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STUDY QUESTION: Does developmental exposure to the combination of hyperandrogenemia and western-style diet (WSD) worsen
adult metabolic function compared to either treatment alone?

SUMMARY ANSWER: Young female rhesus macaques treated for 3 years, beginning at menarche, with combined testosterone (T) and
WSD have increased weight gain and insulin resistance compared to controls and animals treated with either T or WSD alone.

WHAT IS KNOWN ALREADY: Hyperandrogenemia is a well-established component of polycystic ovary syndrome (PCOS) and can be
observed in peripubertal girls, indicating a potential pubertal onset of the disease. Obesity is often associated with hyperandrogenemia in peri-
pubertal girls, and overweight girls appear to be at higher risk for the development of PCOS later in life.

STUDY DESIGN, SIZE, DURATION: Juvenile (2.5- year old) female rhesus macaques were divided into four groups (n = 10/group):
control animals receiving cholesterol implants and a control diet with 15% of calories derived from fat (C), animals receiving T implants (mean
serum levels: 1.35 ± 0.01 ng/ml) and a control diet (T), animals receiving a cholesterol implant and a WSD with 36% of calories derived from
fat (WSD) and animals receiving a T implant and a WSD (T + WSD). Animals were maintained on the treatments for 36 months and were
5.5 years old at study completion.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Metabolic testing consisted of body measurements including weight, dual-
energy X-ray absorptiometry scans, activity monitoring, and glucose tolerance testing at zero months and at least once every 12 months for
the remainder of the study. Indirect calorimetry and serum hormone assays were performed following 36 months of treatment.

MAIN RESULTS AND THE ROLE OF CHANCE: Body weight and fat mass gain were significantly increased in T + WSD at 24 and
36 months of treatment compared to the other three groups. Log transformed fasting insulin and Homeostatic Model Assessment of Insulin
Resistance (HOMA-IR) were significantly increased in T + WSD animals at 3 years of treatment compared to all other groups. T-treatment
caused a greater rate of decline in activity after 18 months, while food intake and metabolic rate were largely unaffected by treatments.

LIMITATIONS REASONS FOR CAUTION: Variability was present in the metabolic parameters measured; however, this is similar to
the heterogeneity observed in human populations.
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WIDER IMPLICATIONS OF THE FINDINGS: Chronic hyperandrogenemia beginning at puberty may exacerbate metabolic dysfunction
in women consuming a WSD and account for the increased rates of obesity and insulin resistance observed in PCOS patients. Counseling of
female patient populations with elevated androgens about the potential benefit of consuming a lower fat diet could improve long-term meta-
bolic health outcomes.

STUDY FUNDING/COMPETING INTEREST(S): Eunice Kennedy Shriver National Institute of Child Health & Human Development
P50HD071836 and Oregon National Primate Center Grant P51 OD011092. The authors have no competing conflict of interests to disclose.

Key words: PCOS / hyperandrogenemia / macaque / western-style diet / obesity / hyperinsulinemia

Introduction
Polycystic ovary syndrome (PCOS) is an infertility disorder affecting
~5–15% of women in the USA, with a similar incidence reported
around the world (Goodarzi and Azziz, 2006; Sirmans and Pate,
2013). Due to the heterogeneity within this patient population, the
Rotterdam criteria for diagnosis requires only two of the three follow-
ing symptoms (Rotterdam, 2004): oligoamennorhea, hyperandrogen-
emia and polycystic ovaries upon ultrasound. Basic science has
provided considerable evidence that early developmental exposure to
androgens in animal models, including monkeys and sheep, can repro-
duce many symptoms of PCOS (Eisner et al., 2002; Foecking et al.,
2005; Steckler et al., 2005; Xita and Tsatsoulis, 2006; Abbott et al.,
2009). Previous studies have largely relied on a model of in utero andro-
gen exposure by delivering large doses of androgens to pregnant dams.
While maternal elevation of androgens in animal models seems to recap-
itulate symptoms of PCOS, there is little evidence this pathology under-
lies the development of PCOS in humans. Hyperandrogenemia is
observed during development, but much later during the peripubertal
transition. Peripubertal girls with a 2- to 4-fold increase in total testoster-
one (T) have previously been described (McCartney et al., 2007) and,
significantly, these levels of hyperandrogenemia are also associated with
early signs of reproductive dysfunction (Apter et al., 1994). This includes
increased LH pulse frequency during the night, which could precede the
development of increased 24-h LH pulse frequency observed in PCOS
patients. Studies using a nonhuman primate model demonstrated that
administration of androgens to prepubertal monkeys also results in
increased LH pulse frequency (McGee et al., 2012).When these same ani-
mals were switched to a high-fat western-style diet (WSD), evidence of
ovarian dysfunction, as demonstrated by increases in the number of small
antral follicles, was also present. These findings indicate a later onset of
androgen elevation may also predispose toward PCOS-like phenotypes.
In addition to the initial three criteria used for diagnosis of PCOS,

