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Abstract
Background: Women with polycystic ovary syndrome (PCOS) exhibit a low fertility by chronic hyperandrogenemia. Different
evidence have shown that androgens could regulate the endoplasmic reticulum (ER) homeostasis and glucose metabolism.
However, it is unclear whether androgens can exert these effects on human endometrial stromal cells. Our goal was to study the
protein content of GRP78 (an ER homeostasis marker) in endometria from women with PCOS and healthy women and to assess
the GRP78 protein levels and its relationship with glucose uptake on a human endometrial stromal cell line stimulated with
testosterone. Methods: Immunohistochemistry assays for GRP78 were performed on endometrial samples obtained from
women with PCOS (n¼ 8) and control women subjected to hysterectomy (n¼ 8). Western blot analysis for GRP78 and glucose
uptake was assessed in a telomerase-immortalized human endometrial stromal cell line (T-HESC) exposed to testosterone for
24 or 48 hours and challenged to an insulin short-term stimulation. Tukey test was performed for human samples comparison.
Student t test or ANOVA–Bonferroni test was carried out according to the in vitro experiment. P < .05 was considered as
significant. Results: GRP78 stromal immunostaining was reduced in PCOS endometria compared to controls (P < .05). The
T-HESC shows a testosterone-dependent downregulation of GRP78 protein content (P < .05), concomitant with half-reduction in
glucose uptake compared to controls (P < .05). Moreover, enhanced small interfering RNA against GRP78 messenger RNA leads
to a decrease in glucose uptake (P < .05). Such effects were reverted by hydroxyflutamide, an inhibitor of androgen receptor.
Conclusion: These results suggest that hyperandrogenemic PCOS environment could compromise the endometrial home-
ostasis confirmed by the decrease in glucose uptake induced by testosterone and exhibited by stromal cells.
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Introduction

Human endometrium is a cyclic steroid hormonal-sensitive

tissue where steroids from ovarian origin command cell prolif-

eration and differentiation in proliferative and secretory endome-

trial phases, respectively.1 Endometrial function is crucial in

processes such as recognition, adherence, and embryo implanta-

tion. It is constituted by luminal glandular epithelia plus stromal

compartment with blood vessels, fibroblasts, and several

immune cell types such as macrophages.2 Functionally, endome-

trial stroma responds to ovarian steroids during the proliferative

phase of the menstrual cycle, providing glycogen storage neces-

sary for endometrial decidualization and embryo receptivity. In

this context, protein expression of several glucose transporters in

human endometrium, such as GLUT3, GLUT8, the insulin-

dependent glucose transporter GLUT4, and specially GLUT1,

endorses the energetic requirement in this tissue for a cyclic

and dynamic metabolic demand, which is necessary for

decidualization of stromal cells.2,3 However, the energetic endo-

metrial homeostasis could be altered as has been observed in

women with polycystic ovary syndrome (PCOS).4,5
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Polycystic ovary syndrome is an endocrine–metabolic disor-

der present in 5% to 10% of women in fertile age, characterized

by a clinical and/or biochemical hyperandrogenism.6 Also, a

higher pregnancy failure risk with a 30% to 50% probability

of miscarriage in women with PCOS, compared to normal pop-

ulation, has been reported.1 The endometria from these women

exhibit several molecular alterations that disrupt the endocrine

and metabolic function of the tissue. In this context, PCOS

endometria have shown several alterations in the insulin signal-

ing pathway, GLUT4 gene expression, and its protein content,

suggesting impairment on the endometrial reproductive func-

tions in these patients. Moreover, the hyperandrogenemic

environment in women with PCOS could affect glucose home-

ostasis in endometrial cells7-9 and in other tissues such as

adipose and skeletal muscle.10,11 Nevertheless, how this envi-

ronmental condition deregulates the endometrial homeostasis

is still unclear. Several studies in animal and in vitro models

show that endoplasmic reticulum (ER) stress is involved in the

insulin resistance development and changes in energy metabo-

lism.12-14 In this regard, androgens promote the expression of

ER chaperones, including GRP78 in prostate cells, in vitro and

ex vivo.15,16 GRP78 is a Ca2þ-dependent ATPase chaperone

involved in the relief of ER stress, increasing the folding activ-

ity in the ER lumen.17 Also, GRP78 is implicated in maintain-

ing glucose uptake in glucose storage tissues.12 However, it is

unclear whether GRP78 regulates glucose uptake in human

endometrial stromal cells and whether androgens can control

GRP78 protein levels and glucose uptake in these cells.

Given the responsiveness of human endometrial tissue to

androgens, as observed in endometria from women with PCOS

having hyperandrogenemia, we studied ex vivo the GRP78 pro-

tein content in endometria from women with PCOS compared

to fertile patients, as well as in vitro in a human endometrial

stromal cell line exposed to testosterone where glucose uptake

was assessed.

