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Abstract: As in women with polycystic ovary syndrome (PCOS), hyperinsulinemia is associated with
anovulation in PCOS-like female rhesus monkeys. Insulin sensitizers ameliorate hyperinsulinemia
and stimulate ovulatory menstrual cycles in PCOS-like monkeys. To determine whether hyperin-
sulinemia (>694 pmol/L), alone, induces PCOS-like traits, five PCOS-like female rhesus monkeys
with minimal PCOS-like traits, and four control females of similar mid-to-late reproductive years and
body mass index, received daily subcutaneous injections of recombinant human insulin or diluent for
6–7 months. A cross-over experimental design enabled use of the same monkeys in each treatment
phase. Insulin treatment unexpectedly normalized follicular phase duration in PCOS-like, but not
control, females. In response to an intramuscular injection of 200 IU hCG, neither prenatally androge-
nized nor control females demonstrated ovarian hyperandrogenic responses while receiving insulin.
An intravenous GnRH (100 ng/kg) injection also did not reveal evidence of hypergonadotropism.
Taken together, these results suggest that experimentally induced adult hyperinsulinemia, alone, is
insufficient to induce PCOS-like traits in female rhesus monkeys and to amplify intrinsic PCOS-like
pathophysiology.

Keywords: developmental programming; testosterone; prenatally androgenized; ovarian
hyperandrogenism; non-human primate model; oligomenorrhea

1. Introduction

Polycystic ovary syndrome (PCOS) is the most common endocrinopathy underly-
ing anovulatory infertility in reproductive-aged women [1,2], and is characterized by
ovarian hyperandrogenism, oligo-anovulation, and polycystic ovaries [3–5]. Endogenous
hyperinsulinemia, found in most women with PCOS [3,5–9] with or without obesity, has
been confirmed in several studies [9–13] and is associated with hyperandrogenic anovu-
lation [7,14]. Compensatory pancreatic hyperinsulinemia, due to insulin resistance in
metabolic target tissues (i.e., adipose, skeletal muscle and liver), enhances PCOS phe-
notypic expression [9,15–18] and pathogenic metabolic sequelae [13]. In PCOS women,
moreover, diminished insulin-mediated glucose uptake in ovarian [19] and non-ovarian
organ tissues [7,9,20], is accompanied by normal ovarian steroidogenic responsiveness
to insulin [21–23], possibly through an alternative inositolglycan signal transduction sys-
tem [24].
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Clinical studies of obese women with PCOS, employing weight loss programs [25–27],
bariatric surgery [28], insulin-sensitizing agents in obese and non-obese patients [24,29–32],
anti-androgens [33,34] and mental health intervention [35], have diminished insulin resis-
tance and improved ovulatory function. Such weight loss strategies, however, while reduc-
ing hyperinsulinemia from insulin resistance [25–27], also alter metabolic and adipocyte
functions through leptin and/or adiponectin production [36,37], with subsequent actions
on ovarian steroidogenesis [35,38] and/or folliculogenesis [39]. Insulin-sensitizing thera-
pies can also have additional direct effects on ovarian function [22,40–45]. Thiazolidine-
diones inhibit androgen while stimulating progesterone production in human ovarian
cultures in the absence of insulin exposure [46,47]. The commonly used insulin-sensitizer
and anti-gluconeogenic agent metformin [31,48] inhibits steroidogenesis in both human
granulosa and theca cells in vitro [41,49–51], while inositols enhance follicle-stimulating
hormone (FSH)-stimulated estradiol release from ovarian granulosa cells and reduce cir-
culating testosterone levels [42–45]. Thus, while inducing ovulation in PCOS women,
insulin-reducing therapies have additional effects on ovarian function that may benefit
induction of ovulatory menstrual cycles [52,53]. Taken together, these findings from women
with PCOS provide circumstantial evidence that implicate hyperinsulinemia from insulin
resistance with PCOS traits, including hyperandrogenic anovulation.

Due to the risks of hypoglycemia and weight gain, no studies have investigated
the hypotheses that experimentally controlled, long-term exogenous insulin treatment
engenders PCOS in healthy women, and/or amplifies the severity of PCOS phenotypic
expression. Intensive insulin therapy, nevertheless, is essential for clinical management
of women with type 1 diabetes (T1D) who are insulin sensitive [54], and for women
with T2D who have pronounced insulin resistance [55]. Twenty-four percent of women
with T1D exhibit PCOS [56], comparable to PCOS incidence in women with T2D [57].
Prevalence of PCOS in women with diabetes is thus notably higher than PCOS prevalence
in women without diabetes [39,52,56]. In addition, women with T1D or T2D exhibit a
higher than typical incidence of hyperandrogenism (25%, 20%, respectively, compared to
healthy women) and irregular menstrual cycles (24%, 18%), as key diagnostic criteria for
PCOS [57], thus implicating exogenous insulin therapy in the pathogenesis of PCOS [39].
Exogenous insulin therapy, nevertheless, is associated with PCOS in a minority of women
with either T1D or T2D [39,57,58]. In women with T1D, moreover, signs and symptoms of
androgen excess are milder than would be typical for women with PCOS, while circulating
sex hormone-binding globulin (SHBG) concentrations are normal, instead of being reduced
as in PCOS [58,59], suggesting additional factor(s) separate from hyperinsulinemia as key
to PCOS pathogenesis [13,39,60].

Adiposity-associated hyperinsulinemia is linked with an ~80% incidence of anovu-
lation in adult PCOS-like female rhesus monkeys [61] that were previously exposed to
early- to mid-gestational testosterone excess. Conversely, PCOS-like female monkeys with
normal circulating insulin levels exhibit only 21% incidence of anovulation [61], outside
summer months of oligomenorrhea in this seasonally breeding species [62]. Such an asso-
ciation between elevated circulating insulin levels and anovulation is of particular note,
since PCOS-like monkeys exhibit many of the reproductive and metabolic defects found
in women with PCOS [63,64], implying a fetal origin for the syndrome [65,66]. Adult
female rhesus monkeys, with highly comparable reproductive and metabolic physiology
and pathophysiology to women, can exhibit naturally occurring T1D [67,68], T2D [69]
and PCOS-like traits [70], as well as demonstrating gestational testosterone induction of
PCOS-like traits in female monkeys [61], thus providing unparalleled animal models to
functionally test whether administration of exogenous insulin, alone, can induce PCOS-like
traits.

Equally important, the risk of inducing insulin-mediated hypoglycemia in PCOS-like
and control (healthy, regularly cycling) monkeys with intact counter-regulatory mecha-
nisms (i.e., glucagon, epinephrine and glucocorticoids) is minimal because maintaining
monkeys in stable, social and physical environments, with controlled, routine provision of a
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balanced diet, allows progressive increases in insulin amounts injected daily, together with
twice-daily monitoring of blood glucose concentrations to reduce the risk of hypoglycemia
from exogenous insulin administration [71–73], as has been reported for humans with
T2D [55,74]. Thus, in this cross-over designed study, in which the same monkeys were
employed in both arms of this study, we administered daily insulin or placebo subcu-
taneous injections to both control and PCOS-like female monkeys for 6 to 7 months to
experimentally increase circulating insulin (1) to levels that match or exceed those levels
associated with anovulation in PCOS-like monkeys [61]; (2) potentially inducing ovarian
hyperandrogenism, hypergonadotropism and weight gain; (3) impairing ovulatory func-
tion; and (4) replicating a PCOS-like phenotype in female non-human primates [63]. To
detect these reproductive impairments, only PCOS-like female monkeys that exhibited
minimal menstrual cycle and metabolic PCOS-like traits were selected for study. Such selec-
tion criteria were expected to generate a PCOS-like monkey group that exhibited minimal
adult androgenic and LH excess, similar to ovulatory women with PCOS [13,75,76], prior
to chronic insulin treatment. All monkeys underwent the same series of reproductive and
metabolic observations and challenge tests within each arm of this study.

2. Results
2.1. Metabolic Observations
Glucoregulatory Effects of Chronic Insulin Therapy

Morning fasting circulating levels of insulin first exceeded the target level of 694.5 pmol/L
after 62.0 ± 27.9 days (mean ± SEM; ~2 months) and 26.8 ± 12.0 days (~1 month) in control
and PCOS-like female monkeys, respectively (p ≤ 0.25). Attaining this target circulating
insulin level required similar doses of humulin U ultralente in both female groups (control:
9.0 ± 1.5 U/day, PA: 7.8 ± 1.7 U/day; p ≤ 0.63). These daily doses of humulin U ultralente
resemble those given in partial insulin treatment of naturally occurring T2D in adult rhesus
monkeys at Wisconsin National Primate Research Center (WNPRC) (6–20 U/day), and
these diabetic animals also received the same daily dose of intermediate-acting human
insulin (NPH) [77], and both insulin preparations and diluent were clinically approved for
use when this study was undertaken. As illustrated in Table 1, fasting serum insulin levels
were increased (p < 0.01) by daily insulin injections, reaching median levels of 1219 and
745 pmol/L in insulin-treated control and PCOS-like monkeys, respectively, during the
6 month insulin treatment phase, compared to a 6 month median of 509 and 364 pmol/L
in the diluent treatment phase, respectively, in the same female groups. Only gradual
alterations in insulin doses were required to maintain target insulin elevations across the
6–7 month treatment phase, with insulin doses at the end of the treatment period either
minimally changed (control females: 8.8 ± 2.2 U/day) or increased by ~50% (PCOS-like
females: 12.2 ± 1.2 U/day), the latter suggesting a more pronounced degree of insulin
resistance in PCOS-like female monkeys. There were no significant variations in circulating
insulin levels in either female group once the target circulating level was exceeded. As
indicated in Table 1, circulating insulin levels in females receiving insulin exceeded those
for females receiving placebo injections in both female groups between months 2–6 of
treatment.

