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Objective: To examine the small antral follicle (SAF) cohort in ovaries of adult rhesus monkeys after consumption of a Western-style
diet (WSD), with or without chronically elevated androgen levels since before puberty.
Design: Cholesterol or T (n¼ 6 per group) implants were placed SC in female rhesus macaques beginning at 1 year of age (prepubertal),
with addition of aWSD (high fat/fructose) at 5.5 years (menarche approximately 2.6 years). Ovaries were collected at 7 years of age. One
ovary per female was embedded in paraffin for morphologic and immunohistochemical analyses. The SAFs (<2.5 mm) were dissected
from the other ovary obtained at or near menses in a subgroup of females (n¼ 3 per group) and processed for microarray analyses of the
SAF transcriptome. Ovaries of adult monkeys consuming a standard macaque diet (low in fats and sugars) were obtained at similar
stages of the menstrual cycle and used as controls for all analyses.
Setting: Primate research center.
Animal(s): Adult, female rhesus monkeys (Macaca mulatta).
Intervention(s): None.
Main Outcome Measures: Histologic analyses, SAF counts and morphology, protein localization and abundance in SAFs, transcrip-
tome in SAFs (messenger RNAs [mRNAs]).
Result(s): Comparedwith controls, consumption of aWSD,with andwithout T treatment, increased the numbers of SAFs per ovary, owing
to the presence of more atretic follicles. Numbers of granulosa cells expressing cellular proliferation markers (pRb and pH3) was greater in
healthy SAFs, whereas numbers of cells expressing the cell cycle inhibitor (p21) was higher in atretic SAFs. Intense CYP17A1 staining was
observed in the theca cells of SAFs fromWSDwithorwithout T groups, comparedwith controls.Microarray analyses of the transcriptome in
SAFs isolated from WSD and WSD plus T–treated females and controls consuming a standard diet identified 1,944 genes whose mRNA
levels changed twofold or more among the three groups. Further analyses identified several gene pathways altered by WSD and/or
WSD plus T associatedwith steroid, carbohydrate, and lipidmetabolism, plus ovarian processes. Alterations in levels of several SAFmRNAs
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are similar to those observed in follicular cells from women with polycystic ovary syndrome.
Conclusion(s): These data indicate that consumptionof aWSDhigh in fats and sugars in the pres-
ence and absence of chronically elevated T alters the structure and function of SAFswithin primate
ovaries. (Fertil Steril�2016;105:1023–34.�2016byAmericanSociety forReproductiveMedicine.)
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T he disorder polycystic ovary syndrome (PCOS) is a
major cause of infertility in women. The main charac-
teristics of women with PCOS include elevated

androgen levels, hirsutism, and alterations to the hypotha-
lamic–pituitary–ovarian axis, manifesting as oligo- or anov-
ulation and polycystic ovary morphology (PCOM) (1). The
ovarianmorphology ofmanywomenwith a clinical diagnosis
of PCOS is multi-follicular; the current guidelines from the
Androgen Excess and PCOS Society indicate thatR25 small-
to medium-sized (<10 mm) antral follicles (SAFs) in each
ovary is sufficient for diagnosis of PCOM by ultrasonography
(2). Classically, these SAFs are observed in the periphery of the
ovary, leading to the ‘‘string of pearls’’ appearance (3). Growth
of these follicles is typically arrested at the small antral stage,
and they may persist as cystic structures even after degener-
ation of granulosa cells lining the interior of the follicle (4).

There is also a high incidence of obesity in women with
PCOS, leading to an altered metabolic state, including
increased prevalence of insulin resistance and development
of metabolic syndrome (5, 6), compared with individuals
with a lean PCOS phenotype. Obesity alone imparts a well-
documented detrimental impact on a woman's health (7),
and research is now focusing on the impact of alterations to
the metabolic state on fertility and the contribution of obesity
to onset and severity of PCOS phenotype (8).

The mechanism(s) leading to development of a PCOS
phenotype are currently unclear and, because of the heteroge-
neous nature of the disorder, are likelymultifaceted. However,
exposure of female monkeys and sheep to exogenously
elevated androgens in utero can cause a PCOS-like phenotype
that manifests in the offspring during adulthood (9, 10). We
recently developed a nonhuman primate model to test the
hypothesis that a three- to fourfold elevation in circulating
T levels, beginning before/during puberty, leads to
development of symptoms associated with PCOS in young
adults. This model recapitulates the scenario when
endogenous T levels begin to rise in adolescent girls at risk
for PCOS (1). Female macaques received silastic implants
containing cholesterol or T beginning at 1 year of age
(11, 12). Chronic exposure to elevated T levels altered
hypothalamic–pituitary function by 4 years of age
(increased LH pulse frequency), similar to reported
alterations observed in adolescents with PCOS, but there
was no major effect on ovarian morphology/function in
these peripubertal monkeys (11).

Given the strong association between PCOS and meta-
bolism, it was postulated that addition of a Western-style
diet (high fat and fructose; WSD) and subsequent changes
in metabolism would induce or exacerbate PCOS-like symp-
toms. Thus, a WSD was fed to these control and T-treated fe-
males beginning at 5.5 years of age until the end of the study,
1.5 years later (12). The WSD increased body weight and
percent body fat in all females (12, 13). Reduced sensitivity
to insulin was observed in females receiving both WSD and
T, but not with WSD alone (12). All females displayed
reduced levels of E2 and shorter follicular phases compared
with before onset of WSD, but evidence of ovulatory
activity was detected in these females according to patterns
of E2 and P secretion (12). Ovarian ultrasonography
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performed at menstruation observed increased numbers of
SAFs in all females when compared with before onset of
WSD. Larger numbers of small, non-ovulatory antral follicles
(‘‘subordinate antral follicles’’; approximately seven) were
also detected at late follicular phase in WSD-exposed females
compared with those (three to four subordinates) of adult
rhesus monkeys consuming a standard diet (14). The size of
the largest (putatively dominant) antral follicle was also
markedly less in WSD with or without T (WSD�T) animals
than in controls (12).