Materials and Methods

Participants

In this study, 16 patients were recruited: 8 women with PCOS

having hyperandrogenemia and 8 fertile healthy patients as

controls. The endometrial samples were obtained with a Pipelle

suction curette from the corpus of the uteri from patients with

PCOS. In the case of controls, the samples were obtained at

the time of hysterectomy due to benign uterine pathology. The

endometrial samples from both groups were obtained during

the proliferative phase, using Noyes criteria18 by an experi-

enced pathologist. The diagnosis of PCOS was according to the

Androgen Excess and PCOS Society criteria.19 Hyperandro-

genemia condition was considered in patients with a free

androgen index (FAI) higher than 4.5. The FAI was calculated

as the ratio between total testosterone and sex hormone-binding

globulin (SHBG) plasma levels, as in previous studies.9-20

Blood glucose and insulin levels were evaluated by an oral

glucose tolerance test (OGTT) with 75 g load of glucose.

Additionally, homeostasis model assessment (HOMA) index

and insulin sensitive index (ISI) composite were calculated for

all patients. The exclusion criteria were women who presented

hyperprolactinemia (prolactin >35 ng/mL), hypothyroidism

(thyroid-stimulating hormone >5 mUI/mL), androgen-

secreting tumors (total testosterone >2 ng/mL; dehydroepian-

drosterone sulfate >3600 mg/dL), Cushing syndrome (urine

cortisol concentration >50 mg/dL at 24 hours and fasting

plasma concentration of cortisol >25 mg/dL), congenital adre-

nal hyperplasia (17-OH progesterone >2.5 ng/mL), diabetes

or treatment with hormones within 3 months prior to the

recruitment into the study and/or ovulation induction.

Ethical Committees from the Faculty of Medicine and

Clinical Hospital from the University of Chile approved this

research where all patients signed an informed written consent

to be included in this study.

Tissue Assessment

Endometrial tissue samples were fixed in 4% buffered formal-

dehyde for 24 hours, embedded in paraffin, and cut into 5-mm

thick sections before histological and immunohistochemical

studies.

Immunohistochemical Assay

Paraffin sections of human endometrial tissue were deparaffi-

nized in xylene and gradually hydrated through graded alco-

hols. The sections were incubated in 10 mmol/L sodium

citrate buffer (pH 6.0) at 95�C for 30 minutes, incubating the

samples in 3% hydrogen peroxide for 15 minutes to prevent

endogenous peroxidase activity. Nonspecific antibody binding

was inhibited by incubating samples with a commercial block-

ing solution (Histostain-SP; Invitrogen, Maryland) for 15 min-

utes. Primary antibody to GRP78 (1:500, monoclonal; Cell

Signaling Technology, Massachusetts) was applied to the sam-

ples and incubated overnight at 4�C. The internal control was

carried out on adjacent sections incubated without the primary

antibody. A biotinylated horseradish peroxidase secondary

antibody was used for the detection of immune signal. Chromo-

genic revealed was developed by the streptavidin-peroxidase

system, and 3,30-diaminobenzidine was used as the substrate;

counterstaining was performed with hematoxylin (Dako,

California). The slides were evaluated on an (Olympus BX51,

Japan) optical microscope. Slide analysis was performed by the

measurement of positive pixel intensity with the use of the semi-

quantitative analysis tool integrated optical density, from Image

Pro Plus 6.0 program. Equally sized areas were taken at random

in the stroma and epithelia in different regions of the sample.

Cell Culture and Treatments

A commercial telomerase human endometrial stromal cell line

responsive to steroid hormones (T-HESC; ATCC, CRL-4003),

obtained from primary cultures of endometrial stroma,21 was

used for in vitro studies, as reported previously.7,20,22,23 The
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T-HESC cells were cultured in growth media (Dulbecco

modified eagle medium [DMEM] Ham F-12 medium, 10%
fetal bovine serum treated with dextran carbon, puromycin

500 ng/mL, and 1� antimycotic/antibiotic) at 37�C in 5%
CO2 atmosphere until confluence was achieved. After 80%
confluence, cells were cultured in 6-well plates, 700 000

cells/plate in growth media with 2% fetal bovine serum treated

with dextran carbon, at 37�C in a 5% CO2 atmosphere. The cul-

tures were further subjected for 24 or 48 hours to testosterone

100 nmol/L (Sigma-Aldrich, Germany) according to previous

studies.7,10,20 Furthermore, after testosterone treatment, some

cell cultures were challenged with 100 nmol/L insulin short

term (20 minutes) to assess glucose uptake. Once the cultures

were stimulated, the media was aspirated and the cells were

lysated with radioimmunoprecipitation assay buffer and pro-

cessed as described previously.7,8,20. To determine the activa-

tion of androgen receptor by testosterone, the cells were

incubated with hydroxyflutamide 10 mmol/L for 30 minutes

previous to the addition of testosterone 100 nmol/L, as

reported.7 To silence the GRP78 translation, T-HESC cultures

were incubated with an enhanced small interfering RNA

(esiRNA) overnight (200 nmol/L) in Opti-MEM1 (California)

and replaced with DMEM Ham F-12 medium, 2% of fetal

bovine serum treated with dextran carbon, at 37�C in a 5%
CO2 atmosphere prior to hormonal stimulation.

