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Abstract
Purpose of review—Endothelin-1 system activation plays an important role in the etiology of
atherosclerotic vascular disease. Aging and hypertension are two independent cardiovascular risk
factors that have been shown to exhibit increased endothelin-1 system activation. This review focuses
on the cardiovascular effects of the endothelin system, its relation to aging and hypertension, as well
as potential treatment options.

Recent findings—Many of the cardiovascular complications associated with both aging and
hypertension are attributable, in part, to endothelial dysfunction, particularly vasomotor
dysregulation. To date most studies have focused on the effects of aging and hypertension on
endothelium-dependent nitric oxide-mediated vasodilation. However, endothelin-1-mediated
vasoconstrictor tone increases with age and contributes to the pathogenesis of hypertension.
Pharmacologic approaches to reduce endothelin-1 system activation have produced limited results
and are largely disease-specific. In contrast, regular aerobic exercise has been shown to be extremely
effective at reducing endothelin-1 system activity.

Summary—Both aging and hypertension represent important cardiovascular disease risk factors
that are characterized by increased endothelin-1-mediated vasoconstrictor tone. Future studies are
needed to elucidate pharmacologic options for reducing endothelin-1 system activity especially in
older hypertensive adults, though regular aerobic exercise must continue to be a point of emphasis
for maintaining/improving vascular health.
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Introduction
Soon after the discovery that the vascular endothelium releases relaxing factors, Yanagisawa
et al. [1] reported that endothelial cells also produce potent vasoconstrictor and pressor peptides
referred to as endothelins. The endothelin family consists of four 21-amino-acid peptides:
endothelin-1, endothelin-2, endothelin-3 and endothelin-4 [1,2]. Endothelin-1 is the most
potent and predominant endothelin isoform in the human cardiovascular system and is now
recognized to play a pivotal role in the regulation of vascular tone [3,4] and the etiology of
atherosclerotic vascular disease [3].
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Vascular effects of endothelin-1
Produced by the proteolytic cleavage of big endothelin-1 by endothelin converting enzyme
(ECE), endothelial endothelin-1 is predominantly (>80%) released abluminally toward the
vascular smooth muscle. Indeed, local endothelin-1 concentrations within the vascular wall
are more than 100-fold greater than circulating plasma levels [5]. The vascular actions of
endothelin-1 are mediated by two distinct endothelin receptor subtypes: ETA receptors located
exclusively on vascular smooth muscle and ETB receptors located on both the vascular smooth
muscle and endothelial surfaces [2,6,7]. Binding of endothelin-1 to ETA and ETB receptors on
vascular smooth muscle cells activates the phospholipase C-inositol triphosphate pathway
resulting in an increase in intracellular calcium causing phosphorylation of myosin kinase and,
in turn, long-lasting smooth muscle cell contraction [3,4]. In contrast, activation of ETB
receptors on endothelial cells stimulates the release of nitric oxide [through calcium-dependent
endothelial nitric oxide synthase (eNOS) activation] resulting in vasodilation [3,4]. Thus,
activation of ETB receptors can lead to dual vasoregulatory effects.

In addition to its vasoregulator actions, endothelin-1 system activation is now recognized to
be involved in the pathogenesis of atherosclerotic vascular disease [3,7,8]. Potential
mechanisms whereby increased endothelin-1 system activity may contribute to atherogenesis
include promotion of fibrous tissue formation [9] and inhibition of endothelial nitric oxide
synthesis from increased intracellular endothelin-1 concentrations resulting in vasodilator
dysfunction [10]. In addition, endothelin-1 stimulates platelet aggregation, cell adhesion
molecule expression, and the growth and proliferation of vascular smooth muscle cells and
mural fibroblasts, all-important early features of atherosclerosis [4,11]. Endothelin-1 also
activates leukocyte chemotaxis and inflammation in the vessel wall by stimulating cytokines
such as interleukin-6 and tumor necrosis factor-α [4] as well as proinflammatory mediators
such as NF-kB [12], central factors involved in the inflammatory component of atherosclerosis
[11].

