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Abstract——The impact of estrogen exposure in pre-
venting or treating cardiovascular disease is contro-
versial. But it is clear that estrogen has important
effects on vascular physiology and pathophysiology,
with potential therapeutic implications. Therefore, the
goal of this review is to summarize, using an integrated
approach, current knowledge of the vascular effects of
estrogen, both in humans and in experimental animals.
Aspects of estrogen synthesis and receptors, as well as
general mechanisms of estrogenic action are reviewed
with an emphasis on issues particularly relevant to
the vascular system. Recent understanding of the im-
pact of estrogen on mitochondrial function suggests
that the longer lifespan of women compared with men
may depend in part on the ability of estrogen to de-
crease production of reactive oxygen species in mito-
chondria. Mechanisms by which estrogen increases

endothelial vasodilator function, promotes angiogen-
esis, and modulates autonomic function are summa-
rized. Key aspects of the relevant pathophysiology of
inflammation, atherosclerosis, stroke, migraine, and
thrombosis are reviewed concerning current knowl-
edge of estrogenic effects. A number of emerging con-
cepts are addressed throughout. These include the
importance of estrogenic formulation and route of ad-
ministration and the impact of genetic polymor-
phisms, either in estrogen receptors or in enzymes
responsible for estrogen metabolism, on responsive-
ness to hormone treatment. The importance of local
metabolism of estrogenic precursors and the impact of
timing for initiation of treatment and its duration are
also considered. Although consensus opinions are em-
phasized, controversial views are presented to stimu-
late future research.

I. Introduction

Scientific investigation into the nonreproductive car-
diovascular actions of estrogen has waxed and waned
over several decades. However, the field has been reju-
venated by a number of governmental initiatives, con-
troversial outcomes of several large clinical trials (Hul-
ley et al., 1998; Nair and Herrington, 2000; Rossouw et
al., 2002), the growing public interest in “safer,” more
“bioidentical” hormones, and the interest in personal-
ized, sex-based medicine (pharmacogenomics). Further-
more, validation of controversial mechanisms of action
of sex steroids, identification of novel effects of estrogen
such as a regulator of mitochondrial function, and de-
velopment of new theories of treatment efficacy based on
further analyses of data from various observational and
clinical trials (Salpeter et al., 2004, 2006; Grodstein et
al., 2006; Hsia et al., 2006b; Clarkson, 2007; Manson et
al., 2007) support the possibility that hormonal thera-
pies may be viable options to prevent some chronic con-
ditions of aging.

With these emerging areas of science in mind, in this
review we take an integrative approach toward under-
standing the effects of estrogen on regulation of vascular
reactivity, angiogenesis, atherosclerosis, and thrombosis
in an aging population. Information regarding steroid
synthesis and receptors will be discussed briefly only to
provide sufficient background information upon which
to build the other discussion. Interactions of estrogen
with other hormones, although an important consider-
ation, are insufficiently understood and will not be in-
cluded. Effects of estrogen on cardiac function, a growing
field of investigation, also will not be included as the
topic is sufficiently complex as to warrant a separate
review. In other areas, such as changes in vascular
function during hormonal transitions in puberty, infor-
mation is scant. In all sections, consensus of under-
standing will be emphasized, and areas requiring more
research will be identified.

II. Estrogen Synthesis and Receptors

A. Estrogenic/Androgenic Balance

The biosynthesis of gonadal steroids is understood
well and explicated clearly in textbooks (Loose-Mitchell
and Stancel, 2001). Only a few key points relevant to the
current discussion of the vascular effects of estrogen
merit mention here. Testosterone is a key intermediate
in both women and men, being converted to estrogen by
the action of aromatase and to the more potent andro-
gen, dihydrotestosterone, by 5-� reductase. In women
estradiol is the main form of circulating estrogen, and
circulating levels of testosterone are relatively low. In
men, testosterone is the principal circulating androgen,
and circulating estrogen levels are much lower than in
women.

A key point, though, is that circulating levels of hor-
mones may not reflect those at the tissue level, as both
aromatase and 5-� reductase can be found in a number
of tissues, including blood vessels (Gonzales et al., 2007).
For example, in bone, testosterone is converted to 17�-
estradiol by aromatase; estradiol then acts locally to
promote mineralization and prevent osteoporosis. In
fact, mutations of genes encoding either aromatase or
estrogen receptor � result in altered bone phenotype in
men (Smith et al., 1994; Carani et al., 1997). 5-� Reduc-
tase in the prostate converts testosterone to the more
potent androgen, dihydrotestosterone, a critical step for
effective promotion of prostate growth and function
(Steimer, 2003). Administration of an aromatase inhib-
itor to young men resulted in a decrease in endothelial
vasodilator function, assessed by flow-mediated dilation
of the brachial artery (Lew et al., 2003), providing evi-
dence that conversion of testosterone to estradiol may
contribute to regulation of the peripheral circulation in
men. In women, evidence suggests that the relationship
among circulating concentrations of free 17�-estradiol,
free testosterone, and sex hormone-binding globulin
may be more predictive of changes in carotid intimal
thickening than concentrations of any of these hormones
alone (Karim et al., 2008). Despite these few examples,
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the complexities of gonadal steroid hormone metabolism
and local variation are still not well understood, partic-
ularly with respect to the nonreproductive effects of
gonadal steroids, including vascular effects. However,
with the growing therapeutic use of inhibitors of gonadal
steroid metabolism including aromatase inhibitors and
inhibitors of 5-� reductase, particularly in women with a
history of breast cancer, a better understanding of pos-
sible side effects, especially with long-term use, is essen-
tial (Nabholtz and Gligorov, 2006; Pritchard and Abram-
son, 2006). Nevertheless, more information is needed to
illuminate how local balance between levels of andro-
gens and estrogens influences cardiovascular function in
both males and females and how imbalances may con-
tribute to sex differences in the pathophysiology of car-
diovascular disease.

B. Receptors for Estrogen

Evidence suggests that there are at least three, and
possibly four, distinct receptors for estrogen: two ligand-
activated transcription factors [estrogen receptor (ER1)
� and ER�], one G protein-coupled receptor, GPER (also
referred to as GPR30), and a third, less well defined
putative receptor, termed ER-X (Toran-Allerand, 2004).
Most evidence for the existence of ER-X comes from
studies of the brain; therefore, this putative receptor will
not be further discussed in this review focusing on the
vasculature.

1. Ligand-Activated Transcription Factors. The first
estrogen receptor was discovered and described in the
late 1950s; this remained the status quo until the dis-
covery of a second estrogen-sensitive, ligand-activated
transcription factor, named ER� (Kuiper et al., 1996).
The ER described initially was then termed ER�. Both
ER forms have been localized to the vasculature in both
endothelial and smooth muscle cells (Mendelsohn and
Karas, 1999). A single case of a man with a disruptive
mutation of ER� has given some insight into the nonre-
productive effects of this receptor (Sudhir et al., 1997a).
This 31-year-old man was of tall stature because of
incomplete epiphyseal closure and had decreased bone
mineral density. It is interesting that this phenotype is
similar to that seen in men with mutations resulting in
aromatase deficiency, as mentioned in section II.A,
(Rochira et al., 2002; Jones et al., 2006). This individual
also had early coronary arterial atherosclerosis and en-
dothelial dysfunction, with no detectable flow-mediated

dilation in the brachial artery (Sudhir et al., 1997b),
thus providing additional support to the hypothesis that
estrogen through receptor operated mechanisms regu-
lates peripheral arterial function.

ER� and ER� are both members of the nuclear hor-
mone receptor superfamily and are encoded by distinct
genes with different chromosomal locations (Dahlman-
Wright et al., 2006). These receptors function as ligand-
activated transcription factors to produce so-called
genomic effects but may also act through additional
mechanisms (see section III.B). Like other members of
this superfamily, one gene may result in multiple pro-
teins and diverse responses (Zhou and Cidlowski, 2005).
Mechanisms for this diversity include epigenetic changes,
specifically methylation, of the genes encoding these recep-
tors, multiple isoforms of each receptor as a consequence of
alternative RNA splicing, and multiple sites of translation
initiation of receptor mRNA (Post et al., 1999; Ying et al.,
2000; Lewandowski et al., 2002; Hirata et al., 2003). In
addition, post-translational modifications may lead to al-
terations in both protein stability and function. Methyl-
ation of genes for both ER� and ER� are associated with
atherosclerotic tissue, and methylation of the gene for ER�
increases with passage of isolated smooth muscle and en-
dothelial cells, thus implicating this process in receptor
responsiveness with aging (Post et al., 1999; Ying et al.,
2000).

There is emerging evidence that types of receptor iso-
forms vary from tissue to tissue and from species to
species. This may account for considerable functional
diversity, but this emerging field has not yet matured
enough to give clear insights into implications for the
actions of estrogen on a particular organ system, such as
the vasculature.

Estrogen receptor-null mice have provided insights
into the distinct roles of ER� and ER� (Couse and
Korach, 1999; Dupont et al., 2000). Two distinct ER�-
disrupted mice have been developed. The first, �ERKOCH,
involved disruption of key domains in the receptor protein;
however, a transcriptionally active form of ER� truncated
for the A/B domain can still be found in these mice in low
amounts (Lubahn et al., 1993; Couse et al., 1997). Subse-
quently, a second mutant mouse (�ERKOST) was gener-
ated, fully lacking ER� (Dupont et al., 2000). Disruption of
ER� is not lethal; instead animals develop normally, with
a life span comparable to that of their wild-type littermates
(Lubahn et al., 1993). Females and males of both �ERKO
types are infertile (Couse and Korach, 1999; Dupont et al.,
2000). Consistent with observations in humans, endothe-
lium-dependent vasodilatation is reduced in these animals
(Rubanyi et al., 1997).

Knockouts of ER� (�ERKO) (Krege et al., 1998) also
survive to adulthood and exhibit distinct phenotypes
compared with �ERKO mice. Knockouts of both ER�
and ER� have also been developed (Dupont et al., 2000).
As with any scientific method, a number of caveats must
be taken into account when interpreting results from

1 Abbreviations: ER, estrogen receptor; GPER, activation func-
tion, GPR30; ERKO, estrogen receptor knockout, AF, activation
function; ICI 182,780, fulvestrant; SERM, selective estrogen receptor
modulator; PPT, propylpyrazole triol; DPN, diarylpropionitrile; NO,
nitric oxide; eNOS, endothelial nitric-oxide synthase; ROS, reactive
oxygen species; SOD, superoxide dismutase; CEE, conjugated equine
estrogen; COMT, catechol-O-methyltransferase; SWAN, Study of
Women Across the Nation; WHI, Women’s Health Initiative; KEEPS,
Kronos Early Estrogen Prevention Study; TNF, tumor necrosis fac-
tor; IL, interleukin; PAD, peripheral arterial disease; HSP, heat-
shock protein.
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studies of transgenic animals, especially animals such
as the ER knockouts available to date that are not con-
ditional mutants. Nonconditional knockout mice go
through the full process of development in the absence of
ER, so phenotypic changes may be caused either by a
change in developmental processes or by the absence of
the receptor in the mature animal. These and other
issues have been well summarized elsewhere (Couse and
Korach, 1999). Nevertheless, when used appropriately
and together with other complementary approaches, it is
clear that genetically modified mice can be very useful
tools in understanding the distinct roles of the two ERs
in cardiovascular function, especially with aging and
with fluctuations in endogenous hormonal milieu.

Levels of ER� and ER� appear to be differentially
regulated by estrogen itself. However, regulation of es-
trogen receptor may be dependent upon the tissue and
duration of estrogen treatment. In cultured ovine endo-
thelial cells, short treatment (2 h) down-regulated but
longer exposure for 6 h increased expression of ER�
while down-regulating ER� (Ihionkhan et al., 2002).
Chronic in vivo treatment with physiological levels of
17�-estradiol also up-regulates ER� protein in cerebral
blood vessels (Stirone et al., 2003b). Compared with
blood vessels from ovariectomized rats, levels of several
ER� isoforms are higher in vessels from intact females
and ovariectomized rats treated with estrogen. In con-
trast, expressions of ER�, ER�, and GPR30 are reduced
by 17�-estradiol in endothelium-denuded arteries but
not veins derived from humans with atherosclerosis
(Haas et al., 2007). ER� is up-regulated in endothelial
cells of pigs after ovariectomy and down-regulated after
treatment with oral estrogenic products. However, ER�
is somewhat more resistant to regulation by these ma-
nipulations (Okano et al., 2006). If estrogen receptor
levels are indeed regulated by estrogen itself, this could
have major implications for interpretation of human
studies of the cardiovascular effects of hormone therapy
(Arnal and Bayard, 2002).

Other hormones and growth factors can regulate ERs
as well. In vascular cells growth factors have been
shown to activate ER� in the absence of ligand, an effect
that occurs via a mitogen-activated protein kinase-inde-
pendent pathway (Karas et al., 1998). Progesterone can
also affect levels of ER, and progesterone receptor A has
been shown to function as a ligand-dependent transre-
pressor of other steroid receptors, including ER (Ed-
wards, 2005). The physiological and pathophysiological
implications of these effects related to changes in the
ratio of expression of ER� to ER� have not yet been fully
clarified.

A number of polymorphic sites of both ER� and ER�
gene loci have been identified in humans (Rosenkranz et
al., 1998; Gennari et al., 2005; Dahlman-Wright et al.,
2006). In the case of ER�, two tightly linked polymor-
phisms have been associated with risk of myocardial
infarction in women, with the rs1271572 polymorphism

variant T allele associated with increased risk and the
rs1256049 variant associated with decreased risk (Rexrode
et al., 2007). There were no significant relationships found
in men. In the case of ER�, several polymorphisms have
been associated with an increased ability of hormone
replacement therapy to increase levels of high-density
lipoprotein cholesterol in postmenopausal women (Her-
rington et al., 2002a). Associations between ER� poly-
morphisms have also been shown for risk of myocardial
infarction and stroke in men (Shearman et al., 2003,
2006; Schuit et al., 2004; Shearman, 2006). Systolic and
mean arterial pressures of older men were higher in the
TC and C/C genotypes of 30T/C compared with TT ge-
notypes (Hayashi et al., 2007).

Studies of women have not been as consistent in show-
ing these relationships, as a variety of confounding fac-
tors, including menopausal status and use of drugs for
contraception and hormone therapy, make it more diffi-
cult to analyze data in women, requiring larger numbers
of subjects (Shearman, 2006). However, in one study of
older women, significant differences in arterial stiffness
as reflected in brachial-ankle pulse-wave velocity were
found among those with 401T/C and 30T/C polymor-
phisms of ER� (Hayashi et al., 2007). These findings
underscore the impact of estrogen on cardiovascular
function. They also highlight the likelihood that estro-
gen may play a protective role against cardiovascular
disease in men as well as in women (Shearman, 2006).
However, more work is needed to explore the physiolog-
ical and pathophysiological impact of estrogen receptor
polymorphisms with the etiology of diseases in aging
animals and humans.

2. G Protein-Coupled Estrogen Receptor. Besides act-
ing via ER� and ER�, there is a long history of observa-
tions demonstrating that estrogen also acts via plasma
membrane receptors (Hasbi et al., 2005). Although con-
siderable controversy remains concerning the mecha-
nism of these so-called nongenomic actions of estrogen
(see section III.B), one candidate receptor is the GPER.
Originally identified as an orphan G protein-coupled
receptor, GPR30; this protein was later shown to be
localized to the endoplasmic reticulum and to specifi-
cally bind estrogen. This receptor was then named
GPER. Binding of estrogen results in intracellular cal-
cium mobilization and synthesis of nuclear phosphati-
dylinositol 3,4,5-triphosphate when GPER is expressed
in COX7 cells (Hasbi et al., 2005; Revankar et al., 2005)
or in a breast cancer cell line (Revankar et al., 2005;
Thomas et al., 2005). Activity of adenyl cyclase was also
increased in HEK293 cells transfected with GPER
(Thomas et al., 2005). Regarding the relevance of GPER
to vascular function, there are no definite conclusions as
yet, although the receptor has been identified in human
internal mammary arteries and saphenous veins (Haas
et al., 2007). As discussed in section III.B, there are a
number of competing mechanisms to account for non-
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genomic actions of estrogen, and those relevant to vas-
cular function have not yet been clearly elucidated.

III. General Mechanisms of Action

A. Effects on Gene Transcription

ER, members of the nuclear receptor superfamily, use
a conserved DNA binding domain to interact with spe-
cific hormone response elements in the genome and in-
fluence gene transcription. Such effects, often referred to
as “genomic,” were those originally described for nuclear
receptors, although, as discussed in section III.B, there
is considerable evidence for other (“nongenomic”) mech-
anisms of action for many members of this receptor
family, including ER� and ER�. A major emerging
theme in understanding the diverse actions attributed
to these proteins involves their ability to adopt multiple
states dependent on the nature of the bound ligand.
Each ligand can induce a different conformation of the
receptor; as a consequence distinct sets of coactivators
and coreceptors may be recruited to the receptor-tran-
scription complex, resulting in distinct effects (Heldring
et al., 2007).

Similar to other members of this receptor family, ERs
include structurally and functionally distinct domains,
which are highly conserved during evolution (Nilsson et
al., 2001). The most conserved of these domains is the
DNA-binding domain, which is involved in DNA recog-
nition and binding. A second domain, the ligand-binding
domain, occurs in the COOH-terminal. Two distinct
transcriptional activation functions, AF1 and AF2, re-
cruit a variety of coregulatory proteins to the DNA-
bound receptor (Matthews and Gustafsson, 2003). AF1
is localized to the N-terminal region, whereas AF2 is
localized to the conserved ligand-binding domain and
relies on an agonist ligand-induced protein conforma-
tion. Depending on the cellular and promoter context,
AF1 and AF2 act either independently or synergistically
in regulating gene expression. Adding to the complexity
of estrogen action, the pattern of genes modulated by
ER� and ER� also depends on the status of other cellu-
lar signaling pathways (Heldring et al., 2007).

Unlike other members of the nuclear receptor family,
the ligand binding cavity of ERs accommodates a wide
range of structurally different compounds, including me-
tabolites of estrogen and even environmental contami-
nants referred to as endocrine disruptors (Heldring et
al., 2007). Several different types of ER antagonists have
been distinguished (Hall and McDonnell, 2005). ICI
182,780 (fulvestrant) opposes the actions of estrogen in
all tissues and does not distinguish between the two
types of ER. In contrast selective estrogen receptor mod-
ulators (SERMs) show tissue-specific actions, acting ei-
ther as antagonist or agonist, depending on the cell type.
An early example was the use of tamoxifen for treatment
of estrogen-dependent breast cancer. Tamoxifen is used
therapeutically in the tumor cell as an antagonist of the

estrogen receptor; however, tamoxifen also increases
bone density, acting like an estrogen agonist (Love
et al., 1992). Whereas agonists, such as 17�-estradiol,
induce a conformation of the ligand-binding domain
that promotes coactivator binding, the bulky side
chains of SERMs prevent the agonist-induced confor-
mation (Dahlman-Wright et al., 2006). Thus, by block-
ing AF2, SERMs act as antagonists in cells depending
mainly on this route for activity. However, in some
tissues the second transcriptional activation function,
AF1, may be active, and SERMs may act as agonists in
this case. Another contributor to the tissue specificity
of estrogen receptor ligands appears to be variation
from tissue to tissue of other ER-interacting proteins,
termed coactivators and corepressors (Hall and Mc-
Donnell, 2005). Although we have some understand-
ing of the complex mechanisms by which ERs act,
their effects vary significantly depending on the tissue
context, suggesting considerable potential for further
development of selective therapeutic agents.

