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Abstract

Capsule: Hyperandrogenemia in an obese PCOS mouse model results in altered glucose/insulin
metabolism and mitochondrial structure and function in the oocytes, in part explaining adverse
outcomes and inheritance patterns seen in PCOS.

Objective: To study the oocyte quality by means of mitochondrial structure and function in a
well-established classic PCOS mouse model.

Design: Animal study using an obese PCOS mouse model compared with control.
Setting: Animal research facility in a tertiary care university hospital setting
Animals: C57/B6J mice

Intervention: Three week old mice had subdermal implants of DHT controlled release pellet or
placebo for 90 days.

Main Outcome Measures: The mouse model was validated by performing glucose tolerance
test, HbAlc levels, body weight and estrous cycle analyses. Oocytes were subsequently

isolated and were used to investigate mitochondrial membrane potential, oxidative stress, lipid
peroxidation, ATP production, mtDNA copy number, transcript abundance, histology and electron
microscopy.

Results: Results showed glucose intolerance and hyperinsulinemia along with dysregulated
estrus cycle. Analysis of the oocytes demonstrated impaired inner mitochondrial membrane
function, increased ATP production and mtDNA copy number, altered RNA transcript abundance
and aberrant ovarian histology. Electron microscopy of the oocytes showed severely impaired
mitochondrial ultrastructure.
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Conclusion: The obese PCOS mouse model shows a decreased oocyte quality related to
impaired mitochondrial function.
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Introduction

Polycystic ovary syndrome (PCOS) is the most common ovulatory disorder in the world,
affecting up to 10% of women, translating to more than 100 million women worldwide

(1). PCOS may be described as the common endpoint of several metabolic disturbances,
including altered hypothalamic-pituitary-ovarian signaling, insulin resistance and glucose
intolerance, obesity and metabolic syndrome, hyperandrogenemia, and other environmental
and genetic factors (1-4). Given this variability, the diagnosis is also complex, though

the current accepted algorithm is the Rotterdam criteria: polycystic ovarian morphology,
irregular menses and clinical or laboratory evidence of hyperandrogenemia (5). At least two
of these three criteria will qualify a patient for the diagnosis of PCOS provided routine
workup excludes other etiologies such as prolactin or thyroid disorders (5). The overall
severity of the disease depends upon the combination of Rotterdam criteria a patient exhibits
and hence this disease has a spectrum of phenotypes (6). Patients with all three criteria tend
to fall on a more extreme end, and patients with only two of the three criteria will manifest a
less pervasive phenotype (6).

Regardless of where a patient falls on this spectrum, PCOS has strong associations with
many adverse outcomes. PCOS women have been shown to have increased obstetric risks
including preeclampsia, gestational diabetes, preterm delivery and higher infant mortality
(7, 8). Further, there are longstanding implications in chronic disease states such as
hypertension, diabetes, depression, stroke and some cancers (7). In the realm of fertility,
PCOS patients have higher miscarriage rates (9, 10), higher risk of ovarian hyperstimulation
(OHSS), and lower APGAR scores in babies born after assisted reproduction technology
(ART) (11). We recently showed that embryos from hyperandrogenic PCOS women grew
faster until morula (12). Interestingly, PCOS patients also showed a higher miscarriage rate
strongly indicating a hyperandrogenic ovarian microenvironment could alter fertility and
obstetric outcomes (13).

As PCOS is more a compilation of subpopulations diagnosed under the varying
combinations of the diagnostic criteria, this heterogeneity poses difficulty in its study.
Indeed, the general PCOS population is abound with confounders, and this is particularly
true in the case of obesity. Up to 80% of PCOS patients are obese, and given the epidemic
of obesity in the 215t century, it is known that this well studied comorbidity is also
similarly associated with a wide range of adverse events (14-16). Moreover, PCOS patients
are more likely to have insulin resistance and glucose intolerance, commonly meeting
criteria for metabolic syndrome as well (2). The degree to which hyperandrogenemia and
hyperinsulinemia play a role in the downstream adverse outcomes of PCOS remains to
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be fully elucidated, but it appears that increasing obesity exacerbates the severity of the
phenotype (17).

