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Abstract

Significance: There is increasing evidence that the generation of reactive oxygen species (ROS) in the central
nervous system (CNS) involves the NOX family of nicotinamide adenine dinucleotide phosphate oxidases.
Controlled ROS generation appears necessary for optimal functioning of the CNS through fine-tuning of redox-
sensitive signaling pathways, while overshooting ROS generation will lead to oxidative stress and CNS disease.
Recent Advances: NOX enzymes are not only restricted to microglia (i.e. brain phagocytes) but also expressed
in neurons, astrocytes, and the neurovascular system. NOX enzymes are involved in CNS development, neural
stem cell biology, and the function of mature neurons. While NOX2 appears to be a major source of patho-
logical oxidative stress in the CNS, other NOX isoforms might also be of importance, for example, NOX4 in
stroke. Globally speaking, there is now convincing evidence for a role of NOX enzymes in various neurode-
generative diseases, cerebrovascular diseases, and psychosis-related disorders. Critical Issues: The relative
importance of specific ROS sources (e.g., NOX enzymes vs. mitochondria; NOX2 vs. NOX4) in different
pathological processes needs further investigation. The absence of specific inhibitors limits the possibility to
investigate specific therapeutic strategies. The uncritical use of non-specific inhibitors (e.g., apocynin, diphe-
nylene iodonium) and poorly validated antibodies may lead to misleading conclusions. Future Directions:
Physiological and pathophysiological studies with cell-type-specific knock-out mice will be necessary to de-
lineate the precise functions of NOX enzymes and their implications in pathomechanisms. The development of
CNS-permeant, specific NOX inhibitors will be necessary to advance toward therapeutic applications. Antioxid.
Redox Signal. 20, 2815–2837.

Introduction

Reactive oxygen species (ROS) are oxygen-derived
small molecules that readily react with a variety of

chemical structures, from other small molecules (such as
nitric oxide) to large molecules, including proteins, lipids,
sugars, and nucleic acids. ROS are often referred to as free
radicals, which is mostly correct, except for hydrogen per-
oxide (H2O2), which is a non-radical ROS. The existence of
free radicals and their high reactivity was first known to
chemists. Biologists, however, realized that free radicals may
impact biological systems. The toxic effect of hyperoxia and
H2O2 on central nervous system (CNS) tissue has been rec-
ognized by Mann in 1946 (116). The radiation biologist

Harman, observing aging-like phenotypes on irradiation-
induced free radical generation, proposed the so-called ‘‘Free
radicals Theory of Aging.’’ In this theory, he proposed that
free radicals could be generated during normal cellular res-
piration and lead to tissue damage (67). It was only much
later that the novel quantitative method permitted to measure
the presence of oxidative modifications in aging brain tissue
and in affected regions of Alzheimer brain (154).

Since ROS lead to modifications of biomolecules, they
have long been considered exclusively as harmful elements
within biological systems. This concept was also corrobo-
rated by the discovery of ROS detoxifying enzymes (e.g.,
superoxide dismutase [SOD], catalase, etc.) and scavengers
(e.g., vitamin C and E) and the ROS-dependent bactericidal
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activity of neutrophils. However, at the dawn of the 21st

century, this paradigm was strongly challenged by the dis-
covery of a family of enzymes, namely nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases (NOX), which
generate ROS and consume oxygen. This led to a new par-
adigm: Only uncontrolled levels of ROS are deleterious,
while regulated ROS production has key functions in physi-
ology and cell signaling. This is true for most organ systems
(25), including the CNS (123). Therefore, excessive ROS
generation leading to tissue damage should be referred to as
‘‘oxidative stress,’’ while controlled ROS generation, in-
volved in the regulation of physiological cellular processes,
should be referred to as ‘‘redox regulation.’’

Sources of ROS in CNS

Earlier, activity of the mitochondrial respiratory chain was
considered the most relevant cellular source of ROS. Indeed, it
is assumed that a fraction of the oxygen consumed by mito-
chondria escapes the physiological default pathway, namely
the generation of adenosine triphosphate (ATP) and water.
This escape fraction of oxygen forms oxygen radicals, thereby
leading to the damage of biological molecules. Since the brain
is a major consumer of oxygen (it accounts for 20% of total
body oxygen consumption), mitochondria are often considered
the prime source of ROS in brain aging and, by extension, in
age-related neurodegenerative diseases (53, 63).

However, NOX enzymes (in particular, NOX4) might be
expressed in mitochondria, and the mitochondrial respiratory
chain might be the victim rather than the source of cellular
ROS generation (29, 96).

Indeed, as opposed to chromosomal DNA, mitochondrial
DNA lacks crucial elements of DNA repair and is, therefore,
particularly vulnerable to double-strand breaks that are in-
duced by ROS. The concept that mitochondria might be
downstream targets of cellular ROS generation is supported
by observations in the mitochondrial mutator mice. These
mice express a proof-reading-deficient version of DNA
polymerase subunit gamma, the nucleus-encoded catalytic
subunit of mitochondrial deoxyribonucleic acid polymerase.
These animals are prone to increased accumulation of mito-
chondrial mutations and to increased senescence (169), but
neither increased ROS production nor oxidative damage was
detected (168). An external source of ROS upstream of mi-
tochondria was, therefore, postulated.

In addition to the mitochondrial electron transport, nu-
merous other cellular systems generate ROS as by-products
of their reactions. These include the peroxisome, cytochrome
P450, xanthine oxidase, nitric oxide synthases, heme oxy-
genase, cyclooxygenases, lipoxygenases, myeloperoxidase,
and monoamine oxidases, among others (21). Only in a few
instances, the role of these ROS-generating systems in CNS
physiology and pathology has been well documented.

NADPH oxidases

The NOX NADPH oxidases are a family of ROS-
producing enzymes (12). They are multi-subunit membrane-
bound enzymes that catalyze the reduction of oxygen into
superoxide (O2

- �) by using NADPH as an electron donor
and oxygen as an electron acceptor (Fig. 1). In most mam-
mals, there are seven NOX isoforms: NOX1, NOX2, NOX3,
NOX4, NOX5, dual oxidase (DUOX)1, and DUOX2

(Table 1). Most NOX isoforms have a characteristic tissue
distribution and distinct activation mechanisms: NOX1,
NOX2, and NOX3 require cytosolic factors for full activation;
NOX5 and DUOX enzymes contain N-terminal EF-hand do-
mains and require elevation in cellular Ca2+ concentrations;
and NOX4 appears to generate ROS constitutively and might
be regulated at the transcriptional level (149).

The NADPH oxidase activity was originally discovered
in neutrophils, as a source of O2

- � formed during phago-
cytosis. The phagocyte NADPH oxidase NOX2 plays a
vital role in innate immunity. It is highly expressed in
neutrophils, and on activation, it is the key enzyme which
is responsible for the oxidative burst (or respiratory burst)
that leads to microbicidal activity. Loss of function of
NOX2 results in chronic granulomatous disease (CGD), a
hereditary disease that is characterized not only by a high
susceptibility to certain fungal and bacterial infections due
to impaired killing of these microorganisms, but also by
the development of granulomas, which are due to sterile
hyperinflammation (144).

Many NOX enzymes have high-level expression in a
limited number of tissues; for example, NOX1 in the colon,
NOX2 in phagocytes, NOX3 in the inner ear, NOX4 in the
kidney, NOX5 in the testis and lymphoid tissues, and
DUOX1 and 2 in the thyroid. However, data from knock-
out animals suggest that high-level expression does not
always provide information about the functional relevance
of NOX isoforms in different tissues. For example, al-
though NOX1 is mostly expressed in the colon, no readily
detectable phenotype was found in NOX1-deficient mice.
In contrast, NOX1-deficient vascular smooth muscle cells

FIG. 1. Schematic representation of NOX NADPH
oxidases. NOX enzymes are transmembrane proteins that
catalyze the transfer of two electrons through biological
membranes using intracellular NADPH as an electron donor
and extracellular molecular oxygen as an acceptor. The pri-
mary product of this reaction is the superoxide anion O2

-�.
From this primary product and depending on the systems,
numerous other ROS can be generated. In the presence of NO,
O2

-� rapidly reacts and forms the highly toxic peroxynitrite or
it can be dismutated either by a superoxide dismutase or
spontaneously to form hydrogen peroxide, which displays
numerous actions as a second messenger and reacts in the
presence of peroxidase to form the microbicidal hypochlorous
acid in the phagosome or in the presence of Fe3+ , the highly
reactive hydroxyl radical, which is known to modify lipids and
proteins. NADPH, nicotinamide adenine dinucleotide phos-
phate; NO, nitric oxide; NOX, nicotinamide adenine dinucle-
otide phosphate-dependent oxidase; ROS, reactive oxygen
species. To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/ars
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clearly show an altered angiotensin II (Ang II) response,
despite the fact that they express only a moderate level of
the enzyme (57).

Most mammals have seven NOX isoforms, but NOX5 has
been lost in mice and rats. The reason for this loss of NOX5 in
some animal species is not understood. However, it is inter-
esting to note that the human NOX5 gene is more polymor-
phic than other NOX genes and that in some human
populations, there is an NOX5 polymorphism leading to a
truncation (and presumable loss of function) of the NOX5
protein (11). Thus, possibly the evolutionary requirement for
a functional NOX5 gene is less stringent than the one for
other NOX genes (56).

From a biochemical point of view, it is likely that the
primary product of all NOX enzymes is O2

- �. However,
for several isoforms, in particular NOX4, DUOX1, and
DUOX2, H2O2 is predominantly detected. A rapid dis-

mutation of O2
- � may account for this apparent H2O2

production. For NOX4, it has been shown that the third
extracellular loop of the enzyme is crucially involved in
this H2O2 generation (166).

This article reviews the physiology and pathophysiology
of NOX enzymes in the CNS and represents a follow up and
an update of a previous review by our lab (157).

Physiological Role of NOX in CNS

Cellular and subcellular localization of NOX enzymes

in the CNS

Most of the currently available data on NOX enzymes in
the CNS focus on NOX1-4. Little is known about NOX5 and
DUOX1, 2, but currently available data do not exclude the
fact that these NOX isoforms might be expressed in the CNS
under certain circumstances.