Because of the observed alterations in the ovarian pheno-
type induced by WSD�T of these macaque females (12), the
ovaries were collected from these females to [1] histologically
analyze the impact of WSD with and without chronically
elevated T on the SAF cohort in the ovary, and [2] characterize
alterations to the SAF transcriptome. These data were
compared with that obtained from control monkeys in our
colony (i.e., adult macaques with regular menstrual cycles
receiving a standard low-fat/low-sugar diet, and without
chronic elevation of androgens).
MATERIALS AND METHODS
Animals

All procedures were reviewed and approved by the Oregon
Health & Science University/Oregon National Primate
Research Center (ONPRC) Institutional Animal Care and Use
Committee. A cohort of female rhesus monkeys (Macaca mu-
latta; n ¼ 6 per treatment group), detailed in McGee et al.
(11, 12), received silastic implants containing either
cholesterol or T; the latter maintained a three- to fourfold
elevation of circulating T from 1 year of age until the end of
the study (prepubertal to adult). From 1 until 5.5 years of
age, females consumed a standard diet (15% calories from
fat, 27% from protein, 59% from carbohydrates; no. 5000;
Purina Mills), supplemented with fresh fruits and vegetables.
Then, at 5.5 years of age, these females were transitioned to
a WSD (33% calories from fat, 17% from protein, 51% from
carbohydrates; 5A1F, Purina Mills) supplemented with high-
fructose treats (12, 13), which they consumed until the end
of the study (approximately 7 years old).

At the end of the study, WSD � chronic T exposure fe-
males were randomly divided into two subgroups for ovarian
collection: either at menses (early follicular phase, days 1–3 of
the menstrual cycle; onset of frank menses¼ day 1, n¼ 3 per
group) or at mid-luteal phase (n¼ 3 per group). There were no
differences in serum E2 levels between WSD and WSDþT fe-
males collected at menses, but WSDþT females had reduced
mid-luteal phase serum P levels compared with WSD alone
(13). Ovaries were collected from anesthetized females as pre-
viously described (15).

One ovary per female was selected for fixation: either
randomly from females at/near onset of menses, or the
non-corpus luteum–bearing ovary from the luteal phase of
the menstrual cycle, and processed as described below (histo-
logic evaluation). Ovaries at these stages of the menstrual
cycle were also obtained from adult macaques with regular
menstrual cycles (7.3 � 0.5 years of age; control), either as
whole tissue (n ¼ 3) or prestained hematoxylin and eosin
VOL. 105 NO. 4 / APRIL 2016
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(H&E) tissue sections on glass permafrost slides (n ¼ 4), via
the ONPRC Tissue Distribution Program and processed as
described below. These control females consumed the stan-
dard low-fat/low-sugar macaque diet (no. 5000; Purina Mills)
described earlier.

Small antral follicles were dissected from the remaining
ovary of a subset of WSD�T females collected at onset of
menses (n ¼ 3 per group) under a light dissecting microscope
as previously described (16) and detailed below (SAF tran-
scriptome). Ovaries of adult rhesus monkeys with regular
menstrual cycles consuming the standard macaque diet
described above (11.8 � 0.5 years of age, n ¼ 3), collected
at/near onset of menses, were obtained from the ONPRC
Tissue Distribution Program. The SAFs were dissected from
the stroma of these ovaries as detailed below to serve as con-
trols (SAF transcriptome).

Histologic Evaluation

All chemicals were obtained from Sigma-Aldrich unless
otherwise noted. Whole ovaries were fixed in 10% neutral-
buffered formalin (vol/vol; Richard-Allen Scientific, Thermo
Scientific) for 24 hours at 4�C. Then the buffer was replaced
with phosphate-buffered saline containing 10% sucralose,
and tissue incubated another 24 hours at 4�C until processed
for paraffin embedding. Serial 5-mm sections were prepared
from the entire ovary and placed on permafrost slides (three
sections per slide). After paraffin removal and rehydration
by incubation in D-Limonene Clearant (VWR International),
100% and 70% ethanol, and deionized water, selected slides
containing ovarian sections were processed for either H&E
staining or immunohistochemistry.

H&E staining. Slides containing tissue sections at/near the
greatest diameter of ovary (n¼ 6 ovaries per treatment group)
were incubated in hematoxylin, followed by acid alcohol (1%
in ethanol) and lithium carbonate per manufacturer protocols
(17). Slides were then counterstained with eosin, dehydrated
in ethanol and D-Limonene Clearant, and cover slips adhered
with an aqueous mounting medium (DPX). Small antral folli-
cleswere noted to be healthy or atretic frommorphology of the
granulosa cell layer, according to similar histologic evaluation
of total SAFs inwomenwith PCOS (18). The number of healthy
and atretic SAFs were counted in three sections per ovary us-
ing the Cell Counter add-on of ImageJ (National Center for
Biotechnology Information) and then averaged to estimate
the number of healthy and atretic SAFs per ovary.

