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Hypertension Highlights

Sex Hormones as Potential Modulators of Vascular Function
in Hypertension

Raouf A. Khalil

Abstract—The greater incidence of hypertension in men and postmenopausal women compared with premenopausal
women has suggested gender differences in vascular function. Vascular effects of the female sex hormones estrogen and
progesterone and the male hormone testosterone have been described. Sex steroid receptors have been identified in
vascular endothelium and smooth muscle. Interaction of sex hormones with cytosolic/nuclear receptors initiates
long-term genomic effects that stimulate endothelial cell growth but inhibit smooth muscle proliferation. Activation of
sex hormone receptors on the plasma membrane triggers nongenomic effects that stimulate endothelium-dependent
vascular relaxation via NO-cGMP, prostacyclin—-cAMP, and hyperpolarization pathways. Sex hormones also cause
endothelium-independent inhibition of vascular smooth muscle contraction, [Ca®'],, and protein kinase C. These
vasorelaxant/vasodilator effects suggested vascular benefits of hormone replacement therapy (HRT) during natural and
surgically induced deficiencies of gonadal hormones. Although some clinical trials showed minimal benefits of HRT in
postmenopausal hypertension, the lack of effect should not be generalized because it could be related to the type/dose
of sex hormone, subjects’ age, and other cardiovascular conditions. The prospect of HRT relies on continued
investigation of the molecular mechanisms underlying the vascular effects of sex hormones and identification of
compounds that specifically target the vascular sex hormone receptors. Naturally occurring hormones and phytoestro-
gens may be more beneficial HRT than synthesized compounds. Also, the type/dose, time of initiation, and duration of
HRT should be customized depending on the subject’s age and preexisting cardiovascular condition, and thereby
enhance the outlook of sex hormones as potential modulators of vascular function in hypertension. (Hypertension. 2005;
46:249-254.)
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ypertension is more common in men 30 to 45 years of

age than in women of similar age, suggesting gender
differences in the physiological control mechanisms of blood
pressure. Hypertension is also more prevalent in postmeno-
pausal than premenopausal women, suggesting vascular pro-
tective effects of female sex hormones.!> Experimental and
initial clinical data have suggested that hormone replacement
therapy (HRT) may reduce cardiovascular disease in post-
menopausal women.3-¢ On the other hand, reports from Heart
and Estrogen-Progestin Replacement Study (HERS), HERS2,
and Women’s Health Initiative (WHI) clinical trials did not
support vascular benefits of HRT in postmenopausal wom-
en.'78 However, the lack of beneficial effects of HRT could
be explained by the small number of subjects studied and that
subjects were mainly elderly women.! Thus, despite an initial
setback, investigations have continued to examine the effects
of sex hormones on blood pressure. Significant effects of sex
hormones on the neuronal and renal control mechanisms of
blood pressure have been proposed.®~'? For example, estra-
diol inhibits renin release, whereas testosterone activates the
renin-angiotensin system.!%-13.14 Also, previous reviews have

provided detailed information on the effects of sex hormones
on the vascular control mechanisms of blood pressure.!>!5
This brief report highlights the gender differences in vascular
function and the genomic effects of sex hormones on endo-
thelial cell and vascular smooth muscle (VSM) growth. The
nongenomic effects of sex hormones on endothelium-
dependent vascular relaxation and on VSM contraction are
then described. The report finalizes with a perspective on
potential areas for research to better understand the effects of
sex hormones on vascular function and blood pressure and
the potential use of HRT in hypertension.

Gender Differences in Vascular Reactivity
Gender differences in vascular function have been de-
scribed.>!5-17 Vascular contraction is greater in blood vessels
of intact male than intact female rats, not different between
castrated and intact males, but greater in ovariectomized
(OVX) than intact females.!31° Also, estrogen replacement in
OVX female rats restores the vascular contraction to its level
in intact females,? suggesting that the gender differences in
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vascular contraction may involve direct effects of estrogen on
specific hormone receptors in the vasculature.

Sex Hormone Receptors in Blood Vessels
Estrogen, progesterone, and testosterone receptors are ex-
pressed in the endothelium and VSM.21520.21 Two estrogen
receptor (ER) subtypes (ER-a and ER-f) and several ER
variants have been described.??22 Estrogen diffuses through
the plasma membrane and forms complexes with cytosolic/
nuclear receptors, which then bind to chromatin, stimulate
gene transcription, and induce genomic effects. Estrogen also
binds to signal-generating receptors on the plasma membrane
of vascular cells and induces rapid nongenomic events.?

