
INTRODUCTION

Leydig cells are interstitial cells located adjacent to the
seminiferous tubules in the testes. These cells produce the sex
steroid hormone, testosterone, under the pulsatile control of
pituitary luteinizing hormone (LH). Steroidogenesis consists of
initial cholesterol mobilization from lipid droplets and/or the
plasma membrane and/or de novo synthesis (by the rate-limiting
enzymes 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
synthase 1 (HMGCS1) and reductase (HMGCR)). Cholesterol is
then transported into the mitochondria, converted to
pregnenolone, which is subsequently converted into the final
steroid products by enzymes of the smooth endoplasmic
reticulum (1). LH plays two essential roles in Leydig cell
steroidogenesis: it maintains optimal levels of steroidogenic
enzymes (trophic regulation) and mobilizes and transports
cholesterol into the inner mitochondrial membrane (acute
regulation) with the involvement of intermediate molecules (e.g.
cAMP-dependent kinase, PKA; acute steroidogenic regulatory
protein, StAR; translocator protein, TSPO). Steroid biosynthesis
is finely regulated by the phosphorylation-dephosphorylation of

intermediate molecules, as well as number of signaling
molecules involving receptor proteins (2). Thereby, many
cellular responses, including steroid hormone action, require
coordinated cross-talk between phosphorylating protein kinases
and phosphatase activity.

The use of chemical agents that perturb the polymerization of
cytoskeletal proteins has shed light on a key role for
microfilaments and microtubules in the uptake and transport of
cholesterol in steroidogenic cells. Sewer and Li (3) reported that
mitochondria trafficking is dependent on microtubules, resulting
in steroid hormone production at the step of cholesterol delivery
to mitochondria. Thus, in steroidogenic cell activity, proper
cytoskeletal function guarantees effective sex steroid production.

Peroxisome proliferator-activated receptors (PPARs) are
nuclear receptors that are closely related to thyroid hormone or
retinoid receptors. To date, three subtypes of PPARs have been
described in amphibians, rodents, and humans: PPARα, PPARβ
(also known as PPAR-δ), and PPARγ (4). PPARs target genes
encoding enzymes involved in peroxisome and mitochondria
function as well as action of the fatty acids, apolipoproteins, and
lipoprotein lipase. Therefore, role of PPARs in lipid metabolism
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We tested whether G-coupled membrane estrogen receptor (GPER) and peroxisome proliferator activated receptor
(PPAR) partnership exists and whether this interaction regulates mouse Leydig cell function. Mature and aged mice were
treated with the antagonist of GPER (G-15; 50 µg/kg b.w). Leydig cells (MA-10) were treated with G-15 (10 nM) alone
or in combination with peroxisome proliferator-activated receptor α or γ antagonists, respectively (PPARα, 10 µM;
PPARγ, 10 µM). GPER blockage affected testis steroidogenic status via changes in lutropin and cholesterol levels as
well as protein expression alterations of the lutropin receptor, acute steroidogenesis activating protein, translocator
protein, and protein kinase A in mouse Leydig cells both in vivo and in vitro. Inactivation of both GPER and PPAR in
vitro revealed expressional modulation of other steroidogenesis-controlling molecules acting on various steps of lipid
homeostasis e.g. cytochrome P450scc, perilipin, hormone sensitive lipase, and 3-hydroxy-3-methyl-glutaryl-coenzyme
A reductase. Concomitantly, microscopic analysis of cells treated with antagonists showed changes in morphology,
migration competences and cytoskeleton structure. In the above processes, the action of GPER and PPARα was
regulated through the PI3K/Akt pathway, while PPARγ was mediated by the Ras/Raf pathway. In addition, GPER and
PPARs specifically controlled individual signaling proteins. For the first time, we report here the importance of GPER-
PPARα and -PPARγ ‘neopartnership’ in maintenance of Leydig cell morpho-functional status.
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and homeostasis is unchallenged. These receptors are highly
expressed in liver, heart, intestine, and renal proximal tubules
but their pathophysiological roles in these organs are only
partially elucidated (5-7). Little is known about PPARs in the
male reproductive system. In rat testis, PPARs are mainly
expressed in Leydig and Sertoli cells but not in spermatogonial
cells (8). It was shown that some PPAR chemicals alter
testosterone production (9), and their long-term administration
results in Leydig cell tumor development in rats (10).

PPAR can signal itself by ligand binding e.g. low-affinity
ligands such as unsaturated long-chain fatty acids derived from
nutrient uptake and/or inflammatory reactions (11). Of note,
some synthetic drugs (e.g. thiazolidinediones) that modulate
PPAR activity were approved as insulin sensitizers for the
treatment of type-2 diabetes mellitus (12). Mechanisms of
PPAR-ERK signaling crosstalk are well-described in cells with
high energy metabolism as well as in tissue disorders (e.g.
neurologic) (13). Such action includes (i) simultaneous
activation of the ERK cascade (e.g., by mitogens) therein
contributing to inhibition of genomic action through serine
phosphorylation of PPAR; (ii) activation of the ERK cascade by
phosphorylation of transcription factors that interact with PPAR;
(iii) nuclear export and cytoplasmic retention of PPAR by MEK1
resulting in ‘off-DNA’-interaction of PPAR with distinct protein
partners (e.g., cytoskeleton, lipid droplets, kinases) leading to
alternative cytoplasmic signaling; (iv) PPAR ligand function via
activation of intracellular signaling (e.g. the ERK cascade) by a
PPAR-independent mechanism, which is derived from
exogenous application of ligands binding to plasma membrane
receptors (14). Until now, PPAR-dependent signaling pathways
in steroidogenic testicular Leydig cells have not been studied.

The presence of G-coupled membrane estrogen receptor
(GPER) has been reported in somatic cells of the male reproductive
system and spermatozoa (15-19). This receptor mediates rapid
estrogen signaling exclusively via several signaling molecules e.g.
MAPK/ERK, cAMP, calcium ions (Ca2+) or metalloproteinases
(20). The role of GPER in control of endocrine tissue cell
proliferation has been established (16, 21). Interestingly, recent
findings revealed its function in lipid metabolism (22). Mice
lacking GPER develop visceral obesity and show increased low
density lipoproteins; however, the role and mechanisms of GPER
signaling in lipid physiology remain undiscovered.

To address these issues, we examined the potential link
between GPER and PPAR and if this interaction regulates
steroidogenic function of mouse Leydig cells of varying ages. To
further investigate the relationship of these receptors and
elucidate specific effects of their interaction, MA-10 mouse
tumor Leydig cells were utilized.

MATERIALS AND METHODS

Animals and treatments

Male mice (C57BL/6) 3 months-old (n = 10) and 2 years-old
(n = 10) were obtained from Department of Genetics and
Evolution, Institute of Zoology and Biomedical Research,
Jagiellonian University in Cracow. Animals were maintained on
12 h dark-light (250 lux at cages level) cycle with stable
temperature condition (22ºC), relative humidity of 55 ± 5% and
free access to water and standard pelleted diet (LSM diet, Agropol,
Motycz, Poland). Animals were killed by cervical dislocation.

All applicable international, national, and/or institutional
guidelines for the care and use of animals were followed. The
use of the animals was approved by the National Commission of
Bioethics at the Jagiellonian University in Cracow, Poland (No.
151/2015).

Mice from various age groups were allotted into
experimental groups (each group including 5 animals); control
(Cont.) and treated receiving selective GPER receptor antagonist
[(3aS*,4R*,9bR*)-4-(6-Bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-
3H-cyclopenta[c]quinolone; G-15] (Tocris Bioscience, Bristol,
UK). G-15 was dissolved in DMSO and the stock solutions were
kept at –20ºC. Animals from the experimental groups were
injected subcutaneously with freshly prepared solutions of G-15
(50 µg/kg b.w.) in phosphate buffered saline (six doses each dose
injected every other day). Mice from control groups received
vehicle only. Dose, frequency and time of G-15 administration
were based on literature data (23, 24) and it was finally selected
upon our preliminary study in mice in vivo (doses range 5, 50,
100, 150, 200 µg/kg b.w.). Mice were sacrificed by cervical
dislocation and testes were surgically removed.

