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Doxorubicin remains one of the most widely-
used and effective anti-neoplastic agents in
the treatment of various cancers [1].

Unfortunately its chronic use may be associated
with irreversible cardiotoxicity, typically occurring
within a year of the last dose, which is characterised
by progressive cardiac dilatation, contractile
dysfunction and ultimately heart failure [2,3].
Consequently, therapeutic administration of
doxorubicin has to be severely restricted to minimise
the incidence of cardiotoxicity, thus significantly
reducing its efficiacy against tumors. For this reason,
reported rates of doxorubicin cardiotoxicity are low,
reaching only 7% at the currently used upper dosing
limit [4]. Recent research focused on understanding
the mechanisms underlying progression of this life-
threatening side-effect holds clear potential for the
development of novel therapies that might
significantly improve the anti-tumor efficacy of
doxorubicin and patient survival.

Mechanisms underlying doxorubicin
cardiotoxicity
The chronic response to doxorubicin-induced
myocardial injury involves a complex series of
events, collectively known as cardiac remodeling,
which are deleterious to structure and contractile
function. Doxorubicin is well known to induce
inflammatory cell activation and recruitment to the
myocardium, thought to be a key mediator of
associated extracellular matrix remodeling. This
process involves complex reorganisation of the
myocardial connective tissue and a delicate balance
between collagen deposition and degradation,
which is largely dependent on the activity of matrix
metalloproteinases (MMPs). Doxorubicin also

causes substantial alterations in cardiomyocyte
biology, such as cell atrophy/apoptosis and changes
in excitation-contraction coupling, myofilament
calcium responsiveness, cellular energetics and
cytoskeleton organisation [3].

The mechanisms underlying the development of
doxorubicin cardiotoxicity are poorly understood,
although activation of several cellular pathways has
been proposed, including local release of vasoactive
substances, mitochondrial dysfunction, lipid
peroxidation, glutathione peroxidase depletion,
reduced activity of the sarcoplasmic reticulum Ca2+-
ATPase, and impaired cardiomyocyte energetics
[1,2]. However, much recent attention has been
focusing on the potential involvement of myocardial
reactive oxygen species (ROS), which are increased
by doxorubicin and modulate several of the key
remodeling processes outlined above. Interestingly,
antioxidant treatment is protective against
doxorubicin-induced cardiac contractile dysfunction
in both experimental and clinical settings [5,6],
suggesting that increased ROS are important in the
development of this condition.

NADPH oxidases in the heart
ROS have well known wide-ranging actions on the
heart, and the importance of different ROS sources –
including the mitochondrial electron transport
chain, dysfunctional nitric oxide synthase, xanthine
oxidase and NADPH oxidases – are becoming
increasingly apparent [7]. In this regard, our
laboratory has focused on the role of NADPH
oxidases, which are a major source of cardiac
superoxide and whose primary function is ROS
generation, in doxorubicin cardiotoxicity. Several
members of the NADPH oxidase family have been
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Figure 1: Structure of cardiac NADPH oxidases. Nox2 NADPH oxidase activity requires several regulatory cytosolic sub-
units that associate upon activation, generating mainly superoxide. In contrast, Nox4 NADPH oxidase consists solely of a
membrane-bound Nox/p22phox heterodimer and is constitutively active, its activity being mainly regulated by protein
level.
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identified, each based on a distinct
catalytic subunit with tissue-specific
expression. The major cardiac isoforms
are Nox2 and Nox4 (Figure 1), which are
expressed in cardiomyocytes, fibroblasts
and endothelial cells [8]. Nox2 NADPH
oxidase comprises a membrane-bound
catalytic core (Nox2/p22phox) and several
regulatory cytosolic subunits (p47phox,
p67phox, p40phox, Rac1) that associate upon
activation. In contrast, Nox4 NADPH
oxidase is localised to the perinuclear
endoplasmic reticulum and mitochondria,
and its activity is mainly regulated by
protein level. NADPH oxidases generate
low levels of ROS under physiological
conditions that are important for
intracellular signaling, but also play
important pathological roles in conditions
such as hypertension and atherosclerosis
[9]. Interestingly, whilst Nox2 produces
primarily superoxide, Nox4 is thought to
generate predominantly H2O2, which may
underlie differential actions of these
cardiac Nox isoforms on cellular signaling
[10].

