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Acute administration of 17b-estradiol (E2) exerts an-
iatherosclerotic effects in healthy postmenopausal
omen. The vasoprotective action of E2 may be partly
ccounted for by a rapid increase in nitric oxide (NO)
evels in endothelial cells (ECs). However, the signal-
ng mechanisms producing this rise are unknown. In
n attempt to address the short-term effect of E2 on
ndothelial NO production, confluent bovine aortic
ndothelial cells (BAECs) were incubated in the ab-
ence or presence of E2, and NO production was mea-
ured. Significant increases in NO levels were de-
ected after only 5 min of E2 exposure without a
hange in the protein levels of endothelial NO syn-
hase (eNOS). This short-term effect of estrogen was
ignificantly blunted by various ligands which de-
rease intracellular Ca21 concentration. Furthermore,
lasma membrane-impermeable BSA-conjugated E2

E2BSA) stimulated endothelial NO release, indicating
hat in the current system the site of action of E2 is on
he plasma membrane rather than the classical nu-
lear receptor. The partial antagonist tamoxifen did
ot block E2-induced NO production; however, a pure
strogen receptor a (ERa) antagonist ICI 182,780 com-
letely inhibited E2-stimulated NO release. The bind-

ng of E2 to the membrane was confirmed using FITC-
abeled E2BSA (E2BSA-FITC). Western blot analysis

Abbreviations used: E2, 17b-estradiol; E2BSA, 17b-estradiol 6-(O-
arboxymethyl)oxime:BSA; E2BSA-FITC, 17b-estradiol 6-(O-carboxy-
ethyl)oxime:BSA–fluorescein isothiocyanate conjugate; EC, endo-

helial cell; BAEC, bovine aortic endothelial cell; NO, nitric oxide;
Ox, reduced NO2

2 and NO3
2; eNOS, endothelial nitric oxide syn-

hase; ER, estrogen receptor; L-NAME, NG-nitro-L-arginine methyl
ster; BAPTA-AM, 1,2-bis(2-aminophenoxy)-ethane-N,N,N9,N9-tetra-
cetic acid; tetrakis(acetoxymethyl ester; PBS, phosphate-buffered
aline; HBSS, Hanks’ balanced salt solution.
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yangnam–myun, Hwasung-kun, Kyunggi-do, Korea.
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ddition to well-known caveolae-associated proteins
NOS and caveolin. This study demonstrates that the
ongenomic and short-term effect of E2 on endothelial
O release is Ca21-dependent and occurs via ERa lo-
alized in plasmalemmal caveolae. © 1999 Academic Press

Key Words: estrogen; nitric oxide; nitric oxide syn-
hase; caveolae; nongenomic action.

Estrogen is one of the best known protectors against
he development of coronary heart disease due to its
asodilatory action. Although acute administration of
7b-estradiol (E2) in healthy postmenopausal women
as been widely used, the precise mechanism by which
2 exerts its beneficial effect on cardiovascular disease

s currently under investigation. The vasodilatory ef-
ect of E2 is mostly achieved by the action of
ndothelium-derived nitric oxide (NO) produced by en-
othelial nitric oxide synthase (eNOS). The classical
ction of estrogen via a nuclear receptor, which modu-
ates gene expression, is well established (1–3). How-
ver recent evidence suggests that a nongenomic action
f estrogen may have an important role in its acute
ffect on vasodilation (4–6). NO is an important bio-
egulatory molecule and serves multiple functions in-
luding vasodilation and many antiatherogenic prop-
rties. eNOS catalyzes the five-electron oxidation of
-arginine to NO by using flavin, tetrahydrobiopterin

