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ABSTRACT

With a prevalence in excess of 20%, hypertension is a common finding among Western adult populations.
Hypertension is directly implicated in the pathophysiology of various cardiovascular disease states and is a
significant contributor to ill health, leading to an excess of both morbidity and mortality. The etiology of hy-
pertension has been explored in depth, but the pathophysiology is multifactorial, complex, and poorly un-
derstood. Recent interest has been directed toward investigating the purported role of the endothelium, which
acts as an important regulator of vascular homeostasis. Endothelial dysfunction is now recognized to occur
in hypertension, regardless of whether the etiology is essential or secondary to endocrine or renal processes.
Nitric oxide (NO) is a volatile gas produced by endothelial cells that acts to maintain vascular tone. Reduced
bioavailability of NO appears to be the key process through which endothelial dysfunction is manifested in
hypertension. The result is of an imbalance of counteracting mechanisms, normally designed to maintain vas-
cular homeostasis, leading to vasoconstriction and impaired vascular function. It has become increasingly ap-
parent that these changes may be effected in response to enhanced oxidative stress, possibly as a result of sys-
temic and localized inflammatory responses. This article provides an overview of endothelial dysfunction in
hypertension and focuses on the purported role of oxidative stress and inflammation as the catalysts for this
process. Antioxid. Redox Signal. 10, 1079–1088.
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INTRODUCTION

HYPERTENSION is a common finding among Western adult
populations. The prevalence of this condition is in excess

of 20%, and this figure is increasing and varies in relation to
age and ethnicity (4, 52). In the 2001 Health Survey for En-
gland, the prevalence of hypertension was 3.3% in those
younger than 40 years, 27.9% in those aged between 40 and 79
years, and 49.9% in those 80 years and older (52).

Of concern, hypertension is a significant contributor to ill
health, resulting in an excess of both morbidity and mortality.
Moreover, hypertension is directly implicated in various car-
diovascular disease states, including stroke, ischemic heart dis-
ease, and peripheral vascular disease (52).

The etiology of essential hypertension has been explored in
depth, but the pathophysiology is complex and multifactorial

(42, 52). Recent interest has been directed toward investigating
the purported role of the endothelium—the largest organ in the
body—which acts as an important regulator of vascular ho-
meostasis, maintaining a balance between vasoconstriction, va-
sodilatation, and regulation of smooth muscle proliferation
while also providing a link with the coagulation cascade (91).
This link is important, not least because endothelial dysfunc-
tion may also contribute to (or be a consequence of) various
other cardiovascular processes such as atherosclerosis (13).

ENDOTHELIAL DYSFUNCTION

A large body of evidence now exists demonstrating endo-
thelial dysfunction in patients with hypertension (40, 68, 91).
Indeed, endothelial dysfunction is recognized to occur in hy-
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pertension regardless of whether the etiology is essential or sec-
ondary to endocrine or renal processes (77). It is important to
recognize that endothelial dysfunction is a functional and re-
versible alteration of endothelial cell function and, therein, dif-
fers significantly from endothelial damage, in which the macro-
scopic architecture of the endothelium is disrupted. Such
endothelial damage (“destruction”) may occur in association
with hypertension, particularly with target-organ damage (95).

Hypertension has a direct effect on vascular function, and
this process appears to occur independent of other cardiovas-
cular risk factors. Importantly, this may relate to alterations in
endothelial function (102). For example, Ward et al. (102) as-
sessed 24-h ambulatory blood pressure and brachial artery en-
dothelial and smooth muscle function in healthy volunteers and
subjects with hypertension. Their results demonstrated a sig-
nificant inverse correlation between systolic BP and flow-me-
diated dilatation (FMD). In addition, both diastolic and systolic
BP had a significant inverse correlation with nitroglycerine re-
sponse. These effects were largely unchanged after adjustment
for body mass index, drug therapy, or other cardiovascular risk
factors (102).

Further evidence for endothelial dysfunction in hypertension
relates to impaired endothelium-dependent relaxation in vari-
ous vascular beds (cutaneous, subcutaneous, muscle and coro-
nary microcirculation, and peripheral and coronary macrocir-
culation) in response to various stimuli such as receptor-based
(e.g., acetylcholine, bradykinin), mechanical (shear stress), or
mixed (exercise and cold pressor test) (40).

Prolonged systemic hypertension results in hypertensive tar-
get-organ damage, and the most common manifestation of this
is left ventricular hypertrophy (LVH). Of note, Ercan et al. (24)
demonstrated that LVH appears to have an additional negative
impact on systemic endothelial function in hypertensive pa-
tients. Other groups have also demonstrated similar findings in
both the coronary and peripheral circulations of hypertensive
patients (66).

Notably, the presence of endothelial dysfunction was asso-
ciated with increased cardiovascular events in several studies
(31, 63, 78, 86). For example, Suwaidi et al. (86) investigated
the outcome of patients with mild coronary artery disease on
the basis of endothelial function as assessed by coronary mi-
crocirculatory response to acetylcholine. They found that only
patients with severe endothelial dysfunction had events during
a mean follow-up of 28 months (86). Schachinger et al. (78)
confirmed similar findings in a later study (median follow-up,
7.7 years). This group found that endothelial dysfunction (as
assessed by endothelium-dependent dilator acetylcholine, sym-
pathetic activation by cold-pressor testing, and FMD) predicted
long-term atherosclerotic disease progression and cardiovascu-
lar event rates (78). In addition, endothelial dysfunction in the
large peripheral circulation (FMD of brachial artery) is predic-
tive of coronary events (63).

Vasoactive species

Of the various substances produced by the endothelium, ni-
tric oxide (NO) appears to be among the most important (15).
NO is a volatile gas produced by endothelial cells that, given
its lipophilic nature, is able to permeate cell membranes freely.
NO rapidly induces smooth muscle relaxation leading to va-

sodilatation. As this process is the hallmark of endothelial dys-
function, impaired NO production or activity has been proposed
as the major mechanism of endothelial dysfunction.

NO is formed by endothelial cells from its precursor L-argi-
nine by nitric oxide synthase (NOS). This enzyme (of which
three isoenzymes exist) is located on endothelial cell mem-
branes. NOS activity is inhibited by the protein caveolin-1,
which binds calmodulin. The enzyme is reactivated in response
to shear stress and other vasoactive species, thereby allowing
ionized calcium to bind calmodulin, thereby displacing cave-
olin-1 (Fig. 1) (5).

Other vasoactive species also are produced by the endothe-
lium, some of which cause vasoconstriction. Endothelin-1 (ET-
1) appears to be the principal endothelium-derived vasocon-
strictor (53). ET-1 not only counteracts the effects of NO, but
also promotes vascular growth. Although plasma levels of ET-
1 do not seem to be increased in essential hypertension, the
vasoconstrictive effect of this substance does appear to be re-
duced with diminished NO bioavailability (79). Thus, it is plau-
sible that the inhibitory effect of NO on ET-1 production and
activity is impaired in essential hypertension because of reduced
NO availability (90). The resulting imbalance between these
two vasoactive species may result in enhanced vasoconstriction
(88).

ENDOTHELIAL PROGENITOR CELLS 
IN HYPERTENSION

Endothelial progenitor cells (EPCs) are gaining increasing
acceptance as an important marker of vascular health. These
(predominantly) bone-marrow–derived stem cells are of para-
mount importance in the maintenance of endothelial integrity,
function, and postnatal neovascularization (74). These pro-
cesses are of particular importance, given that the mature en-
dothelium has limited regenerative capacity and must rely on
readily available EPCs to allow vascular repair (82). Impor-
tantly, the number and function of EPCs may reflect the bal-
ance between endothelial integrity and repair and can be used
as a surrogate marker of endothelial function.

Notably, EPCs have been shown to correlate inversely with
various cardiovascular risk factors (82). Of the various risk fac-
tors that alter EPC activity, hypertension has been shown to be
a strong predictor of impaired EPC migratory capacity (97).
Furthermore, angiotensin II appears to reduce telomerase ac-
tivity within EPCs and thereby may accelerate onset of EPC
senescence through increased oxidative stress (see later) (82).

In a key article, Hill et al. (32) demonstrated that EPCs may
be reflective of cardiovascular outcome by demonstrating an
association between the number of circulating EPCs and the
subjects’ combined Framingham risk factor score (r � –0.47;
p � 0.001) (32). Moreover, measurement of brachial artery re-
activity by FMD also revealed a significant association between
endothelial function and EPC numbers (32). In another study,
circulating EPCs were shown to predict the occurrence of car-
diovascular events (103).

In addition, drugs such as statins, erythropoietin, and estro-
gens that have been shown to improve endothelial function and
NO availability are potent EPC mobilizing agents (94). Indeed,
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Imanishi and colleagues (38) recently extended the work of
Vasa et al. (97) and provided further evidence for EPC dys-
function in hypertension. EPCs were cultured from rats with
spontaneous hypertension and rats with hypertension induced
by deoxycorticosterone acetate. Two parameters of senescence
were measured: the expression of �-galactosidase and telo-
merase activity. In both models, EPCs derived from hyperten-
sive rats displayed significant alterations in senescence com-
pared with those from normal controls (38). A subsequent
extension of this project investigated these findings in human
subjects with and without hypertension. Once again, the re-
searchers found reduction in telomerase activity, but also a cor-
relation between the degree of EPC senescence and severity in-
dex of hypertension (38).