Table 1. Nicotinamide Adenine Dinucleotide Phosphate Oxidase Isoforms, Subunits, and Expression

Enzyme Subunits/motifs
Detected
product Activity

High-level tissue
expression

Putative involvement
in CNS function
and disease

NOX1 p22phox (M) O2
- � Low basal activity

phosphorylation-
dependent transloca-
tion of cytosolic
subunits

Colon Cell death of dopami-
nergic neurons in PDNOXO1 (C) Vascular smooth mus-

cle cells Endothelial
cells

NOXA1 (C)
RAC1 (C)
TKS4/5 (C)
PDI

NOX2 p22phox (M) O2
- � Low basal activity

phosphorylation-de-
pendent translocation
of cytosolic subunits

Phagocytes Synaptic connectivity
p47phox (C) Vascular/endothelial

cells
Microglia proliferation
and function

p67phox (C) Neural stem cell prolif-
eration

p40phox (C) Neurotransmitter
releaseRAC1/2 (C)

6-Phosphogluconate
dehydrogenase (6GPH)

S100A8
PDI
Peroxiredoxin 6

NOX3 p22phox (M) O2
- � Unclear Inner ear Otoconia formation

NOXO1 (C)
RAC1 (C)

NOX4 p22phox (M) H2O2 Constitutive activity Kidney Neuronal expression
increased after strokePOLDIP2 (C) Endothelial cells

TKS4/5 (C) Fibroblast
PDI Cardiac myocytes

Vascular smooth
muscle cells

NOX5 EF-hand domains O2
- � Intracellular Ca2 +

phosphorylation
Testis Unknown

Calmodulin Lymph node
Hsp90

DUOX1 DUOXA1(M) H2O2 Intracellular Ca2 +

phosphorylation
Thyroid gland Unknown

DUOXA2(M) Respiratory tract
EF-hand domains

DUOX2 DUOXA1(M) H2O2 Intracellular Ca2 +

phosphorylation
Thyroid gland Unknown

DUOXA2 (M)
EF-hand domains

C, cytosol; M, membrane.
CNS, central nervous system; DUOX, dual oxidase; NOX, nicotinamide adenine dinucleotide phosphate-dependent oxidase; PD,

Parkinson disease; PDI, protein disulfide isomerase.
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Details on currently available localization data on NOX
enzymes will be discussed next; however, the available in-
formation should be taken with caution:

(i) Only a few reliable antibodies against NOX enzymes
are available and in most studies performing CNS
immunolocalization of NOX enzymes, no stringent
controls have been documented. In addition, only a
few in-situ hybridization data are available, which
would provide relevant controls with regard to anti-
body specificity (4).

(ii) Gene expression within the CNS shows strong re-
gionalization and important species differences.
Thus, the CNS expression of NOX isoforms cannot
be extrapolated from a limited data set and requires
experimental verification both in different brain re-
gions and in different species.

Subcellular distribution of NOX enzymes

NOX enzymes have been described to be expressed at the
cell surface as well as in intracellular organelles. At the cell
surface, NOX enzymes may be concentrated in micro-
domains. With regard to intracellular organelles, the ex-
pression of NOX enzymes in a large number of structures has
been described, including endosomes, granules, endoplasmic
reticulum, and nuclear envelope, as well as in mitochondria.
NOX2 is mainly found within intracellular vesicles, but it
translocates to the phagosome and/or the plasma membrane
on cell activation.

NOX2 cytosolic subunits are typically found in the cyto-
plasm in resting cells, but they translocate to NOX2-
containing membranes in response to cellular activation.
NOX4 appears mostly expressed in the endoplasmic reticu-
lum (32, 187) and the nuclear envelope (4), but a mito-
chondrial localization has also been suggested (20). NOX1
and NOX5 might be present preferentially at the plasma
membrane, possibly in specific membrane domains (157).
DUOX enzymes are localized at the apical membranes of
epithelial cells (95). The diverse subcellular localization of
NOX enzymes serves a variety of essential roles in both
physiological and pathophysiological conditions and may be
an essential component of their function [for a comprehen-
sive review on this subject, see ref. (105)]. For instance, in
endothelial cells, NOX2 translocate, produce ROS, and fa-
cilitate migration toward the injury side (78). Similarly, lo-
calization of NOX4 (47), Nox1, and Nox3 in specific cellular
membraneous compartments (59) regulates migration of
cancer cells by ROS-dependent formation of invadopodia.

Partly due to the lack of connective tissue in the brain, cells
of the CNS are generally much closer to each other than cells
in peripheral tissues. Therefore, extracellular generation of
ROS by NOX-expressing cells may have direct effects on
neighboring cells. ROS can be toxic for neighboring cells as
in the N-methyl-d-aspartate (NMDA)-mediated extracellular
superoxide generation by neurons (140). However, it is
tempting to hypothesize that paracrine regulation may occur
as has been proposed for T-cell activation at the immuno-
logical synapse by NOX2-derived ROS (72).

In neurons, NOX1, NOX2, NOX3, and NOX4 have been
documented (157). It should be noted that in many instances
this expression is not constitutive, but rather induced in

pathological states. For most parts, there is no detailed
knowledge with regard to the expression of NOX isoforms in
neuronal subtypes. Possible exceptions to this are the rela-
tively well-documented expression of NOX1 in dopaminer-
gic (DA) neurons (37), NOX2 expression in CA1
hippocampal neurons of old mice (50), the NOX2 subunit
p47phox in hippocampal neurons (22) as well as in pyramidal
neurons of socially isolated rats (145), and NOX4 expression
in dorsal root ganglion (DRG) neurons (87) and in basal
ganglion and cortical neurons after stroke (94). The subcel-
lular localization of NOX enzymes in neurons is still rela-
tively unexplored; however, there is some evidence for a
synaptic localization of NOX2 (157). It should be noted that
most reports detect intracellular, rather than extracellular
ROS generation in neurons. Indeed, to the best of our
knowledge, there are no reports on the release of superoxide
(cytochrome C reduction) or H2O2 (Amplex Red etc.) by
neurons. If confirmed in further studies, this would suggest
that in neurons, NOX enzymes are predominantly localized
intracellularly. Such localization would rather argue in favor
of a signaling role.

In astrocytes, mostly NOX4, but also NOX1 and NOX2
have been described. In glioblastoma (a tumor probably de-
rived from astrocyte precursors), NOX4 appears to be, by far,
the most highly expressed isoform (see next), although
NOX5 presence can be detected in a high proportion of
glioblastoma (7). Subcellular localization of NOX enzymes
in astrocytes has not been investigated in detail.

Oligodendrocytes are the only CNS cells with no clear
documentation of NOX expression.

Microglia is the phagocyte of the CNS. However, as op-
posed to most other phagocytes, recent data suggest that mi-
croglia is not bone marrow derived, but is rather of yolk sac
origin (3, 61, 88). Thus, NOX2 (phagocyte NADPH oxidase)
expression inmicroglia is a pertinent concept; however, some
differences exist with other phagocytes. NOX2 expression is
very low at a resting stage, but convincing evidence exists for
increased expression of NOX2 and subunits in the activated
state of microglia in both humans (55) and mice (185).
However, at least in rodents, several studies have shown
NOX2 (92, 150) or its subunit p47phox (145) in neurons
without detecting it in microglia. Thus, most likely, NOX2
requires the induction of expression by specific stimuli in the
mouse brain. In addition to NOX2, there is now also evidence
for expression of NOX1 (34) and NOX4 (106) in microglial
cells. Whether the different NOX isoforms are expressed in
the same cell or whether there are microglia subpopulations
expressing different NOX isoforms is not yet clear.

ROS, cell fate, and cellular signaling in the CNS

Under physiological circumstances, NOX enzymes likely
generate only low levels of ROS in the CNS. The most likely
function of such a low-level ROS generation is cellular sig-
naling. However, ROS production leading to cell death might
also be of physiological importance for apoptosis during fetal
development (see next). It should, however, be underlined
that cell fate decision in response to ROS exposure is not
simply determined by the amplitude of the ROS generation. It
is likely that sensitivity of CNS cells to ROS (through reg-
ulation of the antioxidant response) is a key factor for the
signaling versus cell death decision. It is also likely that
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spatiotemporal aspects of ROS release play a role in cell fate
decisions: (i) independently of the amplitude of the ROS
signal, continuous ROS generation may impact cell fate de-
cisions differently than short intermittent ROS generation,
and (ii) high ROS levels in the submembraneous space might
have a different impact on cell fate decisions than do high
ROS levels which are close to mitochondria or to nuclei. The
induction of cell death by ROS has traditionally been con-
sidered to be simply due to cell damage. This cell damage
theory might be true under certain circumstances. However,
the modulation of redox-sensitive signaling cascades con-
tributes to cell death. Deregulation of ROS generation (in-
creased amplitude; increased duration) will likely lead to a
deregulated signaling. The emergence of novel imaging
probes enabling the detection and quantification of cellular
ROS in live cells will hopefully help in addressing the fine-
tuning of ROS signaling (114).

Signal transduction through ROS. ROS impact cellular
signaling through a variety of pathways. Among the most
important is the alteration of protein function by its redox
state. From a molecular point of view, this has been most
extensively studied for protein tyrosine phosphatases, which
are reversibly inactivated through the oxidation of cysteines
in their catalytic domain (35). Redox regulation of tyrosine
phosphatases is most likely also important in the CNS, but
this question has so far not been studied in detail. However, it
is most likely that redox-sensitive amino acids, in particular
cysteine, within relevant signaling proteins within the CNS
are of major importance to translate the redox potential into a
cellular response. Redox-response proteins of relevance for
the CNS include transcription factors and ion channels.

Redox regulation of cellular transcription factors is an
important aspect of ROS signaling in the CNS. Hypoxia in-
ducible factor (HIF)1a is an interesting example. Under
normoxic conditions, HIF1a is degraded by the ubiquitin
pathway through its interaction with the E3 ubiquitin ligase
van Hippel-Lindau (VHL). Hypoxia leads to dissociation of
VHL from HIF1a and, therefore, to expression of the protein.
Interestingly, ROS can lead to VHL inhibition and HIF1a up-
regulation in a hypoxia-independent manner (12). Such a
redox-dependent HIF1a activation has, for example, been
observed in the rat social isolation model (see Psychiatric
disorders). Nuclear respiratory factor 2 (Nrf2), another tran-
scription factor of relevance in the CNS (192), follows a
similar pattern of activation: ROS lead to a dissociation of
Nfr2 from the E3 ubiquitin ligase Kelch-like ECH-associated
protein 1 (Keap1) through Keap1 oxidation. This dissociation
leads to decreased degradation of Nrf2 and, hence, an in-
crease in protein levels of the transcription factor. ROS may
also lead to activation of the transcription factor nuclear
factor kappa B (NFkappaB). However, the underlying
mechanisms are only partially understood. Indeed, NFkap-
paB activation by ROS might be linked to activa-
tion of I Kappa B Kinase kinases and/or through inhibition
of tyrosine phosphatases. Importantly, NFkappaB may have
an anti-apoptotic function in the CNS (143). Thus, depending
on the specificity of the ROS signal and on the cell type, ROS
in the CNS may not only be uniformly pro-apoptotic, but
also be involved in anti-apoptotic signaling.

