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by Direct Action on Basal and
Gonadotropin-Stimulated Steroidogenesis
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Abstract

We previously showed that expression of ghrelin messenger RNA is significantly increased in the ovaries of cycling pigs but not in
prepubertal animals and that ghrelin stimulates estradiol (E2) secretion by ovarian follicles in prepubertal animals. The present
study investigated in vitro the role of ghrelin in regulating the ovarian steroidogenesis during estrus cycle in mature pigs. Small
(SFs), medium (MFs), and large (LFs) ovarian follicles were collected on days 4 to 6, 10 to 12, and 16 to 18 of the estrous cycle
from cycling pigs and exposed to 20, 100, and 500 pg/mL ghrelin for 24 hours. In additional experiments, MFs were exposed to
ghrelin plus 100 ng/mL follicle-stimulating hormone (FSH) or luteinizing hormone (LH). Levels of progesterone (P4), testosterone
(T), and E2 in culture medium were determined by enzyme-linked immunosorbent assay, and the expression of the steroid
pathway enzymes 33 hydroxysteroid dehydrogenase (HSD), 173-HSD, and cytochrome P450 aromatase (CYP19) was evaluated
by Western blotting. Ghrelin had no effect on steroid secretion when present at 20 pg/mL, its concentration in follicular fluid,
whereas at 100 pg/mL and 500 pg/mL, its concentration in serum, ghrelin significantly decreased secretion of P4, T, and E2. More-
over, all concentrations of ghrelin decreased steroid secretion in FSH- and LH-stimulated follicles. Western blot analysis showed
that ghrelin inhibited expression of 33-HSD, 173-HSD, and CYP19 proteins. These results suggest that ghrelin, by direct inhibition
of 3B-HSD, 178-HSD, and CYP19 protein expression, inhibits LH- and FSH-stimulated steroid secretion by ovarian follicles, thus
negatively affecting ovarian steroidogenesis in mature pigs.
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expression in proestrous and maximum expression in estrous
and diestrous.'® We previously showed that ghrelin and
GHSR-1a are present in the ovarian follicles of both prepuber-
tal and estrous cycle pigs.'” Moreover, during 24 hours of in
vitro ovarian follicles culture, ghrelin was secreted to medium
by follicles collected from the ovaries of prepubertal animals*
and by increasing of aromatase activity, stimulated estradiol
secretion.”! Additionally, ghrelin was shown to mediate the pro-
liferation and apoptosis of porcine ovary cells by activating the
extracellular signal-regulated kinase 1/2 and phosphoinositide-3
kinase pathways.*

Introduction

Ghrelin and its fully functional receptor, GHS-R type la
(GHSR-1a), are present in many reproductive organs, including
the ovaries,'™ testes,” placenta,® and endometrium,’ with ghre-
lin having direct effects on reproductive functions.*'* In
hypothalamus, ghrelin has been shown to stimulate food intake
by neuropeptide Y and agouti-related protein.” In pituitary,
ghrelin directly or indirectly changed gonadotropin secretion.®
Inhibitory activity of ghrelin in the regulation of gonadotropin
secretion has been shown in ovarectomized rats,'' sheep,'?
monkeys,'® and humans.'*'®> Ghrelin and GHSR-1a have been
detected in the ovaries of humans and animals. Expression of
GHSR-1a was found to parallel follicular development, with
stronger immunostaining in the granulosa and thecal layers of
healthy antral follicles.* In human and porcine luteal cells,
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expression of GHSR-1a has also been observed with ghrelin
inhibiting progesterone (P4) production.'®!” In pig ovaries, the
level of expression of ghrelin messenger RNA (mRNA) was
found to depend on the stage of the estrous cycle, with lowest
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Based on previously published data showing that ghrelin
gene expression levels were significantly correlated with the
size of ovarian follicles from estrous cycle animals, but not
in prepubertal pigs,'” in the present study, we tested the hypoth-
esis that ghrelin may be important factor in regulation of ster-
oidogenesis in mature pig. We therefore evaluated the direct in
vitro effects of ghrelin on basal and gonadotropin-stimulated
steroid secretion and on the expression of 3B hydroxysteroid
dehydrogenase (HSD), 173-HSD, and cytochrome P450 aroma-
tase (CYP19) proteins and enzymes involved in steroidogenesis.

