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Objective: Atherosclerosis is a complex process characterized by an increase in vascular wall thickness
owingtotheaccumulationof cellsandextracellular matrix between theendotheliumandthesmoothmus-
clecell wall. Thereisevidencethat femalesareat lower risk of developingcardiovascular disease(CVD) as
compared tomales. Thishasled toan interest in examiningthecontribution of geneticbackground and
sex hormonestothedevelopment of CVD. Theobjectiveof thisreview istoprovidean overview of fac-
tors, includingthoserelated togender, that influenceCVD. Methods: EvidenceanalysisfromPubMed
and individual searches concerning biochemical and endocrine influences and gender differences, which
affect theorigin and development of CVD. Results: Although still controversial, evidencesuggeststhat
hormonesincludingestradiol and androgensareresponsiblefor subtlecardiovascular changeslongbefore
thedevelopment of overt atherosclerosis. Conclusion: Exposuretosex hormonesthroughout an individ-
ual’s lifespan modulatesmany endocrinefactors involved in atherosclerosis.

KEY WORDS: Cardiovascular disease, atherosclerosis, hormones, factors, gender.

INTRODUCTION

Theassociation between atherosclerosisand cardiovascular
health haslong been asource of investigation. Asearly as
1933, an association between dietary changesand female
serum cholesterol levelswasreported.1 In 1958, during a
conferenceon ‘‘Hormonesand Atherosclerosis,’’ research-
ersconcludedthat cholesterol depositionwasdirectly linked
tobloodcholesterol levels,althoughother factors, including
gender,hormones,diet, lipidlevels,andstress,weredeemed

important aswell. In particular, it wasreported that ethinyl
estradiol reducedplasmalipid levelsin agroup of men with
previousmyocardial infarction (MI), although therewasno
significant reduction in morbidity or mortality from coron-
ary eventsascompared to thecontrol group.2

Despite yearsof research, however, the relationships
between cholesterol, atherosclerosis and cardiovascular
risk (CVR) remain controversial.3-8 The popularity of
statins and other cholesterol-lowering medications is a
testament to thenotion that elevated cholesterol islinked
to heart disease. The real connection, however, is likely
not so straightforward. Half of individuals who have a
heart attack do not havehigh cholesterol levels, and some
of the cardioprotective effects of statins seem to be
mediated viaa reduction in arterial inflammation9,10 and
effectson vitamin D rather than through asimple lower-
ing of cholesterol.11,12Furthermore, there isnot enough
information regarding the long-term impact of pharma-
cologic treatment of cholesterol levels. It is known that
statins inhibit cerebral cholesterol synthesis by blocking
the growth of new nerve cell synapses; thismay account
for someof their reported adverseeffectssuch asamnesia,
confusion, disorientation, and dementia.13,14Statins also
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inhibit theproduction of other vital biochemicals, notably
the potentially cardioprotective co-enzyme Q10.15

Because the connection between hypercholesterole-
mia and CVD is not a straightforward one, researchers
havebeen actively investigating other potential contribu-
tors. The role of sex hormones in cardiovascular disease
(CVD) isan emerging field of interest. A small seriesof
men with deficient estrogen action (due to mutations in
thegenesfor estrogen receptor [ER] or aromatase) devel-
oped early-onset atherosclerosis, increased visceral adi-
pose tissue, hyperinsulinemia, and the constellation of
risk factors known as metabolic syndrome. These same
abnormalitieshave also been reported in men with suffi-
cient estrogen action but low testosterone (T) levels.16 It
has been postulated that the described alterations in sex
hormone alterations may cause these cardiovascular
abnormalities and that, ultimately, atherosclerotic CVD
may be an endocrinological disorder.16

In the last decade, newer hormones, including leptin,
adiponectin, and vitamin D, havealso been linked to dif-
ferent phases of vascular dysfunction.17-19 Despite 50
yearsof research, however, thereisno unifying theory for
the pathophysiology of CVD, which might allow for
development of effective therapieswith fewer sideeffects
than those currently available. We present a review of
recent evidence regarding influencing factors, with a
focuson gender-specific influencesthat may be involved
in the genesisof CVD.

THECARDIOVASCULARGENDERGAP

Epidemiological, clinical, and experimental datahavepro-
vided evidence that there are gender-specific variationsin
CVR. From abroad perspective, many medical comorbid-
ities, includingendocrinedisorderssuch ashypothyroidism
and diabetesand psychiatric disorders such asdepression,
manifest a gender predilection and are associated with
increased CVR.20 For example, women are more likely
than men to experience an episode of depression and to
besubsequently diagnosed with themetabolicsyndrome.21

The prevalence of subclinical hypothyroidism increases
with age and ishigher in women, and several studieshave
suggested an association between thyroid disease and cor-
onary artery disease.22 Finally, women with diabetes are
lesslikely to bewell-controlled (asmanifested by glycosy-
lated hemoglobin [HbA1C] levels less than 7%) and are
more likely to develop and die from CVD.23

Apart from theseand other comorbidities, themeno-
pausal period in itself appearsto beatime of transition to

increased CVR.24 The incidence of nondiabetic CVD is
lower in premenopausal women than in age-matched
men.25 Ovarian hormone insufficiency at the time of the
menopause is associated with increased cardiovascular
events. Thus, CVD develops, on average, 10 years later
in women compared to men.26 These observationshave
led to the development of the hypothesis that estrogens
protect women against atherosclerotic complications.

At the cellular and biochemical level, gender differ-
ences in the regulation of physiological mechanisms are
directly influenced by genetic polymorphisms. Some
studies have linked CVD with variations in the nuclear
hormone family of ER genes, including ER-a gene
(ESR1) and ER-b gene (ESR2).27 These receptors
function as ligand-dependent transcription factors and
predominate in vascular endothelial and smooth muscle
cells.28 Estrogen receptora gene polymorphisms may
influence response to peripheral estradiol and, indirectly,
the prevalence of different menopause-related condi-
tions.29 Postmenopausal women who carry a particular
ESR1 variant (haplotype 1, c.454–397 T allele and
c.454–351 A allele) are at increased risk of MI and
ischemic heart disease (IHD), independent of known
CVR factors.30 This association has not been observed
in men.31

Estrogen receptorb geneexpression predominatesin
human vascular smooth muscle cells (VSMCs).32 In rat
models, expression of ESR2 was induced after vascular
injury and itsexpression isassociated with increased cor-
onary artery plaque surface area in both women and
men.33,34SomeESR2 polymorphismsareassociated with
gender-specific increased risk of CVD (particularly MI).
For example, women with a particular variant allele
(RS127152) had significantly increased risk of CVD and
MI , while men with a different rare variant
(RS1256049) were at reduced risk. Other variants, how-
ever (such as RS127152), confer increased risk of MI
upon men only.35 In postmenopausal women, a near-
significant association was found between some ESR2
haplotypesand obesity—a related CVD condition.36

Selective stimulation of a second type of ER, the
intracellular G protein-coupled ER (GPER), decreases
rat blood pressure and dilates human arterial blood ves-
sels.37 In GPER knockout mice, this effect is abolished
and visceral obesity isobserved. FemaleGPER knockout
mice had impaired glucose tolerance (hyperglycemia),
reduced body growth, increased blood pressure, and
reduced insulin-like growth factor blood levels.38

In women, endogenous female sex hormones,
especially estrogens, are cardioprotective via multiple
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mechanisms: increased high-density lipoprotein (HDL),
decreased low-density lipoprotein (LDL), and release of
vasodilators such as nitric oxide (NO) and prostacyclin
(PGI2) from vessel walls, which results in inhibition of
vascular constriction and lowering of blood pressure as
well as decreased platelet aggregation.39 In a study in
which men and women underwent 24-hour ambulatory
blood pressure monitoring, men had higher blood pres-
sure than their age-matched, premenopausal female
counterparts. However, after menopause, blood pressure
increased in women to levels even higher than those
observed in men.40 In addition, during the menopausal
transition, there is an increase in the prevalence of the
metabolic syndrome, elevated body weight, dyslipidemia,
hyperinsulinemia, and hypertension.41,42Hormone ther-
apy (HT), in most cases, does not significantly reduce
blood pressure in postmenopausal women, suggesting
that estrogen deficiency may not be the only component
involved in postmenopausal hypertension.42