As mentioned, a number of SERMs have been devel-
oped, including tamoxifen, raloxifene, and others still
in clinical development. Recently, a large study inves-
tigated the effect of raloxifene on cardiovascular dis-
ease in postmenopausal women (mean age: 67.5 years)
(Barrett-Connor et al., 2006). Compared with placebo,
raloxifene had no effect on the risk of primary coro-
nary events but was associated with an increased risk
of fatal stroke and venous thromboembolism. As with
large human trials on hormone replacement therapy,
the advanced age of this patient population could alter
the response to estrogenic compounds (Harman et al.,
2005b). However, it also may be that other SERMs
might have a more positive cardiovascular impact.

In contrast to the nonselective ER agonist, 17�-estra-
diol, selective synthetic agonists such as propylpyrazole
triol (PPT) and diarylpropionitrile (DPN) have been
developed (Harrington et al., 2003). These compounds
distinguish between ER� and ER� and may help to
distinguish actions of distinct ERs (�, �, nuclear, or
non-nuclear) in experimental settings. PPT shows 400-
fold selectivity in binding to ER� compared with ER�
(Stauffer et al., 2000). In contrast, DPN is selective for
ER�, although its selectivity is not as great as that of
PPT (Meyers et al., 2001). Only a few studies have used
these selective compounds to investigate the nature of
estrogen receptors mediating vascular effects (Bolego et
al., 2006). Even fewer have used concentrations of these
substances that are truly selective, that is, in the nano-
molar range (Harrington et al., 2003). For example, only
the selective ER� agonist, DPN, induces acute NO-
dependent vasodilation (Bolego et al., 2005). Likewise,
in small mesenteric arteries from female mice, PPT in-
creased flow-mediated relaxation; interestingly, there
was no effect of PPT in arteries from males (Douglas
et al., 2008). These studies using selective ER agonists
support the conclusion that ER� is the principal form
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involved in mediating the actions of estrogen on vascular
function. However, much more work on the roles of
estrogen receptor subtypes, including a more in-depth
investigation of all vascular estrogenic actions, is clearly
warranted.

B. Rapid Effects

In contrast to actions of estrogen mediated by the
genomic mechanism described in section III.A, estrogen
can also produce effects within a time span of seconds or
minutes, too short to be mediated by the “classic” mech-
anism involving transcriptional activation of genes
(Revelli et al., 1998; Hammes and Levin, 2007). These
rapid, extranuclear actions have also been described
for a number of other steroid hormones, including
progesterone and aldosterone (Wehling, 1997). Activa-
tion of signaling pathways, besides modulating pro-
tein function, can also influence gene expression and
thus protein levels. Therefore, the term, nongenomic,
does not accurately describe such extranuclear ac-
tions; “membrane-initiated steroid signaling” and “nu-
clear-initiated steroid signaling” have been suggested
as alternatives (Hammes and Levin, 2007). Interest-
ingly, studies of evolution suggested that, in ancient
lineages, an ER homolog is not responsive to estrogen
but, instead, acts in a constitutive manner to activate
transcription, even though estrogen also has impor-
tant effects on reproduction in these animals (Thorn-
ton et al., 2003; Keay et al., 2006).

Although extensive investigations have focused on un-
covering the mechanism of these rapid effects of estro-
gen, a consensus has yet to be reached. Two of the major
alternatives include effects of classic ERs at the plasma
membrane or a distinct membrane-associated receptor
(Hasbi et al., 2005; Revankar et al., 2005; Hammes and
Levin, 2007). Some of the evidence for and against these
two mechanisms has been detailed elsewhere (Moriarty
et al., 2006; Hammes and Levin, 2007). Key points of the
controversy will be summarized here. There is consider-
able evidence that ERs can associate with the plasma
membrane, although the particular isoform(s) of ERs
remain in doubt, and there may be variability in expres-
sion among cell types. In several cell types, ERs as-
sociate with caveolae and large protein complexes. This
association with caveolae, where a number of other sig-
naling molecules also are found, is thought to promote
efficient signaling. By these associations, estrogen ap-
pears to trigger a number of intracellular signaling
pathways, including mitogen-activated protein kinase
and phosphatidylinositol 3-kinase/Akt, activation of
ion channel fluxes, generation of G protein-coupled
receptor-mediated second messengers and stimulation
of growth factor receptors (Moriarty et al., 2006).

Much of the current investigation of a distinct mem-
brane receptor has focused on GPER (GPR30) (see sec-
tion III.B.2 and Hasbi et al., 2005). This receptor is
widely distributed in the brain as well as in peripheral

tissues (Owman et al., 1996), but there is, as yet, little
evidence for a functional role in the vasculature. In
COS7 cells and some cancer cell lines, GPR30 was ex-
clusively localized to the endoplasmic reticulum (Revan-
kar et al., 2005). Activation by estrogen caused mobili-
zation of intracellular calcium and increased synthesis
of phosphatidylinositol 3,4,5-trisphosphate in the nu-
cleus. Others have reported that GPR30 is localized to
the plasma membrane (Hasbi et al., 2005). Alterna-
tively, it has been suggested that GPR30 functions only
in collaboration with ER�, perhaps serving to assemble
a signal complex essential to rapid estrogen signaling
(Hammes and Levin, 2007). At any rate, an understand-
ing of the possible role of G protein-coupled receptors
in estrogen effects on the vasculature awaits further
investigation.

One of the best-described rapid actions of estrogen is
the ability to stimulate endothelial nitric-oxide synthase
(eNOS) in vascular endothelial cells. Current knowledge
of the mechanism of this response also has been re-
viewed recently (Hisamoto and Bender, 2005; Moriarty
et al., 2006), so only key points will be summarized here.
In general, ERs associated with the plasma membrane
interact with a variety of scaffolding proteins, perhaps
varying among cell types. These molecules include stria-
tin (Lu et al., 2004) and Src-homology and collagen
homology adapter protein. Furthermore, lipid modifica-
tions of ER appear to be important, including palmitoyl-
ation (Acconcia et al., 2005). ERs are targeted to lipid
rafts; in endothelial cells, ER-centered protein com-
plexes associate with caveolae. ER�, in particular, inter-
acts with caveolin-1, an important structural protein
in caveolae, and this interaction is essential for local-
ization of ER to the plasma membrane in endothelial
cells (Chambliss et al., 2000). Through this mecha-
nism, estrogen activates eNOS via phosphatidylinosi-
tol 3-kinase/Akt, leading to phosphorylation of eNOS
on serine 1177, enhancing NO production. This mech-
anism leads to the well described rapid effect of estro-
gen to enhance endothelial-dependent vasodilator
responses mediated by NO, an effect that has been
demonstrated both in vitro and in vivo (Williams et
al., 1992; Stirone et al., 2005a; Li et al., 2007).

The complexity of understanding the mechanisms of
estrogen signaling has become even more apparent by
recent investigations into the relationships among mul-
tiple signaling pathways initiated by membrane estro-
gen receptors and changes in transcription mediated by
estrogen response element-containing genes (Edwards,
2005; Vasudevan and Pfaff, 2007). Studies in several
different cell types have demonstrated that membrane-
initiated cell signaling by estrogen can potentiate nu-
clear-initiated estrogen signaling. A number of kinase
cascades as well as calcium channels appear to be im-
plicated in this transcriptional potentiation. Further-
more, the participation of these different intracellular
signaling pathways may occur either in parallel or in
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series, and the convergence of membrane-initiated es-
trogen effects to influence transcription may involve pro-
tein-protein interactions and protein translocation as
well as phosphorylation of proteins (Vasudevan and
Pfaff, 2007). As stated most clearly by Vasudevan and
Pfaff (2007), “The novel idea that genomic transcription
by hormones, i.e., ligand-dependent transcription at hor-
mone response elements, can be affected by membrane-
initiated signal transduction events initiated by cognate
or noncognate ligands is a paradigm shift in nuclear
receptor biology.” Future studies will be necessary to
clarify the functional impact of these complex interac-
tions among signaling pathways, both membrane- and
nuclear-initiated, in vascular function.

Intracellular pathways also are activated by acute
application of estrogen to isolated vascular smooth mus-
cle. The physiological consequence in most cases is re-
laxation of vascular rings and inhibition of proliferation
in cultured smooth muscle cells (see section V.). In arte-
rial smooth muscle, relaxations result from increased
efflux of calcium involving activation of cyclic guanylate
cyclase and inhibition of ATP-sensitive K� channels
and Ca2�-activated K� channels (Kleppisch and Nelson,
1995; Quayle et al., 1995; White et al., 1995; Prakash et
al., 1999). One caveat of these experiments is the high
concentrations of estrogen often needed to elicit a relax-
ation. However, these studies reinforce the concept that
there are immediate cellular effects of estrogen in either
endothelial or smooth muscle cells that alter the inter-
nal milieu of the cell, resulting in altered responsiveness
to subsequent stimuli (Miller et al., 2002; Haas et al.,
2007).

C. Post-Transcriptional and Translational Modulation
of Proteins/Enzymes

In addition to direct estrogen receptor-regulated
gene transcription, estrogenic substances may facili-
tate the transport of RNA from the nucleus to the
cytoplasm (Thampan, 1985; Jacob et al., 2006), may
influence protein expression indirectly through regu-
lation of mRNA stability in the cytoplasm, and may
regulate the rate of gene transcription of enzymes re-
quired for post-translational modification of proteins by
glycosylation, phosphorylation or methylation. There-
fore, post-transcriptional regulation of gene expression
by estrogen modifies the cellular proteome and pheno-
type at all levels of protein processing.

1. RNA Stability. Concentrations of mRNA in a cell
represent the sum of production through gene transcrip-
tion and degradation, providing a local and rapid (non-
genomic) mechanism to control protein concentration.
That is, decreased stability of mRNA provides a mecha-
nism for rapid termination of production of a protein,
whereas increased stability provides a means to prolong
the expression of a gene. The biochemical details of
modulation of mRNA stability are reviewed elsewhere
(Kracht and Saklatvala, 2002; Ing, 2005) and involve, in

part, transcriptional regulation of estrogen-regulated
mRNA stabilizing factor (Kawagoe et al., 2003). For the
purpose of this review, it is important to emphasize that
estrogen may autoregulate the stability of mRNA for its
own receptor in some tissues (Saceda et al., 1989; Adams
et al., 2007). Therefore, differences in efficacy of SERMs
may reflect differences in the ability of the SERM-bound
receptor complex to alter estrogen receptor expression.
Furthermore, within a single tissue, estrogen may sta-
bilize some mRNA while destabilizing others. Some of
the anti-inflammatory effects of glucocorticoids are ex-
plained by their effects on mRNA stability (Kracht and
Saklatvala, 2002). However, the anti-inflammatory ef-
fects of estrogen on mRNA stability have not been in-
vestigated in the same way and may provide insight
into regulation of growth factors and cytokines involved
with estrogenic modulation of angiogenesis (Kracht and
Saklatvala, 2002; Fieber et al., 2006), infection-induced
inflammation (Batty et al., 2006; Zhong et al., 2006),
glucose metabolism (Totary-Jain et al., 2005), lipopro-
teins (Srivastava et al., 1992), hypoxia (Fieber et al.,
2006; Fish et al., 2007), shear stress (Sokabe et al.,
2004), and immunity (Mestas et al., 2005).

2. Post-Translational Modification of Proteins. Signal-
ing cascades and phosphorylation of mitogen kinases and
Akt initiated by binding of estrogen to membrane recep-
tors as outlined in section III.B. is not usually discussed
in terms of mechanisms by which estrogenic substances
affect post-translational modification of proteins. Yet
regulation of enzymes, which in turn affect biological
half-life of other enzymes, cofactors, or receptors, may
represent a more integrated approach to understanding
how estrogen, and perhaps other sex steroids as well,
influence vascular responses to cytokines, hormones, or
environmental stimuli such as hypoxia. For example,
reversible, covalent attachment of small ubiquitin-like
modifiers, a process known as sumoylation, or phosphor-
ylation of steroid receptor coactivators affects estrogen
receptor binding and subsequently estrogen receptor-
mediated gene transcription. Added to cells in culture,
17�-estradiol coordinates both phosphorylation and
sumoylation of some coactivators through nongenomic
mechanisms yet to be determined. Thus, post-transla-
tional modification of proteins, in this case, coregulators
by estrogen, affects the ability of estrogen to initiate
transcription of genes with estrogen receptor response
elements (Wu et al., 2006). Some other post-transla-
tional modifications of enzymes by estrogen identified in
nonvascular tissue are presented in Table 1. Except for
work assessing regulation of nitric-oxide synthase/nitric
oxide by estrogen in endothelial cells (Hayashi et al.,
1995; Kleinert et al., 1998; Sumi et al., 2001; Okano et
al., 2006) and superoxide dismutase in vascular smooth
muscle cells (Strehlow et al., 2003a), other evidence sup-
porting these concepts is derived from studies of nonva-
scular cells such as neurons, glia, cancer cell lines, and
liver cells (for review, see Ing, 2005). Therefore, the
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ability of estrogen to regulate degradation of mRNA and
inactivate proteins causing vascular injury or to stabi-
lize mRNA and maintain proteins required for vascular
repair requires further study in vascular cells of male
and female animals.

IV. Mitochondria

Estrogenic actions on mitochondrial function may con-
tribute to the ability of estrogen to modulate a variety of
age-related diseases, including endothelial and vascular
dysfunction. Mitochondrial reactive oxygen species
(ROS) are produced as a by-product of oxidative phos-
phorylation. ROS can affect mitochondrial lipids, pro-
teins, and DNA (Wallace, 2005). In particular, accumu-
lation of ROS-induced mitochondrial DNA mutations
over the lifespan is thought to contribute to the patho-
physiology of a number of age-related diseases and to be
a major cause of aging itself. Thus, an impact of estrogen
on mitochondrial function might explain the longer life-
span of women as well as contribute to the ability of
estrogen to protect against a variety of age-related dis-
eases (Wallace, 2005; Duckles et al., 2006).

Estrogen can profoundly affect mitochondrial function
in vascular endothelium (Stirone et al., 2005b) as well as
in other cell types (Kim et al., 2006; Pedram et al., 2006;
Yager and Chen, 2007). An important cellular target is
the cerebral microvasculature, which comprises the
blood-brain barrier. Because of the relatively high en-
ergy demands of these specialized endothelial cells, ce-
rebral vascular endothelium contains more mitochon-
dria than endothelium in other vascular beds (Nag,
2003). Tissues with high metabolic activity would be
predicted to produce higher levels of mitochondrial su-
peroxide as a by-product of oxidative phosphorylation
(Wallace, 2005) and be particularly subject to age-re-
lated disease. Indeed, mitochondrial ROS production
may contribute to neurodegenerative diseases such as
Parkinson’s, Alzheimer’s, and Huntington’s (St-Pierre et
al., 2006). Functional changes in the blood-brain barrier
or other aspects of cerebrovascular function would also
contribute to the pathophysiology of these age-related
diseases of the brain.

Estrogen affects mitochondrial function through in-
creasing oxidative phosphorylation, while at the same

time decreasing mitochondrial superoxide production
(Stirone et al., 2005a; Duckles et al., 2006; St-Pierre et
al., 2006) (Fig. 1). Exposure of ovariectomized rats to
estrogen increased activities of both citrate synthase
and complex IV, key rate limiting steps in the tricarbox-
ylic acid cycle and electron transport chain, respectively,
in cerebrovascular mitochondria. Corresponding in-
creases in key related proteins after estrogen treatment
include cytochrome c and subunits I and IV of complex
IV. We were surprised to find that these indices of in-
creased capacity for oxidative phosphorylation were as-
sociated with decreased ROS production after estrogen
treatment. Levels of mitochondrial production of both
superoxide and hydrogen peroxide were decreased after
estrogen exposure. Chronic in vivo exposure to estrogen
also increased levels of manganese superoxide dis-
mutase but did not affect levels of glutathione peroxi-
dase or catalase (Stirone et al., 2005b).

TABLE 1
Post-translational actions of estrogen

Action Physiological Consequences Reference

Decreased turnover of growth factor-induced ornithine
decarboxylase

Increased cell proliferation Huber and Poulin, 1996

Activated secretion of MMP-7 Increased paracellular permeability Gorodeski, 2007
Altered synthesis of glycosyltransferases Altered half-life of glycoprotein hormones Ulloa-Aguirre et al., 2001
Increased phosphorylation of telomerase Increased cell proliferation Kawagoe et al., 2003
Increased expression of propyl hydroxylase domain 1 Decreased cellular sensitivity to hypoxia Tian et al., 2006
Increased protein binding to mRNA for AT1 receptors Decreased expression of AT1 receptors Wu et al., 2003
Coordination of phosphorylation and sumoylation of

steroid receptor coactivators
Cell specific control of ligand-dependent nuclear

transcription
Wu et al., 2006

AT1, angiotensin II receptor type 1; MMP, matrix metalloproteinase.

FIG. 1. Schematic diagram of the current hypothesis concerning the
impact of estrogen treatment on mitochondrial function. Estrogen ap-
pears to promote energy production (oxidative phosphorylation) while
decreasing mitochondrial generation of ROS. The oxidative phosphoryla-
tion system is composed of five enzyme complexes, within the inner
mitochondrial membrane. Activity of this system generates an electro-
chemical gradient across this membrane, which leads to production of
ATP. At the same time, electrons leaking into the mitochondrial matrix
interact with oxygen, resulting in superoxide production. Superoxide is
then metabolized by manganese superoxide dismutase (MnSOD); the
resulting H2O2 is reduced to water by glutathione peroxidase-1 (GPx1).
H2O2 can also be converted by the Fenton reaction to the highly reactive
hydroxyl radical (OH�). ROS in the mitochondrial matrix target lipids,
proteins, and mitochondrial DNA. Adapted from Duckles et al. (2006).
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The mitochondrial targets for estrogen are not known
but estrogen could act by influencing either nuclear or
mitochondrial-encoded genes or both. Indeed, levels of
nuclear respiratory factor-1, a key master regulator of
nuclear-encoded mitochondrial genes, increased after
estrogen treatment (Stirone et al., 2005b). However, this
mechanism does not rule out a direct effect of estrogen
on the mitochondrial genome as estrogen receptors are
found in mitochondria (Chen et al., 2004; Yang et al.,
2004; Stirone et al., 2005b). Improved understanding of
mechanisms by which mitochondrial and nuclear ge-
nomes are coordinated to maximize mitochondrial func-
tion will provide a better understanding of the impact of
estrogen on energy production.

Consistent with the effect of estrogen on mitochon-
drial function, a number of genes for mitochondrial pro-
teins encoded by either nuclear or mitochondrial DNA
are regulated by either ER� or ER� (O’Lone et al., 2007).
In aorta from wild-type ovariectomized female mice, es-
trogen treatment both up- and down-regulated a num-
ber of genes involved in mitochondrial function. How-
ever, in ER� knockout mice, a larger number of genes
involved in mitochondrial function were down-regulated
by estrogen treatment, implying that ER� predomi-
nantly down-regulates genes involved in the electron
transport chain (O’Lone et al., 2007) and enhanced ex-
pression of antioxidants. However, as noted by the au-
thors, these findings in aorta are not necessarily consis-
tent with studies of other tissues, vascular endothelial
cells, or even other blood vessels (O’Lone et al., 2007).
Clearly, more studies on the effects of estrogen treat-
ment on mitochondrial function will be essential to sort
out these important and complex effects.

By decreasing mitochondrial production of ROS even
while sustaining robust oxidative phosphorylation, es-
trogen would decrease the rate of accumulation of mito-
chondrial DNA mutations over the lifespan. By this
mechanism, estrogen would protect against age-related
disease, but one would not predict that estrogen would
be able to reverse accumulated mutations of mitochon-
drial DNA. This mechanism of estrogen’s effects has
important consequences for the timing of estrogen treat-
ment. Thus, administration of estrogen after a signifi-
cant period without estrogen exposure, would only pro-
tect against future mitochondrial damage but would not
reverse accumulated damage during estrogen-free peri-
ods. Such a mechanism might have contributed to the
lack of effect of estrogen on cardiovascular disease in
recent large trials of estrogen replacement therapy, in
which subjects entered the study an average of 10 years
past menopause (Harman et al., 2005a,b).

