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Abstract: Conflicting results have been reported regarding whether or not insulin-regulated glucose transporter 4
(GLUT4) is expressed in human and rodent endometria. There is an inverse relationship between androgen levels
and insulin-dependent glucose metabolism in women. Hyperandrogenemia, hyperinsulinemia, and insulin resis-
tance are believed to contribute to endometrial abnormalities in women with polycystic ovary syndrome (PCOS).
However, it has been unclear in previous studies if endometrial GLUT4 expression is regulated by androgen-depen-
dent androgen receptors (ARs) and/or the insulin receptor/Akt/mTOR signaling network. In this study, we demon-
strate that GLUT4 is expressed in normal endometrial cells (mainly in the epithelial cells) and is down-regulated
under conditions of hyperandrogenemia in tissues from PCOS patients and in a 5a-dihydrotestosterone-induced
PCOS-like rat model. Western blot analysis revealed reduced endometrial GLUT4 expression and increased AR ex-
pression in PCOS patients. However, the reduced GLUT4 level was not always associated with an increase in AR in
PCOS patients when comparing non-hyperplasia with hyperplasia. Using a human tissue culture system, we investi-
gated the molecular basis by which GLUT4 regulation in endometrial hyperplasia tissues is affected by metformin in
PCOS patients. We show that specific endogenous organic cation transporter isoforms are regulated by metformin,
and this suggests a direct effect of metformin on endometrial hyperplasia. Moreover, we demonstrate that metfor-
min induces GLUT4 expression and inhibits AR expression and blocks insulin receptor/PI3K/Akt/mTOR signaling
in the same hyperplasia human tissues. These findings indicate that changes in endometrial GLUT4 expression in
PCOS patients involve the androgen-dependent alteration of AR expression and changes in the insulin receptor/
PI3K/Akt/mTOR signaling network.
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Introduction

Accumulating evidence suggests that uterine
glucose metabolism plays an important physi-
ological role during implantation, embryonic
development, and pregnhancy [1, 2]. The regula-
tion of glucose uptake in tissues and cells
requires the facilitative glucose transporters
(GLUT), and a number of GLUTs with different
tissue expression, localization, and regulation
profiles have been identified in humans and

rodents [1]. Among them, tissue-specific insu-
lin-regulated GLUT4 (SLC2A4) is a key contribu-
tor to glucose homeostasis under physiological
and pathological conditions [3]. Although sev-
eral methods such as quantitative real-time
PCR, Northern blot, RNase protection assay,
immunohistochemistry, and Western blot have
been used to identify GLUT4 in the human and
rodent uterus, these experiments have resulted
in conflicting conclusions. While some studies
have demonstrated the presence of GLUT4
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mMRNA and protein in human and rodent endo-
metria and uterine stromal cells [4-7], other
studies have indicated that the level of GLUT4
mRNA and protein is undetectable in human
endometrial tissues and stromal cells [4, 8-10].
In addition, although endometrial GLUT4 expr-
ession appears to be regulated in a menstrual
cycle-dependent manner [6], there is no direct
in vivo evidence that GLUT4 regulation is linked
to human endometrial cellular function. Thus,
the cellular expression and precise function of
GLUT4 in the endometrium remain controver-
sial or unknown.

Polycystic ovary syndrome (PCOS) is a common
hormone-imbalance disease [11] that affects
approximately 4%-18% of reproductive-aged
women worldwide [12]. The etiology of PCOS is
complex, and clinical data show that endocrine
and metabolic abnormalities such as hyperan-
drogenemia, insulin resistance, and hyperinsu-
linemia commonly occur in this heterogeneous
and chronic disease [11, 13]. Although adipose
and muscle tissues are the major sites of insu-
lin resistance in women with PCOS, it has also
been proposed that local insulin resistance
exists in the endometrium of these patients. To
support this, Fornes and colleagues have dem-
onstrated aberrant endometrial insulin/insulin
receptor signaling in PCOS patients with hyper-
insulinemia [14]. However, whether or not alter-
ation of the insulin/insulin receptor signaling
network can directly regulate endometrial GL-
UT4 expression in the endometria of women
with PCOS needs to be experimentally tested.

