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Summary
Upon reaction with electrons, oxygen is transformed into
reactive oxygen species (ROS). It has long been known that
ROS can destroy bacteria and destroy human cells, but research in recent decades has highlighted new roles for ROS
in health and disease. Indeed, while prolonged exposure to
high ROS concentrations may lead to non-specific damage
to proteins, lipids, and nucleic acids, low to intermediate
ROS concentrations exert their effects rather through regulation of cell signalling cascades. Biological specificity
is achieved through the amount, duration, and localisation of ROS production. ROS have crucial roles in normal
physiological processes, such as through redox regulation
of protein phosphorylation, ion channels, and transcription
factors. ROS are also required for biosynthetic processes,
including thyroid hormone production and crosslinking of
extracellular matrix. There are multiple sources of ROS,
including NADPH oxidase enzymes; similarly, there are a
large number of ROS-degrading systems. ROS-related disease can be either due to a lack of ROS (e.g., chronic granulomatous disease, certain autoimmune disorders) or a surplus of ROS (e.g., cardiovascular and neurodegenerative
diseases). For diseases caused by a surplus of ROS, antioxidant supplementation has proven largely ineffective in
clinical studies, most probably because their action is too
late, too little, and too non-specific. Specific inhibition of
ROS-producing enzymes is an approach more promising of
clinical efficacy.

destruction. When ROS were initially integrated into biomedical concepts it was thought that they caused exclusively toxic effects and were associated with pathologies.
ROS were once thought to originate almost entirely from
mitochondrial metabolism. Indeed, while with normal mitochondrial function, the final oxygen electron receptor is
reduced to water, it is possible, in particular under pathological conditions, that electrons leak out of the system
prematurely and create ROS. However, there is mounting
evidence that cellular enzymes referred to as NADPH oxidases are an important source of ROS in humans [2]. The
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Introduction
General background
Reactive oxygen species (ROS) have a crucial role in human physiological and pathophysiological processes [1].
All ROS types, including superoxide anions and hydrogen
peroxide, have unpaired valence electrons or unstable
bonds. At high concentrations, ROS react readily with proteins, lipids, carbohydrates, and nucleic acids, often inducing irreversible functional alterations or even complete
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Figure 1
Variations of ROS generation. (a) Conceptual representation of
genetically-determined ROS generation in the human population.
Globally, there are significant variations of ROS generation. Note,
however, that there is also regulation of ROS generation by
epigenetics and external influences. (b) At moderate levels, NOX
have crucial roles in health through mechanisms including
signaling, biosynthetic processes, and host defence. When ROS
levels are too low, the condition may result in decreased
antimicrobial defence (e.g. chronic granulomatous disease),
hypothyroidosis, low blood pressure or loss of otoconia. When
levels are too high, there is increased cardiovascular disease,
neurological disorders, cancers, and chronic inflammation.
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seven catalytic isoforms of NADPH oxidase are further explained in subsequent sections, as the isoforms vary substantially in tissue localisation, mechanisms of activation,
and roles in pathologies. ROS-generating processes, including mitochondria and NADPH oxidases, have a long
and complex evolution and it is possible that ROS took part
in early cell-to-cell signalling in unicellular organisms.
It is now clear that organisms have also developed methods
of utilising ROS in critical physiological processes [1]. At
the cellular level, ROS regulate growth, apoptosis, and other signalling. At the systems level they contribute to complex functions such as blood pressure regulation, cognitive
function and immune function. ROS enable the response to

Figure 2
ROS are highly reactive and quickly transition between species.
Notably, the superoxide anion (O2.- ) is unstable and quickly
dismutates, by action of superoxide dismutase (SOD), into
hydrogen peroxide (H2O2). If the anion reacts with nitric oxide
(. NO), then peroxynitrite (ONOO-) is formed. Singlet oxygen (1O2)
is formed upon the reaction of hypochlorous acid (HOCl) with
hydrogen peroxide.