Mitochondrial production of ROS also plays a key role
in oxidative stress (Madamanchi and Runge, 2007), so
one would predict that estrogen may also have an im-
portant impact on vascular oxidative stress. Besides mi-
tochondria, ROS can emanate from a number of sources,
including nicotinamide adenine dinucleotide oxidase,

xanthine oxidase, lipoxygenase, or nitric-oxide synthase
uncoupling (Madamanchi et al., 2005) Although excess
ROS production is proposed to be an initiating factor in
vascular pathophysiology, lower levels of ROS can also
serve important signaling functions in the vasculature.
When ROS production remains low enough that mech-
anisms of ROS destruction are not overwhelmed, con-
trolled activation of signaling pathways by ROS may be
maintained (Gutierrez et al., 2006; Lyle and Griendling,
2006).

In addition to the mitochondria, estrogen also sup-
presses ROS through other mechanisms. For example, es-
trogen treatment reduces angiotensin II-induced free rad-
ical production in vascular smooth muscle cells (Strehlow
et al., 2003a) and decreases NADPH-stimulated superox-
ide production by mouse cerebral arteries (Miller et al.,
2007a). Estrogen also suppresses strain-increased NADPH
oxidase activity and intracellular generation of ROS in
human umbilical vein endothelial cells (Juan et al., 2004).
Furthermore, in vascular smooth muscle cells estrogen
treatment increases protein levels of both manganese
superoxide dismutase (SOD) and extracellular SOD by
increasing transcription rate. There was no effect of
estrogen on copper-zinc SOD, glutathione peroxidase, or
catalase. Likewise, treatment of ovariectomized rats
with estrogen increased levels of manganese SOD pro-
tein in cerebral blood vessels, but did not change levels
of catalase or glutathione peroxidase (Stirone et al.,
2005b).

Oxidative stress may influence blood flow in humans.
For example, in estrogen-deficient postmenopausal
women, whole leg blood flow was reduced compared with
that in premenopausal women. Because blood flow in-
creased only in the postmenopausal women after adminis-
tration of an antioxidant, ascorbic acid, it was concluded
that different levels of oxidative stress contributed to dif-
ferences in blood flow between the two groups (Moreau
et al., 2007). However, the disparate ages of the pre- and
postmenopausal groups and the lack of direct demonstra-
tion of an effect of estrogen per se make it difficult to draw
conclusions regarding how estrogen contributes to these
processes; nevertheless, it is clear that much more remains
to be learned about the impact of estrogen on vascular
oxidative stress and the implications for pathophysiology.

V. Physiological Consequences

In sections III and IV, intracellular mechanisms by
which estrogenic compounds affect gene transcription
and translation, protein synthesis and oxidative metab-
olism were described. In this section, the integrated
consequences of these activities will be discussed.

A. Vascular Responsiveness

1. Arteries. In general, the most consistent effect of
estrogen treatment on vascular responsiveness reported
from a large number of studies conducted on isolated
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arteries, experimental animals, and humans is vasodi-
lation or suppression of vascular tone. In evaluating
these effects of estrogen one needs to consider that sex
differences, per se, may not simply be reflective of dif-
ferences in levels of circulating hormones. As described
in section II.A, tissue localization of key enzymes re-
sponsible for testosterone metabolism may result in lo-
cal tissue levels of estrogen or dihydrotestosterone that
exceed circulating levels. Thus, the best way to evaluate
effects of estrogen in intact organisms is to administer
the hormone in gonadectomized animals. Indeed, cardio-
vascular effects of estrogen can be seen in both male and
female gonadectomized animals (McNeill et al., 1999;
Geary et al., 2000; Bolego et al., 2005), and there is
evidence in humans that estrogen contributes to the
regulation of vascular function in males (Lew et al.,
2003).

The most prominent effects of estrogen on vascular
reactivity are mediated through direct effects on endo-
thelial function (Miller and Mulvagh, 2007), but studies
of very high concentrations of estrogen may show addi-
tional, nonphysiological effects. A plethora of studies in
humans have clearly demonstrated that estrogen pro-
motes vasodilation through an eNOS-dependent mech-
anism (Miller and Mulvagh, 2007). These include dem-
onstration of an estrogen-stimulated increase in plasma
concentrations of NO, increases in reactive hyperemia
after estrogen treatment, and changes through the men-
strual cycle reflective of an estrogenic effect. Interest-
ingly, age influences flow-mediated vasodilation in
women. In one study acute responses of postmenopausal
women to estrogen (18 h after placement of a transder-
mal patch) declined with age (Sherwood et al., 2007).
Likewise, postmenopausal women receiving either acute
estrogen (within 1 h of sublingual administration) or
chronic estrogen (3 months oral administration) all dem-
onstrated increases in flow-mediated dilation, but this
increase was significantly greater in women who were
less than 5 years past menopause compared with women
more than 5 years past menopause (Vitale et al., 2008).
Furthermore, for women more than 5 years past meno-
pause, flow-mediated vasodilation increased signifi-
cantly more in women who had received estrogen treat-
ment in the past compared with those who had not.
These findings support the idea that, in the absence of
estrogen, endothelium-dependent release of NO is re-
duced, and the ability of estrogen to increase this re-
sponse is abrogated the longer an individual is without
estrogen exposure. Whether this abrogation involves
epigenetic regulation of estrogen receptors (see section
II.B.1) or other mechanisms remains to be determined.

In both coronary and cerebral vascular beds and in the
aorta, chronic exposure to estrogen, either endogenous
or by estrogen treatment in ovariectomized female ro-
dents, decreases vascular tone in an endothelium-
dependent manner (Wellman et al., 1996; Geary et al.,
1998; Widder et al., 2003; Duckles and Krause, 2007).

These effects have been shown to depend on an increase
in NO production resulting from a genomic effect to
increase levels of eNOS (McNeill et al., 1999; Stirone et
al., 2003a) as well as more rapid effects to increase NO
production (Knot et al., 1999; Stirone et al., 2005a).
Because the abilities of estrogen to alter vascular reac-
tivity and increase eNOS levels are absent in ER�
knockout mice (Geary et al., 2001) and are mimicked by
selective estrogen receptor agonists (Widder et al.,
2003), modulation of NO is most likely through ER�.
Similar findings have been made in skeletal muscle ar-
terioles, in which flow-induced dilation was greater in
female than in male rats and was increased by estrogen
in ovariectomized females (Huang et al., 1998). This
effect of estrogen to modulate the regulation of wall
shear stress was also shown to depend on enhanced
endothelial NO release.

An endogenous substance, 27-hydroxycholesterol, in-
hibits the ability of estrogen to increase endothelial re-
lease of NO (Umetani et al., 2007). This inhibition
occurred for both transcription-mediated and nontran-
scription-mediated effects of estrogen on NO production.
The importance of this endogenous factor was demon-
strated by measuring changes in vascular NO synthase
after various manipulations that altered circulating
levels of 27-hydroxycholesterol. Interestingly, 27-hy-
droxycholesterol had estrogenic effects on nonvascular
cells. Thus, this substance exhibits a SERM-like effect,
acting as an antagonist in the vasculature, but an ago-
nist in other tissues.

In addition to effects of estrogen on endothelial pro-
duction of NO, there is substantial evidence that es-
trogen affects production of other endothelial factors
including products of cyclooxygenase. For example,
chronic treatment with estrogen increased prostacyclin
synthesis in small-caliber cerebral arteries and ovine
fetal pulmonary arterial endothelium by elevating levels
of cyclooxygenase-1 as well as prostacyclin synthase
(Jun et al., 1998; Ospina et al., 2002; Sherman et al.,
2002), resulting in a shift from cyclooxygenase-
dependent vasoconstriction to vasodilation after estro-
gen treatment (Ospina et al., 2003). In rat mesenteric
arteries, estrogen suppressed vasoconstriction, which
was dependent on activity of prostaglandin H synthase
(Davidge and Zhang, 1998). With the use of transfected
cultured ovine endothelial cells; estrogen activated the
human COX-1 promoter, a response mediated by either
ER� or ER� (Gibson et al., 2005). Interactions between
NOS- and cyclooxygenase-dependent pathways and the
effects of estrogen have been highlighted by several
studies. Comparison of rat mesenteric arteries after
ovariectomy or ovariectomy with estrogen treatment
showed that estrogen increased the NO component of
endothelium-dependent dilation, while decreasing the
cyclooxygenase component (Case and Davison, 1999).
Interactions among endothelial factors are highlighted
by studies of cerebral vessels from mice with dysfunc-
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tional NOS. In cerebral vessels from control mice treated
with estrogen, eNOS was up-regulated, but there were
no effects of estrogen treatment on cyclooxygenase-1,
production of prostacyclin, or constriction to indometh-
acin. In contrast, in animals with dysfunctional NOS,
either eNOS knockouts or animals treated chronically
with a NOS inhibitor (Li et al., 2004), all three param-
eters were enhanced after estrogen treatment. Em-
phasizing the diversity of endothelial function in differ-
ent vascular beds in arteries from skeletal muscles of
rats treated with a NOS inhibitor, estrogen treatment
increased vasodilatation mediated by endothelium-
derived hyperpolarizing factor (Huang et al., 2001).

The myriad of effects of estrogen on vascular function
are highlighted by changes in gene expression in aortas
of ovariectomized wild-type or ER knockout mice after
treatment with estrogen (O’Lone et al., 2007). Four clus-
ters of genes were identified, showing that ER� and ER�
regulate distinct sets of genes with little overlap be-
tween the two receptor types. ER� was responsible for
most of the increases in gene expression caused by es-
trogen in wild-type aortae, whereas ER� generally de-
creased expression of a different set of genes. As men-
tioned in section IV, one of the most striking effects of
estrogen was to modulate sets of genes involved in mi-
tochondrial function, with both ER� and ER� modulat-
ing different genes. Estrogen treatment also modulates
cellular ROS production, by regulating both proteins
involved in
mitochondrial respiratory chain complexes and oxi-
doreductase gene sets. As pointed out by the authors,
findings in mice aortae may only reflect vascular effects
of estrogen in this specialized large artery dominated by
smooth muscle cells, with estrogen acting mainly to re-
duce cell proliferation.

Whereas much basic science work has been directed to
understanding how 17�-estradiol affects vascular func-
tion, a common clinically prescribed product, conjugated
equine estrogen, contains metabolites of estrogen, es-
trone, and estrone sulfate (Kikuchi et al., 2000). Estrone
sulfate must be hydrolyzed to estrone to enter cells.
Estrone increases production of nitric oxide and prosta-
cyclin in endothelial cells (Kikuchi et al., 2000; Lippert
et al., 2000; Rauschemberger et al., 2008) and also in-
creases proliferation of cultured rat smooth muscle cells
(Rauschemberger et al., 2008). However, both estrone
sulfate and estrone have a null effect on proliferation
and migration of cultured human aortic smooth muscle
cells (Dubey et al., 2000) but suppress transcription of
promitogenic factors such as platelet-derived growth fac-
tor, interleukin-1, and interleukin-6 (Kikuchi et al.,
2000). Reasons for these discrepancies among studies
and between functional assays and molecular tests are
not clear. However, efforts to better define conditions
that affect responsiveness of various tissues to metabo-
lites of estrogen are warranted, given that the relation-
ship among estradiol, free estradiol, and estrone may

relate to changes in development of carotid intimal hy-
perplasia (Karim et al., 2008). There is considerable
genetic variation in expression of human hydroxysteroid
sulfotransferase, and the biological activity of the en-
zyme may relate to the number of copies of the gene
(Hebbring et al., 2007; Ji et al., 2007).

2. Veins. In contrast to what is known about the
effects of estrogen on arteries, information regarding
estrogenic effects on veins is scant. This lack of informa-
tion is somewhat surprising in light of the well known
adverse side effect of venous thrombosis in women using
estrogenic treatments. As is observed in arteries, acute
application of 17�-estradiol in vitro caused concentra-
tion-dependent, endothelium-dependent decreases in
tone in rings of femoral veins derived from female pigs.
These endothelium-dependent relaxations to 17�-estra-
diol were mediated by NO, but potassium channel acti-
vation seemed to contribute to the relaxation only in
veins derived from gonadally intact females (Bra-
camonte et al., 2002a). These relaxations were not in-
hibited by the estrogen receptor antagonist ICI 182,780,
suggesting, perhaps, involvement of receptor(s) or mech-
anisms other than the classic ER� and ER�. In support
of this concept, 17�-estradiol also caused relaxation of
veins in the presence and absence of the endothelium as
did the SERM raloxifene (Bracamonte et al., 2002a,b).
Hormonal status of the animal (gonadally intact or
ovariectomized) influences the relative contribution of
endothelium-derived NO and potassium channels as
causal to the relaxations to both 17�-estradiol and ralox-
ifene. In contrast to these results are observations that
acute application of 17�-estradiol does not cause endo-
thelium-independent relaxations of human saphenous
veins derived from persons with atherosclerosis (Haas et
al., 2007). Several factors may contribute to these dis-
crepancies. First, the saphenous vein is a muscular,
cutaneous, thermoregulatory, innervated vein compared
with deep veins, which are less muscular and not inner-
vated in the same way. Most of the veins were derived
from older (64 years of age) males, and because hor-
monal status affects both expression of estrogen recep-
tors and signaling cascades, these may not be represen-
tative of veins from women or individuals without
atherosclerosis. Finally, although, thrombosis may occur
in these superficial veins, it is not usually associated
with estrogen treatments but with other conditions such
as cancer. Clearly, additional information is needed in
regard to differences in estrogen responsiveness of veins
from various anatomical locations and how these re-
sponses relate to development of venous embolitic dis-
ease among individuals of differing ages, hormonal sta-
tus, or disease conditions.

With use of venous occlusion plethysmography, infu-
sion of bradykinin caused a greater increase in the di-
ameters of dorsal hand veins in postmenopausal women
after 6 months of treatment with oral conjugated equine
estrogen (CEE) and progestin compared with untreated
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women (Ceballos et al., 2000). This effect was lost when
treatment was stopped. Therefore, chronic menopausal
hormonal treatment seems to increase endothelium-de-
pendent responses in cutaneous veins of women as in
arteries. The use of this technique to monitor changes in
venous responsiveness has not been assessed in other
clinical hormone treatment trials, and it may be useful
in assessing differences among women in response to
such treatments or perhaps to evaluate endothelial func-
tion in other populations as they age.

Critical to the development of thrombus is interaction
of platelets with the venous wall. The in vitro response
of porcine veins to autologous platelets was dependent
upon the sex and hormonal status of the animal such
that addition of platelets caused greater contraction of
veins from ovariectomized animals than from those with
intact ovaries (Lewis et al., 2001). These contractions to
the autologous platelets reflect both hormonal modula-
tion of the venous wall and the platelets themselves.
However, if one platelet-derived product, ADP, was
added to the veins, endothelium-dependent relaxations
were not reduced by indomethacin in veins from ovari-
ectomized animals as they were in those derived from
gonadally intact animals (Lewis et al., 2001). These ob-
servations suggest that the presence of ovarian hor-
mones affects endothelial production of inhibitory
prostanoids in veins as in arteries. Indeed, if ovariecto-
mized animals were treated for 4 weeks with either oral
17�-estradiol or raloxifene, endothelium-dependent re-
laxations to ADP were increased compared with those in
untreated ovariectomized animals, but these relaxations
were mediated by both NO and an inhibitory prostanoid
only in veins from estradiol-treated animals. In contrast,
endothelium in veins from raloxifene-treated animals
produced a contractile prostanoid, most likely thrombox-
ane (Lewis et al., 2006). Thromboxane stimulates plate-
lets to aggregate and, thus, may contribute to a proco-
agulant phenotype in response to this SERM, which is
known to increase the incidence of venous thrombosis in
women (Barrett-Connor et al., 2002, 2006). As the ve-
nous wall is a key component of Virchow’s triad required
for the initiation of the thrombus (Bracamonte and
Miller, 2001), more work is needed to understand how
various estrogenic products affect both the endothelium
and smooth muscle of veins to develop products with arte-
rial protection but limited venous risks. Varicose veins
represent a venous disorder that is associated with in-
creases in circulating estrogen (Vin et al., 1992; Ciardullo
et al., 2000). However, causality of this condition is com-
plicated by various genetic components and physical fac-
tors such as obesity. Despite the numerous studies of es-
trogen modulation of collagen formation in skin (Verdier-
Sevrain et al., 2006), little is known about how estrogens
affect the extracellular matrix of the venous wall, which
leads to formation of tortuousities.

B. Angiogenesis

Angiogenesis, the formation of new blood vessels from
existing blood vessels, requires several steps including
degradation of existing vascular basement membrane,
proliferation and migration of endothelial cells into tu-
bular structures in the tissue, and formation of new
matrix around neovessels. In ovulating women, estro-
genic regulation of these processes is evidenced by neo-
vascular development in the uterus. However, these
processes are essential in nonreproductive tissue for
wound healing, repair of damaged organs, restoration of
blood supply to ischemic tissue and tumor growth (Cid et
al., 2002; Rubanyi et al., 2002). Estrogen regulates en-
zymes involved in formation of matrix including the
matrix metalloproteinases and plasminogen activators,
which may be responsible for rendering complex athero-
sclerotic plaques unstable (Cid et al., 2002; Jones et al.,
2003). Growth factors and adhesion molecules necessary
for angiogenesis include fibroblast growth factor-2, vas-
cular endothelial growth factor, nitric oxide, and various
integrins required for cell attachment (Cid et al., 2002;
Rubanyi et al., 2002). Although estrogenic compounds
increase proliferation of endothelial cells in vitro and
in vivo in the vicinity of an endothelial lesion (Garnier
et al., 1993; Banerjee et al., 1997; Krasinski et al., 1997),
circulating endothelial-progenitor cells derived from the
bone marrow may be a critical source of endothelial cells
involved in maintaining and repairing damaged vas-
cular lining, in angiogenesis to ischemic tissue, and in
the formation of new blood vessels or vasculogenesis
(Takahashi et al., 1999; Quraishi and Losordo, 2007).

There is little information regarding how the number
and characteristics of colony-forming progenitor cells in
circulating blood change across the life span in both
males and females. In reproductively competent individ-
uals, the number of hematopoietic progenitor cells was
greater in males than in females, but the variability in
the numbers of colony-forming cells was higher in fe-
males than in males, suggesting that sex steroids mod-
ulate hematopoiesis and perhaps other progenitor cells
in the bone marrow (Horner et al., 1997). Indeed, loss
of ovarian hormones in animals and humans reduced
the number of circulating bone marrow-derived endothe-
lial progenitor cells, whereas estrogenic treatment of
ovariectomized animals and postmenopausal women in-
creased their number (Goldschmidt-Clermont, 2003;
Strehlow et al., 2003b; Bulut et al., 2007). Estrogens
slowed the senescence of these cells through increased
telomerase activity and increased their proliferation
through activation of ER� (Imanishi et al., 2005a,b,c;
Hamada et al., 2006; Masuda et al., 2007). Collectively,
these effects would lead to rapid repair of vascular
wounds by increasing endothelial regrowth with release
of endothelium-derived factors, such as nitric oxide,
which are inhibitory to smooth muscle proliferation,
therefore reducing development of intimal hyperplasia
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(Krasinski et al., 1997; Strehlow et al., 2003b; Schmidt-
Lucke et al., 2005). The pivotal contribution of ER� in
the formation and regulation of endothelial-progenitor
cells may explain in part the accelerated formation of
atherosclerosis and adverse outcomes in men with dis-
ruption and/or polymorphism of the ER� (ESR1) gene in
men (Sudhir et al., 1997a,b; Ferrero et al., 2003; Schuit
et al., 2004). In the future, it will be important to iden-
tify how populations of bone marrow-derived progenitor
cells change with age and with gonadal hormone treat-
ments in men and women. Studies also are needed to
better understand how other progenitor and pleiotropic
cells in the bone marrow, adventitia, and adipose tissue
are influenced by aging and hormonal interventions
(Lewis et al., 1997; Oparil et al., 1999; Mao et al., 2005;
Hong et al., 2007; Stringer et al., 2007) to develop cell-
based therapies for revascularization of ischemic tissue
and for tissue engineering.

