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Stroke is the third leading cause of death in industrialized nations. Oxidative stress is involved in the pathogenesis of stroke, and
excessive generation of reactive oxygen species (ROS) by mitochondria is thought to be the main cause of oxidative stress. NADPH
oxidase (NOX) enzymes have recently been identified and studied as important producers of ROS in brain tissues after stroke.
Several reports have shown that knockout or deletion of NOX exerts a neuroprotective effect in three major experimental stroke
models. Recent studies also confirmed that NOX inhibitors ameliorate brain injury and improve neurological outcome after stroke.
However, the physiological and pathophysiological roles of NOX enzymes in the central nervous system (CNS) are not known well.
In this review, we provide a comprehensive summary of our current understanding about expression and physiological function
of NOX enzymes in the CNS and its pathophysiological roles in the three major types of stroke: ischemic stroke, intracerebral
hemorrhage, and subarachnoid hemorrhage.

1. Introduction
Stroke, also known as a cerebrovascular accident, is a group
of symptoms in which common clinical features include
sudden onset and focal neurological deficits. It is an acute
cerebrovascular event closely related to injury of brain tissues
because of insufficient regional cerebral perfusion due to a
sudden block of a cerebral artery that supplies blood to the
brain. The most common causation of stroke is occlusion of a
cerebral artery (ischemic stroke accounts for about 87% of all
strokes), with only a small part of stroke caused by rupture of
the cerebral blood vessels (intracerebral hemorrhage, approximately 10%, and subarachnoid hemorrhage, around 3%, in all
cases) [1]. Under heart diseases and cancer, stroke has been
third leading cause of death in industrialized nations, and
the World Health Organization reports that approximately 15
million people suffer from a stroke every year. Stroke kills up
to 5.5 million people annually and cause permanent disability
in another 5 million patients [2–4].

In recent years, oxidative stress has attracted considerable attention. It is involved in inflammation, neuronal
apoptosis, and necrosis and plays an important role in brain
injury after stroke [5–7]. The most important factor for
oxidative stress is reactive oxygen species (ROS), which
include a variety of small molecule radicals, and the major
source of ROS is NADPH oxidase (NOX) [8]. Several NOX
subtypes are widely distributed in the cerebral tissues and
vasculature. Therefore, the implications of NOX enzymes in
cerebrovascular pathology, such as stroke, have received wide
attention and have been substantially investigated [3]. One
of the important causes of brain damage following stroke
is excessive generation of ROS [9]. Moreover, increasing
evidences suggest that NOX enzymes play a mechanistic role
in the process of brain injury after stroke [10–12].
In this review, we provide a comprehensive description
of current knowledge about NOX enzymes in stroke. In the
first section, we describe the structure and function of NOX
enzymes and the expression of NOX enzymes in the CNS
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under physiological conditions. At the same time, we summarize the possible mechanisms and roles of NOX enzymes
in three stroke pathologies: ischemic stroke, intracerebral
hemorrhage, and subarachnoid hemorrhage.

