Dhadhal and Nampoothiri Reproductive BlOlOgy
Reproductive Biology and Endocrinology ~ (2022) 20:165

https://doi.org/10.1186/512958-022-01041-x and Endocrinology

: ®
Decoding the molecular cascade Gl

of embryonic-uterine modulators in pregnancy
loss of PCOS mother- an“in vivo” study

Shivani Dhadhal and Laxmipriya Nampoothiri”

Abstract

Background: Polycystic ovary syndrome is associated with an increased rate of spontaneous abortion/early preg-
nancy loss and pups delivered to PCOS animals were abnormal. Currently, assisted reproductive technology has

been used to help numerous infertile couples to have their babies. However, there is a low implantation rate after the
transfer of embryos. Till now, it could not be concluded whether the reduced pregnancy rates observed were due to
abnormal embryos or endometrial modification. Further, transgenic mouse models have been used to find out the
molecular deficits behind early pregnancy complications. But, the deletion of crucial genes could lead to systemic
deficiencies/embryonic lethality. Also, pregnancy is a complex process with overlapping expression patterns mak-
ing it challenging to mimic their stage-specific role. Therefore, the motive of the current study was to investigate the
probable molecular cascade to decipher the early pregnancy loss in the letrozole-induced PCOS mouse model.

Methods: PCOS was induced in mice by oral administration of letrozole daily for 21 days. Following, the pregnancy
was established and animals were sacrificed on the day 6th of pregnancy. Animals were assessed for early pregnancy
loss, hormonal profile, mRNA expression of steroid receptors (Ar, Pr, Esr1/2), decidualization markers (Hox10/11a), adhe-
sion markers (/tgavb3, Itga4b1), matrix metalloproteinases and their endogenous inhibitor (Mmp2/9, Timp1/2) and

key mediators of LIF/STAT pathway (Lif, Lifr, gp130, stat3) were analyzed in the embryo implanted region of the uterus.
Morphological changes in ovaries and implanted regions of the uterus were assessed.

Results: Mice treated with letrozole demonstrated significant increases in testosterone levels along with a decline
in progesterone levels as compared to control animals. PCOS animals also exhibited decreased fertility index and
disrupted ovarian and embryo-containing uterus histopathology. Altered gene expression of the steroid receptors
and reduced expression of Hox10a, integrins, Mmp9, Timp1/3, Gp130 & Stat3 was observed in the implanted region of
the uterus of PCOS animals.

Conclusion: Our results reveal that majority of the molecular markers alteration in the establishment of early preg-
nancy could be due to the aberrant progesterone signaling in the embryonic-uterine tissue of PCOS animals, which
further translates into poor fetal outcomes as observed in the current study and in several IVF patients.
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Introduction
Polycystic Ovary Syndrome, a term of infertility has been
now recognized as one of the major infertility disorders
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peripheral cysts in ovaries [2]. This multi etiological
pathology is associated with clinical pregnancy compli-
cations, an increased rate of spontaneous abortion/early
pregnancy loss, and preterm delivery [3, 4]. However,
molecular alterations in PCOS pregnancy that originates
from the mother, embryo, or both are still in debate.

To achieve a successful pregnancy, the first step is
embryo implantation, wherein two-way communication
between a competent blastocyst and receptive uterus
gives rise to attachment and invasion of the embryo to
the uterine epithelium, following the decidualization of
the uterine stroma [5]. Each step of the initial pregnancy
involves an interplay of the various signaling pathways
in which synchronized production of ovarian estrogen
and progesterone mediates structural and functional
changes in the uterus [6]. These gonadal hormones
exert their effect through their receptors, progesterone
receptor (Pgr) and estrogen receptor (Esrl & 2) respec-
tively, and regulate cell proliferation, differentiation, and
secretory protein production in the uterus [7]. In addi-
tion, androgen and its receptor (Ar) could modulate
uterine growth, antagonize the expression of estrogen-
regulated genes, and also helps in the decidualization
of the uterine stroma [8]. During the adhesion phase of
early pregnancy, integrins (e.g., a4, av, p1, p3) are con-
sidered to be endometrial markers, and their expres-
sion is synchronized with the blastocyst attachment to
the endometrium [9]. As a sequel to blastocyst-uterine
attachment, transcription factors such as homeobox
(Hox10a and Hoxlla) genes are known to involve in
the proliferation and differentiation of stromal cells sur-
rounding the implanting blastocyst into a decidual cell
[10]. Further, invasion starts with penetration of the
embryo to the uterine wall which involves degradation
of extracellular matrix (ECM) through matrix metallo-
proteases (MMP-2 & 9). Activities of MMPs are tightly
controlled by their endogenous inhibitors, the tissue
inhibitors of MMPs (TIMPs). The elaborated balance
between the activation of MMPs and their inhibition
by TIMPs is important for the regulation of embryo
implantation [11]. Latterly, leukemia inhibitory factor
(LIF), is a pleiotropic cytokine of the IL-6 family that is
considered to influence ranges from embryo adhesion
to the regulation of stromal cell proliferation [12]. LIF
transduces its signal through the formation of a heter-
odimer with specific LIFR and the common co-receptor
for the IL-6 family (gp130). The binding of the LIF to its
receptor leads to activation of STAT3, which further has
an impact on the modulation of embryo-uterine func-
tions during embryo implantation [13].