In examining the acute increase in circulating insulin levels following daily insulin in-
jections (during the 3rd–5th 30 day period or menstrual cycle at approximately 3–5 months
of treatment), circulating insulin levels rose (p ≤ 0.02, Bonferroni corrected for six compar-
isons) above morning basal levels by ~364% and ~32% in control and PCOS-like females,
respectively (Table 2), 4 h after daily insulin injections. The insulin injections induced a
greater (p < 0.01) daily rise in circulating insulin levels in both female groups compared to
those observed following diluent injections (Table 2).
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Table 1. Morning fasted serum insulin and glucose values (mean ± SEM) between 630 h and 930 h,
as well as afternoon glucose levels at ~1500 h, in control (n = 4), and PCOS-like (n = 5), adult female
rhesus monkeys at baseline (0 months) and during 1–6 months of insulin and diluent treatments.
Monkeys each received six months of insulin treatment followed or preceded by six months of diluent
(vehicle) treatment as part of a cross-over experimental design.

Hormone Treatment Time (Months) Following Study Onset
Female Group 0 1 2 3 4 5 6

Fasted insulin (pmol/L)
Diluent group

Control 160 ± 12 333 ± 35 397 ± 30 374 ± 66 270 ± 25 215 ± 3 220 ± 4
PCOS-like 375 ± 71 305 ± 40 371 ± 92 410 ± 78 337 ± 48 220 ± 2 216 ± 3

Insulin group a

Control 182 ± 49 338 ± 106 557 ± 98 622 ± 130 841 ± 195 880 ± 115 890 ± 106
PCOS-like 267 ± 91 403 ± 105 442 ± 123 610 ± 102 793 ± 151 926 ± 52 996 ± 36

Fasted glucose (mmol/L)
Diluent group

Control 3.1 ± 0.1 3.1 ± 0.1 3.0 ± 0.1 3.0 ± 0.1 3.0 ± 0.1 3.2 ± 0.1 3.2 ± 0.1
PCOS-like 2.9 ± 0.1 3.2 ± 0.2 3.0 ± 0.2 3.1 ± 0.2 3.3 ± 0.2 3.4 ± 0.2 3.3 ± 0.2

Insulin group b

Control 2.9 ± 0.2 3.0 ± 0.1 2.8 ± 0. 2.8 ± 0.2 3.2 ± 0.1 3.2 ± 0.1 3.3 ± 0.1
PCOS-like 5.3 ± 1.5 5.1 ± 1.3 4.1 ± 0.8 4.6 ± 1.0 5.4 ± 1.3 5.1 ± 0.8 4.7 ± 0.9

Afternoon glucose (mmol/L)
Diluent group

Control 3.2 ± 0.3 3.0 ± 0.1 3.0 ± 0.1 3.1 ± 0.1 3.1 ± 0.1 3.3 ± 0.1 3.4 ± 0.1
PCOS-like 3.0 ± 0.1 3.3 ± 0.1 3.3 ± 0.2 3.3 ± 0.1 3.4 ± 0.2 3.4 ± 0.2 3.5 ± 0.2

Insulin group c

Control 3.2 ± 0.3 3.2 ± 0.3 3.1 ± 0.1 3.2 ± 0.1 3.3 ± 0.1 3.2 ± 0.1 3.4 ± 0.1
PCOS-like 5.7 ± 1.3 6.3 ± 2.2 6.0 ± 2.1 6.2 ± 2.3 5.8 ± 1.9 5.4 ± 0.2 5.5 ± 1.9

a p < 0.01 vs. diluent for PCOS-like and control females, as well as all time points, combined. b p < 0.01 vs.
diluent, for PCOS-like and control females combined. c p < 0.01 vs. diluent in PCOS-like females alone (Bonferroni
corrected for two comparisons).

Table 2. Mean ± SEM circulating serum insulin levels (pmol/L) over a single 24 h period following
daily diluent or insulin injection at 0 h, immediately before the 1st daily feeding and well before the
2nd feeding of the day at ~1500 h (approximately 7–8 h after daily insulin injection). The assessment
was made during the follicular phase of a menstrual cycle or anovulatory period at ~3–5 months
following each treatment onset.

Female Treatment Groups Hours
0 h

Following
2 h

Daily
4 h

Injection
24 h

Control diluent (n = 4) 373 ± 79 743 ± 240 961 ± 261 476 ± 110
Control insulin a (n = 4) 972 ± 321 672 ± 44 3966 ± 1340 b 964 ± 244 c

PCOS-like diluent (n = 5) 522 ± 193 925 ± 192 826 ± 214 517 ± 152
PCOS-like insulin a (n = 5) 760 ± 90 2125 ± 830 1345 ± 387 b 927 ± 325 c

a p < 0.01 vs. diluent (when control and PCOS-like female monkeys are combined); b p < 0.02 vs. 0 h and 2 h
(when control and PCOS-like female monkeys are combined); c p < 0.01 vs. 4 h (when control and PCOS-like
female monkeys are combined).

Not surprisingly, while receiving daily insulin injections, fasted morning glucose levels
were reduced (p < 0.04) by ~5.6% and ~4.9% in control and PCOS-like females, respectively,
as well as an afternoon glucose decrease of 3.8% in controls and of 11.9% in PCOS-like
monkeys compared to values achieved when the same monkeys received diluent injections
(Table 1). Mean blood glucose values during insulin therapy, nevertheless, were 3.6 and
4.5 mmol/L in control and PCOS-like monkeys, respectively, in comparison to 3.8 and
5.0 mmol/L, respectively, in the same monkeys while receiving placebo injections, and
notably greater than the 50th (3.3 mmol/L) percentile for morning fasted circulating glucose
levels found in 134 non-diabetic, adult rhesus monkeys at WNPRC [73].
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2.2. Metabolic Challenge Tests
Frequently Sampled Intravenous Glucose Tolerance Tests (FSIGTT) and Minimal Modeling

Monkeys received an FSIGTT during either the 3rd–4th menstrual cycle or anovula-
tory 30 day period from treatment onset (at ~3–4 months of treatment). Despite chronic
exogenous insulin treatment, there were no significant changes in measures of either insulin
sensitivity (SI) or glucose clearance (KG), as estimated by the Minimal Model of Bergman
(Table 3) [78]. As expected, nevertheless, chronic insulin therapy elevated basal insulin
levels (p ≤ 0.009) and area-under-the-curve insulin values between 0 and 180 min following
glucose infusion (AUCINS(0–180 min)) values (p ≤ 0.04) above those found during diluent
treatment in both female groups (Table 3). Despite exogenous insulin treatment, basal C-
peptide values and glucose- and tolbutamide-stimulated C-peptide AUCs were unaltered
(p-values all ≤ 0.18) in both control and PCOS-like female monkeys, suggesting a lack of
suppression of endogenous beta cell insulin secretion induced by exogenous insulin excess.

Table 3. Minimal model and additional parameters (mean ± SEM) derived from frequently sampled,
IV glucose tolerance tests administered during the follicular phase of the 3rd–4th menstrual cycle or
30 day anovulatory period (~3–4 months) from treatment onset for each of the diluent and insulin
treatment phases in control (n = 4) and PCOS-like (n = 5) female rhesus monkeys.

Parameters
Control Monkeys PCOS-like Monkeys

Diluent Insulin Diluent Insulin

Gb (mmol/L) 3.2 ± 0.2 3.6 ± 0.6 3.5 ± 0.2 2.2 ± 0.6
Ib (pmol/L) 294 ± 117 478 ± 139 a 204 ± 117 557 ± 139 a

Kg (%/min) 9.8 ± 1.5 4.9 ± 0.9 5.0 ± 1.5 4.4 ± 0.9
Sg (×10−2/min) 4.1 ± 1.1 5.4 ± 1.0 4.1 ± 1.1 4.8 ± 1.0

SI (×10−5/min/pmol/L) 2.0 ± 1.8 1.6 ± 0.9 3.9 ± 1.8 2.2 ± 0.9
DI (×102/min) 4.8 ± 2.3 3.0 ± 0.7 b 4.8 ± 2.3 0.6 ± 0.7 b

AIRg (pmol/L) 251 ± 58 233 ± 48 c 134 ± 58 37 ± 48 c

AIRtol (pmol/L) 276 ± 72 520 ± 117 242 ± 72 143 ± 58
AUCINS (0–19)

(pmol/L × 19 min × 103)
38 ± 91 60 ± 11 27 ± 91 d 18 ± 11 d

AUCINS (22–180)
(pmol/L × 158 min × 103)

84 ± 38 183 ± 58 63 ± 38 97 ± 58

AUCINS (0–180)
(pmol/L × 180 min × 103)

123 ± 44 244 ± 69 e 90 ± 44 115 ± 69 e

AUCGLU (0–19)
(mmol/L × 19 min) 204 ± 11 237 ± 20 206 ± 11 211 ± 20

AUCGLU (22–180)
(mmol/L × 158 min) 503 ± 48 585 ± 100 547 ± 48 585 ± 100

AUCGLU (0–180)
(mmol/L × 180 min) 716 ± 50 819 ± 115 752 ± 50 796 ± 115

Basal C-peptide
(nmol/L) × 10−1 1.9 ± 0.6 1.1 ± 1.4 1.6 ± 0.6 5.3 ± 1.4

AUCc-pep (0–180)
(nmol/L × 180 min) 33.3 ± 11.2 31.7 ± 2.7 29.3 ± 7.3 98.3 ± 29.0

a p < 0.01 vs. diluent, when control and PCOS-like female monkeys are combined; b p < 0.02 vs. diluent, when
control and PCOS-like female monkeys are combined; c p < 0.02 vs. diluent, when control and PCOS-like female
monkeys are combined; d p < 0.03 vs. control female monkeys, when diluent and insulin phases are combined;
e p < 0.04 vs. diluent, when control and PCOS-like female monkeys are combined.

