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Vitamin D3 is a fat-soluble secosteroid responsible for enhancing intestinal absorption of calcium, iron,
and other materials. Vitamin D3 deficiency, therefore, can cause health problems such as metabolic dis-
eases, and bone disorder. Female sex hormones including estrogen and progesterone are biosynthesized
mainly in the granulosa cells of ovary. In this study, we isolated granulosa cells from porcine ovary and
cultured for the experiments. In order to examine the effect of vitamin D3 on the ovarian granulosa cells,
the mRNA and protein levels of genes were analyzed by real-time PCR and Western blot assay. The pro-
duction of estrogen from the granulosa cells was also measured by the ELISA assay. Genes associated
with follicle growth were not significantly altered by vitamin D3. However, it increases expression of
genes involved in the estrogen-biosynthesis. Further, estrogen concentrations in porcine granulosa cell-cul-
tured media increased in response to vitamin D3. These results showed that vitamin D3 is a powerful regu-
lator of sex steroid hormone production in porcine granulosa cells, suggesting that vitamin D deficiency
may result in inappropriate sexual development of industrial animals and eventually economic loss.
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INTRODUCTION

Vitamin D, which comprises a group of fat-soluble seco-
sterols found in very few foods, is photosynthesized in the
skin of vertebrates by the action of solar ultraviolet B radia-
tion (UV-B) (1). The major biological function of vitamin D
is the maintenance of normal concentrations of serum cal-
cium and phosphorus by enhancing the efficiency of the
small intestine to absorb these minerals from food (2). The
original active form of vitamin D is derived from choles-
terol. In the liver, cholecalciferol is converted into cal-
cidiol. Part of calcidiol is converted by the kidneys into
vitamin D3 (VD3), the biologically active form of vitamin
D (3,4). VD3 circulates as a hormone in the blood, mediat-
ing physiological functions such as calcium absorption (5).
According to previous studies, a low level of vitamin D is
associated with immune disease, cardiovascular disease,
diabetes, and obesity (6-11). VD3 mediates its biological
effects by binding to vitamin D receptor (VDR), which is
mainly located in the nuclei of target cells in complex with
9-cis-retinoic acid receptor (RXR). The activated VDR-
RXR complex binds to a vitamin D response element
(VDRE) located in the promoters of target genes (12). VDR
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is expressed by cells in most organs, including the brain,
heart, intestine, and skin. Reproductive organs such as the
prostate, breast, placenta, uterus, and ovaries also express
VDR, whereas the physiological roles of VDR in these
organs are not clear (13-16).

The ovaries are a female reproductive organ consisting of
granulosa and theca cells. Granulosa cells surround oocytes
and produce female sex steroid hormones, including pro-
gesterone and estrogen (17). Follicle growth is based on
oocytes and granulosa cells of the follicle in early growth
stages, and steroidogenesis is accelerated by follicle devel-
opment (18,19). Anti-Mullerian hormone (AMH) and folli-
cle-stimulating hormone receptor (FSHR) are known as
representative biomarkers in folliculogenesis (20,21). Fork-
head box L2 (FoxI2) also plays an important role in follicle
growth and ovarian differentiation (22). Steroidogenesis is
the pathway of steroid hormone biosynthesis and begins
with cholesterol as the substrate. The first step of ste-
roidogenesis is mediated by steroidogenic acute regulatory
protein (STAR) via transportation of cholesterol into mito-
chondria. Side-chain cleavage enzyme (CYP11Al) con-
verts cholesterol into pregnenolone, which can be converted
into progesterone by 3p-hydroxysteroid dehydrogenase
(HSD3B1). Another important female sex steroid hormone,
estrogen, is synthesized by 17a hydroxylase (CYP17A1),
17B-hydroxysteroid dehydrogenase (HSD17B1), and aro-
matase (CYP19A1) from cholesterol, pregnenolone, 170~
hydroxy progesterone, androstendione, and testosterone
(19,23).

