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Abstract

Owing to the role of fractalkine in regulating cellular apoptosis/proliferation, we investigated fractalkine effects on apoptosis/
proliferation signaling of granulosa cells in polycystic ovarian syndrome (PCOS) patients through in vitro and in vivo experi-
ments. In vivo, granulosa cells were collected from 40 women undergoing oocyte retrieval (20 controls and 20 PCOS). The
expression levels of fractalkine, BAX, Bcl2, Bcl2-XL, Bad, and TNF-a were assessed using RT-PCR. In vitro, we determined
the effect of different doses of fractalkine on the expression of the above mentioned genes in GCs of both groups. We found
that the expression levels of fractalkine and Bcl-2 were significantly lower in the GCs of PCOS patients compared to the
control group (p < 0.05). In contrast, the expression levels of TNF-a and BAX were higher in the patient’s group than in the
control group. The results suggested that expression levels of fractalkine were negatively and positively correlated with the
number of oocytes and fertilized oocytes respectively. Moreover, fractalkine could dose-dependently increase fractalkine
and decrease BAD, BAX, Bcl-xl, and TNF-a expressions in the control GCs. In contrast, GCs collected from PCOS patients
revealed an increase in expression of BAD, BAX, and Bcl-xI following fractalkine treatment. Our findings indicated that
insufficient expression of fractalkine in PCOS patients is related with elevated apoptotic and inflammatory markers and
reduced anti-apoptotic genes in the GCs.
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Introduction

Polycystic ovary syndrome (PCOS) is one of the most
prevailing endocrine disorders with an incidence of 4% to
21% in women at reproductive age [1]. It is one of the main
causes of infertility in women and accounts for almost 75%
of anovulatory subfertilities [2]. It has been revealed that
both inherited and environmental factors are involved in
PCOS [3, 4]. Despite the numerous studies, the exact under-
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lying cellular/molecular mechanisms of PCOS have not yet
been understood.

Abnormal folliculogenesis is considered as one of the
common features of PCOS which is associated with the fail-
ure in the maturation of antral follicles and extensive follicu-
lar atresia [5, 6]. It has been documented that an imbalance
in the apoptosis of granulosa cells (GCs) may contribute
to the abnormal folliculogenesis, as the oocyte maturation
depends entirely on the surrounding GCs [6] [7]. In this
regard, a high rate of apoptosis in the GCs of patients with
PCOS has been previously reported [8].
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It has been shown that the equilibrium between pro- and
anti-apoptotic factors in GCs is crucial in the fate of a follicle
[9]. Fractalkine (CX3CL1) is a chemokine that is involved
in cell proliferation/apoptosis via modulating the expression
of apoptotic genes and up-regulation of anti-apoptotic Bcl
family proteins [10, 11]. Studies have shown that the levels
of fractalkine grow during the preovulatory period and its
expression is higher in luteinizing GCs than in the GCs of
the follicular phase [12, 13]. Fractalkine plays a paracrine/
autocrine role in preovulatory follicles; it has been dem-
onstrated that in an in vitro condition, this cytokine could
reverse the down-regulation of progesterone expression in
GCs of PCOS patients [13, 14].

Owing to the pivotal role of fractalkine in regulating
cellular apoptosis/proliferation signaling and also exist of
an imbalance in apoptosis of GCs from PCOS, we investi-
gated fractalkine effects on apoptosis/proliferation signal-
ing of GCs in these patients through in vitro and in vivo
experiments. In addition, as the GCs can affect the quality of
oocytes and consequently ART outcomes, we evaluated the
association between ART outcomes and fractalkine in GCs.

Materials and methods
Study population

We used PASS 11 software for estimation of sample size
using 0.05 and 0.8 as alpha and beta values, respectively,
as well as, mean expression levels of fractalkine in PCOS
(0.642 +0.070) and control groups (1.610+0.551) which
were previously reported by Shuo, et al. [14]. The sample
size was obtained five for each group; however, in order to
increase the reliability of data and avoiding any bias, we
considered 20 individuals for each group. So, twenty con-
trol women and 20 patients with PCOS were recruited in
this study from who referred to the reproductive Center of
Al-Zahra Hospital and Milad Fertility Clinic of Tabriz for
intracytoplasmic sperm injection-embryo transfer (ICSI-
ET) treatment. The control group aged 30.17 +4.92 years
and had a regular menstrual cycle. These women selected
from couples who had only male factor infertility. The PCOS
patients had a mean age of 29.59 +5.81 years and were
recruited if they had at least two of the Rotterdam-PCOS
criteria (oligo/amenorrhea, clinical or biochemical hyperan-
drogenism, and polycystic ovaries on ultrasonography). We
excluded women with endometriosis, immune system and
inflammatory diseases, endocrine disorders, and history of
smoking. All the procedures were conducted according to
the Declaration of Helsinki and approved by the Ethics Com-
mittee of Tabriz University of Medical Sciences (Approval
cod: IR.TBZMED.REC.1396.181). Signed informed consent
was also obtained from all participants.
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ICSI-ET cycle