Aging and hypertension represent two major independent risk factors for cardiovascular
disease (CVD). Many of the cardiovascular complications associated with both aging and
hypertension are attributable, at least in part, to endothelial dysfunction, particularly vasomotor
dysregulation [13]. Although the majority of studies (in humans) have focused on the
deleterious effects of aging and hypertension on endothelium-dependent nitric oxide-mediated
vasodilation, it has become increasingly apparent that both conditions are associated with
greater endothelin-1 vasoconstrictor activity. Indeed, the development of pharmacologic
agents that selectively and nonselectively block ETA and ETB receptors has provided a means
of assessing, in vivo, the activity of endogenous endothelin-1 and the potential contribution of
endothelin-1 to vasomotor derangement and disease pathogenesis. Recent studies in adult
humans utilizing selective and nonselective endothelin-1 receptor antagonists have indicated
an important role of endothelin-1-dependent vasoconstriction with aging [14•] and the
pathophysiology of human hypertension [15–17,18,19]. For example, Cardillo et al. [16]
reported that hypertensive patients demonstrate greater vasodilator response to selective
ETA receptor blockade, indicating enhanced endogenous endothelin-1 vasoconstrictor tone,
compared with normotensive controls. Moreover, in a follow-up study [15] the same group of
investigators showed that blockade of endothelin-1 receptors improved acetylcholine-induced
endothelium-dependent vasodilation in hypertensive patients, demonstrating that increased
endothelin-1 activity contributes to the vasomotor dysfunction associated with hypertension.
Similar findings in older compared with young adults have recently been reported by Van
Guilder et al. [14•]. The comparable forearm blood flow response to selective ETA receptor
blockade with aging and hypertension is shown in Fig. 1.
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The realization that endothelin-1 essentially contributes to a number of cardiovascular
disorders spawned specific pharmacotherapy aimed at reducing the action of the peptide. Data
from laboratory and clinical trials have reported many potentially promising therapeutic
benefits of targeting the endothelin-1 system. Experimentally, administration of endothelin-1
receptor blockade prevents and restores endothelial vasomotor dysfunction and structural
vascular changes with atherosclerosis [20–22], reduces infarct size [23], and improves survival
in heart failure [24]. In addition, selective and nonselective endothelin-1 receptor antagonists
reduce ischemic brain injury in animal models of stroke [25,26]. In clinical studies, congestive
heart failure patients treated with nonselective ETA/B receptor antagonists demonstrate
improved systemic and pulmonary hemodynamics resulting in enhanced cardiac index [27,
28] and a reduction in symptoms [29]. Moreover, endothelin-1 receptor antagonism has been
shown to increase vasodilator tone of epicardial coronary arteries in patients with coronary
artery disease [30].

There is little clinical data regarding the efficacy of suppressing endothelin-1 system activity
in older adults or hypertensive patients. However, there are several classes of drugs that have
theoretical benefit and deserve discussion in this forum as well as the exceptional benefit that
can be derived from regular aerobic exercise.

Endothelin converting enzyme inhibitors
There are currently no data demonstrating clinical efficacy of preventing or treating
hypertension solely with ECE activity inhibition. In fact, the development of these compounds
(now in preclinical to phase II clinical trials) lags significantly behind the development of
endothelin receptor antagonists (spanning preclinical trials to clinical use for pulmonary artery
hypertension). Most ECE inhibitors are part of dual (compounds such as CGS 26303 and SLV
306) or triple (SCH54470, CGS 35601) vasopeptidase inhibitor compounds with action on
neprylisin with or without angiotensin converting enzyme inhibition. Indeed, one of these
combined inhibitors, CGS 35601, has demonstrated efficacy in decreasing blood pressure (BP)
in animal models of essential hypertension [31,32]. Unfortunately, limitations to this approach
such as broad interference with other enzymatic pathways leading to side effects like
angioedema have diminished the overall enthusiasm for this class of compounds and promoted
the exploration of the alternative approach, specifically endothelin receptor antagonism.
Provided the limitations of ECE inhibition are not insurmountable, additional efficacy data is
certainly necessary in older adults with hypertension for it is possible that a greater benefit will
be realized in this population with evidence of increased activity of the endothelin system
[33•,34•].

