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Abstract

In the present study, we started out to test whether the
follicle-stimulating hormone (FSH)-activated p38 MAPK
signaling cascade was involved in the regulation of
steroidogenesis in granulosa cells (GCs). GCs were pre-
pared from the ovaries of DES-treated immature rats and
cultured in serum-free medium. Treatment of GCs with
FSH (50 ng/ml) induced the phosphorylation of p38
MAPK rapidly with the phosphorylation being observed
within 5 min and reaching the highest level at 30 min.
Such activation was protein kinase A-dependent as indi-
cated by the results using specific inhibitors. FSH stimu-
lated the production of progesterone and estradiol as well
as the expression of the steroidogenic acute regulatory
protein (StAR) in a time-dependent manner, with a
maximum level being observed in the production of
progesterone and StAR at 48 h. Moreover, the potent
p38 MAPK inhibitor SB203580 (20 µM) augmented
FSH-induced progesterone and StAR production, while
reduced FSH-induced estradiol production at the same
time (P<0·01). RT-PCR data showed that inclusion of

SB203580 in the media enhanced FSH-stimulated StAR
mRNA production, while decreased the FSH-stimulated
P450arom mRNA expression (P<0·05). Immunocyto-
chemical studies showed that FSH treatment together with
the inhibition of p38 MAPK activity resulted in a higher
expression of StAR in mitochondria than FSH treatment
alone. FSH also significantly up-regulated the protein level
of LRH-1, a member of the orphan receptor family that
activates the expression of P450arom in ovaries and testes.
p38 MAPK inactivation down-regulated the basal and
FSH-induced LRH-1 expression significantly. The intra-
cellular level of DAX-1, another orphan receptor that
inhibits StAR expression, also decreased upon p38 MAPK
being inactivated. For the first time, the present study
suggests that FSH-activated p38 MAPK signal pathway
regulates progesterone and estrogen production in GCs
differentially, and that the transcription factors LRH-1 and
DAX-1 might play important roles in the process.
Journal of Endocrinology (2005) 186, 85–96

Introduction

Gonadotropins exert their functions on ovarian follicles
through the activation of hormone sensitive adenylate
cyclase that causes an elevation of intracellular cyclic AMP
(cAMP). This results in an increase in ovarian estradiol and
progesterone production. In vivo studies have shown that
during the follicular phase of the menstrual/estrous cycle,
follicle-stimulating hormone (FSH) promotes granulosa
cell (GC) differentiation and then the cells become com-
petent to produce copious amounts of estradiol but no
progesterone (Smith et al. 1975). To the contrary, GCs
from early antral follicles cultured in vitro in the presence of
FSH secrete both estradiol and progesterone (Liu et al.
1989). Further studies indicate that the pathways utilized
by FSH in estrogen synthesis are not completely the same
as those in FSH-induced progesterone production

(Zeleznik et al. 2003). In the classical model, FSH binds to
its cognate G-protein-coupled receptor and then activates
the membrane-associated adenylyl cyclase leading to an
increase in cAMP level. cAMP subsequently activates
cAMP-dependent protein kinase A (PKA), resulting in the
phosphorylation of cellular proteins and the expression of
specific genes involved in the regulation of progesterone
and estradiol production (Richards 1994, Gonazalez-
Robayna et al. 1999). However, the cellular signaling
events occurring downstream of PKA in GCs remains
unknown. It is uncertain whether activation of the
cAMP-PKA signaling pathway alone is sufficient to
account for the divergent steroidogenic properties of GCs.
Recently, it has been demonstrated that in addition to
stimulating the cAMP-PKA pathway, FSH also promotes
the activation of MAP kinases such as ERK1/2 and
p38 MAPK (Tajima et al. 2003, Maizels et al. 1998,
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Gonazalez-Robayna et al. 2000). Moore et al. (2001) have
identified ERK1/2 as the first intracellular signaling mol-
ecules that differentially regulate FSH-induced progester-
one and estradiol synthesis in GCs. Whether p38 MAPK
would manifest a similar action is still an open question.

Steroidogenic acute regulatory protein (StAR) is a
rate-limiting protein in steroid biosynthesis. StAR partici-
pates in the transport of cholesterol from mitochondrial
outer membrane to inner membrane, where cytochrome
P450 side-chain cleavage enzyme (P450 scc) resides
(Christenson & Strauss 2000, Stocco 2000). StAR expres-
sion is regulated by several transcription factors such as
DAX-1 (dosage-sensitive sex reversal adrenal hypoplasia
congentia, critical region on the X chromosome gene-1),
SF-1 (steroidogenic factor-1), and AP-1 (activator
protein-1) (Christenson & Strauss 2000, Stocco 2000,
Wooton-Kee & Clark 2000, Manna et al. 2004). DAX-1
is a transcriptional repressor of steroidogenic proteins and
inhibits steroidogenesis at multiple levels in the Y-1 mouse
adrenocortical tumor cell line (Lalli et al. 1998), while
SF-1 promotes the transcription of the StAR gene
(Morohashi & Omura 1996, Gyles et al. 2001). DAX-1
co-localizes with SF-1 in various steroidogenic tissues and
blocks SF-1 activity through their direct interaction (Ikeda
et al. 1996, Zazopoulos et al. 1997, Ito et al. 1997). Recent
studies have shown that the AP-1 family member c-Fos
and c-Jun are involved in the attenuation of mouse StAR
expression induced by epidermal growth factor (EGF)
in mLTC-1 Leydig tumor cells (Manna et al. 2002).
c-Fos has also been demonstrated to inhibit StAR gene
transcription in Y-1 cells (Shea-Eaton et al. 2002).

Liver receptor homologue-1 (LRH-1) is another mem-
ber of the orphan nuclear hormone receptor family, and is
very similar to SF-1 in its structure (Galarneau et al. 1996).
It is also known as cholesterol 7�-hydroxylase (CYP7A)-
promoter binding factor, �-fetoprotein transcription factor,
human B1-binding factor and NR5A2 (Galarneau et al.
1996, Li et al. 1998, Nitta et al. 1999, Nuclear Receptors
Nomenclature Committee 1999). Originally, LRH-1 was
cloned from mouse liver as a liver-enriched transcription
factor. It regulates the expression of genes involved in
cholesterol metabolism and bile acid synthesis, including
CYP7A (Goodwin et al. 2000, Lu et al. 2000), sterol
12�-hydroxylase (CYP8B1) (Castillo-Olivares & Cil
2000) and the cholesteryl ester transfer protein (Luo et al.
2001). Recently, it has been reported that LRH-1 expres-
sion is abundant in testes and ovaries and is highly
restricted to the estrogen-biosynthesizing cells, including
GCs (Hinshelwood et al. 2003), Leydig cells, as well as
pachytene spermatocytes and round spermatids (Pezzi
et al. 2004). Moreover, LRH-1 has been found to be a
potential regulator of P450aromatase (P450arom) gene
transcription in ovaries, testes and human pre-adipocytes
(Hinshelwood et al. 2003, Pezzi et al. 2004, Clyne
et al. 2002), suggesting that it may also play a role in
steroidogenesis in addition to bile acid production.

