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Hypertension is associated with an elevation of reactive
oxygen species (ROS) and frequently also with an impair-
ment of endogenous antioxidant mechanisms. Experimen-
tal manipulation of the redox state in vivo shows that ROS
can be a cause of hypertension. During the development of
the disease, ROS are generated by endogenous sources,
notably the NADPH oxidase enzyme family and uncou-
pled nitric oxide synthase, due to a mutual reinforcement
between ROS and humoral factors. The ROS affect mul-
tiple tissues, either directly or through nitric oxide deple-
tion. In the vasculature, they induce contraction and
endothelial dysfunction. In blood vessels and myocar-
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0895-7061/04/$30.00
doi:10.1016/j.amjhyper.2004.02.004
dium, they cause hypertrophic remodeling. In the kid-
neys, ROS promote salt reabsorption, decrease glomerular
filtration, and lead to tissue damage. Finally, they also
increase efferent sympathetic activity from the central
nervous system. Progress in our understanding of the
mechanisms of ROS formation and their plethora of
pathophysiologic effects is expected to lead from simple
antioxidant therapy to specific antihypertensive treat-
ments. Am J Hypertens 2004;17:852–860 © 2004
American Journal of Hypertension, Ltd.
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R eactive oxygen species (ROS), long known as
microbicide agents produced by phagocytes or
undesirable by-products of aerobic metabolism,

have recently acquired the status of ubiquitous signaling
molecules. Alterations in the biochemical pathways lead-
ing to their production and metabolism have been impli-
cated in pathologies as varied as cancer and diabetes. Here
we will review recent evidence linking ROS with hyper-
tension and evaluate their possible causal contribution to
the development of the disease. After describing the mo-
lecular sources of ROS in hypertension and the factors that
trigger their formation, we will concentrate on their targets
in the organism.

Effect of Hypertension on
Reactive Oxygen Species

Reactive Oxygen Species
and Oxidation Markers

Experimental hypertension is frequently induced by stim-
ulation of the renin-angiotensin system: by chronic angio-
tensin II (Ang II) infusion, overexpression of the renin and
angiotensinogen genes, or coarctation of the renal artery
with or without uninephrectomy. Angiotensin II is also
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From the Division of Cardiology, Emory University School of Med-
involved in hypertension development in the spontane-
ously hypertensive rat (SHR). In these models, ROS such
as superoxide and hydrogen peroxide (H2O2), as well as
oxidation markers such as tyrosine nitration of proteins,
production and excretion of 8-isoprostaglandin F2� (8-iso),
malonyl dialdehyde, and thiobarbituric acid reactive sub-
stances, are increased in vessels, heart, and kidneys. In
addition, renal blood flow and glomerular filtration are
decreased in SHR.1–5 Similar effects are observed with a
high salt diet, notably in obesity-prone and Dahl salt-
sensitive rats.6,7

Hypertension models with low renin and angiotensin
are obtained, for example, by infusion of endothelin-1
(ET-1) or by uninephrectomy and administration of de-
oxycorticosterone and high dietary salt (DOCA-salt). Here
also, vascular superoxide and oxidation markers are ele-
vated.5,8–13 Thus, in many experimental models, hyper-
tension is associated with increased ROS production.

Antioxidant Defense Mechanisms

The ROS abundance in hypertension could result from in-
creased production (see Molecular Sources) or impaired deg-
radation. Very active antioxidant enzymes, such as
superoxide dismutase (SOD) and catalase, convert superox-
ide to H2O2 and water. Expression of extracellular
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(ec)SOD in kidney is decreased by Ang II infusion.2 CuZn-
SOD and MnSOD activities are similarly lower in vessels
and kidney in subtotal nephrectomy,14 Dahl salt-sensitive,
renal artery stenosis, and DOCA-salt.15 The MnSOD activity
is markedly decreased in the kidney by Ang II infusion due
to tyrosine nitration.1 Similarly, kidney catalase and glutathi-
one peroxidase are decreased after renal artery stenosis. Aor-
tic catalase is also downregulated in genetically hypertensive
mice.16 Thus, in these animal models, downregulation of
endogenous antioxidant enzymes may contribute to the ele-
vation of ROS in hypertension.

