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ABSTRACT

Aim: This study aimed to determine whether glucocorticoid receptor (GR) signaling, mitochondrial function,
and local inflammation in the ovary and uterus are intrinsically different in rats with hyperandrogenism and
insulin resistance compared to controls.

Main methods: Female Sprague Dawley rats were exposed to daily injections of human chorionic gonadotropin
and/or insulin.

Key findings: In both the ovary and the uterus, decreased expression of the two GR isoforms was concurrent with
increased expression of Fkbp51 but not Fkbp52 mRNA in hCG + insulin-treated rats. However, these rats ex-
hibited contrasting regulation of Hsd11b1 and Hsd11b2 mRNAs in the two tissues. Further, the expression of
several oxidative phosphorylation-related proteins decreased in the ovary and uterus following hCG and insulin
stimulation, in contrast to increased expression of many genes involved in mitochondrial function and home-
ostasis. Additionally, hCG + insulin-treated rats showed increased expression of ovarian and uterine NFxB
signaling proteins and Tnfaip3 mRNA. The mRNA expression of Il1b, Il6, and Mmp2 was decreased in both
tissues, while the mRNA expression of Tnfa, Ccl2, Ccl5, and Mmp3 was increased in the uterus. Ovaries and uteri
from animals co-treated with hCG and insulin showed increased collagen deposition compared to controls.
Significance: Our observations suggest that hyperandrogenism and insulin resistance disrupt ovarian and uterine
GR activation and trigger compensatory or adaptive effects for mitochondrial homeostasis, allowing tissue-level
maintenance of mitochondrial function in order to limit ovarian and uterine dysfunction. Our study also suggests
that hyperandrogenism and insulin resistance activate NFkB signaling resulting in aberrant regulation of in-
flammation-related gene expression.

1. Introduction

Additionally, their endometrium tends to remain in a proliferative state
[2], which might result in disrupted processes of uterine decidualiza-

Worldwide, 4%-21% of all adolescent and reproductive-aged
women are diagnosed with polycystic ovary syndrome (PCOS), which is
a complex, heterogeneous hormone-imbalance disorder [1]. Extensive
evidence from clinical studies suggests that PCOS patients commonly
have impaired ovarian folliculogenesis and chronic anovulation.
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tion and embryo implantation [3,4]. These defects cause approximately
75% of PCOS patients to suffer from anovulation infertility [5], and
approximately 50% of PCOS patients experience recurrent pregnancy
loss [6]. Although hyperandrogenism and insulin resistance either
alone or in combination are recognized as the central manifestations in
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PCOS patients [7-9], the precise pathophysiological mechanisms of this
syndrome that result in disrupted ovarian and uterine function are far
from completely understood.

Glucocorticoid receptor (GR) is a ligand-dependent transcription-
regulating protein belonging to the steroid receptors within the super-
family of nuclear receptors [10]. Among its other functions [10], GR
plays a critical role in female reproduction [11]. Specifically, GR is
highly expressed in the mammalian ovary and uterus [12,13], and ge-
netic models have demonstrated a physiological role for GR as a re-
quired factor in embryo implantation and decidualization [14]. The
GRa and GRJ isoforms are encoded in both humans and rodents, and
there is compelling evidence that cellular GRa, but not GRp, is prin-
cipally activated by ligand-binding such as cortisol in humans and
corticosterone in rodents [10,11]. Human studies have previously re-
ported that the use of dexamethasone, an exogenous glucocorticoid
drug, induces abnormal glucose homeostasis and impairs peripheral
insulin sensitivity [15,16]. Similarly, treatment with dexamethasone
results in peripheral and tissue-specific insulin resistance and decreased
ovarian 17f-estradiol production in different animal models [17-19].
While systemic and tissue-specific insulin resistance is often seen in
PCOS patients [8,9] and PCOS-like animal models [20-22], in-
tracellular GR signaling might be maintained and continue to play a
critical role in PCOS. Supporting this notion, clinical studies have de-
monstrated a positive correlation between elevated local cortisol levels
and ovarian and endometrial insulin resistance in PCOS patients
[23,24]. In addition to insulin resistance, hyperandrogenism, particu-
larly of ovarian origin, is the cornerstone of PCOS pathophysiology [71,
and several studies have reported the aberrant expression of ovarian
and endometrial androgen receptor (AR) in PCOS patients compared to
non-PCOS controls [25-27]. Because there is high similarity in the
DNA-binding domains, the ligand-binding domains, and the hormone-
response elements between GR and AR [28], it would be most in-
formative to study the molecular mechanisms of ovarian and uterine GR
signaling under the conditions of hyperandrogenism and/or insulin
resistance in vivo.

It is notable that some [29,30], but not all, clinical studies have
shown that elevated circulating cortisol levels and its metabolism are
associated with PCOS [31]. However, increased expression and activity
of intracellular 11p-hydroxysteroid dehydrogenase (11BHSD) 1, the
pre-receptor regulator of glucocorticoids, determines the local cortisol
concentrations in a tissue-specific manner [32], as reported in adipose
tissues of PCOS patients [33]. 113HSD, which is a member of the short-
chain dehydrogenase/reductase superfamily, is important for in-
tracellular glucocorticoid metabolism and action in the target tissues/
cells [34]. It is expressed as two isoforms, 113HSD1 (Hsd11b1) and
113HSD2 (Hsd11b2), and they are co-expressed in most tissues, in-
cluding the ovary and uterus in both humans and rodents [11,34]. In
humans, while 11HSD1 functions mainly as a reductase converting
inactive cortisone to active cortisol, 11BHSD2 acts exclusively as an
oxidase converting cortisol to cortisone [34]. In rodents, corticosterone
is a main active glucocorticoid, whereas 11-dehydrocorticosterone is an
inactive glucocorticoid [34]. The functional roles of 113HSD1 and
113HSD2 in rodents are similar to those in humans. These findings
suggest that the distinct expression patterns and enzymatic activities of
11BHSD isoforms might change in opposite directions in order to reg-
ulate the local concentration of cortisol/corticosterone in a particular
tissue or cell type. In addition, the tissue-specific regulation of the
113HSD isoforms in response to a variety of pathophysiological stimuli
has been investigated as a potential method for activating or suppres-
sing the GR signaling pathway [32,34]. However, the causality of
11BHSD isoform dysregulation in the ovary and uterus under the con-
ditions of hyperandrogenism and/or insulin resistance has never to our
knowledge been experimentally determined in a PCOS-like animal
model in vivo.

