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Abstract Most diabetes-related complications and causes
of death arise from cardiovascular disease and end-stage
renal disease. Amongst the major complications of diabetes
mellitus are retinopathy, neuropathy, nephropathy and ac-
celerated atherosclerosis. Increased bioavailability of reac-
tive oxygen species (ROS) (termed oxidative stress),
derived in large part from the NADPH oxidase (Nox) family
of free radical producing enzymes, has been demonstrated in

experimental and clinical diabetes and has been implicated
in the cardiovascular and renal complications of diabetes.
The present review focuses on the role of Noxs and oxida-
tive stress in some major complications of diabetes, includ-
ing nephropathy, retinopathy and atherosclerosis. We also
discuss Nox isoforms as potential targets for therapy.
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Introduction

Type 2 diabetes is the leading cause of blindness, nontrau-
matic lower-limb amputation, chronic kidney disease and a
major cause of cardiovascular disease, leading to early death
[1,2]. With the prediction that the number of individuals
with type 2 diabetes will more than triple by 2050 in the
USA, with similar trends globally [1–3], there is an urgent
need to better understand the processes underlying diabetes-
associated complications so that new strategies can be de-
veloped to prevent and better manage these conditions. Of
the many factors implicated in cardiovascular and renal
complications of diabetes, increased ROS bioavailability
(oxidative stress) may be particularly important. As such,
approaches to reduce ROS generation may have therapeutic
potential in complications associated with diabetes.

Many experimental models of both type 1 and type 2
diabetes mellitus exhibit increased cardiovascular and renal
ROS generation, triggered in large part by hyperglycaemia
[4,5] (Fig. 1). Clinically, patients with diabetes have increased
plasma levels of ROS biomarkers such as TBARS, 8α iso-
prostanes and oxidised LDL, and reduced levels of antioxi-
dant agents and enzymes, such as bilirubin, superoxide

M. Sedeek :A. C. Montezano : R. L. Hebert : R. M. Touyz
Ottawa Hospital Research Institute,
Ottawa, Canada

S. P. Gray : E. Di Marco : J. C. Jha :M. E. Cooper :
K. Jandeleit-Dahm
Baker IDI Heart & Diabetes Research Institute,
Melbourne, VIC, Australia

E. Di Marco :M. E. Cooper :K. Jandeleit-Dahm
Department of Medicine, Monash University,
Melbourne, VIC, Australia

M. E. Cooper : J. L. Wilkinson-Berka
Department of Immunology, Monash University,
Melbourne, VIC, Australia

E. L. Schiffrin
Lady Davis Institute for Medical Research, Sir Mortimer
B. Davis-Jewish General Hospital, McGill University,
Montreal, Canada

R. M. Touyz (*)
Institute for Cardiovascular and Medical sciences, BHF Glasgow
Cardiovascular Research Centre, University of Glasgow,
126 University Place,
Glasgow G12 8TA UK
e-mail: rhian.touyz@glasgow.ac.uk

R. M. Touyz
e-mail: rtouyz@uottawa.ca

J. of Cardiovasc. Trans. Res. (2012) 5:509–518
DOI 10.1007/s12265-012-9387-2



dismutase and antioxidant vitamins, thus promoting oxidative
stress [6–8]. Diabetes-associated factors that increase oxida-
tive stress include hyperglycaemia, formation of advanced
glycation end-products (AGEs), activation of the polyol path-
way, elevated free fatty acids and increased leptin levels
[9,10]. In addition, activation of the renin–angiotensin system
(RAS) in diabetes stimulates ROS generation [11] (Fig. 1).

NADPH Oxidase Isoforms, Reactive Oxygen Species
and Diabetes

Of the many ROS-generating enzymatic systems, including
xanthine oxidase, mitochondrial oxidases and uncoupled
NOS, activation of NADPH oxidase is particularly impor-
tant in diabetes [12,13]. NADPH oxidase catalyses the pro-
duction of O2