Despite a slight reduction in morning fasted glucose levels induced by insulin therapy,
basal glucose levels and all AUCGLU values during the FSIGTT were unaffected (Table 3).
Insulin therapy associated decrements (p ≤ 0.02) in acute insulin response to glucose (AIRg)
probably contributed to the accompanying decrease (p ≤ 0.02) in disposition index (DI)
exhibited by both female groups (Table 3), and both were likely consequences of artificially
elevated baseline insulin values due to insulin injections. The lower (p ≤ 0.03) AUC for
insulin immediately following infusion of glucose (AUCINS (0–19)) found only in PCOS-
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like monkeys, regardless of treatment, may reflect a previously reported impaired insulin
response to glucose in these females indicative of failing pancreatic beta cell compensa-
tion [79,80].

Incubation of 125I-radiolabeled human insulin with assay buffer, rhesus serum qual-
ity control samples, and serum samples from individual PCOS-like and control females
6–7 months after treatment onset revealed little serum binding of insulin above that of
assay buffer or rhesus quality control serum. Specific binding ranged from 0 to 2.7% and
0.3 to 24.6% in PCOS-like and control, females, respectively, with only one control female
exhibiting serum specific binding of insulin above 3.0%. The latter single control female
with notable serum binding capacity for insulin, however, exhibited similar glucoregulatory
and reproductive outcomes to the remainder of the control group. Thus, there appeared to
be little experimentally induced serum binding of insulin in either PCOS-like or control
monkeys during 6–7 months of daily injections with exogenous recombinant human insulin,
and thus no obvious evidence for serum neutralization of exogenous insulin treatment.

2.3. Body Weights and Blood Chemistry Panels

Body weights did not differ between groups either at the beginning or cessation of
treatments (Table 4). Total cholesterol, triglyceride and liver enzyme values were compa-
rable between female groups and across treatments (Table 4) and typical for adult female
monkeys [81].

Table 4. Mean (± SEM) body weight, lipid and liver enzyme values at baseline and after 6–7 months
(mo) of diluent or insulin treatment in adult female control (n = 4) and PCOS-like (n = 5) rhesus
monkeys.

Diluent
Baseline

Diluent
6–7 mo

Insulin
Baseline

Insulin
6–7 mo

Body weight Control (kg) 8.4 ± 0.6 8.8 ± 0.9 8.5 ± 0.3 9.0 ± 0.6
Body weight PCOS-like (kg) 8.8 ± 0.3 8.4 ± 0.4 9.1 ± 0.6 9.5 ± 0.5

Cholesterol Control (mg/mL) 150 ± 13 137 ± 4 172 ± 10 151 ± 7
Cholesterol PCOS-like

(mg/mL) 157 ± 14 162 ± 14 116 140 ± 9

Triglyceride Control (mg/mL) 158 ± 55 55 ± 19 130 ± 36 235 ± 32
Triglyceride PCOS-like

(mg/mL) 191 ± 28 88 ± 42 363 185 ± 95

AST Control (mU/mL) 31 ± 5 36 ± 10 42 ± 7 32 ± 14
AST PCOS-like (mU/mL) 25 22 29 42 ± 2

ALT Control (mU/mL) 33 ± 6 32 ± 4 51 ± 21 33 ± 7
ALT PCOS-like (mU/mL) 43 27 9 20 ± 6

Diluent and insulin baseline: within 1 month before the onset of treatment; AST: aspartate aminotrans-
ferase; ALT: alanine aminotransferase; AST and ALT values without SEM represent mean values of only
two monkeys per treatment group due to lost samples. SI units conversion: cholesterol × 0.0259 mmol/L;
triglyceride × 0.01129 mmol/L. There were no significant differences between female group or treatments.

2.4. Menstrual Cycle

Individual control and PCOS-like monkey menstrual cycle durations and circulat-
ing progesterone levels are illustrated in Figures 1 and 2. As illustrated in Figure 3, in
PCOS-like female monkeys alone, duration of the follicular phase was diminished on
insulin compared to diluent treatment (diluent: 21.9 ± 2.2 days, insulin: 14.5 ± 0.5 days,
p ≤ 0.02). Follicular phase duration was not changed by insulin treatment in control mon-
keys (placebo: 12.0 ± 2.3 days, insulin: 12.1 ± 1.4 days, p ≤ 0.8). Furthermore, follicular
phase duration was longer (p ≤ 0.03) in PCOS-like compared to control female monkeys
during diluent treatment, but was not different during insulin therapy.

In contrast, duration of the luteal phase was not altered (p ≤ 0.8) by insulin treatment
(diluent: control females, 16.0 ± 0.3 days; PCOS-like, 14.1 ± 1.3 days; insulin: control,
15.4 ± 1.0 days, PCOS-like females, 14.4 ± 0.5 days, control vs. PCOS-like: p ≤ 0.2). Over-
all duration of menstrual cycles remained the same (Figure 4; control females: diluent,
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28.8 ± 3.1 days; insulin; 27.4 ± 1.0 days; PCOS-like females: diluent, 34.7 ± 2.6 days,
insulin: 28.7 ± 1.0 days).
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Figure 3. Mean (± SEM) durations of follicular phase, luteal phase and menstrual cycle are illustrated 
for both control (n = 4; diluent: white, insulin: lined) and PCOS-like (n = 5; diluent: black, insulin: 
dotted) female rhesus monkeys. Duration of the follicular phase in PCOS-like monkeys was 
normalized during insulin treatment. a, p < 0.04 vs. control female monkeys receiving diluent; b, p < 
0.04 vs. PCOS-like female monkeys receiving diluent. 

 
Figure 4. Androgen stimulation test. Serum steroid hormone values (mean ± SEM) after 200 IU 
recombinant human chorionic gonadotropin (hCG) intramuscular injection at ~3–5 months 

Figure 3. Mean (± SEM) durations of follicular phase, luteal phase and menstrual cycle are illus-
trated for both control (n = 4; diluent: white, insulin: lined) and PCOS-like (n = 5; diluent: black,
insulin: dotted) female rhesus monkeys. Duration of the follicular phase in PCOS-like monkeys was
normalized during insulin treatment. a, p < 0.04 vs. control female monkeys receiving diluent; b,
p < 0.04 vs. PCOS-like female monkeys receiving diluent.

2.5. Ovarian Androgen Stimulation Test (at ~3–5 Months of Treatment)

There was no evidence of insulin-induced ovarian hyperandrogenism in either female
group following an IM injection of 200 IU recombinant human chorionic gonadotropin
(hCG) given during the 3rd to 5th early follicular phase or 30 day anovulatory period of
treatment. Serum levels of 17αOHP, androstenedione, estradiol and progesterone increased
(p-values ≤ 0.05) and peaked 24 h after hCG injection (Figure 4), but serum values and the
degree of hCG-induced increase did not differ due to insulin treatment or female group.
There were also no insulin treatment effects on steroid hormone ratios (Table 5) indicating
relatively similar LH/CG receptor driven ovarian androgen biosynthesis (androstenedione
to DHEA ratio), progesterone biosynthesis (progesterone to estradiol ratio) and aromati-
zation of testosterone to estradiol (estradiol to testosterone ratio) in control compared to
PCOS-like monkeys, regardless of treatment.

2.6. Gonadotropin-Releasing Hormone (GnRH) Test of Pituitary Gonadotropin Release

Insulin treatment did not alter GnRH-induced increases in circulating luteinizing
hormone (LH) and follicle-stimulating hormone (FSH) in either control or PCOS-like
monkeys in comparison to diluent treatment at 4–6 months following treatment onset. LH
and FSH levels were increased and reached their peak values at 10 min after 20 µg GnRH
intravenous injection in both female groups (FSH: p ≤ 0.03, LH: p ≤ 0.01; Table 6). There
were no GnRH- or treatment-induced changes in the LH:FSH ratio in either female group
(Table 6).
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Figure 3. Mean (± SEM) durations of follicular phase, luteal phase and menstrual cycle are illustrated 
for both control (n = 4; diluent: white, insulin: lined) and PCOS-like (n = 5; diluent: black, insulin: 
dotted) female rhesus monkeys. Duration of the follicular phase in PCOS-like monkeys was 
normalized during insulin treatment. a, p < 0.04 vs. control female monkeys receiving diluent; b, p < 
0.04 vs. PCOS-like female monkeys receiving diluent. 

 
Figure 4. Androgen stimulation test. Serum steroid hormone values (mean ± SEM) after 200 IU 
recombinant human chorionic gonadotropin (hCG) intramuscular injection at ~3–5 months 
Figure 4. Androgen stimulation test. Serum steroid hormone values (mean ± SEM) after 200 IU
recombinant human chorionic gonadotropin (hCG) intramuscular injection at ~3–5 months following
treatment onset. Insulin treatment did not increase any steroid hormone response and values did not
differ between control and PCOS-like female monkeys. Serum levels of 17α-hydroxyprogesterone
(17αOHP), androstenedione, estradiol and progesterone increased (p-values < 0.05) following hCG
injection, and reached peak levels after 24 h. DHEA and testosterone levels were unresponsive
to hCG. Control females: n = 4; diluent treatment, white bars; insulin treatment, lined bars, and
PCOS-like females: n = 5; diluent treatment, black bars; insulin treatment, dotted bars.

Table 5. Mean ± SEM circulating ratios of selected steroid hormones in adult female control (n = 4)
and PCOS-like (n = 5) monkeys during an ovarian androgen stimulation test (intramuscular injection
of 200IU human chorionic gonadotropin at 0 min). Monkeys each received six months of insulin
treatment followed or preceded by six months of diluent (vehicle) treatment as part of a cross-over
experimental design. The ovarian androgen stimulation test was administered 3–5 months after
each treatment onset during an early- to mid-follicular phase of a menstrual cycle or an anovulatory
period.