FSH induces the phosphorylation/activation of p38
MAPK in GCs of immature rats. Activation of the p38
signaling pathway results in the activation of Elk-1 ternary
complex factor that binds to the c-fos promoter
(Whitmarsh et al. 1997), and the activation of myocyte
enhancer family (MEF-2)-dependent c-jun gene expres-
sion (Han et al. 1997), suggesting a potential role of p38
MAPK in the regulation of the expression of these
immediate early genes. In addition, p38 kinase signaling
pathway participates in the transactivation of LRH-1
promoter in GCs (Falender et al. 2003).

Based on the descriptions above, we hypothesize that an
FSH-activated p38 MAPK signaling cascade is involved in
the regulation of GC steroidogenesis, and start out in the
present study to test this hypothesis by using in vitro
cultured rat GCs. For the first time, we reported that p38
MAPK signaling pathway mediated FSH’s differential
regulation on the steroidogenesis in GCs. Inhibition of p38
MAPK activity significantly augmented FSH-induced
StAR expression and progesterone production, and at the
same time attenuated FSH-induced P450arom expression
and subsequent estradiol production. The orphan nuclear
receptors LRH-1 and DAX-1 may be involved in the
signal transduction.

Materials and Methods

Materials and reagents

Culture materials were purchased from Corning, Inc.
(Corning, NY, USA) FSH (NIADDK-hFSH-I-3) was
obtained from the National Hormone and Pituitary
Distribution Program (National Institutes of Health,
Maryland, USA), National Institute of Arthritis, Diabetes,
Digestive and Kidney Diseases. McCoy’s 5a medium
(M4892), PKA inhibitor H89 (B1427), anti-�-tubulin anti-
body (T6074), diethylstilbestrol (DES), 4-androstene-3,
17-dione (androstenedione), soybean trypsin inhibitor,
aprotinin and leupeptin were all purchased from Sigma-
Aldrich Co. (St Louis, MO, USA). p38 MAPK inhibitor
SB203580 (B475449) from Calbiochem (San Diego, CA,
USA). Trizol Reagent (15596–018) and SuperScript III
Rnase H- Reverse Transcriptase (18080–044) from Life
Technologies, Inc (Gaithersburg, MD, USA). Antibodies
for p38 MAPK 9212 and phospho (thre180/try182) p38
MAPK were from New England Biolabs, Inc. (Beverly,
MA, USA) Anti-DAX-1 antibody from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA, USA) The antibody
against StAR was generously provided by Dr D M Stocco
(Texas Tech University, USA) and the antibody against
LRH-1 by Dr Luc Belanger (Universite Laval, Canada).

Animals

Immature female Sprage–Dawley (SD) rats (23 days old)
were obtained from the Experiment Animal Center,
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Chinese Academy of Sciences (Beijing, China) and main-
tained under 16 h light, 8 h dark schedule with food and
water ad libitum. The rats were treated in accordance with
the NIH Guide for the care and Use of Laboratory
Animals. All the protocols had the approval of the
Institutional Committee on Animal Care and Use.

Primary cell culture

Female SD rats (23 days old) were injected with 0·5 mg
DES/day for 3 consecutive days to increase follicular GC
numbers. Then the GCs were harvested by puncturing
the individual ovarian follicles with 25 gauge needles and
collected by centrifugation (500 g for 5 min). The cells
were washed three times with fresh serum-free McCoy’s
5a medium, and an aliquot of the cells was mixed with
trypan blue stain for determining the cell number and
viability. The cells were cultured overnight for adhesion in
serum-free McCoy’s 5a medium supplemented with
2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml
streptomycin sulfate at 37 �C in an atmosphere of 5% CO2
and 95% air, and then further incubated in fresh medium
with the presence or absence of the various reagents for the
indicated times.

Steroid radioimmunoassay (RIA)

The GCs (5�105 viable cells) were cultured in a 24-well
plate with 500 µl medium in the presence or absence of
FSH (50 ng/ml) with or without SB203580 (20 µM). For
the assessment of progesterone and estradiol production,
100 nM androstenedione, a substrate for P450arom, was
added to the medium. By the end of culture, the con-
ditioned media were collected and stored at –20 �C until
assay. The levels of progesterone and estradiol in the media
were measured by the standard RIA procedures as
reported previously (Liu et al. 1989).

Confocal immunohistochemistry

GCs were seeded onto 24�24-mm coverslips placed in
six-well plates at a density of 2�105 cells/coverslip. The
cells were cultured overnight in serum-free McCoy’s 5a
medium for adhesion and then further incubated at 37 �C
in the medium with or without 50 ng/ml FSH, and/or
20 µM SB203580 for the indicated times. By the end of
incubation, the media were removed and the cells were
fixated with 4% paraformaldehyde for 30 min, and fol-
lowed by incubation for 1 h with 2% goat serum in the
phosphate-buffered saline (pH 7·4) containing 0·01%
Triton-100X (PBS-triton buffer). Then the cells were
incubated at 4 �C overnight with the antibody to StAR
(1: 200), LRH-1 (1: 200) or DAX-1 (1:150). The cells
were then washed with phosphate-Triton buffer and
further incubated at room temperature for 1·5 h with the
second antibody (1:100) conjugated fluorescein. The anti-

body binding was visualized using a Leica confocal micro-
scope (Leica Microsystems, Bensheim, Germany). For the
negative controls, the cells were incubated with non-
immune rabbit serum, followed by the second antibodies.

RNA extraction and RT-PCR assays

The GCs (3�106 viable cells) were cultured in a six-well
plate with 2 ml of McCoy’s 5a in the presence or absence
of 50 ng/ml FSH and/or 20 µM SB203580. After 24 h
culture, the total cell RNA in each culture was isolated
with Trizol Reagent according to the instructions of the
manufacturer. Each RNA sample was pooled from three
replicate wells, quantified by measuring absorbance at
260 nm and stored at –80 �C until assay. Total RNA
(2 µg) was reverse transcribed to first strand cDNA with
200 U SuperScript III RNase H- Reverse Transcriptase in
the presence of 0·5 mM deoxy-NTPs and 25 µg/ml oligo
(deoxythymidine) in a total volume of 20 µl for 60 min
at 50 �C.

After the reverse transcription step, the reaction mixture
was split into three aliquots to which specific primer pairs
for StAR (Ariyoshi et al. 1998), P450arom (Hickey et al.
1990), L19 (Chan et al. 1987) were added. PCR was
performed in a total volume of 50 µl with 1 µl reverse
transcribed product, 2·5 U Taq polymerase (TaKaRa
Biotechnology Co., Ltd, Dalian, China), 100 µM deoxy-
NTP, 0·4 µM primers in 1� PCR buffer. Amplification
was carried out under the following conditions: denatura-
tion at 94 �C for 20 s, annealing at 55 �C for 20 s, and
extension at 72 �C for 30 s. The cycles were 22 for StAR,
26 for P450arom and 22 for L19. The sizes of PCR
products were 120 bp for StAR cDNA, 220 bp for P450
arom and 195 bp for L19. Aliquots of the PCR products
were electrophoresed on 1·5% agarose gels, and visualized
after ethidium bromide staining, photographed and
scanned. The relative integrated density of each band was
digitized by multiplying the absorbance of the surface area.
The levels of StAR and P450arom PCR products were
compared with that of L19, which was used as an internal
control.

