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Estrogen receptors (ERs) are widely held to medi-
ate the ability of 17B-estradiol (estradiol) to attenu-
ate injury-induced proliferation of vascular smooth
muscle cells (VSMCs) leading to vascular lesions.
However, recent findings that estradiol prevents
injury-induced vascular lesion formation in knock-
out mice lacking either ERa or ER seriously chal-
lenge this concept. Here we report that the local
metabolism of estradiol to methoxyestradiols, en-
dogenous metabolites of estradiol with no affinity
for ERs, is responsible for the ER-independent in-
hibitory effects of locally applied estradiol on rat
VSMC growth. These finding imply that local vascu-
lar estradiol metabolism may be an important deter-
minant of the cardiovascular protective effects of
circulating estradiol. Thus, interindividual differ-
ences, either genetic or acquired, in the vascular
metabolism of estradiol may define a given female’s
risk of cardiovascular disease and influence the
cardiovascular benefit she receives from estradiol
replacement therapy in the postmenopausal state.
These findings also imply that nonfeminizing estra-
diol metabolites may confer cardiovascular protec-
tion in both women and men. © 2000 Academic Press

Key Words: hormone replacement therapy; meno-
pause; vascular remodeling; metabolism; cardiovascu-
lar disease.

Estradiol, an endogenous estrogen, attenuates
vascular injury. For example, in animals physiolog-
ical concentrations of estradiol inhibit the develop-
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ment of atherosclerosis (1), lessen balloon injury-
and allograft-induced vascular lesions (1, 2) and
reduce the proliferation of VSMCs (2), a process
that importantly contributes to the development of
vascular pathology in response to injury (1, 2). Be-
cause most biological effects of estrogens are medi-
ated by ERs and blood vessels contain both ERa and
ERpB (3-5), the prevailing view is that ERs mediate
the vascular protective effects of estradiol. However,
the recent findings that estradiol inhibits injury-
induced lesion formation in arteries of mice lacking
either ER«a (6) or ERB (7) seriously challenges this
concept. Thus, other non-ER mechanisms may be
operative.

It is conceivable that the vasculoprotective effects
of estradiol are not mediated exclusively by estradiol
interactions with ERs, but rather in part by local
(i.e., vascular) conversion of estradiol to nonestro-
genic metabolites that act to inhibit vascular lesion
formation independently of ERs by exerting antimi-
togenic effects on VSMCs. Although VSMCs express
cytochrome P450 (CYP450) enzymes that convert es-
tradiol to 2- and 4-hydroxyestradiol (8) and catechol-
O-methyltransferase (COMT) that metabolizes 2-
and 4-hydroxyestradiol to 2- and 4-methoxyestradiol
(9), the hypothesis that conversion of estradiol to
metabolites occurs in VSMCs and mediates the an-
timitogenic effects of locally applied estradiol is un-
tested. To test this hypothesis we investigated the
inhibitory effects of estradiol on the growth of rat
aortic VSMCs in the presence and absence of modu-
lators (inhibitors or activators) of CYP450 and
COMT (Fig. 1). Moreover, we investigated the capa-
bility of these cells to metabolize 2-hydroxyestradiol,
a major circulating estradiol metabolite, to generate
2-methoxyestradiol.
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FIG. 1. Schematic representation of the hypothesis and the ex-
perimental approach to demonstrate that metabolism of estradiol to
methoxyestradiols is responsible for mediating the inhibitory effects
of estradiol on VSMC growth.

METHODS

SMC Cultures

Aortic VSMCs were cultured from the thoracic aortas obtained
from ether anesthetized Sprague—Dawley rats (n 21) and as
described by us previously (10).

Growth Studies

All cell culture and growth studies were conducted using phenol-
red-free culture medium and steroid-free serum (FCS).

[*H]Thymidine incorporation. Subconfluent VSMCs were growth
arrested for 48 h with and without 10 uM 3-methylcholantherene or
phenobarbital. Growth was initiated with 2.5% FCS in DMEM con-
taining or lacking 3-methylcholantherene or phenobarbital in the
presence or absence of 0.1 nM to 10 uM of estrogens (estradiol or
endogenous estradiol metabolites) or estrogens plus 0.1-100 uM of
1C1-182780, quercetin, 1-aminobenzotriazole or luteolin. Treatments
were repeated after 20 h with [*H]Jthymidine. Four hours later,
[®*H]thymidine incorporation was determined (10).

