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Abstract

PCOS is the most common endocrinopathy in women; associated with obesity and 
insulin resistance (IR). IR leads to accumulation of advanced-glycation-end-products 
(AGEs) and their receptor, RAGE. PCOS patients have increased levels of vascular 
endothelial growth factor (VEGF), interleukin 6/8 (IL-6/8) and anti-Mϋllerian-hormone 
(AMH). PEDF is a secreted-glycoprotein known for its anti-angiogenic and anti-
inflammatory properties. We aimed to elucidate the role of PEDF in the pathogenesis 
and treatment of PCOS. We used a prenatal PCOS mouse model and fed the female 
offspring a high-fat diet, inducing metabolic PCOS (met.PCOS) characteristics. Female 
offspring were divided into three groups: control; met.PCOS; met.PCOS + recombinant 
PEDF (rPEDF). Met.PCOS mice gained more weight, had elevated serum IL-6 and 
higher mRNA levels of AMH, PEDF and RAGE in their granulosa cells (GCs) than met.
PCOS + rPEDF mice. An in vitro Met.PCOS model in human GCs (KGN) line was induced 
by prolonged incubation with insulin/AGEs, causing development of IR. Under the same 
conditions, we observed an elevation of VEGF, IL-6/8 mRNAs, concomitantly with an 
increase in PEDF mRNA, intracellular protein levels, and an elevation of PEDF receptors 
(PEDF-Rs) mRNA and protein. Simultaneously, a reduction in the secretion of PEDF from 
GCs, was measured in the medium. The addition of rPEDF (5 nM) activated P38 signaling, 
implying that PEDF-Rs maintained functionality, and negated AGE-induced elevation 
of IL-6/8 and VEGF mRNAs. Decreased PEDF secretion may be a major contributor 
to hyperangiogenesis and chronic inflammation, which lie at the core of PCOS 
pathogenesis. rPEDF treatment may restore physiological angiogenesis inflammatory 
balance, thus suggesting a potential therapeutic role in PCOS.

Introduction
PCOS is the most common endocrinopathy in women 
(Azziz et  al. 2016). It has become increasingly evident 
over the years that PCOS is not a single uniform disorder, 

but rather a group of disorders with the diagnostic 
criteria serving as the unifying features. Up to two-thirds  
of PCOS patients exhibit insulin resistance  
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(IR; DeUgarte et  al. 2005), and up to 76% are obese  
(Diamanti-Kandarakis et  al. 2012), making PCOS a 
major metabolic disorder. In addition to obese patients, 
IR is present in up to 47% of lean PCOS individuals 
(Cassar et  al. 2016). Evidence suggests that in most 
cases IR presents with compensatory hyperinsulinemia 
contributing to hyperandrogenism via stimulation of 
ovarian androgen secretion and inhibition of hepatic 
sex hormone-binding globulin production (Teede et  al. 
2010). The hyperinsulinemia is associated with increased 
steroidogenesis, dysregulation of differentiation in GCs, 
and arrest of follicle growth (Franks et  al. 2000). IR 
leads to hyperglycemia, which induces an accelerated 
production of advanced glycation end-products (AGEs; 
Friedman 1999), and an upregulation of their receptor, 
RAGE (Yao & Brownlee 2010). Accordingly, the levels of 
AGEs and RAGE were found to be elevated in the ovaries 
of PCOS patients (Pertynska-Marczewska et al. 2015). The  
AGE-RAGE axis induces the production of the  
inflammatory cytokines, interleukins 6/8 (IL-6/8; Nonaka 
et al. 2017), which aggravate IR (Yamagishi & Imaizumi 
2005). In addition, anti-Mϋllerian-hormone (AMH) is 
elevated in PCOS patients, to a point that it was suggested  
as a biomarker for PCOS diagnosis (Karakas 2017, 
Sathyapalan et  al. 2018). Because of the high levels of 
cytokines such as IL-6 and IL-8 in the serum and GCs, PCOS 
is considered a chronic low-grade inflammatory disorder, 
associated with obesity, IR, and hyperandrogenism 
(Schmidt et al. 2014, Shorakae et al. 2015, Peng et al. 2016).

Vascular endothelial growth factor (VEGF) 
is an important pro-angiogenic factor in normal 
folliculogenesis, but is also considered a pro-inflammatory 
agent (Angelo & Kurzrock 2007). Increased production 
and secretion of ovarian VEGF have been commonly 
observed in women with PCOS (reviewed by Di Pietro 
et al. 2018) and the level of VEGF is higher in the follicular 
fluid of patients with PCOS than those without (Artini 
et  al. 2009). Overproduction of VEGF and cytokines 
during the luteal phase after gonadotropin stimulation 
is thought to be related to the higher risk of ovarian 
hyperstimulation syndrome (OHSS) in PCOS patients 
undergoing IVF treatments (Delgado-Rosas et al. 2009).