During folliculogenesis, an oocyte’s mitochondria increases in number from a handful

to over 100,000 to provide the energy necessary for the embryo post fertilization (18,

19). Mitochondria are maternally inherited and essential for growth this process of rapid
development for early embryo life is critical for survival. Prior studies in PCOS have shown
associations of negative effects at the mitochondrial level with corresponding decreased
oocyte quality, suggesting that mitochondrial competence in the oocyte warrants further
study (20-22). Specifically, associations have been demonstrated regarding lower inner
mitochondrial membrane potential and fertilization rates, increased reactive oxygen species
and mitochondrial DNA damage with apoptosis, as well as lower ATP levels and lysis
during early embryo development (19, 23). Furthermore, transgenerational inheritance of
mitochondrial pathology has been reported, even with no further interventions in offspring
(24-26). Despite the heritability of PCOS, research has not been able to identify any
candidate genes to explain the inheritance pattern (4, 27-29). Given that offspring of patients
with hyperandrogenic disorders such as congenital adrenal hyperplasia are at increased risk
for PCOS, it is possible that androgen exposure may play a role at the level of the oocyte
mitochondria (30).

Many labs have characterized the metabolic outcomes of PCOS in various mouse models
noting increased lipids, glucose intolerance, insulin resistance, pancreatic dysfunction and
cardiovascular disease (31, 32). Most of these PCOS models are created via administration
of androgens, including testosterone, androstenedione, dehydroepiandrosterone (DHEA),

or dihydrotestosterone (DHT), all of which may be given prenatally, pre-pubertally or
post-pubertally (31). It is important to note that DHT is not aromatizable to more estrogenic
products, and therefore may be considered a more “conserved” androgen. Studies using
these models have also documented changes in reproductive function with decreased
numbers of corpora lutea, increased follicular atresia and subfertility, though few studies
have been performed on the oocyte or embryo (20, 22, 33). In a prior study, we investigated
a lean PCOS mouse model with a normal body mass index (BMI) demonstrating adverse
oocyte mitochondrial function and structure (34). Our objective in this study was to measure
the mitochondrial function and to assess its structure in the oocytes of a classic obese PCOS
phenotype using a DHT induced PCOS mouse model.

Materials and Methods

All experiments were approved through the Institutional Animal Care and Use Committee
of Baylor College of Medicine (AN-7156). To create the obese PCOS mouse model,
seventy-five 3 week old C57/B6J strain mice were obtained at weaning and randomly
divided into treatment group (n=38) and control group (n=37). A 90 day controlled release
pellet containing 2.5 mg DHT (27.5 pg/day, Innovative Research of America, Sarasota,
Florida) or placebo was implanted under sterile surgical conditions. All mice were fed
standard chow (PicoLab® Select Rodent 501F/IR 5V5R from Lab Diet, Houston, TX,
USA). In experiments involving oocytes, ‘n’ in each experiment denotes the number of
mice used and not the number of oocytes. Varying numbers of oocytes from each animals
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were used for each experiments and the numbers used is mentioned in the appropriate
experiments/legends. The methods for each of the experiments involving the oocytes have
been previously published in detail, but are briefly summarized below (34).

Pups were weighed and measured from snout to anus in millimeters at 3, 4, 8, and 12
weeks up to euthanasia at 16 weeks to calculate their BMI. Testing for estrous cyclicity was
performed at 3 months of age by observing the vaginal cytology using vaginal smears as
previously described (35-37) for approximately 21 days, or 4 consecutive cycles. Glucose
tolerance test (GTT) was performed 12 weeks old mice as in previously published mouse
models (38, 39). Hemoglobin Alc levels were analyzed at the time of euthanasia at 16
weeks using the AlcNow+ test kit (PTS Diagnostics, Indianapolis, IN, USA) following the
manufacturer’s instructions.

