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Objective: To investigate the regulation of catechol O-methyltransferase (COMT) expression in granulosa cells
and assess potential effects of 2-methoxyestradiol (2-ME2) and COMT inhibitors on granulosa cell steroidogenesis
and proliferation.
Design and Setting: Controlled experimental study in an academic research laboratory.
Intervention(s): JC410 porcine and HGL5 human granulosa cell lines were used for in vitro experiments. Effects
of 2-ME2 and COMT inhibitor treatment on DNA proliferation and steroidogenesis were assessed by using
Hoechst dye and p450SCC-luciferase reporter assays. Effects of dihydrotestosterone (DHT), insulin, and all-trans
retinoic acid (ATRA) on COMT messenger RNA expression were investigated by using COMTP1 promoter–
luciferase reporter and Northern blot.
Main Outcome Measure(s): Granulosa cell steroidogenesis and proliferation following COMP inhibitor and
2-ME2 treatment. Regulation of COMT expression with DHT, insulin, and ATRA.
Result(s): 2-Methoxyestradiol had a dual effect on granulosa cell proliferation and p450SCC- luciferase activity;
low doses were stimulatory and high doses were inhibitory. Catechol O-methyltransferase inhibitor was associated
with up to a 65% increase in JC410 cell number and a maximal 5.6-fold increase in p450SCC-luciferase activity at
20 mmol/L. Dihydrotestosterone, insulin, and ATRA all induced a dose-dependent increase in COMTP1-luciferase
transactivation, as well as up-regulated COMT messenger RNA expression in granulosa cells.
Conclusion(s): Catechol O-methyltransferase expression in granulosa cells was up-regulated by insulin, DHT, and
ATRA. Catechol O-methyltransferase product, 2-ME2, decreased, whereas COMT inhibitor increased granulosa
cell proliferation and steroidogenesis. These data suggest that COMT overexpression with subsequent increased
level of 2-ME2 may lead to ovulatory dysfunction. (Fertil Steril� 2008;89:1414–21. �2008 by American Society
for Reproductive Medicine.)
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The human ovary undergoes extensive remodeling during
a woman’s reproductive life. Several genes have been identi-
fied in the ovary and are postulated to have a role in ovarian
physiology and in maintaining normal homeostasis in the
ovarian cycle (1–3). Polycystic ovary syndrome (PCOS) is
characterized by anovulation caused by the apparent arrest
of antral follicle development at the 5- to 10-mm stage and,
consequently, the failure to enter the preovulatory phase of
the cycle (4). The underlying basis of PCOS is still obscure
(4). Excessive androgen production is a universal finding in
patients with PCOS, and studies have demonstrated that theca
cells from polycystic ovaries produce significantly more an-
drostenedione than theca cells from normal follicles (5);
higher androstenedione concentrations have been found in
polycystic follicles than in normal follicles (6, 7). Insulin re-
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sistance and hyperinsulinemia are recognized as being asso-
ciated with reproductive abnormalities in women with PCOS
(8). Lifestyle changes and pharmacologic intervention that
improve insulin sensitivity can ameliorate these abnormali-
ties (8). Wood et al. (9) recently demonstrated that PCOS
theca cells synthesize increased amounts of all-trans retinoic
acid (ATRA). They have also reported increasing levels of
retinol dehydrogenase 2, which converts retinol to retinalde-
hyde, and aldehyde dehydrogenase 6 enzyme, which converts
retinaldehyde to ATRA in PCOS theca cells compared
with normal theca cells (10). The exact mechanisms by
which these factors (androgen production, insulin, and
ATRA) mediate follicle/granulosa cell atresia and follicular
development arrest are unclear. In addition to granulosa
cell/follicle atresia, the other main perturbed function of
PCOS follicles is steroidogenesis. Mason et al. have indicated
that the fluid from PCOS follicles contains less estrogen (E)
than does that from size-matched normal follicles (6).