In addition to the nuclear translocation of GR from the cytoplasm
[10,11], it can also be translocated to the mitochondria in many
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different cell types [35]. While mitochondria play a dynamic and
multifaceted role in cell signaling and metabolism [36], several studies
have demonstrated that mitochondrial GR contributes to the regulation
of mitochondrial DNA gene transcriptional responses in a similar
manner as it functions in the nucleus [35]. In fact, in vivo and in vitro
studies have demonstrated that mitochondrial DNA (mtDNA) contains
glucocorticoid response elements that can regulate mtDNA transcrip-
tion in a ligand-dependent manner [37,38]. In PCOS patients and PCOS-
like animals, there is evidence that hyperandrogenism and insulin re-
sistance impair mitochondrial function in different tissues and cells in
vivo [26,39-45]. In addition, while glucocorticoid-mediated regulation
of inflammatory and immune responses as well as female fertility is well
studied [10,11], clinical studies also show a strong and frequent cor-
relation between the development of PCOS and low-grade chronic in-
flammation [1,3,4]. Work by our group and others indicates that adult
rats treated chronically with human chorionic gonadotropin (hCG) and
insulin display several features of PCOS such as follicular cyst formation
[22], ovarian and uterine insulin resistance, and changes in glucose
metabolism [20,46,47] in addition to hyperandrogenism and metabolic
dysfunction [20,22,41,46,48-51]. However, the cellular significance of
the connection between hyperandrogenism and insulin resistance and
glucocorticoid-GR  signaling-mediated mitochondrial function and
chronic inflammation in the ovary and uterus remains unclear.

In the present study, we comprehensively examined the distribution
and alteration of GR signaling, mitochondrial function, and local in-
flammation in the rat ovary and uterus in response to chronic treatment
with hCG and/or insulin, which mimic two of the main PCOS-related
etiological factors. Our findings indicate that aberrant changes in GR
expression and functionality might be involved in the pathological
ovarian and uterine processes in PCOS patients.

2. Materials and methods
2.1. Ethics approval and animal care

All animal experiments and animal care procedures were carried out
according to the institutional guidelines for the care and use of animals
in research. The studies were approved by the Animal Care and Use
Committee of the Heilongjiang University of Chinese Medicine, China
(HUCM 2015-0112).

Adult female Sprague Dawley rats (70 days old) were obtained from
the Laboratory Animal Centre of Harbin Medical University (Harbin,
China) and were kept in groups with free access to food and water and a
controlled temperature of 22 + 2°C with a 12:12h light:dark cycle.

2.2. Chemicals and reagents

hCG was from NV Organon (Oss, Holland), and human recombinant
insulin (Humulin NPH) was from Eli Lilly Pharmaceuticals (Giza,
Egypt). Anti-mouse IgG horseradish peroxidase (HRP)-conjugated goat
(A2304), and anti-rabbit IgG HRP-conjugated goat (A0545) secondary
antibodies were from Sigma-Aldrich (St. Louis, MO). The primary an-
tibodies used for Western blot and immunohistochemical analyses in
the present study, their dilutions, and their sources are listed in Table 1.
The avidin-biotinylated-peroxidase complex detection system (ABC kit)
was from Vector Laboratories Inc. (Burlingame, CA). A detailed list of
primers is provided in Table 2. Unless otherwise specified, all reagents
were purchased from Sigma-Aldrich (St Louis, MO, USA).

2.3. Study design, estrous cycle analysis, and tissue collection

The female Sprague Dawley rats (n = 98) used in this study needed
to have normal cycles prior to treatment, and these were confirmed by
examination of vaginal smears under a light microscope for two se-
quential estrous cycles (about 8-10 days). All rats were randomly di-
vided into four groups and treated with (A) an equal volume of saline as
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Table 1
The species, catalog number, method, dilution and source of antibodies.
Antibody Species Code kDa Method Dilution Source
GR Rabbit 3660 94/91 WB 1:1000 Cell Signaling Technology (Danver, MA)
IHC 1:100
Total OXPHOS Mouse 110,413 120 WB 1:500 Abcam (Cambridge, UK)
I 30
III 48
1V 40
V 55
IKKpB Rabbit 8943 87 WB 1:1000 Cell Signaling Technology
IkBa Mouse 4814 39 WB 1:1000 Cell Signaling Technology
p-NF-xB p65 Rabbit 3033 65 WB 1:500 Cell Signaling Technology
NF-kB p65 Rabbit 8242 65 WB 1:1000 Cell Signaling Technology

GR, glucocorticoid receptor; Total OXPHOS, total oxidative phosphorylation; IKKf, IkappaB kinase 3; IkBa, nuclear factor of kappa light polypeptide gene enhancer
in B-cells inhibitor alpha; p-NF-kB, phosphorylation of nuclear factor kappa-light-chain-enhancer of activated B cells; WB, Western blot analysis; IHC, im-

munohistochemistry.

controls, (B) 3.0 [U/day hCG to induce hyperandrogenism, (C) insulin,
which was started at 0.5IU/day and gradually increased to 6.0 IU/day
between the 1st day and the 10th day and was then given at 6.0 [U/day
until the 22nd day to induce hyperinsulinemia and peripheral insulin
resistance, or (D) hCG plus insulin to induce a combination of hyper-
androgenism and peripheral insulin resistance, which are key co-
pathologies of PCOS. All animals were exposed to saline, hCG, and/or
insulin for 22 days and decapitated on the 23rd day of treatment. The
doses and treatment protocols for hCG and insulin are described in
detail in our previous paper [20].

Prior to treatment, estrous cycles were monitored daily by vaginal
lavage according to a standard protocol [52]. Rats treated with saline or
insulin had normal cycles, but hCG-treated and hCG + insulin-treated
animals displayed absent or prolonged cycles. None of the hCG + in-
sulin-treated rats with prolonged estrous cycles were included in the
study. After treatment, 10 animals per group were randomly selected
and further analyzed.

After transient anesthesia by isoflurane (2% in a 1:1 mixture of
oxygen or air, RWD Life Science Co., Shenzhen, China), the ovaries and
uteri were removed and stripped of fat and connective tissues. One side
of the ovary and uterus in each animal was fixed in 4% formaldehyde
and neutral buffered solution for 24 h at 4 °C and embedded in paraffin
for histochemical analysis. The other side was immediately frozen in
liquid nitrogen and stored at —70 °C for subsequent quantitative real-
time (qRT) PCR and Western blot analyses.

