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ABSTRACT

Ocxidative stress plays an important role in the pathogenesis of hypertension. A number of sources of reactive
oxygen species have been identified including NADPH oxidase, endothelial NO synthase, and xanthine oxi-
dase. Inhibitors of these systems reduce blood pressure in experimental models. Targeted overexpression of
antioxidant systems and interference with expression of oxidant systems has also been successfully used in an-
imal models of hypertension. It is expected that these strategies will eventually be translated to human dis-
ease, but currently, the specificity and toxicity of such measures are not yet fulfilling quality criteria for treat-
ment of humans. In the meantime, presumably nontoxic measures, such as administration of antioxidant
vitamins, are the only available treatments for oxidative stress in humans. In this review, we discuss strate-
gies to target oxidative stress both in experimental models and in humans. We also discuss how patients could
be selected who particularly benefit from antioxidant treatment. In clinical practice, diagnostic procedures
beyond measurement of blood pressure will be necessary to predict the response to antioxidants; these pro-
cedures will include measurement of antioxidant status and detailed assessment of vascular structure and

function. Antioxid. Redox Signal. 10, 1061-1077.

THE pasT decades have seen a compelling accumulation of
evidence that reactive oxygen species (ROS) and reactive
nitrogen species (RNS) can contribute to the pathogenesis of
many cardiovascular diseases, including hypertension (Table
1). Myriad ROS and RNS are generated endogenously as
byproducts of normal physiologic redox reactions (Fig. 1).
However, when perturbations of normal function occur, result-
ing in either excess generation of ROS/RNS or in compromised
endogenous antioxidant protection, many of these species are
able to interact with and damage intracellular macromolecules,
including proteins, lipids, and DNA. Key among these ROS and
RNS are superoxide ("O,7), the hydroxyl radical ("OH), nitric
oxide (NO), peroxynitrite (ONOO™), and hydrogen peroxide
(H20,).

Superoxide is formed from the single-electron reduction of
molecular oxygen by various endogenous enzyme systems as
well as the spontaneous autooxidation of a number of mole-
cules, including hemoglobin and catecholamines (52). Although

its half-life is very short (1 X 107° sec), the highly reactive na-
ture of superoxide places it as a key ROS in biologic systems,
with many of its deleterious effects resulting from its conver-
sion to or interaction with other ROS (52). Recent years have
seen the emergence of the concept of superoxide as an impor-
tant signaling molecule, as opposed to being simply viewed as
a by-product of intracellular processes or as a cytotoxic defense
molecule (32, 68, 106, 144).

The dismutation of superoxide, either spontaneously or via
the actions of the superoxide dismutase family of enzymes, re-
sults in the formation of hydrogen peroxide, the two-electron
reduced state of oxygen (52). The major biologic routes of re-
moval of hydrogen peroxide are through the actions of catalase
and glutathione peroxidase, with the formation of water (157).
However, although it is not as reactive as superoxide per se,
the more stable nature and membrane-crossing properties of
H,0, mean that it also plays an important role in ROS-medi-
ated processes (156).
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TABLE 1. OXIDATIVE STRESS IN CLINICAL AND
EXPERIMENTAL (INCLUDING GENETIC, ENVIRONMENTAL,
AND SURGICAL) FOrRMS OF HYPERTENSION

Oxidative
stress

Form of hypertension component?

Human hypertension
Mild essential hypertension
Severe hypertension
Salt-sensitive hypertension
Malignant hypertension
Renovascular hypertension
Preeclampsia

Genetic models of hypertension
Spontaneously hypertensive rat (SHR)
Stroke-prone SHR (SHRSP)

Experimentally induced models
of hypertension
Angiotensin II infused
Noradrenaline infused
Salt-loaded SHRSP
Dabhl salt-sensitive rat (salt loaded)
Lead induced
Obesity associated
Two-kidney, one-clip
Postmenopausal
Mineralocorticoid

TN

|

Adapted from ref. 182, with permission.

In the presence of metal ions, hydrogen peroxide can also be
further reduced via Fenton or Haber-Weiss chemistry to form
the hydroxyl radical. This is a highly reactive radical that can
attack most cellular components, as well as initiating chains of
further redox reactions (32, 52). Although normally viewed in
terms of its vasodilator, antithrombotic, antiatherogenic, and
second-messenger activity, NO is also a radical species that can
undergo redox reactions. Of particular importance in hyperten-
sion, under conditions of increased oxidative stress, NO will
act avidly with superoxide to form peroxynitrite, as discussed
later (11).

SOURCES OF ROS

NADPH oxidase

Over the past 10- to 15-year period, it has become increas-
ingly well established that the (nonphagocytic) NADPH oxi-
dase enzyme complex is one of the most important sources of
superoxide in relation to cardiovascular disease, in both the vas-
culature (66, 181) and other key systems such as the kidney
(60) (Fig. 2). A wealth of literature has arisen focusing on the
NADPH oxidase systems, including recent comprehensive re-
views in a level of detail beyond the scope of the present arti-
cle (12).

The existence of various homologues of the gp9177°X subunit
(which together with the more conserved p227°* subunit com-
prises the catalytic cytochrome bssg center of the complex) has
been established (12), and the importance of the heterogeneous
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expression of these, together with the various regulatory sub-
units, remains to be fully determined. However, it may be that
this heterogeneous pattern of expression offers the possibility
of selective targeting of this key source of superoxide in par-
ticular cell or tissue types, or in specific disease states (12, 67).
The close functional association between NADPH oxidase and
the renin—angiotensin system (RAS) may be of particular rele-
vance in linking oxidative stress to hypertension. Angiotensin
Il activates the NADPH oxidase system via its actions on
AT receptors and subsequent intracellular signaling pathways
(99, 143, 163). This is capable of increasing ROS generation
throughout the vascular wall (182). Moreover, longer-term ac-
tivation of AT receptors can result in upregulation of NADPH
oxidase subunit expression (54), whereas increased ROS activ-
ity can modify AT, receptor expression (130). Thus, the po-
tential for a deleterious positive-feedback effect of RAS acti-
vation on vascular oxidative stress clearly exists, and this may
play a major role in hypertension. Other hypertension-related
humoral factors shown to activate NADPH oxidase include en-
dothelin-1, thrombin, TNF-«, TGF-B, and PDGF (12, 64). Ad-
ditionally, physical factors such as shear stress or vascular
stretch can also stimulate ROS generation from NADPH oxi-
dase (12, 13, 64).

Xanthine oxidase

Xanthine oxidase has been characterized as another impor-
tant source of ROS in the vasculature, its activity being mod-
ulated by a range of cytokines as well as physical factors, in-
cluding shear stress (84). Xanthine oxidase levels are increased
in a number of cardiovascular disease states, including hyper-
tension (126).

eNOS

As described later, the oxidation of the key cofactor, BHy,
or a lack of the L-arginine substrate can lead to “uncoupling”
of eNOS and results in production of superoxide, as opposed
to NO, and impaired endothelium-dependent vasodilation (5,
47). This has been demonstrated in various cardiovascular dis-
eases, including hypertension, and can be reversed by admin-
istration of BH4 (5, 47, 96).

Other ROS sources

Although the main sources of ROS have been outlined, gen-
eration can also occur as byproducts of a number of endoge-
nous enzymatic pathways, including the 5'-lipoxygenase and
cyclooxygenase pathways. Additionally, although not normally
expressed in vascular tissue, myeloperoxidase may be a source
of superoxide generated by infiltrating inflammatory cells.
“Leakage” of superoxide anions from the mitochondrial respi-
ratory chain is likely to constitute the major nonenzymatic
source of ROS. The potential for this mechanism to be involved
in signaling and control of mitochondrial energetics has at-
tracted increasing attention recently (144, 186), and the mito-
chondria may be the key source of superoxide, particularly in
forms of hypertension in which endothelin plays a prominent
role (21). These additional sources of ROS have been the sub-
ject of review elsewhere (126, 177).
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ACTIONS OF ROS IN HYPERTENSION

The deleterious actions of ROS on the cardiovascular system
are widespread, including actions on the central, cardiac, neu-
ronal, endocrine, and, in particular, the renal and vascular sys-
tems. These disparate actions of ROS have been described in
detail by others (38, 73, 182, 198, 207, 212), and to review them
all is beyond the scope of this article. Therefore, in the fol-

FIG. 2. Organization and acti-
vation of the vascular NADPH
oxidase enzyme complex. The
formation of a functional NADPH
oxidase complex requires the as-
sembly of at least six distinct sub-
units. These include the mem-
brane-bound p227"°% and one of
the NOX isoforms, which together
constitute the cytochrome bssg cat-
alytic centre; a p477"°% organiza-
tional subunit; the p677°* subunit,
which activates the complex; a
p40 regulatory element; and the
small GTPase, Rac 1/2. Heteroge-
neous expression of the various
NOX isoforms occurs throughout
the cardiovascular, and other, sys-
tems. Activation of the complex
occurs in response to a number of
processes, in particular, binding of
angiotensin II to the AT, receptor.
This results in the phosphorylation
of the p47 subunit and transloca-
tion of the cytosolic units to the

lowing section, we focus on the vascular effects of ROS in hy-
pertension, before outlining the experimental evidence for tar-
geting some of these mechanisms in the clinic.

Vascular tone and function

The rapid interaction of superoxide with NO to form peroxy-
nitrite has been established as a key mechanism in the loss of
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cell membrane, assembling with the NOX and p227"°* subunits. The recruitment of the Rac subunit is also obligatory for func-
tioning of the complex. The full intracellular signaling pathway controlling NADPH oxidase activity remains to be fully eluci-
dated, but is known to be at least partially dependent on the activation of phospholipase D and protein kinase C in response to
stimulation of AT, and other receptors.
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endothelial NO bioavailability that occurs in hypertension (11).
Although peroxynitrite possesses vasodilator activity (171), it
is much weaker than that of NO. In addition to the net resul-
tant loss of vasodilatory tone, peroxynitrite is itself capable of
undergoing further redox reactions to generate further ROS,
with subsequent downstream effects, including the oxidation of
BH,, which leads to the “uncoupling” of eNOS and further su-
peroxide generation (47). The zinc-binding center of eNOS can
also be oxidized by peroxynitrite, leading to the loss of the BHy-
binding domain and inhibiting generation of NO. Furthermore,
it has been documented that superoxide can have direct effects
on calcium mobilization and homeostasis, resulting in modula-
tion of vascular tone (1).

In contrast to the vasoconstrictor effects of superoxide, hy-
drogen peroxide has been described as having vasodilator prop-
erties (202). Given the dismutation of superoxide to form hy-
drogen peroxide, it could be suggested at a simplistic level that
the opposite vasomotor effects of these two ROS may act to
offset each other. However, because of the interplay between
many different ROS and numerous redox pathways potentially
available, the specific effect of any given ROS on vascular tone
may be difficult to interpret. This is further compounded by the
differential effects of vascular ROS between differing species
and vascular beds (180, 181).

Inflammation and remodelling

In addition to effects on vascular endothelial function, ox-
idative stress has been clearly implicated in longer-term phys-
ical remodelling of the vasculature, which occurs in a number
of cardiovascular diseases, including hypertension.

Oxidative vascular damage can result in expression of vari-
ous well-characterized inflammatory cytokines, including in-
terleukin-6 and TNF-«, which can in turn influence the
expression of adhesion molecules, including ICAM-1 and
VCAM-1, in a ROS-sensitive manner (136, 182). This has the
effect of increasing endothelial layer permeability, further in-
hibiting normal endothelial function, and promoting recruitment
and transmigration of polymorphonuclear leukocytes (136,
182). These cells can differentiate into activated macrophages,
which have a much higher capacity for ROS production than
do resident cells, further exacerbating oxidative damage (136).

In addition to inflammation, vascular growth and prolifera-
tion of smooth muscle cells are key features of vascular re-
modelling in hypertension. Early studies defined a clear rela-
tion between levels of ROS and vascular growth responses,
showing, for example, that catalase can inhibit PDGF-stimu-
lated DNA synthesis in cultured VSMCs (92, 170). Subse-
quently, other proliferative agents, including thrombin and cat-
echolamines, have been shown to require the activation of
NADPH-oxidases to produce their effects, which are sensitive
to antioxidants (17, 139). More-recent studies suggest that
PDGF-stimulated proliferative responses can be inhibited with
newer agents that have no effect on ROS production (137). In
contrast, migration of VSMCs can be inhibited by NADPH-ox-
idase inhibition, but with no effect on the synthesis of DNA
(178). Taken together, it seems likely that both ROS-sensitive
and ROS-insensitive pathways may be involved in the growth
and proliferative response of vascular cells in cardiovascular
diseases. The differential effects of ROS on vascular growth
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further complicate dissection of this role, as low concentrations
of H,O, can promote growth, whereas higher concentrations
can be proapoptotic (37, 105).

Turnover of vascular extracellular matrix is also modified by
increased levels of ROS in hypertension, further contributing
to vascular remodelling. Studies on matrix metalloproteinases
have shown that the activities of MMP2 and MMP9 (which are
involved in the breakdown of basement membrane and elastin)
are sensitive to ROS generated by endothelial, vascular smooth
muscle, and macrophage cells. Moreover, this sensitivity to
ROS can result in either stimulatory or inhibitory effects, de-
pending on the concentration of ROS present (147). In addition
to modifying activity of MMPs, ROS can modify their expres-
sion (112).

TARGETING OXIDATIVE STRESS

The previous section outlined the various sources of ROS
and their effects on the vasculature in relation to hypertension.
Experimental evidence has shown that manipulation of these
systems may offer potential therapeutic strategies for combat-
ing the compounding effects of oxidative stress in the clinic.
This evidence is reviewed here (Fig. 3).