− by the one-electron reduction of O2 using
NADH or NADPH as the electron donor. Phagocytic
NADPH oxidase, the prototype oxidase, is involved in
host-defence processes, and comprises membrane-bound
gp91phox (Nox2) and p22phox and three cytosolic regula-
tors (p47phox, p67phox, p40phox) [14]. In activated cells,
p47phox is phosphorylated, leading to translocation to the
membrane and complex formation and association with
cytochrome b558 to assemble the active enzyme. Recently,
seven novel Nox2 homologues have been identified, includ-
ing Nox1–7 [15–17], of which Nox1, 2 and 4 levels and/or
activity are altered by diabetes, or associated with diabetic
complications. All Noxs contain a six-transmembrane

domain, and conserved motifs for binding NADPH and
FAD and two hemes. The exact (patho)physiological func-
tions of Noxs still remain unclear. However, Nox hyper-
activation leads to excessive ROS generation that disrupts
redox networks, normally regulated by antioxidant systems,
resulting in oxidative stress, which triggers molecular pro-
cesses contributing to tissue injury.

Nox1 abundance is normally low, but is induced by
stimuli such as PDGF, Ang II and glucose and is increased
in pathological conditions [18,19]. Nox1 localises with
p22phox and requires NADPH oxidase subunits for its
activation. Studies from Nox1 knockout mice suggest a
possible role for Nox1 in acute, but not chronic, Ang II-
mediated hypertension [20,21] and in atherosclerosis, hepat-
ic fibrosis and cancer [22–24]. Nox1 has also been impli-
cated in pancreatic islet beta cell dysfunction and is
upregulated in diabetes [25]. Nox2, the phagocytic
gp91phox-containing NADPH oxidase, is expressed in
non-phagocytic cells including vascular, renal, cardiac and
neural cells. Non-phagocytic vascular and renal Nox2 are
activated by Ang II and stretch, through c-Src, PKC and
EGFR, and by high glucose [26,27]. Phagocytic-like
NADPH oxidase activation and increased ROS generation
have been demonstrated in Zucker diabetic fatty rat and
islets from patients with diabetes [28]. Nox3 is found in
foetal tissue and the adult inner ear and is involved in
vestibular function [29]. Although there is very little infor-
mation about Nox3 beyond its function in the ear, a genome
wide scan in West Africans with type 2 diabetes showed that
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Fig. 1 Schematic of
mechanisms whereby Nox-
derived reactive oxygen species
(ROS) influence development
of diabetes-associated compli-
cations. The hyperglycaemic
milieu, including activation of
the renin–angiotensin system
(RAS) and production of ad-
vanced glycation end products
(AGEs), results in an increased
activity of Nox isoforms gener-
ating increased ROS produc-
tion, which in turn stimulates
signalling pathways associated
with cell growth, inflammation,
apoptosis and fibrosis. These
events contribute to processes
underlying nephropathy, ath-
erosclerosis and retinopathy
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Nox1 (10q22) and Nox3 (6q25.1–q26) are candidate genes
associated with diabetic nephropathy [30]. Increased Nox3
gene expression has also been demonstrated in brain nuclei
in experimental hypertension [31].

Nox4 is most abundantly expressed in the kidney,
hence originally termed renal oxidase (Renox) [32].
Nox4 is distributed in the renal vasculature, mesangial
cells, podocytes and tubular cells, and appears to be the
major enzymatic source of renal ROS, and as such may
play a role in oxidative stress associated with kidney
disease in diabetes [33,34]. Similar to Nox1, Nox4
requires cytosolic subunits for it regulation, although exact
subunits and mode of regulation are still unclear. p22phox
seems to be important and the p47phox and p67phox
homologues, NOX organiser 1 [NOXO1(p41nox)] and
NOX activator 1 [NOXA1 (p51nox)] may be involved.
Nox4 is also regulated by Polydip2, which links Nox4
to the cytoskeleton in vascular cells. In VSMCs, Nox4 co-
localises with p22phox and vinculin in focal adhesions
and has been implicated in cell migration, proliferation,
angiogenesis and cell differentiation [35,36]. Unlike Nox1
and Nox2, Nox4 is constitutively active, producing mainly
H2O2 rather than •O2

− [37]. The difference in the type of
ROS generated may underlie Nox-specific actions in sig-
nalling. Nox4 contributes to basal ROS production
through its constitutive activity and to increased ROS
generation when stimulated. The pathological role of
Nox4 is unclear. It has been suggested to be involved in
both vascular injury and protection, and in BP elevation
and lowering [38–41]. Growing evidence indicates a role
for Nox4 in diabetes-associated complications, including
nephropathy, cardiac injury, stroke and atherosclerosis as
well as in insulin resistance [33,42–45].