Estrogen is the primary female sex hormone and is
responsible for development and regulation of the female
reproductive system and secondary sex characteristics (24).
The three major naturally occurring forms of estrogen in
women are estrone (E1), estradiol (E2), and estriol (E3).
Another type of estrogen called estetrol (E4) is produced
only during pregnancy (25). The steroid 17p-estradiol is the
most potent and prevalent type of endogenous estrogen,

Table 1. Primer sequences for Q-PCR analysis

although several metabolites of E2 also have estrogenic
hormonal activity.

Although estrogen biosynthesis is clearly related with
maturation of industrial animals, only a few studies have
made this issue a focus. In addition, the effects of environ-
mental circumstances such as sunlight exposure on sexual
maturation have not been addressed in pigs. In this study,
we examined the effects of vitamin D on folliculogenesis
and biosynthesis of estrogen in porcine granulosa cells.

MATERIAL AND METHODS

Primary culture of granulosa cells. Granulosa cells
were isolated from 3~5 mm-sized follicles of immature
pigs. Cells were washed three times by centrifugation (1500
rpm) in phosphate-buffered saline (PBS) containing 1%
streptomycin/penicillin (Welgene Inc., Seoul, Korea). Gran-
ulosa cells were cultured in DMEM (Gibco-BRL, Gaithers-
burg, MD, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco-BRL) and 1% streptomycin/penicillin.
Incubation of the granulosa cell suspension was carried out
in 6-well dishes at 37°C in an atmosphere of 5% CO,-95%
air. Cell density and viability were determined in a hemocy-
tometer by trypan blue exclusion. Cell viability ranged from
70% to 80%. After 24 hrs, medium was exchanged to
remove red blood cells. After incubation for 48 hrs, medium
was replaced with phenol-free DMEM supplemented with
10% charcoal-dextran-treated FBS and 1% streptomycin/
penicillin 24 hrs before treatment. VD3 (Millipore, MA,
USA) was administered at a concentration of 100 nM (26),
and an equal part of ethanol was added to the control group.

Quantification of mRNA by real-time PCR. Total RNA
was extracted using TRIzol reagent (Invitrogen Co., Carls-
bad, CA, USA) according to the manufacturer’s protocol.
The concentration of total RNA was measured by a Bio-
Spec-nano (Bio-Rad, CA, USA). Complementary DNA

Gene name Primer Sequence (5™~ 3") Fragment size (bp)

B-Actin Forward TCC CTG GAG AAG AGC TAC GA 249
Reverse CGC ACT TCA TGA TCG AGT TG

AMH Forward GTG GTG GGG ACT CTA AGC AG 220
Reverse CTC CTG GAA CTT CAG CAA GG

FSHR Forward ATG TCC TTG CTC CTG GTG TC 214
Reverse GGT CCC CAA ATC CAG AAA AT

FoxI2 Forward ACA TGT TCG AGA AGG GCA AC 160
Reverse GGT AGT GGC CAC GAG TTG TT

CYP17A1 Forward CCA AGG AGG TGC TTC TCA AG 188
Reverse GTT CTC CAG CTT CAG GTT GC

HSD17Bl1 Forward GGC TTT TGC AGA AAG AGG TG 243
Reverse AAG GAA CGG TCC CTC AGA AT

CYPI9A1 Forward ACG TGG CGA ATT AAC AAA GC 243

Reverse

GGG TGG TAC CTC ATG CTC TC
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(cDNA) was prepared from total RNA (2 pg) by reverse
transcription (RT) using M-MLV reverse transcriptase
(Invitrogen Co.) and random primers (9-mers; TaKaRa Bio
Inc., Shiga, Japan). Q-PCR was performed using cDNA
template (2 pL) and SYBR Green (6 uL; TOYOBO Co.,
Ltd., Katata, Ohtsu, Japan) containing specific primers. The
primer sequences for AMH, FSHR, CYP17A1, HSD17Bl1,
and CYP19 are shown in Table 1. Q-PCR was carried out
for 40 cycles using the following parameters: denaturation
at 95°C for 15 s, annealing, and extension at 70°C for 60 s.
Fluorescence intensity was measured at the end of each
extension phase. The threshold value for the fluorescence
intensities of all samples was set manually. The reaction
cycle at which PCR products exceeded this fluorescence
intensity threshold during the exponential phase of PCR
amplification was considered to be the cycle of threshold
(CT). Expression of the target gene was quantified relative
to that of B-actin, a housekeeping gene, based on compari-
son of CTs at a constant fluorescence intensity.