Plasma T was measured by using an ELISA kit (ADI-900-065, Enzo Life Sciences, Inc.
NY. USA) following manufacturer’s instruction as reported earlier (40). Briefly, 100l of
plasma (diluted 1:40) and standards were added to each well pre-coated with antibody.
Antibody solution (50 ul) was pipetted into each well, except the blank, total activity (TA)
and non-specific wells and incubated for 1 hour at room temperature with constant shaking
(~500 rpm). Conjugate solution was added into each well, except the TA and blank wells
followed by an incubation for 1 hour at room temperature with constant shaking. The
contents were emptied and washed thrice. Conjugate solution (5 ul) was added to the TA
well followed with the addition of 200 pl of the substrate solution to every well. The plate
was then incubated at 37°C for 1 hour without shaking. Stop solution (50 pl) was added
to arrest the color development. The plate was then read at 405 nm using a plate reader
(CLARIOstar™, BMG Labtech Inc. NC, USA).

Plasma DHT was measured using an ELISA kit from Abnova (Walnut, CA. USA) following
manufacturer’s instruction. Briefly, 50ul of serum and standards were added to wells pre-
coated with antibody. Following this, 100ul of antibody solution was then pipetted into each
well, and the plate was incubated at 1 room temperature for 1 hour on a shaker. Next,
contents were emptied and washed three times with diluted wash buffer. Following this,
150ul of TMB substrate was added into each well, the plate was shaken for 10 seconds

then incubated for 10 minutes at room temperature. Finally, 50ul of stop solution was added
into each well, and the plate was read on a plate reader at 405 nm (CLARIOstar™, BMG
Labtech Inc. NC, USA). PCOS mice were sub-fertile and hence, it was necessary to perform
superovulation to retrieve oocytes.

Mitochondrial function was evaluated on individual oocytes by single cell imaging
experiments using fluorescent probes and the images were analyzed using Image J software
(34). Inner mitochondrial membrane (IMM) potential was measured using JC-1 dye
(Affymetrix, Santa Clara, CA., incubated for 30 minutes in 2uM concentration), reactive
oxygen species (ROS) formation was measured using CellRox Green (ThermoFisher,
Waltham, MA., incubated for 30 minutes in 5uM concentration), and lipid peroxidation
was measured by using BODIPY® 581/591 (Life Technologies, Carlsbad, CA., incubated
for 45 minutes in 1pg/ml concentration). Single cell imaging of oocytes for IMM, ROS and
lipid peroxidation were performed using 2-5 oocytes/study/group from 5-8 mice.
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ATP concentration was measured pooling 5-15 oocytes/mouse, using a luciferase assay kit
(ThermoFisher, Waltham, MA) according to the manufacturer’s instruction. RNA transcript
abundance was measured using gPCR. RNA was isolated and cDNA was amplified using
3-5 oocytes collected from each mouse. Previously validated genes known to be relevant

to ovary and mitochondria were amplified using specific primers using cDNA library as
templates. KEGG analysis was performed on all genes that showed altered abundance

to predict involved pathways. Genomic DNA was isolated and amplified to measure
mitochondrial DNA copy number. Mitochondrial gene cytochrome oxidase 1 (mtCol) and
genomic encoded tubulin was used as a reference gene, and delta delta Ct model was utilized
for comparison between the groups (41). Details and primers were published earlier (34).

During euthanasia, ovaries from 4 month old unstimulated mice in diestrus were collected
and processed for transmission electron microscopy (TEM) (n=4 in each group). The ‘n” in
each study corresponds to the number of mice used in each experiment. Student’s t test, chi
square and ANOVA were used where appropriate for all above measurements, p< 0.05 was
considered statistically significant. The data were analyzed using GraphPad Prism version
6.0 (San Francisco, CA, USA).

