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Prenatal testosterone (T) excess disrupts ovarian cyclicity and increases circulating estradiol levels
as well as follicular recruitment and persistence culminating in multifollicular ovary similar to
women with polycystic ovary syndrome. We tested whether prenatal T excess, by androgenic or
estrogenic action, disrupts the steroid biosynthetic machinery in sheep in a cell-, follicle stage-,
age-, and treatment-specific manner consistent with the ovarian disruptions and increased estra-
diol release. Impact of T/dihydrotestosterone (DHT) treatments from days 30–90 of gestation on
steroidogenic acute regulatory protein, 3�-hydroxysteroid dehydrogenase, cytochrome P-450 17�-
hydroxylase/C17, 20-lyase (CYP17A1), and cytochrome P-450 aromatase (CYP19A1) were examined
on fetal day 90, 140 and 10 months (postpubertal), and 21 months (adult, no DHT group) of age
by immunohistochemistry. All 4 markers changed in a cell-, follicle stage-, and age-specific manner.
Both treatments increased steroidogenic acute regulatory protein expression in preantral follicles
ofpostpubertalandadult females.EffectsofprenatalTandDHTon3�-hydroxysteroiddehydrogenase
differed in a follicle- and age-specific manner. CYP17A1 was reduced in the theca interna of antral
follicles by T, but not DHT, in 10- and 21-month-old females. CYP19A1 was reduced by both T and DHT
at all ages barring an increase on fetal day 140. Reduced granulosa CYP19A1 and thecal CYP17A1 in
adults likely disrupt the intrafollicular androgen/estrogen balance contributing to follicular persis-
tence. The reduced thecal CYP17A1 expression suggests that the hyperandrogenic ovarian phenotype
may originate from increased enzyme activity or alternatively via a different isoform of CYP17. The
reduced CYP19A1 in antral follicles of adults indicates that the increased circulating estradiol release
likely arises from the increased number of persisting follicles. (Endocrinology 155: 3649–3660, 2014)

Inappropriate activation of the reproductive system by
exposure to excess steroid hormones or environmental

chemicals with steroidogenic/antisteroidogenic potential
is a major concern, especially in the female (1–3). Devel-
oping fetuses have the likelihood of getting exposed to
excess steroids through their mother. This can stem from
failed contraception and continued exposure to contra-
ceptive steroids (4, 5), unintended exposure to environ-
mental compounds with steroidogenic or antisteroido-
genic potential (2, 6–9), or reproductive pathologies, such

as polycystic ovary syndrome (PCOS) (10, 11) and con-
genital adrenal hyperplasia (1). Supportive of inappropri-
ate exposure, an earlier cordocentesis study carried out
during midgestation found testosterone (T) levels to be in
the male range in 40% of female fetuses (12). An increase
in androgen levels in amniotic fluid of diabetic pregnancies
(13) and manifestation of features of androgen excess (hir-
sutism, ovarian theca-lutein cysts, and theca cell hyper-
plasia) in female stillbirth offspring of diabetic mothers
(14) have also been reported.
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Considerable evidence exists linking adult pathologies
to inappropriate steroid exposure during development.
Several animal models have evolved (15–17) to address the
contribution of excess steroids in the developmental origin
of PCOS, a major infertility disorder in the female (18–
20). Studies in rats, sheep, and monkey have found that
female fetuses exposed to excess T during development
manifest features characteristic of women with PCOS (15–
17). Because T can be aromatized to estrogen, compara-
tive studies of T, dihydrotestosterone (DHT) (a nonaro-
matizable androgen), or T plus an androgen antagonist
have been undertaken (3, 17, 21) in sheep to address the
relative contribution of androgen and estrogen in pro-
gramming the various disruptions at the reproductive neu-
roendocrine, ovarian, and metabolic levels. These studies
have found that increased follicular persistence is medi-
ated by estrogenic actions of T. Consistent with this prem-
ise, fetal sampling found that fetuses of gestational
T-treated animals were getting exposed to excess estradiol
(22), suggestive of potential disruption in ovarian steroid-
ogenic pathways. Studies with adult sheep have found pre-
natal T-treated animals are characterized by increased es-
tradiol levels (23), and manifest features of androgen
excess, namely enhanced follicular recruitment and follic-
ular persistence (24, 25), suggestive of disrupted steroid
signaling. Although extensive studies carried out from fe-
tal to adult life found that ovarian androgen and estrogen
receptor expression are disrupted in a stage- and time-
specific manner in prenatal T-treated sheep (26), the de-
velopmental impact of prenatal T excess on steroid bio-
synthetic pathway remains to be elucidated.