The lower prevalence of CVD in premenopausal
women, in comparison to age-matched men, has been
explained by differences in body fat distribution, plasma
lipoprotein levels, and indices of plasma glucose-insulin
homeostasis.43,44Women generally have ahigher plasma
HDL levelsand lower plasma insulin, apolipoprotein B,
and triglyceride (TG) levels(which have been associated
with abdominal visceral adipose tissue).45 Additionally,
estrogen seems to contribute to glucose homeostasis via
increased glucose transport into the cell, and studieshave
suggested apositive effect of hormone replacement ther-
apy on HbA1C levels in postmenopausal women.46

SEXHORMONESANDLIPOPROTEINS

Although the mechanism by which exogenous estrogen
may prevent CVD ismost likely multifactorial, during the
last decades, increased emphasishasbeen given to estro-
gen’seffect on the lipid profile and the processby which
alterations in the lipid profile lead to CVD. High serum
lipid levels (especially LDL) contribute to atherosclero-
sis.47,48Thisprocessseemsto be initiated at the level of
theintimaviamacrophageuptakeof oxidatively modified
LDL, which results in release of the proinflammatory
cytokine tumor necrosis factor a (TNF-a) from
monocytes and macrophages.49 Oxidized LDL induces
apoptosis in cultured endothelial cells and promotes
inflammation viaenhancement of in vitro endothelial cell
monocyteadhesion.50 In vitro preparations, 17b estradiol
at high local concentrations inhibits LDL oxidation and

reducescholesterol ester formation51,52; T doesnot have
the same effect.52

However, estrogen’s LDL-lowering effect accounts
only for 25% of the observed reduction in CVR.53

A high fraction (66%) of women included in the
Framingham Cohort, who had incident coronary heart
disease, did not have either hypercholesterolemia or
elevated serum LDL. These women did, however, have
elevated TG levelsand low HDL levels.53 The combina-
tion of elevated LDL and elevated TG levels predicts a
heightened risk of CVD, beyond theprediction obtained
by elevated LDL alone.54 Hypertriglyceridemia also
decreases high-density lipoprotein cholesterol (HDL-C)
while increasing insulin resistance, glucose intolerance,
hypertension, and prothrombotic states with the overall
effect of further increasingCVR.54Therewasalso atrend
for men to havehigher LDL concentrationsthan women
and for women to have higher HDL concentrationsthan
men.54 This difference in HDL particle size decreased
with age, with a concomitant increase in CVR.54 An
additional CVD risk factor iselevated apolipoprotein (a)
levelsthat tend to increase after menopause.55

Gender differencesin endogenoussex hormonesand
lipoprotein subfractionswereconfirmed vianuclear mag-
netic resonance (NMR ) spectroscopy.56 When VLDL,
LDL, and HDL particlesizeand numbersweremeasured
in men and non-HT-using postmenopausal women
included in the Multi-Ethnic Study of Atherosclerosis
(MESA) baseline examination, a more atherogenic lipo-
protein particle profile wasassociated with higher endo-
genous estradiol and lower sex hormone binding
globulin (SHBG) levels.57

The Women’s Health Initiative (WHI ) investigated
the role of conjugated equine estrogen (CEE), alone or
in combination with progestin, in decreasing cardiovas-
cular eventsin women.58 Whilethetrialswerediscontin-
ued early due to an increased risk of CHD and stroke,59

the trialsare limited by the choice of an older population
(with a mean age of 63 yearsat the time of initiation of
HRT : hormone replacement therapy (or hormone
therapy)).60 Subsequent subgroup analyses suggest that
women who initiate HT in the early postmenopausal
period have lower CVR than those who initiate HT
more than 20 years after menopause.61 In addition, an
analysisof theWHI trial hasfound that younger postme-
nopausal women treated with the estrogen-only regimen
had significantly less coronary artery calcification than
their counterparts taking placebo.62 These data
suggest that estrogen may decelerate the early stages of
atherosclerosis. Women in the early postmenopausal
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years undergo fewer thrombotic modifications to the
vasculature during HT , because the endothelium is
healthier and more resistant to thrombosis.63-65 Disap-
pointingly, late initiation of HT hasnot been associated
with cardiovascular benefits.58,59 Furthermore, when
ET hasbeen used in men (eg, asan adjuvant component
for prostate cancer chemotherapy), it hasbeen associated
with serious adverse vascular effects and increased
cardiovascular-related deaths.66 The appropriate route
of administration is also controversial. Some of the
adverse effects of estrogen are related to the ‘‘first-pass
effect’’ through the portal circulation, an effect that can
be avoided by transdermal estrogen administration, thus
avoiding hepatic enzymeinduction.67 Additionally, there
aredatato suggest that transdermal estrogen may bemore
effective at lowering blood pressure.67 However, the
hepatic effectsof oral estrogensarealso responsiblefor the
improved lipoprotein levels seen after initiation of HT.
The Kronos Early Estrogen Prevention Study (KEEPS)
trial will addressmany of these issuesin younger, recently
postmenopausal women, comparing transdermal and oral
estrogen in ablended trial.68

ESTROGEN’SEFFECTSONTHEVASCULATURE

Estrogen-induced lipoprotein profile changes partly
explainsestrogen’scardioprotectiveeffect in premenopau-
sal women.69 In addition, estrogen and its receptors are
involved in multiple other biochemical pathways,
including stimulation of angiogenesis, endothelial NO
production, and regulation of cytokinesand inflammatory
markers that may help to explain their antiatherosclerotic
effects.70-72Steroid receptors—and specially ERs—interact
with awide rangeof coregulatory factorsthat may change
depending on endothelial age and alteration. Thisphysio-
logical cross talk and biological equilibrium may be
abruptly interrupted by estrogen deprivation and can ulti-
mately increase an individual’srisk of CVD.73-76

Estrogensexert direct effectson arterial wall smooth
muscle to cause vasodilation.77,78,87,88Estrogensproduce
rapid vasodilatory effectsby increasing endothelial nitric
oxide synthase (eNOS) activity, an effect that does not
require changes in gene expression.79 In the long term,
estrogen’s effectson vasodilatation are mediated, at least
partly, by changes in expression of the estrogen-specific
receptors ESR1 and ESR2. Estrogen mediates arterial
vasodilatation and blood flow through this pathway via
stimulation of endothelial PGI2 synthesis and inhibition
of endothelin-1 (ET-1), a substance that has a

vasoconstrictive effect on arterial subendothelial smooth
muscle cells.80,81Also notably, in vitro studiesusing por-
cinecoronary arteriescontracted with athromboxane A2

(TXA 2) analogue showed direct relaxation after addition
of increasing concentrationsof estradiol and estrone.82

Surgically induced menopause causes an increase in
peripheral vascular resistance and blood pressure. The
observation that blood pressure often returns to baseline
after initiation of HT suggeststhat ovarian (and primarily
estrogenic) insufficiency accelerates development of
hypertension.83 The effect of exogenous estrogen on
blood pressure may depend on the type, route, and dose
of estrogen administered. In normotensivepostmenopau-
sal women, transdermal estradiol decreases sympathetic
nervedischargewithout augmenting arterial baroreflexes,
causing a small but significant decrease in ambulatory
blood pressure.84,85 Sympathetic inhibition is evident
only with chronic rather than acute estrogen administra-
tion, implying a genomic mechanism of action.85-88

Estradiol also acutely modulates vascular activity of
vasoconstrictorssuch asangiotensin or serotonin, regulat-
ing venousendothelin receptor expression and stimulat-
ing vasoconstrictor prostanoids. In nonatherosclerotic
human coronary arteries, estradiol induces rapid
endothelium-independent vasodilatation and enhances
bradykinin endothelium-dependent relaxation.89,90 As
will be further discussed, all these data point out to the
fact that nongenomic estradiol pathways are relevant to
normal vasodilation.