Cell number experiments. Subconfluent VSMCs were treated (as
above) every 24 h, and on day 5 cells were counted (Coulter counter).
In some experiments, cells were treated every 48 h and counted on
days 4, 8, and 12.

[®*H]Proline incorporation. Confluent VSMCs were growth ar-
rested by feeding DMEM + 0.4% BSA for 48 h with and without 10
nwmol/L 3-methylcholantherene or phenobarbital. Growth was initi-
ated by treating cells for 48 h with fresh 3-methylcholantherene or
phenobarbital, 2.5% FCS and L-[*H]proline with and without various
treatments (as above). L-[’H]Proline incorporation was then deter-
mined (5).

MAP Kinase Activity

Confluent VSMCs were growth arrested for 48 h with and
without 10 umol/L 3-methylcholantherene or phenobarbital. VSMCs
were washed with PBS and pretreated for 24 h with or without
various test agents (as above) in the presence or absence of fresh
3-methylcholantherene or phenobarbital. Cells were stimulated for
10 min with PDGF-BB (25 ng/ml), and MAP Kinase activity was
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determined in 5-ul aliquots of cytosolic extracts normalized to 1
mg/ml protein (5).

Binding Studies

Cytosolic fractions were extracted from MCF-7 cells (5) and incu-
bated for 8 h (4°C) with [*H]17B-estradiol (10° mol/L) with and
without various competing ligands. Dextran-coated charcoal sepa-
rated free from bound radioligand. Relative binding affinity of agents
were calculated as the ratio of ICs, values.

Metabolism of 2-Hydroxyestradiol
to 2-Methoxyestradiol

Confluent VSMCs were incubated with 2-hydroxyestradiol for 4 h,
internal standard (16a-hydroxyestradiol) was added, samples were
extracted with methylene chloride, extracts were dried under vac-
uum, residues were reconstituted in mobile phase and samples were
analyzed by HPLC with UV detection using gradient elution.

Effects of ICI 182780 on Metabolism of Estradiol

Extracts of human hepG2 cells expressing CYP1A2 (11, 12) were
incubated for 25 min (37°C) with estradiol with and without
1C1182780 in 50 mM phosphate buffer containing NADPH (8.3 mg/
ml). Subsequently, internal standard (2-fluoroestradiol; 50 pmol/10
ml)was added, the reaction was extracted with methylene chloride
and metabolites were derivatized with trifluoroacetic anhydride and
analyzed by negative ion GC-MS.

Statistics

All experiments were performed in triplicates or quadruplicates
with 6—-8 separate cultures. Data are presented as mean = SEM.
Statistical significant (P < 0.05) was assessed with ANOVA, Stu-
dent’s t test, or Fisher's LSD test.

RESULTS

Endogenous metabolites of estradiol differentially in-
hibited FCS-induced DNA synthesis (Fig. 2A), prolifera-
tion (Fig. 2B) and collagen synthesis (Fig. 2C) and in the
following order of potency: 2-methoxyestradiol > 2-hy-
droxyestradiol > estradiol = 4-methoxyestradiol. The
lowest concentrations of estradiol, 2-methoxyestradiol,
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FIG. 2. Effects of increasing concentrations of endogenous estra-

diol metabolites on FCS-induced DNA synthesis (A), cell number (B),
and collagen synthesis (C) in VSMCs. The results are presented as
percentage change from control (VSMCs treated with 2.5% FCS
alone). Values for each data point represent means = SEM from 3—-4
separate experiments conducted in quadruplicate.
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FIG. 3. Modulatory effects of various agents (inhibitors/
activators of CYP450 and COMT) on the antimitogenic effects of
estradiol (A) and their relative binding affinity to estrogen receptors
(B; details under Results/Methods). Modulation of the time-
dependent inhibitory effects of estradiol (B-Est) 1 nM (physiological
concentration; A) on 2.5% FCS-induced proliferation of VSMCs by 10
uM of 3-methylcholantherene (3-MC), phenobarbital (PB), quercetin,
luteolin, and 1-aminobenzotriazole (ABT). Values represent
means = SEM from 3—4 separate experiments conducted in quadru-
plicate. *P < 0.05 vs cells treated with FCS alone; §significantly
(P < 0.05) different from B-estradiol alone.