Genomic Effects of Sex Hormones

The interaction of sex hormones with cytosolic/nuclear re-
ceptors triggers a host of genomic effects leading to endothe-
lial cell growth. For example, 173-estradiol (E2) induces the
phosphorylation and activation of mitogen-activated protein
kinase (MAPK) and proliferation of endothelial cells. In
contrast, E2 inhibits MAPK activity and cell growth and
proliferation in VSM.?3:24 Estrogen also antagonizes the
growth-promoting effect of angiotensin II (Ang II) on VSM
via the induction/activation of protein phosphatases.?> Addi-
tionally, estrogen stimulates cAMP production, and cAMP-
derived adenosine may regulate VSM growth and thereby
contribute to the antiproliferative effects of estrogen.?¢

Progesterone inhibits VSM proliferation and facilitates the
inhibitory effects of estrogen.? Testosterone modulates VSM
cell proliferation in a dose-dependent manner, with low
concentrations stimulating and high concentrations inhibiting
[*H]thymidine incorporation.2?

Nongenomic Effects of Sex Hormones

The interaction of sex hormones with plasmalemmal recep-
tors in the endothelium and VSM may initiate additional
nongenomic effects. For example, estrogen causes acute
inhibition of vascular contraction.>!528 Progestins may have
direct effects or modify the effects of estrogen on vascular
contraction. Although androgens could play a role in the
development of some forms of hypertension,'%-2° testosterone
induces direct vasodilation in several vascular prepara-
tions.22128 The nongenomic vascular effects of sex hormones
appear to have endothelium-dependent mechanisms as well
as endothelium-independent mechanisms involving direct
effects on VSM.

Sex Hormones and the Endothelium
A significant portion of the gender-related and estrogen-
induced vasodilation involves the endothelium.3° E2 potenti-
ates endothelium-dependent flow-mediated vasodilation in
postmenopausal women.?! Also, endothelium-dependent vas-
cular relaxation is greater in female than male spontaneously
hypertensive rats (SHR).3° Additionally, selective ER-« ago-
nists improve endothelial dysfunction in blood vessels of
OVX SHR.?? Similar to estrogen, progesterone and testoster-
one may induce endothelium-dependent vascular relax-
ation.>?! The vascular endothelium releases relaxing factors
such as NO, prostacyclin (PGI,), and endothelium-derived

hyperpolarizing factor (EDHF), as well as contracting factors
such as endothelin-1 (ET-1) and thromboxane A,. Sex hor-
mones could induce vascular relaxation by modifying the
synthesis/release/bioactivity of these factors.

Sex Hormones and NO

There is considerable evidence that sex hormones modify the
synthesis/bioactivity of NO. Total NO production is greater in
premenopausal women than in men.?* Also, endothelial NO
release is greater in blood vessels of female than male rats.?
Estrogen may influence NO production by activating ER-
mediated genomic pathways and upregulation of endothelial
NO synthase (NOS). For example, ER-« gene transfer into
endothelial cells induces endothelial NOS (eNOS) gene
expression. Also, estrogen increases eNOS mRNA in endo-
thelial cells. On the other hand, cross-sectional data suggest
an association between eNOS gene polymorphisms and
hypertension, and the eNOS gene may influence the long-
term burden and trend of blood pressure since childhood in
females and may contribute to their predisposition to hyper-
tension.>* Estrogen may also regulate NOS activity by inter-
acting with ERs in endothelial cell plasma membrane and
activation of rapid nongenomic signaling pathways. For
instance, membrane-impermeant estrogen binds to ERs at the
cell surface and stimulates NO release from human endothe-
lial cells. Also, in endothelial cells, E2 causes transient
translocation of eNOS from the plasma membrane to intra-
cellular sites close to the nucleus, whereas during prolonged
exposure to E2, eNOS returns to the plasma membrane for its
full activation.?

The acute effect of E2 on eNOS activity and NO release
may be dependent on [Ca”"],. Gender differences in endothe-
lial cell [Ca*"]; have been related to direct or indirect effects
of estrogen on the Ca**-handling mechanisms. For example,
estrogen-induced activation of cell surface ERs is coupled to
increased [Ca*']; and NO release in human endothelial cells.
Also, E2 promotes the association of heat shock protein 90
with eNOS, and thereby reduces the Ca’* requirement for its
activation. E2 also induces the phosphorylation/activation of
eNOS by increasing the activity of MAPK or the phosphati-
dylinositol 3-kinase—Akt pathway.?

