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Abstract

Hypertension contributes significantly to worldwide cardiovascular morbidity and mortality.
Hypertension appears to have a complex association with endothelial dysfunction, a phenotypical
alteration of the vascular endothelium that precedes the development of adverse cardiovascular
events and portends future cardiovascular risk. This review concentrates on recent findings with
respect to the mechanisms of hypertension-associated endothelial dysfunction, the interrelationship
between these two entities, and the relationship of the efficacy of antihypertensive therapies to
improvements in vascular homeostasis beyond blood pressure reduction. Current evidence suggests
that hypertension and endothelial dysfunction are integrally related with respect to pathophysiologic
mechanisms. Future studies will need to identify the key connections between hypertension and
endothelial dysfunction to allow novel interventions to be designed and promulgated.
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Introduction

With a prevalence of nearly 30% in the US adult population [1], hypertension remains a central
pathophysiologic contributor to cardiovascular morbidity and mortality [2]. Although the
precise cascade of events from the development of hypertension to adverse cardiovascular
events remains to be elucidated, cardiovascular risk factors, including hypertension, are clearly
associated with the development of vascular endothelial dysfunction [3]. Endothelial
dysfunction is a phenotypical alteration of the endovascular lining of blood vessels that is
characterized by a pro-thrombotic, pro-inflammatory, and pro-constrictive phenotype [4].
Endothelial function is readily measurable through multiple modalities and is an established
barometer of cardiovascular risk [5]. Further, interventions aimed at reducing cardiovascular
risk, including antihypertensive therapy, are more effective if they concomitantly improve
endothelial function [6,7+¢]. These data support the provocative hypothesis that reductions in
cardiovascular risk secondary to antihypertensive therapy may relate independently to a
particular intervention’s beneficial effects on endothelial function as well as to its absolute
effect on blood pressure. This review focuses on recent findings related to the pathophysiology
of hypertension-related endothelial dysfunction, including insights into the mechanisms of
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hypertension-associated endothelial dysfunction, the relationship between hypertension and
endothelial dysfunction, and the effects of antihypertensive interventions on endothelial
function.

Measuring Endothelial Function

Endothelial function is readily measured using both invasive and noninvasive modalities that
have been subject of recent thorough reviews [8,9]. These methods are designed to assess
vasodilation to pharmacologic stimuli (eg, acetylcholine or bradykinin), mechanical stimuli
(shear), or both. Further, the vasodilator responses to these stimuli are primarily related to nitric
oxide (NO) production capacity. Key research over the past several decades has identified NO
as a central regulator of vascular endothelial function, with a loss of NO bioavailability
identified as a central phenotypic characteristic of endothelial dysfunction [10,11].

Early studies measuring endothelial function were invasive, being performed in the coronary
arteries using acetylcholine or pharmacologic flow manipulation [12,13]. The cost and
invasiveness of these methods now limits their use, and endothelial function is currently more
widely measured using validated methods employing venous plethysmography, high-
resolution ultrasound in the peripheral circulation, or, more recently, digital pulse arterial
tonometry [9]. Brachial artery reactivity testing using high-resolution ultrasound to measure
vasodilation of the brachial artery to hyperemic shear has emerged as one of the most common
methods of assessing endothelial function, based on both its honinvasive nature and its proven
validity [14]. Endothelium-dependent vasodilation of the brachial artery is NO-dependent,
correlates with endothelial function in the coronary artery, and independently predicts future
cardiovascular risk in patients with and without established atherosclerotic disease [3]. The
severity of hypertension correlates with increasing impairment of endothelial function as
measured by brachial artery reactivity testing, and antihypertensive therapy that concomitantly
reverses brachial artery endothelial dysfunction reduces cardiovascular risk [6,15]. Thus,
endothelial function is readily measurable in a reproducible, valid, and noninvasive manner in
hypertensive patients.

Mechanisms of Hypertension-Associated Endothelial Dysfunction

Emerging data implicate increases in systemic oxidative stress and vascular inflammation in
the pathogenesis of hypertension [16,17]. Excessive vascular oxidative stress and vascular
inflammation are central characteristics of phenotypical endothelial dysfunction, and
reductions in both have been shown to reverse endothelial dysfunction [3].

