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Abstract

Background: Polycystic ovary syndrome (PCOS) causes anovulation and is associated with a reduced clinical
pregnancy rate. Metformin, which is widely used for treating PCOS, can lead to successful pregnancy by restoring
the ovulation cycle and possibly improving endometrial abnormality during the implantation period. However, the
mechanism by which metformin improves endometrial abnormality remains unknown. Women with PCOS have an
aberrant expression of steroid hormone receptors and homeobox A10 (HOXA10), which is essential for embryo
implantation in the endometrium.

Methods: In this study, we examined whether metformin affects androgen receptor (AR) and HOXA10 expression
in PCOS endometrium in vivo and in human endometrial cell lines in vitro. Expression of AR and HOXA10 was
evaluated by immunohistochemistry, fluorescent immunocytochemistry, and western blot analysis.

Results: AR expression was localized in both epithelial and stromal cells; however, HOXA10 expression was limited
to only stromal cells in this study. In women with PCOS, 3 months after metformin treatment, the expression of AR
was reduced in epithelial and stromal cells in comparison to their levels before treatment. In contrast, HOXA10
expression in the stromal cells with metformin treatment increased in comparison to its level before treatment.
Further, we showed that metformin counteracted the testosterone-induced AR expression in both Ishikawa cells
and human endometrial stromal cells (HESCs); whereas, metformin partly restored the testosterone-reduced
HOXA10 expression in HESCs in vitro.

Conclusions: Our results suggest that metformin may have a direct effect on the abnormal endometrial environment
of androgen excess in women with PCOS.

Trial registration: The study was approved by the Ethical Committee of Fukushima Medical University (approval no.
504, approval date. July 6, 2006), and written informed consent was obtained from all patients. https.//www.fmu.acjp/
univ/sangaku/rinri.html
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Background

Polycystic ovary syndrome (PCOS) is a common disorder
that affects 10% of women of reproductive age. Women
with PCOS have infertility due to anovulation and meta-
bolic disorders, such as dyslipidemia, glucose intolerance,
and metabolic syndrome [1]. Even if anovulation is re-
stored in women with PCOS, live birth rate is not high be-
cause of a high miscarriage rate of 30-50% [2, 3].

Women with PCOS have uterine endometrial abnor-
malities such as reduced pregnancy rate, endometrial
hyperplasia, and endometrial cancer due to an abnormal
steroid hormone environment [1-4]. Women with
PCOS show unopposed hyperestrogenemia caused by
anovulation, and hyperandrogenemia [1, 2]. Abnormal
spatiotemporal expression of steroid hormone receptors,
such as estrogen receptor, progesterone receptor, andro-
gen receptor (AR), and steroid receptor cofactors in the
endometrium have been reported in women with PCOS
[2, 4-6]. However, there are only few studies on how
pharmacotherapy affects an abnormal steroid hormone
environment of the endometrium in women with PCOS.

Metformin, a biguanide insulin-sensitizing drug, is used
worldwide in women with PCOS. Metformin treatment
results in successful pregnancy by restoring the ovulation
cycle and possibly improving endometrial abnormalities.
Ovulatory cycle is restored by reducing peripheral insulin
resistance by metformin [7-10]. However, it remains un-
known how metformin improves endometrial abnormality
[10, 11]. Although we have previously shown that metfor-
min treatment decreases the level of AR expression in the
endometrium of women with PCOS [10], the direct effect
of metformin on the endometrium is still unclear.

Homeobox A10 (HOXA10), a member of the homeo-
box superfamily of transcription factors, is indispensable
for the implantation of embryos by differentiation of the
endometrium [12, 13]. HOXA10 expression in the endo-
metrium is regulated by steroid hormones. Ovarian ster-
oid hormones, such as estrogen and progesterone induce
HOXA10 expression in women with normal menstrual
cycles [12—15]. Testosterone inhibits HOXA10 expres-
sion in the endometrium of women with PCOS [16].
However, there are very few reports that have examined
the direct effect of HOXA10 expression and testosterone
on the endometrium in women with PCOS.

In this study, we aimed to determine whether metfor-
min affects AR and HOXA10 expression in the endo-
metrium of women with PCOS in vivo and human
endometrial cell lines in vitro.

Methods

Patient recruitment and tissue collection

Diagnosis of PCOS was based on the Rotterdam criteria,
wherein, the presence of two of the three following char-
acteristics is required for inclusion: (1) oligomenorrhea/
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amenorrhea, (2) chemical or clinical findings of hyperan-
drogenism, and (3) polycystic ovaries observed on trans-
vaginal sonography [17]. Patients who had received oral
contraceptives or other drugs up to 3 months before en-
tering the study were excluded. Endometrial tissue sam-
ples were collected via suction aspiration biopsy both
before and after metformin treatment in three women
(cases 1, 2, and 3) with PCOS. All three patients mani-
fested oligomenorrhea/ amenorrhea and presented poly-
cystic ovaries; however, chemical/ clinical findings of
hyperandrogenism were observed only in case 2. We ad-
ministered metformin at 750 mg/day for 3 months to pa-
tients with PCOS, and sampled their endometrium and
measured their endocrine/glucose metabolism parame-
ters both before and after metformin treatment [10]. For
non-PCOS patients, we collected five samples of endo-
metrial tissues from patients (two in the proliferative
phase and three in the secretory phase) of reproductive
age undergoing hysterectomy for uterine fibroids and/or
adenomyosis.

This study was approved by the Ethical Committee of
Fukushima Medical University (approval No. 504). All
patients provided written informed consent for publica-
tion of their data in this paper.