Both testes of each individual of control and G-15-treated
mice were surgically removed and were cut into small fragments.
For immunohistochemistry, tissue samples were fixed in 10%
formalin and embedded in paraffin. Small pieces of the testicular
tissue were immediately frozen in a liquid nitrogen and stored at
–80ºC for protein analysis. Blood was collected from liver vein
and used for LH and cholesterol level measurements.

Cell culture and treatments

The mouse Leydig cell line MA-10 express luteinizing
hormone/human chorionic gonadotropin (LH/hCG) receptors and
display clear cAMP and steroidogenic response to gonadotropin
stimulation as native Leydig cells. Due to the lack of 17α-
hydroxylase expression, progesterone is the main steroid product
in MA-10 cells (25, 26). MA-10 cells were a generous gift from
Dr. Mario Ascoli (University of Iowa, Iowa City, IA), and were
maintained under a standard technique (25). Middle passages of
MA-10 cells were used for the study. The cells were grown in
Waymouth’s media (Gibco, Grand Island, NY) supplemented with
12% horse serum and 50 mg/l of gentamicin at 37ºC in 5% CO2.
Cells were plated overnight at a density of 
1 × 105 cells/ml per well. Twenty-four hours before the
experiments, the medium was removed and replaced with a
medium without phenol red supplemented with 5% dextran-
coated, charcoal-treated FBS (5% DC-FBS) to exclude estrogenic
effects caused by the medium. Next, cells were treated with
selective antagonists: GPER [(3aS*,4R*,9bR*)-4-(6-Bromo-1,3-
benzodioxol-5-yl)-3a,4,5,9b-3H-cyclopenta [c]quinolone; G-15]
(Tocris Bioscience, Bristol, UK), PPARα [N-((2S)-2-(((1Z)-1-
Methyl-3-oxo-3-(4-(trifluoromethyl) phenyl)prop-1-enyl)amino)-
3 - ( 4 - ( 2 - ( 5 - m e t h y l - 2 - p h e n y l - 1 , 3 - o x a z o l - 4 -
yl)ethoxy)phenyl)propyl) propanamide, GW6471] or PPARγ [2-
Chloro-5-nitro-N-4-pyridinylbenzamide, T0070907] freshly
prepared as 100 nM stock solutions in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich) stored at –20ºC. A stock concentrations
were subsequently dissolved in Waymouth’s media a final
concentrations. Cells were treated with G-15, PPARα or PPARγ
alone or together for 24 hours. Doses of G-15 (10 nM), PPARα (10
µM) or PPARγ (10 µM) were based on literature data (27-33) and
they were finally selected upon our preliminary studies (dose
range 1, 10, 100 µM and 1, 10, 100 nM). We performed scanning
microscopic analysis of Leydig cell phenotype and morphological
structure (glutaraldehyde/formaldehyde-fixed) and fluorescence
staining/immunocytochemistry (formadehyde/methanol and
acetone-fixed). Cell lysates were frozen in –80ºC and used either
for protein expression analyses or for cholesterol content
measurement. Culture media were frozen in –20ºC for
progesterone level determination.

Leydig cells in vitro and testes in vivo both control and treated
with G-15, PPARα, PPARγ alone or in combinations were
analyzed for expression and localization of fundamental
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steroidogenesis controlling proteins (LHR, StAR, TSPO, PKA,
P450scc, perilipin, HSL, HMGCR). Important goal of this study
was also determination of signaling pathways molecules (Ras/Raf
and PI3K/Akt) involved in GPER and PPAR partnership in
control of cell physiology. Special consideration of Leydig cells
topography and morpho-functionality was performed.

Western blot analysis

Lysates of testes of (control and treated with GPER
antagonist) and Leydig cells (control and treated with GPER,
PPARα, PPARγ antagonists alone or in combinations) were
obtained by sample homogenization and sonication with a cold
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Antibody Host species Vendor Dilution 
GPER Rabbit Abcam  

cat. no. 39742 
1:50 (ICC)  

1:200 (IHC)  
1:500 (WB) 

PPAR  Mouse Thermo Fisher Scientific  
cat. no. MA1-822 

1:20 (ICC)  
1:200 (IHC)  
1:1000 (WB)  

PPAR  Rabbit Abcam  
cat. no. 209350 

1:50 (ICC)  
1:400 (IHC)  
1:500 (WB)  

LHR (H-50) Rabbit Santa Cruz Biotechnology  
cat. no. sc-25828 

1:10 (ICC)  
1:500 (WB)  

 
TSPO Goat Thermo Fisher Scientific  

cat.no. PA5-18565 
1:50 (ICC)  
1:250 (WB)  

 
StAR 

 
Mouse Abcam  

cat. no. ab5813 
1:50 (ICC)  
1:500 (WB)  

 
 Rabbit Santa Cruz Biotechnology  

cat. no. sc-25424 
1:50 (ICC)  

1:1000 (WB)  
 

PLIN1 Rabbit Cell Signaling Technology  
cat. no. 9349  

 

1:200 (ICC)  
1:500 (WB)  

 
P450scc Rabbit Merck Millipore  

cat. no. ABS236  
 

1:100 (ICC)  
1:500 (WB)  

 
HSL Rabbit Cell Signaling Technology  

cat. no. 4107 
 

1:50 (ICC)  
1:500 (WB)  

 
HMGCR Rabbit Thermo Fisher Scientific  

cat.no. PA5-18565 
1:50 (ICC) 

1:1000 (WB) 
 

Ras Rabbit Cell Signaling Technology  
cat. no. 3965 

 

1:250 (WB) 
 

t-Raf-1 Rabbit Santa Cruz Biotechnology  
cat. no. sc-133 

1:250 (WB)  
 
 

PI3Kp85 Rabbit Cell Signaling Technology  
cat. no. 4292 

 

1:500 (WB)  
 

t-Akt Rabbit Cell Signaling Technology  
cat. no. 9272S 

 

1:500 (WB) 
 

-actin Mouse Sigma Aldrich  
cat. no. A2228 

1:3000 (WB)  
 
 

 

Table 1. Primary antibodies used for immunocyto/histochemistry and Western blotting.

Abbreviations: GPER, G-coupled membrane estrogen receptor; PPARα, peroxisome proliferator-activated receptor α; PPARγ,
peroxisome proliferator-activated receptor; LHR, lutropin receptor, TSPO, translocator protein; StAR, steroidogenic acute regulatory
protein; PKA, protein kinase A; PLIN, perilipin; P450scc, cytochrome P450 side chain cleavage; HSL, hormone sensitive lipase;
HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; Ras, protein of small GTPase family; Raf, (rapidly accelerated fibrosarcoma)
receptor tyrosine kinase effector; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; Akt-serine/threonine-specific protein kinase
(Protein kinase B).