obesity and insulin resistance make up a fourth common feature of the
disorder. Roughly 50–70% of PCOS patients have signs of insulin
resistance and 50–80% are overweight or obese (Legro et al., 2001;
Ovalle and Azziz, 2002). Both lean and obese PCOS women have
increased rates of insulin resistance and type two diabetes compared
with BMI matched controls (Dunaif et al., 1989; Legro et al., 2001;
Norman et al., 2001). Although such metabolic dysregulation is not
required as part of the diagnosis, there is evidence that it plays a poten-
tially causative role in some PCOS patients. Metformin, an insulin sensi-
tizer, can be prescribed for the treatment of PCOS, and was initially
reported to improve reproductive outcomes, indicating that insulin
insensitivity may underlie infertility symptoms in at least some PCOS

patients (Velazquez et al., 1994; Jakubowicz et al., 2002). The efficacy of
metformin for improving reproductive function has since been debated
(Tang et al., 2006; Morin-Papunen et al., 2012); however, improvement
of insulin sensitivity following weight loss also has been reported to
improve reproductive outcomes in PCOS patients (Pasquali et al., 1989;
Tang et al., 2006). Importantly, obesity in peripubertal girls is associated
with higher androgen levels indicating an early link between metabolic
dysfunction and hyperandrogenemia (McCartney et al., 2006, 2007).
A critical question in PCOS is parsing how potential causative factors

like hyperandrogenemia and metabolic dysfunction interact. In our
previous pilot study, combined T-treatment and exposure to an obe-
sogenic WSD decreased insulin sensitivity and increased the numbers of
small antral follicles in nonhuman primates (McGee et al., 2014). While
this study provided critical evidence that the combination of T and WSD
worsens symptoms associated with PCOS, it was limited in its capacity to
provide the necessary controls to determine whether the effects of these
treatments were additive or synergistic. To systematically investigate the
combined roles of T and WSD on PCOS-like symptoms, a collaborative
center project is being performed at the Oregon National Primate
Research Center. Juvenile female rhesus macaques began treatment with
either T,WSD or T +WSD around the time of menarche and results fol-
lowing three years of treatment are reported here. During this time, gen-
eral metabolic health was investigated and is described in the current
study. Additional projects on this model included investigations of adipo-
cyte physiology (see companion paper by Varlamov et al., 2017) and
reproductive health (manuscript in preparation).

Materials andMethods

Animals
All animal procedures were approved by the Oregon National Primate
Research Center Institutional Animal Care and Use Committee and com-
ply with the Animal Welfare Act and the APA Guidelines for Ethical
Conduct in the Care and Use of Nonhuman Animals in Research. Female
rhesus macaques were selected for the study and randomly assigned to
one of four treatment groups (n = 10/group) (Table I): control animals
receiving cholesterol implants and a control diet (C), animals receiving T
implants and a control diet (T), animals receiving cholesterol implants and
a WSD and animals receiving T implants and a WSD (T + WSD). The
average age at the beginning of the study, corresponding to the time 0
glucose tolerance test (GTT), was 2.38 ± 0.04 years of age. Animals
were typically pair-housed in the same treatment group and maintained on
a 07:00–19:00 light cycle with ad libitum access to water. Individual enrich-
ment devices were provided on each cage and animals were given weekly
access to additional enrichment activities (radio, TV etc.). All sedations for
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procedures were induced with ketamine HCl (5–15 mg/kg) (Ketamine™
Henry Schein Animal Health, Dublin, OH) or Tiletamine HCl and
Zolazepam HCL mixture (3–5 mg/kg) (Telazol™ Zoetis Inc, Kalamazoo,
MI) unless otherwise noted.

Testosterone treatment
T-releasing capsules were prepared by packing medical grade Silastic tubing
(0.34 cm i.d.; 0.64 cm o.d.; Dow Corning, Midland MI) with a mixture of cho-
lesterol and T (Sigma) at a ratio of 9:1 (T and T +WSD groups). The capsule
was implanted subcutaneously in the interscapular region of the monkeys.
Weekly blood samples were assayed for serum T, and when levels dropped
below 1.0 ng/ml, the capsules were replaced. A target range of ~1.4 ng/ml
was maintained by changing the length of the T-releasing capsules from 1 to
5 cm over the study period. This range approximated the 3- to 4-fold increase
in T levels observed in peripubertal girls at risk for PCOS (McCartney et al.,
2006, 2007). Serum T was assayed on an automated clinical platform
Roche Cobas e411 by the Oregon National Primate Research Center
(ONPRC) Endocrine Technology Support Core Laboratory (Fig. 1). Average
total T-values in all T-treated animals across the 36-month interval was 1.35 ±
0.01 ng/ml (T and T + WSD, n = 20) and was significantly higher than the
average serum T levels in the cholesterol treated groups 0.27 ± 0.03 ng/ml
(C and WSD, n = 20; Student’s t-test P < 0.05). To validate the Roche assay,
a subset of samples from T-treated monkeys was assayed by liquid chroma-
tography mass spectrometry (LC-MS). That comparison revealed no signifi-
cant difference (Student’s t-test, P = 0.14) between levels assayed on LC-MS
(1.19 ± 0.06 ng/ml) and Roche platforms (1.29 ± 0.05 ng/ml).