However, despite such strong initial findings, two recent
studies failed to find an association between arterial hyperten-
sion and EPC numbers. Werner et al. (103) investigated 507
patients with coronary artery disease (432 of whom had arter-
ial hypertension). The investigators found no association be-
tween EPC numbers and the presence of hypertension, although
EPCs were predictive of cardiovascular events. More recently,
Delva et al. (18) studied 36 patients with essential hypertension
and 24 normotensive controls and found no difference in EPC
number or functional activity between the groups. Of course,
as acknowledged by the authors, this may simply reflect the
lack of standardization of various EPC definitions.

OXIDATIVE STRESS

Much of the available evidence for endothelial dysfunction
in hypertension relates to reduced NO availability, determined
by oxidative stress production, which causes enhanced NO
breakdown (89).

What is oxidative stress? This commonly refers to a com-
plicated process of cellular damage related to uncontrolled ac-
tion of reactive oxygen species (ROS). These are essentially a
group of molecules, including oxygen and its derivatives, pro-
duced by the normal process of aerobic metabolism. Examples
of such molecules include superoxide anion (•O2

�), hydroxyl
radical (•HO), and nitric oxide (•NO). These all possess un-
paired electrons and are termed “free radicals.” Other ROS that

have similar oxidizing ability include hydrogen peroxide
(H2O2), peroxynitrite (ONOO�), and hypochlorous acid
(HOCl) (7). The problem arises when excess ROS exist, and
normal antioxidative mechanisms are unable to cope. The re-
sulting oxidation of biologic components (DNA, lipids, carbo-
hydrates, protein, etc.) is now thought to be a major contribu-
tor to many cardiovascular diseases, including heart failure,
atherosclerosis, diabetes, and hypertension, the primary effect
being endothelial dysfunction.

What are the sources of oxidant stress in human physiology?
As mentioned, ROS are a result of normal metabolism in cells,
including those making up the endothelium. Production is po-
tentially via myriad enzymatic processes, some more important
contributors than others. These include xanthine oxidase,
NADH/NADPH oxidases, arachidonic acid pathways, cy-
tochrome p450s pathways, mitochondrial respiration, and
eNOS. These all contribute to a reduction in endothelium-de-
pendent vasodilation by decreasing endothelium-derived •NO.
Some of the most well-known sources of ROS are discussed
separately later and illustrated in Fig. 2.

NADH/NADPH oxidase

Current evidence suggests that this pathway is responsible
for the majority of superoxide (•O2

�) radicals produced (48).
Originally described in phagocytic immune cells (e.g., neu-
trophils), the NADH/NADPH oxidase system is now known to
reside in most types of vascular cells (i.e., endothelial cells),
smooth muscle cells, and so on (29, 67). Whereas in phago-
cytes, •O2

– is produced via an “oxidative burst,” which can then
dismutate to form another ROS, H2O2, enabling their bacteri-
cidal activity, the situation for vascular cells is probably dif-
ferent. For a start, the expression of the family of oxidase iso-
forms (NOX 1 to 5) varies between the vascular cell types, with
endothelial cells expressing all the isoforms, unlike vascular
smooth muscle cells, which express limited amounts. Akin to
the situation in phagocytes, vascular NADPH oxidase is nor-
mally tightly regulated in health, as the products are cytotoxic.
The regulatory factors include cytokines, hormones, and even
mechanical forces, all known to play a role in developing car-
diovascular disease (7).

When vascular smooth muscle cells are stimulated with fac-
tors such as angiotensin II, thrombin, platelet-derived growth
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FIG. 1. Production of nitric oxide (NO) by endo-
thelial cells. NO is produced from L-arginine by
endothelial nitric oxide synthase (eNOS). This reac-
tion requires several co-factors (not illustrated). In-
creased intracellular Ca2� as a consequence of shear
stress or vasodilators displaces the inhibitor calve-
olin from calmodulin (CaM), activating eNOS.
Adapted from ref. 5.
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factor, tumor growth factor, and lactosylceramide, all increase
vascular ROS production and NADH/NADPH oxidase activity
(6, 16, 28, 34, 54). In endothelial cells, angiotensin II stimu-
lates an increased expression of the subunits of the enzyme (e.g.,
NOX2) (48, 81), whereas mechanical shear stress prompts an
elevation of NADH-dependent •O2

– formation (17). To test the
relation further, it has been shown that treatments such as ac-
tivators of peroxisome proliferator–activated receptor (PPAR)
and HMG Co-A reductase inhibitors (statins) (known to de-
crease ROS levels), seem to effect a downregulation of mRNA
expression responsible for the enzyme subunits (21, 55).

In cardiovascular disease, it seems that both basal and
NADH-stimulated superoxide production is elevated in murine
models of heart failure and myocardial infarction (3). In other
models, atherosclerosis in vessels coincides with upregulation
of vascular NADPH, along with a decrease in •O2

– formation
after partial loss of the gene responsible for the enzyme (2). A
reduction in the atherosclerotic lesion also is witnessed (35).
All in all, there seems to be a good corresponding correlation
between NADPH oxidase(s) (its subunits; activity) and ROS
production in vascular cells, further suggesting that these cells
produce damaging ROS via functional NADPH enzymes.

Xanthine oxidase

Another source of ROS is through the xanthine oxidoreduc-
tase enzyme pathway. This molybdenum-conjugated enzyme is
available in two forms (xanthine dehydrogenase and xanthine
oxidase), which can interchange reversibly or permanently, de-
pending on the conditions. Both forms are involved in catalyz-
ing the conversion of xanthine to hypoxanthine and urate
(purine metabolism). However, whereas xanthine dehydroge-
nase reduces NAD�, xanthine oxidase transfers electrons to mo-
lecular oxygen, which leads to both •O2

– and H2O2 production
and may contribute to vascular disease (81).

The location of xanthine oxidase in vascular tissue appears
to be confined to endothelial cells, according to some reports
(39). However, xanthine oxidase is also found in plasma, after
being released from cells, and remains active with the ability
to bind onto the surface of endothelial cells (81, 104). Further

work has revealed that a molybdenum-deficient form of xan-
thine oxidase also can be found, which enables it to use NADH
as an electron donor and form •O2

–. The pathologic role for xan-
thine oxidase, in particular, has been suggested by studies
demonstrating that it produces ROS that in turn contribute to
an ischemia/reperfusion vascular injury (43, 109). In rabbits,
the inhibition of the enzyme reduces •O2

– generation and is as-
sociated with less endothelial dysfunction (see later) (65). Xan-
thine oxidase is also increased in the presence of heart failure
(47) and atherosclerosis (84).

eNOS

This enzyme is a cytochrome p450–like reductase that cat-
alyzes electron transport from NADPH to a heme group. Nor-
mally, this requires either L-arginine or tetrahydrobiopterin
(BH4) as cofactors, resulting in nitric oxide (NO) production.
However, when either substrate is absent or decreased, eNOS
can switch from producing •NO, to forming both •O2

– and H2O2

in what is now termed “eNOS uncoupling” (72). eNOS uncou-
pling has been confirmed in vivo in the setting of cardiovascu-
lar disease, including hypercholesterolemia, diabetes, smoking,
nitrate tolerance, and hypertension (30, 33, 46, 50, 61). It is
postulated that when eNOS uncoupling occurs in the endothe-
lium, it affects and greatly increases oxidative stress via at least
three mechanisms. It results in decreased •NO production as
well as a concurrent increase in •O2

– levels, which further adds
to oxidative stress. It also seems plausible that eNOS can exist
in a partially uncoupled state, generating both •NO and •O2

–.
Under these conditions, the reaction between •NO and •O2

– re-
sults in peroxynitrite, which goes on to oxidize BH4. Evidence
is emerging that the action of peroxynitrite ultimately leads to
further uncoupling of eNOS, thus perpetuating a dramatic surge
in oxidative stress levels (7, 50).

Mitochondrial respiration

Mitochondria are essential organelles present in eukaryotic
cells. Mitochondrial enzymes enable the generation of ATP.
However, in the course of generating a proton gradient for the
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FIG. 2. Mechanisms of oxidative
stress with free radical produc-
tion.
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production of ATP, a small percentage of electrons inevitably
react with available molecular oxygen to form reactive species
like •O2

– and H2O2. This phenomenon is potentiated by high
mitochondrial membrane potentials (81) and limited by “un-
coupling proteins” at the mitochondrial membrane, as well as
a special variant of superoxide dismutase (SOD), which effec-
tively eliminates •O2

– within the mitochondrial compartment
(8). The contribution of mitochondrial ROS production to oxi-
dant injury is particularly recognized in situations of hypoxia
and diabetes (10, 64).

