, free-
moving animals by using indwelling carotid arterial catheters at 24 wk of age in intact, gonadectomized, and hormone-replaced males (A) and females (B)
for control and prenatally testosterone-exposed groups. a P , 0.05 compared to respective control; b P , 0.05 compared to respective prenatally
testosterone treated intact and OCXþT groups; c P , 0.05 compared to respective prenatally testosterone treated OVX and OVXþE

2
groups. Data are

expressed as means 6 SEM. OCX, orchiectomy; OCXþT, orchiectomy with testosterone replacement; OVX, ovariectomy; OVXþE2, ovariectomy with
estradiol replacement; TP, prenatal testosterone propionate-treated group.
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testosterone-exposed (n¼ 6) or control (n¼ 6) males compared
with those of their respective intact counterparts (Fig. 2B).

Effect of Prenatal Testosterone Exposure on Plasma
Testosterone and Estradiol Levels of Adult Females

Plasma testosterone levels were significantly higher in
ovary-intact prenatally testosterone-exposed females (þ103%;
n ¼ 7; P � 0.05) than in intact controls (n ¼ 8) (Fig. 3A).
Testosterone levels were markedly reduced following ovariec-
tomy in prenatally testosterone-exposed females (n ¼ 8; P �
0.05) but were unaffected in controls (n ¼ 6). Estradiol
replacement in ovariectomized females did not affect plasma
testosterone levels in either the prenatally testosterone-exposed
(n ¼ 6) or control (n ¼ 6) group (Fig. 3A).

Plasma estradiol levels were not significantly different
between intact prenatally testosterone-exposed (n ¼ 7) and
control females (n ¼ 8) (Fig. 3B). Ovariectomy significantly
decreased estradiol levels in prenatally testosterone-exposed (n
¼ 8) and control (n¼ 6) females (P � 0.05) compared to levels
in their respective intact counterparts. Estradiol replacement in
ovariectomized rats reinstated estradiol levels in both prena-
tally testosterone-exposed (n¼ 6) and control (n¼ 6) groups to
levels comparable to those of controls with intact ovaries (Fig.
3B).

Effect of Prenatal Testosterone Exposure on Ovarian and
Testicular Steroidogenic Gene Expression

Quantitative RT-PCR detected increased expression levels
of several steroidogenic enzyme genes in testes, including
steroidogenic acute regulatory protein (Star), Sf1, and Hsd17b1
(P � 0.05) but not Cyp11a1, Cyp17a1, Hsd3b1, Hsd3b2, and
Hsd17b7, in the prenatally testosterone-exposed (n ¼ 5)
compared to those in control testes (n ¼ 6) (Table 2). In the
prenatally testosterone-exposed adult females, there was a
significant upregulation of Star and Cyp11a1 (P � 0.05)
expression levels but not those of Sf1, Cyp11a1, Cyp17a1,
Hsd3b1, Hsd3b2, Hsd17b1, and Hsd17b7 in ovaries (n ¼ 5)
compared to control ovaries (n ¼ 6) (Table 2). Interestingly,
only Cyp19 expression was downregulated in the prenatally
testosterone-exposed ovaries (P � 0.05) compared to that in
controls (Table 2).

DISCUSSION

The major findings of this study are that elevated maternal
testosterone levels during pregnancy, at clinically relevant
concentrations, lead to the development of gender-related
hypertension in male and female adult offspring. In both adult
male and female offspring, hyperandrogenism appears to be the
underlying factor that induces hypertension because peripu-
bertal gonadectomy decreases plasma testosterone levels and
also reverses hypertension in adult offspring. Moreover,
testosterone replacement in gonadectomized male rats increas-
es blood pressure to the same levels as in intact prenatally
testosterone-exposed animals. Defective gonadal steroidogen-
esis in males and females may contribute, in part, to the
observed alterations in testosterone production and, therefore,
hypertension in this model of developmental programming.