2. NOX
2.1. What Is NOX? NOX may refer to either NADPH oxidase
[13] or nonphagocytic cell oxidase [14]. The former emphasizes the type of enzyme, and the latter is restricted by cell
type. In this review, we discuss only the former.
Nicotinamide adenine dinucleotide phosphate oxidase
(NADPH oxidase) was first found in neutrophils and macrophages, so it is also known as phagocyte oxidase (phox).
Production of ROS by NADPH oxidase in these two cell types
when they undergo an “oxidative burst” during inflammation
constitutes the body’s defense to pathogens [8]. NOX is
localized in the cell membrane, with cytochrome c and flavin
adenine dinucleotide (FAD) radicals [14]. The enzyme is
composed of six subunits, p22phox , p47phox , gp91phox , p67phox ,
p40phox , and the small GTPase Rac. gp91phox and p22phox
subunits are located in the plasma membrane and can form
active NOX complex when combined with several other
cytosolic subunits; gp91phox is the primary functional subunit
(catalytic subunit) [15]. In phagocytic cells, NOX is usually
in an inactive state. When phagocytic cells are stimulated by
extracellular signals, such as hormones, cytokines, bacteria,
and other substances, p47phox , p67phox , p40phox , and Rac
in the cytosolic subunit can combine with p22phox through
its proline-rich tail and form an enzyme complex. This
combination changes the conformation of gp91phox , induces
electronic transmembrane rotation, and activates the enzyme
complex which plays a biological role [8, 16].
NOX is classically considered as a key part of electron
transport chain in the plasma membrane. It can generate
free radical oxidation by reducing one electron in molecular
oxygen and produce a series of secondary products (including superoxide, hydroxyl radical, hydrogen peroxide, sodium
hypochlorite, ozone, and singlet oxygen) based on the free
radical oxidation, with these products referred to as reactive
oxygen species (ROS) [8]. ROS play a bactericidal role in
phagocytic vesicles and participate in host immunity. This is
considered the primary mechanism by which the phagocytic
cells kill invading pathogenic microorganisms [16, 17].
In recent years, researchers have found that the following NADPH oxidase subunits, which include all subunits
except p40phox , are expressed in the nonphagocytic cells:
gp91phox , p47phox , p22phox , and p67phox [18]. At present, studies
have reported that NADPH oxidase has seven isozymes,
nonphagocytic cell oxidases 1/2/3/4/5 (NOX1/2/3/4/5) and
dual-function oxidases 1/2 (DUOX1/2), in nonphagocytic
cells, which are also part of the NOX (nonphagocytic cell
oxidase) family [14]. In nonphagocytic cells, NOX subunits
are present in the cytoplasm, and each subunit of the oxidase
enzyme is assembled into the functional state for producing
ROS. NOX in nonphagocytic cells maintain sustained low
levels of activity, even without extracellular stimulation, and
constantly produce O2 − . NOX utilize NADH or NADPH as
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electron donor to produce ROS in nonphagocytic cells [8].
O2 − produced by NADPH in nonphagocytic cells is generated
primarily in the cytoplasm and is involved in the physiological and pathological processes of gene expression, cell
proliferation, and apoptosis [18].
ROS are not only by-product of mitochondrial oxidative
phosphorylation but also generated by a variety of other
sources in cells [13, 14]. The discovery of homologs of the
NOX family in the plasma membrane of nonphagocytic
cells provides direct evidence for nonphagocytic cellular
ROS generation and function and changes our traditional
understanding of ROS [19]. It has been widely recognized
that ROS from the plasma membrane are produced not
only in phagocytic cells but also in many nonphagocytic
cells, such as neurons, digestive tract epithelial cells, vascular
endothelial cells, mesangial cells, fibroblasts, thyroid cells,
and many other cells. ROS participate in host defense and
act as messengers in regulation of biological functions in cells
[8]. Increasing evidence indicates that ROS act as second
messenger and are involved in cell differentiation, regulation
of cell proliferation, apoptosis, signal transduction, immune
response, and hormone biosynthesis [20–22].
2.2. Expression and Function of NOX Enzymes in the CNS.
The family of NOX enzymes is widely expressed in all regions
of the CNS [23], as shown in both in vivo (total brain
tissues) and in vitro (primary cultured cells) studies. In these
studies, researchers detect the expression of all NOX isoforms
using a variety of techniques including reverse transcription polymerase chain reaction (RT-PCR), real-time PCR,
western blot, in situ hybridization, immunohistochemistry,
and immunofluorescence staining. Several NOX homologs
are coexpressed in the same tissue and cell, although they
may have different functions. The results of PCR showed that
mRNAs encoding NOX1, NOX2, NOX3, and NOX4 were
detected in total brain tissues but not in defined cerebral
regions [23]. However, no research provides systematic information on functional protein expression of all NOX isoforms
in tissues and cells in the CNS. To our knowledge, there
are several studies on NOX2 and NOX4 protein expression
in tissues in the CNS [10, 24, 25], and two studies report
that NOX1 protein is expressed in primary neurons [26] and
astrocytes [27]. At present, there is little data on NOX3 and
NOX5 protein expression in the CNS.
In contrast, NOX1, NOX2, NOX4, p22phox , p47phox , and
phox
mRNAs [28], as well as NOX1, NOX2, NOX4, and
p67
p22phox proteins [29, 30], were detected on cerebral vasculature. Interestingly, the expression level of NOX4 in the basilar
artery of male rats is higher than that in female rats [29], and
gender differences are also observed in expression of other
NOX enzymes. It is still not known whether these gender
differences in expression of NOX enzymes are functionally
important or simply a reflection of gender. Endothelial cells
(ECs) show high expression level of NOX1, NOX2, NOX4,
p47phox , and p67phox in rat cerebral vascular [31]. Endothelial
arteries are usually surrounded by pericytes in small cerebral
arterioles and capillaries. However, no report has examined
NOX enzymes expression in pericytes of cerebral vasculature.
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NOX enzymes have been detected in the CNS, but
knowledge of their function in normal CNS tissues and cells
is limited. This is partly because of the deficiency of powerful
tools, and the changes in phenotype are frequently difficult
to observe. A study has reported that ROS are implicated in
neuronal differentiation during CNS development [32]. NOX
enzymes may also play a role in nerve growth factor- (NGF) induced neuronal differentiation of PC12 cells, and ROS
produced by NOX enzymes promotes protein activity and
expression that regulate development of neuronal cells [33].
A study has explored the influence of angiotensin II on NOX
enzymes in cerebral vasculature [34]. It suggested that NOX2derived ROS play an essential role in inward Ca2+ currents
in neurons treated with angiotensin II. Experiments also
confirmed that NOX2-derived ROS could affect angiotensin
I type receptor (AT1R) signal pathways [35], neuronal activity
[36], and CNS regulated cardiovascular functions [37]. As
a critical component of the CNS, microglia are resident
macrophages that participate in innate immunity in the CNS.
Nox family stays in a quiescent status in the absence of
stimulation, while be activated in response to several types
of stimulations (including damaged or necrotic neuronal
cells, pathogens, and abnormal protein aggregation) and
releases cytotoxic and inflammatory mediators, for instance,
ROS, nitric oxide (NO), and cytokines [38]. The activation
of microglia, which is modulated by NOX-derived ROS,
is participated in several physiological processes, such as
guidance of neuronal cells apoptosis during CNS development [39], inflammatory responses [40], and secretion of
neurotransmitters [41]. Thus, NOX enzymes in microglia
play important roles in normal physiological functions of the
CNS.

