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Polycystic ovary syndrome (PCOS) is associated with hyperandrogenism, and we previously 
found that androgens activate endoplasmic reticulum (ER) stress in granulosa cells from patients 
with PCOS. In addition, recent studies demonstrated the accumulation of advanced glycation 
end products (AGEs) in granulosa cells from PCOS patients, which contribute to the pathology. 
Therefore, we hypothesized that androgens upregulate the receptor for AGEs (RAGE) expression 
in granulosa cells by activating ER stress, thereby increasing the accumulation of AGEs in these 
cells and contributing to the pathology. In the present study, we show that testosterone increases 
RAGE expression and AGE accumulation in cultured human granulosa-lutein cells (GLCs), and this is 
reduced by pretreatment with tauroursodeoxycholic acid (TUDCA), an ER stress inhibitor in clinical 
use. Knockdown of the transcription factor C/EBP homologous protein (CHOP), an unfolded protein 
response factor activated by ER stress, inhibits testosterone-induced RAGE expression and AGE 
accumulation. The expression of RAGE and the accumulation of AGEs are upregulated in granulosa 
cells from PCOS patients and dehydroepiandrosterone-induced PCOS mice. Administration of the 
RAGE inhibitor FPS-ZM1 or TUDCA to PCOS mice reduces RAGE expression and AGE accumulation 
in granulosa cells, improves their estrous cycle, and reduces the number of atretic antral follicles. In 
summary, our findings indicate that hyperandrogenism in PCOS increases the expression of RAGE 
and accumulation of AGEs in the ovary by activating ER stress, and that targeting the AGE-RAGE 
system, either by using a RAGE inhibitor or a clinically available ER stress inhibitor, may represent 
a novel approach to PCOS therapy. (Endocrinology 161: 1–13, 2020)
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Polycystic ovary syndrome (PCOS) is the most 
common endocrine and metabolic disorder in 

women of reproductive age, and hyperandrogenism is 
a key factor in its pathophysiology (1-4). Previously, we 
demonstrated that androgen activates endoplasmic re-
ticulum (ER) stress in granulosa cells from PCOS patients 
and mice, and that this contributes to the pathology of 

PCOS, including ovarian fibrosis and the growth arrest 
of antral follicles (5, 6). ER stress, which involves the ac-
cumulation of unfolded or misfolded proteins in the ER, 
is incited by various physiological and pathological con-
ditions that increase the demand for protein folding or 
attenuate the protein-folding capacity of the ER (7, 8). 
It results in the activation of several signal transduction 
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cascades, collectively termed the unfolded protein re-
sponse (UPR), which affects a wide variety of cellular 
functions (5, 6, 9-12).

It has been recently recognized that advanced 
glycation end products (AGEs) accumulate in the 
granulosa cells of PCOS patients (13) and contribute 
to the pathology by affecting a number of cellular pro-
cesses, such as steroidogenesis, glucose metabolism, 
and the production of proinflammatory cytokines (10, 
14, 15). AGEs are produced by the Maillard reaction, 
in which the carbonyl groups of carbohydrates react 
nonenzymatically with the primary amino groups of 
proteins, which bind to the receptor for AGEs (RAGE) 
and activate downstream signaling (16-18). AGEs ac-
cumulate in several tissues under various pathological 
conditions and during normal aging (16, 19); however, 
the mechanisms that regulate the expression of RAGE 
and the accumulation of AGEs are largely unknown.

On the basis of these findings, we hypothesized that 
androgens upregulate RAGE expression in granulosa 
cells by activating ER stress, and this increases the local 
accumulation of AGEs and contributes to PCOS path-
ology. To test this hypothesis, we determined the effects 
of testosterone on RAGE expression and AGE accumu-
lation in cultured human granulosa-lutein cells (GLCs), 
and the role of ER stress, in particular that of the UPR 
transcription factor C/EBP homologous protein (CHOP). 
We then measured the expression of RAGE and the ac-
cumulation of AGEs in the granulosa cells of PCOS pa-
tients and in those of mice with dehydroepiandrosterone 
(DHEA)-induced PCOS. We also determined the in vivo 
effects of a RAGE inhibitor (FPS-ZM1) and a clinically 
available ER stress inhibitor (tauroursodeoxycholic acid; 
TUDCA) on the accumulation of AGEs in granulosa 
cells, in the estrous cycle, and in atretic antral follicle 
formation in a mouse model of PCOS. FPS-ZM1 is a 
recently developed RAGE-specific inhibitor, for which 
therapeutic effects were demonstrated in several path-
ologies associated with the accumulation of AGEs, 
including Alzheimer disease, in animal models (20-22). 
TUDCA has been used to treat liver diseases and to dis-
solve gallstones (23), and recent studies revealed that 
TUDCA functions as a chemical chaperone that attenu-
ates protein misfolding and ameliorates ER stress (24).

