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Summary 
Maternal hyperandrogenism during pregnancy might have 
metabolic and endocrine consequences on the offspring as 
shown for the polycystic ovary syndrome. Despite numerous 
experiments, the impact of prenatal hyperandrogenic 
environment on postnatal sex steroid milieu is not yet clear. In 
this study, we investigated the effect of prenatal testosterone 
excess on postnatal concentrations of luteinizing hormone, 
corticosterone and steroid hormones including testosterone, 
pregnenolone, progesterone, estradiol and 7β-hydroxy-
epiandrosterone in the offspring of both sexes. Pregnant rats 
were injected daily with either testosterone propionate or vehicle 
from gestational day 14 until parturition. The hormones were 
evaluated in plasma of the adult offspring. As expected, females 
had lower testosterone and higher pregnenolone, progesterone 
and estradiol in comparison to males. In addition, corticosterone 
was higher in females than in males, and it was further elevated 
by prenatal testosterone treatment. In males, prenatal 
testosterone exposure resulted in higher 7β-hydroxy-
epiandrosterone in comparison to control group. None of the 
other analyzed hormones were affected by prenatal testosterone. 
In conclusion, our results did not show major effects on sex 
hormone production or luteinizing hormone release in adult rats 
resulting from testosterone excess during their fetal 
development. However, maternal hyperandrogenism seems to 
partially affect steroid biosynthesis in sex-specific manner. 
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Introduction 

Exposure of female fetuses to excess 
testosterone during the early life may induce polycystic 
ovary syndrome (PCOS)-like phenotype (Stikkelbroeck 
et al. 2003). Although it has been suggested, that the time 
of androgen exposure during the prenatal life may have 
a significant role in future appearance of PCOS, the 
critical periods for the development of PCOS are 
unknown yet (Ramezani Tehrani et al. 2014). Animal 
models using rhesus monkeys (Dumesic et al. 2007), 
sheeps (Padmanabhan and Veiga-Lopez 2013) as well as 
rodents (Ramezani Tehrani et al. 2014, Roland and 
Moenter 2014) can mirror some of the reproductive 
(Rhees et al. 1997, Wolf et al. 2002, Wu et al. 2010, 
Yang et al. 2011, Tehrani et al. 2014, Padmanabhan et al. 
2015, Veiga-Lopez et al. 2016) and metabolic (Yang et 
al. 2011, Sun et al. 2012, Abruzzese et al. 2016) features 
of PCOS observed in women. Furthermore, disturbed 
production of steroid hormones, including enhanced 
placental (Sun et al. 2012) and ovarian steroidogenesis 
(Wu et al. 2010, Yang et al. 2011, Amalfi et al. 2012) 
and, on the contrary, decreased intrafollicular steroid 
concentration (Veiga-Lopez et al. 2016) has been shown 
in prenatally androgenized (PA) female offspring. 

https://doi.org/10.33549/physiolres.933722
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Moreover, androgens can organize the hypothalamic-
pituitary-adrenal stress response (McCormick and 
Mahoney 1999). Therefore it was suggested, that prenatal 
androgenization of female fetuses may lead to adrenal 
hyperandrogenism, at least to increased production of 
dehydroepiandrosterone (DHEA) under basal condition, 
and to adrenocorticotropic hormone (ACTH)-induced 
overproduction of DHEA, androstenedione and 
corticosterone (Zhou et al. 2005). At the neuroendocrine 
level, prenatal testosterone excess can result in disturbed 
regulation of secretion of the luteinizing hormone (LH) 
(Cardoso et al. 2016). Enhanced LH secretion may be 
attributed to impaired inhibitory feedback of estradiol at 
the hypothalamus and pituitary level (Sarma et al. 2005, 
Jackson et al. 2009) or to reduced peripheral sensitivity to 
other hormones (Cardoso et al. 2016). On the other hand, 
a low incidence of the preovulatory, estradiol-induced, 
LH surge was observed in testosterone-exposed females 
(Padmanabhan et al. 2015), which is probably caused by 
the suppressive effects of prenatal androgens on the 
expression of progesterone receptors in the hypothalamus 
(Foecking et al. 2005, Wu et al. 2010).  