3. NOX Enzymes in CNS Ischemic and
Hemorrhagic Stroke
Several researchers have explored the role of NOX enzymes
in excessive production of ROS during progressing of CNS
diseases. In this section, after a brief introduction about the
respective pathologies, we summarize reports on implications for NOX enzymes from studies of in vivo models, as well
as possible molecular mechanisms from investigations of in
vitro systems.
3.1. NOX Enzymes in Ischemic Stroke. Ischemic stroke is
caused by decreased or blocked blood supply to a certain
brain region because of occlusion of a vessel. This occlusion
might be thrombotic (caused by blood clots formed in
situ) or embolic (caused by emboli formed in the heart or
another part of the body) [42]. Reducing or interrupting
blood flow decreases the supply of oxygen and glucose and
prevents the brain from generating ATP, which is required
for its enormous energy demands. After ischemic stroke,
this energy deficit is most severe in the ischemic core where
cell death (including apoptosis and necrosis) occurs rapidly.
In addition, a cascade of complex molecular pathways are
activated in the neighboring region known as the penumbra
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[43]. Although the penumbra is functionally impaired, it
is potentially salvageable after ischemic stroke [44]. Thus,
treatment of ischemic stroke should include repair of the
penumbra [45]. Ischemic stroke triggers a series of molecular
events beginning with anaerobic glycolysis, lactate acidosis,
progressive energy depletion, loss of ability to maintain the
membrane potential with depolarization, release of toxic
concentration of extracellular glutamate and other excitatory
neurotransmitters, activation of gene transcription, inducing
protein expression and misfolding aggregation, cellular influx
of calcium/sodium and water followed by cell swelling (cytotoxic edema), mitochondrial failure, ROS production, and
inflammatory responses, finally leading to brain tissue injury
[46–50].
Permanent middle cerebral artery occlusion (pMCAO)
and transient middle cerebral artery occlusion (tMCAO)
followed by reperfusion are major experimental animal
models used to investigate ischemic stroke [51]. It has been
reported that NOX2 protein increases from 24 h to 72 h after
reperfusion in endothelial cells [52] and microglia [53] of the
penumbra in mice pMCAO and tMCAO models. NOX4 has
also been confirmed to increase in the brain after ischemic
stroke. In a model of MCAO, NOX4 mRNA levels in neurons
increase within day 1, peak between days 7 and 15, and slowly
decline until day 30. The NOX4 mRNA level in newly formed
capillaries increases in parallel with the peak, suggesting that
NOX4 plays a role in repair of brain damage [10]. We also
found that the mRNA and protein levels of NOX2, NOX4,
and DUOX1 increase in neurons, astrocytes, and endothelial
cells in a rat MCAO model, but there is no significant change
in NOX1, NOX3, and DUOX2 [54]. In analysis of whole
brain tissues, the mRNA and protein levels of NOX2 and
p22phox increase in the ischemic hemisphere in a rat model
of MCAO [55], and NOX4 protein increases in the ischemic
cortex and basal ganglia after ischemic stroke in mice [56]. In
general, these data indicate that NOX2, NOX4, and DUOX1
expression increase after ischemic stroke. In addition, a study
using a model of endothelin-1-induced stroke has reported
that NOX activity increases in arteries of the penumbra [57].
To our knowledge, no data are available on NOX5 expression
after ischemic stroke, and possible changes in expression of
this homolog remain to be examined.
Knockout (KO) animals and specific inhibitors are powerful tools for exploring the roles of different NOX isoforms (Table 1). After ischemia/reperfusion in mice, genetic
deletion of NOX2 significantly reduced disruption of bloodbrain barrier and infarct size [58]. However, NOX2 is not
obviously involved in the pathogenesis of brain damage in
newborn pups after hypoxia/ischemia [59, 60]. It has been
demonstrated that NOX2 is the major source of ROS after
ischemic stroke, not only in circulating leukocytes that have
infiltrated the CNS with reperfusion but also in CNS cells
[61]. NOX4 has also been shown to have a protective effect
on ischemic stroke; NOX4-deficient mice had reduced infarct
size and improved neurological outcome after ischemic
stroke [56]. Two investigations using NOX1-knockout mice
did not show neuroprotection in respective MCAO model
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Table 1: Published studies on genetic absence or pharmacological inhibition of NOX in stroke.
NOX isoform

Stroke model

Genetic absence or
pharmacological
inhibitor

NOX1

tMCAO and
pMCAO

NOX1−/−

NOX1

tMCAO

NOX1−/−

NOX1

tMCAO and
pMCAO

NOX1−/−

NOX2

tMCAO

NOX2−/−

Infarct volume, ROS

NOX2

tMCAO

NOX2−/−

Infarct volume, BBB integrity

NOX2

tMCAO

NOX2−/−

NOX2

tMCAO and
pMCAO

NOX2−/−

NOX2

ICH

NOX2−/−

NOX2

SAH

NOX2−/−

tMCAO and
pMCAO

NOX4−/−

tMCAO

DPI

tMCAO

DPI and DMSO

tMCAO

Apocynin

tMCAO

Apocynin

tMCAO

Honokiol

ICH

Apocynin

SAH

DPI

NOX4

SAH

Apocynin

Reference

Parameters analyzed

Conclusion

Lesion size, neurological outcome,
BBB integrity, cerebral edema
Infarct volume, cerebral edema,
neurological outcome
Infarct volume, neurological
outcome, BBB integrity, cerebral
edema, ROS, RNS, apoptosis

