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Developmental Programming: Gestational
Exposure to Excess Testosterone Alters
Expression of Ovarian Matrix Metalloproteases
and Their Target Proteins
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and Vasantha Padmanabhan, PhD1

Abstract
Prenatal testosterone (T)-treated sheep, similar to women with polycystic ovary syndrome (PCOS), manifests reproductive
defects that include multifollicular ovarian phenotype. Women with PCOS manifest increased ovarian matrix metalloprotei-
nases (MMPs) activity. We tested the hypothesis that gestational T excess in sheep would alter ovarian expression of MMPs,
tissue inhibitors of MMP (TIMP) and their target proteins laminin B (LAMB), collagen, tumor necrosis factor alpha (TNF), and
connexin 43 (GJA1) consistent with increased MMP activity and that these changes are developmentally regulated. The ovarian
content of these proteins was quantified by immunohistochemistry in fetal day 90, 140, and adult (21 months of age) ovaries.
Prenatal T excess lowered GJA1 protein content in stroma and granulosa cells of primary follicles from fetal day 90 ovaries and
decreased stromal MMP9, TIMP1, and LAMB in fetal day 140 ovaries. In the adult, prenatal T-treatment (1) increased MMP9 in
theca cells of large preantral follicles and stroma, TNF in granulosa cells of small and large preantral follicles and theca cells of
large preantral and antral follicles, and GJA1 in stroma, theca cells of large preantral follicles, and granulosa cells of antral
follicles and (2) reduced TIMP1 in stroma, theca cells of large preantral and antral follicles, LAMB in stroma and small prenatral
follicles, and collagen content in stroma and around antral follicles. These findings suggest a net increase in MMP activity and its
target proteins TNF and GJA1 in prenatal T-treated adult but not in fetal ovaries and their potential involvement in the
development of multifollicular morphology.
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Introduction

Polycystic ovary syndrome (PCOS) is a common endocrino-

pathy that affects about 8% to 10% of the reproductive age

women.1 Common reproductive defects observed in these

women include oligo-/an-ovulation, hyperandrogenism, and

multifollicular ovarian morphology.1,2 Because diagnosis of

PCOS occurs in women after establishment of reproductive

competency, and tissue-specific studies come from postmortem

or elective surgical samples, the developmental ontogeny of

ovarian factors contributing to the antral follicular accumula-

tion in women with PCOS cannot be ascertained. Animal mod-

els of PCOS have pointed to the role of prenatal exposure of the

female fetus to excess testosterone (T) in the development of

disrupted ovarian morphology.3-6 For instance, studies with

sheep treated prenatally with T recapitulate disruptions

observed in women with PCOS with progressive loss in cycli-

city, oligo-/an-ovulation, luteinizing hormone (LH) excess,

functional hyperandrogenism, and multifollicular ovarian

morphology.5,7 These animal models provide an opportunity

to study the developmental ontogeny of polycystic ovarian

morphology and the underlying mediators.

Studies in a sheep model of PCOS phenotype have found

that both enhanced follicular recruitment and follicular

persistence contribute to the antral follicular accumulation,8,9

features postulated to occur in women with PCOS.10,11 While

the factors that program these ovarian phenotype are not

1 Department of Pediatrics, University of Michigan, Ann Arbor, MI, USA
2 Department of Animal Sciences, Michigan State University, East Lansing,

MI, USA

Corresponding Author:

Vasantha Padmanabhan, Department of Pediatrics, University of Michigan,

Room 7510 MSRB I, 1150 Medical Center Drive, Ann Arbor, MI 48109, USA.

