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Inhibin has long been considered as a suppresser of follicle-stimulating hormone (FSH) secretion from
anterior pituitary through pituitary–gonad negative feedback to regulate follicle development. We demon-
strated that addition of inhibin A could significantly suppress FSH-induced FSHR mRNA level in cultured
rat granulosa cells (GCs) measured by real-time PCR. The inhibin A exerted its action mainly by inhibit-
ing FSHR promoter activity. Furthermore, exogenous inhibin A could dramatically decrease FSH-induced
nhibin A
SH
SHR
ranulosa cells

P450arom and P450scc level and suppress progesterone and estradiol production in the cultured GCs, but
it did not decrease forskolin-induced steroidogenesis, indicating that the inhibitory effect of inhibin A on
FSH action may be upstream of cAMP signaling. Inhibin A was also capable of suppressing FSH-induced
expression of steroidogenic factor 1 (SF-1) and androgen receptor, but stimulating DAX-1 expression in the
culture. Our study has provided new evidence to show that inhibin A is capable of feedback antagonizing
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FSH action on GCs by redu
factor receptors, such as S

. Introduction

Inhibins are peptides predominantly produced in mammalian
onads, and their primary role is inhibition of hypophyseal follicle-
timulating hormone (FSH) secretion (Burger, 1993; Findlay, 1993;
ann et al., 1992; Woodruff and Mather, 1995). They are composed

f two dissimilar, � and � disulfide-linked subunits. Heterodimer-
zation of �-subunit with either of the two forms of the �-subunit,
A and �B, generate dimeric inhibin A and inhibin B, respectively

Baird and Smith, 1993; Campbell and Baird, 2001; Lanuza et al.,
999). Inhibin regulation of pituitary FSH secretion through its
egative feedback in infantile female rat begins to operate after
ostnatal day (PND) 20. This negative feedback is achieved by
ncreasing plasma level of the two dimeric forms, and the inhibin
appears to be the major negative physiological regulator of FSH

ecretion at the initiation of this mechanism. At PND 25 and 30, a
ramatic fall in plasma FSH level coincided with rise of inhibin A,

Abbreviations: FSHR, follicle-stimulating hormone receptor; GC, granulosa cell;
F-1, steroidogenic factor 1; AR, androgen receptor; DAX-1, dosage sensitive sex
eversal (DSS), adrenal hypoplasia congenita (AHC) critical region on the X chro-
osome, gene 1.
∗ Corresponding author. Tel.: +86 10 64807038; fax: +86 10 64807583.

E-mail address: liuyx@ioz.ac.cn (Y. Liu).
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SHR expression at ovarian level via a short feedback loop. Transcriptional
R and DAX-1 were involved in this regulation.

© 2008 Elsevier Ireland Ltd. All rights reserved.

nd a significant inverse correlation was observed between plasma
SH and inhibin A (Herath et al., 2001). Administration of a recom-
inant inhibin A during early stage of follicular development to a
on-human primate resulted in decrease in serum FSH concentra-
ion (Molskness et al., 1996). Addition of increasing doses of FSH
o cultured immature rat granulosa cells (GCs) dose-dependently
ncreased both type inhibin secretion, but the rise in inhibin A was

ore pronounced than the rise in inhibin B, especially in pres-
nce of estrogen precursor (Lanuza et al., 1999; Ying et al., 1987).
reciprocal relationship (negative feedback) between secretion of

SH and inhibin has been established. Campbell and Baird (2001)
emonstrated that the production of inhibin A by sheep granulosa
ells is FSH responsive after prolonged exposure and inhibin A can
ugment FSH-stimulated steroid production by both granulosa and
heca cells. In addition, Jimenez-Krassel et al. (2003) demonstrated
hat inhibin has a profoundly negative autocrine or paracrine role
n regulation of estradiol production by granulosa cells from bovine
ealthy estrogen-active dominant follicles. However, there is no
vidence available to show a short feedback role of inhibin to FSH
ction at rat ovarian level.
FSH is necessary for gonad development and maturation at
uberty and gamete production during fertile phase (Chappel and
owles, 1991). Follicular development beyond the early stages is
bsolutely FSH-dependent (Schuiling et al., 1987). The hormone
s produced and secreted by pituitary gland as a highly heteroge-

http://www.sciencedirect.com/science/journal/03037207
http://www.elsevier.com/locate/mce
mailto:liuyx@ioz.ac.cn
dx.doi.org/10.1016/j.mce.2008.09.039
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eous glycoprotein (Ulloa-Aguirre et al., 1995) and acts by binding
o its specific receptors, localized exclusively in ovary and testis. FSH
eceptors belong to a family of G-protein-coupled receptors, com-
lex transmembrane proteins characterized by seven hydrophobic
elices inserted in plasmalemma and by intracellular and extracel-

ular domains of variable dimensions depending on type of ligand
Gudermann et al., 1995; Simoni et al., 1997). Follicular develop-

ent arrests in mice lacking FSH beta or FSH receptors in GCs (Abel
t al., 2000; Dierich et al., 1998; Kumar et al., 1997).