Figure 3
(a) ROS generation and degradation contributing to the oxidative
balance. (b) The NOX2/p22phox complex, consisting of NOX2
(orange) and the subunits p47, p67, and p40 (left) and glutathione
defense mechanism (right). The superoxide (O2.–) generated by the
NOX complex is rapidly dismutated by superoxide dismutatase
(SOD), where it can enter the glutathione synthesis and
recuperation cycle.
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growth factor stimulation and the generation of the inflammatory response, as well as having vital roles in the immune system where they directly kill pathogens [3]. Other
examples of a biochemical role of ROS are found in primitive organisms, where ROS are involved in the cross-linking of the extracellular matrix [4] and in the hardening of
the fertilisation envelope after egg-sperm fusion [5].
However, there is a delicate balance between appropriate
redox states and oxidative stress, dependent on the relative
rates of production and degradation (fig. 1). For specificity
in signalling, biological systems recognise the amount and
type of ROS, as well as the temporal and spatial distribution. Overproduction of ROS occurs during stimulated disease conditions, but there is also a genetic component to the
propensity for ROS generation [6].
Natural human antioxidant defenses are not always sufficient to maintain the proper ROS balance. Also, a normal
process can become pathological when it persists longterm. The mechanisms of senescence involve a contribution from free radicals, leading to the proposition more than
fifty years ago that the aging process results partly from oxidative damage [7]. Oxidative stress is associated with the
general aging process and cell death, affecting all major organ systems [2] and ROS have a part in many age-associated diseases, including Alzheimer's disease [8], Parkinson's disease [9], and virtually all cardiovascular diseases
[10]. Large epidemiological studies support the relationship between oxidative state and global health; high consumption of foods rich in antioxidants is associated with
lower disease rates and preventive protection [11].
Basic chemistry, biology, and toxicology
ROS can be neutral molecules (eg. hydrogen peroxide),
ions (e.g. superoxide anion) or radicals (e.g. hydroxyl radicals). Due to their reactivity, ROS are observed as a cascade of transitions from one species to another (fig. 2). Typically the initial reaction is a one electron transfer to oxygen
to form superoxide (O2.–), which then dismutates (spontaneously or catalysed by superoxide dismutase) to hydrogen peroxide (H2O2). Superoxide does not readily cross
membranes and is short-lived and local in its effect, but
superoxide dismutase converts superoxide to longer-lasting and membrane-diffusible hydrogen peroxide (H2O2)
[12]. When superoxide reacts with nitric oxide (NO), the
highly reactive peroxynitrite (ONOO–) is formed. Peroxidases catalyse reactions involving hydrogen peroxide, resulting in the generation of hypochlorous acid (HOCl) and
singlet oxygen (1O2), among other species. Finally, the
Haber-Weiss reaction uses an iron ion catalyst to generate
hydroxyl radicals from superoxide and hydrogen peroxide.
Our present state of knowledge supports the following
primary functions of ROS in biology: host defence, cell
signalling and biosynthetic processes. In host defence ROS
contribute directly and indirectly to the killing of microorganisms. In physiological signalling, ROS can modify
redox-sensitive amino acids in a variety of proteins, including phosphatases, ion channels, and transcription factors
[13]. The more highly reactive species peroxynitrite and
singlet oxygen may be more involved in toxicity, though
signalling roles have been described [14]. Certain biosynthetic processes are redox-dependent and ROS are involved
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in reactions such as iodination of thyroid hormones and
crosslinking of matrix proteins.
Because of their high reactivity, ROS readily react with virtually all types of biological molecules. Thus, high and sustained concentrations of ROS can cause damage to many
cellular and extracellular constituents, including DNA, proteins and lipids [15]. Of particular concern is DNA oxidation, since this can cause mutations and changes in gene
expression [16]. Mitochondrial DNA seems to be more
sensitive to oxidative stress-induced mutations because it
lacks DNA repair enzymes. Further, oxidation of proteins
may lead to the formation of insoluble protein aggregates.
Such protein aggregates are the molecular basis of a number of diseases, particularly neurodegenerative pathologies.
ROS are also involved in the formation of "advanced glycosylation endproducts", which is an irreversible molecular
change typically seen in glycosylated cell surface proteins.
Sources of ROS
Major sources of ROS include cellular respiration and
metabolic processes, though ROS may also be generated by
radiation. During the process of cellular respiration, oxygen is reduced by the successive transfer of single electrons and the intermediates with odd electrons can escape
the chain. Metabolic processes also generate ROS; for instance, the peroxisome catabolises biomolecules using enzymes that remove hydrogen in an oxidative reaction,
thereby creating hydrogen peroxide. Indeed, a large number of enzymes (xanthine oxidase, nitric oxide synthetase,
p450 cytochromes) and organelles (mitochondria, peroxisomes) produce ROS as a metabolic byproduct. In contrast,
the primary function of NADPH oxidases (NOX) is to produce ROS (fig. 3).
Mitochondria
The generation of mitochondrial ROS is a consequence of
oxidative phosphorylation. At several sites along the cytochrome chain, electrons derived from NADH or FADH can
directly react with oxygen or other electron acceptors and
generate free radicals. It has recently been proposed that
mitochondrial ROS play a crucial role in several redox-dependent signalling processes as well as in the aging clock.
The discovery of superoxide dismutase enzymes (SOD1
and SOD2), was a major step in establishing the generation
of ROS or H2O2 in the mitochondria. A number of studies
have demonstrated that mitochondrial integrity declines as
a function of age. Age-dependent increases in the level of
damaged DNA have been commonly assessed through biomarkers such as the formation of 8-oxo-2′-deoxyguanosine
(oxo8dG). In postmitotic tissue such as brain, the levels of
oxo8dG are significantly higher in mitochondrial compared
to nuclear DNA [17].
NOX enzymes
NOX are membrane-bound proteins that function to transfer electrons across membranes, where the final electron
receptor is oxygen and superoxide is generated. These enzymes participate in cellular differentiation, growth, proliferation, apoptosis, cytoskeletal regulation, migration, and
contraction.
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NOX isoforms: structure, distribution, and regulation
All NOX NADPH oxidases are comprised of membranebound subunits and catalyse molecular oxygen reduction.
However, NOX isoforms are each unique in terms of tissue
distribution, domain structure, subunit requirements, and
mechanism of activation. The catalytic subunit of all NOX
proteins contains a C-terminal dehydrogenase domain with
an NADPH binding site and a bound flavin adenine nucleotide (FAD). When NADPH oxidases are activated and
their subunits are assembled, NADPH transfers its electrons to FAD, which then passes the electrons to two haem
groups bound to the N-terminal domain, which finally pass
the two electrons to two molecular oxygens on the opposite
side of the membrane, forming superoxide anions [18].
NOX2, also known as the phagocyte NADPH oxidase, is
the prototypical NOX and has a distinct role in the host defence against bacteria, where NOX2 in phagosomes generates superoxide to kill bacteria. Besides its abundant presence in phagocytes, NOX2 is expressed at lower levels
in many cell types, including cardiomyocytes, endothelial
cells, adventitial fibroblasts, neurons, and pancreatic βcells. NOX2 is activated when the regulatory subunit
p47phox is phosphorylated, complexes with the regulatory
subunits p67phox and p40phox. At the membrane, the complex binds to NOX2 and p22phox; the binding of Rac protein
to these elements completes activation [19].
NOX1 is highly expressed in colon epithelium, but is also
found in other epithelial cells (e.g. alveolar epithelium),
endothelium, smooth muscles, adventitial fibroblasts, and
microglia. NOX1 requires subunits to be active. As seen
with probably all NOX enzymes, there are spatially distinct
mechanisms of receptor-mediated NOX1 activation and
generation of ROS, confirming that compartmentalisation
is necessary for integration of redox-dependent signaling.
Interestingly, endocytosis is required for receptor-mediated
signalling in smooth muscle cells [20].
NOX3 is highly expressed in the inner ear, in both the vestibular and auditive components. Like NOX1 and NOX2,
activation is subunit-dependent [21].
NOX4 is expressed strongly in the kidney and is present
in all vascular cells, fibroblasts, osteoclasts, and neurons.
NOX4 is primarily found within intracellular organelles
(e.g. ER, nuclear envelope, and possibly also mitochondria). NOX4 stands apart from the rest of the family since it
appears to be constitutively active and its activity is therefore primarily regulated by level of expression. The predominant ROS detected from NOX4 is H2O2, but possibly
the primary product is O2–, which is rapidly dismutated to
H2O2.
NOX5 is highly expressed in the lymphoid tissue and the
testis. It has been reported to be found in the cytoskeleton,
endoplasmic reticulum, and plasma membrane. The enzyme differs from other NOX enzymes by its additional
cytosolic N-terminal regulatory domain. It is activated by
elevations of cytosolic free calcium ions (Ca2+) and by
phosphorylation [22].
DUOX1 and DUOX2 are especially important in the
thyroid, though they are also found in the epithelia of the
respiratory and digestive tracts. Like NOX5, DUOX enzymes are activated by Ca2+. They have seven trans-membrane domains and are highly glycosylated. As seen for
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NOX4, chiefly hydrogen peroxide is detected but this is
probably due to rapid dismutation of superoxide [23].
Many cells and virtually all tissues express several NOX
isoforms. Expression of NOX enzymes is regulated on a
transcriptional level, both under physiological and under
pathological conditions.
Natural defence mechanisms
The natural defense against ROS consists of antioxidant
enzymes and of antioxidant scavengers (fig. 3). The nuclear transcription factor Nrf2 is the master regulator of
gene expression of antioxidant enzymes [24]. Three superoxide dismutases, differing in their subcellular location,
catalyse the reaction of superoxide into oxygen and hydrogen peroxide. Catalase decomposes hydrogen peroxide
to water. Thioredoxins, which also consist of several isoforms differing in subcellular localisation, enable the reduction of oxidised proteins by cysteine thiol-disulfide exchange. Glutathione peroxidases reduce lipid hydroperoxides to alcohols and reduce hydrogen peroxide to water;
glutathione synthetase is responsible for synthesis of the
major cellular antioxidant glutathione and therefore also
has an important role in ROS detoxification. Peroxiredoxins control cytokine-induced peroxide levels, thereby affecting signal transduction. Antioxidant scavengers are
predominantly of dietary origin. These biomolecules include tocopherol (vitamin E), ascorbic acid (vitC), carotenoids, uric acid, and polyphenols.