Steroidogenic enzymes orchestrate biosynthesis of var-
ious steroids from cholesterol (27, 28). Synthesis of all
steroid hormones starts with the conversion of cholesterol
to pregnenolone. The steroidogenic acute regulatory pro-
tein (STAR) initiates the process of steroidogenesis by
transporting cholesterol from the outer to the inner mito-
chondrial membrane, where cholesterol side-chain cleav-
age enzyme catalyzes the conversion of cholesterol to preg-
nenolone (28). Pregnenolone is converted to progesterone
by 3�-hydroxysteroid dehydrogenase (HSD3B). Preg-
nenolone and progesterone serve as the precursors for an-
drogen and estrogen biosynthesis. The focus of this study
is on 4 key mediators of steroid biosynthetic pathway,
namely STAR, HSD3B, cytochrome P-450 17�-hydrox-
ylase/C17, 20-lyase (CYP17A1), a key enzyme that regu-
lates androgen synthesis (catalyzes the conversion of preg-
nenolone and progesterone into the androgen precursors
dehydroepiandrosterone and androstenedione, respec-
tively) and hence a significant factor in the expression of
hyperandrogenism, and cytochrome P-450 aromatase
(CYP19A1), key mediator of estrogen biosynthesis that

regulates aromatization of androgens into estrogens. Un-
derstanding developmental disruptions in expression of
these key mediators of steroidogenesis is key to our un-
derstanding of pathologic consequences stemming from
steroid deficiencies or excess and in developing interven-
tion strategies to overcoming them. Using prenatal T- and
DHT-treated female sheep as model systems, this study
tested the hypothesis that prenatal androgen and/or es-
trogen excess disrupts the steroid biosynthetic machinery
in a follicle stage- and age-specific manner consistent with
the ovarian disruptions seen in these females.

Materials and Methods

Breeding and prenatal treatment
Institutional Animal Care and Use Committee of the Univer-

sity of Michigan approved all procedures used in this study. All
procedures used follow the National Research Council’s Guide
for the Care and Use of Laboratory Animals. Gestational treat-
ments (T and DHT) and the dietary regimen of the breeder sheep
and lambs have been previously published (29). Breeder sheep
diet consisted of 2.6–2.9 (Mcal/kg) of digestible energy based on
Nutrient Requirements of Small Ruminants, National Research
Council requirements throughout pregnancy. For generation of
prenatal T- and DHT-treated female sheep, 100 mg of T propi-
onate (1.2 mg/kg; Sigma-Aldrich Corp) or 100 mg of DHT pro-
pionate (Steraloids, Inc) were suspended in cottonseed oil (Sig-
ma-Aldrich Corp) and injected im to pregnant sheep twice
weekly from days 30 to 90 of gestation. The T and DHT doses
used in this study are the same doses used in earlier investigations
(3, 17, 21, 23–25). This mode of T delivery resulted in oligo-/
anovulation, functional hyperandrogenism, reduced sensitivity
to progesterone negative feedback, multifollicular ovarian mor-
phology, and insulin resistance, features similar to those seen in
women with PCOS. The concentrations of T achieved in mater-
nal and fetal circulation with this mode of T delivery are in the
range of adult males and control fetal males, respectively (22). To
enable confirmation of androgenic regulation and to parallel
doses used in our earlier studies documenting offspring outcomes
(3, 17, 21, 23–25), DHT concentrations were set to be the same
as T, in spite of it being more potent androgen. At the chosen
doses, both T and DHT lead to complete virilization of the female
fetus.

Ovaries from all 3 treatment groups (control, prenatal T, and
DHT treated) were collected at fetal day 90, 140 and 22 weeks
(prepubertal), 10 months (end of first breeding season), and 21
months of age (end of second breeding season). For the 10- and
21-month-old postpubertal females, ovaries were collected dur-
ing the presumptive follicular phase after administration of pros-
taglandin F2�, twice 11 days apart. Sample size ranged between
5 and 8 for each treatment group and each developmental time
point. Due to insufficient number of DHT-treated females born,
a 21-month-old prenatal DHT-treated group was not available
to study. Details of euthanasia and ovary collection/processing
have been previously described (24, 26). Only 1 ovary from each
animal was used in this study. Developmental changes in ovarian
follicular distribution (24), expression of androgen/estrogen re-
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ceptors (26), metabolic mediators (30), and proliferative/apo-
ptotic markers (31) from the same sets of ovaries have been
published thus allowing integration of findings.

