
HAL Id: hal-04493459
https://hal.inrae.fr/hal-04493459

Submitted on 7 Mar 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Spexin role in human granulosa cells physiology and
PCOS: expression and negative impact on

steroidogenesis and proliferation
Patrycja Kurowska, Monika Dawid, Julia Oprocha, Natalia Respekta, Loïse
Serra, Anthony Estienne, Piotr Pawlicki, Malgorzata Kotula-Balak, Fabrice

Guérif, Joelle Dupont, et al.

To cite this version:
Patrycja Kurowska, Monika Dawid, Julia Oprocha, Natalia Respekta, Loïse Serra, et al.. Spexin role
in human granulosa cells physiology and PCOS: expression and negative impact on steroidogenesis
and proliferation. Biology of Reproduction, 2023, 109 (5), pp.705-719. �10.1093/biolre/ioad108�. �hal-
04493459�

https://hal.inrae.fr/hal-04493459
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Received: May 29, 2023. Revised: July 18, 2023. Accepted: August 25, 2023
© The Author(s) 2023. Published by Oxford University Press behalf of Society for the Study of Reproduction.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Biology of Reproduction, 2023, 109(5), 705–719
https://doi.org/10.1093/biolre/ioad108
Advance access publication date 2 September 2023
Research Article

Spexin role in human granulosa cells physiology and

PCOS: expression and negative impact on steroidogenesis

and proliferation†

Patrycja Kurowska1,*, Monika Dawid1,2, Julia Oprocha1, Natalia Respekta1,2, Loïse Serra3,

Anthony Estienne3, Piotr Pawlicki4, Małgorzata Kotula-Balak5, Fabrice Guérif3,6,

Joelle Dupont3 and Agnieszka Rak1

1Laboratory of Physiology and Toxicology of Reproduction, Institute of Zoology and Biomedical Research, Jagiellonian University in Krakow,
Krakow, Poland
2Doctoral School of Exact and Natural Sciences, Jagiellonian University in Krakow, Krakow, Poland
3National Research Institute for Agriculture, Food and the Environment, UMR85, Unité Physiologie de la Reproduction et des Comportements,
Nouzilly, France
4Center of Experimental and Innovative Medicine, University of Agriculture in Krakow, Krakow, Poland
5Department of Animal Anatomy and Preclinical Sciences, University Centre of Veterinary Medicine JU-UA, University of Agriculture in
Krakow, Krakow, Poland
6Reproductive Medicine and Biology Department, University Hospital of Tours, Tours, France
*Correspondence: Laboratory of Physiology and Toxicology of Reproduction, Institute of Zoology and Biomedical Research, Jagiellonian University,
Gronostajowa 9, 30-387 Krakow, Poland. Tel: +48 12 664 50 03; E-mail: patrycja.kurowska@uj.edu.pl
†Grant Support: This work was supported by the Priority Research Area (B.1.7.2021) under the Strategic Programme Excellence Initiative at Jagiellonian
University in Krakow, Poland. The project is cofinanced by the Polish National Agency for Academic Exchange (BPN/BFR/2022/1/00007).

Abstract

Spexin (SPX) is a novel neuropeptide and adipokine negatively correlated with obesity and insulin resistance. A recent study investigated
expression and regulatory function of SPX in the hypothalamus and pituitary; however, the effect on ovarian function is still unknown. The
aim of this study was to characterize the expression of SPX and its receptors, galanin receptors 2 and 3 (GALR2/3), in the human ovary and to
study its in vitro effect on granulosa cells (GC) function. Follicular fluid (FF) and GC were obtained from normal weight and obese healthy and
diagnosed with polycystic ovarian syndrome (PCOS) women. Expression of SPX and GALR2/3 in the ovary was studied by qPCR, western blot,
and immunohistochemistry. The level of SPX in FF was assessed by enzyme-linked immunosorbent assay. The in vitro effect of recombinant
human SPX on GC proliferation, steroidogenesis, and signaling pathways (MAP3/1, STAT3, AKT, PKA) was analyzed. Moreover, GC proliferation
and estradiol (E2) secretion were measured with and without an siRNA against GALR2/3 and pharmacological inhibition of the above kinases.
The results showed that both the SPX concentration in FF and its gene expression were decreased in GC of obese and PCOS women, while the
protein expression of GALR2/3 was increased. We noted that SPX reduced GC proliferation and steroidogenesis; these effects were mediated
by GALR2/3 and kinases MAP3/1, AKT, and STAT3 for proliferation or kinases MAP3/1 and PKA for E2 secretion. The obtained data clearly
documented that SPX is a novel regulator of human ovarian physiology and possibly plays a role in PCOS pathogenesis.

Summary Sentence
We observed decreased spexin (SPX) levels in granulosa cells (GC) and follicular fluid collected from obese and polycystic ovarian syndrome
women, and we noted an inhibitory effect of SPX on GC proliferation and steroidogenesis.
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Introduction

Spexin (SPX), a novel neuropeptide and adipokine, was dis-
covered in 2007 using a bioinformatics method based on a
hidden Markov model [1]. In humans, its protein is encoded
by the RNA 5’-phosphate and 3’-OH ligase 1 (RLIG1, pre-
viously known as C12ORF29) gene, which is located on
chromosome 12 and consists of six exons and five introns.
This gene encodes a SPX prepropeptide of 116 amino acids,
while an active neuropeptide is built from a 14-amino-acid
polypeptide [1]. Expression of SPX was described mainly in
human white adipose tissue [1], but it was also found in
the brain, heart, lung, liver, pancreas, stomach, and diverse
sections of the gastrointestinal tract, as reported in both fish
and mammals [2, 3]. Structural analysis of SPX showed that
it belongs to the Spexin/Galanin/Kisspeptin gene family [4].
Moreover, it was demonstrated that SPX activates galanin
(GAL) receptors type 2 (GALR2) and 3 (GALR3) [4]. It has
been demonstrated that SPX may modulate many processes
by GALR activation, including stimulating intestinal/colonic
smooth muscle contractions via GALR2 in mice [5] or reduc-
ing hepatic and circulating levels of total bile acids via GALR2
and GALR3 in rats [6]. Interestingly, the effect of SPX on the
regulation of energy homeostasis, appetite control, and fatty
acid uptake has already been described [7]. Levels of SPX in
adipose tissue were remarkably decreased in obese individuals
[8, 9], and injection of SPX into the brain inhibited food
consumption and decreased the expression of orexigenic fac-
tors in goldfish [10]. Moreover, SPX significantly impeded
fatty acid uptake into the adipocytes in mice and humans [9],
as well as down-regulating the expression of pro-adipogenic
genes while increasing lipolysis in mice [11]. Furthermore,
SPX treatment improved glucose tolerance and decreased