Estrogen has antioxidant properties that could affect NO
bioactivity. In OVX female rats, increased blood pressure is
associated with lower plasma antioxidant levels, reduced thiol
groups, and increased plasma lipoperoxides and vascular free
radicals, and E2 replacement prevents these effects. Also, the
amount of superoxide anion is greater in isolated vessels of
male rats than in females. Furthermore, E2 inhibits nicotin-
amide adenine dinucleotide phosphate oxidase expression
and the generation of superoxide anion and peroxynitrite, and
thereby enhances NO bioactivity.?

Although progesterone may counteract the stimulatory
effects of estrogen on NO production and vascular relaxation
in canine coronary artery, it stimulates NO production and
endothelium-dependent NO-mediated relaxation in rat aorta
and porcine coronary artery and increases eNOS expression
in ovine uterine artery.> With regard to testosterone, acute
intracoronary administration of the hormone in canine coro-
nary vessels induces NO-mediated vasodilation. Also, in
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human endothelial cells, dehydroepiandrosterone stimulates
NO production by enhancing the expression and stabilization
of eNOS.2!

Sex Hormones and PGI,

PGI, is produced from the metabolism of arachidonic acid by
cyclooxygenase (COX). COX inhibitors such as indometha-
cin inhibit a significant portion of endothelium-dependent
vascular relaxation, and gender differences in indomethacin-
sensitive vascular relaxation have been attributed to differ-
ences in COX products.®> Also, E2 causes upregulation of
COX-1 expression and PGI, synthesis in endothelial cells.?

Progesterone may also cause direct nongenomic COX
activation and increased vascular PGI, production, whereas
testosterone decreases PGI, synthesis in blood vessels of
female rats.?

Sex Hormones and EDHF

Gender differences in endothelium-dependent vascular relax-
ation may involve differences in EDHF. Acetylcholine
(ACh)-induced hyperpolarization and relaxation of mesen-
teric arteries are less in intact male and OVX female than
intact female rats, and the differences in ACh responses are
eliminated by K" channel blockers. Also, the hyperpolarizing
response to ACh is improved in E2-replaced OVX female
rats, confirming that estrogen-deficient states attenuate vas-
cular relaxation by EDHF.?

Testosterone may promote endothelium-mediated hyper-
polarization of VSM. In SHR blood vessels, testosterone
appears to release EDHF, which causes VSM hyperpolariza-
tion by a mechanism involving voltage-dependent BKc,
channels. However, a portion of testosterone-induced vasore-
laxation is endothelium independent and may involve ATP-
sensitive K* channels in VSM.36

Sex Hormones and Endothelium-Derived
Contracting Factors
The gender differences in vascular reactivity may involve
endothelium-derived contracting factors such as ET-1 and
thromboxane A,. ET-1 release from endothelial cells is less in
female than male SHR, and the gender differences in ET-1
production may be related to estrogen.?

ET-1 activates endothelial ETy,; receptor and causes the
release of relaxing factors that promote vascular relaxation.
On the other hand, the interaction of ET-1 with ET, and ET}y,
receptors causes VSM contraction. Gender differences in
vascular responses to ET-1 have been shown in deoxycorti-
cosetrone acetate (DOCA)-salt hypertensive rats, with the
arteries of males producing more contraction than those of
females.3” In mesenteric arteries of DOCA rats, the ETy
agonist IRL-1620 induces mild vasoconstriction in intact
females but marked vasoconstriction in OVX females. E2
replacement decreases IRL-1620-induced vasoconstriction
in OVX females. Ovariectomy is also associated with in-
creased ET-1 and ETj; receptor mRNA in mesenteric arteries,
and E2 replacement reverses these changes. These data
suggest that ovarian hormones attenuate ET-1/ETy receptor
expression and their vascular responses in DOCA-salt hyper-
tension.?” Studies have also shown that prolonged treatment
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of endothelial cells with E2 inhibits basal and stimulated
ET-1 production in response to serum, tumor necrosis
factor-a, transforming growth factor-81 and Ang II.38

Similar to estrogen, progesterone inhibits serum- and Ang
II-induced ET-1 production in endothelial cells, whereas
androgens appear to stimulate ET-1 production.?!

Gender differences in COX-derived constricting factors
have also been observed, and thromboxane A,-induced va-
soconstriction is greater in male than female SHR.?