Immunohistochemistry

Antigen/antibody specificity
Basic Local Alignment Search Tool (BLAST software; http://

www.ncbi.nlm.nih.gov/BLAST) was used to determine the pep-
tide location and the homology between the target peptide of
each antibody and the ovine protein being tested and confirm
antigen specificity. Sheep ovarian tissue extracts were separated
in SDS-PAGE (15% resolving gel), as previously described (26,
30, 31), for testing specificity of the primary antibodies used in
this study (Table 1). After transfer of proteins onto nitrocellulose
membranes (Amersham), membranes were blocked for 1 hour in
2% nonfat milk in Tris-buffered saline containing 0.05% Tween
20 (Sigma-Aldrich Corp) followed by incubation overnight at
4°C with specific primary antibodies (Table 1). Membranes were
then washed and treated for 1 hour with antirabbit or antimouse
IgG peroxidase (Amersham) 1:1000 secondary peroxidase-con-
jugated antibody. Visualization of immunopositive bands was
done with the aid of a chemiluminescent detection kit (ECL-Plus;
GE-Amersham).

Streptavidin-biotin immunoperoxidase method was used for
immunohistochemistry following previously described proce-
dures (26, 30, 31). After deparaffinization of sections, retrieval
of antigen was accomplished by heating the slides with the sec-
tions in a microwave except for HSD3B. Blocking of endogenous
peroxidase was carried out with 3% H2O2 in methanol. Non-
specific binding was prevented using 10% (vol/vol) normal goat
serum. Slides with ovarian sections were incubated with primary
antibodies (Table 1) at 4°C for 18 hours. Detection was achieved
with an universal biotinylated secondary antibody and strepta-
vidin-peroxidase solution (CytoScan, Avidin-Biotin Detection
Systems; Cell Marque) with 3.3-diaminobenzidine (Dako) as
chromogen. After counterstaining with Mayer’s hematoxylin,
ovarian sections were dehydrated and mounted. To validate en-
dogenous peroxidase activity blockade, some sections were in-
cubated with 3.3-diaminobenzidine alone. Specificity of the sec-
ondary antibodies used was determined by replacing the primary
antibodies with nonimmune serum. To accommodate the large
number of sections, multiple series of histological processing
were undertaken. Serial sections of ovaries from nonexperimen-

tal animals were included with each series to facilitate normal-
ization across series. For each marker, 2 sections (1/3 and 2/3 into
the ovary to avoid overlap) were used for immunohistochemical
quantification. Each immunohistochemical series included ran-
domly selected slides with ovarian sections from different ages
and treatments. Follicle classes (primordial, primary, small pre-
antral, large preantral, and antral follicles) were defined using
previously established criteria (32).

Image analysis
Image analysis was performed as per methods described ear-

lier (26, 30, 31). All growing follicles in both sections were an-
alyzed (ranged between 8 and 15 for each follicular class). Only
healthy follicles without pycnotic nucleus (indicative of atresia)
were used in this analysis. In view of the large number of pri-
mordial follicles that existed in each section, the slides were
scanned left to right from the top, and the first 20 primordial
follicles that showed no overlap with neighboring follicles were
imaged. All the analyzed images in antral follicles covered the
entire granulosa layer from antrum to theca. Ten images of cor-
tical stromal tissue (random locations) were analyzed from each
ovary.

Image Pro-Plus 3.0.1 system (Media Cybernetics) was used to
perform image analysis following procedures detailed earlier
(26, 30, 31). Images were digitized with an Olympus C5060
digital camera mounted on a conventional light microscope
(Olympus BH-2; Olympus Co). The average density (% of im-
munopositive area) was calculated from percentage of total area
evaluated through color segmentation analysis, which extracts
objects by locating all objects of a specific color (brown stain).
Densitometric values were normalized against nonexperimental
control ovarian sections included with each series. The percent-
age of immunopositive area was calculated for each follicular
compartment (granulosa, theca interna, and theca externa) as
well as the stroma. Observers were blinded to treatment while
processing sections. It should be noted because image analyses
were optimized for each protein, quantitative comparison across
proteins is not possible.

Statistical analyses
The average density (% of immunopositive area) of each fol-

licular compartment (granulosa and theca) within a follicle class
was first calculated, and a group mean across follicles was ob-

Table 1. Antibodies Used for Immunohistochemistry and Western Blotting

Peptide
Target Antigen Sequence

Name of
Antibody

Manufacturer, Catalog
Number, or Name of
Providing the Antibody Species Raised In Dilution

STAR Recombinant full-length
rat steroidogenic
acute regulatory
protein

Anti-StAR Abcam (ab 3343) Rabbit polyclonal IH, 1:100
WB, 1:100

HSD3B Recombinant human
type II 3�-HSD

R1484 Ian Mason, University of
Edinburgh

Rabbit polyclonal IH, 1:1000
WB, 1:3500

CYP17A1 Human CYP17A1 C.R. Parker Jr, University of
Alabama at Birmingham

Mouse monoclonal IH, 1:100
WB, 1:200

CYP19A1 Recombinant full-length
human aromatase

Antiaromatase Affinity Bioreagents (PA1-
21398)

Rabbit polyclonal IH, 1:100
WB, 1:200

IH, immunohistochemistry; WB, Western blotting.
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tained for each follicle class for each animal. Statistical compar-
isons were carried out using a statistical software package (SPSS
11.0 for Windows; SPSS, Inc). Treatment outcomes were com-
pared by ANOVAs, followed by Duncan’s multiple range tests.
P � .05 was considered significant. Results are expressed as
mean � SEM.