ANDROGENSANDTHECARDIOVASCULARSYSTEM

Linksbetween androgensand the cardiovascular system,
in both men and women, remain controversial.91,92

Testosterone levelsfall asmen grow older, with asteeper
decline in freeT compared with total T concentrations.91

In healthy women, total and freeT levels, aswell aslevels
of dehydroepiandrosterone sulfate (DHEAS) and andros-
tenedione, decrease with age. The steepest decline in
androgen levelsoccurs in the early reproductive years.93

It isgenerally accepted that androgen levelsdo not change
significantly in theperimenopausal period, although some
researchers have challenged this assertion, reporting a
decline in T, androstenedione, and SHBG during the
menopausal transition.93

Experimental evidence suggests that androgen
deficiency contributes to the onset and progression of
CVD in men.94,95 Androgen deficiency is associated
with endothelial dysfunction, adverse lipid profiles,
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inflammatory responses, altered smooth muscle, and
hypertension. Lower T levelshave been associated with
poor cognitive function, sexual dysfunction, metabolic
syndrome, and type 2 diabetes.94 These last 2 conditions
areassociated with CVD. In older men, lower total T lev-
els predict increased incidence of stroke and transient
ischemic attacks even after adjusting for conventional
CVD risk factors, and observational studies show that
blood T concentrations are lower among men with
CVD, suggesting a possible preventive role for T
therapy.95

Androgen treatment may prevent or ameliorate these
age-related declinesin T.96 Short-term effectsof various
T doseson vascular function havebeen studied in isolated
porcine contracted coronary artery strips. Testosterone
produces vasorelaxation of the contracted system in an
endothelium-independent manner and without the
participation of androgen receptors (ARs). Interestingly,
T receptor antagonistsflutamide and cyproterone acetate
did not interfere with the observed response, again sug-
gesting that the response is independent of ARs.97

Indeed, T supplementation restoresarterial vasoreactivity,
reduceslevelsof proinflammatory cytokines, cholesterol,
and TG, and improves overall endothelial function,
although it may also reduceHDL levels.98Human arteries
and veins(in both malesand females) can locally convert
T to estradiol and provide important atheroprotective
effectsvia the mechanismsdescribed above.99 It islikely,
then, that estradiol’s protective vascular effects (either
directly due to presence of estrogen or indirectly due to
peripheral conversion of androgens) are not restricted to
females.

In young women, levelsof androgensand estrogens
can influencevascular physiology. Polycystic ovarian syn-
drome (PCOS) and hyperandrogenism are among the
most common endocrine disorders in reproductive-age
women. Insulin and androgens have complex relation-
ships: a significant number of hyperandrogenic young
women have insulin resistance and, conversely, women
with diabetesare at greater risk of developing PCOS.100

From a cardiovascular standpoint, PCOS, hyperandro-
genism, and obesity areall associated with amoreathero-
genic lipid profile.100At the time of menopause, women
with PCOS have both increased androgen production
and increased risk of developing metabolic syndrome
compared to their healthy counterparts.101

Despite the previously described studiessuggesting a
link between hypoandrogenemia and CVD, some
researchershave suggested that development of CVD in
perimenopausal and postmenopausal with PCOS is

related to protracted hyperandrogenism.102Thisassertion
isobviously confounded by themultipleother CVR fac-
torspresent in women with PCOS. In acohort from the
WISEstudy, atotal of 104postmenopausal women with a
history of premenopausal PCOShad morefrequent CVD
risk factors than women without clinical features of the
syndrome, including diabetes, obesity, metabolic syn-
drome, angiographic coronary disease, and cardiovascular
events.102 Young women with PCOSmay benefit from
traditional methods of reducing CVD such as calorie
restriction, weight loss, and control of blood sugar,
pharmacologic methods such as use of sibutramine (an
appetite suppressant), or improved control of hyperan-
drogenism. However, it remains to be determined
whether these therapeutic measures may reduce CVR
later during postmenopausal yearsand whether hyperan-
drogenism in itself isacause of CVD in PCOSwomen.

While overall levelsof androgensmay remain stable
in the perimenopausal period, the fall in estrogen levels
leads to a decrease in the estradiol/T ratio. This shift
seemsto be more pronounced in women with increased
waist circumference (a surrogate marker of abdominal
obesity). This gradual increase in androgenic status may
also be implicated in the development of insulin resis-
tance, and a more atherogenic lipoprotein profile, with
subsequent increase in CVR after the menopausal transi-
tion.105 In nondiabetic, postmenopausal women who
were not using HT , those with CVD displayed lower
SHBG levelsand free androgen index (FAI) and HbA1c
valuesascompared to controls. Glycosylated hemoglobin
values were inversely associated with SHBG, and posi-
tively associated with FAI, even after adjusting for age,
CVD case control status, and body mass index (BMI).
In multivariate models, a significant inverse association
between SHBG and HbA1c persisted, as well as a
significant positive association between FAI and
HbA1c.103,104,106

As previously mentioned, however, other studies
have not detected age-adjusted overall differences in
androgen levelsin postmenopausal women.107In aSwed-
ish cohort of perimenopausal women, those with CVD
(especially women takingHT) had lower serum androgen
levelsascompared to matched controls, even when con-
trolled for lipids and other potential risk factors.108 In
addition, in women, there is an inverse relationship
between DHEAS, androstenedione, and androgen con-
centrationsand carotid wall thicknessaswell asbetween
T and SHBG concentrations and carotid atherosclero-
sis.109,110Endogenoussex hormone levelshave also been
studied in postmenopausal women undergoing carotid
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artery endarterectomy. In several studies, an association
has been reported between low serum androgen levels
and severe internal carotid artery atherosclerosis, suggest-
ing that higher physiological levels have an atherogenic
protective role.111

Dehydroepiandrosterone (DHEA), in particular, has
effects on endothelial proliferation and angiogenesis.112

A specific plasma membrane DHEA receptor has been
demonstrated in endothelial cells, and DHEA ismetabo-
lized intracellularly to other biologically active steroids,
including estradiol (which also inducesvascular endothe-
lial proliferation).112 However, T, another DHEA meta-
bolite, doesnot increasevascular proliferation.113 In vitro
studies indicate that DHEA affects vessels by increasing
endothelial NO production. In an acute (and likely
non-genomic) fashion, DHEA also increasesinsulin sen-
sitivity.114 These observationsmay help explain DHEA’s
cardioprotective effects. Interestingly, endothelial cells
treated with DHEA also increase ET-1 secretion by 2-
fold, suggesting that DHEA has both vasodilatory and
vasoconstrictive effectson the vasculature.114

ENDOTHELIALFUNCTIONANDTHEREGULATIONOF
VASOMOTORTONE

Theendothelium participatesin thecontrol of hemostasis,
blood coagulation and fibrinolysis, platelet and leukocyte
interactions with the vessel wall and the regulation of
vascular tone and blood pressure.115 Endothelial cellspro-
duce many compoundsaimed at controlling functionsof
VSMCsand circulatingblood cells. In thesameindividual,
endothelial cellsfrom different locationsin thevascular sys-
tem display marked phenotypic variation, expressing dif-
ferent antigens, receptors, and responses to the same
stimulus.116 Responsesof in vitro cultured endothelial cell
may not correspond to thosefoundamongthesamecellsin
vivo.115,116 Endothelium produces, and isinfluenced by, a
number of vasodilatingandvasoconstrictingsubstancesthat
regulatevasomotor tone. Among thesemediatorsareNO,
PGI2, and endothelin. These factors are involved in
angiogenesis but may also contribute to atherosclerotic
plaque development.116 The biological function of the
endothelium isto maintain thevascular network in optimal
condition for blood flow.115

Thedevelopment of atherosclerosisisrelated, in part,
to vascular endothelial dysfunction. The endothelial cell
surface maintains a nonthrombogenic blood-tissue inter-
facedueto thepresenceof antithrombin III, thrombomo-
dulin, protein C anticoagulant, plasminogen activator, and

PGI2, and NO (which inhibit platelet activation) and the
production of clotting factors.117 A carefully regulated
equilibrium between pro- and anticoagulant factorsmain-
tains normal blood flow and allows platelet adherence,
thrombosis, and thrombolysis.117

