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Substantial evidence suggests the involvement of oxidative stress
in the pathophysiology of congestive heart failure and its
antecedent conditions such as cardiac hypertrophy and adverse
remodelling after MI. Oxidative stress describes an imbalance
between antioxidant defences and the production of reactive
oxygen species (ROS), which at high levels cause cell damage
but at lower levels induce subtle changes in intracellular
signalling pathways (termed redox signalling). ROS are derived
from many sources including mitochondria, xanthine oxidase,
uncoupled nitric oxide synthases and NADPH oxidases. The
latter enzymes are especially important in redox signalling,
being implicated in the pathophysiology of hypertension and
atherosclerosis, and activated by diverse pathologically relevant
stimuli. We review the contribution of ROS to heart failure
pathophysiology and discuss potential therapies that may
specifically target detrimental redox signalling. Indeed, drugs
such as ACE inhibitors and statins may act in part through such
mechanisms. A better understanding of redox signalling
mechanisms may enable the development of new targeted
therapeutic strategies rather than the non-specific antioxidant
approaches that have to date been disappointing in clinical
trials.
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I
ncreased oxidative stress is involved in the
pathophysiology of diverse diseases such as
atherosclerosis, neurodegeneration, renal dis-

ease and cancer. Over the past 20 years, significant
evidence has suggested a role for increased
oxidative stress in the pathophysiology of con-
gestive heart failure (CHF).1 Indirect evidence of
increased oxidative stress in patients with estab-
lished CHF includes the increase of oxidative stress
markers both systemically and in pericardial fluid.2

A significant correlation is reported between level
of oxidative stress and severity of heart failure.
Increased oxidative stress is implicated in most
types of CHF, including that resulting from
ischaemic and non-ischaemic cardiomyopathy,
pressure and volume overload, tachycardiomyo-
pathy and chemotherapy-induced failure.

Traditionally, the main pathological effects of
oxidative stress have been considered to be free
radical-induced oxidation and damage, resulting
in cell dysfunction, necrosis and/or apoptosis. In
the context of CHF, most of these free radicals
were thought to emanate from inefficient mito-
chondrial metabolism and/or impaired antioxidant

defences. More recently, however, it has become
evident that oxidative stress and reactive oxygen
species (ROS) may have much more subtle
effects—for example, the highly specific modula-
tion of intracellular signalling pathways and
proteins, which involves the stimulated production
of ROS by various highly specialised enzymes.3 4

These effects are relevant not only to CHF but also
to its predisposing conditions, such as left ven-
tricular hypertrophy (LVH) and adverse remodel-
ling after myocardial infarction. In this article, we
review some of the recent advances in our under-
standing of how oxidative stress influences differ-
ent aspects of the phenotype of the failing heart
(eg, hypertrophy, fibrosis, chamber remodelling,
contractile dysfunction and endothelial dysfunc-
tion) and consider how this knowledge might be
applied to develop new therapeutic approaches.

ROS, OXIDATIVE STRESS AND THE
PATHOPHYSIOLOGICAL ACTIONS OF ROS
ROS are oxygen-based chemical species charac-
terised by their high reactivity. They include free
radicals (ie, species with >1 unpaired electrons,
such as superoxide (O2

.2) and hydroxyl (OH.) and
non-radicals capable of generating free radicals
(eg, hydrogen peroxide (H2O2); fig 1). If present in
excess, free radicals can induce oxidation and
damage to DNA, membranes, proteins and other
macromolecules. Diverse specific and non-specific
antioxidant defence systems therefore exist to
scavenge and degrade ROS to non-toxic mole-
cules.5 The balance between ROS production and
their removal by antioxidant systems describes the
‘‘redox state’’ of a cell; a pathological imbalance in
favour of excess ROS is termed oxidative stress. A
small amount of O2

.2 is normally produced as a
byproduct of the use of molecular oxygen during
mitochondrial oxidative phosphorylation. A family
of superoxide dismutase enzymes rapidly converts
O2

.2 to H2O2, which is itself broken down by
glutathione peroxidase and catalase to water.
Under pathological conditions, the single-electron
reduction of H2O2 may lead to the formation of
highly reactive OH radicals (fig 1).

