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ABSTRACT

The aim of this study was to investigate uterine lesions, uterine endocrine status and
expression of genes involved in uterine differentiation in a rat model of polycystic ovary
syndrome (PCOS). The possible involvement of the androgen receptor (AR) was also
investigated. PCOS rats showed an increased incidence of uterine epithelial and glandular
lesions and elevated serum testosterone level, which was not detected in uterine tissue.
Uterine 17B-estradiol, estrone and progesterone were detected in 100%, 75% and 50% of
the animals, respectively. This was associated with a decrease in Star and an increase in
Hsd17b2, Srd5al and Cypl9al, suggesting that uterine steroids are not synthesized de
novo in PCOS and that alterations in these enzymes may explain the absence of
testosterone and low progesterone. In addition, ESR2 decreased and AR increased,
suggesting possible steroid receptor crosstalk. Genes associated with uterine
differentiation, PTEN and WNT5a, also showed reduced expression. PCOS rats treated
with flutamide, an AR antagonist, were similar to PCOS rats in terms of uterine lesions,
serum steroid levels, ESR2, PTEN and WNT5a expression. However, testosterone, AR
and aromatase levels were similar to control rats, with decreased expression of ESR1 and
HOXAL0, suggesting that these expressions are AR dependent. Our results suggest that
the primary cause of the observed uterine lesions in the PCOS rat model is the altered

endocrine status and consequently changes in genes related to uterine differentiation.

KEYWORDS: polycystic ovary syndrome, steroidogenesis, steroidogenic enzymes,

steroid receptors, uterine morphology.
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1. INTRODUCTION
Polycystic ovary syndrome (PCOS) is one of the most common endocrine disorders,
affecting 7-12 % of women of reproductive age (Skiba et al, 2018). The diagnostic criteria
for PCOS are oligo- or anovulation, clinical and/or biochemical signs of
hyperandrogenism and polycystic ovaries (Rotterdam ESHRE/ASRM-Sponsored PCOS
Consensus Workshop Group, 2004). Clinical observations suggest that, in women with
PCQOS, hormone abnormalities lead to an increased risk of endometrial hyperplasia and
carcinoma, and pregnancy complications (Barry et al, 2014; Yu et al, 2016). Moreover,
in women with PCQOS, the incidence of endometrial hyperplasia is higher than 35%
(Cheung, 2001) and the risk of endometrial cancer is three times higher (Haoula et al,
2012). In obese women, this risk is also three-fold higher, important data considering that
obesity is a predominant feature in PCOS (Shafiee et al, 2014). However, the reason why
women with PCOS have higher the risk of developing uterine abnormalities is not yet

completely understood.

In PCOS women, androgen excess is a common finding (Dumesic & Lobo, 2013). This
excess (also called hyperandrogenemia) can increases estrogen levels by its peripheral
conversion, leading to a higher exposure of the endometrium to estrogen (Hosseinzadeh
et al, 2021). However, some women with PCOS showed 17p-estradiol (E2) level similar
to those of healthy women (Codner et al, 2007). It has been described that exposure to
high or chronic levels of estrogens results in development of endometrial cancer (Kaaks
et al, 2002; Zukerberg et al, 2004). Most endometrial cancers occur due to an unopposed
estrogen environment (Nees et al, 2022). In PCOS, estrogen stimulation is not sufficiently
counterbalanced by progesterone (P4) due to anovulation or oligo-ovulation (Shang et al,

2012; Dumesic & Lobo, 2013). On the other hand, the target tissue response to hormones
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also depends on their in-situ availability, which is partly regulated by the activity of tissue
steroidogenic enzymes. Several studies have demonstrated that the activity of enzymes
related to steroid metabolism in the endometrium of women with PCOS differs from that
observed in the normal endometrium (Bacallao et al, 2008; Leon et al, 2008). In the
endometrium of PCOS women, Bacallao et al (2008) showed a decreased relationship
between the activities of steroid sulfatase (STS) and estrogen sulfotransferase (ETS),
whereas Leon et al (2008) found an increase in STS activity and a decrease in ETS.
Bacallao et al (2008) also described an increased ratio between the mRNAs of 17f-
hydroxysteroid dehydrogenase (Hsd17b) types 1 and 2 in the endometrium of PCOS
women versus the normal endometrium. In another study, Margarit et al (2010) found
that the HSD17B1 and HSD17B2 levels in anovulatory PCOS patients were significantly
higher than those in fertile women. Regarding aromatase, results are contradictory. Some
researchers have reported that aromatase is undetectable in the endometrium of PCOS
and normal women (Bacallao et al, 2008; Leon et al, 2008), whereas others have shown
that the levels of endometrial aromatase in PCOS patients are higher than those in normal

women (Zhao et al, 2014).

Changes in steroid metabolism in the endometrium may alter the expression of hormone-
responsive genes associated with uterine development and differentiation, such as
homeobox gene A10 (Hoxal0), phosphatidylinositol 3, 4, 5-trisphosphate 3-phosphatase
(Pten), wingless-related MMTYV integration site member 5a and 7a (Wntba and Wnt7a)
and B-catenin (Ctnnbl) (Mutter et al, 2000, Cermik et al, 2003, Al Naib et al, 2016).
Regarding Hoxal0, endometrial biopsies from women with PCOS have demonstrated
decreased HoxalO (Cermik et al, 2003; Kara et al, 2019). Regarding PTEN, although a

common finding in endometrial cancer or endometrial hyperplasia is the loss of PTEN
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gene expression (Djordjevic et al, 2012; Yang et al, 2015), Shafiee et al (2016) found a
significant up-regulation in PCOS women with endometrial cancer. Regarding the
members of the Wnt family, studies in a PCOS rat model have shown that Wnt4, Wnt5a,
and Wnt7a are not modified in the uterus, whereas, in PCOS women, some authors have
shown a higher expression of Wnt3 as well as of Ctnnbl (Mehdinejadiani et al, 2019;

Zhang et al, 2017).