Tris/EDTA buffer (50 mM Tris, 1 mM EDTA, pH 7.5),
supplemented with a broad-spectrum protease inhibitors (Sigma-
Aldrich). The protein concentration was estimated by the Bio-
Rad DC Protein Assay Kit with BSA as a standard (Bio-Rad
Labs, GmbH, Munchen, Germany). Equal amounts of protein
were resolved by SDS-PAGE under reducing conditions,
transferred to polyvinylidene difluoride membranes (Merck
Millipore, Darmstadt, Germany) and analyzed by Western
blotting with antibodies listed in Table 1. The presence of the
primary antibody was revealed with horseradish peroxidase-
conjugated secondary antibodies diluted 1:3000 (Vector Lab.,
Burlingame, CA, USA) and visualized with an enhanced
chemiluminescence detection system as previously described
(19). All immunoblots were stripped with stripping buffer
containing 62.5-mM Tris-HCL, 100-mM 2-mercaptoethanol,
and 2% SDS (wt:v; pH 6.7) at 50ºC for 30 minutes, and
incubated in antibody against β-actin (loading control). Three
independent experiments were performed, each in triplicate with
tissues prepared from different animals. To obtain quantitative
results the bands (representing each data point) were
densitometrically scanned using the public domain ImageJ
software (National Institutes of Health, Bethesda, Maryland,
USA) (34). The data obtained for each protein were normalized
against its corresponding actin and expressed as relative
intensity. Results of 10 separate measurements were expressed
as mean ± SD.

Scanning electron microscope (SEM)

Leydig cells (control and treated with GPER, PPARα, PPARγ
antagonists alone or in combinations), were fixed in a mixture of
2.5% glutaraldehyde with 2.5% formaldehyde in a 0.05 M
cacodylate buffer (Sigma; pH 7.2) for 14 days, washed three times
in a 0.1 M sodium cacodylate buffer and later dehydrated and
subjected to critical-point drying. They were then sputter-coated
with gold and examined at an accelerating voltage of 20 kV or 10
KV using a Hitachi S-4700 scanning electron microscope
(Hitachi, Tokyo, Japan), which is housed in the Institute of
Geological Sciences, Jagiellonian University in Cracow).

Cytoskeleton structure

Leydig cells (control and treated with GPER, PPARα,
PPARγ antagonists alone or in combinations) were grown on
coverslips (Ø12 mm; Menzel Glaeser, Germany). For the F-actin
staining, the cells were fixed in 4% formaldehyde (freshly
prepared from paraformaldehyde) in phosphate buffered saline
(PBS) for 30 min at RT and stained with rhodamine-conjugated
phalloidin (2 µg/ml, Sigma-Aldrich) for 40 min in darkness.
Cells were mounted with Vectashield mounting medium (Vector
Labs) with 40,6-diamidino-2-phenylindole (DAPI). Then,
fluorescence was detected using epifluorescence microscope
Leica DMR (Leica Microsystems).

For the microtubules localization, live cells were stained
with Tubulin Tracker™ Oregon Green ® (Thermo Fisher
Scientific) 500 µM in DMSO according to manufacturer’s
protocol. Cells were analyzed using epifluorescence microscope
Leica DMR. The intensity of the fluorescence was calculated
using a NIS-Elements software and expressed as relative
fluorescence in a.u. (RFU). Results of 20 – 30 separate
measurements of single cells from each experimental group were
expressed as mean ± SD.

Alkaline phosphatase assay

Leydig cells (control and treated with GPER, PPARα,
PPARγ antagonists alone or in combinations) were grown on

coverslips. Alkaline phosphatase (ALP) activity was quantified
by ELF 97 Endogenous Phosphatase Detection Kit (Molecular
Probes, Eugene, OR). Briefly, cells were fixed in 3%
formaldehyde for 10 minutes at room temperature. To
permeabilize the cells, 200 µL/well of PBS/0.2% Tween-20 was
added and the plates were incubated for 15 minutes. The cells
were briefly rinsed twice in water, and then left for 10 minutes
in H2O. Substrate was diluted 1:20 in substrate buffer, 50
µL/well, and incubated for 5 minutes. Cells were mounted with
DAPI. Fluorescence was detected using epifluorescence
microscope Leica DMR. The intensity of the fluorescence was
using a NIS-Elements software and expressed as relative
fluorescence in a.u. (RFU). Results of 20 – 30 separate
measurements of single cells from each experimental group were
expressed as mean ± SD.

Immunohistochemistry and immunocytochemistry

To optimize immunohistochemical staining testicular sections
both control and GPER antagonist-treated were immersed in 10
mM citrate buffer (pH 6.0) and heated in a microwave oven (2 × 5
min, 700 W). Thereafter, sections were immersed sequentially in
H2O2 (3%; v/v) for 10 min and normal goat serum (5%; v/v) for
30 min which were used as blocking solutions. After overnight
incubation at 4ºC with primary antibodies listed in Table 1. Next
respective biotinylated antibodies (anti-rabbit, anti-goat and anti-
mouse IgGs; 1: 400; Vector, Burlingame CA, USA) and avidin-
biotinylated horseradish peroxidase complex (ABC/HRP; 1:100;
Dako, Glostrup, Denmark) were applied in succession. Bound
antibody was visualized with 3,3’-diaminobenzidine (DAB) (0.05
%; v/v; Sigma-Aldrich) as a chromogenic substrate. Control
sections included omission of primary antibody and substitution
by irrelevant IgG.

Immunocytochemistry was performed on Leydig cells
(control and treated with GPER, PPARα, PPARγ antagonists
alone or in combinations). Cells were fixed using absolute
methanol for 7 minutes followed by acetone for 4 minutes both
at –20ºC respectively. Next, cells were rinsed in TBS containing
0.1% Triton X-100. Nonspecific binding sites were blocked
with 5% normal goat or horse serum for 30 minutes. Thereafter,
cells were incubated overnight at 4ºC in a humidified chamber
in the presence of primary antibodies listed in Table 1. On the
next day, biotinylated antibody goat anti-rabbit or horse anti-
mouse (1:400; Vector Laboratories) were applied for 60
minutes, respectively. After each step in these procedures, cells
were carefully rinsed with TBS; the antibodies were also diluted
in TBS buffer. The staining was developed using ABC⁄HRP
complex for 30 minutes followed by DAB. Thereafter, cells
were washed, and some of them were counterstained with
Mayer’s hematoxylin and mounted using DPX mounting media
(Sigma-Aldrich). Cells were examined with Leica DMR
microscope (Leica Microsystems, Wetzlar, Germany). The
whole procedure was described in detail elsewhere (19, 35, 36).
Experiments were repeated three times. To evaluate the
intensity of immunohistochemical reaction quantitatively,
digital images were obtained and analyzed using a NIS-
Elements software and expressed as relative optical density
(ROD) of DAB brown reaction products. Results of 20 – 30
separate measurements of bands on different blots were
expressed as mean ± SD.

ELISA assays

Mouse Luteinizing Hormone Elisa Kit (Biocompare, San
Francisco, USA) was used for examination of LH concentrations
in serum of control and GPER antagonist-treated mice according
to the manufacturer's instructions. The sensitivity of the assay
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was 0.1 mIU/ml. The absorbance (λ = 450 nm) was measured.
Data were expressed as mean ± SD.