Immunohistochemistry

Specimens embedded in paraffin were sliced to 5 uM.
Immunostaining was performed using the procedure de-
scribed in our previous study [10]. Briefly, the tissue sec-
tions were deparaffinized with xylene, 10 mM citrate
buffer (pH 6.0) was heated to activate the antigens, and
endogenous peroxidase was removed using 3% hydrogen
peroxide-ethanol for 5min. After blocking for 60 min,
the primary antibody was incubated overnight at 4 °C.
AR (rabbit polyclonal antibody, #Sc-815, Santa Cruz Bio-
technology, Dallas, TX, USA) and HOXA10 (goat poly-
clonal antibody, #Sc-17,159, Santa Cruz Biotechnology)
antibodies were used as primary antibodies. For negative
controls, no primary antibodies were used. Secondary
antibodies (anti-rabbit antibody for AR and anti-goat
antibody for HOXA10) were allowed to react at room
temperature (20-25°C) for 60 min. The blocking solu-
tions and secondary antibodies were used from the
VECTASTAIN Elite ABC IgG Kit (AR: #PK-6101,
HOXA10: #PK-6105, Vector Laboratories, Burlingame,
CA, USA). The avidin-biotinylated peroxidase complex
so formed was incubated for 20 min. A color reaction
was carried out using a 3,3’-diaminobentidine (#D5905,
Sigma-Aldrich, St. Louis, MO, USA) solution, and nu-
clear staining was performed using hematoxylin.

The slides were observed under an upright microscope
(Olympus BX51, Olympus, Tokyo, Japan), and endomet-
rial classification was performed using the Noyes criteria
[18]. The staining intensity was evaluated using a
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histochemical scoring system (HSCORE) [19] and semi-
quantified. The staining density was categorized into five
stages as follows: 0 (zero), 1+ (weak), 2+ (moderate), 3+
(strong), and 4+ (very strong). Distribution of each posi-
tive cell was expressed in percentage (PO, P1, P2, P3, and
P4), and HSCORE was calculated as: HSCORE =X Pi
(i+1), where i=0, 1, 2, 3, 4 (Pi=0-100%). Calculation
using this formula was performed using an independent
intra-observer (AR: r=0.96, HOXA10: r=0.88), inter
observer (AR: r=0.94, HOXA10: r=0.92). HSCORE
values before and after metformin treatment were
compared.

Cell culture and experimental treatments
Human endometrial epithelial cell line, Ishikawa cells (kindly
provided by Kasumigaura Medical Center, Ibaraki, Japan),
and human endometrial stromal cells (HESCs; ATCCRCRL-
4003, American Type Culture Collection, Manassas, VA,
USA) were used as the epithelial cell model and stromal cell
model, respectively. Both cell lines have endometrial charac-
teristics, and have been used in previous studies that involve
endometrial functions, such as proliferation, decidualization,
and apoptosis of endometrial stroma [20-24]. Ishikawa cells
were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM)-low glucose (without phenol red, #D5921, Sigma-
Aldrich), and supplemented with 10% fetal bovine serum
(FBS, #10099-141, Gibco, Thermo Fisher Scientific, Wal-
tham, MA, USA), 2% L-glutamine (#G7513, Sigma-Aldrich),
and 1% penicillin-streptomycin mixture (#168-23191, Wako,
Osaka, Japan). HESCs were maintained in DMEM/nutrient
mixture F-12 Ham (without phenol red, #D2906, Sigma-
Aldrich), and supplemented with 10% FBS, 0.15% sodium bi-
carbonate (#S5761, Sigma-Aldrich), 1% ITS + premix
(c#354352, Corning Inc., Corning, NY, USA), and 0.005%
puromycin (#P9620, Sigma-Aldrich). Both cell lines were in-
cubated in a humidified incubator at 37 °C with 5% CO..
Ishikawa cells and HESCs were seeded at a concentra-
tion of 2 x 10* cells/cm®. Twenty-four hours after plat-
ing, the cells were serum-starved for an additional 24 h.
Then, testosterone (#T1500, Sigma-Aldrich) and metfor-
min (#1115-70-4, Wako, Osaka, Japan) were added.
After 48h of treatment, the cells were harvested and
used for subsequent experiments. Testosterone was dis-
solved in ethanol, diluted in phosphate-buffered saline
(PBS) to a final concentration of 1.0 mM, and stored at
—-20°C until further use. Testosterone concentration
used in the experiment was 0.01 mM. In preliminary ex-
periments, the concentration of ethanol, which was used
as a vehicle, was equivalent to 0.58%; this concentra-
tion of ethanol did not affect the cell culture or the
experimental results. Metformin was dissolved in PBS
(-), and 1.0mM, 10" ' mM, and 10" ?>mM concentra-
tions were used.
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Western blotting

Proteins were extracted using T-PER (#78510, Thermo
Fisher Scientific) supplemented with a protease inhibitor
cocktail ~ tablet  (cOmplete, Mini, EDTA-free,
#11836170001,  Roche  Diagnostics, = Mannheim,
Germany). Equal quantities of protein were resolved on
Mini-PROTEAN TGX precast gels (4—15%, #4561083,
Bio-Rad Laboratories Inc., Hercules, CA, USA), sub-
jected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (100 V, 60 min), and then transferred onto a
0.2uM polyvinylidene difluoride (PVDF) membrane
using a Trans-Blot Turbo Transfer Pack (#1704156, Bio-
Rad Laboratories Inc; 25V, 10 min). The membranes
were washed with 0.1% Tris-buffered saline supple-
mented with Triton-X (TBS-T; #P1379, Sigma-Aldrich),
and treated with 5% nonfat dry milk/TBS-T for 60 min.
Primary antibodies for AR (#ab133273, rabbit monoclo-
nal antibody, Abcam, Cambridge, UK) and HOXA10
(#sc-17,159, goat polyclonal antibody, Santa Cruz Bio-
technology) were allowed to react overnight at 4 °C. No
antibodies were added in the negative controls. After
washing, the secondary antibodies (AR: #ab97080, anti-
rabbit antibody, Abcam; HOXA10: #sc-2020, anti-goat
antibody, Santa Cruz Biotechnology) were incubated for
1h at room temperature. Chemiluminescence was per-
formed using ECL Prime Western Blotting Detection re-
agent (#RPN2232, GE Healthcare, Piscataway, NJ, USA),
and imaging was performed with Amersham Imager (GE
Healthcare). PVDF membranes were stripped using Re-
store™ PLUS Western Blot Stripping Buffer (#46430,
Thermo Fisher Scientific), and re-probed with GAPDH
(#ab9485, polyclonal antibody, Abcam). The band inten-
sities were digitized, and AR or HOXA10/GAPDH
values were calculated for quantitative evaluation. These
experiments were conducted thrice, with similar results.