NADPH oxidase system

Given the importance of NADPH oxidase as a source of ROS,
this system has attracted much interest as a potential therapeu-
tic target (see Fig. 2). Two of the most widely used inhibitors
of the NADPH oxidase complex, apocynin and diphenylene
iodonium (DPI), have been most used as research tools and have
been shown to inhibit many of the deleterious effects of the
NADPH oxidase—derived ROS outlined earlier, in many in vitro
and ex vivo studies. However, these agents may lack selectiv-
ity, and in the case of apocynin, require to be metabolized by
a peroxidase enzyme to become active. Nonetheless, the abil-
ity of apocynin significantly to reduce vascular oxidative stress,
increase the activity of the glutathione system, and moreover,
to attenuate blood-pressure increases in the DOCA salt-sensi-
tive rat model of hypertension (60) underlines the therapeutic
potential of targeting the NADPH oxidase system. Peptide in-
hibitors, chiefly the Gp91ds-tat molecule, may offer an alter-
native to chemical inhibitors of NADPH oxidase. These inhib-
itors are effective in preventing the assembly of the NADPH
oxidase complex and have produced effects similar to those of
chemical inhibitors on blood pressure and vascular ROS pro-
duction in in vivo models of hypertension (67, 149), although
their clinical use may be limited because of difficulties of ad-
ministration. A further approach attracting interest is in the in-
hibition of the assembly of the intact oxidase by prevention of
one of the key first steps—phosphorylation of the p477°* sub-
unit—via protein kinase C inhibitors. This approach has shown
promise in animal and in in vitro human studies and is now
subject to clinical trials (10, 69, 124). Successful demonstra-
tions of RNAi-based approaches to silence specific NADPH
oxidase subunits selectively have already been published. These
range from mechanistic, in vitro studies on the role of the sub-
units (28, 107, 108) to in vivo studies showing a significant re-
duction in blood pressure in the angiotensin II rat model of hy-
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FIG. 3. Targeting oxidative stress in hypertension.

Prooxidant pathways are depicted as solid lines, and negative regulators,

as dotted lines. A number of clinical and experimental strategies have arisen to combat oxidative stress in hypertension. These
include the use of inhibitors of the key enzymatic sources of ROS; development of tissue, cellular, and even organelle-specific
antioxidants; administration of substrates and cofactors to prevent uncoupling of eNOS; and dietary supplementation of antiox-
idants and vitamins. An ongoing challenge is the successful translation of many of these encouraging strategies into the clinic.
In terms of future approaches, the refinement of targeted gene transfer and RNA-interference approaches offers the tantalizing
prospect of highly selective activation or silencing of particular pro- and antioxidants.

pertension after silencing of p227* (123). The ability to si-
lence expression of individual NADPH oxidase subunits, par-
ticularly given the heterogeneous expression of the NOX sub-
units, seems likely to be a key target of future studies.

A final area in which the activity of NADPH oxidase system
can be modulated is through pleiotropic actions of drugs di-
rected primarily at other targets. As described earlier, the RAS
exerts a strong influence over the NADPH oxidase system via
the actions of angiotensin II on AT, receptors. It is, therefore,
perhaps unsurprising that drugs acting on this system, includ-
ing ACE inhibitors and angiotensin-receptor blockers, have
been found to have additional beneficial effects on endothelial
function by inhibiting NADPH oxidase activity, reducing the
expression of the complex’s subunits and reducing vascular ox-
idative stress (19, 131, 146). A number of members of the statin
lipid-lowering family of drugs have also been found to have
beneficial effects on the NADPH oxidase system, reducing, for
example, the activity and also the expression of NOX subunits
in cultured human endothelial cells (151). Furthermore, ad-
ministration of atorvastatin to the spontaneously hypertensive
rat in vivo produced a reduction in the expression of NADPH
oxidase subunits and reduced vascular superoxide levels (193).
Interestingly, in some studies, pleiotropic effects of statins have
been shown at subtherapeutic doses, or at time points earlier
than the development of their main lipid-lowering effect. Al-
though such effects of statins initially seem less intuitive than
the antioxidant effects of ACEI and ARBS, it has subsequently
been determined that the same inhibition of geranylgeranyla-
tion that underlies their main therapeutic effect also prevents

the association of Rac1l with the NADPH oxidase complex, thus
inhibiting its activity (193). Agents with combined effects may
offer additional protective benefits on the cardiovascular sys-
tem. Work from our group has shown that omapatrilat, a com-
bined ACEI and neutral endopeptidase inhibitor, not only can
improve vascular function and reduce blood pressure in the
SHRSP, but may also attenuate end-organ damage such as left
ventricular hypertrophy (63). Recently the combined adminis-
tration of ARB and statin was shown to provide enhanced vas-
cular protection via their differential pleiotropic effects in a rat
model of salt-sensitive hypertension (203). The potential of tar-
geting the NADPH oxidase system has been the subject of re-
cent detailed review (67).

Superoxide dismutase and SOD mimetics

Studies stretching back to the point at which the main EDRF
was identified as NO have shown clearly that administration of
native superoxide dismutase (52) or SOD mimetics (113) can
reduce superoxide levels and improve endothelial function and
vasodilation in functional studies (127). Extension of these stud-
ies into ex vivo and in vivo settings is problematic with native
SOD as, because of its relatively high molecular weight, it ex-
hibits poor membrane permeability. However, in vivo-tolerated
SOD-mimetic antioxidants such as tempol (138, 197) showed
significant reductions in superoxide levels and related pheno-
types, including blood pressure and vascular remodelling in an-
imal models. Work by our group and others has further dem-
onstrated the potential of SOD-replacement strategies as a
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therapy in hypertension via adoption of gene-transfer tech-
niques in animal models (4, 22, 27, 45, 213). It should be noted
that compartmentalization is an important consideration when
attempting to overexpress SODs, as (e.g., extracellular SOD)
has been found to be effective in improving vascular function,
whereas MnSOD and CuZnSOD were not (4). The importance
of appropriate localization of expression was reinforced when
a soluble, heparin-binding domain—deleted version of extracel-
Iular SOD was found to be ineffective in reducing blood pres-
sure in the SHR, in contrast to the native version of the protein
7).

Endothelial NO synthase and nitric oxide

As discussed earlier, one of the key mechanisms by which
NO activity is compromised is caused by the rapid interaction
with superoxide under conditions of oxidative stress. It is, there-
fore, clear that approaches to reduce oxidative stress can broadly
be expected to improve NO bioavailability and vascular func-
tion. As described earlier, this has been demonstrated in a num-
ber of in vitro studies of isolated tissue preparations, as well as
in in vivo studies after antioxidant therapy (113, 127, 138, 197).

Other studies have shown that the reduced NO-generating
capacity of uncoupled eNOS can be addressed via administra-
tion of the substrate L-arginine (25) or the BHy cofactor (5, 30).
Furthermore, gene transfer of the GTP cyclohydrolase gene, an
enzyme crucial to the synthesis of BHy, was found to rescue
BH, levels, increase NO generation, reduce ROS, and improve
endothelial function in the DOCA salt-sensitive rat (211). Po-
tentially more applicable from a clinical perspective, oral ad-
ministration of a BH, analogue, sepiapterin, has shown promise
in reducing oxidative damage and attenuating endothelial dys-
function in resistance vessels in a mouse model of diabetes
(134). The suitability of such an approach in human cardio-
vascular diseases has yet to be fully determined.

The other main approach to reconstituting normal NO activ-
ity in hypertension has been the direct gene transfer of the eNOS
gene. We have previously shown that local adenoviral-medi-
ated transfer of eNOS in vivo can improve NO bioavailability
in the carotid artery of the SHRSP (4). Furthermore, eNOS gene
transfer can produce reductions in systolic blood pressure (109).
We have found that specific targeting of eNOS overexpression
to the vascular endothelium is necessary to demonstrate func-
tional effects, including improved NO bioavailability and at-
tenuation of systolic blood pressure increases in the SHRSP
(122). A number of studies have shown sustained blood pres-
sure-reducing effects of eNOS gene delivery into the cardio-
vascular control centers of the brain in animal models (90, 175),
demonstrating the importance of central effects of NO in reg-
ulating blood pressure. However, the mechanisms underlying
these centrally derived effects are likely to be different from
the blood pressure-reducing effects seen with peripheral over-
expression of eNOS, and are also less likely to be applicable
for translational studies in humans.

Glutathione system

The glutathione and glutathione peroxidase systems have
been clearly defined as playing an important role in detoxifi-
cation of many substances, including phase II byproducts of ox-
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idative attack and direct effects on ROS such as H,O, (39).
Studies regarding the specific targeting of individual compo-
nents of the glutathione systems in hypertension are limited
(24). However, it is clear that interventions aimed at improv-
ing overall antioxidant status may also exert their effects at least
in part via increased activity of this system. For example, in the
DOCA salt-sensitive rat model of hypertension, prolonged treat-
ment with the antioxidant quercetin produced a number of ben-
eficial effects, including increasing total GSH levels in heart
and liver, improving liver glutathione-S-transferase (GST) and
glutathione peroxidase function, and improving renal GST func-
tion (56).

Strategies aimed at enhancing the activity of glutathione path-
ways include the administration of N-acetylcysteine, a known
antioxidant that can improve the GSSG/GSH ratio by promot-
ing the synthesis of GSH by acting as a source of L-cysteine
(the rate-limiting substrate in GSH synthesis) and also by up-
regulation of glutathione peroxidase and GSSG reductase (20).
N-acetylcysteine administration in vivo reduced vascular lipid
peroxidation, ROS levels, and systolic blood pressure in the
SHR rodent model of genetic hypertension (20, 140). In con-
trast to the potentially therapeutic benefits to be derived from
stimulating glutathione pathways, work from our laboratory and
others has identified that derangement of the GST system may
underlie a number of pathologies. Studies in the cancer field
have identified that mutations in GST enzymes can result in
compromised antioxidant protection and may be linked to the
susceptibility to certain types of carcinoma (120). Moreover,
we recently identified that reduced expression of Gstm/ in the
kidney of the stroke-prone spontaneously hypertensive rat
(SHRSP) may be linked to elevated oxidative stress and sys-
tolic blood pressure in this model (117, 118). Ongoing work by
our group will determine whether targeted modulation of Gstm/
can improve the oxidative-stress and blood-pressure profiles of
the SHRSP. Translational studies on human homologues of rat
Gstml may help to clarify the importance of this enzyme fam-
ily in clinical hypertension, for which conflicting reports have
been published (87, 115).

Xanthine oxidase

Experimental studies showing a beneficial effect of xanthine
oxidase inhibition on oxidative stress and hypertension are lim-
ited, with some studies showing no beneficial effects (95). In
contrast, some benefit of xanthine oxidase inhibition has been
demonstrated in experimental models in which other cardio-
vascular insults in addition to hypertension are present, such as
vascular injury (205) or a high-fat diet (43). Interestingly, this
may be mirrored in human studies, with allopurinol appearing
to be useful in situations with comorbidity, such as heart fail-
ure (44). However, extensive human studies of the potential
benefits of allopurinol are somewhat limited (51) and may war-
rant further investigation.

Mitochondrial ROS

Although a number of studies aimed at attenuating hyper-
tension have reported effects on mitochondrial ROS generation
(21), few have focused specifically on this area as their central
aim. Recent studies suggest that the activity of a mitochondrial-
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specific thioredoxin system can reduce oxidative stress, im-
prove NO bioavailability, and may protect against vascular
damage in atherosclerosis (210). In contrast, previous work
from our laboratory found that adenoviral mediated in vivo
overexpression of mitochondrial superoxide dismutase had no
effect on vascular dysfunction in intact SHRSP blood vessels
(45). A promising area may be the development of mitochon-
dria-targeted antioxidants, which have shown promise in in
vitro and in vivo studies and which are being evaluated for early
clinical studies (2, 129).

Dietary antioxidants

The potential for dietary manipulation to have beneficial ef-
fects on oxidative stress and cardiovascular disease has attracted
increasing attention over the past decades, at times not without
controversy. However, in recent years, this area has become the
subject of more-detailed study, with reports of potentially ben-
eficial effects of a number of compounds now emerging, in-
cluding phytoestrogens such as genistein (189, 201) and phe-
nolic compounds including catechins (80, 104) and quercetin
(155, 204). Although promising in animal studies, in which the
effects of life-long administration of antioxidant-rich diets can
be relatively easily assessed (208), the benefits of these and
other related compounds remain to be confirmed in human stud-
ies. Given the general failure (to date, at least) of vitamin com-
pounds successfully to translate their beneficial effects from an-
imal to human studies (78), this may not be a trivial task.

The preceding sections outlined the key sources of ROS as
determined from preclinical and mechanistic studies, the mech-
anisms through which they exert their deleterious effects on the
vasculature in hypertension, and strategies aimed at combating
this facet of cardiovascular disease. We now examine the trans-
lation of these concepts into human hypertension.

SITUATION IN HUMANS: EVIDENCE FOR
A ROLE OF OXIDATIVE STRESS IN
CARDIOVASCULAR DISEASE

A large body of evidence suggests that oxidative stress is in-
volved in human cardiovascular disease. However, definition of
phenotypes, options to dissect the role of individual oxidative-
stress pathways, and options to modify oxidative stress are lim-
ited in humans. Many of these findings have the potential to be
translated into human cardiovascular disease and will eventually
improve diagnosis, prevention, and therapy of oxidative stress-re-
lated disorders in humans. It is reasonable to assume that within
the near future, strategies to modify oxidative stress in humans
will be based on available data from clinical studies rather than
on novel insights from experimental models.