Progesterone Enzyme Immunoassay Kit (DRG, Marburg,
Germany) was used for measurement of progesterone content in

culture media in control and treated with GPER, PPARα, PPARγ
antagonists (alone or in combinations) Leydig cells according to
the manufacturer's instructions. The sensitivity of the assay was
0.045 ng/mL. The absorbance (λ = 480 nm) was measured. Data
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Fig. 1. Effect of GPER blockage on expression and localization of GPER, PPARα and PPARγ in mouse testes.
(A) Representative blots of qualitative expression of GPER (a), PPARα (b), and PPARγ (c) and relative expression (relative
quantification of protein density (ROD); arbitrary units). The relative amount of respective proteins normalized to β-actin. ROD from
three separate analyses is expressed as means ± SD. Asterisks show significant differences between respective control mature and aged
mouse testes and those treated with GPER antagonist (50 µg/kg b.w.). Values are denoted as *P < 0.05, **P < 0.01 and ***P < 0.001.
From each animal at least three samples were measured.
(B) Representative microphotographs of cellular localization of GPER (a, a’, b, b’), PPARα (c’, d, d’, e, e’) and PPARγ (f, f’, g, g’) in
testes of control mature and aged mice and those treated with GPER antagonist (50 µg/kg b.w.). DAB immunostaining with
hematoxylin counterstaining. Scale bars represent 15 µm. From each animal 3 – 5 serial testicular sections were analyzed. (a, b) GPER
protein is visible in membrane and cytoplasm (insert at a) of Leydig cells of control mature and aged testes (arrows). Moderate
intensity of immunoreaction is seen in control testes of both age groups while it is very weak in Leydig cells of those GPER ant.-
treated (arrows) (a’, b’). Independent of animal age, expression of PPARα in cytoplasm of Leydig cells either of control or
experimental testes is visible (d, d’, e, e’). No significant changes in immunoreaction intensity for PPARα are observed with exception
of Leydig cells of mature GPER ant.-treated testes (arrows) (d’). In this case strong reaction is observed in individual cells (insert at
d’). Positive signal for PPARγ is noted in cytoplasm of control and GPER ant.-treated males (arrows) (f, f’, g, g’). Note, the strongest
reaction in GPER ant.-treated testes both mature and aged (arrows) (f’, g’). In negative controls no immunostaining is found (c, f, i).



were expressed as mean ± SD. The measurements were
performed with the use microplate reader (Labtech LT-4500).

Cholesterol assay

The Amplex® Red Cholesterol Assay Kit (Molecular Probes
Inc., Eugene, OR, USA) was used for cholesterol content (µM)
analysis in control and GPER antagonist-treated males and
Leydig cells treated with GPER, PPARα, PPARγ antagonists
alone or in combinations. For measurement 100 µl cell lysates
was used according to manufacturer’ s protocol. Data were
expressed as mean ± SD. The fluorescence (λ = 580 nm) was
measured with the use of a fluorescence multiwell plate reader
SPARK Tecan, Switzerland.

Migration assay

QCMTM Chemotaxis 96-well Cell Migration Assay
(Chemicon Incorporation Int.) was performed in control and
GPER, PPARα, PPARγ antagonists-treated Leydig cells (alone
or in combinations) according manufacturer’s instruction. The
fluorescence (λ = 480 nm) was measured with the use of a
fluorescence multiwell plate reader SPARK Tecan,
Switzerland. Data (relative fluorescence units; RFU) were
expressed as mean ± SD.

Statistical analysis

Each variable was tested by using the Shapiro-Wilk W-test
for normality. Homogeneity of variance was assessed with
Levene’s test. Since the distribution of the variables was
normal and the values were homogeneous in variance, all
statistical analyses were performed using one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc comparison
test to determine which values differed significantly from
controls. The analysis was made using Statistica software
(StatSoft, Tulsa, OK, USA). Data were presented as mean ±
SD. Data were considered statistically significant at P < 0.05.
All the experimental measurements were performed in
triplicate.

RESULTS

Effect of GPER blockage on expression and localization of
GPER, PPARα and PPARγ in mouse testes

In mice treated with GPER antagonist, decreased GPER
expression was observed (P <  0.01) (Fig. 1A). Different
alterations of PPAR expression were found in GPER blocked
mice. Expression of PPARα was increased (P < 0.001) in mature
males while it remained unchanged in aged ones when compared
to controls. In contrast, expression of PPARγ was increased in
both treated groups (P < 0.01, P < 0.001).

The GPER protein was localized to the cell membrane
(insert at a) and cytoplasm of Leydig cells of control, mature,
and aged testes (Fig. 1Ba and 1Bb). Expression was of
moderate intensity, while it was very weak in Leydig cells of
mature and aged testis upon GPER antagonist treatment (Fig.
1Ba’ and 1Bb’). Regardless of the animal age, PPARα
expression was observed in Leydig cell cytoplasm of control
and experimental testes (Fig. 1Bd, 1Be and 1Bd’, 1Be’). No
significant changes in immunoreaction intensity were found in
Leydig cells with the exception of mature GPER antagonist-
treated testes. In this case, a strong reaction was observed in
individual cells (insert at d’). A positive signal for PPARγ was
found in the cytoplasm of control and GPER-treated testes both
control and experimental (Fig. 1Bf, 1Bf’ and 1Bg, 1Bg’). The
strongest reaction was always observed in Leydig cells of
GPER antagonist-treated mature and aged males (Fig. 1Bf’ and
1Bg’). In negative controls, no immunostaining was observed
(Fig. 1Bc, 1Bf and 1Bi).

Effect of GPER blockage on LHR, StAR, and TSPO expression
in mouse testes

After exposure to the GPER antagonist, LHR expression was
increased in mature and aged testes (P < 0.01, P < 0.001) when
compared to their respective controls (Fig. 2a). Expression of
StAR was markedly increased only in mature -GPER antagonist
treated males (P < 0.001) while it remained unchanged in aged
animals (Fig. 2b). A significant increase in TSPO expression was
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Fig. 2. Effect of GPER blockage on expression of LHR, StAR, TSPO in mouse testes.
(A) Representative blots of qualitative expression of LHR (a), StAR (b), and TSPO (c) and relative expression (relative quantification
of protein density (ROD); arbitrary units). The relative amount of respective proteins normalized to β-actin. ROD from three separate
analyses is expressed as means ± SD. Asterisks show significant differences between respective control mature and aged testes and
those treated with GPER ant. (50 µg/kg b.w.). Values are denoted as **P < 0.01 and ***P < 0.001. From each animal at least three
samples were measured.



found in both mature and aged testes (P < 0.01, P < 0.001) 
(Fig. 2c).

Effect of GPER blockage on lutropin concentration in mouse
serum

In serum of control mice, increased LH levels were observed
in aged animals as compared to mature mice (P < 0.01, P <
0.001) (Fig. 3A). Exposure to the GPER antagonist increased LH

levels markedly in both groups of treated mature and aged mice,
respectively (P < 0.05, P < 0.001).

Effect of GPER blockage on cholesterol content in mouse testes

Cholesterol content in mature male testes was lower than in
aged ones (P < 0.05) (Fig. 3B). After GPER antagonist
treatment, cholesterol content decreased in both groups (P <
0.05, P < 0.01).
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Fig. 3. Effect of GPER blockage on lutropin concentration in serum and cholesterol content in testes of mice. Serum lutropin
concentration (A) and cholesterol content in testes (B) of control mature and aged mice and those treated with GPER ant. (50 µg/kg
b.w.). Values are denoted as *P < 0.05, **P < 0.01 and ***P < 0.001. From each animal at least three samples were measured.

Fig. 4. Effect of GPER blockage on expression and localization of PPARα and PPARγ in mouse Leydig cells.
(A) Representative blots of qualitative expression of GPER (a), PPARα (b), and PPARγ (c) and relative expression (relative
quantification of protein density (ROD); arbitrary units). The relative amount of respective proteins normalized to β-actin. ROD from
three separate analyses is expressed as means ± SD. Asterisks show significant differences between control and treated with GPER
(10 nM) for 24 h Leydig cells. Values are denoted as *P < 0.05, ** P < 0.01. For analysis at least three cell samples were measured.
(B) Representative microphotographs of cellular localization of GPER (a, a), PPARα (b, b’) and PPARγ (c, c’) in control and GPER
ant. (10 nM) Leydig cells treated for 24 h. DAB immunostaining with hematoxylin counterstaining. Scale bars represent 15 µm. For
immunostaining at least three cell cultures control and experimental were used. In control and GPER ant.-treated Leydig cells very
week, cytoplasmic staining for GPER is seen (arrows) (a, a’). Note, no changes in localization and expression of both PPAR receptors
in control and treated cells (b, b’ and c, c’). Cytoplasmic (arrows) and perinuclear (arrowheads) expression of PPARα is strong in both
control and GPER ant.-treated cells (b, b’). PPARγ is localized either in cytoplasm (arrows) or in nucleus (arrowheads) in control and
GPER ant.-treated cells. No changes in PPARγ immunostaining intensity are observed (c, c’). In negative controls no immunostaining
is found (representative insert at a’).