The pathophysiological effects of ROS depend on
the type, concentration and specific site of produc-
tion and involve three broad types of action (fig 2).
When the local levels of ROS are high, they tend to
react with numerous protein centres, DNA, cell
membranes and other molecules, causing consid-
erable cellular damage as well as generating other

Abbreviations: CHF, congestive heart failure; LVH, left
ventricular hypertrophy; ROS, reactive oxygen species
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more reactive radicals. At lower concentrations, however, local
targeted production of ROS serves as a second-messenger
system that transmits biological information through the
highly specific modulation of intracellular signalling molecules,
enzymes and proteins. This so-called redox signalling function
is especially true for the ROS, H2O2, which is more stable and
diffusible than radical species such as O2

.2, but also applies to
nitric oxide. Redox signalling processes are involved in the
activation of many signal transduction protein kinases and
transcription factors, the stimulation of DNA synthesis and
expression of growth-related genes,3 5 and the regulation of
myocardial excitation–contraction coupling.6 The third general
ROS-related pathophysiological mechanism involves the reac-
tion of O2

.2 with the signalling molecule nitric oxide, which in
health has a central role in vascular homeostasis as well as in
modulating cardiac function. The reaction between O2

.2 and
nitric oxide leads to inactivation of nitric oxide and loss of its
biological activity as well as the generation of the peroxynitrite
(ONOO2) species.5 The reaction is especially likely to occur
when both O2

.2 and nitric oxide levels are high and antioxidant
activity is low. Interestingly, although high levels of ONOO2

may induce non-specific toxic effects, at lower levels this
species is itself capable of modulating signalling events in vivo,
indicating an additional level of complexity.

SOURCES OF ROS
There are several potential sources of ROS in LVH and CHF (box
1), which have varying effects on pathophysiology as discussed
later.

Excessive ROS derived from mitochondria have been shown
in cardiomyocytes from experimental models of myocardial
infarction and rapid pacing-induced heart failure.7 The enzyme
xanthine oxidase produces O2

.2 as a byproduct of the terminal
steps of purine catabolism and recent studies suggest that it
contributes to oxidative stress in CHF. Xanthine oxidase
expression and activity are increased in experimental models
of CHF as well as in human end-stage CHF.8 Nitric oxide
synthase enzymes normally generate nitric oxide, but may
instead generate O2

.2 if they become ‘‘uncoupled’’, a state that
is especially likely to occur in the setting of deficiency of the
NOS cofactor BH4 or the NOS substrate L-arginine.9 NOS
uncoupling and subsequent O2

.2 production are implicated in
the genesis of vascular endothelial dysfunction in patients with
heart failure.10 Infiltrating inflammatory cells may also be
important sources of oxidative stress, especially in conditions
such as myocarditis and in the early stages after myocardial
infarction. Recent evidence suggests that complex enzymes
called NADPH oxidases are especially important with regard to
redox signalling in CHF and its antecedent conditions.11 12 These
enzymes catalyse electron transfer from NADPH to molecular
oxygen, resulting in the formation of O2

.2. NADPH oxidase
activity has been found to be increased in experimental models
of LVH and CHF as well as in end-stage failing human
myocardium.13–15 Interestingly, ROS produced by NADPH
oxidases can promote ROS generation by other sources, thereby

amplifying total levels of ROS. For example, O2
.2 from NADPH

oxidase may oxidise and degrade BH4, thereby leading to NOS
uncoupling, and this mechanism has been shown in diabetes
and experimental hypertension.9 Similarly, NADPH oxidase-
derived ROS may also activate xanthine oxidase.5

THE NADPH OXIDASE SUPERFAMILY
NADPH oxidases are of particular interest because they seem to
be the only enzymes specifically designed for ‘‘purposeful’’ ROS
production. Furthermore, the complexity of their regulation
suggests that they may be attractive targets for new treatments.
The classic NADPH oxidase was characterised in neutrophils
where the O2

.2 generated on oxidase activation plays an
essential role in phagocytosis and microbial killing.11 However,
similar enzymes are present in numerous other cell types,
including endothelial cells, fibroblasts, vascular smooth muscle
and cardiomyocytes. These oxidases are specifically activated by
diverse stimuli that are important in cardiovascular pathol-
ogy—for example, angiotensin II, endothelin 1, cytokines,
growth factors, oxidised LDL, shear stress, mechanical stretch
and others.5 11 Notably, important roles have been shown for
NADPH oxidases in redox signalling events involved in
hypertension, atherosclerosis, endothelial activation and angio-
genesis, as well as in endothelial dysfunction.

