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Abstract

Several mouse models have been developed to study polycystic ovarian syndrome (PCOS), a
leading cause of infertility in women. Treatment of mice with dihydrotestosterone (DHT) for 90-
days causes ovarian and metabolic phenotypes similar to women with PCOS. We used'this 90-
day DHT treatment paradigm to investigate the variable incidence and heterogeneity in'two
inbred mouse strains, NOD/ShiLtJ and 129S1/SvimJ. NOD mice naturally develop type 1
diabetes, and recent meta-analysis found increased androgen excess and PCOS in women with
type 1 diabetes. 129S1 mice are commonly used in genetic manipulations. Both NOD and
129S1 DHT treated mice had early vaginal opening, increased anogenital distance and altered
estrus cycles compared to control animals. Additionally, both-.NOD and 129S1 mice had
reduced numbers of corpora lutea after DHT exposure, while' NOD mice had decreased
numbers of preantral follicles and 129S1 mice had reduced numbers of small antral follicles.
NOD mice had increased body weight, decreased white adipocyte size, and improved glucose
sensitivity in response to DHT, while.129S1 mice had increased body weight and white
adipocyte size. NOD mice had increased expression of Adiponectin, Cidea, Srebpla and
Srebplb and 129S1 mice had decreased Pparg in the white adipose tissues, while both NOD
and 129S1 mice had increased expression of Glut4 and Prdm16 suggesting DHT may
differentially affect.glucose transport, thermogenesis, and lipid storage in white adipose tissue.
DHT causes different ovarian and metabolic responses in NOD and 129S1 mice suggesting that

strain differences may allow further elucidation of genetic contributions to PCOS.

Introduction

Polycystic ovarian syndrome (PCOS) is a leading cause of infertility in females of reproductive
age, affecting approximately 5-15% of women depending on the study and criteria used for
diagnosis (1-5). Women with PCOS present with heterogeneous symptoms, making diagnosis

and clinical studies challenging. Current clinical diagnosis uses the Rotterdam criteria, where
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patients must exhibit two of the following three symptoms: clinical or biochemical
hyperandrogenism, oligo- or amenorrhea, and the presence of polycystic ovaries by ultrasound
(4,6). In addition to these symptoms, women with PCOS often have metabolic disorders,
including obesity, insulin resistance and type 2 diabetes, hyperinsulinemia, dyslipidemia, and
increased risk for cardiovascular disease (4,7-9).

Several animal models have been developed in chimpanzees, sheep, and rodents:to study
various aspects of PCOS. Many models are established by introducing.excess androgens to
drive PCOS phenotypes (10-17). In mice, androgen treatments using 5a-dihydrotestosterone
(DHT) and dehydroepiandrosterone (DHEA) have been administered both pre- and postnatally
to produce a model replicating the reproductive and metabolic phenotypes commonly observed
in women with PCOS (10,11). Implantation of 90-day slow-release DHT pellets into prepubertal
mice has been shown to cause PCOS phenotypes including ovarian and metabolic dysfunction
(18,19), although this model has been used almost exclusively in the inbred strain of C57BL/6
(B6) mice.

PCOS is reported to have a genetic component in women (4,15,20). Herein, we sought to
examine the role of genetic background in PCOS by using two inbred mouse strains:
NOD/ShiLtJ and 129S1/SvimJ both founder strains in the collaborative cross mice, a
recombinant inbred mouse resource developed for complex trait analysis (21-23). Non-obese
diabetic or NOD/ShitLtJ (NOD) mice spontaneously develop type | diabetes (T1D) around 12-14
weeks (24), with 60-80% of females affected while only 20-30% of males are affected at this
age (25). This occurs due to an autoimmune attack on pancreatic endocrine tissue leading to
insulitis and decreased levels of insulin (26). A meta-analysis found an increased prevalence of
PCOS and androgen excess in women with type | diabetes (T1D) compared to women without
diabetes (27). The use of NOD mice may provide insight into the genetic background influences
on the PCOS phenotype and how T1D may influence a predisposition and susceptibility for

developing PCOS.
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129S1/SvimJ (129S1) mice are an embryonic stem cell source for genetic manipulations and
studies of diet-induced weight gain in 129S strains of mice have varied results. One study
reported high-fat diet (HFD) induced a larger risk for inflammatory stress in the kidneys and liver
in 129S1 compared to B6 mice (28), while other studies reported either significant or
insignificant weight gain in various strains of 129 mice compared to B6 on a HFD (29,30). The
variation in 129 strain obesity resistance has led to several studies to determine the genetic or
intestinal microbiota contributions in 129S1/B6 intercrossed animals (31;32). Results suggest
genetic differences in 129S1 mice in metabolic and tissue responses to. HFD. The current study
aims to explore metabolic differences in response to excess DHT in NOD and 129S1 mice in
comparison to those reported in B6 mice.

