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Introduction

Previous studies revealed gender-specific differences in
the incidence and development of cardiovascular diseases,
including hypertension, atherosclerosis, heart failure, and
the corresponding myocardial remodeling.1,2 Most epi-
demiological studies have shown a remarkable advantage
of premenopausal women (characterized by high serum
oestrogen levels) compared with men of the same age
groups regarding cardiovascular morbidity and mortality.
Recent observations, however, also indicate gender-
specificdisadvantages for females in specificcasesof ische-
mic heart disease.3 Complex gender-specific differences in
the pathophysiology of cardiovascular disorders merit
further in-depth studies.

The key hormone, which is responsible for differences in
the regulation of vascular function in males and females, is
oestrogen. Thus, most of the experimental studies have
focused on the potential mechanisms by which oestrogen
affords mostly beneficial effects on cardiovascular func-
tions. In addition to oestrogen, progesterone may also con-
tribute to gender-specific differences in the regulation of
vascular functions in females; its effects, however,
remain controversial.4 Testosterone, on the other hand,
was shown to have negative effects on blood pressure and
cardiovascular morbidity and mortality.2

Vascular effects of oestrogen

The effects of oestrogen include genomic vs. non-genomic
regulation; oestrogen receptoralpha- andbeta-dependent
vs. oestrogen receptor-independent pathways, specific
signal transduction cascades, especially those involving
protein kinase B (Akt) and mitogen-activated protein
kinase, as well as their downstream targets, such as nitric
oxide synthase (NOS), cyclooxygenase (COX), cytochrome
P450 (CYP), neutrophil nicotinamide adenine dinucleotide
phosphate oxidase, and superoxide dismutase (Figure 1).

Having considered the essential role of the microvessels
in the control of total peripheral vascular resistance
in vivo, oestrogen-related regulation of microvascular
function and blood pressure is highlighted.

Attention is focused on the effects of oestrogen on
pressure-dependent (myogenic) and flow/shear stress-
dependent vasomotor mechanisms of arterioles, both of
which contribute significantly to the control of local blood
flow and peripheral resistance via alterations in the release
of endothelial mediators, such as NO, prostaglandins (PGs),
and endothelium-derived hyperpolarizing factor (EDHF), as
shown by several seminal papers of Huang et al.2,5–10.

Oestrogen-modulated pressure-dependent
(myogenic) vasomotor mechanisms

Although the myogenic response of arterioles is generated
in the vascular smooth muscle, some studies have demon-
strated that they may be modulated by the endothelium.11

This myogenic response has also been shown to be influ-
enced by oestrogen through NO- and PG-mediated dilator
mechanisms. These effects elicit a lower basal tone of
microvessels2; therefore, they appear to be beneficial in
hypertension and various other cardiovascular disorders.

Oestrogen-enhanced flow-mediated dilation

Flow/shear stress-mediated dilations of arterioles—
another major regulatory mechanism of the arteriolar
(and venular) tone—are mediated mainly by endothelium-
derived factors, such as NO, vasodilator prostanoids (PGE2,
PGI2), and EDHF.2 These mechanisms also show strong
gender-specific characteristics, as they are more pro-
nounced in females. Oestrogen has been demonstrated to
enhance the production and release of NO, vasodilator
PGs, and EDHF. Human observations using post-ischemic
brachial artery reactivity testing—so called ‘flow-
mediated dilation’, ‘FMD’—showed that it is enhanced in
pre-menopausal females compared with males.12,13 This
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enhancement is seen throughout the premenopausal
period and it deteriorates with menopause. In addition,
in post-menopausal women, FMD improved upon oestrogen
supplementation.14,15

Oestrogen vs. NO

NO-mediated endothelium-dependent
vasodilatation

Previous animal experiments showed that in isolated gracilis
muscle arterioles (active diameter is �60 mm, whereas the
passive diameter is �110 mm)—vessels that are true re-
sistance vessels—agonist-induced NO-mediated arteriolar
dilations are greater in female than in male rats. Corres-
pondingly, dilations to stepwise increases in perfusate flow
from 0 to 25 mm/min were significantly greater in arterioles
of female rats and ovariectomized rats with oestrogen re-
placement (OVE) (by 20%) than in male and ovariectomized
female (OVX) rats. Calculation of wall shear stress (WSS)
revealed that the maintained WSS was significantly lower
in arterioles of female than in those of male rats (�20 vs.
�35dyn/cm2).After indomethacinpretreatment,N-omega-
nitro-L-arginine methyl ester (L-NAME; 1024 M), an inhibitor
of NOS eliminated flow-dependent dilation in arterioles of
male and OVX rats, but only attenuated (by �50%) the
responses in arterioles of female and OVE rats. In vessels of
these latter two groups of rats, the remaining flow-induced
dilation was completely eliminated by administration of
1025 M bovine haemoglobin (Hb) or 1023 M L-NAME.