In a PCOS rat model, we have recently demonstrated an increase in uterine thickness and
water content and alterations in collagen remodeling, cell proliferation and apoptosis
(Bracho et al. 2019). These abnormalities were associated with modified expression of
aquaporins, Insulin-like Growth Factor-I (Igfl), PTEN and steroid receptors (Bracho et
al, 2020). In this study, employing the same animal model, our objective was to examine
histomorphological uterine lesions in the luminal and glandular epithelium. Additionally,
we aimed to assess tissue steroid pathways by measuring steroid levels, the enzymes
responsible for steroidogenesis, and their specific receptors. Furthermore, we evaluated
hormone-responsive genes associated with uterine differentiation and function. To
explore the potential involvement of the androgen pathway in the uterine lesions of PCOS
rats, we included a group treated with flutamide (F), which acts as an androgen receptor

(AR) blocker.

2. MATERIALS AND METHODS

2.1 Animals and experimental design

The experimental protocols were designed in accordance with the Guide for the Care and
Use of Laboratory Animals issued by the U.S. National Academy of Sciences (National

Research Council Committee for the Update of the Guide for the Care and Use of
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Laboratory Animals, 2011) and were approved by the Ethics Committee of the Facultad
de Bioguimica y Ciencias Bioldgicas on 5 November 2019 (Resolution CE2019-47,

FBCB, Universidad Nacional del Litoral, Santa Fe, Argentina).

Rats of a Wistar-derived strain inbred at the Department of Human Physiology (FBCB-
UNL) were kept in a controlled environment (22 + 2°C; 14 h of light from 0500 to 1900)
with free access to pellet laboratory chow (Nutriciobn Animal, Argentina). Rats were
housed in stainless steel cages with sterile pine wood shavings as bedding. Tap water was

supplied ad libitum in glass bottles with rubber stoppers.

A rat model mirroring key features observed in women with PCOS was developed
through the injection of dehydroepiandrosterone (DHEA), and this model was utilized in
our study (Lee etal, 2016, Zheng et al, 2022). At 21 days old, rats were randomly assigned
to three groups (n= 7-11 in each group) and subcutaneously administered either sesame
oil (Control group), DHEA (60 mg/kg body weight [bw]) (PCOS group) or DHEA (60
mg/kg bw) combined with flutamide (an AR antagonist, 20 mg/kg bw) (PCOS-F group)
for 20 consecutive days (Bracho et al, 2020). Euthanasia occurred 24 h after the final

DHEA or flutamide injection, and during autopsy, trunk blood and uterus were collected.

2.2 Hormone assays

Serum testosterone (T), E2 and P4 levels were determined by chemiluminescence assays,
using an Immulite® 2000 system for in vitro diagnostics (Siemens Healthcare SA,
Argentina) and following the manufacturer’s specifications (Bracho et al, 2019). The

intra-assay coefficient of variation was 6.7% for E2, 10.1% for T, and 9.7% for P4.

For the determination of uterine steroids, uterus tissue samples from nine rats per group

were combined into three pools. The different pools were used to measure T, E2, P4 and
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estrone (E1) as previously described by Gomez et al (2023). The tissue was homogenized
in 1.0mL of methanol using an Ultra-Turrax homogenizer (T25 basic, IKA-Werke
GMBH & Co. KG, Germany). The homogenate was centrifuged and the methanolic
supernatant was separated. Then, chloroform was added to the pellet, which was
mechanically shaken and centrifuged. The supernatant was taken and merged with the
methanolic supernatant. Finally, the extract was dried under a gentle nitrogen stream and
then reconstituted in H20: acetonitrile (50:50) and injected into the chromatographic

system.

The chromatographic analysis was carried out using an LC1260 Agilent instrument
equipped with a degasser, a binary pump, an auto-sampler, an oven column compartment,
an UV-Vis diode array detector, a fast-scanning fluorescence detector, and the OpenLAB
LC ChemStation software (Agilent Technologies, Waldbronn, Germany). The separation
was performed on a 3.5 um Zorbax Eclipse XDB-C18 analytical column (100 mm x 4.6
mm) (Agilent Technologies). The mobile phase consisted of a mixture of H20 (solvent
A) and acetonitrile (solvent B). The detection was performed by recording the UV spectra
of T, E1 and P4 and the fluorescence emission spectra of E2 by using a Aexc=317 nm.
The data acquired were then chemometrically analyzed through Multivariate Curve
Resolution-Alternating Least Squares. The limit of quantification of the method for E1,

E2, T and P4 was 26.7 pg/L, 2.77 pg/L, 1.20 pg/L and 7.96 pg/L, respectively.

2.3 Histology and morphometry

Uterine samples embedded in paraffin were cut into 5-um sections, mounted on slides
coated with 3-aminopropyl triethoxysilane (Sigma—Aldrich, Argentina) and stained with
hematoxylin and eosin or periodic acid—Schiff (PAS) for light microscopy (Olympus
BH2, Tokyo, Japan). PAS staining was used in histochemistry to detect

mucopolysaccharides in uterus (Demacopulo and Kreimann, 2019). Uterine glands were



199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

classified as described by Vigezzi et al (2015). To assess the incidence of epithelial or
glandular abnormalities, the number of rats with at least one abnormality of the types
described was divided by the total number of rats per group (the result was expressed as
percentage). To evaluate luminal epithelial cell height and glandular density, three uterine
sections per animal were assessed, and at least 10 images were recorded in each section
with a Spot Insight V3.5 color video camera (Diagnostic Instruments, Sterling Heights,
MI, USA) attached to an Olympus BH2 microscope. The luminal epithelial cell height
was measured from the apical (luminal) surface to the basement membrane, as previously
described (Bracho et al, 2019). Areas with luminal hyperplasia were not included in this
quantification. To determine the glandular density, the area occupied by the uterine glands
was determined and referenced to the subepithelial stroma area by using the Image-Pro

Plus 4.1.0.1 system (Media Cybernetics, Silver Spring, MD, USA).