These key modulators of the implanting embryo and
uterus try to establish an appropriate milieu that is cru-
cial for the development and survival of the fetus during
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pregnancy. However, ethical restrictions and a lack of
mechanistic studies have excluded studies on embryo-
endometrium interlinkage in PCOS patients. Transgenic
mouse models have been used to understand the mech-
anistic roles of many key determinants in uterine biol-
ogy and implantation. Even so, the role of crucial genes
remains undetermined because their constitutive dele-
tion could lead to systemic deficiencies and embryonic
lethality [14]. Additionally, the implantation phase of
pregnancy is complex, and overlapping expression pat-
terns make it challenging to mimic their stage-specific
roles. Hence, understanding the signaling mechanisms
is central to implantation, and deciphering these path-
ways would help us to potentially alleviate many prob-
lems associated with infertility like PCOS. In this line, to
study the early pregnancy stage, rodent models have been
employed as they exhibit similar anatomical and physi-
ological features of pregnancy as humans [15].

Our previous lab study has shown that oral admin-
istration of letrozole (0.5mg/kg of body weight) daily
for 21days successfully induced PCOS in adult female
Balb/c mice [16]. Also, the number of fetuses born to
PCOS mothers was less compared to that of control ani-
mals along with defects in fetal growth and development
have been observed. This suggests that there could be
some alteration in the early window of pregnancy. There-
fore, the present study was undertaken to investigate the
probable regulatory mechanism for the organization of
the embryonic-uterine network in the establishment of
the early pregnancy events in a letrozole-induced PCOS
mouse model.

Materials and methods

Reagents

Letrozole tablets-2.5 mg, marketed under the brand name
letronat were procured from Natco Pharma Ltd. Ethanol
was procured from HiMedia Laboratories Pvt. Ltd. All
other reagents of analytical grade were purchased from
Sisco Research Laboratories Pvt. Ltd., India. Hormones-
testosterone, estradiol, and progesterone were assayed
using ELISA kits (DBC Canada). RNAiso Plus was pro-
cured from Takara Inc. High-Capacity cDNA Reverse
Transcription Kit was procured from Applied Biosys-
tems. SYBR Green (Power SYBR Green PCR Master Mix
Life Technologies, USA). Primers used in the study were
designed by the primer blast tool of NCBI and synthe-
sized by INTEGRATED DNA TECHNOLOGIES (IDT).

Animal housing and maintenance

Thirty adult virgin (2-3months) female Balb/c mice
weighing 20-25g were chosen for the study which
was housed in a standard controlled animal care facil-
ity, in cages (four mice/cage), and maintained in a
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Fig. 1 Plan of work for evaluating the pregnancy loss of letrozole-induced PCOS mouse model

the day-6 of the pregnancy

temperature-controlled room (22-25°C, 45% humid-
ity) on a 12: 12-hour dark-light cycle. The animals were
maintained under standard nutritional and environmen-
tal conditions throughout the experiment. All the experi-
ments were carried out between 9:00 and 16:00hours,
at ambient temperature. Experimental protocols were
approved by the Institutional Animal Ethical Commit-
tee (IAEC), Department of Biochemistry, The M. S. Uni-
versity of Baroda, Vadodara (Ethical Approval Number
- MSU/BIOCHEMISTRY/IAEC/2019/4). Also, experi-
ments were performed in compliance with the ethical
standards of the Committee for the Purpose of Control
and Supervision of Experiments on Animals (CPCSEA),
India.

Drug administration and experimental design

Firstly, the animals were categorized into two groups-:
Group I (Control group n=15) received 1% Carboxyme-
thyl cellulose (CMC) orally daily for 21 days and served as
untreated Control while Group II (PCOS group n=15)
received letrozole (0.5mg/kg body weight) daily for
21days and served as PCOS. After 21days of the treat-
ment, PCOS validation parameters bodyweight, estrus
cycle profile, hormone analysis, and ovarian histology
were analyzed. Next, female mice from both groups were
allowed to mate with male mice of the same strain (2:1).
The following morning, females were checked for the
presence of a vaginal plug. The day of vaginal plug was

considered day 1 of pregnancy. On the morning of day 6
(Adhesion of embryo to uterus), animals were sacrificed.
Blood samples were collected by cardiac puncture. The
serum was separated and kept in a freezer at —80°C for
determining serum hormones levels. At the end of the
experiment, animals were sacrificed on the morning of
day 6 of pregnancy, and the embryo containing region of
the uterus was excised, trimmed, and appropriate parts
were separated. One part is stored in RNAiso Plus rea-
gent at —20°C for the gene expression studies and, the
remaining implanted site and ovary from both the groups
were dissected and stored in 10% buffered formalin, for
histopathological investigations. The plan of work is pro-
vided in Fig. 1.

Hormone estimation

Serum from blood was used as a sample to estimate the
testosterone, estradiol, and progesterone levels using
ELISA kits (Diagnostics Biochem Canada (DBC)- for tes-
tosterone, estradiol, and progesterone measurement). All
measurements were taken according to the manufactur-
er’s instructions. Each sample was assayed in duplicate.
The sensitivity of the kits was 0.022 ng/mL, 10 pg/mL, and
0.1ng/mL for testosterone, estradiol, and progesterone
kits respectively. The working range was 0.08 to 16.7 ng/
mlL, 20 to 3200 pg/mL, and 0.3 to 60ng/mL of testoster-
one, estradiol, and progesterone respectively. The intra-
assay coefficient of variation (CV) was 6.6 to 9.6%, 4.6 to
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9.3%, and 10.2 to 10.6% for testosterone, estradiol, and
progesterone Kkits respectively. The inter-assay coefficient
of variation (CV) was 6.1 to 7.3%, 6.2 to 10.1% and 10.2
to 12.6%, for testosterone, estradiol and progesterone
kits respectively. The recovery range was between 80.5 to
110.1%, 90.3 to 116.2% and 78 to 124% for testosterone,
estradiol and progesterone kits respectively.