Evidence has shown that treatment of rat granulosa cells with
SH for 48 h in vitro could increase its receptor mRNA level, addi-
ion of EGF or bFGF to the culture suppressed the FSH induced its
eceptor level, however, the both growth factors in lower doses did
ot affect the basal level of the FSH receptors. Similarly, GnRH in
dose arrange from 10 to 1000 nM attenuated the action of FSH

n its receptor expression in a dose-dependent manner (Tilly et
l., 1992). Evidence also showed that IGF-I enhanced FSH action in
at GCs by prolonged FSHR mRNA stability (Minegishi et al., 2000).
ransforming growth factor-� (TGF-�) and activin are also known
o be inducers of FSHR expression (Simoni et al., 1997).

It has been reported that activin A action on FSH receptor
nduction is associated with a change in FSH receptor mRNA level
Nakamura et al., 1993; Xiao et al., 1992). Activin increases FSHR

RNA level both by stimulating transcription rate and by sta-
ilizing FSHR mRNA transcripts (Tano et al., 1997). Inhibin also
elongs to TGF-� superfamily and acts as an antagonist of activin.

nhibin A is a follicle-stimulating hormone responsive marker of
ranulosa cell differentiation, which has an autocrine action on
heep granulose cells (Campbell and Baird, 2001). However, the
xact role of inhibin on FSHR and FSH action in rat GCs is not
nown.

FSHR promoter in rat is known to lack the conventional TATA
nd CCAAT box element. A positive regulatory element therefore is
eeded for full activity of FSHR promoters which have been exclu-
ively sought and located in proximal region of the 5′-untranslated
egion, close to their respective transcription start sites (Heckert et
l., 1992; Monaco et al., 1995). The upstream stimulatory factor was
hown to be a component of the complexes that interacted with the
box in the FSHR promoter (Goetz et al., 1996).

Murine FSHR promoter possesses a functional steroidogenic
actor 1 (SF-1) binding site and belongs to SF-1-regulated gene
Heckert et al., 2000; Levallet et al., 2001). SF-1 stimulates rat FSHR
romoter activity in a dose-dependent and promoter-specific man-
er (Heckert, 2001). Further evidence has also shown that SF-1
egulates a variety of cell-specific proteins involved in steroidoge-
esis (Andersen and Byskov, 2006; Bakke et al., 2001; Humaidan
t al., 2006). Phosphorylation of SF-1 can activate expression of
AX-1, which is known to negate SF-1 activity and functions as a
lobal negative regulator of steroid hormone production (Lalli and
assone-Corsi, 2003).

Several reports have demonstrated that androgen is capable of
timulating follicular development at early stage, and its receptor
AR) level in GCs is positively correlated with FSHR expression and
ollicular growth. AR is a member of nuclear receptor superfamily,
ndrogen-bound AR functions as a transcription factor to regu-
ate genes involved in an array of physiological processes (Heinlein
nd Chang, 2002). Evidence has shown that treatment of GCs with
ndrogen significantly increased the cell FSHR mRNA level (Wang
t al., 2001; Weil et al., 1999).

To gain insight whether inhibin A has a negative intra-follicular

ction on FSH function by regulating its receptor expression, the
bjective of the present study was designed to explore how inhibin
possibly modulates FSHR expression and FSH action, and then

urther to look at its molecular basis of the regulation in cultured
at GCs. Our evidence has shown that inhibin A is capable of sup-
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ressing FSHR mRNA expression and FSH-induced steroidogenesis.
n addition, our evidence also showed that some nuclear transcrip-
ional factors, such as SF-1, AR and DAX-1 may be involved in the
egulation of inhibin A action.