All NADPH oxidases contain a core catalytic subunit called
Nox. Five distinct Nox isoforms, each encoded for by separate
genes, have been described (box 1),11 of which Nox2 and Nox4
are the most abundant in the heart and are expressed in
cardiomyocytes, endothelial cells and fibroblasts.12 Nox2 and
Nox4-based oxidases seem to be differentially activated and
may exert distinct signalling effects, even when expressed in
the same cell type. Of potential therapeutic interest, the Nox2-
based oxidase requires binding to several additional regulatory
subunits, including Rac1, before its activation. As treatment
with statins can inhibit enzymatic reactions that require Rac1
translocation, Nox2 activation could potentially be targeted by
these drugs. By contrast, it seems that Rac1 is not required for
activation of the Nox4-based oxidase.

EFFECTS OF ROS ON DEVELOPMENT OF
HYPERTROPHY
Cardiac hypertrophy is a key component of the phenotype of
the failing heart, regardless of the underlying cause. Growing
evidence implicates redox-sensitive pathways in the develop-
ment of cardiac hypertrophy either in response to neurohumoral
stimuli or chronic pressure overload. In cultured cardiomyocytes,
hypertrophy induced by angiotensin II, endothelin 1, norepi-
nephrine, tumour necrosis factor a or pulsatile mechanical
stretch has been shown to involve intracellular ROS production
and to be inhibited by antioxidants.12 The mechanism involves

O2
._ + O2

._+  2H+                             H2O2 +  O2
SOD

H2O2 +  Fe 2+ Fe 3+ +  OH. +  OH 
_

2H2O2 2H2O  +  O2
Catalase

GPx

Figure 1 Key reactions underlying the formation and degradation of
hydrogen peroxide (H2O2). O2

.2, superoxide; OH., hydroxyl; SOD,
superoxide dismutase; GPx, glutathione peroxidase.
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Figure 2 Main pathophysiological effects of oxidative stress in heart
failure. ROS, reactive oxygen species; NO, nitric oxide.
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ROS-mediated activation of various mitogen activated protein
kinases and the transcription factor nuclear factor-kB. In vivo,
the development of experimental pressure overload LVH in mice
or guinea pigs is attenuated by antioxidants, implying a role for
ROS.

Recently, NADPH oxidases have been suggested to be key
sources of these ROS. In experimental pressure overload LVH,
increases in NADPH oxidase activity parallel MAPK activation.13

More direct evidence for a role of NADPH oxidase in LVH comes
from studies in gene-modified mice lacking the Nox2 subunit
of NADPH oxidase. It was found that experimental LVH
induced by short-term subpressor infusion of angiotensin II
as well as the associated rises in atrial natriuretic factor
expression (a molecular marker commonly associated with
LVH) were inhibited in Nox2 knockout mice, indicating that
angiotensin II-induced hypertrophy is critically dependent on
Nox2.16 In keeping with this, angiotensin II-induced hyper-
trophy of isolated cardiomyocytes was also found to be
dependent on Nox2.17

On the other hand, Nox2-deficient mice subjected to aortic
banding to induce pressure overload developed the same degree
of LVH as wild-type mice, suggesting that Nox2 is not central to
development of hypertrophy under these conditions.18 19

However, it was suggested that the Nox4 oxidase might be an
important mediator of LVH induced by pressure overload.18

Alternatively, a recent experimental study reported that ROS
production by uncoupled nitric oxide synthase may contribute
to the development of LVH during chronic pressure overload.20

Consistent with a role for ROS in pressure overload LVH,
chronic treatment of mice with the antioxidant N-acetyl-
cysteine attenuated LVH.18

ROS AND CONTRACTILE DYSFUNCTION
Contractile impairment is a central feature of CHF and has a
multifactorial basis, involving changes in cardiomyocyte func-
tion as well as altered chamber structure and properties. In
vitro studies have shown that myocyte contractile function may
be impaired by increased ROS through several mechanisms,
including disruption of calcium cycling, altered myofilament
responsiveness to calcium, and deleterious effects on cellular
metabolism and energetics.6 7 12

Experimental evidence supports an important contribution of
increased oxidative stress to contractile dysfunction in CHF. In
pacing-induced heart failure, increased mitochondrial ROS
generation was correlated with the degree of contractile
dysfunction, and this relationship was suggested to be causal.7

In other studies, increased xanthine oxidase-derived O2
.2 was

suggested to contribute to left ventricle contractile impairment
in CHF, as the xanthine oxidase inhibitor, allopurinol,
improved function along with a decrease in myocardial oxygen
consumption.8 These deleterious effects of xanthine oxidase
may involve inactivation of nitric oxide as the nitric oxide
molecule has been shown to reduce myocardial oxygen
consumption and improve cardiac efficiency.