Histological examination of the ovaries and implanted
region of the uterus

The ovaries and implanted region of the uterus were fixed
in 10% buffered formalin, processed, embedded in par-
affin, and cut into 5-um-thick sections. The ovarian and
implanted region of the uterus sections were stained with
hematoxylin and eosin and assessed microscopically. In
the ovary, Graafian follicles, peripheral cystic follicles,
and corpus luteum were identified. Observations and
documentation were made on a DM2500 microscope
(Leica, Germany) with Leica EZ digital camera under
4X magnification. In the implanted region of the uterus,
attached embryo and decidual uterine cells were identi-
fied. The examination was carried out on a Nikon Ti2E
microscope under 10X magnification.

Gene expression analysis

According to previous lab protocol, relative quantifica-
tion of gene expression was carried out using real-time
PCR [17]. Total RNA was obtained from the implanted
region of the uterus using RNAiso plus reagent as per the
manufacturer’s instructions. The quantification was per-
formed using the NanoVue Plus spectrophotometer (GE
Healthcare Life Sciences) with a wavelength of 260 nm.
RNA integrity was assessed by electrophoresis in a 1.2%
agarose gel stained with ethidium bromide. Purity was
assessed through absorption rate OD260/0D280 and
samples showing a value less than 1.8 were discarded. The
reverse transcription reaction to cDNA was performed
using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) according to manufactures instruc-
tions. Real-time quantitative polymerase chain reaction
(qPCR) was performed using QuantStudio 5 Real-Time
PCR System using SYBR Green (Power SYBR Green
PCR Master Mix — Life Technologies, USA). All samples
were run in duplicate and accompanied by a non-tem-
plate control. Thermal cycling conditions included ini-
tial denaturation in one cycle of 2min at 95°C, followed
by 40cycles of 15s at 95°C, 1 min at 60°C, and 1min at
72°C. After amplification, the melting curves were ana-
lyzed to verify the amplification of only one product. The
relative mRNA expression and fold change were calcu-
lated based on the amplification of the reference gene
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B-actin (ACTB). The primers used for the amplification
are given in supplementary Table 1. The fold changes in
expression levels of less than 0.5 and greater than 2 were
considered to be biologically significant.

Gelatin zymography

Matrix metalloproteases activity was measured as
described by sohail and group [18] with modifications.
All the modifications are mentioned in the procedure.
A 10% tissue homogenate (Implanted region of the
uterus) was prepared in PBS buffer (NaCl 0.137 M, KCL
0.0027M, Na,HPO, 0.01M, KH,PO, 0.0018 M, pH7.1)
followed by centrifugation at 10000g for 20minutes
at 4°C, the supernatant was collected, and the protein
was estimated by lowry’s method. 80 g of total protein
samples were subjected to electrophoresis in a 10% pol-
yacrylamide gel containing 1% gelatin. After electropho-
resis, the gels were treated twice for 30 min each in 2.5%
Triton X-100 and incubated for 18h in a calcium buffer
(0.05M Tris—HCI, 0.2M NaCl, 0.01 M CacCl,, 1% Triton
X-100, and 1pM ZnCl,, pH7.5). Gels were stained with
0.1% Coomassie brilliant blue R-250. MMPs activities
were visualized as clear bands against a dark background
after distaining. The gels were then photographed and the
band intensities were quantified using Image] software.

Statistical analysis

The values are presented as mean + standard error mean
in all the experiments. Statistical analysis was done using
student’s t-test (For Control and PCOS group) using
(GraphPad Prism 5 software, La Jolla, CA). P-values
when less than 0.05 were considered to be statistically
significant at the 95% confidence limit.

Results
Early pregnancy loss (day-6th of pregnancy) in PCOS mice
PCOS is a complex hormonal disorder with a high risk
of first-trimester miscarriage. (To validate the PCOS
pathology after the 21days of treatment, body weight,
estrus cyclicity profile, hormone profile, and ovarian his-
tology were analyzed (Supplementary Fig. 1).

Further, blood steroid (Testosterone, progesterone, and
oestradiol) levels and ovarian histology were analyzed
on day-6 of pregnancy. As shown in Table 1, the serum

Table 1 Serum hormone levels on the day 6th of pregnancy

Control PCOS
Testosterone (ng/ml) 0.7020 4 0.04903 1.240£0.1435 **
Progesterone (ng/ml) 58.25 +4.029 16.00£1.826 ***
Estradiol (pg/ml) 7350+ 5377 83.00+4.655ns

The values are represented as Mean + SEM. N=6 per group. **P<0.01,
***P < 0.001, ns-not significant as compared to Control
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testosterone in the PCOS model group was significantly
higher than that in the control group (**P<0.01), which
can be correlated with hyperandrogenaemia in PCOS.
Also, a decrease in progesterone content was observed
in letrozole-treated mice (***P<0.001) whereas estra-
diol levels remained unchanged in both groups. Since it
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is known that maintenance of the steroid milieu is vital
for the ovarian structure and function, the histology
profile of the ovary using haematoxylin-Eosin stain was
analyzed. The control group showed normal ovarian
morphology with mature follicles (tertiary and graafian
follicles) and corpora lutea. PCOS animals demonstrate

