-

Journal of the Endocrine Society, 2021, Vol. 5, No. 6, 1-15 -‘
doi:10.1210/jendso/bvab060
Research Article

ENDOCRINE
SOCIETY

Research Article

Pathogenesis of Reproductive and Metabolic
PCOS Traits in a Mouse Model

Valentina Rodriguez Paris,’ Melissa C. Edwards,"? Ali Aflatounian,’
Michael J. Bertoldo,” William L. Ledger,' David J. Handelsman,?
Robert B. Gilchrist," and Kirsty A. Walters'?

"Fertility and Research Centre, School of Women's & Children’s Health, University of New South Wales
Sydney, NSW 2052, Australia; and “Andrology Laboratory, ANZAC Research Institute, University of
Sydney, Sydney, New South Wales 2139, Australia

ORCiD numbers: 0000-0002-0880-6661 (V. Rodriguez Paris); 0000-0002-9004-6920 (A. Aflatounian); 0000-0002-9471-501X (M. J.
Bertoldo); 0000-0001-6465-4343 (W. L. Ledger); 0000-0002-4200-7476 (D. J. Handelsman); 0000-0003-1611-7142 (R. B. Gilchrist);
0000-0002-1504-9734 (K. A. Walters).

Abbreviations: ALT, alanine transaminase; ANOVA, analysis of variance; AST, aspartate transaminase; DHT,
dihydrotestosterone; NAFLD, nonalcoholic fatty liver disease; PCOM, polycystic ovary morphology; PCOS, polycystic ovary
syndrome; SEM, standard error of the mean.

Received: 11 January 2021; Editorial Decision: 30 March 2021; First Published Online: 7 April 2021; Corrected and Typeset:
25 May 2021.

Abstract

Polycystic ovary syndrome (PCOS) is a common and heterogeneous disorder; however,
the etiology and pathogenesis of PCOS are poorly understood and current management
is symptom-based. Defining the pathogenesis of PCOS traits is important for developing
early PCOS detection markers and new treatment strategies. Hyperandrogenism is a
defining characteristic of PCOS, and studies support a role for androgen-driven actions
in the development of PCOS. Therefore, we aimed to determine the temporal pattern
of development of PCOS features in a well-characterized dihydrotestosterone (DHT)-
induced PCOS mouse model after 2, 4, and 8 weeks of DHT exposure. Following 2 weeks
of treatment, DHT induced the key PCOS reproductive features of acyclicity, anovulation,
and multifollicular ovaries as well as a decrease in large antral follicle health. DHT-treated
mice displayed the metabolic PCOS characteristics of increased body weight and exhib-
ited increased visceral adiposity after 8 weeks of DHT treatment. DHT treatment also led
to an increase in circulating cholesterol after 2 weeks of exposure and had an overall
effect on fasting glucose levels, but not triglycerides, aspartate transaminase (AST) and
alanine transaminase (ALT) levels, or hepatic steatosis. These data reveal that in this ex-
perimental PCOS mouse model, acyclicity, anovulation, and increased body weight are
early features of a developing PCOS phenotype whereas adiposity, impaired glucose tol-
erance, dyslipidemia, and hepatic steatosis are later developing features of PCOS.These
findings provide insights into the likely sequence of PCOS trait development and support
the addition of body weight criteria to the early diagnosis of PCOS.
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Polycystic ovary syndrome (PCOS) is the most frequent
endocrine condition in women of reproductive age [1-3].
Applying the Rotterdam criteria, a woman is diagnosed
with PCOS if she presents with 2 out of the 3 following
traits: clinical and/or biochemical androgen excess, oligo-
ovulation or anovulation, and polycystic ovarian morph-
ology (PCOM) on ultrasound [4, 5]. However, PCOS
often involves additional features affecting reproductive,
endocrine, metabolic, and psychological function [3, 6].
Associated reproductive traits include luteinizing hormone
hypersecretion, abnormal follicular development, reduced
fertility, and an increased risk of miscarriage [2] while the
adverse metabolic features comprise obesity, metabolic syn-
drome, hyperinsulinemia, insulin resistance, dyslipidemia,
and hepatic steatosis, all of which predispose women to
type 2 diabetes, cardiovascular disease, and nonalcoholic
fatty liver disease (NAFLD) [2, 7-10].