Endothelin receptor antagonists
Three classes of endothelin-1 receptor antagonists are currently in development [35],
nonselective receptor antagonists and ETA as well as ETB selective antagonists. As it is
generally believed that the ETB receptors mediate the beneficial cardiovascular effects such as
endothelin-1 clearance, natriuresis, nitric oxide release and antiproliferative effects there is
little evidence that ETB selective blockade will provide clinical benefit in systemic
hypertension and this will not be further addressed. In contrast, bosentan, a nonselective
endothelin receptor antagonist, and sitaxsentan, a selective ETA receptor blocker, reduce
systemic BP in patients with mild-to-moderate primary hypertension [36,37,38•,39,40]. The
magnitude of the decrease (∼6−11 mmHg systolic and 4−8 mmHg diastolic) was generally
dose-dependent in these preliminary studies. Other than in salt-sensitive hypertension, which
may be a special case that responds particularly well to nonselective (ETA/ETB) blockade,
there are several potential benefits to ETA receptor antagonism over non-selective antagonism.
First, early data demonstrates a lower incidence of transaminase elevation in adults with
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hypertension [37]. Second, the magnitude of the BP reduction is lower in trials with a
nonselective antagonist [36]. Finally, there is evidence that ETA selective antagonists preserve
renal function in hypertensive patients with chronic kidney disease [39] and act synergistically
with angiotensin converting enzyme inhibitors (ACEI) on the kidney through an ETB receptor-
mediated mechanism [41]. Although none of these studies specifically targeted older adults,
this constellation of characteristics is especially attractive for the older population with a higher
prevalence of hypertensive renal disease and adverse drug reactions.

Statins and endothelin-1
HMG CoA reductase inhibitors (‘statins’) in general have been shown to block the endothelin-1
system through a variety of mechanisms. For example, in-vitro studies have shown that statins
inhibit isoprenylation of Rho GTPase, thus blocking the membrane localization and activation
of the protein. In addition, statins reduce the synthesis of endothelin-1 and the expression of
its precursor preproET-1 mRNA. Statins also prevent the downregulation of eNOS mRNA and
protein levels associated with oxidized low-density lipoprotein (oxLDL). Importantly, this
effect of statins on eNOS was dependent on mevalonate but completely independent of
cholesterol lowering or the presence of oxLDL. This suggests that a product of mevalonate
metabolism other than cholesterol may play a role in controlling preproET-1 levels [42].
Unfortunately, none of the large statin trials demonstrating improvements in primary or
secondary cardiovascular event rates reported BP before and after therapy. However, a recent
meta-analysis evaluating 20 smaller statin trials containing 828 patients demonstrated a
statistically significant decrease in systolic BP and a trend toward a decrease in diastolic BP
with statin treatment [43•]. The magnitude of the decrease due to statin therapy was directly
related to the pretreatment BP. The average decrease was 4/1 mmHg in patients with a starting
BP of more than 130/80 mmHg. Although this change appears minimal, modest changes of 2
mmHg in systolic BP in the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart
Attack Trial (ALLHAT) trial [44] were associated with a 15% lower stroke rate and a 19%
lower rate of heart failure whereas a 4/4 mmHg drop in BP in the Hypertension Optimal
Treatment (HOT) study [45] resulted in a 50% reduction in cardiovascular events in diabetic
patients. There is currently no data on the BP response to statins in older adults under elevated
endothelin-1 vasoconstrictor tone and minimal evidence for a possible synergistic role of statins
in the control of hypertension [46]. This is a potential lucrative area for future research
regarding other benefits of statin use.