€. _ Control

Fig. 2 Hematoxylin and eosin-stained sections of the ovary and implanted region of the uterus. a. Control group b. PCOS group. CL: corpus luteum;
CF: cystic follicle; GF- Graafian follicle, magnification 4X. Pictorial representation of a number of implanted sites. c¢. Control group d. PCOS group.
Arrows indicate the implanting embryo. Hematoxylin and eosin-stained sections of embryo implanted region of the uterus e. Control group, black
arrow indicates embryo f. PCOS group, black arrows indicate accumulation of erythrocytes. 1. Mesometrium. 2. Mesometrial endometrium. 3.
Myometrium. 4. Anti-mesometrial decidua. 5. Embryo. Scale bar= 100 um
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multiple large peripheral cysts, fewer corpus luteum, and
reduced mature follicles as compared to control animals
(Fig. 2). Further, to study the implantation loss, reproduc-
tive performance, number, and histology of implanted
region of the uterus were analyzed. It was observed
that the number of pregnant females was reduced in
letrozole induced PCOS mouse model Table 2. Also, a
fewer number of implants were observed in PCOS ani-
mals compared to control animals (**p<0.01). Figure 2
demonstrates the pictorial representation of implanted
embryos in the uterus of both groups. Histology of
implanted region of the uterus demonstrates the embryo
has attached to the antimesometrial uterine lumen epi-
thelium (marked by black arrows) and is surrounded by
developing decidual cells in the control group. However,
the PCOS group exhibited an accumulation of erythro-
cytes (marked by a black arrow) caused by a gain in vas-
cular permeability was observed.

Altered steroid hormone receptor expression

in the implanted region of the uterus in PCOS mice

To accomplish a sequential event of pregnancy, endome-
trium requires to undergo steroid-dependent changes.
Steroids like estrogen, progesterone, and testoster-
one mediate their effect through their receptor’s estro-
gen receptor a & B (Esr-1 & 2), progesterone receptor
(Pgr), and androgen receptor (Ar), respectively. Hence,
In the implanted region of the uterus, steroid receptor
transcript level was done using quantitative real-time
PCR (Fig. 3). Transcriptional downregulation of Pgr
(**P<0.001), Esrl (**P<0.01) and Esr2 (***P<0.001)
was observed in PCOS animals. On the contrary, mRNA
levels of Ar (* P<0.05) were found markedly high in the
implanted site of the uterus in PCOS animals when com-
pared with control tissues.

Table 2 Reproductive performances for female fertility

Control PCOS
Females (n) 14 14
Mated females (n) 13 12
Pregnant females (n) 12 8
Not pregnant females (n) 1 4
Time required for conception (in 3769402809 3.30840.3279ns
days)
Mating index* (%) 92.85714 (~93) 85.7248 (~86)
Fertility index** (%) 85.71429 (~86) 57.14286 (~57)
Total number of implants 9.000£0.3162 5.80041.020 *

The values are represented as Mean =+ SEM. * P<0.05, ns = not significant as
compared to the control group. *Mating index = Mated females/ Total females
kept for mating x 100. **Fertility index = Pregnant females/Total females kept
for mating females x 100
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Impairment of feto-maternal interaction in the implanted
region of the uterus in PCOS mice

Subsequently, numerous integrins - avp3 (Iigav, Itgh3),
a4P1 (Itga4, Itgbl) are known to involve in embryo-endo-
metrium interaction in the establishment of a healthy
pregnancy. Hence, the transcript levels of these markers
were evaluated in the implanted region of the uterus in
the letrozole-induced PCOS mouse model. When ana-
lyzed for gene expression, Itgav, Itgh3 (**P<0.01), Itga4,
and Itghl (***P<0.001) were declined in the PCOS group
compared to the control group (Fig. 4).

Modulation of decidualization events of embryo-uterine
tissue in PCOS mice

Transcription factors, such as homeobox genes (Hox10a,
and Hox11a) are known to involve in the decidualization
of uterine stroma to complete the early stage of preg-
nancy. Hence, the transcript levels of these markers were
evaluated in the implanted site of the uterus in the letro-
zole-induced PCOS mouse model. When analyzed for
gene expression, Hox10a (**P<0.01) were declined in the
implanted region of the uterus in the PCOS group com-
pared to the control group with no difference in Hox11a
in both the groups (Fig. 5).

Imbalance in the expression of matrix metalloproteinases
and their endogenous inhibitor in the implanted region

of the uterus in PCOS mice

Invasiveness of embryo to receptive endometrium
required extensive degradation and remodeling of the
extracellular matrix (ECM). Matrix metalloproteinases
(Mmp2 & 9) are responsible for the breakdown of ECM
during the implantation process. The activity of MMPs
is tightly controlled by their endogenous inhibitors, the
tissue inhibitors of MMPs (Timp). When analyzed for
the transcript levels and activity of MMPs, gene expres-
sion (**P<0.01) and activity (*<0.05) of MMP-9 were
decreased in the implanted region of the uterus in PCOS
animals compared to the control group. However, the
activity of MMP-2 did not show any change in both
groups. Gene expression of Timpl (**P<0.01) and Timp3
(***P<0.001) were reduced in the implanted site of the
uterus in the PCOS group compared to the control group
(Fig. 6).

Disruption of the LIF-STAT3 signaling pathway

in the implanted region of the uterus in PCOS mice

A tightly regulated rhythm between embryonic devel-
opment and uterine maturation is essential for a suc-
cessful pregnancy. This function is mediated through
the cytokine on their receptors, mainly by the LIF-
STAT pathway. When analyzed for key mediators of the
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pathway, the transcript level of glycoprotein 130 (gp130)
(**P <0.01) and Signal transducer and activator of tran-
scription 3 (Stat3) (***P<0.001) were declined in the
implanted region of PCOS animal as compared to control
group; however, no difference was observed in leukemia
inhibitory factor (Lif) and leukemia inhibitory factor lev-
els (Lifr) (Fig. 7).