Fluorescent immunocytochemistry

After the cells were seeded onto 8-well chamber slides,
testosterone and metformin were added. The cells were
washed with PBS (-) and fixed in 4% paraformaldehyde/
PBS (#163-20,145, Wako) at room temperature for 15
min and permeabilized with PBS/0.5% Triton-X. The
primary antibody was diluted with 3% bovine serum al-
bumin (BSA)/PBS (-) and incubated at 4 °C overnight.
The secondary antibody (donkey anti-rabbit IgG H&L
[Alexa Fluor 488] donkey polyclonal secondary antibody,
#ab150073; Abcam) was incubated for 60 min at room
temperature. After probing with each antibody, the
slides were finally encapsulated with 4’ 6-diamidino-2-
phenylindole (DAPI)-added mounting agent, Pro Long
Gold Antifade Mountant with DAPI (#P36941, Thermo
Fisher Scientific). A confocal laser microscope system
(OLYMPUS FV1000, Olympus) was used for imaging.
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Statistical analysis

All statistical analyses were performed using EZR
(Saitama Medical Center, Jichi Medical University,
Saitama, Japan) [25]. HSCORE values are presented
as mean * standard deviation. Analysis of variance
was applied to compare the changes in AR and
HOXA10 expression levels between different
groups. Differences were considered significant at
P <0.05.

Results

Patient characteristics in women with PCOS before and
after metformin treatment

Age, body mass index, and endocrine and metabolic pa-
rameters in three women with PCOS are shown in
Table 1, which includes endometrial classification and
pregnancy outcomes in our previous study [10]. Level of
luteinizing hormone in cases 2 and 3 decreased after
metformin treatment compared to that before treatment.
Level of free testosterone and homeostasis model
assessment-insulin resistance (HOMA-IR) decreased in
each case after metformin treatment.

Histological analysis after metformin treatment re-
vealed the presence of an early secretory phase endomet-
rium only in case 2 (data not shown); at the time of
endometrial biopsy, an increase in the patient’s basal
body temperature was observed and ultrasonography re-
vealed a hyperechoic endometrium corresponding with
the secretory phase. Two women with PCOS, who were
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treated with metformin for more than 3 months, became
pregnant and gave birth.

Changes in immunohistochemical expression patterns of
AR and HOXA10 in non-PCOS women

As no researchers have reported the expression patterns
of AR and HOXA10 in the same endometrial samples
acquired from non-PCOS women, we performed immu-
nohistochemical analysis for determining AR and
HOXA10 endometrial expression in five non-PCOS
women. As shown in Fig. 1b, AR was expressed in the
nuclei of both epithelial and stromal cells, and HOXA10
was expressed only in the nuclei of stromal cells. No sig-
nificant differences were found in AR expression in the
epithelial and stromal cells between the proliferative and
secretory phases (Fig. 3); whereas, HOXA10 expression
in stromal cells in the secretory phase was higher than
that in the proliferative phase (Fig. 3).

Changes in immunohistochemical expression patterns of
AR and HOXA10 in women with PCOS before and after
metformin treatment

Immunohistochemical analysis was performed to deter-
mine AR and HOXA10 expressions in the endometrial
cells obtained from women with PCOS (Fig. 2). Levels of
AR expression in both epithelial and stromal cells after
metformin treatment were significantly (P <0.05) de-
creased compared with their levels before metformin
treatment (Fig. 3). Whereas, the level of HOXAI10

Table 1 Patient characteristics in women with PCOS before and after metformin treatment

Metformin Case 1 Case 2 Case 3

treatment Before After Before After Before After

Age (years) 25 31 32

BMI (kg/mz) 258 25.1 272 25.0 263 27.1

LH (mIU/ml) 99 1013 8.19 3.06 7.50 2.51

FSH (mIU/ml) 512 6.25 473 448 562 552

Free 16 14 24 0.8 1.0 0.6

testosterone

(pg/ml)

DHEA-S (pg/ 128 287 109 129 157 -

ml)

Estradiol (pg/ 45 46 42 33 41 44

ml)

HOMA-IR 197 0.97 248 16 1.72 1.67

Endometrial  proliferative proliferative  proliferative  secretory phase proliferative  proliferative phase
classification  phase phase phase phase

Pregnancy unknown conception after 8 months from the conception after 17 months from
outcome beginning of metformin treatment the beginning of metformin

treatment

PCOS, polycystic ovary syndrome; BMI, body mass index; LH, luteinizing hormone; FSH, follicle stimulating hormone; DHEA-S, dehydroepiandrosterone sulfate;
HOMA-IR, homeostasis model assessment of insulin resistance (This cited a part of Table 2 in our previous report [10])
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Fig. 1 Expression levels of AR and HOXA10 determined through immunohistochemistry in endometrium tissues of non-PCOS women. a. Expression
of AR and HOXAT10 in controls. Images in the upper panel show positive controls and images in the lower panel show negative controls (AR for
prostate cancer; HOXA10 for endometrium from mid-secretory phase). b. Representative images of AR and HOXA10 expression in the endometrium
obtained from non-PCOS women. Images in the upper panel show AR and HOXA10 expression in the proliferative phase, and images in the lower
panel show AR and HOXA10 expression in the secretory phase. Scale bar =100 uM. HOXA10, homeobox A10; PCOS, polycystic ovary syndrome; AR,
androgen receptor

Metformin counteracts testosterone-induced AR
expression in the epithelial and stromal cell lines

expression in the stromal cells after metformin treat-
ment was significantly increased compared with its level

before metformin treatment (Fig. 3). These data showed
that metformin treatment decreased AR expression and
increased HOXA10 expression in PCOS endometrium.