Immunohistochemistry. Immunohistochemistry (IHC) was
performed on selected ovarian sections from treatment
groups (WSD�T; n ¼ 6 ovaries each) and from standard
diet controls (n ¼ 3 ovaries) for proteins involved in cell
proliferation (phosphorylated retinoblastoma 1 [pRb] and
histone cluster 3 H3 [pH3]), cell cycle inhibition (cyclin-
dependent kinase inhibitor 1A/CDKN1A; p21), and theca
cell steroidogenesis (cytochrome P450, family 17, subfamily
A, polypeptide 1; CYP17A1). Heated citrate buffer antigen
retrieval (pressure cooker method) was performed to break
formalin-induced protein cross-links and unmask antigenic
sites (17). Sections were then incubated for 24 hours at
4�C in blocking buffer containing 1% bovine serum
VOL. 105 NO. 4 / APRIL 2016
albumin/phosphate-buffered saline (pRb, pH3, and p21) or
10% normal goat serum (CYP17A1) to reduce nonspecific
binding. The sections were incubated for another 24 hours
at 4�C in either primary antibody of interest (anti-human
pRb and p21, Cell Signaling Technology; anti-human pH3,
Chemicon International [(17)]; anti-human CYP17A1, pro-
vided by Dr. Alan J. Conley, University of California, Davis,
CA [(19)]), or were maintained in blocking buffer to correct
for nonspecific interactions of secondary antibody. Anti-
body binding was visualized as previously reported for ma-
caque tissues (17, 19). Sections were counterstained with
either nuclear fast red or hematoxylin, dehydrated in
ethanol and D-Limonene Clearant, and cover slips adhered
with DPX mounting medium.

Immunostaining for pRb, pH3, and p21 was analyzed by
comparing the number of positively staining granulosa cells
within an SAF, as a percentage of total granulosa cells per
SAF, in all SAFs within an ovarian section using ImageJ soft-
ware (Cell Counter add-on) after subtraction of nonspecific
staining (controlled false-positive rate per SAF; average of
three sections per ovary); data were segregated into SAF
type (i.e., healthy or atretic) by granulosa cell layer
morphology. Width of the theca layer of healthy SAF
(>0.5 mm diameter) was denoted from CYP17A1 staining;
the width of positive (dark brown) staining over five
randomly selected areas surrounding the SAF was measured
using the straight line function of ImageJ and averaged
(n ¼ 3 healthy SAFs per ovary per treatment group).
Ultrasound Evaluation of Ovarian Structure

Archived ultrasound image files from WSD�T-treated fe-
males (as reported in reference 12) were analyzed to relate
to ovarian SAF morphology from histologic analyses. Image
files were from scans performed on days 1–3 of the menstrual
cycle at three separate time points: [1] before onset of WSD,
[2] 3 months, and [3] 14 months after onset of WSD exposure.
Females were approximately 5.0, 5.8, and 6.7 years of age,
respectively. Archived ultrasound scans were also analyzed
from adult rhesus females with regular menstrual cycles
consuming the standard monkey chow diet (control), under-
going similar ultrasound evaluation of ovarian structure for
an unrelated project on days 1–3 of the menstrual cycle (stan-
dard diet control; 7� 2 years; n¼ 13). GE Voluson 730 Expert
Image files from each ultrasound session were coded to mask
identifying information, uploaded into 4D View software (GE
Healthcare), and analyzed at one time by a single individual
(C.V.B.), similar to previous analyses (12). Localization of
the majority of SAFs (<2.5 mm) to the outer periphery of
the ovary was denoted as PCOM. All scans were then decoded
for comparisons between treatment groups.
SAF Transcriptome

Presumptive healthy SAFs were chosen for transcriptome
evaluation based on criteria reported previously (16): the
presence of a clear antrum lacking a dark oocyte or dark gran-
ulosa cells. Isolated healthy SAFs from an ovary were pooled
(3.7 � 0.3 SAFs per ovary), cleaned of extraneous stroma
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using 30-gauge needles, ruptured, and entire cellular contents
(follicle wall/granulosa cells and cumulus–oocyte complex)
placed into lysis buffer for RNA isolation (Absolutely RNA
Nanoprep Kit, Agilent Technologies). Purified SAF RNA
from each ovary (n ¼ 3 ovaries per treatment group) was hy-
bridized to individual Affymetrix GeneChip Rhesus Macaque
Genome Arrays by the Oregon Health & Science University
(OHSU) Gene Profiling Shared Resource (GPSR), similar to
previous macaque microarray studies (20). Hybridization pro-
tocols were performed by the OHSU GPSR (21). Data are pub-
lically available as a National Center for Biotechnology
Information GEO data set (www.ncbi.nlm.nih.gov/gds, series
GSE69716).

Microarray data were validated by selecting a subset of
messenger RNAs (mRNAs) displaying different patterns of
expression in SAFs as a function of treatments. Aliquots of
SAF RNA from each ovary were reverse-transcribed into
cDNA (GoScript Reverse Transcription System, Promega),
and quantitative real-time polymerase chain reaction (PCR)
analysis was performed as previously described (22) on
selected gene products using TaqMan Gene Expression As-
says (Applied Biosystems; Supplemental Table 1, available
online).

Statistics

All SAF counts and protein staining (percent positive granu-
losa cells) were analyzed using the generalized linear
modeling procedure of SAS (9.3; SAS Institute), comparing
ovaries fromWSD�T females and standard diet controls. Sig-
nificant differences between treatments were determined by
least-squares means function. Presence of PCOM in at least
one ovary fromWSD�T females was analyzed by a Wilcoxon
rank-sum test (SAS 9.3).

