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ABSTRACT

Although evidence is accumulating that prenatal testosterone (T) compromises reproductive function in the
female, the effects of excess T in utero on the postnatal development of male reproductive function has not
been studied. The aim of this study was to assess the influence of prenatal T excess on age-related changes in
pituitary and gonadal responsiveness to GnRH in the male sheep. We used the GnRH agonist, leuprolide (10
ug/kg), as a pharmacologic challenge at 5, 10, 20 and 30 weeks of age. These time points correspond to early
and late juvenile periods and the prepubertal and postpubertal periods of sexual development, respectively.
LH and T were measured in blood samples collected before and after GnRH agonist administration. The area
under the response curve (AUC) of LH increased progressively in both controls and prenatal T-treated males
from 5 to 20 weeks of age (P<0.01). The LH responses in prenatal T-treated males were lower at 20 and 30
weeks of age compared to controls (P<0.05). AUC-T increased progressively in control males from 5 through
30 weeks of age and prenatal T-treated males from 5 to 20 weeks of age. The T response in prenatal T-treated
males was higher at 20 weeks compared to controls of same age but similar to controls and prenatal T-treated
males at 30 weeks of age (P <0.05). Our findings suggest that prenatal T treatment advances the
developmental trajectory of gonadal responsiveness to GnRH in male offspring.
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INTRODUCTION

Prenatal exposure to excess testosterone (T)
leads to number of adverse consequences in
adult life. In animal studies, prenatal T
treatment leads to intrauterine growth
retardation (IUGR) (Manikkam et al. 2004,
Steckler et al. 2005), infertility (Abbott et
al. 2002; Clarke et al 1997, Birch et al.
2003, Padmanabhan et al., 2006), insulin
resistance (Eisner et al 2000, Recabarren et
al. 2005a) and male typical behavior
(Fabre-Nys and Venier 1991, Wolf et al.
2002) in adult females. In the sheep model

of PCOS, exposure of female fetuses to
excess T during early to mid gestation
reduces hypothalamic sensitivity to steroid
negative feedback (Foster et al. 2006;
Padmanabhan et al., 2006; Sarma et al.
2005; Wood and Foster 1998) and pituitary
sensitivity to GnRH (Flak et al. 2005). In
addition, prenatal T treatment disrupts the
ability of the female sheep to respond to the
stimulatory feedback action of estrogen
(Sharma et al. 2002; Unsworth et al. 2005;
Wood and Foster, 1998). This disruption is
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manifested as abolishment of an
experimentally-induced LH surge in the
ovariectomized estradiol-clamped Suffolk
females (Wood and Foster 1998), a delayed
and severely dampened LH surge in ovary
intact Suffolk females (Sharma et al. 2002)
and absent surges in Dorset females
(Unsworth et al 2005).

In humans, the most relevant example of
prenatal T excess is women with classical
21-hydroxylase deficiencies. During prenatal
life, the excessive androgen produced by the
fetal adrenal gland results in increased
exposure of the fetuses to T. In postnatal
life, this culminates in ambiguous genitalia,
progressive  virilization, menstrual
irregularities, reduced fertility and
aggressive behavior (Berenbaum et al. 2000;
New 2001; New et al. 2001). In contrast to
the detailed investigations carried out with
the female offspring, the effects of prenatal
T excess on the growth and reproductive
trajectories of the male are not well-studied.
The present study investigated the impact of
fetal exposure to excess T on the
development of the reproductive function in
the male sheep. Specifically, we evaluated
the developmental trajectory of pituitary-
gonadal axis responsiveness to GnRH
agonist, a pharmacologic challenge routinely
used in clinical settings (Ghizzoni et al.
1996; Rosenfield et al. 1996; Street et al.
2002).