Nox5 (five splice variants—α, β, δ, γ, ε) is the most
recently identified Nox and is unique: it is Ca2+ sensi-
tive, it possesses a calmodulin-like domain with binding
sites for Ca2+, it does not require any NADPH oxidase
subunits for its activity and is found in testes, spleen and
vascular cells with Nox5α and Nox5β being the ROS
generating vascular isoforms [46,47]. Vascular Nox5 is
activated by PDGF, Ang II and ET-1 [48,49]. The exact
function of vascular Nox5 is unknown, but may regulate
growth and migration and has been implicated in athero-
sclerosis [50]. Unlike Nox1, Nox2, Nox3, Nox4 and
Duox1/2 genes, which are present in rodents, Nox5 gene
is absent, making it challenging to study the biology of
Nox5 in experimental rodent models.

Duox1 and -2, also known as Nox6 and Nox7, are in-
volved in production of thyroid hormone, which requires
H2O2 for its synthesis [51]. Mutations of duox are associat-
ed with congenital hypothyroidism [51]. To our knowledge,
there is no evidence that the duoxs are involved in cardio-
vascular disease or diabetes.

Diabetic Nephropathy, Noxs and Oxidative Stress

Diabetic nephropathy (DN) is a major microvascular com-
plication of diabetes and is the leading cause of end-stage
renal disease (ESRD) requiring dialysis and/or transplanta-
tion. Diabetic nephropathy is characterised by a progressive
increase in albuminuria and proteinuria and a decline in
glomerular filtration rate (GFR), which often occur in asso-
ciation with an increase in blood pressure, ultimately lead-
ing to ESRD [52]. These renal functional changes are
associated with structural abnormalities, including glomer-
ular basement membrane thickening, mesangial expansion
with extracellular matrix (ECM) accumulation and glomer-
ulosclerosis [53]. Furthermore, changes in glomerular epi-
thelial cells are associated with a decreased number and/or
density of podocytes and podocyte foot process broadening
and effacement. Tubulointerstitial accumulation of ECM
proteins leads to tubulointerstitial fibrosis which closely
correlates with the development of ESRD. Diabetic ne-
phropathy is accompanied by increased generation of ROS
in the kidney, due in large part to overactivation of renal
Nox 1, 2 and 4 [53].

Increased Nox-mediated superoxide production has been
reported in experimental models of diabetes and occurs in
parallel with upregulation of Noxs, especially Nox1 and
Nox4 [45,53]. Nox-mediated generation of superoxide is
an important mediator of matrix accumulation, renal fibrosis
and podocyte injury in DN [54].

Expression of glomerular Nox4 increases in STZ-induced
diabetic rats causing oxidative damage to the glomeruli, an
effect attenuated by insulin treatment [55]. During early
stages of diabetes, Nox4-derived ROS mediates renal hy-
pertrophy and increases fibronectin expression. Treatment
with antisense oligonucleotides to Nox4 reduced NADPH
oxidase-dependent ROS generation in the renal cortex, de-
creased fibronectin expression with less ECM accumulation
and attenuated renal hypertrophy in diabetic rats [53].

Regulation of Noxs in Diabetic Nephropathy

NADPH oxidase in the kidney can be activated by mem-
brane translocation of p47phox via PKC mediated phos-
phorylation that is upregulated by renal Ang II or by high
glucose [56,57]. The molecular link between PKC-β and
Noxs is further suggested in PKC-β-deficient mice. Diabet-
ic PKC-β-deficient mice have less proteinuria and are pro-
tected from renal hypertrophy, glomerular enlargement and
hyperfiltration observed in diabetic wild-type mice. These
changes are associated with decreased NADPH oxidase
activity accompanied by decreased mRNA expression of
p47phox, Nox2 and Nox4 in the renal cortex, suggesting
that reduced activity of PKC-β may protect against in-
creased expression of NADPH oxidase subunits in diabetes
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[58]. Involvement of AGEs in the activation of a PKC-α-
NADPH oxidase pathway has also been reported [59].