Materials and Methods

Human samples
Women undergoing in vitro fertilization were recruited 

from the University of Tokyo Hospital, Matsumoto Ladies’ 
Clinic, Hamada Clinic, and Akihabara Clinic. To compare the 
messenger RNA (mRNA) and protein expression of RAGE 

between patients with and without PCOS, we measured this 
in GLCs obtained from 11 PCOS patients and 10 control pa-
tients. Ovaries harvested from 3 PCOS patients and 3 control 
patients were also evaluated immunohistochemically. PCOS 
was diagnosed accordingly to the Rotterdam criteria (25), 
and the inclusion criteria for the control group were as fol-
lows: normal ovulatory cycle, no endocrine abnormalities, and 
normal ovarian morphology, confirmed ultrasonographically 
or histologically. Written informed consent was obtained from 
all the participants, and the experimental procedures were ap-
proved by the University of Tokyo Institutional Review Board 
with approval number 3594-(6). The study was conducted in 
accordance with the principles of the Declaration of Helsinki.

Mouse model of polycystic ovary syndrome
A well-established model of PCOS, created by the admin-

istration of DHEA to mice, was used in this study (26-28). 
Forty 3-week-old female Balb/C mice were obtained from 
Japan  SLC (Hamamatsu) and were allocated to 4 groups 
(control, PCOS, PCOS plus FPS-ZM1, and POCS plus 
TUDCA). Mice in the control group were orally administered 
normal saline, subcutaneously injected with sesame oil, and 
intraperitoneally administered dimethyl sulfoxide (DMSO). 
Mice in the PCOS group were orally administered normal 
saline, subcutaneously injected with DHEA (6  mg/100  g of 
body weight; Sigma-Aldrich), and intraperitoneally injected 
with DMSO. Mice in the PCOS plus FPS-ZM1 group were 
orally administered normal saline, subcutaneously injected 
with DHEA, and intraperitoneally injected with FPS-ZM1 
(0.1 mg/100 g of body weight; Cayman Chemical). Mice in the 
PCOS plus TUDCA group were orally administered TUDCA 
(50  mg/100  g of body weight; Tokyo Chemical Industry), 
subcutaneously injected with DHEA, and intraperitoneally 
injected with DMSO. The treatments were administered for 
20 days, and the mice were humanely killed on day 21, when 
their ovaries were harvested. The doses of each substance used 
were determined in previous studies (6, 12, 22, 29). All the 
procedures described here were conducted in accordance with 
accepted standards of humane animal care, and specifically ac-
cording to the guidelines and regulations of the University of 
Tokyo Committee on the Use and Care of Animals.

Isolation and culture of human granulosa-
lutein cells

The retrieval of GLCs from follicular fluid was carried out 
as previously described (5, 10). Briefly, granulosa cell aggre-
gates were dispersed using 0.2% hyaluronidase at 37°C for 
30  minutes. Then, the suspension was slowly layered over 
Ficoll-Paque (GE Healthcare, Buckinghamshire, UK) and cen-
trifuged at 700 × g for 30 minutes. The trilayer created by this 
density gradient separation technique contained the GLCs at 
the interface, and they were collected; resuspended in DMEM/
F12 (Invitrogen) containing 10% fetal bovine serum (BioWest) 
and antibiotics (penicillin 100  U/mL, streptomycin 0.2  mg/
mL, and amphotericin B 250  ng/mL; Sigma-Aldrich). GLCs 
were adjusted to a density of 2 × 105 cells/mL and cultured in 
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6-well or 48-well plates. All GLCs were precultured for 3 to 
5 days before treatment at 37°C in a humidified atmosphere 
containing 5% CO2. After the preculture, GLCs were charac-
terized as corresponding to the nonluteinized granulosa cells 
at early antral stage (30).

Treatment of human granulosa-lutein cells
To determine the effects of testosterone on the expression 

of RAGE, human GLCs were treated with 0.5, 1, 5, 10, or 
50  µg/mL testosterone (Tokyo Chemical Industry) for 3 to 
24  hours. To determine the most appropriate working con-
centration of testosterone, we initially determined the effects 
of various concentrations of testosterone on the induction of 
RAGE expression at the beginning of this study, with refer-
ence to concentrations previously used (5, 31-36). As shown 
in Fig. 1, testosterone increased RAGE mRNA expression at 
5 µg/mL and increased it further, in a dose-dependent manner, 
up to 50  µg/mL. Therefore, we employed 50  µg/mL testos-
terone as a model of hyperandrogenism in cultured human 
GLCs in subsequent experiments. On the basis of the results 
of a time-course experiment, cells were incubated with testos-
terone for 24 hours in subsequent experiments.