Results

Antibody specificity
Figure 1 shows Western blotting recognition of pro-

teins in ovarian homogenate and immunohistochemical
localization of the 4 proteins in ovarian sections. Western
blot analysis revealed positive bands of appropriate sizes
for each of the protein studied (Figure 1, left). The STAR,
HSD3B, CYP17A1, and CYP19A1 antibodies detected
a single band at 31, 47, 55, and 58 kDa, respectively. No
staining was observed in the absence of the primary
antibodies (Figure 1, negative control). Immunostain-
ing of the 4 markers in primordial/primary (from fetal
d 90), large preantral (from fetal d 140 or postpubertal
10 mo old), and antral follicles (10 mo old) of control
females are shown in Figure 1. All proteins had cyto-
plasmic localization.

Age-related changes in ovarian expression of
STAR, HSD3B, CYP17A1, and CYP19A1

STAR protein expression was below the limit of detec-
tion in primordial and primary follicles at any of the ages

studied (Figure 2). STAR expression was found in all
classes of follicles starting at the preantral stage, with both
granulosa and theca cells expressing STAR protein (Fig-
ures 1 and 2). Expression of STAR was higher in granulosa
of preantral follicles of fetal day 140- and 21-month-old
ovaries compared with 10-month-old females. In 10-
month-old animals, the granulosa cell STAR expression
increased from small preantral to large preantral to antral
follicle (Figure 2). This was not the case with 21-month-
old animals. STAR expression was lower in theca cells
compared with expression in granulosa cells and did not
differ across ages.

HSD3B protein was localized in granulosa and theca
cells of follicular compartment and the germinal epithe-
lium (Figure 1). In primordial and primary follicles, gran-
ulosa cell HSD3B protein expression increased with ad-
vancing age. HSD3B protein expression differed among
follicular classes in an age-specific manner. In fetal day
140 ovaries, HSB3B expression increased from small pre-
natal to large preantral follicle stages. HSD3B protein lev-
els increased from primary to small preantral and de-
creased from small preantral to large preantral in ovaries
from 10-month-old animals. At 21 months, HSD3B pro-
tein expression decreased from primary to small prenatal
and again increasing at large preantral stage. HSD3B was
also expressed in germinal epithelium of fetal ovaries, with

Figure 1. Representative images of STAR, HSD3B, CYP17A1, and CYP19A1 immunostaining in primordial/primary, preantral, and antral follicles
are shown. Verification of antibody specificity by Western blot analyses of ovarian homogenate and negative controls for immunostaining
demonstrating the specificity of the antibody are shown on the left 2 columns, respectively.
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expression being higher at day 90 compared with day 140
(P � .05) (Figure 2).

CYP17A1 was expressed only in theca cells of large
preantral follicles and antral follicles of 10- and 21-
month-old animals. Expression level CYP17A1 was
higher in theca interna cells of antral follicles relative to
theca cells of large preantral follicles at both ages (Figure
2). Theca externa of antral follicles did not express

CYP17A1. The relatively few prean-
tral and antral follicles present in fe-
tal day 140 ovaries (24) precluded
quantification of CYP17A1 at this
time point. Only primordial and pri-
mary follicles are present in fetal day
90 ovaries (24).

CYP19A1 was expressed in gran-
ulosa, stroma, and germinal epithe-
lium but not in the theca cells (Figure
1). Higher expression of CYP19A1
was observed in primordial, pri-
mary, and small preantral follicles of
10-month-old animals (postpuber-
tal) compared with day 140 fetuses.
In 10- and 21-month-old females,
higher expression of CYP19A1 was
present in granulosa cells of antral
follicles compared with the large pre-
antral follicles (P � .05) (Figure 2).

Effects of prenatal T and DHT
treatment

Expression level of STAR in pre-
antral follicle was not impacted by
prenatal T or DHT treatment at fetal
day 140. Prenatal T treatment in-
creased (P � .05) STAR expression
in granulosa but not theca cells
of small preantral follicles of 10-
and 21-month-old animals. Prenatal
DHT but not T treatment increased
(P � .05) STAR expression in gran-
ulosa cells of large preantral follicles
of 10-month-old animals (Figures 1
and 3).

