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Abstract
Objective—The role of androgens in chronic disease pathogenesis, cognitive function and libido
during menopause is of increasing interest. The aim of this study was to characterize the
distribution and expression of androgenic proteins in the macaque ovary and to investigate the
relationship between serum androgen concentrations, follicle number, and the persistence of
androgenesis in the aging macaque ovary.

Methods—The subjects were 26 adult female cynomolgus macaques. Ovaries were
immunostained for cytochrome P450 17α-hydroxylase/17–20 lyase (P450c17), 3β-hydroxysteroid
dehydrogenase (3βHSD), and cytochrome b5 (cytb5). Based on primordial follicle counts, animals
were divided into tertiles (low (≤200), intermediate (226–1232), and high (2372–4356)) to
evaluate differences in androgen staining and changes in serum androgen concentrations following
ovariectomy.

Results—Positive immunostaining for P450c17 and cytb5 within the theca interna layer of
growing follicles persisted in advanced atretic follicles and secondary interstitial cells (residual
stromal cells). Ovaries with low follicle numbers had less staining for all androgenic proteins
compared to ovaries with higher numbers of growing follicles. Immunostaining for cytb5 was the
most reliable marker for persistent androgenesis in ovaries with minimal primordial follicle
numbers (<100) and residual stromal cells. Following ovariectomy, a significant decrease in
testosterone (−27.7%, −30.8%, −27.5%; p < 0.01) and androstenedione (−33.4%, −35.7%,
−46.0%; p < 0.01) was observed in monkeys with low, intermediate, and high primordial follicle
counts, respectively.

Conclusions—Despite low follicle numbers, the aging macaque ovary retains the necessary
proteins for androgenesis within residual stromal cells and contributes to peripheral androgen
concentrations.
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INTRODUCTION
Several cross-sectional studies have demonstrated a substantial decrease (approximately
50%) in plasma testosterone and androstenedione concentrations among women between the
ages of 20 and 45 years of age, with no change in androgen levels across the menopausal
transition and postmenopausally1,2. However, whether and to what extent this steady decline
in androgen levels relates to aging ovarian function and follicle number remain unclear2.

In the ovary, testosterone and androstenedione are synthesized in the theca interna cell layer
within the periphery of growing follicles. Following their synthesis, testosterone and
androstenedione diffuse into the adjacent granulosa cell layer and are aromatized into
estradiol and estrone, respectively3,4. From puberty, the total number of ovarian follicles
decreases gradually until approximately 37 years of age, at which time the rate of decline
increases exponentially5. By the onset of menopause, the ovary is atrophic and depleted of
estrogen-producing follicles; however, androgenesis is thought to persist in secondary
interstitial cells scattered throughout the ovarian stroma3,6. Originally derived from theca
interna cells of atretic follicles3, these secondary interstitial cells are thought to remain
responsive to luteinizing hormone and produce measurable amounts of testosterone and
androstenedione postmenopausally6. A few in vitro studies have investigated the expression
of androgenic proteins in these residual stromal cells of postmenopausal women, but results
have been inconsistent and difficult to relate to the aforementioned clinical studies
investigating peripheral androgen concentrations7–9.

The efficient formation of androgens within the ovary requires the expression and
coordination of steroidogenic enzymes and accessory proteins. The cytochrome P450
enzyme 17α-hydroxylase/17–20 lyase (P450c17) is a bifunctional enzyme involved in the
production of both progesterone and androgens within the ovary through the differential
metabolism of pregnenolone, a cholesterol metabolite10,11. Whether pregnenolone is utilized
predominately for the generation of testosterone and androstenedione depends on the
expression level of two other proteins, cytochrome b5 (cytb5)10–14 and 3β-hydroxysteroid
dehydrogenase (3βHSD)15,16. The 17α-hydroxylation reaction of P450c17 in the ovary is
involved in the formation of both progesterone and androgens, whereas the 17–20 lyase
reaction of P450c17 is unique to androgen production. Experiments have shown that cytb5
selectively promotes androgen synthesis by augmenting the 17–20 lyase activity of
P450c1712,13. The expression level of 3βHSD is also important in the regulation of ovarian
androgenesis. 3βHSD competes with P450c17 to catalyze the synthesis of progesterone
from pregnenolone, which could otherwise be metabolized to dehydroepiandrosterone
(DHEA) by the 17α-hydroxylation/17–20 lyase activity of P450c17. The low expression
level of 3βHSD relative to P450c17 promotes androgen synthesis, whereas a high
expression level of 3βHSD increases progesterone production11. The cytb5 protein has been
co-localized with the P450c17 enzyme within the theca interna cell layer of human
premenopausal ovaries17; however, little information is known about the cellular
localization and expression of P450c17, cytb5 and 3βHSD in the aging ovary.