Processed microarray image (.CEL) files were analyzed
using Web-based GeneSifter software (Geospiza), and pro-
beset (mRNA) hybridization data were log2-transformed
using the Robust Multi-array Average algorithm as previ-
ously reported (23). All mRNA expression data were inter-
rogated by one-way analysis of variance; standard diet
(control) vs. WSD vs. WSDþT (n ¼ 3 per group). Significant
change in mRNA levels was defined as a twofold or greater
difference after false-discovery rate correction (Benjamini
and Hochberg, P< .05). Pairwise comparisons were per-
formed on SAF mRNA levels between standard diet con-
trols, WSD, and WSDþT by Welch's t test (twofold or
greater, P< .05). Kyoto Encyclopedia of Genes and Ge-
nomes analysis was performed on the list of significantly
altered mRNAs, similar to previous methods (23). Signifi-
cant ontologies identified by GeneSifter were refined by
eliminating those in which fewer than five gene products
were associated with the ontology (too narrow classifica-
tion), and with greater than 100 gene products (too broad),
similar to Doniger et al. (24). All nonsignificant ontologies
with Z-scores less than 2.0 were also eliminated, as previ-
ously reported (25). All real-time quantitative PCR data
were analyzed by one-way analysis of variance and log2-
transformed to correct for heterogeneity of variances if
needed (SAS 9.3).
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RESULTS
Ovarian Morphology/Histology

Morphology by H&E staining. Compared with ovaries
collected at menstruation from control macaques consuming
a standard diet (Fig. 1A), those from both WSD (Fig. 1B) and
WSDþT (Fig. 1C) treated monkeys displayed numerous SAFs
and several regressing luteal-like structures.

Morphology by ultrasound. We previously reported transab-
dominal ultrasound evaluation of the SAF cohort in WSD�T
ovaries near onset of menses; the total number of SAFs
increased after the onset of WSD in both treatment groups,
with a concurrent decrease in average diameter (12). Typically
rhesus ovaries have SAFs localized throughout the ovary, as
indicated by dark echogenic areas on ultrasound images
(Supplemental Fig. 1A). However, the present analyses deter-
mined that many WSD�T-exposed monkeys displayed
compartmentalization of the SAF in the periphery of the
ovary, resulting in PCOM (Supplemental Fig. 1B and C), in
agreement with histologic evaluation of several WSD�T
ovaries by H&E staining (example, Fig. 1C). Before the onset
of WSD, two of six cholesterol-treated females had a least
one ovary showing PCOM, compared with three of six
T-treated females, as judged by ultrasound evaluation
(Supplemental Table 2). Two months after introduction of
the WSD, all six WSDþT females displayed PCOM by ultra-
sound in at least one ovary (P¼ .01 vs. WSD alone); this
morphology was noted again in all WSDþT females at
6.7 years of age. The number of WSD-treated females
presenting with PCOM after 2 months of WSD increased to
three. By the end of treatment, five of six WSD-treated fe-
males presented with PCOM in at least one ovary, and there
was no longer any difference between morphology compared
withWSDþT exposure; 11 of 12WSD�T-treated females dis-
played at least one ovary with PCOM, resulting in a preva-
lence of 92%. Notably, ultrasound evaluation of standard
diet controls revealed PCOM in at least one ovary in 4 of 13
rhesus females, resulting in an estimated prevalence of 30%
in monkeys consuming a standard chow diet.

SAF cohort. When healthy and atretic SAFs were evaluated
in H&E-stained cross-sections from ovaries (e.g., Fig. 2A
and B), the estimated number of SAFs in ovaries from
WSD- and WSDþT-treated macaques was greater compared
with ovaries from animals consuming the standard low-fat
diet (Fig. 1D; P< .001, .02, respectively). This was primarily
due to greater numbers of atretic SAFs present in ovaries
from the WSD and WSDþT groups (P< .001). The number
of healthy SAFs in ovaries from WSD-alone females tended
(P¼ .06) to be greater than in standard diet controls. However,
the number of healthy SAFs in ovaries of WSDþT was not
different from either controls or WSD only (P>.05, .2, respec-
tively). Additionally, there were no differences within treat-
ment groups in SAF populations of ovaries collected at
menstruation vs. the nondominant ovary of mid-luteal phase
(P>.4, data not shown).

Immunohistochemistry. A 6.3-fold greater percentage of
granulosa cells in atretic SAFs stained for p21 compared
with healthy SAFs (Fig. 2A and B; P< .001). In contrast, a
VOL. 105 NO. 4 / APRIL 2016
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FIGURE 1

(A–C) Representative H&E-stained sections (5� final magnification) from ovaries of rhesus monkeys consuming a standard diet (control; A), WSD
(B), and WSDþT (C). See text for details. (D) Estimated numbers of SAFs in the ovary from histologic analyses (mean� SEM). See text for details of
estimation methods and statistical analyses. Lowercase letters denote significant differences (P<.05) in numbers of atretic SAFs between
experimental groups, whereas uppercase letters denote significant differences in total SAFs. * versus ** a trend (P¼.06) toward difference in
healthy SAFs between ovaries of standard diet controls and WSD-fed macaques.
Bishop. Diet and T effects on antral follicles. Fertil Steril 2016.
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12-fold greater percentage of granulosa cells stained for pRb
in healthy compared with atretic SAFs (Fig. 2C and D;
P< .0001). A similar increase in granulosa cells immunostain-
ing for pH3 was noted in heathy vs. atretic SAFs (data not
shown). However, there were no significant differences in per-
centage of granulosa cells with positive staining for any of
these cellular markers between either healthy or atretic
SAFs in ovaries from control vs. WSD�T-treated monkeys
(data not shown).