ROS in health
At low, regulated levels, ROS are involved in many vital
physiological processes. They have a role in various signaling cascades, such as response to growth factor stimulation
and control of inflammatory responses [25]. They participate in the regulation of many cellular processes, including
differentiation, proliferation, growth, apoptosis, cytoskeletal regulation, migration, and contraction [2].
Immune function
Normal immune function requires specific oxidative states.
ROS are necessary for microbial killing, for limiting the
specific immune response, and for inflammation termination. The evidence for ROS involvement in immune function comes in part from chronic granulomatous disease
(CGD) patients. CGD is caused by a lack of the ROS-generating phagocyte NADPH oxidase NOX2. Notably, CGD
and the associated lack of ROS leads to immunodeficiency
associated with recurrent infections, including pneumonia,
abscesses, and osteomyelitis. In response to stimulation,
phagocytes of CGD patients do not generate ROS. This
is problematic for host defense because macrophages and
neutrophils must generate ROS to efficiently kill the bacteria through phagocytosis. Hypochlorous acid is approximately 50 times more potent in microbial killing than
hydrogen peroxide; myeloperoxidase catalyses the conversion of hydrogen peroxide and chloride ions into hypochlorous acid [26]. ROS have a vital role in bacterial,
fungal, and microbial killing; their role in protection
against viruses is not clear.
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Recent evidence highlights a central role of the NOD-like
receptor (NLR) family in the initiation of the inflammatory responses. Due to its association with numerous inflammatory diseases, the NLRP3 inflammasome has drawn
the most attention. A wide variety of danger signals (exogenous, endogenous or damages associated with specific
molecula pathways) activate the NLRP3 inflammasome.
All these NLRP3 activators lead to ROS generation. In
turn, increased levels of ROS are essential for NLRP3
activation. The source of ROS was initially thought to
be the NADPH oxidases. However, macrophages deficient
in different NOX isoforms (such as NOX1, NOX2 and
NOX4) respond normally. This suggests either the presence
of a compensatory mechanism by the remaining NADPH
oxidase members, or the existence of a different cellular
source of inflammasome-activating ROS: the mitochondria
[27].
ROS are not only important in host defence, but paradoxically also limit the inflammation and immune response [28].
Thus, there is ample evidence of non-infectious hyperinflammatory conditions in CGD patients, particularly granulomas and colitis [28]. In addition, autoimmune diseases
are also associated with lack of ROS generation by the
NOX2 complex. Indeed, not only CGD patients but also
heterozygous carriers of CGD mutations show an increased
frequency of autoimmune diseases. Hyperinflammation
and increased immune activation due to NOX2 deficiency
might sometimes be beneficial; for instance, CGD mice
show that increased inflammation protects against pulmonary infection from influenza [29]. The fact that deficiency
of NOX2-dependent ROS generation is associated with enhanced inflammation is surprising and merits further study.
Thyroid function
Another example of the importance of ROS in health has
been revealed by patients with a rare form of hypothyroidism [30]. Hydrogen peroxide is a necessary cofactor for
thyroperoxidase, the enzyme participating in a final step
of hormone production. For years, thyroid researchers had
been actively looking for an enzyme that produces hydrogen peroxide in an NADPH-dependent manner. Notably,
this is another example where the ROS-generating function was described long before the responsible NOX protein and its structure were discovered. It is now clear that
DUOX2 (and probably also DUOX1) is the enzyme that
generates the hydrogen peroxide required for thyroid peroxidase function; this theory is well supported by the existence of congenital hypothyroid patients with mutations in
the DUOX2 gene [31].
Cognitive function
The evidence for ROS involvement in cognitive function
comes in large part from CGD patients. While many of
these patients are intelligent and work in demanding professions, on average they show decreased cognitive function, with 23% of patients having an IQ of 70 or below
[32]. One hypothesis suggests that the deficit is due to
chronic illness, which affects growth, development, and
education, but no decrease in cognitive function is found
in cystic fibrosis patients who have similar rates of infection and hospitalisation [33]. In CGD mouse models, the
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cognitive defect is reproduced even if the animals are kept
under specific pathogen-free conditions [34]. Indeed, there
is evidence for a role of ROS in neuronal apoptosis, a key
mechanism in brain development [35]. However, no abnormalities in brain structure have yet been observed in CGD
patients or in CGD mice. Thus, it is tempting to speculate that ROS have a role in the function of brain cells or
in CNS cell-to-cell communication. For example, there is
evidence for regulation of neuronal ion channels, kinases,
and transcription factors by ROS [36] [28]. NOX2-derived
ROS generation also contributes to long-term potentiation
and memory function [37]. A key point in understanding
of the involvement of ROS in cognitive functions is the
molecular and functional link between NOX enzymes and
glutamatergic neurotransmission and, in particular, with the
ionotropic NMDA receptor (NMDA-R). Indeed, NOX enzymes may regulate the NMDA-R, through regulation of
the redox potential. In turn, the NMDA-R may regulate
NOX enzymes. Hence, activation of the NMDA-R seems
to activate NOX2, leading to ROS production in neurons.
Recent evidence also shows that ketamine, an antagonist of
the NMDA-R, increases NOX2 activity [35].
Modulation of nutrient sensors and aging
Aging is a physiological process, defined as a series of
time-dependent physiological changes that reduce
physiological reserve and functional capacity [38]. In eukaryotic cells, this process is regulated by several factors such
as the "target of rapamycin" (TOR), a nutrient-sensing protein kinase [39], and the "AMP-activated kinase" (AMPK),
a conserved sensor of increased levels of AMP and ADP
originating from ATP depletion [40]. Expression and activation of these two factors are finely modulated by ROS,
both in physiological and pathological processes [41, 42].
Also, the mitochondrial free radical theory of aging proposes that aging is caused by damage to macromolecules
by ROS. However, recent findings suggest that ROS generation is not the primary or initial cause of aging. Thus,
it has been proposed that ROS modulate the aging process
mediating the stress response to age-dependent damage
[43]. Further investigations are required to understand better the mechanisms and the specific targets underlying the
positive effects of ROS on the aging process.