NOX1 KO has a protective
effect

[63]

NO neuroprotection

[62]

NO neuroprotection

[56]

NOX2 KO has a protective
effect
NOX2 KO has a protective
effect
NOX2 KO has a protective
effect

[61]

Mortality, infarct volume,
neurological outcome, ROS
Infarct volume, neurological
outcome, BBB integrity, cerebral
edema, ROS, RNS, apoptosis
Mortality, hematoma volume,
neurological deficit, brain edema
Mortality, brain edema, oxidative
stress
Infarct volume, neurological
outcome, BBB integrity, cerebral
edema, ROS, RNS, apoptosis
Superoxide production level
Infarct volume, neurological
outcome, BBB integrity, MMP-2/
MMP-9 activity
Infarct volume, neurological
outcome
Neurological outcome, BBB
integrity, MMP-9 activity
Lesion size, ROS, neutrophil
activation/infiltration, calcium
influx
Hemorrhage volume, brain edema,
neurological outcome
ROS, autoregulatory vasodilation
cerebral vasospasm, superoxide
level, neurological deficit

[58]
[60]

NO neuroprotection

[56]

NOX2 KO has a protective
effect

[77]

NO neuroprotection

[86]

NOX4 KO has a protective
effect

[56]

DPI has a protective effect

[57]

DPI and DMSO exert
neuroprotection

[64]

Apocynin has a protective
effect
Apocynin has a protective
effect

[65]
[66]

Honokiol has a protective
effect

[67]

NO neuroprotection

[80]

DPI has a protective effect

[82]

Apocynin has a protective
effect

[83]

tMCAO: transient middle cerebral artery occlusion; pMCAO: permanent middle cerebral artery occlusion; BBB integrity: blood-brain barrier integrity;
KO: knockout; ROS: reactive oxygen species; RNS: reactive nitrogen species; ICH: intracerebral hemorrhage; SAH: subarachnoid hemorrhage; DPI:
diphenyleneiodonium; DMSO: dimethylsulfoxide; MMP-2/MMP-9: matrix metalloproteinase-2/matrix metalloproteinase-9.

[56, 62]. However, in a rat tMCAO model, absence of NOX1
significantly reduced lesion size, improved neurological outcome, preserved blood-brain barrier integrity, and reduced
cerebral edema [63]. To our knowledge, no knockout animal
models of other NOX subtypes have been used to research
experimental stroke.