C. Vascular Consequences of Estrogenic Modulation of
Autonomic Function

The autonomic nervous system is essential for homeo-
static control of heart rate and blood pressure. ER�
and ER� are distributed throughout the central nervous
system, except in the cerebellum of both male and fe-
male animals (Herbison et al., 2000; Kelly et al., 2005;
Vanderhorst et al., 2005). ER� seems to be the predom-
inant receptor subtype in the brain, although there are
some differences in expression of each receptor between
the sexes and between ovariectomized female animals
and those treated with estrogen (Vanderhorst et al.,
2005). Identification of ER� in some earlier studies,
however, may have been influenced by the specificity
of the antibody used for immunological localization
(Razandi et al., 2004).

Ligand stimulation of estrogen receptors in neurons ac-
tivates nongenomic and genomic intracellular pathways
similar to those described for endothelial and smooth
muscle cells (McEwen, 2001; Kelly et al., 2005) (see
section III). Estrogenic immunoreactive fibers colocalize
with adrenergic (tyrosine hydroxylase-positive)-, cholin-
ergic (vesicular acetylcholine transporter-positive)-, and
serotonergic-positive cells. In addition to affecting the
pituitary/gonadal axis controlling reproductive function,
behavior, response to stress, and body temperature, es-
trogenic mediated neuronal activity affects heart rate,
blood pressure, and sleep. Therefore, it is not surprising
that disturbances in heart rate variability (palpitations)
and hypertension, temperature regulation, and sleep are
symptoms of the estrogen deplete state of menopause.
Furthermore, central effects on appetite and activity
may promote weight gain and lethargy associated with
menopause in some women and, thus, could be consid-
ered as a potential physiological component of “life-style
risk factors” for cardiovascular disease.

1. Hypertension, Sympathetic Tone, and Stress. Hyper-
tension is a major cause of cardiovascular morbidity and

mortality in postmenopausal women (Thom et al., 2006).
Estrogen should reduce development of hypertension
through peripheral actions such as up-regulation of
endothelium-derived vasodilator factors with simulta-
neous down-regulation of vasoconstrictor factors, such
as endothelin-1 (Barber et al., 1996; Barber and Miller,
1998; Best et al., 1998; Dubey et al., 2001), inhibition of
the renin-angiotensin system by reducing transcription
of angiotensin-converting enzyme in endothelial cells
(Brosnihan et al., 1994; Gallagher et al., 1999), and
down-regulation of angiotensin 1 receptors (Nickenig et
al., 1998). Another potential pathway involved in the
etiology of hypertension is the production of 20-hy-
droxyarachidonic acid by cytochrome P450a monooxy-
genase, which shows an androgen sensitivity (Holla et
al., 2001; Capdevila et al., 2007). Depletion of estrogen
with a concomitant increase in androgens would, there-
fore, reduce local inhibitory signals while increasing pro-
contractile signals at the vascular wall, leading to in-
creased peripheral resistance and blood pressure in the
absence of concomitant decreases in sympathetic tone.
In addition to these direct effects on the vascular wall, in
general, withdrawal of estrogen increases sympathetic
tone as measured by increases in peripheral sympa-
thetic neuronal activity and circulating levels of norepi-
nephrine resulting in increased blood pressure, espe-
cially in the presence of a stressor (Saab et al., 1989;
Owens et al., 1993; Vongpatanasin et al., 2001; Liu et
al., 2003; Wyss and Carlson, 2003; Fernander et al.,
2004). Whether estrogen, when injected directly into the
brain, increases or decreases sympathetic tone depends
upon the specific nuclei that are stimulated (Saleh and
Connell, 2007). Increased sympathetic tone may result
from reduction of inhibitory effects mediated by ER� as
deletion of the gene for this receptor in mice resulted in
a hypertensive phenotype (Zhu et al., 2002). In the
brain, ER� seems to be localized in cardiovascular cen-
ters with inhibitory neurons (Blurton-Jones and Tuszyn-
ski, 2002). Thus, estrogen depletion would be associated
with withdrawal of inhibitory tone such as that imparted
by the parasympathetic system, thereby increasing periph-
eral resistance and lowering heart rate variability. De-
creased heart rate variability was observed in women after
oophorectomy compared with age-matched women who
underwent hysterectomy with conservation of the ovaries.
Heart rate variability was restored in the oophorectomized
women after 3 months of estrogen therapy, although the
type of estrogen therapy was not identified in this study
(Mercuro et al., 2000). It remains to be resolved whether
the type of treatment (oral or transdermal) or formulation
(conjugated equine estrogen, 17� estradiol, estrone, or es-
trone in combination with testosterone or progestogens)
would be critical in defining the overall effectiveness of
modulating autonomic activity (Matthews et al., 2001;
Vongpatanasin et al., 2001; Liu et al., 2003; Matthews et
al., 2005).
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The type of estrogenic treatment and parameters
measured to ascertain estrogenic effects on blood pres-
sure may be important in explaining discrepancies in
changes in blood pressure reported in various clinical
trials (Felmeden and Lip, 2000; Ashraf and Vongpata-
nasin, 2006). To date, none of the large scale clinical
trials have evaluated blood pressure responses or heart
rate variability with estrogen treatments relative to an
individual’s ability to metabolize or respond to a partic-
ular estrogen. Genetic variability in estrogen receptors
and the ability to metabolize estrogen may be critical
factors that could help to differentiate central autonomic
effects of estrogen from those responses occurring at the
level of the blood vessel wall in the systemic circulation.
In clinical trials of hormone treatment, blood pressure is
usually measured under resting conditions. However,
variation in blood pressure, as would occur over the
course of 24 h in response to various stimuli (exercise
and stress), may be critical in evaluating estrogenic ef-
fects on sympathetic control (Saab et al., 1989; Kaplan et
al., 1996; Mercuro et al., 2000; Vongpatanasin et al.,
2001) as estrogenic treatment of menopausal women
reduced increases in pituitary-adrenal hormones, blood
pressure, and pulse pressure induced by mental task
induced stress (Matthews et al., 2001). Because post-
menopausal women are at risk for hypertension (Felme-
den and Lip, 2000; Thom et al., 2006), in the future, it
will be critical to evaluate the effects of various combi-
nation estrogenic products and their route of adminis-
tration on blood pressure control.

2. Metabolism of Adrenergic Neurotransmitter and
Regulation of Adrenergic Receptors. In the periphery,
the sympathetic nervous system with adrenergic trans-
mission comprises a major innervation of arteries, arte-
rioles, and veins. In addition to modulating neuronal
activity through binding to estrogen receptors, estrogen
also regulates adrenergic neurotransmission through ef-
fects on catecholamine reuptake at the synaptic cleft
(Hamlet et al., 1980; Ball and Knuppen, 1990; Herbison
et al., 2000), genomic regulation of �-adrenergic recep-
tors (Colucci et al., 1982; Paden et al., 1982; Herbison
et al., 2000) and competes with norepinephrine for ad-
renergic binding sites (Hiemke and Ghraf, 1982; Paden
et al., 1982; Parvizi and Wuttke, 1983; Ball and Knup-
pen, 1990). Furthermore, catecholestrogens (2-hy-
droxyestradiol and 4-hydroxyestradiol) show binding af-
finity for tyrosinase, affecting catecholamine synthesis,
and for catechol-O-methyltransferase (COMT), affecting
catecholamine degradation (Ball and Knuppen, 1990;
Zhu, 2002) (Fig. 2). Inhibition of catecholamine reuptake
at the synaptic cleft and inhibition of degradation would
have the net effect of prolonging the impact of an adren-
ergic neuronal signal.

Furthermore, one catecholestrogen, 2-hydroxyestra-
diol, binds irreversibly to proteins and nucleic acids
causing damage to DNA possibly providing an initiating
step in breast and uterine cancers (Cavalieri et al.,

1997). Thus, conversion of 2-hydroxyestradiol by COMT
to 2-methoxyestradiol is considered a detoxifying step in
the metabolism of estrogen. These metabolic products of
estradiol also have important, but concentration-depen-
dent effects on vascular smooth muscle and endothelial
cells. At low concentrations, metabolic products of estra-
diol inhibit smooth muscle proliferation and endothelial
proliferation and thus reduce vascular response to in-
jury, whereas at higher concentrations they are antian-
giogenic (del Pozo et al., 2004; Klauber et al., 1997).
Thus, when the conversion of 2-hydroxyestradiol to
2-methoxyestradiol is absent as in cells derived from
COMT knockout mice, antimitotic effects of 2-hy-
droxyestradiol are prevented (Zacharia et al., 2001,
2003).

Because COMT is a ubiquitous enzyme, it might be
expected that genetic variation in COMT would affect
circulating levels of estrogens in postmenopausal
women and perhaps serve as a risk factor for stress-
induced cardiovascular disease. The polymorphism at
codon 158 in COMT (V158M) decreases the methylation
activity of the enzyme (Weinshilboum, 2006). In post-
menopausal women genotyped as homozygous for the
valine/valine codon (or high metabolizers, COMTHH),
serum levels of 17�-estradiol were lower 3 h after an oral
dose of estradiol valerate than in women with either the
heterozygous genotype or homozygous for the methio-
nine/methionine codon (Worda et al., 2003). Although
there was no increase in overall mortality associated
with COMT polymorphisms, in a population-based
study of 2979 nondiabetic individuals, there was an in-

FIG. 2. Schematic diagram of the metabolic pathways involved in the
synthesis and biotransformation of estrogen in the liver and extravascu-
lar tissue. Estrogen and some metabolites each have specific binding
affinities for estrogen receptors. In addition, other metabolites of estrogen
also have biological activities that do not require binding to the classically
defined receptors. Identification of differences in copy numbers of genes
and polymorphisms in cytochrome P450 enzymes will affect the efficacy of
a particular estrogenic treatment as well as the biological consequence of
that treatment depending on the rate of metabolism and the end product
(Table 2). Competition of the catecholestrogens with adrenergic transmit-
ters for COMT will affect the rate at which adrenergic neuronal signaling
is sustained. CYP, cytochrome P450 enzymes designated by numbers;
HSD17B1, 17�-hydroxysteroid dehydrogenase; SuLT, sulfatases; SULTs,
sulfotransferases. Modified from Fig. 4 of Miller and Mulvagh (2007).
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crease in nonischemic heart disease among individuals
with the Met/Met and Met/Val genotypes. These authors
cautiously state that these findings may be incidental
(Hagen et al., 2007).

In another population study of 2507 peri- and post-
menopausal women referred to a clinic for initiating
estrogenic treatment, polymorphisms in COMT were
associated with breast cancer occurrence but not with
cardiovascular pathological conditions (Tempfer et al.,
2004). As provocative as these results might be, with-
out details regarding the phenotype of these women
including other environmental risk factors (i.e., smok-
ing status), medications including type and duration
of hormonal therapy, years of follow-up, or criteria for
recording an adverse event, the clinical relevance of
these observations remains to be delineated. Clearly,
additional analyses are needed to better understand
relationships between estrogen metabolism and car-
diovascular disease including interactions with other
metabolic risk factors such as homocysteine and envi-
ronmental estrogenic compounds such as the phy-
toestrogens (Zhu, 2002).

3. Variation in Vasomotor and Neuronally Mediated
Symptoms of Menopause—Genetic Considerations.
Menopausal symptoms are reported in populations of
women from around the world (Freeman and Sherif,
2007). Despite the commonality of this occurrence, there
is not universal presentation in all women of a single set
of symptoms: sleep disturbances, night sweats, hot
flashes, heart palpitations, irritability, and depression.
Presentation of each symptom can be absent in some
women and range from mild to severe in others. There is
some belief that menopausal symptoms may be associ-
ated with a culturally driven negative attitude about
menopause in women (Freeman and Sherif, 2007). How-
ever, it seems just as likely that the negative impact on
quality of life of women experiencing symptoms may
influence their attitude about menopause. As discussed
in section V.C.1, receptors for estrogen are widely dis-
tributed within the central nervous system in areas of
the brain controlling body temperature (preoptic hypo-
thalamus), sleep (raphe nuclei), and heart rate (solitary
tract). Furthermore, there is anatomical evidence that
menopausal symptoms are autonomically driven physi-
ological responses. Thus, a probable explanation for
variation in menopausal symptoms among women
might be genetic variation in genes directing estrogen
metabolism (synthesis and catabolism) or estrogen re-
ceptors. Indeed, data are beginning to emerge that pro-
vide insight into the genetic variations contributing to
various menopausal phenotypes.

The most extensive investigation to date into polymor-
phisms of genes encoding enzymes needed for estrogen
metabolism and estrogen receptors as well as SNP
associations with vasomotor symptoms and cardiovas-
cular risk parameters is the Study of Women Across
the Nation (SWAN). SWAN is a longitudinal observa-

tional study of women in the United States between
the ages of 42 and 52 years of age who were still
menstruating, who were not using exogenous hor-
mones, and who were followed for 6 years. A strength
of this study is that genotypes were analyzed from
women of four ethnic/racial groups: African American,
Caucasian, Chinese American, and Japanese Ameri-
can. Although vasomotor symptoms (hot sweats, cold
sweats, and night sweats) were reported in all ethnic
groups, associated genetic polymorphisms differed by
race/ethnicity. In Caucasian women, vasomotor symp-
toms were associated more with polymorphisms in the
gene for 17�-hydroxysteroid dehydrogenase responsi-
ble for conversion of estrone to 17�-estradiol (Fig. 2).
In this case, lower conversion would decrease variabil-
ity in 17�-estradiol levels and therefore symptoms
(Crandall et al., 2006) (Table 2).

Studies that link menopausal symptoms and genetic
phenotypes to cardiovascular disease progression or out-
comes have yet to be conducted. However, additional
information should be forthcoming with continued anal-
ysis of DNA collected from participants in large trials
such as SWAN, the Women’s Health Initiative (WHI),
and the ongoing Kronos Early Estrogen Prevention
Study (KEEPS) (Harman et al., 2005a). Linking meno-
pausal symptoms to progression of occlusive cardiovas-
cular disease and/or hypertension and risk for adverse
outcomes such as stroke, myocardial infarction, or
thrombosis is important as the current guidelines of the
U.S. Food and Drug Administration for use of hormonal
treatment products is for relief of menopausal symptoms
and not for prevention of chronic diseases. However,
evidence from women who participated in the CEE-only
arm of the WHI suggests that estrogenic treatments
may provide vascular protection even to women who are
asymptomatic for menopausal symptoms (Manson et al.,
2007). In the WHI women who had undergone a hyster-
ectomy were randomly assigned to placebo or CEE
alone. After cessation of the trial, women were contacted
to participate in evaluation of coronary arterial calcium
by computed tomography. Coronary calcification was

TABLE 2
Potential physiological consequences of single nucleotide polymorphisms

associated with estrogen receptors and estrogen metabolism
in Caucasian women

Data derived from Hagen et al. (2007), Rexrode et al. (2007), Sowers et al. (2006),
and Tempfer et al. (2004).

Gene SNPs Consequence

ESR1 rs2234693 Ovarian aging; cognitive function
rs9340799 Cognitive function
rs3798577 Ovarian aging; apolipoprotein A-1

ESR2 rs1256030 Lumbar spine bone mineral density
rs1271572 Myocardial infarction

17HSD rs2830 Vasomotor symptoms
rs592389 Vasomotor symptoms
rs615942 Vasomotor symptoms

CYP1A1 rs2606345 Depressive symptoms
CYP 19 rs2414096 Diabetes mellitus

rs2446405 Insulin sensitivity
COMT V158M Cancer/nonischemic heart disease?
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lower in women who had been randomly assigned to
CEE compared with placebo (Table 3). Because coronary
arterial calcification is considered to be a significant risk
factor for future myocardial infarction (Raggi et al.,
2003; Budoff et al., 2005; Hecht et al., 2006), these data
support a protective vascular action of estrogen. Because
approximately 75% of these women did not report hav-
ing menopausal symptoms at the time they initially
enrolled in the study, these data support the conclusion
that menopausal estrogen treatments may benefit all
women regardless of symptomatology.

Polymorphisms in the gene for aromatase, which is
required for production of both estrone and 17�-estra-
diol have been associated more with metabolic cardio-
vascular risk factors including insulin sensitivity and
diabetes than with vasomotor symptoms (Table 2) (Sut-
ton-Tyrrell et al., 2005; Crandall et al., 2006; Lo et al.,
2006). Interestingly, polymorphisms in estrogen recep-
tors were not consistently associated with blood lipids in
women participating in SWAN as was reported in
women from the WHI (Herrington and Howard, 2003;
Sowers et al., 2006). In the future, analysis of testoster-
one and sex hormone-binding globulin may be useful in
identifying subgroups of asymptomatic women who
might receive a cardiovascular benefit from menopausal
estrogen treatment, perhaps reflecting effects of estro-
gens at the level of the vascular wall depending on local
gonadal steroid metabolism (Karim et al., 2008).

VI. Estrogenic Effects in Pathophysiology

A. Inflammation

Inflammation is a stereotypic response of tissues to
injury (Kracht and Saklatvala, 2002). Because many
cardiovascular diseases including atherosclerosis are
thought to have an inflammatory etiology (Libby, 2002),
some discussion regarding estrogenic effects on inflam-
mation is warranted.

Literature concerning the effect of estrogens on in-
flammatory responses seems contradictory, with both

proinflammatory and immunosuppressive effects re-
ported. In animal models, anti-inflammatory effects
have been clearly reported, but, in humans, estrogens
are thought to have proinflammatory effects in chronic
autoimmune diseases. The situation is further compli-
cated by findings that estrogen metabolites produced by
first-pass hepatic metabolism may have proinflamma-
tory effects as well, causing differences in response de-
pending on the route of administration. Further compli-
cations in understanding this field and its impact on
vascular disease include the number of different ways in
which inflammation is defined, the variety of stimuli,
acute or chronic, used to initiate tissue injury, and dif-
ferences in endpoints used to define the inflammatory
response. Detailed and comprehensive reviews of the
general topic of estrogenic regulation of inflammatory
processes address some of these points and provide ex-
cellent diagrams and tables of specific actions of estro-
gens on regulation of specific cytokines and leukocytes
associated with innate and acquired immunity (Stork et
al., 2004; Straub, 2007). However, for the purposes of
this review, a few points are important to emphasize to
facilitate future research into estrogenic regulation of
inflammation associated with vascular disease.

Pathogens, specifically Gram-negative bacteria, initi-
ate inflammation through binding of bacterial lipopoly-
saccharides to Toll-like receptors on the surface of vas-
cular cells. Transient or sustained release of cytokines
such as tissue necrosis factor-� (TNF-�) or several of the
family of interleukins (IL-1, IL-6, IL-17, and others)
sustains the inflammatory response through intracellu-
lar signaling cascades. These signaling cascades result
in both transcriptional and translational modification of
receptors, chemokines, and enzymes, including nitric-
oxide synthases and matrix metalloproteinases (Stork et
al., 2004; Straub, 2007). Inflammatory responses may
have either positive or negative consequences, depend-
ing in part on the time frame of occurrence. For example,
expression of adhesion molecules on the surface of dam-

TABLE 3
Coronary calcification in women participating in the CEE only—arm of WHI

Data derived from Tables 1 and 2 of Manson et al. (2007).