insulin resistance in obese mice [12]. It is previously known
that SPX is an important regulator of cell proliferation in
different cell types; for example, it stimulates proliferation
in the muscle C2C12 cell line [13] and pancreas INS-1E
cells [14], whereas in rat adrenocortical cells it decreases
bromodeoxyuridine (BrdU) incorporation [15]. SPX action is
strictly connected with activation of signaling kinases path-
ways, including the upregulation of mitogen-activated kinase
(MAP3/1) in mice osteoblasts [16]. In comparison, insulin
inhibits the SPX response by activating MAP3/1 and protein
kinase B (AKT) pathways in the mouse stomach [17].

Some evidence also indicated a close relationship between
SPX and reproduction, by describing its expression in tissues
of the hypothalamus–pituitary–gonads (HPG) axis [18–20].
Its presence was observed in the human [21] and fish [18]
hypothalamus, where it was increased during fasting [18]. In
the fish pituitary, the SPX level was inhibited in the spawning
period [19], which indicated its regulation by reproductive
hormones. SPX also directly regulates fish pituitary function
by decreasing luteinizing hormone (LH) secretion [22] and
follicle stimulating hormone (Fsh) gene expression [23]. How-
ever, data about ovarian expression of SPX are limited and its
role in ovarian cell physiology is largely unexplored.

Interestingly, recent studies suggest that SPX may be a
novel key player in the pathophysiology of polycystic ovarian
syndrome (PCOS); the serum level of SPX is inversely associ-
ated with androgens and metabolic profiles in PCOS women
[24]. Also, our previous data documented that Spx transcript
was decreased in the ovary of letrozole-induced PCOS rats
[20]. In the pathophysiology of PCOS, insulin resistance and
disruptions of the HPG axis were noted, including increased
LH secretion [25]. Approximately 50% of women with PCOS
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are overweight or obese [26], and it is a well-known fact
that obesity increases insulin resistance and hyperinsuline-
mia, which in turn stimulates adipogenesis [26]. Besides,
most PCOS patients with hyperandrogenism have defects
of steroid secretion that result in abnormal folliculogenesis
and failed dominant follicle selection [27], while inhibition
of granulosa cells (GC) proliferation is recognized as a key
factor that underlies aberrant follicle maturation [28]. All
PCOS patients have symptoms such as menstrual irregularity,
infertility, miscarriage, and metabolic syndrome. Interestingly,
obese women with PCOS have a more severe phenotype than
normal weight women with PCOS [29]. Thus, the role of
adipokines, to which SPX belongs, has been implicated to
play important roles in the pathogenesis of PCOS [30]. Levels
of adipokines change significantly in the plasma of PCOS
women: concentrations of omentin [31] and adiponectin [32]
were decreased, whereas the opposite effect was observed for
leptin [33] and visfatin [32], suggesting adipokines as a simple
diagnostic criteria of PCOS. In addition, increased levels of
vaspin in obesity and PCOS play a role in PCOS pathogenesis,
notably protecting from insulin-resistance-induced complica-
tions [34].

Thus, we hypothesize that SPX and GALR2/3 are expressed
in human ovarian cells and the follicular fluid (FF) of women
and that SPX directly regulates GC function. Hence, in the
present work, we investigated (i) gene and protein expression
of SPX and GALR2/3 in GC of normal weight and obese
healthy women and diagnosed with PCOS, its immunolocal-
ization in the human ovary, as well as SPX levels in FF; (ii) the
in vitro effect of SPX on GC proliferation and steroidogenesis;
and (iii) the molecular mechanism of SPX action by GALR2/3
silencing and pharmacological inhibition of kinases: MAP3/1,
AKT, and protein kinase A (PKA), as well as signal transducer
and activator of transcription 3 (STAT3).

Material and methods

Ethics statement

The study was conducted according to the principles set out
in the Declaration of Helsinki. Informed consent was obtained
from each participant, and the study protocol was approved
by the Institutional Review Board (authorization protocol
2016 075, Ethic Committee of Tours University Hospital,
France).

Study population

Studied patients were recruited among women at 21–41 years
(32 ± 4.7) admitted to the referral Centre for Reproductive
Medicine of Tours University Hospital (2011–2022) for infer-
tility requiring in vitro fertilization (IVF) assistance. The ovar-
ian stimulation protocol and IVF, which were the same for
all patients included in the study, were described previously
[35]. Patients were classified as having PCOS according to the
Rotterdam criteria. Hormonal profile: FSH, LH, and testos-
terone were measured in blood samples collected between the
3rd and 5th days of the cycle by enzyme-linked immunosor-
bent assay (ELISA) using an Immulite 2500 immunoassay
analyzer (Siemens, Munich, Germany), while anti-Müllerian
hormone was determined by Eurofins Biomnis (Lyon, France).
A transvaginal ovarian ultrasound scan was performed in the
early follicular phase to determine the antral follicle number
and to assess ovulation. According to body mass index (BMI),

PCOS and control/healthy patients were classified as normal
weight (BMI 18–25 kg/m2) or obese (BMI > 30 kg/m2). Char-
acterization of patients is presented in Supplementary Table 1.
Samples from a total of 164 patients (41 in each group: normal
weight, obese, PCOS normal weight, and PCOS obese) were
collected in this study.

Collection and processing of biological samples

The FF and primary human luteinized GC were obtained
from the cumulus–oocyte (Oo) complexes collected during
Oo retrieval as part of the IVF procedure. Fluid collected
after punctuation was centrifuged (400 × g for 10 min) to
separate cell remnants from FF. Then, FF was stored at −80◦C
for later analyses. Human GC were isolated by 20 min of
centrifugation at 400 × g on a two-layer discontinuous Percoll
(Cytiva) gradient (40, 60%) in 10% fetal bovine serum (FBS)
in McCoy (Sigma-Aldrich) medium (Supplementary Table 2)
to remove erythrocytes, recovered in McCoy medium, and
centrifuged again. Human GC were stored at −80◦C for later
analyses or immediately cultured.

