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1 The present study was to investigate the direct effect and action mechanism of propylthiouracil
(PTU), an antithyroid drug, on the production of progesterone in rat granulosa cells.

2 PTU (3–12mm) decreased the basal and human chorionic gonadotropin (hCG)-stimulated release
of progesterone from rat granulosa cells.

3 PTU (3–12mm) attenuated the stimulatory effects of forskolin and 8-bromo-cyclic 30:50-adenosine
monophosphate on progesterone release from rat granulosa cells.

4 PTU (12mm) inhibited the activities of both the cytochrome P450 side-chain cleavage enzyme
(P450scc, conversion of 25-hydroxyl cholesterol to pregnenolone) and the 3b-hydroxysteroid
dehydrogenase (conversion of pregnenolone to progesterone) in rat granulosa cells. PTU decreased
the Vmax but increased the Km of P450scc.

5 PTU (12mm) decreased the hCG-increased amount of steroidogenic acute regulatory (StAR)
protein in rat granulosa cells.

6 The present results suggest that PTU decreases the progesterone release by granulosa cells via a
thyroid-independent mechanism involving the inhibition of post-cAMP pathway, and the activities of
intracellular calcium, steroidogenic enzyme, and StAR protein functions.
British Journal of Pharmacology (2003) 139, 1564–1570. doi:10.1038/sj.bjp.0705392

Keywords: Granulosa cells; progesterone; toxicology; propylthiouracil; calcium; P450scc activity; 3b-HSD activity; StAR
expression

Abbreviations: 17b-HSD, 17b-hydroxysteroid dehydrogenase; 3b-HSD, 3b-hydroxysteroid dehydrogenase; 8-Br-cAMP, 8-
bromo-adenosine 30 : 50-cyclic monophosphate; BSA, bovine serum albumin; hCG, human chorionic gonado-
tropin; 25-OH-cholesterol, 25-hydroxy-cholesterol; HEPES, N-(2-hydroxyethyl)piperazine-N0-(2-ethanesulfonic
acid); LH, luteinizing hormone; P450arom, cytochrome P450 aromatase; P450scc, cytochrome P450 side-chain
cleavage; PMSG, pregnant mares serum gonadotropin; PTU, propylthiouracil; StAR protein, steroidogenic acute
regulatory protein

Introduction

Propylthiouracil (PTU) and methimazole are antithyroid

drugs that inhibit both the synthesis of thyroid hormones in

thyroid gland (Cooper, 1984), and the deiodination of

thyroxine (T4) to its active form, triiodothyronine (T3)

(Cooper, 1984; Yang & Gordon, 1997). Clinical studies have

reported that the most common side effect of PTU treatment

in hyperthyroid patients is transient leukopenia, and in many

cases, PTU has been found to induce severe toxic effects on the

liver, including jaundice, severe hepatocellular dysfunction,

and hepatomegaly (Jonas & Eidson, 1988; Levy, 1993;

Deidiker & deMello, 1996).

It has been well documented that the reproductive endocrine

systems in both male and female animals are affected by the

PTU-induced hypothyroidism. In male rats, neonatal PTU-

induced hypothyroidism reduces body weight, increases adult

sperm production and testicular size by delaying maturation of

Sertoli cells (De Franca et al., 1995; Hardy et al., 1996), and

decreases serum testosterone (Mendis-Handagama et al.,

1998). In male neonatal mice, PTU decreases the number of

seminiferous tubules (Chan & Ng, 1995). In female prepubertal

rats, administration of PTU resulted in a marked reduction of

ovarian weight, and a decrease in the number of primordial,

multilaminar, and Graafian follicles in mice (Chan & Ng,

1995). Our recent studies have demonstrated that PTU directly

inhibits testosterone release by rat testicular interstitial cells

(Chiao et al., 2000; 2002). Whether the alteration on female

reproduction by PTU is partly due to a direct pharmacological

or toxicological effect of PTU remains unknown.

In the present study, the effects of PTU on progesterone

release by rat granulosa cells were examined. We found that

the activities of both P450scc and 3b-hydroxysteroid dehy-

drogenase (3b-HSD) were inhibited by PTU in granulosa cells.

PTU decreased the expression of StAR protein which was
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stimulated by hCG. These results suggest that the inhibitory

effect of PTU on progesterone release is in part due to the

reduction of the post-cAMP pathway, the activities of the

steroidogenic enzymes, and the function of StAR protein.

