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ABSTRACT

Prenatal testosterone (T) excess increases ovarian follicular
recruitment, follicular persistence, insulin resistance, and
compensatory hyperinsulinemia. Considering the importance
of insulin in ovarian physiology, in this study, using prenatal T-
and dihydrotestosterone (DHT, a nonaromatizable androgen)-
treated female sheep, we tested the hypothesis that prenatal
androgen excess alters the intraovarian insulin signaling cascade
and metabolic mediators that have an impact on insulin
signaling. Changes in ovarian insulin receptor (INSRB), insulin
receptor substrate 1 (IRS1), mammalian target of rapamycin
(MTOR), phosphatidylinositol 3-kinase (PIK3), peroxisome pro-
liferator-activated receptor-gamma (PPARG), and adiponectin
proteins were determined at fetal (Days 90 and 140), postpu-
bertal (10 mo), and adult (21 mo) ages by immunohistochem-
istry. Results indicated that these proteins were expressed in
granulosa, theca, and stromal compartments, with INSRB, IRS1,
PPARG, and adiponectin increasing in parallel with advanced
follicular differentiation. Importantly, prenatal T excess induced
age-specific changes in PPARG and adiponectin expression, with
increased PPARG expression evident during fetal life and
decreased antral follicular adiponectin expression during adult
life. Comparison of developmental changes in prenatal T and
DHT-treated females found that the effects on PPARG were
programmed by androgenic actions of T, whereas the effects on
adiponectin were likely by its estrogenic action. These results
suggest a role for PPARG in the programming of ovarian
disruptions by prenatal T excess, including a decrease in antral
follicular adiponectin expression and a contributory role for
adiponectin in follicular persistence and ovulatory failure.

developmental biology, fetal programming, follicular development,
insulin, ovary, PCOS, sheep

INTRODUCTION

Ovarian folliculogenesis is a lengthy and intricately
regulated process involving precisely orchestrated differentia-
tion of both the somatic and germ cells [1]. Animal models that

manifest disrupted folliculogenesis serve as valuable resources
for understanding the mechanisms underlying follicular
differentiation and ovarian pathologies. For instance, experi-
mental exposure of sheep or monkey fetuses to excess
testosterone (T) culminates in ovarian and reproductive
phenotypes [2–4] similar to that of women with polycystic
ovarian syndrome (PCOS) [5–7], a major infertility disorder.
At the ovarian level, prenatal T-treated sheep manifest
multifollicular ovarian morphology [8], enhanced follicular
recruitment [9], and follicular persistence [10, 11]. Using
prenatal T- and dihydrotestosterone (DHT)-treated sheep, we
recently found that prenatal T and DHT excess alters androgen
receptor (AR) and estrogen receptors (ESR1, ESR2), but not
progesterone receptor (PGR-B), protein expression in the
ovary, in a developmental time-, steroid-, follicular stage-, and
cell-specific manner [12]. These studies provided evidence that
multifollicular ovarian morphology [8], follicular persistence
[10, 11], and depletion [9] are programmed at least in part via
altered AR signaling during fetal development, with subse-
quent manifestation of ovarian pathology in adulthood
facilitated via altered ESR1, ESR2, and AR expression [9, 12].

In addition to disruptions with steroid receptor signaling,
because prenatal T-treated sheep also manifest peripheral
insulin resistance and compensatory hyperinsulinemia [2, 13],
and insulin potentiates ovarian steroidogenesis, follicular
development, and granulosa cell proliferation [14–17], it is
important to assess the potential contribution from members of
insulin signaling pathway to ovarian follicular differentiation.
Several studies suggest that alterations in the insulin signaling
cascade contribute to ovarian dysfunctions [18–22]. Impor-
tantly, hyperinsulinemic status with subsequent amplification
of theca cell steroidogenesis is thought to be the primary cause
of hyperandrogenism in women with PCOS [23–26]. The
importance of members of the insulin signaling pathway in
reproduction is also evident from gene-targeting studies. For
instance, targeted deletion of IRS1 compromises female
fertility [27]. Similarly, granulosa cell-specific deletion of
PPARG disrupts follicular rupture [28], causing sterility/
subfertility [29].