GC in vitro culture and experimental protocol

Human GC were obtained as described above from patients.
In addition, we used the KGN steroidogenic human GC-like
tumor cell line expressing functional FSH receptors (supplied
by Prof Nishi, Kyushu University, Fukuoka, Japan) [36]. KGN
were cultured in DMEM (Eurobio Scientific) with 10% FBS
and penicillin–streptomycin 1% and human GC in McCoy
medium containing FBS 10%, penicillin–streptomycin 1%,
apotransferrin 5 mg/L, HEPES 20 mmol/L, 4-androstenedione
(A4) 0.1 mol/L, and selenium 20 μg/L. Cells were dispensed
into 96-well culture plates and incubated at 37◦C 95%
O2/5% CO2. After 24 h, the medium was replaced with fresh
medium containing 1% FBS, and cells were starved for 24 h to
reduce effect of hormones or growth factors presented in FBS.

Experiment 1: to investigate the effect of SPX on GC pro-
liferation after 24 h of starvation, GC were treated with SPX
(Phoenix Pharmaceuticals) at doses of 0.1–100 nM [24] for
24, 48, or 72 h. Moreover, the collective effect of insulin-like
growth factor type 1 (IGF1; Merck) or FSH (10−8 M; Merck)
[34] and SPX (1 nM) on GC proliferation was measured by
alamarBlue assay. In addition, cells were washed in PBS and
stored at −80◦C for quantification of proliferating cell nuclear
antigen (PCNA) mRNA levels or boiled in Laemmli buffer for
4 min for the protein expression of PCNA.

Experiment 2: to study the role of SPX in GC steroido-
genesis and GALR2/3 expression, cells were treated with
SPX at doses of 0.1–100 nM for 48 h in the presence of
A4 (0.1 mol/L) and IGF1 or FSH alone or with the addition
of SPX (1 nM). Next, the culture medium was collected to
investigate progesterone (P4) and estradiol (E2) levels, while
cells were washed in PBS and stored at −80◦C for mRNA
quantification of steroidogenic acute regulatory protein
(STAR), cytochrome P450 family 11/17 subfamily member A1
(CYP11A1, CYP17A1), 17β-hydroxysteroid dehydrogenase
(HSD17B), 3β-hydroxysteroid dehydrogenase (HSD3B), and
aromatase (CYP19A1) or boiled in Laemmli buffer for 4 min
for the protein expression measurement of steroidogenic
enzymes and GALR2 and GALR3 receptors.

Experiment 3: to study the molecular mechanism of SPX
action on GC, firstly we analyzed kinase phosphorylation
patterns. Briefly, KGN cells were incubated with SPX (1 nM)
for 1, 5, 15, 30, 45, and 60 min. Subsequently, cells were
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Table 1. Primer sequence employed for real-time quantitative PCR.

Gene Forward primer 5′ → 3′ Reverse primer 5′ → 3′

SPX GAGGCAGCAACCATCTTA TTCACCAGTTAAGCAGACT
GALR2 ATGGACATCTGCACCTTCGT GTAGGTCAGGCCGAGAACC
GALR3 TTTACGCTGGCTGCTGTCTC CGGTGCCGTAGTAGCTGAG
PCNA CTCAAGAAGGTGTTGGAGGC GTAGGTGTCGAAGCCCTCAG
STAR AAACTTACGTGGCTACTCAGCATC GACCTGGTTGATGCTCTTG
CYP11A1 CAGGAGGGGTGGACACGAC AGGTTGCGTGCCATCTCATAC
CYP17A1 GCATCATAGACAACCTGAGCAA GGGTTTTGTTGGGGAAAATC
HSD3B GCCTTCCAGACCAGAATTGAGAGA TCCTTCAAGTACAGTCAGCTTGGT
HSD17B GAGACATTCTGGATGAGCC CGCACAAGTGTACAAGGTAT
CYP19A1 GAGAATTCATGCGAGTCTGGA CATTATGTGGAACATACTTGAGGACT
PPIA ATGCTGGACCCAACACAAAT TCTTTCACTTTGCCAAACACC
ACTB GTCCCAGTCTTCAACTATAC ACGGAACCACAGTTATCAT
GAPDH ATGGAAATCCCATCACCATCTT CGCCCCACTTGATTTTGG

washed in PBS and boiled in Laemmli buffer for 4 min
for the pMAP3/1/MAP3/1, pAKT/AKT, pSTAT3/STAT3, and
pPKA/PKA protein expression.

Experiment 4: in the next part of the experiments, cells
were pre-treated for 1 h with pharmacological inhibitors
of MAP3/1 (PD98059, at a dose of 10 μM; Tocris), AKT
(LY294002 at 1 μM; Cell Signaling Technology), or STAT3
(AG490 at 1 μM; Sigma-Aldrich), and PKA (KT570 at
5 ng/mL; Sigma-Aldrich), respectively. The doses of inhibitors
were based on our previous papers [38]. Subsequently, SPX at
a concentration of 1 nM was added for the next 48 h, and then
alamarBlue was added for cell proliferation measurement,
or the culture medium was collected for E2 concentration
analysis.

Experiment 5: finally, we investigated GALR2/3 involve-
ment in SPX action on GC proliferation and steroidogenesis.
To validate the efficiency of silencing, KGN were incubated
for 24 h in DMEM without FBS and then transfected with
GALR2/3 or negative control siRNA (10, 15, and 20 pM;
Thermo Fisher Scientific) using lipofectamine RNAiMAX
(Thermo Fisher Scientific) according to the manufacturer’s
instructions. After an additional 24 h of incubation, GALR2
and GALR3 gene and protein expression were assessed.
According to transfection efficiency, we selected a dose of
20 pM for subsequent experiments. Subsequently, after 24 h
of incubation with GALR2 or GALR3 siRNA, we added SPX
(1 nM) for an additional 48 h. Next, alamarBlue (Invitrogen)
was added for cell proliferation measurement, or culture
medium was collected for E2 concentration analysis.