Methods

Reagents

Chemicals and reagents including collagenase, hyaluronidase,

pregnant mares’ serum gonadotropin (PMSG), Dulbecco’s

modified Eagle’s medium (DMEM)/F12, fatty acid-free bovine

serum albumin (BSA), N-2-hydroxyethylpiperazine-N0-2-ethane-
sulfonic acid (HEPES), penicillin-G, streptomycin sulfate,

insulin, medium-199 (M199), l-glutamine, 8-bromo-cAMP

(8-Br-cAMP), 25-hydroxy-cholesterol (25-OH-cholesterol),

pregnenolone, phenylmethylsulfonyl fluoride (PMSF), A23187,

methimazole, and PTU were purchased from Sigma Chemical

Co. (St Louis, MO, U.S.A.). Trilostane (4,5-epoxy-17-hydroxy-

3-oxoandrostane-2-carbonitrile) was provided by Sanofi-

Synthelabo, Inc. (Malvern, PA, U.S.A.). Cell culture plastic

wares were obtained from Falcon Labware (Lincoln Park, NJ,

U.S.A.). The antipregnenolone antiserum was purchased from

Biogenesis (Poole, U.K.). The peroxidase-conjugated IgG

fraction to mouse IgG and peroxidase-conjugated IgG fraction

to rabbit IgG were purchased from ICN Pharmaceuticals, Inc.

(Aurora, OH, U.S.A.). The anti-P450scc antibody and anti-

StAR antibody were kindly provided by Dr B.C. Chung (Hu

et al., 1991) and Dr D.M. Stocco (Lin et al., 1998), respectively.

Isolation and culture of granulosa cells

Immature female Sprague–Dawley rats were housed in a

temperature-controlled room (22711C) with 14 h of artificial

illumination daily (0600–2000 h) and were given food and

water ad libitum. The preparation of granulosa cells was

modified from the method described elsewhere (Tsai et al.,

1999; Chen et al., 2001). The immature female rats, 22–25 days

of age, were subcutaneously injected with PMSG (15 IU rat�1).

After 48 h, rats were killed by cervical dislocation. Ovaries

were excised and transferred into the sterile DMEM F12�1

(1 : 1) medium, containing 0.1% BSA, 20mm HEPES, 100 IU

penicillin-Gml�1, and 50 mg streptomycin sulfateml�1. After

trimming free fat and connective tissues, the large- and

medium-sized follicles were punctured with a 26-gauge needle

to release granulosa cells. The harvested cells were pelleted and

resuspended in growth medium (DMEM F12�1 containing

10% fetal calf serum, 2mg insulinml�1, 100 IU penicillinml�1,

and 100mg streptomycin sulfateml�1). Cell viability was

greater than 90% as determined using a hemocytometer and

trypan blue method. Granulosa cells were aliquoted in the 24-

well plates at approximately 1� 105 cells well�1 and incubated

at 371C with 5% CO2–95% air for 2 days. Morphologically,

the cultured granulosa cells maintained a characteristic round

(or polygonal) shape, throughout our culture conditions.

Effects of PTU and MMZ on the release of progesterone
by rat granulosa cells

To ascertain the dose-dependent effects of PTU (3–12mm) or

MMZ (0.9–18mm) in the presence or absence of hCG

(0.5 IUml�1), or forskolin (an adenylyl cyclase activator,

10�6
m) or 8-Br-cAMP (a membrane-permeable analog of

cAMP, 10�4
m), the granulosa cells were washed and incubated

with 500ml aliquots of serum-free BSA-M199 medium (M199

without phenol red, 0.3% BSA, 25mm HEPES, 4mm

l-glutamine) containing different doses of PTU or MMZ with

or without hCG, forskolin, and 8-Br-cAMP for 2 h at 371C.

The medium was collected and stored at �201C until analysis

for progesterone by radioimmunoassay (RIA).

Role of calcium in PTU effect on the release of
progesterone by granulosa cells

Granulosa cells were incubated with media containing PTU

(1.5–12mm) for 2h in the presence or absence of A23187

(10�5
m, a calcium inophore). After 2 h, the medium was collected

and stored at �201C until analysed for progesterone by RIA.