BH4) and Ca21/calmodulin as important cofactors and
ADPH and molecular oxygen as cosubstrates. The

egulation of eNOS activity and consequently the reg-
lation of NO signaling occur largely at the level of
xpression of eNOS. For example, exercise (7), mechan-
cal stimuli (8), hypoxia (9), high glucose (10) and long-
erm estrogen treatment (11, 12) increase eNOS
RNA and protein levels while tumor necrosis factor a
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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NOS mRNA posttranscriptionally. In addition to the
ontrol of eNOS expression, NO release in the cells is
lso regulated by other posttranslational modifications
f eNOS such as phosphorylation (15) and fatty acyla-
ion (16–18). These modifications directly relate to the
ocalization of eNOS within the cells, which might be
xpected to influence the biological role and chemical
ate of the NO produced by the enzyme. In this regard,
NOS is unique among the three known NOS isoforms
n being localized to the specialized cell surface signal-
ransducing domains termed plasmalemmal caveolae
n endothelial cells (19). In addition, the interaction
etween eNOS and caveolin, the most abundant pro-
ein in caveolae, greatly attenuates eNOS activity (20).
his interaction is regulated by the Ca21/calmodulin
ofactor complex (21). Acute treatment of E2 increases
asal NO release in ECs without elevation of eNOS
RNA and protein (11). However, the molecular mech-

nism of this acute E2 action remains unclear and its
ependence on either cytosolic Ca21 or nuclear estro-
en receptors remains controversial. In addition, the
ffect of E2 on the interaction between eNOS and
aveolin in the cells is not understood at all. Thus, this
tudy was undertaken to investigate the mechanism by
hich E2 acutely increases NO release, without stim-
lation of nuclear transcription, via the interaction
etween eNOS and a component in the plasma mem-
rane. We now report, for the first time, that plasma-
emmal caveolae-associated ERa mediates the acute

2-stimulated NO production which occurs via a novel
a21-dependent signaling pathway.

ATERIALS AND METHODS

Materials. E2, E2BSA, E2BSA-FITC, L-NAME, progesterone and
amoxifen were purchased from Sigma Chemical Co (St. Louis, MO).
ifedipine, A23187 and BAPTA-AM were obtained from
albiochem-Novabiochem Corp. (La Jolla, CA) and collagenase (type
) was from Worthington Biochem. Corp. (Freehold, NJ). The ER
ntagonist ICI 182,780 was a kind gift from ZENECA Pharmaceu-
icals (Cheshire, UK). Antibodies against caveolin 1 and eNOS were
urchased from Transduction Laboratories (Lexington, KY) and
nti-ERa antibody was from Santa Cruz Biotech. Inc. (Santa Cruz,
A). Culture media were purchased from Gibco-BRL (Gaithersberg,
D). All other chemicals were of the purest analytical grade.

Cell culture and E2 treatment. Bovine aorta, obtained from a local
laughterhouse, was washed in phosphate-buffered saline (PBS) and
he luminal side of the aorta was subjected to 0.05% collagenase
igestion for 10 min. BAECs were obtained by repeated gentle pi-
eting on the luminal side and were washed twice by centrifugation
t 100 3 g for 5 min at 4°C in M199 medium containing 15% fetal calf
erum (FCS), 100 U/ml penicillin, 100 m/ml streptomycin and 1.25
/ml amphotericine B. BAECs were serially passaged after treat-
ent with 0.05% trypsin. The ECs were evaluated by their mainte-
ance of density-dependent growth after serial passage by their
ypical cobblestone configuration when viewed by light microscopy
nd by a positive indirect immunofluorescence test for von Wille-
rand factor VIII. Cells between passage 6 and 10 were grown in
henol red-free M199 with dextran-charcoal-stripped 15% FCS and
nce confluent were treated with E2 (5 nM) and NO was measured in
258
ells were first pretreated for 30 min either with L-type Ca21 channel
locker nifedipine (20 mM), EGTA (2 mM), BAPTA-AM (10 mM), Ca21

onophore A23187 (10 mM), or with the ER receptor antagonists
amoxifen (1 mM) or ICI 182,780 (10 mM). In a separate experiment
competitive inhibitor of arginine substrate L-NAME (2 mM) was

ncubated in modified HBSS solution during NO assay (see below)
nd in a control experiment, progesterone (10 nM) was used instead
f E2. SK Hep1 cells were purchased from ATCC (Manassas, VA) and
ropagated in DMEM medium.