A clear understanding of the androgenic function of the aging ovary is of clinical importance
for several reasons. In premenopausal women, endogenous androgens help to maintain bone
density, muscle mass, and cognitive function as well as sexual well-being18–23; therefore,
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there has been a growing interest in the role of androgens in chronic disease pathogenesis
(osteoporosis, cardiovascular disease, metabolic syndrome) and quality-of-life issues
(memory loss, decreased libido) during menopause18,23–25. Also, since androgens appear to
decline with age, there has been increasing interest in androgen replacement therapy for
older women, especially for those with a history of ovariectomy and low sexual desire26,27.

Female macaques and women share many reproductive endocrine characteristics, including
a 28-day menstrual cycle28, peripheral aromatization of androgens to estrogens29, and
natural menopause30,31, with a similar pattern of primordial follicle decline32 and hormonal
profile31,33 to that of women. In order to further characterize the macaque model for use in
translational studies, the immunolocalization and relative expression of P450c17, cytb5 and
3βHSD within secondary interstitial cells and all stages of folliculogenesis and atresia were
investigated within this animal model. Monkeys were then divided into tertiles according to
primordial follicle number (a marker of ovarian age) in order to characterize the effect of
declining follicle numbers on androgenic expression patterns, morphological features, and
the contribution of residual stromal cells to serum androgen concentrations. We
hypothesized that aging macaque ovaries with low primordial follicle counts (<200) would
have less immunostaining for all three proteins and a smaller percentage change in androgen
levels following ovariectomy compared to those with higher follicle counts. The findings of
this study will provide important information regarding the relationship between serum
androgen concentrations, follicle number, and the persistence of androgenesis in the aging
ovary, thus increasing the importance of the macaque model for use in translational studies
of health issues critical to postmenopausal women.

METHODS
Animal subjects

Data presented here are from a retrospective study consisting of 26 adult female cynomolgus
macaques (Macaca fascicularis) used originally for a larger randomized trial studying the
effects of an atherogenic diet, type of dietary protein (soy vs. casein-lactalbumin),
reproductive stage, and social stress on atherosclerosis progression34–37. Following 32
months of exposure to an atherogenic diet containing either soy or casein– lactalbumin, all
animals were ovariectomized. Data from those animals consuming the casein–lactalbumin
diet are presented here. The effect of dietary protein source and cardiovascular risk on
ovarian aging has been reported elsewhere36.

All monkeys were imported from Indonesia and housed in stable social groups of four to six
animals per group. Adult status was confirmed radiographically by complete epiphyseal
closure at the distal radius, ulna and the proximal tibia. At the time of the study reported
here, the estimated age range (based on dentition, radiographs, and other physical
characteristics) was 13–23 years of age. All animal procedures were approved by the Wake
Forest University Animal Care and Use Committee and conducted in compliance with state
and federal laws. Wake Forest University is fully accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care.

Study design
One ovary from each monkey was used to determine the total number of primordial
follicles36. The contralateral ovary was used for immunohistochemical staining for key
androgenic proteins: P450c17, 3βHSD, and cytb5. One ovary per animal was used for each
analysis based on findings by Miller and colleagues and Appt and colleagues that follicle
numbers between ovaries are symmetrical in macaques38,39. Based on the observation that
the number of primordial follicles differed substantially (range 0–4356) among individuals,
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the 26 animals were divided into tertiles (low, intermediate, and high) for subsequent
morphological descriptions and serum hormone analyses.