Real-time quantitative polymerase chain reaction

RNA extraction was performed with TRIzol Reagent accord-
ing to the manufacturer’s procedure. Subsequently, RNA and
cDNA quantity were evaluated by measuring absorbance
at the 260- and 280-nm wavelengths by spectrophotometry
[39]. Reverse transcription was performed using a Promega
kit according to the manufacturer’s instructions. Then, spe-
cific primers were employed as described (Table 1) follow-
ing qPCR protocols described previously [39]. The relative
mRNA expression levels of the studied genes were determined
using the 2−��Ct method.

Western blot

Cell lysis, western blotting, electrophoresis, and transfer were
performed as we described previously [39]. Protein (30 μg) of
each sample was used for western blot. Primary and secondary

antibodies are described in Supplementary Table 3. As a load-
ing control, beta-actin (ACTB) or alpha-tubulin (TUBA) was
used. The WesternBright Quantum HRP substrate (Advansta
Inc.) was used to determine the fluorescence signal, which
was visualized using the ChemiDoc XRS + System (BioRad,).
Densitometry analysis was performed in ImageJ software (US
National Institutes of Health) to quantify all visible bands.

Enzyme-linked immunosorbent assay

To determine the SPX level in FF and steroids in cultured
GC, ELISA kits for SPX (Phoenix Pharmaceuticals), P4, and
E2 (DRG Instruments GmbH) were used. The limit of assay
sensitivity was 0.11 ng/mL for SPX, 0.045 ng/mL for P4, and
9.714 pg/mL for E2. The inter- and intra-experimental coef-
ficients of variation were, respectively, <10% and <15% for
SPX, <9.96% and <6.99% for P4, and <9.39% and <6.81%
for E2. Samples were run in duplicate within the same assay.
Absorbance was measured at the 450 nm wavelength for SPX
or the 405 nm wavelength for steroids using a Varioskan LUX
reader (Thermo Fisher Scientific).

Immunohistochemistry

Ovary serial sections (Biomax; Supplementary Table 2) from
normal weight healthy (non-PCOS) women aged 21 years
were used as described previously [39, 40]. Sections were
incubated with SPX, GALR2, and GALR3 primary antibodies
at a 1:50 dilution followed by the appropriate secondary
antibodies (Supplementary Table 3). Negative controls were
obtained by replacing the primary antibody with rabbit or
goat Immunoglobulins G (Sigma-Aldrich).

alamarBlue assay

To determine GC proliferation, the alamarBlue stock solution
was aseptically added to wells in amounts equal to 10% of
the medium incubation volume. Subsequently, after 2 h of
incubation with alamarBlue, the fluorescence was determined
at the 530- and 590-nm wavelengths using a Varioskan LUX
reader (Thermo Fisher Scientific).

Statistical analysis

Results are shown as mean ± SEM. One-way and two-way
ANOVA followed by post hoc tests were used. Results were
not adjusted for age or any other factor. All data were also
tested for the assumptions of normality (Shapiro–Wilk test)
and homogeneity of variances (Levene test). Statistical analy-
sis was performed using GraphPad Prism 8 (PRISM) software,
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significance was checked at the level P <0.05, and detailed
P-values were added in Supplementary Table 4. All in vitro
experiments were repeated a minimum of three times.

Results

Gene and protein expression of SPX and GALR2/3
in the human ovarian cells and SPX levels in FF

We noted that SPX gene expression was decreased in GC
of obese, PCOS normal weight, and PCOS obese subjects
compared with normal weight women by 3.7, 4.13, and
7.33 folds, respectively (Figure 1A, Supplementary Table 4,
P < 0.05). The transcription level of GALR2 was stable
between groups. Gene expression of GALR3 was increased
in GC of obese, PCOS normal weight, and PCOS obese
compared to normal weight by 1.66, 2.25, and 1.56 folds,
respectively (Figure 1A, P < 0.05). At the protein level, we
observed that GALR2 expression was elevated in GC of PCOS
normal weight and obese compared to normal weight women.
Expression of GALR3 was increased in GC of obese and
PCOS obese compared to normal weight women (Figure 1B,
P < 0.05). There is no available anti-SPX antibody for western
blot; therefore, its level was not analyzed.

We observed decreased levels of SPX in FF from the
obese group at 0.49 ± 0.02 ng/mL, PCOS normal weight at
0.42 ± 0.02 ng/mL, and obese PCOS at 0.52 ± 0.02 ng/mL
compared to 0.88 ± 0.07 ng/mL in normal weight women
(Figure 1C, P < 0.05). Moreover, we detected an SPX signal
and both receptors GALR2/3 in GC, theca cells (Tc), Oo, and
surrounding cumulus cells (Cc; Figure 1D).

The decreased transcript level of SPX and GALR2 was
described also in KGN cell line compared with normal weight
controls by 1.75 and 1.66 folds, respectively, while no change
in GC of normal weight women and KGN was observed
(Figure 1A, P < 0.05). Both GALR2 and GALR3 protein
expression was elevated compared to normal weight control
(Figure 1B, P < 0.05).

Effect of SPX on basal and IGF1- and FSH-induced
proliferation in human GC

As shown in Figure 2A, SPX at all investigated doses decreased
KGN cell proliferation after 48 h and at doses of 1, 10, and
100 nM after 72 h of cell culture. The latter observation was
confirmed on the PCNA mRNA level, which was inhibited by
SPX at 1, 10, and 100 nM (Figure 2B, Supplementary Table 4,
P < 0.05). Besides, SPX at all investigated doses inhibited
PCNA protein levels in KGN cells (Figure 2C). As we noted,
SPX had no effect on IGF1- and FSH-induced proliferation of
KGN cells whatever the time of stimulation (Figure 2D), but
reduced after 48 h incubation of IGF1-induced PCNA gene
expression (Figure 2E, P < 0.05).

In human primary GC, we showed that SPX at 10 and
100 nM decreased cell proliferation significantly in all investi-
gated groups after 24 h (Figure 2F, P < 0.05). In addition, SPX
decreased PCNA transcript levels at doses of 10 and 100 nM
in GC of normal weight and PCOS obese women and at doses
of 1, 10, and 100 nM in obese and PCOS normal weight
women (Figure 2G, P < 0.05). As shown in Figure 2H, SPX
addition had negative effects on IGF1-induced proliferation in
all groups except for GC of PCOS obese women (Figure 2H,
P < 0.05). It was confirmed by analysis of PCNA transcript

levels. In addition, we observed no effect of SPX on FSH-
induced cell proliferation, whereas in GC of normal weight
women, we noted a decrease in PCNA expression after SPX
with FSH (Figure 2I, P < 0.05).