Number of Participantsa

Odds Ratio (95% CI)b

CEE (n � 537) Placebo (n � 527)

CAC scores (Agatston units)
0 (referent)c 299 266 1.00
�0 238 261 0.81 (0.64–1.03)
�10 (referent)c 348 302 1.00
� 10 189 225 0.73 (0.57–0.93)
�100 (referent)c 448 408 1.00
� 100 89 119 0.68 (0.50–0.93)

Vasomotor symptomsd

Yes 23.3% 26.5%
No 76.7% 73.5%

CAC, coronary arterial calcification.
a Numbers of individuals who were at least 80% adherent to CEE or placebo for at least 5 years.
b Odds ratios were calculated for the CEE group compared with the placebo group.
c Referent groups are all participants within the stated CAC range.
d Percentage of women reporting moderate-to-severe vasomotor symptoms in each assigned group before initiation of treatment (baseline).
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aged cells with subsequent release of cytokines increases
blood flow to the damaged area, serving a protective
effect. Recruited leukocytes phagocytize damaged cells
and/or invading organisms. In terms of negative effects,
however, cytokines released from these cells may also
facilitate regrowth of damaged tissue and secretion of
extracellular matrix that can, for example, form fibrous
scarring characteristic of fibrous plaque. Indeed genetic
polymorphisms in Toll-like receptors may be protective
against cardiovascular disease while rendering the indi-
vidual more susceptible to infection (Arbour et al., 2000;
Kiechl et al., 2002; de Kleinj and Pasterkamp, 2003;
Miller et al., 2004b; Zwaal et al., 2005). Evaluation of
Toll-like receptor polymorphisms has not yet been con-
ducted for women participating in hormone treatment
trials.

Many of the intracellular signaling cascades affected
by Toll-like receptors and interleukin molecules are
common to those stimulated by surface estrogen recep-
tors (see section III). Therefore, it might be expected
that estrogenic treatments would modulate inflamma-
tory responses to infectious pathogens. However, the
relationship of subclinical infection to progression of
cardiovascular disease has not been considered in clini-
cal studies of hormone treatments, for example, in rela-
tion to periodontal disease (Ford et al., 2007). However,
the most consistent reports of estrogenic modulation of
inflammation in vascular tissue of animals involve acti-
vation of cytokine pathways of inflammation. Estrogenic
abrogation of inflammation initiated by TNF-� is per-
haps the most consistent of these effects and may be
critical for linking infection to cardiovascular disease as
TNF-� increases transiently even with low levels of li-
popolysaccharide challenge (Jayachandran et al., 2007).
Interestingly, in rats estrogen has been shown to sup-
press vascular inflammatory responses to IL-1� and li-
popolysaccharide treatments, and this response has also
been shown to vary through the estrous cycle (Galea et
al., 2002; Ospina et al., 2004; Sunday et al., 2006). An
intriguing result is that this anti-inflammatory effect of
estrogen is lost in older female animals (Miller et al.,
2004a; Sunday et al., 2007).

Vascular sensitivity to infection-associated inflamma-
tion in relationship to integrity of specific estrogen re-
ceptors has not been studied directly and may provide
insight into identifying individuals susceptible to infec-
tion and to cardiovascular disease with aging. For ex-
ample, as discussed elsewhere in this article, in response
to vascular injury, deficiencies in ER� lead to acceler-
ated development of atherosclerosis in men (Sudhir et
al., 1997b; Shearman et al., 2003), and estrogen treat-
ments do not reduce the vascular response to injury
after endothelial denudation in mice deficient in this
receptor (Pare et al., 2002). ER� mediates estrogenic
abrogation of some but not all cytokine-induced expres-
sion of cell adhesion molecules in endothelial cells (Cid
et al., 1994; Caulin-Glaser et al., 1996; Chen et al.,

1999). Alternatively, ER� mediated the estrogenic abro-
gation of TNF-�-induced inflammation in cultured
smooth muscle cells (Xing et al., 2007).

In transfection experiments, ER� modulates expres-
sion of ER� (Hall and McDonnell, 1999). Therefore, dif-
ferential expression of estrogen receptors in either en-
dothelial or smooth muscle cells and in blood elements
interacting with the vascular wall may be critical in
defining how various estrogenic products modulate an
inflammatory response because various estrogenic prod-
ucts such as SERMs, CEE, or estrogen metabolites such
as estrone, estriol, and estrone sulfate do not bind to
estrogen receptors with equal affinity (Ensrud et al.,
2006; Hsia et al., 2006b). Furthermore, as some inflam-
matory cytokines may regulate both expression and ac-
tivity of steroid sulfatase and sulfotransferases, metab-
olism of estrogen at the level of the vascular wall may be
critical in establishing pro- or anti-inflammatory out-
comes (Nakamura et al., 2003; Hebbring et al., 2007).

An individual’s ability to metabolize estrogen may be
critical in determining whether estrogenic treatments,
oral or transdermal, are beneficial. Oral 17�-estradiol is
metabolized in the liver and oral CEE, which contains a
variety of estrogen metabolites is also modified in the
liver. Thus, the relationship among circulating 17�-es-
tradiol, estrone, and estrone sulfate will vary with an
individual’s ability to metabolize the initial product
(Hebbring et al., 2007). Effects of estrogen on all param-
eters of inflammation are dose-dependent (see Straub,
2007, for review), and metabolism of 17�-estradiol as
well as estrone sulfate can occur within vascular cells
(Nakamura et al., 2003; Dubey et al., 2004). Metabolic
products of 17�-estradiol have various biological activi-
ties. Therefore, effective dosing may vary, depending on
which product has the greatest effect on a given param-
eter of the inflammatory process and an individual’s
ability to metabolize the estrogen (Dubey et al., 2000).
For example, in response to an interarterial challenge of
amyloid-� in ovariectomized rats, adherence of leuko-
cytes to both mesenteric arterioles and venules was re-
duced in rats treated with oral CEE compared with
those treated with oral 17�-estradiol. Furthermore, in-
hibition was dose-dependent, such that leukocyte adhe-
sion was reduced with increases in the dose of oral
17�-estradiol. Therefore, interpretation of effects of es-
trogen on this inflammatory response depends both on
formulation and dose of the estrogenic product (Thomas
et al., 2003). The effective dose of estrogen may also be
dependent upon the cytokine milieu. For example, inter-
leukin 1� may regulate expression of enzymes that
affect local production of 17�-estradiol by inhibiting sul-
fatase and stimulating expression of estrogen sulfo-
transferase (Nakamura et al., 2003).

Oral estrogenic preparations are considered to be proin-
flammatory because hepatic metabolism of 17�-estradiol
produces proinflammatory metabolites in higher concen-
trations than might be produced by more slowly absorbed
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transdermal products (De Lignieres et al., 1986; Seed et
al., 2000; Vehkavaara et al., 2001; Lacut et al., 2003;
Strandberg et al., 2003; Brosnan et al., 2007). However,
inflammation in clinical studies is defined by changes in
circulating levels of cytokines, for example C-reactive pro-
tein, P-selectin, TNF-�, intercellular adhesion molecule-1,
vascular cell adhesion molecule-1, and fibrinogen. Such
measurements do not identify the cell of origin of the
cytokine/protein or take into account kinetics of their pro-
duction, biological half-life, or degradation. Furthermore,
in many clinical trials, these measurements represent two
time points (before and after intervention) and are related
to changes in risk factor profile rather than to measurable
physical changes in the vascular wall or disease progres-
sion (Stork et al., 2004; Miller et al., 2007b). In contrast, in
studies using experimental animals, effects of estrogen on
vascular inflammation evaluate structural changes in the
vascular wall including infiltration of leukocytes or expres-
sion of adhesion molecules or secretion of enzymes, such as
matrix metalloproteinases. Changes in these parameters
are linked to a physiological consequence such as cell pro-
liferation, migration, or receptor expression, showing
that estrogenic treatments reduce infiltration of leukocytes
to arteries after endothelium denudation and cytokine-
induced gene transcription in smooth muscle (Chen et al.,
1996; White et al., 1997; Oparil et al., 1999; Tolbert et al.,
2001; Wang et al., 2005; Xing et al., 2007). Therefore,
studies are needed to better define estrogenic effects on
specific parameters of the inflammatory process associated
with progression of vascular disease in humans. These
studies will require longitudinal assessment of soluble
factors as well as evaluation of vascular anatomy and
immunocompetence.

Most studies comparing oral to transdermal prepara-
tions of estrogenic treatments on plasma markers of
inflammation have evaluated transdermal preparations
of 17�-estradiol (Seed et al., 2000; Chen et al., 2001;
Vehkavaara et al., 2001; Sendag et al., 2002; Strandberg
et al., 2003; Girdler et al., 2004; Stevenson et al., 2004).
Few studies have examined transdermal preparations of
estrogen metabolites, for example, estriol (Mishra et al.,
2006), or transdermal preparations of compounded for-
mulations of estriol and estrone sulfate. These latter
preparations have gained popularity as more natural,
bioidentical formulations, but data supporting their su-
periority over other estrogenic formulations are scant in
regard to specific measures of vascular physiology.

In addition to modulation of production of inflamma-
tory proteins produced by the liver or direct effects on
the vascular wall, estrogen may also modulate inflam-
matory responses indirectly through the hypothalamic-
pituitary-adrenal axis, including stimulating release of
corticotropin-releasing hormone from the hypothalamus
and corticosteroids from the adrenal glands. Activation
of the hypothalamic-pituitary-adrenal axis associates
hormonally mediated events to centrally mediated events
and to the manifestation of depression, stress, and inflam-

mation (Kaplan et al., 1996; Kelly et al., 2005). In general,
estrogen treatment suppresses the stress response to chal-
lenges such as intra-arterial injection of interleukin 1�,
hemorrhage, and hypoxia and to emotional challenges
such as noise and psychosocial factors (Smith et al., 1995;
Kaplan et al., 1996; Buller et al., 1999; Dayas et al., 2000)
albeit through different neuronal pathways. Links be-
tween stress and estrogenic treatments have implications
in understanding sex-based differences in susceptibility to
infection, chronic inflammatory conditions, and hyperten-
sion (Critchlow et al., 1963; Matthews et al., 1995; Kaplan
et al., 1996; Dayas et al., 2000; Cutolo et al., 2002;
Fernander et al., 2004) and should be considered as poten-
tial physiological risk factors for cardiovascular disease in
women in addition to the usual psychosocial risk factors
such as marital status, level of education, and income.

B. Atherosclerosis

Changes in vascular anatomy characterizing athero-
sclerotic lesions occur over decades. Although there is a
large body of evidence that estrogen affects the vascular
wall, the molecular mechanisms of vascular responsive-
ness to sex steroids during different stages of develop-
ment of atherosclerosis are not clear. Because the re-
sponse of cells in the nonatherogenic artery may not be
the same as those in developing plaque, both the timing
and nature of interventions to reduce the rate of these
changes should matter when one is considering the
question of whether estrogenic treatments provide pro-
tection against cardiovascular disease. This unifying
hypothesis has emerged from numerous evaluations of
data from preclinical, observational, epidemiological,
and prospective clinical trials (Clark, 2006; Schnatz,
2006; Shapiro, 2006; Clarkson, 2007; Hodis and Mach,
2007; Rossouw et al., 2007). For example, if estrogenic
therapy was initiated within the first 10 years of meno-
pause, the odds ratio for adverse cardiac events was
reduced (Grodstein et al., 2006; Hsia et al., 2006b). This
reduction was independent of the type of menopause,
that is, natural or surgical (Mack et al., 2004; Grodstein
et al., 2006; Hsia et al., 2006b; Rocca et al., 2006; Man-
son et al., 2007). However, the same consistent pattern
was not observed for stroke risk (see section VI.C). These
observations in humans suggest that arteries of differ-
ent anatomical origin may have different susceptibilities
to stimuli initiating and sustaining atherosclerotic and
other pathological processes (Moreau et al., 2002).

1. Peripheral Arterial Disease. Few studies have
evaluated effects of estrogenic treatments on the inci-
dence of PAD. In women with existing cardiovascular
disease participating in the Heart and Estrogen/pro-
gestin Replacement Study, the combined hormone
treatment did not reduce the incidence of PAD (Hsia
et al., 2000; Grady et al., 2002). Likewise in older, but
generally more healthy women participating in the
WHI, estrogenic treatments also did not reduce the
rate of PAD, but the overall incidence was low (Hsia et
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al., 2004, 2006a). However, in studies where femoral
arterial diameter and anatomy were evaluated by
ultrasound, the intimal to medial ratio was lower in
treated versus untreated menopausal women (Moreau
et al., 2002, 2003; Naessen and Rodriguez-Macias,
2006). It remains to be determined whether or not
timing of initiation of estrogenic treatments impacts
development of PAD independent of other risk factors
such as smoking, diabetes and hypertension (Hsia et
al., 2000).

2. Carotid Intimal Medial Thickness. In experimental
animals, estrogenic treatments consistently reduced devel-
opment of carotid intimal medial thickness after a mechan-
ical injury or atherosclerotic diet (Foegh et al., 1995; Chen
et al., 1996; Karas et al., 1999; Oparil et al., 1999). In
humans, a consequence of carotid arterial atherosclerosis,
the incidence of ischemic stroke, was not reduced in women
participating in the WHI (Rossouw et al., 2002, 2007), but
no assessment of carotid anatomy was performed in these
women. However, as with the femoral arteries, in studies
in which the carotid arteries have been evaluated by ul-
trasound, a consistent reduction in carotid intimal medial
thickness is observed in postmenopausal women using
estrogenic treatments compared with those who do not
(Sator et al., 1998; Deneke et al., 2000; Hodis et al.,
2001; Mihmanli et al., 2002; Moreau et al., 2002; Taka-
hashi et al., 2004; Karim et al., 2008). A direct testing of
the timing hypothesis of estrogen intervention on pro-
gression of carotid intimal medial thickness is ongoing
in the Early versus Late Intervention Trial with Estra-
diol (clinical trial NCT00114517). The Early versus Late
Intervention Trial with Estradiol will compare the effect
of oral 17�-estradiol (oral 1 mg/day) on the rate of
change of carotid intimal medial thickness in women
less than 6 years past menopause to women who are
more than 10 years past menopause. Effects of oral
conjugated equine estrogen (0.425 mg/day) and trans-
dermal 17�-estradiol (50-�g weekly patches) on both
progression of carotid intimal medial thickness and cor-
onary calcification are being evaluated in women who
are within 3 years of menopause in KEEPS (clinical trial
NCT00154180). Therefore, within the next 5 years, data
will be available to allow evaluation of three different
estrogenic formulations on the same outcome of disease
progression, i.e., carotid intimal medial thickness, in
an age spectrum spanning two decades of menopause.
These studies will provide valuable evidence regarding
efficacy of products that may affect a risk for ischemic
stroke (see section VI.C.).

3. Coronary Arterial Calcification. Coronary calcifi-
cation, a predictor of future adverse cardiovascular
events, can be present in early menopausal women who
do not present with the usual risk factors for cardiovas-
cular disease (Rumberger et al., 1994; Hodis et al., 2001;
Hecht et al., 2006). Estrogenic treatments reduce coro-
nary arterial calcification in postmenopausal women
(Budoff et al., 2005; Mackey et al., 2005; Manson et al.,

2007). And as discussed above (section V.C.3), reduced
calcification was observed with CEE treatment even in
women who did not experience menopausal symptoms
(Manson et al., 2007) (Table 3). These data support a
cardiovascular protective effect of CEE in women for
whom estrogenic treatments would not be prescribed
under the current practice guidelines. Mechanisms by
which estrogen reduces calcification are multifactorial
but most likely include modulation of cell differentiation
(Fitzpatrick et al., 2003; Abedin et al., 2004; Anderson et
al., 2004; Rzewuska-Lech et al., 2005), genetic variation
related to bone matrix proteins and osteoblast/clast ac-
tivation (Doherty et al., 2003), and perhaps susceptibil-
ity to infection by calcifying nanoparticles (Miller et al.,
2004b). Much remains to be learned about the contribu-
tion of specific estrogen receptors in arterial calcific pro-
cesses. However, ER� is prominent in coronary arterial
plaque, and polymorphisms in the gene for ER� were
associated with myocardial infarction in women (Chris-
tian et al., 2006; Rexrode et al., 2007). Intracellular
processes mediated by this receptor that contribute to or
limit calcification are not known.

4. Endothelial Dysfunction and Other Modalities to
Assess Cardiovascular Risk in Menopausal Women.
Modulation of quantity of intimal hyperplasia and arte-
rial calcification reflect long-term effects of estrogen on
components of the vascular wall. However, effects of
estrogen on endothelial function are noted within 3 days
of ovariectomy in rabbits and within months in humans
(Gisclard et al., 1988; Lieberman et al., 1994; Bush et al.,
1998). Because endothelial dysfunction may reflect the
earliest stages of disease processes (Hamburg et al.,
2004; Feletou and Vanhoutte, 2006), evaluation of endo-
thelial function relative to menopausal age may provide
another diagnostic modality to identify women who
might receive a cardiovascular benefit from estrogenic
treatments. In a prospective study that stratified women
by age since menopause, forearm vasodilatation, as an
indication of endothelial function, increased after 3
months of oral estrogen treatment (estradiol valerate, 1
mg/day) in all women. However, the magnitude of the
increase diminished with age past menopause (Vitale et
al., 2008). In women who had used estrogenic treat-
ments before the study, the effect of aging was dimin-
ished. These results confirm the hypothesis that endo-
thelial function diminishes with age, that estrogen
maintains endothelial function, and that even tempo-
rary use of estrogen may delay the detrimental impact of
aging on endothelial function. However, longitudinal,
prospective studies are needed to provide additional
data regarding the rate of change of endothelial function
with age and to determine the duration of the “car-
ryover” effect of estrogen on endothelial function once
treatment is stopped (Hynes and Duckles, 1987; Seals et
al., 2006; Sherwood et al., 2007). This latter point is
especially important, given the current prescribing rec-
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ommendation to use estrogen treatments for the short-
est period of time to relieve menopausal symptoms.

Additional parameters, including endothelial func-
tion, are needed for cardiovascular risk stratification in
early menopausal women as the standard characteriza-
tion of risk using parameters of hypertension, plasma
lipids, and smoking status (i.e., Framingham Risk
Score) does not adequately predict risk in this group of
women (Shaw et al., 2006; Lakoski et al., 2007; Miller et
al., 2007b; Sherwood et al., 2007). The search for a set of
blood biomarkers has not yielded a reliable indicator of
early disease (Redberg et al., 2000; Kullo et al., 2003,
2006). Because coronary calcification increases the risk
for future adverse events (Raggi et al., 2003; Desai et al.,
2004; Budoff et al., 2005), identifying women at risk by
inexpensive screening modalities, such as assessing ar-
terial calcification using mammograms, may provide an
additional, inexpensive way to stratify risk for women.
However, additional studies are needed to confirm in
newly menopausal women the relationship between
breast and coronary calcification that has been found in
older women (Maas et al., 2004; Kataoka et al., 2006;
Rotter et al., 2008).