There are several regulatory checkpoints to consider relative
to the role of insulin in mediating ovarian disruptions seen in
prenatal T-treated sheep. These include the insulin receptor
(INSR), via which insulin initiates its signaling, and insulin
receptor substrates (IRS) [30, 31], which serve as docking
proteins binding the phosphatidylinositol 3-kinase (PIK3)
complex, a key regulatory messenger in insulin signaling.
PIK3, via its downstream effector RAC-alpha serine/threonine-
protein kinase (AKT, otherwise known as protein kinase B or
PKB), activates several signaling molecules, including mam-
malian target of rapamycin (MTOR), a promoter of protein
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synthesis [30–32]. In addition, insulin, in a ligand-independent
manner, also activates the peroxisome proliferator-activated
receptor-gamma (PPARG) protein, an orphan nuclear receptor
and key regulator of insulin sensitivity and glucose homeosta-
sis. Evidence exits in support of the existence of INSR, IRS1,
PIK3, MTOR, and PPARG in the ovary [17, 19, 33–36].
Granulosa cells of preantral follicles express INSR, with
expression level increasing with follicle growth [37, 38].
Studies in human have found increased expression of INSR
mRNA in PCOS patients [39], the reproductive phenotype of
which prenatal T-treated sheep recapitulate. Of relevance to
hyperandrogenic ovarian pathology seen in prenatal T-treated
sheep, activation of PPARG with insulin sensitizers amelio-
rates hyperandrogenism in women with PCOS [40–42].

Furthermore, in addition to the tight coupling of the
reproductive system with energy balance, the close relationship
between insulin resistance and adiposity, and the amplification
of reproductive pathologies with adiposity in women with
PCOS [5] as well as prenatal T-treated sheep [43], adipocyte-
derived factors are also important players to be considered.
Adiponectin, an adipokine, and its receptors are expressed in
rat theca-interstitial cells, oocytes, and granulosa cells [44].
Recent studies also implicate adiponectin in the pathogenesis
of PCOS [45–49].

Based on the established relation between insulin and
ovarian physiology and the association of insulin with PCOS,
we tested the hypothesis that prenatal androgen excess disrupts
key members of the intraovarian insulin signaling cascade, and
other related proteins implicated in the pathogenesis of PCOS,
in a development-specific manner. Prenatal T- and DHT-
treated female sheep were studied in parallel to determine
whether prenatal T effects were mediated by androgenic
programming.

MATERIALS AND METHODS

Breeding and Prenatal Treatment

All procedures used in this study were approved by the Institutional Animal
Care and Use Committee of the University of Michigan and were consistent
with the National Research Council’s Guide for the Care and Use of Laboratory
Animals. Adult Suffolk ewes with proven fertility were purchased from local
farmers and moved to a nearby farm for breeding; this farm was approved by
the Unit for Laboratory Animal Medicine of the University of Michigan and
inspected by the USDA. Details of maintenance of breeder ewes, breeding,
prenatal T and DHT treatment, and lambing have been previously described
[11, 50, 51]. Briefly, pregnant ewes were administered twice-weekly i.m.
injections of 100 mg of T propionate (1.2 mg/kg; Sigma-Aldrich Corp., St.
Louis, MO) or 100 mg DHT propionate (Steraloids, Inc., Newport, RI)
suspended in cottonseed oil (Sigma-Aldrich Corp.) beginning on Fetal Day 30
and continuing until Fetal Day 90. Ovaries obtained from control, prenatal T-,
and DHT-treated females on Fetal Day 90 (six control fetuses from six dams,
six T-treated fetuses from six dams, and six DHT-treated fetuses from five
dams), Fetal Day 140 (six control fetuses from five dams, seven T-treated
fetuses from seven dams, and five DHT-treated fetuses from five dams), 10 mo
of age (five control animals from five dams, six T-treated animals from six
dams, and five DHT-treated animals from five dams), and 21 mo of age (five
control animals from five dams, eight T-treated animals from eight dams) were
used in this study. There were insufficient DHT-treated females born to include

a 21-mo-old prenatal DHT-treated group. Ovaries from 10- and 21-mo-old
sheep were collected during the presumptive follicular phase after administra-
tion of prostaglandin F2a. Details of euthanasia, ovarian collection, and
processing have been published [9, 12]. Paraffin-embedded sections from one
ovary from each animal were used in this study. Developmental changes in
ovarian follicular distribution determined by ovarian morphometry [9] and
changes in steroid receptor expression patterns as determined by immunohis-
tochemistry from the same set of animals have been previously published [12].