We investigated the direct effects of metformin on AR
expression in endometrium in vitro. Ishikawa cells and
HESCs exposed to testosterone were used as an

Androgen receptor

HOXA10

After metformin treatment

PCOS case 1

PCOS case 2

PCOS case 3

Fig. 2 Metformin treatment changes expression of AR and HOXA10 in endometrium tissues from women with PCOS. Representative images of
immunohistochemical expression of AR and HOXA10 in the endometrial tissues obtained from three women with PCOS (cases 1, 2, and 3) before
and after 3 months of metformin treatment. On the left, the images show AR expression before (a, €, i) and after metformin treatment (b, f, j). On
the right, the images show HOXA10 expression before (c, g, k) and after metformin treatment (d, h, I). Scale bar = 50 uM. HOXA10, homeobox
A10; PCOS, polycystic ovary syndrome; AR, androgen receptor. G, glandular epithelium; S, stroma
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Fig. 3 Quantification of immunoexpression of AR and HOXA10 in endometrium tissues from non-PCOS and PCOS women. Graphs show quantification of AR
and HOXA10 immunoexpression in the proliferative (n = 2) and secretory phase (n = 3) endometrium tissues obtained from non-PCOS women and those
before and after 3 months of metformin treatment in women with PCOS (n = 3). The experiments were performed in triplicate for each sample. Different letters
above the bars indicate the significant differences at P < 0.05. AR, androgen receptor; HOXA10, homeobox A10; HSCORE, histological score; PCOS, polycystic
ovary syndrome

endometrial model for women with PCOS. Testosterone
treatment resulted in an increase in AR expression in
both Ishikawa cells and HESCs as determined by west-
ern blot analysis (Fig. 4). In Ishikawa cells, metformin
treatment reduced the testosterone-induced AR expres-
sion in a dose-dependent manner (Fig. 4, left panel).

decreased the testosterone-induced AR expression;
however, the effect was not dose-dependent (Fig. 4,
right panel). Moreover, we examined the effect of
metformin on AR expression under the same condi-
tions using fluorescent immunocytochemistry. Testos-
terone treatment increased the fluorescence intensity

Similarly, in HESC cells, metformin treatment of AR in both Ishikawa cells and HESCs (Fig. 5).

Ishikawa cells HESCs
P.C. NC. P.C. NC.
AR b
(110kDa) — — e — -— ——— . —
GAPDH A
(35kDa) SEG———— e —————— -

2.0

-
o

2.40 246

Relative densitometric
units (AR/GAPDH)

1) -

o o

Relative densitometric
units (AR/GAPDH)
N

0.0 0
Testosterone = + + + + - + + + +
Metormin -t 0.01 0.1 1.0 cowol = 0.01 0.1 1.0

Fig. 4 Effect of metformin on AR expression in Ishikawa cells and HESCs examined by western blotting. Representative images show AR expression by
western blotting in Ishikawa cells and HESCs in the upper panel. Mouse testicular lysate was used as a positive control, and no primary AR antibody
was added in the negative control. Graphs in the lower panel show the relative densitometric units (AR/GAPDH). The value in each column is the
relative ratio when the control (without both testosterone and metformin) was set at 1.0. Three independent experiments showed the same results.
AR, androgen receptor; HESCs, human endometrial stromal cells; N.C, negative control; P.C, positive control
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Whereas, metformin  treatment lowered the
testosterone-induced fluorescence intensity in both
the cell lines (Fig. 5).

Metformin partly restores testosterone-reduced HOXA10
expression in the stromal cell line

We investigated the direct effects of metformin on
HOXA10 expression in endometrium in vitro. Testoster-
one treatment resulted in a decrease in HOXA10 expres-
sion in HESCs (Fig. 6). Meanwhile, metformin treatment
only partially restored the testosterone-reduced
HOXA10 expression in HESCs (Fig. 6).

Discussion

In this study, we showed that metformin treatment re-
sulted in a decrease in AR expression and an increase in
HOXA10 expression in the endometrium of women
with PCOS. Furthermore, we showed that while metfor-
min counteracted the testosterone-induced AR expres-
sion in both Ishikawa cells and HESCs, metformin partly
restored the testosterone-reduced HOXA10 expression
in HESC:s in vitro.

Aberrant expression of AR and HOXA10 in the endo-
metrium may inhibit embryo implantation in women
with PCOS. In non-PCOS women with normal ovulatory
cycles, AR is expressed in the epithelium and stroma of
the endometrium, and its expression decreases during
the secretory phase [26]. Further, AR expression in the
endometrium of women with PCOS is known to remain
higher than that in non-PCOS women [26]. Moreover,
our previous study has revealed that AR expression in
the endometrium is high in women with PCOS [10]. In
contrast, HOXA10, which is expressed in the stromal
endometrium during the peri-implantation period, is in-
dispensable for embryo implantation [12, 13]. Although
the expression of HOXA10 in the endometrium is in-
duced by ovarian steroid hormones [12, 13], testosterone
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reduces its expression in the endometrium. In vitro ex-
periments using Ishikawa cells have revealed that
HOXA10 mRNA expression decreases in a testosterone-
dependent manner [16]. In addition, testosterone in-
hibits the mRNA expression of HOXA10 induced by es-
trogen, progesterone, or both [16]. Moreover,
testosterone suppresses HOXA10 expression through an
AR-mediated mechanism and its function is inhibited by
flutamide, an AR antagonist [16]. Women with PCOS
may be associated with hyperandrogenism, which may
consequently induce aberrant expression of both AR and
HOXA10 in the endometrium [12, 16]. In the present
study, in vivo expressions of AR and HOXA10 in the
endometrial tissues obtained from women with PCOS
were consistent with those in previous reports [10, 16].
Thus, our present and previous results suggest that
hyperandrogenemia may contribute to the reduced clin-
ical pregnancy rate following embryo transfer as part of
in vitro fertilization programs in women with PCOS by
modulating expressions of AR and HOXA10.

The mechanism by which metformin, an insulin-
sensitizing drug, reduces the testosterone level in women
with PCOS may involve improvement in peripheral insu-
lin resistance [27]. Metformin exerts its pharmacological
effects mainly on the liver and skeletal muscles [28]. In
women with PCOS, metformin reduces the peripheral
insulin resistance, and the decreased insulin level im-
proves hyperandrogenism by upregulating steroid
hormone-binding proteins in the liver [27, 29]. In this
study, metformin treatment decreased HOMA-IR and
testosterone level in women with PCOS. These results
are consistent with those in previous reports [10, 27, 29].
Decreased testosterone levels through reduced insulin
level may have reduced the expression of AR in the
endometrium of women with PCOS.