On fetal day 90, prenatal treat-
ment with T or DHT increased (P �
.05) HSD3B expression in granulosa
of primary but not primordial folli-
cles (Figure 4). In contrast, on fetal
day 140, HSD3B expression was re-
duced in primary, small preantral,
and large preantral follicles from
prenatal T-treated, but not DHT-

treated, ovaries. A similar direction of changes was also
evident at the germinal epithelium level with prenatal T
treatment decreasing and DHT having no effect. In 10-
month-old animals, prenatal DHT treatment increased
(P � .05) the expression of HSD3B in granulosa cells of
primary, large preantral, and antral follicles. Prenatal T
treatment reduced HSD3B expression in the granulosa

Figure 2. Relative expression (measured as % of immunopositive area) of STAR, HSD3B,
CYP17A1, and CYP19A1 in ovaries of control day 90 and 140 fetuses, 10- and 21-month-old
sheep showing follicle stage and age specific changes. Significant differences across follicle
classes within each age are shown by asterisks. Significant differences across age groups within
each follicular class category are shown by differing letters. Prim, primordial; Pry, primary; Small
PreA, small preantral; Large PreA, large preantral; Gr, granulosa; T.I., theca interna; T.E., theca
externa.
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cells of small preantral follicles. Although a numerical in-
crease was evident in other follicular classes parallel with
the increase seen in DHT-treated animals, this did not
reach statistical significance. In 21-month-old prenatal T-
treated females, levels of HSD3B expression was lower in
the granulosa cells of primary follicles but higher in gran-
ulosa cells of large antral follicles, compared with the cor-
responding controls (Figures 1 and 4).

CYP17A1 expression was reduced by prenatal T
treatment in theca interna of antral follicles in both 10-
and 21-month-old females (P � .05) (Figures 1 and 5).
CYP17A1 expression levels in prenatal DHT-treated
animals did not differ from controls at 10 months of age.

Prenatal T and DHT treatment decreased (P � .05)
CYP19A1 expression in granulosa of primordial (fetal d
90, 10 mo), primary (fetal d 90, 10 mo), small and large
preantral (10 mo), and antral (10- and 21-mo-old ani-

mals). Paradoxically, at fetal day
140, prenatal T and DHT treatment
increased CYP19A1 expression in
primordial (DHT only), primary
(DHT only), and small and large pre-
antral follicles (Figures 1 and 6).
CYP19A1 was expressed in germinal
epithelium and stroma (low expres-
sion) but not altered by prenatal T or
DHT treatment.

Discussion

Ovarian steroidogenesis is key to
optimal ovarian follicular growth,
differentiation, and function. Syn-
thesis of specific steroids in ovarian
follicle is dependent on a distinct
pattern of expression of steroid me-
tabolizing enzymes. Both theca and
granulosa cells work in concert in
the production of androgens and
estrogens. LH stimulates theca
cells to produce androstenedione,
which gets aromatized to estradiol
via aromatase in the granulosa
cells. High levels of HSD3B and
CYP17A1 are expressed in theca
cells and are needed for andro-
stenedione production. Granulosa
cells do not express CYP17A1 and
are characterized by high levels of
CYP19A1 expression. Altered en-
zyme expression in either compart-
ment leads to aberrant steroido-

genesis culminating in a spectrum of reproductive
disorders. Findings from this study provide evidence in
support of disrupted ovarian steroidogenesis in prena-
tal T-treated sheep and indicate that ovarian and re-
productive disruptions evidenced in prenatal T-treated
sheep are at least in part mediated by alterations in the
developmental ontogeny of key steroidogenic enzymes.
Furthermore, comparative studies with DHT indicate
that some of this regulation is mediated likely via an-
drogenic actions of T while others by estrogenic actions,
due to aromatization of T to estradiol. The relevance of
these findings, because they relate to ovarian and cyclic
disruptions seen in prenatal T-treated sheep and trans-
lational significance to human pathology, are discussed
below.