NO measurement. Concentrations of NOx, defined as NO2
2, and

O3
2, in culture media were determined by NO-specific chemilumi-

escence as measured using an Antek nitrate/nitrite reduction as-
embly and NO analyzer (models 745 and 7020 respectively; Antek
nstruments, Inc., Houston, TX). Since this machine measures all
he nitrite/nitrate compounds present in the assay medium, includ-
ng the nitrite/nitrate content of the culture media per se, we em-
loyed a modified protocol as described before (12). In brief, the
edium was changed to modified HBSS (1.2 mM CaCl2, 0.6 mM
gSO4, and 100 mM L-arginine) after treatment and equilibrated for
h at 37°C. At the end of the incubation period, supernatants were

ollected for NOx analysis and reduced with 1 M NaOH in glacial
cetic acid and/or 0.1 M VOSO4 in 2 M HCl before measurement. The
O analyzer detected NO using V31 to chemically reduce the NOx,

he stable end products of NO released from the cells. Free NO was
hen detected in a chemiluminescence spectrometer by its reaction
ith ozone with NaNO2 used as the reference standard. All mea-

ured NO was expressed as mean (fold) 6 SD. The detection limit of
O was 1 pmol. With this protocol, the NO measured represents that
hich is produced during the 60 min incubation in HBSS following

rom the agonist/antagonist treatments of specified duration. Subse-
uent NO production is then solely dependent on eNOS activity at
he end of the agonist/antagonist treatments, given that the assay
edium contains excessive amounts of cofactors and substrates.

Fluorescence microscopy. Cells were grown on polylysine-coated
overslips and fixed with 4% paraformaldehyde. Fixed cells were
ncubated with E2BSA-FITC (20 mM) for 40 min at 4°C after blocking
ith 0.2% BSA. BSA-FITC alone was used as the corresponding

ontrol. The cells were then extensively washed in fresh PBS. The
ocalization of E2BSA-FITC was analyzed using a Zeiss IM 35 mi-
roscope (Zeiss, Oberkochen, Germany).

Western blot analysis. Preparation of detergent-free caveolae
rom ECs was carried out as previously described (22). Caveolar
roteins (50 m) were separated using sodium dodecyl sulfate (SDS)-
olyacrylamide gels followed by electrophoretic transfer onto nitro-
ellulose membranes. The blots were then probed with polyclonal
nti-eNOS (1:1,000), anti-ERa (1:2,500) or anti-caveolin 1 (1:2,000)
ntibodies and finally developed using enhanced chemiluminescence
eagents (ECL, Amersham, DE).

Statistical analysis. Results were expressed as means 6SD with
indicating the number of experiments. Statistical significance of

he data was determined by Student’s unpaired t test where a value
f p , 0.05 was considered statistically significant.

ESULTS

Physiologically relevant concentrations of E2 increase
O in BAECs after 5 min without upregulation of

NOS. When BAECs were treated with various con-
entrations (100 pM to 10 mM) of E2, a maximal in-
rease in NO levels was observed at 1–10 nM (data not
hown). Accordingly, all subsequent experiments were
erformed using 5 nM E2. In kinetic experiments as
hown in Fig. 1, marked augmentation of NO release
as demonstrated at the earliest time point (5 min; by
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.93 6 0.58 fold as compared with control). This was
hown to be an acute affect as NO levels subsequently
ell over the next 30 min period. Western blot analysis
evealed that this short-term effect of E2-mediated NO
elease did not result from an increase in eNOS protein
xpression, suggesting that the classical intracellular
enomic action is not responsible for the observed ef-
ect. The increase in NO by estrogen was blocked when
sing non-degradable arginine, L-NAME, as a sub-
trate during the assay. Furthermore, progesterone (10
M), a structurally-related hormone, did not augment
O production at all in the cells.