Catechol O-methyltransferase (COMT) is a ubiquitous en-
zyme that catalyzes the S-adenosyl-L-methionine–dependent
methyl conjugation of the hydroxyl groups of catechol
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estrogens converting 2- and 4-hydroxyestrogen to their me-
thoxyestrogen counterparts (11). Several reports have shown
a strong inhibitory effect of 2-methoxyestradiol (2-ME2),
which is synthesized in the ovarian follicles and present in
the follicular fluid, on granulosa cell proliferation in different
assays (12–14). Shang et al. (12) demonstrated an additional
strong antiangiogenic impact of 2-ME2 on ovarian angiogene-
sis, adding another facet to mediate the antifollicular effect of
this compound. The ovarian follicle is the site of 2-ME2 pro-
duction, with concentrations of 30 nmol/L (10.5 ng/mL) in hu-
mans and as high as 0.82 mmol/L (247 ng/mL) in mare follicles
(12, 15). In addition, 2-ME2 is lipophilic and may concentrate
in cell membranes or cellular compartments at even higher
concentrations. Thus, the highly specialized microenviron-
ment of the ovarian follicle in vivo provided the physiologic
situation where 2-ME2 may act in an autocrine/paracrine ac-
tion, independent of classic E receptor mechanism, to modu-
late angiogenesis, as well as other cellular processes, in any
of the cell types of the follicle including the oocyte (12).

We recently demonstrated that COMT expression is
regulated by steroid hormones and inflammatory cytokines,
such as tumor necrosis factor-a, in human and rat leiomyoma
cell lines (16) and in human myometrial cells (17). Our
current hypothesis centers on the fact that COMT converts
the 2-OH catechol estradiol (2-OHE2) to 2-ME2. It is well es-
tablished that 2-ME2 works as an antiproliferative and antian-
giogenic factor against granulosa cells (12–14). Therefore,
we hypothesize that there is elevated COMT expression in
granulosa cells in PCOS ovaries, which is induced by the
elevated levels of androgens, insulin, and/or ATRA. As the
COMT levels/activity increases, a higher level of 2-ME2

builds up in the ovarian follicular microenvironment. This
build-up leads to slowed granulosa cell proliferation and
decreased steroidogenesis, which, in turn, results in arrested
folliculogenesis and anovulation—a hallmark of PCOS. The
aims of this study were to investigate the effects of 2-ME2 on
proliferation and steroidogenesis in a well-characterized por-
cine granulosa cell line, as well as to investigate the attributes
of COMT gene regulation by insulin, dihydrotestosterone
(DHT), and ATRA in porcine and human granulosa cells.
The study was approved by the Institutional Review Board
of the University of Texas Medical Branch, Galveston, Texas.

MATERIALS AND METHODS

Cells and Cell Culture

The JC410 porcine granulosa cell is a spontaneously trans-
formed steroidogenic cell line that was kindly provided by
Dr. P. J. Chedrese, Department of Obstetrics, Gynecology
and Reproductive Sciences, University of Saskatchewan,
Saskatoon, Saskatchewan, Canada (18). The HGL5 human
immortalized luteinized granulosa cell line was a kind gift
from Dr. William Rainey, University of Texas Southwestern
Medical Center, Dallas, Texas (19). Granulosa cells were
maintained at 37�C in 5% CO2/air in Dulbecco’s minimal
essential medium (DMEM) supplemented with 10% fetal
bovine serum, antibiotics (100 U/mL penicillin and 100
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mg/mL streptomycin), and 2 mmol/L L-glutamine. To test the
effect of 2-ME2 and COMT inhibitor treatments on prolifera-
tion and steroidogenesis, granulosa cells were grown in
DMEM supplemented with 10% fetal bovine serum and 100
nmol/L of 17b-E2. To test the effect of DHT, insulin, and
ATRA on COMT expression, granulosa cells were grown in
phenol red–free DMEM supplemented with 10% charcoal-
stripped fetal bovine serum. Cells (2 � 106) were seeded on
100-mm culture dishes and incubated for 48 hours. The media
were removed, and the cells were reincubated in fresh media
with the indicated concentration of different hormones in
0.01% (vol/vol) ethanol. The cells were harvested for messen-
ger RNA (mRNA) extraction at 6, 12, and 24 hours and for pro-
tein assays at 48 hours. Chemicals with the highest grade
available were purchased from Sigma Chemical Co., St. Louis,
Missouri.