Diet treatments
The control diet, in standard use within the ONPRC colony, contained
15% of calories derived from fat (Purina 5000/5052). The WSD, in stand-
ard use within the ONPRC’s Obese Primate Resource, contained 36% of
calories from fat (Purina 5L0P; Table I), and has been previously described
(McCurdy et al., 2009). The increased fat content in WSD is due to
increased animal-based fat and a decrease in both protein and carbohy-
drate content. All animals received diet supplements in the forms of daily
fruits and vegetables. WSD treated animals also received an additional cal-
orically dense treat composed of peanut butter, honey, banana, cornstarch
and WSD pellets (~250 kcal).

Body composition measurements
Body weights were measured prior to treatment onset (time 0) and at 1,
3, 6, 12, 18, 24 and 36 months on treatment. Animals were sedated prior

to GTT and weighed on a scale. To determine body composition, a dual-
energy X-ray absorptiometry (DEXA) Scan (Horizon A QDR DXA
System, Hologic Inc.) was performed at all the listed time points, except at
1 month. The adult scan setting was used and scans were typically per-
formed on a separate day from GTTs following sedation with Telazol.
Android and gynoid regions were defined manually as described previously
(Kang et al., 2011). Animals also underwent measurements of crown-rump
length for BMI calculations as well as abdominal circumference.

Indirect calorimetry for energy expenditure
Metabolic rate and respiratory quotient (RQ) were measured using indir-
ect calorimetry following 36 months of treatment. Animals were placed in
a stainless-steel metabolic chamber (dimensions: 2.7 × 2.7 × 2.5 ft.) with a
computer-controlled indirect open-circuit calorimeter (Oxymax System,
Columbus Instruments, Columbus, OH) to measure the amount of carbon
dioxide produced and oxygen consumed using previously published meth-
odology (Sullivan et al., 2006; Sullivan and Cameron, 2010). Animals were
placed in the chamber the night before the test for an acclimation period
of ~15 h, then metabolic measurements were collected for 24 h beginning
at 07:00 h. Monkeys were fed a banana at 09:00 h and their usual diet
(chow or WSD) at 14:00 h. Any remaining food was removed at 16:00 h
and the chamber was washed and resealed. To limit social isolation during
testing, a familiar monkey was housed across from the monkey undergoing
metabolic testing. Oxymax software calculations of heat (kcal/h) and RQ
(VC02/V02) were used for statistical analysis. Basal metabolic rate (BMR)
was determined by averaging heat values from 01:00 to 05:00 h, a time
period when monkeys were typically asleep. Daily kcal energy expenditure
was calculated by summing the average heat values across the 24-h sam-
pling period. RQ was used to determine metabolic substrate preference
and daytime averages were taken between 08:00 and 18:00 h and night-
time averages were taken between 20:00 to 06:00 h.

.........................................

........................................................................................

Table I Treatment paradigms and animal groups.

Group
(n = 10)

Treatment
(subcutaneous
silastic implant)

Diet

Fat
(%)

Carbohydrate
(%)

Protein
(%)

Chow (Purina 5052)

C Cholesterol 15 58 27

T Testosterone (serum:
1.35 ± 0.01 ng/ml)

WSD (Purina 5L0P)

WSD Cholesterol 36 46 18

T +WSD Testosterone (serum:
1.35 ± 0.01 ng/ml)

Figure 1 Serum testosterone (T) levels in combined T and T +
WSD treatment groups. Testosterone was measured weekly by
Roche platform in both T-treated groups (mean 1.35 ± 0.01 ng/ml,
n = 20). Implants were replaced when testosterone levels dropped
below 1.0 ng/ml. Comparison of T-treated groups to groups receiving
cholesterol implants (inset; mean levels in C and WSD treatment
groups 0.27 ± 0.03) demonstrated a consistent elevation of T across
the 36-month treatment period (P < 0.01). WSD, western-style diet.
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Physical activity measurements
Physical activity was assessed continuously throughout this study, as described
previously (Sullivan et al., 2006; Papailiou et al., 2008). All monkeys wore metal
collars with a metal case housing an omnidirectional accelerometer (Actical;
Philips, Bend, OR). The accelerometers were programmed to record total
activity counts per minute, and data were downloaded approximately once
every 5 weeks when monkeys were sedated. Whenever possible, acclerom-
eters were downloaded and reprogrammed when the monkeys were sedated
for collection of other experimental measures.

Glucose tolerance test
An intravenous GTT was performed at time 0 and following 1, 3, 6, 12, 18,
24 and 36 months of treatment as described previously (McCurdy et al.,
2009). Briefly, animals were fasted overnight, sedated (with Telazol) and a
glucose bolus (50% dextrose solution) administered at a dose of 0.6 g/kg
via the saphenous vein. Baseline blood samples were obtained prior to the
glucose injection, and 1-ml blood samples were taken at 1, 3, 5, 10, 20, 40
and 60 min later by venipuncture (typically saphenous vein). Glucose was
measured immediately using a OneTouch Ultra Blood Glucose Monitor
(LifeScan), and the remainder of the blood was placed in heparinized tubes
on ice for measurements of insulin. Baseline GTT samples following
36 months of treatment were used for hormone assays (below). After i.v.
GTT, samples were centrifuged at 2400 g for 20 min, and plasma was stored
at −80°C until assayed. Homeostatic Model Assessment of Insulin Resistance
(HOMA-IR) was determined as described previously (Matthews et al., 1985;
Bonora et al., 2000) and calculated as fasting serum insulin (μU/ml) × fasting
plasma glucose (mg/dl)/405.