In B6 mice, 90-day DHT treatment causes ovarian dysfunction including estrous cycle
irregularity, altered hormone secretion, and ovarian.morphology. While the total number of
ovarian follicles did not differ, ovaries of DHT treated mice had an increased number of atretic
follicles with a cyst-like appearance.and a hyperplastic theca cell area (19). Similar phenotypes
were reported in mice treated with.the aromatase inhibitor letrozole; but not in DHEA treated
mice (18). Many of these ovarian phenotypes can be attributed to the expression of the
androgen receptor (AR) specifically in theca-cells (33), of mice with a mixed (B6/CD1/129Sv)
genetic background.

Excess androgens/can lead to increased adiposity in mice and humans, and adiposity
contributesito'PCOS phenotype severity in women (8,9). White adipose tissue (WAT) is
involvedin energy storage, glucose homeostasis, inflammatory functions, and the endocrine
system (34). Conversely, brown adipose tissue (BAT) is more metabolically active and is
involved in thermodynamic processes for internal temperature regulation (35-37). Increased
BAT is found to decrease obesity and increase weight loss as opposed to WAT, although recent
studies have shown that browning of WAT (also called beige/brite fat) accompanied by altered

gene expression has increased metabolic activity (37—39). Our current study examines the
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metabolic and ovarian consequences of 90-day DHT treatment in prepubertal NOD and 129S1
mice to provide a novel way to examine genetic susceptibilities to PCOS.

Materials & Methods

Animals: All animal procedures were conducted in accordance with the National Institute of
Environmental Health Sciences Institutional Animal Care and Use Committee approval (Protocol
# 01-30). Animals were housed on a 12:12h light-dark cycle and fed NIH-31 chow and water ad
libitum. At PND19 or 20, female 129S1 (n=24) and NOD mice (n=32) were subcutaneously
implanted with placebo or DHT 90-day slow release pellets (2.5 mg) (Innovative Research of
America, Sarasota, FL). After implantation of pellets, animals were monitored daily for entrance
into puberty by vaginal opening. Animal weights were measured weekly. Estrous cycle was
monitored in females approximately 30 days after pellet implantation by performing vaginal
smears daily for 12 consecutive days. Cells were immediately fixed on glass slides with
cytology spray and stained with H&E following standard protocols. A single investigator staged
estrous cycle smears as previously.described (40). At the duration of the study (90 days after
pellet insertion) anogenital distance (AGD) was measured using digital calipers, mice were
euthanized via CO, and.tissues were collected as described below.

Densitometry: Densitometry was performed on day 83 after pellets were implanted. Mice were
anesthetized with isoflurane and imaged using a Piximus x-ray densitometer (GE Healthcare,
Piscataway, NJ, USA). Analysis outputs provided fat content and bone mineral density
measurements for each animal.

Ovarian‘Morphology & Follicle Counting: One ovary from each animal was immediately
weighed, fixed in 10% formalin. paraffin embedded following standard procedures and serial
sectioned (8 microns). Every 4" section was stained with H&E and follicles were classified and
counted based on size for a total of 10 slides per ovary. Follicles were classified similar to
Emmen et al.(41), small preantral follicles included an oocyte surrounded by 1 or 2 layers of

granulosa cells and large preantral follicles had an oocyte with 3-5 layers of granulosa cells.
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Follicles that had an oocyte and more than 5 layers of granulosa cells and possibly some fluid
were classified as small antral and large antral follicles had an oocyte with a single large fluid
filled antrum (approximately 30% or more of the follicle). A follicle was only counted if an oocyte
was present in the section. Follicles that appeared unhealthy (broken oocyte) and/or degenerate
(fluid covering oocyte or improperly arranged or absent granulosa cells) were classed into a
group without further classification (size unknown). The corpus lutea (CL) were:also counted in
each section. Investigators were blind to the treatment groups for each strain and data shown is
the average ratings of two independent investigators.

Intraperitoneal Glucose Tolerance Test (IPGTT): Eighty-five days after pellet insertion, mice
were fasted overnight for approximately 14 hours. Fasting glucose levels were measured using
tail vein blood and a glucometer (Nova Biomedical). After initial (fasting) measurement, mice
received intraperitoneal injections of 2g/kg glucose andtail vein blood was used to determine
blood glucose levels at 20, 40, 60, 120 and 180 minutes after injection.

Adipose Tissue: Interscapular brown adipose and inguinal white adipose tissues were
collected and snap frozen for.gene expression analysis or fixed in 10% formalin and embedded
in paraffin wax following-established protocols. BAT and WAT were sectioned (8 microns) and
stained using a standard H&E staining protocol for a total of 4 mice in each treatment group.
Imaging of the'BAT and WAT was done using an EVOSXL microscope, where 20x brightfield
images were obtained and then analyzed (WAT only) using the WRI Adipocytes tool plug in
ImageJ. For.each section, researchers were blind to the treatment and manually outlined and
counted-50 cells in two sections per animal to determine cell area.

Gene Expression: Interscapular BAT, inguinal WAT, and one ovary was collected and snap
frozen at -80°C. Tissues were pulverized and RNA was isolated using 1 mL (ovary) or 5 mL
(adipose) of TRIzol® (Invitrogen, Carlsbad, CA) following manufacturer’s instructions. RNA
concentration was determined by spectrophotometry and cDNA was reverse transcribed using

SuperScript (Invitrogen, Carlsbad, CA). cDNA was diluted and quantitative real-time PCR was
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performed using SYBR Green (Invitrogen, Carlsbad, CA) with primer sequences available upon
request. Data are shown as a ratio of gene/Rpl7 as described previously (42).