We therefore briefly review the existing evidence of the role
of oxidative stress in human hypertension and cardiovascular
disease. We then examine potential antioxidant strategies and
their effect on hypertension and intermediate phenotypes in
well-defined functional studies before we examine whether re-
sults from these studies hold true in large-scale trials. We fi-
nally develop future strategies to address oxidative stress in hy-
pertension and cardiovascular disease.
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Markers of oxidative stress

A number of circulating markers of oxidative stress have
been examined in patients at all stages of cardiovascular dis-
ease. Evidence exists of increased oxidative stress and reduced
antioxidant potential in hypertension (26, 148). An unfavorable
antioxidant/prooxidant balance is already present in children
and adolescents with hypertension (185), suggesting a role of
oxidative stress in early stages of the disease process. Whereas
circulating markers reflect only some of the aspects of oxida-
tive stress (76), it is reassuring that these data are supported by
more-direct measurements of ROS production, such as super-
oxide release from phagocytic cells (48). In more advanced car-
diovascular disease, circulating markers of oxidative stress are
altered in parallel to increased vascular superoxide production

3.

Reactive oxygen species and intermediate
cardiovascular phenotypes

Intermediate phenotypes along the cardiovascular continuum
are associated with increased oxidative stress. This provides
functional and therefore strong evidence for the role of oxida-
tive stress in pathogenesis and development of cardiovascular
disease. We give three examples of vascular phenotypes that
are associated with both hypertension and oxidative stress: en-
dothelial dysfunction, carotid intima—media thickness and
plaques, and vascular stiffness.

Endothelial dysfunction. ROS scavenge endothe-
lium-derived NO and thereby lead to impaired endothelium-
dependent vasodilation (71, 97). In humans, conflicting data
concern whether hypertension per se causes endothelial dys-
function, as assessed by response of forearm blood flow in re-
sponse to intraarterial infusion of acetylcholine into the brachial
artery (28, 135). However, more recently, Higashi e al. (75)
demonstrated improved endothelial function of the forearm vas-
culature after reducing oxidative stress and blood pressure by
treatment of renal artery stenosis with angioplasty. Also, the
antioxidant vitamin C restores endothelial function in patients
with essential hypertension (172), particularly in elderly sub-
jects (174). In patients with coronary artery disease, extracel-
lular superoxide dismutase activity determines endothelium-de-
pendent vasodilation of the forearm vasculature (98).

Carotid intima—media thickness and plaques.
Oxidized LDL cholesterol has a greater proatherogenic poten-
tial compared with native LDL cholesterol (72). Levels of ox-
idized LDL cholesterol are increased in hypertension (53), and,
in parallel, carotid intima—media thickness, an early marker of
the atherogenic process, is increased (188), and greater preva-
lence of carotid plaques is found in patients with borderline hy-
pertension compared with normotensive subjects (102). More-
over, carotid intima—media thickness is directly related to ROS
production in hypertension (206).

Vascular stiffness. Blood pressure is a major determi-
nant of vascular stiffness (133). We and others demonstrated a
relation between vascular superoxide production and vascular
stiffness (35, 200). In healthy volunteers, short-term adminis-
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tration of the antioxidant vitamin C reduces vascular stiffness
(199). Pretreatment with vitamin C prevents the smoking-in-
duced increase in pulse-wave velocity in healthy volunteers
(88). Vitamin C has also been shown to reduce vascular stiff-
ness in patients with type 2 diabetes (128). However, not all
studies have been positive. For example, Zureik et al. (214)
failed to show a beneficial effect of antioxidant vitamins on
pulse-wave velocity in a large cohort of apparently healthy
study participants.

Evidence from genetic studies

Polymorphisms of oxidative stress-related genes have been
associated with hypertension in a number of studies. One of the
most robust candidates is the C242T polymorphism of CYBA,
the gene encoding the p2277°* subunit of NADPH oxidase. The
C allele is associated with increased vascular superoxide pro-
duction (70) and has also been found to be associated with hy-
pertension (125). Evidence also suggests an association between
polymorphisms of NOS3, the gene encoding endothelial NO
synthase, and hypertension (79, 141), but this evidence is less
robust, and a number of conflicting data are available from other
studies (23). We are currently in the process of translating these
findings on glutathione S-transferases into human hypertension
and have recently reported an association between polymor-
phisms in human GSTM5 and hypertension in the British Ge-
netics of Hypertension Study (33). These and other data pro-
vide direct evidence for a role of oxidative stress in the
pathogenesis of hypertension.

Evidence from association and
epidemiologic studies

The majority of these studies have been carried out by using
composite cardiovascular end points or cardiovascular pheno-
types other than hypertension. However, given the importance
of hypertension as a cardiovascular risk factor and its involve-
ment in virtually every cardiovascular trait, it is safe to draw
conclusions from these studies to hypertension. Levels of an-
tioxidants and markers of oxidative stress are associated with
blood pressure and cardiovascular outcome (9, 31, 55, 85, 89,
93). Some studies demonstrated that increased antioxidant in-
take from dietary sources (57, 62, 89, 91, 94) and from nutri-
tional supplements (55, 94, 150, 166) is associated with reduced
cardiovascular risk. More recently, activity of the antioxidant
enzyme system, glutathione peroxidase 1, has been demon-
strated to predict cardiovascular events in patients with coro-
nary artery disease (16).

ANTIOXIDANT STRATEGIES IN HUMANS

These data clearly demonstrate the role of oxidative stress in
the pathogenesis of human hypertension and other cardiovas-
cular diseases and justify antioxidant treatment strategies as part
of the preventive and therapeutic regimens. However, only lim-
ited treatment options with proven or suspected positive safety
profile are available to be used in humans. Most of them have
to be regarded as unspecific (e.g., vitamins) or modify other
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systems in addition to reducing ROS production (e.g., statins).
Novel and potentially more-specific and also more-efficient
methods, such as modifying expression of oxidative stress—re-
lated genes by use of gene therapy and RNAI, are not yet avail-
able for widespread use in humans. Local ex vivo gene trans-
fer to reduce oxidative damage and to improve endothelial
function of vein grafts might, however, be a therapeutic option
in the not-so-distant future (59). In this section, we summarize
treatment strategies that have been used to modify oxidative
stress in hypertension and other cardiovascular diseases and ev-
idence from functional studies in favor of these strategies.

Lifestyle modification

Certainly the safest antioxidant strategy to reduce cardio-
vascular risk is lifestyle modification. Reduction in body weight
and increased physical activity have been shown not only to re-
duce blood pressure (184) but also to reduce oxidative stress
(121). Recent studies have also demonstrated that not only en-
durance training but also isometric exercise reduces blood pres-
sure and oxidative stress (142). Dietary approaches to change
blood pressure have also been successful when diets rich in an-
tioxidants have been prescribed (111).

Antioxidant vitamins

Antioxidant vitamins such as vitamin C improve endothelial
function in a number of vascular beds and cardiovascular dis-
orders. The majority of functional studies examined the effect
of short-term administration, particularly of infusion, of vita-
mins on endothelium-dependent vasodilation. Brief infusion of
antioxidant vitamins rapidly improves endothelial function in
the coronary (74, 81, 103), renal (34, 162), and forearm circu-
lation (172). Possibly by improvement of endothelium-depen-
dent vasodilation, vitamin C also improves vascular stiffness,
as discussed earlier (199). Some studies suggest a blood pres-
sure-reducing effect of antioxidant vitamins such as vitamin C
(40, 49).

Statins

In addition to their lipid-lowering potential, statins reduce
NADPH oxidase-related ROS production, possibly by reduc-
tion in oxLDL levels and inhibition of Racl (151, 176). A num-
ber of studies therefore demonstrated improvement of endo-
thelial function of the forearm vasculature with very short term
(as few as 3 days of treatment) statin therapy, although the full
lipid-reducing effect was not yet established (82, 83, 194).
Statins improve markers of inflammation and oxidative stress,
such as C-reactive protein and urinary 8-isoprostane levels, af-
ter 4 weeks of treatment (169). Even in patients with mean pre-
treatment serum LDL cholesterol concentrations in the normal
range, statins improved endothelial function and reduced ox-
idative stress after 6 weeks of treatment (194).

Allopurinol

We previously demonstrated a role of xanthine oxidase as an
endothelial source of superoxide in cardiovascular disease (3).
The xanthine oxidase inhibitor allopurinol has been shown to
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improve endothelial function and to reduce oxidative stress in
a number of conditions, including heart failure (44), sleep ap-
nea (41) and diabetes (36). The effect of allopurinol is at least
in part independent of the drug’s effect on serum uric acid lev-
els (58). Long-term therapy with high-dose allopurinol has been
shown to reduce mortality in patients with chronic heart failure
(168).

Other antioxidant strategies

A number of other strategies to reduce oxidative stress in car-
diovascular disease have been used in functional studies in hu-
mans. L-Arginine deficiency leads to uncoupling of endothelial
NO synthase and production of superoxide anion from this
source (71). Hypertension is characterised by impaired L-argi-
nine transport (159) and increased arginase activity (209), both
of which reduce L-arginine availability to endothelial cells for
NO synthesis. These mechanisms may explain why L-arginine
has been shown to restore endothelium-dependent vasodilation
in patients with hypertension (158). Another antioxidant, N-
acetylcysteine, has been shown to improve endothelial function
(161), renal function (179), and to enhance the effect of ACE
inhibitors on blood pressure (8) in patients with hypertension.
Folic acid alone or in combination with other antioxidants also
improves endothelial function in elderly patients with hyper-
homocysteinemia and in patients with hypertension (22, 167).
It should also be mentioned that numerous naturally occurring
antioxidants have been studied in hypertension and other car-
diovascular diseases. These include tomato extract (42), green
tea (77), garlic (145), and pomegranate juice (7). Absence of
hypertension in Kuna Indians has been attributed to regular con-
sumption of flavanol-rich cocoa (119). Probably the most im-
portant measure to reduce oxidative stress in hypertension is to
reduce blood pressure, and the beneficial effect of lower blood
pressure on oxidative stress appears to be independent of the
choice of antihypertensives (50, 152, 173).

DISAPPOINTING RESULTS FROM
LARGE-SCALE OUTCOME STUDIES

Although excellent evidence exists from association studies
and well-defined functional studies on the role of oxidative
stress in cardiovascular disease and on potential strategies to
modify oxidative stress, these strategies have to be tested in ad-
equately powered trials against hard end points. Several short-
term interventions mentioned previously have been tested with
regard to longer-term outcome, and the results have been al-
most universally negative. An example is the study on green
tea by Hodgson et al. (77), who observed an immediate blood
pressure-lowering effect within 30 min after ingestion of green
tea but no change in 24-h ambulatory blood pressure after 7
days of regular green tea consumption. Intake of fat-soluble vi-
tamins correlates with concentrations in adipose tissue (86),
which makes intervention, particularly with vitamin E, attrac-
tive. Unfortunately, results from large-scale trials with well-de-
fined intervention with antioxidant vitamins were mostly dis-
appointing and were recently analyzed and reviewed by
Vivekananthan (191) and Bjelakovic et al. (14).
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Possible reasons for these negative results were discussed in
detail by Griendling (64) and Touyz (183). These studies may
have chosen patients at relatively advanced stages of cardiovas-
cular disease, whereas oxidative stress probably plays the most
important role in earlier stages of disease. Patients were not se-
lected for antioxidant status and were not controlled for other di-
etary sources of antioxidants. Markers of oxidative stress have not
been measured in any of the large-scale trials (190). With regard
to hypertension, we must emphasize that this has not been the pri-
mary end point of any of these studies but has either been part of
a composite end point or subject to post hoc analysis in patients
selected for other cardiovascular conditions. It has also been dis-
cussed that the choice of antioxidants in these trials might not be
ideal in terms of mode of administration, dose, and the substances
per se (164, 183). Most commonly, vitamins C and E have been
studied, and these vitamins have been shown to exert prooxidant
effects in vivo (101, 187).

IDENTIFYING PATIENTS WHO BENEFIT
MOST FROM ANTIOXIDANT STRATEGIES
AND POTENTIAL OUTCOME MEASURES

Probably the most crucial issues are selection of patients who
might benefit most from treatment with antioxidants and mea-
surement of an adequate outcome parameter. Although no sci-
entist would, for example, examine the effect of blood pres-
sure-reducing therapy in the general population without
measuring blood pressure and thereby without identifying hy-
pertensive patients, this is exactly what happened in antioxidant
trials. Studies have been carried out in patients not being se-
lected for high levels of oxidative stress, and only outcomes
such as cardiovascular events but not changes in phenotypes di-
rectly related to oxidative stress have been assessed. In this sec-
tion, we discuss phenotypes and conditions that might serve for
both patient selection and measurement of outcome.

Antioxidant status

It has been suggested to measure antioxidant status in patients
before they undergo antioxidant therapy (190). This would be an
extremely useful selection criterion, because one would avoid
supplementing those patients with vitamins or treating those with
other antioxidant strategies who already have a high intake of vi-
tamins through their diet or have increased antioxidant capacity
because of genetic predisposition. Unfortunately, assessment of
antioxidant status in serum or plasma is relatively expensive and
mainly determined by uric acid, for which it would have to be
corrected. The fact that neither antioxidant status nor any other
marker of oxidative stress provides comprehensive information of
global and local oxidant burden (76, 114) would lead to mea-
surement of a panel of oxidative-stress markers with enormous
logistic and financial consequences. It is unlikely that this effort
will be made in large-scale studies in the near future.

Comorbidities

An easier way to identify candidates for antioxidant-treat-
ment strategies is clinically to select patients at high cardio-



1070

vascular risk in the hope that they will benefit most. It has been
shown that patients with end-stage renal disease and cardio-
vascular disease benefit from antioxidant therapy with the anti-
oxidant vitamin E, which reduces a composite cardiovascular
end point (18). One study in patients with type 2 diabetes
showed reduction of blood pressure and vascular stiffness af-
ter 4 weeks of treatment with vitamin C (128). Vitamin E im-
proves endothelial function in patients with type 1 diabetes af-
ter 3 months of therapy (165). However, it is also possible that
antioxidant treatment strategies come too late in patients at ad-
vanced stages of cardiovascular disease. This may explain why
not all studies have shown beneficial effects of vitamins in pa-
tients at increased cardiovascular risk. Indeed, some studies
have even shown increased blood pressure (192) and increased
incidence of heart failure (110) after treatment with antioxidant
vitamins.