2.4 Immunohistochemistry (IHC)

Uterine sections (5 um thick) were immunostained to detect the expression of aromatase,
estrogen alpha, beta and androgen receptors (ESR1, ESR2 and AR), WNT5a, WNT7a, 3-
catenin, HOXA10 and PTEN, as previously described (Bracho et al, 2019). Primary
antibodies were incubated overnight at 4°C. The antibodies used were: anti-aromatase
(dilution 1:100, Instituto de Salud y Ambiente del Litoral (ISAL), Santa Fe, Argentina,
Gomez et al, 2023), anti-ESR1 (dilution 1:200, ISAL, Gomez et al, 2023), anti-ESR2 (cat
# 51-7900, dilution 1:50, Zymed, Thermo Fisher Scientific. AR), anti-AR (cat # sc-816,
dilution 1:400, Santa Cruz Biotechnology Inc. CA), anti-PTEN (dilution 1:750, ISAL,
Bracho et al, 2020), anti-WNT5a (dilution 1:200, ISAL, Vigezzi et al, 2016), anti-WNT7a
(dilution 1:400, ISAL, Vigezzi et al, 2016), anti-p-catenin (cat # sc-7963, dilution 1:800,
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and anti-HOXA10 (cat # sc-

17159, dilution 1:50, Santa Cruz Biotechnology Inc.). As secondary antibodies, anti-
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mouse (dilution 1:200, ISAL, Gomez et al, 2023), anti-rabbit (dilution 1:200, ISAL,
Bracho et al, 2020) and anti-goat (cat # sc-2042, dilution 1:100, Santa Cruz
Biotechnology Inc.) were used. The reactions were developed using a streptavidin-biotin
peroxidase method and diaminobenzidine (Sigma—Aldrich) as chromogen. Samples were
mounted with a permanent mounting medium (Eukitt, Sigma-Aldrich). Each IHC run
included negative controls in which the primary antibody was replaced by non-immune

horse serum (Sigma—Aldrich).

Aromatase, ESR1, ESR2, AR and PTEN expression was quantified by measuring the
integrated optical density (I0D). To measure the IOD immunostaining, at least 10 fields
were recorded in each section, and three sections per animal were evaluated and analyzed
using the Image-Pro Plus system (Media Cybernetics), as previously described by
Varayoud et al (2011). The IOD was measured as a linear combination between average
gray intensity and the relative area occupied by positive cells. Because the 10D is a

dimensionless parameter, the results are expressed as arbitrary units.

2.5 Reverse transcription and real-time quantitative PCR analysis

Individual uterine horn samples were homogenized in TRIzol (Invitrogen, USA), and
RNA was prepared according to the manufacturer's protocol. The concentration of total
RNA was assessed by A260. Equal quantities (1 pg) of total RNA were reverse-
transcribed into cDNA with Moloney Murine Leukemia Virus Reverse Transcriptase (10

units; Promega, USA) (Bracho et al, 2019).

The reverse-transcribed products were amplified in triplicate using the real-time PCR
system StepOne Cycler (Applied Biosystems Inc., Life Technologies, Carlsbad, CA,
USA). An optimized real-time PCR protocol was used to analyze the mRNA expression

levels of enzymes that regulate steroid metabolism, Esrl, Esr2, Pten, Wnt5a, Wnt7a,
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Ctnnbl, Hoxal0 and ribosomal protein L19 (RPL19). The Rpl19 transcript was chosen
as a housekeeping gene (internal control) following assessment of primer specificity and
efficiency. Importantly, there were no statistically significant differences between the Ct
values of the experimental groups (CONTROL: 23.74 + 0.87; PCOS: 23.94 £ 0.44;
PCOS-F: 23.47 £ 0.37). Primer sequences designed for cDNA amplification are described
in Table 1. For cDNA amplification, a real-time PCR was performed using diluted cDNA
combined with HOT FIREPol Eva Green qPCR Mix Plus (Solis BioDyne, Biocientifica,
Argentina) and 0.5 pmol/uL of each primer (Invitrogen). After initial denaturation at
95°C for 15 min, the reaction mixture was subjected to successive cycles of denaturation
at 95°C for 15 s, annealing at 55-60°C for 15 s, and extension at 72°C for 15 s. Product
purity was confirmed by dissociation curves, and random samples were subjected to
agarose gel electrophoresis. The relative expression levels of each target were calculated

using the standard curve method (Bracho et al, 2019; Cikos et al, 2007).

2.6 Statistical analysis

Results are expressed as the mean + SEM. The incidence of uterine abnormalities was
analyzed by Fisher's exact test and post-hoc analysis. Luminal epithelial height, glandular
density, relative gene expression and 10D were analyzed by one-way analysis of variance
(ANOVA) and Bonferroni post-hoc tests or Kruskal-Wallis test followed by Dunn's post-
hoc test. Values with p < 0.05 were accepted as significant difference between the groups.
Analyses were carried out using the R software (The R Foundation for Statistical

Computing, http://www.r-project.org/).

3. RESULTS

3.1 Uterine histomorphology
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PCOS and PCOS-F rats presented several uterine alterations (Fig. 1). Both PCOS and
PCOS-F rats showed a higher incidence of epithelial abnormalities than Control rats
(Table 2). These rats presented areas with hyperplasia of the luminal epithelium,
intraepithelial lumens positive to PAS staining, polyps, intraepithelial glandular
formation, and increased luminal epithelial height (Fig. 1, Table 2). PCOS and PCOS-F
rats also presented a higher incidence of abnormal glands (cystic glands, conglomerates
of glands, glands with cellular atypia and glands with squamous metaplasia (Fig. 1, Table

2) and higher glandular density than Controls.

Figure 1: Representative photomicrographs of epithelial and glandular abnormalities
observed in the uterus of polycystic ovary syndrome (PCOS) and PCOS-Flutamide
(PCOS-F) rats on postnatal day 41 (PND41). (A) Normal luminal epithelium (LE), (B-C)
luminal epithelium with hyperplasia (asterisk), (D) intraepithelial lumens (arrowhead),
(E) intraepithelial gland formation (arrow), (F) polyps (arrowhead), (G) normal gland
(box with dashed lines), (H) cystic gland and (1) gland with cellular atypia. The slides

were stained with hematoxylin and eosin or periodic acid Schiff. Scale bar: 50 um.
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3.2 Uterine endocrine status

To investigate whether the alterations found in PCOS rats were associated with changes
in the uterine endocrine environment, serum and tissue steroid hormone levels, enzymes

involved in steroid metabolism, and steroid receptors expression were evaluated.