Several pharmacological studies have confirmed that
NOX enzymes contribute to the progression of brain injury
after ischemic stroke. In an in vivo model of endothelin-1induced tMCAO, treatment with the NOX inhibitor diphenyleneiodonium (DPI) decreases superoxide production in
arteries of the penumbra area and of the contralateral part to
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the infarct [57]. Another report showed that administration
of DPI combined with dimethylsulfoxide (DMSO) reduced
infarct size and blood-brain barrier disruption [64]. In
addition, treatment with the NOX inhibitor apocynin before
ischemia also exerted a neuroprotective effect, resulting in
reduced infarct volume and improved neurological outcome
[60, 65]. It was also reported that apocynin inhibits the
activity of matrix metalloproteinase-9 (MMP-9), improving
the blood-brain barrier disruption and ameliorating neurological outcome [66]. Honokiol, another inhibitor of NOX,
has also been shown to have a protective effect on cerebral
ischemia-reperfusion injury by inhibiting ROS generation
and reducing lesion size [67]. Other NOX inhibitors have
not been studied in stroke models, and the safety and
specificity of these inhibitors remain challenging for their
clinical application.
To investigate the mechanisms of cellular death after
ischemic stroke, primary neurons treated with oxygen/glucose deprivation and reoxygenation were used as an in vitro
model of ischemic stroke. Results suggest that NOX2 contributes to generation and accumulation of ROS in neurons
and neuronal death in the reoxygenation phase. These effects
were blocked by NADPH oxidase inhibitors and were absent
in neurons from gp91phox knockout mice [68]. Meanwhile,
genetic absence of p47phox , which is essential for NOX2
activation, also exhibits neuroprotective effects (postischemic
superoxide production and cell death were prevented) in
cultured neurons [69].
3.2. NOX Enzymes in Hemorrhagic Stroke. Hemorrhagic
strokes are usually divided into intracerebral hemorrhage
(ICH) or subarachnoid hemorrhage (SAH). In general, hemorrhagic stroke causes a higher mortality and morbidity than
ischemic stroke [70]. ICH is often caused by hypertension,
bleeding disorders, or amyloid angiopathy, while SAH may
be caused by trauma or rupture of an aneurysm [71, 72]. The
causes of brain injury after ICH are complex. Initial damage
is due to the mechanical force induced by formation of the
hematoma. Hematoma expansion, edema, and inflammation
cause subsequent damage in brain tissues [73]. Excitatory
amino acids toxicity is a major factor in secondary brain
injury after ICH and glutamate is the primary excitatory
neurotransmitter [74]. Meanwhile, the major and frequent
complications of aneurysmal SAH are early brain injury [75]
and cerebral vasospasm [76].
A previous study has shown that, in a mouse model
of ICH, mRNA levels of gp91phox subunit were significantly
increased, and immunohistochemistry showed that gp91phox
subunit expression levels were also significantly upregulated.
In a collagenase-induced ICH model, gp91phox knockout mice
displayed significant decreases in the volume of hematoma,
brain edema, neurological deficit, and mortality compared
with wild-type ICH mice. These data indicate that NOX2
plays an important role in brain damage due to ICH [77].
The activity of NOX enzymes increased significantly in
hypertensive mice with spontaneous ICH [78]. A study also
reported that activity of NADPH-d increased significantly in
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the rat striatum after ICH [79]. However, another study found
that treatment with apocynin did not ameliorate the outcome
of rats after ICH. The hemorrhage volume, brain edema, and
neurologic score were not impaired in rats treated with different doses of apocynin (3–30 mg/kg) [80]. This discrepancy
may be due to the dose of apocynin. Several investigations
have reported that low doses of apocynin show benefit effects,
but high doses (more than 3.75 mg/kg) increase intracerebral
hemorrhage and mortality of experimental animals [60, 81].
Several studies have demonstrated the roles of NOX
enzymes in SAH models. With increased expression levels
of NOX2, oxidative stress [82], cerebral vasospasms [30],
and neurological deficits [83] obviously increased after SAH.
However, when SAH rats were treated with the inhibitors of
NOX2, DPI [82], or apocynin [83], these neuronal damage
types were improved significantly. It has been reported
that reduced neuronal damage observed after treatment of
SAH with hyperbaric oxygen may involve downregulation of
NOX2 expression [84]. Further research, using a rat model
of SAH, confirmed that mRNA levels of gp91phox subunit and
NOX activity were significantly increased and that hyperbaric
oxygen exerts neuroprotection by inhibiting these changes
[85]. However, hyperbaric oxygen is not a specific inhibitor
for NOX2 and no NOX2-knockout animals were used in
these studies. Thus, these results should be considered preliminary. To our surprise, there is no reduction in mortality
rate, brain-water content, and intensity of oxidative stress
in NOX2-deficient mice after SAH [86]. To the best of our
knowledge, no other NOX isoforms deficient animals were
used in models of SAH.

4. Conclusions
Oxidative stress contributes to brain damage after stroke, and
NADPH oxidase enzymes are a major source of ROS in this
context (Figure 1). NOX enzymes are broadly distributed in
the CNS, including neurons, astrocytes, microglia, and the
cerebral vasculature. The expression of several NOX subtypes
significantly increases in brain tissue and cerebral vasculature
after stroke. Genetic absence or pharmacological inhibition
of functional NADPH oxidases, especially NOX2 and NOX4,
reduces brain tissue damage and improves neurological
outcome following experimental stroke. Thus, inhibition of
NADPH oxidase might be an effective strategy for stroke
therapy. The use of knockout animal models and the development of inhibitors that target specific NOX homologs will
further increase our understanding of the roles that NOX
enzymes play in stroke. Moreover, a clear understanding of
the regulation of ROS producing systems, their distribution
in the cytoplasm and organelles, and mechanisms of activation of NOX enzymes in brain cells and cerebral vasculature
under pathophysiological conditions will contribute to better
stroke therapy.
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stroke

Trauma or rupture
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Figure 1: The role of NADPH oxidase enzymes in brain damage and neurological dysfunction after stroke. ICH: intracerebral hemorrhage;
SAH: subarachnoid hemorrhage; ROS: reactive oxygen species; BBB disruption: blood-brain barrier disruption.
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[6] Y. Gürsoy-Özdemir, A. Can, and T. Dalkara, “Reperfusioninduced oxidative/nitrativie injury to neurovascular unit after
focal cerebral ischemia,” Stroke, vol. 35, no. 6, pp. 1449–1453,
2004.
[7] C. W. Nelson, E. P. Wei, J. T. Povlishock, H. A. Kontos, and
M. A. Moskowitz, “Oxygen radicals in cerebral ischemia,”
The American Journal of Physiology—Heart and Circulatory
Physiology, vol. 263, no. 5, part 2, pp. H1356–H1362, 1992.
[8] J. D. Lambeth, “NOX enzymes and the biology of reactive
oxygen,” Nature Reviews Immunology, vol. 4, no. 3, pp. 181–189,
2004.
[9] P. Lipton, “Ischemic cell death in brain neurons,” Physiological
Reviews, vol. 79, no. 4, pp. 1431–1568, 1999.
[10] P. Vallet, Y. Charnay, K. Steger et al., “Neuronal expression
of the NADPH oxidase NOX4, and its regulation in mouse
experimental brain ischemia,” Neuroscience, vol. 132, no. 2, pp.
233–238, 2005.
[11] A. M. Brennan, S. W. Suh, S. Joon Won et al., “NADPH oxidase
is the primary source of superoxide induced by NMDA receptor
activation,” Nature Neuroscience, vol. 12, no. 7, pp. 857–863, 2009.
[12] S. J. Won, X. N. Tang, S. W. Suh, M. A. Yenari, and R. A. Swanson, “Hyperglycemia promotes tissue plasminogen activatorinduced hemorrhage by increasing superoxide production,”
Annals of Neurology, vol. 70, no. 4, pp. 583–590, 2011.