Effect of GPER blockage on expression and localization of
PPARα and PPARγ in mouse Leydig cells

In Leydig cells, GPER antagonist treatment decreased
immunoexpression of GPER (Fig. 4Aa). After GPER antagonist
treatment, the opposite effect was found on PPARα and PPARγ
expression (Fig. 4Ab and 4Ac). Immunoexpression of PPARα
was decreased (P < 0.01) while those of PPARγ was increased (P
< 0.05) in comparison to control.

In control and GPER antagonist-treated Leydig cells, very
weak cytoplasmic GPER staining was found (Fig. 4Ba and
4Ba’). No marked changes in localization and expression of both
PPARα and PPARγ were revealed between control and GPER
antagonist-treated cells (Fig. 4Bb, 4Bb’ and 4Bc, 4Bc’).
Cytoplasmic expression of PPARα was strong in both control
and GPER antagonist-treated cells (Fig. 4Bb and 4Bb’). In
controls, PPARα staining was localized especially in the
perinuclear region of cells. PPARγ was present either in the
cytoplasm or nucleus of control and GPER antagonist-treated

cells. The strongest expression of PPARγ was always seen in
control cells versus treated. In negative controls, no
immunostaining was found (Fig. 4B representative insert at a’).

Effect of GPER, PPARα, and PPARγ blockage on mouse Leydig
cell morphology

Scanning electron microscopic analysis revealed a normal
structure of control Leydig cells (Fig. 5Aa). Cells grew as a
monolayer and were well-adhered to the bottom of the dish. A
majority of cells showed a polygonal shape with small and short
pseudopodia. Regardless of antagonist used (PPARα, PPARγ not
shown) alone or in combination, alterations in cell shape were
observed (Fig. 5Ab-5Ae). A great number of elongated Leydig
cells possessing long pseudopodia was observed. On the cell
surface, small microvilli were seen, particularly in cells treated
with antagonists (Fig. 5Af and 5Ag). After treatment,
proliferating cells were commonly seen (Fig. 5Ag and 5Ah).
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Fig. 5. Effect of GPER, PPARα and PPARγ blockage on morphology of mouse Leydig cells.
(A) Representative microphotographs of scanning electron microscopic analysis of control, GPER (10 nM), PPARα (10 µM), PPARγ (10
µM) antagonists-treated Leydig cells (a-h). Bars represent 1 µm. For analysis at least three control and experimental cell cultures were used.
Normal structure of control Leydig cells (a). Cells are growing in monolayer, and are well-adhered to the dish bottom. Majority of cells
show polygonal shape with small and short pseudopodia. Note, changes in cell shape after treatment with antagonists; GPER and PPARα,
PPARγ alone (not shown) or in combination (b-d, e). Great number of elongated Leydig cells possessing several, long pseudopodia is
observed. In treated cells, on the cell surface number of small microvilli is seen (f, g). After treatment proliferating cells are commonly seen
(g, h).
(B) Representative microphotographs of actin (a-d) and tubulin (e-h) activity in control and treated with GPER (10 nM), PPARα (10 µM)
and PPARγ (10 µM) antagonists Leydig cells for 24 h. Fluorescence with DAPI for actin and without for tubulin staining. Scale bars
represent 15 µm. (i) Histograms of tubulin expression of control and GPER (10 nM), PPARα (10 µM), PPARγ (10 µM) antagonists-treated
Leydig cells. Fluorescence measured in relative fluorescence arbitrary units (RFU) from three separate analyses is expressed as means ±
SD. Values are denoted as *P < 0.05 and ***P < 0.001. For analysis at least three control and experimental cell cultures were used.
(C) Histograms of migration competences of control and GPER (10 nM), PPARα (10 µM), PPARγ (10 µM) antagonists-treated Leydig
cells. Immunofluorescence measured in relative fluorescence arbitrary units (RFU) from three separate analyses is expressed as means ±
SD. Values are denoted as **P < 0.01 and ***P < 0.001.
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Fig. 6. Effect of GPER, PPARα and PPARγ blockage on expression and localization of steroidogenic LHR, StAR, TSPO, PKA proteins in
mouse Leydig cells.
(A) Representative blots of qualitative expression of LHR (a), StAR (b), TSPO (c) and PKA (d) and relative expression (relative
quantification of protein density (ROD); arbitrary units). The relative amount of respective proteins normalized to β-actin. ROD from three
separate analyses is expressed as means ± SD. Asterisks show significant differences between control and treated with GPER (10 nM),
PPARα (10 µM) and PPARγ (10 µM) antagonists Leydig cells for 24 h. Values are denoted as *P < 0.05, **P < 0.01, ***P < 0.001. For
analysis at least three cell samples were measured.
(B) Representative microphotographs of cellular localization of LHR (a-f), StAR (g-l), TSPO (m-s) and PKA (t-y) in control and treated
with GPER (10 nM), PPARα (10 µM) and PPARγ (10 µM) antagonists Leydig cells for 24 h. DAB immunostaining with hematoxylin
counterstaining. Scale bars represent 15 µm. For immunostaining at least three control and experimental cell cultures were used.
Note no changes in staining intensity and localization of LHR and StAR between control and treated with antagonists Leydig cells (a-f and
g-l). Immunoexpression of LHR is strong and visible in cell cytoplasm (arrows) and membrane (arrowheads, in control and GPER ant.-
treated cells), while that of StAR is very week and visible exclusively in cell cytoplasm (arrows) (a-f, g-l). Immunostaining for TSPO is
seen in cytoplasm (arrows) and in perinuclear region (arrowheads) of control and treated cells (m-s). Its immunoexpression is of weak to
moderate intensity. Different expression of PKA after treatment of cells with PPARα and PPARγ antagonist alone or together with GPER
is observed (t-y). Cells treated with PPARα and PPARγ alone show weak, cytoplasmic expression of PKA while it is of moderate intensity
after each of PPAR antagonists added with GPER antagonist (arrows). In control and GPER ant.-treated cells PKA expression is very strong
(arrows). In negative controls no immunostaining is found (representative insert at f).
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Fig. 7. Effect of GPER, PPARα and PPARγ blockage on expression and localization of steroidogenic PLIN, P450scc, HMGCR
proteins in mouse Leydig cells.
(A) Representative blots of qualitative expression of PLIN (a), P450scc (b), HSL (c) and HMGCR (d) and relative expression (relative
quantification of protein density (ROD); arbitrary units). The relative amount of respective proteins normalized to β-actin. ROD from
three separate analyses is expressed as means ± SD. Asterisks show significant differences between control and treated with GPER (10
nM), PPARα (10 µM) and PPARγ (10 µM) antagonists Leydig cells for 24 h. Values are denoted as *P < 0.05, **P < 0.01, ***P < 0.01.
For analysis at least three cell samples were measured.
(B) Representative microphotographs of cellular localization of PLIN (a-f), P450scc (g-l), HSL (m-s) and HMGCR (t-y) in control and
treated with GPER (10 nM), PPARα (10 µM) and PPARγ (10 µM) antagonists Leydig cells for 24 h. DAB immunostaining with
hematoxylin counterstaining. Scale bars represent 15 µm. For immunostaining at least three control and experimental cell cultures
were used.
Positive staining for PLIN is present around lipid droplets (arrowheads) and in cytoplasm (arrows) in all analyzed cells (control and
experimental ones) (arrows) (a-f). Note no significant changes in immunostaining intensity between control and experimental groups.
Cytoplasmic (arrows) and perinuclear (arrowheads) reaction for P450scc is seen in control and cells-treated with antagonists (g-l). The
intensity of staining is strong in all treated groups, without those PPARγ ant. and GPER ant.-treated, that is comparable to control. The
weakest expression of HSL is found in cytoplasm of cells treated with PPARγ and GPER ant. while it is unchanged in other treated
cell groups including control (arrows) (m-s). No changes in localization pattern and the strongest expression among studied proteins
are observed for HMGCR (t-y). The enzyme is located in cytoplasm of control and treated cells (arrows). In negative controls no
immunostaining is found (representative insert at P).