. Materials and methods

.1. Reagents and hormones

Inhibin A was a gift from Dr. T.K. Woodruff. Culture materials were purchased
rom Corning, Inc. (Corning, NY). FSH (NIADDK-hFSH-I-3) was obtained from the
ational Hormone and Pituitary Distribution Program, National Institute of Arthri-

is, Diabetes, Digestive and Kidney Diseases. McCoy’s 5a medium, diethylstilbestrol
DES), 4-androstene-3,17-dione (androstenedione), soybean trypsin inhibitor, apro-
inin and leupeptin and mouse monoclonal antibody for �-actin were all purchased
rom Sigma. Rabbit polyclonal antibodies for SF-1, AR and DAX-1 were purchased
rom Santa Cruz Biotechnology, Inc.

.2. Experimental animals

Immature female Sprage–Dawley rats (23 days old) were obtained from the
xperiment Animal Center, Chinese Academy of Sciences and housed under 16 h
ight, 8 h dark schedule with food and water ad libitum. The animals were treated in
ccordance with the NIH Guide for the Care and Use of Laboratory Animals. All the
rotocols had the approval of the Institutional Committee on Animal Care and Use.

.3. Primary cell culture

Granulosa cells were obtained from small antral follicles of estrogen-treated
mmature rats. Ovaries were punctured by 25-G needles. Ovarian debris was
emoved, and the remaining medium containing the granulosa cells was collected
fter low-speed centrifugation at 500 × g for 5 min. The cells were washed twice
ith culture medium, and an aliquot of the cells was mixed with trypan blue stain

or determining the cell number and viability. The cells were cultured overnight for
dhesion in serum-free McCoy’s 5a medium supplemented with 2 mM l-glutamine,
00 U/ml penicillin and 100 �g/ml streptomycin sulfate at 37 ◦C in an atmosphere
f 5% CO2 and 95% air, and further incubated in the fresh medium with the presence
r absence of the various reagents for the indicated times.

.4. Vector preparation and transfection

Plasmid pGL3-basic is a luciferase vector lacking the eukaryotic promoter and
he enhancer sequences (Promega Co.). The fragment of the 5′-flanking region
f −1875 to +26 bp relative to the translational initiation site of the rat FSHR
as generated from the rat genomic DNA via PCR. The specific primers were 5′-

GAAACCTAACTACACAGCTGACC-3′ and 5′-TACTCGAGGAGACCAGGAGCAAG-3′ . The
solated PCR-synthesized cDNA fragments were subcloned into pMD18-T vector
Takara Co.). These fragments were then ligated to pGL3-basic vector named FSHR-
uc and characterized by nucleotide sequencing analysis. This construct included
wo transcriptional start sites at −80 and −98 determined previously and the rele-
ant DNA elements (E box), which is required for full promoter function of the rat
SHR gene, at −119 bp (Goetz et al., 1996). Granulosa cells (5 × 105 viable cells/well)
ere cultured in the culture medium supplemented with 10% FBS for 2 h. Before

ransfection, the medium was changed to serum-free medium. Transient transfec-
ions using Lipofectamine 2000 (Invitrogen Co.) for 5 h followed manufacturer’s
ecommendations. All groups were co-transfected with phRL-TK Renilla luciferase
eporter vector. The cells were then lysed in the lysis buffer supplied by manu-
acturer before measurement of the firefly and the renilla luciferase activities on
uminometer. The relative firefly luciferase activities were calculated by normalizing
ransfection efficiency according to the renilla luciferase activities. The experiments
ere performed in triplicate, and similar results were obtained from at least three

ndependent experiments.

.5. RNA extraction and real-time PCR

The GCs were treated with FSH (20 ng/ml) in the presence or absence of inhibin
(100 ng/ml) for 24 h. The culture medium was then removed and total cellular

NA was extracted using TRIzol (Invitrogen Co.) and quantified by measuring
bsorbance at 260 nm. The first-strand cDNA was synthesized (4 �g total RNA) by
sing random primers and SuperScript Reverse Transcriptase (Stratagene Co.). Then
he cDNA was used as the template, and real-time PCR was carried out using Sybr
reen (Sybr Green PCR Master Mix; Tiangen, Co.). Specific PCR settings (95 ◦C for