Western blotting analysis

The GCs (2�106 viable cells) were cultured for the
indicated times in a six-well plate with McCoy’s 5a alone
(control) or supplemented with 50 ng/ml FSH and/or
20 µM SB203580. The protein sample in each culture was
prepared as described by Seger et al. (2001). Protein
extract (20 µg) from each sample was separated by SDS-
polyacrylamide gel electrophoresis, and transferred to
nitrocellulose membranes, then probed with an antibody
that recognizes the nonphosphorylated and phos-
phorylated (total) isoforms of p38 MAPK and with an
antibody that only recognizes the phosphorylated
(active) isoform. LRH-1 and StAR immunoreactivities
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were also detected by their respective specific anti-
bodies. The antibody binding was detected by enhanced
chemiluminescence (ECL).

Statistical analysis

All the experiments were repeated three times with GC
preparations obtained from separate groups. The values
were presented as the mean�S.D. (n=3). Differences
between the groups were analyzed by statistical signifi-
cance using analysis of variance (SPSS Standard Version
10·0·1. SPSS Inc. Chicago, IL, USA). P value<0·05 was
accepted as statistical significance. For the immunofluores-
cence data, one representative picture was shown from
three similar independent experiments.

Results

FSH induced p38 MAPK activation in GCs in a time- and
PKA-dependent manner

The p38 MAPK gains its kinase activity upon being
phosphorylated. To study p38 MAPK activation induced
by FSH in GCs, immature rats were treated with diethyl-
stilbestrol (DES), and the ovaries were collected. GCs
were subsequently isolated and cultured in vitro in the
presence or absence of FSH (50 ng/ml) for different time
spans. The amount of phosphorylated p38 MAPK was
measured by Western blotting using its specific antibody.

As shown in Fig. 1A, FSH stimulated the activation of p38
kinase in the primary GCs rapidly, and the phosphorylated
p38 MAPK was detected within 5 min, peaked at 30 min,
and then gradually decreased to a low level at 4 h.
Re-probing the membranes using an antibody recognizing
both the phosphorylated and nonphosphorylated forms of
p38 MAPK indicated that the total protein level of p38
MAPK was not changed by FSH treatment. The 30-min
incubation period was then chosen for subsequent experi-
ments. To confirm the specificity of FSH-induced p38
MAPK activation, the cells were pretreated with 10 µM
PKA inhibitor H89 or 20 µM p38 MAPK inhibitor
SB203580 for 20 min, followed by treatment with
50 ng/ml FSH for 30 min. p38 MAPK was no longer
phosphorylated in response to FSH in the GCs pretreated
with H89 or SB203580 (Fig. 1B). H89 or SB203580 alone
was not able to change the phosphorylation status of p38
MAPK. Collectively, these results indicated that FSH
induced the phosphorylation of p38 kinase in a time- and
PKA-dependent manner.

FSH stimulated the production of progesterone, estradiol and
StAR protein

Steroidogenesis of the cultured GCs in response to FSH
was studied. We first performed dose-response experi-
ments of progesterone, estradiol, and StAR production in
response to FSH with 24 h incubation and concentration
range of 0, 10, 20, 50, 100 and 200 ng/ml. The results

Figure 1 FSH induced p38 MAPK activation in a time- and PKA-dependent manner in
cultured primary granulosa cells (GCs). GCs were harvested from the ovaries of
DES-primed immature rats and cultured overnight at 37 C� in serum-free McCoy’s 5a
media. (A) The GCs (2�106 viable cells) were treated with 50 ng/ml FSH for the different
time spans indicated. (B) GCs were cultured with PKA inhibitor H89 (10 �M) or p38
MAPK inhibitor SB203580 (20 �M) for 20 min, followed by the treatment of 50 ng/ml FSH
for 30 min. Subsequently, the cell lysates were prepared and subjected to immunoblotting
analysis using antibodies recognizing either phosphorylated p38 MAPK or total p38 MAPK.
Immunoreactive bands were visualized by enhanced chemiluminescence (ECL).
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(data not shown) showed that when the concentration of
FSH increased to 50 ng/ml, the levels of progesterone,
estradiol and StAR protein reached the maximal levels.
Fifty nanograms per milliliter of FSH was accordingly
chosen for the subsequent experiments. As shown in
Fig. 2, progesterone (Fig. 2A) and StAR (Fig. 2C)
production were stimulated by FSH in a time-dependent
manner (0–72 h). The magnitude of progesterone produc-
tion was significant only by 24 h (P<0·01), reaching the
peak level at 48 h, and starting to decline at 72 h. StAR
protein was detected at 6 h, the magnitude became
significant at 12 h (P<0·01), increased gradually up to
48 h and then dropped slightly by 72 h. The time course
of StAR expression was similar to that of progesterone
synthesis. At the same time, estradiol production was also
induced by FSH in a time-dependent manner. However,
no decrease in its production was observed by 72 h
(Fig. 2B).

Inhibition of p38 MAPK activity changed FSH-induced
progesterone and estradiol production differentially

To investigate whether p38 MAPK signaling pathway
plays a role in FSH-induced progesterone and estradiol
production, the GCs were incubated with FSH in the
presence or absence of 20 µM p38 MAPK specific inhibi-
tor SB203580 for 48 h. This concentration was chosen
according to several reports that utilized this inhibitor
(Gonzalez-Robayna et al. 2000, Shiota et al. 2003), COCs
(cumulus–oocyte complexes; Villa-Diaz & Miyano 2004)
and �T3 cells (Roberson et al. 1999). As shown in Fig. 3,
FSH-induced progesterone production was further in-
creased by SB203580; in contrast, FSH-stimulated estra-
diol production was suppressed significantly. mRNA
levels of the two key regulators of steroidogenesis, StAR
and P450arom, were analyzed by RT-PCR in the GCs
treated with FSH in the presence or absence of SB203580.
As shown in Fig. 4, inhibition of p38 MAPK activity by
SB203580 caused a marked increase in FSH-promoted
StAR mRNA expression, whereas the same treatment
reduced P450arom mRNA production significantly.

Inactivation of p38 MAPK enhanced FSH-induced StAR
protein expression

The effect of MAPK inactivation on FSH-induced StAR
protein expression and localization was studied by Western
blotting and immunocytochemistry techniques. As shown
in Fig. 5, FSH stimulated StAR protein expression mark-
edly and inhibition of p38 kinase by SB203580 augmented
the expression further. Immunocytochemical data using
StAR specific antibody revealed that StAR protein was
localized in the mitochondria of GCs treated with FSH
(Fig. 6A), and the staining was enhanced by the addition
of SB203580 (Fig. 6B).

