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ABSTRACT

Theca-interstitial (T-I) cells of the ovary synthesize androgens
in response to luteinizing hormone (LH). In pathological
conditions such as polycystic ovarian syndrome, T-I cells are
hyperactive in androgen production in response to LH and
insulin. Because cholesterol is an essential substrate for
androgen production, we examined the effect of human
chorionic gonadotropin (hCG) and insulin on signaling pathways
that are known to increase cholesterol accumulation in
steroidogenic cells. Specifically, the effect of hCG and insulin
on sterol regulatory element-binding transcription factor 1a
(SREBF1a) required for cholesterol biosynthesis and uptake was
examined. Primary cultures of T-I cells isolated from 25-day-old
rat ovaries responded to hCG and insulin to increase the active/
processed form of SREBF1a. The hCG and insulin significantly
reduced insulin-induced gene 1 (INSIG1) protein, a negative
regulator of SREBF processing. Furthermore, an increase in the
expression of selected SREBF target genes, 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase (Hmgcr) and mevalonate kinase
(Mvk), was also observed. Protein kinase A (PRKA) inhibitor
completely abolished the hCG-induced increase in SREBF1a,
while increasing INSIG1. Although the hCG-induced depletion
of total and free cholesterol was abolished by aminoglutethi-
mide, the stimulatory effect on SREBF1a was not totally
suppressed. Treatment with 25-hydroxycholesterol abrogated
the effect of hCG on SREBF1a. Inhibition of the phosphatidyl-
inositol 3-kinase pathway did not block the insulin-induced
increase in SREBF1a, whereas mitogen-activated protein kinase
inhibition reduced the insulin response. These results suggest
that the increased androgen biosynthesis by T-I cells in response
to hCG and insulin is regulated, at least in part, by increasing the
expression of sterol response element-responsive genes by
increasing SREBF1a.

INSIG1, insulin, LH, luteinizing hormone, Mvk, PCOS, SREBF1,
theca cells, theca-interstitial cells

INTRODUCTION

Although androgen synthesis by theca-interstitial (T-I) cells
is necessary for estrogen biosynthesis by the growing follicles,
excess androgen production has been associated with anovu-
latory conditions such as polycystic ovarian syndrome (PCOS)

[1–4]. The stimulatory effect of luteinizing hormone (LH) and
insulin on androgen production by T-I cells has been well
established [5–14]. Because cholesterol is the precursor of
androgens, its availability in T-I cells, either by uptake from
plasma-derived cholesterol or through de novo synthesis, has
been shown to have an important role in androgen synthesis
[11, 15]. The synthesis and uptake of cholesterol are regulated
by a family of membrane-bound transcription factors desig-
nated as sterol regulatory element-binding transcription factors
(SREBFs) [16–18]. Three major SREBF isoforms, SREBF1a,
SREBF1c, and SREBF2, have been identified, and they are
encoded by two different genes [16, 19–21]. Both SREBF1a
and SREBF1c originate from a single gene. These two
isoforms differ in size and transcriptional activity but are
formed from a common precursor [18, 22]. While SREBF1a is
a potent activator of both cholesterol and fatty acid biosynthetic
pathways, SREBF1c is primarily involved in fatty acid
synthesis [23]. SREBFs regulate the transcription of genes
that possess a sterol response element (SRE) in the promoter
sites. This includes key enzymes involved in cholesterol
synthesis and uptake by the steroidogenic cells [16, 24, 25].
SREBFs are synthesized as large precursor proteins that are
inserted into the endoplasmic reticulum (ER) membranes,
where they exist in an inactive form. In the ER, the carboxyl
terminus of SREBF interacts with SREBF chaperone, previ-
ously known as SREBF-cleavage activating protein (SCAP)
[26]. The SREBF-SCAP complex is anchored to ER
membranes through another protein designated as insulin-
induced gene 1 (INSIG1) [17, 27, 28].

In sterol-depleted cells, the SCAP-SREBF complex disso-
ciates from INSIG1. SCAP then escorts SREBF from the ER to
the Golgi, where it is processed by two membrane-associated
proteases—membrane-bound transcription factor peptidase,
site 1 (MBTPS1, formerly S1P) and membrane-bound
transcription factor peptidase, site 2 (MBTPS1, formerly
S2P)—which release the active form of SREBF [23, 29].
These transcriptionally active fragments of SREBFs are
translocated to the nucleus, where they bind to the promoters
of SREBF target genes, resulting in increased transcription of
the genes encoding proteins involved in the synthesis and
uptake of cholesterol [17, 18]. In contrast, when the cellular
cholesterol level is high, the SCAP-SREBF complex remains
attached to INSIG1 in the ER [30, 31], which prevents the
SCAP-SREBF complex from being incorporated into coat
protein complex II vesicles for transport to the Golgi. As a
result, SREBF precursor remains trapped in the ER, leading to
a decline in the nuclear content of SREBF and a reduction in
the synthesis and uptake of cholesterol.