inappropriate upregulation of hypoxia response genes. Elevated levels of the hypoxia-inducible transcription factor
(HIF-1α) contribute to tumour growth, angiogenesis, and
metastasis [45]. In part, the high levels of HIF-1α in these
tumours are explained by loss of the von Hippel-Lindau
protein, which normally leads to HIF-1α degradation. Additionally, ROS provide a second signalling pathway to stabilise HIF-1α. Thus, the simultaneous loss of a tumour suppressor and generation of ROS leads to a major alteration
of the post-translational processing of the tumour-relevant
transcription factor HIF-1α.
Cardiovascular disease
ROS are involved in a large number of cardiovascular diseases and the causal mechanisms are complex. Vascular
cells simultaneously express multiple NOX enzymes and
various cardiovascular diseases have been associated with
changes in expression of NOX1, 2, 4, and 5. In vascular
smooth muscle cells from large arteries, NOX1 is required
for migration, hypertrophy, and proliferation, NOX4 mediates differentiation, and NOX1 and 2 are implicated in
hypertension. Here we discuss the examples of ischaemia/
reperfusion injury and hypertension.
Ischaemia/reperfusion injury
Ischaemia/reperfusion refers to a situation where a tissue
is deprived of oxygen for a long period of time, followed
by an abrupt increase in oxygen concentrations – for instance, after thrombolysis in stroke and myocardial infarction or after surgical intervention. In all of these situations,
a dysregulation of oxygen-using enzyme systems may occur during hypoxia, followed by transient overactivity during reperfusion. Recent research, both in animals and in
humans, has shown that NOX enzymes are particularly relevant in this context.
In an in vivo human model of flow-mediated dilation to
assess endothelial function of endothelial ischaemia/reperfusion (IR) injury, the response of healthy volunteers was
compared with that of CGD patients. In controls, IR caused
significant reduction in flow-mediated dilation, while in
CGD patients IR had no effect on endothelial function.
ROS produced by NOX are therefore determinants of endothelial function after IR injury [46].