Hormone Ratio Treatment Time (Hours) Following 200IU Intramuscular Injection of rhCG
Female Group 0 24 48 72

Androstenedione:Dehydroepiandrosterone
Diluent
Control 6.8 ± 1.6 6.5 ± 2.9 7.7 ± 2.1 17.4 ± 11.0

PCOS-like 2.7 ± 0.2 6.3 ± 1.4 4.5 ± 0.9 1.8 ± 0.5
Insulin
Control 2.4 ± 0.8 3.5 ± 1.3 2.8 ± 0.4 2.3 ± 0.5

PCOS-like 7.2 ± 2.1 6.6 ± 2.6 7.8 ± 2.2 5.6 ± 2.4
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Table 5. Cont.

Hormone Ratio Treatment Time (Hours) Following 200IU Intramuscular Injection of rhCG
Female Group 0 24 48 72

Testosterone:Androstenedione × 10−2

Diluent
Control 1.6 ± 0.2 1.9 ± 0.5 2.3 ± 0.6 2.1 ± 0.3

PCOS-like 1.5 ± 0.2 1.2 ± 0.1 1.6 ± 0.4 1.4 ± 0.2
Insulin
Control 1.7 ± 0.5 1.1 ± 0.2 1.1 ± 0.2 1.1 ± 0.1

PCOS-like 1.0 ± 0.4 0.7 ± 0.4 0.9 ± 0.5 0.8 ± 0.4
Testosterone:Estradiol

Diluent
Control 15.4 ± 2.9 11.3 ± 3.2 27.8 ± 12.5 19.8 ± 2.7

PCOS-like 12.4 ± 6.5 7.3 ± 1.5 14.3 ± 1.3 12.3 ± 1.1
Insulin
Control 18.7 ± 5.9 8.3 ± 2.6 14.5 ± 5.5 11.9 ± 3.5

PCOS-like 22.3 ± 6.8 15.5 ± 8.3 19.1 ± 6.6 25.3 ± 10.9
Estradiol:Progesterone ×

10−2

Diluent
Control 23.5 ± 11.5 2.7 ± 0.9 10.0 ± 8.3 8.0 ± 4.4

PCOS-like 38.9 ± 17.3 7.9 ± 2.5 4.5 ± 1.0 4.0 ± 0.3
Insulin
Control 11.3 ± 6.4 4.3 ± 1.4 3.0 ± 0.9 5.9 ± 1.5

PCOS-like 4.3 ± 1.3 4.4 ± 1.4 3.6 ± 1.0 3.3 ± 1.6
There were no significant differences between female group or treatments.

Table 6. Mean ± SEM circulating LH and FSH levels, and LH:FSH ratio in adult female control
(n = 4) and PCOS-like (n = 5) monkeys following 20 µg gonadotropin-releasing hormone (GnRH)
intravenous injection at 0 min. Monkeys each received 6–7 months of insulin treatment followed or
preceded by 6–7 months of diluent (vehicle) treatment as part of a cross-over experimental design.
GnRH was administered 4–6 months after each treatment onset during an early- to mid-follicular
phase of a menstrual cycle or an anovulatory period.

Hormone Treatment Time (Minutes) Following GnRH Injection
Female Group 0 2 5 10 20 30 40 60

LH (ng/mL)
Diluent
Control 1.2 ± 0.4 a 1.2 ± 0.3 1.3 ± 0.4 1.4 ± 0.4 c 1.3 ± 0.4 1.4 ± 0.4 1.3 ± 0.4 1.3 ± 0.4

PCOS-like 1.3 ± 0.4 a 2.3 ± 0.8 2.7 ± 1.0 2.7 ± 1.0 c 2.8 ± 0.9 2.6 ± 0.8 2.5 ± 0.8 2.4 ± 1.0
Insulin
Control 1.1 ± 0.3 a 1.1 ± 0.3 1.4 ± 0.4 1.5 ± 0.3 c 1.6 ± 0.4 1.6 ± 0.4 1.7 ± 0.5 1.5 ± 0.4

PCOS-like 1.0 ± 0.2 a 1.3 ± 0.1 1.6 ± 0.1 1.6 ± 0.1 c 1.6 ± 0.1 1.7 ± 0.1 1.7 ± 0.1 1.6 ± 0.1
FSH (ng/mL)

Diluent
Control 1.8 ± 0.3 b 1.6 ± 0.2 1.9 ± 0.4 1.7 ± 0.4 c 1.8 ± 0.4 1.7 ± 0.3 1.8 ± 0.5 1.8 ± 0.4

PCOS-like 3.9 ± 1.3 b 4.5 ± 1.5 4.5 ± 1.5 4.8 ± 1.6 c 5.4 ± 1.6 5.2 ± 1.4 5.3 ± 1.5 5.3 ± 1.5
Insulin
Control 2.8 ± 1.6 b 2.8 ± 1.5 2.7 ± 1.5 2.8 ± 1.4 c 2.7 ± 1.0 2.7 ± 1.1 2.9 ± 1.5 2.9 ± 1.4

PCOS-like 3.0 ± 1.0 b 2.9 ± 0.8 3.3 ± 1.0 3.2 ± 0.8 c 3.3 ± 0.8 3.2 ± 0.6 3.5 ± 0.9 3.5 ± 0.9
LH:FSH ratio

Diluent
Control 0.8 ± 0.2 0.8 ± 0.2 0.7 ± 0.2 0.8 ± 0.2 0.8 ± 0.2 0.8 ± 0.2 0.8 ± 0.2 0.7 ± 0.2

PCOS-like 0.4 ± 0.1 0.5 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.4 ± 0.1
Insulin
Control 0.5 ± 0.1 0.5 ± 0.1 0.7 ± 0.2 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 0.6 ± 0.1

PCOS-like 0.6 ± 0.2 0.7 ± 0.3 0.8 ± 0.3 0.7 ± 0.3 0.7 ± 0.2 0.7 ± 0.2 0.7 ± 0.2 0.6 ± 0.2
a p < 0.03 vs. 2–60 min, when control and PCOS-like female groups, as well as diluent and insulin treatments, are
combined. b p < 0.01 vs. 2–60 min, when control and PCOS-like female groups, as well as diluent and insulin
treatments, are combined. c p < 0.03 vs. 0 min, when control and PCOS-like female groups, as well as diluent and
insulin treatments, are combined.
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3. Discussion

Insulin acts through its cognate receptor in the ovary to modulate ovarian steroido-
genesis, possibly acting synergistically with FSH and LH [82–84]. Intra-follicular insulin
concentrations also reflect circulating insulin levels in both women [82] and rhesus mon-
keys [85]. It was therefore surprising that, despite ~2-fold elevations of circulating insulin
levels in both PCOS-like and control adult female monkeys for 6–7 months and exceed-
ing previously found insulin levels associated with anovulation in PCOS-like monkeys
with high BMI [61], experimentally induced chronic hyperinsulinemia failed to enhance
or induce PCOS-like reproductive or metabolic traits in either female monkey group. In
fact, contrary to expectations, the lengthy follicular phase duration of PCOS-like females
was normalized by insulin treatment, thus improving rather than impairing, ovulatory
menstrual function in PCOS-like monkeys generated by gestational testosterone excess. In
further contrast to our expectations, there was no insulin-induced ovarian hyperandrogenic
response to an injection of hCG, and gonadotropin responses to exogenous GnRH remained
typical. Hyperinsulinemia, alone, in the absence of pathological metabolic sequelae such as
lipotoxicity [9], may thus not play a predominant role in the mechanism inducing PCOS-
like traits in our non-human primate model of PCOS. Such a concept would be consistent
with findings from the previous experiment employing PCOS-like monkeys and piogli-
tazone, an insulin-sensitizer [86]. Those findings suggested that consequences of insulin
resistance (impaired insulin action, increased adiposity and lipotoxicity) rather than high
circulating levels of insulin may be related to the mechanism of anovulation in PCOS-like
monkeys [87]. The current insulin study also indicates that normal female monkeys cannot
be converted to PCOS pathophysiology simply by inducing chronic elevations in their
circulating insulin levels for 6–7 months.

The lack of expected reproductive impairments did not appear due to diminished
bioactivity of administered insulin. Mean circulating glucose levels remained significantly
reduced at ~93% of their placebo treatment values in both female groups and serum from
only one control female exhibited notable specific binding of human insulin. In addition,
our low incidence of hypoglycemia may be due to incremental increases in insulin adminis-
tered (commencing at daily s.c. injections of 2.5U insulin) and intact counter-regulatory
compensatory responses in these animals. Twice-daily glucose monitoring and avoidance
of sudden dosage increases enabled stable maintenance of these subjects. Consistent with
our findings in this monkey study, incremental increases in exogenous basal insulin therapy
in humans with T2D without additional postprandial insulin administration, but with
accompanying daily glucose monitoring, achieve clinically acceptable glycemic targets
while mostly eliminating hypoglycemic episodes [55,74].

In vitro studies using human tissue indicate that insulin augments P450c17 activity
in ovarian theca cells through PI3-kinase instead of MAPK pathways [41,83]. Previous
attempts, however, to employ exogenous insulin to induce hyperandrogenism in normal
or PCOS women [88,89] have not been particularly successful. Either serum testosterone
levels were not elevated [88–90] or serum androstenedione levels were elevated in only
PCOS [89] or normal [91] women.