ENDOTHELIAL DYSFUNCTION RELATED
TO OXIDATIVE STRESS

Although strictly speaking, endothelial dysfunction encom-
passes all the pathologic processes involving vascular endo-
thelium, including disordered angiogenesis and remodelling,
abnormal anticoagulative conditions, inflammation, atheroscle-
rosis, and so on, the term has become synonymous with im-
pairment of nitric oxide (•NO)-dependent vasodilation. •NO or
endothelium-derived relaxing factor (EDRF), as it was then
known, is an essential component of vascular biology in health
as well as disease, responsible for various actions such as va-
sodilation, prevention of thrombus formation, and regulating
smooth muscle proliferation and leukocyte adhesiveness to vas-
cular endothelium. When vascular •NO levels are suboptimal,
this results in endothelial dysfunction. Reduced •NO may oc-
cur directly as a result of decreased or inactivated endothelial
cell NO synthase (eNOS), a lack of substrate or cofactors for
eNOS, and increased •NO degradation by ROS. These are all
affected by and to a certain extent contribute to oxidative stress,
which is proving to a primary initiator for endothelial dys-
function.

Oxidative stress produced by the likes of ROS such as •O2
�

acts with and renders •NO inactive. Conversely, •NO is stabi-
lized by superoxide dismutase (SOD) a natural biologic deter-
rent of oxidative stress, and this enables •NO to exert its vas-
cular relaxation effect (7). Normally it is kept in equilibrium,
but the stabilization and inactivation of •NO is greatly altered
in the presence of cardiovascular disease or its risk factors, such
as diabetes mellitus, smoking, hyperlipidemia, and hyperten-
sion, and the net effect is a profound shift toward loss of •NO,
resulting in impaired vasodilation (7, 81).

Not surprisingly, these conditions are all associated with in-
creased levels of oxidative stress. Besides a direct effect on the
•NO vascular mechanism, ROS also affect low-density lipopro-
teins (LDLs), and the consequences include endothelial toxicity
and adhesion and migration of leukocytes, first to the endothe-
lium, followed by sequestration into the subendothelial space
(81). Once oxidized, LDL also inactivates •NO and its produc-
tion, thus contributing to endothelial dysfunction (11, 44).

The lack of endothelium-dependent vasodilation is now ac-
cepted as an early but reversible feature of atherosclerosis, and
it is associated with a higher risk for cardiovascular adverse
events and outcome (78). Some even suggest that endothelial
dysfunction is responsible for the progression of stable to un-
stable atherosclerosis (81). The mounting evidence suggests that
oxidative stress leading to the progression of endothelial dys-
function is crucial for cardiovascular disease development.

OXIDATIVE STRESS AND HYPERTENSION

Evidence from Animal Studies

In hypertension, oxidative stress has been demonstrated to
be a primary contributing factor (7). In the experimental set-
ting, studies of spontaneous hypertensive rats (SHRs) strongly
suggested that ROS species (e.g., •O2

� derived from xanthine
oxidase) dramatically affected the ability of the vasculature to
vasodilate. This was a result of decreased levels of bioavailable
•NO. With a recombinant form of SOD (or gene transfer of
SOD) to increase •NO bioavailability, blood pressure was sig-
nificantly reduced in SHRs but not normotensive control rats,
along with a dramatic improvement in vascular reactivity (12,
62). Similarly, administration of a xanthine oxidase inhibitor
(oxypurinol) reduced blood pressure (62). Taken together with
other evidence suggesting that hypertensive subjects demon-
strate elevated levels of free radicals amenable to oxypurinol
treatment (87), this implies a strong role for endothelial dys-
function in the pathogenesis of hypertension.

Other evidence includes the establishment of the role of
NADH/NADPH oxidase in angiotensin II–induced hyperten-
sion. In hypertensive rats (through long-term administration of
angiotensin II), it has been shown that NADH oxidase activity
is markedly increased, with a corresponding increase specifi-
cally in vascular •O2

� production (75). Delivery of exogenous
SOD rapidly restored vascular reactivity, with normalizing of
blood pressure (49). Other studies report a stimulation of •O2

�

production by angiotensin II in cultured vascular smooth mus-
cle cells, resulting from increased NADH oxidase action (28).
Still others report an increased mRNA expression of specific
enzyme subunits for NADH oxidase in angiotensin II–induced
hypertension (27).

It also is worth considering the importance of the •NO/ROS
balance in the context of perinatal control, put forward by
Racasan et al. (73). This theory proposes that a perinatal shift
in •NO/ROS balance will affect adult blood pressure control.
When the shift is toward increased ROS and a reduction in •NO,
this results in adult hypertension. When SHRs were investi-
gated, it was found that uncoupling of eNOS (and the resulting
•O2

� increase) induced a “positive-feedback loop,” culminat-
ing in a prolonged (or lifelong) change in the redox state. This
also caused a shift in the transcription and translation of blood
pressure–related control genes. By supplementing SHRs with
antioxidants and L-arginine (eNOS substrate/cofactor) in the
perinatal stage and in essence effecting an early “reprogram-
ming” of redox signaling, they were able to demonstrate a re-
duction in mean adult blood pressure (73).

Evidence from human studies

In human hypertension studies, similar evidence of a reduc-
tion in useful •NO is found, with a concomitant surge in ox-
idative stress levels (93). The balance of antioxidant activity
(superoxide dismutase, catalase) and natural ROS scavengers
(via vitamins E and C, glutathione, etc.) is upset in these hy-
pertensive patients (26). In attempts to readdress the balance
and increase antioxidant activity, it has been shown that vita-
min C effectively increases •NO with subsequent improvement
of endothelial function in essential hypertension (89). A possi-
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ble reduction in L-arginine bioavailability may be seen: when
the cofactor for eNOS is supplemented in patients with essen-
tial hypertension, a rapid improvement in endothelial function
occurs, as measured by flow-mediated dilatation (FMD) stud-
ies (51).

A helpful model for understanding hypertension involves pa-
tients with renovascular disease (RVD). In the latter, activation
of the renin–angiotensin system (RAS) is found, which has been
implicated in the development of secondary hypertension seen
in the disease. The chief mediator appears to be angiotensin II,
the activity of which is greatly increased. Angiotensin II is not
only a potent vasoconstrictor but has many other effects that il-
lustrate its position as a multifunctional hormone: it enhances
monocyte as well as platelet adhesion and causes proliferation
of vascular smooth muscle cells and collagen (26); cellular
events have been implicated in the progression of atheroscle-
rosis and plaque genesis (25, 85). As mentioned before, pro-
longed infusion of angiotensin II in rats produces hypertension
(75). Akin to these laboratory findings in iatrogenic hyperten-
sion, RVD hypertensive patients display an abnormal activation
of RAS, which significantly correlates with increased oxidative
stress, unlike in normotensive patients or essential hypertension
patients (58). The findings by Minuz et al. (58) provide more
evidence for a causative relation between renin activation
(RAS) and amplified oxidative stress. It also suggests that an-
giotensin II is itself a stimulus for oxidative stress in RVD.

As mentioned, growing evidence suggests that the etiology
of hypertension is partly a result of as well as a catalyst for fur-
ther ROS production (7, 27, 45, 57, 73). It is therefore unsur-
prising to note that the balance of ROS and the innate cellular
scavenging systems is upset in hypertensive subjects. A recent
study documented higher levels of the biologic ROS scavenger
superoxide dismutase (SOD) in patients compared with nor-
motensive subjects (106). The reasons have not been fully elu-
cidated, but presumably this is a “compensatory” biologic re-
sponse to the proven high levels of ROS. This study also
investigated the role of angiotensin II type 1 (AT1)-receptor an-
tagonist valsartan and demonstrated a profound effect in down-
regulating SOD mRNA. Interestingly, this effect was noted to
occur only in hypertensive patients rather than in normotensive
controls, despite similar treatment doses (106). In view of the
selective results of the treatment, the study postulated that a re-
duction in SOD resulted from a direct reduction in ROS levels
by valsartan, implying a useful antioxidant effect for valsartan.
The results also imply a potential oxidative stress role for an-
giotensin II in essential hypertension patients, rather than just
in RVD hypertension.

In hypertension, the endothelium also must contend with me-
chanical forces, in particular, shear stress. In general, shear
stress in the laminar form is associated with eNOS and •NO un-
regulation, plus increased natural antioxidant scavengers such
as glutathione peroxidase and SOD (70). This encourages a
healthy reactive vascular wall together with protection from ox-
idative stress damage. However, as in the case of hypertension,
shear stress, particularly in the oscillatory aspect, leads to dam-
aging effects through increased ROS production. In the short
term, this can mean the generation of •O2

� and H2O2, which
have been implicated in flow-induced vasodilatation in coro-
nary and cerebral vessels (59, 69). Sustained •O2

� production
with oscillatory shear stress, when combined with •NO to form

peroxynitrite, will further induce ROS production and exhaust
normal antioxidant mechanisms.

Oxidative stress and endothelial progenitor 
cells in hypertension

As mentioned, EPCs are now thought to be crucial for vas-
cular health and are increasingly shown to be useful surrogate
markers for cardiovascular disease and its risk factors, includ-
ing hypertension (97). As oxidative stress is also associated with
cardiovascular disease and risk, it is entirely plausible to in-
vestigate a link between levels and function of EPCs in the pres-
ence of oxidative stress.

A recent study showed that angiotensin II stimulates EPCs
to express gp91phox (a major NADH oxidase subunit) (101).
The findings also found that levels of peroxynitrite were ele-
vated as a result of angiotensin II, with a corresponding increase
in EPC senescence via telomerase inactivation. Taken together,
this implied excess oxidative stress affecting EPC function and
proliferative ability.