DHT treated animals were obese with higher BMI

After the first 3 weeks, the experimental group weighed more than controls throughout the
lifespan, Figure 1. The obese PCOS mice weighed more at week 4 (Control 14.94 + 0.26
grams vs. obese PCOS 16.67 + 0.22 grams, p<0.01), at week 8 (Control 19.56 + 0.23 grams
vs. obese PCOS 23.34 + 0.31 grams, p<0.0001), at week 12 (Control 21.65 + 0.34 grams
vs. obese PCOS 26.41 + 0.52 grams, p<0.0001), and at 16 weeks (Control 22.62 + 0.38
grams vs. obese PCOS 27.56 + 0.55 grams, p<0.0001). Further, the obese PCOS mice had
an increased BMI at 12 weeks (Control 0.27 + 0.007 g/cm? vs. obese PCOS 0.34 + 0.008
g/em?, p<0.0001; Figure 1).

Obese PCOS mice had Irregular Cycles or Acyclic:

The obese PCOS mouse model displayed significantly irregular or no cycles when compared
to controls; all but 3 of 20 animals remained in diestrus for the duration of monitoring
period, indicating significant impairment in cyclicity (Control 4.44 + 0.19 days vs. obese
PCOS 0.64 + 0.35 days, p<0.0001; Figure 1). Only 2 of the 18 control mice had irregular
cycles; however, all but one of the obese PCOS mice had persistently irregular cycles during
the monitoring period (Control 87.5% (n=16/18) with regular cyclicity vs. obese PCOS

5% (n=1/20) with regular cyclicity, p<0.0001). Finally, the percentage of time spent in

the diestrus phase was significantly higher for the obese PCOS mouse group compared to
controls (Control 31.93 + 2.08% vs. Obese PCOS 89.0 + 5.06%, p<0.0001; Figure 1).

Obese PCOS mice had elevated Androgen levels:

The obese model demonstrated higher testosterone (Control 2.23 £+ 0.09 ng/ml vs. Obese
PCOS 4.23 + 0.6 ng/ml, p<0.01) with a two-fold increase and DHT (Control 61.91 + 11.94
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pg/ml vs. Obese PCOS 251.4 + 33.95 pg/ml, p<0.001) levels with four-fold increase when
compared to their respective controls, Figure 2).

Obese PCOS Mouse were Glucose Intolerant:

We performed GTT at 12 weeks of age. The obese PCOS model showed significant glucose
intolerance and elevated insulin concentrations when compared to controls (Figure 3A and
3B). Obese PCOS mice had similar glucose values at 0 and 15 minutes (Control 7.43 £ 0.35
mmol/l vs. obese PCOS 9.36 + 0.54 mmol/l at 0 minutes; Control 14.8 £ 0.89 mmol/l vs.
obese PCOS 18.22 + 0.71 mmol/l at 15 minutes, p>0.05). However, the obese PCOS mice
had elevated glucose values at 30 minutes (Control 13.68 + 0.69 mmol/l vs. obese PCOS
18.84 + 1.2 mmol/l, p<0.05), at 60 minutes (Control 12.48 + 0.81 mmol/l vs. obese PCOS
20.2 £ 1.88 mmol/l, p<0.0001), at 120 minutes (Control 9.93 + 0.51 mmol/l vs. obese PCOS
15.81 + 0.2.1 mmol/l, p<0.01), and at 180 minutes (Control 10.62 + 0.89 mmol/I vs. obese
PCOS 15.01 + 1.6 mmol/l, p<0.05, Figure 3A). The overall area under the curve for the GTT
showed higher glucose values for the obese PCOS model as well (Control 2062 + 93.04
mmol/I*180 minutes vs. obese PCOS 3075 + 281.9 mmol/I*180 minutes, p<0.01) (Figure
3C). Insulin levels at each time point were also assessed, and the obese PCOS model showed
evidence of hyperinsulinemia at every time point: at 0 minutes (Control 44.06 + 12.78
pmol/l vs. obese PCOS 120.36 + 9.66 pmol/l, p<0.01); at 15 minutes (Control 86.62 + 17.16
pmol/l vs. obese PCOS 214.38 + 11.35 pmol/l, p<0.0001); at 30 minutes (Control 93.07 £
17.14 pmol/l vs. obese PCOS 181.19 + 23.25 pmol/l, p<0.001); at 60 minutes (Control 91.34
+ 12.53 pmol/l vs. obese PCOS 154.54 + 19.66 pmol/l, p<0.05); at 120 minutes (Control
50.77 £ 14.9 pmol/l vs. obese PCOS 162.15 £ 9.54 pmol/l, p<0.0001); and at 180 minutes
(Control 80.53 + 11.82 pmol/l vs. obese PCOS 168.76 + 11.9 pmol/l, p<0.001; Figure 3B).
The overall area under the curve for insulin concentration was significantly higher in the
obese PCOS model compared to controls (Control 13298 + 1621 pmol/I*180 minutes vs.
obese PCOS 29941 + 1498 pmol/I*180 minutes, p<0.0001; Figure 3D). Moreover, there
was a statistically significant difference in hemoglobin Alc between the obese PCOS mouse
model and controls (Control 4.26 £ 0.05 vs. obese PCOS 4.83 + 0.1, p<0.001; Figure 3E).