Intermediate vascular phenotypes

Intermediate phenotypes within the cardiovascular contin-
uum may be better suited to assess risk of vascular damage and
potential benefit of treatment in individual patients. Endothe-
lial dysfunction (74), vascular stiffness (15), and carotid in-
tima—media thickness (132) have been shown to predict car-
diovascular events independent of other cardiovascular risk
factors. In other words, they provide information on top of clas-
sic cardiovascular risk factors and integrate a number of patho-
genetic factors, including oxidative stress. Modification of
intermediate phenotypes by blood pressure reducing and anti-
oxidant treatment is well established. These phenotypes may
therefore help to monitor treatment effects and, provided they
are easy to assess, may also be used in large-scale studies.

Endothelial dysfunction. Excellent outcome data sup-
port assessment of endothelial function to predict cardiovascu-
lar outcome (74). By reflecting impaired NO bioavailability
through increased ROS production, endothelial dysfunction di-
rectly relates to oxidative stress. However, endothelial function
is also determined by factors other than oxidative stress, par-
ticularly by cholesterol (3) and triglyceride levels (160). A num-
ber of studies demonstrate that antioxidant regimens have the
potential to modify endothelium-dependent vasodilation. How-
ever, assessment of endothelium-dependent vasodilation is not
a trivial task and involves invasive techniques, special equip-
ment such as ultrasound devices and related skills, or is very
expensive. It is hardly possible to use endothelial function as
intermediate phenotype for oxidative stress in large-scale mul-
ticenter studies.

Carotid intima—media thickness. Again, this phe-
notype has been assessed in numerous studies and is clearly
linked to cardiovascular risk factors (153) and outcome (132).
Increased intima—media thickness is an early manifestation of
atherosclerosis and therefore closely related to oxidative stress
(6, 48, 195) and oxidative stress—induced modification of LDL
cholesterol toward the even more proatherogenic oxidized LDL
cholesterol (188). Carotid intima—media thickness is a re-
versible phenotype (7) and therefore well suited to monitor
treatment effects. Assessment and data analysis again require
special skills, but one of the few long-term studies that showed
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positive outcome with antioxidant treatment was able to dem-
onstrate these benefits by assessment of carotid intima—media
thickness (154). It is certainly worth considering assessment of
this measure in future studies on antioxidant treatment in car-
diovascular disease.

Vascular stiffness. Vascular stiffness can be assessed
by a number of methods reviewed elsewhere (100).
Carotid—femoral pulse wave velocity is regarded as the gold
standard in assessment of vascular stiffness (100) and is rela-
tively easy to measure. Vascular stiffening is a reversible pro-
cess, which supports assessment of vascular stiffness to moni-
tor treatment effects. Previous studies have demonstrated
reduction of vascular stiffness with short-term antioxidant ther-
apy (128, 199), and establishment of measures of vascular stiff-
ness in studies into antioxidants in cardiovascular disease is
clearly warranted.

“Omics” and oxidative stress

Oxidative stress affects a huge number of systems within the
organism, and it is difficult to determine its precise contribu-
tion in individual patients. For example, even patients carrying
an unfavourable allele of an oxidative stress—related gene might
be at low risk when this is counterbalanced by other genes and
environmental factors. Enormous expectations have been held
that broader genomic approaches examining a multitude of ge-
netic risk factors will allow us to estimate an individual’s car-
diovascular risk and potential benefit of treatment more pre-
cisely, but only very recently has the technology for these
undertakings become available (66, 116). Possibly even more
important than genomic approaches examining hundreds of
thousands of polymorphisms are proteomic approaches exam-
ining expression profiles of millions of proteins and peptides.
These analyses are still extremely expensive but can be carried
out in body fluids such as plasma or urine (46, 157). Already
very limited data exist on the effect of treatment with vitamin
C on polypeptide fingerprints in patients with end-stage renal
disease (196). Analysis of these expression patterns my help to
unravel underlying pathways but also to identify patients who
are likely to benefit from vitamin C treatment.

CONCLUSIONS

A number of strategies to reduce oxidative stress, including
overexpression of antioxidant systems and interference with ex-
pression of oxidant systems, have been successfully used in an-
imal models of hypertension. Despite this success, treatment of
oxidative stress in human hypertension is currently limited to
blood pressure reduction and life-style modification in parallel
with administration of antioxidant vitamins. Even the cheap and
relatively unspecific treatment with antioxidants should be tar-
geted to those patients in whom antioxidant status is low or who
have vascular phenotypes that are likely to be related to in-
creased oxidative stress. Diagnostic procedures before com-
mencing antioxidant therapy, irrespective of whether it is un-
specific administration of vitamins or more-targeted future
strategies such as gene therapy, will require diagnostic proce-
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dures beyond measurement of blood pressure. These procedures
will include measurement of antioxidant status and detailed as-
sessment of vascular structure and function.

ABBREVIATIONS

ACEI angiotensin-converting enzyme inhibitor; BH,, tetrahy-
drobiopterin; DNA, desoxyribonucleic acid; DOCA, deoxycorti-
costerone acetate; DPI, diphenylene iodonium; EDRF, endothe-
lium-derived relaxation factor; eNOS, endothelial nitric oxide
synthase; GSH, reduced glutathione; GSSG, oxidized glutathione;
GST, glutathione-S-transferase; ICAM-1, intercellular adhesion
molecule-1; LDL, low-density lipoprotein; MMP, matrix metal-
loproteinase; NADPH, nicotinamide adenine dinucleotide phos-
phate-oxidase; NO, nitric oxide; NOX, NADPH oxidase; PDGF,
platelet-derived growth factor; RAS, renin—angiotensin system;
RNS, reactive nitrogen species; ROS, reactive oxygen species;
SHRSP, stroke-prone spontaneously hypertensive rat; SOD, su-
peroxide dismutase; TGF-8, transforming growth factor-beta;
TNF-c, tumor necrosis factor-alpha; VCAM-1, vascular cell ad-
hesion molecule-1; VSMC, vascular smooth muscle cell.

ACKNOWLEDGMENTS

Work in our laboratory is funded by the British Heart Foun-
dation Chair and Programme Grant BHFPG/02/128, the Well-
come Trust Cardiovascular Functional Genomics Initiative
066780/2/012, and the European Union’s Sixth Framework Pro-
gramme InGenious HyperCare LSHM-CT-2006-037093.

REFERENCES

1. Adachi T, Weisbrod RM, Pimentel DR, Ying J, Sharov VS,
Schoneich C, and Cohen RA. S-Glutathiolation by peroxynitrite
activates SERCA during arterial relaxation by nitric oxide. Nat
Med 10: 1200-1207, 2004.

2. Adlam VJ, Harrison JC, Porteous CM, James AM, Smith RAJ,
Murphy MP, and Sammut IA. Targeting an antioxidant to mito-
chondria decreases cardiac ischemia-reperfusion injury. FASEB J
19: 1088-1095, 2005.

3. Al Benna S, Hamilton CA, McClure JD, Rogers PN, Berg GA,
Ford I, Delles C, and Dominiczak AF. Low-density lipoprotein
cholesterol determines oxidative stress and endothelial dysfunc-
tion in saphenous veins from patients with coronary artery dis-
ease. duekigselclbgullieRigl 26: 218-223, 2006.

4. Alexander MY, Brosnan MJ, Hamilton CA, Fennell JP, Beattie
EC, Jardine E, Heistad DD, and Dominiczak AF. Gene transfer
of endothelial nitric oxide synthase but not Cu/Zn superoxide dis-
mutase restores nitric oxide availability in the SHRSP. Cardio-
vasc Res 47: 609-617, 2000.

5. Alp NJ and Channon KM. Regulation of endothelial nitric oxide
synthase by tetrahydrobiopterin in vascular disease. Arterioscler
Lhromb Vasc Biol 24: 413-420, 2004.

6. Ashfaq S, Abramson JL, Jones DP, Rhodes SD, Weintraub WS,
Hooper WC, Vaccarino V, Harrison DG, and Quyyumi AA. The
relationship between plasma levels of oxidized and reduced thi-
ols and early atherosclerosis in healthy adults. JAm Coll Cardiol
47: 1005-1011, 2006.

7. Aviram M, Rosenblat M, Gaitini D, Nitecki S, Hoffman A, Dorn-
feld L, Volkova N, Presser D, Attias J, Liker H, and Hayek T .

10.

11.

12.

14.

15.

17.

18.

20.

21.

22.

23.

24.

1071

Pomegranate juice consumption for 3 years by patients with
carotid artery stenosis reduces common carotid intima-media
thickness, blood pressure and LDL oxidation. Clin Nutr 23:
423-433, 2004.

. Barrios V, Calderon A, Navarro-Cid J, Lahera V, and Ruilope

LM. N-acetylcysteine potentiates the antihypertensive effect of
ACE inhibitors in hypertensive patients. Blood Press 11: 235-239,
2002.

. Bates CJ, Walmsley CM, Prentice A, and Finch S. Does vitamin

C reduce blood pressure? results of a large study of people aged
65 or older. J Hypertens 16: 925-932, 1998.

Beckman JA, Goldfine AB, Gordon MB, Garrett LA, and Crea-
ger MA. Inhibition of protein kinase C beta prevents impaired en-
dothelium-dependent vasodilation caused by hyperglycemia in
humans. Circ Res 90: 107-111, 2002.

Beckman JS, Chen J, Ischiropoulos H, and Crow JP. Oxidative
chemistry of peroxynitrite. Methods Enzvmol 233: 229-240, 1994.
Bedard K and Krause KH. The NOX family of ROS-generating
NADPH oxidases: physiology and pathophysiology. Physiol Rev
87: 245-313, 2007.

. Berry C, Hamilton CA, Brosnan MJ, Magill FG, Berg GA, Mc-

Murray JJ, and Dominiczak AF. Investigation into the sources of
superoxide in human blood vessels: angiotensin II increases su-
peroxide production in human internal mammary arteries. Circu-
lation 101: 2206-2212, 2000.

Bjelakovic G, Nikolova D, Gluud LL, Simonetti RG, and Gluud
C. Mortality in randomized trials of antioxidant supplements for
primary and secondary prevention: systematic review and meta-
analysis. JAMA 297: 842-857, 2007.

Blacher J, Asmar R, Djane S, London GM, and Safar ME. Aor-
tic pulse wave velocity as a marker of cardiovascular risk in hy-
pertensive patients. Hypertension 33: 1111-1117, 1999.

. Blankenberg S, Rupprecht HJ, Bickel C, Torzewski M , Hafner

G, Tiret L, Smieja M, Cambien F, Meyer J, and Lackner KJ. Glu-
tathione peroxidase 1 activity and cardiovascular events in pa-
tients with coronary artery disease. N Engl J Med 349: 1605-1613,
2003.

Bleeke T, Zhang H, Madamanchi N, Patterson C, and Faber JE.
Catecholamine-induced vascular wall growth is dependent on
generation of reactive oxygen species. Circ Res 94: 37-45,
2004.

Boaz M, Smetana S, Weinstein T, Matas Z, Gafter U, laina A,
Knecht A, Weissgarten Y, Brunner D, Fainaru M, and Green MS.
Secondary prevention with antioxidants of cardiovascular disease
in endstage renal disease (SPACE): randomised placebo-con-
trolled trial. Lancet 356: 1213-1218, 2000.

. Brosnan MJ, Hamilton CA, Graham D, Lygate CA, Jardine E,

and Dominiczak AF. Irbesartan lowers superoxide levels and in-
creases nitric oxide bioavailability in blood vessels from sponta-
neously hypertensive stroke-prone rats. J Hypertens 20: 281-286,
2002.

Cabassi A, Dumont EC, Girouard H, Bouchard JF, Le Jossec M,
Lamontagne D, Besner JG, and de Champlain J. Effects of chronic
N-acetylcysteine treatment on the actions of peroxynitrite on aor-
tic vascular reactivity in hypertensive rats. J Hypertens 19:
1233-1244, 2001.

Callera GE, Tostes RC, Yogi A, Montezano AC, and Touyz RM.
Endothelin-1-induced oxidative stress in DOCA-salt hypertension
involves NADPH-oxidase-independent mechanisms Clin Sci
(Lond) 110: 243-253, 2006.

Carlsson CM, Pharo LM, Aeschlimann SE, Mitchell C, Under-
bakke G, and Stein JH. Effects of multivitamins and low-dose
folic acid supplements on flow-mediated vasodilation and plasma
homocysteine levels in older adults. Am Heart J 148: E11, 2004.
Casas JP, Cavalleri GL, Bautista LE, Smeeth L, Humphries SE,
and Hingorani AD. Endothelial nitric oxide synthase gene poly-
morphisms and cardiovascular disease: a HuGE review. Am J Epi-
demiol 164: 921-935, 2006.

Chan SH, Tai MH, Li CY, and Chan JY. Reduction in molecular
synthesis or enzyme activity of superoxide dismutases and cata-
lase contributes to oxidative stress and neurogenic hypertension

in spontaneously hypertensive rats. Lrge Radic Biol Mcd 40:
2028-2039, 2006.




1072

25

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

. Chen PY and Sanders PW. L-arginine abrogates salt-sensitive hy-
pertension in Dahl/Rapp rats. J Clin Invest 88: 1559-1567, 1991.
Chrysohoou C, Panagiotakos DB, Pitsavos C, Skoumas J |,
Economou M, Papadimitriou L, and Stefanadis C. The associa-
tion between pre-hypertension status and oxidative stress mark-
ers related to atherosclerotic disease: the ATTICA study. Ath-
erosclerosis 192: 169-176, 2007.