As is possible in the present study, elevated levels of insulin may act on the ovary
through more than one insulin receptor-mediated signaling pathway [82,90–93]. Similar
inabilities to induce ovarian hyperandrogenism, however, have arisen when exogenous
insulin-like growth factor-1 (IGF-1) was administered. The insulin receptor is homologous
to the IGF-1 receptor [94,95], and IGF-1 binds to the IGF-1 receptor, hybrid insulin-IGF-1
receptors, and to the insulin receptor to a lesser extent [96,97]. IGF-1 receptors are ex-
pressed in rhesus monkey ovaries [98], and IGF-1 modulates ovarian follicle function [99].
Chronic (22 days) administration of excessive doses of recombinant human IGF-1 (240 mi-
crograms/kg/day) to normal, adult female rhesus monkeys failed to induce ovarian hyper-
androgenism [100]. Interestingly, in perhaps an analogous finding to this study, prepubertal
female rhesus monkeys treated daily with exogenous IGF-1 (110 micrograms/kg/day) for
~18 months (without clamping of their endogenous gonadotropin secretion), exhibited



Int. J. Mol. Sci. 2022, 23, 2635 13 of 24

first ovulation at a younger age than controls [101]. This may have been related to IGF-
1-mediated diminished ability of estrogen to suppress LH secretion in females [100,102],
resulting in elevated circulating LH levels [103]. In contrast, in four out of six women with
primary growth hormone resistance (Laron syndrome), chronic treatment (many months)
with excessive doses (120–150 micrograms/kg/day) of recombinant human IGF-1, resulted
in hyperandrogenism [104], perhaps reflecting a supraphysiological dose of IGF-I.

In the context of chronic exogenous hyperinsulinism, T1D women exhibit increased in-
cidence of hyperandrogenic disorders, including PCOS, compared to normal, non-diabetic
women [59]. Women with T1D require daily insulin treatment to regulate their circulat-
ing glucose levels due to autoimmune or other destruction of pancreatic beta cells and
their inability to synthesize insulin. Interestingly, Escobar-Morreale and colleagues [59]
did not find an association between women receiving higher insulin doses and increased
incidence of hyperandrogenism and PCOS. In a more recent paper, however, Thong and
colleagues [39] have shown an association between increased use of intensive insulin ther-
apy and increased prevalence of PCOS in women with T1D. Nevertheless, when comparing
women with PCOS who did or did not exhibit T1D [105], PCOS women with T1D were
found to have normal circulating levels of antimullerian hormone (AMH), estradiol and sex
hormone binding globulin (SHBG), a normal LH/FSH ratio, and twice the incidence of regu-
lar menstrual cycles than PCOS women without T1D. Taken together, the results from these
clinical studies suggest that chronic insulin treatment can mimic the hyperandrogenism,
anovulation and ovarian morphology of PCOS, but through different pathophysiological
mechanisms than PCOS.

The unexpected finding of insulin-induced improvement in ovulatory menstrual cycle
function in PCOS-like female monkeys may reflect the well-documented action of insulin as
a co-gonadotropin [22,41,83,92], possibly acting through insulin receptors on ovarian follicle
cumulus and mural granulosa cells [82], as well as theca cells [41]. While no enhancement
of ovarian theca cell responses to an hCG injection or gonadotropin responses to a GnRH
injection were detected in the present study, injected exogenous insulin may well have
synergized with endogenous LH and FSH to improve ovarian follicle granulosa function
and follicular development [4,92,106,107]. This interpretation of our results is strengthened
by the cross-over design of our study, removing any confound of increasing age that can
lead to a degree of normalization of ovulatory menstrual cycles in women with PCOS [108].

Experimentally controlled, chronic insulin treatment (22 days) of ovulatory female
rats promoted cystic ovarian morphology [109], but failed to induce anovulation or hyper-
androgenism. Acute insulin treatment (6–16 h) of normal and PCOS women have yielded
contradictory results. Circulating testosterone levels decreased in two studies [88,89], while
circulating androstenedione levels increased in two other studies [89,91]. Exogenous in-
sulin, nevertheless, has intra-ovarian follicle access to enable ovarian physiological changes
in female rhesus monkeys, since both insulin receptor isoforms exist in the ovary [82], and
intra-follicular insulin levels reflect circulating levels in both women [82] and female rhesus
monkeys [85] undergoing ovarian hyperstimulation for in vitro fertilization (IVF).

Based on these unexpected findings in the present study, a revised understanding of
pathophysiological mechanisms underlying anovulation and ovarian hyperandrogenism
in PCOS-like female monkeys is suggested. Intensive insulin treatment may sufficiently
compensate for impaired insulin action, thus providing effective co-gonadotropin sup-
port for steroidogenic and other functions with PCOS-like monkey ovaries, analogous to
the unexpected effects of intensive (high dose) exogenous insulin treatment overcoming
insulin resistance with regard to glucoregulation in T2D humans (at least 6 months of
treatment) [110,111]. If PCOS-like monkey theca and/or granulosa cells exhibit insulin re-
sistance in terms of metabolic signaling, such as diminished postprandial insulin-mediated
glucose uptake, diminished expression of FSH/LH receptors and relevant steroidogenic
enzymes such as CYP11A1, CYP17A1, HSB3B2 and CYP19A1, might occur and impair folli-
cle selection. Such an outcome might be expected since insulin acts as a co-gonadotropin in
ovarian follicles [41,42,90] to promote cell survival and proliferation through the activity of
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phosphoinositide 3-kinase (PI3-Kinase) and mitogen-activated protein kinase (MAPK), to
stimulate theca cell androstenedione and testosterone production as substrate for granulosa
cell aromatization in PCOS women [112], and to enhance ovarian inositol-mediated insulin
and gonadotropin action (thus reducing ovarian insulin resistance), supporting FSH-driven
estradiol release from granulosa cells [42,44].

Such re-interpretation of ovarian pathophysiology in PCOS-like monkeys, through
proposed impairments in insulin signaling in theca, granulosa or stromal cells (or a combi-
nation of all three), would agree with in vivo studies in PCOS women showing enhanced,
rather than diminished, ovarian steroidogenic responses to FSH following insulin sen-
sitizer treatment [107,113,114]. The latter studies, however, differ from several others
showing unimpaired [24,84,115,116] or enhanced [19] insulin action on ovarian steroido-
genic function in PCOS women due to insulin sensitizer treatment. With regard to glucose
metabolism, though, insulin resistance is clearly present in PCOS ovaries [19]. The appar-
ent discrepancies between the different PCOS studies may reflect the difference between
in vivo investigation (evidence for ovarian insulin resistance, e.g., [107]) and work per-
formed in vitro (evidence for lack of ovarian insulin resistance, e.g., [84,115]), as well as
whether or not lipotoxicity or dysglycemia are also present [9,13].

With regard to strengths of this study, we employed the most comprehensive animal
model for PCOS, PCOS-like female rhesus monkeys exposed to gestational testosterone
excess during early- to mid-gestation. We also used previously validated quantitative as-
sessment of insulin-mediated glucoregulation to provide accurate estimates of whole-body
insulin sensitivity and pancreatic beta cell compensation, in combination with endocrine dy-
namic testing (i.e., hCG and GnRH challenge tests) to assess ovarian hyperandrogenism and
pituitary hypergonadotropism in adult female rhesus monkeys. Limitations include small
numbers of monkeys per treatment group, in compliance with contemporary refinement
and reduction practices for laboratory non-human primates, and the use of adult female
rhesus macaques in their late reproductive, pre-menopausal years. PCOS-like monkeys
in this study may thus be more typical of women with PCOS, but without accompanying
dysglycemia and lipotoxity [79,86,117], exhibiting less pronounced hyperandrogenism and
hypergonadotropism, and combined ovulatory with oligo-ovulatory females, as occurs
when PCOS is diagnosed using Rotterdam 2003 criteria [3,4].

In summary, this study examined whether experimentally induced hyperinsuline-
mia could induce PCOS-like traits in control female monkeys, and amplify such traits in
PCOS-like monkeys exhibiting mild symptomology. Our findings indicate that, unlike a
previous study employing an insulin-sensitizing agent to lower circulating insulin levels
and normalize ovulatory menstrual cycles in PCOS-like female monkeys [86], we found no
evidence for a role of elevated circulating insulin levels in the mechanism of PCOS patho-
genesis. Our findings argue against a direct causal relationship between hyperinsulinemia
alone and PCOS pathogenesis in female non-human primates, and likely, in women, as also
proposed in studies of women with PCOS [13] and T1D or T2D [39,110,111]. Whether our
findings indicate a basic pathophysiological difference between female rhesus monkeys
and women is possible, but unlikely, since PCOS-like monkeys emulate traits required
for diagnosis of PCOS in women [62,63], generated by experimental design or identified
as naturally occurring [65]. As PCOS-like monkeys also demonstrate a large number of
additional reproductive and metabolic traits associated with PCOS [62,63,65,118], and
exhibit improved ovulatory menstrual cyclicity when treated with an insulin-sensitizing
agent similar to women with PCOS [85], the present findings raise doubts about a simple,
direct relationship between hyperinsulinemia, anovulation, hyperandrogenism and weight
gain in women with PCOS.
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4. Materials and Methods
4.1. Animals

A total of nine, captive-born adult female rhesus monkeys (Macaca mulatta), housed
at the Wisconsin National Primate Research Center (WNPRC), were used in this study.
Monkeys were maintained in accordance with routine care, management and assessment
protocols [119]. Each monkey was fed once daily with a meal of 16–30 biscuits (approxi-
mately 96–180 g) of Purina Monkey Chow (Ralston Purina, Inc., St. Louis, MO; product #
5038) at ~0700–1000 h, within ~1 h of daily treatment (see below). The meal was supple-
mented with 1–2 pieces of fresh fruit, vegetables and/or bread at ~1500 h. The number of
biscuits given was adjusted so that at least 1–3 biscuits were found when all remaining
food in an animal’s cage was removed between ~1700 h and 1800 h. The Institutional
Animal Care and Use Committee of the University of Wisconsin-Madison approved all the
procedures used in this study. Animal maintenance was in accordance with the recommen-
dations of the Guide for the Care and Use of Laboratory Animals and Animal Welfare Act
with its subsequent amendments.