Effects of PTU on the activities of steroidogenic enzymes
(cytochrome P450scc and 3b-HSD)

Granulosa cells were incubated with media containing PTU

(1.5–12mm) for 2 h in the presence or absence of steroidogenic

precursors including 25-OH-cholesterol (10�5
m) and pregne-

nolone (10�6
m). After 2 h, the medium was collected and

stored at �201C until analysed for progesterone or pregneno-

lone by RIA, respectively.

To further investigate the P450scc activity, granulosa cells

were incubated with media containing PTU (12mm) in the

presence or absence of 25-OH-cholesterol (10�5
m) and

trilostane (10�8–10�5
m, an inhibitor of 3b-HSD). After 2 h,

the medium was collected and stored at �201C until analysed

for pregnenolone by RIA.

For kinetic analysis of P450scc, granulosa cells

(2� 105 cells well�1) were primed with trilostane (10�5
m) for

30min and then incubated for 2 h with trilostane (10�5
m) or

trilostane plus 12mm PTU in the presence of 25-OH-

cholesterol (10�8–2.5� 10�6
m). At the end of incubation, the

media were collected for pregnenolone RIA.

Effects of PTU on the expression of P450scc and StAR
protein

Granulosa cells were incubated with medium containing PTU

(12mm), in the presence or absence of hCG (0.5 IUml�1) for 2 h.

After 2 h, cells were washed twice with saline and detached by

trypsinization (1.25mgml�1). The cells were collected and

extracted in homogenization buffer (pH 8.0) containing 1.5%

Na-lauroylsacrosine, 2.5� 10�3
m Tris-base, 1� 10�3

m EDTA,

0.68% PMSF, and 2% proteinase inhibitor cocktail, and then

disrupted by ultrasonic sonicator (Heat Systems, Farmingdale,

NY, U.S.A.) in an ice bath. Cell extracts were centrifuged at

13,500� g for 10min (Chen et al., 2001). The supernatant was

collected and the protein concentration was determined by a

colorimetric method for protein assay according to Bradford

(1976).

Gel electrophoresis and Western blotting for P450scc and
StAR protein expression

Extracted proteins were denatured by boiling for 5min in SDS

buffer (0.125m Tris-base, 4% SDS, 0.001% bromophenol
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blue, 12% sucrose, and 0.15m dithiothreitol) (Kau et al., 1999;

Chen et al., 2001). The proteins (10 mg) in the samples were

separated on 12% SDS–polyacrylamide gel electrophoresis

(SDS–PAGE) at 75V for 15min and then at 150V for 40min

using a running buffer. The proteins were electrophoretically

transferred to polyvinylidene difluoride (PVDF) membranes

(NEN Life Science Products, Inc., Boston, MA, U.S.A.) using

a Trans-Blot SD semidry transfer cell (170-3940, Bio-Rad,

Hercules, CA, U.S.A.) at 64mA (for 8mm� 10mm mem-

brane) for 45min in a blotting solution. The membranes were

washed in TBS-T buffer (0.8% NaCl, 0.02M Tris-base, and

0.3% Tween-20, pH 7.6) for 5min and then blocked by a

120min incubation in blocking buffer (TBS-T buffer contain-

ing 5% nonfat dry milk). Then the membranes were incubated

with a mixture of anti-P450scc antibodies (1 : 2000), anti-StAR

protein antibodies (1 : 1000), and b-actin antibodies (1 : 2000)

in 5% nonfat dry milk of TBS-T buffer overnight at 41C. After

one wash for 15min and three washes for 5min each time with

TBS-T buffer, the membranes were incubated for 1 h with

horseradish peroxidase-conjugated goat anti-rabbit IgG

(1 : 6000 dilution) and horseradish peroxidase-conjugated goat

anti-mouse IgG (1 : 8000 dilution) in 5% nonfat dry milk of

TBS-T buffer. The membranes were washed four times with

TBS-T buffer, and then the band for P450scc was visualized by

chemiluminescence (ECL, Western blotting detection reagents,

Amersham International, Buckinghamshire, U.K.).

Analysis of chemiluminescence Western blot data

Quantification of chemiluminescence pseudo-autogradiograms

on X-ray film was scanned using a scanner (Personal

Densitometer, Molecular Dynamics, Sunyale, CA, U.S.A.).