Chu Y, Iida S, Lund DD, Weiss RM, DiBona GF, Watanabe Y,
Faraci FM, and Heistad DD. Gene transfer of extracellular su-
peroxide dismutase reduces arterial pressure in spontaneously hy-
pertensive rats: role of heparin-binding domain. Circ Res 92:
461-468, 2003.

Clempus RE, Sorescu D, Dikalova AE, Pounkova L, Jo P, Sorescu
GP, Schmidt HH, Lassegue B, and Griendling KK. Nox4 is re-
quired for maintenance of the differentiated vascular smooth mus-
cle cell phenotype. diigiigialcbbigmbaligionlial 77: 4248,
2007.

Cockceroft JR, Chowienczyk PJ, Benjamin N, and Ritter JM. Pre-
served endothelium-dependent vasodilatation in patients with es-
sential hypertension. N Engl J Med 330: 1036-1040, 1994.
Cosentino F, Patton S, d’Uscio LV, Werner ER, Werner-Felmayer
G, Moreau P, Malinski T, and Luscher TF. Tetrahydrobiopterin
alters superoxide and nitric oxide release in prehypertensive rats.
J Clin Invest 101:1530-1537, 1998.

Czernichow S, Bertrais S, Blacher J, Galan P, Briancon S, Favier
A, Safar M, and Hercberg S. Effect of supplementation with an-
tioxidants upon long-term risk of hypertension in the SU.VL.MAX
study: association with plasma antioxidant levels. J Hypertens 23:
2013-2018, 2005.

Darley-Usmar V, Wiseman H, and Halliwell B. Nitric oxide and
oxygen radicals, a question of balance. FEBS Lett 369: 13-15,
1995.

Delles C, Braga Marcano AC, Munroe PB, Padmanabhan S, Mc-
Clure JD, Brain NJ, Browm MJ, Samani NJ, Clayton D, Farrall
M, Webster J, Connell IMC, Caulfield MJ, and Dominiczak AF.
Association between variants of the human GSTM gene family
and hypertension. Hypertension 48: €27, 2006 (abstract).

Delles C, Schneider MP, Oehmer S, Fleischmann I, Fleischmann
EF, and Schmieder RE . Increased response of renal perfusion to
the antioxidant vitamin C in type 2 diabetes. Nephrol Digl Trans.
plant 19: 2513-2518, 2004.

Delles C, Zimmerli LU, McGrane DJ, McKay AJ, Pathi VL,
Dargie HJ, Hamilton CA, and Dominiczak AF. Functional rela-
tionship between oxidative stress and vascular stiffness in humans.
Hypertension 48: €54, 2006 (abstract).

Desco MC, Asensi M, Marquez R, Martinez-Valls J, Vento M,
Pallardo FV, Sastre J, and Vina J. Xanthine oxidase is involved
in free radical production in type 1 diabetes: protection by allo-
purinol. Diabetes 51: 1118-1124, 2002.

Deshpande NN, Sorescu D, Seshiah P, Ushio-Fukai M, Akers M,
Yin Q, and Griendling KK. Mechanism of hydrogen peroxide-in-
duced cell cycle arrest in vascular smooth muscle. Antioxid Re-
dox Signal 4: 845-854, 2002.

Di Filippo C, Cuzzocrea S, Rossi F, Marfella R, and D’ Amico
M. Oxidative stress as the leading cause of acute myocardial in-
farction in diabetics Cardiovasc Drug Rev 24: 77-87, 2006.
Dickinson DA, Moellering DR, Iles KE, Patel RP, Levonen AL,
Wigley A, Darley-Usmar VM, and Forman HJ. Cytoprotection
against oxidative stress and the regulation of glutathione synthe-
sis. Biol Chem 384: 527-537, 2003.

Duffy SJ, Gokce N, Holbrook M, Huang A, Frei B, Keaney JF
Jr, and Vita JA. Treatment of hypertension with ascorbic acid.
Lancet 354: 2048-2049, 1999.

El Solh AA, Saliba R, Bosinski T, Grant BJ, Berbary E, and Miller
N. Allopurinol improves endothelial function in sleep apnoea: a
randomised controlled study. Eur Respir J 27: 997-1002, 2006.
Engelhard YN, Gazer B, and Paran E. Natural antioxidants from
tomato extract reduce blood pressure in patients with grade-1 hy-
pertension: a double-blind, placebo-controlled pilot study. Am
Heart J 151: 100, 2006.

Erdei N, Toth A, Pasztor ET, Papp Z, Edes I, Koller A, and Bagi
Z. High-fat diet-induced reduction in nitric oxide-dependent ar-
teriolar dilation in rats: role of xanthine oxidase-derived super-

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

DELLES ET AL.

oxide anion. imlbaleblbbiniilasiiad 29 1: H2107-H2115,
2006.

Farquharson CA, Butler R, Hill A, Belch JJ, and Struthers AD.
Allopurinol improves endothelial dysfunction in chronic heart
failure. Circulation 106: 221-226, 2002.

Fennell JP, Brosnan MJ, Frater AJ, Hamilton CA, Alexander MY,
Nicklin SA, Heistad DD, Baker AH, and Dominiczak AF. Ade-
novirus-mediated overexpression of extracellular superoxide dis-
mutase improves endothelial dysfunction in a rat model of hy-
pertension. Gene Ther 9:110-117, 2002.

Fliser D, Novak J, Thongboonkerd V, Argiles A, Jankowski V,
Girolami MA, Jankowski J, and Mischak H. Advances in urinary
proteome analysis and biomarker discovery. LAum Soc Nephrol
18: 1057-1071, 2007.

Forstermann U. Janus-faced role of endothelial NO synthase in
vascular disease: uncoupling of oxygen reduction from NO syn-
thesis and its pharmacological reversal. Biol Chem 387:
1521-1533, 2006

Fortuno A, Olivan S, Beloqui O, San Jose G, Moreno MU, Diez
J, and Zalba G. Association of increased phagocytic NADPH ox-
idase-dependent superoxide production with diminished nitric
oxide generation in essential hypertension. J_ Hypertens 22:
2169-2175, 2004.

Fotherby MD, Williams JC, Forster LA, Craner P, and Ferns GA.
Effect of vitamin C on ambulatory blood pressure and plasma
lipids in older persons. J Hypertens 18: 411-415, 2000.

Fratta PA, Garbin U, Nava MC, Stranieri C, Davoli A, Sawamura
T, Lo C, V, and Cominacini L. Nebivolol decreases oxidative
stress in essential hypertensive patients and increases nitric oxide
by reducing its oxidative inactivation. J Hypertens 23: 589-596,
2005.

Freudenberger RS, Schwarz RP Jr, Brown J, Moore A, Mann D,
Givertz MM, Colucci WS, and Hare JM. Rationale, design and or-
ganization of an efficacy and safety study of oxypurinol added to
standard therapy in patients with NYHA class III-IV congestive
heart failure. Lot Quizluyesto Dues 13: 1509-1516, 2004.
Fridovich I. Superoxide anion radical, superoxide dismutases, and
related matters. J Biol Chem 272: 18515-18517, 1997.
Frostegard J, Wu R, Lemne C, Thulin T, Witztum JL, and de Faire
U. Circulating oxidized low-density lipoprotein is increased in hy-
pertension. Clin Sci (Lond) 105: 615-620, 2003.

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.

Gale CR, Martyn CN, Winter PD, and Cooper C. Vitamin C and
risk of death from stroke and coronary heart disease in cohort of
elderly people. BMJ 310: 1563-1566, 1995.

Galisteo M, Garcia-Saura MF, Jimenez R, Villar IC, Zarzuelo A,
Vargas F, and Duarte J. Effects of chronic quercetin treatment on
antioxidant defence system and oxidative status of deoxycorti-
costerone acetate-salt-hypertensive rats. Mol Cell Biochem 259:
91-99, 2004.

Gaziano JM, Manson JE, Branch LG, Colditz GA, Willett WC,
and Buring JE. A prospective study of consumption of carotenoids
in fruits and vegetables and decreased cardiovascular mortality in
the elderly. Ann Epidemiol 5: 255-260, 1995.

George J, Carr E, Davies J, Belch JJ, and Struthers A. High-dose
allopurinol improves endothelial function by profoundly reducing
vascular oxidative stress and not by lowering uric acid. Circula-
tion 114: 2508-2516, 2006.

George SJ, Channon KM, and Baker AH. Gene therapy and coro-
nary artery bypass grafting: current perspectives. Curr Opin Mol
Ther 8: 288-294, 2006.

Ghosh M, Wang HD, and McNeill JR. Role of oxidative stress
and nitric oxide in regulation of spontaneous tone in aorta of
DOCA-salt hypertensive rats. BrJ Phgrmacol. 141: 562-573,
2004.

Gill PS and Wilcox CS. NADPH oxidases in the kidney. Antioxid
Redox Signal 8: 1597-1607, 2006.

Gillman MW, Cupples LA, Gagnon D, Posner BM, Ellison RC,
Castelli WP, and Wolf PA. Protective effect of fruits and veg-




TARGETING ROS IN HYPERTENSION

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

etables on development of stroke in men. JAMA 273: 1113-1117,
1995.

Graham D, Hamilton C, Beattie E, Spiers A, and Dominiczak AF.
Comparison of the effects of omapatrilat and irbesartan/hy-
drochlorothiazide on endothelial function and cardiac hypertro-
phy in the stroke-prone spontaneously hypertensive rat: sex dif-
ferences. J Hypertens 22: 329-337, 2004.

Griendling KK and FitzGerald GA. Oxidative stress and cardio-
vascular injury, Part II: animal and human studies. Circulation
108: 2034-2040, 2003.

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.

Gunderson KL, Steemers FJ, Lee G, Mendoza LG, and Chee MS.
A genome-wide scalable SNP genotyping assay using microarray
technology. Nat Genet 37: 549-554, 2005.

Guzik TJ and Harrison DG. Vascular NADPH oxidases as drug
targets for novel antioxidant strategies. RQuug Discov Todgy 11:
524-533, 2006.

Guzik TJ, Korbut R, and Adamek-Guzik T. Nitric oxide and su-
peroxide in inflammation and immune regulation. J Physiol Phar-
macol 54: 469-487, 2003.

Guzik TJ, Mussa S, Gastaldi D, Sadowski J, Ratnatunga C, Pil-
lai R, and Channon KM. Mechanisms of increased vascular su-
peroxide production in human diabetes mellitus: role of NAD(P)H
oxidase and endothelial nitric oxide synthase. Circulation 105:
1656-1662, 2002.

Guzik TJ, West NE, Black E, McDonald D, Ratnatunga C, Pillai
R, and Channon KM. Functional effect of the C242T polymor-
phism in the NAD(P)H oxidase p22phox gene on vascular su-
peroxide production in atherosclerosis. Circulation 102: 1744—
1747, 2000.

Hamilton CA, Miller WH, Al Benna S, Brosnan MJ, Drummond
RD, McBride MW, and Dominiczak AF. Strategies to reduce ox-
idative stress in cardiovascular disease. Clin Sci (Lond) 106:
219-234, 2004.

Hamilton CA. Low-density lipoprotein and oxidised low-density
lipoprotein: their role in the development of atherosclerosis. Phar-
macol Ther 74: 55-72, 1997.

Hanukoglu I. Antioxidant protective mechanisms against reactive
oxygen species (ROS) generated by mitochondrial P450 systems
in steroidogenic cells. Drug Metab Rey 38: 171-196, 2006.
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.

Higashi Y, Sasaki S, Nakagawa K, Matsuura H, Oshima T, and
Chayama K. Endothelial function and oxidative stress in reno-
vascular hypertension . N _Engl J Med 346: 1954-1962, 2002.
Himmelfarb J, Stenvinkel P, Ikizler TA, Hakim RM. The elephant
in uremia: oxidant stress as a unifying concept of cardiovascular
disease in uremia. Kidney Int 62: 1524-1538, 2002.

Hodgson JM, Puddey IB, Burke V, Beilin LJ, and Jordan N. Ef-
fects on blood pressure of drinking green and black tea. J Hy-
pertens 17: 457-463, 1999.

Huang HY, Caballero B, Chang S, Alberg AJ, Semba RD,
Schneyer CR, Wilson RF, Cheng TY, Vassy J, Prokopowicz G,
Barnes GJ 2nd, and Bass EB. The efficacy and safety of multi-
vitamin and mineral supplement use to prevent cancer and chronic
disease in adults: a systematic review for a National Institutes of
Health state-of-the-science conference. Aun furern Med 145:
372-385, 2006.

Hyndman ME, Parsons HG, Verma S, Bridge PJ, Edworthy S,
Jones C, Lonn E, Charbonneau F, and Anderson TJ. The T-
786—C mutation in endothelial nitric oxide synthase is associ-
ated with hypertension. Hypertension 39: 919-922, 2002.

Jang YH, Lee YC, Park NH, Shin HY, Mun KC, Choi MS, Lee
MY, Kim AR, Kim JM, Lee SR, and Park HR. Polyphenol (-)-
epigallocatechin gallate protection from ischemia/reperfusion-in-
duced renal injury in normotensive and hypertensive rats. Trans-
plant Proc 38: 2190-2194, 2006.

Jeserich M, Schindler T, Olschewski M, Unmussig M, Just H, and
Solzbach U. Vitamin C improves endothelial function of epicar-

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

1073

dial coronary arteries in patients with hypercholesterolaemia or
essential hypertension assessed by cold pressor testing. Eur Heart
J 20: 1676-1680, 1999.

John S, Delles C, Jacobi J, Schlaich MP, Schneider M, Schmitz
G, and Schmieder RE. Rapid improvement of nitric oxide
bioavailability after lipid-lowering therapy with cerivastatin
within two weeks. LAm Coll Cardiol 37: 1351-1358, 2001.
John S, Schneider MP , Delles C, Jacobi J, and Schmieder RE.
Lipid-independent effects of statins on endothelial function and
bioavailability of nitric oxide in hypercholesterolemic patients.
Am Heart J 149: 473, 2005.