2.4. Morphological assessment, immunostaining, and imaging

Whole mount images were taken of freshly dissected ovaries and
uteri after decapitation. The fixed tissues, including the ovaries and
uteri, were embedded in paraffin. Sections were cut at a thickness of
5um and stained with hematoxylin and eosin (H&E) according to
standard procedures, and the immunohistochemical staining was per-
formed as previously described [48,49]. Ovarian and uterine tissue
sections were dewaxed and refixed in Bouin's solution (HT10132,
Sigma-Aldrich) and stained with Weigert's Iron Hematoxylin Set (HT10-
79, Sigma-Aldrich) and Masson's Trichrome Staining Kit (HT15, Sigma-
Aldrich) as described by the manufacturer. After deparaffinization and
rehydration, the sections were immersed in epitope retrieval buffer
(1 mM EDTA, 0.05% Tween 20, pH 8.0) and heated in a 700 W micro-
wave for 15min. The sections were subsequently rinsed twice with
dH,0 and once with 0.01 M Tris-buffered saline supplemented with
Triton X-100 (TBST). The endogenous peroxidase was removed, and
nonspecific binding was blocked by incubation with 3% H,0, for
10 min and then with 10% normal goat serum for 1h at room tem-
perature. After incubation with the anti-GR primary antibody (1:100
dilution, Table 1) overnight at 4 °C in a humidified chamber, sections
were stained using the avidin-biotinylated-peroxidase ABC kit

according to the manufacture's instructions (Vector Laboratories) fol-
lowed by a 5-min treatment with 3,3-diaminobenzidine tetra-
hydrochloride (DAB, SK-4100, Vector Laboratories). All sections were
incubated with DAB for the same length of time so that comparisons
could be made between individual samples, and all slides were stained
in a single run to eliminate inter-experiment variations in staining in-
tensity. Tissue sections were observed with a Nikon E-1000 microscope
(Japan) under bright-field optics and photomicrographed using Easy
Image 1 (Bergstrom Instrument AB, Sweden).

2.5. DNA and RNA isolation, cDNA synthesis, and qRT-PCR analysis

The procedure to quantify mitochondrial/nuclear DNA was per-
formed as previously described [40]. The details of ovarian and uterine
RNA isolation, quantification, and quality assessment were described
previously [20,40]. Each ¢cDNA sample was subjected to qRT-PCR with
a Roche Light Cycler 480 sequence detection system (Roche Diagnostics
Ltd., Rotkreuz, Switzerland) using SYBR green qPCR master mix
(K0252, Thermo Scientific, Rockford, IL). The mtDNA copy number was
determined by measuring the DNA levels of Nd4 and Cytb (mitochon-
drial genes) and Actb (a nuclear gene) by qRT-PCR. The primer se-
quences for each target gene are listed in Table 2. Several housekeeping
genes, including Gapdh, Actb, and U87, were tested prior to analysis.
Gapdh was chosen as the internal reference for all analyses because
expression remained stable across all groups. Each sample was analyzed
in triplicate, and the relative fold expression of each gene was calcu-
lated using the comparative critical threshold (Ct) method (Life Tech-
nologies, Stockholm, Sweden) with normalization to the Gapdh gene
based on the 2~ 24 calculation.

2.6. Tissue protein extraction and Western blot analysis

Ovarian and uterine samples were pulverized and then homo-
genized in ice-cold RIPA buffer (Sigma-Aldrich) supplemented with
cOmplete Mini protease inhibitor cocktail tablets (Roche Diagnostics,
Mannheim, Germany) and PhosSTOP phosphatase inhibitor cocktail
tablets (Roche Diagnostics). The protein extractions for whole cells and
mitochondrial fractions were performed following published metho-
dology [20,49,53]. After determining the total protein concentration by
BCA assay, 30 ug of protein from each group was resolved on 4-20%
TGX stain-free gels (Bio-Rad Laboratories GmbH, Munich, Germany)
and transferred onto PVDF membranes. The membranes were blocked
by 0.01 M Tris-buffered saline supplemented with Triton X-100 con-
taining 5% nonfat dry milk for 1h and were probed with different
primary antibodies (Table 1) in the blocking buffer overnight at 4 °C
followed by HRP-conjugated secondary antibody. Chemiluminiscence
signals were detected using SuperSignal West Dura substrate following
the manufacturer's instructions (Thermo Scientific—Pierce). Ultraviolet
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Table 2
Primer sequences used for qRT-PCR measurement.

Gene Primer Sequence (5-3") Product size
(bp)