Next, we determined the effect of ER stress inhibition on 
testosterone-induced RAGE expression. GLCs were treated 

with 1  mg/ml TUDCA for 24 hours, and then with testos-
terone for a further 24 hours. Pretreatment with TUDCA was 
performed as described previously (5, 6, 12). To knock down 
CHOP, small interfering RNA (siRNA) was obtained from 
Dharmacon (GE Healthcare) in the form of SMARTpools: 
ON-TARGETplus Human DDIT3 siRNA (L004819-00-
0005) and negative control ON-TARGETplus Non-targeting 
Pool (D-001810-10-20). GLCs were transfected with 50 nM 
siRNA for 24 hours in Opti-MEM Reduced Serum Medium 
(Thermo Fisher) using Lipofectamine RNAiMAX (Thermo 
Fisher). After transfection, this medium was removed and 
the GLCs were treated with testosterone for 24 hours. To 
evaluate the involvement of the androgen receptor (AR) in 
the mechanism of testosterone-induced RAGE expression, 
GLCs were treated with testosterone after preincubation 
with flutamide (Sigma-Aldrich), an AR antagonist, at 5  µM 
for 48 hours, or with siRNA targeting AR (SMARTpool: 
ON-TARGETplus human siRNA AR, L-003400-00-0020; 
Dharmacon, GE Healthcare). To examine the effects of testos-
terone mediated through conversion to estradiol, GLCs were 
treated with testosterone after preincubation with letrozole 
(Letrozole, L6545, Sigma-Aldrich), an aromatase inhibitor, at 
1 µM for 48 hours, or with siRNA targeting estrogen receptor 
2 (ESR2), a dominant ESR in granulosa cells (SMARTpool: 

Figure 1. Testosterone increases receptor for advanced glycation end products (RAGE) expression in cultured human granulosa-lutein cells 
(GLCs), and this effect is reduced by inhibition of endoplasmic reticulum (ER) stress. A, GLCs treated with 50 µg/mL testosterone for 0, 3, 
9, and 24 hours. B, GLCs treated with 0.5, 1, 5, 10, or 50 µg/mL testosterone for 24 hours. C and D, GLCs preincubated with the ER stress 
inhibitor tauroursodeoxycholic acid (TUDCA) (1 mg/mL) for 24 hours and then incubated with 50 µg/ml testosterone for 24 hours. A to C, RAGE 
messenger RNA expression in GLCs measured using real-time polymerase chain reaction and normalized to GAPDH expression. The values are the 
means ± SEM of triplicate or quadruplicate experiments, expressed relative to the mean control value. D, Western blotting was performed using 
anti-RAGE or anti-AGE antibodies, with β-actin as the loading control. Results are representative of 3 different samples and at least 3 independent 
experiments per sample. Letters denote significant differences among groups. *P less than .05.
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ON-TARGETplus human siRNA ESR2, L-003402-00-0020; 
Dharmacon, GE Healthcare). The siRNA pool used as a nega-
tive control and the method of transfection were as described 
for the knockdown of CHOP. The doses of flutamide (5, 37-
39) and letrozole (40, 41) were determined according to the 
previous papers.

RNA extraction, reverse transcription, and 
quantitative real-time polymerase chain 
reaction

To obtain RNA from GLCs and to synthesize the corres-
ponding cDNA, a SuperPrep Cell Lysis & RT Kit for quanti-
tative polymerase chain reaction (qPCR) (Toyoba) was used. 
RAGE mRNA expression was measured using real-time qPCR 
and the obtained complementary DNA (cDNA). The 20 µL 
reaction volumes contained 10  µL KOD SYBR qPCR Mix 
(TOYOBO), 0.5  µL forward and reverse primers, and 2  µL 
cDNA. The analysis was performed using the Light Cycler 
System (Roche Diagnostic GmBH), and the target mRNA 
expression levels that were obtained were normalized to the 
corresponding expression levels of GAPDH mRNA, which 
served as a reference gene, and relative expression values are 
shown in each figure. The primer sequences were as follows: 
RAGE (sense, 5’-GGAAAGGAGACCAAGTCCAA-3’; anti-
sense, 5’-CATCCAAGTGCCAGCTAAGA-3’) and GAPDH 
(sense, 5’-TGGACCTGACCTGCCGTCTA-3’; antisense, 
5’-CTGCTTCACCACCTTCTTGA-3’). The cycling condi-
tions were 98°C, 60°C, and 68°C for 10, 10, and 30 seconds, 
respectively, for 40 cycles. For all the in vitro experiments, 
samples were analyzed in triplicate or quadruplicate.

Immunoblotting
PhosphoSafe Extraction Reagent (Novogen) was used to 

extract soluble proteins from the GLCs. The suspensions were 
sonicated for 10 minutes and then centrifuged to remove the 
insoluble material. The supernatants were collected, and the 
concentration of protein in each sample was measured using 
the BioRad protein assay reagent. A total of 30 μg/70 µg of 
each protein lysate was separated using 10% or 12% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis gels and 
transferred to membranes using a Trans-Blot Turbo Transfer 
System (BioRad). The membranes were then incubated in 5% 
skim milk in tris-buffered saline containing 0.1% Tween-20 
(TBST) for 1 hour at room temperature. Membranes blotted 
with 30 µg protein per lane were probed with an anti-RAGE 
antibody (RRID: AB_777613, 1:1000; Abcam [42]), and 
those blotted with 70 µg protein per lane were probed with 
an anti-AGE antibody (RRID: AB_447638, 1:1000; Abcam 
[43]) overnight at 4°C. Horseradish peroxidase-conjugated 
secondary antibody (anti-rabbit RRID: AB_2099233; Cell 
Signaling Technology, Danvers, MA [44]) was then applied 
at a 1:800 dilution. Chemiluminescence was detected using 
ECL Select Detection Reagent (GE Healthcare) and exposure 
times for RAGE and AGE of 0.5 and 1 second, respectively. 
Images were acquired on an ImageQuant LAS 4000 Mini 
luminescent image analyzer (GE Healthcare). Anti-β-actin 