3.2.1 Serum levels of steroids. T was higher in PCOS and PCOS-F rats than in Controls.

E2 and P4 were similar between all groups (Table 3).

3.2.2 Tissue levels of steroids. The percentage of rats with steroid hormones detectable in
the uterus is shown in Table 3. No differences were found in the levels of hormones
between the groups: T (Control: 3.1+2.7, PCOS: not detected, PCOS-F 7.3 £ 2.2 pg/L),
E2 (Control: 5.1 + 1.2, PCOS: 3.6 + 0.4, PCOS-F 7.2+ 1.4 ug/L), E1 (Control: 54.9 +
38.1, PCOS: 55.7 £ 25.5, PCOS-F: 58.6 + 31 pg/L) and P4 (Control: 56.2 + 29.5, PCOS:

10.1 + 1.8, PCOS-F: 56.1 + 16.8 ug/L).

3.2.3 Molecules related to steroid metabolism. The following RNA transcripts that
regulate steroid metabolism were detected in the uterine tissue of all groups (Fig. 2): acute
regulatory protein (Star), 3o-hydroxysteroid dehydrogenase (Akrlcl4), 3pB-
hydroxysteroid dehydrogenase (Hsd3b, isoforms 1, 2, 3, 5 and 7), 17B-hydroxysteroid
dehydrogenase (Hsd17b, isoforms 1, 2, 3 and 4), steroid 5a-reductase type 1 (Srd5al),
cytochrome P4502D4 (Cyp2d4), aromatase (Cypl9al) and steroid sulfatase (Sts). No
expression of Srd5a2 or cytochrome P45017A1 (Cypl7al) was found. PCOS rats showed
adecrease in Star and an increase in Hsd17b2, Cyp19al and Srd5al. PCOS-F rats showed
the same changes as those described in PCOS rats regarding Star, Hsd17b2 and Srd5a1,

however, the increase in Cyp19al found in PCOS rats was not observed in PCOS-F ones

(Fig. 2).
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314  Figure 2: Quantification of MRNA by RT-PCR, performed on proteins involved in
315  regulating steroid metabolism in the uterus of PCOS and PCOS-F rats on PND41. The
316  mRNA levels of steroidogenic enzymes, indicated by dash rectangles, show significant
317  differences between experimental groups. It should be noted that no expression of Srd5a2
318 and Cypl7al was detected in the rat uterus (data not shown). To normalize the samples,
319 mRNA of Rpl19 was used as a housekeeping gene. The relative units (RU) of mRNA
320  expression were calculated. Each column in the graph represents the mean+SEM of 5-11
321 rats/group. All outliers were included in the analysis. Different letters are used to indicate
322 significant differences (p < 0.05, Kruskal-Wallis followed by Dunn’s Multiple

323  Comparison post-test).

324

325  Aromatase immunostaining was present in the luminal and glandular epithelium,
326  subepithelial stroma and myometrium cells of Controls (Fig. 3). In PCOS rats, aromatase
327  increased in the luminal epithelium, but, in PCOS-F rats, it was similar to that of Controls

328  (Fig. 3). In the glandular epithelium of PCOS-F rats, aromatase was lower than in that of
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PCOS rats (Fig. 3). In the subepithelial stroma and myometrium, no significant
differences in aromatase immunostaining were observed between groups (Fig. 3).
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Figure 3: Immunohistochemical analysis of aromatase, conducted to assess its expression
in the uterus of PCOS and PCOS-F rats on PND41. Immunostaining was observed in
various uterine compartments, including the luminal epithelium (LE), glandular
epithelium (inset), subepithelial stroma (SS) and myometrium (Myo). (A-E) The negative
control was an immunostained uterine section of PCOS rats. Immunostained sections
were counterstained with Mayer hematoxylin. Scale bar: 50 um. (I) Quantification of
aromatase immunostaining in different uterine compartments. Each column represents

the mean+SEM of 5-7 rats/group. All outliers were included. Different letters are used to
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indicate significant differences (p < 0.05; Kruskal-Wallis followed by Dunn's Multiple
Comparison post-test). IOD: Integrated optical density.

A summary of the results concerning uterine tissue steroid levels and their metabolic

pathways in the experimental groups is depicted in Fig. 4.
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Figure 4: Hormonal microenvironment in the uterine tissue of rats on PND41. The
pathways involved are indicated by arrows, and the uterine steroid hormones evaluated
are highlighted with a box. Additionally, the enzymes that regulate steroid metabolism
and were detected in the uterine tissue are included. No mRNA expression of Cypl7al
was detected in the uterus (indicated by arrows with dashed lines). Figure A represents
the control conditions, showing the normal hormonal microenvironment in the uterine
tissue. Figures B and C depict the modifications found in metabolic pathways, the mMRNA
expression of steroidogenic enzymes, and steroid hormones detected in the uterine tissue
of PCOS and PCOS-F rats, respectively. In PCOS rat uterus, testosterone (T) was
undetectable (indicated by a black cross), and the percentage of rats with detectable levels
of progesterone (P4) and estrone (E1) was decreased (indicated in blue). The mRNA
expression of Star was decreased (indicated by a thin black arrow), while the mRNA
expression of Srd5al, Hsd17b2 and Cypl9al was increased (indicated by a thickened
black arrow). Additionally, PCOS rats showed increased expression of aromatase protein
(indicated by a thickened black arrow). In the PCOS-F rat uterus, the percentage of rats
with detectable T and P4, and the mRNA expression of Cyp19al were similar to those of
control rats. In uterine tissue of PCOS-F rat, E1 was decreased (indicated in blue). E2:

17B-estradiol. Hsd3b?: indicates that the reaction could be mediated by this enzyme.