The short-term effect of E2 on NO release is Ca21-
ependent. E2 has been shown to facilitate Ca21 entry
nd mobilization in certain ECs (23). In addition, in-
racellular Ca21 is known to regulate eNOS activity,
hich in turn activates NO release (24). However, it is
lso reported that E2 stimulates a rapid NO increase in
uman umbilical vein ECs, independent of cytosolic
a21 mobilization (12). From these controversial find-

ngs, we have reevaluated if Ca21 is required to in-
rease NO production by acute treatment of E2. Table 1
hows that the Ca21-ionophore A23187 (10 mM) ef-
ected an increase in NO production comparable to that
aused by acute E2 challenge. Cotreatment of E2 and
23187 produced the same increase in NO levels as for
23187 alone. In contrast, pretreatment of the cells
ith the L-type Ca21-channel blocker nifedipine (20
M) inhibited E2-induced NO accumulation. Further-
ore, either depletion of extracellular Ca21 by EGTA (2
M) or intracellular Ca21 by BAPTA-AM (10 mM) com-

letely inhibited the acute response to E2. Taken to-
ether, the short-term effect of E2 on NO production
equires increased intracellular Ca21 levels.

FIG. 1. The short-term effect of E2, L-NAME, and progesterone
n NO release and on eNOS expression in BAECs. Cells were treated
n the absence or presence of L-NAME (1 mM) for 30 min prior to E2

5 nM) exposure for either 5 min or 30 min and then incubated in
odified HBSS for 1 h. In a control experiment, cells were treated
ith progesterone (10 nM) instead of E2. Released NO was then
easured and cell proteins were processed for Western blot analysis.
he basal level of NO was 7.87 6 1.15 nmol/106 cells. Data represent
eans 6 SD from at least three independent experiments. *p , 0.05

vs. control).
259
n NO by E2. Next we tested whether E2-induced
O production is mediated by direct binding of E2 to
utative estrogen binding components on the plasma
embrane. To this end, we employed the membrane-

mpermeable estrogen analogue, E2BSA, which is
nable to bind classical intracellular ERs (25) as it
annot enter the cell. Table 1 shows that acute

2BSA treatment increased NO production following
5 min incubation period, which is consistent with

ts acting independently of intracellular receptors.
he existence of putative binding components in the
lasma membrane was confirmed by fluorescence mi-
roscopy. Figure 2 shows that when BAECs were
reated with E2BSA-FITC (1 mM), substantial fluo-
escence was exhibited at the cell surface (Fig. 2a).
n control experiments, no fluorescence was observed
n E2BSA-FITC-treated SK Hep1 cells, an ERa defi-
ient cell-line (Fig. 2b) and also no fluorescence was
bserved when BAECs where treated with BSA-
ITC (data not shown). To further characterize the
strogen-binding components of the plasma mem-
rane we studied the effects of estrogen antagonists
n E2 treatment. Pretreatment with tamoxifen (1
M), a partial ERa antagonist, did not inhibit E2-
timulated endothelial NO production (Table 1).
owever, a pure ERa antagonist ICI 182,780 (10
M) completely attenuated E2-induced endothelial
O formation (Table 1). The complete inhibition of
2-stimulated NO production with ICI 182,780
rompted us to identify whether EC plasma mem-
ranes contain the ICI 182,780 binding protein ERa.
s shown in Fig. 3, we demonstrated by Western blot
nalysis that ERa, like eNOS and caveolin 1, is
ighly enriched in caveolae, being barely observed in
ulk plasma membranes (data not shown).

TABLE 1

Effect of E2 on NO Release from BAECs

Experimental condition NO production

Control 1.00 6 0.27 (6)
E2 1.93 6 0.58* (10)
A23187 2.07 6 0.15* (5)
E2 1 A23187 2.12 6 0.22* (5)
E2 1 nifedipine 1.09 6 0.28 (6)
E2 1 EGTA 1.05 6 0.20 (6)
E2 1 BAPTA-AM 0.77 6 0.12 (6)
E2BSA 1.70 6 0.38* (7)
E2 1 tamoxifen 1.98 6 0.44* (5)
E2 1 ICI 182,780 0.91 6 0.15 (5)