antibody (RRID: AB_476697, 1:2000; Sigma-Aldrich [45]) 
was used to demonstrate the expression of β-actin, which 
was used as the loading control, and all the experiments 
were repeated 3 times. Quantification of intensity of bands 
was conducted using ImageJ software (National Institutes of 
Health) (46).

Immunohistochemistry
Human and mouse ovarian sections were immunostained 

using RAGE (RRID: AB_777613, 1:800; Abcam [42]) or AGE 
(RRID: AB_447638, 1:800; Abcam [43]) antibodies and the 
EnVision+ Dual Link System/HRP (DAB; Dako). Isotype-
specific immunoglobulin G was used as the negative control, 
and antigen retrieval was performed using Target Retrieval 
Solution (Dako). These procedures were repeated 3 times, in-
dependently, for each sample. The images were analyzed using 
ImageJ software (National Institutes of Health) (46). The 
number of positively stained granulosa cells were counted in 5 
randomly selected follicles in ovaries from 3 different patients 
or 5 different mice.

Examination of vaginal smears
Estrous cycle for each mouse was analyzed by obtaining 

vaginal smear daily between 9 am and 11 am from day 12 
of treatment until the day of humane killing. The detached 
vaginal cells were collected via vaginal saline lavage and 
transfer onto a clean glass. Air-dried smears were treated with 
Diff-Quick Solution (Sysmex). Mice estrous cycle was exam-
ined under light microscopy and the stage was determined 
as previously described (47). Briefly, smears with predomin-
antly nucleated epithelial cells were classified as proestrus. An 
estrus vaginal smear consisted mainly of cornified epithelial 
cells. Metestrus smear had an equal proportion of leukocytes, 
cornified, and nucleated epithelial cells. Finally, in the diestrus 
stage, the smear consisted primarily of leukocytes.

Quantification of atretic antral follicles
Ovaries from mice were fixed and embedded in paraffin, 

serially sectioned at 5  µm thickness, and then stained with 
hematoxylin and eosin to assess the distribution and classifica-
tion of follicles. Atretic follicles were identified by disorganiza-
tion, shrinkage, or loss of the granulosa cell wall; hypertrophy 
of theca cells; and disintegration of cumulus cells (48, 49), 
independent of the presence of an oocyte (50). The stained 
sections were examined by light microscopy using an Olympus 
BX50 Fluorescence Microscope. The number of atretic antral 
follicles were counted on every sixth section across the entire 
ovary, as previously described (51). To ensure each atretic an-
tral follicle was counted only once, adjacent sections were also 
analyzed.

Statistical analysis
Data were analyzed using JMP Pro 11 software (SAS 

Institute). For paired comparisons, the Student t  test was 
used, whereas for multiple comparisons, the Tukey-Kramer 
honest significant difference test was used. P less than .05 was 
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considered to represent statistical significance, and the data 
are displayed as means ± SEM.

Results

Testosterone increases RAGE expression in 
cultured human GLCs, and this is reduced by the 
inhibition of ER stress

To determine the effect of testosterone on RAGE 
mRNA expression, we treated human GLCs with 50 µg/
mL testosterone for 0, 3, 9, and 24 hours. The expres-
sion of RAGE mRNA was significantly higher in cells 
exposed to 24 hours of testosterone than in control 
cells (Fig.  1A). As shown in Fig.  1B, the induction of 
RAGE mRNA expression by testosterone was dose de-
pendent, as illustrated by significant differences in ex-
pression after treatment with 5, 10, or 50  µg/mL for 
24 hours. To determine whether ER stress participates 
in testosterone-induced RAGE expression, GLCs were 
pretreated with an ER stress inhibitor, TUDCA, and then 
treated with testosterone. As shown in Fig. 1C and 1D, 
pretreatment with TUDCA abrogated the testosterone-
induced RAGE mRNA and protein expression. We also 
examined the accumulation of AGEs in GLCs treated 
with testosterone. As shown in Fig. 1D, treatment with 
testosterone increased AGE immunoreactivity in GLCs, 
and this was reduced by pretreatment with TUDCA, 
similar to the pattern for RAGE expression.