Western Blotting

To test the specificity of the primary antibodies used in this study (Table 1),
ovaries from adult sheep procured from a local abattoir were homogenized in a
radio-immunoprecipitation assay lysis buffer consisting of 1% (v/v) IGEPAL
CA630 (octylphenyl-polyethylene glycol), 0.5% (w/v) sodium deoxycholate,
0.1% (w/v) SDS, 1 mM ethylenediaminetetraacetic acid, 50 mM sodium
fluoride (all from Sigma-Aldrich Corp.), 0.1 M PBS, and a protease inhibitor
cocktail (Complete Mini Protease Inhibitor Cocktail Tablets; Roche, Mann-
heim, Germany). Ovarian homogenates were centrifuged at 12 000 3 g for 20
min, and the protein concentration in the supernatants was estimated using
fluorescence methods (Qubit; Invitrogen, Carlsbad, CA). Sixty lg of protein,
along with prestained molecular weight markers (Bio-Rad, Hercules, CA), were
separated in SDS-PAGE containing an acrylamide gradient from 4% to 8% (w/
v) polyacrylamide for IRS1 and MTOR or from 10% to 15% for INSRB, PIK3,
PPARG, and adiponectin according to a procedure previously described [12].
After blotting on nitrocellulose membranes (Hybond ECL Nitrocellulose
Membrane; GE Healthcare, Buckinghamshire, U.K.), the membranes were
blocked with Tris-buffered saline containing 0.05% (v/v) Tween 20 (Sigma-
Aldrich Corp.) and 2% (w/v) nonfat milk and then incubated overnight at 48C
with specific primary antibodies. Bound antibody was detected using anti-
rabbit IgG peroxidase antibody (1:500; Amersham, Buckinghamshire, U.K.)
and ECL plus Western blotting detection reagents (GE Healthcare).

Immunohistochemistry

For immunohistochemistry, the streptavidin-biotin immunoperoxidase
method was employed as described previously [12]. Briefly, the sections were
deparaffinized, and antigen retrieval was performed by heating in a microwave.
Endogenous peroxidase activity was blocked with 3% H

2
O

2
in methanol, and

nonspecific binding was blocked with 10% (v/v) normal goat serum. Sections
were incubated with primary antibodies (Table 1) for 18 h at 48C and then with
a biotinylated secondary antibody (1:150; goat anti-rabbit IgG, F(ab0)2-B,
Biotin conjugated, sc-3840; Santa Cruz Biotechnology, Santa Cruz, CA) for 30
min at room temperature. Detection was by a streptavidin-peroxidase solution
(BioGenex, San Ramon, CA), with 3.3-diaminobenzidine (DAB; Dako,
Carpinteria, CA) as chromogen. The sections were then counterstained with
Mayer hematoxylin, dehydrated, and mounted. Blocking of the endogenous
peroxidase activity was confirmed by incubating some sections with DAB
alone, and the specificity of the secondary antibodies was tested by replacing
the primary antibodies with nonimmune serum. For INSRB and IRS1, an
additional control was performed by pre-incubating the primary antibody with
an excess of the peptide (for others, peptide was not commercially available)
with which it was raised. Because multiple series of histological processing
were involved, serial sections of a nonexperimental set of sheep ovaries were
included with each series to allow normalization across series. Each
immunohistochemical series included randomly selected slides with ovarian
sections from different ages and treatments. Follicle classes were distinguished
using criteria previously established [12] and included primordial, primary,
small preantral, large preantral, and antral follicles.

Image Analysis

Details of image analysis have been described previously [12, 52].
Briefly, for each marker, to avoid the possibility of follicular overlap, two

TABLE 1. Antibodies used for immunohistochemistry (IHC) and Western blot (WB).