Email: vasantha@umich.edu

Reproductive Sciences
2018, Vol. 25(6) 882-892
ª The Author(s) 2017
Reprints and permission:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1933719117697127
journals.sagepub.com/home/rsx

https://us.sagepub.com/en-us/journals-permissions
https://doi.org/10.1177/1933719117697127
http://journals.sagepub.com/home/rsx


known, endocrine, autocrine, and paracrine mechanisms are

likely involved.12 In addition to disruptions in LH/follicle-

stimulating hormone and insulin responses, that are endocrine

signals to the ovary,7 controlled ovarian stimulation studies13

have pointed to the presence of intrinsic ovarian defects in

prenatal T-treated sheep. Focused investigations at the ovarian

level have found prenatal T excess perturbs ovarian steroid

receptor balance favoring androgen receptor expression in

antral follicles,14 disrupts expression levels of steroidogenic

enzymes,15 decreases adiponectin and disrupts anti-mullerian

hormone (AMH) levels—key mediators of preovulatory transi-

tion,16,17 and alters the balance between proapoptotic and pro-

cell survival proteins that contribute to follicular arrest.18

In view of the extensive tissue remodeling that occurs dur-

ing the follicular development, changes in matrix proteins are

likely contributors to the follicular arrest and persistence, an

aspect not previously explored in prenatal T-treated sheep.

Tissue remodeling in the ovary involves extracellular matrix

turnover and is regulated by coordinated expression of pro-

teases and their inhibitors.19 Members of the matrix metallo-

proteinases (MMPs) family are the main proteases involved in

the remodeling of extracellular matrix.20 The proteolytic activ-

ities of MMPs are locally regulated by their specific inhibitors,

the tissue inhibitors of MMPs (TIMP). In addition to regulating

the extracellular matrix turnover through its action on matrix

proteins, laminin and collagen, MMPs regulate cell function by

cleaving cellular proteins such as tumor necrosis factor a
(TNF) and connexin 43 (GJA1).20,21 Higher levels of MMP2

and 9 with unchanged/lower levels of TIMP1 or 2 were found

in the circulation, follicular fluid, and granulosa cells of PCOS

women22,23 indicative of increased MMP activity. This

increase in protease activity likely disrupts the tissue remodel-

ing process, growth factor availability, and gap junction com-

munications contributing to the development of abnormal

ovarian phenotype in women with PCOS. Studies in mouse

cardiac cells have provided evidence that MMP9 and 7 cleave

GJA1,24,25 a gap junction protein widely expressed in ovarian

granulosa and theca cells.26,27 Attenuation of GJA1 function by

changes in MMP activity can therefore impair transfer of hor-

mones and nutrients across the gap junctions in granulosa cell

layers impairing follicular development.28 Because MMP activ-

ity is required to process TNF into its mature form,29 elevated

levels of MMP can also alter proteolytic processing of TNF, thus

influencing follicular development and function.30,31

Because MMPs expression in ovarian cells is increased in

women with PCOS,22 the reproductive attributes of whom

prenatal T-treated sheep mimic,5 we tested the hypothesis that

altered developmental balance of matrix proteins and their

targets (laminin, collagen, TNF, and GJA1) are contributing

factors in the development of follicular persistence in prenatal

T-treated sheep.

Methods

Institutional Animal Care and Use Committee of the University

of Michigan approved all animal procedures used in this study,

which are consistent with the National Research Council’s

Guide for the Care and Use of Laboratory Animals. Housing,

general husbandry, and diets of breeder sheep and lamb were as

described in detail previously.9

Gestational T Programming

Prenatal T-treated animals were generated as described pre-

viously32 by intramuscular administration of 100 mg of 1.2

mg/kg T propionate (Sigma-Aldrich, St. Louis, Missouri) sus-

pended in cottonseed oil to pregnant ewes twice weekly from

days 30 to 90 of gestation. Ovaries were collected at 3 differ-

ent ages, fetal days 90 (D90) and 140 (D140), and at postnatal

21 months of age (21-mo-old) at the end of second breeding

season. The numbers of animals studied during each develop-

mental time point were as follows: fetal D90: C ¼ 6 and T ¼
5; fetal D140: C ¼ 6 and T ¼ 7, and adults at 21-mo-old: C ¼
5 and T ¼ 8. Collection of ovaries from 21-month-old female