Reporter Transactivation Assay

Logarithmically growing JC410 cells were seeded on 60-mm
tissue culture dishes (1 � 106 cells per plate) the day before
transfection. Cells were transfected with either p450SCC,
pCOMTP1, or pCOMTP2-luciferase plasmid (2 mg per plate)
and pSV-b-galactosidase (1 mg per plate) with use of Fugene
6 transfection reagent in triplicate according to manufac-
turer’s protocol (Roche Diagnostics, Indianapolis, IN). The
next day, the medium was changed and fresh medium was
added. Cells were stimulated with the indicated agent at the
indicated times and were then harvested for luciferase assay
within 48 hours of transfection, as described previously (16).
Luciferase activity was normalized to b-galactosidase
activity.

Northern Blot Analysis

HGL5 human granulosa cells were grown to 70% confluence
in charcoal-stripped media for 48 hours before treatment with
DHT, insulin, or ATRA. The cells were harvested, and total
RNA was isolated from the samples and control by using
the RNAqueous kit (Ambion, Austin, TX). Twenty micro-
grams of the RNA samples was subjected to Northern blot
analysis, as we have described previously (20). A well-char-
acterized pTOB7 plasmid containing 1,213 base pairs of the
human COMT complementary DNA (cDNA) (Open Biosys-
tems, Huntsville, AL) was used as a template to generate
COMT antisense cDNA riboprobe by polymerase chain reac-
tion (PCR) using COMT complementary reverse primer
(50CCAAGCTTCAGGCTGGGTGAGAGAGC30). A glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) probe was
made with the end-labeling method with use of random hex-
amer primers. After gel electrophoresis, RNAwas transferred
to a nylon membrane, hybridized to COMT-labeled and
GAPDH-P32–labeled probes, and exposed to x-ray film.
Northern blot hybridization signals that corresponded to
COMT mRNA were quantified by laser densitometry. Each
COMT band was normalized to the value that was obtained
from GAPDH mRNA in the same lane.
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Proliferation Assay

Porcine JC410 granulosa cells were plated into 12-well Corn-
ing plastic cell culture dishes (Sigma-Aldrich) at 7,000 to
8,000 cells per well in DMEM medium with 10% fetal bovine
serum, and they were allowed to proliferate for 24 hours. The
cells were incubated in fresh medium supplemented with 100
nmol/L of 17b-E2 with the addition of a different concentra-
tion of 2-ME2 or COMT inhibitors in 0.01 % (vol/vol) etha-
nol, per manufacturer instructions (Sigma). Ethanol was used
as the vehicle control at 0.01% concentration. At each time
point (0, 1, 2, 3, 4, 5, and 6 days), the medium was aspirated
and the wells rinsed twice with 1� PBS. The number of cells
were counted by using the Coulter counter (Beckmann Coul-
ter Co., Fullerton, CA) and confirmed by measuring the fluo-
rescence of Hoechst 33258 dye, as we have described
previously (21). Two highly specific COMT inhibitors (Ro
41-0960 [20-fluoro-3,4-dihydroxy-5-nitrobenzophone] and
3,5-dinitrocatechol; Sigma) were used, and all experiments
were performed and confirmed with both compounds as we
have described previously (22).

STATISTICS

The results are expressed as mean � SEM for triplicate cul-
ture wells from two or more experiments. Statistical differ-
ences between groups were analyzed by analysis of
variance (ANOVA). Specific differences between various
treatments were determined by using Student’s t-test. North-
ern blot data were analyzed with Kruskal-Wallis ANOVA on
ranks with Dunn’s post hoc test, and the expression of COMT
mRNA in JC410 and HGL5 cells with different treatments
was compared. All tests were assessed at the P<.05 level
of significance. The SAS system, release 8.2 (SAS Institute
Inc., Cary, NC), was used for all statistical computations.