Quantification of scanned images was performed according to

the user manual of the ImageQuaNT program (Molecular

Dynamics, Sunyale, CA, U.S.A.). The P450scc and StAR

protein signals are normalized to the b-actin signal, respec-

tively.

RIAs of progesterone and pregnenolone

The concentration of progesterone and pregnenolone in the

medium was determined by RIA as described elsewhere (Chen

et al., 2001). With antiprogesterone serum No. W5, the

sensitivity of the progesterone RIA was 5 pg per assay tube.

Intra- and interassay coefficients of variation (CVs) were 4.8%

(n¼ 5) and 9.5% (n¼ 4), respectively. Antipregnenolone

antiserum was diluted with 0.1% gelatin–PBS. The sensitivity

of the pregnenolone RIA was 16 pg per assay tube. The

inhibition curve produced by granulosa cell medium samples

was parallel to that produced by pregnenolone. The intra- and

interassay CVs were 2.3% (n¼ 6) and 3.7% (n¼ 4), respec-

tively.

Statistical analysis

All data were expressed as mean7s.e.m. Treatment means

were tested for homogeneity using the analysis of variance

(ANOVA), and the differences between the specific means

were tested for the significance by means of Duncan’s multiple

range test (Steel & Torrie, 1960). The chosen levels of

significant and highly significant difference were Po0.05 and

Po0.01, respectively.

Results

Effects of PTU and MMZ on the release of progesterone
by rat granulosa cells

During a 2 h incubation, PTU (3–12mm) elicited a dose-

dependent inhibition of progesterone release by rat granulosa

cells (0.2570.04–0.0470.01 ng 105 cells�1 2 h�1, n¼ 8, versus

basal level 0.3870.06 ng 105 cells�1 2 h�1, n¼ 8, Po0.05 or

Po0.01, Figure 1). Incubation of granulosa cells with hCG

(0.5 IUml�1), 8-Br-cAMP (10�3
m), or forskolin (10�6

m) for

2 h increased the level of progesterone secretion (hCG,

1.9970.29 ng 105 cells�1 2 h�1, n¼ 8, Po0.01; 8-Br-cAMP,

0.9870.08 ng 105 cells�1 2 h�1, n¼ 8 Po0.01; forskolin,

1.9170.22 ng 105 cells�1 2 h�1, n¼ 8, Po0.01). Combination

of hCG, 8-Br-cAMP, or forskolin with PTU (3–12mm)

resulted in a significant inhibition of the hCG-, 8-Br-cAMP-

or forskolin-stimulated release of progesterone (hCG,

1.0870.06–0.1170.02 ng 105 cells�1 2 h�1, n¼ 8, Po0.01;

8-Br-cAMP, 0.7070.09–0.0770.01 ng 105 cells�1 2 h�1, n¼ 8,

Po0.01; forskolin, 0.7970.07–0.1070.01 ng 105 cells�1 2 h�1,

n¼ 8, Po0.01) (Figure 1). MMZ at same doses did not alter

the basal, hCG-, 8-Br-cAMP- or forskolin-stimulated produc-

tion of progesterone by rat granulosa cells (Figure 2).

Figure 1 Effects of different doses of PTU on the release of
progesterone in the presence or absence of hCG (0.5 IUml�1), 8-Br-
cAMP (10�3

m), or forskolin (10�6
m). *Po0.05, **Po0.01 com-

pared with the value at PTU¼ 0m, respectively. þPo0.05,
þþPo0.01 compared with vehicle-treated group. Each column
represents mean7s.e.m.
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Role of calcium in PTU effects on the release of
progesterone by granulosa cells

Administration of A23187 (a calcium ionophore, 10�5
m)

stimulated the release of progesterone by rat granulosa cells

(3.6570.15 ng 105 cells�1 2 h�1, versus vehicle group,

0.6570.09 ng 105 cells�1 2 h�1, n¼ 8, Po0.01) (Figure 4).

PTU (1.5–12mm) dose-dependently decreased both the basal

and the A23187-stimulated release of progesterone by granu-

losa cells (basal level, 0.4870.09–0.2370.01 ng 105 cells�1

2 h�1, n¼ 8, Po0.05 or Po0.01; A23187-treated group,

2.5870.15–0.3470.03 ng 105 cells�1 2 h�1, n¼ 8, Po0.01)

(Figure 3).