Despite the high prevalence of PCOS, the etiology and
pathogenesis of PCOS are poorly understood. Therefore,
currently, early detection is challenging, and medical man-
agement is suboptimal as it relies solely on symptomatic
treatment [3]. Establishing biomarkers for early detec-
tion requires elucidating underlying mechanisms driving
PCOS and the temporal pattern of PCOS trait develop-
ment. Hence, research aimed at defining the pathogenesis
of PCOS traits is important for early PCOS detection and
effective treatment of this disorder.

Initial features of PCOS often present during adolescence
[11]. Such early diagnosis would facilitate timely diagnosis
to improve management of PCOS. However, PCOS diag-
nosis in pubescent girls is challenging due to natural de-
velopmental changes of puberty, including irregular cycles
and PCOM, making the diagnosis unreliable [12]. The
international diagnostic guidelines for PCOS indicate that
for diagnosis of PCOS in an adolescent, she must have both
oligo-anovulation and hyperandrogenism, with PCOM not
reliable for diagnosis in adolescents [4, 13]. However, some
evidence supports other early diagnostic markers in young
girls, aiming to better predict and possibly prevent a more
severe PCOS phenotype.

The most consistent feature in women suffering with
PCOS is hyperandrogenism, which is present in ~60% of
patients [14]. There is now substantial experimental evi-
dence supporting a role for androgen excess in the de-
velopment of PCOS [15, 16]. Another common feature
associated with PCOS is obesity [17, 18], which exacerbates
PCOS features [19-21], while weight loss ameliorates them
[17]. A hyperandrogenic state is associated with increased

adiposity, specifically visceral adiposity, as seen in young
female-to-male transgenders of healthy weight undergoing
testosterone treatment which leads to a significant increase
in visceral fat [22]. Moreover, a longitudinal study found
that an earlier adiposity rebound (the second rise in body
mass index [BMI] at 5-6 years of age) was associated with
a higher BMI and PCOS diagnosis in adulthood [23]. It has
been proposed that the development of PCOS might in part
originate from childhood and adolescence central adiposity
leading to accelerated growth and early menarche [24-26].
These findings infer that adiposity is potentially an early
marker for the diagnosis of PCOS.

Unraveling the origins and temporal development of
PCOS is challenging in clinical studies, due to ethical and
logistical limitations. On the other hand, animal models
that mimic closely PCOS features serve as valuable tools to
provide insights into the underlying mechanisms driving the
development of PCOS. The majority of insightful animal
models of PCOS, to date, have been developed by inducing
hyperandrogenism [27, 28]. In rodents, long-term exposure
to DHT from peripubertal age effectively induces a wide
range of endocrine, reproductive, and metabolic features of
PCOS, making it an ideal model for experimental studies of
PCOS pathogenesis [29-33]. Therefore, the objective of the
present study was to investigate the pathogenesis of PCOS
by analyzing the temporal pattern of hyperandrogenic-
induced PCOS trait development using a well-characterized
PCOS mouse model.

Methods

Mice and Experimental Design

A total of 36 3-week-old C57BL/6] female mice were
purchased and housed at the Biological Resources Centre
facility at UNSW (Sydney, Australia). Mice were housed
in groups of 3 per cage and maintained under standard
housing conditions with ad libitum access to food
and water in a temperature- and humidity-controlled,
12-hour light/dark environment. After a 1-week accli-
matization period, PCOS-like traits were established
using a previously validated method [30, 34]. Briefly,
peripubertal (4-week-old) female mice were implanted
subcutaneously with either an empty blank (control, 18
mice) or a dihydrotestosterone (DHT, 18 mice) 1-cm si-
lastic implant (id, 1.47 mm; od, 1.95 mm, Dow Corning
Corp, catalog no. 508-006). The DHT silastic implants
are made in-house, contain ~10 mg DHT and provide
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steady-state DHT release for at least 6 months [35]. This
method provides elevated circulating levels of DHT, as
consistently demonstrated in previous studies [30, 36,
37]. Groups of 6 control and 6 DHT-treated mice were
collected following 2, 4, and 8 weeks of DHT exposure.
This experiment was approved by the Animal Care and
Ethics Committee of the University of New South Wales
Sydney within National Health and Medical Research

Council guidelines for animal experimentation.