2-hydroxyestradiol, and 4-methoxyestradiol that signifi-
cantly inhibited FCS-induced increases in cell number
were 1 nM (physiological concentration), 0.1 nM, 0.1 nM,
and 0.1 nM, respectively. In contrast, estrone, estriol,
16a-hydroxyestrone, 2-hydroxyestrone and 4-methoxy-
estrone were significantly less potent and inhibited FCS-
induced increases in DNA synthesis, cell proliferation
and collagen synthesis only at high concentrations (>1
uM; Fig. 2) not attained physiologically. Treatment of
VSMCs with 1 nM (physiological concentration) of estra-
diol for 4, 8, and12 days inhibited FCS-induced cell pro-
liferation in a cumulative fashion and by 16 = 3,33 =+ 2.8,
and 47 = 4%, respectively (Fig. 3A).

Modulatory Effects of CYP450 Stimulators and
Inhibitors on 17B-Estradiol-Induced
Inhibition of VSMCs

Pretreatment of VSMCs for 48 h with CYP450 induc-
ers (3-methylcholantherene [10 uM] and phenobarbital
[10 uM]; 11, 12) and a CYP450 inhibitor (1-aminobenzo-
triazole; ABT [0.1-10 uM]; 13) did not influence FCS-
induced cell proliferation, DNA synthesis and collagen-
synthesis. The time-dependent inhibitory effects of
physiological concentrations of estradiol (1 nM) on FCS-
induced proliferation of VSMCs was enhanced by ~100%
by the CYP450 inducers 3-methylcholantherene and phe-
nobarbital, respectively (Fig. 3A). Moreover, the inhibi-
tory effects of estradiol were completely abolished by the

29

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

CYP450 inhibitor ABT (Fig. 3A). ABT also blocked the
enhanced inhibitory effects of estradiol observed in the
presence of CYP450 inducers, 3-methylcholantherene
and phenobarbital (data not shown). The time-dependent
inhibitory effects of estradiol on cell proliferation were
also blocked in presence of the COMT inhibitor, quercetin
(Fig. 3A). The modulatory effects of CYP450 and COMT
inhibitors and inducers did not correlate to the binding
affinity of these agents to ERs. As shown in Fig. 3B, the
relative binding affinity for ER was 100% and 98 = 2%
for estradiol and I1CI-182780, and less than 0.001% for
3-MC, PB, ABT, quercetin. Similar modulatory effects
were also observed on DNA synthesis and collagen syn-
thesis (Figs. 4A and 4B). Trypan blue exclusion tests and
MTT assay indicated no loss in viability of cells treated
with various agents.

Effects of COMT Inhibitor (Quercetin), ER antagonist
(IC1182780) and Type-11 ER Antagonist (Luteolin)
on Inhibition of VSMC Growth by Estradiol,
2-Hydroxyestradiol and 2-Methoxyestradiol

The growth inhibitory effects of estradiol were
blocked by ICI-182780 (Figs. 5A-5C; top panels). Sim-
ilar to our previous finding (5), the lowest concentra-
tion of 1C1-182780 that significantly blocked the inhib-
itory effects of 1 uM estradiol was 10 uM (reversed the
inhibitory effects by approximately 9%), moreover, at a
concentration of 50 uM ICI1-182780 completely blocked
the inhibitory effects of 1 uM estradiol (data not
shown).