Figure 3. Relative expression (measured as % of immunopositive area) of STAR in ovaries of
control, prenatal T-, and prenatal DHT-treated day 140 fetuses, 22-week-, 10-month-, and 21-
month-old sheep. STAR expression was too low for quantification in fetal day 90 ovaries.
Significant treatment effect within each ovarian compartment at each age is indicated by
asterisks. Prim, primordial; Pry, primary; Small PreA, small preantral; Large PreA, large preantral;
Gr, granulosa; T.I., theca interna; T.E., theca externa.
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Developmental ontogeny of key steroidogenic
enzymes

In sheep, the fetal ovary is steroidogenically active at
midgestation. Fetal day 75 ovaries produce detectable lev-
els of progesterone, androstenedione, T, and estradiol, as
well as express STAR, HSD3B, CYP17A, and CYP19A,
key mediators of steroidogenesis (33). During follicular
differentiation, follicles show cell- and follicle stage-spe-
cific expression of steroidogenic enzymes. Findings from

the present study showing tissue-spe-
cific expression of CYP17A in theca
cells, CYP19A in granulosa cells,
and HSD3B in both cell types, par-
allel expression patterns of steroido-
genic enzymes seen in rat (34, 35),
cow (36–38), pig (39), and human
(40, 41).

The findings that both theca and
granulosa cells express STAR, a key
acute regulator of steroidogenesis, is
consistent with earlier findings in
sheep (42). Although quantifiable
protein levels of STAR were evident
only from the small preantral stage in
the present study, an earlier study re-
ported STAR mRNA expression as
early as the primordial stage (42).
Expression of HSD3B protein in all
classes of follicles in both granulosa
and theca cells is in agreement with
findings from an earlier mRNA/
protein expression study (42). The
finding that CYP17A1, the dual
functional enzyme possessing both
17�-hydroxylase and 17, 20-lyase
activities, is not expressed in fetal
day 90 primordial and primary fol-
licles is consistent with CYP17A1
expression being limited to theca
cells, which are evident only from
preantral stage (43); ovarian mor-
phometric studies found that prean-
tral follicles are not present on day
90 of fetal development (24). Fur-
thermore, consistent with the theca
being the androgen producing com-
partment in the follicle, CYP17A1
expression was evident only in the
theca of large preantral follicles and
theca interna of antral follicles of 10-
and 21-month-old follicles. There
were too few preantral/antral folli-

cles to undertake this quantification in fetal day 140 ova-
ries. In contrast, the finding that aromatase protein was
detected in all classes of follicles beginning with primor-
dial is not in agreement with earlier studies where aroma-
tase (42) expression was found only in follicles greater
than 3 mm. Findings from in vitro studies (44) showing
that follicles 0.5 mm in diameter are capable of producing
estradiol is inconsistent with aromatase expression being
limited to follicles greater than 3 mm. As such, the dis-

Figure 4. Relative expression (measured as % of immunopositive area) of HSD3B in ovaries of
control, prenatal T-, and prenatal DHT-treated day 90 and 140 fetuses, 22-week-, 10-month-,
and 21-month-old sheep. Significant treatment effect within each ovarian compartment at each
age is indicated by asterisks. Prim, primordial; Pry, primary; Small PreA, small preantral; Large
PreA, large preantral; Gr, granulosa; T.I., theca interna; T.E., theca externa.
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crepancy between present study and earlier study in
CYP19A1 expression may relate to sensitivity of the de-
tection system used. Overall, these findings provide com-
pelling evidence in support of follicle and age-specific
changes in STAR, HSD3B, and CYP19A1 expressions.
Although such detailed developmental comparison was
not undertaken in earlier studies, one study reported sim-
ilar levels of expression of STAR, HSD3B, and CYP19A1
in follicles recovered from neonates and adults (42).

Impact of prenatal T excess on steroidogenic
enzymes

STAR and HSD3B
The finding that prenatal T excess increased STAR and

HSD3B expression in granulosa cells of preantral and an-
tral follicles agrees to some extent with findings from other
hyperandrogenic models. Increased expression of STAR
and HSD3B was evident in ovarian lysates of rodents
treated prenatally from days 16 to 19 of gestation with 5
mg but not 2 mg of T (45), although one cannot determine
whether this increase is at the theca or granulosa cell level.
Increased expression of STAR and HSD3B protein was
also evident in both theca and granulosa cells of rats that
were made hyperandrogenic with letrozol treatment be-
ginning at 8 weeks of age (46). Paradoxically, treatment
initiated early at day 29 of life yielded opposite outcome,
namely a decrease in ovarian STAR and HSD3B expres-

sion (47). As opposed to lack of change in STAR protein
expression in the theca cells in this study, an increase in
STAR mRNA was evident in theca cells (granulosa cells
not looked at) of follicles more than 3 mm obtained from
sheep treated prenatally from days 60 to 90 of gestation
(48). Differences in outcome among various studies may
relate to whether mRNA or protein is being measured,
time of treatment, and whether organizational or activa-
tional effects are being studied. Treatments initiated be-
fore completion of ovarian differentiation are likely to
result in permanent alterations (organizational effects),
whereas those initiated after completion of ovarian dif-
ferentiation lead to activational effects that disappear after
cessation of treatment. Alternatively, the differences
among studies may be a function of when during their life
span the ovaries were studied and the prevailing hormonal
milieu. For instance, HSD3B expression in the present
study was found to be increased in theca cells of 21- but not
10-month-old animals. Another possibility may relate to
the type of follicles being studied; in the present study,
HSD3B was found to be decreased in granulosa cells of
primary follicles of prenatal T-treated animals but in-
creased in granulosa cells of antral follicles.