RESULTS

Growth Inhibition of Granulosa Cells by 2-ME2 and Growth
Potentiation by COMT Inhibitors

We investigated the direct effect of 2-ME2, as well as highly
specific inhibitors of the COMT activity, on the growth of
the porcine JC410 granulosa cell line. The 2-ME2 treatment
caused a biphasic effect on granulosa cell growth. At lower
concentrations (100 pmol/L, 1 nmol/L, 100 nmol/L), there
was a dose-dependent increase in cell proliferation (19% �
3.9%, 28% � 4.2%, 23% � 2.2%, respectively; P < .001)
compared with the untreated control. At higher doses
(1 mmol/L–10 mmol/L), however, the 2-ME2 treatment caused
marked dose-dependent attenuation of cell growth. At con-
centrations of 1 mmol/L and 10 mmol/L, 2-ME2 attenuated
granulosa cell proliferation by 13% � 4% and 41% � 11%
of untreated control, respectively (P<.001, Fig. 1). In con-
trast, the Ro 41-0960 highly specific COMT inhibitor induced
a significant dose-dependent increase in granulosa cell pro-
liferation at all tested doses (100 pmol/L–10 mmol/L). The
increase ranged from 39% � 5.7% to 65% � 0.9% (Fig. 1).
It was statistically significant at all tested doses (P<.001).
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Effect of 2-ME2 and COMT Inhibitors on Steroidogenesis

We assessed the effect of 2-ME2 and the specific COMT in-
hibitor Ro 41-0960 on steroidogenesis in the JC410 porcine
granulosa cell line. In lieu of measuring steroid hormone
production in the culture media, we used a modified JC410
cell line that has been stably transfected with the p450 side
chain cleavage gene promoter region cloned upstream from
a luciferase reporter gene (p450SCC-luciferase) (23). The
p450SCC enzyme is one of the key enzymes involved in ste-
roid biosynthesis in granulosa cells, and we have reported on
the validity of this cell line previously (24). The E metabolite
2-ME2 had a dual effect on p450SCC- luciferase transactiva-
tion and, therefore, on steroidogenesis. As shown in Figure 2,
lower levels of 2-ME2 (10 pmol/L–100 nmol/L) exhibited
a dose-dependent increase in p450SCC-luciferase transacti-
vation; the maximal increase of 3.6-fold � 1.1 was achieved
at 100 nmol/L 2-ME2 (P<.001). The additional increase in
2-ME2 concentrations induced a marked inhibition of ste-
roidogenesis; a maximal inhibitory effect of 43% � 13%
(compared with maximum stimulation) was reached at
20 mmol/L 2-ME2 (P<.001). The specific COMT inhibitor
Ro 41-0960 demonstrated a dose-dependent stimulatory ef-
fect on p450SCC-luciferase transactivation and, therefore,

FIGURE 1

Effect of 2-ME2 and COMT inhibitor on granulosa cell
proliferation. Porcine JC410 granulosa cells were
treated with increasing concentrations of COMT
inhibitor Ro 41-0960 or 2-ME2. Cell numbers were
examined by measuring DNA contents with use of
the Hoechst method 48 hours later and were
compared with cells exposed to medium alone. Each
value is the mean � SEM of triplicate wells in two
independent experiments. *P< .05 compared with
untreated controls.

Salih. Catechol O-methyltransferase regulation in granulosa cells. Fertil Steril 2008.
n granulosa cells Vol. 89, Suppl 3, May 2008



on steroidogenesis at all tested doses; an increase of 3.1-fold
� 0.05 (P<.001) was attained at 100 nmol/L, and a maximal
increase of 5.6-fold� 1.7 (P<.001) was attained at 20 mmol/
L of COMT inhibitor (Fig. 2).

Dihydrotestosterone Increases COMT mRNA Expression in
Porcine and Human Granulosa Cells

Androgen is a key player in PCOS pathogenesis (5–7). We
wanted to assess the effect of androgen treatment on
COMT expression in granulosa cells. Because the porcine
JC410 granulosa cells possess aromatase activity (17), we
used the nonaromatizable androgen DHT to ensure that any
modulation of COMT expression was not due to aromatiza-
tion of the androgen added to the E counterpart. We have cre-
ated separate COMTP1-luciferase and COMTP2-luciferase
constructs. Catechol O-methyltransferase P1 represents the
proximal COMT promoter (P1), which codes for a 1.3 kb
transcript that encodes the soluble COMT polypeptide (S-
COMT, 25 kd). Catechol O-methyltransferase P2 represents
the distal COMT promoter (P2), which codes for a 1.5 kb
transcript that encodes the membrane-bound COMT poly-
peptides (MB-COMT, 30 kd) (16, 25). These reporter gene

constructs were transiently cotransfected into JC410 granu-
losa cells with use of pSV-b-galactosidase as an internal con-
trol (see Materials and Methods for details). Luciferase
assays were then used to test the response of these promoters
to DHT. As shown in Figure 3A, DHT induced a dose-depen-
dent increase in COMTP1-luciferase transactivation with an