Sex Hormones and VSM Contraction
Estrogen, progesterone, and testosterone cause relaxation in
endothelium-denuded blood vessels.?® The acute effects of
estrogen on vascular contraction in vitro are observed at
micromolar concentrations, which exceed the physiological
nanomolar concentrations in vivo. Although genomic effects
of estrogen may underlie the reduced cell contraction in VSM
of intact females, they may not account for the inhibitory
effects of micromolar concentrations of E2 on vascular
contraction. The acute vasorelaxant effects of estrogen may
represent additional nongenomic effects on the mechanisms
of VSM contraction.

The vasorelaxant effects of estrogen surpass those of
progesterone or testosterone. Thus, the greater plasma estro-
gen levels in females may explain the reduced vascular
contraction in females compared with males. However, the
gender differences in vascular contraction may be related to
the relative abundance of sex hormone receptors. For in-
stance, females have more ERs in their arteries than males.3°
Sex hormones could also cause changes in the expression of
vascular Ang II receptors. Western blot analyses in VSM
suggest that estrogen induces a downregulation and proges-
terone an upregulation of the Ang II type 1 (AT)) receptor
protein. Also, E2 decreases AT, receptor mRNA half-life,
whereas progesterone promotes stabilization of AT, receptor
mRNA .2 The gender differences in vascular contraction could
also be attributable to differences in the signaling mecha-
nisms of VSM contraction downstream from receptor
activation.

Signaling Mechanisms of VSM Contraction
VSM contraction is triggered by increases in [Ca®*]; attribut-
able to Ca”" release from the sarcoplasmic reticulum and Ca®*
entry from the extracellular space.*® Activation of myosin
light chain (MLC) kinase, Rho kinase, and MAPK, as well as
inhibition of MLC phosphatase, also contributes to VSM
contraction. Also, the agonist-receptor interaction is coupled
to increased production of diacylglycerol, which activates
protein kinase C (PKC). PKC is a family of several isoforms
that have different substrates, functions, and subcellular
distributions.'®

Sex Hormones and VSM [Ca**];
Studies in isolated VSM cells have shown that the resting cell
length is longer and basal [Ca®*]; is smaller in female than
male rats, suggesting gender differences in the Ca**-handling
mechanisms in VSM.4® In VSM cells incubated in the
presence of external Ca’*, phenylephrine (Phe) causes an
initial peak in [Ca’*];, mainly attributable to Ca’** release
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from the intracellular stores, and a maintained [Ca®*]; attrib-
utable to Ca®" entry from the extracellular space. In Ca**-free
solution, Phe or caffeine causes transient cell contraction and
[Ca’*]; that are not different between intact and gonadecto-
mized male and female rats, suggesting that the gender
differences in VSM contraction do not involve the Ca®*
release mechanism from the intracellular stores.*°

The maintained Phe-induced [Ca®*']; in VSM cells is
greater in intact male than female rats, suggesting gender
differences in the Ca*" entry mechanism of VSM contraction.
The maintained Phe-induced [Ca®"]; is greater in OVX than
intact females but not different between E2-replaced OVX
and intact females or between castrated and intact males,
suggesting that the gender differences are likely related to
estrogen.*® The cause of the gender differences in Ca*" entry
may be related to the plasmalemmal density or permeability
of VSM Ca** channels.

The gender differences in the mechanisms of Ca** mobi-
lization in VSM could be attributable to a multitude of effects
of sex hormones in vivo. However, E2 causes rapid relaxation
of isolated blood vessels (possibly through an effect on Ca®*
mobilization or fluxes).?® Estrogen does not inhibit caffeine-
or carbachol-induced VSM contraction or [Ca®"]; in Ca’*-free
solution, suggesting that it does not inhibit Ca** release from
the intracellular stores. On the other hand, estrogen inhibits
maintained agonist- and KCl-induced contraction, Ca®" in-
flux, and [Ca®"];, suggesting inhibition of Ca®" entry through
voltage-gated channels.?840-41

Estrogen activates BK(, channels in coronary VSM, lead-
ing to hyperpolarization and decreased Ca’" entry through
voltage-gated channels. However, estrogen-induced vasore-
laxation and inhibition of Ca®* influx in other types of VSM
occurs even in the absence of increased K™ efflux, suggesting
direct effects on Ca®" channels.? Estrogen may also decrease
[Ca’*]; by stimulating Ca®" extrusion via plasmalemmal Ca**
pump; however, this mechanism seems less likely because the
rate of decay of caffeine- and carbachol-induced contraction
and [Ca*']; transients in VSM incubated in Ca**-free solution,
which is often used as a measure of Ca’" extrusion, is not
affected by estrogen.28:4!