Pigment epithelium-derived factor (PEDF) is a 
50 kDa secreted glycoprotein, and a non-inhibitory 
member of the serine protease family, first identified 
as a neurotrophic and anti-angiogenic factor in fetal 
retinal pigment epithelium (Tombran-Tink et  al. 1991). 
PEDF is a multifactorial protein capable of mediating 
diverse cellular functions and is known for its anti-
angiogenic (Simonovic et  al. 2001), anti-inflammatory 

(Wang et  al. 2008), and anti-oxidative (Yamagishi et  al. 
2005) properties. It is present in most of the tissues in the  
body, and specifically is highly expressed in the 
reproductive system (Tombran-Tink et  al. 1996). It 
is also one of the most abundant adipokines in the  
body (Alvarez-Llamas et  al. 2007), exerting its effects 
in both a paracrine (Loegl et  al. 2016) and autocrine 
(Daubriac et al. 2017) fashion. PEDF has been shown to 
counteract AGE-mediated IR in a variety of cells (Yoshida 
et al. 2008, Ishibashi et al. 2013, Seki et al. 2013).

We have previously characterized PEDF in the female 
reproductive system (Chuderland et  al. 2014) where 
we showed that both rodent and human GCs produce 
and secrete PEDF in a hormonally dependent manner, 
mimicking in vitro the peri-ovulatory hormonal changes. 
This was expressed as an increase in estradiol, upregulation 
of luteinizing hormone (LH), and/or an increase in 
progesterone, resulting in the downregulation of PEDF 
expression and secretion, and increased expression of 
VEGF and IL-6/8, in accordance with a role as a negative 
regulator of ovarian angiogenesis (Chuderland et al. 2013a, 
2014). We also demonstrated in a OHSS mice model, that 
the secreted PEDF possesses both anti-angiogenic and anti-
inflammatory traits, and that treatment with recombinant 
PEDF (rPEDF) could alleviate OHSS symptoms (Miller et al. 
2016). In GCs, PEDF exhibited anti-oxidative activities 
(Bar-Joseph et al. 2014). Interestingly, the human chorionic 
gonadotropin (hCG)-induced increased expression of 
VEGF was mirrored by a decrease in PEDF expression 
(Chuderland  et  al. 2013a), while PEDF secretion in vitro 
was decreased by lysophosphatidic acid (LPA) (Miller et al. 
2016). There is now accumulating evidence that specific 
receptor interactions determine the broad pleiotropy of 
PEDF biological activities. We selected two well-studied 
PEDF receptors, the laminin receptor (LR), and adipose 
triglyceride lipase (ATGL) and evaluated them in the 
in-vitro model of metabolic PCOS (met.PCOS).

The objective of this study was to explore the 
metabolic role of PEDF in the pathogenesis and  
treatment of PCOS.

Materials and methods

Reagents

Dulbecco’s PBS (dPBS), l-glutamine, penicillin, and 
streptomycin (Biological Industries, Beit-Ha’emek, Israel); 
fetal bovine serum (FBS; Invitrogen); insulin (recombinant, 
rDNA origin, 100 ng/mL, Lilly Pharmaceuticals); AGEs 
(human glycated albumin, 200 µg/mL, Sigma-Aldrich).
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Animals

ICR female mice (Envigo RMS Limited, Jerusalem, Israel) 
were housed in temperature- and humidity-controlled 
rooms at the animal facility of the Sackler Faculty of 
Medicine, Tel Aviv University, under artificial illumination 
for 12 h daily. Food and water were provided ad libitum.

Ethical approval of animal use

Animal care and all experiments were in accordance 
with the guidelines of the Institutional Animal Care and 
Use Committee, Sackler Faculty of Medicine, Tel-Aviv 
University and were approved by the ethics committee 
(permit number #01-15-093).

PCOS mice model

We followed the animal model of prenatal PCOS 
induction, described by Roland et  al. (2010) and 
Chuderland et  al. (2014). Briefly, the day of the vaginal 
plug was considered day 1 of gestation. Pregnant mice were 
injected subcutaneously (SC) on days 16–19 of gestation 
with 250 µg of dehydrotestosterone (DHT; Sigma-Aldrich) 
dissolved in 100 μL propanediol (Sigma-Aldrich) or with 
the same volume of vehicle (control). Female offspring 
were weaned at the 21st postnatal day and were fed a 
regular diet for 3 weeks after weaning. A baseline glucose 
tolerance test (GTT) was conducted at 6 weeks of age. In 
order to obtain a metabolic PCOS model (met.PCOS), the 
offspring of DHT treated pregnant females, were switched 
to a high-fat diet from this time point (HFD - 60% calories 
from fat; Teklad 06414, Envigo RMS Limited). Met.PCOS 
group mice were randomly divided into two subgroups: 
a. met.PCOS + rPEDF group. b. met.PCOS + Tris group; 2. A 
second GTT was conducted after 10 days of HFD feeding, 
after which rPEDF treatment was initiated for the met.
PCOS + rPEDF group. The met.PCOS + rPEDF mice were 

treated with rPEDF every third day. Mice in the control 
and Met.PCOS groups were injected at the same times 
with a comparable volume of vehicle. Following 8 weeks 
of treatment, a third GTT was conducted, followed by 
euthanasia of the mice in order to remove their ovaries 
and extract the RNA (Fig. 1).

