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ABSTRACT—Chronic estrogen exposure has been shown to affect pulmonary artery (PA) vasoreactivity. However, the
immediate effects of exogenously administered 17p-estradiol (E2) on vasopressor-induced PA vasoconstriction and acute
hypoxic pulmonary vasoconstriction (HPV) have not yet been investigated. We hypothesized that exogenously
administered E2 attenuates PA vasoreactivity and acute HPV through a rapid mechanism. Isometric force displacement
was measured in isolated PA rings from proestrus female adult Sprague-Dawley rats, estrus, metestrus, or diestrus female
adult Sprague-Dawley rats, and male adult Sprague-Dawley rats. The vasoconstrictor response in the absence of hypoxia
(organ bath bubbled with 95% 0./5% CO,) was measured after stimulation with 1 uM of phenylephrine. Hypoxia was
generated by changing the gas to 95% N»/5% CO,. The E2 was added to the organ bath in 0.1-nM, 0.5-nM, 1-uM, 500-uM,
and 1-mM doses. The 1-mM dose caused an immediate decrease in force in PA rings from estrus, metestrus, or diestrus
female adult Sprague-Dawley rats. In addition, 500 uM and 1 mM of E2 attenuated phenylephrine- and hypoxia-induced
vasoconstriction and potentiated the vasodilatory phase of hypoxia. These effects were immediate and independent of sex
or estrous cycle. Lower E2 doses did not mediate any significant effects. We conclude that high doses of exogenous E2
acutely attenuate PA vasoreactivity and acute HPV in a rapid and dose-dependent manner. A better understanding of how
E2 modulates the pulmonary vasomotor response may allow for future therapeutic interventions in acute pulmonary

hypertensive crises or in pulmonary arterial hypertension.
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INTRODUCTION

The effects of sex hormones on the pulmonary vasculature
are complex and not fully understood. Idiopathic pulmonary
arterial hypertension, a disabling condition characterized by
pulmonary artery (PA) vasoconstriction, remodeling, and in
situ thrombosis, and eventually right ventricular failure, oc-
curs twice as frequently in females as compared with males
(1). However, in the setting of chronic hypoxia, females have
been noted to exhibit less severe pulmonary hypertension than
their male counterparts (2). Interestingly, chronically hypoxic
ovariectomized rats develop more severe pulmonary arterial
remodeling and right ventricular hypertrophy than chronically
hypoxic rats with intact ovaries (3). In addition, ovariectom-
ized rats exposed to monocrotaline (a plant toxin that induces
progressive pulmonary vascular injury resulting in pulmonary
hypertension and right ventricular failure), exhibit more
severe disease than normal female rats (4).

In a previous study (5), we demonstrated that sex and
estrous cycle affect PA vasoreactivity and that physiologic
increases in circulating estrogen levels attenuate PA vaso-
constriction under both normoxic and hypoxic conditions.
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Pulmonary artery rings from proestrus female Sprague-Dawley
rats, characterized by physiologically increased estrogen levels
compared with estrus and diestrus female Sprague-Dawley rats
and male animals, exhibited an attenuated vasoconstrictor
response when stimulated with vasoactive agents or hypoxia.
Few other studies have investigated the effects of sex
hormones on PA vasoreactivity (2, 6). In an isolated PA
model, the immediate administration of estrogen caused
vasorelaxation under normoxic conditions (7).

The vasomotor effects of sex hormones are mediated
through genomic and nongenomic mechanisms. The genomic
mechanisms of estrogen rely on the production of proteins to
mediate its effects, and consequently, such effects are gradual
in character. In contrast, the nongenomic effects occur much
more rapidly, taking only seconds to minutes, and use existing
proteins for effect (8—10). Therefore, any immediate effect
that exogenously administered estrogen exerts must be
mediated through nongenomic mechanisms.