All the participants were on their first ART cycle and
underwent ovarian stimulation protocol; Based on the age
and ovarian reserve of the patients, recombinant follicle-
stimulating hormone (150-225 IU rFSH, Gonal-F; Merk
Serono) was injected on day 2 of the menstrual cycle. Then,
the growth of the follicles was monitored and HMG was
administered (Menopur, Ferring) based on the size of the
follicles. GnRH antagonist (0.25 mg/day, Cetrotide, Merk
Serono) was injected when the diameter of the follicles
reached 12—-13 mm. Later, when follicles with a diameter of
17-18 mm were observed, 10,000 IU hCG for the control
group and 5,000 for the PCOS group (Pregnyl, Merk Serono)
were administered. The ovum pick-up was done 34-36 h
after the hCG injection. All patients underwent intracyto-
plasmic sperm injection (ICSI) and received 100 mg pro-
gesterone (Progestone Depot-S; Fuji Pharmaceutical) until
the embryo transfer. The fertilization rate was calculated
by dividing the number of fertilized oocytes by the number
of mature oocytes. All patients received 2-3 morphologi-
cally good-quality embryos and the biochemical pregnancy
was evaluated 14 days after the transfer. Clinical pregnancy
was approved by observing the intrauterine gestational sac,
where the number of sacs per number of transferred embryos
was considered as the implantation rate.

Isolation of the granulosa cells

Collected Cumulus—Oocyte Complexes (COCs) were
used for isolation of the GCs, according to our previously
described method [15]. Briefly, the GCs around the oocyte
were isolated using a syringe needle and transferred into
ISM1 medium. The cells were washed three times through
centrifugation (1200 rpm for 10 min) using sterile phos-
phate-buffered saline (PBS). The isolation purity was previ-
ously confirmed by our group using flow cytometry against
GC specific marker and CD45 (a surface marker specific for
leukocytes) [15, 16]. The results indicated 95-98% purity of
GC:s isolation. For the in vitro experiment, the isolated GCs
were cultured as described in the following section, while for
in vivo, the cells were used for gene expression analysis. A
schematic graph describing the experiments from GC isola-
tion to molecular analysis is shown in Fig. 1.

Culture of GCs for the in vitro experiment

The isolated GCs were washed (three times) with Dulbecco’s
modified Eagle’s medium/Ham’s F12 (1:1,) supplemented
with 0.1 mg/mL streptomycin, 250 ng/mL amphotericin,
and 100 U/mL penicillin. Then the cells were incubated in
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Fig. 1 Schematic graph describing the experiments of the study.
ICSI Intracytoplasmic sperm injection, GCs granulosa cells, PCOS
polycystic ovary syndrome, BAX BCL2 Associated X, BAD BCL2-

the same media (supplemented with 10% fetal calf serum)
for two days in 95% humidity and 5% CO2 at 37°C. This
primary culture was applied to minimize the effect of gon-
adotrophin on the GCs as previously suggested by Rice et al.
[17]. The GCs of each group (PCOS/Control) were divided
into 3 plates (estimated cell density of 2x 10° cells/mL);
The cells in plate A were incubated for 48 h with DMEM
F12 (Thermo Fisher Scientific, Waltham, MA), 10% FBS
(Sigma-Aldrich, USA) and without fractalkine. The culture
condition was similar in plates B and C; however, 100 and
150 ng/mL fractalkine was added in plate B and C, respec-
tively. Each culture was independently conducted three
times. After a 48 h incubation, the GCs were used for fur-
ther analyses.

Gene expression analysis

The Trizol (Sigma-Aldrich, USA) reagent was applied for
total RNA extraction using the manufacturer’s protocol.

