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Vascular effects of estrogens: rapid actions, novel mechanisms,

and potential therapeutic implications
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ABSTRACT

Although  eswogen-dependent  effects on  the
vasculature were first observed more than a century
ago. many of the mechanisms by which estrogens
interact with the vascular wall have been identified only
in the past 15 years. Estrogens bind to vascular
estrogen receptors (ER) . including the ERe, the novel
ERE as well as 1o
Estrogens have direct effects in human coronary and
internal mammary arteries by inducing rapid, endothe-
lium-independent relaxation, enhancement of endo-
thelial function and inhibition of wvasoconstriction by
vasoactive agonists. Furthermore, estrogens contribute
to vascular homeostasis through modulation of gene
expression, changes in membrane potentials. as well as
expression and function of receplors. In addition.
estrogens interfere with the activity ol vasoactive
peptides and vascular enzymes and act a8 napural
antioxidants.  Some of these effects have also been
observed for phyto-estrogens, which are hmportant
dietary components in  Asian countries. In the
vasculature. the sum of these actions of estrogens
results in vasodilatation and inhibition of vascular cell
growth.  Accordingly, estrogens have been shown to
improve vascular function of animals and humans and to
inhibit the response to injury after balloon angioplasty
and the progression of atherosclerosis.  Prospeclive
clinical studies are ongoing to determine whether

membrane-bound  Teceptors.
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replacement therapy with estrogen or derivatives
provides an altemnative to lower cardiovascular mortality

in postmenopausal women .

INTRODUCTION

Cardiovascular disease accounts for the majority of
morbidity and mortality in postmenopausal women in
Western societies and is comparable to that of men after
age 751 . Epidemiologic data suggest a beneficial
effect of hormone replacement therapy on cardiovascular
risk>*,  High estrogen levels in  pre- and
postmenopausal women are associated with favorable
changes in lipid metabolism ™ which, however, only in
part explain the cardioprotective effects®. In recent
vears evidence has been accurmulated indicating that
estrogens have numerous effects on vascular homeostasis
including the modulation of endothelium-dependent
(8) Furthermore, they modulate the
expression of endothelial and non-endothelial genes
including those of the renin-angiotensin system % . the
clotting system ™', growth factors'*2', and NO
synthase 317, Most of these effects are independent
from plasma cholesterol levels indicating that estrogens
exert specific actions protecting vascular
dysfunction .

Investigating the role of estrogens as potential
“vascular " hormones goes back to the 1930s''™,
however many studies regarding the action of estrogens
were initiated only after the discovery of the regulatory
role of the vascular endothelium by Furchgott and
Zawadzki ™. Functional integrity of the endothelium.
a large endocrine organ. ensures the release of several
humoral [actors maintaining blood flow and
fibrinolysis, vascular smooth muscle relaxation and
contraction, as well as platelet activation and inhibition
of thrombus formation. Thus, an intact vascular
endotheliom contribute o blood pressure and vessel

vasomotion
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patency.,  The most important endothelium-derived
vasoactive substances are vasodilators such as nitric
oxide (NO)-" and prostacyclin'™ , counterbalanced
by particularly  endothelin-1
angjotensin 11 "' Stimulation of endothelial cells by
neurctransmiters, hormones. and substances derived

yvasoconstrictors, and

from platelets and the coagulation systern causes release
of NO, telaxation of underlying wascular smooth
muscle! ™) and inhibition of platelet aggregation!®2”,
Expression of the endothelial nitric-oxide synthase
(NOS 3) gene although constitutively activated'™ ' can
be up-regulated by shear stress and estrogens’ H-Z
The most potent endothelium-denived contracting factor
known today is endothelin-1 { ET-1) " followed by
components of the renin-angiotensin systen: and vaso-
constrictor prostanoids®’.  Three distinet endothelin
receptors have been identified: ET.- and ETg-
receptors'™, and an ETgs-receptor. In the vascula-
wre, ET,-receptors mediate contraction and prolifera-
tion ®*  whereas endothelial cell-mediated ETg-
teceptor activation is linked to the formation of NO and
prostacyclin - which acts as a negative feedback
mechanism to reduce endothelin production in the
endothelium** and to oppose the vasoconstrictor action

In addition, ETy-mediated endo-
thelium-independent vasodilatation has been recently
reported * . Endothelin synthesis is regulated by NO/
¢GMP-dependent mechanisms'®',  cAMP-dependent
inhibition'™", an inhibitory factor produced by vascular
smooth muscle cells *, through shear stress* and via
an  estrogen-receptor  dependent  mechanism' ™% .
Recent data suggest that the endothelin system
contributes  to  endothelial  dysfunction.
remodeling and hypertrophy and the progression of
atherosclerosis'

in smooth muscle.