At baseline, the four control and five PCOS-like female monkeys used in this study
were similar in age (control: 17.3 ± 1.0, PCOS-like: 20.7 ± 0.7, years), body weight (control:
8.8 ± 1.0, PCOS-like: 8.3 ± 0.4, kg), and body mass index (BMI) (control: 36.8 ± 3.6, PCOS-
like: 36.5 ± 0.9, kg/m2) (age: p = 0.07, weight: p = 0.59, BMI: p = 0.92). The pregnant dams of
PCOS-like monkeys received subcutaneous injections of 10 mg testosterone propionate (TP)
starting during early gestation (days 40–44), for 15–35 consecutive days (term: 165 days).
Many organ systems undergo differentiation during this early gestational period in rhesus
monkeys, including the ovaries, hypothalamus/pituitary, and pancreas (63). The PCOS-like
females selected for this study exhibited minimal PCOS-like traits, typical for ~25% of
PCOS-like monkeys [64,117]. Controls comprised four normal, regularly cycling female
rhesus monkeys without gestational exposure to TP.

4.2. Experimental Design

A cross-over experimental design was employed utilizing all monkeys in each of the
two arms of this study (insulin or diluent daily injections). In the first arm of this study,
two control and two PCOS-like females underwent daily subcutaneous (s.c.) injections
of humulin U ultralente insulin (Humulin® U Ultralente®, recombinant human insulin;
Eli Lilly and Co., Indianapolis, IN), using a 28 g insulin syringe, for 6–7 months during
the first treatment year (Humulin U Ultralente, Eli Lilly, IN; PCOS-like: 7.8 ± 1.7, control:
9.0 ± 1.5 U/day), while an additional two control and three PCOS-like females received
daily placebo (Sterile Diluent, Eli Lilly and Company, Indianapolis, IN) s.c. injections. The
second arm of this study in the following year utilized the same monkeys, but treatments
given to each monkey were reversed. Each study arm duration lasted 6 to 7 months
and avoided the summer-associated oligomenorrhea typical for this seasonally breeding
species [62].

Insulin therapy was progressively increased in all monkeys in order to exceed
694.5 pmol/L (100 µU/mL) basal circulating levels of insulin (morning fasted insulin
levels). This treatment dose of insulin was chosen so as to exceed elevated circulating
insulin levels (694.5 pmol/L) previously associated with anovulation in PCOS-like female
monkeys [61]. Exceeding this insulin level would permit testing of our hypothesis that
hyperinsulinemia is functionally implicated in the mechanism of anovulation in our non-
human model for PCOS. To initiate therapy, daily s.c. injections of 2.5U insulin were
administered for the first 7 days between approximately 0630 h and 0930 h, immediately
before the main meal of the day. After 7 days, the insulin dose was increased by 2.5 U/day
every 3–4 days until serum insulin values exceeded 694.5 pmol/L in each female (from
blood samples taken immediately before daily injection, i.e., 24 h after the previous insulin
injection). Blood samples were assayed for insulin each week until target blood levels of
insulin were reached, and then approximately every two weeks thereafter to ensure that
circulating insulin levels were maintained at over 694.5 pmol/L.
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To monitor circulating glucose levels during either chronic insulin or diluent therapy,
blood glucose levels were obtained twice daily: (1) immediately before daily insulin or
placebo injections (morning fasted), and (2) at ~1500 h, immediately prior to the daily
supplement of fruit or bread (as described above). Blood glucose values were determined
by a glucose meter (OneTouch Ultra, LifeScan, Milpitas, CA, USA) from spot blood samples
taken from a peripheral vein. The twice-daily glucose values were highly correlated
(r2 = 0.93, p ≤ 0.01) with those determined from the same samples by the glucose oxidase
method, a validated and well-established procedure for accurately determining circulating
glucose levels in rhesus monkeys [120]. We had no target level for circulating glucose in
this study since our main objective was to achieve hyperinsulinemia (>694.5 pmol/L) in
non-diabetic monkeys; rather, our twice-daily checks on circulating glucose were to ensure
rapid detection of and response to occasional episodes of hypoglycemia. Hypoglycemic
monkeys received a 5 mL intravenous injection of 5% dextrose solution and were fed an
orange cut into segments.

During both treatment phases, metabolic and reproductive observations were recorded
throughout the 6–7 months of each study arm, and a series of endocrine or glucoregulatory
challenge tests were performed during the early follicular phase of menstrual cycles (cycle
days 2–6) or anovulatory 30 day periods were performed in each of the two study arms.
An ovarian androgen stimulation test was performed during the 2nd–3rd menstrual cycle
or anovulatory 30 day period from the onset of treatment (~2–3 months following study
onset); a frequently sampled, intravenous glucose tolerance test (FSIGTT) to assess insulin
sensitivity was carried out in the subsequent menstrual cycle or anovulatory 30 day period
(~3–4 months from treatment onset); and a GnRH stimulation test was performed during
one of the next two menstrual cycles or anovulatory 30 day periods (~4–6 months from
treatment onset).

4.3. Metabolic Observations
4.3.1. Body Weight, and Select Glucoregulatory, Lipid and Hepatic Parameters

Body weights, fasted insulin, glucose and c-peptide, as well as select blood lipids
(fasted total cholesterol and triglycerides) and hepatic enzyme measures for liver inflam-
mation or damage (aspartate transaminase (AST) and alanine transaminase (ALT)), were
assessed during each study arm at baseline and on completion of each treatment. Glucose
was measured by the glucose oxidase method [120]. Insulin and c-peptide were determined
by RIA [120]. Intra- and inter-assay CVs for plasma/serum quality control preparation
values were: glucose: 2.9% and 4.0%, insulin: 4.6% and 7.9%, c-peptide: 4.3% and 8.3%.

4.3.2. Assessment of Serum Binding of Insulin after 6–7 Months of Exogenous Insulin
Treatment

Insulin assay buffer solution, rhesus serum quality control samples obtained from
WNPRC Assay Services and serum samples from individual PCOS-like and control fe-
males 6–7 months after treatment onset were incubated with 125I-radiolabeled insulin
(~15,000 counts per minute) and with an additional 100ul of assay buffer solution for 24 h
at 4 ◦C. Endogenous binding of insulin above that found with insulin assay buffer and rhe-
sus quality control serum indicated specific serum binding of insulin, rendering a portion
of it unavailable for biological action.

4.4. Metabolic Challenge Test
Frequently Sampled Intravenous Glucose Tolerance Test (FSIGTT) at 3–4 Months of
Treatment

Each monkey underwent a single FSIGTT as previously described [120] and during the
3rd–4th menstrual cycle (the follicular phase) or 30 day anovulatory period. Briefly, after
an overnight fast, each animal was anesthetized with ketamine hydrochloride (15 mg/kg,
i.m.) and diazepam (1.25 mg/kg, i.m.). Supplemental ketamine was administered as
appropriate to maintain anesthesia (5–10 mg/kg, i.m.). A catheter was placed into the vena
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cava through the saphenous vein for blood sampling (e.g., 33 samples over 195 min) and
for administration of glucose (300 mg/kg at 0 min) and tolbutamide (5 mg/kg at 20 min).
Serum glucose and insulin levels were determined from these blood samples. Insulin
sensitivity (SI; the measure of the fraction of glucose cleared from the circulation per unit
increase in insulin) and glucose effectiveness (Sg; the measure of the ability of glucose to
increase its own uptake and to suppress hepatic glucose production at basal insulin levels)
were determined using the modified minimal model method [78]. Further measures de-
rived from the FSIGTT were basal insulin (Ib; mean of the four prechallenge plasma insulin
values, −15, −10, −5, and −2 min), basal glucose (Gb; average of the four prechallenge
plasma glucose values), basal c-peptide (average of the four prechallenge plasma c-peptide
values), acute insulin responses to glucose (AIRg; average elevation of posthepatic plasma
insulin concentration above the baseline for the 2, 3, and 4 min samples), acute insulin
response to tolbutamide (AIRtol; average elevation of posthepatic plasma insulin concentra-
tion above the baseline for the 22, 23, and 24 min samples), glucose disappearance rate (KG;
slope of the log linear regression of plasma glucose concentration between 10 and 19 min),
and disposition index (DI or ß-cell compensation index; product of SI and AIRg [120]).
Cumulative areas-under-the-curve (AUC) for insulin (INS), glucose (Glu) and C-peptide (c-
pep) above baseline, and at selected times following glucose infusion indicated by (minutes),
were determined by the trapezoidal rule [121] (e.g., AUCINS (0–19 min), cumulative acute
insulin response to glucose infusion; AUCINS (22–180 min), cumulative insulin values follow-
ing tolbutamide-induced pancreatic beta cell depolarization resulting in insulin release;
AUCINS (0–180 min), cumulative combined insulin values following glucose and tolbutamide
infusions; AUCGlu (0–19 min), cumulative acute glucose values following glucose infusion;
AUCGlu (22–180 min), cumulative glucose values following tolbutamide-induced pancreatic
beta cell depolarization resulting in insulin release; AUCGlu (0–180 min), cumulative com-
bined glucose values following glucose and tolbutamide infusions; AUCc-pep (0–180 min),
cumulative combined c-peptide values following glucose and tolbutamide infusions).

4.5. Reproductive Observations
Menstrual Cycle Assessment

Each monkey underwent saphenous venipuncture three times per week between
0630 h and 0930 h and the resultant serum was assayed for progesterone. Since menstrual
discharge was undetectable in approximately one-third of ovulatory PCOS-like female
rhesus monkeys [62], progesterone data were used to assess menstrual cycle characteristics
in addition to monitoring occurrence of menses. The day that serum progesterone levels
exceeded 0.4 ng/mL was designated as the first day of a luteal phase, while the day that
serum progesterone levels declined below 0.4 ng/mL was defined the start of the follicular
phase [62]. Ovulatory menstrual cycles were identified by finding two serum progesterone
levels above 1 ng/mL within 15 days prior to menses [62,119]. The following parameters
were derived from progesterone data: (1) duration of the luteal phase (the days between
the onset of a luteal phase to the next onset of a follicular phase), (2) duration of the
follicular phase (the days between the onset of a follicular phase to the onset of a luteal
phase), (3) duration of the menstrual cycle (the days between the onset of a follicular phase
to the onset of the next follicular phase), (4) area under curve (AUC ((ng/mL) × day))
serum progesterone for each luteal phase (as determined using the trapezoidal rule [121]),
and (5) number of menstrual cycles (the number of menstrual cycles recorded in the first
6 months of the insulin or placebo treatment periods).