Metformin has been used clinically as a poten-
tial therapeutic agent to not only improve meta-
bolic abnormalities-for example, by suppress-
ing androgen levels [15]-but also to alleviate
endometrial disorders such as endometrial
hyperplasia [16, 17] and early endometrial car-
cinoma [18-20] in PCOS patients with insulin
resistance. Because an inverse relationship
between androgen levels and insulin-depen-
dent glucose metabolism exists in women [21],
it is of great interest to analyze the possible
mechanisms of metformin action on GLUT4
expression in the endometria of PCOS patients.

In this study, we examined whether GLUT4 is
expressed in the endometrium and, if so, if its
expression is altered in endometrial tissue
from PCOS patients and in the 5a-dihydrote-
stosterone (DHT)-induced PCOS-like rat model.
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Because recent work from our lab has demon-
strated that human and rat endometria express
organic cation transporters (OCTs) [15], which
are known to be involved in metformin uptake
in cells [22], we further demonstrated the
effect of metformin on OCT isoform expression
in endometrial hyperplasia tissues in vitro.
Finally, in addition to androgen receptors (ARs),
we examined whether the insulin receptor/
PI3K/Akt/mammalian target of rapamycin
(MmTOR) signaling network is involved in metfor-
min-induced endometrial GLUT4 regulation.

Materials and methods
Animals and treatment

At 21 days of age, female Wistar rats had either
a 90-day continuous-release pellet containing
7.5 mg DHT (daily dose = 83 ug, Sigma-Aldrich,
St. Louis, MO) or a pellet containing only vehicle
implanted subcutaneously in the back of the
neck. All animals were maintained in standard
cages under 12-hour cycles of light and dark
with a 1-hour sunrise/sunset function. The
cages were maintained at 21°C + 2°C and a
relative humidity between 45% and 55%, and
the animals had ad libitum access to normal
rodent chow and water. Control rats were killed
at the diestrus stage to exclude variations from
the estrous cycle. After 90 days of DHT treat-
ment, uterine tissue was collected and embed-
ded in paraffin for histochemical and immuno-
fluorescence analysis. All experimental proce-
dures and protocols used in the present study
were approved by the local ethics committee of
Shanghai Medical College, Fudan University,
China.

Patient recruitment and endometrial tissue
collection

All endometrial biopsies were obtained by
curettage from the Obstetrics and Gynecology
Hospital of Fudan University, Shanghai, with
the approval of the institutional ethical review
board. Informed consent was obtained from all
patients. Each endometrial sample was diag-
nosed and staged by routine pathology analysis
based on standard histological criteria [23],
and the patient’s last reported menstrual peri-
od was recorded at the time of collection.
Endometrial samples were obtained from fer-
tile women at the proliferative stage of the
menstrual cycle (n = 20, aged 26-50 years),
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women with PCOS at the proliferative stage of
the menstrual cycle (n = 9, aged 25-36 years),
and women with PCOS and hyperplasia (n = 2,
aged 28 and 43 years). PCOS was diagnosed
based on the Rotterdam criteria provided by
the American Society for Reproductive Medicine
and the European Society for Human Repro-
duction and Embryology [24]. A diagnosis of
PCOS was made if at least two of the following
criteria were met: 1) oligo/anovulation, 2) signs
of hyperandrogenism (i.e., hirsutism and acne)
and/or biochemical measurements, or 3) enh-
anced ovaries (at least 12 discrete follicles of
2-9 mm in diameter in one ovary or an ovarian
volume > 10 cm?® observed by transvaginal
ultrasonography). Women with other androgen-
excess disorders or specific etiologies including
congenital adrenal hyperplasia, Cushing’s syn-
drome, thyroid hormone abnormalities, hyperp-
rolactinemia, or ovarian/adrenal tumors were
excluded. All PCOS patients had no history of
previous first-trimester miscarriage or pregnan-
cy. No patients had received exogenous hor-
monal therapy for at least three months before
the procedure.