MATERIALS AND METHODS
General procedures

Forty adult Suffolk female sheep were
mated at a synchronized estrus following
treatment with intravaginal progestagen
pessaries (Eazy Breed, Pharmacia &
Upjohn Limited Company, Auckland, New
Zealand) and prostaglandin (Genestran,
Drug Pharma, Chile), during the breeding
season (Cox et al, 2002). Pregnant females
were allocated randomly to two treatments.
One group of 20 pregnant sheep received
intramuscularly 60 mg of T propionate
(Sigma, St Louis, MO, USA) dissolved in
vegetable oil biweekly, from 30 to 90 days
of pregnancy, while other 20 pregnant
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sheep received the vehicle. The duration of
T treatment is based on earlier studies,
which resulted in severe reproductive
perturbations in the female (Clarke et al.
1977; Manikkam et al. 2004; Manikkam et
al. 2006; Sarma et al. 2005; Sharma et al.,
2002, Unsworth et al.2005; Wood and
Foster 1998). The dose administered is 60%
of that used in most of the above studies.
The sheep were maintained under
regular husbandry protocols at the sheep
facility of the Faculty of Veterinary
Medicine, University of Concepcion,
Chillan, Chile. Pregnancy duration was 147
+ 1.8 and 147+ 1.5 days in control and T-
treated female, respectively. Newborns
remained with their mothers until 8 weeks
of age, when they were weaned. After
weaning, lambs were given free access to
water, pasture and supplemented twice
daily with pelleted food consisting of oat,
corn, wheat, gluten feed, gluten meal,
soybean meal, fish meal, sunflower meal
and mineral salts. The pelleted ration
provided 18% protein, 11% crude fiber, 2%
fat and 2450 Kcal /kg (Glovigor, Santiago,
Chile). Seven age-matched singleton males
from each group were used in these studies.
Developmental responses to a GnRH
analog. The pituitary LH response to a
GnRH analog was conducted at 5,10, 20
and 30 weeks of age. These times represent
the postnatal, prepubertal and postpubertal
period of sexual development in the male
sheep. Two to three days before each
evaluation, the males were moved to
individual crates indoors, and were
provided with free access to pelleted food
and water. To collect blood samples, an
indwelling jugular vein catheter was placed
under local anesthesia as described
previously (Recabarren et al. 1995). Blood
samples were collected the day before the
experiment, at regular intervals, to allow
males to adapt to the blood collection
procedures and to minimize stress. Lights
remained on during the blood sample
collections at night as the reproductive
neuroendocrine system of the developing
male sheep does not respond to changes in
day length as is the case for the developing
female (Wood & Foster 1998). An
intravenous dose of 10 ug leuprolide
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acetate/kg (Lupron, Abbott Laboratories,
Chile), a pharmacologic challenge, was
administered at each age to test pituitary
responsiveness and gonadal T response.
The GnRH analog dose is based on earlier
studies in humans (Ghizzoni et al. 1996;
Rosenfield et al 1996; Street et al. 2002).
Blood samples (2.0 ml) were collected
before, and 3, 6, 9, 12, 18, 24, 30, 36, 42
and 48 hours after the agonist injection at 5
and 10 weeks of age. At 20 and 30 weeks of
age, in addition to the above samples, a
sample was taken every 30-minute for the
first 3h. Blood samples were collected in
heparinized tubes kept in ice. Plasma was
separated and kept frozen until later for LH
and T determinations by radioimmunoassay
(RIA). All procedures described in this
study were approved by the local ethical
committee on animal research at the Faculty
of Veterinary Medicine of the University of
Concepcion.

Hormone assays. Plasma concentrations
of LH were determined by RIA as
previously described (Recabarren et al.
1996) using ovine LH CSU 204 antibody,
LER 1374-A ovine LH for iodination, and
ovine NIH-LH S-25 as standard. Intra- and
inter-assay coefficients of variation were 5
and 7% respectively. Minimal detectable
limit, defined as 90% of buffer control,
was 0.1 ng/ml. Plasma T concentrations
were determined by RIA using commercial
kits validated for ovine plasma (DSL,
Webster TX, USA). Intra- and inter-assay
coefficients of variance were 3 and 7%
respectively. Minimal detectable limit
corresponding to 90% of buffer control
was 0.05 ng/mL.

Statistical analysis. The effect of the
GnRH agonist on LH and T in each group
was determined by the area under the
response curve (AUC) obtained after
leuprolide administration. To facilitate
comparison across ages only comparative
time points were used from 20 and 30
weeks of age. These data and plasma T/LH
ratio were analyzed by ANOVA for
repeated measures with treatment as the
main factor and age as the repeated measure
using the GB-Stat v6.5 statistical program.
Pairwise post-hoc comparisons were made
by the Newman-Keuls test. Differences
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were considered statistically significant at a
level of P< 0.05. Results are shown as mean
+ SEM.

RESULTS

The birth weights of control (4.9 +0.3 kg)
and prenatally T-treated males (4.5 = 0.4
kg) were similar. Body weight of control
and prenatal T-treated males, when the
GnRH agonist tests were conducted at 5,
10, 20 and 30 weeks, were similar (Figure
1) except at 20 weeks of age when the
weight of prenatal T-treated males was
greater than control males (p<0.05).
Profiles of plasma LH concentrations in
response to the GnRH agonist are presented
in Figure 2. Circulating levels of LH before
the GnRH agonist were similar between
treatment groups at all ages studied. At 5
and 10 weeks of age, the maximal LH
response in both groups of males was
evident at 3h, the first sample taken after
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Figure 1: Body weight of control (open bars)
and prenatally T-treated (closed bars) males at
5, 10, 20 and 30 weeks of age. Asterisk
indicates significant difference between control
and prenatally-T-treated male lambs.
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Figure 2: Plasma LH concentrations in response to leuprolide (10 ug/kg BW) in control (open
circles) and prenatal T-treated (closed circles) males at 5, 10, 20 and 30 weeks of age.