Oxidativ e Stress and NO

Nitri c oxide was originally named endothelium-derived
relaxing factor.118 It isproduced in responseto varioussti-
muli, includingfluidshear, stress, andexposuretoneurohu-
moral factorssuch asacetylcholine, bradykinin, serotonin,
andsubstanceP.Nitricoxideisformedfromtheaminoacid
L-arginineby a2-step oxidation processinvolving conver-
sion of L-arginine to L-citrulline, which is catalyzed by
eNOS.After itssynthesisintheendothelial cell,NO diffuses
to the subadjacent VSMCs, where it activates guanylyl
cyclase(sGC) and leadsto theproduction of cyclic guano-
sinemonophosphate(cGMP). Although short lived, NO is
apotent vasodilator that contributesto themaintenanceof
basal vascular toneandblood flow and thusto thephysiolo-
gical regulation of blood pressure.118 It also hasimportant
antiplatelet, antioxidant, antiadhesive, and antiproliferative
properties.119,120

Estrogens can produce rapid vasodilatation by
increasing NO synthesisand decreasing ET-1 and angio-
tensin II production. Estrogen also causesvessel relaxation
viaacetylcholine- and serotonin-dependent mechanisms,
mediated by its effects on PGI2 secretion and calcium
channel inhibition.121 17b estradiol, but not 17a estra-
diol, causesrapid endothelial NOSactivation. Thisacute
vasodilatory effect occurs via nongenomic pathways
involving membrane-associated estrogen binding sites
that are independent of nuclear ERs.122 In vitro studies
have been performed to investigate the effectsof proges-
terone and 17b estradiol on eNOSin endothelium intact
aortic rings. Therapid stimulatory action of progesterone
and 17b estradiol on eNOS(leading to production of NO
and ultimately to decreased platelet aggregation) wasspe-
cific to these2 hormones; neither T nor 17a estradiol was
effective.123 It seemsthat nongenomicpathwaysareimpor-
tant inmaintainingnormal vasodilatory mechanisms. Tran-
scription of another formof NOS, inducibleNOS(iNOS),
ispositively regulated by ESR2andnegatively regulatedby
ESR1, suggesting that both receptorsare involved in the
genomic regulation of vasodilatory mechanisms in
VSMC.124 ER-b gene knockout mice—deficient in the
ER b gene—demonstratevascular dysfunction and hyper-
tension asaresult of iNOSdysregulation.125
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In response to vasorelaxants, such as acetylcholine,
NO actson underlyingVSMCsto inducevascular relaxa-
tion. In addition, VSMCsthemselvesexpresseNOSand
contributeto vascular relaxation.126Endothelial cell incu-
bation with oxidized LDL resultsin translocation of eNOS
to an internal membrane compartment and renders it
insensitive to stimulation by acetylcholine.127 In addition,
elevated HDL is associated with normalization of the
endothelium-dependent relaxation response triggered by
acetylcholine (via prevention of eNOS translocation).128

High-density lipoprotein acts as an atheroprotective sub-
stance viadirect stimulatory effectson variousendothelial
kinases that modulate eNOS.129,130 Oxidized LDL and
HDL thusappear to have opposing effectson endothelial
cell NO bioavailability.

Vascular Endothelial Growt h Factor

Vascular endothelial growth factor (VEGF) is a broad
term that includes a number of proteins from 2 families
that result from alternate messenger RN A (mRNA)
splicingof asingleVEGF gene.131They can beproangio-
genic (proximal splicesite, expressed duringangiogenesis)
or antiangiogenic (distal splice site, expressed in normal
tissues). The inclusion or exclusion of exons6 and 7 can
modulate VEGF’s ability to bind and activate VEGF
signaling receptors.131-133

Vascular endothelial growth factor promotes angio-
genesis and endothelial cell migration and proliferation
via its actions on intracellular mediators.134 Although
VEGF, as its name implies, acts mainly on vascular
endothelial cells, it also affectsother cell types(for exam-
ple, monocytes, macrophages, neurons, and kidney
epithelial cells). In vitro, VEGF stimulatesendothelial cell
mitogenesis and migration. It also enhances vascular
permeability—VEGF is 50 000 times more potent than
histamine in this regard—and modulatesendothelial cell
surface adhesion molecule expression.135 In regions of
increased angiogenesis, VEGF (along with TNF- a and
other inflammatory cytokines) isproduced by aggregating
macrophages.136-139

The VEGF receptor Flt-1 is expressed in human
monocytes, which induces chemotactic responses
among monocytes.140,141 In a strain of ApoE-deficient
cholesterol-fed mice, a single dose recombinant human
(rh) VEGF treatment significantly increased the number
of potentially atherogenic macrophage/monocytes.142

Therefore, VEGF seems to enhance atherosclerotic pla-
queprogression. However, in patientswith ischemic syn-
dromes, intra-arterial rh VEGF administration also

markedly increases collateral vessel development.143

Thus, VEGF seems to have a potential therapeutic role
for coronary and peripheral occlusive vascular disease.
Despite this, experimental treatments have failed due to
the appearance of endothelial cell angiomatoid
proliferation and intima thickening upon treatment with
VEGF.144

Finally, somecardiovascular benefitsof theMediterra-
nean diet have been related to the moderate consumption
of red wine, and VEGF may play arolehereaswell.145 In
cultured VSMCs, short- and long-term exposure to red
winepolyphenoliccompoundsinhibitedVEGFexpression
via inhibition of aspecific protein kinase pathway.146

Prostanoids

Prostanoids, including prostaglandins (PGs) and throm-
boxanes (TXs), are synthesized from arachidonic acid
by the combined action of cyclooxygenases(COXs) and
PG and TX synthases.147After their synthesis, prostanoids
are immediately released into the extracellular space,
where they interact with prostanoid receptorson neigh-
boring cells. Prostanoids have potent, although some-
times opposing, biological effects. Prostacyclin is a
vasodilator and platelet aggregation inhibitor, whereas
TXA 2 acts as a vasoconstrictor and inducer of platelet
aggregation.148 A balance between the 2 is important to
maintain cardiovascular health.147-150

Prostacyclin is the main product of COX (the rate-
limiting enzyme in PG biosynthesis) at the vascular
endothelium. It is a 20-carbon oxygenated fatty acid,
derived from arachidonic acid, which actsasavasodilator,
platelet aggregation inhibitor, and VSMC proliferation
inducer.151,152 Prostacyclin acts on smooth muscle
receptors to activate adenylate cyclase and inhibit
vasoconstriction.152 The PGI2 pathway, asavasodilatory
system, hassome redundancy with the NO system: PGI2
increases endothelial cell NO production, and NO
increases PGI2 activity on smooth muscle relaxation.153

In this capacity, it may function in a compensatory role
when other vasorelaxation mechanismsare not function-
ing (for example, in eNOS-deficient mice who cannot
produce NO).153 In addition, PGI2 also inhibitsplatelet
aggregation viainhibition of theplatelet-activating factor
(PAF), which is synthesized by activated endothelial
cells.154 Interestingly, HDL also has inhibitory effects
on endothelial cell PAF in vitro, and HDL particlesmod-
ulate platelet function in vivo.155

Thromboxane A2 is also produced by endothelial
cells and serves as a potent vasoconstrictor and platelet
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activator.156 It is involved in a wide range of CVDs
including hypertension, MI , cerebral vasospasm, pree-
clampsia, and several thrombotic disorders.156 In females,
it increasesvascular tone and blood pressure to compen-
sate for estrogen-sensitive local vasodilating mechanisms
and maintain vascular homeostasis.156 Prostaglandin H
synthase (PGHS), an enzyme involved in both PG and
TX production, is a target of common nonsteroidal
anti-inflammatory drugs(NSAIDs), including aspirin and
ibuprofen and hasbeen proposed asapossible therapy to
prevent plaque formation.157,158

Estrogen interacts with this system at multiple levels.
ProstaglandinH synthase–mediatedvasodilatationpredomi-
nateswhen estrogensareelevated, andestradiol treatment in
castrated ratsneutralizesPGHS-related vasoconstriction.159

This finding could be considered a new approach for
estrogenic treatment with thepotential for further research
in human participants.

The link between vascular tone (as regulated by the
prostanoid system) and HDL isinteresting aswell. Prosta-
noid synthesisisinduced by HDL viaseveral mechanisms.
Exposure of endothelial cells to HDL in vitro stimulates
calcium-sensitive phospholipase A2, an enzyme required
for production of PGI2.