Primary in vitro tissue culture

Briefly, endometrial tissues were obtained from
the two PCOS patients with hyperplasia and
placed in cold PBS in the operating room and
immediately delivered to the laboratory after
the surgery. Endometrial tissues were rinsed in
PBS to remove blood and debris and then dis-
sected into uniform 0.5-1 mm?3 pieces with a
fine scalpel under a stereomicroscope. Tissue
samples were washed three times with RPMI-
1640 medium (Sigma-Aldrich) and placed in
24-well tissue culture plates (Sarstedt, Newton,
MA) containing RPMI-1640 medium with 100
IU/mL penicillin/streptomycin (GIBCO-BRL, San
Francisco, CA) as described previously [25].
The endometrial tissues were treated with vehi-
cle or metformin (20 mM, D-150959, Sigma-
Aldrich) and were incubated in a humidified
incubator (37°C, 95% 02, 5% CO2) for 24 hours.
Metformin was dissolved in sterile water.
Because a number of in vitro experiments have
used doses of metformin from 1 mM to 40 mM,
which is well above the feasible therapeutic
plasma levels (2.8 yM-15 uM) in humans [26],
we have selected to use 20 mM metformin in
our culture study. At the end of the experiments,
cultured tissues were snap-frozen in liquid
nitrogen and stored at -70°C.
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Protein isolation and Western blot analysis

Endometrial tissues were lysed using RIPA buf-
fer (Sigma-Aldrich) supplemented with cOm-
plete mini protease inhibitor cocktail tablets
(Roche Diagnostics, Mannheim, Germany) and
PhosSTOP phosphatase inhibitor cocktail tab-
lets (Roche Diagnostics). After incubation for
15 minutes on ice, tissue lysates were cleared
by centrifugation at 13,000 rpm for 30 minutes
at 4°C, and the total protein concentration of
the supernatant was determined with a Direct
Detect® spectrometer (EMD Millipore Corpo-
ration, Billerica, MA). Immunoblotting was per-
formed as previously described [27]. Equal
amounts of protein for each treatment group
were resolved on NuPAGE 4-12% Bis-Tris gels
(Invitrogen, Life Technologies Europe BV, Sto-
ckholm, Sweden), transferred onto PVDF mem-
branes, and probed for GLUT4 (ab33780,
Abcam, Cambridge, UK), AR (#5153, Cell Sig-
naling Technology, Danvers, MA), OCT1 (AV-
41516, Sigma-Aldrich), OCT2 (HPAO0O8567,
Sigma-Aldrich), OCT3 (ab183071, Abcam), insu-
lin receptor-B subunit (B-IR, #07-724, Millipore,
Temecula, CA), Akt (#4691, Cell Signaling Te-
chnology), phospho-Akt (#12694, Cell Signaling
Technology), S6 ribosomal protein (S6RB,
#2217, Cell Signaling Technology), phospho-S6
ribosomal protein (p-S6RB, #4858, Cell Sig-
naling Technology), elF4E binding protein 1
(4EBP1, #9452, Cell Signaling Technology),
phospho-4EBP1 (#9459, Cell Signaling Tech-
nology), or B-actin (P-0130, Sigma-Aldrich) at
1:1000-1:2000 dilutions in 0.01 M Tris-
buffered saline supplemented with Triton X-100
(TBST) containing 5% nonfat dry milk. This was
followed by anti-mouse IgG horseradish peroxi-
dase (HRP)-conjugated goat antibody (A2304,
1:1000 dilution, Sigma-Aldrich) or anti-rabbit
IgG HRP-conjugated goat antibody (A0545,
1:1000 dilution, Sigma-Aldrich). When neces-
sary, PVDF membranes were stripped using
Restore PLUS Western blot stripping buffer
(Thermo Scientific, Rockford, IL) for 10 minutes
at room temperature, washed twice in 0.01 M
TBST, and reprobed.