ROS in disease
ROS contribute to a wide range of pathologies and many of
the implicated diseases are leading causes of death (fig. 4).
Cancers, cardiovascular diseases, and neurological diseases
all show robust evidence for ROS involvement (table 1).
Cancer
Perhaps most obviously, the DNA damage inflicted by
ROS contributes to the initiation and progression of carcinogenesis. ROS-dependent mutations in DNA include base
modifications, rearrangement of DNA sequences, miscoding of DNA lesions, gene duplications, and activation of
oncogenes [44].
ROS may not only contribute to cancer development
through oncogenic mutations, but also through dysregulation, as in renal cell carcinoma. In this disease there is
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Figure 4
Overproduction of ROS and its contribution to various disease
families.
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Hypertension
There is abundant evidence that ROS contribute to the
pathophysiology of hypertension and many mechanisms
have been implicated. Notably, increased superoxide will
lead to a reduction in bioavailability of the vasodilator
nitric oxide. Further, ROS have been implicated in proliferation and hypertrophy of vascular smooth muscle cells,
which leads to increased vascular resistance. There is genetic evidence from mice, rats, and humans to suggest a
role of NOX enzymes in hypertension:
– NOX1-deficient mice have decreased basal and
angiotensin II-stimulated blood pressure [47].
– Spontaneously hypertensive rats have a polymorphism
in the promoter of the p22phox gene, which leads to an
overexpression of this NOX subunit and a subsequent
increase in ROS.
– Humans homozygous for a polymorphism in the gene
encoding p22phox have reduced oxidative stress in the
vascular system and probably also reduced blood
pressure [48].
Neurological disease
ROS have a role in neurological disease progression,
primarily through the expression of NOX enzymes in microglia cells. Other brain cells, such as astrocytes and neurons, also generate ROS by mechanisms only partially understood. While low ROS concentrations are required for
brain function (see above), high ROS concentrations contribute to disease due to neurotoxicity [35, 49]. Alzheimer's
disease is a good example of how a neuroinflammatory
loop can contribute to neurodegeneration and dementia.
Amyloid, particularly soluble forms, can lead to microglia
activation and long-lasting ROS generation, contributing to
neuronal damage and ultimately dementia. ROS also appears to have an important pathological role in the pathogenesis of another neurodegenerative disorder: Parkinson's
disease [35]. Thus, NOX-derived oxidative stress is
thought to be a key factor for the degeneration of dopaminergic neurons, both in patient studies, in animal and in
vitro models of this disorder, such as the MPTP model. Interestingly, degeneration of dopaminergic neurons after administration of MPTP was attenuated in NOX2-deficient
mice as compared with wild-type controls, suggesting the