Testosterone-induced RAGE expression is 
mediated by the UPR transcription factor CHOP 
in cultured human GLCs

Next, to determine the molecular mechanisms in-
volved in the upregulation of RAGE expression by 
testosterone, we knocked down CHOP, a transcrip-
tion factor that is activated during ER stress, by RNA 
interference. Following testosterone treatment, CHOP-
deficient cells demonstrated significantly lower expres-
sion of RAGE mRNA than control siRNA-treated cells 
(Fig. 2A). This finding was confirmed by Western blot-
ting, which showed a concomitant reduction in AGE 
immunoreactivity following CHOP silencing (Fig. 2B).

Both AR and ESR mediate testosterone-induced 
RAGE expression in cultured human GLCs

Pretreatment with flutamide, an AR antagonist, sig-
nificantly attenuated the induction of RAGE mRNA ex-
pression by testosterone (Fig.  3A). To further explore 
the role of AR signaling in this process, RAGE mRNA 
expression was measured in AR-deficient GLCs treated 
with testosterone. As shown in Fig. 3B, the knockdown 
significantly attenuated the testosterone-induced mRNA 

expression of RAGE. To examine the effects of testos-
terone mediated through conversion to estradiol, GLCs 
were treated with testosterone after preincubation 
with letrozole. As shown in Fig.  3C, pretreatment 
with letrozole significantly attenuated the induction of 
RAGE mRNA expression by testosterone. In addition, 
the knockdown of ESR2, a dominant ESR in human 
granulosa cells, significantly attenuated the testosterone-
induced mRNA expression of RAGE (Fig. 3D).

The expression of RAGE and the accumulation 
of AGEs are higher in the granulosa cells 
of PCOS patients than in those of control 
participants

As shown in Fig. 4, GLCs harvested from PCOS pa-
tients exhibited higher expression of RAGE mRNA and 
protein than those from control participants. To confirm 
the upregulation of RAGE in the granulosa cells of PCOS 
patients, immunohistochemical analysis was performed. 
As shown in Fig. 5A to 5E, RAGE immunoreactivity was 
also higher in granulosa cells from PCOS patients than 
in those from control participants. Immunohistochemical 
analysis using an anti-AGE antibody revealed a con-
comitant increase in the accumulation of AGEs in the 
granulosa cells of PCOS patients (Fig. 5F to 5J).

RAGE or ER stress inhibition reduces RAGE 
expression and AGE accumulation in granulosa 
cells, and improves the estrous cycle and 
ovarian morphology of mice with PCOS

Consistent with the results obtained in human 
ovaries, the immunoreactivities of RAGE and AGE were 
higher in the granulosa cells of PCOS mice (Fig. 6 and 
Fig. 7). As shown in Figs. 6 and 7, treatment of PCOS 
mice with a RAGE inhibitor, FPS-ZM1, reduced RAGE 
expression and AGE accumulation in granulosa cells, 
indicating that systemic administration of FPS-ZM1 
effectively inhibits the local AGE-RAGE system in the 
ovary. Examination of vaginal smears revealed an im-
provement in the estrous cycles of FPS-ZM1–treated 
PCOS mice, with a significant reduction in the number 
of acyclic animals, although their cycles were not com-
pletely normalized (Fig.  8C and 8E). The number of 
atretic follicles was also lower in the PCOS + FPS-ZM1 
group than in the untreated PCOS mice (Fig. 8F).

On the basis of the results of the in vitro experiments, 
we wondered whether ER stress inhibition with TUDCA 
would have similar effects to those of FPS-ZM1 treat-
ment. Administration of TUDCA reduced RAGE ex-
pression (Fig. 6) and AGE accumulation (Fig. 7) in the 
granulosa cells of PCOS mice. Furthermore, all PCOS 
mice treated with TUDCA exhibited estrous cycles, 
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Figure 2. C/EBP homologous protein (CHOP) mediates testosterone-induced receptor for advanced glycation end products (RAGE) expression. 
Granulosa-lutein cells (GLCs) were transfected with CHOP small interfering RNA (siRNA) (50 nM) or negative control siRNA (50 nM) for 24 hours 
and then treated with 50 µg/mL testosterone for 24 hours. A, RAGE messenger RNA expression in GLCs was measured using real-time polymerase 
chain reaction and was normalized to GAPDH expression. The values are the means ± SEM of triplicate or quadruplicate experiments, expressed 
relative to the mean control value. B, Western blotting was performed using anti-RAGE or anti-AGE antibodies, with β-actin as the loading control. 
The results are representative of at least 3 independent experiments using 3 different samples. Letters denote significant differences among groups.

Figure 3. Both androgen receptor (AR) and estrogen receptor (ESR) mediate testosterone-induced RAGE messenger RNA (mRNA) expression 
in cultured human granulosa-lutein cells (GLCs). A, GLCs were preincubated with 5 µM flutamide for 48 hours and then incubated with 50 µg/
mL testosterone for 24 hours. B, GLCs were transfected with AR small interfering RNA (siRNA) (50 nM) or negative control (50 nM), and then 
treated with 50 µg/mL testosterone for 24 hours. C, GLCs were preincubated with 1 µM letrozole for 48 hours and then incubated with 50 µg/
mL testosterone for 24 hours. D, GLCs were transfected with ESR2 siRNA (50 nM) or negative control (50 nM), and then treated with 50 µg/
mL testosterone for 24 hours. RAGE mRNA expression was measured using real-time polymerase chain reaction and was normalized to GAPDH 
expression. The values are the means ± SEM of triplicate or quadruplicate experiments, expressed relative to the mean control value. The letters 
denote significant differences among groups.
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although they were not completely normal (Fig. 8D to 
8E). The number of atretic follicles was also lower in the 
TUDCA-treated group (Fig. 8F).