The effects of progesterone on VSM [Ca**]; are not clearly
established, but acute application of progesterone decreases
Ca*" influx and [Ca®']; in rabbit and porcine coronary
VSM.2841 Most studies suggest that testosterone is a potent
vasorelaxant that decreases VSM [Ca”*]; by inhibiting Ca**
entry from the extracellular space.?'%4! The vasorelaxant
effect of testosterone is attenuated by K* channel blockers,
suggesting that stimulation of K" conductance is involved in
the inhibitory effects of testosterone on VSM [Ca’"];.2!

Sex Hormones and PKC

The gender differences in vascular contraction may reflect
differences in the expression/activity of PKC isoforms in
VSM. Like Phe, phorbol esters, which activate PKC, produce
greater contraction in isolated vessels of intact male than
female rats, suggesting gender differences in the PKC-
mediated pathway of VSM contraction.!®

Immunoblot analysis in VSM of intact male rats has shown
significant amounts of «-, 6-, and ¢-PKC, and Phe and

phorbol esters cause activation and redistribution of «- and
0-PKC from the cytosolic to the particulate fraction. The
amount of «-, 8-, and {-PKC, and the Phe- and phorbol
ester—induced redistribution of «- and 6-PKC are less in
intact female than male rats, suggesting that the gender
differences in VSM contraction are related, in part, to
underlying changes in the amount/activity of «-, -, and
{-PKC.1°

The Phe- and phorbol ester—induced VSM contraction and
PKC activity are not different between castrated and intact
male rats but greater in OVX than intact females, suggesting
that the differences are related to estrogens. This is supported
by reports that E2 implants in OVX female rats are associated
with reduction in vascular contraction and PKC activity.!?

A genomic action of estrogen on PKC expression in VSM
might well underlie the reduction in vascular contraction and
PKC activity in female rats compared with males. However,
additional nongenomic effects of sex hormones on the PKC
molecule or its lipid cofactors or other protein kinases
upstream from PKC cannot be excluded. For example,
progesterone inhibits phorbol ester—induced contraction and
PKC translocation in VSM, an effect possibly mediated by
increasing cAMP levels in VSM.2

Perspectives
Gender differences in the regulation of vascular function may
partially explain the greater incidence of hypertension in men
and postmenopausal women than in premenopausal women.
Numerous studies have shown genomic and nongenomic
effects of sex hormones on the endothelium and VSM, but
many questions remain unanswered.

The sex hormone receptor subtypes, distribution, and
function in vascular cells need to be examined further.
Variants of sex steroid receptors are expressed in vascular
cells and may alter the physiological effects of sex hormones.
Also, the subcellular distribution of sex hormone receptors
could determine the effects of sex steroids. Additionally, sex
steroid receptors are phosphoproteins, and mutations in phos-
phorylation sites may affect their transactivation capacity. For
example, human VSM cells transiently transfected with ER-«
show translocation of ER-a from the surface membrane to the
nucleus. Nuclear translocation of ER-a occurs as a result of
constitutive activation of MAPK and is blocked by inhibition
of MAPK, suggesting that MAPK-mediated phosphorylation
of ER-a induces its nuclear localization.? Differences in sex
hormone receptor distribution/signaling pathways may also
explain why estrogen enhances endothelial cell growth but
inhibits VSM proliferation.

The rapid vasodilator effects of sex hormones have sug-
gested additional effects on the cellular mechanisms of
vascular relaxation/contraction. Although the gender differ-
ences in vascular contraction may be related to the effects of
sex hormones on VSM [Ca**]; or PKC, other signaling
pathways such as MLC kinase and phosphatase and Rho
kinase and tyrosine kinase could regulate VSM contraction.
Whether the expression and activity of VSM protein kinases
and phosphatases differ with gender and gonadal hormones
should be examined further.
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Female and male sex hormones affect the mechanisms of
vascular contraction. However, sex steroids have different
sexual effects, and their vascular effects may be different in
the 2 sexes. Previous studies suggest gender differences in the
effects of estrogen on vascular contraction.'® Also, ethnic
background could influence the effects of sex hormones on
blood pressure, and determinants of salt sensitivity may vary
in black and white normotensive and hypertensive women.*>
The vascular effects of sex hormones could also vary with
aging.'61743 For example, ovariectomy augments hyperten-
sion in aging female Dahl salt-sensitive rats,** and age-related
reduction in ER-mediated mechanisms of vascular relaxation
has been observed in blood vessels of female SHR.*