The pathophysiological consequences of 
prenatal androgen excess in males are understudied. 
However, some evidence shows that maternal 
hyperandrogenism can result in metabolic (Lazic et al. 
2011) and reproductive dysfunctions also in the male 
offspring (Wolf et al. 2002, Ramezani Tehrani et al. 
2013). The contradictory results observed in experiments 
focusing on the effects of prenatal androgen excess on 
postnatal steroidogenesis might be due to variable time, 
duration and dose of testosterone application (Ramezani 
Tehrani et al. 2013). In addition, prenatal testosterone 
seems to have an opposing effect on the hypothalamo-
pituitary-gonadal axis at the pituitary and gonadal level. 
While the pituitary gland shows an enhanced 
responsiveness to the gonadoliberin accompanied by an 
overproduction of gonadotropins in both sexes (Rojas-
García et al. 2010), testicular Leydig cells in males have 
reduced sensitivity to LH (Recabarren et al. 2012, 
Recabarren et al. 2013). 

Sex differences in the production of sex steroid 
hormones in the adulthood might be caused by several 
mechanisms (Kushnir et al. 2010). However, whether 
they may be affected by prenatal testosterone is yet 
unexplored. Therefore, in this study, we aimed to 
examine the effect of prenatal testosterone exposure on 
the production of sex hormones and their precursors, as 
well as on the synthesis of selected other steroids in both 

sexes. In addition, the plasma concentration of LH, 
regulating the secretion of sex hormones production 
through the hypothalamo-pituitary-gonadal axis was 
evaluated. 
 
Material and Methods 
 
Animals and treatment 

Lewis female and male rats were used as 
parental animals (10-13-week-old, Anlab, Prague, Czech 
Republic). Two female rats were mated with one male 
per cage. Detection of sperms in the vaginal smear was 
taken as evidence of mating considered as insemination 
and it served to calculate gestational days (GD). From 
day of insemination (GD0), dams were housed 
individually in polycarbonate cage (36 x 20 x 19 cm). All 
animals in the experiment had ad libitum access to food 
and water and were kept under 12:12 light-dark cycle in 
a controlled environment with 25±2 °C temperature and 
55±10 % humidity. All procedures were carried out in 
accordance with the Slovak legislation and were 
approved by the local ethical committee at the Institute of 
Molecular Biomedicine, Comenius University, 
Bratislava. 

From GD14 until parturition (GD21-22) 
pregnant dams received daily intramuscular injection of 
either testosterone propionate at a dose of 2 mg/kg 
(Sigma-Aldrich, Munich, Germany) or vehicle (olive oil; 
Galvex, Banská Bystrica, Slovakia), and were allowed to 
deliver spontaneously (Juarez et al. 1998). Following the 
weaning, the offspring was caged in groups of same-sex 
littermates (2-4 per cage). To analyze the hormonal 
profile of the offspring, 7 female and 7 male rats were 
used from both groups – animals prenatally exposed to 
testosterone excess and controls. 

 
Hormonal measurements 

At the age of 12 weeks, animals were sacrificed 
in deep anesthesia (ketamine 100 mg/kg + xylazine 
10 mg/kg) and trunk blood was collected from the 
abdominal aorta. Plasma concentrations of circulating sex 
steroid hormones, including testosterone, estradiol, 
progesterone, pregnenolone and 7β-hydroxy-epiandroste-
rone (7β-OH-EpiA), as well as the plasma concentration 
of LH and corticosterone were assessed. 