FIGURE 2

Effect of 2-ME2 and COMT inhibitor on porcine
JC410 granulosa cells stably transfected with
p450SCC-luciferase reporter. Cells were exposed to
the indicated concentration of 2-ME2 or COMT
inhibitor Ro 41-0960. After 48 hours incubation, cells
were collected and assayed for luciferase activity.
Each value is the mean � SEM of triplicate wells in
two independent experiments. *P< .05 compared
with untreated control. yP< .05 compared with peak
2-ME2 stimulation at 100 nmol/L.

Salih. Catechol O-methyltransferase regulation in granulosa cells. Fertil Steril 2008.

FIGURE 3

Dihydrotestosterone (DHT) up-regulates COMT
expression in porcine and human granulosa cells. (A)
DHT increased COMTP1-luciferase reporter
transactivation in JC410 porcine granulosa cell line.
The cells were transfected with pCOMTP1. After the
addition of various doses of DHT, luciferase
production was analyzed 48 hours later. The
stimulatory effect of DHT was statistically significant
(P< .01). Each value is the mean � SEM of triplicate
wells in two independent experiments. (B) Northern
blot analysis of the effect of DHT on COMT mRNA
expression in HGL5 human granulosa cells at the
indicated dose and exposure time. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) is the internal
loading control. C ¼ vehicle control; S-COMT ¼
soluble catechol-O-methyl transferase; MB-COMT¼
membrane-pound catechol-O-methyl transferase.

Salih. Catechol O-methyltransferase regulation in granulosa cells. Fertil Steril 2008.
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optimal increase of 60% � 8% achieved at DHT 250 nmol/L
(P<.01). Catechol O-methyltransferase expression also re-
mained elevated at a higher concentration of DHT, but there
was no further increase (data not shown). Dihydrotestoster-
one exerted a minimal effect on COMTP2- luciferase trans-
activation (data not shown). We also wanted to confirm the
reporter gene assay observation at the RNA level using
real-time PCR or Northern blot analysis. Unfortunately, the
sequence of the published porcine COMT cDNA was not
long enough to develop a reliable real-time PCR assay.
Further, the human COMT cDNA probe did not hybridize
to porcine RNA in Northern blot analysis even at low strin-
gency (data not shown). We then shifted this test to the
human HGL5 granulosa cell line (19, 26, 27). Dihydrotestos-
terone up-regulated the human COMT mRNA level in a
time-dependent manner in human granulosa cells, which con-
curs with the reporter-gene and protein expression findings
(Fig. 3B).

Insulin and ATRA Increase COMT mRNA Expression in
Porcine and Human Granulosa Cells

Insulin and ATRA have also been presented as key factors in
modulating ovarian function, which leads to the anovulatory
phenotype of PCOS (8–10). We tested the effect of these two
factors on COMT expression in the JC410 granulosa cell line.
Insulin induced a dose-dependent increase in COMTP1-
luciferase transactivation at doses of 50 mIU/mL to 200
mIU/mL (Fig. 4A). The increase ranged from 16% � 3% at
50 mIU/mL insulin to 71% � 9% at 200 mIU/mL (P<.001,
Fig. 4A). All-trans retinoic acid had a similar effect with
maximal stimulation of 28%� 7% at a 10 nmol/L concentra-
tion (P<.03, Fig. 5A). There was no observed effect on
COMTP2-luciferase activity (data not shown). These data
were normalized against pSV-b-galactosidase. We also per-
formed a Northern blot analysis on mRNA isolated from
the human HGL5 granulosa cell line. Both insulin and
ATRA increased human COMT RNA transcript levels com-
pared with untreated cells (Figs. 4B and 5B).

DISCUSSION

Although PCOS is the most common cause of anovulatory in-
fertility, the mechanism of follicular arrest in this complex
disorder remains unknown (28, 29). Androgen, insulin, and
ATRA are all increased in PCOS and seem to be key players
in the pathogenesis of this complex disorder (28–31).