contribution of NOX2 in this process. Oxidative stress also
plays a central role in the development of amyotrophic lateral sclerosis (ALS), a progressive degenerative disease affecting motor neurons. Although the primary cause of this
pathology is largely unknown, point mutations in the SOD1
gene are associated with familial forms of ALS. Increased
presence of markers of oxidative stress has been found in
the spinal cord and other biological fluids (such as plasma
and cerebrospinal fluid) of ALS patients, together with increased expression of NOX2 enzyme. A crucial role of
NOX2 has been also reported in studies using the SOD1
animal models and the in vitro models (such as organotypic
spinal cord slices) of this disease [35].
Sensory impairment
Many age-associated diseases of the eye, such as cataract
and retinal degeneration, are thought to involve oxidative
stress. Similarly, age-associated hearing loss is thought to
be ROS-mediated disease. It is thus interesting to note that
NOX3 is highly expressed in the inner ear, where it plays
a physiological role in the biogenesis of otoliths, structures
involved in gravity perception [50]. However, there is also
evidence that increased NOX3 activity is associated with
hearing loss; in particular cisplatin ototoxicity has been associated with overactivation of NOX3 donc [51].
Psychiatric disease
ROS have been implicated in several psychiatric diseases,
including depression and autism. The most thoroughly
studied example is schizophrenia, which illustrates yet
more complicated and interesting roles for ROS.
For more than fifty years it has been known that there are
signs of increased oxidative stress in the brain of schizophrenic patients. To understand the possible causative role
of oxidative stress in the development of psychosis, animal
models have been utilised, particularly that of social isolation animals who are deprived of stimuli that are critical
to behavioral and neurobiological development [52]. Isolated animals have alterations in striatal dopamine function,
abnormalities in the hippocampus and frontal cortex, and
abnormal firing of pyramidal cells in the prefrontal cortex
[53]. NOX2 is below detection level in the brains of control
animals but highly expressed in isolated rats [52] [54].

Table 1: Selected ROS-mediated diseases.
Disease family

Example disease Potential mechanisms of ROS involvement

Cancer

Renal cell
carcinoma

HIF-1α expression induces vascular endothelial growth factor (VEGF), a mediator of angiogenesis, tumour growth and metastasis;
NOX4 activity is required for HIF-1α expression.
Fumarate hydratase deficiency may induce hypoxia-inducible transcription factor stabilisation by glucose-dependent generation of
ROS.
Obligate glycolytic switch is critical to HIF stabilisation via ROS generation.
Decrease in mitochondrial energy metabolism, upregulation of glycolysis.
von Hippel-Lindau tumour suppressor-deficient.
Cells exhibit upregulation of p22phox, NOX4, and NOX-mediated ROS generation.
Tumour cell growth is suppressed by DPI.

Cardiovascular Hypertension

Superoxide reacts with .NO, forming peroxynitrite (ONOO–), causing a reduction in .NO bioavailability and endothelium-dependent
vasodilation.
NOX4 is strongly expressed in media of small pulmonary arteries and is causally involved in development of pulmonary hypertension.
NOX-derived ROS are a hypertensive signalling element.
Decreased systolic BP response to angiotensin II and to bone morphogenetic protein-4 in p47phox-deficient mice.
Decreases in BP in NOX1-deficient mice.