Western Blot Assay

Total proteins (30 mg from cultured cells) were denatured and

fractionated using 10% or 12% sodium dodecyl sulfate–polya-

crylamide gel electrophoresis gels. The protein content was

transferred to a nitrocellulose membrane, and the protein trans-

ference was confirmed by Ponceau S staining. The membranes

were blocked for 1 hour in TTBS (20 mmol/L of Tris, pH 7.5;

137 mmol/L of NaCl; and 0.1% Tween-20) with 5% non-fat

milk. The membranes were washed twice for 5 minutes with

TTBS and incubated with anti-GRP78 (1:500, #3177 rabbit

monoclonal; Cell Signaling) overnight at 4�C. The membranes

were then washed twice for 5 minutes with TTBS and incu-

bated for 1 hour at room temperature with anti-rabbit immuno-

globulin G (IgG) peroxidase-linked species-specific antibody

(1:5000; Kirkegaard & Perry Laboratories [KPL], Maryland).

b-Actin was detected as loading control (1:20000, mouse

monoclonal; Sigma-Aldrich and 1:10000, antimouse IgG per-

oxidase linked; KPL, 30 minutes at room temperature). After

antibody incubation, the membranes were washed with TTBS

3 times for 5 minutes, and the bound antibodies were detected

with enhanced chemiluminescence substrate (Western Lightning

Plus-ECL; Perkin-Elmer, Massachusetts). Band intensities were

quantified by scanning densitometry utilizing the UN-SCAN-IT

software, Automated Digitizing System, version 5.1.

Glucose Uptake Assay

Cells were plated in 12-well plates at 1.5� 104 cells/well. After

hormone treatment described previously, the cell cultures were

incubated in transport media containing 15 mmol/L 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid buffer pH 7.6,

135 mmol/L NaCl, 5 mmol/L KCl, 1.8 mmol/L CaCl2,

0.8 mmol/L MgCl2, and 10 mmol/L deoxy-D-glucose. Uptake

assays were performed in 500 mL of transport media containing

1 mCi/mL of 2-deoxy-D-[1,2(N)3H]glucose (Perkin-Elmer,

Massachusetts) for 5 minutes at room temperature. Later, glu-

cose uptake was stopped 3 times with 1 mL of ice-cold stop solu-

tion (135 mmol/L NaCl, 5 mmol/L KCl, 1.8 mmol/L CaCl2, 0.8

mmol/L MgSO4, and 0.2 mmol/L HgCl2). Cells were dissolved

in 500 mL of lysis buffer (0.5 mmol/L NaOH). Liquid scintilla-

tion of 3.5 mL was added to the samples for radioactivity deter-

mination. To subtract the unspecific glucose uptake, the

flavonoid quercetin (150 mm) was used to block GLUT1 trans-

porters in each experiment.24,25

Statistical Analysis

Comparison groups were analyzed by Tukey test for human

samples comparison, and Student t test or ANOVA and Bonfer-

roni test was carried out according to the in vitro experiment.

P value <.05 was considered as significant. Statistical tests

were performed using GraphPad Prism 6 software.

Results

Clinical and Endocrine Features of Controls and Patients
With PCOS

Clinical and hormonal characteristics of women participants in

this study are summarized in Tables 1 and 2. Women with

PCOS exhibit hyperandrogenemia, according to higher levels

of total testosterone and a decrease in circulating SHBG levels,

both expressed in higher FAI in the PCOS group compared to

control patients (Table 1; P < .05). Body mass index was sim-

ilar between patients with PCOS and controls (Table 1). Levels

of steroid ovarian hormones, 17b-estradiol and progesterone, in

the PCOS group were similar to controls (Table 1). Moreover,

PCOS and control groups showed similar glucose and insulin

Table 1. Age, Body Mass Index, and Circulating Steroids Hormones
of Controls and Patients With PCOS.a

Parameters Controls (n ¼ 8) PCOS (n ¼ 8)

Age 29 + 8 27.9 + 5.2
Body mass index, kg/m2 26 + 4 (23-32) 25.6 + 0.2
FAI 1.72 + 0.9 8.63 + 1.6b

Testosterone, ng/mL 22 + 12 55 + 10b

Androstenedione, ng/mL 5 + 1.8 5.2 + 4
SHBG, nmol/L 44 + 5 22 + 4b

DHEAS, md/dL 209 + 33 210 + 184
Estradiol, pmol/L 183 + 97 143 + 60
Progesterone, nmol/L 3 + 0.6 2.5 + 1.6

Abbreviations: DHEAS, dehydroepiandrosterone sulfate; FAI, free androgen
index; PCOS, polycystic ovary syndrome; SD, standard deviation; SHBG, sex
hormone binding globulin.
aThe data are expressed as mean + SD.
bP < .05.
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values, basal and post OGTT, as well as HOMA-insulin resis-

tance (IR) and ISI composite (Table 2). Histology of endome-

trial samples was similar in both studied groups and correlate

with the proliferative phase of endometrium (data not shown),

as we have reported previously.9-26

GRP78 Protein Expression in Human Endometrial
Samples From Women With PCOS

To evaluate the levels and distribution of GRP78 protein in

the endometrial compartments, immunohistochemistry assays

were carried out in both patients with PCOS and controls. Pro-

tein levels of GRP78 were similar in epithelial compartment of

endometria from both studied groups of participants. However,

the percentage of GRP78-positive cells (controls: 88% + 10%;

PCOS: 35% + 9%) as well as the median value of GRP78 pro-

tein levels decreased around 50% in stromal cells from PCOS

endometria compared to the control group (Figure 1; P < .05).