In contrast to quercetin, 1CI-182780 and ABT the
inhibitory effects of estradiol were not blocked by lu-
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FIG. 4. Modulatory effects of various agents (inhibitors/
activators of CYP450 and COMT) on the antimitogenic effects of
estradiol. Modulation of the time-dependent inhibitory effects of
estradiol (B-Est) 1 nM (physiological concentration; A) on 2.5% FCS-
induced DNA synthesis (A) and collagen synthesis (B) in VSMCs by
10 uM of 3-methylcholantherene (3-MC), phenobarbital (PB), quer-
cetin (QUE), luteolin (Lute), and 1-aminobenzotriazole (ABT). Val-
ues represent means = SEM from 3—4 separate experiments con-
ducted in quadruplicate. *P < 0.05 vs cells treated with FCS alone;
§significantly (P < 0.05) different from g-estradiol alone.
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FIG. 5. Inhibitory effects of 1-100 nM 17B-estradiol (B-Est; top A
and B), 2-hydroxyestradiol (OHE; middle A and B) and 2-methoxy-
estradiol (ME; bottom A and B) on FCS-induced growth (cell number
[A] and collagen synthesis [B]) of VSMCs in the presence and ab-
sence of the estrogen receptor antagonist 1C1-182780 (ICI; 100 uM)
or quercetin (Quer; 10 uM). Values are mean = SEM from 3 sepa-
rate experiments conducted in quadruplicate. *P < 0.05 vs control;
8significant reversal of inhibitory effect. Similar effects were ob-
served on DNA synthesis.

teolin (Figs. 3A and 4A), a high affinity type-11 ER-
ligand (14).

The inhibitory effects of 2-hydroxyestradiol (Fig. 5,
middle panels), but not 2-methoxyestradiol (Fig. 5; bot-
tom panels), on VSMC proliferation were completely
prevented by quercetin, a competitive inhibitor of
COMT (15). Moreover, quercetin blocked the growth
inhibitory effects of estradiol (Fig. 5, top panels). In
contrast, 1CI-182780 (100 uM), an estrogen receptor
antagonist (18), did not block the growth inhibitory
effects of either hydroxyestradiol (Fig. 5, middle panel)
or 2-methoxyestradiol (Fig. 5, bottom panels).

Metabolism of 2-Hydroxyestradiol to
Methoxyestradiol(s) by VSMCs

Incubation of VSMCs with 2-hydroxyestradiol, effec-
tively metabolized 2-hydroxyestradiol to 2-methoxy-
estradiol (apparent k,, of 0.48 = 0.1 umol/L and V ,,, of
17.1 = 0.8 pmol/min/10° cells in rat VSMCs) and this
metabolism was inhibited by querectin (Fig. 6A).

Effects of ICI 182780 on Estradiol Metabolism

1C1182780 inhibited the metabolism of estradiol to
catecholestradiol (4-hydroxyestradiol) by extracts of
human hepG2 cells expressing CYP1A2 and these in-
hibitory effects were concentration dependent (Fig.
6B). The inhibitory effects of ICI-182780 were observed
at concentrations greater than 1 uM. The apparent K;
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of 1CI1-182780 for inhibition of estradiol metabolism to
4-hydroxyestradiol by 1A2 was 26.8 umol/L.

Compared to either quercetin or ABT, ICI-182780
was less potent in blocking the inhibitory effects of
estradiol on VSMC growth. In this regard, the lowest
concentrations of quercetin, ABT, ICI-182780 of estra-
diol were 1, 1 and 10 uM, respectively. Moreover, 1 uM
ICI-182780 was unable to block the inhibitory effects of
1 nM estradiol, even though the estradiol to ICI-
182780 ratio was 1:1000 (Fig. 6C).