Glucose tolerance test (GTT)

We followed a well-established protocol (Landsman et al. 
2011): mice were injected intraperitoneally (IP) with 20% 
dextrose (10 µl/g body weight; Sigma-Aldrich). Blood was 
drawn using a tail clip at various time-points after dextrose 
administration and the glucose level was measured using 
a standard glucometer (Freestyle Lite, Abbott Diabetes 
Care, Abbott).

Mouse-primary-granulosa-cells (mpGCs)

Mouse ovaries were excised and transferred to culture 
dishes containing serum-free DMEM-F12 (Dulbecco’s 
modified Eagle’s medium/Ham F12 1:1, Biological 
Industries). Follicles were punctured with a 21G needle, 
GCs and the cumulus–oocyte complexes were gently 
squeezed out of the follicles into the culture medium. The 
GCs were centrifuged (300 g for 5 min), seeded in 10% 
serum-coated 24-well plates (Nunc, Roskilde, Denmark), 
and cultured for 4 h in a humidified incubator at 37°C 
and 5% CO2 in air.

Cell cultures

The KGN GC line, purchased from Riken cell bank (Tsukuba, 
Japan), is derived from a human ovarian GC tumor and 
expresses typical GC markers. The cells predominately 
present FSH receptors, making them resemble PCOS GCs 
(Nishi et  al. 2001). KGN cells (<30-line passages) were 
cultured in DMEM-F12 medium supplemented with  

Figure 1
Metabolic PCOS mouse model.
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10% FBS and 2 mM l-glutamine, penicillin (10,000 IU/mL),  
and streptomycin (10 mg/mL; Biological Industries). 
Cells were serum-starved in DMEM-F12 (0.1% FBS, 2 mM 
l-glutamine, penicillin (10,000 IU/mL), and streptomycin 
(10 mg/mL)) for 16 h before short stimulations or during 
prolonged stimulations.

PEDF production

Human rPEDF (NM_002615.4) was expressed in 
Escherichia coli BL21, as described previously (Miller et al. 
2016). Briefly, recombinant proteins were purified by ion 
metal affinity chromatography on a Ni-NTA His-Bind 
resin (Merck) according to the manufacturer’s protocol. 
Eluates with >90% purity were dialyzed against Tris  
buffer (pH 10).

RNA isolation

Total RNA was extracted from GCs with TRIzol reagent 
(Bio-Tri; BioLab Chemicals, Jerusalem, Israel), according 
to the manufacturer’s instructions, and quantified with 
the Nano-Drop spectrophotometer (ND-1000; Thermo 
Scientific). First-strand cDNA was created with a high-
capacity cDNA RT kit (Applied Biosystems; 10 ng RNA 
fractions). Changes in the level of expression of mRNA 
were detected by quantitative PCR (qPCR) using TaqMan 
Universal PCR Master Mix (Life Technologies) and 15 ng 
cDNA and specific primers, on a Step One Plus Real-Time 
PCR System (Applied Biosystems). Gene expression was 
detected using specific primers for IL-6 (assay identification 
(ID) IL-6, Mm00446190_m1; IL6, Rn01410330_m1; 
IL-6, Hs00985639_m1; IL-8, Hs00174103_m1; PEDF, 
Mm00441270_m1; PEDF, Hs01106937_m1; VEGF, 
Mm00437306_m1; VEGF, Hs00900055_m1; Rplp2, 
Mm00782638_s1; and RPLP0, Hs99999902_m1). Relative 
expression was calculated using the comparative ΔCt.

Enzyme immunoassay

The level of PEDF in KGN conditioned media and of IL-6 in 
the mouse serum were determined using the appropriate 
ELISA kit (R&D Systems) according to the manufacturer’s 
protocol.

Western blot analysis

KGN cells were lysed and proteins were extracted 
and separated as described previously (Miller et  al. 
2016). Membranes were immunoblotted with  

anti-PEDF (1:200, sc-25594, Santa Cruz Biotechnology;  
or 1:1,000, EPR98269(B), Abcam); anti-pAKT  
(1:2000, S473, Cell Signaling), anti genAKT (1:10,000, 
P1601, Sigma-Aldrich); anti-phosphorylated-P38 (1:1,000; 
M8177; Sigma-Aldrich), anti-general-P38 (1:10,000; 
M0800; Sigma-Aldrich); anti actin (1:10,000, MAB1501; 
Millipore); anti-LR antibody (1:500; SC; Santa Cruz 
Biotechnology), anti-ATGL antibody (1:1,000; SC; Santa 
Cruz Biotechnology). Horseradish peroxidase-conjugated 
monoclonal anti-mouse (1:10,000) or polyclonal anti-
rabbit (1:10,000) secondary antibodies (Jackson Immuno-
Research Laboratories) were used. Band intensity was 
quantified by the ImageJ software (NIH).