The immediate effects of exogenous sex hormones on
hypoxic pulmonary vasoconstriction (HPV) are incompletely
understood. This is of interest because HPV and pulmonary
arterial hypertension share common intracellular pathways
and signaling mechanisms that may be amenable to therapeu-
tic manipulation (11). Early investigations were performed by
Wetzel et al. (12) and Gordon et al. (13) in isolated sheep
lungs. However, in these experiments, estrogen was given to
living animals 2 to 5 days before experimentation. Therefore,
it is not clear which of the described effects were caused by
genomic versus rapid nongenomic mechanisms. To our
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knowledge, no study has described the rapid and immediate
effects of exogenous estrogen on acute HPV and PA vaso-
reactivity. This is not only of interest in light of the data
indicating that endogenous estrogen attenuates PA vaso-
reactivity and HPV (2, 3, 5), but also because the admin-
istration of exogenous estrogen has been shown to be
beneficial in the setting of experimental trauma-hemorrhage,
shock, sepsis, and acute lung injury (14-16). A better
understanding of the rapid effects of exogenous estrogen on
the pulmonary vasculature may allow for therapeutic inter-
ventions in pulmonary arterial hypertension and pulmonary
hypertensive crises in the future.

We hypothesized that exogenous estrogen attenuates PA
vasoreactivity and acute HPV through a rapid mechanism. We
also sought to find out whether the effects of exogenous
estrogen vary between different sexes and between various
stages of the estrous cycle. To test this, isometric force
displacement was measured in isolated PA rings from
proestrus, estrus, metestrus, and diestrus female Sprague-
Dawley rats and male Sprague-Dawley rats.

MATERIALS AND METHODS

Animals

All animals received humane care in compliance with the Guide for the Care
and Use of Laboratory Animals (National Institutes of Health publication no.
85-23, revised 1985). All of the animal protocols were approved by the
Institutional Animal Care and Use Committee of the Indiana University School
of Medicine. Adult age-matched male and female Sprague-Dawley rats (Harlan,
Indianapolis, Ind) weighing 225 to 350 g were allowed ad [ibitum access to food
and water up to the time of experimentation. All animals were cared for in a
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nonstressful environment for at least 1 week before experimentation. The
estrous cycle of the female rats was determined using vaginal smears as
described previously by Hubscher et al. (17). Briefly, the estrous cycle of the
female rat consists of four phases and lasts 4 to 5 days. The proestrus phase is
characterized by high endogenous estrogen levels, whereas the estrus, metestrus,
and diestrus phases exhibit low endogenous estrogen levels (17). Female rats
were divided into proestrus and estrus, metestrus, or diestrus animals.

Isolated PA ring preparation

Rats were anesthetized with intraperitoneal injections of pentobarbital
(150 mg/kg). Median sternotomy was performed, and the heart and lungs were
removed en bloc and placed in modified Krebs-Henseleit (KH) solution at
4°C. Under a dissecting microscope, extralobar PA branches were dissected
out and cleared of surrounding tissue. The right and left main branches were
cut into 2- to 3-mm-wide rings and suspended on steel hooks connected to
force transducers (ADInstruments, Colorado Springs, Colo) for isometric
force measurement. Care was taken during the entire process to avoid injury
to the endothelium. The PA rings were immersed in individual water-jacketed
organ chambers containing modified KH solution bubbled with 95% 0,/5%
CO, at 37°C. Force displacement was recorded using a PowerLab (ADInstru-
ments) eight-channel data recorder on an Apple iMac PowerPC G4 Computer
(Apple Computer, Cupertino, Calif).

Experimental protocol and groups

Before starting the experimental protocols, the PA rings were stretched to a
predetermined optimal passive tension of 750 mg. The rings were allowed to
equilibrate for 60 min, during which time the KH solution was changed every
15 min. Viability of PA rings was determined by measuring maximum
contractile response to 80 mM of KCI. The dosage of KCl was determined to
produce maximal contractile response in previous experiments. After KCl
washout, the integrity of each PA endothelium was evaluated by dilation with
acetylcholine (1 pM) after phenylephrine (PE; 1 uM) precontraction. Rings
demonstrating less than 200-mg contraction to PE were discarded. In
endothelium-intact PA, rings demonstrating less than 50% vasorelaxation to
acetylcholine were discarded. After washout of acetylcholine, PA rings were
allowed to equilibrate. After equilibration, PA rings were precontracted with
PE. After PE precontraction, hypoxia was induced by changing the bubbled
gas to 95% N,/5% CO,, producing a Po, of 30 to 35 mmHg. Each experiment
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Fic. 1. Representative pressure tracing of hypoxic vasoconstriction in isolated pulmonary arteries. Force in grams is depicted on the y axis. Time in
hours and minutes is represented on the x axis. Pulmonary arteries precontracted using phenylephrine (PE, 1 uM) were exposed to hypoxia (Po, = 30-35
mmHg) for 60 min. Maximum vasorelaxation was measured as the difference between the tension measured when hypoxia was induced and the lowest force
preceding phase Il vasoconstriction. Maximum phase Il vasoconstriction was measured as the difference between the lowest force preceding contraction and