Several possibilities have been put forward to explain how
androgens might mediate anovulation. Agarwal et al. (32)
suggested that androgens probably act as inhibitors of the ar-
omatase enzyme. Others suggested that androgens augment
LH-induced cyclic adenosine 30:50 monophosphate produc-
tion, leading to premature luteinization of the follicles (33,
34). In this work, we propose another potential pathway to
mediate the deleterious effect of increased androgen on
granulosa cell proliferation and steroidogenesis. Increased
follicular androgens up-regulate COMT expression in

granulosa cells, which leads to augmented methylation of
the 2-OHE2 into 2-ME2 (Fig. 6). The elevated 2-ME2 levels
in the follicular microenvironment would be associated
with inhibited steroidogenesis (Fig. 2) and granulosa cell
arrest (Fig. 1), as well as reduced angiogenesis (12–14).

FIGURE 4

Insulin up-regulates COMT expression in porcine
and human granulosa cells. (A) Insulin increased
COMTP1-luciferase reporter transactivation in the
JC410 porcine granulosa cell line. The cells were
transfected with pCOMTP1. After the addition of
various doses of insulin, luciferase production was
analyzed 48 hours later. The stimulatory effect of
insulin was statistically significant (P< .001). Each
value is the mean � SEM of triplicate wells in two
independent experiments. (B) Northern blot analysis
of the effect of insulin on total mRNA expression in
HGL5 human granulosa cells at the indicated dose
and exposure time. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) is the internal loading
control. C ¼ vehicle control; S-COMT ¼ soluble
catechol-O-methyl transferase; MB-COMT ¼
membrane-pound catechol-O-methyl transferase.

Salih. Catechol O-methyltransferase regulation in granulosa cells. Fertil Steril 2008.
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The diminished granulosa cell number would lead to limited
androgen aromatization and eventually create a vicious loop
of accumulating androgen and follicular atresia, leading to
the PCOS ovarian phenotype (Fig. 6).

FIGURE 5

All-trans retinoic acid (ATRA) up-regulates COMT
expression in porcine and human granulosa cells. (A)
ATRA increased COMTP1-luciferase reporter
transactivation in JC410 porcine granulosa cell line.
The cells were transfected with pCOMTP1. After the
addition of various doses of ATRA, luciferase
production was analyzed 48 hours later. The
stimulatory effect of ATRA was statistically
significant (P< .03). Each value is the mean� SEM of
triplicate wells in two independent experiments. (B)
Northern blot analysis of the effect of ATRA on total
mRNA expression in HGL5 human granulosa cells at
the indicated dose and exposure time.
Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) is the internal loading control. C ¼ vehicle
control; S-COMT ¼ soluble catechol-O-methyl
transferase; MB-COMT ¼ membrane-pound
catechol-O-methyl transferase.

Salih. Catechol O-methyltransferase regulation in granulosa cells. Fertil Steril 2008.
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In addition to high androgens, hyperinsulinemia and insu-
lin resistance are important features of PCOS (35, 36). Insulin
has specific actions on steroidogenesis, which is effected
through its own receptor (37). These actions seem to be pre-
served in insulin-resistant states, and the ovary does not ap-
pear to be insulin resistant in women with PCOS (38). The
association between hyperinsulinemia and ovarian polycystic
phenotype is unclear. Some reports have proposed that effects
of insulin could be secondary to its ability to stimulate andro-
gen production from theca cells (5, 39). This effect might
then lead to a high intrafollicular concentration of androgens,
which may impair the stimulatory effect of insulin on granu-
losa cell E production (34). This work proposes a potential
model that links insulin and increasing androgen production
to the pathogenesis of follicular atresia in PCOS ovaries. In-
sulin up-regulates COMT expression in granulosa cells, lead-
ing to augmented methylation of the 2-OHE2 into 2-ME2

(Fig. 6). The elevated 2-ME2 levels in the follicular microen-
vironment would be associated with inhibited steroidogene-
sis (Fig. 2) and granulosa cell arrest (Fig. 1).

FIGURE 6

Proposed model depicting the potential role of
COMT in PCOS pathogenesis. Increased androgen/
insulin/ATRA levels result in the up-regulation of
COMT in granulosa cells early in the follicular cycle.
The higher COMT expression will increase cellular
levels of 2-ME2, a known apoptotic and
antiangiogenic agent in the ovary that also inhibits
steroidogenesis. The decreased granulosa cell
proliferation and steroidogenesis will lead to follicular
arrest, augmenting the perturbation of androgen
aromatization to E. This will lead to decreased levels
of E and increased levels of androgens in the follicle
microenvironment, creating a vicious loop that will
result in anovulation.