Antigen Clone and Source Dilution IHC Dilution WB

INSRB Polyclonal (sc-711, Santa Cruz Biotechnology, Santa Cruz, CA) 1:250 1:400
IRS1 Polyclonal (sc-559, Santa Cruz Biotechnology, Santa Cruz, CA) 1:500 1:800
PIK3 Polyclonal (sc-423, Santa Cruz Biotechnology, Santa Cruz, CA) 1:150 1:400
MTOR Polyclonal (ab51044, Abcam, Cambridge, MA) 1:250 1:400
PPARG Polyclonal (ab59256, Abcam, Cambridge, MA) 1:300 1:800
Adiponectin Polyclonal (ab62551, Abcam, Cambridge, MA) 1:300 1:800
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sections (the first third into the ovary and the second two thirds into the
ovary) were used for immunohistochemical quantification. All growing
follicles in both sections were analyzed (ranged between 8 and 15 for each
follicular class). For primordial follicles, the slides were scanned left to right
from the top, and the first 20 primordial follicles that were distinct and
showed no overlap with neighboring follicles were used. Only healthy
follicles without atretic signs (pycnotic nucleus and loss of cell adhesion in
the granulosa layer) were evaluated, and to avoid subjectivity and differences
in location of proteins, all the analyzed images covered granulosa from
antrum to theca. Also, for each ovary, 10 images of stromal tissue were
analyzed in the center of the ovary.

The image analysis performed using the Image Pro-Plus 3.0.1 system
(Media Cybernetics, Silver Spring, MA) was described previously [12].
Images were digitized with an Olympus C5060 digital camera mounted on a
conventional light microscope (Olympus BH-2; Olympus Co., Tokyo, Japan).
The average density (percentage of immunopositive area) for each antibody
reaction was calculated as a percentage of total area evaluated through color
segmentation analysis, which extracts objects by locating all objects of a
specific color (brown stain). These values were verified and normalized, with
the controls carried across various runs using the same region (verified by
image comparison) for calibration. The percentage of immunopositive area
was calculated separately for each follicular compartment (granulosa, theca
interna, and theca externa) and stroma. Sections were analyzed with the
observer blinded to treatment. Since the immunostaining and image analyses
are optimized for each protein, quantitative comparisons across proteins were
not possible. The major strength of the well-validated imaging approach used
in this study is the visualization of in situ localization of proteins within cells
of interest. Quantification of biological markers using this approach has been
successfully applied to quantify immunoreactivity in different tissues [12,
53]. Antigen expression in tissue sections can be expressed as either mean
staining intensity or fraction of the stained area (average density [percentage
of immunopositive area]). While mean staining intensity measurements show
changes in relative antigen expression when they are ubiquitously expressed
and equally distributed in compartments of interest, in scenarios where
differences in cellular distributions are unknown the average density is more
useful [54, 55]. This type of densitometrical methodology has been previously

validated by biochemical methods of protein induction and quantification

[56].

Statistical Analyses

The average density (percentage of immunopositive area) of each follicular

compartment (granulosa and theca) within a follicle class was first averaged,

and then a group mean across follicles was derived for each follicle type within

an animal. When more than one fetus was studied per dam, the data were

averaged before analyses. A statistical software package (SPSS 11.0 for

Windows; SPSS, Inc., Chicago, IL) was used for performing the statistical tests.

Data were compared by ANOVAs, followed by Duncan multiple range tests. A

P , 0.05 value was considered significant. Results are expressed as mean 6

SEM.

RESULTS

Antibody Specificity

Western blot recognition of proteins in ovarian homoge-
nate and immunohistochemical localization of the six proteins
in ovarian sections are summarized in Figure 1. Western blot
analysis revealed positive bands of appropriate sizes for each
of the proteins studied (Fig. 1, left). The INSRB, IRS1, PIK3,
MTOR, and adiponectin antibodies detected a single band at
90, 180, 85, 290, and 25 kDa, respectively, whereas two
bands around 58 kDa were observed for PPARG. No specific
bands were detected after incubating sections in the absence
of the primary antibodies (Fig. 1, negative control) or pre-
incubating the primary antibody with an excess of the peptide
with which it was raised (when commercially available;
INSRB and IRS1; not shown). Specific cytoplasmic staining
was detected for all proteins except PPARG, which showed

FIG. 1. Representative images of INSRB,
IRS1, PIK3, MTOR, PPARG, and adiponec-
tin immunostaining in primordial/primary
(Fetal Day 90), large preantral (Fetal Day
140/10-mo-old), and antral (10-mo-old)
follicles are shown in the right three panels.
Verification of antibody specificity by
Western blot analyses of ovarian homoge-
nate and negative controls for immuno-
staining demonstrating the specificity of the
antibody are shown in the left two panels,
respectively. Bar ¼ 25lm.
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FIG. 2. Relative expression (measured as
percentage of immunopositive area) of
INSRB, IRS1, PIK3, MTOR, PPARG, and
adiponectin in ovaries of control Day 90
and Day 140 fetuses and 10- and 21-mo-old
sheep in control. Significant differences
across follicle classes are shown by differing
letters. Significant differences within follic-
ular compartments across ages are indicat-
ed by asterisks; *P , 0.05, **P , 0.01.
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nuclear staining in the ovaries (Fig. 1, right three vertical
panels).