Fkbp51 (Fkbp5) Forward TTTTGGAGAAGCGGGGAAAC 174
Reverse CCTCCCTTGAAGTACACCGT

Fkbp52 (Fkbp4) Forward GCTGCCATCGAAAGCTGTAA 102
Reverse GTCAAAGTCATTCACGGCCA

Hsd11b1 Forward ~GTGGACTGGACATGCTCATTC 212
Reverse =~ AGCAATCAGAGGTTGGGTCA

Hsd11b2 Forward CTGGCCACTGTGTTGGATTTG 122
Reverse TCCAGAACACGGCTGATATCCT

Mfnl Forward GGAGATACAGGGCTACAGAAAC 104
Reverse AGCTCTTGCCACTACTTGTC

Opal Forward GTGTCAACGCATGTGATCGA 295
Reverse GGATGACCCTCAAGCTGTCT

Drpl Forward GTGAGCCCGTGGATGATAAA 132
Reverse AAATCCTAGCACCACCACATAG

Tfam Forward =~ ACAAAGAAGCTGTGAGCAAGTA 99
Reverse GTGCTTTCTTCTTTAGGCGTTTC

Pgcla Forward GTGGATGAAGACGGATTGCC 219
Reverse GGTGTGGTTTGCATGGTTCT

Nrfl Forward ~GGAAACTCAGAGCCACATTAGA 109
Reverse GCGCCAAACACCTTAAAGAC

Parkin Forward CTCAGACAAGGACACATCAGTAG 110
Reverse =~ TACATTGGAAGACCAAGACAGG

Pink1 Forward CAATGCCGCTGTGTATGAAG 108
Reverse GCTCCCTTTGAGACGACAT

Rheb Forward ACGATCCAACCATAGAAAACACA 97
Reverse TATTCATCCTGCCCTGCTGT

Atpl3a Forward ~AGAGGGTCACTGCAAACAAC 98
Reverse GGTCCCTTCAATCCACACATAC

Tnfa Forward ~ACCACGCTCTTCTGTCTACT 115
Reverse =~ ATGATCTGAGTGTGAGGGTCT

Tnfaip3 Forward GGAGACAGACACTCGGAATTT 121
Reverse CAAGTTGTCCCATTCGTCATTC

11b Forward ACCTGTCCTGTGTGATGAAAG 131
Reverse CTCCACTTTGGTCTTGACTTCT

16 Forward ~ GCCTTCTTGGGACTGATGTT 95
Reverse GGTCTGTTGTGGGTGGTATC

Ccl2 Forward GATGCAGTTAATGCCCCACT 168
Reverse TTCCTTATTGGGGTCAGCAC

Ccl5 Forward ~CCAACCTTGCAGTCGTCTTT 75
Reverse CTTGAACCCACTTCTTCTCTGG

Csf2 Forward ACAGTTTCTCAGCACCCACC 109
Reverse =~ TCCAGAGCACGCATGTCATT

Mmp2 Forward GCTGATACTGACACTGGTACTG 99
Reverse GATCTGAGCAATGCCATCAAAG

Mmp3 Forward ~AGATGCTGGCATGGAGGTTC 114
Reverse =~ AAGGTACTGAAGCCACCGAC

Nd4 Forward AACTCAATAGGAACACTCAACTT 137
Reverse AGATGGACTCCGTATAATGGTA

Cytb Forward ~GCAGCTTAACATTCCGCCCAATCA 92
Reverse =~ TACTGGTTGGCCTCCGATTCATGT

Actb Forward ATCATGTTTGAGACCTTCAACACCC 318
Reverse CATCTCTTGCTCGAAGTCTAGG

Gapdh Forward TCTCTGCTCCTCCCTGTTCTA 121
Reverse GGTAACCAGGCGTCCGATAC

Fkbp51 (Fkbp5), FK506 binding protein 5; Hsd11b, 11p-hydroxysteroid dehy-
drogenase; Mfnl, mitofusin 1; Opal, optic atrophy 1, a dynamin-like GTPase;
Drpl1, dynamin related protein 1; Tfam, mitochondrial transcription factor A;
Pgcla, peroxisome proliferative activated receptor gamma coactivator 1 alpha;
Nrfl, nuclear respiratory factor 1; Pink1, PTEN-induced putative kinase 1; Rheb,
Ras homolog mTORCI1 binding; Atp13a, ATPase cation transporting 13A2; Tnfa,
tumor necrosis factor alpha; Tnfaip3, tumor necrosis factor alpha induced
protein 3; I11b, interleukin 1 beta; Ccl2, C-C motif chemokine ligand 2; Csf2,
colony stimulating factor 2; Mmp2, matrix metallopeptidase 2; Nd4, NADH
dehydrogenase subunit 4; Cytb, cytochrome b; Actb, actin beta; Gapdh, glycer-
aldehyde-3-phosphate dehydrogenase.

activation of the Criterion stain-free gel on a ChemiDoc MP Imaging
System (Bio-Rad) was used to control for proper loading. Band densi-
tometry and quantification was performed using Image Laboratory
(Version 5.0, Bio-Rad, Sweden), and the protein band densities were
normalized to the total-protein loading control. Details of the method
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have been described previously [48].
2.7. Transmission electron microscopy (TEM)

TEM was performed according to a published method [54]. Fresh
ovarian and uterine tissues were excised and fixed in 2.5% glutar-
aldehyde in sodium phosphate (pH7.2-7.4) for 1 min at room tem-
perature (RT). After rinsing with 0.1 M phosphate-buffered saline (PBS,
pH 7.2-7.4) three times for 15 min, the tissues were post-fixed with 1%
osmium tetroxide in PBS for 1h, followed by gradient dehydration in
acetone (50%, 70%, and 90% for 15 min each and 100% three times for
30 min each time) at RT and then embedded in Epon epoxy resin.
Random areas from the basal and labyrinth zones were oriented for
ultrastructural analysis. Ultrathin sections were cut with a diamond
knife using a Reichert ultramicrotome (Leica, Germany) at 50-60 nm
thickness, collected on 300 mesh copper grids, and stained with 3%
uranyl acetate and counterstained with lead citrate before visualization.
Sections were examined and imaged with a transmission electron mi-
croscope (H-7650, Hitachi, Japan) equipped with an electron imaging
spectrometer. Image collection and parameter settings were identical
for each tissue analyzed.

2.8. Statistical analysis

For all experiments, n-values represent the numbers of individual
animals. All values are presented as the means + SEM. Statistical ana-
lyses were performed using the Statistical Package for Social Science
(SPSS, version 24.0, SPSS Inc., Chicago, IL) and GraphPad Prism 5
statistical software (GraphPad Software, La Jolla, CA) for Windows. The
normal distribution of the data was tested with the Shapiro-Wilk test.
Differences between groups were analyzed by one-way ANOVA fol-
lowed by Tukey's post-hoc test for normally distributed data or by the
Kruskal-Wallis test for skewed data. Statistical significance was set at
p < 0.05.

3. Results
3.1. Ovarian defects in rats treated chronically with hCG and/or insulin

In accordance with previous results from studies of follicular cyst
formation and ovarian stromal hyperplasia in rodents treated with hCG
and insulin [22,55], we found grossly oversized ovaries with enlarged
fluid-filled follicles in hCG + insulin-treated and hCG-treated rats
compared to control and insulin-treated rats (Fig. 1A). Further, mor-
phological analysis revealed significant differences in the number of
ovarian cystic follicles in hCG + insulin-treated and hCG-treated rats
compared with the number in control and insulin-treated rats (Fig. 1A).
In the ovaries, weak immunoreactivity was present in the cytoplasm of
follicle cells (mainly in granulosa cells) and oocytes in control rats;
however, there was intense nuclear GR immunoreactivity in the corpus
luteum (Fig. 1B). In addition, GR immunoreactivity was almost com-
pletely absent in the apoptotic follicles in control rats (Fig. 1B). Because
the GR consists of two distinct isoforms, GRa and GRp [11], we per-
formed a Western blot analysis to measure the expression of ovarian GR
protein isoforms in rats treated chronically with hCG and/or insulin
(Fig. 1C). There was no significant difference in GRa, GRp, or total GR
expression between saline-treated and insulin-treated rats. However,
we observed that the expression of GRa and GRp together with total GR
was significantly decreased in hCG-treated rats compared to controls.
Quantitative protein data indicated that GRa and total GR, but not GRf3,
proteins were decreased in hCG + insulin-treated rats compared to
control rats. Because FKBP5 (Fkbp51) and FKBP4 (Fkbp52), the GR
binding proteins, display differential regulation of GR activation [56],
we compared the expression of Fkbp51 and Fkbp52 mRNAs in the ovary
by qRT-PCR (Fig. 1D). Quantitative data indicated that Fkbp51 but not
Fkbp52 mRNA levels were increased in rats treated with hCG and/or
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Fig. 1. Ovarian defects and impaired GR, Fkbp5, and Hsd11b expression in rats treated chronically with hCG and/or insulin. (A) Representative photographs of
ovaries and images of H&E staining in the ovary and the effects of hCG and/or insulin on the number of ovarian cystic follicles. The stars indicate the ovarian cystic
follicles. Scale bars (200 um) are indicated in the photomicrographs. Values are means = SEM (n = 10/group). **p < 0.01, ***p < 0.001. (B) Representative
photomicrographs of immunohistochemical staining for ovarian GR in control rats. PF, primary follicle; AnF, antral follicle; CL, corpus luteum; ApF, apoptotic
follicle. Scale bars (100 um) are indicated in the photomicrographs. (C) Regulation of GR protein expression in the ovary. Protein levels were analyzed by Western
blotting (n = 9/group). (D and E) Regulation of Fkbp5 and Hsd11b gene expression in the ovary. mRNA levels were determined by qRT-PCR (n = 6/group). In all

plots, data are presented as means + SEM. *p < 0.05, **p < 0.01.