The redox-regulated transcription factors described earlier
are mainly involved in stress responses, rather than being

involved in CNS-specific pathways. This makes sense given
the role of ROS in the responses to stress; however, a possible
role of redox regulation in CNS-specific transcriptional
processes is not excluded and requires further investigation.

Numerous receptors of the CNS are regulated by redox
modulation of cysteine residues, including NMDA (190),
opioid (141), and gamma-aminobutyric acid receptors (26).
Emerging evidence indicates a key role of a ROS-sensitive
Ca2 + channel (e.g., transient receptor potential 2 channels) in
neuronal Ca2+ signaling (103, 129).

NOX and ROS in CNS development

and neural cell differentiation

There are arguments that the redox state might play a role
during development. The shaping of the CNS is a result of a
coordinated process involving not only cell proliferation and
differentiation/migration but also cell death. Apoptosis, oc-
curring at the right time and at the right place, is an important
physiological regulator of brain development.

Cerebellar development: a role for microglia-derived

ROS? The best arguments in favor of a role of NOX en-
zymes in CNS development come from the cerebellum. The
role of microglia-derived ROS in the regulation of pro-
grammed cell death during development has been observed
in the cerebellum. Microglial cells play an important role in
the programmed loss of neurons, necessary for brain mor-
phogenesis, a prominent feature of the developing CNS.
Microglia-induced apoptosis has been shown to occur during
development in Purkinje cells of the cerebellum (120).
NOX2-dependent ROS generation probably contributes to
apoptosis induction in this process.

A recent study suggests that NOX2 also plays a role in
microglial chemotaxis, thereby contributing to microglial
infiltration of the developing CNS (104). This developmental
mechanism of microglia migration and induction of neuronal
apoptosis is reminiscent of microgliosis in neuroin-
flammatory CNS pathologies (see section ‘‘Pathological role
of NOX in the CNS’’). A recent publication of Coyoy et al

identified specific patterns of ROS generation and expression
of NOX enzymes (NOX1, NOX2 and NOX4) during various
stages of rat cerebellum development and described distinct
levels of ROS in the different cerebellar layers during de-
velopment (43). Interestingly, this study was initiated be-
cause when pregnant mothers were treated with apocynin, the
size of the cerebellum of mouse embryos was affected. De-
spite its designation as an NOX inhibitor, the pharmacolog-
ical properties of apocynin are poorly understood and the
compound may even increase oxidative stress under certain
conditions (175). Although this study shows concomitant
expression of NOX enzymes with ROS generation, the fact
that this ROS generation is inhibited by apocynin does
not prove that NOX are the source of ROS in cerebellar
development.

NOX and ROS in neural stem cells and progeni-

tors. Throughout adult life, tissue-specific stem cells can be
found in the CNS, in a similar manner to many other tissues.
In the adult mammalian brain, neural stem cells (NSCs) are
defined by their ability to self-renew and to differentiate
into neural cells such as neurons, astrocytes, and
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oligodendrocytes. Note that microglia is not a neural cell of
ectodermal origin and, therefore, cannot be generated from
NSC. During adult life, NSCs are considered as having a
capacity to replace damaged neurons and to contribute to
astrogliosis, the abnormal increase in astrocyte number, ob-
served in various brain pathologies.

Stem cells are found in a so-called ‘‘niche,’’ a delimited
region that contributes to tissue homeostasis via cell-to-cell
interaction, extracellular matrix contact, as well as release of
neurotrophic factors, growth factors, and neurotransmitters.
Two areas of the CNS have been well documented as stem
cell niches: the dentate gyrus of the hippocampus and the sub-
ventricular zone (109). The sub-ventricular zone has a highly
organized cytoarchitecture enabling anchorage of NSC in the
ependymal cells by a signaling molecule called vascular cell
adhesion molecule 1 (VCAM1) on their endfeet. NOX2 and
VCAM1 co-localized in NSC, and ROS generation was in-
creased after activation of VCAM1, suggesting a role for
NOX2 in NSC maintenance (95). Decreased ROS generation
was shown in the sub-ventricular zone of NOX2-deficient
mice (102). Other studies showed decreased neurogenesis
and a decreased number of mature neurons in the hippo-
campus of NOX2-deficient mice (28, 48). This is the first
evidence for a slightly altered morphology in NOX2-
deficient CNS, which may explain impaired synaptic plasticity
and memory formation previously shown in these mice (93).

Studies with isolated NSCs in vitro have provided argu-
ments in favor of a functional role of NOX2 in these cells: (i)
NSCs express NOX2 and produce ROS; (ii) treatment of
NSCs with growth factors increases NOX2 activity (48); (iii)
ROS scavengers and NOX inhibitors decrease in parallel
ROS levels and NSC proliferation (191); and (iv) hippo-
campal NSCs derived from NOX2-deficient mice show de-
creased proliferation (48). Thus, it is likely that NOX2 has a
functional role in the organization of stem cell niches in the
CNS; however, further studies will be necessary to fully
understand its role in this context (Fig. 2).

NOX2 deficiency and cognitive function

NOX2-deficient mice kept under specific pathogen-free
conditions present impaired memory and synaptic deficit (93).
More recently, a comprehensive behavioral study, of mice with
deletion in p47phox and neuronal nitric oxide synthase (nNOS)
was performed. Both p47phox- and nNOS-deficientmice showed

impaired learning and memory, increased locomotor activity,
and reduced anxiety. Interestingly, in contrast to single knock-
out mice, the double knock-out mice (p47phox and nNOS)
showed a synergistic effect, resulting in marked elevation of
locomotor activity and impaired learning and memory (177).
This suggests a potential role of the oxidant peroxynitrite, which
is quickly formed in vivo through a high-affinity chemical re-
action between nitric oxide and superoxide. In humans, one
study in transplanted and non-transplanted pediatric CGD pa-
tients found that cognitive performance was within the normal
range (40). However, another study in pediatric CGD patients
found a mild decrease in cognitive function (132). Thus, most
likely, NOX2 plays a role in the optimization of CNS function.
At this point, it is not clear whether this is due to a role of NOX2
in NSC proliferation, or rather due to NOX2-dependent sig-
naling inmature neurons. NOX-deficientmousemodels provide
a relevant experimental system to investigate greater in detail
NOX2-related neuronal connectivity and biochemical sub-
strates in cognitive function.

Pathological Role of NOX in the CNS

Neurodegenerative disorders

Protein aggregation is a hallmark of most neurodegenerative
diseases. Aggregates can be intracellular within neurons or in
the extracellular space. For example, Parkinson disease (PD) is
characterized by intracellular protein aggregates called Lewy
bodies, while Alzheimer disease (AD) is characterized by
extracellular protein aggregates called senile plaques. Neuro-
degenerative diseases are generally associated with neuroin-
flammation and oxidative stress. In many cases, there are good
arguments for an involvement of ROS produced by NOX en-
zymes in pathogenesis. There is emerging evidence that the
neurodegenerativeprocess isacombinationofcell-autonomous
(i.e., a pathological protein expressed in neurons leads to neu-
ronal damage) and non-cell autonomous mechanisms in which
other cells are an important part of the disease process, in par-
ticular, the activation of microglia and astrogliosis (Fig. 3).

In the case of AD, the connection between protein aggre-
gates, microglia activation, and generation of oxidative stress
is relatively obvious. Beta amyloid fragments generated
through proteolytic cleavage of the amyloid precursor protein
(APP) are released to the extracellular space. The activation
of microglia and its phagocyte NADPH oxidase may occur

FIG. 2. NOX2 controls neurogenesis of
adult neural stem cells. Adult neural stem
cells reside in two main regions of the brain:
dentate gyrus and sub ventricular zone (re-
gions shown with red color). A controlled
level of ROS generation by NOX2 at this
early stage of adult neurogenesis is involved
with the proliferation and survival of neural
stem cells.
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directly either through specific activation of microglial re-
ceptors by the amyloid fragments or through aggregates
thereof. In the case of PD, recent studies have shown that
a-synuclein is secreted from nerve cells in both monomer and
aggregated forms, and that aggregated oligomeric and fi-
brillar forms are capable of activating microglia through the
Toll-like receptor (TLR) 4 (54, 161) and TLR 2 (89).

It is possible that NOX-derived ROS act in a similar way:
cell autonomously, that is, up-regulation of NOX in neurons
leads to neurodegeneration, or non-cell autonomously, that
is, activation of NOX enzymes in a different cell leads to
neurodegeneration. In particular, the role of NOX2 in mi-
croglia leads to ROS generation, which, ultimately, damages
neurons. Both mechanisms were described in models of PD
(45, 164). As of today, sequences of events that are driven by
NOX-derived ROS, leading to neurodegeneration, are mostly
hypothetical. ROS by themselves are toxic chemical entities,
which can lead to neuronal death through radical formation.
However, NOX-derived ROS are also important in triggering
cytokine expression in phagocytes and non-phagocytic cells,
which, in turn, can lead to microglia activation and/or neu-
rotoxicity. Conversely, cytokines such as interleukin (IL)-1b
(31) and IL-6 (50) have been shown to activate NOX2.