Discussion

The current study exhibited retarded fetal growth and
a lesser number of pups were born to PCOS animals
(Supplementary Fig. 2). In this context, early gestational
events are found to be the important window that directs
proper fetal growth by the numerous molecular cascade
pathways. Currently, a great deal has been brought out
in the domain of assisted reproductive technology (ART)
and its approach could assist numerous infertile cou-
ples to have their babies. However, a major issue with
this approach is the low implantation rate after several
transfers of good-quality of embryos [19]. Also, it was

examined that alterations in oocytes and embryos could
be contributing to unsuccessful outcomes in patients
with PCOS who are undergoing assisted reproduction
[20]. Still, it could not be concluded whether reduced
pregnancy rates seen are due to abnormal embryos which
fail to implant or whether there are some modifications in
the endometrium which do not allow implantation [21].
Hence, it could be noted that abnormalities in embryos
and uterine independently may lead to a reduced preg-
nancy rate in women with PCOS. However, there are not
sufficient pieces of evidence in the context of molecular
alterations in the embryo containing uterine microenvi-
ronment. Thereby, the present study attempted to decode
the complex mechanistic signaling of early pregnancy in
a letrozole-induced PCOS mouse model.

In a previous lab study, it was reported that oral admin-
istration of letrozole (0.5mg/kg body weight) daily for
21days exhibits reproductive and metabolic alteration
signs similar to the human PCOS condition [16]. In the
current experiment, letrozole-induced female Balb/c
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MMP-2, and b. MMP-9. c. Gelatin gel zymograms showing pro-MMP2, active MMP2, and active MMP9 activity (arrows) in the letrozole induced
PCOS mice model (represented gel picture was cropped from the same gel- uncropped/original gel picture is given in supplementary fig. S3) d.
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mice showed elevated testosterone levels during early a low level of progesterone, thus leading to abnormal
pregnancy. It could be correlated with the efficacy of ovulation [23]. Interestingly, circulating estrogen did not
letrozole (an aromatase inhibitor) in the establishment change in both groups, which is in accordance with stud-
of PCOS in rodents wherein excessive accumulation of ies reported in the letrozole-induced mouse model [24].
androgens occurs in the ovary [22]. In addition, low levels ~ The altered hormone profile in PCOS animals might
of progesterone were observed, which can be associated  influence ovarian structure. When examined for ovarian
with the disruption of corpus luteum formation in PCOS  histology, the number of peripheral cysts was observed,
animals. Similar observations were noted wherein PCOS  which is one of the characteristic features of PCOS [25,
patients are not able to form corpus luteum and generate  26]. Reports have shown that hyperandrogenism and low
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progesterone content in women with PCOS have a lower
probability of childbirth, decreased pregnancy rates,
and higher miscarriage rates [27-29]. Indistinguishable,
results were noticed in our study, the number of pregnant
females and the number of implanting embryos in the
uterus were significantly reduced in the PCOS animals.
It is interesting to note that the above-cited reports have
not clearly defined molecular interplay in the reduced
pregnancy outcomes seen in PCOS infertility. Thereby,
the present study attempts to further narrow down
molecular deficits of pregnancy loss in PCOS pathology.
Progesterone signaling is known to have an inhibi-
tory effect on the E/Esr signaling pathway in stromal
cells of the endometrium for the establishment of preg-
nancy [30]. In our experimental model, the decline P/Pgr
signaling did not show an inhibitory effect on estrogen,
resulting in no difference in the estrogen-responsive gene
(leukemia inhibitory factor (Lif)) has been observed in
embryonic-uterine tissue. Furthermore, it was reported

that progesterone signaling inhibited androgen receptor
(Ar) expression, whereas estrogen dramatically elevated
Ar abundance in the stroma of ovariectomized mouse
uteri during early pregnancy [31]. In this direction, the
current study revealed that altered P/Pgr signaling in
PCOS animals did not have a prohibited influence on
Ar expression, as the overexpression of Ar was observed
in the implanted site of the uterus. Hence, the reduced
progesterone signals in letrozole-treated animals which
could be leading to dysregulated downstream targets in
the implanted region of the uterus during the early preg-
nancy window.

Further, the study reported that when ovariectomized
rats were treated with a sex-steroid regime to mimic
the hormonal changes of early pregnancy, their findings
have shown that progesterone is likely responsible for
the regulation of avP3 integrin levels in the uterus [32].
Apart from steroidogenic control, LIF and its receptor
are known to increase the expression of integrin avp3
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and avfB5 during the adhesion of the blastocyst implan-
tation [33]. Results from the current study exhibited no
difference in the gene expression of LIF & its receptor
in the implanted region of the uterus in PCOS animals.
This suggests that the declined expression of integ-
rins was not mediated via LIF & LIFR. Hence, we can
conclude that progesterone could be one of the con-
tributory reasons in the reduced integrin expression,
causing an impaired embryo-uterine attachment during
implantation in the letrozole-induced PCOS animals.
Blastocyst attachment with the uterine epithelium
is followed by the decidualization of the stromal cell-
sand the homeobox transcription factors are known
to regulate this process [10]. Also, it was observed that
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progesterone and its receptor signaling upregulate the
HOX10a in the isolated human endometrial stromal cells
[34]. Based on this, and the above-cited references, low
serum progesterone concentration in the PCOS group
could not induce the HOX10a expression that is required
for decidualization. As a consequence, aberrant early
embryonic-uterine communication may alter the preg-
nancy outcomes in the PCOS phenotype.

Matrix metalloproteases (MMPs) and their inhibitors
(TIMPs) have a significant role in tissue remodeling, and
homeostasis of the MMPs & TIMPs is thought to be cru-
cial during normal early gestation [35] And the impor-
tance of these proteases has been described whereas in
women with an imbalance in the serum levels of MMPs
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Fig. 8 Diagrammatic summary of the current study. Ar androgen receptor, Pgr progesterone receptor, Hox10a homeobox transcription factor 10a,
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and TIMPs has been associated with spontaneously ter-
minated pregnancy in the first trimester [36]. There are
reports indicating that proteases and TIMPs in the uterus
have been controlled by the action of estrogen. In con-
trast, MMP-2 and TIMP-3 expression was not changed
by steroidal treatment [11, 37]. However, in the current
study, PCOS animals did not exhibit any change in estra-
diol content as compared to the control animals. Also,
results revealed that the expression of MMP-9, TIMP-1
& 3 was significantly reduced in the letrozole-treated ani-
mals. Hence, the imbalance in the expression of the pro-
teases and their inhibitors may be attributed to improper
blastocyst invasiveness during early gestation in PCOS
pathology.