4.6. Endocrine Challenge Tests
4.6.1. Ovarian Androgen Stimulation Test at 3–5 Months of Treatment

In the 3rd to 5th 30 day period or menstrual cycle follicular phase on treatment, each
monkey was injected IM with 200 IU recombinant human chorionic gonadotropin (hCG)
(Serono Laboratories, Norwell, MA) during the early follicular phase or an anovulatory
period. Blood samples (5 mL) were withdrawn at 0 h (0800 h day 1), 24 h (0800 h day 2),
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48 h (0800 h day 3) and 72 h (0800 h day 4). Blood was centrifuged at ~6400× g for 10 min,
and serum was stored at −20 ◦C prior to assay. Serum was assayed for progesterone,
17α-hydroxyprogesterone (17αOHP), dehydroepiandrosterone (DHEA), androstenedione,
testosterone and estradiol to assess ovarian responses to LH/CG receptor stimulation. Dose
of hCG, timing of blood samples and hormone assays employed were comparable to those
used in diagnosing ovarian hyperandrogenism in women [122] and previously validated
in PCOS-like and control female rhesus monkeys [63,123].

4.6.2. GnRH Test at 4–6 Months of Treatment

A GnRH test was performed during the 4–6th 30 day period or menstrual cycle
follicular phase of insulin or placebo treatment. Monkeys were anesthetized with an
intramuscular (IM) injection of 15 mg/kg ketamine hydrochloride at around 0745 h. Then,
a venous catheter (Polyethylene tubing, Intramedic TM, PE60, Becton Dickinson and
Company, Sparks, MD, USA) was inserted through the saphenous vein and positioned in
the inferior vena cava for the whole procedure. At ~0800 h, the monkey was infused IV
through the catheter with 20 µg GnRH (0.5 mL, Sigma L-7134; Sigma Chemical Company,
St. Louis, MO, USA [124]) and blood samples (3 ml) were withdrawn at 0, 2, 5, 10, 20, 30,
40, and 60 min after GnRH infusion. Blood was centrifuged at ~6400× g for 10 min, and
serum stored at −40 ◦C until immunoactive LH and FSH were assayed.

4.7. Assay Procedures

All hormones were assayed in the WNPRC Hormone Assay Services
Laboratory [62,125,126]. Assays for DHEA, androstenedione, testosterone, and estradiol
were performed following diethyl ether extraction of serum and solvent fraction separation
by celite chromatography. DHEA, estradiol, androstenedione [62], 17αOHP [123], LH,
and FSH [62] determinations were assayed using RIAs. Progesterone and testosterone
were assayed by enzyme-IAs (EIAs) [62]. Intra- and inter-assay CVs for quality control
preparation (QC) values were: progesterone: 3.7% and 19.4%; 17αOHP: 5.6% and 9.8%;
DHEA: 8.2% and 13.4%; androstenedione: 3.7% and 7.9%; testosterone 3.5% and 17.7%;
estradiol: 9.3% and 20.0%; FSH: 3.2% and 4.0%; LH: 4.2% and 4.3%.

4.8. Statistical Analysis

Data were log10 transformed to achieve homogeneity of variance and to increase
linearity when appropriate [127]. Data were analyzed using Proc GLM with repeated
measures (SAS, version 8, SAS Institute Inc., Cary, NC, USA). When log10 transformation
failed to normalize data, non-parametric tests were performed (SAS, Version 8, SAS Institute
Inc., Cary, NC, USA). Paired t-tests were used to determine whether serum LH or FSH
increased at 10 min after GnRH injection (0 min vs. 10 min for each animal). p-values of
0.05 or less were taken as significant and are all shown to two decimal places. Data were
expressed as the mean ± SEM.

Author Contributions: Conceptualization, D.A.D. and D.H.A.; data curation, R.Z., C.M.B. and
D.H.A.; formal analysis, R.Z., C.M.B. and D.H.A.; funding acquisition, J.W.K., D.A.D. and D.H.A.;
investigation, R.Z., C.M.B. and D.H.A.; methodology, R.Z., C.M.B., I.M.B., J.W.K., D.A.D. and D.H.A.;
project administration, D.H.A.; resources, C.M.B., I.M.B., J.W.K. and D.H.A.; supervision, C.M.B.,
J.W.K., D.A.D. and D.H.A.; validation, R.Z., C.M.B. and I.M.B.; visualization, R.Z. and D.H.A.;
writing—original draft, R.Z. and D.H.A.; writing—review and editing, R.Z., C.M.B., I.M.B., J.W.K.,
D.A.D. and D.H.A. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported, in part, by NIH Office of the Director: R01 RR013635; R21
RR014093; Eunice Kennedy Shriver National Institute of Child Health and Human Development: P50
HD044405; U01 HD044650; NIH Office of the Director: P51 OD011106. This research was conducted
at a facility constructed with support from Research Facilities Improvement Program grants from the
NIH Office of the Director: RR015459 and RR020141.



Int. J. Mol. Sci. 2022, 23, 2635 19 of 24

Institutional Review Board Statement: The Institutional Animal Care and Use Committee of the
University of Wisconsin-Madison approved all the procedures used in this study, protocol # A-34-
8800-G00173-4-06-04. Animal maintenance was in accordance with the recommendations of the
Guide for the Care and Use of Laboratory Animals and Animal Welfare Act with its subsequent
amendments.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the reported results can be obtained from the
corresponding author on request.

Acknowledgments: We thank EJ Peterson, JM Turk, K Hable, S DeBruin, DK Barnett and RD Medley
for technical assistance; F Wegner, D Wittwer, S Jacoris and WNPRC Assay Services for hormone
assay expertise; D Florence DVM, I Bolton DVM, K Brunner DVM, D Werner-Kelln and WNPRC
Veterinary Services for veterinary care; D Wade and S Maves and WNPRC Animal Services for animal
care.

Conflicts of Interest: The authors declare no conflict of interest. Funding sponsors had no role in the
design, execution, interpretation or writing of this study.

References
1. Franks, S. Polycystic ovary syndrome. N. Engl. J. Med. 1995, 333, 853–861. [CrossRef] [PubMed]
2. Franks, S.; McCarthy, M.; Hardy, K. Development of polycystic ovary syndrome: Involvement of genetic and environmental

factors. Int. J. Androl. 2006, 29, 278–285. [CrossRef] [PubMed]
3. Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group. Revised 2003 consensus on diagnostic criteria and

long-term health risks related to polycystic ovary syndrome (PCOS). Hum. Reprod. 2004, 19, 41–47. [CrossRef]
4. Fauser, B.C.; Tarlatzis, B.C.; Rebar, R.W.; Legro, R.; Balen, A.H.; Lobo, R.; Carmina, E.; Chang, J.; Yildiz, B.O.; Laven, J.S.; et al.

Consensus on women’s health aspects of polycystic ovary syndrome (PCOS): The Amsterdam ESHRE/ASRM-Sponsored 3rd
PCOS Consensus Workshop Group. Fertil. Steril. 2012, 97, 28–38. [CrossRef] [PubMed]

5. Teede, H.J.; Misso, M.L.; Costello, M.F.; Dokras, A.; Laven, J.; Moran, L.; Piltonen, T.; Norman, R.J.; International PCOS Network.
Recommendations from the international evidence-based guideline for the assessment and management of polycystic ovary
syndrome. Hum. Reprod. 2018, 33, 1602–1618. [CrossRef] [PubMed]

6. Burghen, G.A.; Givens, J.R.; Kitabchi, A.E. Correlation of hyperandrogenism with hyperinsulinism in polycystic ovarian disease.
J. Clin. Endocrinol. Metab. 1980, 50, 113–116. [CrossRef] [PubMed]

7. Dunaif, A.; Graf, M.; Mandeli, J.; Laumas, V.; Drobrjansky, A. Characterization of groups of hyperandrogenic women with
acanthosis nigricans, impaired glucose tolerance and/or hyperinsulinemia. J. Clin. Endocrinol. Metab. 1987, 65, 499–507. [CrossRef]

8. Vrbíková, J.; Cibula, D.; Dvoráková, K.; Stanická, S.; Sindelka, G.; Hill, M.; Fanta, M.; Vondra, K.; Skrha, J. Insulin sensitivity in
women with polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 2004, 89, 2942–2945. [CrossRef]

9. Dumesic, D.A.; Phan, J.D.; Leung, K.L.; Grogan, T.R.; Ding, X.; Li, X.; Hoyos, L.R.; Abbott, D.H.; Chazenbalk, G.D. Adipose
Insulin Resistance in Normal-Weight Women with Polycystic Ovary Syndrome. J. Clin. Endocrinol. Metab. 2019, 104, 2171–2183.
[CrossRef]

10. Pasquali, R.; Venturoli, S.; Paradis, R.; Capelli, M.; Parenti, M.; Melchionda, N. Insulin and C-Peptide Levels in Obese Patients
with Polycystic Ovaries. Horm. Metab. Res. 1982, 14, 284–287. [CrossRef]

11. Shoupe, D.; Kumar, D.D.; Lobo, R.A. Insulin resistance in polycystic ovary syndrome. Am. J. Obstet. Gynecol. 1983, 147, 588–592.
[CrossRef]