Testosterone and LH concentrations were 
measured using commercially available ELISA kits. 
The analytical sensitivity of the testosterone assay was 
0.083 ng/ml. The inter- and intra-assay coefficients of 
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variations were below 5 % (DRG Diagnostic, Marburg, 
Germany). The sensitivity of analysis of the LH ELISA 
assay was 0.313 ng/ml. Inter- as well as intra-assay 
variation of analysis were less than 5 % (Shibayagi Co., 
Ltd, Ishihara, Shibukawa, Japan). 

The concentrations of pregnenolone, 
progesterone, corticosterone, 7β-OH-EpiA and estradiol 
were measured using liquid chromatography coupled 
with tandem mass spectrometry (LC-MS/MS) employing 
methods described elsewhere (Sosvorova et al. 2015, 
Vitku et al. 2015, Vitku et al. 2016). 

 
Statistical analysis 

To evaluate the endocrine effects of prenatal 
testosterone administration in the offspring, and in 
parallel to detect sex differences, two-way ANOVA (one 
factor being treatment and second being sex) with 
subsequent Bonferroni post hoc test was used. The F and 
t values describe the results of the ANOVA and the 
subsequent pairwise comparisons, respectively. The 
differences between groups were considered statistically 
significant, if p<0.05. Data are presented as mean + 

standard deviation (SD). Statistical analyses were 
conducted using GraphPad Prism 6 (GraphPad Software, 
Inc., La Jolla, CA, USA). 
 
Results 
 

Plasma testosterone concentrations differed 
between the experimental groups (Fig. 1A, F=30.8, 
p˂0.001). Females had in comparison to males 6.5- and 
7-fold lower concentration of testosterone in plasma in 
the control (females: 0.29±0.12 ng/ml vs. males: 
1.93±0.52 ng/ml, t=3.04, p˂0.05) and in the testosterone 
group (females: 0.43±0.35 ng/ml vs. males: 3.02± 
1.91 ng/ml, t=4.81, p˂0.001), respectively. Prenatal 
testosterone treatment did not affect plasma testosterone 
concentrations in the adulthood (F=2.62, p=0.12). The 
interaction between sex and treatment was not significant 
(F=1.57, p=0.22). The groups did not differ in  
LH concentration. Neither gender (F=0.32, p=0.58) nor 
treatment (F=0.08, p=0.78) had a significant effect on  
LH in plasma, and no interaction between sex and 
treatment was found (Fig. 1B, F=0.36, p=0.55). 

 
 
Fig. 1. Testosterone (A) and luteinizing 
hormone (B) concentration in rat plasma. 
Males have significantly higher 
concentration of testosterone in plasma 
than females in both the control (p˂0.05) 
and in testosterone exposed group 
(p˂0.001). Data are presented as mean 
+ SD. + p˂0.05, +++ p˂0.001, + signs sex 
differences. 
 
 
 
 
 
 
 

 
Significant sex differences were found in 

pregnenolone (Fig. 2A, F=44.7, p˂0.001), progesterone 
(Fig. 2B, F=12.8, p˂0.01) and estradiol concentration 
(Fig. 2C, F=17.5, p˂0.001). In females, statistical 
analysis revealed higher progesterone (females: 
2.73±2.18 ng/ml vs. males: 0.72±0.29 ng/ml, t=2.97, 
p˂0.05) and estradiol (females: 0.02±0.01 ng/ml  
vs. males: 0.007±0.002 ng/ml, t=3.51, p˂0.001) 
concentration in comparison to males only in animals that 
were prenatally exposed to testosterone. In the particular 
control groups, there was a non-significant trend to higher 
concentrations of these hormones in females compared to 
males (p=0.09 and p=0.05, respectively). Plasma 
pregnenolone was by 85 % higher in females than in 

males, regardless of the treatment (in controls: females: 
1.82±0.87 ng/ml vs. males: 0.26±0.12 ng/ml, t=5.51, 
p˂0.01 and in groups prenatally treated with testosterone: 
females: 2.79±1.25 ng/ml vs. males: 0.32±0.17 ng/ml, 
t=6.07, p˂0.001). The effect of prenatal treatment on 
plasma concentrations of pregnenolone (F=2.85, p=0.11), 
progesterone (F=0.99, p=0.33) or estradiol (F=0.63, 
p=0.44) in the adulthood was not significant. Similarly, 
no significant sex x treatment interaction was found 
(pregnenolone: F=2.27, p=0.15; progesterone: F=0.38, 
p=0.54; estradiol: F=0.61, p=0.45). 