the highest force during 60 min of hypoxia. E2, 17p-estradiol.
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Fic. 2. Rapid effects of E2 on phenylephrine (PE)-induced vaso-
constriction in PA rings from males (A), proestrus females (B), and
estrus, metestrus, and diestrus females (C). The PE (1 uM) was added to
the organ bath 10 min after addition of estradiol. Values are normalized
within each group to their respective resting tension. The 0.1-nM, 0.5-nM,
and 1-uM doses did not affect PE-induced vasoconstriction in any of the
groups. In contrast, the 500-pM and 1-mM doses significantly attenuated PE-
induced vasoconstriction in all groups. A, *P < 0.05 vs. 0.5 nM; TP<0.01vs.
0.1 nM and vs. control; ¥P < 0.001 vs. 1 uM. B, *P<0.05 vs. 1 uM; TP < 0.01
vs. control; ¥P<0.001vs. 0.1 nM and 0.5 nM. C, *P<0.0001 vs. 0.1 nM,
0.5 nM, 1 pM, and 4control; TP < 0.0001 vs. 0.1 nM; ¥P<0.01 vs. 1 pM;
$P < 0.01 vs. 0.5 nM and control; 'P = 0.05 vs. 500 uM.

was terminated after 60 min of hypoxia, and rings were immediately flash-
frozen in liquid nitrogen for future experiments.

Water-soluble 17B-estradiol (E2, cyclodextrin-estradiol) in different con-
centrations (0.1 nM, 0.5 nM, 1 uM, 500 pM, and 1 mM) was added to the
organ bath 10 min before the second administration of PE and 20 min be-
fore induction of hypoxia. The 0.1-nM dose represents the physiologically
maximally achievable estradiol level in cycling rodents (18). The 1-mM dose
was based on previous experiments during normoxia by English et al. (7).