A role for NOX2 in microglia activation

Emerging evidence shows that NOX2 expression and ROS
generation parallels different levels of microglia activation
(Fig. 4). On activation, microglia display a wide range of
functions and are characterized by morphological changes,
ranging from a ramified ‘‘surveying’’ stage in which micro-
glia ‘‘scan’’ the CNS parenchyma and help maintaining
synaptic function to an ‘‘amoeboid’’ morphology with
overshooting ROS generation, which may contribute to
neurodegeneration. In surveying microglia, NOX2 expres-
sion is barely detectable, while high levels of NOX2 ex-
pression are detected in the proinflammatory and neurotoxic
phenotype (151). In a somewhat reductionist fashion, acti-
vated microglia are divided into two phenotypes: alterna-
tively activated M2 microglia and classically activated M1
microglia. When CNS homeostasis is disrupted, surveying
microglia may switch to the alternative activation stage,
which is characterized by intermediate NOX2 levels. Alter-
natively, activated microglia are probably not neurotoxic,
might be associated with health, rather than disease, and
might even be anti-inflammatory (151). This nomenclature
was originally developed to describe the different activation

FIG. 3. Neuroinflammation and oxida-
tive stress in cell autonomous and/or
non-cell autonomous models of neurode-
generative diseases. Both mechanisms are
described in models of Alzheimer and Par-
kinson disease. (A) In Alzheimer diseases,
amyloid fragments generated through pro-
teolytic cleavage of the APP are released to
the extracellular space. This pathological
protein expressed in neurons leads to neu-
ronal damage by ROS produced by NOX
and release of inflammatory factors, leading
to secondary inflammation. (B) Non-cell
autonomous mechanisms involve cells other
than neurons, in particular the activation of
microglia and ROS production generated by
NOX2. In Alzheimer disease, the activation
of microglia cells and the generation of ROS
are considered to be mediated by beta am-
yloid fragments that are released extracel-
lularly. (C) In Parkinson disease,
intracellular protein aggregates might lead
to ROS production via NOX1 and cellular
stress, which leads to the generation of in-
flammatory cytokines. (D) In the non-cell
autonomous state, misfolded a-synuclein
protein fragments are secreted from neurons
and may, therefore, activate microglia cells,
which leads to ROS generation by NOX2
and oxidative stress. APP, amyloid precur-
sor protein. To see this illustration in color,
the reader is referred to the web version of
this article at www.liebertpub.com/ars
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of peripheral macrophages: M1 represents the classical, li-
popolysaccharides (LPS), anti-bacterial and inflammatory
activation while M2 is an alternative, IL-4/IL-10-dependent,
tissue-regenerative, and inflammatory/anti-inflammatory ac-
tivation stage. In microglia, as is the case for macrophages,
numerous intermediate activation stages can be simulta-
neously found in inflamed tissue [for review, see ref. (167)].
Under aggravated pathological conditions, strongly activated
M1 microglia is observed. This is typically the case in
chronic neurodegenerative disease with a high load of protein
aggregates. It is thought that M1 microglia is neurotoxic and
may contribute to disease progression (138). There is some
discussion in the literature as to what extent M1microglia are
simply derived from resident microglia, or whether they are
also formed from bone marrow-derived microglia precursors
that invade the CNS (58). Obviously, NOX-derived ROS are
important for the neurotoxicity of M1 microglia. However,
the absence of NOX2 might also promote the M2 microglia
phenotype (6, 108). Given recent observations that during
development, CNS migration of microglia precursors are
NOX2 dependent (104), one may also consider the possibility
that in the absence of NOX2, there is a decreased migration of
blood-derived microglia precursors into the CNS.

In the adult CNS, a wide range of microglial activation
stages are most likely present. Typically, clusters of activated
microglia accumulate at the location of injury, plaque de-
position, or inflammation; therefore, the question of whether,
how, and when the activation of microglia is beneficial (e.g.,
by removing debris from the CNS) or deleterious for the CNS
(e.g., when generating too much ROS) is abundantly debated
(1, 69).

Microglia activation and, in consequence, increased
NOX2 expression is a hallmark of virtually all CNS insults,
including stroke, chronic progressive neurodegeneration due
to aggregation or autoimmune disorders and psychiatric
disorders. However, the role of NOX enzymes is not limited
to the control of microglia regulation. The next few chapters
describe the current knowledge on NOX enzymes in different
CNS pathologies.

Alzheimer: activation of microglia by amyloid pep-

tides? AD is a relatively common form of dementia, lead-
ing to cognitive impairment and memory loss. Key
histological features in the brain of AD patients are senile
plaques (due to extracellular accumulation of amyloid b [Ab]
peptide) and neurofibrillary tangles (due to intracellular ac-
cumulation of hyperphosphorylated Tau). Activation of mi-
croglia, astrogliosis, decrease of synaptic density, and loss of
neurons are common features of AD. Most cases of AD are
‘‘late-onset sporadic AD’’ without strong familiar transmis-
sion, but the apolipoprotein E4 polymorphism is a well-
documented risk factor. The pathogenesis of late-onset AD is
poorly understood, but lifestyle risk factors are shared with
cardiovascular diseases (high fat diet, sedentary lifestyle
etc.) (97).

Histologically, neuroinflammation and oxidative stress are
consistently observed in late-onset AD (91, 117). ‘‘Early-
onset, inherited AD’’ cases are rare, but the identification of
causative mutations has made an important contribution to
the understanding of the disease. Mutations leading to early-
onset inherited AD were identified in the genes for APP, and
presenilin 1 (PS1) and 2. At present, there is no curative

FIG. 4. The dual function of microglia
NOX2 in the CNS: physiology and pa-
thology. At a resting stage, microglia is
highly branched, generates little ROS, and
shows very low NOX2 expression. An ele-
vated and controlled level of ROS generated
by microglial NOX2 is involved in the
physiological condition and healthy non-
inflammatory state of the CNS, which plays
a role in programmed cell death of cells in
the brain during CNS development. After
CNS insult, microglial NOX2 is induced.
Microglia develop into an active state in
which they display a protective phenotype
(alternative activation) in order to clear de-
bris and support neuronal survival. In some
instances, the inflammatory signals such as
environmental toxins and fragments of pro-
teins are not removed from the CNS. In re-
sponse, microglia become amoeboid and
enter an over-activated and neurotoxic stage
that is characterized by high NOX2 expres-
sion and ROS generation. CNS, central ner-
vous system. To see this illustration in color,
the reader is referred to the web version of
this article at www.liebertpub.com/ars
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treatment for AD. Interestingly, despite the fact that accu-
mulation of hyperphosphorylated Tau is a prominent histo-
logical feature in all forms of AD (late and early onset), no
Tau mutations leading to AD have been described. Thus, the
accumulation of hyperphosphorylated Tau appears to be a
common downstream pathway in AD.

Cellular models. Co-culture systems of Alzheimer-type
neurons (e.g., neurons expressing APP mutants) with mi-
croglial cells can be useful for the understanding of the
neuroinflammatory basis of AD. In one of these models, a key
role for NOX2 in APP-dependent killing of neurons by ac-
tivated microglia has been described (135). In another cel-
lular model, ROS were shown to induce pathognomonic
feature of AD, namely tau hyperphosphorylation (188).

Rodent models. Most AD models in rodents are either
transgenic mouse expressing AD-typical mutants (APP,
presenilin) or a combination thereof, which lead to a high
production of b-amyloid in the CNS, or a direct injection of
b-amyloid into the rodent brain. These models are relevant
for a general understanding of AD pathology and will be
discussed next; however, they do not reproduce the frequent
late-onset AD.

Some recent studies investigating the mechanisms of brain
aging in rodent models might provide relevant information
about themechanisms of late-onset AD.One study investigating
the impact of a high fat diet found increased NOX expression
and increased ROS production in the aging mouse brain (24,
136). Another study investigating the impact of a single LPS
injection found anNOX2-dependent activation ofmicroglia and
brain oxidative stress. Amazingly, this impact of a single time
point LPS injection lasted for approximately 20 months, that is,
essentially for the lifetime of a mouse (136).

Several studies using NOX2-deficient mice bred with
different models of AD, suggested that NOX2 is involved in
neurotoxic insult downstream from senile plaques [reviewed
in ref. (157)]. No novel studies were published to describe
NOX2 knock-out mice that were bred with other AD models,
but a study used APP· PS1 knock-in mice and showed that
the age-dependent cognitive deficit was associated with in-
creased NOX4 and p47phox (a NOX2 subunit) expression and
NADPH-dependent lucigenin chemiluminescence in cell
membranes isolated from frontal cortex (23). A strong in-
crease of synaptic ROS production was described in old mice
showing cognitive impairment (2). Note that in both studies,
ROS measurements were done in isolated membranes after
the addition of NADPH. However, such assays do not rep-
resent conclusive evidence for NOX activity. Indeed, al-
though lucigenin chemiluminescence increases after
NADPH addition and is inhibited by diphenylene iodonium
(DPI), such NADPH-dependent chemiluminescence in ho-
mogenates has never been unambiguously attributed to ROS
generated by any isoform of NOX (114). Since specific
methods that measure ROS in isolated tissues are still lack-
ing, an alternative approach is the quantification of NOX2
activation as membrane translocation of the cytosolic subunit
p47phox (130).

Choi et al. (38) described a key role of NOX2 in microglia
activation. After an intracerebrovascular injection of LPS or
Ab1–42 oligomers, a strong increase of microglial inflam-
matory markers is observed. This increase is reduced in
p47phox-deficient, NOX2-deficient, as well as apocynin-

treated mice. Interestingly, gene deletion of p47phox and
NOX2 promotes an alternative activation state (M2) of mi-
croglia activation as assessed by the increased expression of
macrophage receptor with collagenous domain (MARCO)
and chitinase 3-like 3 (YM1), which are markers of a neu-
roprotective and anti-inflammatory status of microglia (38).
This study provides a strong rationale for inhibiting NOX2
inhibition in M1microglial cells in order not only to decrease
excess neurotoxic ROS generation but also to promote a
neuroprotective stage of microglia.

Based on the previous proof-of-principle studies for NOX2
inhibition, several groups attempted a pharmacological ap-
proach using the antioxidant/NOX inhibitor apocynin.
Apocynin did not improve cognitive impairment, synaptic
deficit, or Ab aggregation in the mouse model of Alzheimer
Tg19959, which express humanAPP695with two familial AD
mutations (KM670/671NL and V717F), under the control of
the hamster prion protein promoter (52), but reduced plaque
size and cortical microgliosis in the hAPP (751)(SL) mice
(113). Thus, the use of apocynin did not yield unequivocal
results in mouse models of AD. Nevertheless, since apocynin
is not a bonafide NOX inhibitor, but acts rather as an anti-
oxidant, this does not preclude the conceptual validity of
targeting NOX enzymes in AD (153).

Studies in humans. A study using postmortem human
material showed increased NADPH-dependent lucigenin
chemiluminescence in material from early stage (mild cog-
nitive impairment) and AD compared with controls, which
correlated with cognitive status (disease progression). Inter-
estingly, cytosolic subunits (p67phox, p47phox, and p40phox)
were increased, but not NOX2 (6). Similarly, another study
showed increased p47phox, but not NOX2 in the AD brain;
however, the messenger ribonucleic acid (mRNA) levels
from other subunits were not evaluated (38).