Immunostaining for CYP17A1 was used to identify and
estimate the thickness of the theca layer of healthy SAFs
(Fig. 2E–2G). The theca layer of healthy SAFs in ovaries of
WSD and WSDþT females displayed more intense staining
for CYP17A1 than in control ovaries. Healthy SAFs in ovaries
from WSDþT-treated monkeys had a 25% thicker theca cell
layer compared with those of standard diet controls
(Fig. 2H; P< .05). However, the theca layer of healthy SAFs
VOL. 105 NO. 4 / APRIL 2016
in ovaries of WSD-treated monkeys was not thicker than
those in ovaries of control females (P>.5).
SAF Transcriptome

Microarray analyses. The levels of 1,944 mRNAs were signif-
icantly altered in SAFs by WSD�T compared with controls
(one-way analysis of variance, twofold or greater change in
expression with false-discovery rate correction, P< .05;
Supplemental File 1). A heat map of mRNAs whose levels
were altered by treatment is depicted in Figure 3A. When
k-Medoids clustering of mRNA expression patterns between
standard diet control, WSD, and WSDþT was performed
using GeneSifter (Fig. 3B), eight distinct patterns were identi-
fied. Pattern 7 depicts a cohort of mRNAs increased by
T-exposure alone, and pattern 8 is decreased by T exposure.
Patterns 2 and 5 depict mRNA cohorts increased/decreased
1027



FIGURE 2

(A, B) Immunostaining for the cell-cycle protein cyclin-dependent kinase inhibitor 1A (CDKN1A; p21, dark blue stain) in representative sections of a
healthy (A) and atretic (B) SAF in a randomly selected ovary; inset box in (A) depicts negative control staining (no primary antibody). Scale bar ¼
0.5 mm. (C, D) Immunostaining for phosphorylated retinoblastoma 1 (pRb, purple stain) in representative sections of a healthy (C) and atretic (D)
SAF in a randomly selected ovary; inset box in (D) depicts negative control staining (no primary antibody). Scale bar ¼ 0.5 mm. (E–G)
Immunostaining for CYP17A1 (brown stain) denotes extent of theca layer in representative sections of healthy SAFs in ovaries from standard
diet control (E), WSD (F), and WSDþT (G)-treated monkeys. **No primary antibody (negative control). Scale bar ¼ 0.25 mm. (H) Summary of
the quantification of the width of the theca layer in healthy SAFs of macaque ovaries in the three experimental groups (mean � SEM). See text
for details of statistical analyses. Different letters indicate significant differences between experimental groups (P<.05).
Bishop. Diet and T effects on antral follicles. Fertil Steril 2016.
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FIGURE 3

(A) Heat map of 1,944 mRNAs whose levels in SAFs were significantly altered by WSD�T compared with standard diet controls, with blue color
indicating low and red indicating high expression levels. Each column represents relative mRNA levels (indicated by bar on lower right) from
each group. See text for details of statistical analyses. (B) k-Medoids clustering analyses using correlation distance identified eight patterns of
mRNA expression changes induced by WSD and WSDþT. Graphs include numbers of mRNAs displaying each pattern of expression. Red graphs
show clusters in which mRNAs are initially up-regulated by either WSD and/or WSDþT, and blue graphs denote clusters in which mRNAs are
initially down-regulated by either WSD and/or WSDþT. (C) Hierarchical cluster analysis of mRNA samples hybridized to Rhesus Gene Chip
microarrays. See text for details of analyses. (D) Results of pairwise comparisons between relevant treatment groups, showing the number and
direction of mRNA changes ([, increased; Y, decreased). Lines denote groups compared. See text for details of statistical analyses.
Bishop. Diet and T effects on antral follicles. Fertil Steril 2016.
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by exposure to WSD, with no additional effects of T exposure.
However, expression patterns 1, 3, 4, and 6 show partial nega-
tion of the stimulatory or inhibitory effects of WSD on mRNA
levels by T exposure. Hierarchical clustering (Fig. 3C) and
principal component analysis (Supplemental Fig. 2)
confirmed that both WSD and WSDþT distinctly alter the
transcriptome of SAFs compared with controls. Pairwise ana-
lyses (Fig. 3D; Supplemental Files 2–4) confirmed the k-Me-
doids clustering, demonstrating divergent mRNA expression
patterns between those SAFs isolated from standard diet con-
trol and WSD�T.

Kyoto Encyclopedia of Genes and Genomes analyses per-
formed on mRNAs significantly altered in SAFs of treated fe-
males (from Supplemental File 1) identified several pathways
containing gene activity altered by WSD�T (Supplemental
Tables 3 and 4). The most impacted pathway (by Z-score anal-
ysis of statistical significance) is DNA replication, followed by
cell cycle and mismatch repair. Genes found in pathways
associated with classic reproductive processes are also noted;
GnRH signaling, steroid hormone biosynthesis, and
progesterone-mediated oocyte maturation. Several pathways
involved in cancer, apoptosis, and inflammatory responses
(i.e., autoimmune thyroid disease) are also altered in SAFs
by WSD�T.

Gene ontology analyses of mRNAs significantly altered
in SAFs by treatments (from Supplemental File 1) were
mined with Gene Sifter. Gene products from ontologies
broadly associated with carbohydrate, lipid metabolism,
and steroid metabolic processes were impacted by exposure
to both WSD and chronically elevated T (Supplemental
Fig. 3A–3C). Narrowing these broad categories to significant
sub-ontologies (26) identified a number of tissue processes
altered by WSD and WSDþT (Supplemental File 5),
including gene products associated with angiogenesis,
oogenesis, and inflammatory response (Supplemental
Fig. 4A–4C). Although mRNAs in angiogenesis and inflam-
matory response are mostly increased by WSD and WSDþT
treatment, those in oogenesis were primarily suppressed by
WSD�T. Additionally, many mRNAs depicted in
Supplemental Figures 3 and 4 are altered by WSD exposure
alone, and several are altered by exposure to WSDþT but
not WSD alone.