Plasma concentration of 7β-OH-EpiA was 
significantly affected by prenatal testosterone (Fig. 2D, 
F=6.64, p˂0.05). The Bonferroni post hoc test revealed 
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a significant difference with 66.7 % higher concentration 
of 7β-OH-EpiA in males prenatally exposed to 
testosterone excess in comparison to control males 
(testosterone group: 0.06±0.03 ng/ml vs. control group: 
0.02±0.02 ng/ml, t=2.58, p˂0.05). Such effect of 

treatment was not observed in females (testosterone 
group: 0.06±0.03 ng/ml vs. control group: 0.04±0.02 
ng/ml, t=1.06, p=0.60). Neither the effect of sex (F=1.26, 
p=0.27), nor the interaction between sex and treatment 
(F=1.16, p=0.29) were significant statistically. 

 
 
Fig. 2. Pregnenolone (A), progesterone (B), 
estradiol (C) and 7β-hydroxy-epiandroste-
rone (D) concentration in rat plasma. Males 
have significantly lower concentration of 
pregnenolone in plasma than females in both 
the control (p˂0.001) and in testosterone 
exposed group (p˂0.001). Prenatally 
testosterone exposed males have lower 
concentration of progesterone (p˂0.05) and 
estradiol (p˂0.01) in comparison with 
prenatally testosterone exposed females. 
Testosterone exposed males have higher  
7β-hydroxy-epiandrosterone concentration 
than control males. Data are presented  
as mean + SD. + p˂0.05, ++ p˂0.01, 
+++ p˂0.001, * p˂0.05, + signs sex 
differences, * signs the treatment effect. 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Fig. 3. Corticosterone concentration in rat plasma. Males have 
significantly lower concentration of corticosterone in plasma than 
females in both the control (p˂0.05) and in testosterone exposed 
group (p˂0.001). Prenatally testosterone exposed females 
display higher concentration of corticosterone (p˂0.05) than 
control females. Data are presented as mean + SD. + p˂0.05, 
+++ p˂0.001, * p˂0.05, + signs sex differences, * signs the 
treatment effect. 

 
 
Figure 3 shows a significant sex difference in 

plasma corticosterone (F=31.8, p˂0.001). Females had 
higher corticosterone concentration in both, the control 
(by 47.6 %, females: 689±246 ng/ml vs. males: 
361±134 ng/ml, t=2.42, p˂0.05) and testosterone-exposed 

groups (by 72.7 %, females: 1039±412 ng/ml vs. males: 
284±103 ng/ml, t=5.56, p˂0.001). Prenatal testosterone 
treatment had no effect on the concentration of 
corticosterone (F=2.00, p=0.17). However, there was 
a significant interaction between gender and treatment 
(F=4.95, p˂0.05). While prenatal testosterone did not 
affect corticosterone in males (t=0.57, p>0.99), females 
prenatally treated with testosterone had 1.5-fold higher 
corticosterone concentration than control females (t=2.57, 
p˂0.05). 
 