Immunofluorescence analysis

Immunofluorescence was performed in the
human and rat endometrial tissues as des-
cribed previously [28]. Endometrial tissues
were fixed in 4% formaldehyde neutral-buffered
solution for 24 h at 4°C and were embedded in
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Figure 1. Immunofluorescence localization of GLUT4 in human endometrium. Representative paraffin-embedded
endometrial sections in the proliferative stage of healthy women (A1, A2) and women with PCOS (B1) and in women
with PCOS and hyperplasia (B2). GLUT4 was significantly decreased in glandular epithelial cells in women with
PCOS (B1) and PCOS with hyperplasia (B2) compared to controls (A1, A2). The images are representative of those
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observed in numerous sections from multiple endometrial tissues. (C) Quantification of GLUT4 immunofluorescence
intensity in human endometrium. The top row of images shows the histology of hematoxylin/eosin-stained human
endometrial biopsy samples. The lower row consists of magnified images of the top row and shows immunostaining
of GLUT4 (red) mainly in the membrane and cytoplasm. Ten fields were observed per patient in each group. Values
are the mean + SD, and significance was tested by one-way ANOVA with Bonferroni correction for multiple compari-
sons when appropriate. Experiments were performed using different endometrial donors with similar results. The
image in the lower right shows the negative control. ***p < 0.001. Prolif., the proliferative phase; ge, glandular

epithelial cells; str, stromal cells.

paraffin and cut into 5 um sections. After depa-
raffinization and rehydration, antigen retrieval
was completed with 10 mM sodium citrate buf-
fer (pH 6.0) for 10 min in a 700 W microwave
oven. After incubation with TBST containing 5%
fat-free milk for 1 h at room temperature, slides
were incubated with an antibody against GLUT4
(1:100 dilution in TBST containing 5% nonfat
milk) overnight at 4°C. A secondary Alexa Fluor
594-conjugated goat polyclonal anti-mouse
IgG (1:250 dilution, Invitrogen) was applied at
room temperature for 1 h. After the sections
were washed with TBST, they were re-suspend-
ed in mounting medium containing DAPI
(4',6'-diamidino-2-phenylindole; Vector Labor-
atories, Burlingame, CA) and examined under
either a Nikon E-1000 microscope (Japan) and
photomicrographed using Easy Image 1 (Ber-
gstrom Instrument AB, Sweden) or under an
Axiovert 200 confocal microscope (Zeiss, Jena,
Germany) equipped with a laser-scanning con-
focal imaging LSM 700 inverted system (Zeiss)
and photomicrographed. Background settings
were adjusted based on the examination of
negative control specimens. Images of positive
staining were adjusted to make optimal use of
the dynamic range of detection.

Statistical analysis

Results are presented as means + SD. Sta-
tistical analyses were performed using SPSS
version 21.0 statistical software for Windows
(SPSS Inc., Chicago, IL). In all analyses, one-
way ANOVA using Bonferroni’'s multiple range
test was used to compare treatment groups. A
P-value less than 0.05 was considered statisti-
cally significant.

Results

Endometria from women with PCOS and from
DHT-induced rats showed significantly reduced
GLUT4 expression

The antibody against GLUT4 has been well
characterized and its specificity has been con-
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firmed in human and rat tissues [29-31]. We
first sought to examine which endometrial cells
expressed GLUT4 in healthy women during the
proliferative phase of the menstrual cycle.
Immunofluorescence analysis showed that
GLUT4 was strongly expressed in the glandular
epithelial cells but weakly expressed in the
stromal cells (Figure 1A1, 1A2). Furthermore,
the majority of the GLUT4 immunofluorescence
was observed on the surface of epithelial and
stromal cells while very little GLUT4-positive
immunoreactivity could be detected in the cyto-
plasm of those cells, if at all (Figure 1C, left).
The specificity of immunofluorescence staining
was demonstrated by replacing the GLUT4 anti-
body with normal rabbit serum at the equiva-
lent titer. Control sections did not show any evi-
dence of positive labeling (Figure 1D).

We next determined whether the GLUT4 expres-
sion was changed in the endometrial tissues
from PCOS patients. As shown in Figure 1B1,
1B2 and by quantified computer image analy-
sis in Figure 1C, the levels of epithelial GLUT4
were significantly reduced in PCOS patients
with and without endometrial hyperplasia com-
pared to menstrual-stage-matched normal
women. There was little evidence of significant
changes in stromal GLUT4 expression in PCOS
patients.