vascular

Molecular mechanisms of estrogen action

Estrogen binding cccured in target tissues such as
organs of the reproductive tract, however it could also
be observed in non-target cells where binding is not
restricted to the nucleus ™). Vascular tissue is a target
for steroids including estrogens indicating a local role
for these hormones®™®. In agreement with these
findings. messenger RNA and protein for the "classic”
nuclear estrogen receptor (ER) o has been identified in

human  endothelial and  wvascular smooth nwscle

cells'*~*' and their expression is altered in atheroscl-
erotic arteries'™ . Furthennore, ERa isoforms in
vascular smooth muscle cells lacking transactivational
activity have been reported™ . Recently. a second
transcriptionally active receptor has been cloned from
prostate tissue and was mamed ERR®** . The ERB
exists in at least five different isoforms™ and is
expressed and functionally active in the vascula-
ture ) Cross talk between the ER¢ and ERJ has
been reported %1 an observation that may have
important implications for the action and particularly for
therapeutic application of estrogens and estrogen
antagonists. In recent years, it has become clear that
estrogen binding also occurs mdependently fromt nuclear
receptorst ¥, Binding of estrogen has been found in
the cytosol of endothelial cells"®', a cell compartment
containing an estrogen receptor activator protein'®!'.
Some of the rapid actions of estrogen ">~ are thought
to be mediated through steroid membrane recept-
o™~ However, ERe-in contrast
theories of its function as a “pure” nuclear receptor- is
involved in rapid modulation of NOS'™ ™! particularly
NOS 3-1272%) involving translocation of NOS 3 from
the cell membrane close to the nucleus™ . Since the
first description of vascular effects of estrogen more
than a hundred years ago'™®™ several mechanisms by
which estrogens indirectly and directly modulate
vascular function have been identified. Estrogens inhi-

bit the transcription of vascular genes'®:!Z-Z-™.m-.
tstﬁ.hT.?”*B[ |

o cuorrent

membrane potentials and ion curren pro-
tein phosphorylation'®”', expression of receptors'® %
and activity of vasoactive peptides.  Furthermore,

estrogens modulate the activity of wvascular enzym-
es"8%) and act as antioxidants due to their phenolic
structurel™ =) The majority of these effects result in
inhibition of wvascular growth and/or vasodilatation,
thus improving organ perfusion.

Estrogens and vascular function

In addition to first observations in uterine
15.%5) " dilatation by estrogens in human vascular
the

tissue
tissue was first observed in a venous vessel,
umbilical artery’™” . In 1993. we reported that 173-
estradiol human coronary arteries
endothelium-independent mechanism' ™% ( Fig 1,
2}, a finding independently continmed by Chester and

relaxes by an
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coworkers *!/,  This direct, rapid effect of 17§
estradiol, which is also present in porcing coronary
arteries'™ , was also observed isolated human
internal mammary arteries, however the relaxant effect
was less pronounced ™. In addition to the direct
effects on the vascular wall, estrogens exerted rapid as
well as chromic effects on the endothelium affecting
epicardial coronary-**-®~%) and resistance arteries ™ as
well as the peripheral circulation-'"™-, where estrogens
are involved in flow-mediated and shear-stress-induced
release of NO'™/. In human coronary arteries, we
have recently demonstrated that endothelivm-dependent
relaxation 1o bradykinin, a wvasodilator substance
released by endothelial cells, was acutely, potentiated by
short-term  incubation with 173-estiadiol'™ . In
addition, contraction o vasoconstrictors such as angio-
tensin Il . serolonin, and histamine was markedly
attenuated in the presence of 173-estradiol in human
Ul Interestingly.,  similar

in

internal mammary arteries
effects are observed using phyto-estrogens which were
shown 10 improve coronary artery endothelial
function '™ and to also inhibit atherosclerosist® .
The wascular actions of phytoestrogens have been
recently discussed in an excellent review' ")

A B
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Fig1. Original tracings of the effects of 17f-estradiol
(upper panels} or solvent control ethanol (ETOH,
0.2 % vol’vol, lower panels} in isolated human
corpnary arteries (A} and human internal mammeary
arteries ( B) preconitracted with prostaglandin F,.
Note that in both coronary and intermal mammary
arteries 17p-estradiol 3 pmol * L~! induces rapid
relaxation, which is maximal after 15-20 min [ from
references (64, 92}].

