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Impact statement
The current study proposes a new poten-

tial mechanism for the pathogenesis of

PCOS. Although previous studies have

revealed that AGEs’ accumulation in

serum and the ovary is highly correlated to

the hormonal and metabolic dysregulation

present during PCOS, the underlying

mechanism was so far unclear. Herein we

show for the first time a direct interference

of AGEs into LH and FSH signaling of

granulosa cells highlighting the potential

role of AGEs in the dysregulation of the

homeostasis of the ovarian and follicular

microenvironment under PCOS condi-

tions. These data support the hypothesis

that AGEs are good candidates as pre-

dictive markers and therapeutic targets in

new strategies for improving reproductive

counselling in women with PCOS.

Abstract
Advanced glycation end products accumulate in the ovarian granulosa-cell layer of women

with polycystic ovarian syndrome. Taken that the MAPK/ERK-pathway is a key regulator of

oocyte maturation and function, consisting the main pathway used by the gonadotrophic

hormones (luteinizing hormone, follicle stimulating hormone) to control ovulation, the pre-

sent study aims to assess advanced glycation end products’ interference into luteinizing

hormone-and follicle stimulating hormone-signaling via the MAPK/ERK-pathway in the

human granulosa KGN cell line. KGN cells were treated with luteinizing hormone or follicle

stimulating hormone in the absence or presence of human glycated albumin. The specific

activation of the main components of the MAPK/ERK1/2-pathway (namely c-Raf, MEK and

ERK1/2) was assessed. Treatment of KGN cells with an MEK1/2-inhibitor or a blocking anti-

RAGE-antibody was also performed to shed further light on the mechanism of the involve-

ment of advanced glycation end products in luteinizing hormone and/or follicle stimulating

hormone-related signaling pathways. Luteinizing hormone treatment increased p-ERK1/2

levels in human granulosa cells, while the combined treatment of luteinizing hormone and

human glycated albumin provoked a decrease of p-ERK1/2 levels. A similar reducing effect was also observed for the upstream

molecule phospho-cRaf upon combined treatment, while treatment with an MEK-inhibitor confirmed that the phenomenon is

MAPK/ERK-pathway-dependent. Similarly, follicle stimulating hormone treatment increased p-ERK1/2 and p-MEK1/2 levels,

while the combined treatment of follicle stimulating hormone and human glycated albumin downregulated their levels.

Advanced glycation end products reduce the luteinizing hormone- and follicle stimulating hormone-induced ERK1/2 activation

that is critical for granulosa cell mitogenesis and proliferation. Inappropriate activation of ERK1/2 in granulosa cells may block the

granulosa cell differentiation pathway and/or impair follicular responses to hormones, potentially leading to ovulation failure that

characterizes polycystic ovarian syndrome.
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Introduction

Advanced glycation end products (AGEs), a group of
heterogeneous compounds, are formed from non-enzy-
matic glycation of the amino groups of proteins, nucleic
acids, and lipids, causing tissue injury either directly by
trapping and cross-linking or indirectly by binding to spe-
cific receptors for AGEs (RAGE) on the surface of various
cell types.1–6 Increased serum AGEs levels have been found
in patients with diabetes and insulin resistance, rheumatoid
arthritis, renal insufficiency, aging4,5,7,8 and polycystic ovar-
ian syndrome (PCOS).2,9–12

We have previously demonstrated an increased
deposition and differential qualitative distribution of
AGE-modified proteins, their receptor RAGE and their sig-
naling mediator NF-kB, on the granulosa cell layer of PCOS
ovaries compared to controls.2 Further investigation of
these observations in normal female rats fed with a high
or low AGEs diet showed increased AGEs deposition and
RAGE expression in the ovarian tissue of those animals fed
with a high AGEs diet.2 These data were further supported
by another study investigating ovulatory and anovulatory
PCOS women, where the levels of anti-mullerian hormone
(AMH), an indicator of disturbed ovulatory process pro-
duced by granulosa cells, were positively correlated with
AGEs, follicle numbers, and the presence of anovulation.11

In addition, AGE-RAGE intracellular signaling com-
monly involves the MAPK/ERK pathway, predominantly
ERK1/2 as well as their upstream mediators cRaf and
MEK1/2, that have a key role in regulating the process of
cell proliferation, cell differentiation, and oocyte maturation
in vitro.13 Recent data support that the luteinizing hormone
(LH) and follicle stimulating hormone (FSH) also act via
activation of ERK1/2 to control ovulation and luteinization
events. More specifically, disruption of ERK1/2 in mouse
granulosa cells showed that these kinases are necessary for
LH-induced oocyte resumption of meiosis, ovulation, and
luteinization in vivo.14 In addition, it has been proposed that
LH also induces expression of the epidermal growth factor
(EGF) that, via activation of the EGF receptor, RAS, and
ERK1/2, may act in the intrafollicular environment as a
mediator to stimulate cell oocyte expansion and oocyte mat-
uration.15–17 Similarly, FSH has been shown to activate both
ERK1/2 and PI3K/Akt pathways in cultured granulosa
cells and regulate cell proliferation.18 Specifically, ERK1/2
activation is essential for FSH-mediated granulosa cell
mitogenesis via regulation of cyclin D2.18,19 Therefore, a
potential interference of AGEs signaling with LH and
FSH activity in human granulosa cells was hypothesized
and was investigated in the present study.