3.2.4 Expression of estrogen and androgen receptors

In the uterus, both MRNA and ESR2 protein expression were lower in PCOS and PCOS-
F rats compared to Control rats (Table 3). Esrl expression remained similar across all
experimental groups, while a decreased in protein expression was observed in PCOS-F
rats (Table 3). Ar expression increased in PCOS rats compared to Control group; however,
this change was not observed in PCOS-F rats (Table 3). In the uterine subepithelial
stroma, the expression pattern of AR protein showed a similar change to observed in Ar;
however, in the myometrium of PCOS rats, protein levels increased, while in PCOS-F
rats this increase was not statistically different compared to PCOS or Control rats (Table

3).
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3.3 Molecules involved in uterine differentiation

Molecules responsible for uterine differentiation (i.e.. WNTS5a, WNT7a, B-catenin,
HOXAL10 and PTEN) were next investigated in the uterine tissue of experimental groups.
Gene expression was quantified using gRT-PCR, while protein levels was assessed via
IHC to identify the specific cell and tissue compartment in which each protein is

expressed, providing a qualitative assessment.

Wnt5a expression in PCOS and PCOS-F rats was similar but lower than that in Controls
(Fig. 5A). WNT5a protein was present in the uterine luminal and glandular epithelium of
Controls (Fig. 5B), but lower expression was found in the subepithelial stroma and
myometrium. In PCOS and PCOS-F rats, WNT5a immunostaining decreased in all

uterine compartments (Fig. 5B), accompanying the pattern of mMRNA.

Wnt7a expression was similar in the three groups (Fig. 5A). WNT7a protein was present
in all uterine compartments of Controls and did not change in PCOS or PCOS-F rats (Fig.

5B).

Ctnnb1 was higher in PCOS rats than in Controls, whereas PCOS-F rats showed no
differences versus PCOS rats or Controls (Fig. 5A). B-catenin protein expression was
found in the membrane of luminal and glandular epithelial cells in all groups (Fig. 5B),

showing the same pattern as mRNA.

Hoxal0 was similar between Control and PCOS rats but lower in PCOS-F rats (Fig. 5A).
In Controls, HOXAZ10 immunostaining was found in the uterine subepithelial stroma and
myometrium, but its intensity was lower in the luminal and glandular epithelium (Fig.
5B). In PCOS-F rats, HOXA10 immunostaining decreased in the myometrium, as well as

in the subepithelial stroma, although to a lesser extent.
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Figure 5: Protein and mRNA expression levels of WNT5a, WNT7a, B-catenin, and
HOXAZ10, assessed in the uterus of PCOS and PCOS-F rats on PND41. (A) The mRNA
levels of Wnt5a, Wnt7a, Ctnnbl and Hoxal0 mRNA were quantified using RT-PCR in
the uterus. The mRNA levels were normalized to the expression of Rpl19, which served
as a housekeeping gene. Relative units (RU) were used. Each column represents the mean
+ SEM of 7-10 animals/group, and all outliers were included. Different letters are used to
indicate significant differences (p < 0.05; Kruskal-Wallis followed by Dunn's Multiple
Comparison post-test). 10D: Integrated optical density. (B) Representative

photomicrographs of uterine sections immunostained for WNTSa, WNT7a, -catenin,
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and HOXA10. The expression of these proteins were examined on different
compartments of the uterus, including the luminal epithelium (LE), glandular epithelium

(inset), subepithelial stroma (SS), and myometrium (Myo). Scale bar: 50 pm.

Pten was similar between the experimental groups (Fig. 6A). PTEN protein expression
was detected in the luminal and glandular epithelium, subepithelial stroma and
myometrium of all groups (Fig. 6B). In PCOS and PCOS-F uterine tissue, PTEN
immunostaining decreased in the Iluminal epithelium, subepithelial stroma and
myometrium compared with Control rats, whereas, in the glandular epithelium, PTEN

protein expression was similar between groups (Fig. 6C).
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419  Figure 6: Protein and mRNA expression levels of PTEN in the uterus of PCOS and
420 PCOS-F rats on PND41. (A) PTEN mRNA was quantified using RT-PCR. The mRNA
421  levels were normalized to the expression of Rpl19, which served as a housekeeping gene.
422  RU: relative units. (B) Photomicrographs display uterine sections that were

423 immunostained for PTEN. This protein was expressed in the luminal epithelium (LE),
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glandular epithelium (inset), subepithelial stroma (SS) and myometrium (Myo). Scale
bar: 50 um. (C) PTEN immunostaining was quantified in different compartments of the
uterus. Each column represents the mean+SEM of 6-8 rats/group. All outliers were
included. Different letters are used to indicate significant differences (p < 0.05; Kruskal-
Wallis followed by Dunn's Multiple Comparison post-test). 10D: Integrated optical
density.

4. DISCUSSION

PCOS is a known risk factor for uterine lesions, endometrial hyperplasia, and cancer. In
this study, we have demonstrated several alterations in the luminal epithelium and gland
morphology, in addition to those previously described in the subepithelial stroma and
myometrium in a PCOS rat model (Bracho et al, 2020). Hyperplasia in the luminal
epithelium and intraepithelial glands is known to be induced by estrogen exposure and a
lack of P4 (Tokmak et al, 2014; Li et al, 2014). Intraepithelial lumens have been
previously observed in rats treated with aromatizable androgens and have been associated
with an increased expression of ezrin, a protein involved in the progression and metastasis
of hormone-dependent tumors, in cells lining the lumens (Demacopulo & Kreimann,
2019; Xi & Tang, 2020). Within the uterine glandular compartment, Cystic glands are
considered benign lesions, while the remaining structures (glands with squamous
metaplasia, glands with cellular atypia, gland conglomerates, and glands with daughter
glands) are regarded as pre-neoplastic lesions (Dixon et al, 2014). Previous studies have
described these types of glandular abnormalities in adult rats (older than one year) and
have shown that their incidence increases when rats receive estrogen treatment (Vigezzi
et al, 2015). The high incidence of uterine epithelial and glandular lesions in both PCOS
and PCOS-F rats suggests that these lesions may be linked to an endocrine environment

deregulation.