insulin compared to control rats treated with saline. This result suggests
that Fkbp51, a negative regulator of GR activity, might be able to bind
GR and block its activation in the ovary. While both 11BHSD1
(Hsd11b1) and 113HSD2 (Hsd11b2) are expressed in the ovary [11,34],
we found that the Hsd11b1 mRNA level was decreased in hCG + in-
sulin-treated and insulin-treated rats compared to controls. In contrast
to insulin-treated rats, hCG + insulin-treated and hCG-treated rats ex-
hibited an increase in Hsd11b2 mRNA level (Fig. 1E).

GR function contributes not only to nuclear, but also to mitochon-
drial transcription [35]. To analyze whether the aberrant regulation of
oxidative phosphorylation (OXPHOS) capacity — a key aspect of mi-
tochondrial respiratory function [57] - is associated with decreased GR
protein expression in the ovary after treatment with hCG and insulin,
we profiled the expression of five respiratory protein complexes
(Complex I, NADH dehydrogenase; Complex II, succinate dehy-
drogenase; Complex III, ubiquinol cytochrome c reductase; Complex IV,
cytochrome c oxidase; and Complex V, ATP synthase) in the ovary. As
shown in Fig. 2A, similar to GR protein regulation, the expression of
OXPHOS Complex [, IV, and V was decreased in hCG + insulin-treated
and hCG-treated rats compared to control rats. Among five respiratory
protein complexes, only Complex II protein expression was increased in
insulin-treated rats compared to control rats treated with saline. Next,
we analyzed the gene expression profile, focusing on mitochondrial
fusion (Mfnl and Opal), fission (Drpl), biogenesis (Tfam, Pgcla, and
Nrf1), and mitophagy (Parkin, Pink1, Rheb, and Atp13a) [58]. As shown
in Fig. 2B, although no significant difference was seen in Mfn1, Tfam, or
Pinkl mRNA expression between hCG + insulin-treated and control
rats, increased expression of Opal, Drpl, and Pgcla mRNAs and de-
creased expression of Nrfl, Parkin, Rheb, and Atpl3a mRNAs were
found in hCG + insulin-treated rats. Additionally, there were simila-
rities and differences in the gene expression patterns between hCG-
treated and insulin-treated rats. For instance, we found increased ex-
pression of Mfnl and Opal mRNAs and decreased Atpl3a mRNA ex-
pression in hCG-treated and insulin-treated rats compared to controls.
However, Tfam mRNA expression was decreased in hCG-treated rats but
was increased in insulin-treated rats. Moreover, Pinkl mRNA expression
was unaltered in hCG-treated rats but was decreased in insulin-treated
rats. Thus, the lack of significant effects of the combination of hCG and
insulin on Tfam and PinklI mRNA expression is likely due to the con-
trasting effects of hCG and insulin. Similar to hCG + insulin-treated
rats, decreased Rheb mRNA expression and increased Drpl and Pgcla
mRNA expression were found in hCG-treated and/or insulin-treated
rats. The mtDNA copy number and mitochondrial morphology in the
ovary were further analyzed by qRT-PCR and TEM. Although there was
no difference in ovarian mtDNA copy number between control and
different treatment groups (Fig. 3A), we observed that the mitochondria
in the ovarian granulosa cells were significantly affected by hCG
treatment alone and by co-treatment with hCG and insulin (Fig. 3B).
For instance, mitochondria exhibited swelling, disrupted tubular
cristae, blebbing, and decreased electron density. In addition, mi-
tochondrial membrane rupture was observed in all treatment groups
(Fig. 3B).

A dysfunctional or less sensitive GR promotes NFkB-mediated in-
flammatory processes [56,59]. Using Western blotting, we found that
the expression of the inhibitor of NFkB kinase complex  (IKK[(}) and
nuclear factor of kappa light polypeptide gene enhancer in B-cells in-
hibitor alpha (IkBa) proteins was decreased in hCG + insulin-treated

and hCG-treated rats (Fig. 4A). However, we found that while total
NFkB (p65) protein expression was decreased, phosphorylated NFxB
(p65) protein expression and the ratio of phosphorylated NFkB (p65)
[p-NFkB (p65)] to total NFkB (p65) protein levels were significantly
higher in hCG + insulin-treated rats compared to controls. While the
pattern of total NFkB (p65) protein expression and the ratio of p-NFxB
(p65) to total NFkB (p65) protein expression between hCG + insulin-
treated and hCG-treated rats were similar, no alterations of any protein
expression or the ratio of phosphorylated NF«kB (p65) to total NFkB
(p65) protein expression were found in insulin-treated rats (Fig. 4A).
We next determined the expression pattern of genes that are involved in
the inflammatory process in the ovary by qRT-PCR. Quantitative data
indicated that Tnfa, Il1b, Il6, Ccl2, and Csf2 mRNA expression was de-
creased by hCG and insulin treatment, both separately and in combi-
nation (Fig. 4B). Moreover, while Tnfaip3 mRNA expression was in-
creased in hCG + insulin-treated and insulin-treated rats, Ccl5 mRNA
expression was decreased in hCG + insulin-treated rats compared to
control rats (Fig. 4B). Collagens are key structural protein components
of the extracellular matrix [60], and altered matrix metalloproteinase
(MMP) expression plays a role in the pathophysiology of the ovary and
uterus [61]. In the ovary, we found that compared to control rats Mmp2
mRNA expression was decreased in hCG + insulin-treated and hCG-
treated rats and that Mmp3 mRNA expression was decreased by hCG
and insulin treatment, both separately and in combination (Fig. 4B).
Furthermore, Masson's trichrome staining revealed that the deposition
of ovarian collagen was significantly increased in hCG + insulin-treated
rats compared to control rats (Fig. 4C). hCG-treated but not insulin-
treated rats displayed similar ovarian collagen deposition as
hCG + insulin-treated rats (data not shown).