GRP78 Protein Levels and Glucose Uptake
in Testosterone-Treated T-HESC Cells

To mimic the hyperandrogenic environment, the effects of tes-

tosterone were tested protein levels of GRP78 in T-HESC cell

cultures incubated with testosterone 100 nmol/L for 24 or

48 hours, and GRP78 protein content was evaluated by West-

ern blot assays. As shown in Figure 2, after 48 hours of testos-

terone treatment, GRP78 protein levels were reduced around

40% by testosterone, compared to untreated cells (Figure 2C

and D; P < .05). Nevertheless, testosterone stimulation had

no effect on GRP78 protein levels at 24 hours of culture

(Figure 2A and B). In order to test whether testosterone regu-

lates glucose uptake in T-HESC cultures, insulin short-term sti-

mulation and tritiated 2-deoxyglucose uptake assays were

carried out in the same cell passages utilized for GRP78 West-

ern blots, after 24 or 48 hours of testosterone treatment. After

48 hours of testosterone stimulus, glucose uptake decreased

by 50% compared with control cells (Figure 3B; P < .05),

whereas, 24 hours after testosterone stimulation, cell cultures

exhibit similar levels of glucose uptake compared to untreated

cells (Figure 3A).

GRP78 Protein Levels and Glucose Uptake in T-HESC
Cells Treated With Hydroxyflutamide

To confirm the specificity of testosterone effects on GRP78

protein levels and glucose uptake, T-HESC cultures were pre-

incubated with hydroxyflutamide, an inhibitor of the androgen

receptor, previously to 48 hours of testosterone stimulation. As

expected, GRP78 protein levels decreased 30% by testosterone

100 nmol/L, compared to untreated cells, but not in testosterone-

stimulated cells exposed to hydroxyflutamide, where protein

levels of GRP78 were similar to cell cultures treated with the

inhibitor alone (Figure 4A and B; P < .05). Likewise, glucose

uptake was reduced to 50% by testosterone stimulation and

was unchanged when androgen receptor activity was blocked

(Figure 5; P < .05).

Glucose Uptake in T-HESC Cultures Incubated With an
siRNA to GRP78 Transcript

To elucidate a possible role of GRP78 on glucose uptake in

stromal endometrial cells, T-HESCs were transfected with a

commercial esiRNA to reduce the GRP78 translation, prior

to a short-term insulin stimulus (100 nmol/L for 20 minutes).

As shown in Figure 6, in T-HESC cultured cells incubated with

the esiRNA with or without insulin for 20 minutes, GRP78

protein levels diminished by 50% compared to non-esiRNA–

incubated cell cultures (Figure 6A and B; P < .05). On the other

hand, glucose uptake was increased a 30% in short-term

insulin-stimulated cells compared to untreated cell cultures

(Figure 7A). However, in silenced GRP78 cells and stimulated

with a short-term insulin, glucose uptake was inhibited by 75%,

compared to insulin-treated cells without esiRNA (Figure 7A

and B; P < .05). Interestingly, insulin-untreated cultures showed

a diminished glucose uptake when GRP78 translation was

reduced by the esiRNA (Figure 7A and B; P < .05).

Discussion

Polycystic ovary syndrome is characterized by a chronic hyper-

androgenism and a higher risk to develop insulin resistance

with compensatory hyperinsulinemia, metabolic syndrome,

and type 2 diabetes mellitus in the absence of treatment. In this

context, the excess of androgens exerts a wide type of molecu-

lar alterations in several tissues including the endometrium,

leading to an insulin signaling and glucose uptake deregula-

tion.4,5,7,9 Besides, androgen effects have been related to ER

homeostasis, promoting gene expression of ER chaperones and

cytoplasmic proteins involved in the ER stress response, as

reported in prostate cancer.16 In this regard, ex vivo and in vitro

studies in prostate cancer cells and LNCaP prostate cell line,

respectively, show that androgens lead to an increase in the

transcriptional activity of genes that codify for ER stress-

induced proteins such as NDRG1 and HERPUD1,17 besides

an increase in messenger RNA (mRNA) and protein levels of

GRP78.15 As known, GRP78 is a key chaperone involved in

ER protein folding and relieving the ER stress.17 Nevertheless,

Table 2. Metabolic Parameters of Controls and Patients With
PCOS.a

Parameters Controls (n ¼ 8) PCOS (n ¼ 8)

Fasting insulin, mUI/dL 7.8 + 3.5 5 + 1.2
Insulin 120, mUI/dL 45.6 + 15.4 47.8 + 11.1
Fasting glucose, mg/dL 96.1 + 12.4 90.2 + 4.3
Glucose 120 minutes, mg/dL 95 + 15.7 106.5 + 13.2
HOMA IR 1.5 + 1 1.7 + 0.2
ISI Composite 8.1 + 4.7 8 + 1.8

HOMA-IR, homeostasis model assessment of insulin resistance; ISI composite,
insulin sensitivity index of Matsuda; PCOS, polycystic ovary syndrome; SD,
standard deviation.
The data are expressed as mean + SD.