Age-Related Changes in Ovarian Expression of INSRB,
IRS1, PIK3, MTOR, PPARG, and Adiponectin

Representative patterns of immunostaining of key markers
of insulin signaling pathway in primordial/primary (from Fetal
Day 90), preantral (from Fetal Day 140 or postpubertal 10-mo-
old), and antral follicles (10-mo-old) from control females are
shown in Figure 1, and a quantitative analysis of the expression
of these proteins from immunohistochemical analyses is shown
in Figure 2 and Table 2. INSRB was localized in the cytoplasm
of granulosa and stromal cells, while thecal cells showed a
weak immunostaining. With the increase in the size of the
follicles, the immunostaining in the granulosa cell compart-
ment increased significantly (P , 0.01; Fig. 2). IRS1 was
detected in the cytoplasm of granulosa, thecal, and stromal
cells, with a significantly higher expression in granulosa of
preantral and antral follicles compared with primordial/primary
follicles (P , 0.01). No differences were evident across ages in
the thecal compartment. Expression levels of INSR and IRS1
were both higher in stroma of Day 90 and Day 140 fetuses
compared to those of 10- or 21-mo-old females (P , 0.01).

PIK3 was also highly expressed in the cytoplasm of
granulosa, with less immunostaining in thecal and stromal
cells (Fig. 1). No difference in level of expression was evident
across follicular stages (Fig. 2). Expression levels of PIK3,
similar to INSRB and IRS1, were higher in the stroma of fetal
animals compared to those of 10- or 21-mo-old animals (P ,
0.01; Fig. 2). Expression of MTOR protein was high in the
cytoplasm of granulosa cells and did not differ across follicular
stages (Figs. 1 and 2). Expression of MTOR staining was
comparatively weak in thecal and stromal cells, although the
expression level in the stroma of fetal animals was higher
relative to that of 10- or 21-mo-old animals (P , 0.01; Fig. 2).

Compared to other proteins discussed above, PPARG was
the only protein localized in the nucleus with predominant
expression in granulosa cells (Fig. 1). Expression levels of
PPARG increased significantly as the size of follicles increased
(P , 0.01; Fig. 2). PPARG immunostaining was lower in theca
cells. Similar to all other proteins discussed above, the
expression level of PPARG in stromal cells was higher in
fetal ovaries compared to ovaries from 10- or 21-mo-old
animals (P , 0.01). In granulosa of preantral follicles, the
expression level of PPARG in Day 140 fetuses was lower than
that of 10- or 21-mo-old animals (P , 0.05).

Higher expression of adiponectin was evident in granulosa
cells relative to other cell types. Adiponectin immunostaining
was higher in granulosa cells of antral follicles compared to
other follicular types (P , 0.01). Compared to granulosa cells,
the level of immunostaining was lower in thecal cells, with
expression showing a tendency to be higher in antral follicles
than in other follicular types (P¼ 0.06). Expression level was
also higher in theca interna than theca externa (P , 0.05).
Adiponectin expression was also lower in the stroma and in
contrast to all other markers studied, did not show age-specific
changes.

Effects of Prenatal T and DHT Treatment

Prenatal T or DHT treatment had no effect on INSRB, IRS1,
PIK3, and MTOR protein expression in any of the cellular
compartments at any fetal or postpubertal age studied (Table
2). In contrast, prenatal T and DHT treatment increased (P ,
0.05) PPARG expression in Fetal Day 90 stromal cells (Figs. 3
and 4 and Table 2). Prenatal DHT but not T increased PPARG
expression in granulosa cells of primordial and primary
follicles of Fetal Day 90 ovaries (Figs. 3 and 4 and Table 2).
Prenatal T treatment increased PPARG immunostaining (P ,
0.05) in granulosa cells of primary as well as small and large
preantral follicles and in thecal cells of large preantral and

FIG. 3. Representative images of PPARG
immunostaining in primordial/primary,
small, and large preantral follicles (Fetal
Day 90) and adiponectin immunostaining in
antral follicles (10-mo-old) of control, pre-
natal T-treated, and DHT-treated sheep. Bar
¼ 25 lm.
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stromal cells of Fetal Day 140 ovaries (Figs. 3 and 4 and Table
2). Effects of prenatal DHT treatment paralleled that of T
except that an increase in thecal expression was also evident in
small preantral follicles (Figs. 3 and 4 and Table 2). Prenatal T
or DHT treatment had no effect on any ovarian compartment in
PPARG expression of 10- and 21-mo-old animals (Table 2).