Furthermore, emerging evidence suggests that ovarian
steroids are reported to play a critical role in regulating
the key LIF signaling markers (LIF, LIFR, and GP130) in
the uterus throughout the implantation window period
[12]. This is supported by the observation wherein exog-
enous administration of estrogen and estrogen/proges-
terone both can induce LIF, LIFR and GP130 expression
respectively in the endometrium of ovariectomized
mice [38, 39]. In addition, uterine conditional ablation
of STAT3 leads to dysregulation of PR mediated path-
ways and decreased PR protein expression in utero, sug-
gesting that STAT3 has a critical role in PR-dependent
pathways during implantation in mice [40]. In this study,
disrupted LIF-STAT signaling was observed in the PCOS
animals. However, it couldn’t be confirmed whether the
unbalanced LIF signaling could be because of altered
progesterone signals or whether declined STAT3 does
not activate the PR mediated pathways in the implanted
region of the uterus.

Based on all of the above molecular deficits in the
PCOS pregnant uterine, it was speculated that the
changes observed might be originated from the modi-
fication of the histological architecture structure of the
implanted region of the uterus on the day 6™ of preg-
nancy. Moreover, healthy growing implanted embryos
were found in the untreated animals, whereas in the
letrozole treated animals, the appearance of vascular per-
meability was observed in the implanted region of the
uterus. These inherent changes in the structure area of
the uterus could be implicated in the endometrial dys-
function in the pregnant PCOS mice.

Conclusion

A significant strength of this study is to explore the
potential mechanism by which PCOS may alter the
embryonic-uterine microenvironment thereby prevent-
ing the establishment of a healthy pregnancy (Fig. 8).
The effect of the letrozole on the implanted region of the
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uterus suggests that the majority of the molecular altera-
tions were due to the aberrant PR expression and it sign-
aling dysregulates the expression of the genes that are
involved in the uterine-embryonic cross-talk during the
early gestation period. Further, the abnormal expression
of key markers of early gestation in PCOS could be the
reason for the early pregnancy complications/early fetal
loss associated with PCOS women. As evidence of the
poor fertility index and reduced number of implanted
embryos were observed in the PCOS animals. Thus, the
current study gives insight into the regulation of intrac-
rine molecules to improve uterine-embryonic functions
and potential medicinal targets to expand the conceptive
outcome of the PCOS patient.

Abbreviations

PCOS: Polycystic ovary syndrome; AR: Androgen receptor; PR: Progesterone
receptor; ESR1/2: Estrogen receptor a/B3; HOX10/11a: Homeobox 10/11a;
ITGAVB3: Integrin av3; ITGA4B1: Integrin a4f31; MMP2/9: Matrix metallopro-
teinases 2/9; TIMP: Tissue inhibitor of metalloproteinase; LIF: Leukemia inhibi-
tory factor; LIFR: Leukemia inhibitory factor receptor; GP130: Glycoprotein 130;
STAT3: Signal transducer and activator of transcription 3.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512958-022-01041-x.

Additional file 1: Supplementary Table 1. List of primers used in the
study.

Additional file 2: Supplementary Fig. 1. Validation of PCOS phenotype
in mice.

Additional file 3: Supplementary Fig. 2. Defects in fetal growth and
development on the day 18th of pregnancy in letrozole induced PCOS
animals.

Additional file 4: Supplementary Fig. 3. Original/uncropped full-length
gel of Fig. 6 (in the main manuscript).

Acknowledgments

The Department of Biotechnology (Ministry of Science and Technology
Government of India) has funded this research with grant number BT/
PR20360/TRM/120/111/2017. The authors thank members of the Department
of Biochemistry’s Institutional Animal Ethical Committee (IAEC) for the animal
ethical approval.

Authors’ contributions

SD wrote the manuscript, designed the analysis, collected the data, performed
the data analysis, and review and edited the manuscript. LN designed analysis,
reviewed, and edited the manuscript. Both the authors have read and
approved the final manuscript.

Funding

The Department of Biotechnology (Ministry of Science and Technology Gov-
ernment of India) has funded this research with grant number BT/PR20360/
TRM/120/111/2017.

Availability of data and materials
All data generated or analyzed during this study are included in this article
[and its supplementary information files].


https://doi.org/10.1186/s12958-022-01041-x
https://doi.org/10.1186/s12958-022-01041-x

Dhadhal and Nampoothiri Reproductive Biology and Endocrinology ~ (2022) 20:165 Page 13 of 14

Chaudhari N, Dawalbhakta M, Nampoothiri L. GnRH dysregulation in
polycystic ovarian syndrome (PCOS) is a manifestation of an altered
neurotransmitter profile. Reprod Biol Endocrinol BioMed Central Ltd.
2018;16(1):1-13.

Toth M, Sohail A, Fridman R. Assessment of gelatinases (MMP-2 and
MMP-9) by gelatin zymography. Methods Mol Biol. Humana Press Inc.

Declarations 17.