ROS derived from Noxs under high glucose can act as
second messengers for several transcription factors and signal
transduction cascades that are implicated in renal disease and
hypertension [53], such as nuclear factor-κB (NF-κB), activa-
tor protein-1 (AP-1), serine–threonine kinase Akt/PKB, p38
mitogen-activated protein kinase (p38MAPK) and
extracellular-signal-related kinases 1 and 2 (ERK1/2) [60,61].
Oxidative stress increases NADPH oxidase expression and
inflammation via activation of NF-κB in renal interstitial cells
[62]. NF-κB regulates expression of monocyte chemoattrac-
tant protein-1 (MCP-1) in mesangial cells [63], while AP-1
mediates a high glucose-induced increase in TGF-β1 gene
promoter activity [64].

Noxs and Proteinuria

Podocyte apoptosis mediated by oxidative stress is an early
event in DN that contributes to progressive podocyte deple-
tion and albuminuria [65]. In the presence of high glucose,
overproduction of podocyte ROS induces cellular dysfunc-
tion and increases albumin excretion. NADPH oxidase is
involved in apoptosis of podocytes through proapoptotic
p38MAPK and caspase 3 in type 1 and 2 diabetic mice
[66] and through generation of ROS via upregulation of
CYP4A, Nox1 and Nox4 [54]. High glucose has also been
shown to stimulate hypertrophy of podocytes through ROS-
dependent activation of ERK1/2 and Akt/PKB pathways
[65]. The systemic administration of apocynin, a non-
specific NADPH oxidase inhibitor, prevented podocyte ap-
optosis and ameliorated urinary albumin excretion in dia-
betic mice [65].

Diabetic Retinopathy, Noxs and Oxidative Stress

Diabetic retinopathy (DR) is the major cause of vision loss
and blindness in people of working age, and develops over
approximately 10 to 25 years. A recent meta-analysis ex-
amining the global prevalence and major risk factors for DR
and vision-threatening diabetic retinopathy (VTDR) among
22,896 people with diabetes reported that the overall prev-
alence was 34.6% for any DR and 10.2% for VTDR [67].
All DR prevalence end points increased with diabetes dura-
tion, haemoglobin A(1c) and blood pressure levels, and
were higher in people with type 1 compared with type 2
diabetes. DR is largely a disease of the retinal microvascu-
lature, although damage to neurons and glia also occurs
[68]. Diabetic retinopathy progresses from the mild non-
proliferative stage which features increased vascular perme-
ability, to the moderate and severe non-proliferative stage
characterised by blood vessel closure and tissue ischaemia,

to the proliferative stage characterised by pathological angio-
genesis in the retina often extruding into the vitreous [68].
Vision loss principally occurs from macular oedema, traction-
al retinal detachment and inner retinal and vitreous haemor-
rhage. Oxidative stress may be a key contributor to the
development of diabetic complications of the eye [68]. The
retina is particularly susceptible to oxidative stress because of
its high consumption of oxygen and glucose oxidation, high
levels of polyunsaturated fatty acids and exposure to light
[69]. A major source of retinal ROS is likely to be Nox,
although this is yet to be fully explored. Evidence to date
indicates that Nox isoforms are widely distributed throughout
the retina and upregulated by hyperglycaemia and hypoxia.
Nox2 immunolabelling has been identified in retinal endothe-
lial cells [70], Nox 1, 2 and 4 mRNA are present in cultured
retinal endothelial cells [71] and ganglion cells [72] and Nox4,
Duox1 and Duox2 have been immunolocalised to photore-
ceptors [73]. Nox2 inhibition has neuroprotective effects in
ischaemic injury in the retina [74].

Diabetic retinopathy is a low-grade inflammatory condi-
tion [75]. Leukocytes may contribute to microvascular dam-
age by releasing cytokines, inflammatory factors and ROS.
Additionally, leukocytes by binding to the vascular endo-
thelium contribute to leukostasis and areas of retinal non-
perfusion and subsequent ischaemia. Of interest is that Nox
inhibition reduced retinal leukostasis in experimental DR
and activated leukocytes stimulated angiogenesis by their
adherence to endothelial cells via E-selectin, ICAM-1 and
hydrogen peroxide [76]. The inflammatory enzyme, core 2
β-1, 6-N-acetylglucosaminyltransferase (C2GNT) may con-
tribute to DR by eliciting intracellular cross-talk between
tumour necrosis factor-α, PKC β1/2 and Nox in human
leukocytes to result in leukocyte adhesion to endothelial
cells [76].