Materials and Methods

Reagents

M199 medium and phosphate-buffered saline were purchased
from CytoGen, Poland. Antibiotic—antimycotic solution
(100x), Tris, Na-deoxycholate, Nonidet NP-40, sodium dode-
cyl sulfate (SDS), protease inhibitor (EDTA-free), dithiothrei-
tol, Tween 20, bromophenol blue, anti-B-actin antibody
(A5316), follicle-stimulating hormone (FSH) from porcine
pituitary (F2293), and luteinizing hormone (LH) from sheep
pituitary (L5269) were obtained from Sigma Chemical Co
(St Louis, Missouri). Human ghrelin (031-30; Phoenix Europe
GmbH, Germany) was utilized in this experiment because por-
cine ghrelin was not readily available at the onset of this experi-
ment. Human ghrelin differs from porcine ghrelin by 3 amino
acids.”® Anti-3B-HSD (sc-30820), anti-17B-HSD (sc-26963), and
anti-CYP19 (sc-14244) antibodies, horseradish peroxidase-
conjugated antibody (sc-2020), and Western blotting luminol
reagent (sc-2048) were obtained from Santa Cruz Biotechnology
(Germany).

Collection and Treatment of Ovarian Follicles

Crossbred gilts (Large White x Polish Landrace), approximately
7 to 8 months of age and weighing 130 to 140 kg, were used in
the experiment. Ovaries were collected in a bottle filled with
sterilized ice-cold saline with antibiotic—antimycotic solution
and were transported to the laboratory. Approximately 1 hour
elapsed from slaughter to collection in the laboratory. Small
(SFs; 2-4 mm), medium (MFs; 4-7 mm), and large (MFs; 8-12
mm) follicles were obtained from the ovaries of cycling animals
on days 4 to 6, 10to 12, and 16 to 18 of the estrous cycle, respec-
tively.* The approximate stage of the estrous cycle of the ovar-
ies was determined using criteria described by Akins and
Morrisette® and based on our experience and knowledge.

To evaluate the effect of ghrelin on basal steroid secretion, SF
(n=16), MF (n=16),and LF (n = 16) were selected from 6 pigs.
Ghrelin action on steroid secretion was independent of follicles
size, so we decided the next experiments: steroidogenic enzymes
(3B-HSD, 17B-HSD, and CYP19) protein expression and effect
of ghrelin on gonadotropin-stimulated steroidogenesis perform
only on MF. Additionally, Li et al*® suggested that serum ghrelin
isnot affected by exogenous gonadotropins. To analyze the effect
of ghrelin on gonadotropin-stimulated steroid secretion and

steroidogenic enzymes protein expression, MF (n = 40) from 5
pigs were collected. Each experiment was repeated 3 times.
After isolation, the follicles were slit using small scissors to
facilitate penetration of the compounds into the tissue and to
remove oocytes and follicular fluids. Small pieces (2 mm) of
whole follicular walls, including theca and granulosa cells,
were separately placed in 24-well plates in M199 medium
without phenol red, supplemented with antibiotic—antimycotic
solution and incubated with ghrelin (20, 100 and 500 pg/mL)
alone or in combination with FSH (100 ng/mL) and/or LH
(100 ng/mL) for 24 hours at 37°C. The concentrations of ghre-
lin used in this study were based on plasma ghrelin concentra-
tions in normal women (250-500 pg/mL) and concentration in
serum levels in prepubertal pigs (106 pg/mL)*’ and in follicular
fluid collected from porcine ovarian follicles (20 pg/mL).*
Unfortunately, thus far, there has been a lack of available data
on plasma ghrelin concentrations in adult pigs. The medium
was separated from the follicles and stored at —20°C for steroid
hormone (progesterone [P4], testosterone [T], and estradiol
[E2]) determination. The follicles were frozen at —70°C for
3B-HSD, 17B-HSD, and CYP19 protein expression analysis.