The Superoxide/Nitric Oxide Balance

Superoxide is degraded by reaction with nitric oxide (NO)
three times faster than by SOD, leading to loss of NO and
generation of peroxynitrite, a harmful ROS. To assess the
relevance of this reaction in hypertension, the concentra-
tion of NO and its metabolites, nitrite and nitrate (NOx),
have been measured. Urinary excretion of NOx is de-
creased in renin and angiotensinogen transgenics,3 Dahl
salt-sensitive, obesity, and subtotal nephrectomy.14 This
NO decrease is not due to a downregulation of NO syn-
thase (NOS) in the SHR vasculature, for instance, as
endothelial NOS (eNOS) activity is increased despite the
reduced agonist-induced NO production.4,17,18

The loss of NO in hypertension leads to impaired
endothelium-dependent relaxation in various models, such
as rats infused with Ang II,5,19 rats and mice overexpress-
ing renin and angiotensinogen,3,5 SHR,4,18 rats on a high
salt diet with or without nephrectomy, and DOCA-salt.13

Similarly, patients with essential hypertension also present
a decreased endothelial-dependent relaxation and a dimin-
ished effect of NOS antagonists.20 Thus, by consuming
NO, ROS are not only associated with hypertension, but
also contribute to the disease (Fig. 1).

Causal Role of Reactive Oxygen
Species in Hypertension

Treatments Increasing
Reactive Oxygen Species

Exposure of cells or tissues to exogenous oxidants mimics
events that contribute to hypertension development. Gen-
erators of superoxide abolish endothelium-dependent re-
laxation of aortic rings from SHR,18 induce contraction of
mesenteric beds,21 and increase chloride reabsorption by
isolated thick ascending limbs of the loop of Henle.22

Similarly, tert-butyl hydroperoxide (t-BOOH) induces
contraction of isolated vessels.15 In whole rats, infusion of
H2O2 in the renal medulla increases blood pressure (BP)
and decreases blood and urine flows, as well as sodium
excretion.23

Inhibition of endogenous antioxidants increases ROS
with similar effects on the hypertensive phenotype. For
instance, incubation of isolated vessels with the CuZnSOD

inhibitor diethyldithiocarbamate (DETC) impairs both en-
dothelium-dependent and endothelium-independent relax-
ations.5 In vivo, DETC increases BP after intravenous

24

FIG. 1. Major pathways leading to hypertension via reactive oxy-
gen species formation. Reactive oxygen species, such as superoxide
(�O2

�), hydrogen peroxide (H2O2) and peroxynitrite (ONOO
�), are

increased in target tissues, directly or indirectly, by hypertensive
agents, such as salt, vasopressin, endothelin-1 (ET-1), renin, an-
giotensin II (AngII), or aldosterone. These proximal agents increase
superoxide production through NAD(P)H oxidases, uncoupled nitric
oxide synthase (NOS), xanthine oxidase, and mitochondria. NOS
can be uncoupled by decreased availability of its substrate L-argi-
nine (Arg) or its cofactor tetrahydrobiopterin (H4B). In the presence
of sufficient substrate and cofactor, NOS generates the potent an-
tihypertensive agent nitric oxide (NO), often measured by assay of
its metabolites nitrite and nitrate (NOx). The relative abundance of
superoxide and NO, termed “superoxide/NO balance,” controls the
proportion of NO degraded by reaction with superoxide to form the
noxious peroxynitrite. This reactive oxygen species, which can alter
proteins by nitration on tyrosine, is responsible for NOS uncoupling
and inhibition of manganese superoxide dismutase (SOD). The SOD
enzymes convert superoxide to hydrogen peroxide, which may be
further degraded to water by catalase or glutathione peroxidase
(GPx). Hydrogen peroxide can increase NOS activity directly or by
increased H4B synthesis, and act as an endothelium-derived relax-
ing factor in vessels (dotted arrows). Superoxide and its metabolites
can induce vasoconstriction, vascular and myocardial hypertrophy,
decrease kidney function, and increase sympathetic efferent activ-
ity from the central nervous system. All these effects, antagonized
by NO, contribute to the development of hypertension. Note the
presence of closed loops, leading to uncoupling of NOS, activation of
xanthine oxidase, and generation of ET-1 and Ang II. These are
possible self-reinforcing mechanisms that can lead to persistent
hypertension.
administration or infusion into the kidney medulla. Sur-
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prisingly, BP is not elevated by disruption of the CuZn-
SOD gene in mice, in spite of increases in vascular
superoxide and contractile responses to vasoconstrictors,
as well as impaired endothelial-dependent relaxation.25