160 High-density lipoprotein’s
effect on PGI2 synthesis can be blocked by incubation
of endothelial cells with HDL and calcium chelator.159

High-density lipoprotein can also act synergistically
with the inflammatory cytokinesTNF- a and interleukin
(IL)-1b to produce a large increase in COX-2
expression.160

CARDIOVASCULAR FUNCTION AND THE

RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM

Vascular hemostasis does not occur only at the level
of the endothelium. Renin-secreting cells at the level
of the renal glomerulus are sensitive to changes in
blood flow and blood pressure. Renin catalyzes the
conversion of the angiotensinogen protein into the
decapeptide angiotensin I. Serum angiotensin-
converting enzyme (ACE) then converts angiotensin
I into the octapeptide angiotensin II that acts via adre-
nal gland receptors to enhance aldosterone secretion.
Aldosterone then stimulates kidney salt and water
reabsorption and arteriolar constriction, causing an ele-
vation in blood pressure. Enhanced renin angiotensin
aldosterone system (RAAS) activation contributes to
the evolution of hypertension.161

Angiogenesis, Endothelial Function, and

the RAAS

Angiotensin II actsasan atherogenic agent; it isinvolved
in blood coagulation and the pathogenesis of acute
thrombosisviamultiplemechanisms. It promotesvascular
inflammation,stimulatinghumanendothelial cellstorelease
the inflammatory chemokine interferon inducible protein
10(IP-10) and potentially promotingatherosclerosis.162,163

It also acts on specific membrane receptors to activate
intracellular signaling pathways that converge upon the
transcription factor nuclear factor (NF)-kB, resulting in
expression of procoagulant tissue factor.164 Within the
atherosclerotic plaque and inflamed vascular endothelium,
monocytes and macrophages may synthesize additional
angiotensin II, continuingthecycleof coagulation. Angio-
tensin II hasalso been shown to inducecellular senescence
via a mitogen-activated protein kinase (MAPK) signal
pathway.165

Interestingly, other angiotensin peptide fragments,
such asangiotensin IV, may counteract thisdevelopment
of endothelial dysfunction. In ApoE� / � mice fed with a
high-fat diet and displaying endothelial dysfunction and
impaired vasodilatation, angiotensin IV produced asignif-
icant improvement in endothelial function, which seems
to be mediated by increased NO bioavailability.166

Another anti-atherogenic compound, ACE2, isahomolo-
gueof ACEthat inactivatestheproatherogenicangiotensin
II and hasbeen proposed asan atheroprotectivesubstance.
In situ hybridization and immunochemistry studies, ACE2
mRNA isexpressed in early and advanced human carotid
atherosclerotic lesions. During atherosclerosis develop-
ment, ACE2 levelswere lower in stable advanced lesions
ascompared to early and ruptured atherosclerotic ones.167

TheRAASappearsto crosstalk with circulating lipo-
proteins. For example, some of the protective effects of
HDL seem to bemediated by angiotensin II type1 recep-
tor (AT1R) downregulation, at least under diabetic con-
ditions created by streptozotocin injection. In vivo,
6 weeks after apolipoprotein A-I gene transfer, HDL
increase wasassociated with a 4.7-fold reduction in dia-
betes mellitus–induced aortic AT1R expression and
improvement of NO bioavailability. In vitro, HDL
reduced the hyperglycemia-induced upregulation of the
AT1R in human aortic endothelial cells.168 In addition,
in fat-fed LDL receptor-deficient (LDLr (� / � )) mice,
therenin inhibitor aliskiren reducesatherosclerotic lesion
size in both the aortic arch and the root. When renin-
deficient bone marrow is transplanted to irradiated
LDLr(� / � ) mice, a profound reduction in the size of
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atherosclerotic lesionsisobtained. Thus, renin inhibition
reducesatherosclerotic lesion development.169

Estrogen’s Effects on the RAAS

TheRAAShasbeen implicated in menopause-associated
hypertension. In an estrogen-deficient follitropin-
receptor knockout mousemodel (FORKO), angiotensin
II-induced vasoconstriction wasenhanced, acetylcholine-
induced vasodilatation wassuppressed, and blood pressure
was elevated. Indices of inflammation (nitrotyrosine
formation and superoxide production) and cardiac
collagen content were also increased in the FORKO
animals.170

The vasodilator responses of the aortic ring in
response to estrogen deprivation have been studied in
rats. Animalswere assigned to 1 of 3 groups: ovariecto-
mized (OVX) non-OVX (sham) and OVX plussubcuta-
neous17b estradiol (15mg/kgper day, OVX þ estradiol).
Ovariectomized rats had a significant higher blood
pressurethan theother 2groupsat weeks9and13. A signif-
icant decreaseinNO levelswith increasedreninactivitywas
observed in OVX ratsascompared to sham operated ones.
Estradiol treatment reversed these effects.171 Plasma atrial
natriureticpeptide(ANP) levelswerealso lower incastrated
rats and could be restored by estradiol treatment.
Acetylcholine-dependent endothelial relaxation was
reduced in the isolated thoracic aortic ringsof OVX ani-
mals, and estradiol treatment restored thisresponseaswell.
Thesedatasupportstheconclusion that estradiol isprotec-
tive to theendothelium, preventing hypertension through
modulation of theRAAS.171

Interestingly, however, estrogen treatment increases
hepatic renin substrate production in some situa-
tions.172,173 Hormone therapy increases angiotensin II
plasma levels in postmenopausal hypertensive women
whose blood pressureswere well controlled with antihy-
pertensiveagents(excludingdiuretics, ACE inhibitors, and
angiotensin II receptor antagonists). Angiotensin I, angio-
tensin II, bradykinin, and renin plasmatic activity mani-
fested a significant increase after HT in hypertensive (but
not normotensive) women.174 However, although angio-
tensin II levels were increased, blood pressure was unal-
tered. Serum ACE was significantly decreased in both
groups(although aldosterone levelswere unchanged), and
bradykinin levels were increased (possibly to maintain
homeostasis in the setting of elevated angiotensin II).174

The overall effect of decreased ACE serum activity with
increased levels of bradykinin induced by HT may have
a cardioprotective effect. In pathological states such as

hypertension and congestivecardiac failure, and despite its
upregulatory effectson angiotensin II, estrogen may ulti-
mately protect high-risk populationsagainst thepotentially
deleteriouseffectsof angiotensin II.172 Hypertension isnot
considered acontraindication to estrogen treatment.175

In women with premature ovarian failure, 24-hour
systolic and diastolic blood pressureswere studied under
different HT regimens. In an open-label randomized
crossover trial, women with premature ovarian failure
were treated with transdermal estradiol and vaginal
progesterone or oral standard ethinyl estradiol and nor-
ethisteroneacetate therapy for 12 months. Both regimens
produced the same hormonal response and clinical
symptom relief. Combined treatment with transdermal
estradiol and vaginal progesterone was associated with
lower systolic and diastolic blood pressures than the
standard oral regimen at 12 months. In addition, the
parenteral/vaginal combination produced a significant
reduction in plasma angiotensin II and serum creatinine
without altering aldosterone levels.175,176

In a separate study, transdermal HT (estradiol plus
medroxyprogesterone acetate or MPA) significantly
decreased diastolic and mean blood pressureand bradyki-
nin levels in a group of normotensive postmenopausal
women ascompared to oral combination HT (continu-
ousoral CEEspluscyclic oral MPA). Therewereno sig-
nificant changes in plasma renin and ACE activity and
angiotensin I or angiotensin II levels. In the group of
women taking oral HT , after 1 year, blood pressure
remained unchanged, renin activity, and angiotensin I,
angiotensin II , and bradykinin levels were significantly
increased, and ACE activity significantly decreased.173

Proper randomized trials are needed to determine
whether transdermal HT may be preferable to oral
administration of HT with respect to blood pressure and
angiotensin II levels.