Effects of Estradiol and Its Metabolites
on MAP Kinase Activity

Treatment of growth arrested SMCs with PDGF (25
ng/ml) increased MAP kinase activity from 0.05 + 0.013
pmol/min/mg protein to 13.12 = 0.07 pmol/min/mg pro-
tein, and the stimulatory effects of PDGF were inhibited
by the MAP Kkinase inhibitor PD98059 (10 uM) to 0.83 =
0.05 pmol/min/mg protein. In VSMCs pretreated for 60
min with estradiol, 2-hydroxyestradiol and 2-methoxy-
estradiol the stimulatory effects of PDGF on MAP kinase
activity were inhibited in a concentration-dependent
manner and in the following order of potency: 2-methoxy-
estradiol > 2-hydroxyestradiol > estradiol (Fig. 7A).
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FIG. 6. (A) Inhibitory effects of quercetin on the metabolism of
2-hydroxyestradiol (10 wmol/L) to 2-methoxyestradiol (2MeO-E) by
rat (O)VSMCs. (B) Concentration-dependent inhibitory effects of ICI-
182780 on the metabolism of estradiol to 4-hydroxyestradiol (4-
OH-E; B) by extracts of human cells expressing hepG2 cells express-
ing the CYP450-isozyme 1A2. Values represent mean = SEM from a
representative experiment conducted in triplicate. *Significant (P <
0.05) inhibition of estradiol or 2-hydroxyestradiol metabolism; (C)
antagonistic effects of concentrations of 1CI-182780 (ICl) that inhibit
estradiol (B-E) metabolism (100 wM; O) and do not inhibit estradiol
metabolism (1 wM; O) on the inhibitory effects of 1 nM (m) and 100
nM (@) estradiol, respectively, on FCS-induced growth of VSMCs.
The ratio of estradiol and 1CI-182780 was 1:1000 under both treat-
ment conditions. The data are presented as % of control where 100%
is defined as the increase in cell number in response to FCS alone.
*P < 0.05 vs VSMCs treated with FCS alone; 8significant (P <
0.05) reversal of the inhibitory effects of estradiol.
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FIG. 7. Role of estradiol metabolism in mediating the inhibitory
effects of estradiol on PDGF-induced MAP kinase activity in aortic
VSMCs. (A) Concentration-dependent inhibitory effects of estradiol
(B-Est; @), 2-hydroxyestradiol (20H-E; O) and 2-methoxyestradiol
(2MeO-E; m) on PDGF-BB-induced (25 ng/ml) MAP kinase activity in
VSMCs. (B) Inhibitory effect of physiological concentrations of (1 nM)
estradiol (B-Est) on MAP kinase activity measured in VSMCs pre-
treated for 48 h with or without 10 uL 3-MC or phenobarbital (PB)
and in the presence or absence of quercetin (10 uM; QUE); ICI-
182780 (100 uM; ICI) or 1-aminobenzotriazole (10 uM; ABT). (C)
Modulatory effects of 1CI-182780 (100 uM; ICIl) and quercetin (10
uwM; QUE) on the inhibitory effects of 1 uM of B-Estr, 20H-E, and
2MeO-E) in VSMCs treated for 24 h in the presence or absence of
1C1-182780 or quercetin. Treatment with 3-MC, phenobarbital, ICI-
182780, and quercetin alone did not influence FCS-induced MAP
kinase activity significantly and the variations were <2%. Values
are mean = from 3 separate experiments. *P < 0.05 vs control (cells
treated with PDGF-BB alone) and §P < 0.05 vs cells treated with
estradiol in the presence or absence of 3-MC or phenobarbital.

The inhibitory effects of physiological concentrations
(1 nM) of estradiol were enhanced from 17 = 2% to 63 +
4% and 52 *+ 3% by 3-methylcholantherene and pheno-
barbital, respectively, and blocked by the CYP450 inhib-
itor ABT (Fig. 7B). Quercetin (COMT inhibitor) selec-
tively blocked the inhibitory effects of estradiol and
2-hydroxyestradiol, but not of 2-methoxyestradiol (Fig.
7C). Querectin also completely blocked the inhibitory ef-
fects of estradiol (1 nM) observed in the presence of
3-methylcholantherene and phenobarbital (Fig. 7B). The
inhibitory effects of estradiol, but not 2-hydroxyestradiol
and 2-methoxyestradiol, were blocked by 100 uM ICI-
182780 (Figs. 7B and 7C).Treatment of VSMCs with phe-
nobarbital, 3-methylcholantherene and quercetin alone
did not significantly alter PDGF-BB-induced MAP Ki-
nase activity (Fig. 7B).
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Binding Studies

In extracts of estrogen receptor positive MCF-7 cells
*H-17B-estradiol showed a high binding affinity. Rela-
tive binding affinity of various modulatory agents used
in the present study was 98 = 2 for I1C1-182780; 22 = 3
for 2-hydroxyestradiol; 0.04 + .02 for 2-methoxyestra-
diol; 0.001 = .0.001 for quercetin and 0 (no binding) for
phenobarbital, 3-methylcholantherene and 1-amino-
benzotriazole (Fig. 3B).