Oxidative Medicine and Cellular Longevity
[13] G. M. Bokoch and U. G. Knaus, “NADPH oxidases: not just for
leukocytes anymore!,” Trends in Biochemical Sciences, vol. 28,
no. 9, pp. 502–508, 2003.
[14] H. Sumimoto, K. Miyano, and R. Takeya, “Molecular composition and regulation of the Nox family NAD(P)H oxidases,”
Biochemical and Biophysical Research Communications, vol. 338,
no. 1, pp. 677–686, 2005.
[15] J. D. Lambeth, G. Cheng, R. S. Arnold, and W. A. Edens, “Novel
homologs of gp91phox,” Trends in Biochemical Sciences, vol. 25,
no. 10, pp. 459–461, 2000.
[16] K. Bedard and K.-H. Krause, “The NOX family of ROSgenerating NADPH oxidases: physiology and pathophysiology,”
Physiological Reviews, vol. 87, no. 1, pp. 245–313, 2007.
[17] B. M. Babior, “NADPH oxidase: an update,” Blood, vol. 93, no.
5, pp. 1464–1476, 1999.
[18] D. I. Brown and K. K. Griendling, “Nox proteins in signal
transduction,” Free Radical Biology and Medicine, vol. 47, no. 9,
pp. 1239–1253, 2009.
[19] Y.-A. Suh, R. S. Arnold, B. Lassegue et al., “Cell transformation
by the superoxide-generating oxidase Mox1,” Nature, vol. 401,
no. 6748, pp. 79–82, 1999.
[20] V. Munnamalai and D. M. Suter, “Reactive oxygen species
regulate F-actin dynamics in neuronal growth cones and neurite
outgrowth,” Journal of Neurochemistry, vol. 108, no. 3, pp. 644–
661, 2009.
[21] W. M. Nauseef, “Nox enzymes in immune cells,” Seminars in
Immunopathology, vol. 30, no. 3, pp. 195–208, 2008.
[22] S. Garrido-Urbani, V. Jaquet, and B. A. Imhof, “ROS and
NADPH oxidase: key regulators of tumor vascularisation,”
Medecine Sciences, vol. 30, no. 4, pp. 415–421, 2014.
[23] D. W. Infanger, R. V. Sharma, and R. L. Davisson, “NADPH
oxidases of the brain: distribution, regulation, and function,”
Antioxidants and Redox Signaling, vol. 8, no. 9-10, pp. 1583–1596,
2006.
[24] F. Serrano, N. S. Kolluri, F. B. Wientjes, J. P. Card, and E. Klann,
“NADPH oxidase immunoreactivity in the mouse brain,” Brain
Research, vol. 988, no. 1-2, pp. 193–198, 2003.
[25] M. V. Tejada-Simon, F. Serrano, L. E. Villasana et al., “Synaptic
localization of a functional NADPH oxidase in the mouse
hippocampus,” Molecular and Cellular Neuroscience, vol. 29, no.
1, pp. 97–106, 2005.
[26] A. Coyoy, A. Valencia, A. Guemez-Gamboa, and J. Morán, “Role
of NADPH oxidase in the apoptotic death of cultured cerebellar
granule neurons,” Free Radical Biology and Medicine, vol. 45, no.
8, pp. 1056–1064, 2008.
[27] R. Reinehr, B. Görg, S. Becker et al., “Hypoosmotic swelling
and ammonia increase oxidative stress by NADPH oxidase in
cultured astrocytes and vital brain slices,” Glia, vol. 55, no. 7, pp.
758–771, 2007.
[28] B. Erdös, J. A. Snipes, C. D. Tulbert, P. Katakam, A. W.
Miller, and D. W. Busija, “Rosuvastatin improves cerebrovascular function in Zucker obese rats by inhibiting NAD(P)H
oxidase-dependent superoxide production,” American Journal
of Physiology—Heart and Circulatory Physiology, vol. 290, no. 3,
pp. H1264–H1270, 2006.
[29] A. A. Miller, G. R. Drummond, A. E. Mast, H. H. H. W. Schmidt,
and C. G. Sobey, “Effect of gender on NADPH-oxidase activity,
expression, and function in the cerebral circulation: role of
estrogen,” Stroke, vol. 38, no. 7, pp. 2142–2149, 2007.
[30] D. E. Kim, Y. S. Suh, M.-S. Lee et al., “Vascular NAD(P)H
oxidase triggers delayed cerebral vasospasm after subarachnoid
hemorrhage in rats,” Stroke, vol. 33, no. 11, pp. 2687–2691, 2002.