Significant amounts of actin filaments were seen in cortical
regions of control cells (Fig. 5Ba). The cells sent numerous
actin-rich pseudopodium-like protrusions after treatment with
GPER, PPARα, or PPARγ alone (PPARα, PPARγ not shown) or
in combination (Fig. 5Bb-5Bd). Additionally, actin associated
with cell cortices and pseudopodium-like protrusion were
observed as short and very thin filiform or finger-like projections
with abundant F-actin bundles.

Microtubules composed of tubulin particles were present in
both control and treated cells; however, in the latter, their
presence was increased (Fig. 5Be-5Bh). Expression of tubulin
increased significantly (P < 0.05, P < 0.001) in cells treated with
GPER, PPARα, or PPARγ alone (PPARα, PPARγ not shown only
at microphotographs) or in combination (Fig. 5Be-5Bh and 5Bj).

The migration assay revealed increased (P < 0.01, P < 0.001)
migration competences of Leydig cells treated with antagonists,
alone and in combination, when compared to controls (Fig. 5C).
Combined treatment resulted in increased migration
competences versus treatment with each antagonist separately.

Effect of GPER, PPARα, and PPARγ blockage on expression
and localization of steroidogenic LHR, StAR, TSPO, PKA and
P450scc, PLIN, HMGCR as well as signaling Ras, Raf, PI3K,
and Akt proteins in mouse Leydig cells

Expression of LHR in Leydig cells increased (P < 0.01) after
treatment with GPER antagonist alone or in combination with

PPARα or PPARγ antagonist (Fig. 6Aa). Only treatment with the
PPARγ antagonist significantly decreased LHR expression (P <
0.01) while treatment with a PPARα antagonist had no effect
(Fig. 6Aa). Treatment with PPARα and PPARγ antagonist alone
or in combinations with GPER antagonist markedly decreased (P
< 0.01, P < 0.001) StAR expression (Fig. 6Ab). Similarly, the
most notable decrease (P < 0.05, P < 0.01, P < 0.001) in TSPO
expression was revealed after Leydig cell treatment with PPAR
antagonists alone or together with the GPER antagonist.
Treatment with the GPER antagonist caused a subtle decrease in
TSPO expression (Fig. 6Ac). PKA expression was increased (P
< 0.01, P < 0.001) in all treated Leydig cell groups except for the
PPARγ antagonist-treated one, where it was slightly decreased
(Fig. 6Ad).

In control cells and those treated with GPER, PPARα, and
PPARγ antagonists, separately or together, no marked changes in
localization and immunostaining for LHR, StAR, and TSPO
were found (Fig. 6Ba-6Bf, 6Bg-6Bl, 6Bm-6Bs). LHR expression
was pronounced and found to be localized in the cytoplasm and
cell membrane, while StAR expression was very weak and
present exclusively in the cytoplasm (Fig. 6Ba-6Bf and 6Bg-
6Bl). TSPO was found in the cytoplasm, particularly in the
perinuclear region of cells (Fig. 6Bm-6Bs), and its
immunoexpression was of weak to moderate intensity. A slight
increase in TSPO expression was seen in cells treated with
GPER and PPARα together (Fig. 6Bs). Changes in
immunostaining were observed for PKA (Fig. 6Bt-6By) after
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Fig. 8. Effect of GPER, PPARα and PPARγ blockage on expression and localization of signaling Ras, Raf, PI3K, Akt proteins in mouse
Leydig cells.
(A) Representative blots of qualitative expression of Ras (a), Raf (b), PI3K (c) and Akt (d) and relative expression (relative
quantification of protein density (ROD); arbitrary units). The relative amount of respective proteins normalized to β-actin. ROD from
three separate analyses is expressed as means ± SD. Asterisks show significant differences between control and treated with GPER
(10 nM), PPARα (10 µM) and PPARγ (10 µM) antagonists Leydig cells for 24 h. Values are denoted as *P < 0.05, **P < 0.01, ***P
< 0.01. For analysis at least three cell samples were measured.



treatment of cells with PPARα and PPARγ antagonists alone or
together with GPER (Fig. 6Bu, 6Bv, 6Bx and 6By). Cells treated
with PPARα and PPARγ alone showed weak cytoplasmic
expression of PKA (Fig. 6Bv and 6Bw). In control and GPER
antagonist-treated cells, PKA expression was strong (Fig. 6Bt
and 6Bu). In negative controls, no immunostaining was found
(Fig. 6B representative insert at f).

Following treatment with any of the antagonists, alone or in
combination, increased (P < 0.05, P < 0.01, P < 0.001) PLIN
expression in all treated groups was revealed (Fig. 7Aa). Similar
changes were observed with P450scc expression (Fig. 7Ab) as it
increased (P < 0.05, P < 0.01, P < 0.001) in all treated Leydig cell
groups with the exception of cells treated with PPARγ and
GPER antagonists, where it was subsequently decreased (P <
0.05). Expression of HSL decreased (P < 0.05, P < 0.01, P <
0.001) in all treated groups (Fig. 7Ac). The decrease was most
pronounced in cells treated with the PPARα antagonist.
Expression of HMGCR showed no changes after GPER
antagonist treatment. However, it was increased (P < 0.05, P <
0.01) in all treated cell groups, but not in those treated with
PPARγ and GPER antagonists, where it was decreased (P < 0.01)
(Fig. 7Ad).

PLIN was localized around lipid droplets and occasionally in
the cytoplasm in both control and experimental cells (Fig. 7Ba-
7Bf). No significant changes in immunostaining intensity were

found between the groups. Immunoreaction for P450scc was
found both in cytoplasm and perinuclear region in control and
cells treated with antagonists alone or in combination (Fig. 7Bg-
7Bl). Staining intensity was strong in all treated groups, but after
PPARγ GPER antagonists it was comparable to control cells.
Similarly, expression of HSL was weakest in the cytoplasm of
cells treated with PPARγ and GPER antagonists but was
unchanged in other treated cell groups, including controls (Fig.
7Bm-7Bs). No changes in localization pattern of HMGCR were
observed, and it had the strongest expression among studied
proteins (Fig. 7Bt-7By). The enzyme was located in the
cytoplasm of control and treated cells. In negative controls, no
immunostaining was found (Fig. 7B representative insert at p).

Expression of Ras was altered (P < 0.01, P < 0.001) in
GPER, PPARγ, and PPARα antagonist-treated cells (Fig. 8a).
No changes in Ras expression were found in cells treated with
the PPARα antagonist. Using the PPARγ and GPER antagonist,
Ras levels were decreased (P < 0.01). Expression of Raf was
decreased (P < 0.01) after GPER antagonist while it was
increased (P < 0.01, P < 0.001) in other experimental groups with
exception of PPARγ ant.- and GPER ant.-treated cells where it
remained unchanged (Fig. 8b). Increased (P < 0.01, P < 0.001)
expression of PI3K was found in treated cells independent of
antagonist and treatment combination used, but not in cells
treated with PPARγ antagonist and GPER antagonist where it

384

Fig. 9. Effect of GPER, PPARα and PPARγ blockage on phosphatases expression in mouse Leydig cells.
(A) Representative microphotographs of phosphatases activity in control and treated with GPER (10 nM), PPARα (10 µM) and PPARγ
(10 µM) antagonists Leydig cells for 24 h.
Immunofluorescence with DAPI. Bars represent 20 µm. For analysis at least three control and experimental cell cultures were used.
(B) Histograms of immunofluorescence staining intensities analyses (RFU) from three separate analyses is expressed as means ± SD.
Values are denoted as *P < 0.05, **P < 0.01, ***P < 0.01.



was decreased (P < 0.05) (Fig. 8c). Expression of Akt was
increased (P < 0.05, P < 0.01, P < 0.001) in all treated groups
apart from PPARγ and GPER antagonist-treated cells, where
expression was unchanged (Fig. 8d).