sheep was performed during a presumptive follicular phase

after synchronization with prostaglandin F2a (10 mg, intra-

muscular; Lutalyse, Pfizer Animal Health, Florham Park,

New Jersey), given twice 11 days apart. Euthanasia, ovarian

collection, and processing were performed as reported previ-

ously.33 Paraffin-embedded sections from 1 ovary from each

animal were used in this study. Developmental changes in

ovarian follicular distribution determined by ovarian morpho-

metry and changes in expression of apoptotic factors, steroid

receptors, steroidogenic enzymes, and ovarian vascular

endothelial growth factor (VEGF) and AMH patterns as deter-

mined by immunohistochemistry in animals including those

used in this study have been previously published.14-18,33,34

Changes in Key Proteins of the MMP System

Immunohistochemistry was performed using the immunoper-

oxidase method employing a commercially available kit,

VECTASTAIN ABC kit (rabbit immunoglobulin G; cat no

PK-4001) for GJA1 or Dako EnVisionþ Dual Link System-

HRP kit (cat no K4065) as per the manufacturers’ recommen-

dations. Briefly, the sections were deparaffinized, and antigen

retrieval was performed by heating in 1 M sodium citrate solu-

tion using a pressure cooker. Endogenous peroxidase activity

was blocked with 3% hydrogen peroxide in methanol, and

nonspecific binding was blocked with 10% (v/v) normal goat

serum. Sections were incubated with primary antibodies for

18 hours at 4�C, then with a secondary antibody supplied with

the kit for 1 hour at room temperature, developed with the

chromogen diaminobenzidine, counterstained with Mayer’s

hematoxylin, dehydrated, and mounted. The primary antibo-

dies used were MMP2 (cat no AVARP20016), MMP9 (cat

no ARP33090), and LAMB (cat no ARP48567) from Aviva

Systems Biology (San Diego, California), TIMP1 (cat no

AB770) from EMD Millipore (Billerica, Massachusetts),

TNF (cat no MCA2334) from Bio-Rad (Hercules, California),

and GJA1 (cat no PA5-19115) from Thermo Scientific (Grand

Island, New York).
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Ovarian Collagen Content

Collagen content in ovarian sections was assessed by

picrosirius red (PSR) staining.35 Briefly, deparaffinized and

rehydrated ovarian sections were immersed in a PSR staining

solution prepared by dissolving Sirius Red F3B (Sigma-

Aldrich, St. Louis, Missouri) in a saturated aqueous solution

of picric acid (Sigma-Aldrich) at 0.1% w/v for 60 minutes at

room temperature. Thereafter, these slides were washed in

acidified water containing 0.5% glacial acetic acid (Sigma-

Aldrich) twice for 5 minutes. After which the excess water

was wicked and sections dehydrated in 3 changes of 100%
ethanol, cleared with xylene, and mounted with Permount

(Fisher Scientific, Pittsburgh, Pennsylvania).

Image Analysis

To avoid the possibility of follicular overlap, 2 sections (the

first section one-third into the ovary and the second two-

thirds into the ovary) were used. Follicles (ranged between 4

and 15 for each follicular class) from all the stages of devel-

opment from both sections were analyzed. Follicles that

were healthy without any atretic signs (pyknotic nucleus and

loss of cell adhesion in the granulosa layer) were only

included for analysis. Follicle classes were distinguished

using criteria previously established14 and included primor-

dial, primary, small preantral, large preantral, and antral

follicles. For antral follicles, granulosa from antrum to theca

were evaluated to avoid subjectivity and differences in

location of proteins. Also, for each ovary, stromal tissue

was analyzed by obtaining 10 images in the central part

of the ovarian section avoiding any vascular or follicular

structures.

Images were obtained with Spot RT Slider digital camera

(Diagnostic Instruments, Sterling Heights, Michigan) mounted

on a conventional Leica DMR light microscope (Leica Micro-

systems, Wetzlar, Germany). The image analysis was per-

formed using the Image Pro-Plus 3.0.1 system (Media

Cybernetics, Rockville, Maryland) as described previously14

using a well-validated densitometrical methodology.36 The

average density calculated as percentage of immunopositive

area for brown stain (produced by the immunoperoxide reac-

tion) relative to total area was obtained through color segmen-

tation analysis. The percentage of immunopositive area was

calculated separately for each follicular compartment (granu-

losa, theca interna, and theca externa for antral follicles, gran-

ulosa and theca cell layers for large preantral follicles, and

granulosa cell layer for small preantral, primary, and primor-

dial follicles) and stroma.