All mRNAs present in the Robust Multi-array Average–
transformed SAF microarray database (Supplemental Files
6–8) were also mined for gene products classically associated
with ovarian function and metabolism, as well as oocyte fac-
tors altered by obesity in women (27), and select mRNAs
differentially expressed in granulosa and cultured cumulus
cells from antral follicles of women with and without PCOS
undergoing IVF protocols (28, 29) (www.ncbi.nlm.nih.gov/
geoprofiles/GEO, accession nos. GDS4399 [granulosa cell]
and GDS3841[cultured cumulus cells, subdivided into lean
and obese phenotype]). Of the 34 gene products interrogated
(Supplemental Table 5), 26 demonstrate significant
alterations in mRNA levels after WSD and/or WSDþT,
including AMH, ANGPT2, AR, CYP19A1, ESR1, FSHR,
LHCGR, PGRMC1, INSLR, DDIT3, HSPA5, FADS1, PTPLA,
and SC4MOL.
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Real-time PCR validation. Several gene products were
chosen for validation on the basis of relevance to follicular
development (Fig. 4): CYP17A1 mRNA levels were reduced
by addition of the WSD and not further impacted by T expo-
sure (Fig. 4A, similar to Fig. 3, pattern 2), HSD3B2 mRNA
levels were reduced by WSD and further suppressed by
chronic T exposure (Fig. 4B, similar to Fig. 3, pattern 8), levels
of LHCGR mRNA were significantly reduced by WSD and
restored to control levels by T exposure (Fig. 4C, similar to
Fig. 3, pattern 6), and expression of PGRwas not significantly
impacted by either WSD or T (Fig. 4D). Expression patterns
were similar between real-time PCR and microarray analyses,
if not statistically significant.
DISCUSSION
Previous ultrasound evaluation of this cohort of females per-
formed during the early follicular phase revealed increasing
numbers of SAFs in the ovaries of both WSD and WSDþT
groups, and a subsequent reduction in maximum follicle
diameter compared with before onset of the WSD (12). More-
over, WSDþT treatment resulted in a greater number of SAFs
and a lead follicle of smaller diameter in the late follicular
phase, as well as reduced peak levels of P circulating in the
luteal phase, compared with WSD alone. Histologic evalua-
tions in the present study (Fig. 1) are consistent with these
earlier findings: ovaries from WSD�T-treated females have
larger numbers of SAFs in the early follicular phase, primarily
owing to an increased number of atretic SAFs compared with
females consuming a standard low-fat, low-sugar diet. The
ultrasound and histologic data also suggest alterations to
the localization of SAFs, after WSD�T treatment. One of
themost striking features of womenwith PCOS is the presence
of numerous small to medium (<10 mm) antral follicles that
persist on the periphery of the ovary, the so-called PCOM (2);
there is evidence that these antral follicles slowly degenerate
across several menstrual cycles (4). Before introduction of the
WSD, T-exposed females began to exhibit a PCOM-like
phenotype in at least one ovary at a greater rate than
cholesterol-treated females (Supplemental Table 2). After
addition of the WSD, ovaries of both treatment groups dis-
played PCOM, although more prevalent at first in T-treated
animals. Notably, 30% of standard diet, control females also
exhibited a PCOM-like phenotype upon ultrasound evalua-
tion. This is similar to clinical studies demonstrating that
approximately 26% of young, asymptomatic women display
a PCOM phenotype (30), hence the reason PCOM cannot be
used as the sole diagnostic criteria for PCOS. We now show
that introduction of a WSD alone leads to similar alterations
to ovarian SAFmorphology in a primate model, that may also
progress with T exposure alone. Collectively, these data sug-
gested that consumption of a WSD, possibly via increased
adiposity (31), influences the number and health of the SAF
cohort, and T exposure with WSD further alters the cohort
either directly or via more pronounced changes in meta-
bolism, such as insulin insensitivity (12).

The increase in numbers of total and atretic SAFs in WSD
and WSDþT ovaries at menstruation could be due to
VOL. 105 NO. 4 / APRIL 2016

http://www.ncbi.nlm.nih.gov/geoprofiles/GEO
http://www.ncbi.nlm.nih.gov/geoprofiles/GEO


FIGURE 4

Real-time PCR validation of mRNA levels for selected gene products of interest based on the microarray data (mean � SEM). Different uppercase
letters indicate significant difference in mRNA expression by real-time PCR, and different lowercase letters indicate significant difference in mRNA
expression by microarray (P<.05). See text for further details.
Bishop. Diet and T effects on antral follicles. Fertil Steril 2016.
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alterations in the hypothalamic–pituitary–ovarian axis. It is
generally accepted that the intercycle rise and subsequent
fall in FSH controls the dynamics of SAF growth vs. atresia,
and selection of the dominant follicle for ovulation at mid-
cycle (32). Additionally, the ratio of LH/FSH seems to be
important: an elevated LH/FSH ratio is generally associated
with PCOS (33). Our study initially focused on LH patterns,
because an increase in LH pulse frequency was observed in
adolescent girls predisposed to PCOS, as well as women
with PCOS (1). Indeed, an increase in LH pulse frequency
was observed in our young (4–5-year-old) female monkeys
by T treatment compared with cholesterol-treated controls,
before onset of WSD (11). However, after the diet change
and/or further aging (6.5 year old), the LH pulse frequency
in the WSD-treated females was similar to that observed in
the WSDþT group (12), which is comparable to that observed
in control (regular diet) animals in our colony. However, the
WSD reduced the amplitude of LH pulses in both groups
(12). In our study, serum FSH levels, only measured in daily
samples at menstruation, did not differ between WSD (1.0
� 0.1 ng/mL) and WSDþT (1.1 � 0.1 ng/mL) monkeys (12),
and were comparable to those circulating in control (regular
diet) animals in our colony (0.9 � 0.1 ng/mL, n ¼ 16, unpub-
lished data). However, very subtle changes may impact the
SAF pool: Zeleznik and Kubik (34) reported that a 12.5%
change in FSH levels fails to support growth and development
of SAFs during the follicular phase. Further studies are
VOL. 105 NO. 4 / APRIL 2016
ongoing to evaluate the intercycle changes in gonadotropin
levels in monkeys during chronic T and diet treatments, and
their relationship to SAF dynamics.