5 min and 40 cycles at 95 ◦C for 15 s, 58 ◦C for 20 s and 68 ◦C for 30 s) were used in
n ABI Prism 7000 Sequence Detection System (Applied Biosystems). Melting curve
nalyses were performed after real-time PCR reactions to monitor PCR product
urity. Primers for rat FSHR were forward 5′-CATCACTGTGTCCAAGGCCA-3′
nd reverse 5′-TGCGGAAGTTCTTGGTGAAAA-3′; AR (forward 5′-
ACACTTGAGATCCCGTCCT-3′; reverse 5′-GAGCGAGCGGAAAGTTGTAG-3′); SF-1
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Fig. 1. Effect of inhibin A on FSH-induced FSHR mRNA expression in rat granu-
losa cells. Granulosa cells obtained from DES-primed rat ovaries were cultured
with or without FSH (20 ng/ml) or inhibin A (100 ng/ml) for 24 h. The cell RNA was
extracted and reversely transcribed. The relative mRNA level of FSHR was reflected
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thesis, respectively. As shown in Fig. 3, FSH induced a marked
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forward 5′-GCAGAAGAAAGCACAGATTC-3′; reverse 5′-TGGATACTCAGACTTGATG
-3′); 18S ribosomal RNA (forward 5′-CGCGGTTCTATTTTGTTGGT-3′; reverse
′-AGTCGGCATCGTTTATGGTC-3′) (Orisaka et al., 2006); P450scc (for-
ard 5′-CCCCATTTACAGGGAGAAGCTGG-3′; reverse 5′-CCTCCAGGCAT-
TGAACTCTTAAAC-3′); P450arom (forward 5′-GTCCCGGAAACTGTGCCTGTC-
′; reverse 5′-AGAATCTGCCATGGGAAATGA-3′). The threshold cycle (CT) numbers
ere determined for the amplified cDNA for each investigated mRNA and for the
ousekeeping gene, 18S rRNA in each unknown sample during real-time PCR. The
elative quantification of gene expression across treatments was evaluated using
he ��CT method. The �CT is calculated as the difference between the CT of
he investigated gene and the CT of 18S rRNA in each sample. The ��CT of each
nvestigated gene is calculated as the difference between the �CT in each treated
ample and the �CT in each control sample. The fold change in relative mRNA
oncentrations for treated versus control samples was calculated using the formula:
−��CT . The effects of treatments on the two mRNAs are shown graphically as
old change compared to mRNA concentration in control (untreated) wells and
xpressed as percentage change from control (2-fold increase = 200% of control) in
he text.

.6. Bioactivity study

GCs (1 × 106 vial cells) were cultured overnight in a 35 mm dish with 1 ml
edium. Then the cells were treated with various reagents for the indicated time.

or the assessment of estradiol production, 100 nM androstenedione, a substrate for
450arom, was added to the medium. After 24 h, the conditioned media were col-
ected and stored at −20 ◦C until assay. The levels of progesterone (P4) and estradiol
E2) in the media were measured by the commercial RIA kit at a commercial labora-
ory (Chemclin Co., Beijing). The intra-assay coefficient of variation (intra-assay CV)
s less 10%, and the inter-assay coefficient of variation (inter-assay CV) is under 15%.
he sensitivity of the E2 assay is less than 3 pg/ml, and the sensitivity of the P assay
s less than 0.05 ng/ml.

.7. Western blotting analysis

GCs (2 × 106 viable cells) were cultured for the indicated times in a 60 mm dish
ith 1.5 ml McCoy’s 5a alone (control) or supplemented with FSH (20 ng/ml) and/or

nhibin A (100 ng/ml). The cells were then collected by pipette and centrifuged
nd lysed by RIPA buffer supplemented with protease inhibitors (phenylmethyl-
ulfonyl fluoride) and aprotinin. The supernatants after centrifugation (12,000 × g,
5 min) were collected, and the total protein concentrations were determined by
pectrophotometer. Protein extract (20 �g) from each sample was separated by SDS-
olyacrylamide gel electrophoresis, and transferred to nitrocellulose membranes,
hen probed with DAX-1-specific antibody (1:500) and reprobed with �-actin
1:5000) antibody. The bands were visualized by Supersignal West Pico chemilu-

inescent substrate (Pierce Co., Rockford, IL).

.8. Confocal immunohistochemistry

GCs were seeded onto 24 mm × 24 mm cover slips placed in 6-well plates at
density of 2 × 105 cells/cover slip. The cells were cultured overnight for adhe-

ion in McCoy’s 5a medium at 37 ◦C and then treated with FSH (20 ng/ml), and/or
nhibin A (100 ng/ml) for 24 h. By the end of incubation, the media were removed
nd the cells were fixed with methanol and acetone (1:1) for 10 min, followed
y incubation for 1 h with 10% house serum in phosphate-buffered saline (PBS).
hen the cells were incubated for 2 h with an antibody for SF-1, AR or DAX-
(1:100) at room temperature. The cells were washed with PBS buffer three

imes and further incubated with rabbit anti-goat antibody conjugated fluores-
ein (1:100) at room temperature for 1.5 h. After three washes in PBS, the cells
ere incubated with 10 ng/ml propidium iodide (PI) for 10 min. Slides were
nally analyzed by confocal laser scanning microscopy (Carl Zeiss Inc., Thornwood,
Y).