Because androgen synthesis in T-I cells is dependent on the
availability of cholesterol, we sought to determine the
regulation of SREBF1a by human chorionic gonadotropin
(hCG) and insulin, two hormones that have been shown to
increase the production of androgens by these cells. Our results
show that hCG and insulin stimulate the formation of
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SREBF1a, the active transcription factor required for the
induction of genes involved in cholesterol synthesis and
uptake.

MATERIALS AND METHODS

Medium 199, McCoy 5A medium, L-glutamine, and Hepes buffer were
purchased from Invitrogen/GIBCO (Carlsbad, CA). Penicillin-streptomycin
was purchased from Roche Diagnostics (Indianapolis, IN). Collagenase (CLS I)
and deoxyribonuclease I were obtained from Worthington Biochemical Corp.
(Freehold, NJ). Bovine serum albumin (BSA), insulin, wortmannin, 25-
hydroxycholesterol (OHC), aminoglutethimide (AGM), and TUBB (b-tubulin)
antibody were purchased from Sigma Chemical Co. (St. Louis, MO). Purified
hCG was purchased from Dr. A.F. Parlow (Torrance, CA). SREBF1a mouse
monoclonal antibody (IgG-2A4) was raised against amino acids 301–407 of
human SREBF1 (ATCC, Manassas, VA). Antibodies for INSIG1, CYP17A1,
MAPK1, and anti-goat IgG horseradish peroxidase conjugates were obtained
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Antibody against
phosphorylated AKT (Ser 473) was purchased from Cell Signaling Technology
(Beverly, MA). Texas red-conjugated donkey anti-goat IgG was purchased
from Jackson ImmunoResearch Laboratories (West Grove, PA). Mitogen-
activated protein (MAP) kinase (MAP2K) inhibitor U0126 was obtained from
Promega (Madison, WI). The cholesterol/cholesteryl ester quantitation kits and
protein kinase A (PRKA) (H89) inhibitor were purchased from Calbiochem (La
Jolla, CA). Anti-mouse anti-rabbit IgG horseradish peroxidase conjugates and
enhanced chemiluminescence using the Femto Supersignal Substrate System
were obtained from Pierce (Rockford, IL). 3H androstenedione was purchased
from New England Nuclear (Boston, MA). Reagents for androstenedione
radioimmunoassay (RIA) were obtained from Diagnostic Systems Laboratories
(DSL-4200; Webster, TX). All other reagents used were conventional
commercial products.

Animals

Sprague-Dawley female rats (25 days old) were purchased from Charles
River Laboratories (Wilmington, MA). All the experimental protocols used in
this study were approved by the University Committee on the Use and Care of
Animals. Animals were housed in a temperature-controlled room with proper
D:L cycles as per the guidelines provided by the University Committee on the
Use and Care of Animals. The animals were euthanized by CO2 asphyxiation.
The ovaries were removed under sterile conditions and were processed
immediately for the isolation of T-I cells.

Isolation and Culture of T-I Cells

The T-I cells were isolated, dispersed, and cultured using a protocol
previously published from our laboratory [11, 32]. Briefly, freshly collected
ovaries were placed in 100-mm plates in medium 199 containing 25 mM Hepes
(pH 7.4), 2 mM L-glutamine, 1 mg/ml BSA, 100 U/ml penicillin, and 100 lg/
ml streptomycin. The ovaries were then freed from adhering fat and actively
punctured with a 27-gauge needle under a dissecting microscope to release the
granulosa cells. The remaining ovarian tissue was then washed three times with
medium to release any remaining granulosa cells. The tissue was then minced
and incubated for 30 min at 378C in the same medium, supplemented with 0.65
mg/ml collagenase type 1 plus 10 lg/ml deoxyribonuclease. The dispersion
was encouraged by mechanically pipetting the ovarian tissue suspension with a
10-ml pipette. The T-I cells released by this digestion were centrifuged at 250
3 g for 5 min and washed in medium two times to eliminate remaining
collagenase. The dispersed cells were then resuspended in McCoy 5A medium
containing 2 mM L-glutamine, 1 mg/ml BSA, 100 U/ml penicillin, and 100 lg/
ml streptomycin and subjected to unit gravity sedimentation for 5 min to
eliminate small fragments of undispersed ovarian tissue. Cell viability was
assessed by trypan blue exclusion and was always above 90%. The dispersed
cells were seeded in 60-mm plates (3 3 106 viable cells). The plated cells were
maintained overnight in McCoy 5A medium containing 2 mM L-glutamine,
0.1% BSA, 100 U/ml penicillin, and 100 lg/ml streptomycin in a humidified
atmosphere of 95% air-5% CO2 at 378C. After allowing cells to attach
overnight, they were treated with hCG or insulin for 4 h. Other reagents used
are indicated in the figure legends. The T-I cell purity was determined by
immunofluorescence staining of CYP17A1 (cytochrome P450, family 17,
subfamily a, polypeptide 1, also known as 17a-hydroxylase/17,20-lyase).