Aldosteronism is a well-recognized cause of
hypertension and also plays a major role in progression
and outcome of IHD. 177 Aldosterone isregulated by the
pituitary-adrenal axis and the RAAS and itself regulates
extracellular fluid content and electrolyte balance. Some
new progestins, such as drospirenone, may also have a
benefit on perimenopausal women with mild hyperten-
sion secondary to hyperaldosteronism.178

VITAMINDANDCVR

Vitamin D isa hormone involved in regulating calcium
and phosphorus levels that has important autocrine and
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paracrine roles. It is involved in the maintenance of
normal cardiovascular function.179 The American Heart
Association recommends that healthy individuals obtain
adequate amounts of vitamin D by consuming a variety
of foods in moderation. Such sources include milk, sal-
mon, mackerel, sardines, cod liver oil, and some fortified
cereals.180 A small dose of sunlight may also increase
endogenous vitamin D levels without significant skin
risks.180Vitaminor mineral supplementsarenot asubstitute
for abalanced, nutritiousdiet that limitsexcessivecalories,
saturated fat, transfat, sodium, and dietary cholesterol.145

Epidemiological, clinical, and experimental data
suggest that low serum vitamin D levels are associated
with negative cardiovascular outcomes including hyper-
tension, obesity, diabetesmellitus, and themetabolic syn-
drome.181,182 Interestingly, the pleiotropic effects of
statinsincludeastimulatory effect on thevitamin D endo-
crinesystem.12 Vitamin D receptors(VDRs) haveawide
tissue distribution that includes VSMCs, endothelium,
and cardiomyocytes.179

Theactiveform of vitamin D, 1,25-dihydroxyvitamin
D (1,25(OH)2D), increasesVEGFexpression (viaavitamin
D responseelement in theVEGF promoter) and release in
aortic VSMCs, an effect which, in vitro, is mediated by
p38 MAPK activation.183 In vitro studiesalso suggest that
vitamin D suppresses proinflammatory cytokines and
increases anti-inflammatory cytokines. In patients with
congestive heart failure (CHF), vitamin D supplementa-
tion increased IL-10 (an anti-inflammatory cytokine)
levelsafter 9 months, while the proinflammatory cytokine
TNF-a remained constant. However, survival did not
differ significantly between the individuals who received
vitamin D ascompared to acontrol group.184

A cross-sectional study performed in 257 individuals
assessed the relationshipsbetween serum 25(OH) D and
CVD markers (including HDL levels and prevalence of
themetabolic syndrome). Total vitamin D intake, includ-
ing dietary supplement intake, was directly associated
with increased serum vitamin D and HDL- C levels: for
each 10 ng/mL serum vitamin D increase, there was a
4.2 mg/dL increase in HDL. Prevalenceof themetabolic
syndromedecreased significantly asserum vitamin D lev-
elsincreased.185Conversely, low levelsof vitamin D also
appear to put an individual at risk of CVD. In an analysis
of 1739 individuals included in the Framingham Heart
Study, thosewith vitamin D blood levelsbelow 15 ng/ mL
had twice the risk of a cardiovascular event such as a
heart attack, heart failure, or stroke in the next 5.4 years
ascompared to individualswith higher vitamin D levels.
The risk remained significant after adjustments for

traditional CVR factorssuch ashigh cholesterol, diabetes,
and high blood pressure.179Endogenousvitamin D levels
havealso been studied in individualsundergoingcoronary
angiography. Duringamedianfollow-upof 7.7years, dur-
ing which 22.6% patientsdied, patientsin the lower two
25-hydroxyvitamin D (25(OH)D) quartiles displayed a
higher mortality rate (all-cause and cardiovascular) than
thosein thehighest 25(OH)D serumquartile.185Low vita-
min D levelsalso appear to beassociated with ahigher risk
of MI in men aged 40 to 75. Men with blood vitamin D
levels<15ng/mL hadahigher risk of infarction than those
with higher vitamin D levels(>30 ng/mL). Thisrelation-
ship remained significant even after adjustment for BMI,
alcohol consumption, physical activity, history of diabetes
mellitus and hypertension, ethnicity, region, omega 3
intake, and lipoprotein levels.181

Finally, in another study, individuals were classified
by serum 25(OH)D sex-specific quartile levels. After a
mean follow-up period of 6.2 years, 51 participantsdied,
including 20 deaths due to cardiovascular causes. After
adjustments for confounding variables such as age, sex,
tobacco use, and comorbidities, low 25(OH)D levels
were significantly predictive for all-cause (1.97, 1.08-
3.58, P ¼ .027) and cardiovascular (5.38, 2.02-14.34,
P ¼ .0001) mortality.182 However, it remains unclear
whether low vitamin D levels are a cause or a conse-
quence of poor cardiovascular health, and more studies
are required to confirm the relationship between vitamin
D supplementation and reduced mortality.

THEROLEOFADIPOCYTEHORMONES

Obesity is associated with increased cardiovascular
mortality and morbidity.186 Obese individuals exhibit
vascular endothelial dysfunction, which predictsCVR and
iscentral to thepathogenesisof atherosclerosis.186 Increased
amountsof centrally distributedadiposetissueareassociated
with increased insulin resistance, type 2 diabetesmellitus,
lipid disorders, and CVD.187,188 Adipose tissue can be
thought of not simply asan energy storage organ but also
a secretory organ that produces a variety of bioactive
substances capable of influencing the cardiovascular
system.187Thereisconsiderableevidencelinkingadipocyte
hormonesand growth factorswith cardiovascular compli-
cations.188Adiposetissuealsoparticipatesin immunological
functionsthrough theproduction of anumber of cytokines
that may beinvolved in thepathogenesisof atherosclerosis,
themost important of theseadipokinesbeing leptin, adipo-
nectin, visfatin, TNF-a, VEGF, IL-6, resistin, plasminogen
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activator inhibitor 1 (PAI-1), and angiotensinogen, several
of which will bediscussed here.189

Leptin

Leptin is an adipocyte-derived hormone that is released
into theblood in direct proportion to theamount of adi-
pose tissuepresent. It promotesweight lossby decreasing
food intake and increasing metabolic rate. It is also
involved in glucosemetabolism, aswell asin normal sex-
ual maturation and reproduction. Leptin gene expression
and secretion are increased by overfeeding, high-fat diet,
insulin, glucocorticoids, endotoxins, and cytokines and
decreased by fasting, T, thyroid hormone, and exposure
to cold.186,190

Leptin interacts with the cardiovascular system in
multipleways. It may play an important role in regulating
vascular tone, asevidenced by thewidespread distribution
of functional leptin receptors in vascular cells.190 There
are also several studiesreporting an independent interac-
tion between high leptin levels and atherosclerosis, MI,
stroke, and coronary artery intima-media thickness, sug-
gesting that high leptin levelsareassociated with increased
CVR.191-193Activation of the sympathetic nervous sys-
tem by leptin produces a slow but progressive increase
in mean arterial blood pressure. In rats, intravenousleptin
infusion increased arterial blood pressure and heart
rate.194 Leptin-induced increases in arterial blood pres-
sure is probably mediated by effects on the central ner-
vous system, because intracerebro-ventricular leptin
administration is equivalent to systemic administration
in termsof itsvascular effects.195

Leptin receptorsare also present in endothelial cells,
and leptin treatment in rats has been reported to cause
dose-dependent increases in NO levels.196,197 In vitro
studies have also shown that leptin produces
endothelium-dependent relaxation of arterial rings.198,199

It has been argued that these vasodilatory effects might
oppose leptin’s neurogenic pressor action. However,
these resultsare controversial; other researchershave not
documented leptin-induced increased blood flow in vas-
cular beds.200 Finally, high leptin levels also stimulate
superoxide free radical production, which reacts with
NO to create peroxynitrite, a toxic molecule that can
interfere with DNA replication and damage vascular
endothelial cells.201 Thus, increased leptin levels can
cause long-term cardiovascular damageand possibly con-
tribute to hypertension, atherosclerosis, diabetes and
other disorders.

Additionally, in women, circulating leptin levelsare
associated with stress-induced changesin heart rate, heart
ratevariability, and cardiac pre-ejection period, indepen-
dent of age, adiposity, and smoking.202 Plasma leptin
levels in women also correlated with stress-induced
increased IL-6 levels.202 It hasbeen postulated that leptin
may mediate the adverse effects of stress and obesity on
female cardiovascular health.