Assessment of Estrous Cycle

Estrous-cycle stage was determined in all mice by assessing
vaginal epithelial cell smears taken every day for 7 con-
secutive days [38]. Smears were collected using 15 pL of
0.9% sterile saline, transferred to glass slides to air dry, and
stained with 0.5% toluidine blue before examination under
a light microscope. Estrous-cycle stage was determined
based on the presence or absence of leukocytes, cornified
epithelial cells, and nucleated epithelial cells. Proestrus
was characterized by the presence of mainly nucleated and
some cornified epithelial cells; at the estrus stage, mostly
cornified epithelial cells were present; at metestrus, both
cornified epithelial cells and leukocytes were present; and
at diestrus, primarily leukocytes were present.

Ovary Preparation and Morphological Analysis

Ovarian morphology analysis was performed on 16 con-
trol and 18 DHT-treated ovaries (4-6 ovaries per treat-
ment/time point). Ovaries were dissected, weighed, fixed
in 4% (weight/vol) paraformaldehyde overnight at 4 °C,
and stored in 70% (vol/vol) ethanol before histological
processing and analysis. Ovaries were processed through
graded alcohols and embedded in glycol methacrylate resin
(Technovit 7100; Heraeus Kulzer). Embedded ovaries were
sectioned at 20 pm, stained with periodic acid-Schiff, and
counterstained with hematoxylin. Corpora lutea quantifica-
tion was undertaken as previous described [32, 39], where
whole-section scans of every third section were taken under
a light microscope using a DP70 Olympus camera and
corpora lutea identified by morphological properties con-
sistent with luteinized follicles and visible through several
serial sections. Large antral follicles were assessed on all
ovarian sections and were classified as containing a single
large antrum. Follicles were only assessed in the section
where the oocyte’s nucleolus was evident to avoid counting
repetition. Large antral follicles were classified as unhealthy
if they contained a degenerate oocyte and/or more than
10% of the granulosa cells were pyknotic in appearance
[32,40]. Large antral follicles were evaluated for granulosa

cell-layer thickness and theca cell area using Image] version
1.48 software (NIH), as previously described [32].

AdiposeTissue Analysis

pads in 4%
paraformaldehyde, embedded in paraffin, and sectioned at

Parametrial fat were weighed, fixed
8 um. Sections were stained with hematoxylin and eosin
and imaged at 40x magnification under an Olympus BX60
light microscope for histomorphometric analysis. For
proper representation of the fat pad, 5 distinct pictures
were taken from each of 3 sections of the fat pad, with a
minimum of 200 pm separating these sections. Parametrial
adipocyte size was quantified using Image] version 1.51
software (NIH).

Cholesterol and Triglyceride Levels

Serum levels of total cholesterol and triglyceride were as-
sayed enzymatically with commercial kits obtained from
Wako (Cholesterol E Kit, 439-17501; Triglyceride Kit,
432-40201).

Fasting Glucose Levels and Glucose
Tolerance Test

Fasting glucose levels and intraperitoneal glucose tolerance
test were measured in all mice 1 week prior to the collec-
tion time point (ie, at 1, 3, and 7 weeks). Mice were fasted
for 6 hours for a baseline blood glucose reading, followed
by an intraperitoneal injection of glucose at 2 g/kg body
weight. Blood glucose was then measured at 15, 30, 60, and
90 minutes post injection. Blood was obtained from a tail
prick, and blood glucose levels were measured using glu-
cose strips on an Accu-Chek glucometer (Roche).

Aspartate Transaminase and Alanine
Transaminase Levels

Serum aspartate transaminase (AST) and alanine trans-
aminase (ALT) levels were assayed enzymatically with com-
mercial kits obtained from Thermo Scientific (ALT/GPT
Reagent, TR71121; AST/GOT Reagent, TR70121).

Hepatic Steatosis Analysis

Livers were weighed whole before the right lateral lobe was ex-
cised from the whole liver and fixed in 4% paraformaldehyde,
embedded in paraffin, sectioned at 5 um, and stained with
hematoxylin and eosin before histomorphometric analysis.
The presence of steatosis was microscopically quantified
blindly by an independent investigator by classification into
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4 different categories (0, nonfatty liver; 1, possible early stea-
tosis; 2, moderate steatosis; 3, severe steatosis; as outlined in
a previous study [41]).