Plate A: without FKN Analysis of FKN, BAX, Bcl2, Apoptosis
Plate B: 100 ng/ml FKN Bcel-X1, TNF-a, BAD,GAPDH analysis
Plate C: 150 ng/ml FKN genes expression (TUNEL and DAPI staining))

Culture of GCs from PCOS
and control patients separately

antagonist of cell death, Bcl-2 B-cell lymphoma 2, Bcl-xI B-cell lym-
phoma-extra large, TNF-a tumor necrosis factor-alpha

After the evaluation of RNA integrity (running on 2%
agarose electrophoresis) and purity (260/280 nm absorb-
ance ~2.0), the complementary DNA (cDNA) was synthe-
sized by PrimeScript RT reagent Kit (Takara, JAPAN). The
gene expression of Fractalkine, BAX, Bcl2, Bcl2-XL, Bad,
and TNF-a was assayed using SYBR Green. In this regard,
7 pL SYBR Green PCR Master Mix (Takara, JAPAN), 0.7
pL of forward and reverse primers, and 0.7 pL. cDNA were
added into a sterile micro-tube and the solution volume was
brought to 14 pL using DEPC Treated Water. The sequences
of primers are summarized in Table 1. The following real
time-PCR program was used for gene expression analysis:
5 min at 95 °C as an activation step, 40 cycles including
5 s denaturation at 95 °C, 30 s annealing at optimum tem-
perature for each primer (listed in Table 1), and extension
at 72 °C for 20 s. All the reactions were done in a Mic Real-
Time PCR (BioMolecular Systems, Australia) detection sys-
tem. Finally, the gene expression was normalized by a house-
keeping gene (Glyceraldehyde 3-phosphate dehydrogenase)

Table 1 Primer sequences used

Primer sequence

for the real time-polymerase Gene Accession number

chain reaction (PCR) analysis Fractalkine NM_002996.6
BAX NM_001291428
BAD NM_004322.3
Bcl2 NM_000633.2
Bcl-xl NM_138578.3
TNF-a NM_000594.4
GAPDH NM_002046.7

Forward 5'-GAGGCCAGCCTTGACCATTCT-3'
Reverse 5'- GGAACCTCTAACCAGCCAGCA-3'
Forward 5'- TTTCTGACGGCAACTTCAACTG-3'
Reverse 5'- CCCGGAGGAAGTCCAATGTC-3'
Forward 5'- GACGAGTTTGTGGACTCCTTTA-3'
Reverse 5'- CAAGTTCCGATCCCACCAG-3'
Forward 5'- CGTGCCTCATGAAATAAAGATCCG-3'
Reverse 5'- GTCTTCAATCACGCGGAACAC-3’
Forward 5'- CGTGGAAAGCGTAGACAAGGA-3’
Reverse 5'- CAAGGCTCTAGGTGGTCATTCA-3’
Forward 5'- GGCAGGTCTACTTTGGGATCA-3’
Reverse 5'- CCAGAAGAGGTTGAGGGTGTC-3'
Forward 5'- CAAGATCATC ACCAATGCCT-3'
Reverse 5'- CCCATCACGCCACAGTTTCC-3'
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and the relative gene expression was obtained using the
27AAC method. All reactions were performed in triplicate.

DAPI and TUNEL staining

Terminal deoxynucleotidyl transferase-mediated dUTP-bio-
tin nick end labeling (TUNEL) assay was used to evaluate
apoptosis status of GCs isolated from PCOS and control
individuals and treated with fractalkine. For this purpose,
the cells obtained from PCOS and control individuals were
evaluated after 48 h culturing with and without (control)
fractalkine at a dose of 150 ng/ml. We chose the highest dose
of fractalkine as our gene expression analysis showed this
dose could better affect apoptosis signaling. After remov-
ing the medium, the cells were washed and fixed with 4%
paraformaldehyde. To perform TUNEL assay, ApopTag
peroxidase in situ apoptosis detection kit (Oncor, Gaithers-
burg, MD, USA) was used according to the manufacturer’s
protocol. Then the cells were counterstained with 2 pg/ml
of DAPI (4',6-diamidino-2-phenylindole, Sigma-Aldrich,
USA) and incubated in the dark for 5 min at room tempera-
ture. Finally, the cells were evaluated under a fluorescent
microscope (Olympus system, Japan). This experiment was
performed in triplicate.