Because the vascular effects of estrogen and progesterone
involve modulation of the Ca®* channels, HRT may represent
a more natural approach for treatment of certain forms of
hypertension that respond to Ca** channel blockers. To use or
not to use HRT in postmenopausal hypertension is still
controversial. Although some experimental and clinical data
suggest that HRT may reduce cardiovascular complications
in postmenopausal women,3>¢4¢ reports from HERS,
HERS2, and WHI clinical trials do not support vascular
benefits of HRT, particularly in elderly hypertensive wom-
en.!-78 However, the lack of vascular benefits of HRT in these
studies could be related to the timing of HRT and the
subjects’ age or preexisting cardiovascular condition. The
prospect of HRT would require continued investigation of the
mechanisms underlying the vascular effects of sex hormones
and the identification of compounds that specifically target
the vascular sex hormone receptors. Selective ER-« agonists
have been shown to improve endothelial dysfunction in
estrogen-deficient rats.32 Also, postmenopausal HRT may be
more efficient in reducing blood pressure when natural
hormones are used in a manner that avoids first-pass liver
effects and in doses that produce hormone levels similar to
those in premenopausal women. Estradiol metabolism may
also determine its cardiovascular effects, and nonfeminizing
estradiol metabolites may confer cardiovascular protection in
both genders. Furthermore, phytoestrogens may provide a
more natural dietary source of estrogen replacement than
synthesized compounds. Other factors, such as the use of
medications for treatment of preexisting conditions or follow-
ing a specific dietary regime, may modify the effects of sex
hormones.*”#% Thus, the type/dose, time of initiation, and
duration of HRT should be customized depending on the
subject’s age and preexisting cardiovascular condition, and
thereby enhance the outlook of sex hormones as potential
modulators of vascular function in hypertension.

Finally, although androgens could be involved in some
forms of hypertension, perhaps by upregulating the renal
renin-angiotensin system,'%2° there is sparse data on the
effects of androgens on the vascular control mechanisms of
blood pressure. The recently discovered effects of testoster-
one on the mechanisms of vascular relaxation/contraction
may warrant further examination of its role in cardiovascular
disease and hypertension.

Acknowledgments
This work was supported by grants from the National Heart, Lung,
and Blood Institute (HL-65998, HL-70659). R.A.K. is an established
investigator of American Heart Association.

Khalil

20.

21.

22.

23.

24.

25.

Sex Hormones and Vascular Function 253

References

. Dubey RK, Imthurn B, Zacharia LC, Jackson EK. Hormone replacement

therapy and cardiovascular disease: what went wrong and where do we go
from here? Hypertension. 2004;44:789-795.

. Orshal JM, Khalil RA. Gender, sex hormones, and vascular tone. Am J

Physiol Regul Integr Comp Physiol. 2004;286:R233—-R249.

. Tsang SY, Yao X, Chan FL, Wong CM, Chen ZY, Laher I, Huang Y.

Estrogen and tamoxifen modulate cerebrovascular tone in ovariectomized
female rats. Hypertension. 2004;44:78-82.

. Liu HW, Iwai M, Takeda-Matsubara Y, Wu L, Li JM, Okumura M, Cui

TX, Horiuchi M Effect of estrogen and AT1 receptor blocker on neoin-
tima formation. Hypertension. 2002;40:451-457.

. Gerhard M, Ganz P. How do we explain the clinical benefits of estrogen?

From bedside to bench. Circulation. 1995;92:5-8.

. Rosano GM, Sarrel PM, Poole-Wilson PA, Collins P. Beneficial effect of

oestrogen on exercise-induced myocardial ischaemia in women with
coronary artery disease. Lancet. 1993;342:133-136.

. Grimes DA, Lobo RA. Perspectives on the Women’s Health Initiative

trial of hormone replacement therapy. Obstet Gynecol. 2002;100:
1344-1353.

. Simon JA, Hsia J, Cauley JA, Richards C, Harris F, Fong J, Barrett-

Connor E, Hulley SB. Postmenopausal hormone therapy and risk of
stroke: the Heart and Estrogen-progestin Replacement Study (HERS).
Circulation. 2001;103:638-642.

. Peng N, Clark JT, Wei CC, Wyss JM. Estrogen depletion increases blood

pressure and hypothalamic norepinephrine in middle-aged spontaneously
hypertensive rats. Hypertension. 2003;41:1164-1167.

. Reckelhoff JF. Sex steroids, cardiovascular disease, and hypertension:

unanswered questions and some speculations. Hypertension. 2005;45:
170-174.

. Reckelhoff JF, Fortepiani LA. Novel mechanisms responsible for post-

menopausal hypertension. Hypertension. 2004;43:918-923.