Previous studies from our group and
others indicate that NADPH oxidase-
derived ROS play a pivotal role in cardiac
pathophysiology. Activity and expression
of NADPH oxidases are increased in both
experimental and clinical heart failure
[8,11,12]. Furthermore, these ROS-
producing enzymes regulate several key
components of the cardiac remodeling
phenotype, including MMP activation,
myocardial fibrosis, cardiomyocyte
hypertrophy/apoptosis, contractile dys-
function and angiogenesis. Interestingly,
our recent studies using Nox gene-
modified mice showed differential effects
that were dependent on the stimulus for
cardiac remodeling. Nox2 NADPH oxidase
was critical for cardiomyocyte remodeling
and fibrosis induced by angiotensin II and
myocardial infarction [11,13]. In contrast,
cardiac hypertrophy in response to
pressure-overload appeared to be
dependent on Nox4 NADPH oxidase,
whilst Nox2 was essential for development
of contractile dysfunction and fibrosis
[8,14]. The role of NADPH oxidases in
cardiac remodeling is clearly complex and
warrants further investigation.

Role of NADPH oxidases in
doxorubicin cardiotoxicity
Although much attention has been paid to
the role of NADPH oxidases in cardiac
pathophysiology, their potential
involvement in doxorubicin-induced
cardiotoxicity has been largely ignored.
Supportive evidence for a specific role of
NADPH oxidase-derived ROS in this
setting comes from several recent
experimental studies suggesting their
involvement in doxorubicin-induced
activation of key remodeling signaling

pathways. For example, doxorubicin
increases myocardial NADPH oxidase
activity in vivo and stimulates MMP-2
expression/activity and cell apoptosis in
vitro via NADPH oxidase-dependent
mechanisms. Furthermore, production of
several known stimuli of NADPH oxidases
that are important in cardiac remodeling,
such as angiotensin II, aldosterone and
endothelin-1, are increased by doxo-
rubicin. Perhaps the most convincing
evidence for a clinically-relevant role of
NADPH oxidases in doxorubicin
cardiotoxicity comes from a recent study
which identified several genetic
polymorphisms of the enzyme
predisposing patients to increased risk of
heart failure [4]. Interestingly, the same
group reported that gene-modified mice
lacking the Nox2 subunit of NADPH
oxidase were resistant to doxorubicin-
stimulated increases in cardiac superoxide
production and contractile dysfunction,
findings which provided the basis for our
recent work.

To assess the precise role of NADPH
oxidase-derived ROS in doxorubicin
cardiotoxicity and investigate how they

may modulate individual components of
the cardiac remodeling phenotype in this
setting, we employed an experimental
model of chronic doxorubicin treatment
using wild-type and Nox2-deficient mice.
Animals were administered doxorubicin at
a cumulative dose of 12 mg/kg (given as
three weekly injections) and studied eight
weeks later. Importantly, this protocol was
chosen as it is highly relevant to the clinical
setting in terms of relative dose, treatment
regimen, and chronology of chronic
doxorubicin-induced cardiotoxicity. Cardiac
structure and function was recorded
serially using high-resolution
echocardiography and terminally at eight
weeks by state-of-the-art invasive
hemodynamic assessment. Tissue was
taken for morphological/histological
assessment and analysis of NADPH
oxidase activity and relevant gene
expression, providing a comprehensive
examination of our research question. The
major findings of our study (summarised
in Figure 2) were that genetic disruption
of Nox2 protected against the
development of cardiac contractile
dysfunction, cardiomyocyte atrophy and