Oocytes from obese PCOS mouse had compromised IMM potential:

We measured IMM potential, ROS and lipid peroxidation in live oocytes obtained from
obese PCOS mouse and controls. IMM potential was measured using JC-1. The obese PCOS
mouse exhibited a lower red: green ratio, indicating a lower IMM potential (Control 1.66 +
0.18 vs. obese PCOS 1.28 + 0.07, p<0.05; Figure 4). Imaging for ROS using CellRox Green
demonstrated similar concentrations of ROS between the obese PCOS model and controls
(Control 12.65 + 1.31 RFUs vs. obese PCOS 12.29 + 1.72 RFUs, p>0.05; Supplementary
Figure 1). There was no difference in relative fluorescence units in oocytes from obese
PCOS mice exposed to BODIPY compared to controls (Control 19.32 + 3 RFUs vs. PCOS
15.34 + 2.1 RFUs, p>0.05; Supplementary Figure 2).

Oocytes from obese PCOS mice had higher mtDNA copy number and ATP levels:

The obese PCOS mice had a higher mtDNA copy number compared to controls (Control
61.23 + 22.42 vs. obese PCOS 198 + 6.35, p<0.05; Figure 5A). Further, the obese PCOS
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model had a higher concentration of ATP compared to controls (Control 23.13 + 2.1 uM/
oocyte vs. obese PCOS 34.86 + 3.6 uM/oocyte, p=0.012; Figure 5B).

RNA Transcript Abundance varied between control and obese PCOS oocytes:

Analysis of RNA transcript abundance that are known to play a role in PCOS were
evaluated. Results demonstrated variable expression between the control and obese PCOS
mouse model, Figure 6. Of the chromosomal genes that were investigated, there was a
significant decrease in Ppp2ca, but an increase in Tubalb, both related to meiosis, compared
to controls, p<0.05. Similarly, regarding centrosome-related genes, there was a significant
decrease in Taccl, but an increase in Pcm1 in the obese PCOS mouse compared to controls,
p<0.05. Mitochondrial genes related to complex | showed a decrease versus controls
including mtNd1, mtNd4, and mtNd5, p<0.05. Mitochondrial genes including mtND2,
mtND3, mtND4l, mtND6, mtCyth, mtCol, mtCo2, mtCo3, mtATP6, mtATP8, mtRNrl,
and mtRnr2 showed similar expression in both controls and obese PCOS groups (data not
shown). Similarly, nuclear coded genes including Mfn1, Itga6, Dnm1, Ect2, Atrx, Cep70,
Spast, Igf1, Igfrl, Gdf9, Nobox, Gjal, Bmp15, Diaph2, Zp3, Zmizl, Kat2b, Xrccl, Ppp2ria,
and Tubalb showed similar expression in both controls and obese PCOS groups (data not
shown).