Statistical analysis

Statistical analysis was performed using SPSS PC Statistics
(version 23; SPSS Inc., Chicago, IL, USA). After confirming
the normal distribution of the data by Kolmogorov—Smirnov
test, we compared the data of the groups using t-test and
one-way analysis of variance (ANOVA) followed by Tukey’s
test. The correlation between study variables was evaluated
by the Pearson correlation test. Data have been presented
as mean + standard deviation (SD) and p-value <0.05 was
considered to be statistically significant.

Results
In vivo experiment

The characteristics of the study population are presented
in Table 2. The data revealed significantly higher BMI in
the patient group in comparison with the control group
(p=0.004). As shown in Fig. 2, we found that expression
levels of fractalkine and Bcl-2 were significantly lower in
the GCs of PCOS patients compared to the control group
(» <0.05). In contrast, the expression levels of TNF-a and
BAX were higher in the patients than the control group
(Fig. 2, p<0.05). Correlation analysis between the expres-
sions of genes revealed the existence of a positive correlation
between expressions of BAD and BAX in all studied popula-
tions (r,=0.429 and p=0.020, Table 3). Further, there were
positive and negative correlations between the expression of
fractalkine with Bel-x1 and BAD in the PCOS group, respec-
tively (r,=0.653 and r,=-0.576, respectively).

Data about correlations between ART outcomes and
expression of the genes are reported in Table 4. We found
that expression levels of fractalkine were negatively and
positively correlated with the number of oocytes and the
number of fertilized oocytes, respectively. In the PCOS
group, fractalkine had also a positive correlation with the
fertilization rate. We also observed that TNF-a expression
had a negative correlation with the fertilization rate in all
populations and the control group. Moreover, Bcl-2 expres-
sion levels were significantly associated with the number of
oocytes and the number of fertilized oocytes (r,=— 0.415
and r,=0.412, respectively).

In vitro experiment

We evaluated the effect of fractalkine (at doses of 0, 100 and
150 ng/mL) on the expression of the genes in GCs collected

Table 2 Characteristics of the

‘ Control (n=20) PCOS (n=20) P value
study population
Age (year) 30.17+4.92 29.59+5.81 0.752
BMI (kg/m?) 26.17+4.01 29.79+2.60 0.004
E2 level at hCG injection day (pg/ml) 1333.27+506.34 1595.60+536.24 0.372
P level at hCG injection day (ng/ml) 6.05+3.02 6.33+4.04 0.764
UriFSH (IU) 1530.00+543.36 1635.00+557.22 0.732
Prolactin (ng/ml) 66.37+63.78 171.11+£99.42 0.159
Pregnancy rate n (%) 9 (45%) 7 (35%) 0.471
Live birth rate n (%)* 8 (40%) 6 (30%) 0.094

PCOS polycystic ovary syndrome, BMI body mass index, E2 estradiol, P progesterone, #/CG human chori-
onic gonadotropin, UriFSH urinary follicle-stimulating hormone

4All the clinically pregnant women had a live birth and the pregnancy outcome of just two patients (one
from the control and one from the PCOS groups) could not be followed due to changing the address and

contact number
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Table 3 Correlations between