On the other hand, metformin acts directly on the
endometrium to decrease AR expression. Wang et al.

Ishikawa cells

Negative control

AR
DAPI
Merge
Teststerone - +
Metformin - -
(1.0 mM)

Fig. 5 Effect of metformin on AR expression in Ishikawa cells and HESCs examined by fluorescent immunocytochemistry. Representative images
of fluorescent immunocytochemistry in Ishikawa cells and HESCs. Samples without the AR primary antibody were used as a negative control. AR,
androgen receptor; DAPI, 4" 6-diamidino-2-phenylindole; HESCs, human endometrial stromal cells
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Fig. 6 Effect of metformin treatment on HOXA10 expression of HESCs examined by western blotting. In the upper panel, the representative images
show HOXA10 expression determined by western blotting in HESCs. Human Embryonic Kidney cells 293 whole cell lysate was used as a positive
control, and samples without HOXA10 primary antibody were used as a negative control. Graphs in the lower panel show the relative densitometric
units (HOXA10/GAPDH). The value in each column is the relative ratio when the control (without both testosterone and metformin) was set at 1.0.
Three independent experiments showed the same results. HOXA10, homeobox A10; HESCs, human endometrial stromal cells; N.C, negative control;

P.C, positive control

reported that metformin inhibits cell viability and apop-
tosis by targeting the AR signaling pathway [30]. The re-
searchers used two prostate cancer cell lines, LNCaP
and CWR22Rv1 cells, to prove that metformin does not
affect the degradation or stability of AR protein; how-
ever, it suppresses the AR signaling pathway by repres-
sing AR mRNA expression [30]. In contrast, metformin
enters cells through membrane proteins called organic
cation transporters (OCTs) to exert its effects. OCTs are
reportedly closely associated with androgen signaling in
many cells [31-33]. Although few studies have been
conducted on the direct action of metformin on the
endometrium in vivo so far, we showed that metformin
treatment reduced testosterone-induced AR expression
in the endometrium. These results, including ours, sug-
gest that metformin has a direct effect on the endomet-
rium and is involved in reducing AR expression in the
endometrium of women with PCOS.

Additionally, the mechanism by which metformin
upregulates the expression of HOXA10 in the endomet-
rium of women with PCOS may be mediated through
improvement in peripheral insulin resistance. As
HOXA10 is suppressed by testosterone [16], it is pos-
sible that in this study, the decrease in testosterone
levels improved HOXA10 expression in the endomet-
rium. In addition, the endometrium samples collected

after metformin administration in case 2 were from the
secretory phase, thereby suggesting that the luteinizing
effect of the ovulatory cycle recovery may have induced
HOXA10 expression. In contrast, in vitro studies have
shown that metformin partially restores HOXA10 ex-
pression in the presence of testosterone. This suggests
that metformin may have a direct effect on HOXA10 ex-
pression in the endometrium.

However, there are no established mechanisms that
explain how metformin directly affects the endometrium
to regulate HOXA10 expression. Zhai et al. has reported
that miR-491-3p and miR-1910-3p are potential micro-
RNAs that regulate HOXA10 expression using differen-
tial microRNA and target scanning databases [34]. These
researchers have reported that metformin may improve
endometrial receptivity by downregulating the expres-
sion of miR-491-3p and miR-1910-3p and increasing the
expression of HOXA10 in PCOS endometrium [34].
This suggests that metformin may have a direct effect
on the endometrium.

Metformin treatment in Ishikawa cell reduced the
testosterone-induced AR expression in a dose-dependent
manner, however, the effect was not dose-dependent in
HSECs. A recent study in mouse indicated that androgens
increase endometrial gland formation and epithelial cell
proliferation in both glandular and luminal compartments
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of the endometrium [35]. Moreover, a study investigating
the effects of dihydrotestosterone demonstrated that epi-
thelial and stromal cells play different roles in endometrial
function [36]. These reports suggest that the responsive-
ness to androgens or ARs may differ between endometrial
epithelial cells and stromal cells. Although the effect of
metformin on AR signaling pathway remains to be fully
clarified, cell-specificity might be present in Ishikawa cells
and HSECs.

The present study has certain limitations. First, the
sample size in this study was limited because it was
difficult to get consent for endometrial sampling from
patients with PCOS. Since PCOS is a heterogeneous
condition marked by reproductive, endocrine, and
metabolic abnormalities, it should be noted that our
results may not be representative of all PCOS cases.
In addition, this study did not take menstrual cycle
into consideration while following the experimental
protocol. The patient in case 2 changed from prolifer-
ative to secretory phase while collecting the sample
after metformin treatment. Western blotting has re-
vealed a lower endometrial expression of AR in the
secretory phase than that in the proliferative phase in
PCOS patients [37]. Therefore, although we observed
a decrease in AR expression in case 2 after metformin
treatment, it is possible that the change was caused
by the menstrual cycle. Our study has limited to the
small sample size for different menstrual cycle. Fur-
ther studies are needed for validating the effects of
metformin on endometrial AR expression with PCOS,
with more cases focusing on the menstrual cycle.
Second, we used cell lines under testosterone admin-
istration as in vitro models of the endometrial envir-
onment in PCOS. However, whether this is a valid
in vitro model remains to be examined, and further
in vivo studies using primary cell cultures from PCOS
patients are needed. Third, in addition to HOXA10,
many other important molecules such as leukemia in-
hibitory factor, epidermal growth factor, colony stimu-
lating factor-1, and interleukin-1 are expressed in the
endometrial epithelial and stromal cells during im-
plantation. Thus, it is necessary to explore how met-
formin acts on the expression of these molecules as
well.