The DHT-induced PCOS-like animal model has
been developed to mimic the clinical situation
of women with PCOS [32], and we used this
model to investigate whether the reduction of
endometrial GLUT4 expression was dependent
on androgen stimulation. Immunofluorescence
analysis revealed that GLUT4 was mainly local-
ized in the luminal and glandular epithelial cells
as well as in stromal cells that were located
directly below the luminal epithelial cells in con-
trol animals at diestrus (Figure 2A1-A4) and at
other estrous stages (data not shown). A signifi-
cant reduction in epithelial and stromal GLUT4
expression was observed in DHT-treated ani-
mals compared to control animals (Figure
2B1-B4).

Am J Transl Res 2015;7(3):574-586
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Controls 3-m DHT
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Figure 2. Immunofluorescence localization of uterine GLUT4 in DHT-induced PCOS-like rats. Representative paraffin-
embedded uterine sections in rats treated without (A1-A4) and with 90 days of DHT (B1-B4) are shown. GLUT4
expression was significantly lower in luminal and glandular epithelial cells in DHT-induced PCOS-like rats than in
controls. The images are representative of those observed in numerous sections from multiple uterine endometrial
tissues. le, luminal epithelial cells; ge, glandular epithelial cells; str, stromal cells.
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Figure 3. Distribution of GLUT4 proteins in human endome-
trial tissues in vivo. Western blot with endometrial homogenate
samples from women with and without PCOS showed that the
level of GLUT4 was decreased in women with PCOS regardless
of whether hyperplasia was present. In contrast, the level of
androgen receptor (AR) was increased in women with PCOS
and was not associated with the level of GLUT4 when hyper-
plasia was present in the endometrium. B-actin was used as
an internal control.

Both androgen/AR and insulin/insulin recep-
tor signaling pathways were involved in the
regulation of endometrial GLUT4 expression

With the observation of decreased endometrial
GLUT4 expression in DHT-treated animals, we
hypothesized that the changes in androgen-
activated AR and its expression might be cor-
related with GLUT4 expression in PCOS
patients. We performed Western blot analyses
to assess the protein levels of endometrial
GLUT4 and AR in healthy controls and in PCOS
patients. As shown in Figure 3, PCOS patients
with both non-hyperplasia and hyperplasia had
a significant reduction of endometrial GLUT4
expression, and this was in accordance with
the data obtained by immunofluorescence
analysis (Figure 1B1,1B2 and 1C). Furthermore,
all PCOS patients regardless of hyperplasia
showed an increase in endometrial AR expres-
sion compared to healthy women. These data
suggest a direct link between PCOS-related
hyperandrogenism and GLUT4 regulation in
vivo. It is important to note that a different pat-
tern of AR expression was found between non-
hyperplasia and hyperplasia in women with
PCOS. We showed that the increased AR level
was not similar in PCOS patients under differ-
ent stages of endometrial development (Figure
3). These results raised the question of which
additional factor or factors might play a role in
the regulation of GLUT4 expression in PCOS
patients with endometrial hyperplasia.
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Because previous studies have shown that
metformin, an oral biguanide insulin-sensi-
tizing drug [33], decreased circulating insu-
lin levels, increased tissue-specific insulin
sensitivity [34, 35], and decreased local
androgen synthesis in human ovarian cells
[36, 37], it is possible that both androgen
and insulin signaling are involved in the reg-
ulation of endometrial GLUT4 expression. To
address this question, we treated and cul-
tured endometrial hyperplasia tissues with
20 mM metformin. Our data indicated an
enhancement of GLUT4 levels in parallel
with a decreased AR level in endometrial
hyperplasia tissues following 24-h metfor-
min treatment (Figure 4A, left). These data
suggested that metformin-induced regula-
tion of endometrial GLUT4 and AR expres-
sion is time dependent.

The molecular mechanisms of metformin
action in human endometrial hyperplasia

Because endometrial cells express OCT iso-
forms-which are the major uptake transporters
for metformin in cells [15]-we further analyzed
the expression of endometrial OCT1, OCT2, and
OCT3 using a similar protocol as the in vitro
metformin treatment. Here, we observed up-
regulation of OCT1, down-regulation of OCT3,
and no changes in OCT2 in response to 24-h
metformin treatment (Figure 4A, left). To iden-
tify the signaling pathway leading to the chang-
es of GLUT4 in endometrial hyperplasia tissues
following 24-h metformin treatment, we next
determined the levels of protein expression
and/or phosphorylation of some key molecules
in the insulin receptor/Akt/mTOR signaling net-
work in the same tissue samples. Results from
Western blot analysis showed that metformin
treatment led to reduced levels of insulin
receptor-B subunit (B-IR), phosphorylated Akt,
phosphorylated S6 ribosomal protein (S6RP),
and phosphorylated eukaryotic translation ini-
tiation factor 4E-binding protein 1 (4EBP1, a
translation repressor protein) in endometrial
hyperplasia tissues (Figure 4A, right).