Another potential diagnostic tool to evaluate risk in
early menopausal women may be analysis of blood-borne
microparticles (or microvesicles). Microparticles are
formed during activation and apoptosis of activated cells.
These circulating spheres of membrane range in size from
0.1 to 1 �m and carry surface signature molecules of their
cell of origin, varying with specific disease conditions in-
cluding various cardiovascular diseases (Boulanger et al.,
2006; Lynch and Ludlam, 2007). Few studies have evalu-
ated microparticle populations in asymptomatic popula-
tions. Expression of phosphatidylserine on microparticles
varied among early, asymptomatic menopausal women be-
ing screened for KEEPS (Miller et al., 2008). The level of
expression was not associated with the usual risk factors
for cardiovascular disease such as plasma lipids, high-
sensitivity C-reactive protein, body mass index, blood pres-
sure, or smoking status. However, in this group of women,
the quantities of endothelium- and platelet-derived micro-
particles expressing phosphatidylserine were significantly
and positively correlated with subclinical coronary disease
defined by a coronary calcification score �50 Agatston
units (M. Jayachandran, R. D. Litwiller, W. G. Owen, J. A.
Heit, T. Behrenbeck, S. L. Mulvagh, P. A. Araoz, M. Bud-
off, S. M. Harman, and V. Miller, submitted). Therefore,
analysis of populations of microparticles may provide in-
sight into cell-cell interactions in early disease processes.
With refinement and standardization of methods to detect
and analyze populations of microparticles, this approach
may help identify early disease processes in otherwise
asymptomatic populations. Development of such new, eas-
ily accessible markers of the progression of vascular dis-
ease would aid in understanding the impact of a variety of
therapies, including gonadal steroid hormones.

C. Stroke

Ischemic stroke is uncommon in women before meno-
pause and increases substantially as women age, lead-
ing to the premise that women are protected early in life
by reproductive hormones (Barrett-Connor and Bush,
1991; Wenger et al., 1993). However, findings of recent
clinical trials have been surprising in not showing pro-
tective effects of hormonal therapy in reducing the inci-
dence of stroke. Careful analysis of data from the WHI
demonstrates that daily administration of CEE alone in
women without a uterus did not protect against ischemic
stroke (Hendrix et al., 2006). In the youngest group of
women (50–59 years) the cumulative hazard ratio for
ischemic stroke was 1.09, whereas this ratio was 1.72 in
women aged 60 to 69. Thus, it is clear that treatment
with CEE increased the risk of ischemic stroke in a
group of generally healthy postmenopausal women in
whom a decrease in coronary calcification was recorded.
This study makes it clear that CEE, not the medroxy-
progesterone given to women with a uterus, was respon-
sible for the increased risk of stroke in the WHI as a
whole (Rossouw et al., 2002). Nevertheless, it is also
clear that sex and hormonal status are important factors
in the pathophysiology of many diseases, including isch-
emic stroke. For example, a recent study of randomized
low-dose aspirin for the primary prevention of cardio-
vascular disease in women demonstrated that aspirin
lowered the risk of stroke without affecting the risk of
myocardial infarction (Ridker et al., 2005). This result is
significantly different from earlier findings in men,
again raising the importance of the variable of sex in
understanding the pathophysiology of cerebrovascular
disease.

In animal studies, that treatment with the natural
estrogen, 17�-estradiol, protects against cardiovascular
disease and neuronal damage of experimental ischemic
stroke. For example, administration of 17�-estradiol
consistently decreased lesion size in rodent ischemic
stroke (Alkayed et al., 2000; McCullough and Hurn,
2003). A number of possible explanations for the discrep-
ancy between recent clinical trials and animal studies
have been offered. These include the possibility that the
oral hormone replacement therapy regimen used in re-
cent studies may not be the most advantageous for pos-
itive cardiovascular effects. In contrast to animal studies
where 17�-estradiol was administered i.p. or s.c., in
human trials, CEE was administered orally. Thus, an-
other possibility is that some of the various, little-stud-
ied estrogenic compounds in the CEE preparation were
deleterious (Turgeon et al., 2004). Although animal
studies have demonstrated untoward effects of medroxy-
progesterone (Sunday et al., 2006), analysis of the CEE-
only arm of the WHI appears to rule out this explanation
(Barrett-Connor and Stuenkel, 1999; Turgeon et al.,
2004; Hendrix et al., 2006). However, it is particularly
notable that, in the Heart and Estrogen/Progestin Re-
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placement Study, only women with existing coronary
disease were studied (Hulley et al., 1998), whereas in
the WHI, the mean age of women at initial screening
was 63 years, and more than 65% of the women were
older than 60 years of age (Rossouw et al., 2002). If
17�-estradiol is protective but cannot reverse preexist-
ing vascular disease, then perhaps hormone replace-
ment therapy has not been administered early enough in
menopause in these studies to be effective (Naftolin et
al., 2004).

What do we know about the actions of 17�-estradiol on
cardiovascular function that might explain how this hor-
mone could have powerful protective effects against
cardiovascular disease and stroke but not be effective
against existing disease? The nonreproductive effects of
estrogen on the cardiovascular system may have protec-
tive effects in stroke, including beneficial effects on lipid
metabolism, increased vascular endothelial production
of NO and prostacyclin, promotion of endothelial cell
growth and angiogenesis and suppression of inflamma-
tory responses. Furthermore, if individuals lack expo-
sure to estrogen for a period of time, progression of
atherosclerosis attributable to changes in expression of
estrogen receptors, an unfavorable lipid profile, and con-
sequent endothelial dysfunction may not be reversed by
subsequent estrogen administration. However, actions
of estrogen on vascular mitochondrial function may pro-
vide additional explanations. Changes in mitochondrial
function with age would not be reversible. Ischemic
stroke, with a much greater incidence in older individ-
uals, is an age-related disease; thus, it makes sense to
hypothesize that age-related mitochondrial changes
contribute to the pathophysiology of ischemic stroke.
If estrogen is protective, then treatment of women
well past menopause who have not been continually
exposed to estrogen would not be protected from
stroke. In fact, it would be quite possible that, through
other mechanisms, such as prothrombotic actions, es-
trogen might even increase stroke incidence, as was
seen in clinical trials of CEE. Current understanding
of the biological actions of estrogen on cerebral blood
vessels and the cerebral microvesicles that support
neuronal function is incomplete.

There is increasing recognition that the health of neu-
rons during ischemic stroke depends on local microves-
sels and supporting cells such as astrocytes (del Zoppo,
2006; Iadecola et al., 2006). Together, these elements
comprise what is referred to as the “neurovascular unit”
because of the close association and interaction among
cerebrovascular cells, astrocytes, and neurons. Perivas-
cular neurons appear to communicate to blood vessels
through astrocytic processes to adjust local blood flow
(Zonta et al., 2003; Hamel, 2006). Astrocytes also pro-
vide metabolic support for neurons, using energy sub-
strates supplied by the microvessels (Pellerin and Mag-
istretti, 1994). Whereas stroke studies in animals have
traditionally focused on neuronal survival mechanisms,

it is becoming apparent that the neurovascular unit
must be protected from ischemic injury to improve
stroke outcome (del Zoppo, 2006; Iadecola et al., 2006).
This complexity is challenging for the researcher be-
cause each cell type within the unit has varying re-
sponses and coping strategies during the progression of
stroke injury and recovery.

Three key cell types of the neurovascular unit (neu-
rons, astrocytes and endothelial cells), are highly meta-
bolic, requiring energy to maintain ion pumps and trans-
porters critical to the proper functioning of the brain.
With particular relevance to this review, cerebrovascu-
lar endothelial cells are highly metabolic compared with
other vascular beds, containing more mitochondria than
other types of endothelium (Nag, 2003). Cerebral endo-
thelial cells have the unique function of maintaining the
blood-brain barrier, a critical site of injury during isch-
emic stroke that leads to vasogenic edema. Furthermore,
vascular dysfunction during stroke compromises local
blood flow, contributing to the evolution of brain injury.
The responses to ischemic stroke of the various compo-
nents of the neurovascular unit and the timing of these
responses are different. For example, in models of tran-
sient ischemia/reperfusion, the peak of superoxide pro-
duction, as measured by hydroethidine oxidation, was
seen in neurons after 1 h reperfusion but not until 4 h
in endothelial cells (Kim et al., 2002). �B-crystallin, a
small heat-shock protein (HSP), is induced transiently
in neurons of the peri-infarct (penumbra) region at 4 h
after ischemia/reperfusion but does not appear in astro-
cytes until 2 to 4 days later (Piao et al., 2005). Another
heat-shock protein, HSP70, is expressed only in endo-
thelial and glial cells, but not in neurons in the ischemic
core. In the penumbra, HSP70 is also expressed in met-
abolically stressed neurons (Sharp et al., 2000; Kokubo
et al., 2003). Early expression of matrix metalloprotein-
ase-9 and vascular endothelial growth factor after isch-
emia/reperfusion is associated with microvessels, caus-
ing degradation of the vascular matrix and blood-brain
barrier leakage (Zhao et al., 2006). However, 7 to 14 days
after stroke these factors in the peri-infarct zone are
primarily involved in neurovascular remodeling and
repair (Zhang et al., 2002; Zhao et al., 2006). More work
is needed to understand the effect of estrogen on all
components of the neurovascular unit, and the mecha-
nisms by which estrogen may affect the progression of
ischemic injury to develop useful therapeutic interven-
tions (Bushnell et al., 2006).

D. Migraine

In section VI.C, the concept of the neurovascular unit
was introduced. The neurovascular unit is also impli-
cated in the etiology of migraine. Although migraines
may be considered an “essentially benign condition”
(Bousser, 2004; Bousser and Welch, 2005), they cer-
tainly have a negative impact on quality of life for the
migraineurs. Migraines express as pain and are associ-
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ated with vasodilatation of cerebral and meningeal ar-
teries. They are classified as occurring with or without a
visual aura, thus implicating different neuronal involve-
ment between the two types of migraines (Bousser,
2004; Wessman et al., 2004; Bousser and Welch, 2005;
Brandes, 2006; MacGregor et al., 2006). Indeed, individ-
uals who experience aura can be biochemically differen-
tiated from those who do not (Ferrari, 1992).

Migraines show a 3-fold-greater prominence in women
compared with men (Brandes, 2006; Martin and Behbe-
hani, 2006). In some women, migraines may be associ-
ated with the menstrual period, ameliorated by preg-
nancy, and diminished at menopause and may worsen
with menopausal hormone treatment. These observa-
tions suggest that fluctuations in estrogen levels, espe-
cially a decrease, may be a precipitating factor in mi-
graines without aura (Bousser, 2004; Wessman et al.,
2004; MacGregor et al., 2006). However, differences in
circulating levels of estrogen were not observed between
women with and without menstrual migraine. Urinary
excretion of estrone-3-glucuronide was more than 2-fold
higher in women with migraine than in those who did
not experience migraine, suggesting that the ability to
metabolize estrogen may relate to development of mi-
graine (MacGregor et al., 2006). In-depth analyses re-
lated to estrogen metabolism among women who expe-
rience migraines, with or without aura, and women who
do not, need to be conducted. In particular, production of
catecholestrogens, perhaps influencing production and
disposition of adrenergic neurotransmitters, could par-
ticipate in neuronally induced cerebral vasospasm (Fer-
rari, 1992; Martin and Behbehani, 2006).

Several genetic polymorphisms are associated with
familial migraine including genetic variation in ER�
(G594A polymorphism of exon 8) (Colson et al., 2004,
2006; Johnson et al., 2007). As discussed above (section
V.C), estrogen receptors are located within brain nuclei
that innervate the cerebral vasculature as well as other
nuclei regulating cardiovascular function (Martin and
Behbehani, 2006). Thus, in addition to influencing ad-
renergic mechanisms, estrogen may also modulate cen-
tral opioidergic tone, release of peptidergic transmitters
from trigeminal nuclei, and the GABAergic system, per-
haps modulating NO (Johnson et al., 2005; Bergerot et
al., 2006; Brandes, 2006; Martin and Behbehani, 2006;
Puri et al., 2006). Because ER� stimulates NO produc-
tion in vascular endothelium, there might also be direct
modification of migraine occurrence through this path-
way. Implicating NO in the etiology of migraine are
observations that platelet production of NO was greater
in women with menstrual migraine than in those with-
out (Brandes, 2006). NO released from platelets could
contribute to decreases in cerebral vascular tone in vivo
or reflect changes in synthesis of NO that might occur
locally within the cerebral vasculature. A polymorphism
(E298D) in eNOS results in decreased activity of the
enzyme. This variant is associated with increased risk

for cardiovascular and cerebrovascular disease. The ho-
mozygous variant was an independent risk factor for
stroke in persons with migraine with aura (Borroni et
al., 2006). Approximately 80% of individuals participat-
ing in this study were female, reflecting the prominence
of the condition in women, suggesting that this variant
is prevalent among women with migraine (Borroni et al.,
2006). The association of this genetic variation in eNOS
with those of ER� in a larger population remains to be
determined. If the genetic variant results in decreased
activity of eNOS, these results are difficult to interpret
within the context that increased production of NO may
trigger migraine (Thomsen and Olesen, 2001). Some ev-
idence implicates neuronally derived NO in the etiology
of migraine, but no association of migraine with genetic
variation of neuronal nitric oxide synthase was found
(Johnson et al., 2005; Bergerot et al., 2006; Borroni et
al., 2006). More information is needed regarding estro-
genic modulation of all three isoforms of nitric oxide
synthase in the cerebrovascular unit.

In addition to estrogenic modulation of neuronal
transmission associated with pain and endothelial NO
(Rossouw et al., 2002; Martin and Behbehani, 2006;
Welch et al., 2006), estrogen may induce migraine
through direct effects on vascular smooth muscle cells.
For example, estrogen increased the efflux of magne-
sium from cultured cerebral smooth muscle cells (Li et
al., 2001). Indeed, magnesium is an effective treatment
for migraine in some individuals (Ferrari, 1992; Martin,
2007).

The relationship between migraine and stroke should
be considered, especially as related to brain ischemia. In
doing so, however, it is important to try to distinguish
migraine as an underlying pathological condition in-
creasing the risk for stroke as opposed to migraine as a
symptom resulting from a stroke. Most evidence indicat-
ing that migraine may be a risk factor for stroke comes
from studies of incidence of ischemic stroke in young
women who experience migraine with aura. Although
the risk for stroke overall is low, approximately 18 per
100,000 per year, the relative risk for stroke is 3.8 to 6.2
in women who have migraine with aura compared with
those who experience migraine without aura (Bousser,
2004; Bousser and Welch, 2005). The relative risk for
ischemic stroke increases in this group with oral contra-
ception use and smoking. As the former may increase
the risk for thrombosis and the latter is a known risk
factor for cardiovascular disease, this suggests that mi-
graine with aura may reflect an underlying vascular
pathological condition that is exacerbated by these
environmental stressors (Bousser, 2004). Middle-aged
(average approximately 58 years) women participat-
ing in the population-based study, Atherosclerosis
Risk in Communities Study, who experienced mi-
graine with aura also had an increased risk for isch-
emic stroke (Stang et al., 2005). This observation
also points to an underlying pathological condition of
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the neurovascular unit contributing to migraine. In
the WHI, the incidence of stroke was greater even in
the CEE-only arm of the study in which those ran-
domly assigned to treatment had lower incidence of
myocardial infarction and coronary calcification
(Rossouw et al., 2002, 2007; Manson et al., 2007). The
incidence of migraine in this cohort was not assessed.
These observations point to the need to understand
and differentiate factors contributing to stroke risk
from those contributing to cardiac risk (Bousser and
Welch, 2005; Bushnell et al., 2006).

Several chronic alterations in small arterial anatomy
and function, which may not show a sex difference in
frequency, predispose an individual to ischemic stroke
and migraine with aura. One syndrome, mitochondrial
myopathy, encephalopathy, lactic acidosis and stroke-
like episodes, is associated with mutations in mitochon-
drial DNA (Bousser and Welch, 2005). The relationship
between these mitochondrial mutations and mitochon-
drial pathways modulated by estrogen as discussed in
section IV remains to be explored.

E. Thrombosis

The risk of venous thrombosis is a “black box” warning
required by the United States Food and Drug Adminis-
tration on labeling of estrogenic products. Although in-
creased incidence of venous thrombosis has been re-
ported in numerous clinical trials of estrogenic products
in menopausal women (Scarabin et al., 1997; Herrington
et al., 1998; Grodstein et al., 2001; Barrett-Connor et al.,
2002; Rossouw et al., 2002; Vickers et al., 2007), little is
known about what actually constitutes risk for an indi-
vidual woman. Concentrations of soluble markers in the
blood associated with either inflammation or proteins of
the coagulation cascade including substances also asso-
ciated with arterial disease such as C-reactive protein,
fibrinogen, and homocysteine were higher in individuals
who experienced a thrombotic event compared with
those who did not (Meijers et al., 2000; Pradhan et al.,
2002; van Hylckama Vlieg and Rosendaal, 2003; Eilert-
sen et al., 2005). Although assays for these plasma/
serum markers have been clinically validated, no global
assessment tool has been established to identify an “at
risk” phenotypic profile for an individual woman con-
templating use of estrogenic treatments.

An alternative approach to defining a procoagulant
phenotype is to use genetic analysis based on that ob-
tained from individuals who have experienced an ad-
verse event. Perhaps the most consistent risk for estro-
genic treatment and venous thrombosis is factor V
Leiden. However, individuals who do not carry the mu-
tation may be at risk for a thrombotic event, whereas
those who carry it may never experience an event (Price
and Ridker, 1997; Herrington et al., 2002b; Heit, 2006;
Miller et al., 2006; Simon et al., 2006). The formulation
of the estrogenic treatment may also be critical for in-
creasing risk even in individuals with this mutation, as

incidence of venous thrombosis was less in individuals
with factor V Leiden using transdermal compared with
oral estrogenic products (Scarabin et al., 2003; Straczek
et al., 2005). As discussed in sections V.C and VI, the
first-pass metabolism of oral products in the liver may
increase inflammatory cytokines such as high-sensitiv-
ity C-reactive protein and other coagulation proteins,
increasing the risk of thrombosis in susceptible individ-
uals (Scarabin et al., 1997, 2003; Brosnan et al., 2007).
Alternatively, detoxification of the catecholestrogens
may affect production of prostacyclin, which acts to in-
hibit platelet aggregation (Needleman and Parks, 1982).
Direct comparison of oral CEE and transdermal 17�-
estradiol on soluble proteins and other cytokines related
to coagulation and inflammation together with an estro-
gen metabolic profile will be measured in the KEEPS
trial (Harman et al., 2005a).

Genetic variants in platelet surface receptors and es-
trogen receptors have been evaluated in regard to indi-
vidual risk for arterial thrombotic events but without
consistent findings (Alessio et al., 2007; Kjaergaard et
al., 2007). No studies have evaluated an individual’s
genotype for enzymes that metabolize estrogen and re-
lated that to thrombotic risk. Differences in copy num-
ber of cytosolic sulfotransferase reflect the ability to
metabolize estrogen (Hebbring et al., 2007). However,
how this difference translates to risk for disease, i.e.,
thrombosis, cancer, or other conditions, remains to be
determined. In the future it will be important to take a
polygenomic approach to estimating thrombotic risk, in-
cluding evaluation of estrogen receptors, enzymes me-
tabolizing estrogen and receptors for environmental fac-
tors and exposure to inflammation-provoking pathogens
(Arbour et al., 2000; Kiechl et al., 2002; van Hylckama
Vlieg and Rosendaal, 2003; Jayachandran et al., 2007;
Mari et al., 2007). Interaction of age, hormonal status,
and environmental factors should also be considered.
For example, a dose of lipopolysaccharide that was not
lethal to reproductively competent mice became lethal in
reproductively senescent mice and to a greater extent if
the mice lacked ER� (Miller et al., 2006). Additional
studies are needed to exploit new models for studying
thrombosis in experimental animals (VanLangevelde et
al., 2005).

Contrary to evidence that an early menopause in-
creases risk for arterial cardiovascular disease (de
Kleijn et al., 2002; Hu et al., 1999; Rocca et al., 2006),
data from a hospital based case-control study suggest
that the risk of venous thromboembolism decreases with
early menopause (Simon et al., 2006). That is, the
shorter the exposure to endogenous estrogen is (an early
menopause), the less the risk of a venous thrombotic
event. The reason for these apparent contrary findings is
unclear, underscoring the need for basic research into
how hormones affect the venous wall. However, the im-
pact of the number of pregnancies and related issues of
change in vessel compliance resulting from connective
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tissue reorganization and physical challenges related to
obstruction of venous return also need to be considered
carefully (Simon et al., 2006).