Figure 2 FSH stimulated the production of progesterone (A),
estradiol (B), and StAR protein (C) in a time-dependent manner.
The GCs were cultured as described in Fig. 1. 5�105 viable cells
were incubated with FSH (50 ng/ml) for RIA analysis of
progesterone and estradiol. 2�106 viable cells were incubated
with FSH (50 ng/ml) for Western blotting analysis of StAR protein.
These experiments were repeated three times. Data were
expressed as means�S.D. (n=3). Different letters represent values
that were significantly different at P<0·05.
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FSH-induced LRH-1 and DAX-1 protein expression and
their changes by p38 MAPK inactivation

It has been demonstrated that LRH-1 is a critical tran-
scriptional activator for P450arom expression, which can
activate P450arom expression by binding to its promoter II
(Luo et al. 2001, Hinshelwood et al. 2003). DAX-1 is a
transcriptional repressor of steroidogenic enzymes and
blocks steroid production at multiple levels in steroido-
genic cells (Lalli et al. 1998). Therefore, the intracellular
levels of LRH-1 and DAX-1 in response to FSH were
analyzed in the GCs with or without p38 MAPK inacti-
vated by SB203580. As shown in Fig. 7, FSH significantly
induced LRH-1 protein expression, and the p38 kinase
inhibitor SB203580 suppressed both the basal and the
FSH-induced LRH-1 expression. The localization of
LRH-1 was examined by confocal immunohistochemistry
(Fig. 8). LRH-1 was mainly localized in the nucleus and
occasionally appeared in the cytoplasm. Treatment of the
cells with FSH augmented the nuclear staining, whereas

SB203580 reduced the staining. The intracellular localiz-
ation of DAX-1 and its change in response to FSH and/or
SB203580 treatment were similar to those of LRH-1
(Fig. 9).

Figure 3 Inhibition of p38 MAPK activity changed FSH-induced
steroid synthesis differentially. Four groups of GCs (5�105 viable
cells per group) were cultured overnight in serum-free media. Two
groups were then treated with p38 MAPK inhibitor SB203580
(20 �M) for 20 min, and the other two without SB203580
treatment. One SB203580 treated group and one without
SB203580 treatment were further treated with FSH (50 ng/ml) for
48 h. The levels of progesterone (A) and estradiol (B) in the media
were measured by RIA. These experiments were repeated three
times. Data are expressed as means�S.D. (n=3). Bars with
different letters indicate significantly different means at P<0·01.

Figure 4 Inactivation of p38 MAPK altered FSH-induced
transcription of StAR and P450arom genes differentially.
3�106 GCs were cultured and treated with p38 MAPK inhibitor
SB203580 and FSH as described in Fig. 3 with time length of FSH
treatment being 24 h. The total RNA in the cells was extracted and
the levels of StAR (A) and P450arom (B) mRNA were evaluated
by semi-quantitative RT-PCR. L19 was used as the internal control.
The experiments were repeated three times. Data were shown as
means�S.D. (n=3). Bars with different letters indicate significantly
different means at P<0·05.
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Discussion

FSH is a principal regulator in mammalian ovaries and
plays a critical role in the process of steroidogenesis in GCs.
The molecular mechanism of this event, however, is not
completely understood. Although cAMP-PKA plays an
important role in FSH-stimulated steroidogenesis in GCs
(Richards 1994, Gonzalez-Robayna et al. 1999), it is only
a part of the mechanism of FSH’s action and can’t

completely explain the different regulation of steroido-
genesis elicited by FSH. So it can be speculated that there
may also be other signaling molecules participating in the
modulation of steroidogenesis. Recently, it has been dem-
onstrated that gonadotropins can activate multiple MAPK
pathways including ERK1/2 and p38 MAPK cascades
(Das et al. 1996, Maizels et al. 1998, Gonzalez-Robayna
et al. 2000). Further studies have shown that FSH-
activated ERK1/2 pathway was involved in the regulation
of steroidogenesis in GCs (Seger et al. 2001, Dewi et al.
2002, Tajima et al. 2003). The present study demonstrated
that FSH-activated p38 MAPK signaling cascade also
regulated steroidogenesis in GCs differentially.

The p38 MAPK is a mammalian homolog of the yeast
protein HOG-1, originally identified as an intracellular
mediator of osmotic stress (Han et al. 1994, Raingeaud
et al. 1995) and activated by factors such as osmotic
manipulation, cytokines and hormones (Raingeaud et al.
1995, Roberson et al. 1999). Our present data showed that
the addition of FSH to rat GCs activated p38 kinase
rapidly in a time-dependent manner, reaching the peak
level at 30 min. By comparison, FSH activated ERK1/2
kinases more instantly, with a peak activity occurring at
20 min after treatment (Fu-Qing et al. 2005). The acti-
vation of ERK1/2 and p38 kinase by FSH was consistent
with earlier work by others (Das et al. 1996, Maizels
et al. 1998, Gonzalez-Robayna et al. 2000). Using PKA
specific inhibitor H89, we also demonstrated that PKA
activity was required for the FSH-stimulated p38 kinase
phosphorylation. The observation was similar to that of

Figure 5 p38 MAPK inactivation enhanced FSH-induced StAR
protein expression. 2�106 GCs were cultured and treated with
p38 MAPK inhibitor SB203580 and FSH as described in Fig. 3.
The cells’ lysates (20 �g total protein) from each treatment group
were subjected to SDS-PAGE and Western blotting using anti-StAR
or anti-�-tubulin antibodies. Densitometric values of StAR
expression were normalized by �-tubulin expression. The
experiments were repeated three times. Data are expressed as
means�S.D. (n=3). Bars with different letters indicate significantly
different means at P<0·01.

Figure 6 Expression and subcellular localization of StAR in
cultured GCs treated with FSH in the absence or presence of
SB203580 pretreatment. 2�105 viable GCs were seeded onto
24�24-mm coverslips and cultured overnight. The cells were
pretreated with 20 �M SB203580 for 20 min and then incubated
with 50 ng/ml FSH for 48 h. (A) cells treated with FSH only.
(B) cells treated with FSH and SB203580. After the experiment,
the sub-confluent GCs were incubated with the anti-StAR
antibodies, and probed with goat anti-rabbit IgG conjugated to
fluorescein. The localization of StAR in mitochondria was
manifested by dotted green fluorescence. Magnification is 1000
fold. Bar represents 10 �m.

Figure 7 Inhibition of p38 MAPK activity blocked FSH-induced
LRH-1 protein expression 2�106 GCs were cultured and treated
with SB203580 and FSH as described in Fig. 3 with FSH treatment
time of 9 h. The cell lysates were prepared and subjected to
Western blotting with anti-LRH-1 antibody. Densitometric values
of LRH-1 expression were normalized by �-tubulin expression.
These experiments were repeated three times. Data were
expressed as means�S.D. (n=3). Bars with different letters indicate
significantly different means at P<0·01.
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Maizels et al. (1998), in which they found that FSH and
forskolin respectively promoted p38 MAPK phos-
phorylation in primary GCs in a PKA-dependent manner.
The detailed mechanism of PKA-dependent p38 acti-
vation is currently unknown. In contrast, p38 kinase

phosphorylation in preovulatory GCs treated by hCG was
not inhibited by PKA inhibitor H89 (Salvador et al. 2002).
Therefore, it appears that the PKA-dependence of p38
MAPK activation may be related to the stages of cell
differentiation and/or the stimuli employed.