3.2. Uterine defects in rats treated chronically with hCG and/or insulin

Consistent with our previous studies [20,49], the most dilated
uterine lumen was seen in hCG-treated rats compared to the other three
groups, and multiple cystic glands filled with large amounts of secretory
fluid were found in hCG + insulin-treated rats (Fig. 5A). General his-
tological evaluation of the uterine sections stained with H&E showed
that the luminal epithelial cells remained cuboidal with similar thick-
ness in saline-treated and insulin-treated rats, but increased luminal
epithelial cell height and the appearance of vacuoles and the formation
of multiple cell layers were observed in hCG + insulin-treated and hCG-
treated rats (Fig. 5A). In line with previous results [62-64], im-
munochemical analysis revealed that the luminal and glandular epi-
thelial cells exhibited greater GR immunoreactivity in the cytoplasm
compared to the nucleus, which was in contrast to the predominantly
nuclear GR expression in stromal cells in control rats (Fig. 5B). In ad-
dition, GR immunoreactivity was also observed in the myometrium and
blood vessels (Fig. 5B). Quantitative data from Western blot analysis
indicated that the expression of GRa and GR[} together with total GR
was significantly decreased in hCG + insulin-treated rats compared to
controls; however, no significant difference in GRa, GRp, or total GR
expression was found between saline-treated and hCG-treated rats or
between saline-treated and insulin-treated rats (Fig. 5C). Similar to the
ovary (Fig. 1D), the expression of Fkbp51 mRNA was increased in the
rat uterus compared to control rats regardless of whether the rat was
treated with hCG, insulin, or a combination of the two (Fig. 5D). Unlike
the ovary (Fig. 1D), however, the expression of Fkbp52 mRNA was
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Fig. 2. Alteration of ovarian mitochondrial OXPHOS protein expression and key mitochondrial-related gene expression in rats treated chronically with hCG and/or
insulin. (A) Regulation of OXPHOS protein expression in the ovary. Protein levels were analyzed by Western blotting (n = 9/group). (B) Regulation of genes that are
related to mitochondrial fusion and fission, transcriptional activation, and mitophagy in the ovary. mRNA levels were determined by qRT-PCR (n = 6/group). In all
plots, data are presented as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

significantly higher in hCG-treated and insulin-treated rats compared to To investigate whether mitochondrial function and homeostasis
control rats (Fig. 5D). Furthermore, quantitative data from qRT-PCR were altered in the uterus or the ovary in response to hCG and insulin
indicated that the Hsd11b1 mRNA level was increased in rats treated treatment, the expression of five respiratory protein complexes and a

with hCG and/or insulin compared to controls, and a decreased set of genes (Mfnl, Opal, Drpl, Tfam, Pgcla, Nrfl, Parkin, Pink1, Rheb,
Hsd11b2 mRNA level was only seen in hCG-treated rats compared to and Atpl3a) was determined by Western blotting and qRT-PCR. As
control rats (Fig. 5E). shown in Fig. 6A, while the expression of OXPHOS Complex I was
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Fig. 3. Exposure of hCG or insulin alone or in combination alters ovarian mtDNA copy number and mitochondrial ultrastructure in rats. Ovarian mtDNA copy
number from rats treated with saline, hCG + INS, hCG, or INS is shown (A, n = 6/group). Data are presented as means = SEM. Electron micrographs show that
mitochondria were found surrounding the nucleus in ovarian granulosa cells (B). Stars indicate the mitochondria, and arrowhead indicates the mitochondrial
membrane rupture. Images are representative of two tissue replicates. Scale bars (500 nm) are indicated in the photomicrographs. INS, insulin.

decreased in hCG + insulin-treated and hCG-treated rats, Complexes The levels of Mfnl, Opal, Drpl, Tfam, Pgcla, Nrfl, Parkin, and Rheb

I11, IV, and V were only decreased in hCG + insulin-treated rats com- mRNAs, but not Pinkl and Atpl3a mRNAs, were increased in
pared to controls rats. There were no significant changes in the five hCG + insulin-treated rats compared to controls rats (Fig. 6B). All
respiratory protein complexes between insulin-treated and control rats. measured gene levels were increased to some extent in hCG-treated and
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Fig. 4. Impaired ovarian NF-kB signaling mediates inflammation and collagen production in rats treated chronically with hCG and/or insulin. (A) Regulation of NF-
kB signaling-related protein expression in the ovary. Protein levels were analyzed by Western blotting (n = 9/group). (B) Regulation of inflammatory gene expression
in the ovary. mRNA levels were determined by qRT-PCR (n = 6/group). In all plots, data are presented as means + SEM. “p < 0.05, **p < 0.01, ***p < 0.001. (C)
Collagen production in the ovary. Representative images of Masson's trichrome staining in ovaries collected from rats treated with hCG and insulin. Aniline blue
indicates collagen staining. PF, primary follicle; ApF, apoptotic follicle; CL, corpus luteum; GC, granulosa cells; TC, theca cells; IntC, interstitial cells. Scale bars

(100 um) are indicated in the photomicrographs.

insulin-treated rats compared to controls, indicating a similar gene
expression pattern for hCG and insulin treatment (Fig. 6B). We further
examined the ultrastructure of uterine epithelial cells by TEM to gain a
better understanding of the effects of hCG and/or insulin on the uterus.
As shown in Fig. 7, although no significant difference was seen in
uterine mtDNA copy number between treatment and control rats
(Fig. 7A), the mitochondria exhibited disrupted tubular cristae, bleb-
bing, and decreased electron density in hCG + insulin-treated and hCG-
treated rats (Fig. 7B).

Similar to the ovary (Fig. 4A), decreased IKKf, IkBa, and total NFkB
(p65) protein expression and increased p-NF«kB (p65) protein expression
and increased ratio of p-NFkB (p65) to total NFkB (p65) protein levels
were observed in hCG + insulin-treated rats (Fig. 8A). In addition, we
observed that while there was no change in any measured protein ex-
pression between insulin-treated rats and controls, total NFkB (p65)
protein expression was decreased in hCG-treated rats compared to
control rats (Fig. 8A). At the same time, increased Tnfa, Tnfaip3, Ccl2,
Ccl5, and Mmp3 mRNA expression and decreased Il1b, 116, and Mmp2
mRNA expression was observed in hCG + insulin-treated rats (Fig. 8B).
Furthermore, while a similar regulatory pattern of Tnfaip3, Il1b, 116, and
Ccl5 mRNA expression was seen in hCG-treated and insulin-treated rats,
the expression of Tnfa, Ccl2, Csf2, Mmp2, and Mmp3 mRNA was either
increased or unchanged in hCG-treated rats compared to control rats
(Fig. 8B). Lastly, Masson's trichrome staining showed that the deposi-
tion of uterine collagen was significantly increased in hCG + insulin-
treated and insulin-treated rats compared to control rats, whereas
uterine collagen deposition was significantly decreased in hCG-treated
rats compared to control rats (Fig. 8C).