. Fortepiani LA, Yanes L, Zhang H, Racusen LC, Reckelhoff JF. Role of

androgens in mediating renal injury in aging SHR. Hypertension. 2003;
42:952-955.

. Harrison-Bernard LM, Schulman IH, Raij L. Postovariectomy hyper-

tension is linked to increased renal ATI receptor and salt sensitivity.
Hypertension. 2003;42:1157-1163.

. Dean SA, Tan J, O’Brien ER, Leenen FH. 173-Estradiol downregulates

tissue angiotensin-converting enzyme and Ang II type 1 receptor in
female rats. Am J Physiol Regul Integr Comp Physiol. 2005;288:
R759-R766.

. Thompson J, Khalil RA. Gender differences in the regulation of vascular

tone. Clin Exp Pharmacol Physiol. 2003;30:1-15.

. De Angelis L, Millasseau SC, Smith A, Viberti G, Jones RH, Ritter JM,

Chowienczyk PJ. Sex differences in age-related stiffening of the aorta in
subjects with type 2 diabetes. Hypertension. 2004;44:67-71.

. Mitchell GF, Parise H, Benjamin EJ, Larson MG, Keyes MJ, Vita JA,

Vasan RS, Levy D. Changes in arterial stiffness and wave reflection with
advancing age in healthy men and women: the Framingham Heart Study.
Hypertension. 2004;43:1239-1245.

. Crews JK, Khalil RA. Gender-specific inhibition of Ca>* entry mech-

anisms of arterial vasoconstriction by sex hormones. Clin Exp Pharmacol
Physiol. 1999;26:707-715.

. Kanashiro CA, Khalil RA. Gender-related distinctions in protein kinase C

activity in rat vascular smooth muscle. Am J Physiol Cell Physiol. 2001;
280:C34-C45.

Mendelsohn ME. Genomic and nongenomic effects of estrogen in the
vasculature. Am J Cardiol. 2002;90:3F-6F.

Wynne FL, Khalil RA. Testosterone and coronary vascular tone: impli-
cations in coronary artery disease. J Endocrinol Invest. 2003;26:181-186.
Zhu Y, Bian Z, Lu P, Karas RH, Bao L, Cox D, Hodgin J, Shaul PW,
Thoren P, Smithies O, Gustafsson JA, Mendelsohn ME. Abnormal
vascular function and hypertension in mice deficient in estrogen receptor
B. Science. 2002;295:505-508.

Dubey RK, Gillespie DG, Imthurn B, Rosselli M, Jackson EK, Keller PJ.
Phytoestrogens inhibit growth and MAP kinase activity in human aortic
smooth muscle cells. Hypertension. 1999;33:177-182.

Barchiesi F, Jackson EK, Gillespie DG, Zacharia LC, Fingerle J, Dubey
RK. Methoxyestradiols mediate estradiol-induced antimitogenesis in
human aortic SMCs. Hypertension. 2002;39:874—879.
Takeda-Matsubara Y, Nakagami H, Iwai M, Cui TX, Shiuchi T, Akishita
M, Nahmias C, Ito M, Horiuchi M. Estrogen activates phosphatases and
antagonizes growth-promoting effect of angiotensin II. Hypertension.
2002;39:41-45.

Downloaded from hyper.ahajournals.org by on September 13, 2007


http://hyper.ahajournals.org

254

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Hypertension August 2005

Dubey RK, Gillespie DG, Mi Z, Rosselli M, Keller PJ, Jackson EK.
Estradiol inhibits smooth muscle cell growth in part by activating the
cAMP-adenosine pathway. Hypertension. 2000;35:262-266.

Somjen D, Kohen F, Jaffe A, Amir-Zaltsman Y, Knoll E, Stern N. Effects
of gonadal steroids and their antagonists on DNA synthesis in human
vascular cells. Hypertension. 1998;32:39-45.

Crews JK, Khalil RA. Antagonistic effects of 17B-estradiol, proges-
terone, and testosterone on Ca’" entry mechanisms of coronary vasocon-
striction. Arterioscler Thromb Vasc Biol. 1999;19:1034-1040.

Song D, Arikawa E, Galipeau D, Battell M, McNeill JH. Androgens are
necessary for the development of fructose-induced hypertension. Hyper-
tension. 2004;43:667-672.

Kauser K, Rubanyi GM. Gender difference in endothelial dysfunction in
the aorta of spontaneously hypertensive rats. Hypertension. 1995;25:
517-523.

Gilligan DM, Badar DM, Panza JA, Quyyumi AA, Cannon RO III. Acute
vascular effects of estrogen in postmenopausal women. Circulation.
1994;90:786-791.