Figure 2: Role of NADPH oxidase-derived ROS in doxorubicin cardiotoxicity. We have shown that
doxorubicin activates Nox2 NADPH oxidase, resulting in the production of superoxide and adverse
cardiac remodeling. Importantly, Nox2 NADPH oxidase-derived ROS mediate several different components
of the doxorubicin cardiotoxic phenotype, including inflammatory cell activation, extracellular matrix
remodeling and cardiomyocyte atrophy/apoptosis. However, the mechanisms underlying activation of
NADPH oxidase and the downstream signaling pathways involved remain unclear.
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apoptosis, interstitial fibrosis, MMP
activation and inflammatory cell
infiltration after chronic doxorubicin
treatment, clearly demonstrating that
NADPH oxidase plays a key role in the
remodeling response in this setting [15].
These actions were associated with
beneficial changes in oxidative stress and
NADPH oxidase activity, which appeared
to be critically-dependent on Nox2, with
Nox4 playing a secondary role.
Importantly, we demonstrated that siRNA
knockdown of Nox2 in an established
cancer cell line had no effect on the anti-
tumor efficacy of doxorubicin (which is
thought to occur by direct inhibition of
DNA replication via a ROS-independent
mechanism), indicating that NADPH
oxidases may be a viable therapeutic
target for prevention of associated
cardiotoxicity.

Mechanisms underlying doxorubicin-
induced NADPH oxidase signaling
Whilst our discovery that Nox2 NADPH
oxidase-derived ROS play a critical role in
the development of doxorubicin
cardiotoxicity is important and exciting, it
is clear that the underlying signaling
pathways and mechanisms need to be
established before any potential
therapeutic benefit may be realised.
NADPH oxidases are activated by
numerous stimuli, including aldosterone,
angiotensin II, endothelin-1, α-adrenergic

agonists, cytokines (e.g. TNF-α),
metabolic factors (e.g. high glucose) and
shear stress [7]. In this regard, we
conducted preliminary studies in isolated
cardiomyocytes demonstrating that
doxorubicin-induced increases in NADPH
oxidase activity and expression were
attenuated by the AT1 receptor
antagonist, losartan, suggesting that
angiotensin II signaling may play a key
role. Importantly, chronic in vivo
treatment of doxorubicin-injected mice
with losartan also prevented development
of both contractile dysfunction and
myocardial atrophy [15]. These data
indicate that angiotensin II may be an
important transducer of NADPH oxidase
activation in response to doxorubicin,
although it is likely that other key
upstream mediators are also involved
(under investigation). Potential
downstream mediators also being
examined include MAP kinases (e.g.
p38MAPK, ERK1/2, JNK), c-src, AP-1,
NF-κB, HIF-1 and the PI3 kinase/Akt
pathway [7].

Therapeutic potential of NADPH
oxidase targeting in doxorubicin
cardiotoxicity
The complexity of NADPH oxidase
signaling in cardiac remodeling is
becoming increasingly apparent with
reported differences in isoform regulation,
activation and subcellular localisation that

may underlie distinct Nox-specific effects
[9,10]. The cellular source(s) of NADPH
oxidases is particularly important, with
ROS being potentially produced within the
heart itself by cardiomyocytes, fibroblast
or endothelial cells, or by infiltrating
inflammatory cells. Although our findings
indicate that Nox2 NADPH oxidase-
derived ROS are important in doxorubicin
cardiotoxicity, our work to date has not
addressed the key cell type(s) involved. In
assessing the therapeutic potential of
novel NADPH oxidase-based strategies
against doxorubicin cardiotoxicity, it is
important to appreciate that cardiac
remodeling is a complicated process
comprising both adaptive and maladaptive
components [3]. Therefore it is essential to
understand all aspects of NADPH oxidase
signaling (such as cellular source/
localisation, contribution of different
isoforms, type of ROS produced) so that
potential novel therapies may be
appropriately targeted. Indeed, lack of
such considerations is likely to underlie
the widely-documented failure of non-
specific antioxidant therapies in chronic
heart failure. Nonetheless, our data
strongly suggest that selective targeting of
NADPH oxidases may be a novel and
effective therapeutic strategy against the
cardiotoxic actions of doxorubicin, which
would maximise its effectiveness as an
anti-neoplastic agent and significantly
improve patient survival. n

Selectively targeting of NADPH oxidases may be a a novel and effective
therapeutic strategy against the cardiotoxic actions of doxorubicin
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