Hypoxic pulmonary vasoconstriction

To measure the effect of hypoxia on PA, we gassed PE-precontracted PA
rings with 95% N,/5% CO, for 60 min. This produced a Po, of 30 to 35
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mmHg in the organ bath, which was measured with a blood-gas analyzer
(Synthesis 20; Instrumentation Laboratory, Lexington, Mass). As described
in previous experiments, hypoxia caused a biphasic PA vasoconstriction: an
early contraction (occurring 2-3 min after exposure to hypoxia) followed by
a transient vasorelaxation and a late phase II (occurring 10-15 min after
hypoxia exposure) contraction (Fig. 1). Because of its very brief and
transient nature, phase I vasoconstriction was not measured. Maximum
phase II vasoconstriction was measured as the difference between the
highest and lowest force displacements during hypoxia and expressed as a
percentage of maximum PE precontraction. Maximum vasorelaxation was
measured as the difference between PE precontraction and the lowest force
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Fic. 3. Rapid effects of E2 on vasorelaxation during hypoxia in PA
rings from males (A), proestrus females (B), and estrus, metestrus,
and diestrus females (C). Estrogen was added to the organ bath 20 min
before induction of hypoxia. Force displacement during hypoxia is
expressed as percent change from the amount of PE precontraction.
Estradiol in 500 uM and 1 mM concentrations significantly potentiated
vasorelaxation in all three groups. Lower estrogen doses did not cause any
significant changes. A, *P < 0.05 vs. control; TP <0.01vs. 0.1 nM, 0.5 nM,
and 1 pM; #P < 0.05 vs. control, 0.1 nM, and 0.5 nM; $P < 0.01 vs. 1 uM. B,
*P <0.01 vs. 0.1 nM, 0.5 nM, 1 uM, and control. C, *P < 0.05 vs. 0.1 nM;
TP <0.01vs. 0.5 nM, 1 pM, and control; ¥P < 0.05 vs. 0.1 nM and 0.5 nM;
$P<0.01 vs. 1 uM and control.
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Fic. 4. Time line of vasorelaxation during hypoxia for males (A),
proestrus females (B), and estrus, metestrus, and diestrus females (C).
Estradiol (500 uM and 1 mM) significantly potentiated vasorelaxation in all
groups. In addition, maximum vasorelaxation was delayed by 1 mM of estro-
gen. Whereas maximal vasorelaxation occurred after 10 to 15 min in the
control and the 0.1 nM, 0.5 nM, and 1 uM groups, respectively, it occurred
after 20 min in the 1 mM groups. A,*P < 0.01 for 1 mM vs. 0.5 nM, 1 uM, and
control; TP < 0.001 for 1 mM vs. 0.1 nM; *P < 0.05 for 500 uM vs. 0.5 nM and
1 uM; $p < 0.01 for 500 puM vs. 0.1 nM and control; #P < 0.05 for 1 mM vs
control; **P < 0.01 for 1 mM vs 0.1 nM. B,*P < 0.01 for 1 mM vs. 0.1 nM and
0.5 nM and P < 0.01 for 500 pM vs. control; TP < 0.001 for 1 mM vs. 1 uM
and control; ¥P < 0.001 for 1 mM vs. 1 pM and P < 0.05 for 1 mM vs. 500 pM;
$P < 0.05 for 500 uM vs. 0.1 nM, 0.5 nM and 1 uM; P < 0.05 for 500 pM
vs. 0.1 nM and control; TP < 0.01 for 500 uMvs. 0.1 nM and 1 uM; #P<0.05
for 500 uM vs 1 mM. C, *P < 0.05 for 1 mM vs. 0.1 nM, 0.5 nM, 1 uM, and
control.

displacement during hypoxia and expressed as a percentage of maximum PE
precontraction.

Chemicals and reagents

All chemical reagents were obtained from Sigma (St Louis, Mo) unless
otherwise specified. All reagents were dissolved in deionized distilled
water. The KH solution is a physiologically balanced salt solution
containing (in mmol/L): 127 NaCl, 4.7 KCl, 17 NaHCO3;, 1.17 MgSOy,,
1.18 KH,POy,, 2.5 CaCl,, and 5.5 D-glucose. The final pH of all solutions
was 7.35 to 7.45.

Presentation of data and statistical analysis

Force displacement after stimulation with KCl and PE is expressed as
percent change from baseline tension of 750 mg. Force displacement during
hypoxia is expressed as percent change from the amount of PE precontraction.
All reported values are expressed as means = SE. Experimental groups (males,
n = 4-6 for each estrogen dose or control, respectively; proestrus, n = 67 for
each dose or control; estrus, metestrus, or diestrus, n = 7-8 for each dose or
control) were compared by two-way ANOVA with post hoc Bonferroni test or
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Student ¢ test (Prism 4; Graphpad Software, San Diego, Calif). Differences at
an o = 0.05 (P < 0.05) were considered statistically significant.

RESULTS

E2 acutely decreases PA resting tone in pulmonary arteries
from estrus, metestrus, and diestrus females

The 1-mM dose of E2 caused a small, but statistically
significant, decrease in PA resting tone in PA rings from estrus,
metestrus, and diestrus females (baseline, 0.759 + 0.007 g vs.
post E2, 0.726 + 0.01 g, P < 0.05). This effect was rapid and

E2

Fic. 5. Rapid effects of E2 on phase Il of hypoxic pulmonary
vasoconstriction (HPV) in PA rings from males (A), proestrus females
(B), and estrus, metestrus, and diestrus females (C). Estradiol was added
to the organ bath 20 min before induction of hypoxia. Force displacement
during hypoxia is expressed as percent change from the amount of PE
precontraction. High concentrations of estradiol (1 mM) significantly attenu-
ated phase Il HPV in all three groups. In contrast, 500 uM did not affect HPV
in PA rings from proestrus animals, and the effect in the other two groups
was less marked than the effect of the 1 mM dose. A, *P < 0.05 vs. 0.5 nM
and control; TP < 0.01 vs. 0.1 nM and 1 pM; ¥P < 0.05 vs. 0.1 nM and 1 pM.
B, *P <0.05 vs. 0.5nM. C, *P < 0.05 vs. 0.1 nM, 0.5 nM, 1 uM, and control.