Immunofluorescence of CYP17A1

Immunofluorescence analysis of CYP17A1 was performed using cultured
T-I cells. In brief, cells were cultured on coverslips for 24 h. After attachment,

cells were fixed with 2% formaldehyde solution in PBS for 15 min at room
temperature, washed three times with wash solution (PBS containing 0.3%
Triton X-100), and treated with 5% normal goat serum for 1 h at room
temperature. The cells were washed three times as already described using the
wash solution and then incubated with primary CYP17A1 goat polyclonal
antibody at 48C overnight. After washing three times with wash solution, the
cells were incubated with Texas red-conjugated secondary anti-goat antibody
for 1 h at room temperature in the dark. Finally, the cells were washed and
mounted, and the images were captured using a fluorescent microscope (Leica
DMR, Wetzlar, Germany).

Real-Time PCR

Aliquots of total RNA (50 ng) extracted from T-I cells were reverse
transcribed in a reaction volume of 20 ll using 2.5 lM random hexamer, 500
lM deoxyribonucleotide triphosphates, 5.5 mM MgCl2, 8 U ribonuclease
inhibitor, and 25 U Multiscribe reverse transcriptase (Applied Biosystems Inc.,
Foster City, CA). The reactions were carried out in a PTC-100 (MJ Research,
Watertown, MA) thermal controller (258C for 10 min, 488C for 30 min, and
958C for 5 min). The resulting cDNAs were diluted with water. The real-time
PCR quantification was then performed using 5 ll diluted cDNAs in triplicate
with predesigned primers and probes for rat 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (Hmgcr) and mevalonate kinase (Mvk) (TaqMan assay-
on-demand gene expression products; Applied Biosystems Inc.). Reactions
were carried out in a final volume of 25 ll using an Applied Biosystems Inc.
7300 real-time PCR system (958C for 15 sec and 608C for 1 min) after initial
incubation for 10 min at 958C. The fold changes in Hmgcr and Mvk expression
were calculated using the standard curve method with 18S rRNA as the internal
control.

Western Blot Analysis

To examine the effect of hCG and insulin on SREBF1a expression, cultured
T-I cells were exposed to hCG (0, 25, and 50 ng/ml) or insulin (0, 0.5, and 1
lg/ml) for 4 h. In experiments with inhibitor H89 (10 lM), to block the PRKA
pathway the cells were pretreated with inhibitor for 1 h, followed by hCG
treatment for 4 h. In experiments with AGM (5 lg/ml), to inhibit CYP11A1
(cytochrome P450scc) activity the cells were pretreated with AGM for 1 h,
followed by hCG treatment for 4 h. In experiments with 25-OHC, cells were
preincubated with 25-OHC (10 lg/ml) for 1 h, followed by hCG or insulin
treatment for 4 h. In experiments with the MAP2K inhibitor U0126 (10 lM),
cells were preincubated for 1 h, whereas the preincubation period was 30 min
for the phosphatidylinositol 3-kinase (PIK3) inhibitor wortmannin (100 nM).
These preincubations were followed by insulin treatment for 4 h. For
phosphorylated AKT measurements, cells were pretreated with wortmannin
(100 nM) for 30 min, followed by the addition of insulin for 30 min. Reactions
were terminated by removing the media, and the cells were solubilized using
radioimmunoprecipitation assay buffer (PBS containing 1% Nonidet P-40,
0.5% sodium deoxycholate, and 0.1% SDS). Cell lysates were then sonicated
and centrifuged for 10 min at 13 000 3 g. The protein concentrations of the
supernatants were determined using bicinchoninic acid reagent (Pierce).
Proteins (50 lg/lane) were separated using 10% SDS-PAGE and transferred
to nitrocellulose membranes (Bio-Rad) before immunoblot analysis. Mem-
branes were blocked in 5% fat-free milk in 20 mM Tris base [pH 7.45], 137
mM NaCl, and 0.1% Tween 20 (TBST) for 1 h at room temperature and then
incubated overnight at 48C with primary antibody in 5% fat-free milk/TBST.
After three 5-min washes with TBST, membranes were incubated in
appropriate horseradish peroxidase-conjugated secondary antibodies for 1 h
at room temperature. After three 5-min washes with TBST, membrane-bound
antibodies were detected using the Femto Supersignal Substrate System
Western blotting detection kit (Pierce). Protein loading was monitored by
reprobing the same blots with b-tubulin antibody.