ROS also contribute to LDL oxidation: once oxidized, LDL
plays a role in endothelial dysfunction by inactivating •NO and
its production (29, 48). Besides their effects on •NO, oxidized
LDL (oxLDL) is now known to affect EPCs as well. First,
oxLDL appears to reduce the number and function of EPCs in
a concentration-dependent manner (36). Furthermore, the ca-
pacity of EPCs to proliferate, migrate, and adhere to fibronectin
is drastically impaired. The cause for the functional change in
EPC ability, as measured by in vitro studies, appears to stem
from oxLDL-induced senescence of EPCs (37) by diminishing
telomerase activity. By adding either specific oxLDL-receptor
antibody or a statin (atorvastatin), the same study was able to
demonstrate a significant reduction in telomerase inhibition,
thereby providing a novel mechanism by which statins reduce
oxidative stress effects on EPCs. It has been shown that HMG-
CoA reductase inhibitors like atorvastatin effectively increased
functional circulating EPCs in patients with stable cardiovas-
cular disease (96).

INFLAMMATION, OXIDATIVE STRESS,
AND ENDOTHELIAL DYSFUNCTION

The potential role for low-grade systemic inflammation to
drive various disease states has become increasingly appreci-
ated. The most studied marker of inflammation is high-sensi-
tivity C-reactive protein (hsCRP). This circulating acute-phase
reactant is synthesized in the liver primarily in response to in-
terleukin-6 (IL-6) and IL-1� and shows remarkable potential as
a predictor of future cardiovascular events in those with pre-
existing cardiovascular disease (19, 105). Even in apparently
healthy subjects, hsCRP has emerged as a strong, reproducible,
and independent risk factor for future cardiovascular events
(14).

Crucially, hsCRP has been related to systolic BP, pulse pres-
sure, and incident hypertension (9, 23) and also to markers of
endothelial dysfunction (e.g., von Willebrand factor, tissue plas-
minogen activator) (108). Curiously, no correlation was found
between hsCRP and diastolic BP (1, 80). Other groups have re-
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lated hsCRP levels to increased large-artery stiffness and re-
duced elasticity, potentially also contributing to increased blood
pressure (22, 56, 107). Thus, CRP may be more than purely a
marker of increased cardiovascular risk, but may be intimately
involved in the promotion of endothelial dysfunction.

In endothelial cells, CRP has been shown to facilitate release
of ET-1 (60, 98), reduce NO synthase (83) and the bioavail-
ability of NO (71), and consequently reduce NO-mediated va-
sodilatation. Furthermore, in vascular smooth muscle cells,
CRP induced expression of angiotensin-1 (AT-1) receptors,
thereby enhancing ROS formation, further reducing NO
bioavailability (99). CRP also displays the ability to reduce
prostacyclin formation (another) and reduces EPC survival, dif-
ferentiation, and function (92).

Antihypertensive therapy

As already discussed, given the intimate relation between the
renin–angiotensin–aldosterone system and NO formation, it
would be expected that drugs modulating this pathway may dis-
play beneficial effects on endothelial function. Losartan has
been shown to attenuate CRP-induced upregulation of the 
AT-1 receptor. However, neither losartan, irbesartan, nor can-
desartan displays any impact in reducing serum CRP in hyper-
tensive patients (100). In the recent Val-MARC (Valsartan
Managing blood pressure Aggressively and evaluating Reduc-
tions in hsCRP) study, valsartan may have a minor impact on
hsCRP levels (76). Incidentally, this effect was lost when val-
sartan was combined with a thiazide diuretic (76).

CONCLUSIONS

Hypertension is an important cardiovascular risk factor and
contributes to growing ill health. Numerous drugs are available,
and the significant benefits of optimizing blood pressure con-
trol are clear. Nevertheless, it is worrying that despite the suc-
cess of such therapies, our knowledge and understanding of the
basic pathophysiologic and causative processes remain limited,
given the fact that the pathophysiology of this condition is mul-
tifactorial, complex, and poorly understood. Recent interest has
been directed toward investigating the purported role of the en-
dothelium, which acts as an important regulator of vascular ho-
meostasis. Endothelial dysfunction is now clearly recognized
to be central to the pathophysiology of hypertension, regardless
of whether the etiology is essential or secondary to endocrine
or renal processes.

ABBREVIATIONS

AT1, Angiotensin II type 1; ATP, adenosine triphosphate;
BP, blood pressure; EDRF, endothelium-derived relaxing fac-
tor; eNOS, endothelial nitric oxide synthase; EPC, endothelial
progenitor cell; ET-1, endothelin-1; FMD, flow-mediated di-
latation; H2O2, hydrogen peroxide; HMG-CoA reductase, 3-hy-
droxy-3-methylglutaryl co-enzyme A reductase; HO, hydroxyl
radical; HOCl, hypocholorous acid; hsCRP, high-sensitivity C-
reactive protein; IL-1�, interleukin-1�; IL-6, interleukin-6;

LDL, low-density lipoprotein; LVH, left ventricular hypertro-
phy; mRNA, messenger ribonucleic acid; NAD, nicotinamide
adenine dinucleotide; NADH, reduced/hydrogenated
nicotineamide adenine dinucleotide; NADPH, nicotinamide
adenine dinucleotide phosphate; NO, nitric oxide; NOS, nitric
oxide synthase; NOX, oxides of nitrogen; O2

�, superoxide an-
ion; ONOO�, peroxynitrite; oxLDL, oxidized low-density
lipoprotein; PPAR, peroxisome proliferator-activated receptor;
RAS, renin–angiotensin system; ROS, reactive oxygen species;
RVD, renovascular disease; SHR, spontaneous hypertensive
rat; SOD, serum oxide dismutase; ValMARC, Valsartan Man-
aging blood pressure Aggressively and evaluating Reductions
in hsCRP clinical trial;

ACKNOWLEDGMENTS

G.L. has received funding for research, educational sym-
posia, consultancy, and lecturing from different manufacturers
of drugs used for the treatment of atrial fibrillation and throm-
bosis.

REFERENCES

1. Abramson JL, Weintraub WS, and Vaccarino V. Association be-
tween pulse pressure and C-reactive protein among apparently
healthy US adults. Hypertension 39: 197–202, 2002.

2. Barry-Lane PA, Patterson C, van der Merwe M, Hu Z, Holland
SM, Yeh ET, and Runge MS. p47phox is required for athero-
sclerotic lesion progression in ApoE(-/-) mice. J Clin Invest 108:
1513–22, 2001.

3. Bauersachs J, Bouloumie A, Fraccarollo D, Hu K, Busse R, and
Ertl G. Endothelial dysfunction in chronic myocardial infarction
despite increased vascular endothelial nitric oxide synthase and
soluble guanylate cyclase expression: role of enhanced vascular
superoxide production. Circulation 100: 292–298, 1999.

4. Beevers DG, Lip GYH, and O’Brien E. ABC of hypertension. 4th
ed. London: BMJ Publishing Group, 2001:12.

5. Behrendt D and Ganz P. Endothelial function: from vascular bi-
ology to clinical applications. Am J Cardiol 90(suppl): 40L–48L,
2002.

6. Bhunia AK, Han H, Snowden A, and Chatterjee S. Redox-regu-
lated signaling by lactosylceramide in the proliferation of human
aortic smooth muscle cells. J Biol Chem 272: 15642–15649, 1997.

7. Cai H and Harrison DG. Endothelial dysfunction in cardiovascu-
lar diseases: the role of oxidant stress. Circ Res 87: 840–844,
2000.

8. Casteilla L, Rigoulet M, and Penicaud L. Mitochondrial ROS me-
tabolism: modulation by uncoupling proteins. IUBMB Life 52:
181–188, 2001.

9. Chae CU, Lee RT, Rifai N, and Ridker PM. Blood pressure and
inflammation in apparently healthy men. Hypertension 38:
399–403, 2001.

10. Chandel NS, McClintock DS, Feliciano CE, Wood TM, Melen-
dez JA, Rodriguez AM, and Schumacker PT. Reactive oxygen
species generated at mitochondrial complex III stabilize hypoxia-
inducible factor-1alpha during hypoxia: a mechanism of O2 sens-
ing. J Biol Chem 275: 25130–25138, 2000.

11. Chin JH, Azhar S, and Hoffman BB. Inactivation of endothelial
derived relaxing factor by oxidized lipoproteins. J Clin Invest 89:
10–18, 1992.

12. Chu Y, Iida S, Lund DD, Weiss RM, DiBona GF, Watanabe Y, Faraci
FM, and Heistad DD. Gene transfer of extracellular superoxide dis-
mutase reduces arterial pressure in spontaneously hypertensive rats:
role of heparin-binding domain. Circ Res 92: 461–468, 2003.

ENDOTHELIAL DYSFUNCTION IN HYPERTENSION 1085



13. Clapp BR, Hingorani AD, Kharbanda RK, Mohamed-Ali V,
Stephens JW, Vallance P, and MacAllister RJ. Inflammation-in-
duced endothelial dysfunction involves reduced nitric oxide
bioavailability and increased oxidant stress. Cardiovasc Res 64:
172–178, 2004.