Effects of prenatal T and DHT treatment on adiponectin
were diametrically opposite and were evident in ovaries of 10-
and 21-mo-old animals but not during fetal life (Figs. 3 and 5
and Table 2). In 10-mo-old animals, prenatal T but not DHT
excess reduced adiponectin expression in granulosa cells of
large preantral and antral follicles and in theca externa of antral
follicles (P , 0.05). In contrast, both prenatal T and DHT
excess reduced adiponectin immunostaining in the stroma
(Figs. 3 and 5 and Table 2; P , 0.05). At 21 mo of age
(comparison is only between control and prenatal T, as an
insufficient number of prenatal DHT females was born for
inclusion in this group), effects of prenatal T excess paralleled
that seen in 10-mo-old animals, with prenatal T excess
decreasing adiponectin immunostaining in granulosa cells of
large preantral and antral follicles, theca externa of antral
follicles, and stroma (Fig. 5 and Table 2; P , 0.05).

DISCUSSION

The findings from this study provide evidence in support of
age- and ovarian compartment-specific regulation in the
expression and localization of various members of insulin
signaling pathway and related proteins in sheep and their
modulation by prenatal steroid excess. All proteins studied are
expressed in granulosa, theca, and stromal compartments, with
many of them (INSRB, IRS1, PPARG, and adiponectin)
increasing in parallel with advanced follicular differentiation.
Importantly, prenatal T excess induced age-specific changes in
PPARG and adiponectin expression, with effects on PPARG
evident during fetal life and those of adiponectin evident during
adult life. Furthermore, comparative assessment of develop-
mental changes in prenatal T- and DHT-treated females found
that the effects on PPARG were programmed by androgenic

actions of T, whereas the effects on granulosa cell expression of
adiponectin were likely programmed by its estrogenic action.

Developmental Changes

The increase in granulosa cell expression of INSRB
immunostaining with advanced follicular differentiation evi-
denced in this study parallels increases found in other species
[16]. The higher expression seen in large preantral and antral
follicles is consistent with a role for insulin in augmenting
responsiveness to gonadotropins [19, 39]. The progressive
increase in INSRB protein with advanced follicular develop-
ment was also accompanied by parallel increases in mediators
of insulin action, namely IRS1 and PPARG.

Lack of change in PIK3, a key regulatory messenger in
insulin signaling, across follicular developmental progression
in the face of changes in downstream members of insulin
signaling pathway suggests that changes in PIK3 are
manifested more at the activity level than the absolute amount
per se. Lack of availability of phospho-specific PIK3 and AKT
antibodies for immunohistochemical studies in sheep precluded
such measures being undertaken. Irrespective of this limitation,
changes in downstream regulators of PIK3 and AKT indicate
that changes in the activity of these key regulators must have
occurred. Inhibition of PIK3 function has been found to block
FSH-induced up-regulation/activation of several follicular
differentiation markers and signaling proteins that control
mRNA translation [57].

Increased expression of PPARG in granulosa cells with
increasing follicular differentiation is in agreement with
parallel increases seen in the granulosa cells of growing
follicles in the rat [58] and is supportive of a role for PPARG in
follicular development. The antral follicle-specific increase in
adiponectin is also consistent with developmental maturation
of the follicle to the preovulatory state. Adiponectin and its
receptors are expressed in the ovaries of several mammals [44,
59]. Adiponectin has been found to induce changes in
expression of genes/proteins consistent with those that occur
during differentiation of the preovulatory follicle [18].

FIG. 4. Relative expression (measured as
percentage of immunopositive area) of
PPARG in ovaries of control, prenatal T-
treated, and prenatal DHT-treated Day 90
(d90) and Day 140 (d140) fetuses. For each
cellular compartment within each follicle
type, bars with * are significantly different
from control (P , 0.05).