RIA of Androstenedione

For evaluation of the inhibition of androstenedione production by AGM, T-
I cells were grown in 60-mm plates with McCoy 5A medium containing 0.1%
BSA. After attachment, cells were pretreated with AGM for 1 h, followed by
hCG for 4 h. At the end of treatments, the media were collected, trace amounts
of 3H androstenedione were added to monitor recovery, and extracted for the
steroid using diethyl ether. The extraction recovery was greater than 85%.
Androstenedione production was determined using RIA kits (Diagnostic
Systems Laboratories) according to the manufacturer’s instructions. The
intraassay and interassay coefficients of variation for androstenedione were
2.7%–5.9% and 4.8%–7.0%, respectively.
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Cholesterol Analysis in T-I Cells

The cultured T-I cells (3 3 106) were pretreated with AGM (5 lg/ml) for 1

h, followed by hCG (50 ng/ml) for 4 h. Cells were lysed with 1% Triton X-100

in choloroform and centrifuged for 10 min at 14 000 revolutions per minute.

The organic phase was transferred to a clean tube and dried using nitrogen gas.

Then the samples were vacuum dried for 30 min to remove residual

choloroform. The dried lipids were dissolved in 300 ll cholesterol reaction

buffer by vortexing extensively for 5 min. The assay of total and free

cholesterol used 25 ll each sample in duplicates. The total and free cholesterol

contents were determined using cholesterol/cholesteryl ester quantitation kits
according to the manufacturer’s (Calbiochem) instructions.

Statistical Analysis

Statistical analysis was carried out using one-way ANOVA, followed by
Tukey multiple comparisons test using Prism software (GraphPad Prism,
version 3.0; GraphPad Inc., San Diego, CA). Unpaired t test was used for the
relative mRNA expression. Values were considered statistically significant at
P , 0.05. Each experiment was repeated at least three times, with similar
results. Blots are representative of one experiment, and graphs represent the
mean 6 SE of three replicates.

RESULTS

Immunofluorescence Detection of CYP17A1

The purity of T-I cells was examined by immunofluores-
cence staining of CYP17A1, a marker enzyme, as described in
Materials and Methods. The results in Figure 1 show that
greater than 90% of the cells stained positive for CYP17A1,
identifying the cells as being T-I cells. The control cells
without exposure to CYP17A1 antibody did not show
appreciable fluorescence. The cells also showed an absence
of aromatase mRNA expression in response to follicle-
stimulating hormone, suggesting that T-I cells were free of
granulosa cells (data not shown).

Effect of hCG on SREBF1a and INSIG1 Protein Expression

The T-I cells were treated with hCG at different concen-
trations (0, 25, and 50 ng/ml) for 4 h, and Western blot analysis

FIG. 1. Immunofluorescence staining of CYP17A1 in T-I cells. Cells were
harvested, plated, and allowed to attach for 24 h. Cells were then washed,
fixed, and immunostained using a CYP17A1 primary antibody and a Texas
red-conjugated secondary antibody. Cells were examined by fluorescence
microscopy. A) Representative area of control T-I cells incubated without
CYP17A1 antibody (original magnification 320). B) Representative area of
cells stained with CYP17A1 antibody (original magnification 320).

FIG. 2. The hCG-mediated regulation of SREBF1a and its target genes. Ovaries were collected from 25-day-old Sprague-Dawley rats. The T-I cells were
isolated by collagenase digestion, and 3 3 106 cells were plated with McCoy 5A medium. After 24-h attachment, cells were treated with different
concentrations of hCG (0, 25, and 50 ng/ml) for 4 h. Whole-cell lysates were then analyzed for the expression of the active form of SREBF1a (A) and
INSIG1 (B) by Western blot (top panels). The graphs of the densitometric scans are shown in the bottom panels of A and B. Protein loading was monitored
by stripping and reprobing the same blot with antibody for b-tubulin. Blots are representative of one experiment, and the graphs represent the mean of
three experiments. Error bars represent the mean 6 SE. C and D) Cells were treated with hCG (50 ng/ml) for 4 h. Total RNA was reverse transcribed, and
the resulting cDNA was subjected to real-time PCR using predesigned primers and probes for rat Hmgcr and Mvk as described in Materials and Methods.
C) The graph shows the change in Hmgcr mRNA expression normalized for 18S rRNA. D) The graph shows the change in Mvk mRNA expression
normalized for 18S rRNA. Error bars represent the mean 6 SE of two independent experiments, triplicate determinations in each, n¼6. * P , 0.05, ** P ,
0.01, and *** P , 0.001 vs. control. a, Represents significant differences (P , 0.01) compared with hCG 25 ng/ml.

286 PALANIAPPAN AND MENON

D
ow

nloaded from
 w

w
w

.biolreprod.org. 



was performed using an SREBF1a antibody specific for the

active form. The results in Figure 2A show that hCG treatment

caused a significant increase in the active form of SREBF1a

protein.