Effects of PTU on the activities of steroidogenic enzymes
(cytochrome P450scc and 3b-HSD)

Administration of 25-OH-cholesterol (10�5
m) increased preg-

nenolone release (1.5470.21 ng 105 cells�1 2 h�1, versus vehicle

group, 0.5470.14 ng 105 cells�1 2 h�1, n¼ 8, Po0.01)

(Figure 4). PTU at 1.5–12mm decreased not only the basal

release of pregnenolone, but also the pregnenolone response to

the 25-OH-cholesterol (10�5
m) at PTU¼ 12mm (basal level,

0.1770.05–0.0670.01 ng 105 cells�1 2 h�1, n¼ 8, Po0.01; 25-

OH-cholesterol-treated group, 0.8970.10 ng 105 cells�1 2 h�1,

n¼ 8, Po0.01) (Figure 4). Pregnenolone (10�6
m) increased

progesterone release (3.8870.44 ng 105 cells�1 2 h�1, versus

vehicle group, 0.3870.06 ng 105 cells�1 2 h�1, n¼ 8, Po0.01)

(Figure 4). PTU (1.5–12mm) also decreased both the basal

and the pregnenolone (10�6
m)-stimulated production of

progesterone (basal level, 0.2570.04–0.0470.01 ng 105 cells�1

2 h�1, n¼ 8, Po0.05 or Po0.01; pregnenolone-treated group,

1.1370.14–0.5670.06 ng 105 cells�1 2 h�1, n¼ 8, Po0.01)

(Figure 4).

Using 3b-HSD inhibitor, trilostane (10�8–10�5
m), to inhibit

the turnover of pregnenolone to progesterone signifi-

cantly increased the production of pregnenolone in the

presence or absence of 25-OH-cholesterol (25-OH-

cholesterol¼ 0m, 109.467 7.82–429.26770.02 pg 105 cells�1

2 h�1, versus vehicle group 65.54712.73 pg 105 cells�1 2 h�1,

n¼ 8, Po0.01; 25-OH-cholesterol¼ 10�5
m, 296.44746.61–

878.167168.76 pg 105 cells�1 2 h�1, versus vehicle group,

159.58749.09 pg 105 cells�1 2 h�1, n¼ 8, Po0.01) (Figure 5).

However, the inhibition of pregnenolone release by PTU

(12mm) was not reversed by the administration of trilostane

Figure 2 Effects of different doses of methimazole on the release of
progesterone in the presence or absence of hCG (0.5 IUml�1), 8-Br-
cAMP (10�3

m), or forskolin (10�6
m). *Po0.05 compared with the

value at methimazole¼ 0m, respectively. Each column represents
mean7s.e.m.

Figure 3 Effects of different doses of PTU on the release of
progesterone in response to A23187 (10�5

m), *Po0.05, **Po0.01
compared with the value at PTU¼ 0m, respectively, þþPo0.01
compared with vehicle-treated group. Each column represents
mean7s.e.m.
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(10�8–10�5
m) as (25-OH-cholesterol¼ 0m, 18.1974.06–

95.57720.51 pg 105 cells�1 2 h�1, n¼ 8, Po0.01; 25-OH-

cholesterol¼ 10�5
m, 13.6774.04–42.32716.34 pg 105 cells�1

2 h�1, n¼ 8, Po0.01) (Figure 5).

In kinetic study, the maximum velocities (Vmax) were

4.81 ng h�1 2� 105 cells�1 in control group and 1.18 ng h�1

2� 105 cells�1 in PTU group. The Michaelis constants (Km)

were 0.11� 10�6
m in control group and 1.19� 10�6

m in PTU

group (Figure 6).

Effects of PTU on the expression of P450scc and StAR
protein

Following 2 h incubation with rat granulosa cells, the resting

amount of neither P450scc nor StAR protein was significantly

altered by the administration of PTU (12mm) (Figure 7). After

the administration of hCG (0.5 IUml�1), the amount of StAR

protein was increased by 50% (Po0.05, n¼ 8), PTU (12mm)

inhibited the hCG-stimulated StAR protein expression

(Po0.01) (Figure 7).

Discussion

The present results demonstrated that PTU inhibited the

spontaneous and hCG-stimulated secretion of progesterone

and the activities of cytochrome P450scc and 3b-HSD by

acting directly on rat granulosa cells.