Excessive Reactive Oxygen Species Production in Hypertension

Recent studies have sought to further characterize the mechanisms behind hypertension-
induced oxidative stress and inflammation. Multiple sources of oxidative stress have been
implicated in the pathogenesis of hypertension-related endothelial dysfunction [17].
Investigations over the past year have gone further to investigate the potential mechanisms
regulating two important sources of hypertension-associated oxidative stress: nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase and mitochondria [18,19]. Isolated carotid
arteries from mice were exposed to increasing intraluminal pressure and showed concomitant
reductions in endothelium-dependent vasodilation to acetylcholine, increases in vascular
superoxide production, and increased NADPH oxidase activity [19]. Additional studies using
small interfering RNA (siRNA) and suppression of Rac-1 activity implicate overexpression of
integrin-kinase 1 as a key first step in the mechanotransduction of hypertension-induced
vascular superoxide production through NADPH oxidase. Transgenic mice overexpressing
thioredoxin 2, a key peroxidase in the mitochondrial matrix important in converting hydrogen
peroxide to water, are resistant to angiotensin Il1-induced hypertension, oxidative stress, and
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endothelial dysfunction [18]. Taken together with recent reports demonstrating coordinated
expression of reactive oxygen species (ROS) from NADPH oxidase and mitochondria in
hypertensive states [20], a paradigm of hypertension-induced ROS originating from
coordinated mitochondrial sources and NADPH oxidase appears to be emerging. Elucidation
of the mechanisms of this coordinated expression of ROS and the coordination of ROS
expression with other cellular sources will require further work.

Inflammatory Regulation of Hypertension-Associated Endothelial Dysfunction

Over the past decade, researchers and clinicians have increasingly recognized the important
role of adipose tissue in regulating metabolism and inflammation through the production of
both inflammatory and anti-inflammatory adipokines [21]. Inflammation in adipose tissue,
apparent in visceral fat depots, is associated with impaired endothelial function in obese
patients [22]. Though most investigations relating adipose inflammation to vascular endothelial
function concentrate on insulin resistance and obesity, recent studies have evaluated the effect
of perivascular adipose tissue on vascular homeostasis in hypertension. Adipose tissue from
hypertensive rats applied to thoracic aorta segments failed to suppress phenylephrine-induced
vasoconstriction, in contrast to adipose tissue from normotensive animals [23]. Similarly,
obese, hypertensive rats with perivascular inflammation show impaired endothelial function
relative to control animals [24]. Overall, these data suggest that perivascular adipose tissue and
inflammation within adipose tissue play important roles in regulating local and systemic
vascular homeostasis. Future work in this area will need to identify mechanisms by which
perivascular fat regulates endothelial function in hypertension, as well as the relative impact
on endothelial function in humans of perivascular adipose tissue inflammation.

Recent data also delineate novel roles for elements of both innate and adaptive immune
responses in regulating endothelial function under hypertensive conditions. Activation of
innate immunity’s complement pathway may negatively impact vascular endothelial function
in hypertension [25], whereas increased anti-inflammatory interleukin-10 expression from the
adaptive immune response blunts the adverse effects on endothelial function of angiotensin
Il-associated hypertension [26]. Circulating endothelial progenitor cells (EPCs), derived from
myeloid pluripotent stem cells that also give rise to mature mononuclear cells, also play
significant roles in maintaining endothelial homeostasis through their regenerative and repair
mechanisms. Reduced levels of EPCs correlate with impaired vascular endothelial function
[27], whereas infusions of EPCs help to reverse endothelial dysfunction in an atherosclerosis-
prone mouse model [28]. The regenerative and repair capacity of EPCs in newly diagnosed
prehypertensive and hypertensive humans is impaired relative to healthy controls [29]. Further,
the level of circulating EPCs is negatively influenced by activated complement fragment C3a
in hypertensive humans [25]. Impairment of vascular endothelial function and vascular injury
related to C-reactive protein depends on the presence of C3 [30]. Overall, these newer data
suggest that hypertension-associated vascular endothelial dysfunction relates to local vascular
inflammation as well as to systemic inflammation. Figure 1 summarizes the recent findings
with respect to the pathophysiology of hypertension-associated endothelial dysfunction.

Linkage of Clinical Hypertension with Endothelial Dysfunction

An association between endothelial dysfunction and hypertension is well established [31-
35]. Data from the Framingham offspring cohort suggest that the severity of hypertension is
positively associated with the degree of impairment of endothelial function [15]. Whether
endothelial dysfunction is a cause or an effect of hypertension remains controversial; current
data support a complex and potentially bidirectional relationship. Evidence that endothelial
dysfunction precedes hypertension arises from mechanistic data showing that exogenous
infusion of inhibitors of endothelium-derived nitric oxide synthase (eNOS) results in
hypertension in humans [36]. In addition, Rossi et al. [37] showed in a cohort study of
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postmenopausal women that normotensive women with impaired endothelial function have a
nearly sixfold increased risk of developing hypertension. Data in support of hypertension
preceding endothelial dysfunction include a report demonstrating that acute, large increases in
blood pressure acutely impair endothelial function as measured by brachial artery flow-
mediated dilation (FMD) in young adults who were not athletically trained but were otherwise
healthy [38]. In another study, higher systolic blood pressure in adolescence was associated
with an increased incidence of endothelial dysfunction in adulthood [39].