As stated in the Introduction, INSIGs are proteins associated

with the ER that block proteolytic activation of SREBFs. To

determine whether hCG negatively regulates INSIG1 protein,

cultured cells were treated with hCG at different concentrations

(0, 25, and 50 ng/ml) for 4 h, and INSIG1 levels were analyzed

by Western blot. The results show that hCG caused a decrease

in the INSIG1 level at all doses tested (Fig. 2B). This indicates

that the increase in SREBF1a in response to hCG treatment is

accompanied by a significant reduction in the INSIG1 level,

suggesting that the hCG-mediated decrease in INSIG1 allows

the increase in the active form of SREBF1a.

Analysis of Transcriptional Target of SREBF

We next sought to determine if the increase in the active
form of SREBF was accompanied by a corresponding increase
in the mRNA levels of SREBF transcriptional targets.
Following 4 h of hCG treatment (50 ng/ml), total RNA was
extracted, and the mRNA levels of two representative target
genes, Hmgcr and Mvk, were determined by real-time PCR.
The results in Figure 2, C and D, show a significant increase in
mRNA levels of SREBF1a target genes Hmgcr and Mvk in
response to hCG.

Effect of PRKA Inhibitor on hCG-Stimulated SREBF1a
and INSIG1 Protein Expression

The contribution of the PRKA pathway in the hCG-
mediated increase in SREBF1a protein level was then

FIG. 3. Effect of hCG and PKA inhibitor on
SREBF1a and INSIG1 proteins in T-I cells.
Cells were pretreated with the PRKA inhib-
itor H89 (10 lM) for 1 h, followed by hCG
(50 ng/ml) for 4 h. Whole-cell lysates were
analyzed for the expression of the active
form of SREBF1a (A) and INSIG1 (B) by
Western blot analysis (top panels). The
graphs of the densitometric scans are shown
in the bottom panels. Protein loading was
monitored by stripping and reprobing the
same blot with antibody for b-tubulin. Blots
are representative of one experiment, and
the graphs represent the mean of three
experiments. Error bars represent the mean
6 SE. * P , 0.05 and *** P , 0.001 vs.
control. a, Represents significant differences
(P , 0.001) compared with hCG. b,
Represents significant differences (P , 0.01)
compared with hCG.

FIG. 4. Effect of hCG and AGM on SREBF1a protein expression and androstenedione production in T-I cells. Cells were treated with AGM (5 lg/ml) for 1
h, followed by hCG (50 ng/ml) for 4 h. A) Whole-cell lysates were analyzed for the active form of SREBF1a by Western blot analysis (top panel). The graph
of the densitometric scans is shown in the bottom panel. Protein loading was monitored by stripping and reprobing the same blot with antibody for b-
tubulin. B) The media were collected, and androstenedione was extracted and measured by RIA as described in Materials and Methods. The blot in A is
representative of one experiment, and both graphs represent the mean of three experiments. Error bars represent the mean 6 SE. * P , 0.05, ** P , 0.01,
and *** P , 0.001 vs. control. a, Represents significant differences (P , 0.01) compared with hCG. b, Represents significant differences (P , 0.001)
compared with hCG.
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examined. To test this, cultured cells were preincubated with a
PRKA-specific inhibitor (H89 [10 lM]) for 1 h, followed by
stimulation with hCG (50 ng/ml) for 4 h. The active form of
SREBF1a was then analyzed by Western blot (Fig. 3A). The
results show that, while hCG treatment alone caused a three-
fold increase in the expression of the active form of SREBF1a,
the addition of PRKA inhibitor completely abolished this
increase, suggesting that hCG-stimulated SREBF1a activation
proceeds through a PRKA-mediated pathway.

Because INSIGs are negative regulators of SREBF1
processing, the effect of PRKA inhibitor on INSIG1 was then
examined. The cultured cells were preincubated with PRKA
inhibitor (H89 [10 lM]) for 1h, followed by hCG (50 ng/ml)
stimulation for 4 h. Whole-cell lysates were analyzed for
INSIG1 protein as described in Materials and Methods. The
results in Figure 3B show that the cells treated with hCG plus
PRKA inhibitor exhibited a two-fold increase in INSIG1

protein level compared with those treated with hCG alone.
Thus, PRKA inhibition abrogated the inhibitory effect of hCG
on INSIG1.

Effect of AGM on hCG-Stimulated SREBF1a
Protein Expression

The stimulatory effect of hCG on SREBF1a could be
attributed to a direct stimulation of the hCG-mediated signaling
pathways or an indirect effect produced in response to
cholesterol depletion brought about by stimulation of steroido-
genesis. To examine this, we used AGM, which is known to
inhibit steroidogenesis, thereby preventing cholesterol deple-
tion. The ability of hCG to induce SREBF1a with or without
AGM pretreatment was then examined. The results in Figure
4A show a significant increase in SREBF1a protein level in
response to hCG. However, in cells treated with hCG plus
AGM, the stimulatory effect of hCG was significantly reduced.
Because the stimulatory effect was not completely abolished,
these results also suggest that SREBF1a might be regulated
through both cholesterol depletion and direct activation
independent of cholesterol depletion.