Effect of SPX on basal and IGF1- and FSH-induced P4 and

E2 secretion by human GC

As shown in Figure 3A, SPX had no effect on P4 secretion by
KGN cells (Supplementary Table 4). As expected, treatment
with either IGF1 or FSH increased the P4 level in KGN
cells; however, no additional effect was observed when we
combined IGF1 and FSH treatment with SPX (Figure 3B,
P < 0.05). Interestingly, SPX at doses of 1 and 10 nM
decreased E2 secretion (Figure 3C, P < 0.05), while no
effect on IGF1- and FSH-induced E2 secretion was observed
(Figure 3D).

In primary human GC, we observed that SPX at a dose
of 100 nM decreased P4 secretion by GC of normal weight
women, at doses 10 and 100 nM in obese women, at dose
100 nM in normal weight women with PCOS, and at 10 and
100 nM in obese women with PCOS (Figure 3E, P < 0.05).
Furthermore, we noted an inhibitory effect of SPX on E2
secretion by GC in women of all studied groups: at 100 nM in
the normal weight group, and at 10 and 100 nM in the obese,
PCOS normal weight, and PCOS obese groups (Figure 3G,
P < 0.05). Moreover, no effect of SPX was induced in response
to both IGF1 and FSH on P4 (Figure 3F) and E2 (Figure 3H)
steroid secretion by GC of all investigated groups.

Effect of SPX on basal and IGF1- and FSH-induced

expression of STAR protein and steroidogenic enzymes

in human GC

We noted that in KGN cells, SPX decreased the gene expres-
sion of STAR significantly at 0.1 nM, and that of CYP11A1
and CYP17A1 at doses 1 and 10 nM (Figure 4A, Supple-
mentary Table 4, P < 0.05), while no effect on transcript
levels of HSD3B, HSD17B, and CYP19A1 was demonstrated.
Moreover, we observed that SPX (1 nM) decreased both
IGF1- and FSH-induced CYP11A1 and CYP17A1 mRNA
expression (Figure 4A, P < 0.05).

As shown in Figure 4B, we observed that SPX at doses
0.1 and 1 nM increased, while at 10 and 100 nM decreased
protein expression of STAR and at all investigated doses
decreased expression of CYP11A1, HSD3B, CYP17A1,
and CYP19A1 protein. Interestingly, SPX at dose 0.1 nM
decreased, while at 1 and 10 nM it increased HSD17B protein
levels.

In primary human GC, we observed that SPX at 1, 10,
and 100 nM decreased HSD3B transcript levels in GC of the
normal weight, obese, and PCOS obese groups and at doses of
10 and 100 nM in the PCOS normal weight group (Figure 4C,
P < 0.05). SPX had an inhibitory effect on CYP19A1 expres-
sion at 10 and 100 nM in the normal weight, PCOS normal
weight, and PCOS obese groups and at doses of 1, 10, and
100 nM in GC of obese women. Furthermore, in GC of
normal weight women, we noted that SPX decreased the IGF-
induced HSD3B level, whereas it had no effect in the response
to FSH (Figure 4C, P < 0.05).

Effect of SPX on GALR2/3 expression and

phosphorylation of kinases in human GC

We showed that SPX at 1, 10, and 100 nM elevated GALR2
protein levels, whereas all investigated doses inhibited GALR3
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Figure 1. Comparison of SPX, GALR2, and GALR3 mRNA (A) and protein (B) expression in GC and its level in FF (C) collected from normal weight,
obese, PCOS normal weight, and PCOS obese women (n = 10) and KGN as a control (n = 2). SPX, GALR2, and GALR3 immunolocalization (D) in human
ovary (n = 3). Representative blots and immunohistochemistry photos at ×20 are shown. Data are plotted as the mean ± SEM. One-way ANOVA,
followed by post hoc tests, was used for statistical analysis (GraphPad Prism 8). Significance between groups is indicated by different letters (P < 0.05).
IGG: immunoglobulin G, A: antrum, TUBA: alpha-tubulin, Tc: theca, Cc: cumulus cells, Oo: oocyte, Gc: granulosa cells.
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Figure 2. Dose-dependent effect of SPX added alone or in combination with IGF1, or FSH on KGN cell proliferation (A, D) and PCNA mRNA (B, E) and
protein level (C) (n = 6) as well as the dose-dependent effect of SPX added alone or in combination with IGF1, or FSH on human GC proliferation (F, H)
and PCNA transcript (G, I) (n = 3). Representative blots are shown. Data are plotted as the mean ± SEM. One-way ANOVA was used to compare SPX
effect on PCNA level in KGN cells, while two-way ANOVA was used for other analyses, followed by post hoc tests (GraphPad Prism 8). Significance
between control and treatments is indicated by different letters (P < 0.05). C: control, TUBA: alpha-tubulin, PCNA: proliferating cells nuclear antigen.
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Figure 3. Dose-dependent effect of SPX added alone or in combination with IGF1, or FSH on P4 (A, B) and E2 (C, D) secretion in KGN cells (n = 6), as
well as dose-dependent effect of SPX added alone or in combination with IGF1, or FSH on P4 (E, F) and E2 (G, H) secretion by primary human GC (n = 3).
Data are plotted as the mean ± SEM. One-way ANOVA was used to compare SPX effect on P4 and E2 level in KGN culture medium, while two-way
ANOVA was used for the rest of the analysis, followed by post hoc tests (GraphPad Prism 8). Significance between control and treatments is indicated
by different letters (P < 0.05). C: control P4: progesterone, E2: estradiol.
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Figure 4. Dose-dependent effect of SPX added alone or in combination with IGF1, or FSH on STAR protein and steroidogenic enzymes expression in
KGN cells (A, B) (n = 6) and primary human GC (C) (n = 3). Representative blots are shown. Data are plotted as the mean ± SEM. One-way ANOVA was
used to compare SPX effect on enzymes level in KGN cells, while two-way ANOVA for was used for the rest of the analysis, followed by post hoc tests
(GraphPad Prism 8). Significance between control and treatments is indicated by different letters (P < 0.05). C: control, CYP11A1, CYP17A1: cytochrome
P450 family 11/17 subfamily member A1, HSD17B: 17β-hydroxysteroid dehydrogenase, HSD3B: 3β-hydroxysteroid dehydrogenase, CYP19A1:
aromatase, TUBA: alpha-tubulin, ACTB: beta-actin.
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Figure 5. Dose-dependent effect of SPX on GALR2 and GALR3 expression (A), as well as time-dependent effect on MAP3/1, PKA, STAT3, and protein
kinase B (AKT) phosphorylation (B) (n = 5). Representative blots are shown. Data are plotted as the mean ± SEM. One-way ANOVA followed by post hoc
tests was used (GraphPad Prism 8). Significance between control and treatments is indicated by different letters (P < 0.05). C: control, MAP3/1: mitogen
activated kinase, PKA: protein kinase A, STAT3: signal transducer and activator of transcription 3, AKT: protein kinase B.