About 40% of AD patients present a capillary cerebral
amyloid angiopathy (CCAA), a condition in which Ab ac-
cumulates in cortical capillaries. Immunohistochemistry was
performed on postmortem brain from six subjects with
CCAA and two age-matched controls. Strong NOX2 im-
munoreactivity was shown in microglia and endothelial cells
of CCAA patients, while only low and microglial-specific
NOX2 staining was detected in control brains (27).Thus,
ROS generated by the phagocyte NADPH oxidase NOX2
play a role in the progression of AD. However, whether this
NOX2 comes mostly from microglia, or also from blood-
derived inflammatory cells is currently not known.

PD: a cross-talk between neuronal NOX1 and microglial

NOX2? PD is a neurodegenerative disease of the elderly,
leading to rest tremor, impaired coordination, as well as
postural and gait instability. PD is characterized by the de-
generation of DA neurons, in particular in the substantia ni-
gra. In most instances, the cause of PD is unknown. However,
for the relatively rare familiar forms of PD (*5%), defined
mutations have been described; for example, mutations
in alpha-synuclein, parkin, leucine-rich repeat kinase
2(LRRK2), PTEN-induced putative kinase 1 (PINK1), DJ-1,
and ATP13A2. In addition, there are some forms of parkin-
sonergic disease due to toxins, such as the synthetic drug 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine or pesticides
such as rotenone or paraquat (PQ).
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ROS and microglia activation are known to contribute to
DA neuron death (134). A comprehensive review describing
the key role of NOX2 and microglia activation in the neu-
rodegeneration of DA neurons of the substantia nigra was
recently published (164).

Different modes of action involving NOX2 have been de-
scribed for toxin-induced DA neurodegeneration. PQ is one of
the most used herbicides worldwide. PQ acts as a spontaneous
ROS generator by redox cycling, which is usually initiated by
cellular diaphorases. A study by Rappold et al. has shown that
on reduction by NOX2, PQ becomes a substrate for the dopa-
mine transporter, which actively imports it into DA neurons
where it accumulates and induces oxidative stress and cyto-
toxicity (Fig. 5A) (138). Another mode of action was described
for rotenone, a broad spectrum insecticide known to induce PD
symptoms. Rotenone was suggested to bind directly to NOX2
on the membrane of microglia and to activate its ROS gener-
ating activity (Fig. 5B) (194).

There is also increasing evidence for a role of NOX1 in DA
neurons and pathophysiology of PD. Adenoviral particles
encoding NOX1-specific short hairpin ribonucleic acid
(shRNA) significantly reduced a-synuclein expression in DA
neurons as well as typical features of PD, such as a-synuclein
aggregation and a-synuclein ubiquitin expression levels in a
PQ-mediated model of PD (44, 45). By targeting NOX1 and
the Rac1 subunit with adenovectors expressing shRNAs, DA
neuronal death was prevented (37). Taken together, there is
increasing evidence that two NOX enzymes play a role in
Parkinon’s disease. It is likely that NOX2 is expressed in
microglia and NOX1 is expressed in DA neurons. Thus,
NOX1 might be the mediator of cell autonomous pathology
of DA neurons, while NOX2 might be involved in the in-
flammatory cascade through microgliosis. Based on these
considerations, it would be of interest to evaluate the impact
of NOX1/NOX2 double knock-out mice, as well as the effi-
cacy of NOX1/NOX2 inhibitors in the Parkinson model.

Huntington disease: a role of synaptic NOX2? Hun-
tington disease (HD) is a genetic disorder leading to motor,
cognitive, and psychiatric impairment. The physical symp-
toms of HD typically occur in middle age and progressively
lead to multi-system dysfunction, and patients often die from
heart failure. HD is caused by an expansion of a CAG triplet
repeat (above 35) within the Huntingtin gene, leading to
polyglutamine (polyQ)-expanded proteins, which aggregate
and are toxic for neurons. Medium spiny neurons of the
caudate and subpopulations of cortical neurons are the most
sensitive to Huntingtin toxicity, although neurons are af-
fected in many brain areas. Interestingly, although neuroin-
flammation in HD is present, little is known about its
contribution to disease progression and severity (124).
However, increased oxidative stress is a known feature of this
disease (160). Previous studies have shown increased oxi-
dation, which was attributed to NADPH oxidase in amodel of
intrastriatal quinolic acid injection (115) and in vitro using
the PC12 cell line overexpressing expanded polyQ proteins
(17). It was not until very recently that the role of NOX2 was
studied in a mouse model of HD consisting of a knock-in
introducing 140 glutamine residues in the N-terminal part of
endogenous Huntingtin (HD140Q/140Q mice). This study by
Valencia et al. (172) used a panel of different experiments to
understand the role of NOX2 in HD. Significant cytochrome

C reduction was shown in homogenates of human postmortem
cortex after the addition ofNADPH.Convincingly, a correlation
with NOX2 staining and increased ROS production was shown
in primary cortical neurons and was abrogated in HD140Q/140Q

mice that were bred with NOX2-deficient mice. However, an
effect on disease progression in HD140Q/140Q mice that were
bred with NOX2-deficient mice was not documented. The
presence of NOX2 in microglia was not evaluated, but strong
enrichment of NOX2 staining was shown in isolated synapto-
somes of HD140Q/140Q mice by immunoblotting although
NOX2-deficient synaptosomes were not tested for this antibody
(172). Taken together, there are arguments for a role ofNOX2 in
generating oxidative stress in HD; however, more studies are
needed to understand whether the enzyme is really an important
player in the disease.

Amyotrophic lateral sclerosis: a key role of microglial

NOX2. Amyotrophic lateral sclerosis (ALS) is a group of in-
curable diseases affecting motor neurons, and its characteristic
symptoms are muscle weakness and complete paralysis. The
disease onset is usually around 40–50 years, and its course is
usually fatal within 5–10 years after diagnosis. ALS is a non-cell
autonomous disease and neuroinflammation and microglia ac-
tivation are key components for the progression of the disease
(79). Etiology is most of the time unknown, but familial forms
exist, and numerous ALS-causing genes have been identified,
including SOD1, TAR DNA binding protein (TARDBP), fused
in sarcoma (FUS), ubiquilin2 (UBQLN2), and the recently
identified C9ORF72 (abbreviation for the open reading frame
72 on chromosome 9). Interestingly, in addition to spinal motor
neuron degeneration, many of these mutations lead to fronto-
temporal degeneration (112).

Previous studies have shown the role of NOX2 in the
progression of ALS, as mice overexpressing a mutant form of
human SOD1 (SOD1G93A) cross-bred with NOX2-deficient
mice have increased survival (185). There is also potential
indication that NOX1 deficiency might slow the course of the
ALS mouse model (118). One pharmacological study using
the antioxidant/NOX inhibitor apocynin suggested a strong
increase in the survival of ALS mice (68); however, this was
not confirmed by other studies (110, 170).

In mouse models, NOX2 expression in the lumbar spinal
cord can also be used as a marker of neuroinflammation and
microgliosis (15, 20). Indeed, when comparing microglia
purified from SOD1G93A mice at different stages of disease,
Liao et al. (108) observed that microglia at an early stage
presented a neuroprotective activity while it became neuro-
toxic for primary motoneurons at an end stage. The protective
stage (M2, alternatively activated) was characterized by low
NOX2 expression, while the injurious stage (M1, classically
activated) was characterized by high NOX2 expression and a
decrease in markers of alternative macrophage activation
YM1, brain-derived neurotrophic factor, and CD163 (108).

A recent study identified protein disulfide isomerase (PDI) as
a key regulator of NOX2 activation in microglia and its in-
creased expression in glial cells present in the spinal cord of
SOD1G93Amice (83). PDI is an oxidoreductase that is involved
in oxidative protein folding in the endoplasmic reticulum with
an emerging role in aggregation neurodegenerative diseases (5).

The role of NOX2 expression in microglia was studied using
the SOD1G93A mice, but nowadays, novel rodent models of
ALS expressing mutated TDP43 and FUS are being developed
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(171, 182) and novel studies on the role of NOX isoforms in
these new models are nowadays needed (107).

Taken together, evidence from NOX2- (and, to a lesser
extent, NOX1-) deficient mice suggest that NOX activation is
causally involved in the progression of ALS. No reliable

pharmacological data are available. Thus, NOX enzymes are
probably not causative of ALS, but likely contribute to dis-
ease progression and, therefore, remain a valid target to im-
prove ALS symptoms; however, more work is needed to
definitively prove this point.

FIG. 5. Activation of microglia NOX2
via environmental toxics through two
unique mechanisms in Parkinson disease.
(A) If PQ is oxidized (PQ2 + ) by ROS gen-
erated by NOX2, it becomes a substrate for
the DAT, which actively transports it into
dopaminergic neurons. Oxidized PQ might
be directly neurotoxic and also lead to a
release of inflammatory factors by neurons.
This eventually leads to amplification of the
signal (red arrow) and death of dopaminer-
gic neurons. (B) Rotenone directly interacts
with microglia NOX2 and elicits ROS pro-
duction and damage of dopaminergic neu-
rons. This leads to a release of inflammatory
factors, the recruitment of more microglia
cells, and, eventually, dopaminergic neuron
death. DAT, dopamine transporter; PQ,
paraquat. To see this illustration in color, the
reader is referred to the web version of this
article at www.liebertpub.com/ars
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Multiple sclerosis: increase in microglial NOX2 and oxi-

dation in myelin lesions. Multiple sclerosis (MS) is a
chronic inflammatory disease, leading to demyelination,
impaired motor function, and neurodegeneration. It is an
autoimmune disease affecting the myelin sheath of the CNS.
Polymorphisms and mutations affecting the neutrophil cy-
tosolic factor 1 (Ncf1) gene (coding for p47phox subunit)
were shown to significantly increase susceptibility for auto-
immune disease in rodents, including experimental autoim-
mune encephalomyelitis, a model of MS (9, 76). This aspect
of MS will not be discussed here, as the role of Ncf1 and
NOX2-mediated oxidative burst in autoimmune disease by
inhibiting T-cell activation has been extensively reviewed
elsewhere (72, 142). Indeed, once the disease is declared, a
strong increase of NOX in MS lesions likely governs the
oxidative damage of the myelin sheath.