Statistical Analysis: Statistical analysis of body weight changes across 90 days was compared
using a mixed model ANOVA followed by Tukey’s HSD test. In addition, to determine changes
in gene expression and final body weights, t-tests were used to compare treatment groups to
control in 129S1 and NOD mice using GraphPad Prism (GraphPad Software;L.a Jolla, CA).
Analysis of cell area for adipocytes was done using t-test comparisons of the average cell area
size in um between control and DHT groups using the t.test()function in the R statistics
program.

Results

Reproductive & Ovarian Phenotypes

Female mice were treated with placebo or DHT faor 90-days via a continuous release pellet
beginning at PND19. DHT significantly reduced the age of vaginal opening in both NOD (4.75
days early, p<0.001) and 129S1 mice (5.5 days early, p<0.001) compared to placebo treated
animals, which had vaginal opening at 31 days (NOD) or 29.5 days (129S1) (Fig. 1A-B). At the
end of the study, anogenital distance (AGD) increased by approximately 1.1 mm (p<0.001) in
DHT treated NOD and 129S1 mice (Figure 1C-D). Wet ovarian weight was significantly
decreased by DHT treatment in NOD mice (p<0.01), however, DHT did not significantly alter
ovarian weight in.129S1 mice (p=0.07) (Fig. 1E-F). These data demonstrate that DHT pellets in
both NOD and 129S1 mice altered AGDs similar to that observed in B6 mice following a similar
treatment protocol (Fig. S1(43)). To examine cyclicity in these animals, estrus cycles were
monitored for 12 days. While neither NOD nor 129S1 placebo mice had a normal 4-5 day cycle,
DHT altered the cycle pattern and significantly reduced the percentage of time in estrus for both
strains of mice. Cumulatively, NOD mice were in metaestrous and diestrous a higher
percentage of time and spent less time in proestrous suggesting that DHT induced an abnormal

estrous cycle although some did appear to ovulate after approximately 30 days of excess DHT.
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129S1 mice did not show significant differences in other phases of the estrus cycle (Fig. S2
(43)), although more leukocytes were present in all phases of the estrous cycle in both placebo
and DHT treated 129S1 mice (data not shown).

Ovatrian follicles were staged and counted to examine ovarian function. Previous reports found
that DHT reduces the presence of corpora lutea (CL) in B6 mice (18,19) (Fig. S3 (43)).
Interestingly, NOD and 129S1 mice had different ovarian phenotypes in the presence of excess
DHT (Fig. 2). NOD mice showed a trend to reduction in small preantral follicles (placebo 172+32
n=4; DHT 105%9 n=5, p=0.058), but a significant decrease in the number of large preantral
follicles (placebo 56.6+£6.5 n=4; DHT 38+£3.6 n=5, p<0.05). There was a drastic reduction in the
number of CLs compared to placebo treated NOD mice (placebo 4.0+1.4 n=4; DHT 0.2+0.2
n=5, p<0.01) (Fig. 2A-B). 129S1 mice had an insignificant increase in the number of small
preantral follicles in DHT group (placebo 86+13.8 n=4; DHT 138.5+22.9 n=5, p=0.08) and a
significant decrease in the number of small antral follicles (placebo 29.8+0.89 n=4; DHT.
24.1+1.3, p<0.01). While the 129S1.mice with DHT showed a trend towards more large antral
follicles in the ovary (placebo.0.9+0.2 n=4; DHT 2+0.4 n=5, p=0.053) this was not significant.
129S1 mice showed a significant decrease in the number of CLs present after DHT treatment
(placebo 8.6+2.9 n=4; DHT 1.3+0.8 n=5, p<0.05) (Fig. 2C-D). There was no difference observed
in the numbers of unhealthy or degenerative follicles or in the number of zona pellucida residues
in either NOD or 129S1 ovaries.

NOD and 129S1 mice had different ovarian morphology and DHT treatment exaggerated some
of these-differences. Ovaries from placebo treated NOD mice showed the presence of several
CLs (Fig. 3A) although many of the ovarian follicles had unorganized granulosa cells making
assessment of the follicle stage difficult. Treatment of NOD mice with DHT led to decreased
follicles present in the ovary, and there were no clear CLs (Figure 3C). Regions of the ovary
appeared to look like possible CL and could be as some mice did go through estrus (Fig. S2

(43)), but they were not clearly defined as observed in the placebo treated NOD mice (Fig. 3A-
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D). Ovaries of placebo treated 129S1 mice had follicles of many different sizes including the
presence of CLs. Their follicles had organized granulosa cells and well-formed thecal cell layers
(Fig. 3E-F). 129S1 ovaries in the presence of DHT show a thin layer of theca cells and
detachment of the theca cells from the GCs (Fig. 3G-H), although no large cystic follicles were
observed as reported in B6 mice (18,19).