.9. Data analysis

All the experiments were repeated at least three times with GC preparations
btained from separate groups. The values were presented as the mean ± S.E.M.
tatistical significance was determined using SPSS 14.0 software for multiple group
omparisons. Significance was accepted at p < 0.05 or p < 0.01.

. Results

.1. Inhibin A is capable of suppressing basal and FSH-induced

SHR mRNA expression

To investigate action of inhibin A on FSH function in rat ovary,
e first analyzed effect of inhibin A on FSHR mRNA level in cul-

ured primary GCs by real-time quantitative PCR. As shown in

i
d
e
p
u

ndirectly by cDNA which was quantitated by real-time PCR. Data are presented as
ean ± S.E.M. (n = 5). Bars with different letters among the groups indicate signifi-

antly different. p < 0.01(a, b; b, c; b, d); p < 0.05(a, c).

ig. 1, the GCs in the untreated control group expressed FSHR
RNA spontaneously. Treatment of the GCs with inhibin A for

4 h showed a weak inhibition of FSHR mRNA content as com-
ared with the control (p < 0.05). The FSH-treated GCs dramatically

ncreased FSHR mRNA level by 7–8-fold, and this increase was sig-
ificantly inhibited by co-treatment with inhibin A (p < 0.01). Thus,
oth the basal and the FSH-induced FSHR mRNA expression in the
Cs were negatively regulated by the addition of inhibin A in the
ulture.

.2. Inhibin A is capable of suppressing basal and FSH-induced
SHR promoter activity

To elucidate the mechanism by which inhibin A regulates FSHR
RNA expression, the promoter construct FSHR-luc and phRL-TK

ector were co-transfected into the cultured primary GCs. We mea-
ured luciferase activity after addition of inhibin A and/or FSH
o the culture medium for 24 h. As shown in Fig. 2, treatment
ith 20 ng/ml FSH could enhance activity of the 1901 bp of FSHR

′-flanking region. Treatment with 10, 50 or 100 ng/ml inhibin A
ose-dependently suppressed the FSHR promoter activity as com-
ared to the control level. Furthermore, combined treatment of the
Cs with inhibin A and FSH significantly decreased the reporter
xpression induced by FSH alone.

.3. Inhibin A inhibits FSH-induced P450scc and P450arom
xpression

To determine whether inhibin A modulates FSH-induced
enes in GCs, we examined possible effect of inhibin A on
wo related steroidogenic enzymes, cholesterol side-chain cleav-
ge cytochrome P450 enzyme (P450scc) and P450 aromatase
P450arom), the key enzymes for progesterone and estrogen syn-
ncrease in the mRNA level for both enzymes, but inhibin A alone
id not significantly affect on the basal level of their mRNAs. How-
ver, addition of inhibin A (100 ng/ml) to the cell culture in the
resence of FSH totally abolished the observed FSH-induced stim-
latory action.
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Fig. 2. Effect of inhibin A on FSH-induced FSHR-Luc expression in rat granulosa cells.
Granulosa cells were co-transfected with FSHR-Luc and phRL-TK vector and were
then cultured for 24 h after addition of FSH (20 ng/ml) or various concentrations
of inhibin A (10, 50 and 100 ng/ml) alone or both FSH (20 ng/ml) and inhibin A
(100 ng/ml). GCs were also tranfected pGL3-basic vector as a control. Cell lysate was
assayed for activity of the luciferase reporter gene. Luciferase activity was presented
as relative luciferase activity normalized based on renilla activity in co-transfected
cells. Data are presented as mean ± S.E.M. (n = 3). Bars with different letters indicate
significantly different. p < 0.01 (a, b; a, c; a, d; c, d); p < 0.05 (b, d).

Fig. 3. Effect of inhibin A on FSH-induced P450arom and P450scc expression. Gran-
ulosa cells were treated with FSH (20 ng/ml) or inhibin A (100 ng/ml) alone or in
combination. After 24 h culture, total RNA in cell lysate was extracted by TRIzol and
reversely transcribed; relative levels of P450arom and P450scc mRNA were analyzed
by real-time PCR. Each bar represents means ± S.E.M. (n = 3). Bars with different
letters indicate significant different at p < 0.01 (a, b; b, c); p < 0.05 (d, e).