The greater flow/shear stress-induced dilation of arter-
ioles of female rats indicates a gender difference in the

regulation of WSS, which is likely to be due to the greater
release of NO in female vessels requiring the chronic pres-
enceofoestrogen.Thesefindings suggestan important role
for oestrogen in the regulation of peripheral resistance in
females.5

Indeed, it was found that in OVX female spontaneously
hypertensive rats (SHRs), oestrogen replacement [50 mg/kg
subcutaneous 17b-oestradiol (b-E2) benzoate every 48 h]
moderated the dysfunction of arterioles by preserving NO
synthesis. It was concluded that oestrogen in female SHR
is responsible for the preservation of NO synthesis in skeletal
muscle arterioles, resulting in a greater modulation of
pressure-induced myogenic tone than in male SHR and in
the maintenance of NO-mediated dilations.6

The potential importance of the preservation of
NO-mediated regulation of vasomotor tone is exampled
by investigation of flow/WSS-induced dilations. It was
found that oestrogen preserves the NO-mediated portion
of flow/shear stress-induced dilation in female SHR result-
ing in a lower maintained WSS in female than in male SHR.
Because WSS correlates with the power loss in the circula-
tory system, one can hypothesize that the lower WSS may
contribute to the mechanisms by which oestrogen lowers
systemic blood pressure and the incidence of cardiovascu-
lar diseases, such as heart failure and stroke in women.7

Oestrogen vs. genomic modulation
of vasomotor responses

Studies showed that in gracilis muscle arterioles isolated
from male SHR incubation with 1029 M 17 b-E2 for 16–18
h, basal diameter of arterioles was significantly increased

Figure 1 Proposed mechanisms by which oestrogen is able to modulate the regulation of vasomotor function (modified after Huang and Kaley2). EC, endo-
thelial cell; ER, oestrogen receptor; ERE, oestrogen response element; Akt, protein kinase B; MAPK, mitogen-activated protein kinase; PK, protein kinases;
COX, cyclooxigenase; eNOS, endothelial nitric oxide/NO/synthase; SOD, superoxide dismutase; CYP, cytochrome P450; PG, prostaglandin; EDHF,
endothelium-derived hyperpolarizing factor; VSM, vascular smooth muscle. The contribution of these mechanisms can be modified by the presence of
various diseases and age.
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(by �10%), and flow-induced dilation was significantly
enhanced resulting in a lowered WSS (�60.0 vs.
�32 dyn/cm2).Also, vasoconstrictions to thecalcium iono-
phore A23187 were reversed to dilations (approximately
220–+19 mm), and constrictions to norepinephrine were
significantlyattenuated (231 to 221 mm).These improve-
ments in dilation were eliminated by ICI 182780 (1027 M),
an oestrogen receptor antagonist; 5,6-dichloro-1-beta-
D-ribofuranosylbenzimidazole (1025 M), a transcription
inhibitor; or N-omega-nitro-L-arginine methyl ester
(1024 M), an inhibitor of NOS. In contrast, they were not
affected by aminoguanidine (5 × 1025 M), a specific inhibi-
tor of inducible NOS. Also, arteriolar responses were not
altered by incubation with 17a-E2. Thus, the overall con-
clusion from these studies is that oestrogen, via a receptor-
mediated pathway, up-regulates endothelial NOS (eNOS)
gene expression, leading to increased NO production, and
restores the regulation of WSS in arterioles of male SHR.8

Similar mechanism likely exists in humans, as well. Oestro-
gen administration, for example, has been demonstrated
to suppress asymmetrical dimethylarginine (ADMA)—an in-
trinsic inhibitor of NOS—in female patients with impaired
endothelial function due to polycystic ovary syndrome.16

In these women, the outcome of the oestrogen treatment
was remarkably improved vasomotor regulation.

It is suggested that one of the mechanism by which ADMA
causesarteriolardysfunctionand increasedvascular tone is
via activating the local renin-angiotensin system, release
of angiotensin II, consequent activation of NAD(P)H
oxidase, and production of superoxide leading to a
decreased bioavailability of NO. These processes result in
diminished flow-induced dilation.17

Oestrogen vs. endothelial PGs vs. EDHF

It has been shown that NO-mediated vasomotor responses
are impaired in many cardiovascular diseases,18 but the
effects are different in males and females.19

The underlying mechanisms for these observations were
addressed in experimental studies. Flow-induced dilation
of gracilis muscle arterioles was examined in both genders
of control rats and rats chronically treated with inhibitor
of NOS. After a 4-week treatment, systolic blood pressure
was significantly increased compared with control,
whereas the plasma concentration of nitrate/nitrite was
significantly reduced in treated animals. Interestingly,
flow-induced dilation was comparable in arterioles of
control and L-NAME-treated rats but was significantly
greater in female than in male rats. L-NAME + indometh-
acin, which abolished flow-induced dilation in arterioles of
male control rats, inhibited the dilation by only �75% in
female control rats. The residual portion of the response
was eliminated by additional administration of micona-
zole, an inhibitor of CYP. Indomethacin did not affect the
dilation in female L-NAME-treated rats but completely
inhibited the response in male L-NAME-treated rats. The
indomethacin-insensitive flow-induced dilation in female
L-NAME-treated arterioles was abolished by miconazole,
6-2-proparglyoxyphenyl-hexanoic acid, or charybdotoxin.