Statistics

All statistical analyses were performed by SPSS software 
(SPSS Inc.). Relative protein, mRNA, and immunoassay 
results are expressed as mean ± s.e.m. and compared as 
appropriate for data distribution. Data normality were 
assessed using Kolmogorov–Smirnov tests. Normally 
distributed data were then evaluated by one-way ANOVA 
followed by Tukey post hoc or parametric two-tailed 
Student’s t test with equal variance (t-test) to evaluate 
significance. In all instances where raw data were not 
normally distributed, square root or log transformation 
were applied to normalize data. Data are shown as 
percentage normalized to control; P value <0.05 was 
considered statistically significant.

Results

HFD induces weight gain, impairs glucose tolerance 
(IGT), and increases IL-6 in an in vivo met.PCOS model

The obesity present in up to 76% of PCOS patients leads to a 
dysregulation of metabolic status, and the development of 
IR. A basal GTT in a random sample from all experimental 
groups in the in vivo PCOS model, demonstrated normal 
glucose tolerance (Fig. 2A). However, after 10 days of HFD 
feeding, a second GTT revealed IGT in all the met.PCOS 
mice, while the control mice maintained normal glucose 
tolerance with values similar to the results of the pre-
treatment GTT (P < 0.01; Fig. 2B). HFD feeding caused IGT 
in both groups of mice (Fig. 2C).

Mice were weighed once a week starting at the 
initiation of HFD feeding (Fig. 2D). Over this period of 
time, Met.PCOS mice gained significantly more weight 
than control mice (20.2 ± 4.95 g and 13.4 ± 3.48 g,  
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respectively; P < 0.01; Fig. 2E). Treatment with rPEDF  
(met.PCOS + rPEDF mice) resulted in an increase in weight, 
though significantly lower than that of Met.PCOS mice, 
treated with Tris (17.02 ± 5.8 g; P < 0.05; Fig. 2E).

PCOS is associated with symptoms of chronic mild 
inflammation, including elevated levels of cytokines (e.g. 
IL-6). The level of IL-6 is closely associated with obesity in 
general, and PCOS in particular. The Met.PCOS mice had 
levels of serum IL-6 that were three-fold higher than those 
in control mice (P < 0.01). Treatment of Met.PCOS mice 
with rPEDF restrained this IL-6 elevation to levels that 
were lower than those in control mice (P < 0.01; Fig. 2F). 
We conclude that feeding with HFD induces metabolic 
characteristics associated with PCOS as manifested by 
weight gain, IGT, and elevated IL-6, and that rPEDF 
treatment can attenuate the weight gain and prevent the 
increase in IL-6.

Primary GCs from met.PCOS mice exhibit elevated 
RAGE, AMH and PEDF

The effect of PEDF on IL6, GTT, and weight gain, 
observed in the Met.PCOS mice model, led us to examine 
additional parameters. Treatment with rPEDF also 
attenuated the elevation of RAGE mRNA (P < 0.05) seen 
in Met.PCOS mice (P < 0.05; Fig. 3A), and a similar effect 
was observed in the elevated level of AMH mRNA in the 
GCs of Met.PCOS mice. In this case, treatment with rPEDF  
normalized the 80% elevation seen in the PCOS mice 

Figure 2
The effect of rPEDF on Met.PCOS characteristics in an in-vivo PCOS model. (A, B and C) GTT: Mice were injected IP with 20% dextrose (10 µL/g body 
weight) after an overnight fast and blood glucose was measured at various time points up to 120 min post injection. A basal GTT (A) was conducted prior 
to feeding with HFD, followed by a second GTT (Pre-treatment GTT; B) after 10 days of HFD feeding. All HFD-fed mice exhibited IGT, with values that were 
significantly different from control mice (ANOVA *P < 0.05, **P < 0.01). Treatment with rPEDF (0.05 mg/kg) injected SC every 3 days, was initiated after the 
second GTT (met.PCOS + rPEDF mice; n = 18). Control (C; n = 16) and Met.PCOS (n = 17) mice were injected SC with Tris (rPEDF diluent). Following 8 weeks 
of treatment, a third GTT was conducted (post-treatment GTT; C). Mice were weighed once a week, starting at the initiation of HFD feeding (D). (E) Delta 
weight gain. (F) Level of IL-6 in the serum. Sera were collected from each mouse, on the day of euthanization, and subjected to ELISA analysis with 
antibodies against IL-6. Eight mice in each group. *P < 0.05, **P < 0.01, significantly different from control mice value, # no difference between control 
and met.PCOS + rPEDF (ANOVA).

Figure 3
Elevated mRNA levels of RAGE, AMH and PEDF in mpGCs isolated from 
Met.PCOS mice. mRNA prepared from mpGCs from individual mice was 
subjected to quantitative PCR analysis (relative expression), with specific 
primers for RAGE (A), AMH (B), and PEDF (C), and normalized to the 
endogenous controls HPRT and RPLP2. Bars represent the mean ± s.e.m. of 
relative expression. Eight mice in each group. *P < 0.05, **P < 0.01 
(ANOVA). C, control.
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(P < 0.05; Fig. 3B). Surprisingly, we found that the level 
of PEDF mRNA was higher in mpGCs isolated from  
Met.PCOS mice than in mpGCs isolated from control 
mice (Fig. 3C).