450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

The uterine endocrine environment is influenced by both serum hormone levels and the
tissue availability of steroids (Plaza-Parrochia et al, 2017). Tissue hormone levels are
linked to the expression and activity of steroidogenic enzymes (Gibson et al, 2018).
Hasegawa et al. (2017) demonstrated that exposure of rat granulosa cells to Sa-
dihydrotestosterone (DHT) and Igfl increased Star expression, while aromatase remained
unaltered. In zebrafish embryos, both T and DHT up-regulated Cyp19alb (an aromatase
isoform) through an ESR-dependent pathway. The effects of T primarily involve
aromatization, whereas DHT effect involves its conversion into Sa-androstan-3p, 17p-
diol (3p-diol) (Mouriec et al, 2009). The findings concerning aromatase in uterine tissue
are conflicting. Some studies report undetectable aromatase in the endometrium of
women with or without PCOS (Leon et al, 2008; Bacallao et al, 2008), while others, such
as Zhao et al. (2014), found higher expression of this enzyme in PCOS women's
endometrium. In terms of other steroidogenic enzymes, some studies have shown that
endometrial cells of PCOS women have higher HSD17B1 and HSD17B2 expression but
lower ETS activity (Margarit et al, 2010). We observed decreased mRNA levels of Star,
increased expression of Hsd17b2, Srd5al, and Cypl19al, and an absence of Cypl7al in
the uterus of PCOS rats, indicating that steroid hormones primarily originate from
systemic hormonal metabolism rather than de novo synthesis. The absence of T in PCOS
rats tissue may result from its conversion to androstenedione, DHT or E2, supported by
the increased Hsd17b2, Srd5al, and Cypl9al expression. Additionally, DHT may be
converted to 3B-diol, a metabolite with affinity for ESR2 (Abi Salloum et al, 2012; Handa
et al, 2008). On the other hand, the lower levels of P4 in PCOS rat uterine tissue may be
due to the increased expression of Srd5al, which metabolizes P4 to 5a-

dihydroprogesterone (Fig. 7B). These results indicate that P4 is unable to counteract
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estrogen stimulation effectively. In PCOS-F rats, no increase in Cypl9al compared to
PCOS rats was demonstrated, suggesting transcriptional regulation through the AR
pathway (Fig. 7C). It is also possible that the AR pathway in PCOS-F rats regulates the
protein expression and/or activity of HSD17B2 and SRD5A1 since uterine P4 and T were
present in most rats, indicating that these hormones were poorly metabolized by these

enzymes.

The uterine endocrine environment is also regulated by the expression of steroid
receptors. In the uterus of PCOS rats, ESR2 expression decreased, while AR expression
increased. Interestingly, in PCOS-F rats, ESR2 decreased, but the increase in AR
expression was not observed. Additionally, in this group, the expression of ESR1 also
decreased. This observation is in agrees with Knapczyk-Stwora et al. (2011), who
observed a decrease in stromal ESR1 expression in uterus of pigs treated with FLU. These
findings suggest that AR expression could be regulated through ESR2 and ESR1. Several
authors have proposed that these receptors collaborate to regulate their expression in
various cells of reproductive tracts. For instance, it has been reported that ESR2-knockout
mice exhibit increased AR expression in both prostate and ovaries (Weihua et al, 2001;
Cheng et al, 2002). Conversely, Weihua et al. (2002) demonstrated that in the uterus of
rats treated with E2, stromal ESR1 and AR were induced, indicating a positive regulatory
between them. Overall, these results suggest a positive interaction between the ESR1 and

AR pathways and a negative regulation between ESR2 and AR.

In our study, we investigated the impact of PCOS and PCOS-F on the expression of
hormone-dependent genes. PTEN, a tumor suppressor, is implicated in endometrial

cancer (Singh & Bhartiya, 2022). PTEN expression in the endometrium can be regulated,
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enhanced by estrogens during the follicular/proliferative phase (Mutter et al, 2000).
Estrogens can also increase its stability by promoting phosphorylation on S380, T382,
and T383 residues in the PTEN C-Tail (Vazquez et al, 2000; Scully et al, 2014). However,
Bai et al (2021) showed that phosphorylation at single residue of T366 induces PTEN
protein degradation via promotion of PTEN ubiquitination. Studies in prostate and breast
cancer cell lines have suggested a positive regulation between ESR2 and PTEN
expression (Wu et al, 2017; Lindberg et al, 2011). In PCOS and PCOS-F rats, we suggest
post-translational modifications in the PTEN expression, possibly due to changes in the
degree phosphorylations in the C-Tail region (Kotelevets et al, 2020, Bai et al, 2021). The
reduced uterine ESR2 expression in PCOS and PCOS-F rats may be linked to decreased
PTEN protein expression in the stromal and luminal epithelium (Fig. 7B and C). Thus,
decreased PTEN protein and elevated Igf1, previously shown in these animals (Bracho et
al, 2020)-may stimulate cell proliferation, potentially contributing to the observed uterine

histomorphological changes in this PCOS model.

Previous studies, including our own, have highlighted the role of HOXA10 as a critical
regulator of uterine stromal cell proliferation. Its expression is induced by both P4 and E2
(Lim et al, 1999; Varayoud et al, 2008; He et al, 2018). WNTSs also play a crucial role in
uterine stromal cell proliferation. Knockdown of Wnt5a in uterine stromal cell lines has
been shown to inhibit stromal cell proliferation (Rider et al, 2016). Another study
demonstrated that tamoxifen, an estrogen receptor agonist in the uterus, reduced Wnt5a
transcript levels, associated with decreased Esr2 expression in uterine tissue (Al Naib et
al, 2016). Our findings indicate that the reduced ESR2 expression may be linked to
decreased WNT5a expression, potentially leading to decreased uterine cell proliferation,

consistent with our previous observations in the subepithelial stroma of PCOS and PCOS-
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F rats (Bracho et al, 2019, 2020). Additionally, the observed decrease in ESR1 may
contribute to a reduction in HOXAZL0 expression and uterine cell proliferation in PCOS-

F (Bracho et al, 2019, 2020).