Copyright © 2008 by the Shock Society. Unauthorized reproduction of this article is prohibited.



664 SHOCK VvoL. 30, No. 6

=8 - control
—&=FE20.1nM
=& E20.5nM
-+ E21uM
—e—E2 500 uM
~¥-E21mM
L]
70
1254 -8- control
100- —=—E20.1nM
< -+ E20.50M
< 754
g = E21uM
£ 50 ——E2 500 uM
w - -
Lo *-E21mM
0: 1
70
—25-
C
5 §
§ 31
125+ t 1
S : Lo -a- control
1001 - —=—E20.1nM
S 75 P -4 E205nM
g = E21uM
£ 50 —e— E£2 500 uM
L= i ~¥-E21mM
4 25 m
0 T =+ 1
10 30 40 50 60 70
—254

time (min)

Fic. 6. Time line of phase Il HPV for males (A), proestrus females (B),
and estrus, metestrus, and diestrus females (C). Because the vaso-
dilatory phase of hypoxia was prolonged in the highest-dose estradiol
groups, the onset of phase Il HPV was delayed and occurred after 20 min.
The highest estradiol concentration attenuated HPV in PA rings from males,
proestrus females, and estrus, metestrus, or diestrus females. In contrast,
500 uM of estradiol did not significantly attenuate HPV in PA rings from
proestrus animals. A, *P < 0.05 for 1 mM vs. 0.1 nM; TP < 0.05 for 1 mM
vs. 1 uM; ¥P < 0.01 for 1 mM vs. 1 uM; $P < 0.001 for 1 mM vs. 1 uM. B,
*P < 0.05 for 1 mM vs. 0.5 nM; TP < 0.01 for 1 mM vs. 1 pM; ¥P < 0.001 for
1 mMvs. 1 uM; $pP < 0.05 for 1 mM vs. 500 uM. C, *P < 0.05 for 1 mM vs.
0.5 nM; TP < 0.05 for 1 mM vs. 0.1 nM; ¥P < 0.05 for 1 mM vs. 1 uM; 8P <
0.05 for 1 mM vs. control.

occurred in less than 10 min. No significant decreases in resting
tone were noted in rings from male or proestrus animals.

E2 rapidly attenuates PE-induced vasoconstriction

Exogenous E2, when given in 0.1-nM, 0.5-nM, and 1-uM
doses did not significantly affect PE-induced vasoconstriction
in PA rings from male, proestrus female, or estrus, metestrus,
and diestrus females (Fig. 2). In contrast to these findings, the
500-uM and 1-mM doses significantly attenuated PE-induced
vasoconstriction in all three groups. There was a trend toward
more pronounced effects of the 1-mM dose in the estrus,
metestrus, or diestrus females (P = 0.05). The increase in
force after 500 pM of E2 was 33.08% * 6.56% in male PA

LAHM ET AL.

rings, 22.24% * 2.22% in proestrus PA rings, and 31.77% +
4.0% in estrus, metestrus, or diestrus rings. For the 1-mM
dose, the increase in force was 32.54% + 6.63% in male PA
rings, 26.74% + 5.53% in proestrus PA rings, and 20.54% =+
3.28% in estrus, metestrus, or diestrus rings. This effect
occurred within 10 min of administration.