This paradoxical effect may be due to compensatory mech-
anisms. Deletion of the ecSOD gene does not affect BP,
but increases susceptibility to ROS-increasing hyperten-
sive treatments.26 However, BP and oxidation markers are
elevated in rats treated with an inhibitor of glutathione
synthesis, whereas NO and NOx excretion are reduced.27

Overall, vascular reactivity and BP are usually adversely
affected by exogenous ROS and by inhibition of endoge-
nous ROS degradation.

Treatments Decreasing
Reactive Oxygen Species

Administration of exogenous antioxidants, such as the
SOD mimetic tempol, is frequently used to assess the role
of ROS in experimental hypertension. Tempol improves
hypertension, oxidation markers, endothelium-dependent
relaxation, media/lumen ratio, neuronal NOS (nNOS) ac-
tivity, kidney damage, glomerular filtration, and NOx ex-
cretion in models such as Ang II infusion,28 SHR,29

nephrectomy,14 ET-1 infusion,10 DOCA-salt,13 and Dahl
salt-sensitive.6 Tempol also reduces CuZnSOD inactiva-
tion and vessel contraction induced by ET-1 or t-BOOH in
DOCA-salt animals.9,15 Similar improvements in BP and
associated aberrations are seen with dietary antioxidant
vitamins C and E in experimental hypertension models
such as SHR and Dahl salt-sensitive, but not DOCA-
salt.17,30

Boosting endogenous antioxidants to reduce ROS is
also beneficial. For example, exogenous SOD improves
endothelium-dependent and endothelium-independent re-
laxations in isolated vessels from DOCA-salt animals or
rats with subtotal nephrectomy.5 Similarly, addition of
SOD with catalase normalizes elevated ROS and impaired
endothelium-dependent relaxation in microvessels from
rats fed a high salt diet. Overexpression of SOD reduces
hypertension and oxidation markers, increases available
NO and endothelium-dependent relaxation in SHR,31 re-
nin and angiotensinogen transgenics,3 and Ang II infu-
sion.5 Likewise, increases in BP, heart rate, and drinking
behavior induced in mice by intracerebroventricular injec-
tion of Ang II are abolished by prior injection of MnSOD
or CuZnSOD in adenoviral vectors.32

Addition of catalase to tempol is required to reduce
hypertension induced by DETC infusion in the kidney
medulla.23 Likewise, catalase overexpression in transgenic
mice reduces hypertension after acute or chronic norepi-
nephrine or Ang II administration.33

The elevation of BP by oxidants and its amelioration by
antioxidants strongly supports a causal role of ROS in
hypertension. However, hypertension can also increase
ROS. For instance, aortic coarctation in rats increases

oxidation markers in tissues located above, but not below
the stricture, supporting a direct mechanical effect.34

Therefore, the mutual amplification of ROS and hyperten-
sion may contribute to the development of chronic disease.

Molecular Sources of Reactive
Oxygen Species in Hypertension

NAD(P)H Oxidases

The NAD(P)H oxidase (nox) family, including the phago-
cyte oxidase (phox), is a ubiquitous source of superoxide.
In each cell type, a specific complement of subunits may
be assembled into different enzymes. In the cardiovascular
system, the major catalytic subunits are nox1, gp91phox
(a.k.a. nox2), and nox4, and the regulatory subunits in-
clude p22phox, p47phox, p67phox, and rac.5,35

A role for these oxidases in hypertension is suggested
by their regulation in experimental conditions similar to
disease. The four phox subunits are upregulated in endo-
thelial cells (ECs) and vascular smooth muscle cells
(VSMCs) from small vessels exposed to Ang II,35–37 and
ROS production is reduced by transfection of antisense
p47phox, abolished by deletion of the p47phox gene, and
rescued by expression of p47phox.38 Similarly, in VSMC
exposed to cyclic stretch, nox1 mRNA is upregulated and
the ROS increase is abolished by p47phox disruption.39