Discussion 
 

In the present study, sex differences in plasma 
steroid hormones, such as pregnenolone, progesterone, 
corticosterone, testosterone and estradiol were shown in 
adult rats regardless of the prenatal testosterone 
treatment. While prenatal testosterone increased the 
secretion of corticosterone in females and the production 
of 7β-OH-EpiA in males, prenatal testosterone exposure 
affected the concentrations of other examined steroid 
hormones neither in females, nor in males. 
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Production of pregnenolone by the conversion of 
cholesterol catalyzed by the cytochrome P450 cholesterol 
side-chain cleavage enzyme (P450scc) is the first 
committed step in the biosynthetic pathway of all steroid 
hormones (Hu et al. 2010). Our results indicate that 
prenatal testosterone does not disturb initiation of 
steroidogenesis, but might partially affect the metabolism 
of several precursors in sex-specific manner. Higher 
corticosterone concentrations in females treated 
prenatally with testosterone, in comparison to control 
females, suggest that in the female offspring prenatal 
testosterone can lead to enhanced secretion of adrenal 
steroids. In PA female rhesus monkeys ACTH injection 
induced adrenal hyperandrogenism accompanied by 
increased corticosterone production. However, in these 
animals the most of adrenocortical steroids, including 
glucocorticoids, were not elevated when they were 
evaluated under basal condition. On the other hand, 
dexamethasone-induced negative feedback on the ACTH 
secretion was not able to suppress corticosterone 
concentration in these PA females (Zhou et al. 2005). 
In accordance with that, enhanced basal ACTH secretion 
or higher sensitivity of the adrenal gland, mainly in zona 
fasciculata, to its regulators could be assumed in our 
paradigm of prenatal androgenization of female offspring. 
Furthermore, an enhanced enzymatic activity of  
3β-hydroxysteroid dehydrogenase in PA female monkeys 
has been suspected to increase conversion of 
pregnenolone to progesterone, which is a key substrate 
for corticosterone production, instead of the metabolism 
of pregnenolone towards androgens through  
17α-hydroxypregnenolone (Zhou et al. 2005). This 
hypothetical mechanism is supported by higher 
progesterone observed in female rats prenatally exposed 
to testosterone or dihydrotestosterone on GD16-19  
(Wu et al. 2010, Amalfi et al. 2012). In our study, no 
differences between testosterone-treated and control 
females were observed in plasma progesterone. On the 
other hand, there is evidence of reduced  
3β-hydroxysteroid dehydrogenase gene expression in the 
granulose cells resulting in reduced progesterone 
production capacity in PCOS women (Doldi et al. 2000). 
Another published experiment in rats showed that 
prenatal testosterone exposure does not affect 
corticosterone in adult female offspring (Sun et al. 2012). 
Lower dose of testosterone, different vehicle and older 
age at corticosterone evaluation in our experiment in 
comparison with mentioned study could explain the 
contradictory results. Further studies are surely needed to 

investigate the mechanisms underlying the finding of 
higher corticosterone concentrations in females treated 
prenatally with testosterone. 