To further study changes in ovarian function, expression of several steroidogenic
enzymes were examined including steroidogenic acute regulatory protein«(Star), P450 side
chain cleavage enzyme (Cypllal), cytochrome P450cl17al (Cypl7), and aromatase (Cypl9) in
NOD (Figure 4A) and 129S1 (Fig. 4B) ovaries. In NOD mice, DHT reduced the expression of
Star (4.0 fold, p<0.01) while expression was not altered in. 129S1 mice. Expression of Cypllal
was reduced in both NOD (3.4 fold, p<0.01) and 129S1 (4.2 fold, p<0.01) mice. Expression of
Cyp17 was increased by DHT in NOD mice (6.9 fold; p<.0001) and unchanged in 129S mice.
Expression of Cyp19 was not different in.NOD mice, Cypl9 expression was increased by DHT
in 129S1 mice (2.6 fold, p<0.05). Expression.of several other steroidogenic genes including 3
beta-Hydroxysteroid dehydrogenase and 17-beta hydroxysteroid dehydrogenase was not
different in either strain (data not shown). DHT treatment did not alter the expression of the
androgen receptor (Ar).in either NOD or 129S1 ovaries. The expression of granulosa cell
specific Forkhead box L2 (FoxI2) was not different in NOD ovaries, while 129S1 ovaries had
reduced expression of FoxI2 in the presence of DHT (1.3 fold, p<0.05) compared to placebo.
Expression:ofithe luteinizing hormone/choriogonadotropin receptor (Lhcgr) was not different in
NOD ovaries, while its expression was increased in 129S1 ovaries (3.5 fold, p<0.01). Ovarian
expression of tissue inhibitor of metalloproteinases-1 (Timp1l) was reduced in NOD ovaries (3.4
fold, p<0.05) while expression was not altered in 129S1 ovaries (Fig. 4).

Body Weight and Adipose Tissues Changes in Response to DHT
Animals were weighed weekly starting at 1 week after pellet implantation. Separate mixed

ANOVAs for the factors of treatment (DHT, placebo) and time (1-13 weeks) revealed main
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effects of treatment and time on body weight as well as treatment x time interactions for both
NOD, F(12, 360)=17.7, p<0.0001, n>=0.37, and 129S1 mice, F(12, 264)=4.2, p<0.0001,
n?=0.16. Follow-up post-hoc comparisons of the DHT x time interactions revealed that, for NOD
mice, both the placebo and DHT conditions had significant increases in body weight over weeks
(i.e., placebo: 1<2; 4<5; 6<7; 8<9 weeks, ps<0.05; DHT: 1<2, 2<3; 4<5; 8<9 weeks, ps<0.001)
and the placebo and DHT conditions were significantly different from each other on all (ps<0.05)
but week 1. For 129S1 mice, both the placebo and DHT conditions had-significant increases in
body weight over weeks (i.e, placebo: 1<2; 2<3; 8<9 weeks, ps<0:05; DHT: 1<2; 2<3; 4<5
weeks, ps<0.05) and the placebo and DHT conditions were significantly different from each
other each week of the study (p<0.05) (Fig. 5). Because‘of the differences in 129S1 mice
already present at week 1, we examined the final body.weight of each animal and found that
DHT increased body weight in NOD mice (placebo 22.2+1.1 n=16; DHT 25.6+1.3 n=16,
p<0.0001) and 129S1 mice (placebo 21.2+1.2 n=12; DHT 23.1+1.2 n=16, p<0.001). The body
weight was not recorded at time of pellet insertion, therefore we also examined final change in
body weight from week 1 to week 13 and found DHT increased body weight in NOD (p<0.001)
and 129S1 mice (p<0.05). Animals were subjected to densitometry measurements which
showed no difference in total percent fat in either strain, while both NOD (2.0 g increase,
p<0.05) and 129S1 (1.4 g increase, p<0.001) mice showed an increase in the amount of lean
tissue inthe DHT treated group. There were no differences in bone mineral density (Table 1)
between the treatment groups.

To examine glucose responsiveness, an IPGTT was performed at day 85 of treatment in each
strain of mice. While fasting blood glucose levels were not altered by DHT in either strain (NOD:
placebo 68.9 mg/dL vs DHT 73.2 mg/dL; 129S1: placebo 94.0 mg/dL vs DHT 88.8 mg/dL),
response to exogenous glucose was different. NOD mice had improved glucose tolerance when
treated with DHT compared to placebo treated animals. NOD mice naturally develop diabetes

(25,44,45) as demonstrated by the large increase in blood glucose levels and increased

10
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clearance time within 180 minutes in the NOD placebo (Total AUC 23,371 £ 4,432, n=11) mice
compared to the 129S1 placebo (Total AUC 11,375 + 1,878, n=12) treated animals (p<0.05).
Interestingly, NOD mice treated with DHT showed improved glucose tolerance as evidenced by
reduced maximum blood glucose concentrations (placebo 382.1 + 62.20, n=11; DHT 241.5 +
10.06, n=12, p<0.05) and reduced area under the curve from 0 to 180 minutes (placebo 23,371
+ 4,432, n=11; DHT 12,634 + 772.6, n=12, p<0.05) (Fig. 6A-B). This finding is‘contradictory to
data in B6 mice where excess DHT leads to decreased glucose sensitivity (18,19) (Fig. S4
(43)).