Nox Isoforms and Diabetic Retinopathy

To date, most studies have focused on the role of Nox2 and
Nox4 in retinal inflammation and vascular leakage. Using
immunohistochemical techniques, Nox2 has been localised
to retinal blood vessels and Nox2 and p47phox were
reported increased in retina in experimental DR in associa-
tion with increased oxidative stress [70,77–79]. In Nox2
knockout mice, retinal ICAM-1 expression and leukostasis
are reduced in DR [80]. Moreover, apocynin and Nox2
deletion were equally effective in preventing diabetes-
induced increase in retinal ICAM-1 and leukostasis [81].
Nox activity may be required for increased chemokine li-
gand 2 (CCL2) production in DR and may involve Akt and
NF-κB signalling pathways [82]. Finally, there is evidence
that PPARγ is involved in ROS derived from Nox2 effects
in experimental DR since apocynin or deletion of Nox2
prevented the reduction in retinal PPARγ levels [83].
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In terms of Nox4, to our knowledge, only one study to date
has evaluated its role in experimental DR. In db/db mice, a
model of type 2 diabetes, expression of Nox4 and VEGF was
significantly increased in retina and reduced with the hypo-
lipidemic agent, lovastatin, and Nox inhibition [84]. Intravi-
treal delivery of Nox4 siRNA decreased retinal Nox4 and
VEGF expression, Nox activity and retinal vascular perme-
ability [84]. Studies in bovine retinal endothelial cells exposed
to high glucose elicited similar results suggesting that Nox4
may contribute to the vascular dysfunction of early DR [84].

Noxs, Ang II and AGEs in Retinopathy

The renin–angiotensin system (RAS) and AGEs have been
implicated in the development of DR [85]. Clinical studies
have shown that RAS blockade attenuates retinal pathology
[86]. Ang II is a known stimulator of Nox and therefore it
would be reasonable to expect that damaging effects of Ang II
in the retina may be due, in part, to Nox-derived ROS. Al-
though the relationship between Ang II and specific Nox iso-
forms in the retina has not been comprehensively studied, there
is evidence that intravitreal administration of Ang II increases
retinal leukostasis, superoxide formation and Nox expression
[87], and that these changes are decreased with apocynin. In
spontaneously diabetic Torii rats, a type 2 diabetic model,
VEGF and p22phox were elevated in retina and reduced with
the RAS blocker, candesartan. Furthermore, Ang II infusion
increases levels of VEGF and p22phox in retina [87].

Oxidative stress is closely linked to the formation of AGEs
and AGE-induced oxidative stress may be partly involved in
the detrimental effects of AGEs in the retina. Whether there is
interplay between ROS derived from Nox and AGE-related
damage in DR is not completely understood. However, AGEs
increased ROS generation and VEGF expression in cultured
bovine retinal endothelial cells through PKC-dependent activa-
tion of Nox [88]. Pigment epithelium-derived factor (PEDF)
which has anti-angiogenic, anti-oxidative and anti-
inflammatory properties in the retina has also been linked to
Nox and AGEs. In endothelial cells, PEDF decreased ROS
generation in AGE-exposed retinal endothelial cells by sup-
pressing Nox activity via downregulation of mRNA levels of
p22phox and gp91phox. These events were associated with
blockade of AGE-elicited actions and NF-κB-dependent
VEGF gene induction [89]. Moreover AGE, ROS and Ang II
may be interlinked since Ang II modulates expression of retinal
glyoxalase I, a key enzyme in the detoxification of AGEs [90].

Diabetes-Associated Atherosclerosis, Noxs
and Oxidative Stress

Patients with diabetes have accelerated development of ath-
erosclerosis, predisposing them to a greater risk of stroke,

myocardial infarction and peripheral vascular disease. This
acceleration in vascular disease is mediated via haemody-
namic and metabolic pathways associated with the hyper-
glycaemic milieu. Direct mechanisms leading to this
acceleration in atherogenesis are not clearly identified.
However, enhanced production of ROS and reduced antiox-
idant defences appear to play pivotal roles. The primary
source of ROS production in the vasculature is through
Noxs, which show enhanced activity in high glucose con-
ditions. Furthermore, diminished activity in the antioxidant
defence system has been demonstrated in high glucose
conditions.