GnRH agonist injection (P<0.01) (Figure
2). At 20 and 30 weeks of age, when more
frequent samples were taken, maximal LH
increase was evident 2 hours after GnRH
agonist administration. There was no
treatment effect on peak LH concentrations
achieved at 5 and 10 weeks of age. On the
contrary, at 20 and 30 weeks of age, peak
LH concentrations achieved in response to
GnRH analog challenge were lower in
prenatally T-treated males compared to
control males (Figure 2).

Circulating T concentrations before the
GnRH agonist treatment were below
detection limit of the assay in all males at 5
and 10 weeks of age with the exception of
one male lamb in each group at both ages
(Figure 3). At 5 and 10 weeks, peak T
concentrations were seen in the first sample
collected after the GnRH agonist injection.
At 20 and 30 weeks, when more frequent
samples were taken, peak T concentrations

were evident by 2 hours after the GnRH
agonist administration in both groups of
males, a time point when peak LH increase
weas also evident (Figure 2). Peak T
responses increased progressively from 5 to
30 weeks of age in both groups of animals
(Figure 3). Peak levels of T achieved were
higher in prenatal T-treated males than in
control males at 20 and 30 weeks of age
(P<0.05).

The AUC of LH and T response to GnRH
agonist challenge is presented in Figure 4.
AUC of LH increased from 5-weeks of age
to 20-weeks of age in both control and
prenatally T-treated males (Figure 4, top
panel). In controls, the AUC of LH at 30
weeks of age was similar to that of 20
weeks. In prenatally T-treated males, the
AUC of LH at 20- and 30-weeks was
reduced (P<0.01) compared to controls
(Figure 4, top panel). In prenatally T-treated
males, the AUC of LH at 30 weeks of age
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Figure 3: Plasma T concentrations in response to leuprolide (10 wg/kg BW) in control (open
circles) and prenatal-T-treated (closed circles) males at 5, 10, 20 and 30 weeks of age.

was less than at 20-weeks (P <0.05). The
AUC-T in control males increased
progressively from 5 to 30 weeks with
maximal response occurring at 30 weeks
(Figure 4, bottom panel). There were no
significant differences between AUC-T of
control and prenatal T-treated males at 5 and
10 weeks of age. The maximal AUC-T in
prenatally T-treated males was evident
earlier at 20 weeks, with AUC-T at 30 weeks
being of comparable magnitude to that of 20
weeks. In contrast to the decreased LH
response of prenatal T-treated males to
GnRH agonist stimulation (Figure 4, top
panel), AUC-T of prenatal T-treated males at
20 was higher than the corresponding
controls (P<0.05) (Figure 4, bottom panel).
The AUC-T to AUC-LH ratios of control
and prenatally T-treated males are

summarized in Figure 5. There was a
progressive increase in AUC-T to AUC-LH
ratio with increasing age in both control
and prenatal T-treated males. AUC-T to
AUC-LH ratio was higher in prenatally T-
treated males compared to control of
corresponding age at 20 weeks of age
(p<0.05) but not at other ages.

DISCUSSION

The findings from this study reveal that
prenatal exposure to excess T, like in the
females, has an impact on the reproductive
trajectory of the males. This was evidenced
from the altered pituitary and gonadal
responsiveness of prenatally T-treated
males to GnRH agonist stimulation. Males
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Figure 4: AUC-LH and AUC-T (ng/mL/time) after leuprolide challenge in control (open bars) and
prenatal-T-treated (closed bars) males at 5, 10, 20, and 30 weeks of age. Asterisks indicate
significant differences between control and prenatal T-treated male lambs at a given age.

born to mothers exposed to excess T
produced less LH in response to GnRH
agonist stimulation at 20 and 30 weeks of
age but a higher T response at 20-weeks of
age compared to controls. The increased T
response in the face of decreased pituitary
LH responsiveness (increased T: LH ratio)
presumably reflects heightened gonadal
sensitivity of the testis to LH at this age. An
advancement in the developmental
trajectory of gonadal responsiveness to LH
stimulation is suggested by two related
findings: 1) a similarity of T: LH ratio
between the 30 week-old control males and
20-week old prenatally T-treated males; 2)
the lack of difference between control and
prenatal T-treated males at 30 weeks of age.