Immunohistochemistry
Fixed ovaries were bisected prior to embedding and slides with thin sections (5 μm) were
sent to the University of Alabama at Birmingham (CRP) for immunohistochemistry using
techniques similar to those utilized previously with human ovarian tissues17. After
deparaffinization and hydration of the tissue sections, the endogenous peroxidase activity
was quenched with 3% hydrogen peroxide. Then, the slides were incubated in 5% normal
goat serum for 10 min at 25°C to decrease non-specific binding. The slides were drained and
incubated with primary antiserum diluted in phosphate buffer. Rabbit antihuman cytochrome
b5 antiserum was kindly provided by Dr Alan Conley, University of California at Davis.
The chicken anti-human P450c17 polyclonal antibody was kindly provided by Dr Michael
Waterman, Vanderbilt University. The rabbit antihuman placental 3βHSD antiserum was
developed by Dr Parker at the University of Alabama at Birmingham. Slides were treated
with biotinylated second antibodies followed by incubation with avidin–biotin–conjugated
peroxidase (Bio Genex). Immunoreactivity was detected by incubation of the tissue sections
in DAB as the chromagen (Bio Genex). Slides were then counterstained with hematoxylin.
Immunopositive corpora lutea (producing progesterone during the luteal phase) were
considered positive controls for 3βHSD immunoreactivity. Sections of rhesus adrenal glands
were used as positive controls for P450c17 and cytb5. Negative controls consisted of
ovarian and adrenal tissue sections incubated as above in the absence of primary antiserum.
No immunostaining was noted in any instance in the negative control sections.

Ovarian follicle counts
Each ovary was fixed in Bouin’s solution (75 ml picric acid solution (1.3%), 25 ml of
formaldehyde (37%), and 5 ml glacial acetic acid), transferred to 70% ethanol 24 h later, and
then embedded whole in paraffin for follicle counting. Follicle counting was conducted at
the University of Arizona as previously described36. Briefly, the ovaries were sectioned
serially (4–5 μm) and stained with hematoxylin and eosin. Follicles containing an oocyte
nucleus were identified (primordial, primary, secondary, and antral) and counted in every
100th section. The total number of sections per ovary varied from five to ten depending on
individual differences in ovarian size and the presence of a corpus luteum.

Ovarian follicle classification
Follicle classification for morphology was determined based on criteria previously described
in Buse and colleagues40. Follicles were classified as primordial (oocyte surrounded by a
single layer of flattened granulosa cells), primary (oocyte surrounded by a single layer of
cuboidal granulosa cells), and early secondary (oocyte surrounded by more than one layer of
cuboidal granulosa cells, but no theca interna cells). Advanced secondary follicles were
slightly larger and had a developing theca cell layer. Follicles with an antrum lined by
granulosa cells and well developed internal and external theca cell layers were classified as
antral follicles. Follicles with a detached and apoptotic granulosa cell layer, as indicated by
cell shrinkage, chromatin condensation and nuclear fragmentation, were classified as atretic
follicles. Early atretic follicles retained an antrum whereas advanced atretic follicles had a
collapsed antrum with hypertrophic theca interstitial cells surrounding an apoptotic
granulosa cell center. Secondary interstitial cells, presumed to be derived from the
hypertrophic theca interstitial cells of advanced atretic follicles, were also identified
scattered throughout the stroma3. Photomicrographs were taken using an Axioplan 2 upright
light microscope.
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Menstrual cyclicity
As part of a larger randomized study, the average cycle length for each animal was
determined from the vaginal bleeding history37. Seventeen to 20 months prior to
ovariectomy, monkeys were subjected to daily vaginal swabs for 10 months. More than 250
cycles were evaluated and used to determine mean cycle length for this study population.

Serum androgens
Serum concentrations for total testosterone and androstenedione were determined from pre-
and post-ovariectomy samples collected within 5 and 11 months of surgery, respectively.
For blood collection, animals were sedated with ketamine HCl (15 mg/kg, intramuscular)
and blood samples were obtained between 09.00 and 12.00 following an overnight fast. All
samples were stored at −20°C or below until assayed. Serum hormone assays were
performed at the Biomarkers Core Lab, Yerkes National Primate Research Center of Emory
University. Total testosterone and androstenedione concentrations were measured from
serum using commercially prepared kits (DSL, Webster, TX, USA). The intra-assay
coefficients of variation (CV) were less than 7% for both assays. The inter-assay CVs were
12.06% at 1.07 ng/ml and 13.34% at 5.48 ng/ml for androstenedione while the inter-assay
CVs for total testosterone were 5.95% at 0.68 ng/ml and 4.14% at 5.67 ng/ml.