Figure 8 Expression and subcellular localization of LRH-1 in cells treated with SB203580
and FSH. The GCs were treated with SB203580 and FSH and then stained with anti-LRH-1
antibody as described in Fig. 6 with FSH treatment time of 9 h. (A) cells without any
treatment. (B) cells treated with SB203580 only. (C) cells treated with FSH only. (D) cells
treated with FSH and SB203580. Magnification �1000.

Figure 9 Expression and subcellular localization of DAX-1 in cells treated with SB203580
and FSH. The GCs were treated with SB203580 and FSH and then stained with anti-DAX-1
antibody as described in Fig. 6 with FSH treatment time of 9 h. (A) cells without any
treatment. (B) cells treated with SB203580 only. (C) cells treated with FSH only. (D) cells
treated with FSH and SB203580. Magnification is �1000.
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A few studies have shown that SB 203580 is a highly
specific inhibitor for p38 MAPK but not for p38 MAPK-
kinases such as MKK3 or MKK6, and that it prevents the
phosphorylation of p38 MAPK in many experimental
systems such as GCs (Maizels et al. 1998, Gonzalez-
Robayna et al. 2000, Shiota et al. 2003), COCs (Villa-Diaz
& Miyano 2004) and �T3 cells (Roberson et al. 1999).
Although the exact mechanism by which SB 203580
blocks phosphorylation of p38 MAPK is not known, the
inhibitor may bind to the enzyme to mask a critical
phosphorylation site (thereby inhibiting its activation) or
alter the confirmation of the kinase preventing its phos-
phorylation and activation (Ge et al. 2002). So far five
isoforms of p38 MAPKs have been identified, and they are
divided into two groups, the p38�/�/�2 and the p38�/�,
based on their ability to respond to different stimuli
(Kumar et al. 1997). Studies have shown that SB 203580
is a highly specific inhibitor for p38 MAPK and that it only
prevents the phosphorylation of p38�/�/�2 (Cuenda et al.
1995, Gum et al. 1998). Therefore, p38�/�/�2 probably
account for the results obtained in this study, although
we cannot rule out the possible role of p38�/� during
steroidogenesis induced by FSH.

p38 MAPK pathway modulates cytoskeletal reorganiz-
ation and cell survival in a variety of cell types including
GCs. The function is through the activation of mitogen-
activated protein kinase activated protein kinases-2 and -3
(MAPKAPK-2/-3) and subsequent phosphorylation of the
downstream small heat shock protein (sHSP) HSP-25/27
(Guay et al. 1997, Maizel et al. 1998). For the first time, we
provided the data to show that p38 kinase was involved in
the regulation of steroidogenesis through modifying the
expression of steroidogenic enzymes in the primary culture
of GCs. We demonstrated that FSH induced StAR protein
expression in GCs in a time-dependent manner, and the
time course was similar to that of FSH-stimulated proges-
terone production. Inhibition of p38 MAPK activity
augmented FSH-induced StAR mRNA and protein
levels, and FSH-stimulated progesterone production while
it inhibited the FSH-promoted P450arom mRNA and
estradiol production. It implied that activated p38 MAPK
differentially regulated the FSH-stimulated steroidogenesis
in GCs, reminiscent of Moore et al.’s observation on the
differential regulatory effects of ERK1/2 on FSH-induced
steroid synthesis (Moore et al. 2001).

Estradiol synthesis is mainly dependent on the level of
P450arom activity. Even in the absence of StAR, the
aromatizable androgen precursors such as androstenedione
are able to enter into the microsome where they are
converted to estradiol by P450arom. Recent studies have
shown that LRH-1 is a potential regulator of P450arom
that binds to its promoter II in rodent GCs (Hinshelwood
et al. 2003), Leydig cells (Pezzi et al. 2004) and human
preadipocytes (Clyne et al. 2002). Promoter II is the
principal promoter of P450arom (Hickey et al. 1990,
Lanzino et al. 2001). Moreover, the co-localization of

LRH-1 and P450arom to multiple testis cells types (Pezzi
et al. 2004) and GCs (Hinshelwood et al. 2003, Liu et al.
2003) suggests that LRH-1 may exert an important effect
on estrogen production. Our data showed that LRH-1
protein was mainly located in the nucleus of GCs, and that
inactivation of p38 kinase with SB203580 significantly
repressed both the basal and the FSH-induced LRH-1
expression, which correlated well with the action of
SB203580 on FSH-induced P450arom mRNA expression
and estrogen synthesis. By transfection analyses, Falender
et al. (2003) reported that p38 MAP kinase signaling
pathways impacted the transactivation of the LRH-1
reporter gene in GCs. Collectively, those observations
suggest that FSH-activated p38 kinase may promote
P450arom and estrogen production through inducing
LRH-1 expression.

The findings by Saxena et al. (2004) are very interesting
and valuable in elucidating the regulation mechanism of
the divergent steroidogenic properties of GCs by FSH. To
the best of our knowledge, it is the first paper reporting a
direct role for LRH-1 in the induction of progesterone but
not estrogen biosynthetic pathway during GC differentia-
tion. At the same time, we also notice that our findings
regarding the induction of LRH-1 on estrogen production
are contrary to those by Saxena et al. We noticed that
Saxena et al. (2004) had used undifferentiated GCs as
experiment models to study the role of LRH-1 on
estrogen biosynthesis. The cells themselves can express
LRH-1 in the presence of FSH. It is very possible that
endogenous LRH-1 expression induced by FSH may be
enough to promote estrogen production in the cells.
Exogenous LRH-1 by Ad-LRH-1 may have no further
effect on P450arom expression and estrogen level. Thus,
only if the effect of endogenous LRH-1 is excluded, a
correct conclusion can be made on whether LRH-1 can
stimulate estrogen synthesis during FSH-induced GC
differentiation.