Nox2 NADPH oxidase-derived ROS have been suggested to
contribute to contractile dysfunction in pressure overload LVH.
Grieve et al21 reported that Nox2 knockout mice with LVH had
better preserved function than wild-type mice with the same
degree of LVH, suggesting that Nox2-derived ROS contribute to
contractile dysfunction in this setting. Similarly, another study
implicated NADPH oxidase-derived ROS in the genesis of left
ventricle diastolic dysfunction in LVH, through the inactivation
of endothelial-derived nitric oxide.22

ROS AND INTERSTITIAL CARDIAC FIBROSIS
Excess interstitial fibrosis is an important detrimental aspect of
chronic LVH and CHF. Oxidative stress is well known to be pro-
fibrotic in many organs and this seems to be true in the heart.
Recent work suggests that Nox2 oxidase-derived ROS are
centrally involved in the development of interstitial cardiac
fibrosis. In Nox2-deficient mice subjected to angiotensin II
infusion, interstitial fibrosis was virtually abolished compared
with wild-type mice.16 A similar inhibition of interstitial fibrosis
was found in a model of aldosterone infusion, either in Nox2
knockout mice or in animals treated with an NADPH oxidase
inhibitor, apocynin.23 24 Interstitial cardiac fibrosis was also
inhibited in Nox2 knockout mice subjected to aortic banding.21

Multiple underlying mechanisms are likely to be involved in
these Nox2-dependent pro-fibrotic effects, including increased
expression of pro-fibrotic growth factors and genes, increased
activation of NF-kB, activation of matrix metalloproteinases,
and inflammatory cell infiltration. These data suggest that
Nox2 oxidase may be an attractive target for therapies to
prevent or treat fibrosis.

ADVERSE REMODELLING AFTER MYOCARDIAL
INFARCTION
Adverse remodelling of the left ventricle after initial recovery
from myocardial infarction is the most common cause of CHF
in the western world. Despite the benefits of treatments such as
ACE inhibitors and b-blockers, the condition remains an
important problem. Growing evidence suggests an important
role for increased oxidative stress in adverse left ventricular
remodelling after myocardial infarction.1 An increase in
oxidative stress after myocardial infarction is well recognised,
and in experimental models it has been shown that various
antioxidant approaches (eg, probucol, dimethylthiourea or
genetic manipulation) can ameliorate the adverse remodelling.
The beneficial effects of these experimental approaches extend
to improved contractile function, reduced left ventricle dilata-
tion and lower mortality. A significant factor for the detri-
mental effect of ROS in this setting is the activation of matrix
metalloproteinases, which drive matrix turnover and promote
left ventricle dilatation.

The increase in ROS may be driven by stimuli such as
activation of the renin angiotensin system, cytokine activation,
local inflammation and mechanical stimuli. As these stimuli
activate NADPH oxidase, an involvement of this enzyme is
plausible. Indeed, an increased cardiac expression of NADPH
oxidase components has been reported after experimental
myocardial infarction in an animal model and in myocardial
samples from patients who died of acute myocardial infarc-
tion.25 26 More recently, preliminary studies in our laboratory

Box 1: Main sources of reactive oxygen species

N Mitochondria

N Inflammatory cells

N Xanthine oxidase

N Uncoupled NO synthases

N NADPH oxidases

– Nox1, vascular smooth muscle
– Nox2, cardiomyocytes, endothelial cells, fibroblasts and

inflammatory cells
– Nox3, not reported in the cardiovascular system
– Nox4, all cardiovascular cell types
– Nox5, human endothelial cells/vascular smooth muscle

N Cytochrome P450 reductases

N Cyclo-oxygenases.
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have indicated that adverse left ventricle remodelling after
myocardial infarction is significantly reduced in Nox2 knockout
mice.27 On the other hand, another study reported that the
xanthine oxidase inhibitor allopurinol significantly reduced
adverse left ventricle remodelling after myocardial infarction in
a mouse model.28

OTHER EFFECTS OF ROS IN CHF
Oxidative stress may be critical in the activation of apoptosis,
which is thought to be an important contributor to the
progression of CHF especially in its advanced stages.
Increased ROS production is also an important underlying
mechanism in the development of vascular endothelial dys-
function in CHF, which contributes to systemic vasoconstric-
tion and increased cardiac loading. This generally involves a
reduction in nitric oxide bioavailability and can be corrected
acutely by administration of antioxidants such as vitamin C.29

The sources of ROS responsible for endothelial dysfunction may
include xanthine oxidase, which has been implicated in human
CHF,30 as well as NADPH oxidase.12 22