Two recent elegant studies used carefully dissected white
matter lesions fromMS patient’s material to study oxidative
stress markers and their connection with NOX enzymes. In
active demyelinating lesions, the presence of lipid and DNA
oxidation products not only in oligodendrocytes but also in
neurons significantly correlated with inflammation (66). In
subsequent studies, increased expression of NOX2 and
subunits at both mRNA and protein levels was observed in
dissected regions of active inflammatory foci from human
brain material. Immunostaining showed up-regulation and
co-localization of NOX2 and its subunits in activated mi-
croglia, correlating with markers of oxidative stress. NOX2
and p22phox were constitutively expressed in microglia in
the initial lesion and were abundantly expressed in micro-
glial clusters even in normal appearing lesions. In addition
to NOX2 and subunits, NOX1 and NOXO1 staining was
seen in activated microglia, as well as in astrocytes and
endothelial cells. Interestingly, p47phox, NOX1, and NOXO1
expression was more restricted to the zone of initial damage,
including astrocytes, or to lesions from patients with acute or
early relapsing/remitting MS, suggesting a key role of NOX-
derived ROS in acute MS lesions (55, 174). The presently
available data suggest that microglia are the predominant
NOX2-expressing cell in MS lesions; however, a role of other
types of inflammatory cells is not excluded.

Taken together, NOX2 appears to be a double-edged
sword inMS.While low NOX2 activity may contribute to the
autoimmune pathogenesis, high NOX2 (and possibly also
NOX1) activity in MS lesions might contribute toward en-
hancing immune-mediated neuronal damage.

NOX/ROS and neurovascular disease

ROS are involved in the development of vascular diseases
(165), and the CNS is no exception in this context. Interest-
ingly, however, NOX-derived ROS generation in the CNS
is not only exclusively linked to vascular disease within
the CNS, but may also—mostly through blood pressure reg-
ulation—influence vascular disease in the entire body. Re-
ciprocally, vascular disease may trigger symptoms of
neurodegenerative diseases, such as AD (148), as well as is-
chemic and hemorrhagic stroke. Increased ROS are observed
in these pathologies, and the deletion of different NOX iso-
forms can be protective in animal models. This protection
might be due to the regulation of cerebral blood flow by
neurovascular cells (62, 91), invading immune cells, and/or the

brain parenchyma itself (31) is a matter of debate. Cell-specific
deletion ofNOX isoform through the use of conditional knock-
out mice will help understanding the respective roles of NOX-
expressing cells in neurovascular function. Here, we will focus
on ischemic stroke and the CNS renin angiotensin system
(RAS) for which NOX enzymes play essential roles.

Ischemic stroke. Ischemic stroke results from the ob-
struction of blood supply to the brain usually due to athero-
sclerosis and thrombosis. Stroke can cause transient damage,
permanent brain damage leading to life-long neurological
symptoms, or death. Treatment options for stroke are limited.
Thrombolytic agents can be useful; however, this treatment is
efficacious only during the first hours after stroke and associ-
ated with a considerable bleeding risk. While a part of neuronal
cell death during stroke is simply explained by hypoxia and
nutrient deprivation, it has become clear that oxidative stress
adds to the severity of the pathology. There are two situations in
which oxidative stress is likely to be of importance: (i) re-
perfusion after ischemic obstruction and (ii) neuroinflammation
in the penumbra of the stroke area (100). The role of oxidative
stress has been known for a long time, and was the rationale for
numerous clinical trials using antioxidants. However, not un-
expectedly, antioxidant treatment did not result in therapeutic
improvements (see CNS-Permeant NOX Inhibitors).

A first proof of concept for NOX2 as a principal source of
ROS in stroke was already shown in 1997, whenWalder et al.
showed strong protection in transient middle cerebral artery
occlusion in NOX2-deficient mice (176), raising strong in-
terest in targeting NOX2 as potential therapy for stroke. Since
then, this paradigm has been tested in numerous models using
small molecules and NOX1-, NOX2-, and NOX4-deficient
mice, resulting in different outcomes and leading to disputes
as to whether NOX2 [comprehensively reviewed in ref. (86)]
or NOX4 [comprehensively reviewed in ref. (137)] isoforms
are the key pharmacological target for stroke. Interestingly, a
recent report showed that deletion of the proton channel Hv1
significantly protected from brain damage caused by ische-
mic stroke (186). Since the Hv1 proton channel is considered
crucial to extrude protons left behind by NOX activity and
hence necessary for NOX function, this observation adds
weight to the concept that NOX enzymes are deleterious in
stroke. However, several points remain unclear: Is NOX2-
derived ROS generation mainly due to microglia activation
or do infiltrating blood-derived inflammatory cells play a
major role? Does a single NOX isoform (e.g., NOX2 vs.

NOX4) determine the outcome of stroke, or is there a com-
plex pattern with different NOX isoforms intervening at
different time points and in different pathological situations?

NOX and the brain RAS. The RAS has a vital role in
regulating physiological processes of the cardiovascular system,
including blood flow and cardiac homeostasis. Ang II binds to
its receptors (angiotensin II receptor [ATR]1, ATR2) tomediate
physiological responses in many organs, including vasculature,
liver, kidney, adrenal gland, brain, lung, and heart. In the vas-
culature, activation of AT1R leads to direct NOX1- and NOX2-
dependent ROS generation and NOX4-dependent vascular hy-
pertrophy. The physiological and pathophysiological connec-
tions between NOX enzymes and Ang II in the cardiovascular
system have been extensively described (101) and are beyond
the scope of this review.

2826 NAYERNIA ET AL.



Of interest for this review, however, is emerging evidence
for an intrinsic RAS in the CNS. This system acts as a
regulator of fluid homeostasis, blood pressure, sexual be-
havior, and stress responses (184). The CNS RAS might be
involved not only in the development of cardiovascular
disease (30) but also in neuroinflammation, in particular in
PD (99, 121).

Ang II treatment activates NOX-dependent ROS genera-
tion in neurons from regions of the brain that regulate fluid
and electrolyte balance, such as the lamina terminalis (133),
the dorsomedial portion of the nucleus tractus solitaries
(178), and the hypothalamic paraventricular nucleus (179).
In vivo, numerous studies describe a role of NOX-dependent
ROS generation in the CNS that regulates peripheral reno-
vascular effects of angiotensin. An intracerebral injection of
adenoviral vectors siRNA targeting NOX2 and NOX4 in the
subfornical organ (a key region for the control of fluid bal-
ance) showed that both NOX2 and NOX4 are required for
blood pressure increase after centralAng II infusion, but only
NOX2 regulates Ang II-dependent water intake (133).

Lob et al. (111) developed a mouse with a locus of cross-
over in P1 sites flanking the coding region of p22phox (a NOX
subunit necessary for membrane stability and function of
NOX1, 2, 3, and 4). This approach enabled them to test
region-specific effects of NOX deletion by injecting adeno-
vectors encoding cre-recombinase in the subfornical organ.
The specific deletion of p22phox eliminated the hypertensive
response after peripheral chronic Ang II infusion, demon-
strating the central control by NOX enzymes in the sub-
fornical organ (111). Interestingly, the p22phox deletion
diminished not only p22phox mRNA levels but also NOX2
and NOX4 transcripts.

Taken together, there is now good evidence that NOX
enzymes, in particular NOX2 and NOX4, are involved in the
regulation of blood pressure through the brain RAS.

Pain

Neuropathic pain refers to a pain that is caused by damage,
injury, or dysfunction of nerves, leading to hypersensitization
of a painful feeling in response to a normally innocuous
stimulus. ROS are known to contribute to pain sensitization
(75). Animal models of neuropathic pain consist of evaluat-
ing pain sensitization after peripheral injury. A number of
studies suggested a role of NOX-derived ROS in this process
of nociceptive hypersensitization (39, 80), but two studies
addressed this question using genetically modified mice.

Kim et al. (90) showed a transient increase of NOX2
expression in microglia with a peak at 12 h after L5 spi-
nal nerve transection. This was followed by increased 8-
hydroxydeoxyguanosine (a marker of DNA oxidation),
microglia activation, as well as mechanical and thermal hy-
persensitivity. All these parameters, including pain hyper-
sensitivity, were reduced in NOX2-deficient mice.
Interestingly, microglia activation and increased pain were
reduced by sulforaphane (an inducer of the cellular antioxi-
dant response, the Nrf2 pathway) only when administered
before or 1 h after nerve injury (90). A role of neuronal NOX4
present in DRGs has also emerged. In two different models of
neuropathic pain, the so-called spared nerve injury, and a
modified version of the chronic constriction injury, basal pain
sensitivity was normal in NOX4-deficient mice, while neu-

ropathic pain was markedly reduced. In the spared nerve
injury, NOX4-dependent H2O2was measured in sciatic nerve
while a decrease in axon size peripheral dismyelination of the
sciatic nerve was observed. All these features were partially
reduced in NOX4-deficient mice, although microglia acti-
vation was comparable between NOX4-deficient and control
littermates 14 days after spared nerve injury (87). Thus, both
microglial NOX2 and neuronal NOX4 might be involved in
the development of neuropathic pain. However, the field is
complicated by an excessive number of models of neuro-
pathic pain [more than 40 described by Jaggi et al. (81)]. A
study involving NOX2, NOX4, and NOX2/NOX4 double-
deficient mice in carefully selected models may help re-
solving the exact role of each NOX isoform.

NOX enzymes might also be involved in morphine-in-
duced analgesia and tolerance. Indeed, in NOX1-deficient
mice, the magnitude of analgesia induced by morphine was
enhanced, and tolerance development was decreased (77).

Taken together, there is good evidence that NOX enzymes
may enhance pain and decrease the activity of pain medica-
tion. In many instances, the effect of NOX enzymes is con-
sidered as occurring in the CNS; however, effects on
peripheral nerve and pain sensation also remain a possibility.

Traumatic brain injury and chronic traumatic

encephalopathy

Traumatic injury, in particular, when occurring several
times in the same person, may lead to a condition called
chronic traumatic encephalopathy. This has been best studied
in individuals practicing contact sports that often lead to head
injury, as, for example, boxers and ice hockey players (8, 84).
Patients with chronic traumatic encephalopathy show signs
of CNS dysfunction, including memory impairment, de-
pression, motoneuron disease, and dementia. Postmortem
neuropathological examination shows that chronic traumatic
encephalopathy is frequent in populations at risk and may
include histopathological signs of classical neurodegenera-
tive disorders, such as AD (173).