Discussion

The present study shows that testosterone increases the 
expression of RAGE and the accumulation of AGEs in 
human GLCs, and that this is mediated by the UPR tran-
scription factor CHOP. The expression of RAGE and 
the accumulation of AGEs were higher in the granulosa 
cells of PCOS patients and in a mouse model of PCOS 
than those of control participants and in control mice. 
The administration of a RAGE inhibitor (FPS-ZM1) or 
a clinically available ER stress inhibitor (TUDCA) to 
PCOS mice reduced the expression of RAGE and the 
accumulation of AGEs in granulosa cells, and this was 
accompanied by an improvement in estrous cycling and 
a reduction in the number of atretic antral follicles.

In cultured human GLCs, RAGE expression was in-
creased by testosterone. Very few studies have examined 
the underlying mechanisms that regulate expression of 
RAGE to date. AGEs themselves induce RAGE expres-
sion in various types of human cells including GLCs 
(52-55); thus it seems that the AGE-RAGE system repre-
sents a vicious cycle, regardless of the affected cell type. 

In human vascular endothelial cells, tumor necrosis 
factor-α and 17β-estradiol also induce RAGE expres-
sion (53). The present study reveals that in granulosa 
cells, testosterone contributes to the induction of RAGE, 
in addition to AGEs themselves. Pretreatment with the 
AR antagonist flutamide or knockdown of AR using 
siRNA, as well as pretreatment with the aromatase 
inhibitor letrozole or knockdown of ESR, inhibits the 
stimulatory effect of testosterone on RAGE expression. 
These results imply that AR and ESR signaling are both 
involved in testosterone-induced RAGE expression, al-
though the respective role of AR and ESR signaling, as 
well as which signaling plays more critical roles in this 
process, remains to be elucidated. Intriguingly, several 
lines of evidence indicate a strong association between 
AGEs and hyperandrogenism (56): Serum AGEs and 
testosterone are positively correlated in PCOS patients 
(57), and the consumption of a high-AGE diet results 
in increases in RAGE expression and the deposition 
of AGEs in the ovary, which is associated with higher 
serum testosterone concentrations (58, 60). Therefore, 
it is plausible that the AGE-RAGE system in granulosa 
cells is coordinately upregulated by AGEs and testos-
terone in related conditions, including PCOS.

ER stress is activated by testosterone and mediates the 
increase in RAGE expression and the accumulation of 

Figure 4. Expression of receptor for advanced glycation end products (RAGE) in granulosa-lutein cells (GLCs) from control and polycystic ovary 
syndrome (PCOS) patients. A, RAGE messenger RNA expression in GLCs from control participants (n = 10) and from patients with PCOS (n = 11) 
was measured using real-time polymerase chain reaction and was normalized to GAPDH expression. The values are means ± SEM, expressed 
relative to the mean control value. B, Western blotting was performed using anti-RAGE antibody, with β-actin as the loading control, using the 
same set of samples as used in A. The results of quantitative analysis shown are means ± SEM, expressed relative to the mean control value. Two 
representative blots from different patients in each group are also shown. *P less than .05 compared with controls.
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AGEs in human GLCs. Of interest, there is substantial 
evidence that the AGE-RAGE system activates ER stress 
in various cells, including granulosa cells, as previously 
reported (10, 61, 62); however, this is the first report to 
show that ER stress is involved in the activation of the 
AGE-RAGE system. The results of the interference assay 
suggest that CHOP, a UPR transcription factor induced 
by ER stress, mediates the increase in RAGE expression 
and AGE accumulation induced by testosterone. We fo-
cused on CHOP, among various UPR factors, because 
RAGE expression is transcriptionally regulated in human 
vascular endothelial cells (53, 54), and the promoter re-
gion of RAGE harbors multiple CHOP binding sites. It is 
plausible that other UPR transcription factors may also 
be involved in this process. We previously demonstrated 
that ER stress is activated by testosterone, and that 
the activation of ER stress is required for testosterone-
induced apoptosis in these cells (5). When these findings 
are taken together with those of the present study, it ap-
pears that testosterone modulates various cellular func-
tions in granulosa cells via UPR pathways.