CYP17A1
Contrary to our expectation, CYP17A1 expression was

reduced in theca interna of antral follicles from both 10-
and 21-month-old animals. Reduction in CYP17A1
mRNA expression was also found in day 90 fetal ovaries
treated with T from 60 to 90 days of gestation (49). How-
ever, origin of CYP17A1 in fetal ovaries is unlikely to be
of theca cell origin, because preantral follicles are not pres-
ent in day 90 fetuses (24, 50).

Because CYP17A1 is responsible for androgen produc-
tion in the ovary, the reduction in CYP17A1 is inconsis-
tent with the hyperandrogenic ovarian phenotype, namely
enhanced follicular recruitment, persistence, and multi-
follicular ovarian phenotype (24, 25, 51, 52). The in-
creased androgen receptor expression evident in granu-
losa cells of prenatal T-treated sheep (26), also supportive
of functionalhyperandrogenism, indicates that alternative
mechanisms potentiating the hyperandrogenic condition
are in place. One possibility is that the reduction in
CYP17A1 may be compensated for by activation of a
novel CYP17A1 isoform discovered in sheep (53). An-
other likely possibility is that although expression level of
enzyme is down, activity of enzyme may be increased. This
may result from increased cytochrome b5 in prenatal T-
treated females, which stimulates only the 17, 20-lyase
activity (54). A similar paradox was also reported within
letrozol-treated rats, where an increase in androgen pro-
duction was evident in the face of reduced mRNA expres-

Figure 5. Relative expression (measured as % of immunopositive
area) of CYP17A1 in ovaries of control, prenatal T-, and prenatal DHT-
treated 10- and 21-month-old sheep. Due to restricted localization of
CYP17A1 in theca cells and absence of preantral and antral follicles in
fetal day 90 ovaries and the few preantral and antral follicles present in
day 140 ovaries, only data from 10- and 21-month-old ovaries are
shown. Significant treatment effect within each ovarian compartment
at each age is indicated by asterisks. Prim, primordial; Pry, primary;
Small PreA, small preantral; Large PreA, large preantral; Gr, granulosa;
T.I., theca interna; T.E., theca externa.
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sion of several genes involved in steroidogenesis except for
CYP17A1 (47).

Conceivably, an androgen-induced feedback inhibition
of steroidogenic enzyme expression may be operational at
the autocrine/paracrine level to regulate expression of
CYP17A1 in a follicular stage-specific manner. In support
of this, LH-induced androstenedione release from follicles
obtained from prenatal T-treated sheep was found to be
reduced when follicles less than 3 mm in size were tested
but increased in follicles more than 4 mm in size, relative

to size-matched control follicles
(48). An increase in CYP17A1
mRNA expression was evident only
in theca of estrogenic follicles more
than 3 mm in size but not in
nonestrogenic follicles (48). The lack
of polycystic ovarian adult pheno-
type after this prenatal window of
exposure (d 60–102) makes it hard
to extrapolate these findings (48) to
the current study.

CYP19A1
The reduced CYP19A1 protein

expression in granulosa cells of pri-
mordial and primary follicles seen in
this study at day 90 may be a direct
consequence of T treatment, which
encompasses the period between
days 30 and 90 of gestation. A de-
cline in mRNA level of CYP19A1
was also found in fetal day 90 ovaries
exposed to excess T only from day
60–90 of gestation (49). Consistent
with the potential for T having a di-
rect impact, a decrease in CYP19A1
was not evident in granulosa cells of
primordial and primary follicles of
fetal day 140 fetuses, collected 50
days after cessation of androgen ex-
posure. If any, an increase in
CYP19A1 was evident in granulosa
cells of preantral follicles at fetal day
140, suggestive of potential escape
from feedback inhibition from an-
drogen treatment. The contrasting
findings of increased CYP19A1 mRNA
expression seen in fetal day 65 ova-
ries in our earlier study (55) vs the
decrease in CYP19A1 protein at fetal
day 90 in the present study may be a
function of remodeling of follicular
population; between days 75 and 90,

75% of germ cells die in the sheep fetal ovary and primor-
dial follicle development gets completed (50) or that
mRNA and protein expression do not undergo parallel
changes as is often the case.