Ethics approval and consent to participate

All the experimental protocols were approved by the Institutional Animal

Ethical Committee (IAEC), Department of Biochemistry, The M. S. Univer- 18.
sity of Baroda, Vadodara (Ethical Approval Number (MSU/BIOCHEMISTRY/

IAEC/2019/4). Also, Also, experiments were performed in compliance with the

2012;878:121-35.

ethical standards of the Committee for the Purpose of Control and Supervi- 19. Somigliana E, Vigano P, Busnelli A, Paffoni A, Vegetti W, Vercellini P

sion of Experiments on Animals (CPCSEA), India. Repeated implantation failure at the crossroad between statistics, clinics

and over-diagnosis. Reprod BioMed Online Elsevier Ltd. 2018;36:32-8.

Consent for publication 20. Qiao J, Feng HL. Extra- and intra-ovarian factors in polycystic ovary syn-

Not applicable. drome: impact on oocyte maturation and embryo developmental com-

petence. Hum Reprod Update Oxford University Press. 2011;17:17-33.

Competing interests 21. Shang K, Jia X, Qiao J, Kang J, Guan Y. Endometrial abnormality in women

The authors declare no competing interests. with polycystic ovary syndrome. Reprod Sci. 2012;19(7).674-83.

22. KafaliH, Iriadam M, Ozardali I, Demir N. Letrozole-induced polycystic

Received: 28 April 2022 Accepted: 21 November 2022 ovaries in the rat: a new model for cystic ovarian disease. Arch Med Res.

Published online: 07 December 2022 2004;35:103-8.

23. Huang S, PangY,Yan J,Lin S, Zhao'Y, Lei L, et al. Fractalkine restores the
decreased expression of StAR and progesterone in granulosa cells from
patients with polycystic ovary syndrome. Sci Rep. Nature Publishing

References Group. 2016:6.6(1):1-9.

1. Wolf WM, Wattick RA, Kinkade ON, Olfert MD. Geographical prevalence of 24. Kauffman AS, Thackray VG, Ryan GE, Tolson KP, Glidewell-Kenney
polycystic ovary syndrome as determined by region and race/ethnicity. CA, Semaan SJ, et al. A novel letrozole model recapitulates both the
Int J Environ Res Public Health MDPI AG. 2018:15(11):2589. reproductive and metabolic phenotypes of polycystic ovary syndrome

2. Robin G, Gallo C, Catteau-Jonard S, Lefebvre-Maunoury C, Pigny P, in female mice. Biol Reprod. Society for the Study of Reproduction.
Duhamel A, et al. Polycystic ovary-like abnormalities (PCO-L) in women 2015:93(3):69-1.
with functional hypothalamic amenorrhea. J Clin Endocrinol Metab. 25. Fox R, Corrigan E, Thomast PA, Hull'MGR. The diagnosis of polycystic ova-
2012;97:4236-43. ries in women with oligo-amenorrhoea: predictive power of endocrine

3. Palomba S, de Wilde MA, Falbo A, Koster MPH, la Sala GB, Fauser BCIM. tests. Clin Endocrinol. 1991;34(2):127-31.

Pregnancy complications in women with polycystic ovary syndrome. 26. Adams J, Polson DW, Abdulwahid N, Morris D v, Franks S, Mason HD, et al.
Human Reproduction Update. Oxford University Press. 2015;21:575-92. Saturday 21/28 December 1985 MULTIFOLLICULAR ovaries: clinical and

4. Azizia M, Hardiman P. Complications of pregnancy in women with poly- endocrine features and response to pulsatile gonadotropin releasing
cystic ovarian syndrome. Fetal Matern Med Rev. 2011;22:188-206. hormone.

5. Lee KY, Jeong JW, Tsai SY, Lydon JP, DeMayo FJ. Mouse models of implan- 27. Elenis E, Desroziers E, Persson S, Sundstréom Poromaa |, Campbell RE.
tation. Trends Endocrinol Metab. 2007;18(6):234-9. Early initiation of anti-androgen treatment is associated with increased

6. Wang H, Zhang S, Lin H, Kong S, Wang S, Wang H, et al. Physiological probability of spontaneous conception leading to childbirth in women
and molecular determinants of embryo implantation. Mol Asp Med. with polycystic ovary syndrome: a population-based multiregistry cohort
2013:34(5):939-80. study in Sweden. Hum Reprod NLM (Medline). 2021;36:1427-35.

7. Pawar S, Hantak AM, Bagchi IC, Bagchi MK. Minireview: Steroid-regulated 28. SuY,WuJ, He J, Liu X, Chen X, Ding Y, et al. High insulin impaired ovarian
paracrine mechanisms controlling implantation. Mol Endocrinol. function in early pregnant mice and the role of autophagy in this process.
2014;28(9):1408-22. Endocrine J Japan Endocrine Society. 201 7;64;@1 3-21.

8. Kowalski AA, Vale-Cruz DS, Simmen FA, Simmen RCM. Uterine androgen 29. Gaggiotti-Marre S, Martinez F, Coll L, Garcia S, Alvarez M, Parriego M,
receptors: roles in estrogen-mediated gene expression and DNA synthe- etal. Low serum progesterone the day prior to frozen embryo transfer
sis. Biol Reprod. 2004;70:1349-57. of euploid embryos is associated with significant reduction in live birth

9. Aplin JD. Adhesion molecules in implantation. Rev Reprod. 1997;2:84-93. rates. Gynecol Endocrinol Taylor and Francis Ltd. 2019;35:439-42.

10. Du H, Taylor HS. The role of hox genes in female reproductive tract devel- 30. Wetendorf M, DeMayo FJ. Progesterone receptor signaling in the initia-
opment, adult function, and fertility. Cold Spring Harbor Perspect Med. tion of pregnancy and preservation of a healthy uterus. Int J Dev Biol.
Cold Spring Harbor Laboratory Press. 2016,6(1):a023002. University of the Basque Country Press. 2014;58(2-4):95-106.