Neurological

NOX2 involved in neurotransmitter release.
NOX2 contributes to changes in interneurons, including the loss of parvalbumin expression and the capacity to secrete GABA.
Oxidative stress may change the set of active transcription factors within GABAergic interneurons.

Schizophrenia
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Strikingly, when rats with a loss of function mutation in a
NOX2 subunit are subjected to social isolation, the behavioral and histopathological alterations are prevented [55].
This indicates that NOX2-derived ROS are involved in the
alterations after social isolation.

ROS and ROS-generating systems as
drug targets
Antioxidants
In epidemiological studies, people consuming high levels
of antioxidant-rich fruits and vegetables are in better
health. Hence several antioxidant supplementation
strategies have been tested in humans, based on the assumption that they will increase degradation of ROS and
thereby reduce ROS-associated diseases. Notable treatments have included superoxide dismutase and mimetics,
peroxidase and mimetics, Vitamins A, C, and E, coenzymeQ10, beta carotene, and bioflavoids. These clinical studies using antioxidant food supplements were largely disappointing [56]. In fact, the long-term health consequences
of many supplements are dubious. As part of the Iowa
Women's Health Study, vitamin and mineral supplements
were assessed for their relationship to total mortality in
more than 30 000 elderly women. The use of food supplements, including those with antioxidant activity (multivitamins, vitamin B6), was associated with increased risk
of total mortality [57]. The only supplements found to decrease mortality risk were calcium and vitamin D, certainly
through mechanisms unrelated to oxidative stress.
Thus, there is an apparent contradiction: on the one hand
there is ample evidence for a role of ROS in various diseases, and antioxidant-rich food is generally associated
with health, but antioxidant supplements do not prevent
disease and are even associated with a poor health outcome. What are possible reasons for this contradiction? We
hypothesise that antioxidant supplementation is too late,
too little, and too non-specific:
1 Tissue concentrations that can be achieved with
antioxidants might be far below levels required to
counteract a ROS-generating system. The best
example for this is thyroid function, where attaching
an iodide to thyroglobulin requires hydrogen peroxide
generated by the NOX enzyme DUOX2 (see above).
An antioxidant strategy capable of efficiently
counteracting the activity of DUOX2 would therefore
lead to hypothyroidism, yet hypothyroidism in
response to antioxidants has never been reported.
2 Antioxidants preferentially localise to subcellular
compartments based on solubility. This is obviously
not a problem with antioxidant of dietary origin (1
glass of red wine provides more than 1000 different
compounds with antioxidant capacity). However, this
is a limiting factor for single molecule supplements.
3 Antioxidant food supplements (e.g., vitamin C) may
also have pro-oxidant activity under certain
circumstances, typically upon interaction with ROS.
4 Antioxidants scavenge ROS after their production. They
are incapable of preventing oxidation of molecules that
have a very high affinity for ROS, such as nitric oxide
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which has an extremely rapid rate of reaction with
superoxide.
5 Antioxidants are most effective in combating low levels
of ROS generation, but have a limited capacity to
reduce high levels.
On a more affirmative note, the antioxidant supplement Nacetyl cysteine has been successful in some clinical studies, e.g. with schizophrenia [58] and in pulmonary fibrosis
[59]. However, N-acetyl cysteine is not a simple antioxidant since it replenishes cellular glutathione levels and feeds
into an enzymatic detoxification system. This might be the
reason why among all therapeutic "antioxidant strategies,"
the only one showing consistent, albeit modest, protective
results is supplementation with high doses of N-acetyl
cysteine.
Inhibitors of ROS generation
While antioxidants increase rates of ROS degradation, enzyme inhibitors decrease rates of production. Inhibitors of
ROS production have the potential of specificity, as drugs
can be designed to inhibit specific ROS-generating systems. This is of importance, since compounds that would
completely inhibit ROS production could have fatal consequences (e.g., inhibition of thyroid function; inhibition of
the mitochondrial respiratory chain).
NOX inhibitors
Although multiple sources of ROS contribute to disease development, the family of NADPH oxidases appears particularly important and thus NOX enzymes could be good
drug targets. NOX isoforms are cell- and tissue-specific,
have different modes of activation and serve distinct roles.
When the concept of NOX inhibitors was developed, there
was much hesitation because of possible "on-target" side
effects (i.e. major problems linked to the inhibition of NOX
enzymes in vivo). For example, inhibition of NOX2 was
thought to be undesirable because it might lead to immunodeficiency. In the light of our present knowledge,
however, these on-target effects are unlikely to be a major
concern. Drugs never inhibit 100% of an enzyme's activity
for 100% of the time and, taking the example of NOX2, recent results show that very small amounts of ROS generation (~0.1% of normal) already provide substantial protection against severe infection [60]. Also, NOX1 and NOX4
knock-out mice are doing well and have no obvious signs
of disease, suggesting that pharmacological inhibition of
these NOX isoforms should be well tolerated. However,
DUOX2 inhibition would pose problems for thyroid function and therefore should be avoided.
First generation NOX inhibitors have been chiefly nonspecific and too toxic for medical use. For example, the
widely-used compound diphenyliodonium (DPI), not only
inhibits all NOX enzymes, but also other electron transporters, such as xanthine oxidase, as well as the mitochondrial respiratory chain.
Currently a new generation of NOX inhibitors is being developed. These compounds achieve increasing specificity,
not only discriminating from other electron transport systems, but also discriminating between isoforms within the
NOX family. Also, based on animal experimentation, new
NOX inhibitors have less "off-target" side effects (i.e. prob-
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lems not related to inhibition of the targeted NOX isoform).
Thus, NOX inhibition is a promising pharmacological approach.