Oocytes from obese PCOS mice had altered mitochondrial ultrastructure:

Ultrastructural examination with electron microscopy showed that oocytes from obese
PCOS mouse displayed structurally abnormal mitochondria when compared to the controls.
We observed malformed cristae with concentric circles in some, or swollen cristae or a total
loss of cristae in others in the oocytes from the obese PCOS mouse. The controls had well
rounded mitochondria with normal looking cristae. Further, they also had normal looking
electron dense materials inside the mitochondria (Figure 7).

Discussion

The obese PCOS mouse model demonstrated a phenotype consistent with classic PCOS
with significantly altered cyclicity, elevated androgens, glucose intolerance, pervasive
hyperinsulinemia, and elevated hemoglobin Alc (7, 42). Our results are consistent with
prior studies of similar models using supra-physiologic androgens pre-pubertally that result
in a severe form of PCOS and metabolic syndrome (34). In this study we show evidence
for the first time that post-pubertal androgen administration affects oocyte mitochondrial
structure and function; specifically, the obese PCOS mice displayed compromised IMM
potential, increased ATP concentration as well as higher mitochondrial DNA copy number
compared to controls. Qualitative studies using TEM showed abnormal mitochondrial
ultrastructure. These findings are consistent with prior studies in other tissue types showing
that exposure to DHT alters insulin and glucose metabolism and affects mitochondria (43).
Taken together, these data present exciting implications for the relationship seen between
hyperandrogenemia and metabolic syndrome, though further studies are needed to elucidate
the tissue specific cellular pathways.
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Initially, a primordial oocyte will only have a small number of mitochondria, though that
number increases to well over 100,000 through folliculogenesis (44, 45). Once ovulated,
there will be no further proliferation in mitochondria until blastulation (44, 45). Therefore,
it is imperative to build up sufficient stores of healthy mitochondria to sustain the early
processes of embryogenesis from fertilization through the first cell divisions (18). The
mitochondria generate energy in the form of ATP, via the electron transport chain (ETC)
(23). The ETC pumps protons across the IMM to generate a transmembrane gradient for the
ATPase enzyme to utilize in creating ATP (46). If compromised, the ETC cannot produce
adequate energy stores, and this has been shown to be a marker for poor mitochondrial
function (46). Mitochondria are also integrally involved in ROS formation and scavenging
which in part regulate apoptosis (47). Increased ROS is associated with adverse outcomes
such as developmental arrest or even apoptosis, and physical DNA damage (19, 23, 48, 49).
Thus, continued studies on mitochondrial competence in the oocyte or embryo may provide
useful markers to the reproductive competence in the oocyte and embryo.

From the results of our study, hyperandrogenemia impacts both mitochondrial function
and structure in the oocyte. Of interest in our findings was the lack of increased ROS
despite altered IMM potential. Although we did not find increased ROS in the oocytes, it
is likely that ROS could play a factor in the granulosa cells which could indirectly affect
the oocytes. Lai et al showed that there is an increased ROS in the granulosa cells of
PCOS patients leading to granulosa cell apoptosis (50). Taken in full, these results likely
indicate the oocyte of the PCOS mice attempting compensation during folliculogenesis to
increase mitochondrial abundance in an environment actively being exposed to elevated
androgens. Indeed, the chronic exposure of the DHT could be directly affecting the oocyte
as demonstrated in altered IMM potential; but the lack of ROS could be due to increased
proliferation of mitochondria (as seen in increased ATP production and mtDNA copy
number) to compensate for this impaired function. It is important to consider the role

that mtDNA copy number may have played in the expression of RNA transcripts encoded
in the mtDNA that was measured. However, as there was only variation in a few of

the mitochondrial RNA transcripts, it is also possible other mechanisms are affecting the
expression or persistence of these transcripts besides abundance of mtDNA copy number.