To further investigate this important question, Shimbo and colleagues [40+¢] recently reported
data on the incidence of future hypertension related to a baseline FMD measurement in a cohort
of 3500 ethnically diverse persons in the Multiethnic Study of Atherosclerosis (MESA) study.
The investigators found that impaired FMD was not a significant independent predictor of the
future development of hypertension, following adjustment for covariables. As the largest and
most diverse study to address the question of directionality of the relationship of hypertension
and endothelial dysfunction, these data support the concept that hypertension is a source, rather
than a consequence, of endothelial dysfunction. As discussed in an accompanying editorial
[41], these data, though clearly suggesting that endothelial dysfunction is an effect rather than
a cause of hypertension, do not completely settle this controversy, given the differences in risk
and ethnic profiles of the populations studied by Shimbo et al. [40+¢] and Rossi et al. [37].

Therapeutic Interventions: New Insights on Their Impact on Endothelial
Function

Reduced Sodium Intake

Substantial reductions in morbidity, mortality, and health care costs can be achieved with
modest, achievable dietary salt restriction [42e¢]. Interestingly, the antihypertensive effects of
dietary salt restriction are relatively modest (~5 mm Hg reduction in systolic blood pressure
and ~2.7 mm Hg reduction in diastolic blood pressure) according to a recent meta-analysis of
studies using sodium restriction for blood pressure reduction [43].

The argument most often cited for the substantial reported reductions in cardiovascular risk in
spite of the relatively modest antihypertensive effect of sodium restriction is an epidemiologic
one: modest improvements in a risk factor profile due to an intervention in a large population
will lead to significant reductions in events by virtue of the size of the population the
intervention is affecting. There is evidence, however, that reductions in salt intake may reduce
cardiovascular morbidity and mortality by reversing endothelial dysfunction induced by high
salt intake. In animal models, the hypertensive effect of salt loading appears mechanistically
linked to increased oxidative stress and reduced NO bioavailability [44,45]. Further, the
hypertensive effect of salt loading is exacerbated by inhibition of NO [46].

Overall, the epidemiologic and mechanistic data suggest two potential hypotheses for the
beneficial effects of sodium restriction, despite its modest overall antihypertensive effects: 1)
direct sodium restriction improves endothelial function in humans with hypertension; and 2)
interventions that improve NO bioavailability and reduce systemic oxidative stress may also
be able to counteract the effects of endothelial dysfunction induced by a high-salt diet and
reduce overall cardiovascular risk. These hypotheses are the subject of two recent human
studies [47,48¢]. In a cross-sectional study of patients with prehypertension and stage |
hypertension, patients with a self-reported intake of sodium of less than 100 mmol/day had
significantly higher brachial FMD than those with an intake between 100 and 200 mmol/day;
there was a reasonably strong negative correlation of FMD with self-reported sodium intake
[47]. In another recent study, 147 hypertensive individuals were randomized to 1, 3, or 6
servings of fresh fruits and vegetables per day for 12 weeks following a 4-week run-in period
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of less than 1 serving per day [48¢]. Systolic blood pressure decreased by about 4-5 mm Hg
in the groups receiving 3 and 6 servings (not a statistically significant difference, probably
because the study was underpowered to determine blood pressure changes). Endothelium-
dependent forearm blood flow significantly increased by 6.2% for each 1-serving increase of
fresh fruits and vegetables. Dietary sodium content was not reported in this study, but it is
likely that those randomized to more servings of fruits and vegetable also had a concomitant
reduction in salt intake through caloric replacement of foods likely to be higher in salt content.
A portion of the effect may also be secondary to high polyphenol content in the fruits and
vegetables consumed, which can improve NO bioavailability through mechanisms beyond pure
antioxidant activity [49,50].