Effect of GPER, PPARα, and PPARγ blockage on phosphatase
expression in mouse Leydig cells

In Leydig cells, phosphatase levels significantly decreased
following exposure to the GPER (P < 0.01) (Fig. 9). Treatment
with both PPAR antagonists increased (P < 0.05) expression of
phosphatases while concomitant treatment with each of PPAR
antagonists and GPER decreased (P < 0.05, P < 0.01)
phosphatase expression.

Effect of GPER, PPARα, and PPARγ blockage on cholesterol
content and progesterone secretion by mouse Leydig cells

Independent of the antagonist used, cholesterol content in
Leydig cells was decreased (P <  0.05) when compared to
controls (Fig. 10A). Treatment with the GPER antagonist
resulted in abated (P < 0.001) Leydig cell progesterone secretion
in comparison to controls (Fig. 10B). Decreased (P < 0.05, P <
0.01) progesterone secretion was seen in cells treated with all
antagonists when used in combinations. Treatment with the
PPARα antagonist alone resulted in decreased (P < 0.05)
progesterone secretion, while treatment with the PPARγ
antagonist markedly increased (P < 0.001) hormone levels.

DISCUSSION

In recent years, proteins that play a role in lipid metabolism
have been newly identified. The functional characterization,
including clinical application, have been presented (37, 38). As
discoveries are made concerning GPER control of testicular
cells, as well as PPAR-dependent regulation in various tissues,
our insight into the molecular mechanisms of GPER-PPAR
interaction on lipid homeostasis has shown to be significant in
Leydig cell physiology. In previous studies, we reported altered
Leydig cell number and volume resulted in perturbation in sex
steroid secretion and signaling in mouse testis after GPER
blockage (39). Herein, age-dependent effects on steroidogenic

protein expression, together with LH and cholesterol
concentration changes, were revealed in mice with
pharmacologically blocked GPER. To our knowledge, the
effects on pituitary gonadotropin levels, as well as cholesterol
storage and processing, through changes in expression of acting
at first step of Leydig cell steroidogenesis; LHR, StAR and
TSPO in mice are reported for the first time.

Although steroidogenesis is affected, transgenic studies in
knockout GPER mice demonstrate undisturbed spermatogenesis
(40). In human and rat testes, GPER was the main receptor driving
downregulation of steroidogenic function under excess estradiol
conditions (41). The critical role of GPER was highlighted in
zebrafish oocyte maturation and steroidogenesis (42). In seasonal
breeders such as bank voles, GPER levels are regulated by
estrogens without photoperiod influence which is not the case for
canonical estrogen receptors (19). Thus, GPER is emerging as an
important regulatory component of Leydig cell biology.

GPER blockage affected its interactions with PPARα and
PPARγ in Leydig cells during various periods of the mouse life
span. This was also observed in MA-10 cells, via GPER and
PPARγ expression modulations, confirming this Leydig cell line
has biochemical properties closest to Leydig cells of mature
testis. PPARα showed diverse properties and/or regulation
between in vivo and in vitro conditions. Notably, multiple
factors, that create testicular milieu in vivo (e.g. hormones) and
may potentially influence PPARα expression, are absent in in
vitro system. Differences in in vivo and in vitro experimental
design should be also taken into attention.

PPARs up-regulate expression of enzymes acting for the
conversion of fatty acid esters (43). Upon activation of target
molecules, PPAR forms a heterodimer with the retinoid X
receptor, which then binds to the peroxisome proliferator
response element (PPRE) and modulates gene transcription
(44). In Leydig cells, PPAR-dependent molecules and their
regulation is not well known: however, it seems that such
regulation involves several factors also those not directly
implicated in lipid homeostasis. Kowalewski et al., (45)
demonstrated that PPARγ increases Leydig cell sensitivity to
cAMP stimulation which is linked to increased activity of
steroid molecules. In females, the control of PPAR upon
gonadal steroidogenic function starts at the hypothalamus-
pituitary level (46). Herein, we showed diverse regulation of
steroidogenesis controlling molecules in Leydig cells by GPER-
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Fig. 10. Effect of GPER, PPARα and PPARγ blockage on cholesterol content and progesterone secretion by mouse Leydig cells.
Cholesterol content (A) and progesterone secretion (B) in control and treated with GPER (10 nM), PPARα (10 µM) and PPARγ (10
µM) antagonists Leydig cells for 24 h. Values are denoted as *P < 0.05, **P < 0.01, and ***P < 0.001. For analysis at least three control
and experimental cell cultures were used.



PPAR interplay dependent on protein biochemical nature,
function, place of action. Steroidogenic cells have been shown
to produce a maximum amount of steroid in the absence of
hormonal stimulation but within a specifically defined
microenvironment e.g. with cholesterol-like substrates (47).
Data by Eacker et al., (48) confirms LH stimulation of
transcription of genes involved in steroidogenesis and those
required for cholesterol synthesis and uptake. On the other
hand, a subset of cholesterol biosynthetic genes can be down-
regulated by produced sex steroids, providing additional
feedback regulation in Leydig cells. Various targets of LH
signaling can be affected by hypothalamus-pituitary axis
disruption too. In the present study, either blockage of PPARα
or PPARγ alone, or together with GPER, modulated the
cholesterol status and steroid secretion in Leydig cells directly
and/or indirectly through steroidogenesis-controlling
molecules. In porcine ovarian steroidogenic cells local
regulators including gonadotropins and steroid hormones
modulated PPAR expression (49). Differences in progesterone
level can be a result of modulation of different steps of
cholesterol synthesis, storage and processing in Leydig cells
treated with antagonists. In rats, high amounts of cholesterol in
diet severely disrupted intratesticular estradiol secretion and
action (50).

In the literature only scarce data exists on steroidogenic
proteins interactions and control including GPER and PPAR
alone. Matsuo and Strauss (51) demonstrated that PPARs
strongly affect P450scc in choriocarcinoma cells (JEG-3).
Depending upon cholesterol availability, steroid production was
diversely modified without changes in P450scc activity.
However, P450scc, StAR, and/or other steroidogenesis-
regulating molecules play a critical role in the mechanism by
which Leydig cell steroidogenesis is reduced following
treatment with chemical and physical factors, ultimately leading
to perturbations in normal physiology and/or precocious and
natural ageing (52, 53). Additionally, Borch et al., (54) reported
a concomitant reduction of P450scc, StAR, and PPARγ protein
levels in rat fetal Leydig cells after diethylhexyl phthalate
exposure, indicating a functional link between these
steroidogenesis-regulating molecules and pathological
processes. Moreover, diisobutyl phthalate and other PPAR
agonists induced changes in PPARα and other steroidogenesis-
contorting molecules in fetal rat gonads (55). In Leydig cells of
aged rats, despite reduced amounts of TSPO, its direct activation
is able to increase testosterone production (56). At this juncture,
we do not know which molecule and/or reaction of the
steroidogenic pathway is rate-limiting in mouse Leydig cells.
Also, it is unknown if mechanistic changes occur in any
reactions under receptor blockage- and/or age-dependent
conditions.