The temporal pattern of LH following
GnRH analog stimulation differs from that

which follows a GnRH challenge and is
consistent with prolonged activation of the
GnRH receptor with the agonist. With a
physiologic challenge of GnRH, LH
returns back to baseline both in male and
female within 1 to 1.5 hours of GnRH
administration (Foster et al. 1978, I’ Anson
et al. 1993). In contrast, circulating levels
of LH returned to baseline levels by 6-12h
after the GnRH analog administration in
this study. This occurs much later (24
hours) in boys (Ghai and Rosenfield
1994). Differences in the mixture of LH
isohormones released in response to
agonist stimulation and the resultant
changes in clearance may have contributed
to in these discrepancies in the two models
(Bergendah and Veldhuis 2001; Green and
Baenziger 1988).
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Figure 5: AUC-T/ AUC-LH ratio in control and prenatal-T-treated males. Letters with different
superscripts indicate differences between ages within a treatment group. Asterisk indicates

significant differences between control and prenatal T-treated male lambs at a given age.

The reduced responsiveness of
prenatally T-treated males at 20 and 30
weeks to GnRH agonist stimulation may
reflect a reduction in releasable pool of
pituitary LH stemming from increased
GnRH drive. In normal male sheep, there
are striking developmental changes in LH
frequency manifested as a 20-fold increase
in frequency between 1 and 8 weeks of age
and 3-fold decrease between 8 and 16
weeks (Foster et al. 1978). An advancement
in the developmental trajectory of LH pulse
frequency such as that found in females
(Wood and Foster 1998; Sarma et al. 2005;
Flak et al. 2005), may explain the
differences evidenced in this study.

Response of T to GnRH agonist
stimulation closely paralleled that of LH.
Earlier studies in the sheep found that T
begins to increase within an hour of an
endogenous LH pulse (Foster et al. 1978).
These findings differ from those in
prepubertal and pubertal boys, where T
increases lagged behind LH increase by
eight hours after GnRH agonist (nafarelin),

stimulation (Cuttler et al. 1993). The
heightened testicular response to reduced
LH stimulation at 20 weeks of age is
consistent with increased Leydig cell
sensitivity to LH. Earlier studies have
found that T response to human chorionic
gonadotropin stimulation is greater at 8
weeks than at 2 days of age in the
developing male (Foster et al. 1978). The
absence of differences in the AUC of T and
LH: T ratio between control and prenatally
T-treated males at 30 weeks of age supports
advancement in developmental trajectory of
gonadal responsiveness.

The mechanism by which prenatal T
treatment compromises postnatal
development of the gonadal axis is not
known. The programming actions of T can
be mediated by androgenic action or
estrogen action due to aromatization of T to
estradiol. There is evidence that prenatal
exposure to estrogen produces permanent
alterations in secretion of FSH, T, inhibin B
and spermatogenesis in the adult male
rodent (Orth et al. 1988; Sharpe and
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Skakkebaek 1993; Atanassova et al. 1999;
O’Donnell et al. 2001). Exposure of male
sheep fetuses to octylphenol, an
environmental disruptor, from day 70 of
pregnancy until birth was found to affect
the levels of gonadotropins and number of
Sertoli cells (Sweeney et al. 2000).
Considering that the critical period of
developmental susceptibility may differ
between various components of the
reproductive axis, it remains to be
determined if prenatal T treatment from 30-
90 days of pregnancy in the sheep will also
affect spermatogenesis and fertility.

Prenatally T-treated males of this study
had similar birth weights to the control
males. This differs from findings of reduced
birth weight in prenatally T-treated females
born in the same flock around the same time
(Recabarren et al. 2005b), which also exhibit
compensatory growth during the first few
months after birth (Manikkam et al. 2004,
Recabarren et al. 2005b). Similarly, infants
born to mothers with polycystic ovary
syndrome, another source of fetal T excess
(Sir-Petermann et al. 2002) had lower birth
weight compared to those born to mothers
without PCOS (Sir-Petermann et al. 2005).
Such findings add support to the hypothesis
that exposure to excess T during fetal
development affects the growth trajectory of
the developing fetus. Similar to our findings
in the male, no differences in neonatal
weight were found between control and
prenatal T-treated male rhesus monkeys
(Bruns et al. 2004). These findings in the
male differ from the reduced birth weight
observed in an earlier study, which utilized a
higher dose of prenatal T treatment (100 mg
as opposed to 60 mg used in this study)
(Mannikam et al. 2004). Such differences
may be related to level of T excess.
Alternatively, the small sample size in the
present study may have precluded us from
discerning differences. In this context it is of
interest that the prenatally T-treated males of
our study had a compensatory growth
response as evidenced by their increased
weight at 20 weeks of age compared to
control males.

In summary exposure of male fetuses to
T excess advances the developmental
trajectory of gonadal T responses to LH
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stimulation. The long-term consequences of
such changes to male fertility remain to be
determined.
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