It has been demonstrated that DAX-1 blocks steroido-
genesis by inhibiting the transcription of the StAR gene
(Ikeda et al. 1996, Ito et al. 1997, Zazopoulos et al. 1997,
Lalli et al. 1998, Christenson & Strauss 2000). In the
present study, we also investigated whether DAX-1 might
play a role in mediating the steroidogenic signal elicited by
FSH and transduced by p38 MAPK. The immunochem-
istry data showed that the orphan receptor was mainly
located in the nucleus although a weak fluorescent signal
was also observed in the cytoplasm. Treatment of the cells
with FSH for 9 h clearly increased the nuclear staining.
The inactivation of p38 MAPK by inhibitor SB203580
reduced such augmentation. These findings were similar
to those about the action of ERK1/2 on DAX-1 and
progesterone production in which ERK1/2 inactivation
down-regulated DAX-1 level and up-regulated progester-
one synthesis in GCs in response to FSH/LH (Seger et al.
2001, Tajima et al. 2003). In addition, a recent study with
cycling human ovaries also showed that DAX-1 protein
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expression in GCs increased as follicles developed from
primordial to dominant stages (Sato et al. 2003), suggesting
that gonadotropins might play an important role in the
induction of DAX-1 gene expression during follicular
development. To the contrary, there have been reports
indicating that the expression of the orphan receptor was
down-regulated by tropic hormones including FSH
(Tamai et al. 1996, Yazawa et al. 2003) and Angiotensin II
(Osman et al. 2002). To thoroughly explain the discrep-
ancy, further investigation with the same experimental
protocols is needed. Moreover, the precise mechanism
underlying the regulation of DAX-1 gene by tropic
hormones still remains an open question.

It has also been reported that LRH-1 might participate
in progesterone synthesis as an activator of StAR, P450 scc
and 3�-HSD genes in human tissue (Sirianni et al. 2002,
Peng et al. 2003, Kim et al. 2004). Accordingly, down-
regulation of LRH-1 should cause a decrease in StAR
expression and progesterone production. However, we
observed in the present study that inhibition of p38 kinase
resulted in an attenuation of FSH-induced LRH-1 expres-
sion and an enhancement of StAR and progesterone levels.
Such a discrepancy could be explained by the different cell
types used and the stimuli employed. In addition, possible
crosstalks between other MAPK cascades and transcription
factors including DAX-1 and LRH-1 and their different
proportional activities may contribute to the discrepancy.
For example, the decrease in the expression of DAX-1, a
known repressor of StAR gene, in response to MAPK
inactivation could be responsible for the elevation of StAR
expression.

In summary, we demonstrated for the first time that
p38 MAPK played different roles in transducing FSH’s
progesterone and estradiol steroidogenic signals in
GCs. Inhibition of p38 MAPK activity augmented
FSH-induced StAR and progesterone production, while
significantly reduced FSH-induced P450arom mRNA
expression and estradiol production. Inactivation of p38
MAPK decreased the expression of LRH-1 and DAX-1,
which are known to be the transcription activator and
repressor of P450arom and StAR genes respectively.
Therefore, it seems that steroidogenic signal initiated by
FSH diverges from p38 MAPK to LRH-1 and DAX-1
regulated expression of P450arom and StAR that are key
enzymes in progesterone and estradiol production.

Acknowledgements

We acknowledge Dr Dougals M Stocco for his generous
supply of anti-StAR antibody, Dr Luc Belanger for
anti-LRH-1 antibody and Dr J P Raynard for NIADDK
hormones. This work was supported by funds from
NSFC (No: 90208025, 30370200, 30170451, 0170542),
CAS ‘Chuangxi’ (KSCX-2-SW-201) and ‘973� project
(G1999055901). The authors declare that there is no

conflict of interest that would prejudice the impartiality of
this scientific work.

References

Ariyoshi N, Kim Y, Artemenko I, Bhattacharyya KK & Jefcoate CR
1998 Characterization of the rat StAR gene that encodes the
predominant 3·5-kilobase pair mRNA. ACTH stimulation of
adrenal steroids in vivo precedes elevation of StAR mRNA and
protein. Journal of Biological Chemistry 273 7610–7619.

Castillo-Olivares A & Cil G 2000 Alpha1-fetoprotein transcription
factor is required for the expression of sterol 12 alphla-hydroxylase,
the specific enzyme for cholic acid synthesis. Potential role in the
bile acid-mediated regulation of gene transcription. Journal of
Biological Chemistry 275 17793–17799.

Chan YL, Lin A, McNally J, Peleg D, Meyuhas O & Wool IG 1987
The primary structure of rat ribosomal protein L19, A
determination from the sequence of nucleotides in a cDAN and
from the sequence of animo acids in the protein. Journal of Biological
Chemistry 262 1111–1115.

Christenson LK & Strauss JF 2000 Steroidogenic acute regulatory
protein (StAR) and the intramitochondrial translocation of
cholesterol. Biochimica et Biophysica Acta 1529 175–187.

Clyne CD, Speed CJ, Zhou J & Simpson ER 2002 Liver receptor
homologue-1 (LRH-1) regulates expression of aromatase
in preadipocytes. Journal of Biological Chemistry 277
20591–20597.

Cuenda A, Rouse J, Doza YN, Meier R, Cohen P, Gallagher TF,
Young PR & Lee JC 1995 SB203580 is a specific inhibitor of a
MAP kinase homologue which is stimulated by cellular stresses and
interleukin-1. FEBS Letters 364 229–233.

Das S, Maizels ET, DeManno D, St Clair E, Adam SA &
Hunzicker-Dunn M 1996 A stimulatory role of cyclic adenosine 3�,
5�-monophosphorylate in follicle stimulating hormone-activated
mitogen-activated protein kinase signaling pathway in rat ovarian
granulosa cells. Endocrinology 137 967–974.

Dewi DA, Abayasekara DR & Wheeler-Jones CP 2002 Requirement
for ERK1/2 activation in the regulation of progesterone production
in human granulosa-luteal cells is stimulus specific. Endocrinology
143 877–888.

Falender AE, Lanz R, Malenfant D, Belanger L & Richards JS 2003
Differential expression of SF-1 and FTF/LRH-1 in the rodent
ovary. Endocrinology 144 3598–3610.

Fu-Qing Y, Chun-Sheng H, Wei Y, Xuan J, Zhao-Yuan H &
Yi-Xun L. 2005 Role of ERK1/2 in FSH-induced PCNA
expression and steroidogenesis in granulosa cells. Frontiers in
Bioscience 10 896–904

Galarneau L, Pare JF, Allard D, Hamel D, Levesque L, Tugwood JD,
Green S & Belanger L 1996 The alpha l-fetoprotein locus is
activated by a nuclear receptor of the Drosophila Ftz-F1 family.
Molecular and Cellular Biology 16 3853–3865.

Ge B, Gram H, Di Padova F, Huang B, New L, Ulevitch BJ, Luo Y
& Han J 2002 MAPKK-independent activation of p38� mediated
by TAB1-dependent autophosphorylation of p38�. Science 295
1291–1294.

Gonzalez-Robayna IJ, Alliston TN, Buse P, Firestone GL & Richards
JS 1999 Functional and subcellular changes in the A-kinase-
signaling pathway: relation to aromatase sgk expression during the
transition of granulosa cells to luteal cells. Molecular Endocrinology 13
1318–1337.

Gonzalez-Robayna IJ, Falender AE, Ochsner S, Firestone GL &
Richards JS 2000 Follicle-stimulating hormone (FSH) stimulates
phosphorylation and activation of protein kinase B (PKB/Akt) and
serum and glucocorticoid-induced kinase (Sgk): evidence for a
kinase-independent signaling by FSH in granulosa cells. Molecular
Endocrinology 14 1283–1300.