4. Discussion

Suppression of GR signaling in association with disturbed mi-
tochondrial function and inflammation in the ovary and uterus caused
by hyperandrogenism and insulin resistance has never to our knowl-
edge been investigated in vivo. Consistent with previous studies
[20,22,46,48,49], we found that concomitant treatment with hCG and
insulin mimicking the main pathologies of PCOS causes pronounced
morphological and cellular alterations in the ovary and uterus such as
the formation of ovarian cystic follicles and multiple cystic glands filled
with large amounts of secretory fluid as well as increased luminal
epithelial cell layers. In addition to morphological analyses, we report
the following main findings. (1) Compared to controls, rats treated with
hCG and insulin exhibited decreased protein expression of the two GR
isoforms and increased Fkbp51 mRNA expression in both the ovary and
the uterus. (2) Co-treatment with hCG and insulin resulted in an op-
posite regulatory pattern of Hsd11bl of Hsd11b2 mRNAs in the two
tissues, which is likely due to different effects of hCG and insulin. (3)
Decreased expression of the respiratory protein complexes paralleled
the increased expression of key genes responsible for mitochondrial
fusion, fission, and biogenesis in both tissues. (4) Although there was no
difference of mtDNA copy number between control and treatment
groups, TEM revealed abnormal mitochondrial morphology in ovarian
granulosa cells and uterine epithelial cells treated with hCG alone or in
combination with insulin. (5) Increased expression of NFkB signaling
proteins and Tnfaip3, as well as decreased expression of Il1b, 116, and
Mmp2 mRNAs, was similar in the PCOS-like ovary and uterus, while the
opposite regulation of Tnfa, Ccl2, Ccl5, and Mmp3 mRNA expression
was observed in the two tissues under the same conditions. (6) The

10

increase in collagen deposition was similar in the two tissues under
conditions of hyperandrogenism and insulin resistance.

In this study, we observed similar regulatory patterns of GR protein
isoform expression in both the ovary and uterus after stimulation with
hCG and insulin. While elevated E3 ubiquitin ligases, the key compo-
nents of the ubiquitin-proteasome system that stabilizes multiple pro-
teins, are critical for the development of insulin resistance [65], Lim
and colleagues have reported that increased AR ubiquitination — which
results in inhibition of AR transcriptional activity and decreases its
stability — is involved in the follicular growth arrest seen in the 5a-
dihydrotestosterone-induced PCOS-like rat ovary [66]. In addition, al-
terations in protein ubiquitination have also been reported to have
negative effects on GR expression and activity in vivo [67], and uterine
GR knockout studies have shown that GR positively regulates embryo
implantation and decidualization [14]. We therefore speculate that
down-regulation of GR protein levels is due to increased GR ubiquiti-
nation under conditions of hyperandrogenism and insulin resistance
and that this results in negative consequences such as increased NFkB-
regulated inflammation in the ovary and uterus. Because deciphering
the molecular mechanisms of hyperandrogenism and insulin resistance
in vivo is essential to understanding the possible etiologies and ther-
apeutic approaches for PCOS, further investigations are needed to
better understand how GR signaling directly contributes to the devel-
opment of ovarian and uterine dysfunction in PCOS patients.

This study further demonstrates the association between two
Hsd11b mRNAs and hyperandrogenism and insulin resistance in the rat
ovary and uterus. We showed that concomitant treatment with hCG and
insulin decreased Hsd11b1 mRNA expression and increased Hsd11b2
mRNA expression in the ovary. In stark contrast to the ovary, the same
treatment increased Hsd11bl mRNA expression but did not change
Hsd11b2 mRNA expression in the uterus. Given the opposing roles of
Hsd11b1 and Hsd11b2 in the regulation of local active cortisol (corti-
costerone in rodents) concentrations [34], it is tempting to speculate
from these observations that, in contrast to the uterus, the activation of
11-dehydrocorticosterone to corticosterone is decreased in the ovary
under conditions of hyperandrogenism and insulin resistance. However,
this outcome is quite different to what is seen in the human data. In
hyperandrogenic PCOS patients, elevated Hsd11b1 mRNA levels in
granulosa cells are closely linked to ovarian insulin resistance, whereas
lower Hsd11b2 mRNA and protein levels contribute to endometrial in-
sulin resistance [23,24]. Despite the presence of similar, different, or
even opposite regulation and localization of the two 11B3HSD isoforms
in the ovarian and endometrial cells [10,11,34], evidence for their
physiological roles in the ovary and uterus is lacking. Additionally,
there are differences in the regulation of ovarian hormone receptors
such as AR between PCOS patients and PCOS-like animal models [68].
Although abnormal cortisol metabolism has been shown in some PCOS
patients [29,30], GR can be activated by estrogens in addition to glu-
cocorticoids in the uterus [11]. However, because our findings are from
observing only a single time point, the possibility that aberrant reg-
ulation of the two Hsd11b isoform mRNAs depends on local endocrine
environments in the ovary and uterus during the progression of hy-
perandrogenism and insulin resistance remains entirely speculative.