Kaminski PM and Wolin MS. Hypoxia increases superoxide an-
ion production from bovine coronary microvessels, but not car-
diac myocytes, via increased xanthine oxidase. Mjcrocirculation
1: 231-236, 1994.

Kardinaal AF, Kok FJ , Ringstad J, Gomez-Aracena J, Mazaev
VP, Kohlmeier L, Martin BC, Aro A, Kark JD, Delgado-
Rodriguez M, Riemersma RA, van’t Veer P, Huttunen JK, and
Martin-Moreno JM. Antioxidants in adipose tissue and risk of
myocardial infarction: the EURAMIC Study. Lancet 342:
1379-1384, 1993.

Kardinaal AF, van ‘t Veer P, Brants HA, van den Berg H, van
Schoonhoven J, and Hermus RJ. Relations between antioxidant
vitamins in adipose tissue, plasma, and diet. Am J Epidemiol 141:
440-450, 1995.

Kashyap MK, Yadav V, Sherawat BS, Jain S, Kumari S, Khullar
M, Sharma PC, and Nath R. Different antioxidants status, total
antioxidant power and free radicals in essential hypertension. Mol
Cell Biochem 277: 89-99, 2005.

Katayama Y, Shige H, Yamamoto A, Hirata F, and Yasuda H.
Oral vitamin C ameliorates smoking-induced arterial wall stiff-
ness in healthy volunteers. LAtherascler Thromb 11: 354-357,
2004.

Khaw KT, Bingham S, Welch A, Luben R, Wareham N, Oakes
S, and Day N. Relation between plasma ascorbic acid and mor-
tality in men and women in EPIC-Norfolk prospective study: a
prospective population study: European prospective investigation
into cancer and nutrition. Lancet 357: 657-663, 2001.

Kishi T, Hirooka Y, Ito K, Sakai K, Shimokawa H, and Takeshita
A. Cardiovascular effects of overexpression of endothelial nitric
oxide synthase in the rostral ventrolateral medulla in stroke-prone
spontaneously hypertensive rats. Hypertension 39: 264-268,
2002.

Klipstein-Grobusch K, Geleijnse JM, den Breeijen JH, Boeing H,
Hofman A, Grobbee DE, and Witteman JC. Dietary antioxidants
and risk of myocardial infarction in the elderly: the Rotterdam
Study. AmJ Clin Nutr 69: 261-266, 1999.

Kong G, Lee S, and Kim KS. Inhibition of racl reduces PDGF-
induced reactive oxygen species and proliferation in vascular
smooth muscle cells. JKoregn Med Sci. 16: 712-718, 2001.
Kurl S, Tuomainen TP , Laukkanen JA, Nyyssonen K, Lakka T,
Sivenius J, and Salonen JT. Plasma vitamin C modifies the asso-
ciation between hypertension and risk of stroke. Stroke 33:
1568-1573, 2002.

Kushi LH, Folsom AR, Prineas RJ, Mink PJ, Wu Y, and Bostick
RM. Dietary antioxidant vitamins and death from coronary heart
disease in postmenopausal women. N_[neol J Med 334:
1156-1162, 1996.

Laakso J, Mervaala E, Himberg JJ, Teravainen TL, Karppanen H,
Vapaatalo H, and Lapatto R. Increased kidney xanthine oxidore-
ductase activity in salt-induced experimental hypertension. Hy-
pertension 32: 902-906, 1998.

Landmesser U, Dikalov S, Price SR, McCann L, Fukai T, Hol-
land SM, Mitch WE, and Harrison DG. Oxidation of tetrahydro-
biopterin leads to uncoupling of endothelial cell nitric oxide syn-
thase in hypertension. J Clin Invest 111: 1201-1209, 2003.
Landmesser U, Harrison DG, and Drexler H. Oxidant stress: a
major cause of reduced endothelial nitric oxide availability in car-
diovascular disease. EupnlClz Pharmgcal 62(suppl 1): 13-19,
2006.

Landmesser U, Merten R, Spiekermann S, Buttner K, Drexler H,
and Hornig B. Vascular extracellular superoxide dismutase ac-
tivity in patients with coronary artery disease: relation to endo-




1074

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

thelium-dependent vasodilation. Circulation 101:
2000.
Lassegue B and Clempus RE. Vascular NAD(P)H oxidases: spe-

cific features, expression, and regulation. Az LPhvsiol Recul lus
tegr Comp Physiol 285: R277-R297, 2003.

Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannatta-
sio C, Hayoz D, Pannier B, Vlachopoulos C, Wilkinson I, and
Struijker-Boudier H; European network for non-invasive investi-
gation of large arteries: expert consensus document on arterial
stiffness: methodological issues and clinical applications. Eur
Heart J 27: 2588-2605, 2006.

Lee SH, Oe T, and Blair IA. Vitamin C-induced decomposition
of lipid hydroperoxides to endogenous genotoxins. Science 292:
2083-2086, 2001.

Lemne C, Jogestrand T, and de Faire U. Carotid intima-media
thickness and plaque in borderline hypertension. Stroke 26: 34-39,
1995.

Levine GN, Frei B, Koulouris SN, Gerhard MD, Keaney JF Jr,
and Vita JA. Ascorbic acid reverses endothelial vasomotor dys-
function in patients with coronary artery disease. Circulation 93:
1107-1113, 1996.

Li HL, Huang Y, Zhang CN, Liu G, Wei YS, Wang AB, Liu YQ,
Hui RT, Wei C, Williams GM, Liu DP, and Liang CC. Epigallo-
cathechin-3 gallate inhibits cardiac hypertrophy through blocking
reactive oxidative spec1es dependent and -independent signal
pathways. 40: 1756-17175, 2006.

LiJ, Li W, SuJ, Liu W, Altura BT, and Altura BM. Hydrogen
peroxide induces apoptosis in cerebral vascular smooth muscle
cells: possible relation to neurodegenerative diseases and strokes.
Brain Res Bull 62: 101-106, 2003.

Li JM and Shah AM Intracellular localization and preassembly
of the NADPH oxidase complex in cultured endothelial cells. J
Biol Chem 277: 19952-19960, 2002.

Li JM and Shah AM. Mechanism of endothelial cell NADPH ox-
idase activation by angiotensin II: role of the p47phox subunit. J
Biol Chem 278: 12094-12100, 2003.

Li Q, Harraz MM, Zhou W, Zhang LN, Ding W, Zhang Y, Eggle-
ston T, Yeaman C, Banfi B, and Engelhardt JF. Nox2 and Racl
regulate H202-dependent recruitment of TRAF6 to endosomal in-
terleukin-1 receptor complexes. Mol Cell Biol 26: 140—154, 2006.
Lin KF, Chao L, and Chao J. Prolonged reduction of high blood
pressure with human nitric oxide synthase gene delivery. Hyper-
tension 30: 307-313, 1997.

Lonn E, Bosch J, Yusuf S, Sheridan P, Pogue J, Arnold JM, Ross
C, Arnold A, Sleight P, Probstfield J, and Dagenais GR. Effects
of long-term vitamin E supplementation on cardiovascular events
and cancer: a randomized controlled trial. JAMA 293: 1338—1347,
2005.

Lopes HF, Martin KL, Nashar K, Morrow JD, Goodfriend TL,
and Egan BM. DASH diet lowers blood pressure and lipid-in-
duced oxidative stress in obesity. Hypertension 41: 422-430,
2003.

Luchtefeld M, Grote K, Grothusen C, Bley S, Bandlow N, Selle
T, Struber M, Haverich A, Bavendiek U, Drexler H, and Schief-
fer B. Angiotensin II induces MMP-2 in a p47phox-dependent
manner. RigekeuRignlueReetamuuy 378: 183-188, 2005.
MacKenzie A, Filippini S, and Martin W. Effects of superoxide
dismutase mimetics on the activity of nitric oxide in rat aorta. Br
J Pharmacol 127: 1159-1164, 1999.

Mansego ML, Blesa S, Gonzalez-Albert V, Tormos MC, Saez G,
Redon J, and Chaves FJ. Discordant response of glutathione and
thioredoxin systems in human hypertension? Aggigxid Redox Sig-
nal 9: 507-514, 2007.

Marinho C, Alho I, Arduino D, Falcao LM, Bras-Nogueira J, and
Bicho M. GST M1/T1 and MTHFR polymorphisms as risk fac-
tors for hypertension. Bigekciieiio il 353:
344-350, 2007.

Matsuzaki H, Dong S, Loi H, Di X, Liu G, Hubbell E, Law J,
Berntsen T, Chadha M, Hui H, Yang G, Kennedy GC, Webster
TA, Cawley S, Walsh PS, Jones KW, Fodor SP, and Mei R. Geno-
typing over 100,000 SNPs on a pair of oligonucleotide arrays. Nat
Methods 1: 109-111, 2004.

2264-2270,

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

DELLES ET AL.

McBride MW, Brosnan MJ, Mathers J, McLellan LI, Miller WH,
Graham D, Hanlon N, Hamilton CA, Polke JM, Lee WK, and Do-
miniczak AF. Reduction of Gstm1 expression in the stroke-prone
spontaneously hypertension rat contributes to increased oxidative
stress. Hypertension 45: 786—792, 2005.

McBride MW, Carr FJ, Graham D, Anderson NH, Clark JS, Lee
WK, Charchar FJ, Brosnan MJ, and Dominiczak AF. Microarray
analysis of rat chromosome 2 congenic strains. Hypertension 41:
847-853, 2003.

McCullough ML, Chevaux K, Jackson L, Preston M, Martinez G,
Schmitz HH, Coletti C, Campos H, and Hollenberg NK. Hyper-
tension, the Kuna, and the epidemiology of flavanols. J Cardio-
vasc Pharmacol 47(suppl 2): S103-S109, 2006.

Mcllwain CC, Townsend DM, and Tew KD. Glutathione S-trans-
ferase polymorphisms: cancer incidence and therapy. Oncogene
25: 1639-1648, 2006.

Melissas J, Malliaraki N, Papadakis JA, Taflampas P, Kampa M,
and Castanas E. Plasma antioxidant capacity in morbidly obese
patients before and after weight loss. Obesity Surg 16: 314-320,
2006.

Miller WH, Brosnan MJ, Graham D, Nicol CG, Morecroft I,
Channon KM, Danilov SM, Reynolds PN, Baker AH, and Do-
miniczak AF. Targeting endothelial cells with adenovirus ex-
pressing nitric oxide synthase prevents elevation of blood pres-
sure in stroke-prone spontaneously hypertensive rats. Mol Ther
12: 321-327, 2005.

Modlinger P, Chabrashvili T, Gill PS, Mendonca M, Harrison DG,
Griendling KK, Li M, Raggio J, Wellstein A, Chen Y, Welch WJ,
and Wilcox CS. RNA silencing in vivo reveals role of p22phox
in rat angiotensin slow pressor response. Hypertension 47:
238-244, 2006.

Mollnau H, Wendt M, Szocs K, Lassegue B, Schulz E, Oelze M,
Li H, Bodenschatz M, August M, Kleschyov AL, Tsilimingas N,
Walter U, Forstermann U, Meinertz T, Griendling K, and Mun-
zel T. Effects of angiotensin II infusion on the expression and
function of NAD(P)H oxidase and components of nitric oxide/
c¢GMP signalling. Circ Res 90: ES8-E65, 2002.

Moreno MU, Jose GS, Fortuno A, Beloqui O, Diez J, and Zalba
G. The C242T CYBA polymorphism of NADPH oxidase is as-
sociated with essential hypertension. J Hypertens 24: 1299-1306,
2006.

Mueller CF, Laude K, McNally JS, and Harrison DG. ATVB in
focus: redox mechanisms in blood vessels. Axtgrigscler Thrombh
Vasc Biol 25: 274-278, 2005.

Mugge A, Elwell JH, Peterson TE, and Harrison DG. Release of
intact endothelium-derived relaxing factor depends on endothe-
lial superoxide dismutase activity, Am J Physiol 260: C219-C225,
1991.

Mullan BA, Young IS, Fee H, and McCance DR. Ascorbic acid
reduces blood pressure and arterial stiffness in type 2 diabetes.
Hypertension 40: 804-809, 2002.

Murphy MP and Smith RA. Targeting antioxidants to mitochon-
dria by conjugation to lipophilic cations. Auuu Rex Pharmagcol
Toxicol 47: 629-656, 2007.

Nickenig G, Strehlow K, Baumer AT, Baudler S, Wassmann S,
Sauer H, and Bohm M. Negative feedback regulation of reactive
oxygen species on AT1 receptor gene expression. Br_J Pharma-
col 131: 795-803, 2000.

Nishio M, Sakata Y, Mano T, Yoshida J, Ohtani T, Takeda Y,
Miwa T, Masuyama T, Yamamoto K, and Hori M. Therapeutic
effects of angiotensin II type 1 receptor blocker at an advanced
stage of hypertensive diastolic heart failure. J Hypertens 25:
455-461, 2007.

O’Leary DH, Polak JF, Kronmal RA, Manolio TA, Burke GL,
and Wolfson SK Jr. Carotid-artery intima and media thickness as
a risk factor for myocardial infarction and stroke in older adults:
Cardiovascular Health Study Collaborative Research Group. N
Engl J Med 340: 14-22, 1999.

O’Rourke MF and Mancia G. Arterial stiffness. J Hypertens 17:
1-4, 1999.

Pannirselvam M, Simon V, Verma S, Anderson T, and Triggle
CR. Chronic oral supplementation with sepiapterin prevents en-



TARGETING ROS IN HYPERTENSION

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

dothelial dysfunction and oxidative stress in small mesenteric ar-
teries from diabetic (db/db) mice. BrJ Pharmacol 140: 701-706,
2003.