Conclusions

We showed that metformin treatment resulted in a de-
crease in AR expression and an increase in HOXA10 ex-
pression in the endometrium of women with PCOS.
Moreover, we showed that metformin counteracted
testosterone-induced AR expression in both Ishikawa
cells and HESCs; whereas, metformin partly restored the
testosterone-reduced HOXA10 expression in HSECs
in vitro. Metformin may exert not only indirect but also
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direct effects on the endometrium, as a result, it may
ameliorate the abnormal expression of AR and HOXA10
in the endometrium of patients with PCOS. However,
further extensive research on the effects of metformin
on the endometrium of patients with PCOS is needed to
clarify the cause of endometrial abnormalities.

Abbreviations

AR: Androgen receptor; DAPI: 4'6-diamidino-2-phenylindole;

DMEM: Dulbecco’s modified Eagle’s medium; FBS: Fetal bovine serum;
HESCs: Human endometrial stromal cells; HOMA-IR: Homeostasis model
assessment-insulin resistance; HOXA10: Homeobox A10;

HSCORE: Histochemical scoring system; OCT: Organic cation transporter;
PBS: Phosphate-buffered saline; PCOS: Polycystic ovary syndrome;

PVDF: Polyvinylidene difluoride

Acknowledgements

The authors are grateful to Dr. Jun Kawagoe (Yamagata University School of
Medicine) for providing the human endometrial stromal cells. We deeply
acknowledge Dr. Hideki Mizunuma for providing valuable advice. We also
thank Dr. Fumiko Saito and Dr. Hajime Maeda (Fukushima Medical University)
and Ms. Chisato Kubo (Gender Equality Support Center, Fukushima Medical
University) for their technical advice and support.

Authors’ contributions

MO conceived, designed, and performed the experiments, and wrote the
manuscript. HY-K conceived and designed the experiments, analyzed and
interpreted the data, and wrote the manuscript. MO-O performed the experi-
ments. AY-I analyzed and interpreted the data and provided the materials. TT
analyzed and interpreted the data and wrote the manuscript. KF conceived
and designed the experiments and analyzed and interpreted the data. The
authors read and approved the final manuscript.

Funding
This work was supported by a Grant-in-Aid for Young Scientists in Japan So-
ciety for the Promotion of Science (no. 17 K16858).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article.

Declarations

Ethics approval and consent to participate
The study was approved by the Ethical Committee of Fukushima Medical
University (approval No. 504).

Consent for publication
All patients gave written informed consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Obstetrics and Gynecology, Fukushima Medical University,
School of Medicine, 1 Hikarigaoka, Fukushima 960-1295, Japan. “Center for
Gender Specific Medicine, Fukushima Medical University, 1 Hikarigaoka,
Fukushima 960-1295, Japan. *Fukushima Medical Center for Children and
Women, Fukushima Medical University, 1 Hikarigaoka, Fukushima 960-1295,
Japan.

Received: 6 March 2021 Accepted: 19 May 2021
Published online: 31 May 2021

References

1. McCartney CR, Marshall JC. Polycystic ovary syndrome. N Engl J Med. 2016;
375(1):54-64. https.//doi.org/10.1056/NEJMcp 1514916, Pubmed: 27406348.

2. Giudice LC. Endometrium in PCOS: implantation and predisposition to
endocrine CA. Best Pract Res Clin Endocrinol Metab. 2006;20(2):235-44.
https://doi.org/10.1016/j.beem.2006.03.005, Pubmed: 16772154


https://doi.org/10.1056/NEJMcp1514916
https://doi.org/10.1016/j.beem.2006.03.005

Ohara et al. Reproductive Biology and Endocrinology

20.

21.

(2021) 19:77

Jakubowicz DJ, luorno MJ, Jakubowicz S, Roberts KA, Nestler JE. Effects of
metformin on early pregnancy loss in the polycystic ovary syndrome. J Clin
Endocrinol Metab. 2002;87(2):524-9. https://doi.org/10.1210/jcem.87.2.8207,
Pubmed: 11836280.

Dumesic DA, Lobo RA. Cancer risk and PCOS. Steroids. 2013;78(8):782-5.
https://doi.org/10.1016/jsteroids.2013.04.004, Pubmed: 23624028.

Apparao KBC, Lovely LP, Gui Y, Lininger RA, Lessey BA. Elevated endometrial
androgen receptor expression in women with polycystic ovary syndrome.
Biol Reprod. 2002,66(2):297-304. https://doi.org/10.1095/biolreprod66.2.297,
Pubmed: 11804942.

Li X, Feng Y, Lin JF, Billig H, Shao R. Endometrial progesterone resistance
and PCOS. J Biomed Sci. 2014;21(1):2. https://doi.org/10.1186/1423-012
7-21-2, Pubmed: 24405633.

Nestler JE, Jakubowicz DJ, Evans WS, Pasquali R. Effects of metformin on
spontaneous and clomiphene-induced ovulation in the polycystic ovary
syndrome. N Engl J Med. 1998;338(26):1876-80. https://doi.org/10.1056/
NEJM199806253382603, Pubmed: 9637806.

Moghetti P, Castello R, Negri C, Tosi F, Perrone F, Caputo M, et al.
Metformin effects on clinical features, endocrine and metabolic profiles, and
insulin sensitivity in polycystic ovary syndrome: a randomized, double-blind,
placebo-controlled 6-month trial, followed by open, long-term clinical
evaluation. J Clin Endocrinol Metab. 2000;85(1):139-46. https://doi.org/1
0.1210/jcem.85.1.6293, Pubmed: 10634377.

Lord JM, Flight IHK, Norman RJ. Metformin in polycystic ovary syndrome:
systematic review and meta-analysis. BMJ. 2003;327(7421):951-3. https://doi.
0rg/10.1136/bm;j.327.7421.951, Pubmed: 14576245.

[to-Yamaguchi A, Suganuma R, Kumagami A, Hashimoto S, Yoshida-Komiya
H, Fujimori K. Effects of metformin on endocrine, metabolic milieus and
endometrial expression of androgen receptor in patients with polycystic
ovary syndrome. Gynecol Endocrinol. 2015;31(1):44-7. https://doi.org/10.31
09/09513590.2014.951321, Pubmed: 25237893.