764 Reproductive Sciences 23(6)

 at UNIVERSIDAD DE CHILE on August 11, 2016rsx.sagepub.comDownloaded from 

http://rsx.sagepub.com/


Figure 1. Immunohistochemical assay of GRP78 protein in endometrial samples. A, Representative immunostaining of GRP78 protein in con-
trols (n¼ 8) and polycystic ovary syndrome (PCOS) endometria (n¼ 8) magnified at�400. Bar¼ 50 mm. B, Magnification of control and PCOS
images at �1000. Bar ¼ 50 mm (IC, internal control without primary antibody). C, Semiquantitation of GRP78 protein levels in endometrial
epithelia and stroma from controls and PCOS endometria, expressed in arbitrary units (AU). Arrows indicate positive GRP78 immunostaining.
The data are shown as median + standard deviation (SD). *P < .05.

Rosas et al 765

 at UNIVERSIDAD DE CHILE on August 11, 2016rsx.sagepub.comDownloaded from 

http://rsx.sagepub.com/


it is still unclear how androgens regulate the ER function and

glucose uptake in the endometrial tissue, particularly in the

endometrial stroma, which maintains the glucose storage for

an appropriate endometrial function.2 To address this, we eval-

uated ex vivo the protein levels and pattern expression of

GRP78 (considered an early ER stress marker)17 in endometrial

samples from patients with PCOS and compared with endome-

trial tissue from fertile women. Also, we developed an in vitro

cell model to evaluate testosterone effects on GRP78 protein

levels and glucose uptake in human endometrial stromal cells.

The results of PCOS endometria show a significant decrease

in GRP78 protein levels and a diminution in GRP78-positive

Figure 2. GRP78 protein levels in testosterone-treated telomerase-immortalized human endometrial stromal cell line (T-HESC) cultures.
A, Representative gel of Western blot assay of GRP78 after 24 hours of testosterone stimulation (T). B, Semiquantitation of GRP78 protein
content after testosterone treatment for 24 hours normalized with b-actin protein levels. C, Western blot assay for GRP78 after 48 hours
of testosterone stimulation. D, Semiquantitation of GRP78 protein content after testosterone treatment for 48 hours normalized with b-actin
protein content. The data from 3 independent experiments in duplicate are expressed as mean fold change with respect to untreated controls
(Cn) + standard error (SE). *P < .05.

Figure 3. [H3]-2-Deoxyglucose uptake in testosterone-treated telomerase-immortalized human endometrial stromal cell line (T-HESC)
cultures. Cell cultures from the same cell passage used for immune blots of GRP78 were incubated with testosterone (T) for 24 or 48 hours
followed by 20-minute insulin stimulation (100 nmol/L). A, [H3]-2-Deoxyglucose uptake after 24 hours of testosterone treatment. B, [H3]-2-
Deoxyglucose uptake after 48 hours of testosterone treatment. The data from 5 independent experiments in duplicate are expressed as mean
fold change with respect to untreated controls (Cn) + standard error (SE). *P < .05.
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stained cells in the stromal compartment from patients with

PCOS. We attribute these effects to the hyperandrogenemic

state of these women in the absence of obesity and insulin resis-

tance, given their normal body mass index and the euglycemic

and normoinsulinemic status assessed by different measure-

ments, such as fasting and circulating insulin levels after

OGTT, HOMA-IR, and ISI composite.27,28 Nonetheless, it is

useful to compare these findings with endometria from obese

and women with PCOS having insulin resistance, where such

abnormal conditions could alter insulin-induced cell signaling

and probably glucose uptake into the tissue.4,5,7,8,29

On the other hand, in vitro results showed that testosterone

exposure induces a reduction in GRP78 protein content, conco-

mitant with a reduced glucose uptake in the stromal cell model.