Panza JA, Quyyumi AA , Brush JE Jr, and Epstein SE. Abnor-
mal endothelium-dependent vascular relaxation in patients with
essential hypertension. N Engl J Med 323: 22-27, 1990.
Papaharalambus CA and Griendling KK. Basic mechanisms of
oxidative stress and reactive oxygen species in cardiovascular in-
jury. Lrends Cardigugse Med 17: 48-54, 2007.

Park J, Ha H, Ahn HJ, Kang SW, Kim YS, Seo JY, and Kim MS.
Sirolimus inhibits platelet-derived growth factor-induced collagen
synthesis in rat vascular smooth muscle cells. Zrgnsplant Proc
37: 3459-3462, 2005.

Park JB, Touyz RM, Chen X, and Schiffrin EL. Chronic treat-
ment with a superoxide dismutase mimetic prevents vascular re-
modeling and progression of hypertension in salt-loaded stroke-
prone spontaneously hypertensive rats. AmJ Hyvpertens 15: 78-84,
2002.

Patterson C, Ruef J, Madamanchi NR, Barry-Lane P, Hu Z, Ho-
raist C, Ballinger CA, Brasier AR, Bode C, and Runge MS. Stim-
ulation of a vascular smooth muscle cell NAD(P)H oxidase by
thrombin: evidence that p47(phox) may participate in forming this
oxidase in vitro and in vivo. J _Biol Chem 274: 19814-19822,
1999.

Pechanova O, Zicha J, Kojsova S, Dobesova Z, Jendekova L, and
Kunes J. Effect of chronic N-acetylcysteine treatment on the de-
velopment of spontaneous hypertension. Clin Sci (Lond) 110:
235-242, 2006.

Persu A, Vinck WJ, El Khattabi O, Janssen RG, Paulussen AD,
Devuyst O, Vlietinck R, and Fagard RH. Influence of the endo-
thelial nitric oxide synthase gene on conventional and ambulatory
blood pressure: sib-pair analysis and haplotype study. J Hyper-
tens 23: 759-765, 2005.

Peters PG, Alessio HM, Hagerman AE, Ashton T, Nagy S, and
Wiley RL. Short-term isometric exercise reduces systolic blood
pressure in hypertensive adults: possible role of reactive oxygen
species. [nt J Cardiol 110: 199-205, 2006.

Privratsky JR, Wold LE, Sowers JR, Quinn MT, and Ren J. AT1
blockade prevents glucose-induced cardiac dysfunction in ven-
tricular myocytes: role of the AT1 receptor and NADPH oxidase.
Hypertension 42: 206-212, 2003.

Quintero M, Colombo SL, Godfrey A, and Moncada S. Mito-
chondria as signaling organelles in the vascular endothelium. Proc
Natl Acad Sci IS A 103: 5379-5384, 2006.

Rahman K and Lowe GM. Garlic and cardiovascular disease: a
critical review. J Nutr 136: 736S-7408S, 2006.

Rajagopalan S and Harrison DG. Reversing endothelial dysfunc-
tion with ace inhibitors: a new trend. Circulation 94: 240-243,
1996.

Rajagopalan S, Meng XP, Ramasamy S, Harrison DG, and Galis
ZS. Reactive oxygen species produced by macrophage-derived
foam cells regulate the activity of vascular matrix metallopro-
teinases in vitro. J Clin Invest 98: 2572-2579, 1996.

Redon J, Oliva MR, Tormos C, Giner V, Chaves J, Iradi A, and
Saez GT. Antioxidant activities and oxidative stress byproducts
in human hypertension. Hypertension 41: 1096-1101, 2003.
Rey FE, Cifuentes ME, Kiarash A, Quinn MT, and Pagano PJ.
Novel competitive inhibitor of NAD(P)H oxidase assembly at-
tenuates vascular O, and systolic blood pressure in mice, Circ
Res 89: 408-414, 2001.

Rimm EB, Stampfer MJ , Ascherio A, Giovannucci E, Colditz
GA, and Willett WC. Vitamin E consumption and the risk of coro-
nary heart disease in men. N _Engl J Med 328: 1450-1456, 1993.
Rueckschloss U, Galle J, Holtz J, Zerkowski HR, and Morawietz
H. Induction of NAD(P)H oxidase by oxidized low-density
lipoprotein in human endothelial cells: antioxidative potential of
hydroxymethylglutaryl coenzyme A reductase inhibitor therapy.
Circulation 104: 1767-1772, 2001.

Saez GT, Tormos C, Giner V, Chaves J, Lozano JV, Iradi A, and
Redon J. Factors related to the impact of antihypertensive treat-
ment in antioxidant activities and oxidative stress by-products in
human hypertension. ApJ Hypertens 17: 809-816, 2004.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

1075

Salonen R and Salonen JT. Determinants of carotid intima-media
thickness: a population-based ultrasonography study in eastern
Finnish men. J Intern Med 229: 225-231, 1991.

Salonen RM, Nyyssonen K, Kaikkonen J, Porkkala-Sarataho E,
Voutilainen S, Rissanen TH, Tuomainen TP, Valkonen VP, Ris-
tonmaa U, Lakka HM, Vanharanta M, Salonen JT, and Poulsen
HE. Six-year effect of combined vitamin C and E supplementa-
tion on atherosclerotic progression: the Antioxidant Supplemen-
tation in Atherosclerosis Prevention (ASAP) Study. Circulation
107: 947-953, 2003.

Sanchez M, Galisteo M, Vera R, Villar IC, Zarzuelo A, Tamargo
J, Perez-Vizcaino F, and Duarte J. Quercetin downregulates
NADPH oxidase, increases eNOS activity and prevents endothe-
lial dysfunction in spontaneously hypertensive rats. J Hypertens
24: 75-84, 2006.

Schafer FQ and Buettner GR. Redox environment of the cell as
viewed through the redox state of the glutathione disulfide/glu-
tathione couple. 1 30: 1191-1212, 2001.
Schiffer E, Mischak H, and Novak J. High resolution pro-
teome/peptidome analysis of body fluids by capillary
electrophoresis coupled with MS. Proteomics 6: 5615-5627,
2006.

Schlaich MP, Ahlers BA, Parnell MM, and Kaye DM. 3-Adreno-
ceptor-mediated, nitric-oxide-dependent vasodilatation is abnor-
mal in early hypertension: restoration by L-arginine. J Hypertens
22: 1917-1925, 2004.

Schlaich MP, Parnell MM, Ahlers BA, Finch S, Marshall T, Zhang
WZ, and Kaye DM. Impaired L-arginine transport and endothe-
lial function in hypertensive and genetically predisposed nor-
motensive subjects. Circulation 110: 3680-3686, 2004.
Schneider MP, Delles C, Fleischmann E, Schmidt BM , John S,
and Schmieder RE. Effect of elevated triglyceride levels on en-
dothelium-dependent vasodilation in patients with hypercholes-
terolemia. Am J Cardiol 91: 482—-484, 2003.

Schneider MP, Delles C, Schmidt BM, Oehmer S, Schwarz TK,
Schmieder RE, and John S. Superoxide scavenging effects of N-
acetylcysteine and vitamin C in subjects with essential hyperten-
sion. Am J Hypertens 18: 1111-1117, 2005.

Schneider MP, Klingbeil AU, Delles C, Schmidt BM, John S, and
Schmieder RE. Vitamin C augments the renal response to L-argi-
nine in smokers. Nephrel Digl Tegneplaps 18: 1512-1517, 2003.
Seshiah PN, Weber DS, Rocic P, Valppu L, Taniyama Y, and
Griendling KK. Angiotensin II stimulation of NAD(P)H oxidase
activity: upstream mediators. Circ Res 91: 406—413, 2002.
Sherman DL, Keaney JF Jr, Biegelsen ES, Dufty SJ , Coffman
JD, and Vita JA. Pharmacological concentrations of ascorbic acid
are required for the beneficial effect on endothelial vasomotor
function in hypertension. Hypertension 35: 936-941, 2000.
Skyrme-Jones RA, O’Brien RC, Berry KL, and Meredith IT. Vi-
tamin E supplementation improves endothelial function in type I
diabetes mellitus: a randomized, placebo-controlled study. J Am
Coll Cardiol 36: 94-102, 2000.

Stampfer MJ, Hennekens CH, Manson JE, Colditz GA, Rosner
B, and Willett WC. Vitamin E consumption and the risk of coro-
nary disease in women . N _Engl J Med 328: 1444-1449, 1993.
Stiefel P, Arguelles S, Garcia S, Jimenez L, Aparicio R, Carneado
J, Machado A, and Ayala A. Effects of short-term supplementa-
tion with folic acid on different oxidative stress parameters in pa-
tients with hypertension. Bigchim Bigphys Actg 1726: 152-159,
2005.

Struthers AD, Donnan PT, Lindsay P, McNaughton D, Broomhall
J, and MacDonald TM. Effect of allopurinol on mortality and hos-
pitalisations in chronic heart failure: a retrospective cohort study.
Heart 87: 229-234, 2002.

Sugiyama M, Ohashi M , Takase H, Sato K, Ueda R, and Dohi
Y. Effects of atorvastatin on inflammation and oxidative stress.
Heart Vessels 20: 133-136, 2005.

Sundaresan M, Yu ZX, Ferrans V], Irani K, and Finkel T. Re-
quirement for generation of H,O, for platelet-derived growth fac-
tor signal transduction. Science 270: 296-299, 1995.

Szabo C. Multiple pathways of peroxynitrite cytotoxicity. Toxi-
col Lett 140: 105-112, 2003.




1076

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

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.
Taddei S, Virdis A, Ghiadoni L, Magagna A, Favilla S, Pompella
A, and Salvetti A. Restoration of nitric oxide availability after cal-
cium antagonist treatment in essential hypertension. Hypertension
37: 943-948, 2001.
Taddei S, Virdis A, Ghiadoni L, Salvetti G, Bernini G, Magagna
A, and Salvetti A. Age-related reduction of NO availability and
oxidative stress in humans. Hypertension 38: 274-279, 2001.
Tai MH, Hsiao M, Chan JY, Lo WC, Wang FS, Liu GS, Howng
SL, and Tseng CJ. Gene delivery of endothelial nitric oxide syn-
thase into nucleus tractus solitarii induces biphasic response in
cardiovascular functions of hypertensive rats. Am J Hypertens 17:
63-70, 2004.
Takemoto M and Liao JK. Pleiotropic effects of 3-hydroxy-3-
methylglutaryl coenzyme a reductase inhibitors. Arterioscler
21: 1712-1719, 2001.
Taniyama Y and Griendling KK. Reactive oxygen species in the
vasculature: molecular and cellular mechanisms. Hypertension
42: 1075-1081, 2003.
ten Freyhaus H, Huntgeburth M, Wingler K, Schnitker J, Baumer
AT, Vantler M, Bekhite MM, Wartenberg M, Sauer H, and
Rosenkranz S. Novel Nox inhibitor VAS2870 attenuates PDGF-
dependent smooth muscle cell chemotaxis, but not proliferation.
Cardigvasc Res 71: 331-341, 2006.
Tian N, Rose RA, Jordan S, Dwyer TM, Hughson MD, and Man-
ning RD Jr. N-acetylcysteine improves renal dysfunction, ame-
liorates kidney damage and decreases blood pressure in salt-sen-
sitive hypertension. J Hypertens 24: 2263-2270, 2006.
Torrecillas G, Boyano-Adanez MC, Medina J, Parra T, Griera M,
Lopez-Ongil S, Arilla E, Rodriguez-Puyol M, and Rodriguez-
Puyol D. The role of hydrogen peroxide in the contractile response
to angiotensin II. Mol Pharmacol 9: 104-112, 2001.
Touyz RM, Cruzado M, Tabet F, Yao G, Salomon S, and Schiffrin
EL. Redox-dependent MAP kinase signaling by Ang II in vascu-
lar smooth muscle cells: role of receptor tyrosine kinase transac-

tivation. CauelbhusialPhdiadeal 81: 159-167, 2003

Touyz RM and Schiffrin EL. Reactive oxygen species in vascu-
lar biology: implications in hypertension. Mistachem Cell Biol
122: 339-352, 2004.

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

Tuck ML, Sowers J, Dornfeld L, Kledzik G, and Maxwell M. The
effect of weight reduction on blood pressure, plasma renin activ-
ity, and plasma aldosterone levels in obese patients. N Engl J Med
304: 930-933, 1981.

Turi S, Friedman A, Bereczki C, Papp F, Kovacs J, Karg E, and
Nemeth I. Oxidative stress in juvenile essential hypertension. J
Hypertens 21: 145-152, 2003.

Turrens JF. Mitochondrial formation of reactive oxygen species
J Physiol 552: 335-344, 2003.

Upston JM, Terentis AC, Morris K, Keaney JF Jr, and Stocker R.
Oxidized lipid accumulates in the presence of alpha-tocopherol in
atherosclerosis. Biochem J 363: 753760, 2002.

Vasankari T, Ahotupa M, Toikka J, Mikkola J, Irjala K, Pasanen
P, Neuvonen K, Raitakari O, and Viikari J. Oxidized LDL and
thickness of carotid intima-media are associated with coronary
atherosclerosis in middle-aged men: lower levels of oxidized LDL
with statin therapy. Atherosclergsis 155: 403—412, 2001.

Vera R, Sanchez M, Galisteo M, Villar IC, Jimenez R, Zarzuelo
A, Perez-Vizcaino F, and Duarte J. Chronic administration of
genistein improves endothelial dysfunction in spontaneously hy-
pertensive rats: involvement of eNOS, caveolin and calmodulin
expression and NADPH oxidase activity. Clin Sci (Lond) 112:
183-191, 2007.

Violi F, Loffredo L, Musella L, and Marcoccia A. Should anti-
oxidant status be considered in interventional trials with antioxi-
dants? Heart 90: 598-602, 2004.