Mitochondria are essential not only for generation of ATP by aerobic
respiration, but also for steroidogenesis through mitochondrial choles-
terol transport and metabolism [69]. Although the precise mechanism
underlying mitochondria-regulated ovarian and uterine cell function is
uncertain, it is becoming increasingly evident that impaired
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Fig. 5. Uterine defects and impaired GR, Fkbp5, and Hsd11b expression in rats treated chronically with hCG and/or insulin. (A) Representative photographs of uteri
and images of H&E staining in the uterus. Scale bars (200 pm) are indicated in the photomicrographs. (B) Representative photomicrographs of immunohistochemical
staining for uterine GR in control rats. Arrows indicate the uterine blood vessels. Le, luminal epithelial cells; G, glands; Ge, glandular epithelial cells; Str, stromal cells;
M, myometrium. Scale bars (100 um) are indicated in the photomicrographs. (C) Regulation of GR protein expression in the uterus. Protein levels were analyzed by
Western blotting (n = 8 or 9/group). (D and E) Regulation of Fkbp5 and Hsd11b gene expression in the uterus. mRNA levels were determined by qRT-PCR (n = 8/
group). In all plots, data are presented as means = SEM. *p < 0.05, **p < 0.01.
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mitochondrial function is seen in PCOS patients and PCOS-like animals
[26,39-45]. We found that rats co-treated with hCG and insulin had
reduced levels of OXPHOS-related proteins (NADH dehydrogenase,
cytochrome c oxidase, and ATP synthase) in the ovary and uterus. This
observation indicates that the mitochondrial respiratory capacity was
affected by hyperandrogenism and insulin resistance, thus suggesting
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that these conditions cause the mitochondria-mediated metabolic de-
fects seen in the two tissues. Unexpectedly, in parallel to the GR down-
regulation, the same animals exhibited increased expression of genes
involved in mitochondrial fusion (Opal), fission (Drp1), and biogenesis
(Pgcla) in both tissues. In addition, we also showed that expression of
the mitophagic genes Parkin and Rheb was decreased in the ovary,
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replicates. Scale bars (500 nm) are indicated in the photomicrographs. INS, insulin; N, nucleus.
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Fig. 8. Impaired uterine NF-kB signaling mediates inflammation and collagen production in rats treated chronically with hCG and/or insulin. (A) Regulation of NF-xB
signaling-related protein expression in the uterus. Protein levels were analyzed by Western blotting (n = 8 or 9/group). (B) Regulation of inflammation-related gene
expression in the uterus. mRNA levels were determined by qRT-PCR (n = 8/group). In all plots, data are presented as means + SEM. *p < 0.05, **p < 0.01,

***p < 0.001. (C) Collagen production in the uterus. Representative images of Masson's trichrome staining in ovaries collected from rats treated with hCG and
insulin. Aniline blue indicates collagen staining. Ge, glandular epithelial cells; Str, stromal cells; M, myometrium. Scale bars (100 um) are indicated in the photo-

micrographs.

whereas the same gene expression was increased in the uterus. Healthy
mitochondrial function is dependent on the fusion-fission cycle, while
damaged and unwanted mitochondria are removed by mitophagy [58].
Based on qRT-PCR and Western blot analyses using the ovarian and
uterine homogenates, we cannot rule out the possibility that different
mechanisms are responsible for RNA turnover and translational control
of protein turnover and abundance in the ovary and uterus in response
to the hormonal milieu [20,40]. However, it is worth noting that the
decrease in mitochondrial respiratory capacity might stimulate the
mitochondrial fusion-fission cycle and biogenesis through a com-
plementary or adaptive effect during the progression of hyperan-
drogenism and insulin resistance.

Although GR acts as both an enhancer and inhibitor for controlling a
large number of transcriptional pathways, diverse mechanistic models
have been proposed for the specific effects of GR repression on NFkB
activity in vitro [56,59]. We highlight how the conditions of hyperan-
drogenism and insulin resistance suppressed GR protein expression and
activated NFkB signaling in the ovary and uterus. Numerous clinical
studies have reported that androgen excess, hyperinsulinemia, and
systemic inflammation often co-exist in PCOS patients [72]. Notably,
PCOS patients display significant activation of NFkB signaling in asso-
ciation with elevated inflammation in ovarian granulosa cells and en-
dometrial cells [70-72]. Despite the overlapping and distinct cytokine
and chemokine gene expression between the ovary and uterus, PCOS-
like rats showed aberrant regulation of Mmp2 and Mmp3 mRNAs
leading to increased collagen deposition in both tissues. In line with our
findings, Henmi and colleagues have reported that elevated ovarian
Mmp2 protein expression modulates collagen synthesis in dehy-
droepiandrosterone-induced PCOS-like rats [73]. Taken together, the
present study suggests that the GR-NF«B signaling axis probably plays a
contributing role in triggering chronic inflammation ultimately re-
sulting in ovarian and uterine dysfunction under the conditions of hy-
perandrogenism and insulin resistance. Our understanding of the mo-
lecular mechanism and biological function of GR has increased.
However, how and when the suppression of GR signaling induces
ovarian and uterine dysfunctions in PCOS patients warrants further
investigation.

Our results also demonstrated that rats treated with hCG alone or
insulin alone exhibited a distinct regulatory pattern of several genes in
the ovary and uterus. Moreover, even stronger effects were seen for
hCG- and insulin-targeted gene/protein expression than in
hCG + insulin-treated rats. These findings suggest that the regulation of
ovarian and uterine gene/protein expression responses to hCG and in-
sulin stimulation is complex. At the cellular level, it is generally ac-
cepted that the diverse effects of hCG, an analog of luteinizing hormone
(LH), and insulin are mainly mediated by interactions with LH receptor
(LHR) and insulin receptor (IR), respectively [74,75]. We recognize that
both LHR and IR are expressed in rat ovarian and uterine cells
[49,76-79], and it is likely that the regulation of ovarian and uterine
gene/protein expression is both direct and hormone-specific. However,
it has been proposed that at the systemic level, interactions between the
LH/LHR and insulin/IR signaling pathways contribute to the disrupted
ovarian function under PCOS conditions [80]. Further research is re-
quired to determine whether the two hormones share similar regulatory
mechanisms in the ovary and uterus and if there is causal relationship
between disruptions in their activity and the pathogenesis of PCOS. The
present study only profiled hCG- and insulin-regulated genes and pro-
teins at a single point in time in rats mimicking a PCOS-like state, and it
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is possible that either or both hormones might regulate the spatial and
temporal expression of genes/proteins in the ovary and uterus. Thus
longitudinal studies of hormone regulation would be of great interest.

5. Conclusion

Collectively, for the first time our data reinforce the importance of
PCOS-related hyperandrogenism and insulin resistance for aberrant GR
signaling in association with changes in mitochondrial function and
homeostasis as well as NFkB-regulated inflammation in the rat ovary
and uterus. Of note, the opposite regulation between OXPHOS proteins
and genes that act as the key regulators for mitochondrial fusion, fis-
sion, and biogenesis in PCOS-like rats suggests that such compensatory
or adaptive mechanisms probably help protect ovarian and uterine cells
against hyperandrogenism and insulin resistance-induced damage.
Although several PCOS-like rat models have been developed [81], no
perfect animal model exists that can account for all aspects of human
PCOS. We and others have used chronic treatment with hCG and insulin
to create an in vivo rodent model for the onset and development of
PCOS-like phenotypes, but further studies using various PCOS-like an-
imal models are needed to confirm our current initial observations.
Given the fact that no means exist to predict or prevent the onset and
lifelong consequences of PCOS in humans [68], the identification of the
relationships between different molecular mechanisms and PCOS phe-
notypes, including elucidation of the regulation of GR signaling under
conditions of hyperandrogenism and insulin resistance, will provide
insights into how ovarian and uterine cells respond and adapt to the
pathological conditions of PCOS.
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