As generation of a clot, arterial or venous, requires
interaction of the blood with a biochemical or mechani-
cal lesion in the vascular wall, it is also critical to un-
derstand how estrogenic treatments affect formed ele-
ments in the blood. Platelets are the formed element in
the blood critical for the generation of thrombin. Both
platelets and their precursors, megakaryocytes in the
bone marrow, contain estrogen receptors (van Kesteren
et al., 1997; Khetawat et al., 2000; Bracamonte et al.,
2002c; Jayachandran and Miller, 2003; Yang et al.,
2004). Thus, changes in hormonal status, i.e., at the
transition to puberty, menopause, and hormonal treat-
ments, influence the phenotype of the circulating plate-
let pool (Jayachandran and Miller, 2002; Jayachandran
et al., 2004, 2005a,b). In general, in studies of estrogen
treatment to large animals, platelet aggregation and
secretion decreased compared with ovariectomized ani-
mals. However, not all specific components of the plate-
let secretome were regulated the same by different for-
mulations of oral estrogens. In particular, stimulated
release of nitric oxide was greater in platelets from an-
imals treated with 17�-estradiol than in those treated
with oral CEE or raloxifene (Jayachandran et al.,
2005b). Other phenotypic changes including expression
of adhesion molecules, phosphatidylserine, and CD40,
which allow the platelet to interact with leukocytes and
endothelial cells of the vascular wall, were affected by
hormonal status and implicated in progression of arte-
rial disease (Henn et al., 1998; Schonbeck et al., 2001;
Jayachandran and Miller, 2002; Prasad et al., 2003;
Jayachandran et al., 2005b; Wu and Li, 2006; Cognasse
et al., 2007). However, expression of these adhesion mol-
ecules is also increased with infection, thus perhaps
linking environmental stimuli to thrombotic susceptibil-
ity with estrogenic treatments.

As discussed in section VI.B.4, activation and interac-
tion of cells of the vascular wall with blood elements
result in the formation of membrane-derived micropar-
ticles. Microparticles bind fibrinogen, initiating platelet
microaggregation (Holme et al., 1998), and also act as
carriers between cells of biochemically active molecules
including tissue factor (Losche et al., 2004; Morel et al.,
2004), contributing to activation of the coagulation cas-
cade. Microparticles of endothelial origin are elevated in
persons with venous thromboembolism (Chirinos et al.,
2005). However, prospective studies are needed to deter-
mine whether elevation of specific populations of mi-
crovesicles define a thrombotic phenotype before an
event and if so, how that phenotype may be affected by
estrogenic treatment. Because circulating proteins and
peptides turn over rapidly and their source usually can-
not be identified, evaluation of changes relative to hor-
monal therapy has not provided meaningful information
for identifying an “at risk” thrombotic phenotype (Schon-

beck et al., 2001; Pradhan et al., 2002; Ridker et al.,
2003; Andersson et al., 2005; Healy et al., 2006; Miller et
al., 2008). Therefore, evaluation of cellular origin of mi-
croparticles and their functional characteristics (i.e.,
thrombin-generating capacity) may allow for a more con-
sistent mechanism to define an at risk thrombotic phe-
notype in early menopausal women.

VII. Future Directions: Summary

Although areas needed for future research have been
mentioned in each of the preceding sections, there are
several points deserving particular attention.

A. Pharmacogenomics

Delivering the right drug at the right dose to the right
person at the right time is a treatment goal. Genetic
testing to reach this goal is already realized in prescrib-
ing the selective estrogen receptor modulator, tamox-
ifen, as an adjuvant treatment for breast cancer
(Andersson et al., 2005; Goetz et al., 2005; Borges et al.,
2006). A picture emerging from genomic data published
from several large scale trials evaluating efficacy of es-
trogenic treatments is that, in the future, a polygenomic
or genome-wide approach will be needed to determine
dosing and formulations to maximize the benefit and
reduce risk for women considering using these treat-
ments. Such an approach may consider both receptors
(pharmacodynamics) and pathways that metabolize the
hormone (pharmacokinetics) (Weinshilboum and Wang,
2006). Thus, depending upon the ability of an individual
to metabolize these chemicals, treatment with 17�-es-
tradiol alone may not prove equally efficacious to conju-
gated equine estrogen, estriol, or estrone. Therefore,
experiments are needed to more accurately define an
estrogen metabolome relative to menopausal symptoms
and disease susceptibility.

In addition, research is scant regarding long-term sys-
temic effects of oral or transdermal products compared
with sublingual or vaginal products and compounded
products. It will be desirable that an interdisciplinary
approach be taken in evaluating women using the vari-
ous formulations to increase the evidence base for pre-
scribing these products. That means, for example, when
studies are conducted to evaluate efficacy of products to
treat menopausal symptoms such as hot flashes, other
parameters of cardiovascular health should be evalu-
ated simultaneously. A limiting factor for such interdis-
ciplinary approaches, of course, is the immediate cost of
conducting the study. However, with careful design the
up-front costs of such studies may outweigh the expense
of additional future trials. Furthermore, increased col-
laborations requiring sharing of databases and distribu-
tion of banked samples to laboratories with specific ex-
pertise will be needed so that efforts are not duplicated
but validated.
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B. Variation of Physiological/Pathological Impact of
Hormones across the Lifespan

A unifying concept emerging from the various obser-
vational and clinical trials in humans and preclinical
studies in animals regarding the vascular actions of
estrogenic treatments is that timing matters (Mendel-
sohn and Karas, 2007). As discussed throughout this
review, age may be an important factor in estrogenic
effects on inflammatory responses, with a loss of estro-
genic efficacy in older animals. Hormonal treatment
given to animals or individuals with established cardio-
vascular disease may initiate a different set of physio-
logical responses compared with responses in the ab-
sence of established disease. For example, estrogen may
have a disadvantageous effect in vessels with developing
or established plaque compared with an advantageous
effect to decrease development of atherosclerotic lesions
when administered earlier in the disease progression.
Thus, the ability of estrogenic treatment to prevent or
slow progression of vascular remodeling or plaque for-
mation may be limited to a narrow window of opportu-
nity. Another aspect of the importance of timing involves
the effects of estrogen on mitochondrial function. Earlier
in life, the effect of estrogen to reduce mitochondrial
ROS production may delay accumulation of mitochon-
drial DNA mutations. However, once such mutations
have accumulated, estrogen may be unable to reverse
this effect. Thus, actions of estrogen on mitochondrial
function may only be protective, but estrogen may lack
the ability to reverse existing disease processes. Ques-
tions regarding regulation of hormonal receptors, their
coregulators, and other factors affecting their transcrip-
tion and translation as well as changes in downstream
signaling cascades before and after slow hormone with-
drawal, as in natural menopause, or abrupt, as in sur-
gical menopause, need to be addressed and may lead to
novel markers of early disease processes as well as bet-
ter identification of when to intervene with treatment
for maximal benefit and minimal harm.
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Henn V, Slupsky JR, Gräfe M, Anagnostopoulos I, Förster R, Müller-Berghaus G,
and Kroczek RA (1998) CD40 ligand on activated platelets triggers an inflamma-
tory reaction of endothelial cells. Nature 391:591–594.

Herbison AE, Simonian SX, Thanky NR, and Bicknell RJ (2000) Oestrogen modu-
lation of noradrenaline neurotransmission. Novartis Found Symp 230:74–85;
discussion 85–93.

Herrington D and Howard H (2003) ER-� variants and the cardiovascular effects of
hormone replacement therapy. Pharmacogenetics 4:269–277.

Herrington DM, Fong J, Sempos CT, Black DM, Schrott HG, Rautaharju P, Bachorik
PS, Blumenthal R, Khan S, and Wenger NK (1998) Comparison of the heart and
estrogen/progestin replacement study (HERS) cohort with women with coronary
disease from the National Health and Nutrition Examination Survey III
(NHANES III). Am Heart J 136:115–124.

Herrington DM, Howard TD, Hawkins GA, Reboussin DM, Xu J, Zheng SL, Brosni-
han KB, Meyers DA, and Bleecker ER (2002a) Estrogen-receptor polymorphisms
and effects of estrogen replacement on high-density lipoprotein cholesterol in
women with coronary disease. N Engl J Med 346:967–974.

Herrington DM, Vittinghoff E, Howard TD, Major DA, Owen J, Reboussin DM,
Bowden D, Vittner V, Simon JA, Grady D, et al. (2002b) Factor V Leiden, hormone
replacement therapy, and risk of venous thromboembolic events in women with
coronary disease. Arterioscler Thromb Vasc Biol 22:1012–1017.

Hiemke C and Ghraf R (1982) Effects of short-term exposure to catecholestrogens on
catecholamine turnover in the preoptic-hypothalamic brain of ovariectomized rats.
Brain Res 240:295–301.

Hirata S, Shoda T, Kato J, and Hoshi K (2003) Isoform/variant mRNAs for sex
steroid hormone receptors in humans. Trends Endocrinol Metab 14:124–129.

Hisamoto K and Bender JR (2005) Vascular cell signaling by membrane estrogen
receptors. Steroids 70:382–387.

Hodis H and Mack W (2007) Postmenopausal hormone therapy in clinical perspec-
tive. Menopause 14:1–14.

Hodis HN, Mack WJ, Lobo RA, Shoupe D, Sevanian A, Mahrer PR, Selzer RH, Liu
Cr, Liu Ch, and Azen SP (2001) Estrogen in the prevention of atherosclerosis: a
randomized, double-blind, placebo-controlled trial. Ann Intern Med 135:939–953.

Holla VR, Adas F, Imig JD, Zhao X, Price E Jr, Olsen N, Kovacs WJ, Magnuson MA,
Keeney DS, Breyer MD, et al. (2001) Alterations in the regulation of androgen-
sensitive Cyp 4a monooxygenases cause hypertension. Proc Natl Acad Sci U S A
98:5211–5216.

Holme PA, Solum NO, Brosstad F, Pedersen T, and Kveine M (1998) Microvesicles
bind soluble fibrinogen, adhere to immobilized fibrinogen and coaggregate with
platelets. Thromb Haemost 79:389–394.

Hong L, Colpan A, Peptan IA, Daw J, George A, and Evans CA (2007) 17-� Estradiol
enhances osteogenic and adipogenic differentiation of human adipose-derived stro-
mal cells. Tissue Eng 13:1197–1203.

Hörner S, Pasternak G, and Hehlmann R (1997) A statistically significant sex
difference in the number of colony-forming cells from human peripheral blood. Ann
Hematol 74:259–263.

Hsia J, Criqui MH, Herrington DM, Manson JE, Wu L, Heckbert SR, Allison M,
McDermott MM, Robinson J, and Masaki K (2006a) Conjugated equine estrogens
and peripheral arterial disease risk: the Women’s Health Initiative. Am Heart J
152:170–176.

Hsia J, Criqui MH, Rodabough RJ, Langer RD, Resnick HE, Phillips LS, Allison M,
Bonds DE, Masaki K, Caralis P, et al. (2004) Estrogen plus progestin and the risk
of peripheral arterial disease: the Women’s Health Initiative. Circulation 109:
620–626.

Hsia J, Langer RD, Manson JE, Kuller L, Johnson KC, Hendrix SL, Pettinger M,

236 MILLER AND DUCKLES



Heckbert SR, Greep N, Crawford S, et al. (2006b) Conjugated equine estrogens and
coronary heart disease. Arch Intern Med 166:357–365.

Hsia J, Simon JA, Lin F, Applegate WB, Vogt MT, Hunninghake D, and Carr M
(2000) Peripheral arterial disease in randomized trial of estrogen with progestin in
women with coronary heart disease: the Heart and Estrogen/Progestin Replace-
ment Study. Circulation 102:2228–2232.

Hu FB, Grodstein F, Hennekens CH, Colditz GA, Johnson M, Manson JE, Rosner B,
and Stampfer MJ (1999) Age at natural menopause and risk of cardiovascular
disease. Arch Intern Med 159:1061–1066.

Huang A, Sun D, Koller A, and Kaley G (1998) Gender difference in flow-induced
dilation and regulation of shear stress: role of estrogen and nitric oxide. Am J
Physiol 275:R1571–R1577.

Huang A, Wu Y, Sun D, Koller A, and Kaley G (2001) Effect of estrogen on flow-
induced dilation in NO deficiency: role of prostaglandins and EDHF. J Appl
Physiol 91:2561–2566.

Huber M and Poulin R (1996) Post-translational cooperativity of ornithine decarbox-
ylase induction by estrogens and peptide growth factors in human breast cancer
cells. Mol Cell Endocrinol 117:211–218.

Hulley S, Grady D, Bush T, Furberg C, Herrington D, Riggs B, and Vittinghoff E
(1998) Randomized trial of estrogen plus progestin for secondary prevention of
coronary heart disease in postmenopausal women: Heart and Estrogen/progestin
Replacement Study (HERS) Research Group. JAMA 280:605–613.

Hynes MR and Duckles SP (1987) Effect of increasing age on the endothelium-
mediated relaxation of rat blood vessels in vitro. J Pharmacol Exp Ther 241:387–
392.

Iadecola C, Goldman SS, Harder DR, Heistad DD, Katusic ZS, Moskowitz MA,
Simard JM, Sloan MA, Traystman RJ, and Velletri PA (2006) Recommendations of
the National Heart, Lung, and Blood Institute working group on cerebrovascular
biology and disease. Stroke 37:1578–1581.

Ihionkhan CE, Chambliss KL, Gibson LL, Hahner LD, Mendelsohn ME, and Shaul
PW (2002) Estrogen causes dynamic alterations in endothelial estrogen receptor
expression. Circ Res 91:814–820.

Imanishi T, Hano T, and Nishio I (2005a) Estrogen reduces angiotensin II-induced
acceleration of senescence in endothelial progenitor cells. Hypertens Res 28:263–
271.

Imanishi T, Hano T, and Nishio I (2005b) Estrogen reduces endothelial progenitor
cell senescence through augmentation of telomerase activity. J Hypertens 23:
1699–1706.

Imanishi T, Kobayashi K, Hano T, and Nishio I (2005c) Effect of estrogen on
differentiation and senescence in endothelial progenitor cells derived from bone
marrow in spontaneously hypertensive rats. Hypertens Res 28:763–772.

Ing NH (2005) Steroid hormones regulate gene expression posttranscriptionally by
altering the stabilities of messenger RNAs. Biol Reprod 72:1290–1296.

Jacob J, Sebastian KS, Devassy S, Priyadarsini L, Farook MF, Shameem A, Mathew
D, Sreeja S, and Thampan RV (2006) Membrane estrogen receptors: genomic
actions and post transcriptional regulation. Mol Cell Endocrinol 246:34–41.

Jayachandran M, Brunn GJ, Karnicki K, Miller RS, Owen WG, and Miller VM (2007)
In vivo effects of lipopolysaccharide and TLR4 on platelet production and activity:
implications for thrombotic risk. J Appl Physiol 102:429–433.

Jayachandran M, Karnicki K, Miller RS, Owen WG, Korach KS, and Miller VM
(2005a) Platelet characteristics change with aging: role of estrogen receptor �. J
Gerontol Biol Sci 60:815–819.

Jayachandran M and Miller VM (2002) Ovariectomy upregulates expression of
estrogen receptors, NOS, and HSPs in porcine platelets. Am J Physiol Heart Circ
Physiol 283:H220–H226.

Jayachandran M and Miller VM (2003) Human platelets contain estrogen receptor �,
caveolin-1 and estrogen receptor associated proteins. Platelets 14:75–81.

Jayachandran M, Mukherjee R, Steinkamp T, LaBreche P, Bracamonte MP, Okano
H, Owen WG, and Miller VM (2005b) Differential effects of 17�-estradiol, conju-
gated equine estrogen and raloxifene on mRNA expression, aggregation and se-
cretion in platelets. Am J Physiol Heart Circ Physiol 288:H2355–H2362.

Jayachandran M, Okano H, Chatrath R, Owen WG, McConnell JP, and Miller VM
(2004) Sex-specific changes in platelet aggregation and secretion with sexual
maturity in pigs. J Appl Physiol 97:1445–1452.

Ji Y, Moon I, Zlatkovic J, Salavaggione OE, Thomae BA, Eckloff BW, Wieben ED,
Schaid DJ, and Weinshilboum RM (2007) Human hydroxysteroid sulfotransferase
SULT2B1 pharmacogenomics: gene sequence variation and functional genomics.
J Pharmacol Exp Ther 322:529–540.

Johnson MP, Fernandez F, Colson NJ, and Griffiths LR (2007) A pharmacogenomic
evaluation of migraine therapy. Expert Opin Pharmacother 8:1821–1835.

Johnson MP, Lea RA, Colson NJ, Macmillan JC, and Griffiths LR (2005) A popula-
tion genomics overview of the neuronal nitric oxide synthase (nNOS) gene and its
relationship to migraine susceptibility. Cell Mol Biol (Noisy-le-Grand) 51:285–292.

Jones CB, Sane DC, and Herrington DM (2003) Matrix metalloproteinases: a review
of their structure and role in acute coronary syndrome. Cardiovasc Res 59:812–
823.

Jones ME, Boon WC, Proietto J, and Simpson ER (2006) Of mice and men: the
evolving phenotype of aromatase deficiency. Trends Endocrinol Metab 17:55–64.

Juan SH, Chen JJ, Chen CH, Lin H, Cheng CF, Liu JC, Hsieh MH, Chen YL, Chao
HH, Chen TH, et al. (2004) 17�-Estradiol inhibits cyclic strain-induced endothe-
lin-1 gene expression within vascular endothelial cells. Am J Physiol Heart Circ
Physiol 287:H1254–H1261.

Jun SS, Chen Z, Pace MC, and Shaul PW (1998) Estrogen upregulates cyclooxygen-
ase-1 gene expression in ovine fetal pulmonary artery endothelium. J Clin Invest
102:176–183.

Kaplan JR, Adams MR, Clarkson TB, Manuck SB, Shively CA, and Williams JK
(1996) Psychosocial factors, sex differences, and atherosclerosis: lessons from
animal models. Psychosom Med 58:598–611.

Karas RH, Gauer EA, Bieber HE, Baur WE, and Mendelsohn ME (1998) Growth
factor activation of the estrogen receptor in vascular cells occurs via a mitogen-
activated protein kinase-independent pathway. J Clin Invest 101:2851–2861.

Karas RH, Hodgin JB, Kwoun M, Krege JH, Aronovitz M, Mackey W, Gustafsson JA,
Korach KS, Smithies O, and Mendelsohn ME (1999) Estrogen inhibits the vascular
injury response in estrogen receptor �-deficient female mice. Proc Natl Acad Sci
U S A 96:15133–15136.

Karim R, Hodis HN, Stanczyk FZ, Lobo RA, and Mack WJ (2008) Relationship
between serum levels of sex hormones and progression of subclinical atheroscle-
rosis in postmenopausal women. J Clin Endocrinol Metab 93:131–138.

Kataoka M, Warren R, Luben R, Camus J, Denton E, Sala E, Day N, and Khaw KT
(2006) How predictive is breast arterial calcification of cardiovascular disease and
risk factors when found at screening mammography? AJR Am J Roentgenol
187:73–80.

Kawagoe J, Ohmichi M, Takahashi T, Ohshima C, Mabuchi S, Takahashi K, Igarashi
H, Mori-Abe A, Saitoh M, Du B, et al. (2003) Raloxifene inhibits estrogen-induced
up-regulation of telomerase activity in a human breast cancer cell line. J Biol
Chem 278:43363–43372.

Keay J, Bridgham JT, and Thornton JW (2006) The Octopus vulgaris estrogen
receptor is a constitutive transcriptional activator: evolutionary and functional
implications. Endocrinology 147:3861–3869.