expression (Figure 5A, Supplementary Table 4, P < 0.05). We
noted that SPX at 1 nM modulated phosphorylation of the
following kinase pathways in a time-dependent manner: at 1,
5, 15, 30, 45, and 60 min, it stimulated the phosphorylation
of MAP3/1 and reduced the phosphorylation of PKA, STAT3,
and AKT (Figure 5B, P < 0.05).

Involvement of GALR2/3 and MAP3/1, PKA, STAT3, and

AKT in SPX action on proliferation and E2 secretion by

human GC

Next, the efficiency of GALR2/3 silencing was checked: on
the mRNA level, siRNA for GALR2 at 15 and 20 pM
decreased its levels to 57 and 31%, while GALR3 siRNA
at 10, 15, and 20 pM decreased its transcript levels to 84,
52, and 30%, relative to the control (100%) (Figure 6A, Sup-
plementary Table 4, P < 0.05). This observation was partly
confirmed on the protein level except at a dose of 10 pM
(Figure 6B, P < 0.05). Finally, both siRNA and pharmacolog-
ical inhibitors PD98059, AG490, and LY294002 added along
with SPX reduced the SPX inhibitory effect on GC prolifera-
tion (Figure 6C, P < 0.05), while both siRNA and inhibitors
PD98059 and KT5720 added along with SPX reduced the
effect of SPX on E2 secretion (Figure 6D, P < 0.05). We also
observed that both siRNA and kinase inhibitors added alone
had no effect on GC proliferation or E2 secretion.

Discussion

The present study was the first to demonstrate expression of
the SPX/GALR2/GALR3 system in human GC. We observed

decreased levels of SPX in GC and FF of obese and PCOS
women, in contrast to the expression of galanin receptors.
In addition, we confirmed our hypothesis that SPX affects
human GC function and we noted a negative in vitro effect
of SPX on GC physiology including steroidogenesis and pro-
liferation via activation of GALR2/3 receptors and kinases
MAP3/1, PKA, STAT3, and AKT, which indicate that SPX may
be a novel modulator of GC physiology and closely linked
with PCOS.

Our data showed, for the first time, decreased expression
of the SPX transcript in human GC collected from obese
women and those diagnosed with PCOS. Thus, we can
confirm that ovarian cells are able to produce SPX and
change its level in FF, as was noted previously for other
adipokines such as omentin [39]. Our data are in agreement
with the literature: results of Respekta et al. [20] which
showed that SPX expression was decreased in the ovary of
a letrozole-induced PCOS rat model. Other studies confirmed
that SPX levels in mouse stomachs decreased in obesity
and elevated insulin resistance, closely related to PCOS
[17]. It is previously clearly indicated that SPX levels in
serum may be a novel predictor of the pathogenesis of
PCOS. Guler et al. [24] observed significantly lower levels
of SPX in human plasma of PCOS and obese patients. Our
results for SPX levels in FF confirmed those of a previous
study. Moreover, we observed that expression of the GALR3
transcript was increased, but the GALR2 level was stable in
GC of obese and PCOS women, while on the protein level,
the expression of both receptors was elevated. Differences
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Figure 6. Involvement of GALR2 and GALR3, as well as MAP3/1, PKA, STAT3, and protein kinase B (AKT) in SPX action on KGN cell proliferation and E2
secretion (n = 4). GALR2 and GALR3 receptors silencing on mRNA (A) and protein (B) level and finally involvement of galanin receptors and several
kinases in SPX-mediated proliferation (C) and E2 secretion (D) are presented. Representative blots are shown. Data are plotted as the mean ± SEM.
One-way ANOVA followed by post hoc tests was used (GraphPad Prism 8). Significance between control and treatments is indicated by different letters
(P < 0.05). C: control, NT: non-target, TUBA- alpha-tubulin.

between the gene and protein levels may be explained by
complex and diverse post-transcriptional mechanisms involved
in converting mRNA to protein not yet sufficiently defined
to be able to calculate protein concentrations from mRNA
[41]. Our observation on GALR2/3 expression in human
GC was partly confirmed by the literature. Expression of
the Galr2/3 transcript increased in mouse subcutaneous
adipose tissue [42] and rat ovary in response to a high-
fat diet [43]. In addition, acute treatment with palmitate, a
dietary saturated fatty acid, stimulated Galr2/3 expression in
hypothalamic neurons of mice [44]. Moreover, the expression
of galanin receptors is probably changed by galanin, of
which the serum level is elevated in obesity and PCOS
[45]. In addition, higher levels of testosterone in PCOS
patients were strongly correlated with increased Galr2
expression in proopiomelanocortin rat neurons [46], while

E2 stimulated Galr3 expression in the pituitary of female
rats [47].