Discussion

The endometrium is a dynamic organ that is
composed of several different cell types, includ-
ing luminal and glandular epithelial cells and
stroma cells [38, 39]. In the present study, we
showed that GLUT4 was expressed in normal
human and rat endometria; however, there

Am J Transl Res 2015;7(3):574-586
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Figure 4. The direct effect of metformin in human endometrial tissues in vitro. A. Treatment of endometrial tissues
from women with PCOS and hyperplasia with metformin (20 mM) for 24 h increased the levels of GLUT4 and de-
creased the levels of AR. The metformin treatment also resulted in an increased level of OCT1 and decreased levels
of insulin receptor-f subunit (B-IR), phosphorylated Akt (p-Akt), phosphorylated S6 ribosomal protein (p-S6RP), and
phosphorylated elF4E binding protein 1 (p-4EBP1). No effect was seen on the level of OCT2. Levels of total Akt,
S6RP, 4EBP1, and B-actin were used as internal controls. Experiments were performed using different endometrial
donors with similar results. B. The proposed signaling network between AR and insulin receptor/Akt/mTORC1 in
the endometrial tissues that is responsible for metformin’s effects in vitro. Blue-colored molecules represent those
found to be regulated by metformin treatment in this study. T, testosterone; AR, androgen receptor; OCT, organic
cation transporter; mTORC1, mammalian target of rapamycin complex 1.

were appreciable differences in protein expres-
sion levels between epithelial and stromal
cells. Although the expression of GLUT4 in
endometrial stromal cells under physiological
conditions is more controversial [4, 9, 14], we
revealed the presence of stromal GLUT4 in
human endometria using an immunofluores-
cence technique. Similarly, an in vitro study
indicated that GLUT4 protein levels can be
detected by Western blot analysis in human
endometrial stromal cells [40]. Using the same
antibody, we also found that GLUT4 was highly
expressed in stromal cells that were located
directly below the luminal epithelial cells in the
rat uterus. Furthermore, in the normal rat and
mouse uterine stromal cells GLUT4 is differen-
tially expressed [4, 5]. Thus, these in vivo and in
vitro studies suggest that endometrial stromal
GLUT4 expression under basal conditions might
be species specific.

It has been assumed that PCOS-related implan-
tation failure, recurrent miscarriage, and spon-
taneous abortion [2, 41] are due at least in part
to aberrant glucose metabolism in the endome-
trium [2]. Because hyperandrogenemia is nega-
tively associated with glucose metabolism in
women [21], numerous laboratories have taken
great interest in the aberrant in vivo expression
of GLUT4, a glucose transporter protein, in the
endometria of women with PCOS [6, 10, 14,
42-44]. We also found that the protein levels of
GLUT4 were significantly reduced in PCOS
patients compared to menstrual-stage-matc-
hed normal controls. However, these studies
are unable to address the question if the aber-
rant expression of GLUT4 is a consequence of
hyperandrogenemia and/or hyperinsulinemia
and insulin resistance. In this study, we have
used a DHT-induced PCOS-like rat model [32]
to determine whether androgen initially reduc-
es endometrial GLUT4 expression in vivo. We
showed that endometrial GLUT4 levels were
significantly decreased in DHT-treated rats, and
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the reduction of GLUT4 expression in the rat
uterus after androgen stimulation is in agree-
ment with in vivo association studies in PCOS
patients. In a cell culture system, Zhang and
Liao also found that treatment with testoster-
one resulted in a reduction of GLUT4 protein
levels in human endometrial epithelial cells
[45]. These observations suggest that hyperan-
drogenemia in PCOS patients might directly
contribute to the down-regulation of endome-
trial GLUT4 expression. Androgen signaling is
mediated through AR activation, and in agree-
ment with this we observed contrasting protein
expression patterns of endometrial GLUT4 and
AR in PCOS patients. Future research with flu-
tamide, an AR antagonist, should be able to
establish whether AR acts directly on the endo-
metrial GLUT4 expression. In addition, future
research should focus on how AR activity as a
transcription factor affects GLUT4-mediated
impairments in cellular metabolism in the
endometrium.