DISCUSSION

We hypothesize that conversion of estradiol to me-
thoxyestradiols occurs in VSMCs and mediates in part
the antimitogenic effects of estradiol on VSMC growth.
This hypothesis is supported by our findings that me-
thoxyestradiols and their precursors hydroxyestradiols
are more potent than estradiol in inhibiting VSMC
growth, the inhibitory effects of estradiol on VSMC
growth are enhanced by CYP450 inducers and the in-
hibitory effects of estradiol, both in presence and ab-
sence of CYP450 inducers, are abolished by the
CYP450 inhibitor ABT.

Our hypothesis is also supported by the observation
that the inhibitory effects of 2-hydroxyestradiol, but
not 2-methoxyestradiol, on VSMC growth are pre-
vented by quercetin, a competitive inhibitor of COMT
(15) which has no binding affinity for ERs (16). More-
over, quercetin blocks the growth inhibitory effects of
estradiol, either in the absence or presence of CPY450
inducers. In contrast, 1CI1-182780 (100 wM), an ER
antagonist (16), does not block the growth inhibitory
effects of either 2-hydroxyestradiol or 2-methoxy-
estradiol. These findings provide evidence that the con-
version of 2-hydroxyestradiol to 2-methoxyestradiol by
COMT is responsible for the inhibitory effects of
2-hydroxyestradiol and that the effects of 2-methoxy-
estradiol are ER-independent, as would be expected by
the low affinity of 2-hydroxyestradiol and 2-methoxy-
estradiol for ERs.

Although quercetin blocks the conversion of catecho-
lestrogens to methoxyestrogens (15), it also binds to
the type-11 ER (14) which may regulate cell growth
(14). However, in contrast to quercetin, the inhibitory
effects of estradiol are not blocked by luteolin, a high
affinity type-11 ER ligand (14). This finding rules out
the participation of type-11 ER and supports the con-
clusion that quercetin blocks the inhibitory effects of
estradiol by inhibiting COMT and blocking the forma-
tion of methoxyestradiols.

The hypothesis that the inhibitory effects of estradiol
are mediated via generation of methoxyestradiols is
further supported by our observation that VSMCs me-
tabolized 2-hydroxyestradiol, a major endogenous es-
tradiol metabolite, to 2-methoxyestradiol. Moreover,
the metabolism of 2-hydroxyestradiol to 2-methoxy-
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estradiol is inhibited by the COMT inhibitor querectin
(15).

The growth inhibitory effects of estradiol are blocked
by ICI-182780, an ER antagonist that binds with equal
affinity to both ER«a and ERp (16), a finding seemingly
at odds with the hypothesis that methoxyestradiols
mediate the growth inhibitory effects of estradiol. How-
ever, because ICI-182780 is chemically similar to es-
tradiol, it is feasible that it not only binds to ERs but
also competes with estradiol for CYP450s and inhibits
estradiol metabolism. This notion is supported by our
finding that ICI-182780 inhibits the metabolism of es-
tradiol to the catecholestrogen (4-hydroxyestradiol) in
extracts of human hepG2 cells expressing CYP1A2
isozyme. This CYP450 isozyme is responsible for me-
tabolizing estradiol to catecholestrogen (11, 12, 15).

The above findings suggest that the inhibitory effects
of ICI-182780 may be mediated either via antagonism
of ER or via inhibition of estradiol metabolism. How-
ever, the fact that the antagonistic effects of ICI-
182780 are not dependent on the estradiol to ICI-
182780 ratio, but rather on concentrations of ICI-
182780 that inhibit estradiol metabolism, suggests
that ICI-182780 blocks the inhibitory effects of estra-
diol by blocking estradiol metabolism to catecholestro-
gens, the precursors of methoxyestradiols. The notion
that metabolism of estradiol is responsible for inhibit-
ing VSMC growth is also supported by our observation
that the inhibitory effects of physiologic concentrations
of estradiol on VSMC growth are cumulative in nature
and that the inhibitory effects of estradiol increase
with time of exposure.