The large difference in glucose response between the NOD placebo and DHT groups led us to
examine the hypothesis that excess testosterone alters glucose response in these mice by
performing an IPGTT with males that have higher endogenous testosterone levels. Age
matched NOD males were subjected to a IPGGT and have no significant difference in maximum
blood glucose concentrations compared:to females in either group when analyzed by one-way
ANOVA (males 291+16.2, n=10). Male mice also had no significant difference in area under the
curve from 0 to 180 minutes (males 16,836 + 1,511, n=10) compared to NOD female mice in
either treatment group (Fig. 6A-B).129S1 mice did not show any differences in glucose
sensitivity when treated with. DHT (Fig. 6 C-D).

Androgens have been shown to affect both the WAT and BAT in B6 mice (18,19); therefore we
examined WAT and BAT morphology and adipocyte size in the NOD and 129S1 mice.
Morphological changes were observed in both NOD and 129S1 mice treated with DHT
compared with placebo treated animals (Fig. 7A&C). In the BAT, both NOD and 129S1 mice
have increased oil red O staining in the DHT treated females compared to the placebo treated
group (Fig. S5 (43)). The size of the brown adipocytes was not measured due to limitations in
the WRI Adipocytes tool in ImageJ. NOD mice have a significant decrease in WAT cell size

(1,380.65 = 36.31 SEM, p<0.05, n=350) while DHT increases WAT cell size in 129S1 mice

11
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(12,241.96 + 375.87 SEM, p<0.01, n=500) (Fig. 7B&D). Similar increases in WAT cell size have
been reported in B6 mice (18,19).

To further examine the adipose differences in the mouse strains, we examined gene expression
in WAT and BAT. RNA was isolated from WAT and BAT and the expression of genes important
for glucose tolerance including adiponectin (Adipoq) and the glucose transporter type 4 (Glut4,
officially Slc2a4) were measured. DHT increased expression of Adipog in WAT.of NOD mice
(2.1 fold, p<0.05) while there was no change in BAT or in 129S1 adipose tissue. Similarly, DHT
increased Glut4 expression in the WAT of both NOD (2.6 fold, p<0:05) and 129S1 (1.4 fold,
p<0.001) mice. No significant differences were observed in the BAT of either strain, although
the NOD mice showed large variation in Glut4 expression after DHT treatment (Fig. 8). Genes
involved in thermogenesis including the cell death-inducing DNA fragmentation factor, alpha
subunit-like effector (Cidea) and PR domain containing16 (Prdm16) were also measured. The
WAT of NOD mice had increased expression of Cidea (4.3 fold, p<0.01), while the BAT showed
no significant change. Cidea expression was also unchanged in both adipose tissues in 129S1
mice. DHT exposure increased the expression of Prdm16 in the WAT of both NOD (2.3 fold,
p<0.05) and 129S1 (3.7 fold, p<0.01) mice, however gene expression was not changed in BAT
of mice from either.strain (Fig. 8). Expression of uncoupling protein 1 (Ucpl) was measured,
however no significant changes were observed potentially due to large variation within the
samples/(data not.shown). Genes involved in lipid storage including peroxisome proliferator-
activated receptor gamma (Pparg) and sterol regulatory element-binding protein (Srebp) 1a, 1c
and 2:.were measured in BAT and WAT. Expression of Pparg was not altered in NOD adipose
tissue (slight increase in WAT by DHT; 1.4 fold, p=0.07), but had decreased expression in
129S1 WAT (7.1 fold, p<0.001). Expression of Srebpla was increased in NOD WAT (1.9 fold,
p<0.01) and unchanged in BAT and 129S1 adipose tissues. The Srebplc isoform significantly

increases in WAT (1.37 fold, p<0.05) and expression in BAT was decreased (1.7 fold, p=0.09)

12
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the change was not significant in NOD mice (Fig. 8). Expression of Srebp2 was not different in
any of the tissues examined (data not shown).

Discussion

It has been shown previously that 90-day DHT treatment induces both ovarian and metabolic
phenotypes in B6 mice (18,19). We hypothesized that NOD mice would have varied ovarian
responses due to development of T1D (46), while the ovarian response in 129S1 mice would be
similar to B6 mice. Herein, we show that DHT causes different ovarian and metabolic responses
in each strain of mice (summarized in Table 2).

Both NOD and 129S1 mice showed earlier puberty onset and long-term DHT treatment in NOD
mice had a significant reduction in the number of large preantral follicles and CLs present after
DHT treatment. NOD mice develop T1D as they age and it has been reported that as the
severity of T1D increases, the ovaries of NOD mice show increased numbers of atretic follicles
and atrophy in stromal cells (46). In our_study, the number of degenerate or unhealthy follicles
was not different within the treatment groups; possibly due to the development of T1D. While B6
mice have been reported to have increased cystic-like follicles (18,19), these were not observed
in NOD or 129S1 ovaries.