While there are limited studies of direct androgenic effects on the mitochondria of the
oocyte, studies in other tissues have demonstrated similar findings as in the present study.
Androgen effects in neuronal tissues have been described to have impacts in IMM potential,
ATP production, as well as apoptotic pathways (51). While physiologic doses of androgens
appear to be neuroprotective, higher levels of exposure of testosterone and DHT may
induce mitochondrial dysfunction and apoptosis (52). Further, two studies using DHT

in a pregnant rat model also demonstrated that hyperandrogenism and concurrent insulin
resistance resulted in mitochondrial damage related to oxidative stress, ultimately affecting
placentation and fetal survival (53, 54).

Importantly, the effects of androgens on mitochondria are dependent on several biological
contexts such as age, sex, and tissue site (51). The above studies in the nervous system
have shown both protective and toxic effects at different levels, other studies in skeletal and
cardiac muscle have demonstrated protective effects of androgens in the apoptotic pathway
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(47). These data further highlight the importance of understanding the role of androgens and
mitochondria in each tissue type.

Studies on mitochondrial structure have shown that increasing volume with decreasing
cristae are the result of increased oxidative damage, and is commonly seen in routine aging
(55). These prior findings would be consistent with our findings of swollen or even absent
cristae and provides a foundation explaining in part the mechanism by which it may be
occurring in our model.

PCR was performed to quantify genes involved in key functions in oocytes. In most cell
lines, mMRNA transcripts last a few hours (56), though an oocyte’s mRNA transcripts will last
several days (56) to get through fertilization to blastulation and ultimately implantation (56).
Therefore, studies of RNA expression are more appropriately considered to be measuring
quantities of RNA transcripts created prior to ovulation (56, 57). In the present study,

genes showed both up and downregulation in comparison to controls. KEGG analysis of

the obese model found significance in oxidative phosphorylation, Parkinson’s, Alzheimer’s
and Huntington’s disease, consistent with increasing findings of the role sex steroids play

in chronic neuroprotection, though the correlation of these genes with the oocyte remains
unclear at this time (51). Interestingly, there was also correlation with non-alcoholic fatty
liver disease, which is known to have increased prevalence with obesity and PCOS (58).
PPP2ca, encoding the catalytic unit of protein phosphatase 2, is a key regulator of cell cycle,
was downregulated compared to controls, which is of great interest given the multi-pathway
involvement of this gene. Additionally, the mitochondrial genome is known to have hormone
response elements for both estrogens and androgens (57). Additionally, the mitochondrial
genes mtNd1, mtNd4, and mtNd5 all showed decreased abundance compared to controls.
These genes are related to complex | of the ETC, which has been shown to be impaired in
neural tissue exposed to androgens (21). Our findings regarding the alterations in mMRNA
abundance may partly explain these earlier findings.

Finally, given that mitochondria are strictly maternally inherited, any alterations to the
mitochondria of the oocyte are de facto transferred to the offspring. This may explain

the inheritance pattern seen in PCOS offspring (59). While PCOS is hereditary, multiple
studies have yet to identify strong gene candidates to explain this pattern (27-29). Moreover,
it stands to reason that the propagation of these mitochondria from a fertilized egg to a

live birth would result in abnormal mitochondrial function throughout the body. In fact,
daughters of patients with PCOS have been shown to have lower birth weights and a higher
prevalence of small for gestational age (SGA) as well as aberrations in follicle development
with increased ovarian volumes and AMH concentrations (60, 61). In prior animal studies
using a rat PCOS model, mitochondrial dysfunction in the pancreas (62) and kidney (63)
have been noted, and human studies have now reported altered mitochondrial function in
skeletal muscle (64) as well as in cumulus cells of PCOS patients (49).