Alternatively, alterations in SAF numbers and health
could be due to metabolic features associated with the WSD
independent of gonadotropins. When secondary follicles
from these same WSD and WSDþT-treated ovaries were
cultured in an FSH-replete milieu, less than 50% of the folli-
cles survived 2 weeks in 3D-culture (compared with >90% of
control [(35)]), and those that survived produced minimal
antim€ullerian hormone (AMH) and E2 at the large preantral
to small antral stages, respectively. Thus, follicular dysfunc-
tion is associated with early ‘‘FSH independent’’ defects and
not remedied by exogenous FSH. Metabolic alterations in
WSD�T females included increased body fat and elevated
fasting insulin and glucose levels (12); however, reduced in-
sulin sensitivity was only observed in the WSDþT group. Ex-
periments are planned to evaluate the impact of local
metabolic factors (e.g., lipokines) on primate folliculogenesis.

Consumption of the WSD with and without T also caused
profound alterations in the overall transcriptome of macaque
SAFs. Six of the eight major patterns of mRNA expression
show significant changes in mRNA levels by exposure to
the WSD, and two patterns (2 and 5) are almost exclusively
altered by consumption of WSD alone, with no effect of con-
current T treatment (Fig. 3). Treatment with WSD�T altered
gene products mapping to pathways involved in apoptosis
1031
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and cell-cycle regulation (Supplemental Tables 3 and 4,
Supplemental File 5), which could relate to the increased
numbers of atretic SAFs in the ovary. Although IHC analyses
did not detect differences in numbers of granulosa cells ex-
pressing p21 in individual SAFs between control andWSD�T
females, mRNA levels of p21 (CDKN1A) were significantly
increased (threefold) in SAFs isolated from WSD�T ovaries
(Supplemental Table 5). Because there are higher numbers
of p21-postive granulosa cells in morphologically atretic
SAFs (Fig. 2A and B), which are increased in number in
WSD�T ovaries (Fig. 1D), it is likely that some of the SAFs
isolated for mRNA analyses were destined to become atretic.
Other major pathways altered by exposure to the WSD�T,
such as those associated with cancer (Supplemental Tables 3
and 4, Supplemental File 5), may also play a role in follicle
development or atresia. The data extend our observations of
metabolic alterations in serum markers and in adipose tissue,
to the lipid and carbohydrate metabolic pathways in the SAFs
of macaque females consuming the WSD�T (12, 13).

Comparison of the SAF transcriptome between WSD and
WSDþT identified numerous processes altered by chronic
elevation of T. Levels of 714 mRNAs were altered when
WSDþT is compared with WSD alone (Fig. 3D). Some of these
are included in Supplemental Table 5 and Figure 4. Androgen
signaling via the androgen receptor seems to be similar be-
tween WSD and WSDþT groups; this gene product was
equally down-regulated compared with expression in stan-
dard diet control SAFs. However, expression of the E2 receptor
ESR1 was altered in WSDþT SAFs compared with other
groups. This might reflect regulation of ESR1 by chronic T
exposure, similar to reports in other macaque tissues (36).
Overall, chronic exposure to mildly elevated T seems to
ameliorate many of the WSD-induced effects on the SAF
transcriptome (Fig. 3A and B). In four of the eight expression
patterns, T prevents many of the changes to SAF mRNAs
induced by WSD, maintaining mRNA expression at or near
that of standard diet controls. For example, decreased expres-
sion of mRNA for the luteinizing hormone/ chronic gonado-
tropin receptor (LHCGR) induced by WSD is prevented by
concurrent exposure to T (Fig. 4C). However, the WSDþT
treatment group also shows distinct alterations in mRNA
expression from both standard diet controls and WSD alone
(Fig. 3B, patterns 7, and 8); hierarchical cluster and principal
component analyses (Fig. 3C and Supplemental Fig. 2)
demonstrate that SAF mRNA expression in WSDþT ovaries
is markedly different from both standard diet andWSD alone.

It is tempting to speculate that many of the effects of T
exposure are independent of dietary changes. This group
recently reported that androgens directly promote follicle
survival but inhibit AMH and E2 production by preantral-
to-small antral macaque follicles during 3D culture (37).
Likewise, the two major enzymes contributing to E2 produc-
tion, aromatase (CYP19A1) and 17-a hydroxylase
(CYP17A1), and AMH mRNA levels were suppressed in
SAFs of WSDþT-treated animals (Supplemental Table 5).
Staining for CYP17A1, also a specific marker for androgen-
producing theca cells in antral follicles, reinforces evidence
that the theca layer is relatively sparse and discontinuous in
macaque antral follicles (38), compared with that in human
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(39) and rodent follicles. Consumption of WSD�T greatly
increased the intensity of CYP17A1 staining in the theca layer
of SAFs compared with controls, with a wider theca layer
more prominent in the WSDþT group. Although semiquanti-
tative IHC analyses for CYP17A1 protein suggests increased
expression, mRNA expression of CYP17A1 was suppressed
in WSD�T SAFs (Fig. 4A). This could be an artifact created
by isolation of the SAFs out of the ovarian stroma for
mRNA analyses. During manual dissection we observed
that, compared with control ovaries, the stroma of ovaries
from females consuming the WSD regardless of T exposure
was less compact and spongy, with follicles not as tightly
associated with the stroma (35). Therefore, the theca layer of
SAFs of WSD�T monkeys might have been more susceptible
to destruction or retention in the ovary during follicle isola-
tion. Alternatively, gene transcription may be suppressed,
whereas protein translation or half-life may be enhanced.
Several studies in women report increased CYP17A1 expres-
sion in theca cells, as well as elevated levels of androstenedi-
one in follicular fluid, from women with PCOS (40). Whether
androgens originating from macaque follicles of WSD- or
WSDþT-treated monkeys are elevated in follicular fluid is
unknown. However, because of the experimental design of
the present study, we cannot distinguish effects due to T alone
because WSD was added during the final 1.5 years of treat-
ment. Further experiments are ongoing that will allow
distinction of chronic T effects on SAFs with and without con-
sumption of WSD in young adult monkeys.