We observed immunolocalization of SPX and GALR2/3 in
GC and Tc, as well as Oo and Cc, which is in agreement
with the previous data that describe its expression in rat
ovaries. In rats, SPX immunoreaction was mainly cytoplasmic
in thecal, luteal, and interstitial cells of the ovary [3].
Nevertheless, Respekta et al. [20] showed nuclear-cytoplasmic
localization of SPX in GC, whereas localization was nuclear
in the theca, with no differences between control and PCOS
rats. Ovarian expression of different adipokines and their
receptors has been widely described in ovarian cells of obese
and PCOS women, indicating their potential therapeutic or
marker roles. Higher levels of vaspin and its receptor were
observed in GC of obese women, where vaspin regulates GC
steroidogenesis and proliferation [34]. Moreover, chemerin
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levels were elevated in both FF and GC samples from patients
with PCOS, and its treatment attenuated insulin-stimulated
glucose uptake by decreasing phosphorylation of insulin
receptor substrate [48]. Thus, expression of SPX as a ligand
and its receptors GALR2/3 in the GC, as well as the described
role of adipokines in PCOS, suggests that SPX may also be
an interesting player in GC physiology and future target for
treatment intervention. Therefore, we can speculate not only
endocrine but also autocrine and/or paracrine effects of SPX
in GC.

The proliferation of GC is an important process in ovarian
physiology necessary for proper folliculogenesis and even Oo
growth [49]. During follicle formation, the morphological and
physiological properties of GC change and are connected to
cells’ capacity for continuous division. Moreover, GC provides
nutrients and growth regulators for the development of Oo,
which are essential for follicular development and ovulation
[28]. Therefore, delays in proliferation can inhibit follicular
development, which likely plays an important role in the
pathogenesis of PCOS [49]. In our study, we showed that
SPX decreased GC proliferation and PCNA levels in human
GC. The prolonged exposure of adrenocortical cell primary
cultures to SPX resulted in a notable decrease in BrdU incorpo-
ration [15], which indicated its inhibitory effect on endocrine
tissue. However, SPX stimulated proliferation in the C2C12
muscle cell line [13] and had no effect on 3T3L1 adipocytes
[11]. Interestingly, in human GC, SPX decreased proliferation
at a higher dose compared to KGN, and an inhibitory effect
was observed at 10 nM. To explain our observations, it should
be mentioned that galanin receptors have the ability to bind
a variety of ligands, including galanin [4]. Thus, we can
hypothesize that SPX receptors in human GC may be blocked
by galanin, but to our knowledge, the galanin level in human
GC and KGN was never compared. For example, higher
expression of chemerin receptor chemokine-like receptor 1
was noted in primary human GC than in KGN [50]. In our
experiments, we tested the role of SPX in IGF1 and FSH-
stimulated proliferation in human GC because both IGF1 and
FSH are well known to play a key role in the development
of antral follicles and steroid synthesis, thus decreasing in
its synthesis and leading to fertility disturbances [51]. We
observed a lack of additional effects of SPX on IGF1 or FSH-
stimulated proliferation in KGN, but we noted a significant
decrease in IGF1-stimulated PCNA expression. Interestingly,
SPX decreased FSH secretion in tilapia [23], while the insulin
rise caused by glucose uptake presumably originated from the
pancreas and may serve as negative feedback to inhibit the
SPX response in mice [17]; however, future investigations are
needed to understand the interaction between SPX and FSH
or IGF1 in human GC. Moreover, differences between SPX-
IGF1/FSH interactions in cell proliferation and the PCNA
level were probably dependent on the test used: PCNA is a
marker of proliferation, whereas alamarBlue measures cell
viability, which may be regulated by different kinase path-
ways, but this requires future tests. For example, resistin
mediated luteal cell proliferation via AKT kinase pathways,
showing no differences in PCNA protein levels while the
stimulatory effect on viability remained unchanged [52]. Inter-
estingly, SPX did not inhibit IGF1-induced proliferation in
the GC of the obese PCOS group, which was observed in
GC of obese and PCOS normal weight groups. There is a
possible explanation for the observed differences: PCOS is
often associated with hyperinsulinemia and peripheral insulin
resistance; moreover, it is well established that IGF1 acts

similarly to insulin. In GC isolated from the ovaries of women
with PCOS, insulin action on glucose metabolism is signifi-
cantly decreased [53], so the differences are probably linked
to differing responses to insulin and/or connected with insulin
resistance in obese PCOS GC, but this needs further study.
Nevertheless, SPX could antagonize the action of IGF1, which
plays a key role in the development of ovarian follicles.
Besides, as we showed, SPX has no effect on FSH-stimulated
proliferation in primary human GC, whereas in GC of normal
weight women, we noted a decrease in PCNA expression after
SPX with FSH, which is similar to discrepancies observed in
KGN for IGF1 and SPX. Similarly, in anovulatory women,
galanin did not cause significant increases in LH and FSH
levels in serum [54]; taking into consideration the similarities
in these two ligands to galanin receptors, it is a possible
explanation for the obtained data. A similar phenomenon was
observed previously for visfatin in human GC, where no effect
on FSH-stimulated proliferation was noted [55].