Effect of AGM on hCG-Stimulated
Androstenedione Production

To show that AGM is exerting its expected effect on hCG-
stimulated androstenedione production, T-I cells were pretreat-
ed with AGM (5 lg/ml) for 1 h, followed by stimulation with
hCG (50 ng/ml) for 4 h. The incubation media were collected
and quantified for androstenedione by RIA. The results in
Figure 4B show that, while androstenedione production was
increased approximately six-fold in hCG-stimulated theca cells
compared with the control, AGM significantly decreased this
hCG-stimulated response. The AGM alone had no effect on
basal androstenedione production. These results show that
AGM exerted an inhibitory effect on androstenedione produc-
tion as expected.

Effect of hCG and AGM on Cholesterol Content

To evaluate the effect of hCG and AGM on total and free
cholesterol, cultured T-I cells were pretreated with AGM (5 lg/
ml) for 1 h, followed by the addition of hCG (50 ng/ml) for 4 h.
Cells were lysed with 1% Triton X-100 in choloroform, and
total and free cholesterol contents were estimated as described
in Materials and Methods. The results in Figure 5, A and B,
show that treatment with hCG significantly reduced the total
and free cholesterol content. However, pretreatment with AGM
abolished the effect of hCG on total and free cholesterol levels.
These results suggest that hCG treatment increases the

FIG. 5. Effect of hCG and AGM on cellular
total (A) and free (B) cholesterol levels in T-I
cells. Cells were treated with AGM (5 lg/ml)
for 1 h, followed by hCG (50 ng/ml) for 4 h,
and lysed with 1% Triton X-100 in chol-
oroform. Total and free cholesterol contents
of the cell lysates were determined using the
cholesterol/cholesteryl ester quantitation kit
as described in Materials and Methods. The
graph represents the mean of three experi-
ments. Data are expressed as the mean 6
SE. * P , 0.05 vs. control.

FIG. 6. Effect of hCG and 25-OHC on SREBF1a protein expression. Cells
were pretreated with 25-OHC (10 lg/ml) for 1 h, followed by hCG (50 ng/
ml) for 4 h. Whole-cell lysates were analyzed for the active form of
SREBF1a by Western blot analysis (top panel). The graph of the
densitometric scans is shown in the bottom panel. Protein loading was
monitored by stripping and reprobing the same blot with antibody for b-
tubulin. The blot is representative of one experiment, and the graph
represents the mean of three experiments. Error bars represent the mean 6
SE. *** P , 0.001 vs. control. a, Represents significant differences (P ,
0.001) compared with hCG.
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utilization of cellular cholesterol as a result of increased
conversion to androgens.

Effect of 25-OHC on hCG-Stimulated SREBF1a
Protein Level

To further delineate the regulation of SREBF1a, cultured
cells were pretreated with 25-OHC for 1 h, followed by the
addition of hCG (50 ng/ml) for 4 h. Cells were harvested, and
Western blot analysis was performed using anti-SREBF1a
antibody. The results show that pretreatment with 25-OHC
prevented the increase in the active form of SREBF1a seen in
response to hCG treatment alone (Fig. 6). These results suggest
that in T-I cells SREBF1a is regulated by cellular cholesterol.
This supports the earlier experiments that showed that the
effect of hCG on SREBF1a levels might proceed through
cholesterol depletion brought about by its conversion to
androgens.

Effect of Insulin on SREBF1a and INSIG1 Protein Level

As mentioned in the Introduction, T-I cells are also a target
for insulin to increase androgen production. Furthermore,
insulin has been shown to increase cholesterol accumulation in
T-I cells [33]. Because SREBF1a has an important role in the
biosynthesis and uptake of cholesterol, the effect of insulin on
SREBF1a was examined. Cultures of T-I cells were treated
with different doses of insulin (0, 0.5, and 1 lg/ml) for 4 h.
Whole-cell lysates were analyzed for SREBF1a protein level
by Western blot analysis. The results show that insulin at a

concentration of 1 lg/ml significantly increased the active form
of SREBF1a compared with the control (Fig. 7A).

To examine the possible effect of insulin on INSIG levels,
T-I cells were treated with different concentrations of insulin
(0, 0.5, and 1 lg/ml) for 4 h, and whole-cell lysates were
analyzed for INSIG1 protein levels. The results in Figure 7B
show that insulin treatment at a concentration of 1 lg/ml
significantly reduced the INSIG1 protein level compared with
the control. Thus, insulin-mediated reduction in INSIG1 may
be associated with the increase in the active form of SREBF1a.
To examine if the insulin stimulation of the active form of
SREBF1a was accompanied by a corresponding increase in the
transcription of SREBF target genes, cells were treated with
insulin (1 lg/ml) for 4 h, followed by total RNA isolation and
real-time PCR. Hmgcr and Mvk mRNA levels showed an
increase in response to insulin treatment (Fig. 7, C and D,
respectively). These results suggest that the increase in the
active form of SREBF1a produced by insulin is accompanied
by an increase in the transcription of SREBF1a target genes.