. TNF-a Fractalkine Bcel-x1 Bcl-2 Bad Bax
expression levels of the genes
All subjects (n=40)
TNF-a - r,=0.274 r,=0.291 r,=0.040 r,=-0.182 r,=0.107
- p=0.158 p=0.140 p=0.854 p=0.326 p=0.588
Fractalkine r,=0.274 - r,=0.100 r,=0.156 r,=0.287 r,=0.266
p=0.158 - p=0.628 p=0.469 p=0.124 p=0.190
Bcl-x1 r,=0.291 r,=0.100 - r,=0.381 r,=0.041 r,=0.102
p=0.140 p=0.628 - p=0.073 p=0.833 p=0.614
Bcl-2 r,=0.040 r,=0.156 r,=0.381 - r,=0.387 r,=0.205
p=0.854 p=0.469 p=0.073 - p=0.051 p=0.337
Bad r,=—-0.182 r,=0.287 r,=0.041 r,=0.387 - r,=0.429
p=0.326 p=0.124 p=0.833 p=0.051 - p=0.020
Bax r,=0.107 r,=0.266 r,=0.102 r,=0.205 r,=0.429 -
p=0.588 p=0.190 p=0.614 p=0.337 p=0.020 -
Control group (n=20)
TNF-a - r,=0.361 r,=0.240 r,=-0.057 r,=-0350 r,=0.063
- p=0.170 p=0.389 p=0.840 p=0.169 p=0.811
Fractalkine r,=0.361 - r,=0.013 r,=—045 1,=0.032 r,=0.324
p=0.170 - p=0.964 p=0.102 p=0.905 p=0.221
Bcl-x1 r,=0.240 r,=0.013 - r,=0.188 r,=-0.185 r,=0.009
p=0.389 p=0.964 - p=0.538 p=0.508 p=0.973
Bcl-2 r,=-0.057 r,=-0455 r,=0.188 - r,=0.380 r,=0.236
p=0.840 p=0.102 p=0.538 - p=0.163 p=0.397
Bad r,=—-0350 r,=0.032 r,=—0.185 r,=0.380 - r,=0.432
p=0.169 p=0.905 p=0.508 p=0.163 - p=0.083
Bax r,=0.063 r,=0.324 r,=0.009 r,=0.236 r,=0.432 -
p=0.811 p=0.221 p=0.973 p=0.397 p=0.083 -
PCOS group (n=20)
TNF-a - r,=0.488 r,=0.278 r,=0.288 r,=0.118 r,=0.186
- p=0.108 p=0.381 p=0.452 p=0.689 p=0.583
Fractalkine 1,=0.488 - r,=0.653 r,=—0.066 r,=-0576 1,=0.609
p=0.108 - p=0.021 p=0.856 p=0.031 p=0.062
Bcl-xl r,=0.278 r,=0.653 - r,=0.570 r,=0.355 r,=0.293
p=0.381 p=0.021 - p=0.085 p=0.212 p=0.355
Bcl-2 r,=0.288 r,=—0.066  r,=0.570 - r,=0.173 r,=0.421
p=0.452 p=0.856 p=0.085 - p=0.611 p=0.259
Bad r,=0.118 rg=-—0.576 r,=0.355 r,=0.173 - r,=0.537
p=0.689 p=0.031 p=0.212 p=0.611 - p=0.072
Bax r,=0.186 r,=0.609 r,=0.293 r,=0.421 r,=0.537 -
p=0.583 p=0.062 p=0.355 p=0.259 p=0.072 -

PCOS Polycystic ovary syndrome, BAX BCL2 Associated X, BAD BCL2-antagonist of cell death, Bcl-2
B-cell lymphoma 2, Bcl-xI B-cell lymphoma-extra large, TNF-a tumor necrosis factor-alpha

from healthy and PCOS individuals and the results are
presented in Fig. 3. We found that fractalkine could dose-
dependently enhance the gene expression of fractalkine in
the control GCs. Furthermore, in these cells, fractalkine
at the doses of 100 and 150 ng/mL significantly decreased
expression of BAD, BAX, Bcl-xl, and TNF-a genes. In
contrast, GCs collected from PCOS patients revealed an
increase in the expression of BAD, BAX, and Bcl-x1 fol-
lowing fractalkine treatment at doses of 100 and 150 ng/
mL (p <0.05). We also found that the treatment of these
GCs with 100 ng/mL fractalkine significantly decreased the
expression of TNF-a (p <0.05).

@ Springer

Apoptosis assay showed that there was a high rate of apop-
tosis among GCs from PCOS patients compared to the cells
obtained from healthy individuals after 48 h culture (Fig. 4).
Moreover, culturing the GCs with fractalkine at a dose of
150 ng/mL increased and decreased apoptosis rate in the cells
obtained from PCOS and healthy individuals, respectively.
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Table 4 Correlations between ART outcomes and expression of the genes