There is increasing evidence for a role of oxidative stress in
the neurodegeneration after traumatic brain injury. Already
24 h after traumatic brain injury, microglia become activated
and express NOX2 (98). In addition, it is possible that blood-
derived inflammatory cells enter the CNS after injury. In
response to traumatic brain injury, wild-type mice show
substantial cortical areas of necrosis and apoptosis, while
NOX2-deficient mice are at least partially protected (49).
Interestingly, wild-type mice showed induction of b-amyloid
production within a few days after traumatic brain injury; this
b-amyloid induction was markedly diminished by treatment
of mice with the antioxidant/NOX inhibitor apocynin (193).
Loss of spatial learning in this model could also be attenuated
by the administration of apocynin (156).

Taken together, there is good evidence for a role of NOX-
dependent oxidative stress in post-traumatic brain injury and
the subsequent neuronal damage. Probably, the phagocyte
NADPH oxidase NOX2 is an important NOX isoform in
traumatic brain injury. Future studies should focus on the role
of NOX enzymes in the transition from posttraumatic brain
injury to chronic traumatic encephalopathy and on the
question as to whether specific NOX inhibitors might provide
a preventive treatment after brain injury.
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Sleep apnea

Sleep apnea is a condition in which sleep is disturbed by
pauses in breathing. It is most commonly due to obstruction of
the airways during sleep, but it also sometimes has a central
origin. Other factors such as obesity are highly predictive of risk
of obstructive sleep apnea (OSA). Typically, sleep apnea not
only results in daytime fatigue, but also induces neuronal death,
leading to symptoms such as attention deficit and memory im-
pairment. ROS are considered as playing a role in this neuro-
pathology, with NOX enzymes as a potential source (181).

The role of NOX2 in CNS alterations has been evaluated in
different mouse models of sleep apnea. As compared with
wild type, NOX2-deficient mice showed less cognitive deficit
in response to intermittent hypoxia, as well as less signs of
lipid and DNA oxidation in the hippocampus (127). Inter-
estingly, cognitive deficit induced by intermittent hypoxia
was aggravated if animals were fed with a high fat diet (128).
A clinical study addressing the role of NOX2 activity in OSA
was performed using 244 children affected by OSA and 370
healthy controls (healthy subject). Leukocyte NOX2 activity
was higher in OSA children than in healthy controls and
among OSA children, NOX2 activity was higher in children
with cognitive deficit. A similar pattern was observed in 8-
hydroxydeoxyguanosine levels in morning urine. Interest-
ingly, an analysis of single nucleotide polymorphisms (SNPs)
of CYBA, the gene coding for p22phox, revealed that the
polymorphism rs4673 (242C >T) was significantly more
frequent among OSA children without cognitive deficits and
was associated with lower NOX2 activity from leukocyte
extracted from the blood (64). Indeed, SNP rs4673 was pre-
viously shown to be a part of a haplotype that was associated
with decreased ROS generation (10). Unfortunately, in the
study of Gozal et al., (64), only a single SNPwas investigated
and no haplotype analysis was performed. However, with this
limitation in mind, it appears that a polymorphism in an NOX
subunit is associated with the risk of developing cognitive
deficit in sleep apnea. This concept is clearly supported by
results derived from NOX2-deficient animals. Thus, NOX2
inhibition might become a concept of interest for patients at
risk for cognitive deterioration because of sleep apnea (51).

NOX in CNS tumors

Primary malignant tumors of CNS account for 2% of all
cancers. However, this number probably underestimates the
importance of CNS tumors, because of the poor survival of
patients suffering from this type of cancer. The most common
and probably most deadly malignant tumor of the brain is
glioblastoma. Other common brain tumors, such as astro-
cytoma, meningiomas and pituitary tumors, generally have
better prognosis, however obviously threatening to the pa-
tient because of their CNS localization.

The generation of ROS by NOX enzymes is implicated in
cancer pathophysiology, through mechanisms including
ROS-dependent cell fate determination (proliferation vs. cell
death), angiogenesis, genomic instability, and metastasis
(19). The literature on NOX and tumor cell fate provides
evidence for two apparently contradictory effects: NOX-
dependent ROS may cause cell proliferation in certain in-
stances, but cell death under other circumstances. Most
likely, the set of redox-sensitive transcription factors and
signaling proteins expressed in a given cell explains these

very different types of responses. There is abundant evidence
for a role of ROS in angiogenesis, and recent evidence points
toward a role of NOX1 and NOX4 in tumor angiogenesis
(42). In terms of mechanism, it has been proposed that NOX
activity promotes cell migration and invasion in cancer cells
by redox regulation of actin cytoskeleton (46) and/or by
NOX-derived invadopodia formation (47, 60) as well as by
direct activation of matrix metalloproteinases (MMPs) (163).

Genomic instability is due to double-strand breaks that are
induced by ROS; although such breaks are readily repaired
under normal circumstances, tumor cells may lack certain
repair mechanisms due to somatic mutations or lack of
mechanisms to detect genotoxicity, for example, p53 muta-
tions (41). Finally, the role of NOX enzymes in metastasis is
multifactorial, including, for example, a role of ROS in cell
migration and activation of MMP.

Expression of NOX isoforms is highly dependent on tumor
cell types and not necessarily correlated with NOX expres-
sion in the adjacent normal tissue (85). Already early after the
discovery of NOX enzymes, it was suggested that NOX4 is
highly expressed in glioblastoma cell lines (33). One study
found that globally, NOX4 was highly expressed in human
glioblastoma, as compared with astrocytoma, a related glia-
derived tumor of lower malignancy (152). However, analyses
of individual tumor samples rather suggests relatively im-
portant differences in NOX4 expression: Out of five glioblas-
toma samples studied, two showed very high levels, but three
showed only low to intermediate NOX4 levels (85). The latter
study also suggested that otherNOX isoforms, such asDUOX1,
may occasionally be highly expressed in glioblastoma.

ROS generated by NOX4 (or maybe other NOX enzymes)
are considered to be involved in the oncogenic transforma-
tion and in the clinical course of glioblastoma.

Glioblastoma invasion. NOX4 might be involved in
the invasion and infiltration of glioblastoma cells. Indeed,
RNAi-knock-down of NOX4 reduces the invasion of glio-
blastoma cells in comparison to non-transfected cells (74).
Evidence for a role of NOX enzymes was also provided by an
in vitro assay of glioblastoma invasion (36): Tumor cell in-
vasion was accompanied by ROS generation and could be
blocked by the non-specific NOX inhibitor DPI. This study
also provided a mechanistic hypothesis: DPI inhibition of
tumor cell invasion was accompanied by inhibition of the
MMP-9, which is considered required for tumor migration.
Targeting NOX directly or targeting the pathways leading to
NOX inhibition, such as NF-kappaB and Akt, may represent
a novel approach for glioblastoma therapy (126).

Hypoxia. In response to hypoxia, cells activate the tran-
scription factor HIF1a, which activates the cellular hypoxia
response, such as release of angiogenic factors. This response
can be elicited by hypoxia itself; however, there is increasing
evidence that ROS are able to potentiate the response. In-
creased ROS level and increased NOX4 expression have
been observed in glioblastoma cell lines under hypoxic
condition, and it has been suggested that NOX4-generated
ROS promote the activation of HIF-1 and of glioblastoma
progression (73).

Tumor cell growth and apoptosis. There is some indica-
tion that NOX4might be involved in glioblastoma cell growth.
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Indeed, knock-down of NOX4 by RNAi reduced cell growth
(152). NOX4might also be involved in treatment resistance of
glioblastoma: NOX4 knock-down increased glioblastoma ap-
optosis in response to cisplatin and to radiotherapy (74, 152).

Taken together, there is evidence that NOX4 is highly
expressed at least in some glioblastoma samples and that this
expression might be relevant for tumor invasion, hypoxia
response, tumor cell growth, and response to therapy. How-
ever, further investigations will be necessary to see whether
NOX4 is, indeed, an interesting therapeutic target for glio-
blastoma treatment.

Psychiatric disorders

Redox-dependent processes have been implicated in a
variety of psychiatric diseases, from major depression to
autism. Here, we will only review evidence for psychosis and
schizophrenia, in particular because a more thorough inves-
tigation of sources of oxidative stress has been performed for
these pathologies.

The concept that schizophrenia might be linked to oxi-
dative stress goes back to the 1950s (71). The concept was
based on observations during World War II: Due to supply
problems, there was a need to use epinephrine from expired
stocks, which not only had changed color to pink, but also
led to hallucinations in the patients who received the drug
(http://drugabuse.ca/drug-file-adrenochromes). Subsequent
chemical analysis demonstrated that the pink coloration
is due to oxidation of epinephrin to adrenochrome (3-
hydroxy-1-methyl-2, 3-dihydro-1H-indole-5, 6-dione).
Subsequently, adrenochrome has been used as a recrea-
tional drug under the street name ‘‘pink adrenaline’’ (Fig.
6). The observation that oxidation of a natural neurotrans-
mitter leads to generation of a hallucinogenic compound led
Hoffer et al. (71) to develop the first hypothesis for a link
between schizophrenia and oxidative stress. Since then,
numerous investigations into the relationship between
psychiatric diseases and oxidative stress have been per-
formed (139). While initial investigations were rather of a
descriptive, observational type, more recently, progress in
the mechanistic understanding has been achieved. Indeed,
there is increasing evidence that in schizophrenia, there is a
disappearance of parvalbumin-positive inhibitory inter-
neurons (119). Most evidence suggests that these neurons
do not die, but rather lose their inhibitory phenotype, in
particular, the expression of parvalbumin. The mechanism
of this loss of inhibitory phenotype is not fully understood,
but a key to the understanding of the phenomenon comes

from animal studies. In a milestone paper, the Behrens
group showed that in ketamine-induced psychosis a widely
used mouse model of schizophrenia (65), loss of parval-
bumin-positive neurons is driven by NOX2-derived ROS
(13). Subsequent publications demonstrated that also early
responses to ketamine, such as increases in glutamate lev-
els, are NOX2 dependent (159) and that the cytokine IL-6
mediates NOX2 activation (14). In another animal model of
psychosis, induced by social isolation of adolescent rats,
both behavioral abnormalities and neurochemical alter-
ations (including high glutamate and loss of parvalbumin-
positive neurons) were prevented by apocynin treatment
and—importantly—in rats with a loss-of-function mutation
in an NOX2 subunit (145, 147). There are also indications that
severe life stress (possibly contributing to psychosis) leads to
oxidative stress in the CNS of humans (146). Further studies
will be necessary to understand the relative importance of the
NOX/ROS axis in human psychotic disease.