Adiponectin

Adiponectin is an abundant adipocyte-derived plasma
protein with anti-atherosclerotic effects.203 It isaunique
adipokine, produced in lower amounts in obese than in
lean individuals. Its receptors are present on endothelial
cells, and it acts predominantly in a beneficial manner
by increasing insulin sensitivity, stimulating fatty acid
oxidation, inhibiting inflammatory reactions (including
stimulation of the proinflammatory cytokine TNF- a),
and inducing endothelium-dependent NO-mediated
vasorelaxation.203-205 It is also a negative regulator of
angiogenesis: in vitro, addition of adiponectin at physio-
logic concentrationsinhibitsendothelial cell proliferation
and migration and prevents new vessel growth. It also
inhibitsnonendothelial cell growth although theconcen-
tration needed is higher than for endothelial cells, sug-
gesting a selective action on endothelial cells at low
concentrations.206

Adiponectin is an important lipid and glucose
metabolism regulator.207 However, in mice, deletion of
adiponectin doesnot causeany differencesin body weight,
suggesting that, under physiologic conditions, adiponectin
may beredundant.208 Similarly, in mice, adiponectin over-
expression did not produce a significant increase in body
weight or adiposity.205 In humans, high adiponectin con-
centration has been associated with lower occurrence of
diabetes and cholesterol abnormalities. Adiponectin’s
anti-angiogenic activity seemsto beespecially pronounced
under pathological conditionsand could berelated to sup-
pression of angiogenesis that preventsatherosclerotic pla-
que growth.209 However, despite these metabolic
changes, elevated adiponectin levelsmay lead to increased
risk of MI in older adults. In acohort of 1386 older parti-
cipants in the population-based Cardiovascular Health
Study, 604 suffered a heart disease event, and those with
the highest adiponectin levelswere the most likely to be
affected.210 These results would seem to contradict the
effectsof adiponectin on lipid and glucose regulation, and
further research isnecessary to clarify adiponectin’sroleon
the cardiovascular system.210
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Resistin

Resistin is a hormone produced by fat cells that is
associated with inflammation and insulin resistance. In a
prospective case-control study nested in the Women’s
Health Study and the Physician’sHealth Study II , serum
resistin levelsweresignificantly higher in postmenopausal
women than in men. Elevated baselineresistin levelswere
associated with an increased risk of type 2 diabetes.
Positive correlations have previously been reported
between BMI and resistin levels. These findings further
suggest acomplex interaction between gender, metabolic
disease, and inflammatory markers.211

Resistin exerts a direct effect on myocardial cells,
decreasing their ability to contract. In the Health Aging
and Body Composition Study, 3000 elderly individuals
were followed over 7 years. The risk of new onset heart
failure increased 38% for every 10 ng/mL increase in
resistin blood levels. Thishormoneappearsto bean even
stronger predictor of heart failure risk than other inflam-
matory markerslinked to heart disease, such asC-reactive
protein (CRP).212 The association of resistin and
adiponectin with heart failure has also been studied in
2739 individualsfrom theFramingham Offspring cohort.
Thehazard ratio for individualsin thetop third of resistin
distribution was4.01 (95% CI: 1.52-10.57) compared to
2.89 (95% CI: 1.05-7.92) in the middle third during
6 years of follow-up. This association remained strong
even after adjusting for presenceof coronary heart disease,
obesity, insulin resistance, and other markers of
inflammation.213

Finally, significantly higher resistin levels have been
found in individualswith masked hypertension compared
to normotensiveones.214Theseresultsmay beprognostic
for future cardiovascular events. Hyperesistinemia may
contribute to insulin resistance, endothelial dysfunction,
chronic inflammation, and ultimately accelerated athero-
genesis.215-217Therefore, resistin should be included asa
novel variable and marker of CVD, although its precise
clinical significance remainsto be defined.

ADDITIONALINFLAMMATORYMARKERS

Insulin

Studiesof insulin resistance in young populationsshowed
higher fasting insulin concentrationsin girls, adifference
that has remained despite adjustments for adiposity and
pubertal stage.218,219Wilki n and Murphy postulated that
females, who are born lighter than males despite higher

insulin concentrations at birth, are intrinsically more
insulin resistant than males.220 In women, insulin resis-
tance and diabetes are associated with greater CVR,
including up to a6-fold increase in MI risk, ascompared
to men (who havea4-fold increased risk of MI in theset-
ting of diabetes).221,222These observationshasbeen con-
firmed in multiple studies including the Framingham
Heart Project, the Chicago Heart Association Detection
Project in Industry, and the Minnesota Heart
Survey.221,223

C-Reactive Protein

C-reactive protein is an acute-phase reactant that was
originally described in 1930 in theseraof patientsacutely
ill with pneumococcal pneumonia.224 The Physicians’
Health Study described CRPasaCVD risk factor in men,
noting that high plasma concentrations were associated
with a 2-fold increased risk of stroke and a 3-fold
increased risk of MI. 108 Subsequent studiesconfirmed its
utility as a prognostic factor for CVD in women: an
increase in CRP levels above 3.0 mg/L was associated
with elevated age-adjusted incidence rates of future
cardiovascular events (from 3.4 to 5.9 per thousand
person-years of exposure).225 C-reactive protein does
not, however, appear to differ between men and
women.225

Ferritin

Serum ferritin is a biomarker of body iron stores.226

Sullivan first noted an increased risk of MI in patientswith
high serum ferritin levels, hypothesizing that elevated
iron storescontributeto CVD risk viaincreased freeradical
production, which promotes the development of athero-
sclerosis.226,227 While men exhibit higher serum ferritin
levels at baseline than both pre- and postmenopausal
women, women also appear to beat risk from elevated fer-
ritin levels.228 In 1 case-cohort study, postmenopausal
women with serum ferritin levelsin thehighest tertilehad
a2-foldhigher risk of ischemicstrokecompared to women
in the lowest tertile.228 These findingsare complicated by
the fact that other authorshavenoted aU-shaped associa-
tion between serrum ferritin and CVD, with levelsin the
extreme low range also representing a CVR factor.229 In
addition, clinical trials testing the impact of phlebotomy
on cardiovascular eventshavenot found decreased mortal-
ity after reduction of body iron stores.229 Many of the
available studies linking ferritin to CVD risk are small,
comprised of varying ethnic groups, and include multiple
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confounding variables, suggesting that further work needs
to be done to clarify the role of ferritin.

Homocysteine

Homocysteine (Hcy) is a sulfur-containing amino acid
formed asan intermediate metabolite during the catabo-
lism of theessential amino acid methionine. Some80% of
plasma Hcy is bound to proteins.230 Its involvement in
atherogenesis was elucidated by observing individuals
with homozygoushomocystinuria(who characteristically
present with prematurevascular disease).230Hyperhomo-
cysteinemia is presently considered an independent risk
factor for thedevelopment of atherosclerosis, aswell asfor
arterial and venousthrombosis. Morethan 80 clinical and
epidemiological studiessupport the fact that hyperhomo-
cysteinemia isan atherosclerotic disease risk factor, even
among individualswho havenormal cholesterol levels.231

Although the precise etiological mechanisms are
unknown, hyperhomocysteinemia likely leads to
endothelial injury and dysfunction via generation of free
radicals.232 Circulating reactive oxygen species initiate
cell membrane and circulating lipoprotein peroxidation.
Subsequently, oxidized LDL is taken up by intima
macrophages to form foam cells and begin the process
of atheromatous plaque formation. The atherogenic
effect of Hcy has been confirmed using experimental
models; hyperhomocysteinemia can accelerate athero-
sclerosis development in susceptible models such as the
apolipoprotein E-deficient mouse.233 Interestingly, how-
ever, reduction in Hcy levelsdoesnot improveprognosis
if disease isalready present, assuggested by research stud-
ies involving a cohort of nearly 5000 Norwegian heart
attack survivorswith severe heart disease.234 No preven-
tive study has yet been conducted among participants
who are in a relatively good state of health. In addition,
reduction in Hcy levels does not quickly repair existing
arterial structural damage.234

Homocysteine also stimulates VSMC proliferation
and collagen deposition in the atheromatous plaque and
inhibits vascular endothelial cell growth. Elevated Hcy
levels may also promote thrombosis by increased
thrombin generation and endothelial cell sensitization to
the effect of inflammatory mediators.235 Other possible
mechanisms for Hcy-mediated atherogenesis include
decreased NO bioavailability and excessive endothelial
monocyte/neutrophil adhesion.236Evidencefrom animal
models has demonstrated that hyperhomocysteinemia
stimulatesvascular cell proinflammatory pathways, result-
ing in vessel wall leukocyte recruitment and infiltration

with increased chemokine secretion, and monocyte
differentiation into cholesterol scavenging macro-
phages.235 Finally, accumulation of adenosylhomocys-
teine (a by-product of hyperhomocysteinemia) leads to
inhibition of methyltransferases and ultimately prevents
repair of aged and damaged cells.237