Our findings and suggested mechanism are summarized in Figure 7. In PCOS rats,
changes in 3p-diol levels, a metabolite of DHT, may be involved in the down-regulation
of uterine ESR2 expression. ESR2 could negatively regulate stromal AR expression,
while ESR1 may have a positive regulatory role (Fig. 7B). The decrease in Star
expression and the increase in Hsd17b2, Srd5al, and Cypl9al result in undetectable T
levels in 100% of the animals and contribute to decreased P4 levels (Fig. 7B). As a result,
the uterine hormonal environment differs from serum hormone levels (Fig. 7B). Reduced
ESR2 expression may also play a role in the decreased PTEN expression in the luminal
epithelium and stroma. When combined with higher Igfl expression, this has the potential
to increase the development of epithelial and glandular lesions in our PCOS model.
Additionally, reduced Wnt5a expression could contribute to decreased proliferation in

subepithelial stromal cells (Fig. 7B).

In PCOS-F rats, we observed uterine lesions similar to those in PCOS rats. Notably, T
was detected in uterine tissue, and more PCOS-F rats had detectable P4 levels compared
to PCOS rats. Furthermore, PCOS-F rats exhibited a decrease in ESR1, a partial increase
in AR, and no increase in aromatase expression. This suggests that aromatase expression
may be regulated directly or indirectly through AR, possibly associated with ESR1
expression. Additionally, a decrease in WNT5a and HOXAL0 was observed, potentially
contributing to the reduced proliferation of the subepithelial stroma and myometrium, as

previously demonstrated (Fig. 7C).
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Figure 7: Summary and interpretation of the results. Figure A shows the steroids studied

and the molecules evaluated in the uterine tissue of control rats. Figures B and C show
the changes observed in PCOS and PCOS-F respectively. Black letters indicate no
differences compared to the control group. Down or up arrows indicate decreased or
increased expression/detection, respectively. Dashed arrows indicate the suggested
pathway of interaction between molecules. In both PCOS and PCOS-F rats, the serum
levels of T were higher than in the control group (B-C). In PCOS rats (Figure B), the
uterine tissue showed undetectable levels of T could be associated with lower expression
of Star and higher of expression of Hsd17b2 and Srd5al. Possible changes in the 33-diol
level may be involved in the down-regulation of stromal ESR2 expression. In the
subepithelial stroma and myometrium, we suggest an inverse regulation (-) between
ESR2 and AR. The lower ESR2 expression could be down-regulate the PTEN and
WNTb5a expression. The altered histomorphology of the luminal and glandular epithelium
are associated with decreased PTEN expression and increased Igfl expression. In the
subepithelial stroma, WNT5a expression is decreased in association with decreased cell
proliferation. Different to PCOS, in PCOS-F rats (Figure C), we suggest that the
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interaction between AR and ESR1 is altered, which modified aromatase expression.
Furthermore, the decrease in HOXA10 is associated with a reduction in ESR1 in the
myometrium, which also can contribute to the decrease in cell proliferation. (*): Results
obtained from Bracho et al, 2020. P4: progesterone, E1: estrone, T: testosterone, E2: 17f3-
estradiol.

In conclusion, the results presented here demonstrate that the primary cause of the uterine
lesions and histomorphological changes observed in PCOS is the alterations in tissue

steroid metabolism and the cross-talk between steroid receptors.
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892  Table 1. Primers and PCR products for real time quantitative PCR

Accession Size Ta
Gene Number Primer Sequences (bp) (°C)
F: 5> GCAAAGCGGTGTCATCAG ‘3
Star NM_031558.3 172 57
R: 5> GGCGAACTCTATCTGGGTCT 3
F: 5> GCACTCAACTGGACTATGTGGA 3
Akrlcl4 NM_138547.3 87 507
R: 5> GCTCATCTCGTGGGAAAAAT *3 :
Nll\\|/||\7|00011070276751?1'3’ F: 5 CCTGGATGGAGCTGCCTG 3
Hsd3b1-3,5 _ -
NM_001042619.1 R 5" CCTGGCACGCTCTCCTCA "3 220 el
NM_012584.1
F: 5 GAGCGGAAGGAAGGAAGCCT '3
Hsd3b7 NM_139329.1 ) ) 167 61
R: 5" AGGAAGCCACAGCCACCTGT '3
F:5 AGATACTGGAATTGGATGTCA '3 170 56
Hsd17b1 NM_012851.2 ) )
R: 5" AAGAACATTCACATCCAGTACA 3
F: 5 AGCGGAGGAATTGAGGAA '3 152 56
Hsd17b2 NM_024391.1 ] )
R: 5" AGACCCCAGCATTGTTGA "3
F: 5> AGTACCTAAATACCAGCAGGG ‘3 161 55
Hsd17b3 NM_054007.1
R: 5> GGTGCTGCTGTAGAAGATTCT *3
F: 5" GACAGCACTGGACACATTCG 3 161 57
Hsd17b4 NM_024392.2 ) )
R: 5 TATGATCCCATGCTGCCC 3
F: 5 CACCTTCAACGGCTATGTAC ‘3 144 54
Srd5al NM__017070.3
R: 5> AGGATGTGGTCTGAGTGGAT ‘3
F: 5> TTGTGGTGTCGGTAGGGATG 3 175 56
Srdsa2 NM_022711.4
R: 5> CAGAAGGCAGTGGCTCTCAA3
F: 5 CGCTGGACTTCTCGCTA 3 214 57
Cyp2d4 NM_138515.2
R: 5> CGGTGTCCTCGCTGTAT ‘3
F: GGTGATAAAGGGTTATGCCA 3 117 55
Cyplral NM_012753.2
- R: 5’ GCTTGAATCAGAATGTCCGT 3
F: 5> TGGCAGATTCTTGTGGATGG '3 118 54
Cypl9al NM_017085.2
R: 5> CGAGGACTTGCTGATGATGAGT '3
F: 5 CTTGAGGGGGTGAAGTTGAC ‘3 150 58
Sts NM_012661.1