Statistical analysis
Since the primordial follicle count data were skewed, a non-parametric Kruskal–Wallis test
and a post-hoc Wilcoxon rank sum test were used to examine the differences in primordial
follicle counts among the tertiles. In order to investigate the effect of ovariectomy on
peripheral androgen concentrations within each tertile with differential primordial follicle
counts, a mixed model approach was used for both total testosterone and androstenedione
(primary outcomes). The model included the main effect of primordial follicle tertile, pre-
and post-ovariectomy timepoints, and their interaction. This model allowed the comparison
of pre- and post-ovariectomy androgen concentrations within each tertile as well as the
comparison of serum androgen concentrations among tertiles within the pre- and post-
ovariectomy periods. A similar mixed model was used to investigate any change in body
weight following ovariectomy among the tertiles. In order to determine any differences in
the magnitude of change in circulating androgens among the tertiles, percentage changes in
total testosterone and androstenedione were calculated and analyzed by a one-way ANOVA.
A one-way ANOVA was also used to determine any differences in average menstrual cycle
length among the follicle tertiles. A two-tailed significance level of 0.05 was selected for all
comparisons, and all analyses were done using JMP statistical software (version 8.0.2; SAS
Institute, Inc, Cary, NC, USA).

RESULTS
Immunolocalization and expression of steroidogenic enzymes and accessory protein

The immunohistochemical localizations of P450c17, cytb5 and 3βHSD in the macaque
ovary are presented in Table 1 and Figure 1. The intensity of immunostaining in various
stages of folliculogenesis and atresia, including primordial, primary, secondary, antral and
atretic follicles as well as secondary interstitial cells within the stroma, are represented in
Table 1. Beginning with advanced secondary follicles (≥150 μm in diameter), thecal cells
were immunopositive for P450c17 and cytb5. Immunopositive staining for 3βHSD was only
observed in antral and atretic follicles.

The co-localization of P450c17, cytb5 and 3βHSD within the theca interna cell layer of
growing and atretic follicles is depicted in Figure 1. Cytoplasmic immunolabeling for
P450c17 and cytb5 was observed within the theca interna cell layer of antral follicles
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(Figure 1A, B, D, E), advanced secondary follicles (Figure 1G, H), early atretic follicles
(Figure 1J, K), and late atretic follicles (Figure 1M) as well as secondary interstitial cells
scattered throughout the ovarian stroma (Figure 1N, O). Compared to P450c17, cytb5 was
the most highly expressed androgenic protein in the macaque ovary. The number of
immunopositive cells and intensity of the immunoreactivity were greater for cytb5 than
P450c17 in all stages of folliculogenesis and atresia examined. In addition, secondary
interstitial cells immunopositive for cytb5 were more abundant than those immunopositive
for P450c17 (Figure 1N, O). Generally, as the degree of apoptosis progressed within the
theca interna cell layer of the atretic follicle, the number and intensity of P450c17 and cytb5
immunopositive cells decreased. 3βHSD was localized within the cytoplasm of theca interna
cells of antral follicles (Figure 1C, F); however, the intensity and number of cells were
significantly less than for both P450c17 and cytb5 (Figure 1A, B, D, E). Expression of
3βHSD in early and late atretic follicles varied. Some early and late atretic follicles were
lightly stained positive for 3βHSD while other atretic follicles were immunonegative (Figure
1L). Newly formed corpora lutea, used as positive control tissue for 3βHSD
immunoreactivity, were found to have strong cytoplasmic staining (not shown).

In addition to the theca interna cell layer, the ooplasma of oocytes within primary, secondary
and antral follicles were commonly immunopositive for P450c17 (but not cytb5 and
3βHSD) (Figure 1B). Within the corpora lutea, both the theca and granulosa lutein cell
populations were immunopositive for 3βHSD, whereas only the luteinizing theca cells
stained positive for P450c17 and cytb5 (not shown). Negative controls used to detect non-
specific staining had no immunoreactivity for all three markers.

Expression pattern of androgenic enzymes and accessory protein
The total number of primordial follicles per ovary varied substantially among the ovaries
examined (range 0–4356), indicating the presence of a wide range of ovarian ages. Based on
this finding, the ovaries were divided into tertiles (low, intermediate, high) according to their
primordial follicle counts, for subsequent analyses. The lowest tertile (Low, n =9) had a
primordial follicle count that ranged from 0 to 209 (median= 52), the intermediate tertile
(Int, n = 9) ranged from 226 to 1232 follicles (median = 641), and the highest tertile (High, n
= 8) had follicle counts ranging from 2372 to 4356 (median= 3054). A significant difference
in primordial follicle counts was present among all tertiles (Low vs. Int, p <0.0004; Int vs.
High, p < 0.0001; High vs. Low, p < 0.0001). All animals in this population had regular
menstrual cycles and no animals had a history of amenorrhea. The average cycle length did
not differ significantly among the tertiles (ANOVA p > 0.05). The average cycle length was
29.01 ± 0.67 days for the Low tertile, 30.04 ± 0.67 for the Int tertile, and 29.63 ± 0.71 days
for the High tertile (mean ± standard equivalent of the mean, SEM).