Methods
Cells

KGN cells were established and obtained from RIKEN
Bioresource center (Tsukuba, Japan) and were maintained
in DMEM/F-12 medium (Cambrex, Walkerville, MD USA)
supplemented with 10% heat-inactivated fetal bovine
serum (FBS) (Biochrom, Berlin Germany), 100 U/ml

penicillin/streptomycin (Cambrex, Walkerville, MD, USA)
at 37�C in a humidified atmosphere of 5% CO2.

Cell treatments

KGN cells were grown up to 70–80% confluency. After 24 h,
the cells were serum starved for another 24 h and treated
with 100 ng/ml FSH (Follicle Stimulation Hormone)
(Merck) or 200 ng/ml LH (Merck) for the indicated time-
points in the absence or presence of 0.2 mg/ml human gly-
cated albumin (HGA) (Sigma-Aldrich St.Louis, MO). In
order to evaluate specificity, KGN cells were incubated
with an anti-RAGE blocking antibody (10mg/ml) or an
anti-MEK1/2 inhibitor (UO126, 20mM) 1 h prior to treat-
ments as indicated.14,16–19

Western blot analysis

Treated cells were harvested and cells extracts
were obtained by lysis in RIPA buffer containing 0.55
Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride
(PMSF), 10mg/ml aprotinin, and 10 mg/ml leupeptin (all
from Sigma St. Louis, USA) and phosphatase inhibitors
(1 mM sodium ortovanadate, 1 mM NaF; Sigma St. Louis,
USA). After 30-min incubation on ice, the lysates were
cleared by centrifugation (14,000 r/min, 15 min, and 4�C).
Protein concentrations were determined by Bio-Rad protein
assay (BIO-RAD Laboratories, Hercules, CA, USA). Equal
amount of cell lysates (20 mg) was heated at 95�C for 5 min,
electrophoresed on 12% SDS–PAGE under denaturing
conditions, and transferred onto nitrocellulose membrane
(BIO-RAD). The blots were blocked with TBS-T (20 mmol/L
Tris–HCl, pH 7.6, 137 mmol/L NaCl, and 0.1% Tween20)
containing 5% non-fat dried milk at room temperature for
1 h. The membranes were probed overnight with primary
antibody against phospho-ERK1/2 (1:1000, Cell Signaling,
MA, USA), phospho-MEK1/2 (1:1000, Cell Signaling), actin
(1:5000, Millipore) or 2 h against phospho-c-Raf (1:1000, Cell
Signaling) in TBS/T containing 5% BSA. The blots were
washed and followed by incubation with a secondary
goat antibody raised against rabbit IgG conjugated to horse-
radish peroxidase (Santa Cruz Biotechnology, CA, USA).
The bands were visualized by exposing the blots to X-ray
film after incubation with freshly made ECL substrate for
3 min (SuperSignal, Pierce Biotechnology, Rockford, IL,
USA). Relative protein amounts were evaluated by densi-
tometric analysis using Image J software and normalized to
the corresponding total ERK or actin levels. Shown are rep-
resentative experiments out of two to three independent
experiments.

Results
HGA affects the LH-dependent signaling via the
MAPK/ERK pathway

Treatment with LH increased p-ERK1/2 levels after 5- to
120-min exposure in human granulosa cells compared to
basal levels. Interestingly, the combined treatment of LH
and HGA decreased p-ERK1/2 levels in the indicated time-
points (5–120 min), as compared to the LH treatment
(Figure 1(a) and (b)). A similar reducing effect was also
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observed for the upstream molecule phospho-cRaf
(Figure 1(c)). To confirm whether the main upstream medi-
ator of the MAPK/ERK pathway, namely MEK1/2, is
taking part in the signaling process, a similar experiment
was performed in the absence or presence of an MEK1/2
inhibitor (UO126). Indeed, pERK1/2 levels were reduced
when the inhibitor was present (Figure 1(d)), indicating
that the MAPK/ERK pathway is one of the main signaling
cascades that are affected during the potential interference
of AGEs in the LH-dependent intracellular signaling
machinery of granulosa cells.