Hormone assays
Plasma concentrations of insulin, leptin, adiponectin, ghrelin and C-reactive
protein (CRP) were measured by the Endocrine Technologies Support Core
(ETSC) at the ONPRC. All quality controls and calibrations provided by the
company, as well as ETSC monkey serum controls, were analyzed with test
samples. Assay parameters and previous validation are provided in
Supplementary Materials and Methods.

Statistics
Longitudinal data were analyzed by mixed model in SPSS to examine treat-
ment effects (chow versus WSD, cholesterol versus T implant) over time.
When sphericity was violated, Greenhouse–Geisser calculations were
used. Single time-point data sets were analyzed by linear model in SPSS to
examine treatment effects. Post hoc analysis consisted of Tukey’s multiple
comparison tests between the four treatment groups using Prism
GraphPad 7.0. Individual AUC was calculated from zero in Prism
GraphPad 7.0. Longitudinal data that was not normally distributed was log
transformed, while single time point data sets were analyzed by Mann–
Whitney nonparametric analysis in SPSS. For longitudinal data, x-axis
‘month’ values were adjusted ±1 month to allow for better visualiziation
when datapoints from multiple groups overlapped.

Daily mean activity was calculated for each monkey for each day of the
study. Activity during days on which monkeys were sedated or anesthe-
tized for procedures was removed prior to analyses. For some procedures
(e.g. fat biopsies) activity was depressed for more than 1 day. In these
cases, all days of activity that were lower than the 10-day baseline activity
prior to the procedure were removed prior to analyses. The daily mean
activity levels were log base 10 transformed for normality and quarterly
(3-month) means of these log transformed daily activity levels were then
calculated for each monkey. A random effects repeated-measures regres-
sion of quarterly activity levels was calculated using a linear mixed model
analysis (JMP, version 13), with an AR(1) repeated covariance type for the

quarterly data and entering T, WSD and T + WSD interaction term as
fixed effects. Because examination of the curves suggested that a polyno-
mial would better describe them, a repeated-measures general linear mod-
el with a polynomial decomposition of the within-subject contrasts was
also done to examine activity changes over time. Data are presented as
mean ± SEM and all graphs were composed in Prism GraphPad 7.0.

Results

Body weight and composition
Longitudinal analysis found that body weight increased steadily in the
control group over the 36-month period (Fig. 2A). T-treatment caused
greater increases in body weight over time (T-treatment ∗ time: F =
7.80, P < 0.01), with a trend towards an interaction between T- and
WSD-treatment to further increase weight over time (T-treatment ∗
diet ∗ time: F = 3.43, P = 0.06). Post hoc analysis revealed that T +
WSD animals weighed significantly more than all other groups at both
24 and 36 months of treatment (P’s < 0.05). Similarly, normalized
weight gain revealed T-treatment caused a greater increase in the per-
centage of weight gained over time (Fig. 2B; T-treatment ∗ time: F =
11.11, P < 0.01) along with a significant interaction for T- and WSD-
treatments to further increase weight gain over time (T-treatment ∗
diet ∗ time: F = 4.33, P = 0.03). Post hoc analysis again found T + WSD
animals had significantly increased weight gain compared to all other
groups at 18, 24 and 36 months of treatment (P’s < 0.05). To determine
whether animal size was a contributing factor, BMI was calculated (BW/
(CR)2). In the control group, BMI increased over time but appeared to
be leveling off towards the end of the 36-month period (Fig. 2C).
Longitudinal analysis found effects of both T- and WSD-treatments to
cause a greater increase in BMI over time (diet ∗ time: F = 3.21, P =
0.02; T-treatment ∗ time: F = 5.73, P < 0.01) as well as a significant inter-
action for T- andWSD-treatments to further increase BMI over time (T-
treatment ∗ diet ∗ time: F = 2.76, P = 0.04). Post hoc analysis revealed
significantly increased BMI in the T +WSD compared to the other three
groups at 24 and 36 months of treatment (P’s < 0.05).
Longitudinal analysis of body composition by DEXA scan revealed

little change in fat mass in the control group over the first year of the
treatment, but increased fat mass gain over the latter 24 months of the
treatment period (Fig. 2D). There was a significant effect of T- and
WSD-treatments to increase fat mass gain over time (diet ∗ time: F =
7.21, P < 0.01; T ∗ time: F = 5.00, P = 0.02), and a trend for T- and
WSD-treatments to interact and cause a further gain in fat mass over
time (T-treatment ∗ diet ∗ time: F = 3.42, P = 0.06). Post hoc analysis
revealed a significant increase in fat mass gained in the T +WSD group
compared to all other groups at 24 and 36 months of treatment (P’s <
0.05). Unlike the change in fat mass, the control group showed large
increases in lean mass during the first 12 months of treatment and
then a slower rate of increase in the latter 24 months of treatment
(Fig. 2E). Longitudinal analysis of the change in lean mass found an
overall effect of T-treatment to further increase lean mass over time
(T-treatment ∗ time: F = 8.77, P < 0.01), but there were no post hoc
differences between the four groups. Of note, all groups showed a
level of heterogeneity in measures of body weight and fat mass gain
and specifically T + WSD treatment appeared to have a larger impact
on some animals compared to others (Supplementary Fig. S1). Food
intake was measured across the study, and caloric intake across pairs
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of animals found WSD-treatment decreased caloric intake over time
(diet ∗ time: F = 5.55, P < 0.01; Supplementary Fig. S2). However,
post hoc analysis did not reveal any significant differences in food intake
between the four individual groups at any time point.