The area of ovarian tissue that was positive for PSR

staining around antral and large preantral follicles and in

ovarian stroma were assessed from bright-field images of

PSR-stained ovarian sections using the ImageJ software

(version 1.47; National Institutes of Health, Bethesda, Mary-

land) as per the protocol described on its website.37 Sections

were analyzed with the observer blinded to treatment.

Statistical Analyses

The average density (percentage of immunopositive area) of

each follicular compartment within a follicle class was first

averaged and then a group mean across follicles was derived

for each follicle type within an animal. Statistical tests were

carried out using Prism software (version 7.0, GraphPad Soft-

ware, La Jolla, California, USA). Changes in the granulosa

cell layer across the different developmental age or follicular

stages from the 21-mo-age control group were compared by

analysis of variance, followed by Tukey post hoc test. A

P < .05 value was considered significant. Considering the

small sample size that reduced power, differences between

control and prenatal T-treated groups were examined by

effect size analysis.38-40 The computed statistics is Cohen d

value, and values .8 and .5 and above were considered as

large and medium effect sizes, respectively.38,39

Results

Developmental Changes in the Expression of MMPs and
Their Target Proteins

Immunohistochemical localization of MMP2 and 9, TIMP1,

LAMB, TNF, and GJA1 in the different follicular stages from

21-mo-old animals are shown in Figure 1. Developmental

changes in intensity of their expression in granulosa cells and

stromal cells including changes in stromal PSR staining across

fetal D90 and D140 and postnatal 21-mo-old control animals

are shown in Figure 2. The expression levels of both MMP2

(Figure 2A) and 9 (Figure 2B) were lower in granulosa cells

from primordial and primary follicles of D140 and 21-mo-old

females compared to that of D90. In the 21-mo-old female

where advanced follicle classes were present, MMP9 expres-

sion was similar between primordial, primary, and small pre-

antral, but significantly higher in antral follicles relative to the

other 3 classes of follicles. Levels in large preantral follicles

were intermediate and did not differ from any of the follicular

classes. A similar direction of change was evident in TNF with

levels being higher in antral follicles relative to primary, small,

and large preantral follicles. The TNF protein in primary fol-

licles from 21-mo-old animals was lower than that found in the

fetal ages. In contrast, no changes were evident in the TIMP1,

LAMB, and GJA1 protein expression within the different

developmental stages of follicles from 21-mo-old animals nor

were there differences in expression between primordial and

primary across D90, D140, and 21-mo-old time points.

The stromal expression of MMP2 was higher in D140 and

21-mo-ovaries compared to D90 ovaries (Figure 2A), while

TIMP1 protein expression was significantly lower in ovaries

from 21-mo-old animals relative to D90 animals (Figure 2C).

The TIMP expression in D140 stroma was intermediate with

expression not being different from D90 or 21-mo-old females.

The TNF levels were higher in 21-mo-ovaries relative to fetal

ages (Figure 2E). In contrast, GJA1 protein expression was

significantly lower in D140 and tended to be lower in ovaries
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from 21-mo-old animals (21-mo-old not different from D90 or

D140; Figure 2F) relative to D90. No changes were evident

in the stromal expression of MMP9 (Figure 2B), LAMB

(Figure 2D), and collagen (Figure 2D, inset) proteins across ages.

Effect of Prenatal T-Treatment on Expression of MMPs
and Their Target Proteins

At fetal D90, no change in the expression of MMP2 and 9

proteins were found between granulosa cells of primary and

primordial follicles or stromal cells (Figure 3); however, this

comparison is limited in primary follicles, as sections from

only 2 prenatal T-treated animals were available for analysis.

In contrast, at fetal D140, prenatal T-treatment decreased

MMP9 (d ¼ 1.2) only in the ovarian stromal cells but not in

follicular cells, while MMP2 showed no change in follicular as

well as stromal cells. The impact of prenatal T was not evident

in the expression level of MMP2 in any follicular classes or the

stroma of 21-mo-old females. In contrast, prenatal T excess

increased MMP9 protein (Figure 3) in theca cells from large

preantral follicles (d ¼ 1.2) and in the stroma (d ¼ 1.1) of 21-

mo-old animals.