The ovaries of NOD mice treated with DHT had reduced expression of Star and Cypllal and
Timp1 as reported.in B6 mice (33). Timpl is normally expressed in the growing follicles in the
ovary and suggested to have a role in follicle development and luteinization (47); global
knockout of Timp1l leads to altered estrous cycles (48) and has been implicated in early
regression of the CL (47). In the ovaries of DHT treated NOD mice, there were several regions
that resembled a CL, however it was not a properly formed CL as observed in placebo treated
mice even though some animals did complete an estrus cycle. The reduction of Timpl may
contribute to the degenerate appearance of these CL-like structures in NOD mice as it relates to

PCOS.
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Ovaries in DHT treated 129S1 mice had reduced numbers of CLs and follicles had theca cell
layers that were detached from the granulosa cells. 129S1 ovaries had a decrease in small
antral follicles that suggests reduced granulosa cell numbers, supported by reduced expression
of the granulosa cell specific gene FoxI2. An increase in the expression of Lhcgr was observed
in DHT treated 129S1 ovaries while expression of Lhcgr is reduced in B6 mice with PCOS (33)
and unchanged in NOD mice. Increased expression of LHCGR has been reported in theca cells
of women with PCOS (49) while another study found increased expression in'granulosa cells
(50). 12951 mice could provide insight into the differential expression of LHCGR in response to
PCOS.

The CYP19 gene has been implicated as a genetic modifier in women with PCOS, where
decreased allele length correlates with T levels (51) and associations of CYP19 gene variants
may be associated with assisted reproduction success (52). 129S1 mice had increased
expression of Cypl9 while Ma et al. reported a reduction in Cyp19 after DHT treatment in mice
with a mixed genetic background (B6/CD1/129Sv) (33). CYP17 expression is increased in
women with PCOS (50) and contains a single nucleotide polymorphism that is correlated with
susceptibility (53). CYP11A1, another P450 enzyme that shows polymorphisms in certain
populations of women with PCOS associated with elevated testosterone levels (54), although
other studies contradict this (55,56). NOD and 129S1 mice have reduced expression of
Cyplilal; and NOD mice have increased Cypl7 expression. These varied results suggest
complex gene'interactions in PCOS. Unfortunately we were unable to measure plasma steroid
hormone’levels in these animals and examine how these gene expression changes correlate
with circulating hormones.

Glucose tolerance can be influenced by androgens and in B6 mice excess DHT leads to
glucose insensitivity in an IPGTT (18,19). However, NOD mice had the opposite effect, where
DHT improved glucose response and was similar to age matched NOD male mice. This effect

may be due to the differences reported in the development of insulitis in NOD males compared
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to females (25). Our study found that excess DHT improves glucose tolerance in NOD female
mice, although it does not alter fasting blood glucose levels. Steroid hormone treatment in
neonatal NOD mice suggested hormonal imprinting might be the cause of differences in diabetic
incidence (57). The intestinal microbiome in male and female NOD mice is significantly-different
and believed to contribute to the variation in incidence between sexes (58). Excess DHT in NOD
females improves glucose tolerance, suggesting that postnatal testosterone may be the driving
force for the sex differences observed (57). While the NOD mice showedimprovement in the
presence of excess DHT, glucose tolerance in 129S1 mice was not affected, possibly due to
increased browning of WAT as reported in cold acclimated Sv129 mice (59).

Androgens have been implicated in regulating adiposity (60),.and.women with excess
androgens have increased visceral adiposity (61). In WAT, NOD mice had decreased adipocyte
size while 129S1 mice had increased adipocyte size consistent with B6 mice (18,19). Both NOD
and 129S1 mice had increased body weights'in response to DHT over the course of the study,
however this doesn’t correlate with.changes in percent body fat or the differential adipose
morphology observed between the two strains. Additionally, the body weight of NOD mice was
not different at week 1 while the 129S1 mice showed treatment differences present at week 1
and maintained throughout the study. Unfortunately, the body weights of the animals was not
recorded at time of pellet insertion making interpretation challenging, as it is unknown if the
difference at week1 in 129S1 mice is due to poor randomization or the DHT treatment. We
compared thefinal body weights of the animals and found DHT increased body weight in both
strains.of mice compared to placebo treated animals. If the animals started out at different body
weights prior to pellet insertion we would not see this from either of these analyses, therefore
we also examined the overall change in body weight from week 1 to week 13 for each animal
and found DHT increased changes in both NOD mice and 129S1. The discrepancy in adipocyte
size and total percent body fat suggests that while some of the adipose stores may have

changed, it is not significantly different in the whole body analysis. Further studies are
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necessary to compare adipose morphology from different locations to understand the effect of
androgens on total body adiposity in each strain and how this contributes to total body weight.
NOD and 129S1 mice have similar BAT morphology following DHT treatment. To explore the
differences observed in adipose tissue we looked at the expression of genes that regulate blood
glucose levels including Adipog and Glut4. In women with PCOS, enlarged adipocytes are
associated with decreased adiponectin and insulin sensitivity (62), and testosterone has been
shown to decrease adiponectin plasma concentrations (63). 129S1 mice; had no change in
Adipoq expression levels, while adipocytes size did increase. Conversely, we found increased
expression of Adipog in WAT of NOD mice concurrent with decreased adipocyte size. The
increase in Adipoq could contribute to reduced cell size in NOD mice,, however this may not
correlate with secreted adiponectin levels that was not:measured. The glucose transporter Glut4
regulates blood glucose levels and is predominatelyfound in adipose tissue and skeletal muscle
(64). Women with PCOS have decreased GLUT4/GLUT4 expression in abdominal adipocytes
(65,66), possibly due to increased expression of miRNA-93 (66). Both NOD and 129S1 mice
show increased Glut4 expression in adipocytes, that could contribute to the improved glucose
tolerance in NOD mice and unchanged glucose tolerance in 129S1 mice after prolonged DHT
exposure.