14. Danesh J, Whincup P, Walker M, Lennon L, Thomson A, Ap-
pleby P, Gallimore JR, and Pepys MB. Low grade inflammation
and coronary heart disease: prospective study and updated meta-
analyses. Br Med J 321: 199–204, 2000.

15. Davignon J and Ganz P. Role of endothelial dysfunction in ath-
erosclerosis. Circulation 109: 11127–11132, 2004.

16. De Keulenaer GW, Alexander RW, Ushio-Fukai M, Ishizaka N,
and Griendling KK. Tumour necrosis factor alpha activates a
p22phox-based NADH oxidase in vascular smooth muscle.
Biochem J 329: 653–657,1998

17. De Keulenaer GW, Chappell DC, Ishizaka N, Nerem RM, Alexan-
der RW, and Griendling KK. Oscillatory and steady laminar shear
stress differentially affect human endothelial redox state: role of
a superoxide-producing NADH oxidase. Circ Res 82: 1094–1101,
1998.

18. Delva P, Degan M, Vallerio P, Arosio E, Minuz P, Amen G, Di
Chio M, and Lechi A. Endothelial progenitor cells in patients with
essential hypertension. J Hypertens 25: 127–132, 2007.

19. Dernellis J and Panaretou M. Relationship between C-reactive
protein concentrations during glucocorticoid therapy and recur-
rent atrial fibrillation. Eur Heart J 25: 1100–1107, 2004.

20. Dimmeler S. Number and migratory activity of circulating endo-
thelial progenitor cells inversely correlate with risk factors for
coronary artery disease Circ Res 89: E1–E7, 2001.

21. Du XL, Edelstein D, Dimmeler S, Ju Q, Sui C, and Brownlee M.
Hyperglycemia inhibits endothelial nitric oxide synthase activity
by posttranslational modification at the Akt site. J Clin Invest 108:
1341–1348, 2001

22. Duprez DA, Somasundaram PE, Sigurdsson G, Hoke L, Florea
N, and Cohn JN. Relationship between C-reactive protein and ar-
terial stiffness in an asymptomatic population. J Hum Hypertens
19: 515–519, 2005.

23. Engstrom G, Janzon L, Berglund G, Lind P, Stavenow L, Hed-
blad B, and Lindgarde F. Blood pressure increase and incidence
of hypertension in relation to inflammation-sensitive plasma pro-
teins. Arterioscler Thromb Vasc Biol 22: 2054–2058, 2002.

24. Ercan E, Tengiz I, Ercan HE, and Nalbantgil I. Left ventricular
hypertrophy and endothelial functions in patients with essential
hypertension. Coron Artery Dis 14: 541–544, 2003.

25. Ferrario CM, Richmond RS, Smith R, Levy P, Strawn WB, and
Kivlighn S. Renin-angiotensin system as a therapeutic target in
managing atherosclerosis. Am J Ther 11: 44–53, 2004.

26. Ferroni P, Basili S, Paoletti V, and Davi G. Endothelial dysfunc-
tion and oxidative stress in arterial hypertension. Nutr Metab Car-
diovasc Dis 16: 222–233, 2006.

27. Fukui T, Ishizaka N, Rajagopalan S, Laursen JB, Capers Q 4th,
Taylor WR, Harrison DG, de Leon H, Wilcox JN, and Griendling
KK. p22phox mRNA expression and NADPH oxidase activity are
increased in aortas from hypertensive rats. Circ Res 80: 45–51,
1997.

28. Griendling KK, Minieri CA, Ollerenshaw JD, and Alexander RW.
Angiotensin II stimulates NADH and NADPH oxidase activity in
cultured vascular smooth muscle cells. Circ Res 74: 1141–1148,
1994.

29. Griendling KK, Sorescu D, and Ushio-Fukai M. NAD(P)H oxi-
dase: role in cardiovascular biology and disease. Circ Res 86:
494–501, 2000.

30. Heitzer T, Brockhoff C, Mayer B, Warnholtz A, Mollnau H,
Henne S, Meinertz T, and Munzel T. Tetrahydrobiopterin im-
proves endothelium-dependent vasodilation in chronic smokers:
evidence for a dysfunctional nitric oxide synthase. Circ Res 86:
E36–E41, 2000.

31. Heitzer T, Schlinzig T, Krohn K, Meinertz T, and Munzel T. En-
dothelial dysfunction, oxidative stress, and risk of cardiovascular
events in patients with coronary artery disease. Circulation 104:
2673–2678, 2001.

32. Hill JM, Zalos G, Halcox JP, Schenke WH, Waclawiw MA,
Quyyumi AA, and Finkel T. Circulating endothelial progenitor

cells, vascular function, and cardiovascular risk. N Engl J Med
348: 593–600, 2003.

33. Hink U, Li H, Mollnau H, Oelze M, Matheis E, Hartmann M,
Skatchkov M, Thaiss F, Stahl RA, Warnholtz A, Meinertz T,
Griendling K, Harrison DG, Forstermann U, and Munzel T. Mech-
anisms underlying endothelial dysfunction in diabetes mellitus.
Circ Res 88: E14–E22, 2001.

34. Holland JA, Meyer JW, Chang MM, O’Donnell RW, Johnson
DK, and Ziegler LM. Thrombin stimulated reactive oxygen
species production in cultured human endothelial cells. Endothe-
lium 6: 113–121, 1998.

35. Hsich E, Segal BH, Pagano PJ, Rey FE, Paigen B, Deleonardis
J, Hoyt RF, Holland SM, and Finkel T. Vascular effects follow-
ing homozygous disruption of p47(phox): an essential component
of NADPH oxidase. Circulation 101: 1234–1236, 2000.

36. Imanishi T, Hano T, and Nishio I. Angiotensin II accelerates en-
dothelial progenitor cell senescence through induction of oxida-
tive stress. J Hypertens 23: 97–104, 2005.

37. Imanishi T, Hano T, Sawamura T, and Nishio I. Oxidized low-
density lipoprotein induces endothelial progenitor cell senescence,
leading to cellular dysfunction. Clin Exp Pharmacol Physiol 31:
407–413, 2004.

38. Imanishi T, Moriwaki C, Hano T, and Nishio I. Endothelial pro-
genitor cell senescence is accelerated in both experimental hy-
pertensive rats and patients with essential hypertension. J Hyper-
tens 23: 1831–1837, 2005.

39. Jarasch ED, Grund C, Bruder G, Heid HW, Keenan TW, and
Franke WW. Localization of xanthine oxidase in mammary-gland
epithelium and capillary endothelium. Cell 25: 67–82, 1981.

40. John S and Schmieder RE. Impaired endothelial function in arte-
rial hypertension and hypercholesterolemia: potential mechanisms
and differences. J Hypertens 18: 363–374, 2000.

41. Lip GY, Barnett AH, Bradbury A, Cappuccio FP, Gill PS, Hughes
E, Imray C, Jolly K, and Patel K. Ethnicity and cardiovascular
disease prevention in the United Kingdom: a practical approach
to management. 21: 183–121, 2007.

42. Kakar P and Lip GY. Towards understanding the aetiology and
pathophysiology of human hypertension: where are we now? J
Hum Hypertens 20: 833–836, 2006.

43. Korthuis RJ, Granger DN, Townsley MI, and Taylor AE. The role
of oxygen-derived free radicals in ischemia-induced increases in
canine skeletal muscle vascular permeability. Circ Res 57:
599–609, 1985.

44. Kugiyama K, Kerns SA, Morrisett JD, Roberts R, and Henry PD.
Impairment of endothelium-dependent arterial relaxation by
lysolecithin in modified low-density lipoproteins. Nature 344:
160–162, 1990.

45. Lacy F, O’Connor DT, and Schmid-Schonbein GW. Plasma hy-
drogen peroxide production in hypertensives and normotensive
subjects at genetic risk of hypertension. J Hypertens 16: 291–303,
1998.

46. Landmesser U, Dikalov S, Price SR, McCann L, Fukai T, 
Holland SM, Mitch WE, and Harrison DG. Oxidation of tetra-
hydrobiopterin leads to uncoupling of endothelial cell nitric 
oxide synthase in hypertension. J Clin Invest 111: 1201–1209,
2003.

47. Landmesser U, Spiekermann S, Dikalov S, Tatge H, Wilke R,
Kohler C, Harrison DG, Hornig B, and Drexler H. Vascular ox-
idative stress and endothelial dysfunction in patients with chronic
heart failure: role of xanthine-oxidase and extracellular superox-
ide dismutase. Circulation 106: 3073–3078, 2002.

48. Lassegue B and Clempus RE. Vascular NAD(P)H oxidases: spe-
cific features, expression, and regulation. Am J Physiol Regul In-
tegr Comp Physiol 285: R277–R297, 2003.

49. Laursen JB, Rajagopalan S, Galis Z, Tarpey M, Freeman BA, and
Harrison DG. Role of superoxide in angiotensin II-induced but
not catecholamine-induced hypertension. Circulation 95:
588–593, 1997.

50. Laursen JB, Somers M, Kurz S, McCann L, Warnholtz A, Free-
man BA, Tarpey M, Fukai T, and Harrison DG. Endothelial reg-
ulation of vasomotion in apoE-deficient mice: implications for in-
teractions between peroxynitrite and tetrahydrobiopterin.
Circulation 103: 1282–1288, 2001.