Calcium channel blockers and endothelin-1
In animal models, L-type calcium channel blockers decrease the vasoconstrictor effect of
endothelin-1 on the vasculature. Over 15 years ago Kiowski et al. [47], in an elegant study,
demonstrated for the first time that acute administration of the calcium channel antagonists
nifedipine and verapamil abolished the endothelin-1-vasoconstrictor response in healthy
adults. At that time the mechanism of endothelin-1 action was incompletely understood.
Recently a study [48•] by the same group demonstrated that chronic oral nifedipine use blunts
the endothelin-1 mediated vasoconstrictor response in middle-aged adults with essential
hypertension independently of BP lowering. Moreover, the treatment effect was augmented in
the hypertensive patients under elevated basal endothelin-1-mediated vasoconstrictor tone
compared with normotensive controls. Extrapolation of these data to older adults with
hypertension under considerably higher endothelin-1-mediated vasoconstrictor tone may
suggest the calcium channel antagonist nifedipine would offer substantial potential for
prevention of endothelin-1-mediated vascular complications. Additional investigation into the
benefit of this and other calcium channel antagonists is necessary in this high-risk population.

Stauffer et al. Page 4

Curr Opin Cardiol. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Other pharmacologic agents and endothelin-1
Although there is currently no data regarding the direct influence of other pharmacologic agents
on the endothelin system in states associated with elevated endothelin-1-mediated
vasoconstrictor tone, such as older adults with hypertension, several currently prescribed agents
have theoretical benefit in suppressing endothelin-1 expression or its effect on the vasculature.
Endothelin-1-stimulating factors include angiotensin II (Ang II), vasopressin, norepinephrine,
isoprostane 8-epi-prostaglandin F2α, aging, insulin, and oxLDL [49•]. Endothelin-1 may be
stimulated by exogenous Ang II [50] and presumably by endogenous Ang II in some models
of hypertension [51]. The role of ACEI or angiotensin receptor antagonists in mitigating the
endothelin system in humans remains to be determined. Adrenergic stimulation exerts a
pathologic growth effect on the heart through an endothelin-mediated pathway [52]. It remains
to be determined whether endothelin activation occurs through the β-adrenergic receptor. If
so, β-adrenergic antagonists may exert some of their beneficial effects through the suppression
of endothelin-1 activation.

Exercise and endothelin-1
Regular aerobic exercise is associated with a reduction in CVD morbidity and mortality [53–
55]. One of the possible mechanisms by which regular aerobic exercise reduces the risk of
CVD is through its availing effects on vasomotor function. Indeed, improved vascular
vasomotor function has been linked to a reduction in cardiovascular events [56]. Several studies
[57] have shown that aerobic exercise training improves endothelium-dependent vasodilation
in healthy older adults as well as patients with hypertension. For example, 12 weeks of moderate
aerobic exercise training have been shown to reverse the age-related loss in endothelial
vasodilator function in previously sedentary men. In a recent study [14•], we demonstrated that
moderate aerobic exercise also reduces endothelin-1-mediated vasoconstrictor tone. Exercise-
induced reductions in endothelin-1 system activation may contribute significantly to the known
beneficial affects of exercise in preventing/treating hypertension [58,59] and reducing the risk
of atherosclerosis [53,55,60]. Habitual aerobic exercise is an important lifestyle intervention
for improving vascular health in all adults that must be encouraged by clinicians with the same
zeal as adherence to pharmacological treatment.

Conclusion
Although much attention has focused on the effects of aging and hypertension on endothelium-
dependent vasodilation, the effects of endothelin-1-mediated vasoconstrictor tone on vascular
health and disease should not be overlooked. Indeed, there is accumulating evidence that
endothelin-1 system activity increases with advancing age, is involved in the primary etiology
of hypertension, and contributes to endothelial dysfunction and the development of
atherosclerotic vascular disease. The endothelin-1 system represents an important target for
therapeutic interventions aimed at improving endothelial function and reducing cardiovascular
disease. Both lifestyle and pharmacologic approaches are feasible options to accomplish this
important goal.
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Figure 1. Forearm blood flow responses to selective ETA receptor blockade with BQ123 in (a) young
(26 ± 1 year) and older (62 ± 2 years) men and (b) normotensive (47 ± 1 yr) and hypertensive (51 ±
2 yr) adults
Vasodilator response in both the older and hypertensive adults is indicative of increased
endothelin-1-mediated vasoconstrictor tone [(b) adapted from [16]]. Values are mean ± SEM.
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