The expression of RAGE and the accumulation of 
AGEs were increased in the granulosa cells of PCOS 

patients and in those of mice with DHEA-induced 
PCOS. These findings are consistent with those of a pre-
vious study (13). Immunohistochemical examination 
of ovarian sections from PCOS women demonstrated 
stronger localization of both AGEs and RAGE in the 
granulosa cell layer than in that of healthy controls (13). 
In addition, several studies reported higher serum AGE 
concentrations (56) and lower concentrations of sol-
uble RAGE, a decoy receptor for AGE that serves as an 
inhibitor of the AGE-RAGE system, in follicular fluid 
(63, 64). AGEs are formed exogenously, consumed in 
the diet or inhaled when smoking, or endogenously; 
the latter is accelerated by aging, hyperglycemia, and 
obesity (56). Evidence for the potential involvement of 
AGEs in PCOS is further strengthened by the finding 
that rodents fed a high-AGE diet exhibit PCOS-like 
phenotypes (52, 65). AGEs seem to have both systemic 
and local effects on the pathogenesis of PCOS; they alter 
the function of various cell types, including vascular 
endothelial cells, adipocytes, and granulosa cells (56). In 
granulosa cells, AGEs increase the production of estra-
diol and proinflammatory cytokines (10, 15), and they 
reduce glucose uptake (14).

Figure 5. Expression of receptor for advanced glycation end products (RAGE) and accumulation of AGEs in granulosa cells from control 
participants and patients diagnosed with polycystic ovary syndrome (PCOS). Immunohistochemical analysis was performed on the ovaries 
of 3 patients with PCOS and 3 without. A to D, Cross-sections of ovaries were stained with anti-RAGE antibody and counterstained with 
hematoxylin; E, quantitative analysis. F to I, Cross-sections of ovaries were stained with anti-AGE antibody and counterstained with hematoxylin; 
J, quantitative analysis. A control section showing the background level of staining, to which isotype immunoglobulin G and hematoxylin were 
applied, is shown in K. For representative ovarian cross-sections, the lower panels C and D show highly magnified views of A and B, and the 
lower panels H and I show highly magnified views of F and G. Scale bars, (a, b, f, g, k), 100 µm; (c, d, h, i), 50 µm. *P less than .05 vs control. 
GC, granulosa cells layers.
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In the present study, administration of a RAGE in-
hibitor (FPS-ZM1) to PCOS mice reduced the ex-
pression of RAGE and the accumulation of AGEs in 
granulosa cells. FPS-ZM1 is a RAGE-specific inhibitor 
that binds to the V-domain of RAGE (20). Because 
ligand-RAGE interactions activate nuclear factor-κB, 
which increases the transcription of RAGE (52), admin-
istration of FPS-ZM1 not only inhibits the binding of 
AGEs to RAGE but also reduces RAGE expression. The 
present results suggest that systemic administration of 
FPS-ZM1 effectively attenuates local AGE-RAGE acti-
vation in the ovary, and that the inhibition of RAGE 
may represent a novel therapeutic approach in PCOS.

We also evaluated the effects of the inhibition 
of ER stress in PCOS mice. Treatment with the ER 
stress inhibitor TUDCA had similar effects to those of 
FPS-ZM1: It reduced the expression of RAGE and the 
accumulation of AGEs in granulosa cells, it improved 

the estrous cycle, and it reduced the number of atretic 
antral follicles in PCOS mice. We previously showed 
that systemic administration of an ER stress inhibitor 
significantly reduces ER stress in granulosa cells (5, 6). 
When taken together with the results of the in vitro ex-
periments, it appears that a reduction in ER stress in 
granulosa cells achieved by the systemic administration 
of TUDCA contributes to a reduction in RAGE expres-
sion and AGE accumulation in these cells. An advantage 
of TUDCA is its safety in humans, which has been es-
tablished through clinical use in the treatment of liver 
disease over many years (23), whereas there are no sub-
stances that directly inhibit the AGE-RAGE system that 
can be used clinically at present, such as an inhibitor 
of the formation of AGEs or an inhibitor for the inter-
action between AGEs and RAGE (66, 67).

The reductions in RAGE expression and AGE accu-
mulation in granulosa cells shown in the present study 