R: 5> CCCAGATGATGCCGAGAA ‘3
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Ar

Pten

Wntb5a

Wnt7a

HoxalO

Ctnnbl

Rpl19

NM_012689.1

NM_012754.3

NM_012502.1

NM_031606.2

NM_022631.3

NM_001100473.1

NM_018951.4

NM_053357.2

NM_031103.1

F: 5°- ACTACCTGGAGAACGAGCCC -3’
R: 5’- CCTTGGCAGACTCCATGATC -3°
F:5°-TTCTGGGCACCTGTCTCCTT -3’

R: 5’- TAACAGGGCTGGCACAACTG-3’
F: 5°- AGGGAGGTTACGCCAAAG -3’

R: 5’- AGACAGTGAGGACGGGAT -3’
F:5 TTATTGCTATGGGATTTCCT 3
R:5 GGTTTTTATGCTTTGAATCC 3’

F: 5’-CCTGTAGCCTCAAGACATGCTGG-3
R: 5>-GAGTTGAAGCGGCTGTTGACCT -3
F: 5>-CTTACACAATAACGAGGCAGGC-3
R: 5’-TCTCGGAATTGTGGCAGTGT-3"

F: 5’-GAAAACAGTAAAGCCTCTCC-3’

R: 5’-ATAGAAACTCCTTCTCCAGC-3’

F: 5>-GAGCACATCAGGACACCCAGC-3’
R: 5’-GAGGATGTGGAGAGCCCCAGT-3’
F: 5’-AGCCTGTGACTGTCCATTCC-3’

R: 5’-TGGCAGTACCCTTCCTCTTC-3’

153

167

101

96

142

126

148

116

99

60

57

58

53

60

56

54

60

60

F: forward, R: reverse, Ta: annealing temperature


https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=2023612141
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=291219903
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=46048608

904 Table 2. Epithelial and glandular abnormalities observed in the uterine tissue of PCOS
905 and PCOS-F rats
CONTROL PCOS PCOS-F
EPITHELIAL 28.6%2 100% P 87.5% P
ABNORMALITIES #
Hyperplasia of the luminal 0/7 (0%) 2 8/11 (72.7%)®  5/8 (62.5%) °
epithelium*
Intraepithelial lumens* 0/7 (0 %) 2 8/11 (72.7%)®  7/8 (87.5%) P
Intraepithelial glandular formation* 217 (28.6%) 2 10/11 (90.9%) ®  7/8 (87.5%) P
Polyps* 0/7 (0%) @ 8/11 (72.7%) >  5/8 (62.5%) P
Luminal epithelial height 22 +2 um? 44 +5 umP® 38+4umP®
GLANDULAR 0%?2 81.8%"° 100%°
ABNORMALITIES #
Cystic glands* 0/7 (0%) @ 5/11 (45.5%) ®  5/8 (62.5%) P
Conglomerates of glands* 0/7 (0%) 5/11 (45.5%) 4/8 (50%)
Glands with metaplasia* 0/7 (0%) 2/11 (18.2%) 3/8 (37.5%)
Glands with cellular atypia* 0/7 (0%) 2 6/11 (54.5%)°  8/8 (100%) P
Glandular density 0.019 + 0.0022 0.028 +£0.001° 0.033 +0.003°
906
907  # Percentage of rats with at least one abnormality.
908 * The incidence of abnormalities is expressed as percentage of females with a specific
909 lesion.
910 Different letters indicate significant differences between groups (p < 0.05).
911
912
913
914

915
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Table 3. Uterine endocrine status

CONTROL PCOS PCOS-F
STEROID SERUM LEVELS
Testosterone (ng/mL) Not detected 0.55+0.09 0.46 £ 0.03
17p-estradiol (pg/mL) 65.2 +£3.9 55.8+4.1 555+ 2.6
Progesterone (ng/mL) 9.7+27 7425 45+28
UTERINE STEROIDS
Testosterone 66.7% Not detected 66.7%
17B-estradiol 100% 100% 100%
Estrone 100% 75% 66.7%
Progesterone 100% 50% 100%
STEROID RECEPTORS EXPRESSION
MRNA expression
Esrl 1.07+£0.092 0.92+0.082 0.86 +0.09 2
Esr2 0.003 £ 0.0006? 0.0009 + 0.0002° 0.0007 + 0.00007 ©
Ar 0.46+0.032 0.77+0.06 ° 0.56 + 0.022
Protein expression
ESR1 (subepithelial 2.02+0.642 1.43+0.292 0.47 +£0.09 P
stroma)
ESR1 (myometrium) 0.65+0.19 2 0.90+0.182 0.32+0.07°
ESR2 (subepithelial 1.02+0.152 0.57+0.03° 0.61+0.04°
stroma)
ESR2 (myometrium) 0.40+0.042 0.23+£0.04° 0.16 £0.01°
AR (subepithelial stroma) 1.37+£0.172 2.09+0.27° 1.02+£0.122
AR (myometrium) 0.63+0.092 1.25+0.12° 0.88+0.17%

Steroid serum levels are expressed as mean + SEM.

Uterine steroids are expressed as percentage of rats with detected levels of each hormone.
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Esrl, Esr2 and Ar mRNA were expressed as relative units. The samples were normalized
to Rpl19 mRNA as a housekeeping gene.

ESR1, ESR2 and AR protein were evaluated as integrated optical density (arbitrary units).
Different letters indicate statistically significant differences between groups (p<0.05).



Highlights

. PCOS increases the incidence of uterine epithelial and glandular lesions.

. PCOS induces uterine steroid metabolism alterations.

. In the uterus, AR and aromatase expression are AR-dependent and an ESR2-ESR1-
AR crosstalk is suggested.

. In PCOS rats, altered PTEN and WNT5a expression is associated with uterine

differentiation changes.
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