11. Nothnick WB, Zhang X, Zhou HE. Steroidal regulation of uterine edema 31. LiX, Feng,LinJF, Billig H, Shao R. Endometrial progesterone resistance
and tissue inhibitors of metalloproteinase (TIMP)-3 messenger RNA and PCOS. J Biomed Sci. 2014;21(1):1-7.
expression is altered in TIMP-1-deficient mice. Biol Reprod. 2004;70:500-8. 32. Mokhtar HM, Giribabu N, Salleh N. Testosterone down-regulates expres-

12. Salleh N, Giribabu N. Leukemia inhibitory factor: roles in embryo implan- sion of av@3-integrin, E-cadherin and mucin-1 during uterine receptivity
tation and in nonhormonal contraception. Sci World J. Hindawi Publish- period in rats. Sains Malays Penerbit Universiti Kebangsaan Malaysia.
ing Corporation. The Scientific World Journal, 2014;2014:201514. 2018:47:2509-17.

13. Suman P, Malhotra SS, Gupta SK. LIF-STAT signaling and trophoblast biol- 33. Chung TW, Park MJ, Kim HS, Choi HJ, Ha KT. Integrin avf3 and avp5 are
ogy. JAKSTAT. Informa UK Limited. 2013;2:¢25155. required for leukemia inhibitory factor-mediated the adhesion of tropho-

14. ChaJ, Sun X, Dey SK. Mechanisms of implantation: Strategies for success- blast cells to the endometrial cells. Biochem Biophys Res Commun.
ful pregnancy. Nat Med. 2012;18(12):1754-67. Academic Press Inc. 2016;469:936-40.

15. Adamson SL, Lu Y, Whiteley KJ, Holmyard D, Hemberger M, Pfarrer C, et al. 34. Taylor RN, Ois J-F, Vaisse C, Vigne J-L, Ryan |, Horung D, et al. Promege-
Interactions between trophoblast cells and the maternal and fetal circula- stone (R5020) and mifepristone (RU486) both function as Progestational
tion in the mouse placenta. Dev Bio Elsevier BV. 2002;250:358-73. agonists of human Glycodelin gene expression in isolated human epithe-

16. Dey A, Dhadhal S, Maharjan R, Nagar PS, Nampoothiri L. Partially purified lial cells*. 1998. Available from: https://academic.oup.com/jcem/article/
non-polar phytocomponents from Aloe barbadensis mill. Gel restores 83/11/4006/2865647
metabolic and reproductive comorbidities in letrozole-induced polycys- 35. Curry TE, Osteen KG. Min i rev i ew cyclic changes in the matrix metallo-
tic ovary syndrome rodent model- an “in-vivo” study. J Ethnopharmacol. proteinase system in the ovary and uterus 1. Biol Reprod. 2001; Available
2022;291:115161. Available from: https://linkinghub.elsevier.com/retri from: http://www.biolreprod.org.
eve/pii/S0378874122001994. 36. Nissi R, Talvensaari-Mattila A, Kotila V, Niinimaki M, Jarveld |, Turpeenniemi-

Hujanen T. Circulating matrix metalloproteinase MMP-9 and MMP-2/
TIMP-2 complex are associated with spontaneous early pregnancy failure.
Reprod Biol Endocrinol. 2013;11(1):1-6.


https://linkinghub.elsevier.com/retrieve/pii/S0378874122001994
https://linkinghub.elsevier.com/retrieve/pii/S0378874122001994
https://academic.oup.com/jcem/article/83/11/4006/2865647
https://academic.oup.com/jcem/article/83/11/4006/2865647
http://www.biolreprod.org

Dhadhal and Nampoothiri Reproductive Biology and Endocrinology ~ (2022) 20:165

37.

38.

39.

40.

Zhang X, Christenson LK, Nothnick WB. Regulation of MMP-9 expres-
sion, and activity in the mouse uterus by estrogen. Mol Reprod Dev.
2007;74:321-31.

Chen JR, Cheng J-G, Shatzer T, Sewell L, Hernandez L, Stewart CL. Leuke-
mia inhibitory factor can substitute for Nidatory estrogen and is essential
to inducing a receptive uterus for implantation but is not essential for
subsequent embryogenesis* 2000. Available from: https://academic.oup.
com/endo/article/141/12/4365/2987867

Ni H, Ding NZ, Harper MJK, Yang ZM. Expression of leukemia inhibitory
factor receptor and gp130 in mouse uterus during early pregnancy. Mol
Reprod Dev. 2002;63:143-50.

Lee JH, Kim TH, Oh SJ, Yoo JY, Akira S, Ku BJ, et al. Signal transducer and
activator of transcription-3 (Stat3) plays a critical role in implantation via
progesterone receptor in uterus. FASEB J. 2013;27:2553-63.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://academic.oup.com/endo/article/141/12/4365/2987867
https://academic.oup.com/endo/article/141/12/4365/2987867

	Decoding the molecular cascade of embryonic-uterine modulators in pregnancy loss of PCOS mother- an “in vivo” study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Reagents
	Animal housing and maintenance
	Drug administration and experimental design
	Hormone estimation
	Histological examination of the ovaries and implanted region of the uterus
	Gene expression analysis
	Gelatin zymography
	Statistical analysis

	Results
	Early pregnancy loss (day-6th of pregnancy) in PCOS mice
	Altered steroid hormone receptor expression in the implanted region of the uterus in PCOS mice
	Impairment of feto-maternal interaction in the implanted region of the uterus in PCOS mice
	Modulation of decidualization events of embryo-uterine tissue in PCOS mice
	Imbalance in the expression of matrix metalloproteinases and their endogenous inhibitor in the implanted region of the uterus in PCOS mice
	Disruption of the LIF-STAT3 signaling pathway in the implanted region of the uterus in PCOS mice

	Discussion
	Conclusion
	Acknowledgments
	References