Effect of 25-OHC on Insulin-Stimulated SREBF1a
Protein Level

To assess the regulation of SREBF1a, cultured cells were
pretreated with 25-OHC (10 lg/ml) for 1 h, followed by the
addition of insulin (1 lg/ml) for 4 h. Cells were lysed, and
Western blot analysis was performed using anti-SREBF1a
antibody. The results show that pretreatment with 25-OHC did
not cause a decrease in the insulin-induced SREBF1a levels

FIG. 7. Insulin-mediated regulation of SREBF1a and its target genes. Cells were treated with different concentrations of insulin (0, 0.5, and 1 lg/ml) for 4
h. Whole-cell lysates were analyzed for the expression of the active form of SREBF1a (A) and INSIG1 (B) by Western blot analysis (top panels). The graphs
of the densitometric scans are shown in the bottom panels of A and B. Protein loading was monitored by stripping and reprobing the same blot with
antibody for b-tubulin. Blots are representative of one experiment, and the graphs represent the mean of three experiments. Error bars represent the mean
6 SE. C and D) The T-I cells were treated with insulin (1 lg/ml) for 4 h. Total RNA was reverse transcribed, and the resulting cDNA was subjected to real-
time PCR using predesigned primers and probes for rat Hmgcr and Mvk as described in Materials and Methods. C) The graph represents the change in
Hmgcr mRNA expression normalized for 18S rRNA. D) The graph represents the change in Mvk mRNA expression normalized for 18S rRNA. Error bars
represent the mean 6 SE of two independent experiments, triplicate determinations in each, n¼ 6. * P , 0.05 and ** P , 0.01 vs. control. a, Represents
significant differences (P , 0.05) compared with insulin (INS) 0.5 lg/ml. b, Represents significant differences (P , 0.01) compared with INS 0.5 lg/ml.
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(Fig. 8). These findings suggest that insulin-mediated SREB-
F1a expression appears to be independent of sterol metabolism.

Effect of PIK3 and MAP Kinase Inhibitors on Insulin-
Stimulated SREBF1a Protein Expression

Because insulin signaling occurs through phophatidylinosi-
tol 3-kinase and MAP kinase pathways, inhibitors of these two
pathways were used to determine the signaling pathway
involved in insulin-mediated activation of SREBF1a. Cultured
cells were treated with PIK3 inhibitor wortmannin (100 nM)
for 30 min or with MAP2K inhibitor U0126 (10 lM) for 1 h,
followed by treatment with insulin (1 lg/ml) for 4 h. The
results show that inhibiting PIK3 did not block the increase in
SREBF1a in response to insulin, whereas inhibition of the
MAP kinase pathway caused a reduction of SREBF1a levels,
suggesting that insulin activates SREBF1a through a MAP
kinase-dependent pathway (Fig. 9A).

The inhibitory potential of the PIK3 inhibitor wortmannin
was verified by examining the phosphorylation of AKT under
insulin-stimulated conditions. Cells were pretreated with
wortmannin (100 nM) for 30 min, followed by the addition
of insulin (1 lg/ml) for 30 min. Whole-cell lysates were
analyzed for AKT (Ser 473) phosphorylation by Western blot
analysis. The results in Figure 9B show that cells treated with
insulin increased phosphorylation of AKT, whereas pretreat-
ment with wortmannin completely abolished insulin-mediated
phosphorylation of AKT.

DISCUSSION

It is well established that LH and insulin stimulate androgen
biosynthesis in T-I cells [8, 9, 11, 15, 34, 35]. The
steroidogenic cells derive cholesterol through de novo
synthesis and by uptake of plasma-derived cholesterol [11,

25, 36]. Because SREBFs are well-known principal transcrip-
tional regulators of cholesterol biosynthesis, the present study
examined the possible regulation of SREBF1a and INSIG1 in
response to hCG and insulin. Our results show that the increase
in the active form of SREBF1a in response to hCG treatment
was accompanied by a corresponding increase in the mRNA
levels of SREBF target genes such as Hmgcr and Mvk. The
hCG treatment also produced a decrease in the level of
INSIG1, which is a repressor of SREBF processing. When the
cellular demand for cholesterol rises, the SCAP-SREBF
complex detaches from the INSIG1 and localizes in the Golgi.
INSIG1 is then rapidly ubiquitinated and degraded [26, 37, 38].
In the present study, we show that the INSIG1 level is
significantly reduced in response to hCG, suggesting that the
decreased level of INSIG1 facilitates the conversion of the
inactive SREBF precursor to the active form. Furthermore, LH/
hCG might have a direct or an indirect stimulatory effect on
SREBF1a, as inclusion of AGM, an inhibitor of CYP11A1, did
not completely reduce the hCG response. Thus, the increase in
SREBF1a might result from a depletion of cholesterol caused
by increased conversion of cholesterol to androgens, as well as
direct activation by hCG independent of its effect on
cholesterol depletion. In addition, hCG treatment produced
depletion of cellular total and free cholesterol as expected due
to increased conversion of cholesterol to androgens. To provide
further evidence that SREBF1a is regulated by cellular