Western blot analysis. Protein was extracted with Pro-
prep (Intron Co., Seoul, South Korea) following the manu-
facturer’s protocol. Cytosolic protein (30 pg) was subjected
to 10% to 12% SDS-PAGE and transferred to a nitrocellu-
lose membrane (Daeillab Service Co., Ltd, Seoul, South
Korea). The membranes were then blocked for 2 hr with
5% skim milk (Difco™, Sparks, MD, USA) or 5% donkey
serum (Sigma-Aldrich Inc., St. Louis, MO, USA) in PBS
with 0.05% Tween-20 (PBS-T). After blocking, membranes
were incubated with antibodies specific for CYP19Al
(diluted 1:500) and CYP17A1 (diluted 1:500) overnight as
well as HRP-conjugated anti-goat and anti-rabbit second-
ary antibodies (diluted 1:2000) in blocking buffer with
PBS-T for 1 hr. Luminol reagent (Bio-Rad Laboratories
Inc., Hercules, CA, USA) was used to visualize binding of
antibodies. Each blot was then stripped by incubation with
2% SDS and 100 mM mercaptoethanol in 62.5 mM Tris-
HCI (pH 6.8) for 30 min at 50~ 60°C. Membranes were
subsequently probed with antibody against B-actin (diluted
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1:3000, Santa Cruz Biotechnology) as an internal control.
Blots were then scanned using Gel Doc 1000, version 1.5
(Bio-Rad Laboratories Inc.), and band intensities were nor-
malized to B-actin levels.

Measurement of E2. After VD3 treatments, cultured
media were centrifuged at 1300 g for 15 min and stored at
—80°C. E2 accumulation in media was measured using a
competitive enzyme immunoassay kit (Cayman Chemical,
Ann Arbor, ML, USA) following the manufacturer’s protocol.

Statistical analysis. Results are presented as the mean +
standard deviation (SD). Data were analyzed for statistical
significance using Sigma Plot 10.0 followed by #-test (Soft-
ware Inc., San Jose, CA, USA). P-values < 0.05 were con-
sidered statistically significant.

RESULTS

Regulation of folliculogenesis-related genes in por-
cine granulosa cells. As follicles develop, production of
female hormones such as progesterone and estrogen pro-
duction increases. To examine how VD3 regulates follicu-
lar growth, expression levels of genes associated with
folliculogenesis, including FSHR, AMH, and FOXL2, were
measured in porcine ovarian granulosa cells. The mRNA
expression levels of these genes were analyzed by real-time
PCR. Treatment of granulosa cells with VD3 up-regulated
expression of all tested genes, although the results were not
significantly different compared with the control (Fig. 1).

Regulation of estrogen biosynthesis-related genes in
porcine granulosa cells. To examine biosynthesis of E2,
the mRNA expression levels of CYP17A1, HSD17B1, and
CYPI19A1 enzymes were evaluated (Fig. 2). Expression of
these genes was significantly enhanced upon VD3 treat-
ment for 24 hr. To confirm these findings, protein levels of
CYP17A1, HSD17B1, and CYP19A1 were tested (Fig. 3).
In our study, HSD17B1 was chosen since this isoform is

FOXL2/p-ACTIN mRNA expression

VD3 CON VD3

Fig. 1. The mRNA expression of folliculogenic enzymes in granulosa cells treated with VD3. AMH, FSHR, and FoxI2 expression levels
were analyzed by real-time PCR. Gene expression levels were normalized to the level of B-actin. Data are expressed as the mean + SD.
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Fig. 2. The mRNA expression of E2 biosynthesis-related enzymes in granulosa cells treated with VD3. CYP17A1, HSD17B1, and
CYP19A1 expression levels were analyzed by real-time PCR. Gene expression levels were normalized to the level of B-actin. Data are

expressed as the mean + SD. *P < 0.05 compared to control group.