Figure 6. Effect of a receptor for advanced glycation end products (RAGE) inhibitor and an endoplasmic reticulum (ER) stress inhibitor on RAGE 
expression in the granulosa cells of polycystic ovary syndrome (PCOS) mice. Mice were subjected to 1 of 4 treatments: oral administration of saline, 
subcutaneous (SC) injection of sesame oil, and intraperitoneal (IP) administration of dimethyl sulfoxide (DMSO) (control, n = 10), oral administration 
of saline, SC dehydroepiandrosterone (DHEA) 6 mg/100 g of body weight, and IP DMSO (PCOS, n = 10), oral administration of saline, SC DHEA, 
and IP administration of the RAGE inhibitor FPS-ZM1 0.1 mg/100g of body weight (PCOS + FPS-ZM1, n = 10), and oral administration of the ER 
stress inhibitor tauroursodeoxycholic acid (TUDCA) 50 mg/100 g of body weight, SC DHEA, and IP DMSO (PCOS + TUDCA, n = 10). SC, IP, and oral 
administration were performed daily for 20 days. Ovaries were collected on day 21, and immunohistochemical analysis was performed. A to H, 
Cross-sections through the ovaries were immunostained with anti-RAGE antibodies and counterstained with hematoxylin; I, quantitative analysis. 
A control section showing the background level of staining, to which isotype immunoglobulin G and hematoxylin were applied, is shown in J. For 
representative ovarian cross-sections, the lower panels E to H show highly magnified views of A to D. All scale bars represent 100 µm. Letters 
denote significant differences among treatment groups. NC, negative control.
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are not the only mechanisms by which TUDCA may 
have therapeutic effects on PCOS. Our previous studies 
showed that ER stress is activated in granulosa cells of 
PCOS patients and that the administration of ER stress 
inhibitors reduces ovarian fibrosis, by reducing the secre-
tion of profibrotic factors from granulosa cells, and re-
duces the apoptosis of granulosa cells in antral follicles 
(5, 6). Therefore, it is possible that the inhibition of ER 
stress in granulosa cells has beneficial effects in PCOS, 
by inhibiting both the AGE-RAGE system and the UPR 
independent of AGE-RAGE system, which is activated in 
the follicular environment of PCOS ovaries. However, the 
potential systemic effects of ER stress inhibition remain 
to be elucidated, including the effects of altering RAGE 
and UPR signaling in tissues outside the ovary, as do 
the effects of ER stress on the formation of AGEs. The 
present study shows that TUDCA improves the estrous 
cycle and attenuates atretic antral follicle formation. 
However, these findings are not consistent with those of 

our previous study, which failed to show these improve-
ments, although ovarian fibrosis was significantly lower 
after TUDCA treatment (6). We speculate that this dis-
crepancy may be due to differences in the settings of the 
studies. In the present study, we used double the number 
of mice in each group compared with the previous study, 
and the number of sections taken from each ovary was 
also increased to facilitate detection of the atretic antral 
follicles present. In addition, multiple observers were in-
volved in the reading of vaginal smears to ensure consist-
ency of interpretation (68). Thus, the more careful and 
thorough examination of the phenotype in the present 
study should have yielded a more accurate interpretation.

A potential limitation of the present study would be 
that it is not determined whether the concentrations of 
testosterone usually used in human GLC culture studies 
are appropriate as a model of in vivo hyperandrogenism, 
because the environment of the in  vitro GLC culture 
system is different from the in vivo follicular environment 

Figure 7. Effect of a receptor for advanced glycation end products (RAGE) inhibitor and an endoplasmic reticulum (ER) stress inhibitor on AGE 
accumulation in the granulosa cells of polycystic ovary syndrome (PCOS) mice. Mice were subjected to 1 of 4 treatments: oral administration 
of saline, subcutaneous (SC) injection of sesame oil, and intraperitoneal (IP) administration of dimethyl sulfoxide (DMSO) (control, n = 10), oral 
administration of saline, SC dehydroepiandrosterone (DHEA) 6 mg/100 g of body weight, and IP DMSO (PCOS, n = 10), oral administration 
of saline, SC DHEA, and IP administration of the RAGE inhibitor FPS-ZM1 0.1 mg/100g of body weight (PCOS + FPS-ZM1, n = 10), and oral 
administration of the ER stress inhibitor tauroursodeoxycholic acid (TUDCA) 50 mg/100 g of body weight, SC DHEA, and IP DMSO (PCOS + 
TUDCA, n = 10). SC, IP, and oral administration were performed daily for 20 days. Ovaries were collected on day 21, and immunohistochemical 
analysis was performed. A to H, Cross-sections through the ovaries were immunostained with anti-AGE antibodies and counterstained with 
hematoxylin; I, quantitative analysis. A control section showing the background level of staining, to which isotype immunoglobulin G and 
hematoxylin were applied, is shown in J. For representative ovarian cross-sections, the lower panels E to H show highly magnified views of A to 
D. All scale bars represent 100 µm. Letters denote significant differences among treatment groups. NC, negative control.

Copyedited by: oup

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article-abstract/161/2/bqaa015/5724441 by U

niversity of Tokyo Library user on 26 February 2020



doi: 10.1210/endocr/bqaa015 https://academic.oup.com/endo  11

where various intraovarian factors interact each other. 
Furthermore, the concentrations of testosterone in fol-
licular fluid of antral follicles of PCOS women, not of 
preovulatory follicles, are still unknown.

In summary, we showed that testosterone increases 
the expression of RAGE and the accumulation of 
AGEs in granulosa cells via the activation of ER stress. 
Treatment of PCOS mice with a RAGE inhibitor or an 
ER stress inhibitor reduces RAGE expression and AGE 
accumulation in granulosa cells, improves the estrous 
cycle, and reduces the number of atretic antral follicles. 
Our findings suggest that the hyperandrogenism of 
PCOS increases the accumulation of AGEs in the ovary 
by activating ER stress, and that targeting the AGE-
RAGE system, either by using a RAGE inhibitor or a 
clinically available ER stress inhibitor, may provide a 
novel therapeutic approach for PCOS.
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