Fig. 4. Effect of inhibin A on FSH- and forskolin-induced estradiol and progesterone
production. GCs (106 viable cells) were cultured in 35 mm dishes with McCoy’s
5a medium containing 100 nM androstenedione in presence or absence of FSH
(20 ng/ml), inhibin A (100 ng/ml) or forskolin (10 �M) alone or in combination. After
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4 h incubation, progesterone and estradiol levels in the media were measured by
adioimmunoassay. Data are presented as mean ± S.E.M. (n = 4). Bars with different
etters indicate significant different at p < 0.01 (a, b; b, d; e, f; f, h; f, i); p < 0.05 (a, c,
, g).

.4. Inhibin A inhibits FSH-induced, but not forskolin-induced
teroidogenesis in cultured GCs

To determine the inhibitory site of inhibin A suppressing FSH
ction, we further examined effect of inhibin A on FSH bioactiv-
ty, specifically, on P4 and E2 production in the cultured GCs. As
hown in Fig. 4, forskolin (10 �M) stimulated production of P4 and
2, similar to that observed with FSH. Addition of inhibin A to the
ulture significantly suppressed the FSH-induced P4 and E2 pro-
uction. In contrast, the forskolin-induced steroidogenic increases
ould not be suppressed by the inhibin A. It is therefore suggested
hat inhibin A suppressing FSH action may be through inhibiting
unctional FSHR in GCs. In addition, it is interesting to note that
nhibin A itself seemingly could increase the basal E2 and P4 pro-
uction by the cultured GCs as compared with the control group.

.5. SF-1, DAX-1 and AR are involved in inhibin A-regulated FSH
ction on granulosa cells

To further examine possible mechanism of inhibin A regu-
ating FSHR expression and FSH function, we examined possible

nvolvement of some related nuclear transcriptional regulators,
uch as SF-1, DAX-1 and AR in the GC culture. SF-1 mRNA level
as determined by real-time PCR using SYBR green (Fig. 5A), and its
rotein level was estimated by immunocytochemistry (Fig. 5B). The
ndogenous SF-1 mRNA level was low in the unstimulated GCs, and
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Fig. 5. Effect of inhibin A on FSH-induced SF-1 mRNA and its protein expression in rat granulosa cells. Granulosa cells were cultured and treated as described in Fig. 1. After
24 h incubation, total RNA was extracted, and SF-1 relative mRNA level was analyzed by real-time PCR. Data are presented as mean ± S.E.M. (n = 3). Bars with different letters
indicate significant different at p < 0.01 (A). The expression of its protein was estimated by confocal immunocytochemistry. After treatment for 24 h, the cells were fixed with
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ethanol and acetone (1:1), then the cells were incubated with SF-1 antibody and
red). The SF-1 positive staining is green fluorescence visualized in the top row of im
confocal laser microscope. Bar = 20 �m (B). (For interpretation of the references to

ignificantly increased up to 5–6-fold following the FSH (20 ng/ml)
timulation for 24 h. In contrast, both SF-1 mRNA and its protein
evels induced by FSH were decreased by the co-treatment with
nhibin A (100 ng/ml).

As reported previously that DAX-1 could antagonize SF-1 action,
e then further examined changes in DAX-1 expression in the
resence of inhibin A or FSH alone or in their combination in the
ultured GCs. As shown in Fig. 6A, DAX-1 was low both in the
ontrol and the FSH-treated groups. However, inhibin A alone sig-
ificantly increased DAX-1 expression by 10-fold, and its expression
as remarkably inhibited by the co-treatment with FSH. As shown

n Fig. 6B, the immunocytochemistry was consistent with the real-
ime PCR result. It is therefore suggested that DAX-1 may be also
nvolved in the signaling regulation of inhibin A. However, it is not
lear how FSH suppressed the inhibin A-induced DAX-1 expression,
he question is remained for further study.