Activation of PPARα, with the involvement of StAR-TSPO
in utero, decreased reproductive function in rodent males (57).
Recently, lipid droplet regulation by PPARs and perilipin in
various tissues (in liver by PPARα, in adipose tissue and skeletal
muscle by PPARγ) was presented (58). In transcriptional control
of human and rat hepatic lipid metabolism, HMGCR regulation
through PPARα and PPARγ is essential (59, 60). In addition,
HMGCR regulation of binding PPARα inhibitors and, in turn,
control of brain function, including brain steroidogenesis in mice
was demonstrated (61).

Recently, other regulatory mechanisms affecting enzymes
beyond HMGCR were introduced (62). These mechanisms, may
lay upon HMGCR induction of anchorage-independent growth in
breast epithelial cells, cell transformation, and invasive properties
(63). The present data shows a link between increased lipid
metabolism (via P450scc and HMGCR activity) and increased
migration characteristics of Leydig cells. Indeed, inhibition of

HMGCR activity, perturbs germ cell survival and cell migration
that lead to tumor testis transformation in mice (64).

In contrast to PLIN, P450scc and HMGCR, HSL was down-
regulated by GPER and PPARs antagonists, that reflects role of
GPER and PPARs in the control of HSL and lipid metabolism,
as shown previously in hepatocytes and nervous system (65, 66).

It is possible that extracellular signals are obtained by GPER
while endogenous signals are recognized by PPAR. Both
receptors could then interact with each other, modulating Leydig
cell steroidogenic function, both directly and indirectly, through
supervision of cell morphological structure and behavior (e.g.
proliferation, growth, and migration). In Leydig cells, GPER and
PPAR can functioning as an integrated two-receptor, PPAR-
GPR40 (Gq-coupled free fatty acid receptor), signal transduction
pathway, as in human endothelial cells. (67).

Directed cell migration requires coordinated activation of
several processes: cell polarization and elongation, formation of
finger-like protrusions, attachment to components of the
extracellular matrix, and contraction of the cell body to generate a
force for the movement (68). Cell migration is induced in response
to pro-migratory factors, including growth factors and chemokines
but also by signaling lipids such as diacyloglycerol, lipoprotein
lipase, and prostaglandins (69). Our data shows that in response to
the GPER-PPAR interaction, modification of lipid metabolism-
regulating molecules acting in couples (LHR and PKA, StAR and
TSPO, PLIN, P450scc and HMGCR) can effect cell migration via
various mechanisms: modulation of cell steroidogenic status,
cytoskeletal reorganization, and/or signaling cascade activity
changes that are also characteristic for tumor cells (70).

Intracellular cholesterol content affects cellular mechanical
properties through the underlying cytoskeleton (71). The
processes of pseudopodia extension are mediated by a diverse set
of signals and different receptors (e.g. protease-activated receptor
2). It seems possible that, in Leydig cells, GPER, PPARα, and
PPARγ can regulate cell migration, either individually or acting
together. Activation of GPER suppressed migration and
angiogenesis of breast cancer cells occurs through inhibition of
NF-κB/IL-6 signals (72). Husueh et al., (73) reported that
PPARγ, and its ligands effected both proliferation and migration
of vascular smooth muscle cells. The antimigratory effects of
PPAR-activators has been found in endothelial cells as related to
vasculature protection from pathological alterations associated
with metabolic disorders (74). Recently, several studies revealed
molecules linking migratory signals to the actin cytoskeleton are
upregulated in invasive and metastatic cancer cells (75). That is
in accord with our results additionally showing that GPER-PPAR
interactions are involved in tumor biology of Leydig cell.
Interestingly, one of the molecular mechanism of pseudopodia
growth physiology is based on the equilibrium of
phosphorylation/dephosphorylation (76). The cytoskeleton
contributes to cell morphology, motility, division, and transport.
Tubulin has intrinsic GTPase activity and is a promoter of
receptor-independent activation of G-proteins, which is related to
microfilament stability (77). Thus, these processes may exists and
can be a result of increased tubulin expression in Leydig cells
with PPARα and PPARγ blockage. Several studies indicate that
PPARγ inhibitors reduce tumor cell growth through rapid
dissolution of the microtubule network (78). In the light of the
above, we propose that cytoskeleton reorganization in GPER-
PPAR blocked cells can also be a primary cause of
steroidogenesis modification and behavioral changes of Leydig
cells.

It was reported that PPARγ activity is decreased because
of overactivation of the WNT/β-catenin signaling, thereby
effecting cellular thermodynamics (79). Activation of GPER
induces coronary artery relaxation by concurrent inhibition of
RhoA/Rho kinase by Epac/Rap1 and PKA (80). Herein, during
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GPER-PPARα blockage PI3K/Akt pathway was activated
while GPER-PPARγ induced Raf/Ras downstream, leading to
cell steroidogenic function modulation and via its migration
competencies, cytoskeleton structure, and phosphatases
activity. It is worth to mentioning that each of the studied
receptors exerted an individual effect on one of the enzyme
from signaling cascades: GPER on Ras; PPARα on Raf; and
PPARγ on Akt, indicating a dependency of that enzyme to
specific receptor regulation. This can be a new direction for
studies examining the role of other protein coupled
interactions in Leydig cell physiology. Akt is known to
regulate endothelial cell migration through its activation by
various PPAR activators (75). Raf-1 is a main effector of Ras
GTPase, and its regulator is protein phosphatase 5 (PP5) (81).
PP5 is responsible for mediation of lipid metabolism through
PPARγ in mouse embryonic fibroblast cells (82). By PP5-
mediated dephosphorylation of Ser 338, Raf-1 activity is
inhibited. Of note, tyrosine phosphatase (SHP2) is a crucial
StAR regulator (2). Noteworthy, the MAP kinase phosphatase
family has a role in downregulation of the hormonal signal in
ERK-dependent processes such as steroid synthphlppesis and
proliferation. The ERK-pathway is activated by PPARγ in
proadipocyte differentiation (83), while in tumor prostate
cells, PPARγ acts through the MEK-pathway maintaining their
pathological features as well as other cellular processes in
various cell lineages (84, 85). Phosphatase PHLPP, through
dephosphorylation of Akt, promoted apoptosis and suppressed
tumor growth in several tumor cell lines (86). In the present
study, Leydig cells, phosphatases activity status corresponded
with downregulation of signaling molecules such as Raf, Ras,
and PI3K, but not Akt, in response to particular antagonists. It
was demonstrated that PI3K/AKT/PTEN phosphatases play a
pivotal role in neuroprotection, enhancing cell survival by
stimulating cell proliferation, and inhibiting apoptosis where
PTEN is negatively regulated through lipid phosphatase
activity (87). Ovarian follicle nutrient flux includes the
PI3K/Akt with PPAR action on steroidogenesis (88). The after
mentioned data clearly indicates that numerous signaling
cascades and molecules take part in complex and multilevel
regulation of the GPER-PPAR of cell lipid homeostasis
together with control through it cell morphology and behavior
however they linkage needs further detailed elucidation.

Our data shows that GPER inactivation affects the morpho-
functional status of both mature and aged Leydig cells. This
receptor is an important partner of PPARα and PPARγ in
regulating the steroidogenic status of Leydig cells through direct
and/or indirect control at diverse regulatory levels (i)
steroidogenesis-controlling molecules including central endocrine
axis, (ii) cytoskeleton structure together with migratory
competences, (iii) phosphates activity, and (iv) signal transmitting
molecule activity. In the above processes, the action of GPER and
PPARα, through PI3K/Akt pathway, is involved, while PPARγ
acts trough Ras/Raf pathway. In addition, each receptor
specifically controls individual molecules of these pathways.

This study provides insight into the possible new regulatory
couple GPER-PPAR. Therefore, for future studies we propose
the importance of GPER-PPAR ‘neopartnership’ in regulating
Leydig cell morphology and steroid biosynthesis throughout
male physiological development and pathology, with special
attention paid to tumorigenesis.
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