TNF-a Fractalkine Bel-xl Bcl-2 Bad Bax
Number of oocytes r,=0.020 r,=—0.509 r,=0.066 r,=—0.415 r,=—0.233 r,=-0.014
p=0915 p=0.005 p=0.734 p=0.049 p=0.200 p=0.942
All subjects (n=40)
Number of fertilized oocytes r,=—0.036 r,=0.552 r,=—0.027 r,=0.412 r,=—0.267 r,=—0.042
p=0.852 p=0.002 p=0.893 p=0.050 p=0.147 p=0.831
Fertilization rate ro=—0.380 r,=0.040 r,=—0.260 r,=-0.190 r,=0.075 r,=-0.176
p=0.042 p=0.840 p=0.182 p=0.363 p=0.689 p=0.370
Implantation rate r,=0.190 r,=—0.04 r,=—0.072 r,=0.281 r,=0.022 r,=0.039
p=0.334 p=0.817 p=0.727 p=0.174 p=0.909 p=0.846
Control group (n=20)
Number of oocytes r,=0.252 r,=—0.182 r,=0.112 r,=—0.519 r,=—0.321 r,=-0273
p=0.329 p=0.499 p=0.691 p=0.041 p=0.210 p=0.289
Number of fertilized oocytes r,=0.072 r,=0.104 r,=0.065 r,=-0.195 r,=-0.210 r,=-0223
p=0.329 p=0.712 p=0.826 p=0.504 p=0.435 p=0.406
Fertilization rate r,=-0.513 r,=0.124 r,=-—0.153 r,=0485 r,=0.325 r,=-0.129
p=0.042 p=0.660 p=0.602 p=0.079 p=0.220 p=0.635
Implantation rate r,=0.259 r,=—0.089 r,=—0.348 r,=0.173 r,=0.041 r,=0.065
p=0.333 p=0.753 p=0.222 p=0.555 p=0.880 p=0.811
PCOS group (n=20)
Number of oocytes r,=-—0.373 r,=—0.528 r,=-0.123 r,=-.219 r,=—0.087 r,=0.013
p=0210 p=0.046 p=0.675 p=0.518 p=0.758 p=0.967
Number of fertilized oocytes r,=—0.387 r,=0.704 r,=—0.249 r,=0.049 r,=—0.271 r,=—0.098
p=0.203 p=0.007 p=0.392 p=0.886 p=0.329 p=0.762
Fertilization rate r,=—0.135 r,=0.609 r,=-—0.398 r,=—0257 r,=—0.550 r,=-0.320
p=0.661 p=0.027 p=0.159 p=0.445 p=0.034 p=0.310
Implantation rate r,=0.130 r,=—0.085 r,=0.209 r,=0.425 r,=—0.046 r,=—0.037
p=0.687 p=0.794 p=0514 p=0.193 p=0.882 p=0914

PCOS polycystic ovary syndrome, BAX BCL2 Associated X, BAD BCL2-antagonist of cell death, Bcl-2 B-cell lymphoma 2, Bcl-xI B-cell lym-

phoma-extra large, TNF-a tumor necrosis factor-alpha

Discussion

In this study, we evaluated the effects of fractalkine on
apoptosis/proliferation signaling of GCs in PCOS patients
through in vitro and in vivo experiments. Since the PCOS
patients received lower doses of hCG to avoid OHSS com-
pared with the control group (5000 vs. 10,000 IU), the com-
parison of factors between the two groups could be affected
by the hCG dose as a confounding factor. So, we conducted
an in vitro study and found that different doses of hCG could
not significantly affect the expression levels of the factors
that were evaluated in the present study (data not shown).
Our results revealed that the expression levels of frac-
talkine in GCs of PCOS patients were significantly lower
than those in the control group. In parallel with our find-
ings, Huang et al. [14] reported lower levels of fractalkine
in the follicular fluid and GCs of patients with PCOS com-
pared to healthy women. However, there is not sufficient
data to explain why GCs of PCOS patients had decreased
expression levels of fractalkine. Nevertheless, it has been
shown that the loss of fractalkine signaling could exac-
erbate obesity-induced adipose tissue inflammation and

insulin resistance [18]. Further, Riopel et al. [19] reported
the beneficial effects of chronic administration of frac-
talkine on glucose tolerance in mice. Since the insulin
resistance in ovarian follicles and GCs is one of the main
causes of PCOS [20, 21], it can be postulated that reduced
expression of fractalkine in the GCs may contribute to
the insulin resistance of these cells. Further studies are
required to address the role of fractalkine in glucose toler-
ance of GCs and its association with the development of
PCOS. It has been suggested that insulin-sensitizers, such
as inositol isoforms, could be applied for PCOS treatment
[22, 23]; So, future studies are required to investigate if
the administration of insulin-sensitizers can improve
PCOS complications partly through affecting fractalkine.
Another role of fractalkine in PCOS can be related to its
ability in the stimulation of progesterone production by
GCs. In this regard, it has been reported that decreased
levels of fractalkine could cause a dramatic reduction in
progesterone secretion of GCs [14] and thereby paving
the way for the development of PCOS. Furthermore, the
role of fractalkine in anti-apoptosis signaling [10, 24-26]
can be a mechanism by which fractalkine can be involved
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Fig.3 Effect of different doses of fractalkine (FKN) on the expres- »

sion of the genes in GCs collected from healthy and polycystic
ovary syndrome (PCOS) individuals. FNK fractalkine, BAX BCL2
Associated X, BAD BCL2-antagonist of cell death, Bcl-2 B-cell
lymphoma 2, Bcl-xI B-cell lymphoma-extra large, TNF-a tumor
necrosis factor-alpha. Significant difference in compared with *Nor-
mal, "Normal + 100 ng/ml FKN, ‘Normal + 150 ng/ml FKN, dpCos,
°PCOS + 100 ng/ml FKN. prime symbol (') shows a significant differ-
ence at p <0.001

in PCOS pathogenesis (this mechanism has been further
discussed in the present study).