FIG. 8. Effect of insulin and 25-OHC on SREBF1a protein expression.
Cells were pretreated with 25-OHC (10 lg/ml) for 1 h, followed by insulin
(1 lg/ml) for 4 h. Whole-cell lysates were analyzed for the active form of
SREBF1a by Western blot analysis (top panel). The graph of the
densitometric scans is shown in the bottom panel. Protein loading was
monitored by stripping and reprobing the same blot with antibody for b-
tubulin. The blot is representative of one experiment, and the graph
represents the mean of three experiments. Error bars represent the mean 6
SE. ** P , 0.01 vs. control. INS, insulin.

FIG. 9. Effect of PIK3 and MAP kinase inhibitors on SREBF1a protein
expression in T-I cells. Cells were pretreated with the PIK3 inhibitor
wortmannin (100 nM) for 30 min or the MAP2K inhibitor U0126 (10 lM)
for 1 h, followed by insulin (1 lg/ml) for 4 h. Whole-cell lysates were
analyzed for the expression of the active form of SREBF1a using Western
blot analysis. The graph of the densitometric scans is shown in A. Protein
loading was monitored by stripping and reprobing the same blot with
antibody for b-tubulin. The blot is representative of one experiment, and
the graph represents the mean of three experiments. Error bars represent
the mean 6 SE. ** P , 0.01 vs. control. a, Represents significant
differences (P , 0.05) compared with insulin (INS). b, Represents
significant differences (P , 0.05) compared with INS þ wortmannin
(W). B) The T-I cells were pretreated with the PIK3 inhibitor wortmannin
(100 nM) for 30 min, followed by insulin (1 lg/ml) for 30 min. Western
blot analysis was performed with antibody for phosphorylated AKT, and
the same blot was stripped and reprobed with antibody for total MAPK1 to
normalize for protein loading. The blot represents one of two independent
experiments.
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cholesterol, pretreatment with 25-OHC abrogated the hCG-
mediated increase in SREBF1a. Our results are consistent with
previous studies that have shown the involvement of SREBF in
cellular processes related to steroid biosynthesis such as
regulation of the steroidogenic acute regulatory protein gene
[39, 40], low-density lipoprotein receptor expression in porcine
granulosa cells [41], and promoter activity of the rat high-
density lipoprotein receptor, scavenger receptor class B
member I (SCARB1) [42].

Because activation of PRKA has been shown to be involved
in LH/hCG-stimulated steroidogenesis [43–45], the role of
PRKA in stimulating SREBF1a in response to hCG was
examined. Our results show that PRKA inhibitor completely
blocked the stimulatory effect of hCG on SREBF1a.
Furthermore, a combination of PRKA inhibitor and hCG
treatment increased the INSIG1 level. These results suggest
that hCG stimulates SREBF1a through PRKA activation. In
addition, we have shown that insulin stimulation of SREBF1a
appears to be mediated through the MAPK3 pathway, as
inhibition of the MAPK3 pathway (but not the PIK3 pathway)
reduced the insulin response.

The regulation of SREBF1a in T-I cells by insulin has
particular significance because hyperinsulinemia is closely
associated with hyperandrogenic conditions such as PCOS [1,
4]. In this context, our previous investigations have shown that
insulin increases the expression of SCARB1 in T-I cells [33].
Furthermore, the findings by Lopez and McLean [42] that
SREBF1a binds to the promoter elements of SCARB1 suggest
that the stimulatory effect of insulin on cholesterol transport in
T-I cells might be mediated through SREBF1a. On the basis of
our results, we speculate that in hyperinsulinemic states T-I
cells may respond to insulin by up-regulating SREBF1a. This
increase in SREBF1a then causes increased transcription of
SRE-responsive genes, which are involved in both the
synthesis and uptake of cholesterol. Thus, increased availabil-
ity of cholesterol in T-I cells in response to hCG and insulin
might contribute to chronically elevated androgen levels.
Furthermore, insulin might have a direct stimulatory effect on
SREBF1a, independent of changes in cellular cholesterol
levels, as the addition of 25-OHC did not cause a decrease in
the insulin-induced SREBF1a levels.

In summary, the findings reported herein support that hCG
and insulin stimulate the active form of SREBF1a. Further-
more, the elevated levels of androgens seen in hyperandrogenic
conditions in response to LH and insulin may be mediated by
an increase in SREBF1a, resulting in increased cholesterol
accumulation in T-I cells.
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