WATSON ET AL.1086



51. Lekakis JP, Papathanassiou S, Papaioannou TG, Papamichael
CM, Zakopoulos N, Kotsis V, Dagre AG, Stamatelopoulos K,
Protogerou A, and Stamatelopoulos SF. Oral L-arginine improves
endothelial dysfunction in patients with essential hypertension. Int
J Cardiol 86: 317–323, 2002.

52. Lip GY, Barnett AH, Bradbury A, Cappuccio FP, Gill PS, Hughes
E, Imray C, Jolly K, and Patel K. Ethnicity and cardiovascular
disease prevention in the United Kingdom: a practical approach
to management. J Hum Hypertens 21: 183–211, 2007.

53. Luscher TF and Vanhoutte PM. The endothelium: modulator 
of cardiovascular function. Boca Raton, Florida: CRC Press,
1990.

54. Marumo T, Schini-Kerth VB, Fisslthaler B, and Busse R. Platelet-
derived growth factor-stimulated superoxide anion production
modulates activation of transcription factor NF-kappaB and ex-
pression of monocyte chemoattractant protein 1 in human aortic
smooth muscle cells. Circulation 96: 2361–2367, 1997.

55. Mathews CE, McGraw RA, Dean R, and Berdanier CD. Inheri-
tance of a mitochondrial DNA defect and impaired glucose tol-
erance in BHE/Cdb rats. Diabetologia 42: 35–40, 1999.

56. Mattace-Raso FU, van der Cammen TJ, van der Meer IM,
Schalekamp MA, Asmar R, Hofman A, and Witteman JC. C-re-
active protein and arterial stiffness in older adults: the Rotterdam
Study. Atherosclerosis 176: 111–116, 2004.

57. Mehta JL, Lopez LM, Chen L, and Cox OE. Alterations in nitric
oxide synthase activity, superoxide anion generation, and platelet
aggregation in systemic hypertension, and effects of celiprolol.
Am J Cardiol 74: 901–905, 1994.

58. Minuz P, Patrignani P, Gaino S, Degan M, Menapace L, Tom-
masoli R, Seta F,Capone ML, Tacconelli S, Palatresi S, Bencini
C, Del Vecchio C, Mansueto G, Arosio E, Santonastaso CL, Lechi
A, Morganti A, and Patrono C. Increased oxidative stress and
platelet activation in patients with hypertension and renovascular
disease. Circulation 106: 2800–2805, 2002.

59. Miura H, Bosnjak JJ, Ning G, Saito T, Miura M, and Gutterman
DD. Role for hydrogen peroxide in flow-induced dilation of hu-
man coronary arterioles. Circ Res 92: e31–e40, 2003.

60. Montero I, Orbe J, Varo N, Beloqui O, Monreal JI, Rodriguez JA,
Diez J, Libby P, and Paramo JA. C-reactive protein induces ma-
trix metalloproteinase-1 and -10 in human endothelial cells: im-
plications for clinical and subclinical atherosclerosis. J Am Coll
Cardiol 47: 1369–1378, 2006.

61. Munzel T, Li H, Mollnau H, Hink U, Matheis E, Hartmann M,
Oelze M, Skatchkov M, Warnholtz A, Duncker L, Meinertz T,
and Forstermann U. Effects of long-term nitroglycerin treatment
on endothelial nitric oxide synthase (NOS III) gene expression,
NOS III-mediated superoxide production, and vascular NO
bioavailability. Circ Res 86: E7–E12, 2000.

62. Nakazono K, Watanabe N, Matsuno K, Sasaki J, Sato T, and In-
oue M. Does superoxide underlie the pathogenesis of hyperten-
sion? Proc Natl Acad Sci U S A 88: 10045–10048, 1991.

63. Neunteufl T, Heher S, Katzenschlager R, Wolfl G, Kostner K,
Maurer G, and Weidinger F. Late prognostic value of flow-me-
diated dilation in the brachial artery of patients with chest pain.
Am J Cardiol 86: 207–210, 2000.

64. Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T,
Kaneda Y, Yorek MA, Beebe D, Oates PJ, Hammes HP, Giardino
I, and Brownlee M. Normalizing mitochondrial superoxide pro-
duction blocks three pathways of hyperglycaemic damage. Na-
ture 404: 787–790, 2000.

65. Ohara Y, Peterson TE, and Harrison DG. Hypercholesterolemia
increases endothelial superoxide anion production. J Clin Invest
91: 2546–2551, 1993.

66. Olsen MH, Wachtell K, Meyer C, Hove JD, Palmieri V, Dige-
Petersen H, Rokkedal J, Hesse B, and Ibsen H. Association be-
tween vascular dysfunction and reduced myocardial flow reserve
in patients with hypertension: a LIFE substudy. J Hum Hypertens
18: 445–452, 2004.

67. Pagano PJ, Clark JK, Cifuentes-Pagano ME, Clark SM, Callis
GM, and Quinn MT. Localization of a constitutively active,
phagocyte-like NADPH oxidase in rabbit aortic adventitia: en-
hancement by angiotensin II. Proc Natl Acad Sci U S A 94:
14483–14488, 1997.

68. Panza JA, Quyyumi AA, Brush JE Jr, and Epstein SE. Abnormal
endothelium-dependent vascular relaxation in patients with es-
sential hypertension. N Engl J Med 323: 322–327, 1990.

69. Paravicini TM, Miller AA, Drummond GR, and Sobey CG. Flow-
induced cerebral vasodilatation in vivo involves activation of
phosphatidylinositol-3 kinase, NADPH-oxidase, and nitric oxide
synthase. J Cereb Blood Flow Metab 26: 836–845, 2006.

70. Paravicini TM and Touyz RM. Redox signaling in hypertension.
Cardiovasc Res 71: 247–258, 2006

71. Pasceri V, Willerson JT, and Yeh ET. Direct proinflammatory ef-
fect of C-reactive protein on human endothelial cells. Circulation
102: 2165–2168, 2000.

72. Pritchard KA Jr, Groszek L, Smalley DM, Sessa WC, Wu M, Vil-
lalon P, Wolin MS, and Stemerman MB. Native low-density
lipoprotein increases endothelial cell nitric oxide synthase gener-
ation of superoxide anion. Circ Res 77: 510–518, 1995.

73. Racasan S, Braam B, Koomans HA, and Joles JA. Programming
blood pressure in adult SHR by shifting perinatal balance of NO
and reactive oxygen species toward NO: the inverted Barker phe-
nomenon. Am J Physiol Renal Physiol 288: F626–F636, 2005.

74. Rafii S and Lyden D. Therapeutic stem and progenitor cell trans-
plantation for organ vascularization and regeneration. Nat Med 9:
702–712, 2003.

75. Rajagopalan S, Kurz S, Munzel T, Tarpey M, Freeman BA,
Griendling KK, and Harrison DG. Angiotensin II-mediated hy-
pertension in the rat increases vascular superoxide production via
membrane NADH/NADPH oxidase activation: contribution to al-
terations of vasomotor tone. J Clin Invest 97: 1916–1923, 1996.

76. Ridker PM, Danielson E, Rifai N, and Glynn RJ, Val-MARC In-
vestigators. Valsartan, blood pressure reduction, and C-reactive
protein: primary report of the Val-MARC trial. Hypertension 48:
73–79, 2006.

77. Rizzoni D, Porteri E, Castellano M, Bettoni G, Muiesan ML,
Tiberio G, Giulini SM, Rossi G, Bernini G, and Agabiti-Rosei E.
Endothelial dysfunction in hypertension is independent from the
etiology and from vascular structure. Hypertension 31: 335–341,
1998.

78. Schachinger V, Britten MB, and Zeiher AM. Prognostic impact of
coronary vasodilator dysfunction on adverse long-term outcome of
coronary heart disease. Circulation 101: 1899–1906, 2000.

79. Schiffrin EL. Role of endothelin-1 in hypertension. Hypertension
34: 876–881, 1999.

80. Schillaci G, Pirro M, Gemelli F, Pasqualini L, Vaudo G, March-
esi S, Siepi D, Bagaglia F, and Mannarino E. Increased C-reac-
tive protein concentrations in never-treated hypertension: the role
of systolic and pulse pressures. J Hypertens 21: 1841–1846, 2003.

81. Schulz E, Anter E, and Keaney JF Jr. Oxidative stress, antioxi-
dants, and endothelial function. Cr Med Chem 11:1093–1104,
2004.

82. Shantsila E, Watson T, and Lip GY. Endothelial progenitor cells
in cardiovascular disorders. J Am Coll Cardiol 49: 741–752, 2007.

83. Singh U, Devaraj S, and Jialal I. C-reactive protein decreases tis-
sue plasminogen activator activity in human aortic endothelial
cells: evidence that C-reactive protein is a procoagulant. Arte-
rioscler Thromb Vasc Biol 25: 2216–2221, 2005.