Given that cytb5 was the most highly expressed androgenic protein, cytb5 immunoreactivity
was used to identify differences in androgen staining patterns and morphological changes
among the tertiles (Figure 2). Specifically, among those ovaries in the High primordial
follicle tertile (Figure 2A), all stages of folliculogenesis and atresia were present including a
large population of developing and atretic follicles immunopositive for cytb5. All stages of
developing and atretic follicles were also present within the Int tertile ovaries (Figure 2B);
however, the number of follicles, and therefore the amount of immunoreactivity, was
qualitatively lower compared to that in the High tertile. In the Low tertile (<200 primordial
follicles, Figure 2C), the ovaries had thin, dense cortices containing a large quantity of
fibrous connective tissue (corpora atretica and albicantia). Some ovaries had a small
population of growing and atretic follicles with moderate immunostaining, while others with
a primordial follicle count <100 had only a few immunopositive atretic follicles and
secondary interstitial cells scattered within the ovarian stroma.
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Effect of ovariectomy and ovarian aging on serum androgen concentrations
Pre- and post-ovariectomy serum concentrations of total testosterone and androstenedione
(mean ± SEM) for each tertile (Low, Int, High) are depicted in Table 2. The absolute means
(± SEM) of the preoperative and postoperative androgen concentrations were within the
range of those reported for women41,42. Within each tertile, both total testosterone and
androstenedione serum concentrations were significantly reduced following ovariectomy (p
< 0.01 for all). The mean percentage change in total testosterone and androstenedione
concentrations for each tertile and the entire cohort are depicted in Figure 3. The mean
percentage change in total testosterone following ovariectomy for the entire cohort
(including all tertiles) was −28.7 ± 3.3%, however, there was no difference in total
testosterone reduction among the tertiles (Low −27.7 ± 6.2%, Int −30.8 ± 4.7%, High −27.5
± 6.7%, ANOVA p = 0.90). Similarly, the mean percentage change in androstenedione for
the entire cohort was significantly reduced following ovariectomy (−38.0 ± 4.9%), but the
reduction did not differ by tertile (Low −33.4 ± 9.7%, Int −35.7 ± 9.5%, High −46.0 ± 5.5%,
ANOVA p =0.57).

DISCUSSION
Despite considerable research on the androgenic capacity of the ovary7–9,17,41–47, there still
remains much uncertainty regarding the relationship between peripheral androgen
concentrations, follicle number, and the persistence of androgenesis in the aging ovary
containing few growing follicles and residual stromal cells. Using a cohort of macaques with
primordial follicle counts ranging from normal to depleted, the current study demonstrates
that expression of androgenic proteins (P450c17 and cytb5) within the theca interna cell
layer of growing follicles persists in advanced atretic follicles and secondary interstitial cells
(residual stromal cells). Additionally, a significant decrease in serum testosterone and
androstenedione concentrations was observed following the removal of ovaries with low
primordial follicle numbers (≤200), suggesting that aging macaque ovaries contribute
significantly to serum androgen concentrations. It is important to note, however, that a
decrease in the number of immunopositive cells (theca interna and secondary interstitial
cells) was observed as the growing and atretic follicle populations were depleted.

The current study provides experimental evidence that the aging ovary is still androgenically
active after menopause, based on the co-localization of cytb5 and P450c17 within the
degenerating theca interna cell layer of advanced atretic follicles and secondary interstitial
cells within the stroma. In contrast, two previous in vitro studies have not detected the
presence of P450c17 mRNA and protein7,8 within postmenopausal human ovarian stromal
cells, leading the authors to conclude that the senescent ovary is not steroidogenically active.
The lack of evidence of androgen production in the aforementioned studies may relate to the
heterogeneous cell population in the ovarian stroma, which consists of interstitial cells
scattered throughout the stroma3. Consequently, P450c17 expression among individual
stromal cells would be highly variable and may yield negative results. In the present study,
immunostaining for P450c17 was observed within atretic follicles and secondary interstitial
cells of macaque ovaries with low, intermediate, and high follicle numbers.