Body fat distribution
Abdominal circumference showed a gradual increase over the 36
months of treatment in the control group (Fig. 2F). Longitudinal ana-
lysis found that T-treatment caused a greater increase in abdominal
circumference over time (T-treatment ∗ time: F = 3.25, P = 0.04) with
a trend for WSD-treatment to also increase abdominal circumference
(diet ∗ time: F = 2.75, P = 0.06) and an interaction for T- and WSD-
treatments to cause further increases over time (T-treatment ∗ diet ∗
time: F = 2.56, P = 0.08). Post hoc analysis revealed a significant
increase in abdominal circumference in the T +WSD group compared
to the other three groups at 24 and 36 months of treatment (P’s <
0.05). At 36 months of treatment, the percentage of fat that was in the
android region was significantly greater with WSD-treatment (diet: F =
6.34, P = 0.02) but not by T-treatment (Fig. 3A). Post hoc analysis
revealed a significant increase in android fat in the T + WSD group
compared to C and T groups (P’s < 0.05). Fat in the gynoid region was
not affected by either T- or WSD-treatment (Fig. 3B).

Insulin sensitivity
Fasting glucose showed a modest decline in the control group over the
first 12 months, with relatively little change over the latter 24 months

of treatment (Fig. 4A). Longitudinal analysis indicates that WSD-
treatment increased fasting glucose over time (diet ∗ time: F = 3.59,
P < 0.01) and there was a trend for an interaction of T- and WSD-
treatments to further increase fasting glucose over time (T-treatment ∗
diet ∗ time: F = 1.98, P = 0.06). Post hoc analysis did not reveal individ-
ual group differences at any time point. Log transformed fasting insulin
increased gradually over the 36 months in the control group (Fig. 4B).
Longitudinal analysis found an overall effect of WSD-treatment to
cause a greater increase in fasting insulin over time (diet ∗ time: F =
4.66, P < 0.01). Post hoc analysis found that log10 fasting insulin was sig-
nificantly higher in the T + WSD group compared the other three
groups at 36 months of treatment. Log transformed HOMA-IR was
relatively static over the treatment period in the control group
(Fig. 4C). Longitudinal analysis of log10 HOMA-IR indicated an increase
in HOMA-IR with WSD-treatment over time (diet ∗ time: F = 5.31,
P < 0.01). Post hoc analysis indicated that the T + WSD group had sig-
nificantly elevated HOMA-IR compared to the other three groups at
the 36-month time point (P’s < 0.05).
GTTs performed prior to the onset of treatment revealed no group

differences in glucose or insulin secretion (Fig. 4D). After the 36-
month treatment interval, glucose clearance appeared relatively similar
to time 0, but insulin secretion was increased in all groups (Fig. 4E).
This increase in insulin secretion appeared largest in the T + WSD
group. Glucose and insulin AUCs were calculated for each GTT per-
formed during the 36-month interval. Glucose AUC dropped initially
in the C group but then remained relatively static (Fig. 4F). However,
longitudinal analysis of glucose AUC found WSD-treatment increased

Figure 2 Testosterone (T) + WSD increases body weight and fat mass with no direct effect on food intake. Raw body weight (A), change in body
weight (B), BMI measurements (C), change in fat mass (D), change in lean mass (E) and abdominal circumference (F) were evaluated in Control (C),
T, WSD and T + WSD groups at time 0 and following 3, 6, 12, 18, 24 and 36 months of treatment. Values are the mean ± SEM with n = 10/group.
Significant effects of diet, T-treatment or interactions over time as determined by a mixed models ANOVA are presented as text within the graphs.
Asterisks denote significant difference between T +WSD group and C, T and WSD groups by Tukey’s multiple comparison post hoc analysis.
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glucose AUC over time (diet ∗ time: F = 5.15, P < 0.01). Post hoc ana-
lysis indicated that T + WSD had significantly elevated glucose AUC
compared to C and T groups after 36 months of treatment (P’s <
0.05). Glucose AUC was also significantly elevated in WSD group
compared to the T group at 36 months (P’s < 0.05). Longitudinal ana-
lysis demonstrated a modest and steady increase in log transformed
insulin AUC for the C group (Fig. 4F). WSD-treatment caused a great-
er increase in insulin AUC over time (diet ∗ time: F = 3.62, P < 0.01)
and as did T-treatment (T-treatment ∗ time: F = 2.91, P = 0.02). Post
hoc analysis found that the T +WSD had higher insulin secretion com-
pared to C and WSD groups at 36 months of treatment (P’s < 0.05).
Similar to measures of body composition, there was significant hetero-
geneity in fasting insulin responses to the treatments particularly in the
T +WSD group (Supplementary Fig. S1).
Hormonal profiles associated with metabolic dysfunction were

investigated, and although ghrelin and adiponectin levels were
unchanged, both leptin and the proinflammatory CRP levels were ele-
vated in WSD and T + WSD groups (leptin, diet: F = 21.68, P < 0.01;
CRP, diet: F = 8.36, P < 0.01; Supplementary Fig. S3).