Effects of HGA and FSH on ERK1/2 activation in human
granulosa KGN cells

Previous studies have shown that FSH acts through
ERK1/2 pathway to increase cyclin D2 expression and
granulosa cell proliferation.18 In our study, we explored
the effects of FSH alone or in combination with HGA on
ERK1/2 phosphorylation. FSH treatment increased
p-MEK1/2 levels after 5- to 60-min exposure in human
granulosa cells compared to basal levels. Similarly, FSH
treatment increased p-ERK1/2 levels after 5- to 30-min
exposure. The combined treatment of FSH and HGA
reduced p-MEK1/2 and p-ERK1/2 levels at 30 and 60 min
(Figure 2(a)). Furthermore, incubation of KGN cells with an
anti-RAGE blocking antibody or an MEK1/2 inhibitor
(UO126) prior to treatments indicated that HGA and FSH
activate specifically the MEK1/2 and ERK1/2 pathway but
this activation is not mediated through RAGE (Figure 2(b)).

Discussion

We have shown for the first time a direct interaction of
AGEs (HGA) with steroidogenic enzyme activity in
human ovarian granulosa cells, highlighting the potential

role of AGEs in the homeostasis of the ovarian and follicular
microenvironment. This is especially relevant to patho-
logical states of disturbed ovulation such as PCOS that is
characterized by elevated circulating AGE levels.11,12 With
their prolonged half-life and ability to act as signaling mol-
ecules, AGEs may gradually accumulate in the ovary.
Previous studies from our group have shown increased

Figure 1 (a) Western blot of phosphorylated (phospho) ERK1/2 protein expression from KGN cells starved overnight and treated with LH alone or in combination with

HGA for 5–120 min. (b) Graphs of the densitometric quantification of the effect of LH and HGA exposure on activation of ERK1/2 (phospho ERK) in KGN cells after

normalization to total ERK levels are shown. Data are presented as relative to control that was set as 1. (c) Western blot of phosphorylated c-Raf protein expression from

KGN cells starved overnight and treated with LH alone or in combination with HGA for 30 min. Actin levels were used as loading control. (d) Western blot of p-ERK1/2

protein expression from KGN cells starved overnight, incubated with an MEK1/2 inhibitor (UO126) prior treatment with LH alone or in combination with HGA for 30 min

Figure 2 (a) Western blot of p-MEK1/2 and p-ERK1/2 protein expression from

KGN cells starved overnight and treated with FSH alone or in combination with

HSA or HGA for 5–60 min. (b) Western blot of p-MEK1/2 and p-ERK1/2 protein

expression after the effect of anti-RAGE antibody and an MEK1/2 inhibitor

(UO126) on HGA and FSH treatments of KGN cells for 30 min
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AGEs deposition in ovarian granulosa cell layer in rodents
treated with high AGE diet.2 Relevant data support the
hypothesis that AGEs are good candidates as predictive
markers and therapeutic targets in new strategies for
improving reproductive counselling in specific popula-
tions, i.e. women with failed assisted reproductive
techniques.20

In this study, it was clearly demonstrated that AGEs
presence in the ovary interferes with LH-induced MAPK/
ERK signaling pathway in granulosa cells. A direct and
specific effect of AGEs was observed over this pathway
leading to reduced activation of ERK1/2. Since activation
of ERK1/2 has been implicated to the regulation of cell pro-
liferation and differentiation, but also the maturation of
oocytes in culture, this effect can prove fundamental in
normal follicle development and proper initiation of the
ovulation process.13 Furthermore, FSH-induced phosphor-
ylation of MEK1/2 and ERK1/2 was also affected by the
presence of AGEs leading to reduced activation of these
molecules at 30 and 60 min. FSH has been shown to act
through ERK pathway to increase cyclin D2 expression
and granulosa cell proliferation.18 Since ERK1/2 activation
is critical for FSH-mediated granulosa cell mitogenesis, the
reducing effect of AGEs presence will disturb their physi-
ology and ovarian function overall.

In conclusion, we have shown that AGEs are capable to
interfere with steroidogenic enzyme activity. Inappropriate
AGEs-induced activation of ERK1/2 in granulosa cells may
derange their differentiation pathway and /or the follicular
responses to hormones. Therefore, these findings support
our hypothesis that intraovarian AGEs accumulation, from
endogenous or exogenous sources, via interference with LH
and FSH action may contribute to the pathophysiology of
conditions characterized with anovulation and insulin
resistance such as PCOS. Nevertheless, among the limita-
tions of the current study is predominantly the usage of the
KGN cell line and not primary granulosa cells, as well as the
usage of HGA as an AGE type and not specific AGEs such
as carboxymethyllysine (CML) or methylglyoxal. Therefore,
further studies are needed to highlight the aforementioned
molecular mechanism and confirm the possible clinical
involvements and implications.
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