F-Q YU and others · p38 MAPK activation and steroidogenesis in GCs94

www.endocrinology-journals.orgJournal of Endocrinology (2005) 186, 85–96

http://www.endocrinology-journals.org


Goodwin B, Jones SA, Price RR, Watson MA, Mckee DD, Moore
LB, Galardi C, Wilson JG, Lewis MC, Roth ME, Maloney PR,
Willson TM & Kliewer SA 2000 A regulatory cascade of the
nuclear receptors FXR, SHP-1, and LRH-1 represses bile acid
biosynthesis. Molecular Cell 6 517–526.

Guay J, Lambert H, Gingras-Breton G, Lavoie JN, Huot J & Landry J
1997 Regulation of actin filament dynamics by p38 MAP
kinase-mediated phosphorylation of heat shock protein 27. Journal of
Cell Science 110 357–368.

Gum RJ, McLaughlin MM, Kumar S, Wang Z, Bower MJ, Lee JC,
Adams JL, Livi GP, Goldsmith EL & Young PR 1998 Acquisition
of sensitivity of stress-activated protein kinases to the p38 inhibitor,
SB 203580, by alteration of one or more amino acids within the
ATP binding pocket. Journal of Biological Chemistry 273
15605–15610.

Gyles SL, Burns CJ, Whitehouse BJ, Sugden D, Marsh PJ, Persaud SJ
& Jones PM 2001 ERKs regulate cyclic AMP-induced steroid
synthesis through transcription of the steroidogenic acute regulatory
protein (StAR) gene. Journal of Biological Chemistry 276
34888–34895.

Han J, Lee JD, Bibbs L & Ulevitch RJ 1994 A MAP kinase targeted
by endotoxin and hyperosmolarity in mammalian cells. Science 265
808–811.

Han J, Jiang Z, Kravchenko VV & Ulevitch RJ 1997 Activation of
the transcription factor MEF2C by the MAP kinase p38 in
inflammation. Nature 386 296–299.

Hinshelwood MM, Repa JJ, Shelton JM, Richardson JA, Mangelsdorf
DJ & Mendelson CR 2003 Expression of LRH-1 and SF-1 in the
mouse ovary: localization in different cell types correlates with
differing function. Molecular and Cellular Endocrinology 207 39–45.

Hickey GJ, Krasnow JS, Beattie WG & Richards JS 1990 Aromatase
cytochrome P450 in rat ovarian granulosa cells before and after
luteinization: adenosine 3�, 5�-monophosphate-dependent and
independent regulation. Cloning and sequencing of rat aromatase
cDNA and 5� genomic DNA. Molecular Endocrinology 4 3–12.

Ikeda Y, Swain A, Weber TJ, Hentges KE, Zanaria E, Lalli E, Tamai
KT, Sassone-Corsi P, Lovell-Badge R, Camerino G & Parker KL
1996 Steroidogenic factor 1 and DAX-1 colocalize in multiple cell
lineages: potential links in endocrine development. Molecular
Endocrinology 10 1261–1272.

Ito M, Yu R & Jameson JL 1997 DAX-1 inhibits SF-1-mediated
transcription via a carboxy-terminal domain that is detected in
adrenal hypoplasia congenital. Molecular and Cellular Biology 17
1476–1483.

Kim JW, Havelock JC, Carr BR & Attia GR 2005 The orphan
nuclear receptor, liver receptor homologue-1, regulated cholesterol
side-chain cleavage cytochrome P450 enzyme in human granulosa
cells. The Journal of Clinical Endocrinology and Metabolism 90
1678–1685.

Kumar S, McDonnell PC, Gum RJ, Hand AT, Lee JC & Young PR
1997 Novel homologue of CSBP/p38 MAP kinase: activation,
substrate specificity and sensitivity to inhibition by pyridinyl
imidazoles. Biochemical and Biophysical Research Communications 235
533–538.

Lalli E, Melner MH, Stocco DM & Sassone-Corsi P 1998 DAX-1
blocks steroid production at multiple levels. Endocrinology 139
4237–4243.

Lanzino M, Catalano S, Genissel C, Ando S, Carreau S, Hamra K &
McPhaul MJ 2001 Aromatase messenger RNA is derived from the
proximal promoter of the aromatase gene in Leydig, Sertoli, and
germ cells of the rat testis. Biology of Reproduction 64 1439–1443.

Li M, Xie YH, Kong YY, Wu X, Zhu L & Wang Y 1998 Cloning
and characterization of a novel human hepatocyte transcription
factor, hB1F, which binds and activates enhancer II of hepatitis B
virus. Journal of Biological Chemistry 273 29022–29031.

Liu YX, Hu ZH, Lin X & Zou RJ 1989 A comparative study on
regulation of steroidogenesis of infant and adult rhesus monkey
granulosa cells in vitro. Science in China B 33 1060–1069.

Liu DL, Liu WZ, Li QL, Wang HM, Qian D, Treuter E & Zhu C
2003 Expression and functional analysis of liver receptor homologue
1 as a potential steroidogenic factor in rat ovary. Biology of
Reproduction 69 508–517.

Lu TT, Makishiman M, Repa JJ, Schoonjans K, Kerr TA, Auwerx J
& Mangelsdorf DJ 2000 Molecular basis for feedback regulation of
bile acid synthesis by nuclear receptors. Molecular Cell 6 507–515.

Luo Y, Liang CP & Tall AR 2001 The orphan nuclear receptor
LRH-1 potentiates the sterol-mediated induction of the human
CETP gene by liver X receptor. Journal of Biological Chemistry 276
24767–24773.

Maizels ET, Cottom J, Jones JCR & Hunzicker-Dunn M 1998
Follicle stimulating hormone (FSH) activates the p38
mitogenic-activated protein kinase pathway, inducing small heat
shock protein phosphorylation and cell rounding in immature rat
ovarian granulosa cells. Endocrinology 139 3353–3356.

Manna PR, Huhtaniemi IT, Wang XJ, Eubank DW & Stocco DM
2002 Mechanisms of epidermal growth factor signaling: regulation
of steroid biosynthesis and the steroidogenic acute regulatory protein
in mouse Leydig tumor cells. Biology of Reproduction 67 1393–1404.

Manna PR, Eubank DW & Stocco DM 2004 Assessment of the role
of activator protein-1 on transcription of the mouse steroidogenic
acute regulatory protein gene. Molecular Endocrinology 18 558–573.

Moore RK, Otsuka F & Shimasaki S 2001 Role of ERK1/2 in the
differential synthesis of progesterone and estradiol by granulosa cells.
Biochemical and Biophysical Research Communications 289 796–800.

Morohashi KI & Omura T 1996 Ad4 bp/SF-1, a transcription factor
essential for the transcription of steroidogenic cytochrome P450
genes and for the establishment of the reproductive function.
Federation of American Societies for Experimental Biology 10 1569–1577.

Nitta M, Ku S, Brown C, Okamoto AY & Shan B 1999 CPF: an
orphan nuclear receptor that regulates liver-specific expression of
the human cholesterol 7 alpha-hydroxylase gene. PNAS 96
6660–6665.