Funding / potential competing interests: Swiss National
Foundation. No other potential conflict of interest relevant to this
article was reported.

Inhibitors of other ROS-metabolising systems
In addition to NOX enzymes, other ROS-metabolising systems can be targeted. For instance, clinical conditions such
as gout have been managed with xanthine oxidase inhibitors for decades. Notably, the xanthine oxidase inhibitor
allopurinol has been used in gout and other conditions
presenting with hyperuricaemia; in recent trials, allopurinol
has benefited patients suffering from vascular injuries, inflammatory diseases, and chronic heart failure [61]. Further, inhibitors of superoxide dismutase (SOD) have applications in the treatment of cancer [62] since malignant
cells are highly dependent on SOD for antioxidant protection, though this approach merits careful study because
SOD is also necessary in normal cells.
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Conclusion
Recent decades have seen a surge of interest in the role of
ROS in health and disease. From basic science research to
clinical trials, the biomedical community has rapidly advanced toward a better understanding of ROS-metabolising
systems and their contribution to specific conditions. In
particular, identification of the NOX family of enzymes has
opened an exciting avenue for research and targeted therapy [63].
Loss of function of NOX enzymes is rare, but causes clinically severe disease, such a chronic granulomatous disease
(NOX2 deficiency) or certain forms of hypothyroidism
(DUOX2 deficiency). Disease due to increased NOX function appears very common, notably cardiovascular and
neurodegenerative diseases. In many instances the increased NOX activity is due to NOX activation by specific
stimuli, as in the activation of microglial NOX2 by amyloid
in Alzheimer's disease. However, it is likely that genetic
variation within NOX genes may contribute to the extent of
NOX activation in response to a stimulus. For example, this
might explain why some individuals develop severe neurodegeneration despite a relatively low amyloid load.
Independent of whether the enhanced NOX activity is due
to enzymatic activation, genetic predisposition or a combination, NOX inhibitors could be useful pharmaceutical
tools. First-generation NOX inhibitors lack selectivity and
potency, but new compounds are more specific and therefore of greater potential for clinical use.
NOX enzymes are only one of the relevant systems involved in regulation of redox processes. It is possible that
several sources of ROS contribute to the same disease.
Also, decreased antioxidant defense may mimic the effect
of increased ROS generation and the predominant mechanism could vary depending on the genetic predisposition of
an individual. Thus, individualised medicine may become
an important approach in the treatment of oxidative stressrelated diseases.
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Figures (large format)

Figure 1
Variations of ROS generation. (a) Conceptual representation of genetically-determined ROS generation in the human population. Globally, there
are significant variations of ROS generation. Note, however, that there is also regulation of ROS generation by epigenetics and external
influences. (b) At moderate levels, NOX have crucial roles in health through mechanisms including signaling, biosynthetic processes, and host
defence. When ROS levels are too low, the condition may result in decreased antimicrobial defence (e.g. chronic granulomatous disease),
hypothyroidosis, low blood pressure or loss of otoconia. When levels are too high, there is increased cardiovascular disease, neurological
disorders, cancers, and chronic inflammation.
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Figure 2
ROS are highly reactive and quickly transition between species. Notably, the superoxide anion (O2.- ) is unstable and quickly dismutates, by
action of superoxide dismutase (SOD), into hydrogen peroxide (H2O2). If the anion reacts with nitric oxide (. NO), then peroxynitrite (ONOO-) is
formed. Singlet oxygen (1O2) is formed upon the reaction of hypochlorous acid (HOCl) with hydrogen peroxide.
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Figure 3
(a) ROS generation and degradation contributing to the oxidative balance. (b) The NOX2/p22phox complex, consisting of NOX2 (orange) and
the subunits p47, p67, and p40 (left) and glutathione defense mechanism (right). The superoxide (O 2.–) generated by the NOX complex is
rapidly dismutated by superoxide dismutatase (SOD), where it can enter the glutathione synthesis and recuperation cycle.
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Figure 4
Overproduction of ROS and its contribution to various disease families.
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