Development of hypertension is complex and is associated
with the alteration of a wide range of systems. Sex steroid
hormones, androgens and estrogens, are known to play
important roles in blood pressure regulation. Men are generally
at greater risk for cardiovascular disease than are age-matched,
premenopausal women. After menopause, however, blood
pressure increases in women as well. Experimental studies
support the importance of sex hormones in blood pressure
regulation by showing that either the treatment with or the
absence of sex steroids alters the course of hypertension
development [46, 48]. In the present study, testosterone
exposure during prenatal life significantly increased blood
pressure in both male and female adult offspring; however, the
hypertensive effect was greater in prenatally testosterone-
exposed males (mean increase of 22 mm Hg) than in females
(mean increase of 15 mm Hg) compared to their respective
controls. This suggests that the development of hypertension is
sex-dependent in adult animals exposed to testosterone during
prenatal life, which appears to be similar to that observed in
humans [49] and other animal models [46, 48].

Androgen involvement in the development of hypertension
has been reported in human and animal studies in which
increases in testosterone levels are associated with increases in
blood pressure [38, 41, 45, 46, 48–55]. In this model of
prenatal androgen exposure, adult males and females tended to
produce more testosterone than their controls. This is consistent
with evidence showing that boys and girls from PCOS mothers

FIG. 2. Effect of prenatal testosterone exposure on plasma testosterone and estradiol levels of adult males. Plasma testosterone (A) and estradiol (B) levels
were measured in intact, orchiectomized, and hormone-replaced control and prenatally testosterone-exposed males. Blood was collected through cardiac
puncture following CO

2
inhalation at 24 wk of age. a P , 0.05 compared to control with intact gonad; b P , 0.05 compared to respective control and

prenatally testosterone treated intact and OCXþT groups. Data are expressed as means 6 SEM. OCX, orchiectomy; OCXþT, orchiectomy with
testosterone replacement; TP, prenatal testosterone propionate-treated group.
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are often hyperandrogenic [56, 57]. Interestingly, in this study
we further showed that hyperandrogenism in both adult males
and females is associated with increased arterial pressure. The
role of androgens in development of hypertension of prenatally
testosterone-exposed males is straightforward, as orchiectomy
prevented elevation of blood pressure and testosterone
replacement restored hypertension in prenatally testosterone-
exposed males. However, in prenatally testosterone-exposed
females, the finding that ovariectomy prevented development
of hypertension was surprising. This phenomenon was in
contrast to that in studies in the Dahl [43], Ren2 [58], placental
insufficiency [59], and prenatal protein restriction [46] rat
models, where ovariectomy caused elevation of blood pressure.
We have recently shown that prenatal protein restriction leads
to development of hypertension associated with increased
plasma testosterone levels in adult females [46]. In these
hypertensive females, ovariectomy exacerbated blood pressure
to adult male levels, but estradiol replacement only reversed
that part of blood pressure increase that was induced by
ovariectomy [46], whereas antiandrogen treatment completely
normalized blood pressure to control levels [52]. Likewise, in
the SHR [50] and mRen-2 [51] hypertensive rats models,
blockade of the androgen receptor reduced blood pressure in
ovary-intact females, and testosterone treatment in ovariecto-

mized SHR females increased blood pressure [41]. These
reports suggest a role for testosterone in hypertension in
females. In our present model of prenatal programming, we
have consistently found that adult prenatally testosterone-
exposed females have higher testosterone levels and that
ovariectomy reduces both testosterone and blood pressure,
reinforcing a role for testosterone in inducing hypertension in
prenatally testosterone-exposed females. Evidence indicates
that androgens can contribute to blood pressure control in
women just as in men because young women with conditions
such as PCOS, women after menopause [60], and African
American women [61, 62] have higher serum testosterone
levels, and the frequency of hypertension is greater in these
populations [53–55]. Thus, we suggest that hyperandrogenism
may be an underlying factor for elevation of blood pressure in
the prenatally testosterone-exposed adult animals. Future
studies that examine whether restoration of testosterone
restores hypertension in ovariectomized female rats exposed
to testosterone during prenatal life are warranted.