E2 potentiates vasorelaxation during hypoxia

The 0.1-nM, 0.5-nM, and 1-uM doses of E2 did not
significantly alter vasorelaxation after the onset of hypoxia
(Fig. 3). However, when given as a 500-uM or 1-mM dose, E2
markedly enhanced vasorelaxation in all three groups. This was
reflected by a significant decrease in force (500 pM: males,
—127% =+ 17.5%; proestrus females, —111.75% = 3.85%;
estrus, metestrus, and diestrus females, —123.14% + 15.77%;
1 mM: males, —104.1% =+ 6.68%; proestrus females,
—103.75% + 3.93%; estrus, metestrus, and diestrus females,
—100.0% * 4.92%). In addition, 1 mM of E2 also delayed the
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Fic. 7. Comparison of the effects of 1 mM of E2 between PA rings
from male (M), proestrus female (PF) and estrus, metestrus or diestrus
female (EMDF) animals. In all three groups, the administration of 1 mM of
E2 attenuated PE-induced vasoconstriction (A) and phase Il of HPV to a
similar degree (C), reflected by similar amounts of generated force (P = not
significant for M versus PF, M versus EMDF, and PF versus EMDF). In
addition, this dose potentiated vasorelaxation during hypoxia to a similar
degree (B), as reflected by similar decreases in force (P = not significant for
M versus PF, M versus EMDF, and PF versus EMDF).
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occurrence of maximal vasorelaxation, therefore prolonging the
vasodilatory phase of hypoxia (Fig. 4). Whereas maximal
vasorelaxation occurred after 10 to 15 min in the control group
and in the 0.1-nM, 0.5-nM, and 1-uM groups, respectively, this
occurred after 20 min in all three 1-mM groups. Although there
was some delay in the 500-uM groups, this effect was not as
pronounced as in the 1-mM groups.

E2 rapidly attenuates acute HPV

High concentrations of E2 (1 mM) attenuated phase II of
HPV in PA rings from males, proestrus females, and estrus,
metestrus, or diestrus females (Fig. 5). The 500-uM dose
attenuated phase II of HPV in PA rings from males and estrus,
metestrus, and diestrus, but not proestrus females. In addition,
the attenuation of HPV from 500 uM in males and non-
proestrus females was less pronounced than that of 1 mM
(increase in force with 500 uM in males, 48.51% * 10.65%;
proestrus females, 93.1% = 9.61%; estrus, metestrus, and
diestrus females, 57.69% * 13.73%; increase in force with
1 mM: males, 33.59% + 9.8%; proestrus females, 49.13% =+
13.41%; estrus, metestrus, and diestrus females, 47.59% =+
11.21%). Similar to the other experiments, no significant
effects were seen with lower estradiol doses. Because the
vasodilatory phase of hypoxia was prolonged in all the three
highest-dose estradiol groups, the onset of phase II HPV was
delayed as well (Fig. 6). This effect was independent of sex or
estrous cycle.

Nongenomic E2 effects are independent of sex and estrous
cycle

17p-Estradiol (1 mM) attenuated PE- and hypoxia-induced
vasoconstriction to a similar degree in all three groups,
irrespective of the sex and the phase of the estrous cycle
(Fig. 7). Similarly, the potentiation of vasorelaxation during
hypoxia was of the same magnitude in all groups, irrespective
of sex and estrous cycle.

DISCUSSION

The results of this study demonstrate that high doses of E2
(500,000-1,000,000 greater than the maximum physiological
concentration in rodents) acutely attenuate PA vasoreactivity
through a rapid and therefore most likely nongenomic
mechanism. This attenuation was seen after administration
of the vasoconstrictive agent PE and during acute hypoxia. In
addition, we were able to show that the magnitude of these
effects is not dependent on endogenous estrogen levels. The
E2 dose that affected vasoreactivity the most (1 mM)
mediated this irrespective of the sex or the phase of the
estrous cycle. In other words, a high E2 dose made PA rings
from male and female animals “look the same.” Furthermore,
we demonstrated that the highest estradiol dose also caused a
small, but statistically significant, vasorelaxation in PA rings
from estrus, metestrus, and diestrus females.

These results are in concordance with our previous study
(5), in which we were able to show that endogenous estrogen
attenuated PA vasoreactivity and acute HPV. The current data
expand our knowledge by demonstrating that pharmacological
doses of E2 have an immediate and acute effect on the pul-
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monary vasculature. However, this effect is dose-dependent
and only seen with high doses (500 uM and 1 mM). Although
fluctuations in endogenous estrogen affect PA vasoreactivity
(5), these sex differences seem to be largely abolished by high
doses of exogenous estrogen.