Metabolic rate
As expected, at 36 months of treatment all groups showed higher heat
(kcal/h) values during lights on when animals were awake than during
lights off when animals were asleep (Fig. 5A). Neither total daily energy
expenditure or BMR showed any effects of T- or WSD-treatments
and no post hoc differences were observed between the groups
(Fig. 5B). The RQ is a measure of fuel source being oxidized and all
four groups had RQ values between 0.7–1.0 indicating a mixture of
carbohydrates and fat was being oxidized (Fig. 5C), with a spike at the
09:00 morning meal. The average daytime RQ was not significantly
affected by T- or WSD-treatments; however, the average nighttime
RQ was reduced by WSD-treatment (diet: Mann–Whitney P < 0.01),
consistent with more fat oxidation in animals consuming a WSD com-
pared to chow-fed animals (Fig. 5D).

Physical activity
Activity decreased significantly (P < 0.01) over the 36-month treat-
ment period as monkeys progressed through adolescence (Fig. 6).
There was a significant effect of T- (P = 0.02) and WSD-treatments
(P = 0.05) to alter the rate of decline in activity during adolescence
(Fig. 6), but no significant interaction between T and WSD. A repeated-
measures general linear model with a polynomial decomposition of the
within-subject contrasts was done, and the quadratic factor was signifi-
cant for T versus cholesterol implant (P = 0.03). Further analyses of the
changes in activity in the first half versus the second half of the study,
indicated that the altered rate of decline appeared due in part to an
effect of T-treatment to delay the initial pubertal decline in activity
followed by a more rapid decline in the second half of the treatment
period (Figs 6 and 7). The control animals showed a similar percent
decrease in activity for the first half of the treatment period (0–18
months) and the second half of the treatment period (18–36 months;
Fig. 7). T-treatment had the effect to reduce the decline in activity in
the first half of the study (0–18 months) but to increase the decline in
activity in the second half of the study (18–36 months; Fig. 7). This
effect was strongest in the T + WSD group, which showed a signifi-
cantly greater percent decrease in activity in the second half of the
study compared to the first half (paired t-test, P < 0.01).

Discussion
The current study provides critical evidence that combined hyperan-
drogenemia and a WSD increases metabolic dysfunction in young
adult female nonhuman primates compared to either treatment alone.
These treatments seem to have combined effects to increase weight
and fat mass gain over the three-year treatment interval. Interestingly,
this increase in fat mass was associated with a significant increase in fat
accumulation in the android region, which is highly associated with
insulin resistance (Carey et al., 1996). Consistent with this finding, T +
WSD treated animals maintain relative euglycemia but demonstrate
hyperinsulinemia as well as an elevated HOMA-IR. These data indicate
that the T + WSD group likely has increased insulin resistance,
although hyperinsulinemic clamp studies are needed to further validate
this assertion. Surprisingly, T and WSD treatments in isolation had
minimal effects on parameters of body composition and insulin sensi-
tivity, as demonstrated by a lack of significant differences between
these groups and the control animals. The combined T + WSD

Figure 3 Testosterone (T) +WSD increases fat accumulation in the
android region. DEXA analysis of fat in the android (A) and gynoid (B)
regions was calculated as a percentage of the total fat. Significant effects
of diet, T-treatment or interactions over time as determined by two-
way ANOVA for android fat are presented as text within the graphs.
Different letters denote significant differences between groups as deter-
mined by Tukey’s multiple comparison post hoc analysis. DEXA, dual-
energy X-ray absorptiometry.
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treatment did not appear to alter food intake or BMR; however, T +
WSD animals did show the greatest decline in activity in the latter half
of the study. In particular, T-treatment appeared to delay the puberty-
associated decline in activity for the first 18 months of treatment and
then cause a more rapid decline in activity in the second 18 months.
These findings are the first in a controlled animal model to assess how
hyperandrogenemia in the peripubertal interval and beyond interacts
with a WSD to affect metabolism in young adult female macaques.
The T dosing of the current study was chosen to mimic the 3- to

4-fold increase in total T observed in hyperandrogenemic peripubertal
girls at risk for the development of PCOS (Apter et al., 1994;
McCartney et al., 2006, 2007). However, it appears that control T-
values were lower than anticipated in vehicle-treated animals, such
that the achieved serum level of 1.35 ng/ml represents closer to a
5-fold increase in total T over control females. On average post-

pubertal women with PCOS demonstrate more modest increases in
testosterone, in the range of 2-fold increases (Hahn et al., 2005;
Diamanti-Kandarakis and Panidis, 2007; Dumesic et al., 2016); there-
fore, the elevation in the current study is potentially greater than that
observed clinically in adults. However, a study characterizing obese
PCOS patients reported total T levels averaging 1.2 ng/ml, similar to
values reported here (Eagleson et al., 2003). In addition, there remains
controversy on the normal range of testosterone in women, since low
testosterone levels are difficult to detect with conventional immunoas-
says (Boots et al., 1998), leading to the need to validate by more accur-
ate LC-MS as done in the current study. It remains possible that normal
women have lower T levels than previously estimated and thus PCOS
represents greater than a 2-fold increase in total T levels. T-treatment
did produce expected physiological effects such as an increase in lean
mass consistent with the known anabolic role of T. Therefore, we