Nox Isoforms and Diabetes-Associated Atherosclerosis—
Lessons from Mouse Models

Studies using mice in which NADPH oxidase subunit/Nox
isoform genes were deleted demonstrated a role for Noxs in
atherosclerosis. Deletion of the p47phox subunit of the
Nox1 and Nox2 complex followed by crossing with the
ApoE−/− mouse model of atherosclerosis resulted in a re-
duction in the development of atherosclerosis irrespective of
the diet and without changes in serum lipid concentrations
[91]. Disruption of the p47phox gene reduced superoxide
production in the vessel wall and inhibited proliferation of
vascular smooth muscle cells [91]. These data highlight an
important role for p47phox in the development of athero-
sclerosis. However, they failed to differentiate the specific
Nox isoform involved in the development of atherosclerosis.

Nox2 deletion in ApoE−/− mice on high fat diet reduced
plaque area in the total aorta, with decreased aortic ROS
production [92], suggesting a Nox2-mediated response in
the development of atherosclerosis. Regarding Nox1, a
causal association has been demonstrated between Nox1
and vascular remodelling in Ang II-infused mice [93] and
in neointima formation [93]. Mice deficient in both ApoE
and Nox1 on an atherogenic diet for 18 weeks demonstrated
reduced atherosclerosis, decreased macrophage infiltration
and smaller lesion size at the level of the aortic valve
compared with apoE−/− with intact Nox1 [94]. These data
suggest that Nox1-derived ROS may modify lesion compo-
sition and contribute to atherogenesis, a process which may
be accelerated in diabetes [94].

Nox4 may also be important in atherosclerosis and dysli-
pidemia associated with diabetes. A detailed electron mi-
croscopy study investigating the ultrastructural properties of
smooth muscle cells and Nox4 in healthy and atherosclerot-
ic human aorta showed a heterogeneous population of
smooth muscle cells (SMC) in the atheromatous lesions
with associated alteration in Nox4 distribution. In the dis-
ease samples, Nox4 expression is preserved in the SMCs
that maintain the contractile phenotype, but disappears in
the de-differentiated cells that display a myofibroblastic
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appearance [95]. Examination of insulin targets in the liver
revealed that in experimental models of type 2 diabetes,
there is a specific defect in the ability of the Nox4 to
inactivate protein tyrosine phosphatase gene family mem-
bers after stimulation with insulin, which may impact on
atherogenesis and vascular injury in diabetes [96].

Endothelial dysfunction, vascular remodelling and in-
flammation are pivotal in the promotion of atherosclerosis
as this leads to infiltration of monocytes and secretion of
chemokines such as PDGF and Ang II, which mediate
further production of ROS through Nox1 and Nox4
[97,98]. While an increased production of H2O2 may be
seen as being deleterious, recent studies have suggested a
potential protective role for Nox4-derived H2O2 on vascular
injury during ischaemia, hypertension or inflammatory
stress [38–41]. These contrasting effects warrant further
clarification.

Nox Inhibitors and Diabetes-Associated Complications

Based on experimental evidence, NADPH oxidase subunits
and Nox isoforms are potential therapeutic targets for car-
diovascular disease and hypertension. The first pharmaco-
logical agents used as NADPH oxidase inhibitors were
apocynin and diphenyliodonium (DPI) [99,100]. However,
these compounds have been shown to have NADPH
oxidase-independent effects and are not Nox-specific iso-
forms [101,102]. As such, DPI and apocynin are now
regarded as oxidative stress suppressers rather than specific
inhibitors of NADPH oxidase. More recently, there has been
interest in the development of agents that inhibit Noxs in an
isoform-specific manner [103,104]. Different strategies
have been employed, including small molecule inhibitors,
peptide NADPH oxidase inhibitors and siRNA. Several
compounds have been registered as NADPH oxidase inhib-
itors [103,104]. However, none have yet undergone clinical
trials, and some have not even completed preclinical studies.
However, GKT has recently been tested in a phase 1 clinical
trial [105]. The outcomes of this study should reveal inter-
esting information about safety data and pharmacokinetic
profiles.