Pharmacologic Antihypertensive Therapy and Modulation of Endothelial Function

There are clear differences between classes of antihypertensive agents with respect to their
effects on the vascular endothelium. Certain antihypertensive agents, including angiotensin-
converting enzyme (ACE) inhibitors, angiotensin Il receptor blockers, aldosterone antagonists,
and nebivolol (a novel beta-blocker, unique in its medication class, that can stimulate NO
production), reduce blood pressure and improve endothelial function [51-55]. Pharmacologic
lowering of blood pressure using other medications, including some calcium channel blockers
and thiazide diuretics [55,56], has not shown consistent, concomitant improvements in
endothelial function. The differences in effect may be due to differences in the populations
studied, the level of blood pressure reduction achieved, and medication doses used, but it is
likely that they are also related to differences in the mechanisms of actions of these agents.
Theoretically, antihypertensive agents that concomitantly improve endothelial function would
seem to be superior in reducing cardiovascular risk [6].

Significant debate continues, however, about whether the choice of pharmacologic agent has
any relevance to clinical outcomes. The publication of The Antihypertensive and Lipid-
Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) in 2002 and the subsequent
promulgation of the antihypertension therapeutic guidelines in 2003 support the use of a
“diuretic first” strategy for the treatment of hypertension, on the basis that diuretics are
inexpensive and that other agents with purported pleiotropic benefits did not appear to have
added benefit in the treatment of uncomplicated hypertension [57,58]. ALLHAT randomized
hypertensive individuals at least 55 years of age who had at least one other risk factor to
chlorthalidone, amlodipine, or lisinopril. With a mean follow-up of 4.9 years, there were no
differences between the three groups in the primary outcome of combined fatal heart disease
and nonfatal myocardial infarction. Chlorthalidone bested amlodipine with respect to incident
heart failure, and lisinopril with respect to combined cardiovascular events, stroke, and heart
failure.

However, ALLHAT far from establishes the primacy of a pharmacologic strategy that
concentrates primarily on blood pressure reduction over agent choice. The participants in
ALLHAT were, on average, nearly 67 years old; 90% had been on therapy prior to study
enrollment; and the duration of their hypertension was not reported. Further, half of the
participants enrolled already had clinically relevant atherosclerotic disease. Finally, blood
pressure reductions were greater in the chlorthalidone arm than in either of the other study
arms. Generalization of these data to younger populations with shorter disease durations and
less vascular damage at the time of diagnosis is dubious, and it remains unknown whether a
difference in cardiovascular outcomes would be seen when comparing different classes of
pharmacologic antihypertensive agents if blood pressure lowering were equivalent.

Large studies have also challenged therapeutic strategies using pharmacologic agents with no
known significant endothelial benefits as first-line therapy. The Losartan Intervention For
Endpoint Reduction in Hypertension (LIFE) study demonstrated the superiority of angiotensin
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Il receptor blocker—based therapy (losartan) versus atenolol-based therapy for hypertensive
individuals ages 55-80 despite similar reductions in blood pressure [59]. An equivalent number
of patients in each study arm also required diuretic therapy for optimal antihypertensive effect.
An open-label randomized trial of enalapril versus hydrochlorothiazide in hypertensive
individuals ages 65— 84 years showed the superiority of enalapril-based therapy, particularly
in men [60]. The recent Avoiding Cardiovascular Events through Combination Therapy in
Patients Living with Systolic Hypertension (ACCOMPLISH) trial demonstrated the
superiority of the combination of ACE inhibition and amlodipine versus ACE inhibition and
diuretic therapy in hypertensive patients at high risk for cardiovascular events. [61] These data
question the primacy of thiazide therapy in higher-risk patients and suggest that the addition
of previously reported antioxidant effects of amlodipine to ACE inhibition may enhance the
overall beneficial effects of ACE inhibition on vascular homeostasis [62,63]. Taken together,
these data suggest that a “diuretic first” strategy may not be ideal for all hypertensive patients.

Given the potential benefits of improving endothelial function in hypertensive patients, on the
basis of both blood pressure reduction and the mechanisms of action that may improve
endothelial function, recent investigations continue to evaluate whether antihypertensive
agents with favorable effects on endothelial function may have added benefits. In particular,
studies of renin inhibition and mineralocorticoid receptor inhibition have generated growing
interest in light of their potential to augment the favorable effects of lowering blood pressure
with favorable effects on endothelial homeostasis.