Adipose tissue plasticity contributes to altered thermogenesis in cold tolerance studies and
suggested as a way to combat obesity (67) via thermogenic genes including Cidea and Prdm16.
Cidea expression is increased in the WAT of NOD mice, while no significant changes were
observed in 129S1 mice. Cidea/CIDEA is highly expressed in BAT and knockout mice have
increased thermogenesis, metabolic activity, and energy expenditure. Cidea deficient mice have
reduced adiposity, even on a HFD (68). Furthermore, increased Cidea expression in WAT
generates metabolically healthy obese mice (69). The increased expression of Cidea after DHT
in the NOD mice may be regulating the WAT and help improve their glucose tolerance even with

increased body weight.
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The fate of adipocytes relies on the expression of several genes including Prdm16, responsible
for controlling BAT identification. Knockout of Prdm16 has been shown to reduce BAT
expression of Cidea and Ucpl, and overexpression of Prdm16 increases expression (70). Both
NOD and 129S1 mice show increased Prdm16 expression in the presence of DHT that'may
lead to browning of the WAT, leading to improved glucose tolerance (NOD) or contributing to
the unaltered glucose metabolism in the 129S1 mice. Other studies have shown that 129S1
mice have increased browning of WAT compared to B6 mice (71), whichris consistent with the
results observed where DHT increases expression of this gene in.the WAT.

Pparg is involved in lipid synthesis and adipocyte differentiation though interactions with a
number of co-regulators (72). The expression of Pparg is significantly downregulated in 129S1
WAT as was seen in a rat model of PCOS (73), while NOD Pparg expression is unaltered. The
reduced expression of Pparg in 129S1 mice contradicts'the increased expression of Prdm16 as
these have been reported to form core transcriptional complex to regulate genes in adipocytes,
although Ppara has also been reported to regulate Prdm16 (74). Lipid synthesis and secretion
could contribute to the altered‘adipocyte sizes, so we examined lipid secretion genes including
Srebpla and Srebplc and found expression is increased in NOD WAT, and unchanged in
129S1 WAT. SREBP1 expression is increased in women with PCOS (75), and two
polymorphisms were identified that correlated with metabolic risk but not disease incidence (76).
An interaction between T1D and DHT in the NOD mice could explain the increased Srepbl
expression:not observed in the 129S1 mice. The BAT had no significant changes in genes
expression, increased oil red O staining suggests increased lipid storage though not quantified.
Our study suggests changes in WAT may have more contributions to differential responses to
DHT and phenotypes observed.

The heterogeneous symptoms of PCOS in women have made genetic studies difficult. To date,
GWAS reviews (77-79) have identified several genes, although PCOS is believed to be a

complex genetic disease where the interaction of several genes and physiological responses
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may contribute to the severity. Animal studies have provided novel insight into the mechanism
of androgen excess, however, most of these studies are done in B6 mice which limits the ability
to study genetic contributions to the phenotypes. Herein, we demonstrate that NOD and 129
mice have varied ovarian, metabolic, and adipose response to excess DHT and suggest that
intercrosses between these strains could generate a novel PCOS animal model.
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Figure Legends

Figure 1: Effects of DHT on Puberty, AGD, and Ovarian Weight. After implantation of pellets,
age at vaginal opening was used as a measure of puberty (A-B). Anogenital Distance (C-D) and
Ovarian Wet Weight (E-F) corrected for body weight were determined at the end of the study.
Data shown are average + SEM for NOD (n=16) and 129S1 (n=12). **, p<0.01, ***, p<0.001.
Figure 2: Ovarian Follicle Numbers in NOD and 129S1 mice. NOD (A-B).and 129S1 (C-D)
ovaries were fixed, paraffin embedded, serial sectioned (8-microns), and stained with H&E.
Follicles were staged and counted based by two independent researchers through 10
sections/ovary. Black bars are placebo and grey bars are DHT. Data shown are the average
total follicle numbers + SEM for a total of 4-5 animals per.group. Data were analyzed via an
unpaired student t-test. *, p<0.05.

Figure 3: Ovarian Histology. Whole ovaries were formalin fixed, paraffin embedded, and
tissues were cut into 8-micron sections and stained with H&E for placebo (A-B, E-F) and DHT
(C-D, G-H) treatment groups in NOD.(A-D) and 129S1 (E-H) mice. Representative sections are
shown at 10X and 20X magnification from different ovaries to demonstrate ovarian morphology
including CL (corpora lutea) and separation between theca and granulosa cells marked by white
arrows in 129S1 ovaries (G-H). Scale bars equal 400 um (10X) or 200 um (20X).