Li X, Cui P, Jiang HY, Guo YR, Pishdari B, Hu M, et al. Reversing the reduced
level of endometrial GLUT4 expression in polycystic ovary syndrome: a
mechanistic study of metformin action. Am J Trans| Res. 2015,7(3):574-86.
Pubmed: 26045896.

Daftary GS, Taylor HS. Endocrine regulation of HOX genes. Endocr Rev. 2006;
27(4):331-55. https://doi.org/10.1210/er.2005-0018, Pubmed: 16632680.
Taylor HS, Arici A, Olive D, Igarashi P. HOXA10 is expressed in response to sex
steroids at the time of implantation in the human endometrium. J Clin Invest. 1998;
101(7):1379-84. https//doiorg/10.1172/JC11057, Pubmed: 9525980.

Wu D, Song D, Li X, Yu M, Li C, Zhao S. Molecular characterization and
identification of the E2/P4 response element in the porcine HOXA10 gene.
Mol Cell Biochem. 2013;374(1-2):213-22. https://doi.org/10.1007/s11010-
012-1522-5, Pubmed: 23160802.

Zhong G, Wang Y, Liu X. Expression of HOXA10 in endometrial hyperplasia
and adenocarcinoma and regulated by sex hormones in vitro. Int J Gynecol
Cancer. 2011;21(5):800-5. https://doi.org/10.1097/IGC0b013e31821a2584,
Pubmed: 21670700.

Cermik D, Selam B, Taylor HS. Regulation of HOXA-10 expression by
testosterone in vitro and in the endometrium of patients with polycystic
ovary syndrome. J Clin Endocrinol Metab. 2003;88(1):238-43. https://doi.
0rg/10.1210/jc.2002-021072, Pubmed: 12519859.

Rotterdam ESHRE/ASRM-Sponsored PCOS consensus workshop group.
Revised 2003 consensus on diagnostic criteria and long-term health risks
related to polycystic ovary syndrome (PCOS). Hum Reprod. 2004;19(1):41-7.
https://doi.org/10.1093/humrep/deh098, Pubmed: 14688154.

Noyes RW, Hertig AT, Rock J. Dating the endometrial biopsy. Fertil Steril.
1950;1(1):3-25. https://doi.org/10.1016/50015-0282(16)30062-0, Pubmed:
31623748.

McCarty KS Jr, Miller LS, Cox EB, Konrath J, McCarty KS Sr. Estrogen receptor
analyses. Correlation of biochemical and immunohistochemical methods
using monoclonal anti receptor antibodies. Arch Pathol Lab Med. 1985;
109(8):716-21. Pubmed: 3893381.

Xie Y, Wang YL, Yu L, Hu Q, Ji L, Zhang Y, et al. Metformin promotes progesterone
receptor expression via inhibition of mammalian target of rapamycin (MTOR) in
endometrial cancer cells. J Steroid Biochem Mol Biol. 2011;126(3-5):113-20. httpsy//
doiorg/10.1016/)jsbmb.2010.12.006, Pubmed: 21168492.

Zhang Q, Schmandt R, Celestino J, McCampbell A, Yates MS, Urbauer DL,
et al. CGRRF1 as a novel biomarker of tissue response to metformin in the
context of obesity. Gynecol Oncol. 2014;133(1):83-9. https://doi.org/10.1016/
jygyno.2013.12.006, Pubmed: 24680596.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

Page 10 of 10

Liu Z Qi S, Zhao X, Li M, Ding S, Lu J, et al. Metformin inhibits 173-estradiol-
induced epithelial-to-mesenchymal transition via BKlotho-related ERK1/2
signaling and AMPKa signaling in endometrial adenocarcinoma cells.
Oncotarget. 2016;7(16):21315-31. https://doi.org/10.18632/oncotarget.7040,
Pubmed: 26824324.

Lovely LP, Appa Rao KB, Gui Y, Lessey BA. Characterization of androgen
receptors in a well-differentiated endometrial adenocarcinoma cell line
(Ishikawa). J Steroid Biochem Mol Biol. 2000;74(4):235-41. https://doi.org/1
0.1016/50960-0760(00)00127-8, Pubmed: 11162929.

Ishikawa T, Harada T, Kubota T, Aso T. Testosterone inhibits matrix
metalloproteinase-1 production in human endometrial stromal cells in vitro.
Reproduction. 2007;133(6):1233-9. https://doi.org/10.1530/rep.1.01089,
Pubmed: 17636177.

Kanda Y. Investigation of the freely available easy-to-use software 'EZR’ for
medical statistics. Bone Marrow Transplant. 2013;48(3):452-8. https://doi.
0rg/10.1038/bmt.2012.244, Pubmed: 23208313.

Ferreira SR, Motta AB. Uterine function: from normal to polycystic ovarian
syndrome alterations. Curr Med Chem. 2018;25(15):1792-804. https://doi.
0rg/10.2174/0929867325666171205144119, Pubmed: 29210631.
Diamanti-Kandarakis E, Kouli C, Tsianateli T, Bergiele A. Therapeutic effects of
metformin on insulin resistance and hyperandrogenism in polycystic ovary
syndrome. Eur J Endocrinol. 1998;138(3):269-74. https://doi.org/10.1530/eje.
0.1380269, Pubmed: 9539300.

Giannarelli R, Aragona M, Coppelli A, Del Prato S. Reducing insulin
resistance with metformin: the evidence today. Diabetes Metab. 2003;29:
6528-35. https://doi.org/10.1016/51262-3636(03)72785-2 Pubmed: 14502098.
Palomba S, Falbo A, Russo T, Orio F, Tolino A, Zullo F. Systemic and local
effects of metformin administration in patients with polycystic ovary
syndrome (PCOS): relationship to the ovulatory response. Hum Reprod.
2010;25(4):1005-13. https://doi.org/10.1093/humrep/dep466, Pubmed:
20106839.

Wang Y, Liu G, Tong D, Parmar H, Hasenmayer D, Yuan W, et al. Metformin
represses androgen-dependent and androgen-independent prostate
cancers by targeting androgen receptor. Prostate. 2015;75(11):1187-96.
https://doi.org/10.1002/pros.23000, Pubmed: 25894097.