TREATMENTS TO TARGET OXIDATIVE STRESS AND
DETRIMENTAL REDOX SIGNALLING
The data discussed above strongly suggest important patho-
physiological roles for increased oxidative stress in the genesis
of several aspects of the phenotype of the failing heart. In
experimental settings, many studies have shown beneficial
effects of antioxidants (eg, vitamin C and vitamin E), especially
in the short term. However, larger prospective randomised trials
in humans looking at hard cardiovascular end-points have been
disappointing. For example, neither the Heart Outcomes
Prevention Evaluation Study nor the Heart Protection Studies
found any evidence for a beneficial effect of antioxidants.31 32

Does this mean that antioxidant approaches have no role in
prevention or treatment in CHF? The data discussed in this
article suggest that this would be a spurious conclusion. In fact,
it is clear that the term oxidative stress covers a diverse array of
complex biological actions ranging from highly specific redox
signalling involving specialised enzymes to interactions with
nitric oxide to more straightforward effects such as ‘‘damage’’
to cells, membranes and macromolecules. Therefore, it is hardly
surprising that the use of non-specific antioxidants (eg,
vitamins) did not produce the desired results. Furthermore,
these agents are relatively inefficient and have generally been
used without any assessment of the target population for levels
of oxidative stress. What may be needed are much more specific
agents that can target defined ROS sources and deleterious
redox-dependent signalling pathways. It may also be necessary
to do this in a more cell-, tissue- and pathway-specific manner
at appropriate points during the disease process. Some of the
complexities of enzymes such as the NADPH oxidase family
offer the tantalising possibility that detrimental aspects of the
phenotype of the failing heart (eg, fibrosis, dilatation and
contractile dysfunction) could be specifically targeted in
isolation from potentially beneficial components (eg, compen-
satory hypertrophy).

Meanwhile, the idea that specific targeting of certain ROS-
dependent pathways may be beneficial receives support from
the effects of some successful drugs that are already in use. It is
noteworthy that ACE inhibitors and angiotensin receptor
blockers are highly effective inhibitors of angiotensin II-
dependent NADPH oxidase activation. Also, a major conse-
quence of the use of statins is to inhibit the activation of small
GTPases such as Rac, thereby affecting NADPH oxidase activity.
Indeed, several experimental studies have indicated favourable
effects of statins on both cardiac hypertrophy and remodelling
after myocardial infarction, and preliminary studies in small

numbers of patients with CHF have also been encouraging. A
better understanding of the precise roles of oxidative stress and
redox signalling pathways in different components of the
process of heart failure may therefore provide the basis for
devising new therapeutic strategies for this condition.
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Three-dimensional whole heart magnetic resonance imaging of anomalous origin of the right coronary
artery from the left sinus of Valsalva

A
46-year-old man without a history
of cardiac disease presented with
atypical chest pain in the early

morning. A 12-lead, 24-hour ambulatory
electrocardiogram disclosed an ST-seg-
ment elevation in leads II, III and aVF,
suggestive of vasospasm of the right
coronary artery. Myocardial perfusion
single-photon emission computed tomo-
graphy was normal. Navigator-guided,
free-breathing whole heart MRI demon-
strated the right coronary artery arising
from the left sinus of Valsalva separately
from the left main coronary artery and
coursing between the ascending aorta
and the pulmonary artery (panel A). On
an axial image, there was an acute angle
take-off of the right coronary artery from
the aorta (panel B). A curved maximum
intensity projection image showed no
significant stenosis in the right coronary
artery (panel C). The patient was diag-
nosed as having vasospastic angina in
the anomalous right coronary artery and
treatment with calcium channel blocker
and isosorbide dinitrate was started. He
has had no pain for the 2-month follow-
up period. To the best of our knowledge,
this is the first report demonstrating
three-dimensional whole heart MRI of
the anomalous origin of the right cor-
onary artery.

Y Sato
N Matsumoto

S Saito
yuichis@med.nihon-u.ac.jp

Panel A Three-dimensional, volume rendering
image showing the right coronary artery
(arrows) originating from the left sinus of
Valsalva and coursing between the ascending
aorta (Ao) and the pulmonary artery (PA). LAD,
left anterior descending artery; LCx, left
circumflex artery.

Panel B Axial image showing acute angle take-
off of the right coronary artery (arrow) from the
aorta. LMCA, left main coronary artery.

PA

Ao

Panel C Curved maximum intensity projection image
showing no significant stenosis in the right coronary
artery. Ao, ascending aorta; PA, pulmonary artery.
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