Our findings are in agreement with the fact that testosterone

leads to 50% diminution in glucose uptake in subcutaneous adi-

pocytes from women without PCOS, although GRP78 was not

included in that study.10 Importantly, GRP78 protein has been

addressed to stimulate the energetic metabolism in different

cell models, as well as the ER stress response.12,30,31 Therefore,

the evidence obtained in the present work highly suggests that

GRP78 could be necessary for glucose availability in human

endometrial stromal cells and that GRP78 protein content could

be downregulated by androgen action. To corroborate these

observations, an esiRNA was used against the transcript of

GRP78 in T-HESC stimulated with a short-term insulin dose,

which leads to a decrease in glucose uptake. Interestingly, such

effect was also observed in insulin-untreated cell cultures incu-

bated with GRP78-esiRNA, suggesting a role for GRP78 in

the constitutive glucose uptake process in endometrial stromal

cells. In addition, androgen activity has been implicated in the

regulation of glucose homeostasis in several cell models. For

instance, dehydroepiandrosterone or testosterone stimulation

induces GLUT1 and GLUT4 translocation to the plasma mem-

brane in human adipocytes and skeletal muscle cells and

increases IRS-1 total protein content in T-HESC.23,32-34 In con-

trast, several evidence have associated testosterone as a nega-

tive effector of energetic metabolism, such as glucose uptake

and insulin signaling, where testosterone stimulation leads to

a decrease in mRNA and protein levels of IRS-1 with an

increase in its serine phosphorylation in human endometria

explants and in mouse skeletal muscle.35-36 In addition, long

exposure to testosterone of 3T3-L1 and C2C12 cell lines

reduces the protein levels of IRS-1 and GLUT4.37 Neverthe-

less, none of the above-mentioned reports include GRP78 as

part of testosterone-regulated glucose uptake mechanism.

Besides the role of GRP78 as signaling mediator in ER stress,

the present investigation describes a novel regulation of testos-

terone on GRP78 protein content, which is negatively involved

in glucose uptake in immortalized endometrial stromal cells.

Figure 4. GRP78 protein levels in telomerase-immortalized human
endometrial stromal cell line (T-HESC) cultures treated with hydroxy-
flutamide (HF) and testosterone. Cell cultures preincubated for
30 minutes with hydroxyflutamide were stimulated with testosterone
(T, 100 nmol/L) for 48 hours followed by short-term insulin
(20 minutes, 100 nmol/L) stimulation. A, Representative immunoblot
of GRP78 in cells stimulated with testosterone with or without HF.
B, Semiquantitation of GRP78 protein levels. Western blot assays were
normalized with b-actin protein content. The data from 5 independent
experiments in duplicate are expressed as mean fold change with
respect to untreated controls (Cn) + standard error (SE). *P < .05.

Figure 5. [H3]-2-Deoxyglucose uptake in telomerase-immortalized
human endometrial stromal cell line (T-HESC) treated with hydroxy-
flutamide and testosterone. Cell cultures preincubated for 30 minutes
with hydroxyflutamide (HF) were stimulated with testosterone
(T, 100 nmol/L) for 48 hours followed by short-term insulin
(20 minutes, 100 nmol/L) stimulation. [H3]-2-Deoxyglucose uptake
assays were assessed in the same cell passage for GRP78 immunoblots,
with or without hydroxyflutamide. The data from 5 independent
experiments in duplicate are expressed as mean fold change with
respect to untreated controls (Cn) + standard error (SE). *P < .05.
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Furthermore, androgen actions also involve the ER homeostasis

regulation by stimulating the expression of calcium-dependent

ER resident chaperones (GRP78 included), improving the ER

protein folding in human prostate tissue.16 Unlike these findings,

the present study is the first evidence that testosterone could

negatively regulate the protein levels of GRP78. Moreover, tes-

tosterone was unable to increase the mRNA levels of GRP78

(data not shown). Probably, the discrepancy of data between

prostate and endometrial models is due to the different origin

of both tissues.

In conclusion, testosterone exposure could deregulate glu-

cose availability by reducing GRP78 protein levels in endome-

trial stromal cells. Given that most of the patients with PCOS

are obese and exhibit biochemical hyperandrogenemia plus

Figure 6. GRP78 protein levels in telomerase-immortalized human endometrial stromal cell line (T-HESC) cultures treated with a GRP78-
enhanced small interfering RNA (esiRNA). A, Representative immunoblot of GRP78 in cell cultures preincubated with an esiRNA to GRP78
overnight followed by insulin short-term stimulation (100 nmol/L, 20 minutes). B, Semiquantitation of GRP78 protein levels in cells incubated
with an esiRNA to GRP78. C, Immunoblot of GRP78 in cell cultures preincubated with a scrambled siRNA (Sc). D, Semi-quantitation of GRP78
protein levels in cells incubated with Sc, followed by insulin short-term stimulation (20 minutes). Western blot assays were normalized with
b-actin protein content. The data from 3 independent experiments in duplicate are expressed as mean fold change with respect to untreated
controls (Cn) + standard error (SE). *P < .05.

Figure 7. [H3]-2-Deoxyglucose uptake in telomerase-immortalized human endometrial stromal cell line (T-HESC) cultures treated with an
enhanced small interfering RNA (esiRNA) to GRP78. A, [H3]-2-Deoxyglucose uptake assays in cell cultures preincubated with an esiRNA over-
night followed by insulin short-term stimulation (20 minutes). B, [H3]-2-Deoxyglucose uptake assays in cells treated with a scrambled siRNA
(Sc). [H3]-2-Deoxyglucose uptake assays were assessed in the same cell passage for GRP78 immunoblots with or without esiRNA. The data
from 5 independent experiments in duplicate are expressed as mean fold change with respect to untreated controls (Cn) + standard error
(SE). *P < .05.
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hyperinsulinemia, further studies are necessary to know how

these metabolic features influence on GRP78 protein levels

in the endometrium of these women. Moreover, androgen

effects on the glucose uptake could be reflected on the endome-

trial glucose storage and compromise the normal development

of the endometrium through the menstrual cycle. Potentially,

these alterations could be detrimental to cell decidualization

or for the uterine morphological and molecular adaptation for

embryo receptivity and implantation, which could explain in

part the higher spontaneous miscarriage rate observed in

patients with PCOS.
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of experiments and analysis of data. C. Poblete performed cell cul-

tures. R. Carvajal contributed to the execution of experiments.