The in vitro met.PCOS model is associated with 
elevated inflammatory and angiogenic factors

To obtain a deeper understanding of the role of PEDF in 
met.PCOS, we established an in vitro Met.PCOS model 
using KGN cells. The cells were incubated with insulin 
or AGEs for 16–48 h, with insulin added for the last  
15 min (acute insulin stimulation). The cells were then 
lysed and the level of AKT phosphorylation, which is one 
of the important signaling cascades triggered by insulin, 
was examined. Our results showed that the level of AKT 
phosphorylation was significantly lower (P < 0.05) in cells 
incubated with insulin for 20 h, or with AGEs for 48 h, 
than in untreated cells (Fig. 4A, B, C and D), reflecting 
in vitro IR. Interestingly, the levels of IL-6/8 and VEGF 
mRNAs were significantly elevated after 16 h of incubation 
with insulin or AGEs, preceding the development of 
IR (P < 0.01; Fig. 4E). These findings correlate with the  
in vivo findings, suggesting that this model may serve as a 
valuable in vitro Met.PCOS model.

PEDF and PEDF-R levels are elevated in the in vitro 
met.PCOS model

As expected from the high levels of PEDF seen in the in vivo 
Met.PCOS mouse model (Fig. 3C), we observed a three-
fold increase in PEDF mRNA after 16-h incubation with 
insulin (P < 0.01; Fig. 5A) and a 2.5 or 1.5-fold increase 
following 12 or 16 h of incubation with AGEs (P < 0.05 
and P < 0.01, respectively; Fig. 5A). Correspondingly, the 
intracellular level of PEDF protein started to increase after 
16 h and reached a maximum after 20 h of incubation 
with both stimulants (P < 0.01; Fig. 5C and D). In addition, 
there was a significant increase in the mRNA levels 
of the two PEDF receptors, ATGL and LR, after 16 h of 
incubation with insulin or AGEs compared to the level in 
control cells (P < 0.01 and P < 0.05; Fig. 5B). Accordingly, 
the protein levels were also significantly elevated (P < 0.05 
and P < 0.01; Fig. 5C and E).

Exogenous rPEDF negates AGEs-induced elevation  
of cytokine and VEGF mRNA in the in vitro  
met.PCOS model

When KGN cells incubated for an extended period with 
insulin or AGEs (chronic incubation) to simulate PCOS, 

were then exposed to rPEDF for 15 min, phosphorylation 
of P38 was induced to a level similar to that obtained under 
control conditions (Fig. 6A and B). In order to investigate 
the anti-inflammatory and anti-angiogenic effects of PEDF 
in the in vitro Met.PCOS model, we incubated serum-
starved KGN cells with AGEs for 24 h, with rPEDF added to 
the culture medium for the last 6 h of incubation. While 
exposure to AGEs significantly enhanced the expression 
of IL-6/8 and VEGF mRNAs (P < 0.01; Fig. 6C), this increase 
was completely abolished by co-stimulation with rPEDF  

Figure 4
The in vitro Met.PCOS model has elevated levels of inflammatory, 
angiogenic and metabolic factors. (A, B, C and D) KGN cells were 
incubated for 16–48 h in culture medium containing 0.1–0.5% FBS and 
100 ng/mL insulin or 200 μg/mL AGEs (chronic insulin/AGEs;  
chr.ins./AGEs), and then stimulated with insulin (100 ng/mL for 15 min 
– acute insulin; ac. ins.). The cells were then lysed and their proteins 
analyzed by WB using anti-pAKT (1:2000) and anti-general AKT (genAKT, 
1:5000) antibodies. The representative WBs (A and C) depict a 15-min 
acute stimulation, and a chronic (16–48 h) incubation with insulin/AGEs, 
before a 15-min acute insulin stimulation (Chr. ins/AGEs + ac. ins). The 
experiment was repeated at least three times. (B and D) WB analysis. Bars 
represent the mean ± s.e.m. determined by ImageJ software (NIH). 
#Significantly difference from acute insulin value, P < 0.05 (t-test). (E) KGN 
cells were incubated for 16 or 24 h in culture medium containing 0.1% 
FBS and either 100 ng/mL insulin or 200 μg/mL AGEs. Cells treated with 
DDW or albumin, served as controls. The corresponding mRNAs were 
subjected to qPCR analysis with specific primers for IL-6/IL-8 or VEGF, and 
the values were normalized to the endogenous control, RPLPO. Bars 
represent mean ± s.e.m. The experiment was repeated at least three times. 
*P < 0.05; **P < 0.01 (t-test). C, control; Ac.ins, acute insulin; Chr.ins/AGEs, 
chronic insulin/AGEs; hrs = hours.
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(P < 0.05; Fig. 6C). From these results, we conclude that 
the PEDF receptors remained functional even under the 
in vitro Met.PCOS conditions and that the increases in 
PEDF, IL-6/8 and VEGF cannot be a consequence of a 
malfunction of PEDF-Rs. Unlike the situation with AGEs, 
co-stimulation with rPEDF and insulin had no effect on 
the PCOS like increases in IL-6/8 and VEGF mRNA (data 
not shown).