Superoxide is also reduced in vitro by the oxidase assem-
bly inhibitor apocynin in vessels exposed to ET-1 or
isolated from SHR or DOCA-salt.8,9,13 Furthermore, Ang
II-induced H2O2 production is increased in VSMC isolated
from hypertensive patients.40

In vivo, gp91phox is upregulated in kidney and liver
after subtotal nephrectomy.14 Upregulation of aortic
gp91phox by Ang II infusion is decreased by a protein
kinase C inhibitor that also lowers BP.5 However, disrup-
tion of the gp91phox gene does not prevent hypertension
induced by Ang II infusion, but lowers basal BP, reduces
aortic adventitial nitrotyrosine accumulation, and medial
hyperplasia,5 suggesting that it may have a role in chronic,
rather than acute hypertension. The nox1 subunit is up-
regulated in vessels and renal cortex by renin overexpres-
sion or Ang II infusion,2,5 and reduced in vessels by
administration of a protein kinase C inhibitor to Ang
II-infused rats5 or a statin to SHR.5 Thus, regulation of the
catalytic oxidase subunits in vivo appears to be linked to
hypertension.

Expression of regulatory NAD(P)H subunits also cor-
relates with hypertension and ROS production in ves-
sels5,18,41 and kidney.2 The G allele of a p22phox
promoter polymorphism is more frequent in hypertensive
patients.42 Moreover, functional animal studies show that
an inhibitor of p47phox translocation abolishes vascular
superoxide and reduces hypertension after Ang II infu-
sion.5 Similarly, disruption of the p47phox gene blocks
superoxide elevation and reduces hypertension in DOCA-
salt and Ang II-infused mice.5,12 Apocynin also reduces

vascular superoxide and hypertension in DOCA-salt ani-
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mals.5 Both in vitro and in vivo evidence strongly suggest
that NAD(P)H oxidases contribute to hypertension.

Nitric Oxide Synthase

All three forms of NOS, eNOS, nNOS, and inducible
(iNOS) are potentially important in BP regulation.43 The
NOS enzymes consume arginine to produce the potent
vasodilator NO. Low availability of the tetrahydrobiop-
terin (H4B) cofactor or arginine leads to NOS uncoupling,
which then produces superoxide, rather than NO. By re-
action with superoxide, NO is further decreased and gen-
erates peroxynitrite. This latter ROS can oxidize H4B,
leading to additional NOS uncoupling.44

Hypertension is induced by deletion of the eNOS gene,
but is surprisingly almost absent after inactivation of other
forms of NOS,43 probably due to compensatory mecha-
nisms. However, BP is increased by NOS inhibition,21

genetic H4B deficiency,45 or inhibitors of H4B synthesis.46

In this latter case, endothelium-dependent relaxation is
improved by SOD and restored by an H4B precursor.46

Similarly, in rats with subtotal nephrectomy, hypertension
is corrected by administration of arginine or H4B, which
also increases mesenteric eNOS expression.47 In SHR,
superoxide is elevated and NO production reduced, in
spite of increased expression and activity of NOS. The
balance between superoxide and NO is restored or im-
proved by SOD, NOS inhibitors, ascorbate, or H4B.4,17

In carotid arteries from DOCA-salt rats, NO and H4B are
decreased, and overexpression of the limiting enzyme in H4B
biosynthesis decreases superoxide and improves NO release
and endothelium-dependent relaxation.13 Similarly, in
DOCA-salt mice, hypertension, superoxide, H4B, and NO
are improved or restored by treatment with H4B, eNOS gene
deletion, apocynin, or p47phox gene deletion, suggesting that
NADPH oxidases are responsible for NOS uncoupling.12,13 It
is therefore apparent that NOS uncoupling actually occurs in
vivo and that it is an important and self-sustained source of
ROS in hypertension. Nevertheless, other possible sources of
superoxide have been proposed.