A highly significant correlation has also been
noted between insulin resistance and PCOS
[11, 13], and approximately 50%-70% of all
women with PCOS suffer from insulin resis-
tance [46]. It has also been reported that
women with insulin resistance exhibit decre-
ased GLUT4 expression in adipose and muscle
tissues [1]. Having observed a differential regu-
lation pattern of AR expression in PCOS patients
with and without hyperplasia, we hypothesized
that some additional factors such as insulin-
mediated insulin receptor signaling might also
contribute to the differential regulation of endo-
metrial GLUT4 expression in PCOS patients
with and without hyperplasia. In fact, in vivo
studies of PCOS patients have shown that
endometrial tissues express insulin receptor
and that hyperinsulinemia-associated decreas-
es in endometrial GLUT4 expression can be
reversed by metformin treatment [14, 43]. In
this study, we found that down-regulation of
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insulin receptor expression was associated
with up-regulation of GLUT4 expression in
endometrial hyperplasia tissues after metfor-
min treatment in vitro. Thus, it appears that
insulin-mediated insulin receptor signaling is
involved in the regulation of endometrial GLUT4
expression in PCOS patients. It is known that
the PI3K/Akt/mTOR signaling pathway is down-
stream of insulin-mediated insulin receptor sig-
naling and that Akt participates in the process
of insulin-stimulated glucose transport as well
as contributes to cell growth, proliferation, and
metabolism by directly phosphorylating mTOR
in a rapamycin-sensitive complex [15, 47].
While an increase in Akt phosphorylation was
found in PCOS patients with endometrial hyper-
plasia in vivo [48, 49], we demonstrated that
treatment with metformin decreased Akt phos-
phorylation in endometrial hyperplasia tissues
in vitro. In general, insulin-mediated activation
of PI3K/Akt/mTOR signaling results in an
increase in mMRNA translation, protein synthe-
sis, and cell growth and proliferation by induc-
ing the p70 S6 kinase and the subsequent
phosphorylation of S6BP and increased 4EBP1
phosphorylation [50]. However, the down-
stream effects of the mTOR complex in endo-
metrial tissues in PCOS patients have, to our
knowledge, not been reported previously. We
showed that metformin had a similar effect on
the phosphorylation of S6 and 4EBP1 in endo-
metrial hyperplasia tissues. Our data together
with other studies [14, 40, 43, 44, 49] suggest
the feasibility of clinical trials of metformin in
PCOS patients with endometrial disorders.

Recent studies undertaken in our laboratory
have demonstrated that human and rat endo-
metria express OCTs, which are known to be
involved in metformin uptake in cells [15]. In
the current study, we have provided direct in
vitro evidence showing that treatment with
metformin specifically increases OCT1 expres-
sion and decreases OCT3 expression in endo-
metrial hyperplasia tissues. This suggests that
the effects of metformin that lead to aberrant
expression of endometrial GLUT4 are direct
effects.

In summary, this study demonstrates that
GLUT4 protein is expressed in human and rat
endometria under physiological conditions. The
levels of endometrial GLUT4 were found to be
down-regulated by PCOS conditions, and this
down-regulation in PCOS was associated with
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increased AR expression. Our in vitro experi-
ments support our hypothesis that metformin
is capable of regulating endometrial cell func-
tion directly and that the regulation of endome-
trial GLUT4 expression in women with PCOS is
at least in part via the activation of androgen-
dependent AR and insulin receptor/PI3K/Akt/
mTOR signaling pathways (Figure 4B). Our data
suggest the importance of investigating further
the function of endometrial GLUT4 under physi-
ological conditions and how the loss of GLUT4-
mediated glucose metabolism affects PCOS
patients.
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