Recently, we have demonstrated that PTU inhibits produc-

tion of testosterone both in vivo and in vitro through the

mechanisms involving a decrease of the basal and hCG-

stimulated testosterone release, and an attenuation of the

activities of cytochrome P450scc enzyme in rat testicular

interstitial cells (Chiao et al., 2000; 2002). We also found that

PTU, given acutely to euthyroid rats, decreases the rise in

plasma corticosterone concentration induced by ACTH and

corticosterone production in vitro in rat zona fasciculata-

reticularis cells (Lo et al., 1998).

It has been well established that hCG stimulates progester-

one secretion by granulosa cells and increases granulosa cAMP

content (Sokka et al., 1996); cAMP activates protein kinase.

The activated protein kinase modulates the activities of various

steroidogenic enzymes, for example, cytocrome P450scc and

3b-HSD. On the other hand, gonadotropin depolarizes the

membrane potential through cAMP elevation (Tsai et al.,

1999). In the present study, we found that the basal release and

hCG-stimulated production of progesterone by granulosa cells

Figure 4 Effects of PTU on the cytochrome P450scc enzyme and
3b-HSD activity in rat granulosa cells after incubation with 25-OH-
cholesterol (10�5

m) or pregnenolone (10�6
m) for 2 h. *Po0.05,

**Po0.01 compared with PTU¼ 0m, respectively. þþPo0.01
compared with 25-OH-cholesterol¼ 0m or pregnenolone¼ 0m,
respectively. Each column represents mean7s.e.m.

Figure 5 Effects of PTU on the P450scc enzyme activity in rat
granulosa cells after incubation with 25-OH-cholesterol (10�5

m)
and/or trilostane (10�5–10�6

m) for 2 h. *Po0.05, **Po0.01
compared with PTU¼ 0m, respectively. þþPo0.01 compared with
trilostane¼ 0m, respectively. Each column represents mean7s.e.m.
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were diminished by PTU (Figure 1), but not by methimazole

(Figure 2). PTU and methimazole are well-known drugs for

hyperthyroidism, which function by inhibiting both the

synthesis of thyroid hormones in thyroid gland (Cooper,

1984), and the deiodination of thyroxine (T4) to its active form,

triiodothyronine (T3) (Cooper, 1984; Yang & Gordon, 1997).

These observations reflect the effects of PTU involving a

thyroid-independent mechanism. Forskolin, an adenylyl cy-

clase activator, and 8-Br-cAMP, a membrane-permeable

analog of cAMP, increased progesterone release, but neither

of them reversed the inhibitory effects of PTU. These results

suggest that PTU may directly act on the rat granulosa cells to

regulate progesterone production and at a point distal to the

formation of cAMP (Figure 1). The clinical dosage of PTU is

100–300mg (Bromberg et al., 1992). In accordance with the

molecular weight of PTU (MW¼ 170.2), the plasma concen-

tration of PTU in patients was approximately 0.24–0.72mm.

The doses of PTU used in the present study (1.5–12mm)

seemed higher. However, PTU may provide an acute and/or

accumulative effects in female gonads.

It has been reported that tetrandrine, a blocker for both L-

and T-type Ca2þ channels, decreases the Ca2þ current in

porcine granulosa cells (Kusaka et al., 1993). A23187 (10�5
m)

increased progesterone production by five folds (0.6570.09 to

3.6570.15 ng 105 cells�1 2 h�1). PTU (1.5–12mm) decreased

the progesterone release. A23187 reversed PTU-inhibited

progesterone release (Figure 3). This result indicates that the

effects of PTU are mediated partly via a calcium-dependent

mechanism.

The final step in progesterone biosynthesis is the conversion

of pregnenolone to progesterone under the catalyzation of the

microsomal enzyme 3b-HSD (Hadley, 1995). We have

demonstrated that pregnenolone at 10�8–10�6
m stimulates

progesterone release by rat granulosa cells (Chen et al., 2001),

and reconfirmed this event in the present study. Since PTU

(1.5–12mm) attenuated the stimulatory effects caused by

pregnenolone (Figure 4), it is apparent that PTU inhibited the

activity of 3b-HSD, an enzyme for the conversion of

pregnenolone to progesterone during the biosynthesis of

progesterone. The stimulatory effect of 25-OH-cholesterol

(10�5
m) on the release of pregnenolone was also decreased by

PTU. This suggests an inhibition of PTU on the activity of

cytochrome P450scc enzyme (Figure 4), the rate-limiting

enzyme for the conversion of cholesterol to pregnenolone

during progesterone biosynthesis. To further identify the PTU

effect on the P450scc activity, trilostane was used to block 3b-
HSD activity. Trilostane (10�8–10�5

m) increased the pregne-

nolone accumulation, but the inhibitory effect of PTU was not

reversed by trilostane (Figure 5).