FIG. 5. Relative expression of adiponectin
in the ovaries of 10-mo-old (10mo) and 21-
mo-old (21mo) control, prenatal T-treated,
and prenatal DHT-treated females. For each
cellular compartment within each follicle
type, bars with * are significantly different
from control (P , 0.05).
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Adiponectin also increases the synthesis of progesterone and
estrogen in an additive manner with gonadotropins [59].
Adiponectin also participates in the actions of PPARG [18, 60,
61] by decreasing LHR mRNA and insulin-induced andro-
stenedione production in theca cells [62]. The finding that mice
lacking adiponectin [63] or adiponectin receptors (ADIPOR1
and/or ADIPOR2) [64] are fertile suggests that adiponectin
plays more of a facilitatory role than an obligatory one.

Overall, changes in the expression patterns of members of
insulin signaling pathway and related proteins at different
stages of follicular development were follicle-specific but
independent of age of animals. An exception to this rule was
PPARG, with expression of PPARG being higher in preantral
follicles obtained from 10- and 21-mo-old animals compared to
that of Day 140 fetuses. In contrast, the expression pattern of
most of these regulators in stroma showed an age-specific
effect. Except adiponectin, all other signaling of INSR and of
related members studied was lower in the stroma of 10- and 21-
mo-old animals compared to that of fetal ages. Whether age-
specific decline in expression patterns of these mediators is a
function of the endocrine milieu that prevails in postpubertal
and adult animals remains to be ascertained.

Impact of Prenatal Steroids Excess

The effects of prenatal T and DHT treatment were restricted
to two of the six mediators studied, namely PPARG and
adiponectin. The selective increase in PPARG immunostaining
in the ovaries of Fetal Day 90 and 140 prenatal T-treated
fetuses accompanies our previously reported increase in AR
expression seen at these ages in these very same animals [12].
PPARG may, therefore, be one of the early mediators in the
developmental programming of adult ovarian dysfunction by
prenatal T excess. The increased PPARG expression in the
ovary of prenatal T-treated sheep appears to be mediated by
androgenic actions of T because the nonaromatizable androgen,
DHT, also increased PPARG immunostaining. Considering
that agonists of PPARG reduce basal and LH-stimulated thecal
androgen production [65] and limit granulosa cell estradiol
production [65, 66], the PPARG up-regulation seen in response
to T and DHT administration at fetal ages may function in a
similar manner to limit androgen production at the stromal
level.

The decrease in adiponectin expression in the granulosa
cells of 10- and 21-mo-old prenatal T-treated females, on the
other hand, would compromise follicular environment and
prevent follicular maturation to the preovulatory state, thus
contributing to the development of multifollicular ovaries in
prenatal T-treated females [8–11]. The decreased adiponectin
levels in prenatal T-treated females may be a function of altered
steroid receptor balance. Granulosa cells of antral follicles in
prenatal T-treated females manifest increased expression of AR
and ESR1 and reduced expression of ESR2 [12]. Absence of
similar changes in prenatal DHT-treated females suggests that
the reduced granulosa cell adiponectin expression may be
facilitated via estrogenic programming. Paradoxically, the
regulation at the stromal level was similar for both prenatal T
and DHT-treated animals suggestive of differential effects of
androgenic and estrogenic programming at the various ovarian
compartments.

Translational Significance

The findings from this study are likely to be of translational
relevance to the ovarian phenotype of women with PCOS,
whose characteristics the prenatal T-treated females recapitu-

late. While ovarian measures of adiponectin levels are not
available, circulating levels of adiponectin are reduced in
women with PCOS [24, 67]. Genomic studies also implicate
hypoadiponectinemia in the etiology of PCOS [68]. Hypo-
adiponectinemia is also evident in other insulin-resistance
states [69, 70]. As such, the reduced adiponectin levels in the
ovaries of prenatal T-treated sheep are consistent with these
animals being insulin resistant [13, 71]. It has been proposed
that decreased adiponectin levels in PCOS women may be a
contributing factor in the increased androgen production from
theca cells [62].

In conclusion, we have demonstrated that key members of
the insulin signaling cascade and related metabolic proteins are
expressed at different stages of ovarian follicular development
in the sheep, with PPARG expression increasing with prenatal
T excess during fetal life and adiponectin decreasing during
adult life. The findings are supportive of a role for PPARG in
the programming of ovarian disruptions that includes a
reduction in adiponectin levels in antral follicles and
consequent failure of follicles to progress to preovulatory state.
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