Estradiol has well-documented genomic effects on the
pulmonary vasculature (6, 13, 19, 20). There is also evidence
that anti-inflammatory mechanisms contribute to the vaso-
dilatory properties of estrogens. Pulmonary artery vasoreactiv-
ity is influenced by the integrity of the endothelial cell layer and
the inflammatory state of the vasculature (21). Hypoxic
pulmonary vasoconstriction is associated with smooth muscle
cell contraction, inflammation, generation of reactive oxygen
species, and cytokine release (11, 22). Interestingly, estrogen
has been shown to decrease inflammation and to stabilize
cellular integrity in other organ systems (23). Because PA
vasoreactivity and HPV were rapidly affected in our model, any
genomic estrogen effects can most likely be excluded. Non-
genomic estrogen receptor-o—mediated increases in nitric oxide
(NO) production and increases in prostacyclin release have
been demonstrated in tissue culture experiments (24, 25). Anti-
oxidant effects have been attributed to estrogen in the setting of
myocardial ischemia-reperfusion injury (26). It is conceivable
that these mechanisms play a role in the hypoxic pulmonary
vasculature as well, but further research is needed to determine
if this is truly the case.

In addition to estradiol’s effects on PA vasoreactivity, it has
been shown that various estradiol metabolites affect vascular
tone and vascular remodeling as well. A line of evidence
suggests that several estradiol effects are mediated through a
number of downstream metabolites that exert anti-inflammatory
and antiproliferative effects (4). For example, the estradiol
metabolite 2-methoxyestradiol attenuated monocrotaline-
induced pulmonary hypertension in rats. Interestingly, ovariec-
tomized rats developed more severe monocrotaline-induced
pulmonary hypertension than normal females, and this was
attenuated by treatment with 2-methoxyestradiol (4). However,
the estrogen metabolite was given on a chronic basis, and its
acute effects could therefore not be investigated.

One strength of our model is that it allows the investigation
of immediate (and therefore most likely nongenomic) estrogen
effects on PA vasoreactivity. For this reason, estrogen was
given 10 min before administration of PE and 20 min before
induction of acute hypoxia. Because the conversion of estradiol
to its metabolites requires several steps (4), it is unlikely that
the effects of estradiol metabolites significantly contributed to
the effects observed in our model. Although English et al. (7)
investigated nongenomic effects of various sex hormones
including E2 on PA tone under normoxic conditions, to our
knowledge, there are no studies investigating the rapid actions
of estradiol in the setting of hypoxia or after exposure to
vasoconstrictor agents. Similar to other studies, the previous
investigations on hypoxic vasoconstriction in isolated sheep
lungs by Wetzel et al. (12) and Gordon et al. (13) focused on
chronic (and therefore genomic) estrogen effects.

The potential therapeutic implications of the rapid and
nongenomic effects of estrogen have been demonstrated in
several settings, including trauma-hemorrhage, shock, sepsis,
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and acute lung injury (14—16). The beneficial properties of
estrogen and its metabolites may explain why, in the setting of
chronic hypoxia, females have been noted to exhibit less
severe pulmonary hypertension than their male counterparts
(2). It is tempting to speculate that the various genomic and
nongenomic effects of estrogen may contribute to this sex
difference in disease severity. However, in contrast to chronic
hypoxic pulmonary hypertension, the idiopathic form of
pulmonary arterial hypertension is much more common in
females (1). This seems to be in contradiction to the
previously described vasoprotective properties of estrogen.
One may speculate that a defect in estrogen receptor pathways
or intracellular signaling may contribute to this paradox.