Immunolabeling for cytb5 appeared to be the most reliable indicator for persistent androgen
production in all of the ovaries, most importantly in ovaries with very low (<100) primordial
follicle counts. The number and intensity of theca interna and secondary interstitial cells
immunopositive for cytb5 were consistently greater than those immunopositive for P450c17.
These observations are in agreement with findings reported by Havelock and colleagues
who demonstrated persistent cytb5 mRNA production in isolated ovarian stromal cells from
postmenopausal women9.
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In the present study, P450c17 protein was localized within the ooplasma of oocytes during
most stages of follicular development from primary to antral follicles. Other studies have
reported similar results in normal human and monkey ovaries. Tamura and colleagues co-
localized P450c17 and cytochrome P450 aromatase (which converts androgens to estrogens
in granulosa cells) within the oocytes of human ovaries while Hild-Petito and colleagues
localized androgen receptors within the oocyte of monkey ovarian follicles48,49. The
significance of these findings is unknown, but the authors suggest that oocytes may have the
capacity to produce androgen and estrogen early in follicular development, prior to synthesis
within the theca interna and granulosa cell layers48.

The relative expression level of 3βHSD is also important in the regulation of ovarian
androgenesis. Low expression of 3βHSD relative to P450c17 promotes androgen synthesis,
whereas a high expression level of 3βHSD increases progesterone production11. The mRNA
transcript50 and enzyme activity of 3βHSD29, as well as the expression level of 3βHSD in
the corpus luteum during pregnancy and across the menstrual cycle51, has been
characterized in rhesus macaques; however, the expression level of 3βHSD in various stages
of follicular development and atresia in a macaque ovary in regards to androgenesis and
ovarian aging has not been described previously. Within the cynomolgus macaque ovary, we
observed a low level of immunoreactivity for 3βHSD compared to P450c17 and cytb5
within the antral follicles, with minimal to no immunostaining within the advanced
secondary and early atretic follicles. Low expression levels of 3βHSD in this study are not
likely to be due to inefficient antibody detection because newly formed corpora lutea
(positive controls) were consistently immunopositive (not shown). Taken together, these
findings are consistent with those reported in women, although some studies have also
observed 3βHSD expression within the membrana granulosa during late stages of
folliculogenesis in addition to the theca interna cell layer of developing follicles52,53.

Studies that provide the most convincing evidence that the aging ovary maintains its
steroidogenic function postmenopausally are those that report lower circulating androgen
levels in surgically menopausal women compared to naturally menopausal women2,43,54–57.
Davison and colleagues showed that both total and free testosterone concentrations in
ovariectomized women were approximately half of those reported in age matched controls2.
Similarly, Vermeulen and colleagues demonstrated that surgically postmenopausal women
had approximately 35% lower androstenedione levels compared to naturally postmenopausal
women (mean ± SEM, 64 ± 9 and 99 ± 13 ng/100 ml, respectively)43. A few other
studies2,42 have reported lower androstenedione concentrations in women with a history of
an ovariectomy; however, this finding was not statistically significant. In the present study,
significant decreases in both total testosterone and androstenedione were observed in all
follicle tertiles of statistically equal magnitude, indicating that the aging macaque ovary,
with declining follicle numbers, still contributes significantly to circulating androgen
concentrations.

In the current study, a distinct morphological difference in the amount of immunostaining,
particularly for cytb5, was observed among ovaries with differential follicle counts. Due to
the substantial decrease in the number of growing follicles among the ovaries with < 100
primordial follicles, only immunopositive atretic follicles and scattered interstitial cells were
present within the ovarian cortex. Based on this observation, we hypothesize that androgen
production will continue to decrease after ovarian senescence and that the postmenopausal
ovary may eventually become hormonally inactive in the later decades of life. Since many
studies have been done with women in their forties, fifties and sixties, some authors have
concluded that serum testosterone and androstenedione levels do not fluctuate with
menopause1,58. However, based on our morphological observations of decreased staining
with decreasing follicle numbers, we hypothesize that circulating testosterone and
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androstenedione levels may not be independent of follicle depletion, and studies are needed
in older women > 70 years of age that only have interstitial cells remaining within their
ovarian cortices. In addition, more work is needed to further investigate the relationship
between follicle counts, reproductive hormones, quantitative immunohistochemical, and
gene expression measures within ovaries of various reproductive ages across the menopausal
transition and beyond menopause. Previous studies, including the present investigation, are
limited by small sample size, small age range and a lack of well-defined reproductive status
to make such correlation analyses.