Androgens can be synthesized from 
pregnenolone via two different pathways: 1) involving 
production of progesterone, which is converted  
to androstenedione via 17α-hydroxyprogesterone, 
2) involving production of DHEA, which is further 
converted to either androstenedione or androstenediol. 
Besides its importance as the most abundant circulating 
androgen in males, testosterone is also the main precursor 
of estrogens in women. Testosterone is partially 
aromatized to estradiol also in males. Unlike most of the 
recent studies, in our experiment neither testosterone, nor 
estradiol concentration were affected by prenatal 
testosterone administration. However, the results of the 
studies examining the effect of prenatal testosterone on 
adult sex hormone concentrations are inconsistent. While 
subcutaneous injection of 3 mg testosterone per day on 
GD16-19 resulted in lower testosterone concentration in 
adult male rats, single injection of 20 mg testosterone on 
GD20 had no effect when compared to control offspring 
(Ramezani Tehrani et al. 2013). A dose-response study 
showed that although a lower dose of prenatal 
testosterone treatment (0.5 mg daily from GD14-19) is 
sufficient to induce a 10-fold elevation of maternal 
circulating testosterone and masculinization of 
reproductive organs of the female offspring, to markedly 
increase fetal testosterone concentration a higher dose 
(at least 1 mg) is needed (Wolf et al. 2002). On the 
contrary, increased secretion of LH-stimulated 
androstenedione was found in vitro in the thecal cells of 
follicles of PA female sheep. Interestingly, these  
PA females did neither exhibit increased plasma 
concentration of androgens, estrogens or gonadotropins 
(Hogg et al. 2012). On the other hand, adult male 
offspring of ewes exposed to testosterone propionate 
injections exhibited higher plasma testosterone then 
control males (Recabarren et al. 2013). In several 
published experiments on rats, PA females had higher 
plasma testosterone (Wu et al. 2010, Yang et al.  
2011, Amalfi et al. 2012) and its precursors,  
17α-hydroxyprogesterone and androstenedione (Yang et 
al. 2011), as well as higher basal estradiol concentration 
(Wu et al. 2010) in the adulthood. Lower estradiol was 
found in PA female rats in proestrus, in the stage of 
follicular development, that usually fails in PCOS 
(Amalfi et al. 2012). We were able to induce higher  
LH production neither in PA females, nor in males, which 
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is in contrast to other studies mimicking PCOS in animal 
models (Sarma et al. 2005, Jackson et al. 2009, Cardoso 
et al. 2016) or examining the effect of prenatal 
testosterone in males (Recabarren et al. 2012, Recabarren 
et al. 2013). Discrepancies between the mentioned 
studies, as well as the inconsistency of our results with 
the previously reported findings can be caused by 
numerous technical reasons related to the design of the 
experiments, but also by the use of different 
strains/species of the experimental animals. In addition, 
the evaluation of the results should take into account the 
factors known to influence the endocrine milieu including 
age and the biological cyclicity, of several hormones, 
both ultradian and infradian. 

To the best of our knowledge, the effect of 
prenatal testosterone exposure on the production of  
7β-OH-EpiA, an androgenic derivate of DHEA, has been 
examined neither in females, nor in males, yet. Since  
7β-OH-EpiA has been shown to exert anti-inflammatory 
(Hennebert et al. 2008) and cytoprotective effects 
(Davidson et al. 2008, Le Mee et al. 2008), including 
neuroprotection in neurodegenerative disorder such as 
Alzheimer’s disease (Dudas et al. 2004), we considered 
the investigation of the effects of prenatal testosterone on 
production of 7β-OH-EpiA in the adulthood as important. 
The finding of higher concentration of 7β-OH-EpiA in 
the plasma of prenatally testosterone exposed males could 
be of interest for further studies focusing on its potential 
role in the pathogenesis of both, neurodegenerative and 
neurodevelopmental disorders associated with prenatal 
hyperandrogenism, such as the autism spectrum disorder 
(Xu et al. 2015). 

One of the major limitations of our study is that 
we have not analyzed the estrous cycle phase in the 

female offspring at sacrifice. We were not able to 
quantify or detect other important steroid hormones, 
including the main precursors of testosterone, such as 
DHEA, androstenedione and androstenediol, or the  
5α-reduced metabolite of testosterone and strong 
androgen – dihydrotestosterone. Similarly, the analysis of 
the expression and/or activity of the enzymes important 
for the metabolism of steroids, including StAR, P450scc, 
3β-hydroxysteroid dehydrogenase, 17α-hydroxylase, 
17/20-lyase, aromatase and 5α-reductase in various 
tissues, is missing in our study and would be valuable for 
the interpretation of the results. 

In conclusion, our results show that prenatal 
testosterone exposure can partially affect the biosynthetic 
pathway of steroid hormones in sex-specific manner, in 
the absence of any changes in plasma concentration of 
pregnenolone, progesterone, testosterone, estradiol or LH. 
The mechanisms through which prenatal testosterone led 
to higher corticosterone in females and 7β-OH-EpiA in 
males, as well as the potential causal role of these 
hormones in several disorders associated with prenatal 
androgen excess remain to be elucidated. 
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