Asaka J, Terada T, Okuda M, Katsura T, Inui K. Androgen receptor is
responsible for rat organic cation transporter 2 gene regulation but not for
rOCT1 and r OCT3. Pharm Res. 2006;23(4):697-704. https.//doi.org/10.1007/
$11095-006-9665-2, Pubmed: 16550473,

Meetam P, Srimaroeng C, Soodvilai S, Chatsudthipong V. Regulatory role of
testosterone in organic cation transport: in vitro and in vitro studies. Biol
Pharm Bull. 2009;32(6):982-7. https://doi.org/10.1248/bpb.32.982, Pubmed:
19483302.

Fard AA, Samadi M, Biabangard A. Possible protective effects of curcumin
via modulating of androgen receptor (AR) and Oct2 gene alterations in
cisplatin-induced testicular toxicity in rat. Endocr Metab Immune Disord
Drug Targets. 2020;21(3):458-63. https://doi.org/10.2174/18715303206662
00511073302, Pubmed: 32392119.

Zhai J, Yao GD, Wang JY, Yang QL, Wu L, Chang ZY, et al. Metformin
regulates key microRNAs to improve endometrial receptivity through
increasing implantation marker gene expression in patients with PCOS
undergoing IVF/ICSI. Reprod Sci. 2019,26(11):1439-48. https.//doi.org/10.11
77/1933719118820466, Pubmed: 30599813.

Simitsidellis I, Gibson DA, Cousins FL, Esnal-Zufiaurre A, Saunders PT. A role
for androgens in epithelial proliferation and formation of glands in the
mouse uterus. Endocrinology. 2016;157(5):2116-28. https.//doi.org/10.1210/
en.2015-2032, Pubmed: 26963473.

Wang H, Bocca S, Anderson S, Yu L, Rhavi BS, Horcajadas J, et al. Sex
steroids regulate epithelial-stromal cell cross talk and trophoblast
attachment invasion in a three-dimensional human endometrial culture
system. Tissue Eng Part C Methods. 2013;19(9):676-87. https.//doi.org/10.1
089/ten.TEC.2012.0616, Pubmed: 23320930.

Li X, Pishdari B, Cui P, Hu M, Yang HP, Guo YR, et al. Regulation of androgen
receptor expression alters AMPK phosphorylation in the endometrium: in vivo and
in vitro studies in women with polycystic ovary syndrome. Int J Biol Sci. 2015;11(12):
1376-89. https//doiorg/10.7150/ijbs.13109, Pubmed: 26681917.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1210/jcem.87.2.8207
https://doi.org/10.1016/j.steroids.2013.04.004
https://doi.org/10.1095/biolreprod66.2.297
https://doi.org/10.1186/1423-0127-21-2
https://doi.org/10.1186/1423-0127-21-2
https://doi.org/10.1056/NEJM199806253382603
https://doi.org/10.1056/NEJM199806253382603
https://doi.org/10.1210/jcem.85.1.6293
https://doi.org/10.1210/jcem.85.1.6293
https://www.ncbi.nlm.nih.gov/pubmed/10634377
https://doi.org/10.1136/bmj.327.7421.951
https://doi.org/10.1136/bmj.327.7421.951
https://doi.org/10.3109/09513590.2014.951321
https://doi.org/10.3109/09513590.2014.951321
https://doi.org/10.1210/er.2005-0018
https://doi.org/10.1172/JCI1057
https://doi.org/10.1007/s11010-012-1522-5
https://doi.org/10.1007/s11010-012-1522-5
https://doi.org/10.1097/IGC.0b013e31821a2584
https://doi.org/10.1210/jc.2002-021072
https://doi.org/10.1210/jc.2002-021072
https://doi.org/10.1093/humrep/deh098
https://doi.org/10.1016/S0015-0282(16)30062-0
https://doi.org/10.1016/j.jsbmb.2010.12.006
https://doi.org/10.1016/j.jsbmb.2010.12.006
https://doi.org/10.1016/j.ygyno.2013.12.006
https://doi.org/10.1016/j.ygyno.2013.12.006
https://doi.org/10.18632/oncotarget.7040
https://doi.org/10.1016/s0960-0760(00)00127-8
https://doi.org/10.1016/s0960-0760(00)00127-8
https://doi.org/10.1530/rep.1.01089
https://doi.org/10.1038/bmt.2012.244
https://doi.org/10.1038/bmt.2012.244
https://doi.org/10.2174/0929867325666171205144119
https://doi.org/10.2174/0929867325666171205144119
https://doi.org/10.1530/eje.0.1380269
https://doi.org/10.1530/eje.0.1380269
https://doi.org/10.1016/s1262-3636(03)72785-2
https://doi.org/10.1093/humrep/dep466
https://doi.org/10.1002/pros.23000
https://doi.org/10.1007/s11095-006-9665-2
https://doi.org/10.1007/s11095-006-9665-2
https://doi.org/10.1248/bpb.32.982
https://doi.org/10.2174/1871530320666200511073302
https://doi.org/10.2174/1871530320666200511073302
https://doi.org/10.1177/1933719118820466
https://doi.org/10.1177/1933719118820466
https://doi.org/10.1210/en.2015-2032
https://doi.org/10.1210/en.2015-2032
https://doi.org/10.1089/ten.TEC.2012.0616
https://doi.org/10.1089/ten.TEC.2012.0616
https://doi.org/10.7150/ijbs.13109

	Abstract
	Background
	Methods
	Results
	Conclusions
	Trial registration

	Background
	Methods
	Patient recruitment and tissue collection
	Immunohistochemistry
	Cell culture and experimental treatments
	Western blotting
	Fluorescent immunocytochemistry
	Statistical analysis

	Results
	Patient characteristics in women with PCOS before and after metformin treatment
	Changes in immunohistochemical expression patterns of AR and HOXA10 in non-PCOS women
	Changes in immunohistochemical expression patterns of AR and HOXA10 in women with PCOS before and after metformin treatment
	Metformin counteracts testosterone-induced AR expression in the epithelial and stromal cell lines
	Metformin partly restores testosterone-reduced HOXA10 expression in the stromal cell line

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