Note. Values are means 6 SD, with the number of measurements
hown in parentheses, and represent fold increases as compared
ith control (NO production without E2). The absolute amount of NO
roduced in control is 7.87 6 1.15 nmol/106 cells.
* p , 0.05 (vs. control).
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ISCUSSION

There is considerable evidence in the literature
howing that in several vascular and reproductive cell
ypes, acute E2 treatment exerts early physiological
ffects that are too rapid to be mediated by genomic
ctivation. These rapid effects of E2 are instead more
ompatible with the activation of signal transduction
echanisms similar to those enacted by peptide hor-
ones after their interaction with membrane recep-

ors. Recently, various reports have revealed the pres-
nce of cell-surface receptors for E2 in ECs and various
ther cell types such as granulosa cells, endometrial
ells, oocytes, spermatozoa, and pituitary cells (26–31).
owever, to date the exact nature of these cell-surface

eceptors has not been clarified. This study demon-
trated for the first time that in BAECs, acute exposure
o E2 increased NO production through the ERa local-
zed in specific plasma membrane domain caveolae.

The kinetic study showed that E2-stimulated NO
roduction reached its maximum level at 5 min treat-
ent before falling to near basal levels over the next 30
in (Fig. 1). The rapid onset and then attenuation of

he E2 response, along with the observation that it was

FIG. 2. Binding of E2BSA-FITC to membranes of (a) BAECs and
xed with 4% paraformaldehyde. Fixed cells were incubated with
SA-FITC was used in a corresponding control (not shown). The loc
260
ot accompanied by increased eNOS protein expres-
ion (Fig. 1), suggests that it represents a nongenomic
ction of E2 and occurs without a need for eNOS up-
egulation. As mentioned in the Materials and Meth-
ds section, the NO production measured by our assay
rotocol is solely dependent on eNOS activity. The
hort duration of NO production, thus, suggests that E2

cutely activates eNOS and deactivates it soon after-
ards. It is not clear which signaling mechanisms me-
iate this brief response, however, we would speculate
hat the rise in intracellular Ca21 levels by acute E2

reatment may account for the rapid activation/
eactivation of eNOS. It has been previously reported
hat eNOS is inhibited by its interaction with caveolin
n caveolae and that Ca21/calmodulin releases caveolin
rom the caveolin-eNOS complex, therefore permitting
NOS activation (20, 21). If this is the case then one
ould imagine that E2 directly activates a putative ER,
ubsequently stimulating a downstream signaling
athway(s) that recruits cofactors such as Ca21/
almodulin transiently to the plasmalemmal caveolae
here most eNOS is localized. At present, however, it

s not known how Ca21/calmodulin uncouples the

SK Hep1 cells. Cells were grown on polylysine-coated coverslips and
SA-FITC (20 mM) for 40 min at 4°C after blocking with 2% BSA.
ation of E2BSA-FITC was analyzed by Zeiss IM 35 microscope.
(b)
E2B
aliz
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aveolin-eNOS complex in caveolae to activate eNOS
nd how this activation is terminated. A recent study
as shown that 5 min after E2 treatment, most of the
NOS translocated from the plasma membrane to the
ntracellular sites close to the nucleus returned back to
he plasma membrane on more prolonged E2 exposure
23). This indicates that intracellular trafficking of
NOS plays an important role in its activity in the
ells. Furthermore, in that same study (23), a rapid
ise in intracellular Ca21 was observed after only 30 s
f E2 treatment, which returned towards baseline lev-
ls within 15 min of hormone treatment. Taken all
ogether, it is likely that the transient intracellular
a21 mobilization plays an important role in exerting
arious E2 responses.
Because raised cytosolic Ca21 levels induce numer-

us downstream responses, but yet do not mediate
cute E2-induced NO release in HUVECs (12), we re-
xplored the role of Ca21 in NO release from BAECs in
esponse to acute E2 treatment. Our data clearly show
hat both nifedipine and EGTA fully inhibit E2-
timulated NO production (Table 1), suggesting that
he short-term effect of E2 on NO release from BAECs
s dependent on extracellular Ca21. In addition,
23187 evoked a response which was equivalent in
agnitude to the E2 response, and when BAECs were

otreated with E2 and A23187 the release of NO was no
reater than the effects of the two agents given indi-
idually (Table 1). This suggests that E2-induced NO
ormation is dependent on cytosolic Ca21, a conclusion
urther supported by the fact that BAPTA-AM fully
blated the effect of E2 (Table 1). The Ca21-dependence
f nongenomic E2 action reported here is also sup-