12. Chang, R.J.; Nakamura, R.M.; Judd, H.L.; Kaplan, S.A. Insulin Resistance in Nonobese Patients with Polycystic Ovarian Disease.
J. Clin. Endocrinol. Metab. 1983, 57, 356–359. [CrossRef] [PubMed]

13. Ezeh, U.; Pisarska, M.D.; Azziz, R. Association of severity of menstrual dysfunction with hyperinsulinemia and dysglycemia in
polycystic ovary syndrome. Hum. Reprod. 2022, deac001. [CrossRef]

14. Diamanti-Kandarakis, E.; Dunaif, A. Insulin Resistance and the Polycystic Ovary Syndrome Revisited: An Update on Mechanisms
and Implications. Endocr. Rev. 2012, 33, 981–1030. [CrossRef] [PubMed]

15. Teede, H.J.; Joham, A.E.; Paul, E.; Moran, L.; Loxton, D.; Jolley, D.; Lombard, C. Longitudinal weight gain in women identified
with polycystic ovary syndrome: Results of an observational study in young women. Obesity 2013, 21, 1526–1532. [CrossRef]
[PubMed]

16. Rosenfield, R.L.; Ehrmann, D.A. The Pathogenesis of Polycystic Ovary Syndrome (PCOS): The Hypothesis of PCOS as Functional
Ovarian Hyperandrogenism Revisited. Endocr. Rev. 2016, 37, 467–520. [CrossRef] [PubMed]

17. Zhao, Y.; Xu, Y.; Wang, X.; Xu, L.; Chen, J.; Gao, C.; Wu, C.; Pan, D.; Zhang, Q.; Zhou, J.; et al. Body Mass Index and Polycystic
Ovary Syndrome: A 2-Sample Bidirectional Mendelian Randomization Study. J. Clin. Endocrinol. Metab. 2020, 105, 1778–1784.
[CrossRef] [PubMed]

http://doi.org/10.1056/NEJM199509283331307
http://www.ncbi.nlm.nih.gov/pubmed/7651477
http://doi.org/10.1111/j.1365-2605.2005.00623.x
http://www.ncbi.nlm.nih.gov/pubmed/16390494
http://doi.org/10.1093/humrep/deh098
http://doi.org/10.1016/j.fertnstert.2011.09.024
http://www.ncbi.nlm.nih.gov/pubmed/22153789
http://doi.org/10.1093/humrep/dey256
http://www.ncbi.nlm.nih.gov/pubmed/30052961
http://doi.org/10.1210/jcem-50-1-113
http://www.ncbi.nlm.nih.gov/pubmed/7350174
http://doi.org/10.1210/jcem-65-3-499
http://doi.org/10.1210/jc.2003-031378
http://doi.org/10.1210/jc.2018-02086
http://doi.org/10.1055/s-2007-1018996
http://doi.org/10.1016/0002-9378(83)90023-6
http://doi.org/10.1210/jcem-57-2-356
http://www.ncbi.nlm.nih.gov/pubmed/6223044
http://doi.org/10.1093/humrep/deac001
http://doi.org/10.1210/er.2011-1034
http://www.ncbi.nlm.nih.gov/pubmed/23065822
http://doi.org/10.1002/oby.20213
http://www.ncbi.nlm.nih.gov/pubmed/23818329
http://doi.org/10.1210/er.2015-1104
http://www.ncbi.nlm.nih.gov/pubmed/27459230
http://doi.org/10.1210/clinem/dgaa125
http://www.ncbi.nlm.nih.gov/pubmed/32163573


Int. J. Mol. Sci. 2022, 23, 2635 20 of 24

18. Dapas, M.; Lin, F.T.J.; Nadkarni, G.N.; Sisk, R.; Legro, R.S.; Urbanek, M.; Hayes, M.G.; Dunaif, A. Distinct subtypes of polycystic
ovary syndrome with novel genetic associations: An unsupervised, phenotypic clustering analysis. PLoS Med. 2020, 17, e1003132.
[CrossRef] [PubMed]

19. Rice, S.; Christoforidis, N.; Gadd, C.; Nikolaou, D.; Seyani, L.; Donaldson, A.; Margara, R.; Hardy, K.; Franks, S. Impaired
insulin-dependent glucose metabolism in granulosa-lutein cells from anovulatory women with polycystic ovaries. Hum. Reprod.
2005, 20, 373–381. [CrossRef]

20. Ehrman, D.A.; Barnes, R.B.; Rosenfield, R.L. Polycystic Ovary Syndrome as a Form of FunctionalOvarian Hyperandrogenism
Due to Dysregulation ofAndrogen Secretion. Endocr. Rev. 1995, 16, 322–353. [CrossRef]

21. Baillargeon, J.P.; Nestler, J.E. Commentary: Polycystic ovary syndrome: A syndrome of ovarian hypersensitivity to insulin? J.
Clin. Endocrinol. Metab. 2006, 91, 22–24. [CrossRef]

22. Poretsky, L.; Cataldo, N.A.; Rosenwaks, Z.; Giudice, L.C. The insulin-related ovarian regulatory system in health and disease.
Endocr. Rev. 1999, 20, 535–582. [CrossRef]

23. Franks, S.; Hardy, K. Androgen Action in the Ovary. Front. Endocrinol. 2018, 9, 452. [CrossRef]
24. Nestler, J.E.; Jakubowicz, D.J.; De Vargas, A.F.; Brik, C.; Quintero, N.; Medina, F. Insulin Stimulates Testosterone Biosynthesis by

Human Thecal Cells from Women with Polycystic Ovary Syndrome by Activating Its Own Receptor and Using Inositolglycan
Mediators as the Signal Transduction System. J. Clin. Endocrinol. Metab. 1998, 83, 2001–2005. [CrossRef]

25. Kiddy, D.S.; Hamilton-Fairley, D.; Bush, A.; Short, F.; Anyaoku, V.; Reed, M.J.; Franks, S. Improvement in endocrine and ovarian
function during dietary treatment of obese women with polycystic ovary syndrome. Clin. Endocrinol. 1992, 36, 105–111. [CrossRef]

26. Holte, J.; Bergh, T.; Berne, C.; Wide, L.; Lithell, H. Restored insulin sensitivity but persistently increased early insulin secretion
after weight loss in obese women with polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 1995, 80, 2586–2593. [CrossRef]

27. Huber-Buchholz, M.-M.; Carey, D.G.P.; Norman, R.J. Restoration of Reproductive Potential by Lifestyle Modification in Obese
Polycystic Ovary Syndrome: Role of Insulin Sensitivity and Luteinizing Hormone. J. Clin. Endocrinol. Metab. 1999, 84, 1470–1474.
[CrossRef]

28. Lee, R.; Mathew, C.J.; Jose, M.T.; Elshaikh, A.O.; Shah, L.; Cancarevic, I. A Review of the Impact of Bariatric Surgery in Women
With Polycystic Ovary Syndrome. Cureus 2020, 12, e10811. [CrossRef]

29. Dunaif, A.; Scott, D.; Finegood, D.; Quintana, B.; Whitcomb, R. The insulin-sensitizing agent troglitazone improves metabolic and
reproductive abnormalities in the polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 1996, 81, 3299–3306. [CrossRef]

30. Ehrmann, D.A.; Schneider, D.J.; Sobel, B.E.; Cavaghan, M.K.; Imperial, J.; Rosenfield, R.L.; Polonsky, K.S. Troglitazone Improves
Defects in Insulin Action, Insulin Secretion, Ovarian Steroidogenesis, and Fibrinolysis in Women with Polycystic Ovary Syndrome.
J. Clin. Endocrinol. Metab. 1997, 82, 2108–2116. [CrossRef]

31. Lord, J.M.; Flight, I.; Norman, R. Metformin in polycystic ovary syndrome: Systematic review and meta-analysis. BMJ 2003, 327,
951–953. [CrossRef] [PubMed]

32. Siamashvili, M.; Davis, S.N. Update on the effects of GLP-1 receptor agonists for the treatment of polycystic ovary syndrome.
Expert Rev. Clin. Pharmacol. 2021, 14, 1081–1089. [CrossRef] [PubMed]

33. Blank, S.K.; McCartney, C.R.; Helm, K.D.; Marshall, J.C. Neuroendocrine Effects of Androgens in Adult Polycystic Ovary
Syndrome and Female Puberty. Semin. Reprod. Med. 2007, 25, 352–359. [CrossRef] [PubMed]

34. Paradisi, R.; Fabbri, R.; Battaglia, C.; Venturoli, S. Ovulatory effects of flutamide in the polycystic ovary syndrome. Gynecol.
Endocrinol. 2013, 29, 391–395. [CrossRef]

35. Barber, T.M.; Hanson, P.; Weickert, M.O.; Franks, S. Obesity and Polycystic Ovary Syndrome: Implications for Pathogenesis and
Novel Management Strategies. Clin. Med. Insights Reprod. Health 2019, 13, 1179558119874042. [CrossRef]

36. Duggal, P.S.; Van der Hoek, K.; Milner, C.R.; Ryan, N.K.; Armstrong, D.T.; Magoffin, D.A.; Norman, R.J. The in Vivo and in Vitro
Effects of Exogenous Leptin on Ovulation in the Rat. Endocrinology 2000, 141, 1971–1976. [CrossRef]

37. De Medeiros, S.F.; Rodgers, R.J.; Norman, R.J. Adipocyte and steroidogenic cell cross-talk in polycystic ovary syndrome. Hum.
Reprod. Update 2021, 27, 771–796. [CrossRef]

38. Mitchell, M.; Armstrong, D.T.; Robker, R.L.; Norman, R.J. Adipokines: Implications for female fertility and obesity. Reproduction
2005, 130, 583–597. [CrossRef]

39. Thong, E.P.; Codner, E.; Laven, J.S.E.; Teede, H. Diabetes: A metabolic and reproductive disorder in women. Lancet Diabetes
Endocrinol. 2019, 8, 134–149. [CrossRef]
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