Given the above-mentioned role of fractalkine in the GCs
and follicles function, this factor can affect ovarian functions
and ART outcomes. In this respect, we found that expression
levels of fractalkine were positively correlated with the ferti-
lization rate. To the best of our knowledge, there is no study
regarding the association between fractalkine in ovaries and
follicular fluid with ART outcomes. So, further studies are
required to confirm our findings.

Our results revealed that the expression levels of pro-
apoptotic (BAX) and anti-apoptotic (Bcl-2) genes were
respectively higher and lower in GCs of PCOS patients in
comparison with the control group, indicating a high activity
of apoptosis signaling in the GCs of patients with PCOS. In
supporting our results, a disruption in the apoptosis/anti-
apoptosis balance of the GCs from PCOS patients has been
reported [27-31]. Abnormal apoptosis/anti-apoptosis bal-
ance in GCs can affect the development of follicles and their
atresia [32] and consequently cause follicular maturation
failure, anovulation, and PCOS [8]. In this regard, imbal-
anced apoptosis/anti-apoptosis signaling has been consid-
ered as the major pathogenesis of PCOS [33]. Accordingly,
we found positive and negative associations between anti-
apoptotic (Bcl-2) and apoptotic (BAD) expression with the
number of fertilized oocytes, respectively. Interestingly, frac-
talkine acts as a cell survival factor and has an anti-apoptotic
effect on different cells [10, 25, 34]. It has been reported
that fractalkine reduced the expression of apoptotic genes
and upregulated anti-apoptotic proteins [11, 35]. We also
found positive and negative correlations between the expres-
sions of fractalkine with Bcl-xI and BAD in the GCs. So, it
can be concluded that the high expression of apoptotic and
low expression of anti-apoptotic genes in the GCs of PCOS
patients could be due to diminished levels of fractalkine.

To confirm the role of fractalkine in the maintenance of
apoptosis/anti-apoptosis balance in the GCs, we conducted
an in vitro study. We found that fractalkine at the doses of
100 and 150 ng/mL could reduce the expression of BAD and
BAX genes in the GCs of healthy women. Furthermore, frac-
talkine at a dose of 150 ng/mL could reduce apoptosis rate of
the GCs. It has been approved that anti-apoptotic and prolif-
erative effects of fractalkine are mediated by PI3K—Akt and
MAPK/ERK signaling pathways [10, 11, 34]. In respect to
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DAPI

TUNEL

Fig.4 Evaluating apoptosis rate of granulosa cells (GCs) after 48 h
culturing with and without fractalkine (FKN) using TUNEL and
DAPI staining. a GCs obtained from patients with polycystic ovarian

the anti-apoptotic role of fractalkine, Akt activation causes
phosphorylation of BAD and G3K3, and consequently apop-
tosis is inhibited [11, 34]. Furthermore, it has been shown
that fractalkine contributed to pancreatic cancer cell sur-
vival by stimulating BCL-2 and BCL-xI expressions through
Akt/NF-xB/p65 signaling [25]. So, the results of the current
study regarding stimulatory and inhibitory effects of frac-
talkine on the expression of respectively anti-apoptotic and
apoptotic factors in normal GCs seem logical. Since apop-
tosis also occurs during the normal physiological condition
and its dysregulation can be seen in different gynecological
disorders such as endometriosis [36, 37], further studies can
investigate the role of fractalkine in orchestrating apoptosis/
proliferation signaling in these disorders.