Widder J, Pelzer T, von Poser-Klein C, Hu K, Jazbutyte V, Fritzemeier
KH, Hegele-Hartung C, Neyses L, Bauersachs J. Improvement of endo-
thelial dysfunction by selective estrogen receptor-alpha stimulation in
ovariectomized SHR. Hypertension. 2003;42:991-996.

Forte P, Kneale BJ, Milne E, Chowienczyk PJ, Johnston A, Benjamin N,
Ritter JM. Evidence for a difference in nitric oxide biosynthesis between
healthy women and men. Hypertension. 1998;32:730-734.

Chen W, Srinivasan SR, Li S, Boerwinkle E, Berenson GS. Gender-
specific influence of NO synthase gene on blood pressure since
childhood: the Bogalusa Heart Study. Hypertension. 2004;44:668—673.
Barber DA, Miller VM. Gender differences in endothelium-dependent
relaxations do not involve NO in porcine coronary arteries. Am J Physiol.
1997;273:H2325-H2332.

Honda H, Unemoto T, Kogo H. Different mechanisms for testosterone-
induced relaxation of aorta between normotensive and spontaneously
hypertensive rats. Hypertension. 1999;34:1232-1236.

David FL, Carvalho MH, Cobra AL, Nigro D, Fortes ZB, Reboucas NA,
Tostes RC. Ovarian hormones modulate endothelin-1 vascular reactivity
and mRNA expression in DOCA-salt hypertensive rats. Hypertension.
2001;38:692—-696.

38.

39.

40.

41.

42.

43.

44,

45.

47.

48.

Dubey RK, Jackson EK, Keller PJ, Imthurn B, Rosselli M. Estradiol
metabolites inhibit endothelin synthesis by an estrogen receptor-
independent mechanism. Hypertension. 2001;37:640—644.

Collins P, Rosano GM, Sarrel PM, Ulrich L, Adamopoulos S, Beale CM,
McNeill JG, Poole-Wilson PA. 17B-Estradiol attenuates acetylcholine-
induced coronary arterial constriction in women but not men with
coronary heart disease. Circulation. 1995;92:24-30.

Murphy JG, Khalil RA. Gender-specific reduction in contractility and
[Ca®"]; in vascular smooth muscle cells of female rat. Am J Physiol Cell
Physiol. 2000;278:C834-C844.

Murphy JG, Khalil RA. Decreased [Ca**]; during inhibition of coronary
smooth muscle contraction by 17B-estradiol, progesterone, and testos-
terone. J Pharmacol Exp Ther. 1999;291:44-52.

Wright JT Jr, Rahman M, Scarpa A, Fatholahi M, Griffin V, Jean-Baptiste
R, Islam M, Eissa M, White S, Douglas JG. Determinants of salt sensi-
tivity in black and white normotensive and hypertensive women. Hyper-
tension. 2003;42:1087-1092.

Tannuzzi A, De Michele M, Panico S, Celentano E, Tang R, Bond MG,
Sacchetti L, Zarrilli F, Galasso R, Mercuri M, Rubba P. Radical-trapping
activity, blood pressure, and carotid enlargement in women. Hyper-
tension. 2003;41:289-296.

Hinojosa-Laborde C, Craig T, Zheng W, Ji H, Haywood JR, Sandberg K.
Ovariectomy augments hypertension in aging female Dahl salt-sensitive
rats. Hypertension. 2004;44:405-409.

Wynne FL, Payne JA, Cain AE, Reckelhoff JF, Khalil RA. Age-related
reduction in estrogen receptor-mediated mechanisms of vascular
relaxation in female spontaneously hypertensive rats. Hypertension.
2004:43:405-412.

. Ogita H, Node K, Liao Y, Ishikura F, Beppu S, Asanuma H, Sanada S,

Takashima S, Minamino T, Hori M, Kitakaze M. Raloxifene prevents
cardiac hypertrophy and dysfunction in pressure-overloaded mice. Hyper-
tension. 2004;43:237-242.

Dedier J, Stampfer MJ, Hankinson SE, Willett WC, Speizer FE, Curhan
GC. Nonnarcotic analgesic use and the risk of hypertension in US
women. Hypertension. 2002;40:604—608.

Tamaya-Mori N, Uemura K, Iguchi A. Gender differences in the dietary
lard-induced increase in blood pressure in rats. Hypertension. 2002;39:
1015-1020.

Downloaded from hyper.ahajournals.org by on September 13, 2007


http://hyper.ahajournals.org