Gestational T-treatment had no effect on the expression of

MMP inhibitor, TIMP, at fetal D90 but reduced its expression

in the granulosa cells of primary follicles (d¼ .9; Figure 4) and

in the ovarian stroma cells (d ¼ .8) in fetal D140 ovaries, theca

cells from large preantral follicles (d ¼ 1.3), and granulosa

cells from antral follicles (d ¼ 1.0) of adult ovaries.

The effects of prenatal T-treatment on matrix protein

LAMB at both fetal and adult ages are presented in Figure 4.

The LAMB protein expression in both follicular and stroma

cells of fetal D90 ovaries did not differ between C and those

exposed to excess T. The LAMB protein expression increased

moderately (d ¼ .6) in stromal cells but not in primordial or

primary follicles of fetal D140 prenatal T females. In contrast,

prenatal T-treatment decreased LAMB protein content in gran-

ulosa cells from small preantral follicles (d ¼ .8) and stromal

cells (d ¼ .8) from adult ovaries. Prenatal T-treatment also

Figure 1. Representative photomicrographs showing the immunolocalization of MMP2, MMP9, TIMP1, LAMB, TNF, and GJA1 in the different
follicular developmental stages and stroma from sheep ovaries. Negative control represents the images obtained following immunolocalization
performed by omitting the primary antibodies against the respective protein. Bar ¼ 25 mm. MMP indicates matrix metalloproteinase; TNF,
tumor necrosis factor alpha.
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decreased collagen content (Figure 5) surrounding antral folli-

cles (d¼ .9) and in the ovarian stroma (d¼ .6) of adult prenatal

T females.

Among the cellular proteins that are targeted by MMP, TNF

did not change with prenatal T-treatment in fetal D90 while

GJA1 expression was reduced (d ¼ .8) in primary follicles and

stromal cells relative to control animals (Figure 6). At fetal

D140, prenatal T-treatment had no effect on both proteins. In

the adult ovary, TNF protein was found to be increased with

prenatal T-treatment in granulosa cells from small (d ¼ .8) and

large preantral (d ¼ .9) and theca cells from large preantral

(d¼ 2.4) and antral follicles (d¼ .7 and .8 for theca interna and

externa layers, respectively). Prenatal T-treatment also

increased GJA1 protein content in theca cells from large pre-

antral follicles (d ¼ .9) and granulosa cells from antral follicles

(d ¼ .9) and stromal cells (d ¼ 1.0).

Discussion

Results from this study indicate that MMP and their target

proteins are expressed in the fetal and adult sheep ovaries,

undergo developmental and age-specific changes, and prenatal

T-treatment leads to modest changes in the members of MMP

system that are consistent with increased MMP activity. The

altered ovarian proteases and TNF content resulting from

prenatal T excess could potentially contribute to increased

follicular recruitment and/or arrest. The significance of these

findings is discussed below.

Developmental Changes

Although not directly implicated, correlative data have sug-

gested that proteases including MMP family members play an

important role in extracellular matrix remodeling allowing

follicular growth to about 400-fold larger in size from the

primordial to the antral stage.19,20,41,42 The increase in MMP9

evidenced during the sheep follicular developmental progres-

sion in this study parallels increased MMP expression or

activity found in other species. For instance, MMP2 and 9 are

either low or absent in the neonatal rat ovary with expression

of both proteins increasing upon stimulation of follicular

growth with equine chorionic gonadotropin.43 Analogous to

this, collagenase activity in the goat44 and the expression of

MMP2 and 14 protein in the humans45 have been found to

Figure 2. Mean + SEM of relative expression (measured as percentage of immunopositive area) of MMP2 (A), MMP9 (B), TIMP1 (C), LAMB
(and stromal collagen as inset) (D), TNF (E), and GJA1 (F) in the granulosa cells of ovaries and stromal cells from control sheep of fetal D90 and
D140 and adult 21-mo-old age are shown. Relative expression levels were measured in granulosa of primordial, primary, small preantral, large
preantral and antral follicles, and in stromal cells. Relative collagen content was determined by the percent area positive for picrosirius red (PSR)
staining. Different superscripts indicate significant differences as determined by analysis of variance followed by Tukey post hoc analysis; P < .05.
Superscripts x and y are for comparison between ages in the same follicular class while superscripts a and b indicate comparison between the
different follicular classes in 21-mo-old sheep. ND indicates not detectable; SEM, standard error of the mean; MMP, matrix metalloproteinase;
TNF, tumor necrosis factor alpha; D90, fetal day 90; D140, fetal day 140.
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increase with follicular development. As opposed to findings