Interestingly, the GCs from PCOS patients showed a
different response to the fractalkine treatment, as in these
cells fractalkine dose-dependently enhanced the expres-
sion of BAD, BAX, and Bcl-xI. Beside, fractalkine induce
apoptosis in GCs from PCOS patients. Such a difference
in the response to the fractalkine between GCs collected
from PCOS patients and those from healthy women could be
due to the impaired PI3K-AKT and MAPK/ERK signaling
pathways in the ovary of PCOS women. Previous findings
indicated an imbalance or deregulation in many of the PI3K-
Akt intermediates in PCOS patients. For example, decreased
levels of pGSK3a and pGSK3p (intermediated of PI3K-Akt
signaling pathway) have been observed in patients with insu-
lin resistance, which is one of the important issues of PCOS
[38, 39]. Restuccia et al. [40] have also documented that
eliminating Akt2 leads to the formation of ovarian cysts.
Another study indicated a significant increase in p-Aktl lev-
els of GCs obtained from hyperandrogenic PCOS patients
[39]. Given that fractalkine exerts its anti-apoptotic effect via
mediators of PI3K-AKT and MAPK/ERK signaling path-
ways (e.g. Akt, GSK, and ERK) [11, 34] and these pathways
are dysregulated in PCOS patients [39, 41, 42], our findings

syndrome (PCOS), b GCs obtained from PCOS patients at the pres-
ence of 150 ng/ml FKN, ¢ GCs obtained from healthy women, d GCs
obtained from healthy women at the presence of 150 ng/ml FKN

regarding the different response of GC from PCOS patients
to fractalkine can be explained. Moreover, it has been dem-
onstrated that when the anti-apoptotic signaling mediators
are dephosphorylated, the signaling acts in favor of apopto-
sis [43, 44] as we observed in GCs of PCOS patients. There-
fore, it can be postulated that PI3K-AKT signaling pathway
may have a dual role and can mediate both follicular sur-
vival and apoptosis. However, in the PCOS patients, due
to impaired signaling, the pathway induces expression of
apoptotic factors rather than the anti-apoptotic factors. In
confirming this hypothesis, we observed that the addition
of fractalkine in culture media of GCs obtained from PCOS
patients induced apoptosis as well as expression of apop-
totic factors instead of anti-apoptotic genes. The underlying
dual role of fractalkine and switching from anti-apoptotic
into apoptotic function in GCs of PCOS patients should be
investigated in future studies.

Our results indicated that TNF-a levels were elevated in
GCs of women with PCOS in comparison with the control
group. Previous studies have also revealed that women with
PCOS have increased serum levels of TNF-a [45]. Elevated
levels of TNF-a in the GCs of PCOS patients could be a
result of excessive inflammation in these patients. Fur-
thermore, we found a lower level of fractalkine in PCOS
patients and previous studies have suggested that TNF-« is
a positive regulator of fractalkine expression [46, 47]. So,
it can be postulated that the elevation in TNF-a expression
levels was a compensatory response to induce fractalkine
expression and keep its concentration at physiological lev-
els. On the other hand, fractalkine has an anti-inflammatory
role [48-50] and can modulate TNF-a production through
NF-«B [50-52]. Our in-vitro results were in parallel with
previous reports regarding the negative effect of fractalkine
on TNF-a production [21-23]. In this respect, we found that
treatment of GCs with fractalkine could dose-dependently
reduce the expression of TNF-a in GCs of both healthy and
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PCOS women. Moreover, we found that expression levels
of TNF-« in the GCs were negatively associated with the
fertilization rate of oocytes which is in good accordance
with previous findings regarding the negative correlation
between TNF-a levels in follicular or embryo culture flu-
ids with fertilization rate [36, 37]. As the strength points
of our study, it can be mentioned that this study for the first
time reported the role of fractalkine in orchestrating apop-
tosis/proliferation signaling in GCs. Further, we evaluated
fractalkine effects on apoptosis and anti-apoptosis factors
both in vivo and in vitro. Also, we reported an association
between fractalkine and ART outcomes. However, this study
had a relatively small sample size and we did not evaluate
the factors at the protein level. So, future studies are required
to evaluate the factor at protein levels and use fractalkine
signaling inhibitors to find the exact underlying mechanisms.

In conclusion, our findings suggested that insufficient
expression of fractalkine in PCOS patients is related to ele-
vated apoptotic and inflammatory markers (e.g. BAX and
TNF-a) and reduced anti-apoptotic genes (e.g. Bcl-2) in the
GCs and thus disturbed maturation of the oocyte. We also
found that fractalkine in GCs was negatively and positively
associated with the number of oocytes and the number of
fertilized oocytes, respectively. Interestingly, our results
showed that the effect of fractalkine on GCs collected from
PCOS patients was totally different from what we found in
healthy GCs.
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