Nuclear receptors Nomenclature Committee 1999 A unified
nomenclature system for the nuclear receptor superfamily. Cell 97
161–163.

Osman H, Murigande C, Nadakal A & Capponi AM. 2002
Repression of DAX-1 and induction of SF-1 expression. Two
mechanisms contributing to the activation of aldosterone
biosynthesis in adrenal glomerulosa cells. Journal of Biological
Chemistry 277 41259–41267.

Peng N, Kim JW, Rainey WE, Carr BR & Attia GR 2003 The role
of the orphan nuclear receptor, liver receptor homologue-1, in the
regulation of human corpus luteum 3 beta-hyroxysteroid
dehydrogenase type II. The Journal of Clinical Endocrinology and
Metabolism 88 6020–6028.

Pezzi V, Sirianni R, Chimento A, Maggioline M, Bourguiba S,
Delalande C, Carreau S, Ando S, Simpson ER & Clyne CD 2004
Differential expression of SF-1/AD4 BP and LRH-1/FTF in the rat
testis: LRH-1 as a potential regulatory of testicular aromatase
expression. Endocrinology 145 2186–2196.

Raingeaud J, Gupta S, Rogers JS, Dickens M, Han J, Ulevitch RJ &
Davis RJ 1995 Pro-inflammatory cytokines and environmental
stress cause p38 mitogen-activated protein kinase activation by dual
phosphorylation on tyrosine and threonine. Journal of Biological
Chemistry 270 7420–7426.

Richards JS 1994 Hormonal control of gene expression in the ovary.
Endocrine Reviews 15 725–751.

Roberson MS, Zhang T, Li TZ & Mulvaney JM 1999 Activation of
the p38 mitogen-activated protein kinase pathway by
gonadotropin-releasing hormone. Endocrinology 140 1310–1318.

Salvador LM, Maizels E, Hales DB, Miyamoto E, Yamamoto H &
Hunzicker-Dunn M 2002 Acute signaling by the LH receptor is
independent of protein kinase C activation. Endocrinology 143
2986–2994.

Sato Y, Suzuki T, Hidaka K, Sato H, Ito K, Ito S & Sasano H. 2003
Immunolocalization of nuclear transcription factors, DAX-1 and

p38 MAPK activation and steroidogenesis in GCs · F-Q YU and others 95

www.endocrinology-journals.org Journal of Endocrinology (2005) 186, 85–96

http://www.endocrinology-journals.org


COUP-TF II, in the normal human ovary: correlation with adrenal
4 binding protein/steroidogenic factor-1 immunolocalization during
the menstrual cycle. The Journal of Clinical Endocrinology and
Metabolism 88 3415–3420.

Saxena D, Safi R, Little-Ihrig L & Zeleznik AJ 2004 Liver receptor
homolog-1 stimulates the progesterone biosynthetic pathway during
follicle-stimulating hormone-induced granulosa cell differentiation.
Endocrinology 145 3821–3829.

Seger R, Hanoch T, Rosenberg R, dantes A, Merz WE, Strauss III JF
& Amsterdam A 2001 The ERK signaling cascade inhibits
gonadotropin-stimulated steroidogenesis. Journal of Biological
Chemistry 276 13957–13964.

Shea-Eaton W, Sandhoff TW, Lopez D, Hales DB & Mclean MP
2002 Transcription repression of the rat steroidogenic acute
regulatory (StAR) protein gene by the AP-1 family member c-Fos.
Molecular and Cellular Endocrinology 188 161–170.

Shiota M, Sugai N, Tamura M, Yamaguchi R, Fukushima N, Miyano
T & Miyazaki H. 2003 Correlation of mitogen-activated protein
kinase activities with cell survival and apoptosis in porcine granulosa
cells. Zoological Science 20 193–201

Sirianni R, Seely JB, Attia G, Stocco DM, Carr BR, Pezzi V &
Rainey WE 2002 Liver receptor homologue-1 is expressed in
human steroidogenic tissues and activates transcription of genes
encoding steroidogenic enzymes. Journal of Endocrinology 174
R13–R17.

Smith MS, Freeman ME & Neill JD 1975 The control of progesterone
secretion during the estrous cycle and early pseudopregnancy in the
rat: Prolactin, gonadotropin and steroid levels associated with rescue
of the corpus luteum of pseudopregnancy. Endocrinology 96
219–226.

Stocco DM 2000 Intramitochondrial cholesterol transfer. Biochimica et
Biophysica Acta 1486 184–197.

Tajima K, Dantes A, Yao Z, Sorokina K, Kotsuji F, Seger R &
Amsterdam A 2003 Down-regulation of steroidogenic response to
gonadotropins in human and rat preovulatory granulosa cell involves
mitogen-activated protein kinase activation and modulation of

DAX-1 and steroidogenic factor-1. The Journal of Clinical
Endocrinology and Metabolism 88 2288–2299.

Tamai KT, Monaco L, Tero-Pekka Alastolo Lalli E, Parvinen M &
Sassone-Corsi P. 1996 Hormonal and developmental regulation of
DAX-1 expression in sertoli cells. Molecular Endocrinology 10
1561–1569.

Villa-Diaz LG & Miyano T. 2004 Activation of p38 MAPK
during porcine oocyte maturation. Biology of Reproduction 71
691–696.

Whitmarsh AJ, Yang SH, Su SS, Sharrocks AD & Davis RJ 1997
Activation of p38 and JNK mitogen-activated protein kinases in the
activation of ternary complex factors. Molecular and Cellular Biology
17 2360–2371.

Wooton-Kee CR & Clark BJ 2000 Steroidogenic factor-1 influences
protein-deoxyribonucleic acid interactions within the cyclic
adenosine 3�, 5�-monophosphate-responsive regions of the murine
steroidogenic acute regulatory protein gene. Endocrinology 141
1345–1355.

Yazawa T, Mizutani T, Yamada K, Kawata H, Sekiguchi S, Yoshino
M, Kajitani T, Shou Z & Miyamoto K 2003 Involvement of cyclic
adenosine 5�-monophosphate response element-binding protein,
steroidogenic factor-1 and DAX-1 in the regulation of
gonadotropin-inducible ovarian transcription factor 1 gene
expression by follicle-stimulating hormone in ovarian granulosa cells
Endocrinology 144 1920–1930.

Zazopoulos E, Lalli E, Stocco D & Sassone-Corsi P 1997 DNA
binding and transcriptional repression by DAX-1 blocks
steroidogenesis. Nature 390 311–315.

Zeleznik AJ, Saxena D & Little-Ihrig 2003 Protein kinase B is
obligatory for follicle-stimulating hormone-induced granulosa cell
differentiation. Endocrinology 144 3985–3994.

Received in final form 12 March 2005
Accepted 8 April 2005

F-Q YU and others · p38 MAPK activation and steroidogenesis in GCs96

www.endocrinology-journals.orgJournal of Endocrinology (2005) 186, 85–96

http://www.endocrinology-journals.org