ROS-dependent signaling within mature

post-mitotic neuron

NOX2-derived ROS can also be pathological, as they con-
tribute to excitotoxicity, one of the main causes of neuronal
death due to over-activation of glutamate receptors (such as in
experimental models by using NMDA receptor agonists).

The activation of NMDA receptor by NMDA leads to a
direct and fast superoxide generation by NOX2 in cortical
neurons and hippocampus (22), leading to death of neigh-
boring neurons (140). However, interestingly, blockade of
NMDA receptor by antagonists, such as ketamine, can also
activate NOX2-dependent ROS in cortical neurons and lead
to parvalbumin neuron depletion, a hallmark of psychiatric
disease (180).

This apparent paradox is most likely explained by the fact
that NMDA receptor antagonists block the activation of in-
hibitory neurons, which, in turn, leads to an increased release
of glutamate through glutamatergic neurons (159).

CNS-Permeant NOX Inhibitors

Antioxidants and scavengers

Before the emergence of NOX-based strategies, the only
concept to target oxidative stress in the CNS was the use of
antioxidant supplementation. However, almost invariably,
clinical studies with antioxidants failed. The reason for this
failure can be summarized as ‘‘too late, too little, and too
non-specific.’’ Indeed, antioxidants do not block the

FIG. 6. Hoffer and Osmond hypothesis
for oxidative stress-mediated psychosis.
Ex vivo oxidation of epinephrine (also known
as adrenaline) generates adrenochrome, a
potent psychotropic compound that is charac-
terized by its pink color in the solution. This
oxidized epinephrine is consumed as a rec-
reational drug and its street name is ‘‘pink
adrenaline.’’ A speculative, but interesting
hypothesis suggests that increased oxidation in
psychotic patients may lead to the generation
of adrenochrome, which might contribute to
characteristic symptoms of schizophrenia,
such as hallucinations and delusion.
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overshooting production of ROS, but rather are supposed
to capture ROS once they are already produced. Thus,
given their high affinity, ROS will oxidize biomolecules of
the organism before antioxidants can exert their activity.
To make things worse, antioxidants can become pro-
oxidants on interaction with ROS (122). Another limiting
factor in the use of antioxidants is their bioavailability.
This is particularly relevant for the CNS, where antioxi-
dant concentrations rarely reach potentially therapeutic
levels. Finally, there is a problem with the specificity of
antioxidants. This is best illustrated by the example of the
generation of thyroid hormones. The iodination of thyro-
globulin, a key step in thyroid hormone production, re-
quires ROS for the chemical peroxidation reaction that
enables a covalent link between the protein and iodide.
Thus, if an antioxidant that is sufficiently powerful to block
in-vivo oxidation reactions could be developed, it may lead
to hypothyroidism (158).

N-acetyl cysteine

N-acetyl cysteine is often also considered an antioxidant,
but its mechanism of action is more complex. Indeed, it acts as
a cysteine donor for glutathione synthesis and, therefore, re-
plenishes the cellular antioxidant defense machinery. As op-
posed to the inefficiency of classical antioxidant scavengers in
clinical trials, there are some indications thatN-acetyl cysteine
might, indeed, have an (albeit limited) use in the treatment of
oxidative stress-related CNS diseases. The best documented
example is probably the supplementation of schizophrenic
patients with high-dose N-acetyl cysteine, which led to sta-
tistically significant improvements of symptoms (16).

Non-specific NOX inhibitors

The two most widely used compounds that act as non-
specific NOX inhibitors are DPI and apocynin. Both com-
pounds can be useful tools if used with caution, but can also
lead to misleading conclusions if their limitations and
mechanisms of action are not understood.

DPI is an entirely non-specific inhibitor of electron trans-
porters. Its mechanism of action involves the formation of an
iodonium radical through an interaction with an electron
transport protein. The iodonium radical, in turn, will interact
with and irreversibly block the electron transporter (131).
Electron transporters that have been shown to be sensitive to
irreversible inhibition by DPI include NADPH oxidase, nitric
oxide synthase, xanthine oxidase, the mitochondrial electron
transport system, and probably many others. Thus, albeit DPI
remains one of the most potent inhibitors of NADPH oxi-
dases and is useful in vitro, the interpretation of results ob-
tained with this compound needs a very careful analysis as
well as an abundant control experiment. DPI has been used
in vivo, but it is highly insoluble and toxic; therefore, such
results are virtually impossible to interpret.

Apocynin is probably the most widely used putative
NADPH oxidase inhibitor that is used for in vivo studies.
Indeed, relatively low amounts of the compounds may lead to
marked inhibition of signs of oxidative stress in a variety of
in vivo models [e.g., ref. (147)]. The compound, however, is
remarkably inefficient in vitro. Only exceedingly high con-
centrations of the compound inhibit ROS generation in vitro,
and this inhibition is most likely explained by an antioxidant

effect that occurs at high concentrations (70). For this reason,
it has been proposed that apocynin needs to be metabolized in
order to become an NOX inhibitor. However, so far, there is
no convincing demonstration of a metabolite of apocynin that
is able to efficiently block NOX enzymes in a well-controlled
experimental system. Thus, in our opinion, apocynin data
might be useful when combined with other experimental evi-
dence (e.g., NOX-deficient mice); however, they should not be
considered a self-sufficient tool to prove (or to disprove) the
role of NOX enzymes in a given biological process.

Specific NOX inhibitors

Several academic researcher groups and drug development
companies have started working on the generation of specific
NOX inhibitors (82). The currently best-documented com-
pounds are GKT136901 and its close analogue GKT137831.
Both compounds display NOX1/NOX4 inhibitory activity
and only a weak activity with regard to NOX2. A compound
of potential interest is VAS2870, which is considered a pan-
NOX inhibitor (183). This compound showed a strong pro-
tective effect in a mouse model of stroke, which has been
attributed to NOX4 inhibition (94). However, it required
intrathecal administration, which makes its clinical use un-
likely for CNS indications. Ebselen, a selenium compound
known for a long time for its antioxidant and neuroprotective
properties, was recently shown to be an NOX2 inhibitor
(155). A beneficial effect has been described in multiple CNS
disorders, including PD in primates (125) and stroke in hu-
mans (189); however, ebselen is rather unspecific and dis-
plays numerous modes of action, including glutathione
mimetic (18) among others (188). As of today, in spite of the
huge therapeutic potential of NOX inhibition in the CNS
(158), no NOX inhibitor is available for CNS indications.

Conclusion

Research on NOX enzymes in the CNS has exploded over
the previous century. A search in the Web of Knowledge
database using the keyword ‘‘NADPH oxidase’’ and ‘‘central
nervous system’’ shows that the first two articles including
the two key words were published in 1991. Between 1991 and
2001, 339 articles on the topic were published. This number
skyrocketed to 5659 in the time period from 2002 to 2012.

Key findings of this expanding field are, on the one hand,
not only in the field of redox physiology in the CNS, but also
in the field of disease development. The fact that apparently
unrelated CNS disorders seem to benefit from NOX inhibi-
tion strongly suggests that NOX enzymes regulate central
features of the pathological CNS. With the emergence of
NOX inhibitors in clinical settings, the identification of the
molecular mechanism controlling the protective action of
NOX deficiency is fundamental. In fact, a direct neurotoxic
effect of NOX-derived ROS cannot be ruled out, and it is
most likely that NOX activity contributes to CNS physio-
pathology, via regulation of glutamatergic signaling (140,
159), and/or glia physiology (162).

The classical phagocyte NADPH oxidase remains a key
player in the CNS, in terms of both physiology and pathol-
ogy. However, the other NOX isoforms also become in-
creasingly important. NOX enzymes are most likely involved
in CNS development, NSC biology, and functioning of ma-
ture neurons. However, the CNS phenotype of NOX
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deficiency is relatively mild, suggesting a modulatory rather
than an essential role of NOX enzymes. NOX-deficient mice
are protected in several CNS disease models, particularly
neurodegeneration, stroke, and psychosis. Taken together,
these points suggest that NOX inhibition in oxidative stress-
related CNS diseases is a reasonable concept. Thus, the de-
velopment of CNS-permeant NOX inhibitors will be of in-
terest for future medical developments in the NOX field.
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Abbreviations Used

Ab¼ amyloid b
AD¼Alzheimer disease
ALS¼ amyotrophic lateral sclerosis

Ang II¼ angiotensin II
APP¼ amyloid precursor protein
ATP¼ adenosine triphosphate
ATR¼ angiotensin II receptor

CCAA¼ capillary cerebral amyloid angiopathy
CGD¼ chronic granulomatous disease
CNS¼ central nervous system
DA¼ dopaminergic

DAT¼ dopamine transporter
DPI¼ diphenylene iodonium
DRG¼ dorsal root ganglion

DUOX¼ dual oxidase
FUS¼ fused in sarcoma
H2O2 ¼ hydrogen peroxide
HD¼Huntington disease
HIF¼ hypoxia inducible factor
IL¼ interleukin

Keap1¼Kelch-like ECH-associated protein 1
LPS¼ lipopolysaccharides

MMP¼matrix metalloproteinase
mRNA¼messenger ribonucleic acid

MS¼multiple sclerosis
NADPH¼ nicotinamide adenine dinucleotide phosphate

Ncf1¼ neutrophil cytosolic factor 1
NFkappaB¼ nuclear factor kappa B

NMDA¼N-methyl-d-aspartate
nNOS¼ neuronal nitric oxide synthase

NO¼ nitric oxide
NOX¼ nicotinamide adenine dinucleotide

phosphate-dependent oxidase
Nrf2¼ nuclear respiratory factor 2
NSC¼ neural stem cell
OSA¼ obstructive sleep apnea
PD¼ Parkinson disease
PDI¼ protein disulfide isomerase

polyQ¼ polyglutamine
PQ¼ paraquat
PS1¼ presenilin 1
RAS¼ renin angiotensin system
ROS¼ reactive oxygen species

shRNA¼ short hairpin ribonucleic acid
SNP¼ single nucleotide polymorphism
SOD¼ superoxide dismutase
TLR¼Toll-like receptor

VCAM-1¼ vascular cell adhesion molecule 1
VHL¼ von Hippel-Lindau
YM1¼ chitinase 3-like 3
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