Renin Inhibition—Aliskiren, an inhibitor of renin that blocks conversion of angiotensinogen
to angiotensin I, was initially approved for the treatment of hypertension in 2007. Emerging
literature over the past 2 years suggests that renin inhibition exerts favorable effects on vascular
endothelial function and overall vascular homeostasis, in addition to lowering blood pressure.
Studies in hyperlipidemic and eNOS-deficient mouse models demonstrate that aliskiren
therapy improves NO bioavailability (in a non-eNOS knockout model) and inhibits adverse
vascular remodeling [64,65]. Further, its beneficial effects appear to be potentiated by the
addition of downstream angiotensin Il receptor type 1 blockade [64,65]. Limited data as to its
effect on human vascular endothelial function have been published. In one recent study,
aliskiren improved endothelial function as measured by FMD and reduced vascular stiffness
in a small group of nonhypertensive patients with type 1 diabetes [66]. However, the effect of
renin inhibition on vascular endothelial function in humans with hypertension currently
remains unknown.

Mineralocorticoid Inhibition—Publication of the Randomized Aldactone Evaluation
Study (RALES), demonstrating the benefits of mineralocorticoid receptor inhibition following
myocardial infarction complicated by heart failure, rekindled interest in the use of this class of
agents [67]. Aldosterone’s genomic and non-genomic alterations exert rapid and significant
effects on the vasculature [68]. In animal models of hypertension, aldosterone inhibition
reduces oxidative stress through inhibition of NADPH oxidase while augmenting glucose-6-
phosphate dehydrogenase activity and reverses endothelial dysfunction in hypertensive models
[69-73].

In humans, increased plasma aldosterone levels are associated with an increased risk of incident
hypertension, even without elevation outside the range of normal [74,75]. Aldosterone infusion
has been shown to acutely impair endothelial function in some studies [76], but not all [77],
whereas aldosterone antagonism has been shown to reverse endothelial dysfunction in humans
with hypertension [78]. Hypertensive patients with elevated plasma aldosterone: renin ratios
show evidence of adverse vascular remodeling and greater microvascular dysfunction
compared with hypertensives with more normal ratios [79-81]. This finding suggests that
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hypertensive patients with a high plasma aldosterone:renin ratio may derive the most benefit
from mineralocorticoid receptor inhibition.

Several recent studies support a beneficial effect of aldosterone inhibition on vascular
homeostasis. Selective overexpression of mineralocorticoid receptors on the vascular
endothelium leads to an exaggerated constrictor response to either angiotensin Il or
endothelin-1 infusion [82]. Aldosterone inhibition blocks angiotensin Il induction of intimal
hyperplasia and medial hypertrophy in large, elastic conduit arteries [83]. In humans with
primary aldosteronism, tumor removal results in improved vascular endothelial function with
limited correlation to the postoperative reduction in blood pressure, suggesting the potential
for a beneficial effect of aldosterone blockade on endothelial function independent of blood
pressure lowering [84].

Conclusions

Evidence of an association between hypertension and endothelial dysfunction is convincing,
but a wide gulf remains to be bridged with respect to understanding the pathophysiological
connections between these two entities. Though it appears clear that hypertension is a state of
excessive oxidative stress, local vascular inflammation, and systemic inflammation, our
understanding of the underlying mechanisms and interactions of these alterations in vascular
homeostasis remains incomplete. The argument about which comes first, hypertension or
endothelial dysfunction, seems simplistic. Current data suggest that hypertension and
endothelial dysfunction reinforce each other. The etiologies of hypertension are diverse, and
the severity and relative contribution of endothelial dysfunction to the pathophysiology of
hypertension in an individual likely relates that individual’s unique underlying causes. As our
understanding of the mechanisms of hypertension increases, especially with added genomic
and proteomic information, our understanding of the interrelationship between these two
entities is likely to become clearer.

With respect to antihypertensive therapy, dietary sodium reduction not only reduces blood
pressure but also reverses hypertension-associated endothelial dysfunction. Consequently,
public health initiatives to reduce sodium intake would be likely to reap significant
cardiovascular benefits. Emerging antihypertensive therapies appear to have added benefits
with respect to endothelial function, but whether these benefits translate into improved
outcomes remains unknown. Answers to these questions gained through future investigations
may give us the knowledge to develop and implement novel interventions and strategies to
reduce the morbidity and mortality of hypertension.
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Fig. 1.

Potential mechanism of hypertension-associated endothelial dysfunction. Recent publications
suggest that hypertension is associated with increased production of reactive oxygen species
(ROS) from mitochondria and NADPH oxidase in the vascular endothelium. Local and
systemic inflammation also occurs, leading to an increase in activated complement factor 3
(C3) and subsequent increased vascular damage through reduced endothelial progenitor cell
(EPC) activity and inflammation-related damage. The resultant excessive oxidative stress and
inflammation result in endothelium-dependent vasomotor dysfunction. Endothelial
dysfunction may subsequently worsen hypertension. CRP—C-reactive protein
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