7
[31] T. Ago, T. Kitazono, H. Ooboshi et al., “Nox4 as the major
catalytic component of an endothelial NAD(P)H oxidase,”
Circulation, vol. 109, no. 2, pp. 227–233, 2004.
[32] M. Tsatmali, E. C. Walcott, and K. L. Crossin, “Newborn
neurons acquire high levels of reactive oxygen species and
increased mitochondrial proteins upon differentiation from
progenitors,” Brain Research, vol. 1040, no. 1-2, pp. 137–150, 2005.
[33] K. Suzukawa, K. Miura, J. Mitsushita et al., “Nerve growth
factor-induced neuronal differentiation requires generation of
Rac1-regulated reactive oxygen species,” The Journal of Biological Chemistry, vol. 275, no. 18, pp. 13175–13178, 2000.
[34] A. A. Miller, G. R. Drummond, and C. G. Sobey, “Novel
isoforms of NADPH-oxidase in cerebral vascular control,”
Pharmacology and Therapeutics, vol. 111, no. 3, pp. 928–948,
2006.
[35] G. Wang, J. Anrather, M. J. Glass et al., “Nox2, Ca2+ , and protein
kinase C play a role in angiotensin II-induced free radical
production in nucleus tractus solitarius,” Hypertension, vol. 48,
no. 3, pp. 482–489, 2006.
[36] C. Sun, K. W. Sellers, C. Sumners, and M. K. Raizada,
“NAD(P)H oxidase inhibition attenuates neuronal chronotropic actions of angiotensin II,” Circulation Research, vol. 96, no.
6, pp. 659–666, 2005.
[37] M. C. Zimmerman, R. P. Dunlay, E. Lazartigues et al., “Requirement for Rac1-dependent NADPH oxidase in the cardiovascular and dipsogenic actions of angiotensin II in the brain,”
Circulation Research, vol. 95, no. 5, pp. 532–539, 2004.
[38] F. Vilhardt, “Microglia: phagocyte and glia cell,” International
Journal of Biochemistry and Cell Biology, vol. 37, no. 1, pp. 17–21,
2005.
[39] J. L. Marı́n-Teva, I. Dusart, C. Colin, A. Gervais, N. Van Rooijen,
and M. Mallat, “Microglia promote the death of developing
Purkinje cells,” Neuron, vol. 41, no. 4, pp. 535–547, 2004.
[40] K.-J. Min, H.-K. Pyo, M.-S. Yang, K.-A. Ji, I. Jou, and E.-H.
Joe, “Gangliosides activate microglia via protein kinase C and
NADPH oxidase,” Glia, vol. 48, no. 3, pp. 197–206, 2004.
[41] T. J. Harrigan, I. F. Abdullaev, D. Jourd’heuil, and A. A. Mongin,
“Activation of microglia with zymosan promotes excitatory
amino acid release via volume-regulated anion channels: the
role of NADPH oxidases,” Journal of Neurochemistry, vol. 106,
no. 6, pp. 2449–2462, 2008.
[42] M. A. Moskowitz, E. H. Lo, and C. Iadecola, “The science of
stroke: mechanisms in search of treatments,” Neuron, vol. 67, no.
2, pp. 181–198, 2010.
[43] A. Kunz and C. Iadecola, “Cerebral vascular dysregulation in
the ischemic brain,” Handbook of Clinical Neurology, vol. 92, pp.
283–305, 2009.
[44] S. L. Mehta, N. Manhas, and R. Raghubir, “Molecular targets
in cerebral ischemia for developing novel therapeutics,” Brain
Research Reviews, vol. 54, no. 1, pp. 34–66, 2007.
[45] S. Brathwaite and R. L. Macdonald, “Current management of
delayed cerebral ischemia: update from results of recent clinical
trials,” Translational Stroke Research, vol. 5, no. 2, pp. 207–226,
2014.
[46] U. Dirnagl, C. Iadecola, and M. A. Moskowitz, “Pathobiology of
ischaemic stroke: an integrated view,” Trends in Neurosciences,
vol. 22, no. 9, pp. 391–397, 1999.
[47] J.-M. Lee, M. C. Grabb, G. J. Zipfel, and D. W. Choi, “Brain tissue
responses to ischemia,” The Journal of Clinical Investigation, vol.
106, no. 6, pp. 723–731, 2000.