In the next step, we investigated the effect of SPX on
steroidogenesis because proper synthesis of steroid hormones
is crucial for follicle growth, ovulation, corpus luteum for-
mation, and hormonal homeostasis in the body [56]. Our
data showed that SPX decreased E2 secretion in KGN, and
both P4 and E2 in primary human GC in all investigated
groups, so the effect of SPX is independent on hormonal
and metabolic conditions. As was noted previously, E2 is
also a strong mitogenic factor in ovarian follicles [56], thus
by inhibiting E2 synthesis, SPX may lead to decreased GC
proliferation. The effect of SPX on basal P4 secretion in KGN
is statistically irrelevant, but steroid synthesis is dependent
on numerous steroidogenic enzyme activities or other factors,
including hormones and growth factors [56], which need
future studies. On the other hand, this kind of phenomenon
has been demonstrated: no effect of visfatin on basal steroid
production was noted in primary human GC, whereas visfatin
treatment increased P4 and E2 secretion in KGN cells [55]. In
this study, we noted that SPX had no effect on IGF-induced P4
and E2 secretion, and it should be explained by the interaction
of hormones like E2, insulin, or androgens, the levels of which
changed in PCOS and obesity [57]. In human GC, differ-
ent adipokines, such as adiponectin, visfatin, omentin, and
apelin, enhanced IGF1-induced E2 synthesis, while resistin
and chemerin seemed rather to act as negative regulators
of steroidogenesis [58], so the effect is linked more with
properties of the studied adipokine than its levels in serum or
FF, which differ between obesity and PCOS. No effect on FSH-
stimulated steroidogenesis was observed in our study. Similar
to our observation, human recombinant adiponectin had no
effect on steroid production in the presence or absence of
FSH in rat GC [59], whereas visfatin significantly increased
IGF1 but not FSH-induced steroid secretion in human GC
and KGN [55]; future studies on the effect of SPX on phos-
phorylation of IGF and FSH receptors are needed to explain
these differences. We confirmed the effects of steroids on
HSD3B and CYP19A1 mRNA expression in human GC,
whereas in a KGN model, SPX decreased STAR, CYP11A1,
and CYP17A1, with no effect on HSD3B, HSD17B, and
CYP19A1 transcripts. As is well known, HSD17B participates
in A4 conversion to testosterone, so its overexpression may
be linked with addition of A4 to the medium, which is
necessary for E2 synthesis. An increased A4 concentration
is connected with PCOS, in which we observed a decreased
SPX level [24]. An additional hypothesis that could explain
these results is that SPX could modulate the activity of steroid
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enzymes, but this requires further investigation. Nevertheless,
it has demonstrated differences between enzyme activity and
its expression; for example, ciprofibrate decreases HSD3B
activity without affecting either HSD3B protein or mRNA
expression in rat testis [60]. Interestingly, in our study, we
did not observe a clear, positive effect of IGF1 or FSH on
E2 secretion or cell proliferation in the KGN line. Differences
between the primary GC and the KGN cell line may depend on
the different levels of receptor expression for these hormones,
the dose used, or post-transcription modifications because
we observed a stimulatory effect of both IGF1 and FSH on
the expression of CYP19A1 mRNA in KGN. In addition, as
previously shown, primary human GC respond more strongly
to IGF1 or FSH in P4 secretion than KGN cells [50]. There are
no additional data on the effect of SPX on steroidogenesis in
any species, but SPX has a harmful effect on endocrine activity
in pituitary cells: in fish, it decreases LH and FSH synthesis
[23], and thus it may partly inhibit ovarian steroidogenic
function. Other studies also confirmed that insulin secretion
from isolated islets was reduced by SPX in rats [14], which
indicated its negative global effect on the endocrine system.

It is previously known that SPX participates in regulation
of body energy metabolism via activation of galanin recep-
tors, improving lipolysis and fatty acid oxidation via GALR2
signaling in mouse liver [61] and inhibiting adipogenesis and
down-regulating mRNA expression of pro-adipogenic genes
via GALR2 and GALR3 in human and mouse adipocytes [11].
Also, its effect on proliferation is connected with GALR2/3
activation in C2C12 cells [13]. In our study, we observed
that SPX increased GALR2 and decreased GALR3 protein
expression. There are several explanations for the inhibi-
tion of GALR3 protein: the level of the receptors may be
influenced by other ligands, such as galanin, that were not
investigated in our study. Interestingly, as shown previously
in 3T3L1 adipocytes, galanin increases GALR3 expression
with no effect on GALR2 [42]. Decreased GALR3 levels may
also be connected with its internalization in response to an
elevated SPX level. This phenomenon is well described in
the literature: at high plasma concentrations, the number of
surface receptors for insulin is gradually reduced by the accel-
erated rate of receptor internalization and degradation [62]. In
addition, higher doses of leptin in serum decreased the mRNA
expression of the leptin receptor (Lepr) in mouse liver [63],
and vaspin decreased GRP78 expression in porcine ovary [64].
Therefore, the lack of effect of SPX on E2 secretion at higher
doses may be related to the internalization of GALR3 under
the influence of SPX. Thus, taking into account the significant
decrease in the expression of this receptor under the influence
of SPX, it seems to have a special role in its negative impact
on the proliferation and secretion of E2, as previously shown
similarly for vaspin, whose receptor mediated the regulation
of many processes, including ovarian steroidogenesis [64].
Moreover, it is well described that phosphorylation of kinase
pathways is a rapid response to changing environments, as
well as in the reproductive system including ovarian follicles,
where they participate in processes such as steroidogenesis
or Oo maturation. It is previously known that SPX upreg-
ulates MAP3/1 in mouse osteoblasts [16]. In our study, we
showed that SPX stimulates MAP3/1 phosphorylation but
inhibits STAT3, PKA, and AKT. Moreover, we noted that the
inhibitory effect of SPX on KGN proliferation was linked to
activation of GALR2/3 receptors, as well as MAP3/1, AKT,
and STAT3 kinase, while E2 synthesis was linked to both
receptors, MAP3/1 and PKA activation. Inhibition of PKA was

previously described as connected with decreased P4 synthesis
by porcine corpus luteum [65], thus inhibition of phosphory-
lation may be an answer to negative SPX action on prolif-
eration and E2 synthesis. Similarly, Roche [66] and Maillard
[67] showed that other adipokines like apelin and adiponectin
increased steroidogenesis by the MAP3/1 pathway in human
and bovine ovarian cells, whereas chemerin decreased IGF1-
induced steroidogenesis by inhibiting MAP3/1 phosphory-
lation and proliferation due to the inhibition of the AKT
pathway in human GC [50].

In summary, our data first showed decreased SPX levels
in GC and FF of PCOS and obese women. In addition,
SPX negatively influenced GC function by inhibiting cell
proliferation via GALR2/3 and MAP3/1, STAT3, and AKT,
and E2 secretion via GALR2/3 MAP3/1, and PKA, which is
a feature of PCOS connected with inhibited ovulation and
changes in hormones homeostasis. In light of these findings,
SPX appears to be a novel modulator of GC physiology
and could represent a relevant player in PCOS pathogenesis.
However, further studies are needed to characterize the role
of SPX in the whole ovary because, as previously described
for vaspin, its effect in the porcine ovarian follicles on kinase
phosphorylation varies depending on whether it was cultured
in co-cultures of GC and Tc or in monocultures [64]. In
addition, to confirm our results in the future, it would be
necessary to silence SPX expression in GC and observe if
this increases cell proliferation and E2 secretion. Nevertheless,
adipokine silencing often leads to infertility, as showed previ-
ously that female adiponectin null mice displayed impaired
fertility, reduced retrieval of Oo, disrupted the estrous cycle,
elevated number of atretic follicles, and impaired late fol-
liculogenesis, while adiponectin itself has a positive effect on
ovarian function [68]. Thus, future studies are needed to more
precisely describe SPX function in the human ovary.
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