By bioinformatics software analysis there are at least two AR

inding sites in FSHR promoter. Therefore, AR may be also involved

n the regulation of FSHR expression. We then examined possible
ction of inhibin A on its expression in the culture. As shown in
ig. 7, AR mRNA and its protein levels were up-regulated by FSH
s compared with the control group. Addition of inhibin A to the
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goat antirabbit IgG conjugated with fluorescein. The nuclei were stained with PI
, while merged signals were seen in yellow in the lower row of images obtained by
in this figure legend, the reader is referred to the web version of the article.)

ell culture, a 5-fold inhibition of the AR mRNA production was
bserved (Fig. 7A). The immunocytochemistry data (Fig. 7B) were
imilarly to the real-time PCR results.

. Discussion

It is well known that inhibin exerts a negative feedback suppres-
ive action on FSH secretion by pituitary. We have hypothesized in
he present study whether inhibin A could regulate FSH receptor
xpression at ovarian level. We have demonstrated that inhibin

markedly decreased the FSH-induced increase in FSHR mRNA
xpression in cultured rat granulosa cells via suppressing the FSHR
romoter activity. We also provided evidence to show that inhibin
reduced FSH-induced P450scc and P450arom mRNA level. Fur-

hermore, our evidence showed that the FSH-induced, but not
orskolin-induced steroidogenesis was suppressed by the presence
f inhibin A, suggesting that the inhibition of FSH-induced steroido-

enesis by inhibin A may be mediated via a pre-cAMP signaling
vent. Therefore, we propose that inhibin A can be considered as
n autocrine negative regulator of FSHR expression in the ovary,
nd the regulation of FSHR expression may be one of the causes of
nhibin A inhibition of FSH action.
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Fig. 6. Effect of inhibin A on DAX-1 protein expression in rat granulosa cells. Granulosa cells were treated as described in Fig. 1. After 24 h incubation, total protein in the cell
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o color in this figure legend, the reader is referred to the web version of the article.

Our observation that FSH stimulates its own receptor expression
s consistent with the previous report (Minegishi et al., 2000; Tilly
t al., 1992). We further demonstrated that inhibin A suppressed
he FSH-induced FSHR promoter activity leading to the inhibition
f FSHR transcription. However, we cannot rule out the possibility
hat inhibin A might also reduce FSHR mRNA stability. We observed
hat FSHR promoter activity measured in the basal group was higher
Fig. 2), but the FSHR mRNA was not so high similarly (Fig. 1). The
eason for this observation might be due to the GCs used in the
xperiment before transfection had been pre-cultured in the media
ontaining 10% FBS which might lead to partly GC differentiation
nd decrease its sensitivity to FSH stimulation. Inhibin itself is a
hysiological modulator of follicular steroidogenesis (Smyth et al.,
994). Because we did not directly examine FSHR expression at
protein level, therefore, one cannot exclude the possibility that

nhibin A might also exert its effect by a mechanism other than just
educing FSHR mRNA.

Our some data in the present study are not consistent to the
arly reports. Shukovski and Findlay (1990) observed inhibin had
o detectable effect upon progesterone production of preovulatory
ovine granulosa cells in vitro. Wrathall and Knight (1995) also
emonstrated that inhibin did not affect basal nor LH-stimulated
ecretion of progesterone in bovine theca cells. Recently, Johnson et
l. (2006) in their hen experiments also observed that inhibin had
o significant effect on FSHR expression at any dose in the gran-
losa cells or small yellow follicles. Potential explanation for the

ifferent reports may be due to species difference, the difference
f hormone doses or the assay technique in detection of different
nhibin isoforms. Further study is needed for clarifying these points.

It has been reported that activin is capable of up-regulating FSH
eceptor expression in the undifferentiated rat GCs (Nakamura et

e
s
t
t
s

estern blot (A). The treated cells were fixed and incubated with DAX-1 antibody
(red). The DAX-1 positive staining is green fluorescence visualized in the top row of
a confocal laser microscope. Bar = 20 �m (B). (For interpretation of the references

l., 1993; Xiao et al., 1992). Increasing evidence suggests that exis-
ence of an inhibin receptor or binding protein in GCs which is
istinct from the activin type II receptors and inhibin is not able
o antagonize activin action in all contexts (Bernard et al., 2001).
herefore, inhibin A exerting its roles may be not definitely by
ntagonizing activin action. Nevertheless, the finding in the present
tudy suggested that inhibin A could be an autocrine negative reg-
lator of FSHR expression, it not only plays an important role in
egulation of pituitary FSH secretion by a long feedback via circu-
ation (Dubey et al., 1987; Lumpkin et al., 1984; Ramaswamy et
l., 1998; Ying et al., 1987), but may also be capable of inhibiting
ts receptor production, subsequently leading to suppress of FSH
ction within a follicle by a short feedback regulation.