Figure 4 Testosterone (T) +WSD treated animals show decreased insulin sensitivity. Fasting glucose (A), insulin (B) and HOMA-IR (C) were evaluated
at time 0 and following 1, 3, 6, 12, 18, 24 and 36 months of control (C), T, WSD and T +WSD treatment. Values are the mean ± SEM with n = 10/group.
Glucose and insulin curves at time 0 (D) and following 36 months of treatment (E) following an intravenous GTT, with glucose injection immediately following
the time = 0 blood collection. GTTs were performed at time 0 and following 1, 3, 6, 12, 18, 24 and 36 months of treatment and glucose and insulin AUC (F)
was calculated for each. Significant effects of diet, T-treatment or interactions over time as determined by a mixed models ANOVA are presented as text
within the graphs. Tukey’s multiple comparison post hoc analysis: *T+WSD significantly different from C, T andWSD groups; #T +WSD significantly different
from C and T groups; $WSD group significantly different from T group; xT +WSD significantly different from C andWSD groups.

1886 True et al.



Figure 5 Indirect calorimetry at 36 months of treatment. Hourly averages of heat (kcal/h) are shown for a 24-h sampling period (A) in control (C),
testosterone (T), WSD and T + WSD groups. Total daily energy expenditure was calculated as the sum of hourly averages of heat (kcal/h). BMR was
the average of heat values between 01:00-05:00 am when animals are asleep (B). Both measures were log transformed to correct for normality. The
hourly RQ is shown for the same 24-h sampling period (C) and average RQ for day and nighttime were analyzed (D). Values are the mean ± SEM with
n = 10/group. Mann–Whitney significance finding for the nighttime RQ is presented as text within the graph. RQ, respiratory quotient.

Figure 6 Pubertal-associated decline in activity across the 3-year treatment period. Daily activity was averaged for each month of treatment and
values were log transformed to correct for normality. The mean monthly activity curves are presented as solid lines, and the dotted lines shows the lin-
ear regression. The shaded region associated with each represents the 95% CIs. C, control; T, testosterone; WSD, western-style diet.
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believe T levels achieved in the current study were in the high patho-
physiological range and provide a valid model to understand how hyper-
androgenemia in young women affects metabolism.
Surprisingly, the group of female macaques treated with WSD alone

had limited metabolic impairments during the 3-year treatment interval
compared to the C group. A number of factors could have led to this
finding. The first is that the WSD for nonhuman primates was originally
designed to mimic a typical American diet and as such had significantly
fewer calories from fat (36%) than high-fat diets typically used in
rodents studies (up to 60% of calories from fat) (Wagner et al., 2009;
Hariri and Thibault, 2010). Previous work utilizing the same WSD in
adult macaques required animals to be maintained on the WSD for a
minimum of 2–4 years to develop obesity in the majority of animals
prior to study (McCurdy et al., 2009; Grant et al., 2012). This brings us
to a second potential explanation, which is that the monkeys in the
current study were examined during adolescence while they were still
growing and thus likely to be less sensitive to the obesogenic effects of
the diet. We hypothesize that once activity has reached lower adult
levels and animals cease growing, the obesogenic effects of the WSD
will become more prominent. Previous research demonstrates that a
consistent proportion of monkeys remain resistant to the obesogenic
effects of this WSD despite prolonged exposure (McCurdy et al.,
2009) and this heterogeneity was present in T + WSD group
(Supplementary Fig. S1). A subset of animals in this group do signifi-
cantly worse metabolically, while others remain near control levels in
terms of weight and measures of insulin sensitivity. This variability in
phenotypes is not unlike that observed in PCOS patients, where obes-
ity and insulin resistance are seen in the majority but not all patients.

Last, the combined WSD and T + WSD groups did reveal overall
effects of WSD on BMI, change in fat mass, fasting glucose, insulin and
HOMA-IR. Although this appears largely driven by changes in the T +
WSD group, as demonstrated by a lack of post hoc significance
between C and WSD groups, we cannot exclude the possibility that
small changes in the WSD group are also present and contributing to
this finding.
Adolescent animals in the T alone group had relatively few differ-

ences from control animals in measures of body composition and insu-
lin sensitivity. This is in contrast to previous work finding subtle but
consistent metabolic impairments following prenatal androgen expos-
ure in mice, sheep and primate models (Eisner et al., 2002; Manikkam
et al., 2004; Recabarren et al., 2005; Roland et al., 2010). The lack of
metabolic effects of T in the current study using a later peripubertal
window of T exposure, could indicate that the prenatal developmental
period is more sensitive to T effects on metabolism. Consistent with
this hypothesis, administration of T beginning at 1 year of age in non-
human primates was previously found to have little effect on insulin
sensitivity (McGee et al., 2012). While the T group was largely
unchanged compared to the C group, analysis of T-treatment as a fac-
tor, grouping both T and T + WSD groups together, frequently found
detrimental effects of T-treatment on body composition measures.
Similar to the WSD effects, it remains possible that continued hyper-
androgenemia in isolation would result in metabolic impairments, but
that these were simply not detectable in relatively young animals fol-
lowing only 3 years of treatment. However, given that post hoc analysis
frequently revealed the T + WSD to be the only group different from
controls, it is also possible that this group alone drove T-treatment
effects. Significant synergistic effects of T and WSD were observed in
gained weight and fat mass, indicating that weight gain was greater
than the expected additive effects of T- and WSD-treatments in isola-
tion. Regardless of whether statistics provided evidence of a synergistic
or additive effects, the current results clearly demonstrate a worse
metabolic outcome for T + WSD animals than animals exposed to
either T or WSD alone.
One measure that did demonstrate a clear and strong effect by