An understanding of the androgenic capacity of the aging ovary is of considerable clinical
importance. Several studies have suggested that the decrease in estradiol production by the
ovary during the menopausal transition creates a relative androgen excess (increased
testosterone to estradiol ratio) that may hasten the development of chronic diseases such as
cardiovascular disease24,59,60, metabolic syndrome25,61, and possibly endometrial cancer
through the peripheral aromatization of androgens to estrogens62. A decline in adrenal-
derived DHEA and DHEA sulfate serum levels is
associatedwithaginginwomenthatisindependentofmenopause63,64; however, the extent to
which declining follicle counts affect circulating testosterone and androstenedione levels
and their role in chronic disease development and progression is still unclear. Estradiol
concentrations were not evaluated in this retrospective study; however, we found that
monkeys with aged ovaries, containing residual stromal cells and few growing follicles, had
comparable pre-ovariectomy serum androgen concentrations to macaque ovaries with
numerous developing follicles, suggesting that the former had a larger androgen to estradiol
ratio than the latter due to fewer estradiol-producing follicles. Since postmenopausal women
have a higher risk for chronic disease than their premenopausal counterparts, our data would
tend to suggest that the androgen to estrogen ratio may be an important indicator of risk.

CONCLUSIONS
Our results suggest that the aging macaque ovary, despite declining follicle numbers, retains
the necessary enzymes and accessory proteins for androgenesis. Significant immunostaining
for androgenic proteins cytb5 and P450c17 was observed within the theca interna cell layer
of growing follicles, but most importantly in the atretic follicles and secondary interstitial
cells throughout the stroma. As growing follicle populations are depleted, androgen-
producing secondary interstitial cells and atretic follicles remain and contribute to
circulating androgen pools, as indicated by a significant decrease in serum total testosterone
and androstenedione concentrations following the removal of ovaries containing a minimal
number of follicles. Taken together, our data indicate that the steroidogenic capacity of the
aging macaque ovary appears to be similar to that of women. Consequently, this model has
the potential to provide important information about the relationship among ovarian
androgens and the trajectory for chronic disease risk (cardiovascular, osteoporosis,
metabolic syndrome), cognitive decline, and sexual dysfunction in post-menopausal women.
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Figure 1.
Co-localization of androgenic enzymes, P450c17 and 3βHSD, and accessory protein,
cytochrome b5, within the theca interna cell layer (arrows) of (A–C) antral [(D–F) box
inset], (G–I) advanced secondary, (J–L) early atretic, (M) late atretic follicles, and (N, O)
secondary interstitial cells in the ovarian stroma. Bars represent 30 μm for D–F, N, O; 40
μm for G–I; 100 μm for A–C, M; 200 μm for J–L. TC, theca interna cells; GC, granulosa
cells; Aa, advanced atretic follicle; An, antrum; Prd, primordial follicles; Prm, primary
follicles
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Figure 2.
Immunoreactivity of cytochrome b5, an accessory protein for androgen synthesis, within
aging macaque ovaries with high (A), intermediate (B) and low (C) primordial follicle
counts. Distinct changes in morphology and abundance of immunostaining with declining
follicle populations. (A) Large population of developing and atretic follicles with abundant
immunostaining; primordial follicle count 3546. Bar represents 400 μm. (B) Small
population of immunopositive growing follicles with numerous atretic follicles; primordial
follicle count 600. Bar represents 200 μm. (C) Few immunopositive atretic follicles (arrow)
and secondary interstitial cells within the residual ovarian stromal tissue; primordial follicle
count 0. Bar represents 200 μm

Ethun et al. Page 15

Climacteric. Author manuscript; available in PMC 2013 May 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Mean percentage change in circulating total testosterone and androstenedione concentrations
following ovariectomy in monkeys with low (Low, n = 9), intermediate (Int, n = 9) and high
(High, n = 8) primordial follicle counts and the entire cohort. Error bars represent standard
error of the mean. Ovariectomy significantly decreased circulating testosterone and
androstenedione serum levels (p < 0.01), but the percentage change was not significantly
different (p > 0.05) among the tertiles
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