Other Sources of Reactive
Oxygen Species

Mitochondria In physiologic conditions, electron leak-
age from the mitochondrial electron transport chain con-
stitutively produces superoxide, usually rapidly degraded
in situ by MnSOD. However, mitochondria isolated from
hypertensive rats hearts produce excess superoxide.48 As
mentioned above, MnSOD is inactivated by tyrosine ni-
tration and its activity is markedly decreased in Ang II
infusion,1 subtotal nephrectomy,14 and DOCA-salt.15 In
this latter model, ex-vivo transfection with MnSOD re-
duces superoxide,8 suggesting that mitochondria may be a
significant source of superoxide in hypertension.

Xanthine Oxidase The possible contribution of xan-

thine oxidase to ROS elevation in hypertension has been
assessed using specific inhibitors. Such treatments normal-
ize ROS in microvessels from rats fed a high salt diet,7 and
increase endothelial-dependent relaxation in arteries from
SHR18 and rats overexpressing renin and angiotensinogen
genes,3 suggesting that xanthine oxidase is another source
of elevated ROS in hypertension that can impair vascular
function. In ECs, incubation with apocynin or disruption
of the p47phox gene markedly decreases xanthine oxidase
expression and activity, suggesting that this enzyme is
upregulated by NAD(P)H oxidase activation.49 Future
studies will be required to determine whether this effect is
important in hypertension. Overall, it is apparent that
multiple endogenous sources of ROS are activated in
hypertension.

Interaction of Antagonists
and Reactive Oxygen
Species in Hypertension

Angiotensin II Infusion and
Spontaneously Hypertensive Rat Models

In experimental hypertension with elevated renin or an-
giotensin, a host of ROS-related changes occur. As men-
tioned, the NAD(P)H oxidase is upregulated in the kidney
and cardiovascular system,2,19 resulting in increased ROS
and oxidation markers.2,3,19 Endogenous antioxidant en-
zymes are inhibited,2 whereas NO and endothelial-depen-
dent relaxation are decreased.3,19 In addition, vascular
hypertrophy19 and kidney damage6 can lead to chronic
disease. Most of these effects are blocked by AT1 antag-
onists2,3 and enhanced by AT2 antagonists,2 indicating that
AT2 is a moderator, but is superseded by AT1 in disease.
A mineralocorticoid receptor antagonist also improves BP
and other vascular alterations, suggesting that part of the
effect of Ang II is mediated by its stimulation of aldoste-
rone production.19

The AT1 antagonists are beneficial in other hyperten-
sion models as well. For example, in the SHR, they im-
prove BP, superoxide, oxidation markers, vascular
p22phox, media size, eNOS, NO availability, endotheli-
um-dependent relaxation, and restore the sensitivity of
tubuloglomerular feedback to nNOS inhibitors.29 Simi-
larly, AT1 antagonists prevent hypertension and superox-
ide induced by glutathione depletion or NOS inhibition.
The importance of Ang II in ROS production is, therefore,
evident even when hypertension is not directly originating
from the renin-angiotensin system, suggesting that a pos-
itive feedback loop between Ang II and ROS exists in
vivo.

Endothelin-1, Vasopressin, DOCA-salt

Low renin angiotensin hypertension involves other medi-
ators whose relationships to ROS were first assessed in
vitro. In VSMCs and isolated vessels, ET-1 induces an
increase in superoxide, which is reduced by NAD(P)H

8
oxidase inhibitors. Moreover, in isolated arteries vaso-



856 AJH–September 2004–VOL. 17, NO. 9REACTIVE OXYGEN SPECIES IN HYPERTENSION
D

ow
nloaded from

 https://academ
ic.oup.com

/ajh/article/17/9/852/322978 by guest on 10 April 2024
pressin increases ET-1 and the subsequent increase in
superoxide is inhibited by an ET-1 receptor (ETA) antag-
onist.11 Similarly, ET-1 is increased in vessels from
DOCA-salt rats8,11,50 and superoxide is normalized by
treatment with vasopressin receptor (V1) or ETA antago-
nists, apocynin or tempol.11,13 Furthermore, exposing
VSMCs or ECs to a superoxide generator increases ex-
pression of ET-1 and endothelin converting enzyme,51

suggesting that ROS and ET-1 mutually reinforce each
other.