Although chronic long-term estrogen therapy may be
associated with significant side effects in females (27), an
acute one-time dose or a short course may exert beneficial
effects if the PA tone needs to be acutely lowered in critically
ill patients. This scenario is frequently encountered after
corrective surgery for congenital heart disease in the pediatric
population or after lung transplantation (11). In both circum-
stances, and in patients with the acute respiratory distress
syndrome, HPV can lead to severe pulmonary hypertension
with right ventricular decompensation (11). A potent pulmo-
nary vasodilator can be lifesaving in those settings. Because
the currently available treatments are expensive and some-
times associated with significant side effects or tachyphylaxis
(11), a drug that mimics the acute vasoactive effects of E2
may be of clinical benefit.

An acute high dose of estradiol is unlikely to cause serious
toxicity other than nonspecific gastrointestinal side effects
(28). However, because estrogens have the potential to cause
significant neural, cardiovascular, endocrine, or metabolic
side effects, it would be of special interest to better understand
the signaling mechanisms through which estradiol exerts its
protective effects, so that targeted nonhormonal mechanisms
can be identified and then be applied in patients. The
development of new drugs mimicking some or all of the
rapid vasomotor effects of estrogen may also be of benefit for
the treatment of the vasoconstriction and vascular remodeling
associated with pulmonary arterial hypertension. The work by
Tofovic et al. (4) provides further evidence along those lines.
In this context, it is also of interest that the administration of
E2 or the estrogen receptor- agonist diarylpropiolnitrile has
been shown to attenuate lung injury after trauma-hemorrhage
in male rodents (29).

In addition, our findings of E2-induced attenuation of
vasoconstriction after stimulation with PE may be of impor-
tance for the treatment of shock, in which there is concemn that
vasopressors can induce or worsen pulmonary hypertension.
Although many factors contribute to the morbidity and mortal-
ity associated with trauma, shock, and sepsis (30-33),
decreased vasopressor-induced pulmonary hypertension may
contribute to the improved survival observed in females in
these conditions (9, 34, 35). This may be another clinical
scenario in which estradiol or an estradiol-like drug may be
of benefit.

We acknowledge that 500 uM and 1 mM of E2 are relatively
high doses. However, these concentrations were based on
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previous experiments by English et al. (7), in which the effects
of E2 were clearly dose related. As pointed out by English and
colleagues (7), the dose needed to affect vasoreactivity in large
vessels like the main pulmonary arteries seems to be higher
than the dose needed to affect medium-sized or small arteries.
This may be caused by the fact that the vessels of the
precapillary segment of the pulmonary vascular bed (which
contribute to most of the pulmonary vascular resistance), in
contrast to the large vessels, are only partially muscularized
(22). In addition, differences exist between proximal and distal
smooth muscle cells with regard to their electrophysiologic
properties, differentiation, and growth factor response (22).
English et al. (7) also observed that the pulmonary vessels were
less responsive to the effects of E2 and other steroid hormones
than the coronary vasculature, therefore requiring higher doses.
Thus, vessel size and type seem to play important roles. In
addition, it is well recognized that discrepancies exist between
the concentrations of agents that are required to produce effects
in vivo and in vitro. For example, this has been shown for the
potassium-channel opener cromakalim, which exerts vaso-
dilatory effects in vivo at a lower dose than in vitro (36, 37).
Furthermore, it has been demonstrated that sex hormones may
actively be adsorbed in the capillaries, so that the active sex
hormone concentration at the capillary membrane active site
may be significantly higher than that estimated by serum
samples (38). Therefore, it is conceivable that in vivo smaller
estradiol doses than the ones used in vitro may be sufficient to
exert similar effects. Interestingly, dose-dependent mechanisms
have also been described for estradiol metabolites, where low
doses have been shown to induce proliferation of cultured
vascular endothelial cells, whereas higher concentrations
(>100 nM) inhibit the proliferation of these cells (39).
However, our data suggest that pharmacological doses are
most likely necessary to achieve this effect, although it may be
difficult to achieve estrogen concentrations as high as the ones
used in our experiments in intact animals or patients.

In conclusion, we demonstrated that high doses of estradiol
rapidly decrease PA tone after stimulation with a pharmaco-
logical agent (PE) or hypoxia. Whether this occurs through
nongenomic mechanisms will need to be determined in future
experiments, so that targeted nonhormonal mechanisms can
be identified and applied in patients, therefore eliminating the
pharmacodynamic problems that may be associated with high
estradiol doses.
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