We have previously published a similar study on a lean PCOS mouse model (34). Our
present study on obese PCOS and our previous study in lean PCOS mouse model show
that these two models have some common features but several distinct features. It appears
that the timing of exposure determines the intensity of the phenotype. Obese PCOS
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mice have a severe phenotype with higher glucose intolerance, HbAlc levels, insulin
resistance along with severely compromised estrous cycle. Further, mitochondrial copy
number in the oocytes was affected in the obese PCOS mice and not in the lean model.
Oocyte mitochondria from both lean and obese PCOS animal showed significant membrane
depolarization, however only the lean model showed increased oxidative stress suggesting
possible different mechanisms. It may be that the obese model, created via long term
exposure of androgen, shows some compensation by increasing numbers of mitochondria
as indicated by the elevated mtDNA copy number whereas the lean model, created with a
brief early intervention, does not have the same compensation and thus does not have the
mitochondrial numbers to control the balance of ROS. This is a plausible explanation for
our findings, though requires more study. In addition, oocyte gene expression patterns were
also distinct between the two models. Mitochondrial ultrastructure was compromised in both
models. It is not clear how androgen inflicts mitochondrial damage to oocytes and warrants
further future investigations.

Limitations in our study should be considered in interpretation of these results. Measurement
of the competence or quality of an oocyte requires single cell study; however, there are

an abundance of oocytes in each ovary. The conclusions made regarding the population

of oocytes as a whole from a small proportion warrant caution. Further, we had to use
superovulation to isolate oocytes. We do not know if the superovulation process affected

the oocyte function and gene expression. Elevated androgens can lead to hyperinsulinemia
as seen in the present study, and elevated insulin levels also lead to hyperandrogenemia;
therefore, the relationship between these two is tightly linked and difficult to extricate. It
may require studies at the cellular level, beyond animal models to isolate the role of the two
and discover which, or perhaps both, are responsible for the downstream effects observed.

Our study shows that prepubertal exposure to androgens results in significant metabolic
dysfunction with impact in oocyte mitochondrial function that results in compensatory
efforts in response to the ongoing exposure through the reproductive lifespan. Of particular
consequence, the changes in the oocyte can have significant ramifications in downstream
pathology and potentially in adverse effects in offspring through inheritance of these
compromised mitochondria.
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Figurel.

Body weights, BMI and estrous cycle: The obese PCOS mouse model displayed
significantly increased body weights starting at week four (A), with a higher BMI (B).

They also showed irregular cycles or acyclic when compared to controls. The mean cycle
length (C) shows that most PCOS mice remained in diestrus (D&E), and were acyclic (E&F)
** p<0.01, **** p<0.0001, n=18 controls and 20 obese PCOS.
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Testosterone and DHT levels: The obese PCOS mouse model showed significantly higher
testosterone and DHT levels compared to controls. ** p<0.01, *** p<0.001, n=8-10 for

controls and 10-12 for obese PCOS group.
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Figure 3.

Glucose tolerance and Insulin levels: The obese PCOS mice displayed glucose intolerance

at 30, 60, 120, and 180 minutes (A) with increased glucose AUC (C) as well as
hyperinsulinemia (B) with increased insulin AUC (D) at all measured time points. The obese
PCOS mouse model had increased hemoglobin Alc values (E) when compared to controls. *
p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001, n=5-10 controls and 7-10 obese PCOS.
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Figure 4.
Inner Mitochondrial Membrane Potential: Pictorial representation of oocytes from control

(above) and obese PCOS (below) mice. Brightfield microscopy, followed by green
fluorescence, red fluorescence, and finally merged using JC-1 dye at 60x magnification.

The obese PCOS mice show a lower red: green ratio, and therefore lower IMM potential
compared to controls, 2-5 oocytes/mice. * p<0.05, n=6 controls and 8 obese PCOS, scale bar
=20um.
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Figure5.
Mitochondrial Abundance and ATP Production: Obese PCOS mice demonstrated a higher

mtDNA copy number (A) and ATP production (B) when compared to controls. * p<0.05,
n=7-8 control and 5-6 obese PCOS.
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RNA Transcript Abundance: RNA transcript abundance in the obese PCOS mouse mice for
genes pertaining to meiosis, centrosome and electron transport chain. * p<0.05, ** p<0.01,
3-5 oocytes/mice (n=5-8/group).
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Figure7.
Transmission Electron Microscopy of Oocytes: Transmission electron microscopy image of

control showing normal mitochondrial structure (A) and obese PCOS showing compromised
structure with abnormally formed cristae (B). n=4/group.
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