The decrease in CYP19A1 evident in late follicular
phase ovaries of 10-month postpubertal female is consis-
tent with follicular developmental arrest. A reduction in
aromatase protein expression was also evident in follicles
of a dehydroepiandrosterone-induced hyperandrogenic

Figure 6. Relative expression (measured as % of immunopositive area) of CYP19A1 in ovaries of
control, prenatal T-, and prenatal DHT-treated day 90 and 140 fetuses, 22-week-, 10-month-,
and 21-month-old sheep. Significant treatment effect within each ovarian compartment at each
age is indicated by asterisks. Prim, primordial; Pry, primary; Small PreA, small preantral; Large
PreA, large preantral; Gr, granulosa; T.I., theca interna; T.E., theca externa.
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rat model (56). The reduced aromatase expression in 10-
and 21-month-old animals is inconsistent with the in-
creased preovulatory estradiol release found in these an-
imals (23); the increased estradiol release may therefore
result from increased number of follicles contributing to
their production.

Androgenic vs estrogenic contribution to
disruptions in steroidogenic enzymes

The fact that both T and DHT increase STAR expres-
sion in small preantral follicles of 10-month-old animals is
indicative of androgenic mediation. Paradoxically, the in-
creased STAR expression in prenatal DHT- but not T-
treated animals in large preantral follicles suggests that
pubertal hormonal changes may modulate such expres-
sion. The increase in HSD3B in primary follicles at day 90
of both T and DHT, a time point when they are being
treated, supports direct androgenic mediation. In con-
trast, the findings that HSD3B expression is reduced in
prenatal T-treated, but not DHT-treated, animals in fetal
day 140 ovaries support programming via estrogenic not
androgenic action. Reduced expression of CYP17A1 in
theca cells of T, but not DHT, animals is also supportive
of estrogenic programming of this trait. The finding of
increased estradiol in prenatal T-treated female fetuses
during T treatment period (22) provides a means for such
estrogenic mediation. In contrast, a similar direction of
change in expression of CYP19A1 at all life stages in the
T- and DHT-treated animals indicates that this aspect is
programmed by androgenic actions of T. The sum effect of
the androgenic and estrogenic programming contributes
to follicular persistence/arrest (3, 17, 25, 52) via disrup-
tion of intrafollicular milieu, namely disruption of steroid
biosynthetic machinery (this study), steroid receptor ex-
pression (26), antimullerian hormone (57), adiponectin
(30), and apoptotic balance (31) within ovarian follicles.

Translational relevance
Because the reproductive and metabolic attributes of

prenatal T-treated sheep mimic attributes of women with
PCOS (17), it is important to compare ovarian expression
of steroidogenic enzymes in this model with that in PCOS
women. Increased expression of STAR and HSD3B found
in the present study is consistent with the mRNA changes
seen in PCOS ovaries (58). The finding that CYP17A1
enzyme expression was down-regulated, and not up-reg-
ulated, in theca interna in the present study differs from
findings from PCOS women, where an increase in
CYP17A1 mRNA or activity has been reported (59–63).
One study, which examined immunohistochemical local-
ization of CYP17A1 from archived tissues, found in-
creased density of CYP17A1 in antral follicles of ovula-

tory and anovulatory women with polycystic ovaries
(hyperandrogenic status unknown) (64). These differ-
ences may be a function of the size class of follicles exam-
ined.HumanPCOSstudiesused3- to5-mmantral follicles
(59), periovulatory follicle after hyperstimulation (62), or
cultured theca cells after passage (63). In contrast, antral
follicles of all sizes were included in the present study (size
classes cannot be determined from ovarian sections). An-
other possibility is that the regulation occurs at the activity
level and hence missed, because the phosphorylated form
of CYP17A1 was not quantified in this study. In terms of
PCOS etiology, existing evidence fails to support variants
of CYP17 contributing to the pathogenesis of PCOS (65).
The decreased granulosa cell production of CYP19A1 is,
however, consistent with what has been found in PCOS
women (66).

The power of this study is that it identifies several lines
of investigation that aredifficult topursue inhumans, such
as determining relationship between protein expression
and activity, cotreating with androgen/estrogen antago-
nist to determine relative contribution of androgen/estro-
gen and thus helping in developing prevention strategies.
In summary, studies carried out in this investigation pro-
vide evidence that prenatal T excess leads to disruptions in
steroidogenic biosynthetic machinery at the ovarian level
and that these disruptions are programmed partly via an-
drogenic programming and partly via estrogenic program-
ming. The reduced theca cell CYP17A1 and granulosa cell
CYP19A1 expression suggests that alternative mecha-
nisms must be in place to account for the hyperandrogenic
phenotype and the increased estradiol release seen in this
model. The findings are of translational relevance in un-
derstanding reproductive disorders of ovarian origin.
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