PEDF secretion is inhibited in the in vitro  
met.PCOS model

Sixteen hours of incubation, with insulin or AGEs, 
significantly reduced PEDF secretion by 20% or 40% 
respectively (P < 0.01). This reduction increased to 50% 
after 24-h incubation with either insulin or AGEs (P < 0.01; 
Fig. 7). These findings suggest that hyperinsulinemia and 
exposure to AGEs impair PEDF secretion, which may 
explain the elevation of VEGF and cytokines observed in 
the Met.PCOS in vitro model.

Discussion

PCOS is a heterogeneous condition and can exhibit 
phenotypes with varying levels of underlying 
hyperandrogenism, menstrual disorders, and polycystic 
ovarian morphology. Although the PCOS diagnostic criteria 
do not currently include IR, it is widely acknowledged 
that IR plays a key role in the pathophysiology of PCOS 
(Cassar et  al. 2016). Importantly, the metabolic aspects 

of the syndrome have a profound influence on the 
patient’s well-being and overall health. Accumulating 
evidence indicates that low-grade chronic inflammation 
and angiogenesis may also contribute to this syndrome 
(Goodarzi et al. 2011, Nandi et al. 2014, Azziz et al. 2016), 
although the relationship between the factors is not well 
understood. The aim of this study was to investigate the 
role of the anti-inflammatory, anti-angiogenic factor, 
PEDF, in the metabolic aspects of PCOS.

For this purpose, we induced the metabolic 
characteristics of IR in an in vivo PCOS mouse model and 
in in vitro GC cultures. PCOS mice of the prenatal DHT 
model, used previously in our lab (Chuderland et al. 2014), 
present a-cyclicity or irregular cycles, oligo-ovulation or 
an-ovulation, decreased progesterone and follicular atresia. 
They do not exhibit accelerated weight gain or glucose 
intolerance; so in order to reach metabolic parameters of 
PCOS they were also fed an HFD, as described by Lai et al. 
(2014). The mice exhibited IR, dyslipidemia and hepatic 
steatosis (Lai et  al. 2014, Skaznik-Wikiel et  al. 2016). As 
expected, the Met.PCOS mice were obese and glucose 
intolerant; they exhibited elevated RAGE mRNA in mpGCs. 
To ensure that our mice were indeed PCOS-like, we used a 
surrogate marker, namely the timing of vaginal opening 
(a marker of puberty onset), and found that vaginal 
opening in PCOS-induced mice was significantly delayed 
as compared to control mice. Interestingly, in rPEDF-
treated PCOS mice, vaginal opening occurred significantly 
earlier than in non-treated PCOS mice (data not shown). 
Once the mice developed IGT, we started treatment with 
rPEDF, which decreased the expression of RAGE mRNA  

Figure 5
PEDF mRNA, intracellular protein as well as 
PEDF-R mRNA and protein are elevated in the in 
vitro Met.PCOS model. (A and B) KGN cells were 
incubated for 12–16 h in culture medium 
containing 0.1% FBS and either 100 ng/mL insulin 
or 200 μg/mL AGEs. Cells treated with DDW or 
albumin served as controls. The corresponding 
mRNAs were subjected to qPCR analysis, with 
specific primers for PEDF (A), ATGL, LR (B) and 
normalized to the endogenous control, RPLPO. 
Bars represent the mean ± s.e.m. of relative 
expression. (C) Representative WB. KGN cells 
were incubated for 16–24 h in culture medium 
containing 0.1% FBS and 100 ng/mL insulin or  
200 μg/mL AGEs. The cells were then lysed and 
their proteins analyzed by WB using anti-PEDF 
(1:2000), anti-ATGL (1:1000), anti-LR (1:200), and 
anti-actin (1:10000) antibodies. (D and E) WB 
analysis. Bars represent the mean ± s.e.m. of 
relative expression evaluated by ImageJ software 
(NIH). All experiments were repeated at least 
three times. *P < 0.05; **P < 0.01 (t-test).  
C, control; Ins, insulin; hrs, hours.
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in the mpGCs. These results are consisted with previously 
published studies, which showed that rPEDF negated the 
AGE-RAGE axis in a variety of cells in vitro (Yamagishi et al. 
2007, Maeda et al. 2011, Ishibashi et al. 2013). In addition, 
our results showed that treatment with rPEDF attenuated 
the accelerated weight gain of HFD-fed PCOS mice, a 
recently published effect of rPEDF (Chen et al. 2019). Total 
visceral fat, s.c. fat weight, adipocyte area in the white 
adipose tissue and the number of lipid droplets in the 
brown adipose tissue were all reduced in mice that received 
additional PEDF compared to HFD-treated mice, suggesting 
that the anti-obesity effects of PEDF are mediated by 
adipogenesis inhibition and lipolysis induction. In our 
study, despite the positive effects of rPEDF on weight gain, 
RAGE and inflammatory status, there was no effect on IGT. 
This finding may be attributed to (a) an insufficient dose 
of rPEDF, and/or (b) an insufficient treatment duration,  
and/or (c) mouse strain. Using the prenatal DHT-PCOS 
model previously, we found decreased PEDF mRNA in 

whole ovaries of PCOS mice compared to control mice 
(Chuderland et al. 2014). However, in the Met.PCOS model, 
we surprisingly found an increase in the PEDF mRNA in 
the mpGCs, an elevation that may be attributed to the 
metabolic effects of the HFD. We did not measure the level 
of PEDF mRNA in the met.PCOS + rPEDF group, so as to 
refrain from confounding the results.