In vivo, ET-1 infusion in rats increases BP, vascular
and kidney superoxide, and oxidation markers and de-
creases renal blood flow. These effects are inhibited by
tempol.10 In the DOCA-salt, vascular vasopressin is ele-
vated11 and V1 or ETA antagonists improve BP, vascular
superoxide, oxidation markers, and endothelium-depen-
dent relaxation,8,9,52 suggesting that part of the hyperten-
sion is mediated by sequential increases in salt,
vasopressin, ET-1, and superoxide. Similarly, ETA antag-
onists also inhibit Ang II-induced hypertension, indicating
that its effect is also mediated in part by ET-1.53 It is clear
that, whether the renin-angiotensin system is involved or
not, hypertension is controlled, at least in part, by the
activities and reciprocal amplification of ROS and specific
sets of agonists. However, these effects must be mediated
by functional alterations of particular targets.

Tissue Targets of Reactive Oxygen
Species in Hypertension

Blood Vessels

Contraction Besides decreasing NO, ROS can induce
hypertension by inducing vascular contraction. In VSMCs,
ROS increase inositol trisphosphate, cytoplasmic calcium
concentration,54 inhibit the calcium reuptake pump,55 and
decrease cyclic GMP. Similarly, in isolated vessels, t-
BOOH, superoxide generators, or H2O2 induce a contrac-
tion,15 which is increased in SHR arteries and inhibited by
tempol15 or SOD. Furthermore, SOD or hydroxyl radical
scavengers inhibit contractions induced by ET-1,9 seroto-
nin, and hypoxia. However, catalase inhibits contraction in
some, but not all instances,15 and exogenous superoxide
can inhibit agonist-induced contraction in VSMCs.56

Thus, the vasoconstrictor effects of ROS support their role
in hypertension, but additional factors modulate their func-
tion. This is not surprising given the large number of
vasoactive mediators with opposing effects present in the
vessel wall.

Relaxation The paradoxical effect of catalase just men-
tioned suggests that H2O2 may be a vasodilator. Exoge-
nous addition of H2O2 to arteries or VSMCs induces
relaxation,57 hyperpolarization, and inhibition of agonist-
induced contraction. Furthermore, catalase inhibits endo-
thelial-dependent relaxation of arteries by acetylcholine or

57
flow, as well as bradykinin-induced vasodilation in the
presence of both NOS and cyclooxygenase inhibitors,
indicating that H2O2 is an endothelium-derived hyperpo-
larizing factor.58 The inhibition of endothelial-dependent
relaxation by catalase is more pronounced in SHR4 and
DOCA-salt,12 suggesting that H2O2 serves as a relaxing
factor in hypertension with NO depletion.

Another mechanism by which H2O2 induces relaxation
is through activation of eNOS and increasing NO release
in ECs, with a peak at 5 min.59 Prolonged incubation with
H2O2 additionally upregulates eNOS expression and ac-
tivity and increases H4B synthesis.60 Although this up-
regulation of eNOS may alleviate NO degradation, the
deficiency of endothelial function in hypertension suggests
that this compensation is incomplete.

Growth The vascular hypertrophy observed in hyper-
tension suggests that ROS directly promote VSMC
growth. In vitro, stimulation of VSMCs with agents such
as Ang II, serotonin, ET-1, platelet-derived growth factor
(PDGF), or serum increases ROS formation and growth in
the form of hyperplasia or hypertrophy. These effects are
mimicked by addition of H2O2 and antagonized by
NAD(P)H oxidase inhibitors, catalase, or antioxidants.5,61

Furthermore, exposure to Ang II, superoxide, or H2O2

induces transactivation of the epidermal growth factor
(EGF) and PDGF receptors, leading to growth.5,62

In hypertensive models such as Ang II infusion, SHR
and DOCA-salt, vascular remodeling is inhibited by tem-
pol, a diet rich in vitamins C or E,30 or NAD(P)H oxidase
inhibition.5 Similarly, indirect antioxidants, such as per-
oxisome proliferator-activated receptor activators63 and
AT1 antagonists also inhibit hypertrophy.