84. Spiekermann S, Landmesser U, Dikalov S, Bredt M, Gamez G,
Tatge H, Reepschlager N, Hornig B, Drexler H, and Harrison DG.
Electron spin resonance characterization of vascular xanthine and
NAD(P)H oxidase activity in patients with coronary artery dis-
ease: relation to endothelium-dependent vasodilation. Circulation
107: 1383–1389, 2003.

85. Strawn WB and Ferrario CM. Mechanisms linking angiotensin II
and atherogenesis. Curr Opin Lipidol 13: 505–512, 2002.

86. Suwaidi JA, Hamasaki S, Higano ST, Nishimura RA, Holmes DR
Jr, and Lerman A. Long-term follow-up of patients with mild
coronary artery disease and endothelial dysfunction. Circulation
101: 948–954, 2000.

87. Suzuki H, Swei A, Zweifach BW, and Schmid-Schonbein GW.
In vivo evidence for microvascular oxidative stress in sponta-
neously hypertensive rats: hydroethidine microfluorography. Hy-
pertension 25: 1083–1089, 1995.

88. Taddei S and Salvetti A. Endothelial dysfunction in essential hy-
pertension: clinical implications. J Hypertens 20: 1671–1674, 2002.

ENDOTHELIAL DYSFUNCTION IN HYPERTENSION 1087



89. Taddei S, Virdis A, Ghiadoni L, Magagna A, and Salvetti A. Vi-
tamin C improves endothelium-dependent vasodilation by restor-
ing nitric oxide activity in essential hypertension. Circulation 97:
2222–2229, 1998.

90. Taddei S, Virdis A, Ghiadoni L, Sudano I, Notari M, and Salvetti
A. Vasoconstriction to endogenous endothelin-1 is increased in
the peripheral circulation of patients with essential hypertension.
Circulation 100: 1680–1683, 1999.

91. Thuillez C and Richard V. Targeting endothelial dysfunction in hy-
pertensive subjects. J Hum Hypertens 19(suppl 1): S21–S25, 2005.

92. Torzewski M, Rist C, Mortensen RF, Zwaka TP, Bienek M, Wal-
tenberger J, Koenig W, Schmitz G, Hombach V, and Torzewski
J. C-reactive protein in the arterial intima: role of C-reactive pro-
tein receptor-dependent monocyte recruitment in atherogenesis.
Arterioscler Thromb Vasc Biol 20: 2094–2099, 2000.

93. Touyz RM. Reactive oxygen species, vascular oxidative stress,
and redox signaling in hypertension: what is the clinical signifi-
cance? Hypertension 44: 248–252, 2004.

94. van Zonneveld AJ and Rabelink TJ. Endothelial progenitor cells:
biology and therapeutic potential in hypertension. Curr Opin
Nephrol Hypertens 15: 167–172, 2006.

95. Varughese GI, Patel JV, Tomson J, Blann AD, Hughes EA, and
Lip GY. Prognostic value of plasma soluble P-selectin and von
Willebrand factor as indices of platelet activation and endothelial
damage/dysfunction in high-risk patients with hypertension: a
sub-study of the Anglo-Scandinavian Cardiac Outcomes Trial. J
Intern Med 261: 384–391, 2007.

96. Vasa M, Fichtlscherer S, Adler K, Aicher A, Martin H, Zeiher
AM, and Dimmeler S. Increase in circulating endothelial pro-
genitor cells by statin therapy in patients with stable coronary
artery disease. Circulation 103: 2885–2890, 2001.

97. Vasa M, Fichtlscherer S, Aicher A, Adler K, Urbich C, Martin
H, Zeiher AM, and Dimmeler S. Number and migratory activity
of circulating endothelial progenitor cells inversely correlate with
risk factors for coronary artery disease. Circ Res 89: E1–E7, 2001.

98. Verma S, Li SH, Badiwala MV, Weisel RD, Fedak PW, Li RK,
Dhillon B, and Mickle DA. Endothelin antagonism and inter-
leukin-6 inhibition attenuate the proatherogenic effects of C-re-
active protein. Circulation 105: 1890–1896, 2002.

99. Verma S, Wang CH, Li SH, Dumont AS, Fedak PW, Badiwala
MV, Dhillon B, Weisel RD, Li RK, Mickle DA, and Stewart DJ.
A self-fulfilling prophecy: C-reactive protein attenuates nitric ox-
ide production and inhibits angiogenesis. Circulation 106:
913–919, 2002.

100. Wang CH, Li SH, Weisel RD, Fedak PW, Dumont AS, Szmitko
P, Li RK, Mickle DA, and Verma S. C-reactive protein upregu-
lates angiotensin type 1 receptors in vascular smooth muscle. Cir-
culation 107: 1783–1790, 2003.

101. Wang X, Chen J, Tao Q, Zhu J, and Shang Y. Effects of ox-LDL
on number and activity of circulating endothelial progenitor cells.
Drug Chem Toxicol 27: 250–255, 2004.

102. Ward NC, Croft KD, Hodgson J, Rich L, Beilin LJ, and Pud-
dey IB. Brachial artery vasomotor function is inversely associ-
ated with 24-h ambulatory blood pressure. J Hypertens 22:
967–972, 2004.

103. Werner N, Kosiol S, Schiegl T, Ahlers P, Walenta K, Link A,
Bohm M, and Nickenig G. Circulating endothelial progenitor
cells and cardiovascular outcomes. N Engl J Med 353:
999–1007, 2005.

104. White CR, Darley-Usmar V, Berrington WR, McAdams M, Gore
JZ, Thompson JA, Parks DA, Tarpey MM, and Freeman BA. Cir-
culating plasma xanthine oxidase contributes to vascular dys-
function in hypercholesterolemic rabbits. Proc Natl Acad Sci 
U S A 93: 8745–8749, 1996.

105. Willerson JT and Ridker PM. Inflammation as a cardiovascular
risk factor. Circulation 109: 112–120, 2004.

106. Yang HY, Kao PF, Chen TH, Tomlinson B, Ko WC, and Chan
P. Effects of the angiotensin II type 1 receptor antagonist valsar-
tan on the expression of superoxide dismutase in hypertensive pa-
tients. J Clin Pharmacol 47: 397–403, 2007.

107. Yasmin , McEniery CM, Wallace S, Mackenzie IS, Cockcroft JR,
and Wilkinson IB. C-reactive protein is associated with arterial
stiffness in apparently healthy individuals. Arterioscler Thromb
Vasc Biol 24: 969–974, 2004.

108. Yudkin JS, Stehouwer CD, Emeis JJ, and Coppack SW. C-reac-
tive protein in healthy subjects: associations with obesity, insulin
resistance, and endothelial dysfunction: a potential role for cyto-
kines originating from adipose tissue? Arterioscler Thromb Vasc
Biol 19: 972–978, 1999.

109. Zweier JL, Kuppusamy P, and Lutty GA. Measurement of endo-
thelial cell free radical generation: evidence for a central mecha-
nism of free radical injury in postischemic tissues. Proc Natl Acad
Sci U S A 85: 4046–4050, 1988.

Address reprint requests to:
Professor G.Y.H. Lip

Haemostasis Thrombosis and Vascular Biology Unit
University Department of Medicine

City Hospital
Birmingham, England

United Kingdom

E-mail: g.y.h.lip@bham.ac.uk

Date of first submission to ARS Central, September 21, 2007;
date of final revised submission, November 27, 2007; date of
acceptance, December 26, 2007.

WATSON ET AL.1088



This article has been cited by:

1. Melissa M. Stacey, Sarah L. Cuddihy, Mark B. Hampton, Christine C. Winterbourn. 2012. Protein thiol oxidation
and formation of S-glutathionylated cyclophilin A in cells exposed to chloramines and hypochlorous acid. Archives of
Biochemistry and Biophysics 527:1, 45-54. [CrossRef]

2. Milica Dekleva, Jelena Suzic Lazic, Milena Pavlovic-Kleut, Sanja Mazic, Angelina Stevanovic, Ivan Soldatovic, Natasa
Markovic-Nikolic, Branko Beleslin. 2012. Cardiopulmonary exercise testing and its relation to oxidative stress in patients
with hypertension. Hypertension Research . [CrossRef]

3. Melissa M. Stacey , Margreet C. Vissers , Christine C. Winterbourn . 2012. Oxidation of 2-Cys Peroxiredoxins in Human
Endothelial Cells by Hydrogen Peroxide, Hypochlorous Acid, and Chloramines. Antioxidants & Redox Signaling 17:3,
411-421. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links] [Supplemental material]

4. X.X. Liu, S.H. Li, J.Z. Chen, K. Sun, X.J. Wang, X.G. Wang, R.T. Hui. 2012. Effect of soy isoflavones on blood pressure: A
meta-analysis of randomized controlled trials. Nutrition, Metabolism and Cardiovascular Diseases 22:6, 463-470. [CrossRef]

5. Michael P Schoenfeld, Rafat R Ansari, Atsunori Nakao, David Wink. 2012. A hypothesis on biological protection from space
radiation through the use of new therapeutic gases as medical counter measures. Medical Gas Research 2:1, 8. [CrossRef]

6. K. Endo, A. Saiki, M. Ohira, Y. Miyashita, K. Shirai. 2011. Cardio-ankle vascular index may reflect endothelial function in
type 2 diabetes. International Journal of Clinical Practice 65:11, 1200-1201. [CrossRef]