Statistical Modeling and Analysis

Statistical analysis was performed using GraphPad Prism
8. Proportions were analyzed by Fisher exact test to assess
the effect of DHT treatment for percentage of females cyc-
ling. Statistical differences were tested by 2-way analysis
of variance (ANOVA) (to assess the main effects of DHT
treatment (D), time of exposure (T), and the interaction of
treatment x time [D x T]), with post hoc test using Fisher
least significant difference multiple comparison test. Two-
way ANOVA main effects of DHT treatment (D) and time
of exposure (T) are reported, and interaction results (D x
T) were excluded if not significant. Data that were not nor-
mally distributed were analyzed using the Kruskal-Wallis
test with uncorrected Dunn’s multiple comparison test. P
values < 0.05 were considered statistically significant.

Results

Disruption of Estrous Cycles Is an Early Indicator
of the Development of a PCOS-Like Phenotype in
a Hyperandrogenic PCOS Mouse Model

The presence of irregular menstrual cycles is a key diag-
nostic trait of PCOS [4, 5]. At all time points assessed,
100% of control mice cycled and displayed normal estrous-
cycle patterns (Fig. 1A-1C). In contrast, acyclicity was ob-
served in all DHT-treated mice after 2, 4, and 8 weeks of
exposure to androgen excess (Fig. 1A, P < 0.05; and Fig.
1C ). Examination of vaginal smears revealed leukocytes to
be the main cell type present in all the vaginal smears from
DHT-treated mice, indicating that they were in a pseudo-
diestrus acyclic state (Fig. 1B and 1C).

Polycystic Ovary Morphology and Ovulatory
Dysfunction Are Early Indicators of the
Development of a PCOS-Like Phenotype in a
Hyperandrogenic PCOS Mouse Model

In agreement with our previous studies [30, 32], DHT treat-
ment led to a significant increase in the large antral follicle
population and prevented ovulation (Fig. 2A and 2B and
2D and 2E, P <0.001). Similarly, histological analysis re-
vealed that DHT treatment had an overall significant effect
on the number of cyst-like follicles in the ovaries (P < 0.05),
with DHT-treated ovaries displaying an increase in the
number of cyst-like follicles compared with controls after
2, 4, and 8 weeks of excess androgen exposure (Fig. 2C).

DHT-exposed females also displayed the PCOS trait of
oligo/anovulation, with DHT treatment leading to a signifi-
cant decrease in corpora lutea (Fig. 2D and 2E, P < 0.05).
Corpora lutea were notably decreased in DHT-treated mice
compared with controls after 2 weeks of exposure to excess
androgen levels, and completely diminished after 4 and 8
weeks (Fig. 2A and 2D). Time had a significant main effect
on ovary weight (P < 0.001), but there was no main effect of
DHT treatment (Fig. 2F).

Ovarian Antral Follicle Health and Morphology
Are Significantly Compromised After 2 Weeks of
Excess Androgen Exposure in a Hyperandrogenic
PCOS Mouse Model

A significant effect of DHT treatment was identified for
the PCOS-like ovarian feature of an increased number of
atretic large antral follicles (Fig. 3A and 3B, P < 0.05), with
DHT-treated females displaying an increase in the per-
centage of unhealthy large antral follicles after just 2 weeks
of DHT exposure. Excess androgen exposure also had an
overall significant (2-way ANOVA, main effect; P < 0.05)
effect on granulosa cell thickness (Fig. 3C). Granulosa cell
thickness was observed to decrease in large antral follicles
of DHT-treated mice compared to controls after 2, 4, and
8 weeks of exposure, (Fig. 3C). DHT treatment and time of
exposure had no effect on theca cell area (Fig. 3D).

Increased Body Weight Is an Early Marker of the
Development of a PCOS-Like Phenotype in a
Hyperandrogenic PCOS Mouse Model