Steroid Analysis

The concentrations of P4, T, and E2 in the media were deter-
mined by enzyme immunoassay using commercial enzyme-
linked immunosorbent assay kits (DRG Diagnostic, Germany),
with limits of assay sensitivity of 0.045 ng/mL, 0.083 ng/mL,
and 9.714 pg/mL, respectively, and ranges of 0 to 40 ng/mL,
0 to 16 ng/mL, and 0 to 2000 pg/mL, respectively. The inter-
and intraexperiment coefficients of variation were 4.34% and
6.99%, respectively, for P4; 6.71% and 3.28%, respectively, for
T; and 6.72% and 2.71%, respectively, for E2. All samples
were assayed in duplicate in the same assay.

Western Blot

Immunoblotting of follicular proteins was performed as described
previously.'® Briefly, equal aliquots of protein (30 pg) were sepa-
rated by 12% SDS polyacrylamide gel electrophoresis and
transferred onto nitrocellulose membranes. The membranes
were blocked by incubation with 5% nonfat dry milk in Tris-
buffered saline containing 0.1% Tween-20 (TBS-T buffer) and
incubated overnight at 4°C with antibodies to 33-HSD (a goat
polyclonal IgG; recommended for detection of 3B-HSD of
mouse, rat, human, equine, canine, bovine, and porcine),
17B-HSD (a goat polyclonal IgG; recommended for detection
of 17B-HSD of mouse, rat, and human), and CYP19 (a goat
polyclonal IgG; recommended for detection of CYP19 of
mouse, rat, human, equine, canine, bovine, porcine, and
avian), each diluted 1:200. After washing in TBS-T, the mem-
branes were incubated with secondary antibody. An anti-
B-actin antibody diluted 1:3000 was used as a loading control.
Immune complexes were detected by chemiluminescence
and visualized using the ChemiDoc-It Imaging System (UVP,
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Figure I. Effect of ghrelin on the secretion of progesterone (P4), testosterone (T), and estradiol (E2) from (A) small- (2-4 mm), (B) medium- (4-7
mm), and (C) large- (8-12 mm) sized follicles. Follicles were incubated with 20, 100, or 500 pg/mL ghrelin, and the secretion of the 3 steroid hor-
mones was assayed by enzyme-linked immunosorbent assay (ELISA). (**P < .001; **P < .0l; *P < .05 compared to untreated control follicles).

LLC, Upland). The bands were quantified densitometrically
and analyzed using Image Lab 2.0 software (BioRad, Poland).

Statistical Analysis

Each treatment was conducted in 4 wells, and each experiment
was repeated 3 independent times. Statistical analysis was per-
formed using Statistical 6.0. Data were analyzed by 1-way anal-
ysis (for ghrelin effect on basal steroidogenesis) or 2-way
analysis (for ghrelin effect on gonadotropins-stimulated steroi-
dogenesis) of variance followed by the Turkey honestly signifi-
cant difference multiple range test. All data are expressed as the
mean + standard deviation. *P < .05, **P < .01, and ***P <
.001 were considered statistically significant. Different letters
indicate significant differences between groups (P < .001).

Results

Effect of Ghrelin on Steroid Hormone Secretion
by Ovarian Follicles

To determine whether ghrelin directly affects steroid secretion,
small-, medium-, and large-sized porcine ovarian follicles were

incubated for 24 hours with 20, 100, and 500 pg/mL ghrelin. At
20 pg/mL, noted in follicular fluid, ghrelin had no effect on
secretion of P4, T, or E2 from follicles of any size. At both phy-
siological concentrations, however, ghrelin significantly inhib-
ited the secretion of P4, T, and E2 from all 3 follicle sizes: SF
(P4: 6.395 + 0.8 and 6.447 + 0.9 vs 10.984 + 1.9 ng/mL; T:
4.145 + 0.6 and 4.070 + 0.9 vs 5.664 + 0.4 ng/mL; E2:
0.708 + 0.09 and 0.646 + 0.2 vs 2.233 + 0.2 ng/mL after
100 and 500 pg/mL of ghrelin, respectively), MF (P4:
7.512 + 0.9 and 6.463 + 1.2 vs 9.793 + 1.4 ng/mL; T:
6.1 + 0.9 and 3.554 + 1.1 vs 1236 + 2.4 ng/mL; E2:
2.055 + 0.12 and 1.915 + 0.5 vs 3.461 + 0.9 ng/mL, respec-
tively), and LF (P4: 8.695 + 0.7 and 7.49 + 1.3 vs 10.715+
1.2 ng/mL; T: 6.885 + 0.8 and 548 + 1.1 vs 9.995 +
2ng/mL; E2:2.09 + 0.1 and 2.166 + 0.3 vs 3.5 + 1.1 ng/mL,
respectively; P < .001; Figure 1).