FIG. 3. Identification of eNOS, ERa, and caveolin in caveolae
epared from BAECs. Caveolae were prepared from BAECs as de-
cribed under Materials and Methods. Caveolar proteins were sepa-
ated by SDS–polyacrylamide gel electrophoresis and blotted onto
itrocellulose membrane. The blots were immunostained with anti-
NOS, anti-ERa, or anti-caveolin 1 antibodies and developed using
nhanced chemiluminescence reagents.
261
4). However, the dependence of the E2 action on ex-
racellular Ca21 is controversial since acute E2-induced
O release from chicken granulosa cells was reported

o be triggered by Ca21 release into the cytosol from
ntracellular Ca21 stores (32). The dependence on both
xtracellular and intracellular Ca21 of the E2-induced
ongenomic effect has also been reported using mouse
cells (33). Different cell culture and experimental

onditions may explain these apparently incompatible
bservations. Furthermore, unlike nifedipine and dil-
iazem, two other Ca21 channel blockers, namely am-
odipine (34) and felodipine (35) were reported to stim-
late endothelial NO production rather than inhibit it.
his suggests that the role of Ca21 in NO release may
e more complicated than is currently thought. In this
egard, the Ca21 channel that mediates E2-stimulated
O production in endothelial cells has yet to be char-
cterized.
Our final goal in this study was to characterize a

utative ER existing in the plasma membrane which
ccounts for the nongenomic E2 response. In this study
he binding of E2 to the plasma membrane was con-
rmed by using membrane-impermeable E2BSA-FITC
Fig. 2) and the localization of ERa in caveolae pre-
ared from ECs was clearly shown by immunoblotting
Fig. 3). The possibility that the classical nuclear re-
eptor ERa exists on the plasma membrane was sup-
orted by a recent publication where small numbers of
oth ERa and ERb (2–3% of nuclear receptor expres-
ion) were expressed in the plasma membrane of Chi-
ese hamster ovary cells transfected with both of the
eceptors (36). In addition, a pure ERa antagonist ICI
82,780 completely blocked estrogen-stimulated NO
elease suggesting it is mediated by ERa. In contrast, a
artial antagonist tamoxifen did not block this re-
ponse at all. During the preparation of this manu-
cript, it has been reported that ERa mediates the
ongenomic activation of eNOS by E2 (24). The results
eported from this study (24) are largely compatible
ith the data from the current study except that ta-
oxifen treatment was reported to fully inhibit E2-

timulated NO release contrary to the current data
Table 1). It is not clear whether this discrepancy re-
ults from use of different types of cells since in the
ther study lamb pulmonary artery ECs were used
hereas here we used BAECs. More detailed experi-
ents would be necessary to resolve this issue, how-

ver, it is interesting to note that tamoxifen serves as
n ER antagonist in breast tissue (37) but as an ER
gonist in bone (38) and uterine tissue (39). Therefore
issue-specific differences in response to E2 could ac-
ount for the differences in the data reported.
It is now believed that increased NO production in

esponse to acute E2 treatment is mediated by a mech-
nism independent of the classical genomic pathway of
teroid action. Many attempts have been made to iden-
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ction (28, 40–42) and this aspect of estrogen action
emains to be fully understood. The present observa-
ions reconfirm the very recent publication (24) that
Ra mediates the nongenomic action of E2. Further-
ore, the current study shows that ERa exists in plas-
alemmal caveolae. Further studies of the interaction

f ERa with other functionally important proteins in
aveolae will enhance our current understanding of
oth the specific role of acute estrogen treatment in the
asculature and perhaps of the general mechanisms of
ongenomic actions of other steroid hormone receptors.
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