T-treatment was the altered pattern of the puberty-associated decline
in activity. Throughout life, animals of all species experience a steady
decline in physical activity (Sallis, 2000). Moreover, the sharpest
decline in activity typically occurs during adolescence (Nelson et al.,
2006; Dumith et al., 2011; Majid et al., 2016). Individuals who have
more severe declines in physical activity during adolescence are
reportedly at greater risk for obesity and diabetes (Davison and Birch,
2001; Kimm et al., 2002). Following this reasoning, monkeys who
experienced a greater activity decline in this study would be at greater
risk for obesity and metabolic dysregulation, as we found. Low levels
of physical activity are closely associated with increases in body weight
in both adolescent and adult human females (Ekelund et al., 2002; Janz
et al., 2002; Abbott and Davies, 2004; Sternfeld et al., 2005) and
animal models (Brownlow et al., 1996; Sullivan et al., 2006). In the cur-
rent study, T-treatment caused an apparent delay in the puberty-
associated decline in activity in the first 18 months of the study and a
more dramatic decline in activity in the latter 18 months of the study.
Notably, this altered pattern of activity appears most severe in the T +
WSD group. This would argue that hyperandrogenemia itself may con-
tribute to increased adiposity by decreasing activity and energy
expenditure, but only in the presence of a WSD did this lead to

Figure 7 The percent decrease in activity between the first and
second 18 months of the treatment period. Monthly average activity
data was log transformed then the percent change in activity was calcu-
lated between time 0 and following 18 months of treatment (0–18
months) and between 18 and 36 months of treatment (18–36 months)
for controls (C), testosterone (T), WSD and T + WSD treatments.
Values presented are the mean ± SEM with n = 10/group. Two-way
ANOVA significance findings are presented as text within the graph.
Different uppercase letters denote significant differences between
groups during the 0–18 month period, while different lowercase letters
denote significant differences between groups during the 18–36-month
period as determined by Tukey’s multiple comparison post hoc ana-
lysis. Asterisk denotes significant difference in the T + WSD group
between the 0–18 and 18–36 time points by paired t-test.
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significant increases in weight gain and signs of insulin resistance.
Consistent with this hypothesis, we observed that the timing of weight
gain in T + WSD animals appears to coincide with the accelerated
decrease in activity. We propose a general timeline of rapid pubertal
decline in activity followed by gains in body weight and fat mass fol-
lowed eventually by early signs of insulin resistance in T + WSD
animals.
The mechanism for the combined effects of T and WSD on weight

gain is unclear. Although the decline in activity in the latter 18 months
of the study was greatest in the T +WSD group, there were no syner-
gistic effects of the T and WSD treatments on activity. Additionally,
the T group was relatively normal metabolically but had a similar
change in activity to the T + WSD group; therefore, it is unlikely
changes in activity fully account for the worsened metabolic phenotype
in the T + WSD group. Of note, the current results are consistent
with previous findings of worsened metabolic outcomes in the pres-
ence of combined T and an obesogenic environment, including our
pilot project preceding the current study (McGee et al., 2014). One
hypothesis for the synergistic effect on weight gain is that androgens
and WSD both influence adipose tissue physiology and potentially
interact at this tissue to drive metabolic dysfunction. The hypothesis
that T and WSD specifically interact at the level of adipocytes was
explored in the current cohort of animals and reported in a companion
paper by Varlamov et al. (2017).
The current paper along with the companion article (Varlamov

et al., 2017) represents a comprehensive analysis of the effects of
chronic hyperandrogenemia and/or WSD beginning at puberty to
drive symptoms of PCOS. Importantly this model was also utilized to
assess the impact of these treatments on ovarian and uterine function
to categorize any reproductive dysfunction as well (manuscripts in
preparation). The current model could be used to address multiple
additional questions surrounding PCOS. For example, it has been
hypothesized that puberty is a critical period for the programming of
PCOS. Reversal of hyperandrogenemia, WSD or both in the current
model could determine what if any defects persist after the removal of
exogenous steroids and/or WSD. Understanding if puberty repre-
sents a critical period for the development of PCOS could significantly
shift the therapeutic window for this disorder, particularly for high-risk
populations such as obese hyperandrogenemic peripubertal girls.
Finally, this model is currently being utilized to study fertility and exam-
ine how PCOS-like conditions affect implantation and gestation in
mothers, as well as early metabolic function in the offspring and repro-
ductive function later in life, illuminating the potential transgenerational
transmission of PCOS.

Supplementary data
Supplementary data are available at Human Reproduction online.
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