in other species of increased TIMP expression that parallel

those of the MMPs,20 no changes in TIMP1 expression were

evident across follicular development in this study. Irrespec-

tive of this, the increased MMP expression with no change in

TIMP1 suggests a net increase in MMP activity during folli-

cular development in the sheep.

This is the first study that has evaluated age-specific

changes in ovarian MMP expression in any species. Age-

specific changes in the MMP system were manifested as

decreased expression of MMP2 and 9 in primordial and pri-

mary follicles in sheep. The increased MMP activity at fetal

D90 relative to D140 and 21-mo-old animals may be related

to increased primordial follicle formation that occurs during

Figure 3. Mean + SEM of relative expression (measured as percent-
age of immunopositive area) of MMP2 and MMP9 in ovaries of control
and prenatal T-treated fetal D90 and D140 and adult 21-mo-sheep.
Relative expression levels were measured in granulosa cells from
primary, primordial, small and large preantral, and antral follicles and
stroma cells. Note scale bar difference between follicular and stromal
compartments. ##Large effect as determined by Cohen effect size
analysis. ND indicates not detectable; SEM indicates standard error
of the mean; MMP, matrix metalloproteinase; D90, fetal day 90; D140,
fetal day 140.

Figure 4. Mean + SEM of relative expression (measured as percent-
age of immunopositive area) of TIMP1 and LAMB in ovaries of control
and prenatal T-treated fetal D90 and D140 and adult 21-mo-sheep.
Relative expression levels were measured in granulosa cells from
primary, primordial, small and large preantral, and antral follicles and
stroma cells. Note scale bar difference between follicular and stromal
compartments. ##Large effects as determined by Cohen effect size
analysis. ND indicates not detectable; SEM, standard error of the
mean; D90, fetal day 90; D140, fetal day 140.
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gestational days 90 to 100 in the sheep.46 The age-specific

decline of MMP in the primordial and primary follicles might

also be reflective of the difference in hormonal milieu at D90

compared D140 or in the adult ovary. For instance, the levels

of estradiol are higher in fetal D140 compared to fetal D9047

along with low concentrations of progesterone48 during this

time. The late follicular phase of 21-mo-old animals from

which adult ovaries were collected is also characterized by

higher estradiol and lower progesterone levels.49 While the

age-specific decline in MMP2 and 9 in primordial and pri-

mary follicles may be a function of elevated estradiol and/or

reduced progesterone, paradoxically similar endocrine milieu

promotes expression of MMP3 and 7 in the endometrium,50

suggestive of tissue-specific regulation. Because the MMP

family consists of multiple members with redundant func-

tions, it needs to be recognized that a signal that regulates

an MMP to increase its expression may differentially regulate

another MMP in the same or opposite direction.20 In contrast

to the decrease in MMPs in primordial and primary follicular

cells with age, there was increased stromal expression of

MMPs accompanied by decrease in TIMP1 suggestive of

increasing stromal MMP activity with age. Whether these

changes relate to the follicular and stromal turnover or the

paracrine environment within these tissue compartments

remains unclear.

Although it is well known that collagen and laminin are the

major extracellular matrix proteins in the ovary, developmental

changes in the expression of these proteins across follicular

development are not available for any species. The changes

in MMPs and TIMP1 observed in sheep (this study) during

Figure 5. Mean + SEM of relative collagen content as determined by
the percent area positive for picrosirius red (PSR) staining around
large preantral and antral follicles and ovarian stroma are shown as
histograms along with the respective PSR-stained representative
photomicrographs from control and prenatal T-treated 21-mo-old
sheep are shown. ##Large and #medium effects as determined by
Cohen effect size analysis. Bar ¼ 25 mm. SEM indicates standard error
of the mean.