Normally, testes are the primary source of testosterone but
contribute only 15% of circulating estradiol [63]. Consistently,
we have shown that orchiectomy of control males abolishes
testosterone production, while estradiol levels are not affected.
In normal female rats, ovaries are the major source of estradiol
but contribute only 25% of circulating testosterone [64].
Consistently, ovariectomy of control females significantly
decreased estradiol to levels similar to those reported in
ovariectomized rats (11.2 6 2.1 pg/ml [65], which are likely
attributable to nonovarian sources [64]), with a nonsignificant
decrease in testosterone levels. However, gonadectomy of
prenatally androgen-exposed rats prevented the two-fold
increase in testosterone observed in adult males and females.
This suggests that the excess testosterone produced in
prenatally testosterone-exposed animals may be of gonadal
origin. The increased gonadal testosterone production can be
the result of defects in steroidogenesis at the ovarian and
testicular level or of alterations in the HPG axis. A combination
of both of these factors is also possible. Star and Cyp11a1
expression levels are rate-limiting steps in the steroidogenic
pathway [66]. Star and Sf1 were upregulated in testes, while
Star and Cyp11a1 were upregulated in ovaries of prenatally
testosterone-treated animals. In addition, prenatal testosterone

FIG. 3. Effect of prenatal testosterone exposure on plasma testosterone and estradiol levels of adult females. Plasma testosterone (A) and estradiol (B)
levels were measured in intact, ovariectomized, and hormone-replaced control and prenatally testosterone-exposed females. Blood was collected through
cardiac puncture following CO

2
inhalation at 24 wk of age. a P , 0.05 compared to control with intact testis; b P , 0.05 compared to respective

prenatally testosterone treated OVX and OVXþE
2

groups; c P , 0.05 compared to respective control and prenatally testosterone treated intact and
OVXþE

2
groups Data are expressed as means 6 SEM. OVX, ovariectomy; OVXþE2, ovariectomy with estradiol replacement; TP, prenatal testosterone

propionate-treated group.

TABLE 2. Expression of genes controlling steroidogenesis in adult males
(testes) and females (ovaries) at age 24 wk.

Gene Male (fold change)a Female (fold change)a

Star 1.34 6 0.09* 2.76 6 0.84*
Sf1 1.32 6 0.06* �1.26 6 0.15
Cyp11a1 �1.04 6 0.07 2.79 6 0.59*
Cyp17a1 1.02 6 0.08 �1.28 6 0.06
Hsd3b1 1.23 6 0.15 1.28 6 0.21
Hsd3b2 �1.02 6 0.09 1.29 6 0.21
Hsd17b1 1.30 6 0.09* �1.22 6 0.27
Hsd17b7 1.03 6 0.04 �1.43 6 0.18
Cyp19 1.30 6 0.13 �2.33 6 0.16*

a Negative numbers signify lower expression in prenatally testosterone-
treated versus control animals. Values are expressed as mean fold change
6 SEM compared to control; n¼ 6 control and 5 prenatally testosterone-
treated rats.
* P , 0.05 versus respective gender in control.
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treatment also led to an increase in testicular Hsd17b1, which
encodes the enzyme responsible for testosterone biosynthesis
(conversion of androstenedione to testosterone) [67]. Further-
more, the ovarian Cyp19 gene that encodes the enzyme
aromatase, which is responsible for conversion of testosterone
to estradiol, was downregulated in the prenatally testosterone-
treated animals. This downregulation could block the conver-
sion of androgen substrates to estrogen, reflecting endogenous
androgen accumulation. Previous studies have shown that
prenatal testosterone affects the HPG axis, causing an increase
in GnRH afferents [68] and hypersecretion of GnRH and LH
[25–28]. Thus, inherent defects in gonadal steroidogenesis
together with alterations in the HPG axis may occur in response
to prenatal androgen exposure, contributing to increased
plasma testosterone levels.

In conclusion, this study shows that prenatal testosterone
excess acts as an endocrine disruptor to cause defective
gonadal steroidogenesis, generating alterations in plasma
testosterone levels during adult life, which may contribute to
development of hypertension. Although mechanisms linking
prenatal testosterone to hypertension in later life are likely to be
complex, the present study underscores the importance of
gonadal hyperandrogenism. Future studies are warranted to
discern testosterone-mediated programming mechanisms in
utero, as well as signaling events that lead to the development
of hypertension in adult life. Understanding these mechanisms
is of pivotal importance for the development of novel strategies
for prevention and treatment of hypertension and related
cardiovascular and metabolic dysfunctions.
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