Vascular remodeling requires activation of specific ex-
tracellular endopeptidases known as matrix metallopro-
teinases (MMPs). Exposing isolated arteries to increased
transmural pressure for 48 hours activates MMP-2 and
MMP-9.64 In vitro, their activity is increased by incubation
of VSMCs with t-BOOH, peroxynitrite, or superoxide.64

Treatments that increase ROS in VSMC, IL-1� or cyclic
stretch, also activate the same MMPs.39 Conversely, an
NO donor inhibits MMP-9 activation by IL-1�, and dele-
tion of the p47phox gene abolishes MMP-2 upregulation
and activation by cyclic stretch.39 Interestingly, in VSMCs
an MMP inhibitor blocks activation of EGF receptors by
H2O2,65 suggesting that MMPs are involved in growth
signaling.

Although prolonged incubations with high concentra-
tions of ROS can lead to apoptosis,66 it appears that in
hypertension ROS are usually generated in moderate
amounts, promoting VSMC growth and vascular hyper-
trophy,19 as suggested by the protective effect of antioxi-
dants. Hypertrophy contributes to the hypertensive effect
of ROS, but is only one of their mechanisms of action.

Heart

Hypertension is also correlated with ROS increases in the

heart. For example, in glucose-induced hypertension in
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rats, cardiac mitochondrial superoxide production is in-
creased and prevented by dietary supplementation with the
antioxidant �-lipoic acid.48 Experimental hypertension in-
duces oxidative alterations in the myocardium, such as
elevated malonyl dialdehyde and lowered vitamin E and
glutathione.67 Depending on the model, endogenous anti-
oxidant enzymes may be reduced, as glutathione peroxi-
dase in the Dahl salt-sensitive rat,67 or elevated, as
MnSOD, CuZnSOD, and �-glutamylcysteine synthetase
(the source of glutathione) in the SHR,68 presumably to
degrade excess ROS generated in this model by upregu-
lation of xanthine oxidase.69 Nitric oxide synthase inhib-
itors also markedly increase ROS in rat myocardium, with
elevation of oxidation markers, glutathione depletion, up-
regulation of xanthine oxidase, and downregulation of
catalase, glutathione peroxidase, and �-glutamylcysteine
synthetase.70,71 Although SOD activity is increased after 1
week, both MnSOD and CuZnSOD are downregulated by
an 8-week treatment.70,71 The NO depletion induces se-
vere necrotic lesions in the myocardium that can be pre-
vented by NO donors.72–74 However, these lesions may be
secondary to decreased coronary circulation. Heart rate is
increased, suggesting that ROS stimulate heart function.70

This interpretation is supported by the observation that
exogenous H2O2 increases inotropic stimulations by �-ad-
renergic agonists or ET-1 in isolated rat atria.75

Hypertension also induces myocardial hypertrophy as
noted in the SHR,68,76 Dahl salt-sensitive,67 NO deplet-
ed,73 or Ang II-infused rats.77 In this latter case, hypertro-
phy is blocked by a statin, a drug known to inhibit
NAD(P)H oxidase activation, suggesting that it is due to
ROS. Hypertrophy is frequently associated with fibrosis,
as in the DOCA-salt78 or NO-depleted rat.73,74,76 The fact
that hypertrophy is decreased by angiotensin-converting
enzyme inhibitors in the SHR, but not when NOS is
blocked, suggests that Ang II and NOS are antagonistic
forces in myocardium growth, presumably through the
superoxide/NO balance.76 It can be argued that hypertro-
phy is a reaction to increased BP, independent of ROS.
However, equivalent increases in BP are produced in rats
by a 10-day infusion of either a low dose of Ang II with
normal sodium, or a high dose of Ang II with a low-
sodium diet. In the second group, myocardial superoxide
is reduced and hypertrophy abolished, suggesting that
remodeling is due to ROS, rather than pressure.79 Sim-
ilarly, cardiac hypertrophy is reduced in aortic-banded
guinea pigs by administration of angiotensin-converting
enzyme inhibitors or vitamin C, without reduction of
BP.80