In line with our previous studies [30, 32], DHT treatment
had a significant impact on body weight (P < 0.001). DHT-
treated mice displayed increased body weights compared
with control females following 2, 4, and 8 weeks of an-
drogen exposure (Fig. 4A), with body weight increasing in
all treatment groups over time (Fig. 4A, P < 0.05). Body
weight in DHT-treated females was increased by 18 % after
2 and 4 weeks of DHT exposure and by a further 12% at 8
weeks of DHT exposure compared with controls. Increased
visceral adiposity is a characteristic of women with PCOS
[42] and correspondingly we observed that DHT treatment
induced a significant increase in parametrial (P < 0.001) and
retroperitoneal fat pad (P < 0.001) weights after 8 weeks of
excess androgen exposure, compared with controls (Fig. 4B
and 4C). Mesenteric fat pad weight was significantly influ-
enced by time (P < 0.01) but not DHT treatment (Fig. 4D).
Inguinal and brown fat pad weights were not affected by ei-
ther time or DHT treatment (Fig. 4E and 4F). Histological
analysis of parametrial adipocyte size revealed that time
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Figure 1. Estrous cycles in DHT-induced PCOS mice are disrupted after 1 week of exposure to androgen excess. A, Percentage of females cycling in
a 1-week period. *Significant effect of DHT identified by Fisher exact test (P < 0.05). n = 6 mice/group. B, Proportion of time spent at each stage of the
estrous cycle, showing significantly altered estrous cycles in DHT-exposed mice after 2, 4, and 8 weeks of androgen exposure. n = 6 mice/group. Data
are the mean + standard error of the mean (SEM) (n = 6 mice/group). Different letters denote significant statistical difference; Kruskal-Wallis test fol-
lowed by Uncorrected Dunn’s multiple comparison test. C, Representative graphs of estrous cycle pattern in control and DHT-treated females after 2,
4, and 8 weeks of androgen exposure. Abbreviations: P, proestrus; E, estrous; M, metestrus; D, diestrus. Data are the mean + SEM (n = 6 mice/group).
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Average number of cyst-like follicles per ovary (DHT treatment main effect P < 0.05, 2-way ANOVA). Data are the mean + SEM (n = 4-6 ovaries/group).
D, Average number of corpora lutea (CL) per ovary showing a significant effect of DHT treatment (P < 0.001, 2-way ANOVA). Data are the mean + SEM
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(P <0.001), but not DHT, had a significant effect on adipo-
cyte size (Fig. 4G and 4H).

Excess Androgen Exposure Induced an Increase
in Cholesterol Levels and Basal Glucose Levels in
a Hyperandrogenic PCOS Mouse Model

Dyslipidemia, an abnormal amount of lipids such as choles-
terol and triglycerides in circulation, is prevalent in women
with PCOS and can predispose women to suffer from car-
diovascular disease [43]. In this study, DHT treatment,
but not time, had a significant effect on total cholesterol
levels (P < 0.001); as compared with controls, DHT-treated
females displayed a 94% and a 43% increase after 2
(P <0.001) and 8 (P < 0.05) weeks of androgen excess ex-
posure, respectively (Fig. 5A). Circulating triglyceride levels

were not affected by either DHT treatment or time (Fig. 5B).
Serum fasting glucose levels were significantly affected by
DHT treatment (P < 0.05) and time (P < 0.001), with levels
observed to increase over time with highest levels observed
in DHT-treated mice after 8 weeks of androgen exposure
compared with controls (control, 9.03 + 0.34 mmol/L vs
DHT, 10.57 = 0.42 mmol/L; Fig. 5C). However, overall glu-
cose tolerance was unaffected by either time or DHT treat-
ment (Fig. 5D).

Liver Damage Is Not Apparent During the Early
Stages of Exposure to Excess Androgens in a
Hyperandrogenic PCOS Mouse Model

To assess liver function, we measured the enzymes as-
partate transaminase (AST) and alanine transaminase
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(ALT), since increased levels in circulation are associated
with liver damage [44]. Neither DHT treatment or time
exerted a significant effect over ALT and AST levels at
any time point (Fig. SE and SF), indicating that DHT

treatment
stages of

did not cause liver damage during the early
PCOS development in this model. Histological

analysis also showed there was no significant difference
in the degree of liver steatosis observed between control
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cose levels showing a significant effect of DHT treatment (P < 0.05, 2-way ANOVA). Data are the mean + SEM (n = 6 mice/group) D, glucose tolerance
test (GTT) area under the curve (AUC), showing DHT treatment had no effect over clearance of glucose in the circulation (P=0.9, 2-way ANOVA). Data
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and DHT-treated mice following up to 8 weeks of DHT
exposure (Fig. 5G and 5H).