The conversion of cholesterol to pregnenolone is the rate-

limiting step in the final formation of progesterone and this

Figure 6 Kinetic analysis of PTU inhibition of P450scc function.
Double reciprocal plots of data were obtained from cultured
granulosa cells challenged with 25-OH-cholesterol (10�7–10�4

m).
The Vmax of the control group was 4.81 ng 2� 105 cells�1 2 h�1 and
the PTU-treated group was 1. 18 ng 2� 105 cells�1 2 h�1, respectively.
The Km of the PTU-treated group (1.19� 10�6

m) was greater than
that of the control group (0.11� 10�6

m).
Figure 7 Effects of PTU on the protein expression of cytochrome
P450scc and StAR protein in rat granulosa cells. Rat granulosa cells
were incubated with PTU (12mm) or hCG (0.5 IUml�1) at 371C for
2 h. Then, the cells were collected and analyzed by Western blotting.
Each lane was loaded with 30 mg protein of sample. *Po0.05
compared with the value at hCG¼ 0.05 IUml�1. þPo0.05
compared with PTU¼ 0m. Each column represents mean7s.e.m.
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step is regulated by mitochondria enzyme P450scc (Waterman

& Simpson, 1985). The rate-limiting step is the key point to

decide the rate of progesterone formation. We measured the

enzyme kinetic change of P450scc. In order to investigate the

mechanism of PTU to inhibit P450scc function, we challenged

granulosa cells with serial doses of 25-OH-cholesterol. The

kinetic analysis of 25-OH-cholesterol-treated granulosa cells

revealed that P450scc has an apparent Km of 0.11� 10�6
m and

Vmax of 4.81 ng 2 h
�1 2� 105 cells�1(Figure 6). The Vmax of PTU

group (1.18 ng 2 h�1 2� 105 cells�1) was lower than that of

control group, but the Km, 1.19� 10�6
m, was almost 10-fold of

the control value. This was consistent with either competitive

or noncompetitive inhibition mechanism (Figure 6). PTU

might interfere with the formation of binding complex of

P450scc and cholesterol and decrease the rate of the

conversion of cholesterol to pregnenolone in situ in granulosa

cells. These results demonstrated that PTU inhibited the

activity of P450scc in rat granulosa cells.

Based on our Western blot analysis, the amount of StAR

protein was increased by the administration of hCG, but the

stimulated effects were inhibited by PTU. The decreased StAR

protein level suggests that the function of StAR protein in rat

granulosa cells might be indirectly reduced by the action of PTU.

On the other hand, the amount of cytochrome P450scc was not

significantly altered by PTU. These results suggested that the

decline of P450scc function was only due to the change of activity.

In summary, the present results demonstrate that PTU

inhibits progesterone production by acting directly on rat

granulosa cells. Even with the same doses as PTU, methimazole

failed to affect progesterone production, which suggests that the

inhibition was specific for PTU, not specific for granulosa cells.

Taken together, the present data suggest that PTU decreases the

progesterone release by granulosa cells via a thyroid-indepen-

dent mechanism, which might involve the inhibition of post-

cAMP pathway, calcium, cytochrome P450scc activity, 3b-HSD

activity, and StAR protein expression.

The anti-P450scc antibody was kindly provided by Dr B.C. Chung,
Institute of Molecular Biology, Academia Sinica, Taipei, Taiwan,
ROC. The anti-StAR antibody was kindly provided by Dr D.M.
Stocco, Department of Cell Biology and Biochemistry, Texas Tech
University Health Science Center, Lubbock, TX, U.S.A. The technical
assistance provided by Miss Jui-Ling Wang is appreciated.This study
was supported by the grant No. NSC91-2320-B-010-047 from the
National Science Council of the Republic of China.
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