We also tested the effects of ghrelin on FSH- and LH-
stimulated hormone secretion. Both FSH and LH significantly
increased the secretion of P4, T, and E2 by medium-sized fol-
licles (Figure 2). Ghrelin in doses of 100 and 500 pg/mL signif-
icantly decreased FSH- and LH-stimulated steroid secretion
(P <.001) whereas at a dose of 20 pg/mL had no effect.
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Figure 2. Effect of ghrelin on the secretion of progesterone (P4), testosterone (T), and estradiol (E2) from medium-sized ovarian follicles sti-
mulated with (A) follicle-stimulating hormone (FSH) or (B) luteinizing hormone (LH). Follicles were incubated with FSH (100 ng/mL) or LH
(100 ng/mL) plus 20, 100, or 500 pg/mL ghrelin, and the secretion of the 3 steroid hormones was assayed by enzyme-linked immunosorbent
assay (ELISA). Different letters indicate significant differences among each steroids analysis (P < .001).
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Figure 3. Effect of ghrelin on the expression of 33 hydroxysteroid dehydrogenase (HSD; 42 kDa), 173-HSD (34.5 kDa), and cytochrome P450
aromatase (CYP19; 50 kDa) in medium-sized ovarian follicles. Follicles were incubated with 20, 100, or 500 pg/mL ghrelin, and the expression of
the 3 proteins was assayed by Western blotting. A, Each panel shows a representative Western blot and a (B) densitometric calculation of pro-

tein expression. (**P < .001 compared with untreated control follicles).

Effect of Ghrelin on Expression of 33-HSD, |73-HSD,
and CYPI9 Proteins

Western blotting assays showed that in medium-sized follicles,
100 and 500 pg/mL ghrelin decreased the expression of the 3
proteins, 33-HSD, 178-HSD, and CYP19, whereas 20 pg/mL
ghrelin had no effect (Figure 3). Moreover, both FSH and LH
significantly increased the expression of these 3 proteins,
whereas all 3 concentrations of ghrelin significantly reduced
their gonadotropin-stimulated expression (Figure 4).

Discussion

This study showed that ghrelin significantly decreased steroid
secretion by ovarian follicles, independent of follicle size, in
cycling pigs and that it directly inhibited follicular expression

of 3 proteins, 3B-HSD, 17B3-HSD, and CYP19, involved in ster-
oid synthesis. We previously showed that, in prepubertal pigs,
ghrelin stimulated estradiol secretion by increasing CYP19
protein expression.?! Thus, taken together, these findings indi-
cate that ghrelin plays different roles in ovarian steroidogenesis
in cycling and prepubertal pigs. This difference is likely asso-
ciated with differences in steroid hormonal milieu during pub-
erty and the estrus cycle and not with differences in ghrelin
concentrations in ovarian follicles. We suggest that difference
in ghrelin action on porcine ovarian steroidogenesis is depen-
dent on animal reproductive status and ghrelin/GHSR-1a
receptor regulation by growth hormone,*® insulin growth factor
(IGF),29 glucocorticoids,30 thyroid hormone,31 and sex ster-
oids.*? Interventions associated with estrogen level variations
(eg, ovariectomy and estradiol treatment) influence changes
in ghrelin levels in the pubertal stage in females.
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Figure 4. Effect of ghrelin on the expression of 3 hydroxysteroid dehydrogenase (HSD; 42 kDa), 173-HSD (34.5 kDa), and cytochrome P450
aromatase (CYP19; 50 kDa) in medium-sized ovarian follicles stimulated with (A and B) follicle stimulating hormone (FSH) or (C and D) luteinizing
hormone (LH). Follicles were incubated with 20, 100, or 500 pg/mL ghrelin in the presence of FSH (100 ng/mL) or LH (100 ng/mL), and the expres-
sion of 3 proteins was assayed by Western blotting. A and C, Each panel shows a representative Western blot and a (B and D) densitometric
calculation of protein expression. Different letters indicate significant differences among each steroid enzymes’ protein expression (P < .001).