In vitro experimental results indicate that Hcy can
lead to ESR1 hypermethylation. This process is corre-
lated with more severe atherosclerotic lesions; patients
with atherosclerosis have a high rate of ERS1 promoter
region hypermethylation.237 Interestingly, menopausal
women who took micronized estradiol (2 mg/d) for
6 months, with or without theaddition of norethisterone
acetate (1 mg/d), had a significant reduction in Hcy
levels. However, there wasno correlation between Hcy
levels and measurements of carotid vascular resistance
following HT.238 In men, there were no associations
between Hcy and T, DHEAS, and estradiol levels, even
after adjustmentsfor smoking, alcohol intake, daily phys-
ical activity, diabetesmellitus, and hypertension.239

FINALREMARKS

Cardiovascular disease isacomplex processthat includes
genetic, inflammatory, and immune factors as well as
endocrine components. During the last decades, much
emphasis has been given to blood cholesterol and lipids
as the primary determinants of CVR. However, many
endocrine factors(including androgensand estrogens) and
biochemical factorsareinvolved in theatherosclerosispro-
cessaswell, both systemically and at the level of thevascu-
lar endothelium. Much research remains to be done
regarding theinteraction between thesevariousfactorsand
their role in gender-related cardiovascular differences.
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 at HINARI on May 13, 2010 http://rsx.sagepub.comDownloaded from 



211. Chen BH, SongY, DingEL, et al. Circulatinglevelsof resistin
and risk of type 2 diabetes in men and women: results from
two prospective cohorts. DiabetesCare. 2009;32(2):329-334.

212. Butler J, KalogeropoulosA, Georgiopoulou V, et al, for the
Health ABC Study. Serum resistin concentrationsand risk of
new onset heart failure in older persons: the health, aging,
and body composition (Health ABC) study. Arterioscler
Thromb VascBiol. 2009;29(7):1144-1149.

213. Frankel DS, Vasan RS, D’Agostino RB Sr, et al. Resistin,
adiponectin, and risk of heart failure the Framingham
offspring study.JAm Coll Cardiol. 2009;53(9):754-762.

214. PapadopoulosDP, PerreaD, ThomopoulosC, et al. Masked
hypertension and atherogenesis: the impact on adiponectin
and resistin plasma levels. J Clin Hypertens (Greenwich).
2009;11(2):61-65.

215. Silha JV, Krsek M, Skrha JV, Sucharda P, Nyomba BL,
Murphy LJ. Plasma resistin, adiponectin and leptin levels in
lean and obese subjects: correlationswith insulin resistance.
Eur JEndocrinol. 2003;149(4):331-335.

216. Vendrell J, Broch M, VilarrasaN, et al. Resistin, adiponectin,
ghrelin, leptin, and proinflammatory cytokines: relationships
in obesity.ObesRes. 2004;12(6):962-971.

217. Lewandowski KC, Szosland K, O’Callaghan C, Tan BK,
Randeva HS, Lewinski A. Adiponectin and resistin ser-
umlevels in women with polycystic ovary syndrome dur-
ing oral glucose tolerance test: a significant reciprocal
correlation between adiponectin and resistin independent
of insulin resistance indices. Mol Genet Metab. 2005;85(1):
61-69.

218. Travers S, Jeffers B, Bloch C, Hil l J, Eckel R. Gender and
Tanner stage differences in body composition and insulin
sensitivity in early pubertal children.JClin Endcrinol Metab.
1995;80(1):172-178.

219. Moran A, Jacobs D, Steinberger J, et al. Insulin resistance
during puberty: results from clamp studies.Diabetes. 1999;
48(10):2039-2044.

220. Wilki n T, Murphy M. The gender insulin hypothesis.Int J
Obes. 2006;30(7):1056-1061.

221. Pan W, CedresL, Liu K. Relationship of clinical diabetesand
asymptomatichyperglycemiato risk of coronary heart disease
mortality in men and women.Am JEpidemiol. 1986;123(3):
504-516.

222. LundbergV, Stegmayr B, Asplund K. Diabetesasarisk factor
for myocardial infarction: population and gender perspec-
tives.JIntern Med. 1997;241(6):485-492.

223. Regitz-Zagrosek V, Lehmkuhl E, Mahmoodzadeh S. Gender
aspectsof theroleof themetabolicsyndromeasarisk factor for
cardiovascular disease.GendMed. 2007;7(2):130-139.

224. Abernethy T, Francis T. Studies on the somatic c polysac-
charide of pneumoccus.JExp Med. 1937;65(1):59-73.

225. Manolakou P, Angelopoulou R, BakoyiannisC. The effects
of endogenous and exogenous androgens on cardiovascular
disease risk factors and progression.Reprod Biol Endocrinol.
2009;12(7):44.

226. Sullivan J. Iron and the sex difference in heart disease risk.
Lancet. 1981;1(8233):1293-1294.

227. HeineckeJ. Oxidantsand antioxidantsin thepathogenesisof
atherosclerosis: implications for the oxidized low density
lipoprotein hypothesis.Atherosclerosis. 1998;141(1):1-15.

228. Friedrich N, Milman N, Volzke H, Linneberg A,
Jorgensen T. Is serum ferritin within the reference range a
risk predictor of cardiovascular disease?Br J Nutr. 2009;
102(4):594-600.

229. Van Der A, GrobbeeD, Roest M. Serum ferritin isarisk fac-
tor for stroke in postmenopausal women.Stroke. 2003;36(8):
1637-1641.

230. Sainani G, Sainani R. Homocysteine and its role in the
pathogenesisof atherosclerotic vascular disease.JAssocPhysi-
ciansIndia. 2002;50(suppl 1):16-23.

231. Selhub J. Homocysteine metabolism.Annu Rev Nutr. 1999;
19:217-246.

232. Wilson K, Lentz S. Mechanismsof theatherogenic effectsof
elevated homocysteine in experimental models.Semin Vasc
Med. 2005;5(2):163-171.

233. BonaaK, Njolstad I, Ueland P. NORVI T trial investigators.
Homocysteine lowering and cadiovascular evensafter acute
myocardial infarction. N Engl J Med. 2006;354(15):
1578-1588.

234. Papatheodorou L, Weiss N. Vascular oxidant stress and
inflammation in hyperhomocysteinemia.AntioxidRedox Sig-
nal. 2007;9(11):1941-1958.

235. DomagalaT, UndasA, LiburaM, Szczeklik A. Pathogenesis
of vascular disease in hyperhomocysteinaemia.J Cardiovasc
Risk. 1998;5(4):239-247.

236. Coppola A, Davi G, DeStefano V, Mancini F, Cerbone A,
DiMinno G. Homocysteine, coagulation, platelet function,
and thrombosis.Semin Thromb Hemost. 2000;26(3):243-254.

237. Zhi Y, Huang Y, Li Z, Zhang R. Hypermethylation of
estrogen receptor-alpha gene and high homocysteine in
atheromatosis patients. Wei Sheng Yan Jiu. 2008;37(3):
314-317.

238. Bonassi Machado R, Baracat EC, FernandesCE, LakrycEM,
Rodrigues De Lima G. Effects of estrogen and estrogen-
progestogen therapy on homocysteine levelsand their corre-
lation with carotid vascular resistance.Gynecol Endocrinol.
2007;23(11):619-624.

239. Nakhai Pour HR , Grobbee DE, Muller M, Emmelot-
Vonk M, van der Schouw YT. Serum sex hormone and
plasmahomocysteine levelsin middle-aged and elderly men.
Eur JEndocrinol. 2006;155(6):887-893.

For reprintsand permissionsqueries, please visit SAGE’sWeb site at http://www.sagepub.com/journalsPermissions.nav

Gender Differences in Cardiovascular Disease Reproductive Sciences Vol. 17, No. 6, June 2010 531

 at HINARI on May 13, 2010 http://rsx.sagepub.comDownloaded from 