Kelly MJ, Qiu J, and Rønnekleiv OK (2005) Estrogen signaling in the hypothalamus.
Vitam Horm 71:123–145.

Khetawat G, Faraday N, Nealen ML, Vijayan KV, Bolton E, Noga SJ, and Bray PF
(2000) Human megakaryocytes and platelets contain the estrogen receptor � and
androgen receptor (AR): testosterone regulates AR expression. Blood 95:2289–
2296.

Kiechl S, Lorenz E, Reindl M, Wiedermann CJ, Oberhollenzer F, Bonora E, Willeit
J, and Schwartz DA (2002) Toll-like receptor 4 polymorphisms and atherogenesis.
N Engl J Med 347:185–192.

Kikuchi N, Urabe M, Iwasa K, Okubo T, Tsuchiya H, Hosoda T, Tatsumi H, and
Honjo H (2000) Atheroprotective effect of estriol and estrone sulfate on human
vascular smooth muscle cells. J Steroid Biochem Mol Biol 72:71–78.

Kim GW, Kondo T, Noshita N, and Chan PH (2002) Manganese superoxide dis-
mutase deficiency exacerbates cerebral infarction after focal cerebral ischemia/
reperfusion in mice: implications for the production and role of superoxide radi-
cals. Stroke 33:809–815.

Kim JK, Pedram A, Razandi M, and Levin ER (2006) Estrogen prevents cardiomy-
ocyte apoptosis through inhibition of reactive oxygen species and differential
regulation of p38 kinase isoforms. J Biol Chem 281:6760–6767.

Kjaergaard AD, Ellervik C, Tybjaerg-Hansen A, Axelsson CK, Gronholdt ML,
Grande P, Jensen GB, and Nordestgaard BG (2007) Estrogen receptor � polymor-
phism and risk of cardiovascular disease, cancer, and hip fracture. Circulation
115:861–871.

Klauber N, Parangi S, Flynn E, Hamel E, and D’Amato RJ (1997) Inhibition of
angiogenesis and breast cancer in mice by the microtubule inhibitors 2-me-
thoxyestradiol and taxol. Cancer Res 57:81–86.

Kleinert H, Wallerath T, Euchenhofer C, Ihrig-Biedert I, Li H, and Förstermann U
(1998) Estrogens increase transcription of the human endothelial NO synthase
gene: analysis of the transcription factors involved. Hypertension 31:582–588.

Kleppisch T and Nelson MA (1995) ATP-sensitive K� currents in cerebral arterial
smooth muscle: pharmacological and hormonal modulation. Am J Physiol 269:
H1634–H1640.

Knot HJ, Lounsbury KM, Brayden JE, and Nelson MT (1999) Gender differences in
coronary artery diameter reflect changes in both endothelial Ca2� and ecNOS
activity. Am J Physiol 276:H961–H969.

Kokubo Y, Liu J, Rajdev S, Kayama T, Sharp FR, and Weinstein PR (2003) Differ-
ential cerebral protein synthesis and heat shock protein 70 expression in the core
and penumbra of rat brain after transient focal ischemia. Neurosurgery 53:186–
191.

Kracht M and Saklatvala J (2002) Transcriptional and post-transcriptional control of
gene expression in inflammation. Cytokine 20:91–106.

Krasinski K, Spyridopoulos I, Asahara T, van der Zee R, Isner JM, and Losordo DW
(1997) Estradiol accelerates functional endothelial recovery after arterial injury.
Circulation 95:1768–1772.

Krege JH, Hodgin JB, Couse JF, Enmark E, Warner M, Mahler JF, Sar M, Korach
KS, Gustafsson JA, and Smithies O (1998) Generation and reproductive pheno-
types of mice lacking estrogen receptor �. Proc Natl Acad Sci U S A 95:15677–
15682.

Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, and Gustafsson JA (1996)
Cloning of a novel receptor expressed in rat prostate and ovary. Proc Natl Acad Sci
U S A 93:5925–5930.

Kullo IJ, Li G, Bielak LF, Bailey KR, Sheedy PF 2nd, Peyser PA, Turner ST, and
Kardia SLR (2006) Association of plasma homocysteine with coronary artery
calcification in different categories of coronary heart disease risk. Mayo Clin Proc
81:177–182.

Kullo IJ, McConnell JP, Bailey KR, Kardia SL, Bielak LF, Peyser PA, Sheedy PF
2nd, Boerwinkle E, and Turner ST (2003) Relation of C-reactive protein and
fibrinogen to coronary artery calcium in subjects with systemic hypertension.
Am J Cardiol 92:56–58.

Lacut K, Oger E, Le Gal G, Blouch MT, Abgrall JF, Kerlan V, Scarabin PY, Mottier
D, SARAH Investigators (2003) Differential effects of oral and transdermal post-
menopausal estrogen replacement therapies on C-reactive protein. Thromb Hae-
most 90:124–131.

Lakoski SG, Greenland P, Wong ND, Schreiner PJ, Herrington DM, Kronmal RA,
Liu K, and Blumenthal RS (2007) Coronary artery calcium scores and risk for
cardiovascular events in women classified as “low risk” based on Framingham
Risk Score: the Multi-Ethnic Study of Atherosclerosis (MESA). Arch Int Med
167:2437–2442.

Lew R, Komesaroff P, Williams M, Dawood T, and Sudhir K (2003) Endogenous
estrogens influence endothelial function in young men. Circ Res 93:1127–1133.

Lewandowski S, Kalita K, and Kaczmarek L (2002) Estrogen receptor �; potential
functional significance of a variety of mRNA isoforms. FEBS Lett 524:1–5.

Lewis DA, Avsar M, Labreche P, Bracamonte M, Jayachandran M, and Miller VM

INTEGRATED VASCULAR ACTIONS OF ESTROGEN 237



(2006) Treatment with raloxifene and 17�-estradiol differentially modulates nitric
oxide and prostanoids in venous endothelium and platelets of ovariectomized pigs.
J Cardiovasc Pharmacol 48:231–238.

Lewis DA, Bracamonte MP, Rud KS, and Miller VM (2001) Genome and hormones:
gender differences in physiology selected contribution: effects of sex and ovariec-
tomy on responses to platelets in porcine femoral veins. J Appl Physiol 91:2823–
2830.

Lewis DA, Lowell RC, Cambria RA, Roche PC, Gloviczki P, and Miller VM (1997)
Production of endothelium-derived factors from sodded expanded polytetrafluoro-
ethylene grafts. J Vasc Surg 1:187–197.

Li L, Hisamoto K, Kim KH, Haynes MP, Bauer PM, Sanjay A, Collinge M, Baron R,
Sessa WC, and Bender JR (2007) Variant estrogen receptor-c-Src molecular inter-
dependence and c-Src structural requirements for endothelial NO synthase acti-
vation. Proc Natl Acad Sci U S A 104:16468–16473.

Li W, Zheng T, Altura BM, and Altura BT (2001) Sex steroid hormones exert biphasic
effects on cytosolic magnesium ions in cerebral vascular smooth muscle cells:
possible relationships to migraine frequency in premenstrual syndromes and
stroke incidence. Brain Res Bull 54:83–89.

Li X, Geary GG, Gonzales RJ, Krause DN, and Duckles SP (2004) Effect of estrogen
on cerebrovascular prostaglandins is amplified in mice with dysfunctional NOS.
Am J Physiol Heart Circ Physiol 287:H588–H594.

Libby P (2002) Inflammation in atherosclerosis. Nature 420:868–874.
Lieberman EH, Gerhard MD, Uehata A, Walsh BW, Selwyn AP, Ganz P, Yeung AC,

and Creager MA (1994) Estrogen improves endothelium-dependent flow-mediated
vasodilation in postmenopausal women. Ann Intern Med 121:936–941.

Lippert C, Seeger H, Mueck AO, and Lippert TH (2000) The effects of A-ring and
D-ring metabolites of estradiol on the proliferation of vascular endothelial cells.
Life Sci 67:1653–1658.

Liu CC, Kuo TB, and Yang CC (2003) Effects of estrogen on gender-related auto-
nomic differences in humans. Am J Physiol Heart Circ Physiol 285:H2188–H2193.

Lo JC, Zhao X, Scuteri A, Brockwell S, and Sowers MR (2006) The association of
genetic polymorphisms in sex hormone biosynthesis and action with insulin sen-
sitivity and diabetes mellitus in women at midlife. Am J Med 119:S69–S78.

Loose-Mitchell DS and Stancel GM (2001) Estrogens and progestins, in Goodman
and Gilman’s The Pharmacological Basis of Therapeutics (Hardman JG and Lim-
bird LE eds) pp 1597–1634, McGraw-Hill, New York.

Lösche W, Scholz T, Temmler U, Oberle V, and Claus RA (2004) Platelet-derived
microvesicles transfer tissue factor to monocytes but not to neutrophils. Platelets
15:109–115.

Love RR, Mazess RB, Barden HS, Epstein S, Newcomb PA, Jordan VC, Carbone PP,
and DeMets DL (1992) Effects of tamoxifen on bone mineral density in postmeno-
pausal women with breast cancer. N Engl J Med 326:852–856.

Lu Q, Pallas DC, Surks HK, Baur WE, Mendelsohn ME, and Karas RH (2004)
Striatin assembles a membrane signaling complex necessary for rapid, non-
genomic activation of endothelial NO synthase by estrogen receptor �. Proc Natl
Acad Sci U S A 101:17126–17131.

Lubahn DB, Moyer JS, Golding TS, Couse JF, Korach KS, and Smithies O (1993)
Alteration of reproductive function but not prenatal sexual development after
insertional disruption of the mouse estrogen receptor gene. Proc Natl Acad Sci
U S A 90:11162–11166.

Lyle AN and Griendling KK (2006) Modulation of vascular smooth muscle signaling
by reactive oxygen species. Physiology (Bethesda) 21:269–280.

Lynch SF and Ludlam CA (2007) Plasma microparticles and vascular disorders. Br J
Haematol 137:36–48.

Maas AH, van der Schouw YT, Mali WP, and van der Graaf Y (2004) Prevalence and
determinants of breast arterial calcium in women at high risk of cardiovascular
disease. Am J Cardiol 94:655–659.

MacGregor EA, Frith A, Ellis J, Aspinall L, and Hackshaw A (2006) Incidence of
migraine relative to menstrual cycle phases of rising and falling estrogen. Neu-
rology 67:2154–2158.

Mack WJ, Slater CC, Xiang M, Shoupe D, Lobo RA, and Hodis HN (2004) Elevated
subclinical atherosclerosis associated with oophorectomy is related to time since
menopause rather than type of menopause. Fertil Steril 82:391–397.

Mackey RH, Kuller LH, Sutton-Tyrrell K, Evans RW, Holubkov R, and Matthews KA
(2005) Hormone therapy, lipoprotein subclasses, and coronary calcification: the
Healthy Women Study. Arch Intern Med 165:510–515.

Madamanchi NR and Runge MS (2007) Mitochondrial dysfunction in atherosclerosis.
Circ Res 100:460–473.

Madamanchi NR, Vendrov A, and Runge MS (2005) Oxidative stress and vascular
disease. Arterioscler Thromb Vasc Biol 25:29–38.

Manson JE, Allison MA, Rossouw JE, Carr JJ, Langer RD, Hsia J, Kuller LH,
Cochrane BB, Hunt JR, Ludlam SE, et al. (2007) Estrogen therapy and coronary-
artery calcification. N Engl J Med 356:2591–2602.

Mao A, Paharkova-Vatchkova V, Hardy J, Miller MM, and Kovats S (2005) Estrogen
selectively promotes the differentiation of dendritic cells with characteristics of
Langerhans cells. J Immunol 175:5146–5151.

Mari D, Coppola R, and Provenzano R (2008) Hemostasis factors and aging. Exp
Gerontol 43:66–73.

Martin V (2007) Targeted treatment strategies for menstrual migraine. J Fam Pract
56:13–22.

Martin VT and Behbehani M (2006) Ovarian hormones and migraine headache:
understanding mechanisms and pathogenesis—part 2. Headache 46:365–386.

Masuda H, Kalka C, Takahashi T, Yoshida M, Wada M, Kobori M, Itoh R, Iwaguro
H, Eguchi M, Iwami Y, et al. (2007) Estrogen-mediated endothelial progenitor cell
biology and kinetics for physiological postnatal vasculogenesis. Circ Res 101:598–
606.

Matthews J and Gustafsson JA (2003) Estrogen signaling: a subtle balance between
ER� and ER�. Mol Interv 3:281–292.

Matthews KA, Caggiula AR, McAllister CG, Berga SL, Owens JF, Flory JD, and
Miller AL (1995) Sympathetic reactivity to acute stress and immune response in
women. Psychosom Med 57:564–571.

Matthews KA, Flory JD, Owens JF, Harris KF, and Berga SL (2001) Influence of
estrogen replacement therapy on cardiovascular responses to stress of healthy
postmenopausal women. Psychophysiology 38:391–398.

Matthews KA, Owens JF, Salomon K, Harris KF, and Berga SL (2005) Influence of
hormone therapy on the cardiovascular responses to stress of postmenopausal
women. Biol Psychol 69:39–56.

McCullough LD and Hurn PD (2003) Estrogen and ischemic neuroprotection: an
integrated view. Trends Endocrinol Metab 14:228–235.

McEwen BS (2001) Invited review: Estrogens effects on the brain: multiple sites and
molecular mechanisms. J Appl Physiol 91:2785–2801.

McNeill AM, Kim N, Duckles SP, Krause DN, and Kontos HA (1999) Chronic
estrogen treatment increases levels of endothelial nitric oxide synthase protein in
rat cerebral microvessels. Stroke 30:2186–2190.

Meijers JC, Tekelenburg WL, Bouma BN, Bertina RM, and Rosendaal FR (2000)
High levels of coagulation factor XI as a risk factor for venous thrombosis. N Engl
J Med 342:696–701.

Mendelsohn ME and Karas RH (1999) The protective effects of estrogen on the
cardiovascular system. N Engl J Med 340:1801–1811.

Mendelsohn ME and Karas RH (2007) HRT and the young at heart. N Engl J Med
356:2639–2641.

Mercuro G, Podda A, Pitzalis L, Zoncu S, Mascia M, Melis GB, and Rosano GM (2000)
Evidence of a role of endogenous estrogen in the modulation of autonomic nervous
system. Am J Cardiol 85:787-789.

Mestas J, Crampton SP, Hori T, and Hughes CC (2005) Endothelial cell co-
stimulation through OX40 augments and prolongs T cell cytokine synthesis by
stabilization of cytokine mRNA. Int Immunol 17:737–747.

Meyers MJ, Sun J, Carlson KE, Marriner GA, Katzenellenbogen BS, and Katzenel-
lenbogen JA (2001) Estrogen receptor-� potency-selective ligands: structure-
activity relationship studies of diarylpropionitriles and their acetylene and polar
analogues. J Med Chem 44:4230–4251.

Mihmanli V, Mihmanli I, Atakir K, Kantarci F, Aydin T, Sengun Y, and Uysal O
(2002) Carotid intima-media thickness in surgical menopause: women who re-
ceived HRT versus who did not. Maturitas 42:37–43.

Miller AA, Drummond GR, Mast AE, Schmidt HH, and Sobey CG (2007a) Effect of
gender on NADPH-oxidase activity, expression, and function in the cerebral cir-
culation: role of estrogen. Stroke 38:2142–2149.

Miller AP, Feng W, Xing D, Weathington NM, Blalock JE, Chen YF, and Oparil S
(2004a) Estrogen modulates inflammatory mediator expression and neutrophil
chemotaxis in injured arteries. Circulation 110:1664–1669.

Miller VM, Jayachandran M, Hashimoto K, Heit JA, and Owen WG (2008) Estrogen,
inflammation and platelet phenotype. Gend Med 5:S91–S102.

Miller VM, Jayachandran M, Heit JA, and Owen WG (2006) Estrogen therapy and
thrombotic risk. Pharmacol Ther 111:792–807.

Miller VM, Li L, and Sieck GC (2002) Endothelium-dependent effects of estrogen on
vasomotor tone: consequences of non-genomic actions. Vasc Pharmacol 38:109–
113.

Miller VM and Mulvagh SL (2007) Sex steroids and endothelial function: translating
basic science to clinical practice. Trends Pharmacol Sci 28:263–270.

Miller VM, Redfield MM, and McConnell JP (2007b) Use of BNP and CRP as
biomarkers in assessing cardiovascular disease: diagnosis versus risk. Curr Vasc
Pharmacol 5:15–25.

Miller VM, Rodgers G, Charlesworth JA, Kirkland B, Severson SR, Rasmussen TE,
Yagubyan M, Rodgers JC, Cockerill FR III, Folk RL, et al. (2004b) Evidence of
nanobacterial-like structures in human calcified arteries and cardiac valves. Am J
Physiol Heart Circ Physiol 287:H1115–H1124.

Mishra RG, Stanczyk FZ, Burry KA, Oparil S, Katzenellenbogen BS, Nealen ML,
Katzenellenbogen JA, and Hermsmeyer RK (2006) Metabolite ligands of estrogen
receptor-� reduce primate coronary hyperreactivity. Am J Physiol Heart Circ
Physiol 290:H295–H303.

Moreau KL, DePaulis AR, Gavin KM, and Seals DR (2007) Oxidative stress contrib-
utes to chronic leg vasoconstriction in estrogen-deficient postmenopausal women.
J Appl Physiol 102:890–895.

Moreau KL, Donato AJ, Seals DR, Dinenno FA, Blackett SD, Hoetzer GL, Desouza
CA, and Tanaka H (2002) Arterial intima-media thickness: site-specific associa-
tions with HRT and habitual exercise. Am J Physiol Heart Circ Physiol 283:
H1409–H1417.

Moreau KL, Donato AJ, Tanaka H, Jones PP, Gates PE, and Seals DR (2003) Basal
leg blood flow in healthy women is related to age and hormone replacement
therapy status. J Physiol 547:309–316.

Morel O, Toti F, Hugel B, and Freyssinet JM (2004) Cellular microparticles: a
disseminated storage pool of bioactive vascular effectors. Curr Opin Hematol
11:156–164.

Moriarty K, Kim KH, and Bender JR (2006) Minireview: Estrogen receptor-mediated
rapid signaling. Endocrinology 147:5557–5563.

Nabholtz JM and Gligorov J (2006) Cardiovascular safety profiles of aromatase
inhibitors: a comparative review. Drug Saf 29:785–801.

Naessen T and Rodriguez-Macias K (2006) Menopausal estrogen therapy counter-
acts normal aging effects on intima thickness, media thickness and intima/media
ratio in carotid and femoral arteries: an investigation using noninvasive high-
frequency ultrasound. Atherosclerosis 189:387–392.

Naftolin F, Taylor HS, Karas R, Brinton E, Newman I, Clarkson TB, Mendelsohn M,
Lobo RA, Judelson DR, Nachtigall LE, et al. (2004) The Women’s Health Initiative
could not have detected cardioprotective effects of starting hormone therapy dur-
ing the menopausal transition. Fertil Steril 81:1498–1501.

Nag S (2003) The Blood Brain Barrier, Humana Press, Totowa, NJ.
Nair GV and Herrington DM (2000) The ERA trial: findings and implications for the

future. Climacteric 3:227–232.
Nakamura Y, Miki Y, Suzuki T, Nakata T, Darnel AD, Moriya T, Tazawa C, Saito H,

Ishibashi T, Takahashi S, et al. (2003) Steroid sulfatase and estrogen sulfotrans-
ferase in the atherosclerotic human aorta. Am J Pathol 163:1329–1339.

Needleman SW and Parks WM (1982) Catechol estrogens and thrombosis: differen-

238 MILLER AND DUCKLES



tial effect of 2-hydroxyestradiol and estradiol on prostacyclin release. Contracep-
tion 26:317–320.
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