To date, two different classes of compounds have been
claimed as potent and orally active bioavailable NADPH
oxidase inhibitors: pyrazolopyridines, such as GKT136901
and GKT137831 [106,107], and triazolopyrimidine deriva-
tives, such as VAS2870 and VAS3947 [108,109]. Pyrazolo
pyridine derivative compounds such as GKT136901 specif-
ically inhibit Nox1/Nox4-mediated ROS production
[106,107]. Although the mechanisms whereby GKT com-
pounds inhibit Nox1/4 have not yet been clarified, they may
act as competitive substrate inhibitors since structurally they
resemble NADPH. VAS3947 inhibits Nox activity in

vascular smooth muscle cells and human umbilical vein
endothelial cells [108,109]. Furthermore, it has been shown
to inhibit the H2O2 burst at the margins of wounds without
obvious toxicity in zebra fish, suggesting that it may inhibit
Nox4 activity [110]. VAS3947 inhibits H2O2 production in
addition to inhibiting the production of superoxide and
peroxynitrate [102]. These inhibitors seem to target multiple
isoforms of the Nox family and may not be highly Nox-
specific.

Nox Inhibitors as Potential Therapeutic Agents
in Clinical Medicine

Although several compounds have been registered as
NADPH oxidase inhibitors [103,104], none have yet under-
gone clinical trials in a disease-targeted manner, and some
have not even completed preclinical studies. However,
GKT137831 has recently been tested in a phase 1 trial
[105]. The outcomes of this study should reveal interesting
information about safety data and pharmacokinetic profiles
and should shed light on the potential use of Nox inhibitors
in human disease.

Based on the recent findings in experimental models that
some Nox isoforms, e.g. Nox4, may have protective func-
tions [38–41] and that inhibiting such Noxs may cause
injury, there is much speculation as to the clinical utility of
such approaches. However, it should be kept in mind that
these studies were conducted in transgenic mice where
Nox4 was overexpressed or in mice in which Nox4 gene
was knocked out. These are highly artificial models and
although they may be interesting to dissect out functions
of Nox4, they do not represent human conditions. As such,
there is still interest in developing Nox inhibitors in an
isoform-specific manner for potential clinical use. More-
over, it may be more appropriate to consider the pharmaco-
logical inhibitors as Nox modulators rather than inhibitors
because Nox activity seems to be only partially inhibited in
vivo.

Pathological conditions in which Nox4 inhibitors have
been suggested to have potential clinical benefit include
pulmonary hypertension, chronic kidney disease, hepatic
disease, diabetic nephropathy and malignant melanoma
[111]. Nox1 inhibition may be useful in the treatment of
cancer, inflammatory conditions and hepatic disease [112].
However, much research is still needed before such
approaches can be considered clinically.

In addition to direct blockade of Nox activation, agents
that indirectly reduce oxidative stress may be useful
approaches for managing cardiovascular complications of
diabetes. Such approaches include PKC inhibitors, pharma-
cological agents that block the AGE–RAGE axis and drugs
that interrupt the RAS, such as angiotensin-converting
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enzyme inhibitors and angiotensin receptor blockers. Sta-
tins, which inhibit activity of Nox4, may also be a useful
strategy to reduce Nox-induced ROS generation.

Conclusions

While there is growing evidence that Nox activation and
oxidative stress are important in the development of
diabetes-associated complications, including nephropathy,
retinopathy and accelerated atherosclerosis, there is still a
paucity of information on exactly which Nox isoform gen-
erate ROS and what mechanisms regulate Noxs in different
tissues in diabetes. However, what is clear is that the hyper-
glycaemic milieu in diabetes is a potent stimulus for Nox
activation and oxidative stress in cardiovascular and renal
tissue. The advent of inhibitors of specific Nox isoforms is
likely to provide greater insight into the functions of Noxs in
diabetes. Isoform-specific Nox inhibitors may be potentially
useful agents in managing complications of diabetes. How-
ever, much research is still needed before such strategies can
be instituted.
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