In summary, current evidence suggests that the superox-
ide/NO balance is an important factor in maintaining heart
function. In the short term, ROS can increase BP by stimu-
lation of heart rate and force. Reactive oxygen species may
also contribute to chronic hypertension by inducing myocar-
dial hypertrophy. In extreme cases, oxidative stress may be

responsible for the appearance of stenotic lesions and fibrosis.
Kidneys

The kidneys are important BP regulators that are also
likely targets of ROS. In hypertension, renal ROS and
oxidation markers are elevated,1 urinary NOx are de-
creased,3,14 and associated tissue damage6 results in pro-
tein excretion. These alterations are improved by treatment
with tempol6,14 or antioxidants. Furthermore, in experi-
mental hypertension, xanthine oxidase activity3 and the
NAD(P)H oxidase subunits nox1, gp91phox, p22phox,
and p47phox, are upregulated.2,14 In addition, SODs are
inactivated1 or downregulated.2,14,15

Functional studies indicate that superoxide increases
chloride reabsorption in isolated thick ascending limbs of
the loop of Henle.22 Infusion of ROS generators and
inhibitors through a catheter implanted in the renal med-
ullary interstitium shows that H2O2 decreases blood and
urine flows, and inhibits sodium excretion.23 In hyperten-
sion, nNOS activity is impaired and the effect of NO
donors is reduced,29 leading to increased tubuloglomerular
feedback, decreased renal blood flow, and glomerular fil-
tration.10,29 These alterations are improved or normalized
by tempol, suggesting that superoxide consumes NO and
uncouples nNOS, which is required to maintain perfusion.
Overall, these functional changes cooperatively increase
BP acutely, whereas long-term hypertension is likely due
to tissue damage and remodeling.

Central Nervous System

Blood pressure is regulated centrally by control of efferent
sympathetic activity. Responsible structures include the
hypothalamus and nuclei of the lower brain stem, such as
the rostral ventrolateral medulla (RVLM) and the nucleus
of the solitary tract (NTS), which controls baroreflex path-
ways. The NO generated by neurons in these nuclei de-
creases sympathetic activity, thus tonically lowering BP.
Nitric oxide also decreases the formation of Ang II, itself
responsible for stimulation of sympathetic activity, vaso-
pressin production, and drinking behavior.81

Given this pressure-lowering effect of NO, production
of ROS in the central nervous system could contribute to
hypertension. Administration of H2O2 to the thoracic spine
in rats, produces an increase in heart rate and BP inhibited
by the antioxidant N-acetyl cysteine.82 This is consistent
with the downregulation of endogenous antioxidants ob-
served in SHR brain. MnSOD is affected in all areas and
CuZnSOD in various structures, including the hypothala-
mus.83 Furthermore, microinjection of SOD into the
RVLM of nitrate-tolerant pigs decreases sympathetic ac-
tivity by 70%,81 and intracerebroventricular injection of
SOD-expressing adenoviruses inhibits increases in heart
rate, BP, and drinking behavior induced by Ang II in
mice.32 Similarly, iNOS is downregulated in SHR, leading
to a decreased inhibitory effect of arginine injection into
the RVLM. This downregulation, present in young prehy-
pertensive animals, persists in adults with antihypertensive

treatment, suggesting that it may be a cause of the dis-
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ease.84 This view is supported by the fact that adenoviral-
mediated overexpression of eNOS in the NTS of SHR
decreases superoxide formation and BP.85

Therefore, in the brain as in other tissues, the superox-
ide/NO balance appears to be an important factor in the
control of BP. Hypertension may be secondary to exces-
sive central Ang II stimulation, or due to a loss of NOS or
antioxidant enzymes.

Conclusion
The evidence presented makes a convincing case that ROS
are an intrinsic part of the pathology of hypertension. They
contribute to the disease through multiple mechanisms,
involving the vasculature, heart, kidneys, and central ner-
vous system. Their effects are amplified by positive feed-
back loops such as inactivation of MnSOD by
peroxynitrite; NOS uncoupling; self-reinforced synthesis
of ET-1; and pressure-induced ROS formation. Further-
more, ROS induce vascular remodeling and kidney dam-
age that may lead to chronic hypertension. Antioxidant
therapy can curtail the development of hypertension in
animal models, but remains controversial in humans. Pos-
sible confounding factors in patients include co-existing
pathologies and treatments, lack of selection of treatments
according to ROS levels, and unproven or insufficient
antioxidant effect of vitamin supplements. However, our
expanding knowledge regarding the sources, triggering
mechanisms, and effects of ROS provides a rationale for
preventive monitoring in humans and offers new targets
for future antihypertensive therapy.64,65
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