F. Gabler contributed to analysis and classification of histological

samples. C. Romero contributed to analysis of data and discussion

of results. S. Lavandero and M. Vega contributed to design of

experiments, analysis of data, discussion of results, and manuscript

redaction.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to

the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support

for the research, authorship, and/or publication of this article: This

research was supported by FONDECYT 1130053 (M.V.), FONDAP

15130011 (S.L. and C.M.), and doctoral thesis support (CONICYT

24121256).

References

1. Giudice LC. Endometrium in PCOS: implantation and predisposi-

tion to endocrine CA. Best Pract Res Clin Endocrinol Metab.

2006;20(2):235-244.

2. Frolova AI, Moley KH. Glucose transporters in the uterus: an

analysis of tissue distribution and proposed physiological roles.

Reproduction. 2011;142(2):211-220.

3. Frolova AI, Moley KH. Quantitative analysis of glucose transpor-

ter mRNAs in endometrial stromal cells reveals critical role

of GLUT1 in uterine receptivity. Endocrinology. 2011;152(5):

2123-2128.

4. Carvajal R, Rosas C, Kohan K, et al. Metformin augments the

levels of molecules that regulate the expression of the insulin-

dependent glucose transporter GLUT4 in the endometria of

hyperinsulinemic PCOS patients. Hum Reprod. 2013;28(8):

2235-2244.

5. Kohan K, Carvajal R, Gabler F, Vantman D, Romero C, Vega M.

Role of the transcriptional factors FOXO1 and PPARG on gene

expression of SLC2A4 in endometrial tissue from women with

polycystic ovary syndrome. Reproduction. 2010;140(1):123-131.

6. Diamanti-Kandarakis E, Dunaif A. Insulin resistance and the

polycystic ovary syndrome revisited: an update on mechanisms

and implications. Endocr Rev. 2012;33(6):981-1030.

7. Rivero R, Garin CA, Ormazabal P, et al. Protein expression of

PKCZ (Protein Kinase C Zeta), Munc18c, and Syntaxin-4 in the

insulin pathway in endometria of patients with polycystic ovary

syndrome (PCOS). Reprod Biol Endocrinol. 2012;10:17.

8. Rosas C, Gabler F, Vantman D, Romero C, Vega M. Levels of

Rabs and WAVE family proteins associated with translocation

of GLUT4 to the cell surface in endometria from hyperinsuline-

mic PCOS women. Hum Reprod. 2010;25(11):2870-2877.

9. Fornes R, Ormazabal P, Rosas C, et al. Changes in the expression

of insulin signaling pathway molecules in endometria from poly-

cystic ovary syndrome women with or without hyperinsulinemia.

Mol Med. 2010;16(3-4):129-136.

10. Corbould A. Chronic testosterone treatment induces selective

insulin resistance in subcutaneous adipocytes of women. J Endo-

crinol. 2007;192(3):585-594.

11. Hojlund K, Glintborg D, Andersen NR, et al. Impaired insulin-

stimulated phosphorylation of Akt and AS160 in skeletal muscle

of women with polycystic ovary syndrome is reversed by piogli-

tazone treatment. Diabetes. 2008;57(2):357-366.

12. Nakatsuka A, Wada J, Iseda I, et al. Vaspin is an adipokine ame-

liorating ER stress in obesity as a ligand for cell-surface GRP78/

MTJ-1 complex. Diabetes. 2012;61(11):2823-2832.

13. Gregor MF, Yang L, Fabbrini E, et al. Endoplasmic reticulum

stress is reduced in tissues of obese subjects after weight loss.

Diabetes. 2009;58(3):693-700.

14. Ozcan U, Cao Q, Yilmaz E, et al. Endoplasmic reticulum stress

links obesity, insulin action, and type 2 diabetes. Science. 2004;

306(5695):457-461.

15. Segawa T, Nau ME, Xu LL, et al. Androgen-induced expression

of endoplasmic reticulum (ER) stress response genes in prostate

cancer cells. Oncogene. 2002;21(57):8749-8758.

16. Ma C, Yoshioka M, Boivin A, et al. Atlas of dihydrotestosterone

actions on the transcriptome of prostate in vivo. Prostate. 2009;

69(3):293-316.

17. Zhu G, Lee AS. Role of the unfolded protein response, GRP78

and GRP94 in organ homeostasis. J Cell Physiol. 2015;230(7):

1413-1420.

18. Noyes RW, Hertig AT, Rock J. Dating the endometrial biopsy.

Am J Obstet Gynecol. 1975;122(2):262-263.