The Met.PCOS mice in the present study exhibited 
known PCOS characteristics, with respect to the typical 
metabolic traits and also the elevated levels of IL-6 
(Deligeoroglou et al. 2012) in the serum and AMH in GCs 
(Sathyapalan et al. 2018). However, similar to the results 
observed in the PCOS-mice, rPEDF treatment lowered IL-6 
and AMH in the GCs of the Met.PCOS to control levels 
suggesting that the effects of PEDF are common to both 
models. Low-grade chronic inflammation represents one 
of the potential links between hyperandrogenism, insulin 
resistance, obesity, and the long-term consequences of 
PCOS, such as type 2 diabetes and vascular complications 
(Repaci et  al. 2011). Decreasing IL-6 may benefit the 
overall metabolic status of the PCOS patient. Since AMH 
inhibits the FSH-dependent follicle recruitment (Dewailly 
et  al. 2016), our results suggest that PEDF may play an 
essential role in the sensitivity to FSH of follicles in which 
AMH is expressed (Durlinger et al. 2001).

Figure 6
rPEDF stimulates KGN cells in the in vitro Met.PCOS model and negates 
AGEs-induced cytokine and VEGF mRNA elevation. (A) Representative WB. 
KGN cells were incubated for 24 h in culture medium containing 0.1% FBS 
and either 100 ng/mL insulin or 200 μg/mL AGEs. Cells treated with DDW 
or albumin served as control. For the last 15 min of incubation, rPEDF  
(5 nM) was added to the culture medium of untreated cells (rPEDF) and to 
the medium of cells incubated with insulin or AGEs; Tris was added to 
control cultures. Cells were lysed and their proteins analyzed by WB using 
anti-phosphorylated-P38 (pP38, 1:1000) and anti-general-P38 (genP38, 
1:10,000). (B) WB analysis. Bars represent the mean ± s.e.m. of the relative 
expression evaluated by ImageJ software (NIH). (C) KGN cells were 
incubated for 24 h in culture medium containing 0.1% FBS and 200 μg/mL 
AGEs. Cells treated with albumin served as control. rPEDF (5 nM) was 
added to the culture medium for the last 6 h of incubation. The 
corresponding mRNAs were subjected to qPCR analysis, with specific 
primers for IL-6, IL-8, and VEGF and normalized to the endogenous 
control, RPLPO. Bars represent the mean ± s.e.m. of relative expression. All 
experiments were repeated at least three times. *P < 0.05; **P < 0.01 
(t-test). C, control; Chr.ins, chronic insulin; Chr.AGEs, chronic AGEs.

Figure 7
PEDF secretion is reduced in the in vitro PCOS model. KGN cells were 
incubated for 12–24 h in culture medium containing 0.1% FBS and either 
100 ng/mL insulin or 200 μg/mL AGEs. Cells treated with DDW or albumin 
served as control. Media were collected and subjected to ELISA analysis 
with antibodies against PEDF. (A) Graphic illustration of the raw data  
(pg/mL); mean ± s.d. presented in (B). The experiment was repeated at least 
five times. *P < 0.05; **P < 0.01 (t-test). C, control; Ins, insulin; hrs, hours.
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In order to better understand the role of PEDF in  
met.PCOS, we established an in-vitro Met.PCOS model, in 
which the KGN GC line was exposed to insulin and AGEs 
to induce IR. Prolonged exposure to insulin was previously 
shown to reduce the phosphorylation of insulin-induced 
AKT in muscle biopsies from PCOS patients compared with 
muscle tissue from control women (Højlund et al. 2008). 
A decrease in AKT phosphorylation following prolonged 
insulin incubation was also previously shown in luteinized 
human pGCs (Iwase et  al. 2009). The phosphorylation 
of AKT in our in vitro Met.PCOS model was similarly 
significantly reduced, while the levels of IL-6 and IL-8 
mRNA were elevated. These results are consistent with our 
previous study in PCOS mice model (Miller et  al. 2016) 
and with past studies that demonstrated elevated levels of 
IL-6 and IL-8 mRNA in the granulosa-lutein cells (Schmidt 
et al. 2014) and follicular fluid (Artimani et al. 2018) of 
PCOS patients. The mRNA of VEGF was also significantly 
elevated in our model, and this is comparable to studies in 
human subjects with PCOS, which showed that the high 
levels of VEGF seen in the serum were derived from GCs 
(Agrawal et al. 2002).