Discussion

The current international criteria for the diagnosis of
PCOS are based on the diagnosis of adult women and may
not be equally applicable to adolescents [4]. PCOS diag-
nosis during puberty is challenging, due to the fact that
irregular menstrual cycles, acne, mild hyperandrogenism,
and multifollicular ovarian morphology occur during
normal puberty, which consequently makes diagnosis un-
reliable [11-13]. Therefore, diagnosis is often deferred
and reassessed many years after menarche [4] to avoid
overdiagnosis, needless anxiety, and unwarranted inter-
ventions. The establishment of the natural history of PCOS
progression could assist in identifying markers for the early
detection of PCOS. These would be beneficial in providing
more accurate criteria for early diagnosis of PCOS. The
present study investigated the evolution of PCOS features
in an established hyperandrogenic PCOS mouse model and
identified that the appearance of the PCOS reproductive
traits of acyclicity and anovulation, and the PCOS meta-
bolic trait of increased body weight were the earliest to
develop followed by increased adiposity. However, other
PCOS-associated metabolic features did not develop and
thus are proposed to occur after a longer period of time
as observed in our previous publications. Our data sup-
port the use of irregular cycles and also the addition of
elevated body weight as early diagnostic criteria in adoles-
cence for predicting the likelihood of developing PCOS in
adulthood.

Substantial evidence points to hyperandrogenism playing
a causative role in the development of PCOS traits [30, 32].
The majority of women presenting with PCOS exhibit ele-
vated levels of androgens [14], and hyperandrogenism cor-
relates closely with the main features of PCOS [45]. Yet the
temporal order by which hyperandrogenic-mediated traits
develop is unknown. In the current study, estrous cyclicity
was disrupted after only 2 weeks of exposure to androgen
excess and vaginal smears revealed that independent of the
length of time of DHT exposure, DHT-treated female mice
were fixed in a pseudo-diestrus state of their cycle. This
finding corresponds with previous observations in healthy
adolescent girls where irregular menstrual cycles during
early puberty are associated with higher free testosterone

Figure 5: continued

to free 17p-estradiol ratios, in comparison with mid- and
late puberty [46]. Indeed, it has been hypothesized that
PCOS may arise from abnormal pubertal development
[46]. This concept is supported by the finding in the cur-
rent study, where a hyperandrogenic environment from the
peripubertal stage completely disrupted hormonal balance
causing cessation of estrous cycling in DHT-treated mice.
This finding indicates that irregularity of cycles, although
present in the early stages of puberty, is also an important
factor that may help identify early stages of PCOS in the
first years after menarche.

Women with PCOS exhibit an increase in antral fol-
licles leading to the development of PCOM ovaries and
oligo-anovulation [4]. Both characteristics were effectively
induced in the DHT-induced PCOS mouse model. DHT ex-
posure led to oligo/anovulation after just 2 weeks of excess
androgen exposure corresponding with early puberty in
the mouse; likewise, PCOM developed after 2 weeks of an-
drogen excess (6 weeks of age). This ovarian phenotype is in
line with previous studies using DHT-induced PCOS rodent
models [29, 31, 32], and indicates that a hyperandrogenic
environment during peripuberty leads to rapid changes in
ovarian morphology and ovarian function. Moreover, our
results support the current PCOS guidelines for assess-
ment of PCOS in adolescents, in which diagnosis is based
on acyclicity and oligo-anovulation, with lesser weight
given to establishment of PCOM for diagnosis. In agree-
ment with previous reports, excess androgen exposure
also compromised ovarian follicle health and morphology
[29, 31-33], leading to a higher percentage of unhealthy
large antral follicles. This increased incidence of unhealthy
follicles may be attributed to the hyperandrogenic envir-
onment altering follicular dynamics [33]. Findings in the
present study demonstrate that androgen excess leads to
an immediate impairment of follicle health and morph-
ology during early puberty; this therefore encourages
close monitoring of PCOM in the early stages of PCOS
diagnosis. In our previous study, we demonstrated that a
hyperandrogenic environment was capable of altering fol-
licular dynamics even after follicles were removed from the
hyperandrogenic environment and cultured in vitro [33],
indicating that a hyperandrogenic environment might play
a causative role in antral follicle arrest leading to poly-
cystic ovaries. Therefore, we propose that, in the presence
of hyperandrogenism, PCOM could be included as a PCOS
diagnostic feature in adolescents. However, it should be

are the mean = SEM (n = 6 mice/group). Serum ALT (E) and AST (F) levels showing no significant effect of DHT treatment (P=0.8 and P=0.2, 2-way
ANOVA). Data are the mean + SEM (n = 4-6 mice/group). G, Degree of liver steatosis showing no significant effect of DHT treatment (P=0.21, 2-way
ANOVA). Data are the mean + SEM (n = 6 mice/group). H, Hematoxylin and eosin-stained histological sections of representative liver sections from
each treatment group. Abbreviations: D, DHT; T, time; ns, no significant difference; *P < 0.05, 2-way ANOVA.
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noted that, as rodents are poly-ovulatory, this species ex-
trapolation must be viewed with caution.