The ontology Steroid Metabolic Processes (Supplemental
Fig. 3C), which displayed marked alterations in response to
WSD�T, could be one factor contributing to altered follicular
dynamics and morphology in these ovaries. The decreased
level of CYP19A1 mRNA expression could also explain
previous reports of reduced serum E2 levels after onset of
WSD in these females (12), along with reduced HSD3B2
mRNA levels (Fig. 4B). Of note, T levels of WSD-exposed fe-
males were not increased by consumption of the high-fat,
high sugar diet (12). Thus it is likely that any alterations in
SAF morphology and health, related local actions of steroids,
are due to increased exogenous androgens and reduced
endogenous E2. On the basis of recent studies of preantral-
to-small antral follicles during 3D culture, the loss of E2 could
reduce follicle survival and growth (41), whereas excess
androgen could reduce follicular maturation, including E2
production (37).

Ontology analyses of the transcriptome indicated that
numerous processes associated with folliculogenesis and
normal ovarian function were altered in SAFs by WSD�T
treatment, such as anti-inflammatory activity. Increased sys-
temic inflammation is observed in women with PCOS (42),
and increased inflammatory processes are also reported in
granulosa cells collected from ovulatory follicles during in vi-
tromaturation (IVM) protocols (43). We also report significant
changes in mRNA expression of gene products mapping to
angiogenesis (Supplemental Fig. 4, Supplemental File 5).
Women with PCOS tend to overrespond to gonadotropin
exposure during ovarian stimulation protocols, with increases
in several factors controlling angiogenesis, including
vascular endothelial growth factor (VEGF) (44). The pattern
VOL. 105 NO. 4 / APRIL 2016
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of mRNA expression within this ontology suggests that many
of these effects are due to consumption of a high-fat, high-
calorie diet. Interestingly, although expression of VEGF
mRNA was statistically impacted by exposure to WSDþT
(P< .04), the fold-change of expression was low, below the
twofold threshold for microarray significance (Supplemental
Table 5). However, a threefold increase in mRNA expression
of another angiogenic factor, ANGPT2, by WSDþT treatment
was noted (Supplemental Table 5). An increase in the ratio of
ANGPT2:1 is associated with follicular atresia, and can cause
degeneration of the dominant follicle and disruption of
ovulatory processes in macaques (45). Further studies will
determine whether VEGF, ANGPT1, and ANGPT2 levels are
altered in the follicular fluid of antral follicles from females
exposed to elevated T, aWSD, orWSDþT, which could impact
both oocyte quality, ovulation and luteal function.

Many of the altered genomic processes identified in this
study are similarly observed in obese women and/or women
with PCOS (46). Several mRNAs associated with oocyte lipo-
toxicity in rodents and women (27) had altered expression in
the SAF cohort of WSD�T females (Supplemental Table 5),
and overall gene products associated with oogenesis were
down-regulated (Supplemental Fig. 4), suggesting oocyte
quality was altered by consumption of the WSD. One gene
product associated with endoplasmic stress, HSPA5
(GRP78), was up-regulated more than fourfold by exposure
to the WSD alone compared with standard diet controls
(Supplemental Table 5). Other investigators report increased
expression of HSPA5 in murine oocytes cultured in lipid-
rich follicular fluid (27), in agreement in the current pattern
of expression. Likewise, several mRNAs expressing products
involved in fatty acid biosynthesis were altered in SAFs of
this study, as well as cells from follicles of women with
PCOS. However, it is important to note that most of the micro-
array/genomic data available from women with PCOS are
from RNA analyses of cells obtained from aspirates of large,
ovulatory antral follicles (28, 29), which are farther along in
follicular development than the SAFs analyzed here. More
recently, genomic information was reported from women
with PCOS by genome-wide association studies (47, 48).
Although we did observe changes in androgen receptor
expression, which displays altered expression in a cohort of
women with PCOS (49), there were no changes in mRNA
levels of the recently identified PCOS-associated mRNA
DENND1A (47). The function of DENND1A is in membrane-
associated endocytosis and receptor trafficking; there is
some evidence that expression of a DENND1A variant in-
creases androgen production in a human theca cell
model (50).

In summary, these data strongly suggest that consump-
tion of a WSD in the presence and absence of chronic T expo-
sure impacts not only ovarian SAF numbers and morphology,
but also alters the SAF transcriptome. The alterations in
ovarian antral follicle morphology, as well as some changes
to the SAF transcriptome, are similar to those observed in
women with obesity and/or PCOS. However, the contribution
of chronic elevation of systemic T levels in the absence of
WSD consumption during peripuberty and maintained into
young adulthood has yet to be determined. According to pre-
VOL. 105 NO. 4 / APRIL 2016
vious studies of androgen actions in macaque models (9), the
effects of T on SAF gene expression may be compounded
when combined with consumption of a diet rich in fats and
sugars (WSD). Obesity alone is known to reduce fecundity
in women; both the European Society for Human Reproduc-
tive Endocrinology (51) and the American Society for Repro-
ductive Medicine (52) released statements and guidelines to
physicians to manage reproduction in obese women. Future
studies are underway to assess the impact of mildly elevated
T independent of WSD on reproductive phenotype, and to
determine the relative fertility of WSD�T-exposed macaque
females when compared with standard diet controls.
Although these data are of translational interest as a preclin-
ical model of PCOS, the larger impact of the effects of diet in
general on the ovary and fertility are also important, given the
changing diet of women in developed countries.
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