Vivekananthan DP, Penn MS, Sapp SK, Hsu A, and Topol EJ.
Use of antioxidant vitamins for the prevention of cardiovascular

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

DELLES ET AL.

disease: meta-analysis of randomised trials.
2017-2023, 2003.
Ward NC, Wu JH, Clarke MW, Puddey IB, Burke V, Croft KD,
and Hodgson JM. The effect of vitamin E on blood pressure in
individuals with type 2 diabetes: a randomized, double-blind,
placebo-controlled trial. J Hypertens 25: 227-234, 2007.
Wassmann S, Laufs U, Muller K, Konkol C, Ahlbory K, Baumer
AT, Linz W, Bohm M, and Nickenig G. Cellular antioxidant ef-
fects of atorvastatin in vitro and in vivo. duteriaselerlhromb Vase
Biol 22: 300-305, 2002.
Wassmann S, Ribaudo N, Faul A, Laufs U, Bohm M, and Nick-
enig G. Effect of atorvastatin 80 mg on endothelial cell function
(forearm blood flow) in patients with pretreatment serum low-
density lipoprotein cholesterol levels <130 mg/dl. Am J Cardiol
93: 84-88, 2004.
Watanabe T, Yasunari K, Nakamura M, and Maeda K. Carotid
artery intima-media thickness and reactive oxygen species for-
mation by monocytes in hypertensive patients. JHum Hyvpertens
20: 336-340, 2006.
Weissinger EM, Nguyen-Khoa T, Fumeron C, Saltiel C, Walden
M, Kaiser T, Mischak H, Drueke TB, Lacour B, and Massy ZA.
Effects of oral vitamin C supplementation in hemodialysis pa-
tients: a proteomic assessment. Proteomics 6: 993—-1000, 2006.
Welch WJ, Mendonca M, Blau J, Karber A, Dennehy K, Patel K,
Lao YS, Jose PA, and Wilcox CS. Antihypertensive response to
prolonged tempol in the spontaneously hypertensive rat. Kidney
Int 68: 179-187, 2005.
Wilcox CS. Oxidative stress and nitric oxide deficiency in the kid-
ney: a critical link to hypertension? A lebbusiolReculluocy
Comp Physiol 289: R913-R935, 2005.
Wilkinson IB, Megson IL, MacCallum H, Sogo N, Cockcroft JR,
and Webb DJ. Oral vitamin C reduces arterial stiffness and platelet
aggregation in humans. Llardiguase Pharugcal 34: 690-693,
1999.
Wykretowicz A, Guzik P, Kasinowski R, Krauze T, Bartkowiak
G, Dziarmaga M, and Wysocki H. Augmentation index, pulse
pressure amplification and superoxide anion production in patients
with coronary artery disease. Int J Cardiol 99: 289-294, 2005.
Xu JW, Ikeda K, and Yamori Y. Genistein inhibits expressions
of NADPH oxidase p22phox and angiotensin II type 1 receptor
in aortic endothelial cells from stroke-prone spontaneously hy-
pertensive rats. Hypertens Res 27: 675-683, 2004.
Yada T, Shimokawa H, Hiramatsu O, Kajita T, Shigeto F, Goto
M, Ogasawara Y, and Kajiya F. Hydrogen peroxide, an endoge-
nous endothelium-derived hyperpolarizing factor, plays an im-
portant role in coronary autoregulation in vivo. Circulation 107:
10401045, 2003.
Yamamoto E, Yamashita T, Tanaka T, Kataoka K, Tokutomi Y,
Lai ZF, Dong YF, Matsuba S, Ogawa H, and Kim-Mitsuyama S.
Pravastatin enhances beneficial effects of olmesartan on vascular
mjury of salt-sensitive hypertenswe rats, via pleiotropic effects.
27: 556-563, 2007.
Yamamoto Y and Oue E. Antihypertensive effect of quercetin in
rats fed with a high-fat high-sucrose diet. Bigsci Biorechnol
Biochem 70: 933-939, 2006.
Yamamoto Y, Ogino K, Igawa G, Matsuura T, Kaetsu Y, Sugi-
hara S, Matsubara K, Miake J, Hamada T, Yoshida A, Igawa O,
Yamamoto T, Shigemasa C, and Hisatome I. Allopurinol reduces
neointimal hyperplasia in the carotid artery ligation model in spon-
taneously hypertensive rats. Hypertens Res 29: 915-921, 2006.
Zalba G, Beloqui O, San Jose G, Moreno MU, Fortuno A, and
Diez J. NADPH oxidase-dependent superoxide production is as-
sociated with carotid intima-media thickness in subjects free of
clinical atherosclerotic disease. didghigsalclbiomblg e Rigl 75:
1452-1457, 2005.
Zanzinger J. Mechanisms of action of nitric oxide in the brain
stem: role of oxidative stress. Auton Neurosci 98: 24-27, 2002.
Zhan CD, Sindhu RK, Pang J, Ehdaie A, and Vaziri ND. Super-
oxide dismutase, catalase and glutathione peroxidase in the spon-
taneously hypertensive rat kidney: effect of antioxidant-rich diet.
J Hypertens 22: 2025-2033, 2004.
Zhang C, Hein TW, Wang W, Miller MW, Fossum TW, Mc-
Donald MM, Humphrey JD, and Kuo L. Upregulation of vascu-

Lancet 361:



TARGETING ROS IN HYPERTENSION

210.

211.

212.

213.

214.

lar arginase in hypertension decreases nitric oxide-mediated dila-
tion of coronary arterioles. Hypertension 44: 935-943, 2004.
Zhang H, Luo Y, Zhang W, He Y, Dai S, Zhang R, Huang Y,
Bernatchez P, Giordano FJ, Shadel G, Sessa WC, and Min W.
Endothelial-specific expression of mitochondrial thioredoxin im-
proves endothelial cell function and reduces atherosclerotic le-
sions. Am_J Pathol 170: 1108-1120, 2007.

Zheng JS, Yang XQ, Lookingland KJ, Fink GD, Hesslinger C,
Kapatos G, Kovesdi I, and Chen AF. Gene transfer of human
guanosine 5-triphosphate cyclohydrolase 1 restores vascular
tetrahydrobiopterin level and endothelial function in low renin hy-
pertension. Circulation 108: 1238-1245, 2003.

Zimmerman MC and Davisson RL Redox signaling in central
neural regulation of cardiovascular function. Rrog Biophvs Mol
Biol 84: 125-149, 2004.

Zimmerman MC, Lazartigues E, Sharma RV, and Davisson RL.
Hypertension caused by angiotensin II infusion involves increased
superoxide production in the central nervous system. Circ Res 95:
210-216, 2004.

Zureik M, Galan P, Bertrais S, Mennen L, Czernichow S, Blacher
J, Ducimetiere P, and Hercberg S. Effects of long-term daily low-

1077

dose supplementation with antioxidant vitamins and minerals on

structure and function of large arteries. Aulerigsalerlhromb Ve
Biol 24: 1485-1491, 2004.

Address reprint requests to:

Professor Anna F. Dominiczak

BHF Glasgow Cardiovascular Research Centre
University of Glasgow

126 University Place

Glasgow, GI12 8TA

Scotland, UK

E-mail: ad7e@clinmed.gla.ac.uk

Date of first submission to ARS Central, December 7, 2007;
date of final revised submission, December 7, 2007; date of ac-
ceptance, December 8, 2007.






Thisarticle has been cited by:

1. LuisCondezo-Hoyos, SilviaM. Arribas, FatimaAbderrahim, Beatriz Somoza, MartaGil-Ortega, Juan J. Diaz-Gil, M. Victoria
Conde, Cristina Susin, M. Carmen Gonzalez. 2012. Liver growth factor treatment reverses vascular and plasmatic oxidative
stress in spontaneously hypertensive rats. Journal of Hypertension 1. [ CrossRef]

2. Kenan C Murphy, Michael R Volkert. 2012. Structural/functional analysis of the human OXR1 protein; identification of exon
8 as the anti-oxidant encoding function. BMC Molecular Biology 13:1, 26. [ CrossRef]

3. Elizabeth Hood, Eric Simone, Paritosh Wattamwar, Thomas Dziubla, VVladimir Muzykantov. 2011. Nanocarriers for vascular
delivery of antioxidants. Nanomedicine 6:7, 1257-1272. [ CrossRef]

4. Colin E. Murdoch, Sara P. Alom-Ruiz, Minshu Wang, Min Zhang, Simon Walker, Bin Yu, Alison Brewer, Ajay M. Shah.
2011. Role of endothelial Nox2 NADPH oxidase in angiotensin |1-induced hypertension and vasomotor dysfunction. Basic
Research in Cardiology 106:4, 527-538. [ CrossRef]

5.Si Jin, Fan Zhou , Foad Katirai , Pin-Lan Li . Lipid Raft Redox Signaling: Molecular Mechanisms in Health and Disease.
Antioxidants & Redox Sgnaling, ahead of print. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

6. C. Fava, M. Montagnana, E. Danese, M. Sjdgren, P. Almgren, G. Engstrém, B. Hedblad, G.C. Guidi, P. Minuz, O. Melander.
2011. Vanin-1 T26l polymorphism, hypertension and cardiovascular events in two large urban-based prospective studiesin
Swedes. Nutrition, Metabolism and Cardiovascular Diseases . [ CrossRef]

7. Xiaobin Wang, Yunhui Cheng, Xiaojun Liu, Jian Yang, Daisy Munoz, Chunxiang Zhang. 2011. Unexpected pro-injury
effect of propofol on vascular smooth muscle cells with increased oxidative stress*. Critical Care Medicine 39:4, 738-745.
[CrossRef]

8. Karl Oettl, Gilbert Reibnegger, Otto Schmut. 2011. The redox state of human serum albumin in eye diseases with and without
complications. Acta Ophthalmologica 89:2, €174-e179. [ CrossRef]

9. Xiuging Huang, Mingxiao Sun, Dongxiao Li, Jin Liu, Hanbang Guo, Y uan Dong, Lei Jiang, Qi Pan, Y ong Man, Shu Wang.
2011. Augmented NADPH oxidase activity and p22phox expression in monocytes underlie oxidative stress of patients with
type 2 diabetes mellitus. Diabetes Research and Clinical Practice 91:3, 371-380. [CrossRef]

10.Luiza A Rabelo, Natalia Alenina, Michael Bader. 2011. ACE2-angiotensin-(1-7)-Mas axis and oxidative stress in
cardiovascular disease. Hypertension Research 34:2, 154-160. [ CrossRef]

11. Chiara Taurino, William H. Miller, Martin W. McBride, John D. McClure, Raya Khanin, MariaU. Moreno, Jane A. Dymott,
Christian Delles, Anna F. Dominiczak. 2010. Gene expression profiling in whole blood of patients with coronary artery
disease. Clinical Science 119:8, 335-343. [CrossRef]

12. Christopher P. F. Marinangeli, Peter J. H. Jones. 2010. Functional food ingredients as adj unctive therapiesto pharmacotherapy
for treating disorders of metabolic syndrome. Annals of Medicine 42:5, 317-333. [ CrossRef]

13. Rgjesh Ramasamy, Maryam Magbool, Abdul Latiff Mohamed, Rahim Md. Noah. 2010. Elevated neutrophil respiratory burst
activity in essentia hypertensive patients. Cellular Immunology 263:2, 230-234. [ CrossRef]

14. Erin E. Battin, Julia L. Brumaghim. 2009. Antioxidant Activity of Sulfur and Selenium: A Review of Reactive Oxygen
Species Scavenging, Glutathione Peroxidase, and Metal-Binding Antioxidant Mechanisms. Cell Biochemistry and Biophysics
55:1, 1-23. [CrossRef]

15. Srikanth Pendyala , Peter V. Usatyuk , Irina A. Gorshkova , Joe G.N. Garcia, Viswanathan Natargjan . 2009. Regulation
of NADPH Okxidase in Vascular Endothelium: The Role of Phospholipases, Protein Kinases, and Cytoskeletal Proteins.
Antioxidants & Redox Sgnaling 11:4, 841-860. [Abstract] [Full Text PDF] [Full Text PDF with Links]

16. Christian Delles, Martin W. McBride, Sandosh Padmanabhan, Anna F. Dominiczak. 2008. The genetics of cardiovascular
disease. Trendsin Endocrinology & Metabolism 19:9, 309-316. [CrossRef]

17. Vassiliki Panteleon, loannis K. Kostakis, Panagiotis Marakos, Nicole Pouli, loanna Andreadou. 2008. Synthesis and free
radical scavenging activity of some new spiropyranocoumarins. Bioorganic & Medicinal Chemistry Letters18:21, 5781-5784.
[CrossRef]


http://dx.doi.org/10.1097/HJH.0b013e328353824b
http://dx.doi.org/10.1186/1471-2199-13-26
http://dx.doi.org/10.2217/nnm.11.92
http://dx.doi.org/10.1007/s00395-011-0179-7
http://dx.doi.org/10.1089/ars.2010.3619
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3619
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3619
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3619
http://dx.doi.org/10.1016/j.numecd.2011.01.012
http://dx.doi.org/10.1097/CCM.0b013e318206bd86
http://dx.doi.org/10.1111/j.1755-3768.2009.01824.x
http://dx.doi.org/10.1016/j.diabres.2010.12.026
http://dx.doi.org/10.1038/hr.2010.235
http://dx.doi.org/10.1042/CS20100043
http://dx.doi.org/10.3109/07853890.2010.484026
http://dx.doi.org/10.1016/j.cellimm.2010.04.004
http://dx.doi.org/10.1007/s12013-009-9054-7
http://dx.doi.org/10.1089/ars.2008.2231
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2231
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2231
http://dx.doi.org/10.1016/j.tem.2008.07.010
http://dx.doi.org/10.1016/j.bmcl.2008.09.065