Akin to our findings in the in vivo Met.PCOS model, 
there was an increase in both PEDF mRNA and protein in 
the in vitro Met.PCOS model. As already discussed for the 
DHT mouse model, this increase is in contrast to in vitro 
findings in an androgenic PCOS model, in which DHT 
led to elevation of IL-6 mRNA but decreased PEDF mRNA 
(I Miller, H Bar-Joseph, L Nemerovsky, I Ben-Ami and R 
Shalgi, unpublished observations). The discrepancies may 
be explained by the differences between the models, and 
may reflect the clinical diversity in the most prevalent 
PCOS aspect in women.

In the current Met.PCOS model, we found an 
elevation in both the mRNA and protein of PEDF receptor. 
The question of why there should be a concurrent 
increase in both intracellular PEDF and PEDF-R led 
us to examine the functionality of the PEDF-Rs. Since 
exogenous PEDF activated phosphorylation of P38 and 
lowered IL-6/8 and VEGF mRNA, it was apparent that the 
PEDF-R maintained functionality, but an examination 
in the in vitro Met.PCOS model, indicated inhibition 
of PEDF secretion accompanied by a consequent PEDF 
accumulation in the cells. This is the first time that a 
decrease in PEDF secretion under metabolic conditions 
has been reported in any cell type. The dramatic decrease 
in PEDF secretion observed 24 h after incubation with 
insulin or AGEs, may explain the increases in PEDF-R 
mRNA and protein as well as the upregulation of VEGF 
and IL-6/8 mRNAs.

The precise mechanism of PEDF secretion is yet to be 
elucidated. PEDF is secreted from adipocytes; adipocyte-
derived PEDF is the major component of PEDF in the 
serum. We examined locally its secretion from GCs. A 
number of factors have been shown to influence PEDF 
secretion from GCs. Stimulation of GCs with increasing 
doses of estrogen caused a gradual decrease in PEDF 
secretion, whereas stimulation with progesterone caused 
an abrupt decrease in PEDF secretion. Similarly, hCG 
caused downregulation of PEDF (Chuderland et al. 2013a, 
Bar-Joseph et al. 2016), but no explanation toward the 
mechanism of the decreased secretion is offered, even in 
other systems: hyperglycemia decreases PEDF secretion 
in primary mesangial cells (Wang et al. 2005); and PEDF 
secretion is decreased in advanced breast cancer (Cai 
et al. 2006). Evidence toward the understanding of how 

Figure 8
The granulosa cell under normal conditions and 
in PCOS. (A) A GC under physiological conditions. 
(B) Met.PCOS GC, hyperinsulinism and hyper AGEs 
lead to a decrease in secretion of PEDF, PEDF-Rs 
are elevated and remain functional, extracellular 
PEDF is diminished and PEDF accumulates in the 
cell, synthesis of IL-6/8 and VEGF mRNA is 
increased, and phosphorylation of AKT is 
diminished. A full colour version of this figure is 
available at https://doi.org/10.1530/JOE-19-0297.
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PEDF secretion may be impaired comes from two sources: 
back in 2003, it was shown that truncated forms of 
PEDF could not be secreted (Shao et al. 2003), hinting 
that blocking PEDF secretion involves changing its 
structure or influencing the endoplasmic reticulum. It 
was also shown that GLUT1 activity contributes to the 
impairment of PEDF secretion in RPE cells (Calado et al. 
2016), indicating that specific signaling makes secretion 
of PEDF possible, and that this signaling is perhaps 
blocked by insulin and AGEs. Our preliminary results 
indicate that Brefeldin A, a Golgi apparatus inhibitor, 
blocks about 50% of PEDF secretion, implying that PEDF 
is secreted both consecutively and in a regulated fashion 
(data not shown). More elaborated studies, which are 
beyond the scope of the present one, are needed to 
clarify the mechanism of PEDF secretion.

Our results lead us to propose a mechanism of action 
for PEDF in GCs, whereby the normal physiological 
balance between intracellular PEDF, extracellular PEDF 
and IL-6/8 and VEGF mRNA (Fig. 8A) is disrupted in the 
Met.PCOS GCs when IR develops. Under these conditions, 
PEDF secretion is reduced and the protein accumulates 
inside the cell causing an increase in IL-6/8 and VEGF 
mRNA (Fig. 8B).

Previous studies from our lab showed that rPEDF 
treatment can prevent and treat endometriosis lesions 
(Chuderland  et  al. 2013c) and OHSS (Miller et  al. 2015, 
2016). The current findings demonstrate that rPEDF 
may have a beneficial effect in met.PCOS, by reducing 
the excessive expression of cytokines, VEGF, AMH, and 
RAGE in the ovary. These results suggest a therapeutic 
potential for PEDF with the ability to regulate the 
impaired inflammatory-angiogenic-hormonal ovarian 
balance known to play a role in PCOS pathophysiology 
and restore the physiological ovarian balance. On a 
broader aspect, our finding that the extracellular secretion 
of PEDF is disrupted under metabolic conditions and the 
demonstration that the situation may be rectified by 
treatment with rPEDF is a novel outcome, which may be 
relevant to other organs that are affected by IR.
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