Figure 6. Mean + SEM of relative expression (measured as percent-
age of immunopositive area) of TNF and GJA1 in ovaries of control
and prenatal T-treated fetal D90 and D140 and adult 21-mo-sheep.
Relative expression levels were measured in granulosa cells from pri-
mary, primordial, small and large preantral, and antral follicles and
stroma cells. Note scale bar difference between follicular and stromal
compartments. ##Large and #medium effects as determined by
Cohen effect size analysis. ND indicates not detectable; SEM, standard
error of the mean; TNF, tumor necrosis factor alpha; D90, fetal day
90; D140, fetal day 140.
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follicular development were not reflected as a change in the

expression of LAMB or stromal collagen. Because the extra-

cellular matrix is constantly being degraded and reformed, a

rapid turnover of the extracellular matrix within the ovary

would be expected. As such, a single time point assessment

may not be meaningful.

Apart from its action on matrix proteins, MMPs are known

to process TNF to its mature form.29 In this study, an age-

dependent decline in TNF was also evident from fetal to adult

life analogous to what was seen with the MMPs. In contrast,

parallel increases in MMPs and TNF expression were also

evident in the granulosa cells with advancement in follicular

development. Since TNF can promote MMP expression,51

the similar direction of age-specific and follicular develop-

ment–specific changes insinuate that TNF could be regulat-

ing MMP expression in the ovary. Ovarian expression of

TNF has been documented in oocytes and granulosa cells

of most species52 and all follicular stages in adult rat

ovaries,53,54 and increased expression has been found in the

human granulosa and theca cells as the follicles mature.55,56

Because TNF has pleiotropic actions31 influencing both fol-

licular atresia30 and steroidogenesis,52 it is possible that

increased TNF content in granulosa cells may contribute to

the growth of follicles.

The GJA1, a member of gap junctions that facilitate intra-

cellular communication and a target protein of MMP action,

did not show any changes across follicular development in

the adult sheep ovary. Because assessment of GJA1 protein

was restricted to the follicular phase, it is hard to relate these

findings to estrous cycle stage-dependent changes in GJA1

expression that have been reported in sheep57 and pigs.58,59

The reason for the age-specific decrease in GJA1 protein

content in the stroma of D140 and 21-mo-old females com-

pared to the fetal D90 stage is not clear. Because GJA1 is

also expressed in stromal blood vessels,57 the higher

amounts detected in D90 fetal ovary may stem from contri-

bution from stromal blood vessels that are hard to partition

during image analysis (vascular elements were avoided dur-

ing assessment), thus contributing to artificially elevated

levels in fetal ovaries.

Impact of Prenatal T Excess

The modest changes observed in the MMP system with

increased MMP9 protein in theca cells from large preantral

follicles and stroma and reduction in TIMP1 and matrix pro-

teins LAMB and collagen are suggestive of moderate increase

in ovarian MMP activity in prenatal T-treated females. An

increase in MMP2 and 9 protein expression has also been

reported in atretic cystic follicles of hyperandrogenic guinea

pig60 and atretic follicles of hypophysectomized sheep.61 These

findings are not comparable to the findings in the present study,

as expression of MMP members was assessed only in healthy

follicles. The processes by which prenatal T excess increases

levels of MMP are not known and may be related to increased

androgen receptor expression.14 In support of this, the increase

in MMP9 activity in rat prostate cells that follows exposure to

environmental endocrine disruptor di-n-butyl-phthalate62 has

been found to be associated with elevated androgen receptor

expression. The low progesterone and high estradiol milieu49

of prenatal T-treated sheep may be another contributing factor

for the altered MMP activity of prenatal T-treated sheep. In the

uterus, progesterone represses the expression of multiple

MMPs,63 therefore a low progesterone endocrine milieu in

prenatal T animals64 may allow selective increase in expression

of ovarian MMPs. Considering increased theca cell MMP9

expression as well as gelatinolytic activity underlies follicular

development in rats,65 the increased MMP9 protein in theca

cells of preantral follicles may contribute to the multifollicular

appearance of prenatal T-treated females.