Figure 4: DHT Mediated Alterations in Ovarian Gene Expression. Whole ovarian RNA was
isolated and reverse transcribed into cDNA from NOD (A) and 129S1 (B) mice. Real-Time
gPCR was performed using primers specific for each gene and each treatment where black
bars are'placebo and grey bars are DHT. Genes included steroidogenic genes Star, Cypllal,
Cypl7 and Cypl9 and ovarian genes Ar, FoxI2, Lhcgr and Timpl. Data shown is the average +
SEM with a minimum of 5 animals per group. Data were analyzed via an unpaired student t-test.
* p<0.05, **, p<0.01. **** p<0.0001.

Figure 5: Body weight in NOD and 129S1 mice. Average body weights were measured each

week for NOD (A) and 129S1 (B) mice. Data shown are average + SEM for NOD (n=16) and
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129S1 (n=12). Data were analyzed using a mixed effects ANOVA which revealed treatment x
time interactions for both NOD and 129S1 mice (p<0.0001) followed by multiple comparisons by
Tukey’s HSD. *, difference between treatment groups (p<0.05).

Figure 6: Glucose Responsiveness in NOD and 129S1 mice. At day 85 of the study; mice
were fasted overnight and subjected to an intraperitoneal glucose tolerance test. Fasting blood
glucose was measured using a glucometer for both NOD (A) and 129S1 (C).and then 2000
mg/kg body weight glucose was injected via an intraperitoneal injection.~Blood glucose was
measured at 20, 40, 60, 120 and 180 minutes. Data shown is average + SEM for NOD and
129S1 mice (n=12/group except for NOD placebo where n=11 and NOD male n=10). The area
under the curve from 0-180 minutes for NOD (B) and 129S1 (D) mice. Data shown is average *
SEM and analyzed via one-way ANOVA for NOD mice.and an unpaired student t-test for
129S1. *, p<0.05.

Figure 7: Changes in Adipose Tissue-Morphology. Paraffin embedded tissues were cut into
8-micron sections and stained with. H&E for placebo and DHT treatment groups in NOD (A) and
12951 (C) mice. Brown and white adipose cell images are representative images from n=5 mice
examined in each treatment group: Scale bars equal 200 um. Average white adipose cell area
was determined using ImageJ for NOD (B) and 129S1 (D) for control and DHT subjects. Data
shown is adipose cell average in n=5 per each group. Average of cell area for each treatment
group is,compared using t-tests. *, p<0.05.

Figure 8: Gene Expression Differences in NOD and 129S1 Adipose Tissue. White Adipose
Tissue«(WAT) and Brown Adipose Tissue (BAT) was isolated from animals, RNA was isolated
and reverse transcribed into cDNA. Real-Time gPCR was performed using primers specific for
each gene where black bars are placebo and grey bars are DHT. Genes studied include two
glucose responsive genes Adiponectin (Adipoq) (A&H), Glut4 (officially Slc2a) (B&l) and two
genes implicated in thermogenesis including the cell death-inducing DNA fragmentation factor,

alpha subunit effector A (Cidea) (C&J) and the PR domain containing 16 (Prdm16) (D&K). Lipid
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storage genes including peroxisome proliferator-activated receptor gamma (Pparg) (E&L) and

sterol regulatory element-binding protein (Srebpla) (F&M) and (Srebplc) (G&N). Data shown is

the average + SEM with a minimum of 5 animals per group. Data were analyzed via an unpaired

student t-test for each adipose type and specific to each strain of mice. *, p<0.05, **, p<0.01.

Table 1: Body Composition Changes in Response to DHT

NOD Mice 129 Mice
Placebo DHT Placebo DHT
Total % Fat 12.41 +0.61 12.88 £ 0.55 (n=16) 15:56'+ 0.63 17.63 £1.09 (n=12)
(n=16) (n=12)
Total Lean Tissue 18.46 £ 0.23 20.58 £ 0.23 (n=16)* [ 15.24 4 0.28 16.63 +£0.15 (n=12)***
(8) (n=16) (n=12)
Bone Mineral 0.0544 + 0.006 0.069 + 0.016 (n=16) {10.128 £+ 0.048 | 0.056 + 0.0007 (n=12)
Density (g/cm?) (n=16) (n=12)

* p<0.05; ***, p<0.001

Table 2: Summary of Physiological Results in Response to DHT

NOD 12951 C57BL/6
Vaginal Opening 4.75 days early* 5.5 days early* ND
AGD increased (1.1 mm)* | increased (1.1 mm)* increased*
Ovarian Wet Weight decreased* NS increased*
Time in Estrus / decreased* / decreased* / ND
Estrus Cycle abnormal abnormal

Ovarian Morphology

decreased preantral
follicles & CLs*

decreased small
antral follicles & CLs*

cystic follicles &
reduced CLs *[18,19]

Overall Body Weight increased* increased* increased*
IPGTT improved sensitivity* NS decreased
sensitivity*

White Adiopcyte Size decreased* increased* increased*[18,19]

*,.p<0.05; NS, Not Significant; ND, Not Determined
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