7. Sridevi Devaraj, David Siegel, Ishwarlal JialalInflammation and Metabolic Syndrome 210-228. [CrossRef]

8. Riyaz S. Patel, Ibhar Al Mheid, Alanna A. Morris, Yusuf Ahmed, Nino Kavtaradze, Sarfraz Ali, Kaustubh Dabhadkar,
Kenneth Brigham, W. Craig Hooper, R. Wayne Alexander, Dean P. Jones, Arshed A. Quyyumi. 2011. Oxidative stress is
associated with impaired arterial elasticity. Atherosclerosis . [CrossRef]

9. Young-Myeong Kim , Hyun-Ock Pae , Jeong Euy Park , Yong Chul Lee , Je Moon Woo , Nam-Ho Kim , Yoon Kyung
Choi , Bok-Soo Lee , So Ri Kim , Hun-Taeg Chung . 2011. Heme Oxygenase in the Regulation of Vascular Biology: From
Molecular Mechanisms to Therapeutic Opportunities. Antioxidants & Redox Signaling 14:1, 137-167. [Abstract] [Full Text
HTML] [Full Text PDF] [Full Text PDF with Links]

10. Karen B. Helle. 2010. Regulatory peptides from chromogranin A and secretogranin II: Putative modulators of cells and tissues
involved in inflammatory conditions. Regulatory Peptides 165:1, 45-51. [CrossRef]

11. W S Aronow. 2010. Alteration of hypertension-related gene expression in human white blood cells and multilineage progenitor
cells mediated by morphine. Journal of Human Hypertension 24:11, 711-712. [CrossRef]

12. I. Jialal, S. Devaraj, U. Singh, B.A. Huet. 2010. Decreased number and impaired functionality of endothelial progenitor cells in
subjects with metabolic syndrome: Implications for increased cardiovascular risk. Atherosclerosis 211:1, 297-302. [CrossRef]

13. Bhavani S. Sahu, Parshuram J. Sonawane, Nitish R. Mahapatra. 2010. Chromogranin A: a novel susceptibility gene for
essential hypertension. Cellular and Molecular Life Sciences 67:6, 861-874. [CrossRef]

14. Chao-Lin Chang, Guei-Jane Wang, Li-Jie Zhang, Wen-Jen Tsai, Ru-Yin Chen, Yang-Chang Wu, Yao-Haur Kuo. 2010.
Cardiovascular protective flavonolignans and flavonoids from Calamus quiquesetinervius. Phytochemistry 71:2-3, 271-279.
[CrossRef]

15. Yoh Miyashita, Atsuhito Saiki, Kei Endo, Noriko Ban, Takashi Yamaguchi, Hidetoshi Kawana, Daiji Nagayama, Masahiro
Ohira, Tomokazu Oyama, Kohji Shirai. 2010. Effects of Olmesartan, an Angiotensin II Receptor Blocker, and Amlodipine, a
Calcium Channel Blocker, on Cardio-Ankle Vascular Index (CAVI) in Type 2 Diabetic Patients with Hypertension. Journal
of Atherosclerosis and Thrombosis 16:6, 912-912. [CrossRef]

16. R Humar, L Zimmerli, E Battegay. 2009. Angiogenesis and hypertension: an update. Journal of Human Hypertension 23:12,
773-782. [CrossRef]

17. Valdo Jose Dias Silva, Marcus Paulo Ribeiro Machado, Julio Cesar Voltarelli. 2009. Current status of cell therapy for systemic
arterial hypertension. Expert Review of Cardiovascular Therapy 7:11, 1307-1311. [CrossRef]

18. Masuko Ushio-Fukai , Norifumi Urao . 2009. Novel Role of NADPH Oxidase in Angiogenesis and Stem/Progenitor Cell
Function. Antioxidants & Redox Signaling 11:10, 2517-2533. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF
with Links]

19. Travis W. Hein, Erion Qamirani, Yi Ren, Lih Kuo. 2009. C-reactive protein impairs coronary arteriolar dilation to prostacyclin
synthase activation: Role of peroxynitrite#. Journal of Molecular and Cellular Cardiology 47:2, 196-202. [CrossRef]

20. George Bakris. 2009. An In-depth Analysis of Vasodilation in the Management of Hypertension: Focus on Adrenergic
Blockade. Journal of Cardiovascular Pharmacology 53:5, 379-387. [CrossRef]

http://dx.doi.org/10.1016/j.abb.2012.07.011
http://dx.doi.org/10.1038/hr.2012.115
http://dx.doi.org/10.1089/ars.2011.4348
http://online.liebertpub.com/doi/full/10.1089/ars.2011.4348
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.4348
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.4348
http://online.liebertpub.com/doi/suppl/10.1089/ars.2011.4348
http://dx.doi.org/10.1016/j.numecd.2010.09.006
http://dx.doi.org/10.1186/2045-9912-2-8
http://dx.doi.org/10.1111/j.1742-1241.2011.02741.x
http://dx.doi.org/10.1002/9781444347319.ch13
http://dx.doi.org/10.1016/j.atherosclerosis.2011.04.033
http://dx.doi.org/10.1089/ars.2010.3153
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3153
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3153
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3153
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3153
http://dx.doi.org/10.1016/j.regpep.2009.09.009
http://dx.doi.org/10.1038/jhh.2010.75
http://dx.doi.org/10.1016/j.atherosclerosis.2010.01.036
http://dx.doi.org/10.1007/s00018-009-0208-y
http://dx.doi.org/10.1016/j.phytochem.2009.09.025
http://dx.doi.org/10.5551/jat.Erratum2009_912
http://dx.doi.org/10.1038/jhh.2009.63
http://dx.doi.org/10.1586/erc.09.110
http://dx.doi.org/10.1089/ars.2009.2582
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2582
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2582
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2582
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2582
http://dx.doi.org/10.1016/j.yjmcc.2009.04.015
http://dx.doi.org/10.1097/FJC.0b013e31819fd501


21. Stefan A.J. Timmer, Karin De Boer, Paul Knaapen, Marco J.W. Götte, A.C. Van Rossum. 2009. The Potential Role of
Erythropoietin in Chronic Heart Failure: From the Correction of Anemia to Improved Perfusion and Reduced Apoptosis?.
Journal of Cardiac Failure 15:4, 353-361. [CrossRef]

22. Arshad Rahman , Fabeha Fazal . 2009. Hug Tightly and Say Goodbye: Role of Endothelial ICAM-1 in Leukocyte
Transmigration. Antioxidants & Redox Signaling 11:4, 823-839. [Abstract] [Full Text PDF] [Full Text PDF with Links]

23. Savita Khanna , Han-A Park , Chandan K. Sen , Trimurtulu Golakoti , Krishanu Sengupta , Somepalli Venkateswarlu ,
Sashwati Roy . 2009. Neuroprotective and Antiinflammatory Properties of a Novel Demethylated Curcuminoid. Antioxidants
& Redox Signaling 11:3, 449-468. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

24. Narasimman Gurusamy , Subhendu Mukherjee , Istvan Lekli , Claudia Bearzi , Silvana Bardelli , Dipak K. Das . 2009.
Inhibition of Ref-1 Stimulates the Production of Reactive Oxygen Species and Induces Differentiation in Adult Cardiac Stem
Cells. Antioxidants & Redox Signaling 11:3, 589-599. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with
Links]

25. Yoh Miyashita, Atsuhito Saiki, Kei Endo, Noriko Ban, Takashi Yamaguchi, Hidetoshi Kawana, Daiji Nagayama, Masahiro
Ohira, Tomokazu Oyama, Kohji Shirai. 2009. Effects of Olmesartan, an Angiotensin II Receptor Blocker, and Amlodipine, a
Calcium Channel Blocker, on Cardio-Ankle Vascular Index (CAVI) in Type 2 Diabetic Patients with Hypertension. Journal
of Atherosclerosis and Thrombosis 16:5, 621-626. [CrossRef]

26. John McMurdy, Jonathan Reichner, Zara Mathews, Mary Markey, Sunny Intwala, Gregory Crawford. 2009. Broadband
reflectance spectroscopy for establishing a quantitative metric of vascular leak using the Miles assay. Journal of Biomedical
Optics 14:5, 054012. [CrossRef]

27. Dimitris Tousoulis, Ioannis Andreou, Charalambos Antoniades, Costas Tentolouris, Christodoulos Stefanadis. 2008. Role
of inflammation and oxidative stress in endothelial progenitor cell function and mobilization: Therapeutic implications for
cardiovascular diseases. Atherosclerosis 201:2, 236-247. [CrossRef]

http://dx.doi.org/10.1016/j.cardfail.2008.10.024
http://dx.doi.org/10.1089/ars.2008.2204
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2204
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2204
http://dx.doi.org/10.1089/ars.2008.2230
http://online.liebertpub.com/doi/full/10.1089/ars.2008.2230
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2230
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2230
http://dx.doi.org/10.1089/ars.2008.2195
http://online.liebertpub.com/doi/full/10.1089/ars.2008.2195
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2195
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2195
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2195
http://dx.doi.org/10.5551/jat.497
http://dx.doi.org/10.1117/1.3233654
http://dx.doi.org/10.1016/j.atherosclerosis.2008.05.034