Additionally, as prenatal T-treatment elevates TNF content

in ovaries from 21-mo-old animals, increased MMP expression

may be related, as TNF can promote MMP expression.51 While

direct effects of T in inducing MMP expression in prostate cells

are known,66 such an effect was not evident in fetal D90 ovaries

obtained from gestational T-treated animals. However, the

reduction in MMP9 and TIMP1 in D140 fetuses of gestational

T-treated animals suggests that prenatal T excess could alter

the developmental trajectory of MMP9 and TIMP1 expression.

The impact of prenatal T-treatment in increasing ovarian

TNF protein content in granulosa and theca cells from various

follicular classes in the adult ovary may be a function of the

compromised intraovarian milieu. Our previous studies have

found disruption of steroidogenic and steroid receptor balance

resulting in functional hyperandrogenism in the ovary.14,15

That the elevated TNF expression may be the function of

increased androgen action is supported by similar findings in

women with PCOS.67 Apart from its role in promoting cell

growth and differentiation, TNF also functions as a pro-

inflammatory cytokine.68 The elevated TNF in the prenatal

T-treated animals could therefore indicate an inflammatory

state in the prenatal T-treated sheep. Interestingly, elevated

granulosa cell expression of pro-inflammatory cytokines is also

a feature of women with PCOS,69,70 the phenotype of whom

prenatal T-treated animals recapitulates. The inflammatory sta-

tus is also consistent with the reduced expression of adiponec-

tin in granulosa cells16 of prenatal T-treated sheep.71

Considering that GJA1 is a target protein for MMP degrada-

tion,25,61 we expected a reduction in GJA1 expression in folli-

cles with higher MMP9 or lower TIMP1 expression in the adult

animals. Contrary to our expectation, prenatal T excess

increased GJA1 expression in 21-mo-old animals. In support

of these findings, pigs exposed prenatally to androgen receptor

antagonist manifested decreased GJA1 expression.72 In stark

contrast to these findings, the reduction in GJA1 protein in fetal

D90 ovaries may be the result of direct action of T. For

instance, T-treatment was shown to decrease GJA1 expression

in human granulosa lutein cells and mouse ovary.73,74 These

opposing outcomes of GJA1 expression in the fetal and adult

ovaries of gestational T-treated sheep are paradoxical, since an

increase in androgen receptor expression/action is also evident

in granulosa cells of adult females.
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Translational Relevance

The findings from this study are likely to be of translational

relevance, as prenatal T-treated female sheep manifest repro-

ductive defects similar to that observed in the women with

PCOS.5 Akin to the observations in the prenatal T-treated

sheep, women with PCOS appear to have increased follicular

fluid MMP activity; one study reported elevated MMP2 and 9

with unchanged TIMP1,22,75 while another study found no

changes in MMP2 or 9, but reduced TIMP1 protein.23 Irre-

spective of whether regulation was at MMP or TIMP level,

our studies, as well as studies in women with PCOS, point to

increased MMP activity in hyperandrogenic states. It is sug-

gested that increase in MMP activity might be a compensa-

tory process to overcome thickening of ovarian capsule in

women with PCOS.23 Another parallel finding between pre-

natal T-treated sheep and women with PCOS67,76 is the

increase in the levels of TNF, supportive of a role in the

development of ovarian defects.

There are some limitations that should be considered in

interpreting our findings. The changes in protein expression

reported are modest. Considering that MMP family is com-

prised of multiple proteins with redundant functions,20 it is

possible that other MMPs not measured here may each show

modest increases adding up to a robust net increase in MMP

activity. In spite of this limitation, the findings from this study

point to an overall increase in MMP activity along with

increased expression of its target proteins TNF and GJA1 in

adult animals. These changes, albeit modest, may contribute to

the increased follicular recruitment and arrest seen in these

animals7 leading to multifollicular appearance. Additionally,

these findings are consistent with observations in women with

PCOS underlining the usefulness of prenatal T-treated sheep

model in the study of PCOS pathogenesis.
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