Inasmuch as estradiol inhibits MAP kinase (5), it is
conceivable that estradiol metabolites also mediate the
inhibitory effects of estradiol on MAP Kkinase. This
hypothesis is supported by our findings that
2-methoxyestradiol and its precursor 2-hydroxy-
estradiol are more potent than estradiol in inhibiting
PDGF-BB-induced MAP kinase activity in human
VSMCs. Moreover, the inhibitory effects of physiologi-
cal concentrations of estradiol on MAP kinase are en-
hanced by CYP450 inducers and blocked by the CYP
inhibitor ABT. Also, quercetin selectively blocks the
inhibitory effects of estradiol and 2-hydroxyestradiol,
but not of 2-methoxyestradiol, and the inhibitory ef-
fects of estradiol, but not 2-hydroxyestradiol and
2-methoxyestradiol, are blocked by 100 uM of ICI-
182780.

There are multiple implications of our findings that
estradiol metabolism to methoxyestradiols is responsi-
ble for mediating the growth inhibiting effects of locally
applied estradiol on vascular VSMCs. Clinical data
suggests that hormone replacement therapy (HRT)
provides cardiovascular protection in some, but not all
postmenopausal women (1). It is feasible that the dif-
ferential metabolism of estradiol to methoxyestradiols
in VSMCs may determine the cardiovascular protec-
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tive effects of HRT in postmenopausal women. In this
regard, genetic differences in P450s, COMT and the
presence of endogenous or exogenous molecules that
inhibit P450s or COMT may influence the vasculopro-
tective effects of estradiol in postmenopausal women.

2-Methoxyestradiol also inhibits tumour growth, an-
giogenesis and growth of cancer cells (12), and the lack
of synthesis of 2-hydroxyestradiol, a precursor of
2-methoxyestradiol, is associated with increased inci-
dence of cancer (12). Thus, 2-methoxyestradiol may be
of pharmacological importance in preventing both can-
cer and cardiovascular disease. Since one of the disad-
vantages of HRT is the risk of inducing cancer (mam-
mary, endometrial), it is feasible that 2-methoxy-
estradiol could be employed for prevention of cardio-
vascular disease in women without increasing the
risk of cancer. Moreover, because 2-methoxyestradiol
is nonfeminizing (17), it could be of therapeutic use
in men.

Although our findings provide evidence that the an-
timitogenic effects of locally applied estradiol on VSMC
growth are mediated via an ER-independent mecha-
nism involving metabolism of estradiol to me-
thoxyestradiols, other mechanisms likely participate
in the vasculoprotective effects of estradiol in vivo.
First it is possible that systemic metabolism of estra-
diol to hydroxyestradiols and/or methoxyestradiols
may be important. Second, estradiol stimulates the
rapid synthesis of NO, cAMP and adenosine (1, 18), all
of which may provide vasculoprotection. Third, estra-
diol regulates ion-channels such as Maxi-K channels,
L-type calcium channels and calcium-activated K*
channels (1). Fourth, via ER-dependent mechanisms,
estradiol inhibits apoptosis of endothelial cells, in-
creases endothelial survival and induces endothelial
cell growth (1). Together these findings provide evi-
dence that the vasculoprotective effect of estradiol
is multifactorial and mediated via ER-dependent
(both genomic and non-genomic) and ER-independent
(mostly due to estradiol metabolites) mechanisms.

In summary, our findings provide the first evidence
that the local metabolism of estradiol to methoxyestra-
diols, endogenous metabolites of estradiol with no af-
finity for ERs, is responsible in part for the ER-
independent inhibitory effects of locally applied
estradiol on human and rat vascular VSMC growth.
These finding imply that local vascular estradiol me-
tabolism may be an important determinant of the car-
diovascular protective effects of circulating estradiol.
Thus, inter-individual differences, either genetic or ac-
quired, in the vascular metabolism of estradiol may
define a given female’s risk of cardiovascular disease
and influence the cardiovascular benefit she receives
from estradiol replacement therapy in the postmeno-
pausal state. These findings also imply that non-
feminizing estradiol metabolites may confer cardiovas-
cular protection in both women and men.
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