Long-term exposure of mice to DHT from the
peripubertal stage is reported to induce several meta-
bolic features of PCOS, including increased body weight
and adiposity [30, 32]. In this study, the first PCOS-like
metabolic trait to be observed after DHT treatment was
an increase in body weight. Although we did not quantify
lean body mass, this increase in body weight is likely due
to an increase in lean body mass, previously reported in
this mouse model [32, 37], as mice did not display signifi-
cant increases in fat depot weights until 8 weeks of DHT
treatment. After 8 weeks of androgen exposure, when mice
are mature adults, a significant increase in parametrial and
retroperitoneal fat pad weights, representing visceral fat,
was observed. This finding demonstrates that elevated an-
drogen levels lead to an increase in adiposity that reached
significance in early adulthood. Similarly, it was reported
that 18- to 21-year-old daughters of women with PCOS
exhibit a significant increase in BMI and waist circum-
ference compared with daughters born to control women
[47]. Moreover, 71% of the daughters with PCOS mothers
were diagnosed with hyperandrogenic PCOS [47]. In the
current study, DHT was observed to cause an increase in
visceral fat pads, and correspondingly, patients with PCOS
were reported to display a significant increase in visceral
adiposity, which was positively correlated with circulating
androgen levels [48]. Interestingly, this increase in visceral
adiposity did not result in a significant difference in overall
adiposity and body weight between healthy controls and
women with PCOS, pointing to preferential fat depos-
ition [48]. In addition, an increased amount of visceral fat
has been identified to be a significant variable correlating
with metabolic dysfunction in women with PCOS [49].
Collectively, these findings suggest that along with the cur-
rent PCOS diagnostic criteria, close monitoring of body
weight increments and fat localization in adolescents may
be an additional early predictor of PCOS.

The severity of obesity in adolescent girls increases the
odds of PCOS [50]. This notion is supported by a longitu-
dinal study analyzing data from the Northern Finland Birth
Cohort (NFBC) of 1966 reporting that women with ab-
dominal obesity who were overweight or obese at ages 14
and 31 displayed an increased risk of PCOS [51]. A more
recent analysis of the same cohort revealed that girls who
exhibited an earlier adiposity rebound at 5 to 6 years of
age correlated with PCOS diagnosis and a higher BMI in
adulthood [23]. Thus, these findings demonstrate that an
increase in adiposity early in life is an indicator of increased
likelihood of PCOS diagnosis later in life—although not a
certainty, given the rise in obesity in children and adoles-
cents worldwide [52], and thus caution must be employed

to avoid overdiagnosis. Taken together, these findings
suggest that the development of strategies to prevent this
increase in adiposity at an early stage may be a key pre-
ventative treatment, as obesity is known to exacerbate the
metabolic phenotype observed in women with PCOS [19],
increasing their risk for cardiovascular disease risk factors
such as glucose intolerance and dyslipidemia [53].
Dyslipidemia is prevalent in women with PCOS and can
predispose women to suffer from cardiovascular disease
[43]. In this study, DHT exposure significantly influenced
total cholesterol levels, with an overall increase in chol-
esterol levels in DHT-treated female mice compared with
controls. Similarly, a study reported that obese adolescents
with PCOS displayed significantly higher total cholesterol
levels when compared with healthy weight non-PCOS ado-
lescents [54]. However, in the current study, variability
was observed at different time points, suggesting that, as
observed in women with PCOS [55], dyslipidemia is a
variable feature with some individuals displaying greater
sensitivity than others. For example, a study in obese ado-
lescents reported no significant difference in total chol-
esterol levels between obese adolescents with PCOS and
obese adolescents without PCOS [56, 57]. Confirming pre-
vious reports [30, 32], impaired glucose homeostasis after
DHT exposure was observed in the present study. This re-
sult is congruent with human studies that report increased
levels of fasting glucose in women with PCOS compared
with healthy women [58]. Of note, elevated levels of fasting
glucose are used to define prediabetes and diabetes [59].
Therefore, in the current study, DHT-treated mice could be
classified as being prediabetic, as they exhibited elevated
fasting glucose levels. Notably, some studies have found a
strong correlation between visceral adiposity and insulin re-
sistance in women with PCOS, hypothesizing that visceral
fat potentially causes insulin resistance [49]. In light of this
knowledge, from this current study it may be hypothesized
that increased visceral adiposity most likely precedes the
metabolic PCOS feature of insulin resistance as, although
fasting blood glucose was affected by DHT treatment, ab-
normal glucose intolerance was not observed up to 8 weeks
of excess androgen exposure. These results further support
that early lifestyle interventions to prevent an increase in
adiposity are key to avert the onset of further metabolic
derangements such as diabetes and cardiovascular disease.
There is an increased rate of nonalcoholic fatty liver dis-
ease (NAFLD) in women and adolescents with PCOS [60,
61]. An early feature of NAFLD is hepatic steatosis in the
liver, which has been consistently induced by androgen ex-
cess in the PCOS mouse model used in this study [30, 32].
In the current study, we did not observe a significant dif-
ference in degree of hepatic steatosis in control and DHT-
treated mice, whereas we do when mice are exposed to 12