Salih. Catechol O-methyltransferase regulation in granulosa cells. Fertil Steril 2008.
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The mechanism is unclear by which ATRA might contrib-
ute to the PCOS phenotype of arrested follicle development.
In an attempt to understand the potential role of ATRA in
PCOS pathogenesis, Woods et al. (9) demonstrated that
ATRA increased dehydroepiandrosterone (DHEA) synthesis.
The increased DHEA synthesis was correlated with increased
expression of CYP11A1 and CYP17 mRNA. This effect,
however, was similar between normal and PCOS theca cells
(10). Our model suggests that ATRA may partially inflict its
deleterious effect on granulosa cell proliferation and follicle
development via up-regulation of COMT expression (Fig. 6).
All-trans retinoic acid induced a significant increase in
COMTP1-reporter transactivation (Fig. 5A), as well as an in-
crease in COMT transcription in human granulosa cells (Fig.
5B). This increased COMT expression leads to higher pro-
duction of 2-ME2, which mediates its established inhibitory
effect on granulosa cell proliferation and ovarian angiogene-
sis. Although this pathway might be part of physiologic ovar-
ian homeostasis under normal conditions (40, 41), its
hyperactivity can, at least in part, explain the PCOS pheno-
type of arrested follicle development (9).

Our current report confirms previous reports that 2-ME2

induces apoptosis in granulosa cells (12–14). The dual effect
of 2-ME2 on granulosa cell growth may suggest a potential
physiologic role for this E metabolite in follicle homeostasis;
under normal conditions, its level is low (in the stimulatory
range) in early folliculogenesis, and the level rises (probably
to the inhibitory range) with the augmented E production in
the fully developed dominant follicle. This report also shows
for the first time that both membrane COMT and soluble
COMT are expressed in porcine and human granulosa cells.
Modulation of COMT activity and, therefore, the concentra-
tion of 2-ME2 might be part of the ovarian physiologic appa-
ratus. It also suggests that COMT could be a step where
pathologic alteration might lead to major perturbation of fol-
liculogenesis. We have recently demonstrated significantly
higher COMT immunoreactivity in various compartments
of the ovaries from women with PCOS compared with
matched controls (42). In the same cohort, there was signifi-
cantly less urinary 2-OHE2 excretion in patients with PCOS
compared with age-matched healthy controls (Salih et al.,
unpublished data). Computer-assisted homology analysis
identified multiple androgen response elements {TGTTCT
(�1201: �1206) and TGACCT (�969: �975; �1474:
�1480)}, retinoic acid response elements {ACCAGA
(�333: �338) and TGACCT (�969: �975; �1474:
�1480)}, and insulin response elements {CCCGCCTC
(�132: �140)} in the COMTP1 region (43). These findings
suggest that COMT expression might be under intricate reg-
ulation by androgen, ATRA, insulin, and other factors.

Catechol O-methyltransferase overexpression and in-
creased levels of 2-ME2 in ovarian granulosa cells might
represent a novel mechanism for the abnormalities of
steroidogenesis, follicular arrest, and anovulation that char-
acterize women with PCOS. Highly selective COMT inhibi-
tors were able to induce porcine granulosa cell proliferation
1420 Salih et al. Catechol O-methyltransferase regulation i
(Fig. 1), as well as p450SCC transactivation (Fig. 2). Prelim-
inary work in rats suggested that COMT inhibitors exerted
a strong inhibitory effect on ovarian apoptosis (44). We are
currently investigating the regulation of COMT expression
in the whole reproductive process including ovulation, con-
ception, and implantation.

Caution should be exercised when extrapolating these in
vitro results on immortalized granulosa cell lines to the clin-
ical and pathologic situation in PCOS. Nevertheless, our data
are compatible with the notion that increased levels of andro-
gen, insulin, and ATRA may compromise the development of
ovarian follicles and contribute to protracted maturation
of oocytes and anovulation in women with PCOS through
up-regulation of the COMT enzyme.
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