Evidence suggesling physiological relevance of
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Fig 2. Concentration-dependent velaxation of isolat-
ed human coronary arteries (A} and human internal
mammary arteries (B} precontracted with prosta-
glandin F;, by 17f-estadiol. C, solvent control
ethanol (0.2 % vol/vol, hatched bars). Note that in
internal mammary arteries the solvent ethanol
induces relaxation that is greater than in coronary
arteries. "P<0.05. [Adapted from references |64,
92)].
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Fig 3. Direct relaxant effect of 17B-estradiol (3
umol/L, black bars) and solvent conirol ethanol
(0.2 % vol/vol, hatched bars} in human coronary
arteries and internal mammary arteries  with
{ + ENDO} and without endothelium (- ENDO}.
Note that in both vessels endothelial denudation had
no effect on relaxation induced by 17f-estradiol.
%P <0.05. [From references (64, 92)].

these in vitro findings in human arteries came from in
vive observations showing that physiological fluctua-
tions of estrogen plasma levels during the menstrual
cycle were directly related to endothelivm-dependent
vasodilatation'!™', consistent with the concept of
estrogens as physiological modulators of vascular tone.
Thus, estrogens favored a state of vasodilatation, which
may explain the onset of endothelial dysfunction due 1o
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Fig4. Acute effects of 17f-estradiol on contractions
induced by angiotensin I (left panel) and serotonin
(right panel). Incubation with 17p-estradiol for 30
min attenuated the vasoconstrictor response to both
agonists. "P <0.05. [Adapted from reference (102)
Karger, Basel].
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Fig 5. Acute effects of 17f-estradiol on endothelium-
dependent relaxations to bradykinin in isolated
human coronary arteries. Incubation with 17p-
estradiolfor 30 min markedly potentiated relaxation
to bradykinin (left panel)]. Incubation with the
solvent control {0.2% vol/vol ethanol) had no effect
on endothelium-dependent relaxations (right panel) .
P <0,05. [Adapted from reference (65}].

“estrogen withdrawal " after menopause! '™,

Estrogens and occlusive vascular disease

of estrogens in the
vasculature are well documented, including inhibitory

Antiproliferative  effects

effects on intimal hyperplasia after balloon angio-
plasty: 106111,
sclerosis"®-, two of the major climical features of

patients with coronary artery disease. Conjugated

and on the progression of athero-

equine estrogens alone but mot in combination with
medroxyprogesterone  acetate inhibit atherosclerosis in
non-human primates' - !"*-!%) In contrast to estro-
gens, raloxifene, a tissue-selective estrogen receptor
agonist-antagonist which has been favored for post-
menopausal hormone replacement therapy because of
low cancer risk-"%), had no effect on atherosclerosis in
the same model''"'. The prospective HERS trial
showed no effect after four-year combined estrogen/
medroxyprogesierone acetate treatment on cardiovascular
mortality in postmenopausal women with established
coronary artery disease-'® .  However, future studies
arc needed to determine whether natural progestogens,
which are required to ensare protection of the
endometrium, can maintain the beneficial effects of
estrogen treatment on atherosclerosis and cardiovascular
mortality .

Restenosis, a complex process, involving proli-
feration of cells in the intima, the media, and the
adventitia' "™ | occurs in 30 — 50 percent of patients
undergoing balloon angioplasty due to coronary
atherosclerosis. Several studies have demonstrated that
estrogens inhibit restenosis' ™~ and  there s
experimental evidence that medroxyprogesterone acetate
antagonizes these effects '),
associated with a marked increase in estrogen levels in
plasma and in tissue, completely prevented restenosis-
even in the absence of a functional NOS 3-gene ‘='.
These data and the observation that the inhibitory effect
of estrogen on restenosis is preserved also in the absence
of the ERa supgest a different mechanism. Indeed.
ER3 is rapidly up-regulated after balloon angioplasty in
male mice™ suggesting a role for this receptor in
vascular injury and possibly protection.

Pregnancy . which is

Beneficial effects of estrogen-clinical evidence
and relevance

Although experimental data has demonstrated a
beneficial effect of estrogens on endothelial function and
vascular structure, clinical data on the effects of
hommone replacement therapy remain cornflicting with
some studies showing improvement %7 2124! yhile
others did not'®,  The different results may be
reiated to the severity of pre-existing endothelial

dysfunction '™ and on the use of synthetic progestogens
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This
commonly  administered 1o

such a5 medroxyprogesterone acetate ( MPA D).
compound  has  been
postmenopausal women to oppose the side effects of
estrogen. MPA

positive effects of estrogen on vascular function
[1231

However. also antagonizes the

w1261

an effect not seen for natural progesterone Recent

advances such as the identification of novel modes of
actions of estrogens. the discovery of ER3 will help in
understanding the actions of estrogens and allow the
design of new strategies for their therapeutic application
to prevent cardiovascular disease and its sequelae.
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