It has been reported that nuclear transcriptional factors, such as
R, SF-1 and DAX-1, are involved in regulation of FSH-induced func-

ion in GCs (Bakke et al., 2001; Su et al., 2002; Tai et al., 2001; von
ubnoff and Cho, 2001). In our previous studies, we observed that
SH could significantly induce GC LRH-1 expression. LRH-1 has 60%
mino acid similarity to SF-1 which contains a virtually identical
NA binding domain (Yu et al., 2005). FSH could induce SF-1 expres-

ion in the cultured GCs observed in the present study is consistent
ith the finding of Shapiro et al. (1996). We have further demon-

trated that inhibin A is capable of suppressing the FSH-induced
F-1 expression and steroidogenesis.

DAX-1 has been extensively described as a potent repressor
f SF-1 action (Crawford et al., 1998; Ito et al., 1997; Zazopoulos

t al., 1997). Evidence by Yazawa et al. (2003) showed that FSH
uppressed DAX-1 expression in rat GCs. Our observation showed
hat inhibin A itself was capable of enhancing DAX-1 expression in
he cells. Interestingly, addition of FSH to the culture remarkably
uppressed the inhibin A-induced DAX-1 expression, the molecu-
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Fig. 7. Effect of inhibin A on FSH-induced AR mRNA and its protein expression in rat granulosa cells. Granulosa cells were cultured and treated as described in Fig. 1. After
24 h incubation, total RNA was extracted, and AR relative mRNA level was analyzed by real-time PCR. Data are presented as mean ± S.E.M. (n = 3). Bars with different letters
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ar mechanism is not known. Previous evidence has shown that
n addition to a direct interaction of DAX-1 with SF-1, DAX-1
ould also affect steroidogenic cascade at multiple signaling lev-
ls by inhibition of enzymes involved in steroidogenesis (Lalli et
l., 1998). An increase in DAX-1 expression and a down-regulation
f SF-1 production observed may explain the decreased steroido-
enesis in response to prolonged stimulation of ovarian GCs by the
onadotropin (Iyer and McCabe, 2004; Tajima et al., 2003). There-
ore, interaction between transcriptional factor SF-1 and DAX-1

ay play important roles not only in regulating FSHR mRNA expres-
ion, but also in steroidogenesis observed in the present study.

FSH treatment of GCs up-regulated AR expression, and addi-
ion of inhibin A to the culture could suppress the FSH-induced
R expression. Our data suggest that AR may play a role in regu-
ation of FSHR expression. However, Tetsuka et al. (1995) reported
R expression in rat GCs was developmentally regulated, and FSH
as not directly responsible for the down-regulation of AR mRNA

xpression. There are also evidence that androgen down-regulated
R mRNA expression in immature GCs, and this effect was reversed

t
A

i
F

y confocal immunocytochemistry. After fixed for 10 min, the cells were incubated
re stained with PI (red). The AR positive staining is green fluorescence visualized in

ges obtained by a confocal laser microscope. Bar = 20 �m (B). (For interpretation of
e article.)

y FSH (Tetsuka and Hillier, 1996; Tetsuka et al., 1995). The reason
or the different results obtained from our study might be due to
low dose of estrogen precursor, androstenedione (10−7 M) used

n the culture, which might influence the basal level of AR in the
ontrol. DAX-1 is one of the inhibitors of AR-mediated transcrip-
ion (Agoulnik et al., 2003; Jouravel et al., 2007) and has also been
eported to be an AR negative co-regulator (Holter et al., 2002).
AX-1 may play a role in limiting AR activity (Agoulnik et al.,
003). An important relationship between DAX-1 and AR expres-
ion has been reported in human breast cancer. AR acting as a
uppressor of DAX-1 in adrenal cortex was demonstrated through
nteraction with SF-1 (Mukai et al., 2002). Jorgensen and Nilson
2001) reported AR suppressing bovine LH-� promoter activity was
hrough protein–protein interactions with SF-1. Therefore, interac-

ions may exist among the three transcriptional factors in inhibin
regulating FSH-induced FSHR expression and steroidogenesis.
In conclusion, our study has demonstrated for the first time that

nhibin A is capable of antagonizing FSH action on GCs by reducing
SHR mRNA expression and some orphan receptors, such as SF-1,
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R and DAX-1 may be involved in the regulation. It is therefore
uggested that inhibin may be considered as an autocrine negative
egulator of FSHR expression within a follicle by a short feedback
egulation.
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