19. Azziz R, Carmina E, Dewailly D, et al. Positions statement: cri-

teria for defining polycystic ovary syndrome as a predominantly

hyperandrogenic syndrome: an Androgen Excess Society guide-

line. J Clin Endocrinol Metab. 2006;91(11):4237-4245.

20. Garcia V, Orostica L, Poblete C, et al. Endometria from obese

PCOS women with hyperinsulinemia exhibit altered adiponectin

signaling. Horm Metab Res. 2015;47(12):901-909.

21. Krikun G, Mor G, Alvero A, et al. A novel immortalized human

endometrial stromal cell line with normal progestational response.

Endocrinology. 2004;145(5):2291-2296.

Rosas et al 769

 at UNIVERSIDAD DE CHILE on August 11, 2016rsx.sagepub.comDownloaded from 

http://rsx.sagepub.com/


22. Plaza-Parrochia F, Bacallao K, Poblete C, et al. The role of

androst-5-ene-3beta,17beta-diol (androstenediol) in cell prolifera-

tion in endometrium of women with polycystic ovary syndrome.

Steroids. 2014;89:11-19.

23. Ormazabal P, Romero C, Quest AF, Vega M. Testosterone mod-

ulates the expression of molecules linked to insulin action and

glucose uptake in endometrial cells. Horm Metab Res. 2013;

45(9):640-645.

24. Vera JC, Reyes AM, Velasquez FV, et al. Direct inhibition of the

hexose transporter GLUT1 by tyrosine kinase inhibitors. Bio-

chemistry. 2001;40(3):777-790.

25. Perez A, Ojeda P, Ojeda L, et al. Hexose transporter GLUT1 har-

bors several distinct regulatory binding sites for flavones and tyr-

phostins. Biochemistry. 2011;50(41):8834-8845.

26. Bacallao K, Plaza-Parrochia F, Cerda A, et al. Levels of regu-

latory proteins associated with cell proliferation in endometria

from untreated patients having polycystic ovarian syndrome with

and without endometrial hyperplasia. Reprod Sci. 2016;23(2):

211-218.

27. DeFronzo RA, Matsuda M. Reduced time points to calculate the

composite index. Diabetes Care. 2010;33(7):e93.

28. McAuley KA, Mann JI, Chase JG, Lotz TF, Shaw GM. Point:

HOMA—satisfactory for the time being: HOMA: the best bet for

the simple determination of insulin sensitivity, until something

better comes along. Diabetes Care. 2007;30(9):2411-2413.

29. Mozzanega B, Mioni R, Granzotto M, et al. Obesity reduces the

expression of GLUT4 in the endometrium of normoinsulinemic

women affected by the polycystic ovary syndrome. Ann N Y Acad

Sci. 2004;1034:364-374.

30. Biswas N, Friese RS, Gayen JR, Bandyopadhyay G, Mahata SK,

O’Connor DT. Discovery of a novel target for the dysglycemic

chromogranin A fragment pancreastatin: interaction with the cha-

perone GRP78 to influence metabolism. PLoS One. 2014;9(1):

e84132.

31. Yamagishi N, Ueda T, Mori A, Saito Y, Hatayama T. Decreased

expression of endoplasmic reticulum chaperone GRP78 in liver of

diabetic mice. Biochem Biophys Res Commun. 2012;417(1):

364-370.

32. Perrini S, Natalicchio A, Laviola L, et al. Dehydroepiandroster-

one stimulates glucose uptake in human and murine adipocytes

by inducing GLUT1 and GLUT4 translocation to the plasma

membrane. Diabetes. 2004;53(1):41-52.

33. Sato K, Iemitsu M, Aizawa K, Ajisaka R. Testosterone and DHEA

activate the glucose metabolism-related signaling pathway in

skeletal muscle. Am J Physiol Endocrinol Metab. 2008;294(5):

E961-E968.

34. Sato K, Iemitsu M, Aizawa K, Ajisaka R. DHEA improves

impaired activation of Akt and PKC zeta/lambda-GLUT4

pathway in skeletal muscle and improves hyperglycaemia in

streptozotocin-induced diabetes rats. Acta Physiol (Oxf). 2009;

197(3):217-225.

35. Zhang L, Liao Q. Effects of testosterone and metformin on glu-

cose metabolism in endometrium. Fertil Steril. 2010;93(7):

2295-2298.

36. Allemand MC, Irving BA, Asmann YW, et al. Effect of testoster-

one on insulin stimulated IRS1 Ser phosphorylation in primary rat

myotubes—a potential model for PCOS-related insulin resistance.

PLoS One. 2009;4(1):e4274.

37. Chen X, Li X, Huang HY, Li X, Lin JF. Effects of testosterone on

insulin receptor substrate-1 and glucose transporter 4 expression

in cells sensitive to insulin [in Chinese]. Zhonghua Yi Xue Za Zhi.

2006;86(21):1474-1477.

770 Reproductive Sciences 23(6)

 at UNIVERSIDAD DE CHILE on August 11, 2016rsx.sagepub.comDownloaded from 

http://rsx.sagepub.com/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