Thus, an augmented release of endothelial PGs accounts
for the preserved flow-induced dilation in arterioles of

male rats, whereas a metabolite of CYP (presumably
EDHF) is responsible for the maintenance of flow-induced
dilation in female rats, suggesting important differences
in the adaptation of the endothelium of arterioles from
male and female rats to the lack of NO synthesis.9,20

To investigate the role of oestrogen in flow-induced dila-
tion in NO deficiency, this response was examined in iso-
lated gracilis arterioles of OVX and OVE rats. Both groups
of rats were treated chronically with N-omega-nitro-
L-arginine methyl ester. Plasma concentration of NO2/
NO3 was reduced in both groups. Plasma concentration of
oestradiol was lower in OVX than in OVE rats. Flow-induced
dilations were similar in vessels of the two groups; calcu-
lated WSS and basal tone were significantly greater in
OVXvs.OVE rats. Indomethacin did not affect flow-induced
dilation in vessels from OVE rats but abolished dilation in
vessels from OVX rats. Valeryl salicylate (COX-1 inhibitor)
or NS-398 (COX-2 inhibitor) inhibited flow-induced dilation
by�50%,whereas their simultaneousadministrationelimi-
nated the response in arterioles from OVX rats. In vessels
from OVE rats, miconazole (inhibitor of CYP/epoxygenase)
or charybdotoxin (a blocker of Ca2+-dependent K+-
channels) eliminated this dilation. Thus, in NO deficiency,
PGs derived from both COX isoforms mediate flow-induced
dilations in gracilis arterioles of OVX rats. Oestrogen re-
placement switches the mediation, showing dependence
on EDHF in the arterioles of OVE rats.9

Flow-induceddilationwasexamined in isolatedcoronary
arteries of eNOS knockout mice (eNOS-KO) and wild-type
(WT) mice. The basal tone of arteries (percentage of
passive diameter) was significantly greater in eNOS-KO
than in WT mice; their flow-induced dilations, however,
were similar. Endothelial removal eliminated the dilations
in vessels of both strains of mice. In arteries of WT mice,
L-NAME(1024 M)or indomethacin (1025 M)alone, inhibited
flow-induced dilation by �50%, whereas their simultan-
eous administration abolished the responses. In arteries
of eNOS-KO mice, flow-induced dilation was inhibited by
�40% with L-NAME. The residual portion (60%) of the re-
sponse was eliminated by the additional administration of
indomethacin.7-Nitroindazole [a specific inhibitorof neur-
onalNOS (nNOS), 1024 M]attenuatedflow-induceddilation
by �40% in arteries of eNOS-KO mice, but did not affect
responses in those of WT mice. 1H-[1,2,4]oxadiazolo[4,3-a]
quinoxalin-1-one (an inhibitor of guanylate cyclase, 3 ×
1025 M) inhibited the L-NAME/7-nitroindazole-sensitive
portion of the responses in arteries of eNOS-KO mice. Immu-
nohistochemical evidence confirms the presence of nNOS in
the arterial endothelium of eNOS-KO mice. In conclusion,
nNOS-derived NO, via activation of cGMP, together with
PGs, maintains flow-induced dilation in coronary arteries
of male eNOS-KO mice.10

The above-mentioned ideas and mechanisms are sum-
marized in Figure 1.

Controversial issues and unresolved problems

Animal studies suggested beneficial cardiovascular effects
of oestrogen. Consequently, human clinical trials with post-
menopausal hormone replacement therapy (HRT) were

A. KollerA18



initiated. The clinical studies with HRT, however, did not
fulfil the hopes evoked by experimental observations.21

The timing of initiation of HRTafter the onset of menopause
may determine the risk of coronary heart disease (CHD). A
subsequent analysis of the women’s health initiative data
showed that the CHD risk was decreased when HRT was
started earlier (within 10 years after the menopause).22

Therefore, several additional factorshavetobeconsidered,
e.g. the onsetandduration ofHRT, the addition of otherhor-
mones, e.g. progesterone, or combination therapies with
selective oestrogen receptor modulators. A better selection
ofthetargetpopulation(youngerwomenwithlowoestrogen
levels, without enhancedrisk for oestrogen—associatedside
effects) would also help to assess better the efficacy of HRT.
The use of polyphenolic phytoestrogens has also been sug-
gested,astheyshowsomeofthebeneficialeffectsofoestro-
gen without causing significant side effects. To settle these
important issues, further extensive experimental studies
and human clinical trials are needed.

Conclusions

In summary, experimental data, obtained so far, suggest
complex gender-specific differences between the regula-
tion of vasomotor function of microvessels of female and
males. All these experimental findings contribute to the
understanding of human epidemiological observations
showing significant gender-specific differences in the epi-
demiology,pathophysiology, clinical features, andprognosis
and treatment success of cardiovascular diseases between
women and men. Analysis of the current literature suggests
that genderdifferences concerning the coronary circulation
appeartobeespeciallypronounced.23More importantly, the
gender-specificdifferencesdemandtheneedtodevelopdif-
ferent therapeutic and preventive measures for women and
men, for which further research has to be conducted to
clarify the underlying mechanisms.
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