12

Journal of the Endocrine Society, 2021, Vol. 5, No. 6

Androgen
excess (DHT)

—p-

Increasing time of exposure to DHT '

2 weeks
PCOS-like traits

<

Irregular cycles

Owulatory dysfunction
Polycystic ovary morphology#
Increased body weight#
tParametrial fat-pad weight
tRetroperitoneal fat-pad weight
tInguinal fat-pad weight
tMesenteric fat-pad weight
Adipocyte hypertrophy

Dyslipidemia

X X X X X X X < < <

Hepatic steatosis

\

Impaired fasting glucose#

4 weeks 8 weeks 12 weeks *
v v v
v
v v v
v v v
x v v
x v v
x x v
x x v
x x v
x x v
x x v
v v v

Figure 6. Summary of the temporal effects of excess androgen exposure in the development of PCOS-like traits. v = Clinical PCOS trait present;
X = Clinical PCOS trait not present. “DHT treatment induced a significant main effect which was visualized from 2 weeks of exposure. *Data for 12
weeks of androgen excess exposure are taken from our previous publications, (Caldwell 2014, 2017; Bertoldo 2019; Aflatounian 2020).

weeks of DHT [32, 33, 36], suggesting this feature is de-
veloped after a more prolonged period of excess androgen
exposure (Fig. 6). Increased levels of ALT, and to a lesser
degree AST, in serum are common indicators of underlying
NAFLD [62] and are reported to be significantly elevated in
women with PCOS [63]. However, in the current study we
did not observe significantly elevated levels of ALT or AST
in serum of DHT-treated mice compared with controls.
This suggests that the liver was not significantly damaged
at this stage in the DHT-treated females. These results indi-
cate that the increased risk women with hyperandrogenic
PCOS have of experiencing NAFLD is a long-term conse-
quence and altered liver function and hepatic steatosis are
unlikely to serve as early diagnostic factors for the diag-
nosis of PCOS in adolescents (Fig. 6).

In this study we present the temporal pattern of
PCOS trait development in a hyperandrogenic PCOS
mouse model. Findings show that acyclicity, anovulation,
and increased body weight are the first PCOS-like fea-
tures to occur when inducing PCOS traits through
hyperandrogenism. We propose that along with the cur-
rent diagnostic criteria of irregular cycles and dysfunc-
tional ovulations, the presence of elevated body weight

and waist circumference may also be useful early markers
of PCOS. Interestingly, a significant increase in visceral
adiposity was not observed until a longer exposure dur-
ation of androgen excess, and glucose intolerance did not
develop in the 8-week period; hence, potentially these fea-
tures could be prevented. Indeed, prevention of significant
increases in body weight would decrease the incidence
and risk of women suffering from PCOS to develop the
associated comorbidities such as cardiovascular disease
and type 2 diabetes. Overall, these findings support the
development of treatments that are aimed at targeting
hyperandrogenic driven mechanisms and also indicate
that accompanying lifestyle interventions such as diet and
exercise aimed at prevention or amelioration of excess
weight gain during adolescence may prove to be beneficial
treatment strategies for PCOS.
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