CON VD3

ACTIN

CYP17A1 “ m” W”ﬂ

25 »

2
15 -
14
0.5 9
0 + 3
CON VD3

CYP17A1/B-ACTIN protein expression

CON VD3

ACTIN

CYP19A1 &M

12

0.8

0.6

0.4

CYP19A1/B-ACTIN protein expression

CON VD3

Fig. 3. The protein expression of E2 biosynthesis-related proteins in granulosa cells treated with VD3. CYP17A1 and CYP19A1 levels
were analyzed by Western blot assay. Protein levels were normalized by B-actin. Data are expressed as the mean + SD.

known to be expressed in the ovaries. However, the signal
for HSD17B1 was not detected in porcine granulosa cells
(data not shown). Protein expression of CYP17Al1 and
CYPI19A1 tended to increase, although the results were not
significant.

Analysis of estrogen levels after VD3 treatment. Since
the mRNA expression of E2 biosynthesis-related enzymes
was significantly altered by VD3, we examined E2 secre-
tion in granulosa cell-cultured media (Fig. 4). Basal E2
level in granulosa cell-cultured media collected from the
control group was 0.18 ng/mL. Consistent with the results of
E2-metabolizing enzymes, VD3 increased production of E2
in cultured media up to 3-fold compared with the control.

DISCUSSION

E2 regulates the menstrual cycle, controlling the growth
of the uterine lining during the first part of the cycle (27).
E2 also involved in the onset of puberty, playing a role in
the development of secondary sex characteristics. Due to
these functions, E2 is related with many reproductive dis-
eases, including abortion, stillbirth, endometritis, ovarian
cancer, and breast cancer (28,29). Particularly, reproductive
diseases in industrial animals such as pigs, cows, and chick-
ens are of critical concern since these animals are a main
source of animal meat for human consumption. Current
research on the reproductive systems of industrial animals
is directly focused on increasing litter size and fertility rate.
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Fig. 4. Effects of VD3 on E2 secretion in granulosa cells. After
treatment of granulosa cells with VD3, medium was harvested.
E2 concentration in cell growth medium was analyzed by ELISA
assay. NC, negative control, media without granulosa cells; Con,
control media with granulosa cells. Data are expressed as the
mean + SD. *P < 0.05 compared to control group.

Despite these issues, most studies on reproduction in ani-
mals have been carried out in rodents due to difficulties in
sample collection. Many endogenous and exogenous fac-
tors can influence production of E2 and sexual maturation.
For example, hormones such as FSH, LH, GnRH, inhibin,
and activin are all known to regulate E2 synthesis (30).
Exogenous circumstances such as external stress, air, water
intake, and food may additionally regulate production of
E2. In addition, exposure to sunlight and VD3 production
can affect E2 biosynthesis. Since pigs are often reared in
conditions lacking sunlight, such as a pigsty, the effects of
sunlight and VD3 on E2 synthesis and sexual development
should be investigated.

In this study, we examined the effect of VD3 on folliculo-
genesis and biosynthesis of E2 in porcine granulosa cells.
Although VD3 did not significantly alter expression of
genes involved in follicular development, expression of ste-
roidogenic enzymes, including CYP17A1, HSD17B1, and
CYP19A1, was affected in other species. Previously, it was
shown that VD3 regulates AMH and FSHR mRNA expres-
sion in granulosa cells from chickens (31). Specifically,
VD3 was shown to down-regulate AMH and up-regulate
FSHR gene expression in hen ovaries, whereas steroidogen-
esis-related enzymes were not tested (31). In human granu-
losa cells, VD3 does not significantly regulate expression of
steroidogenic enzymes (32). The difference between our
and previous results is may be because of a species specific
regulation of the genes by VD3.

In the present study, we examined the regulatory effects

of VD3 on E2 synthesis in granulosa cells and found that
VD3 significantly augmented production of E2. In previ-
ous studies, VD3 increased E2 and progesterone biosynthe-
sis in mice, although these studies did not analyze expression
of steroidogenic enzymes. We examined the effects of VD3
on folliculogenesis and E2 biosynthesis in porcine granu-
losa cells. Our results demonstrate that VD3 is a powerful
modulator of E2 production, although follicular growth was
not affected. These findings suggest that sunlight exposure
and enhanced VD3 production in pigs may regulate E2 pro-
duction and promote sexual development, resulting in an
increased birth rate.
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