In the present study, it is observed that inhibitory effect of
ghrelin on basal and gonadotropin-stimulated steroidogenesis
is in good agreement with results showing that injection of
ghrelin significantly reduced the serum concentration of E2
through an estrous cycle in rats and decreased estrogen receptor
B (ERP) mRNA expression in the ovary.>® In addition, ghrelin
was found to inhibit secretion of E2 in cultured human luteiniz-
ing granulosa cells collected from women with infertility due to
uni- or bilateral tubal disorder.** Moreover, ghrelin was shown
to inhibit secretion of P4 in porcine luteal cells by inhibiting
3B-HSD activity and protein expression'’ and to inhibit basal
and human chorionic gonadotropin -stimulated P4 secretion
by human luteal cells.'® Also, in cultured chicken ovarian
cells®® and fragments of ovaries isolated from adult transgenic
rabbits,*® ghrelin reduced ovarian hormone secretion. Pretreat-
ment of rabbits with ghrelin stimulated, suppressed, or even
reversed subsequent LH and IGF-I effects on hormone secre-
tion by cultured granulosa cells.’’

The present study indicated very clearly that ghrelin may be
one of the hormones responsible for regulation of ovarian ster-
oidogenesis in mature pig. Similar to other appetite hormones
or adipokines, ghrelin has autocrine or paracrine effects on

porcine ovarian steroid synthesis. Obestatin, a newly discov-
ered metabolic hormone produced in the stomach, directly
controls porcine ovarian cell functions: it can stimulate prolif-
eration (accumulation of proliferating cell nuclear antigen,
cyclin B1, and mitogen-activated protein kinase), apoptosis
(expression of p53, caspase 3, and Bax), and the secretion
of P4.%® Opposite effect of adiponectin on porcine ovarian
steroid synthesis was observed in prepubertal® and cycling
animals.* In granulosa cells collected from prepubertal pigs,
adiponectin modulates steroid synthetic protein gene expression,
increasing steroidogenic acute regulatory protein transcript
abundance and reducing CYPP450 aromatase.’® A previously
published study by Maleszka et al*® demonstrated that in cul-
tured porcine granulosa cells, adiponectin has no effect on basal
and FSH-stimulated P4 secretion but increased basal not FSH-
stimulated E2 secretion. Additionally, in porcine theca interna
cells, adiponectin reduced basal secretion of T and has no effect
on secretion of P4, androstenedione, and E2.%° Next, resistin also
directly regulated porcine ovarian function, but the effect on
steroid secretion is similar in prepubertal and mature animals.
In ovary collected from both prepubertal and mature pigs, resis-
tin increased basal*'*** but decreased gonadotropin-stimulated
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androgen secretion (unpublished results). Stimulatory action of
leptin-induced FSH and LH on E2 production during the early
and mid-follicular phase and on P4 production just before
ovulation, respectively, has been observed in adult pigs dur-
ing the estrous cycle,** which suggested that leptin positively
affects the estrus cycle in pigs. The presented date clearly
showed that ghrelin at 100 and 500 pg/mL doses, by direct
inhibition of 3B-HSD, 178-HSD, and CYP19 protein expres-
sion, decreased gonadotropin-stimulated steroid secretion by
ovarian follicles, thus negatively affecting the ovarian phy-
siology in mature pigs. Interestingly, ghrelin at 20 pg/mL had
no effect on basal steroidogenesis, while in gonadotropin-
stimulated cultures, lack of steroids secretion but inhibitory
effect on protein expression of steroidogenic enzymes was
observed. This is probably connected with the fact that steroi-
dogenic response of follicular cells to gonadotropins may be
modulated by other endocrine and paracrine factors, for
example, ovarian steroids, inhibin, activin, and various pep-
tide factors.** Additionally, it is probably due to short time
period of incubation and the lowest doses of ghrelin. A certain
period of time is necessary from the stimulation of the expres-
sion of enzymes’ protein to visible effect on steroids secretion.
In summary, we found that ghrelin directly inhibits the expres-
sion of the steroidogenic enzymes 3B-HSD, 17B-HSD, and
CYP19, resulting in a downregulation of steroid hormone secretion
from the ovarian follicles of cycling pigs. Inhibition of LH- and
FSH-stimulated steroid secretion by ghrelin in ovarian follicles
may negatively affect the regular estrous cycle in these animals.
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