8
[48] T. Luo, Y. Park, X. Sun, C. Liu, and B. Hu, “Protein misfolding,
aggregation, and autophagy after brain ischemia,” Translational
Stroke Research, vol. 4, no. 6, pp. 581–588, 2013.
[49] X. Y. Xiong, J. Wang, Z. M. Qian, and Q. W. Yang, “Iron
and intracerebral hemorrhage: from mechanism to translation,”
Translational Stroke Research, vol. 5, no. 4, pp. 429–441, 2014.
[50] H. A. Seifert and K. R. Pennypacker, “Molecular and cellular
immune responses to ischemic brain injury,” Translational
Stroke Research, vol. 5, no. 5, pp. 543–553, 2014.
[51] N. Tajiri, T. Dailey, C. Metcalf et al., “In vivo animal stroke
models: a rationale for rodent and non-human primate models,”
Translational Stroke Research, vol. 4, no. 3, pp. 308–321, 2013.
[52] H. Yoshioka, K. Niizuma, M. Katsu et al., “NADPH oxidase
mediates striatal neuronal injury after transient global cerebral
ischemia,” Journal of Cerebral Blood Flow and Metabolism, vol.
31, no. 3, pp. 868–880, 2011.
[53] S. P. Green, B. Cairns, J. Rae et al., “Induction of gp91-phox,
a component of the phagocyte NADPH oxidase, in microglial
cells during central nervous system inflammation,” Journal of
Cerebral Blood Flow and Metabolism, vol. 21, no. 4, pp. 374–384,
2001.
[54] H. Li, Y. Wang, D. Feng et al., “Alterations in the time course of
expression of the Nox family in the brain in a rat experimental
cerebral ischemia and reperfusion model: effects of melatonin,”
Journal of Pineal Research, vol. 57, no. 1, pp. 110–119, 2014.
[55] I. Kusaka, G. Kusaka, C. Zhou et al., “Role of AT1 receptors
and NAD(P)H oxidase in diabetes-aggravated ischemic brain
injury,” American Journal of Physiology—Heart and Circulatory
Physiology, vol. 286, no. 6, pp. H2442–H2451, 2004.
[56] C. Kleinschnitz, H. Grund, K. Wingler et al., “Post-stroke
inhibition of induced NADPH Oxidase type 4 prevents oxidative stress and neurodegeneration,” PLoS Biology, vol. 8, no. 9,
Article ID e1000479, 2010.
[57] A. A. Miller, G. J. Dusting, C. L. Roulston, and C. G. Sobey,
“NADPH-oxidase activity is elevated in penumbral and nonischemic cerebral arteries following stroke,” Brain Research, vol.
1111, no. 1, pp. 111–116, 2006.
[58] T. Kahles, P. Luedike, M. Endres et al., “NADPH oxidase plays
a central role in blood-brain barrier damage in experimental
stroke,” Stroke, vol. 38, no. 11, pp. 3000–3006, 2007.
[59] C. Doverhag, M. Keller, A. Karlsson et al., “Pharmacological
and genetic inhibition of NADPH oxidase does not reduce brain
damage in different models of perinatal brain injury in newborn
mice,” Neurobiology of Disease, vol. 31, no. 1, pp. 133–144, 2008.
[60] K. A. Jackman, A. A. Miller, T. M. De Silva, P. J. Crack, G. R.
Drummond, and C. G. Sobey, “Reduction of cerebral infarct
volume by apocynin requires pretreatment and is absent in
Nox2-deficient mice,” British Journal of Pharmacology, vol. 156,
no. 4, pp. 680–688, 2009.
[61] C. E. Walder, S. P. Green, W. C. Darbonne et al., “Ischemic stroke
injury is reduced in mice lacking a functional NADPH oxidase,”
Stroke, vol. 28, no. 11, pp. 2252–2258, 1997.
[62] K. A. Jackman, A. A. Miller, G. R. Drummond, and C. G. Sobey,
“Importance of NOX1 for angiotensin II-induced cerebrovascular superoxide production and cortical infarct volume following
ischemic stroke,” Brain Research, vol. 1286, pp. 215–220, 2009.
[63] T. Kahles, A. Kohnen, S. Heumueller et al., “NADPH oxidase
Nox1 contributes to ischemic injury in experimental stroke in
mice,” Neurobiology of Disease, vol. 40, no. 1, pp. 185–192, 2010.
[64] S. Nagel, J. Genius, S. Heiland, S. Horstmann, H. Gardner, and
S. Wagner, “Diphenyleneiodonium and dimethylsulfoxide for

Oxidative Medicine and Cellular Longevity
treatment of reperfusion injury in cerebral ischemia of the rat,”
Brain Research, vol. 1132, no. 1, pp. 210–217, 2007.
[65] L. L. Tang, K. Ye, X. F. Yang, and J. S. Zheng, “Apocynin
attenuates cerebral infarction after transient focal ischaemia in
rats,” Journal of International Medical Research, vol. 35, no. 4, pp.
517–522, 2007.
[66] W. Liu, R. Sood, Q. Chen et al., “Normobaric hyperoxia
inhibits NADPH oxidase-mediated matrix metalloproteinase9 induction in cerebral microvessels in experimental stroke,”
Journal of Neurochemistry, vol. 107, no. 5, pp. 1196–1205, 2008.
[67] K.-T. Liou, Y.-C. Shen, C.-F. Chen, C.-M. Tsao, and S.-K. Tsai,
“Honokiol protects rat brain from focal cerebral ischemiareperfusion injury by inhibiting neutrophil infiltration and
reactive oxygen species production,” Brain Research, vol. 992,
no. 2, pp. 159–166, 2003.
[68] A. Y. Abramov, A. Scorziello, and M. R. Duchen, “Three
distinct mechanisms generate oxygen free radicals in neurons
and contribute to cell death during anoxia and reoxygenation,”
Journal of Neuroscience, vol. 27, no. 5, pp. 1129–1138, 2007.
[69] S. W. Suh, B. S. Shin, H. Ma et al., “Glucose and NADPH
oxidase drive neuronal superoxide formation in stroke,” Annals
of Neurology, vol. 64, no. 6, pp. 654–663, 2008.
[70] J. M. Ferro, P. Canhão, and R. Peralta, “Update on subarachnoid
haemorrhage,” Journal of Neurology, vol. 255, no. 4, pp. 465–479,
2008.
[71] M. S. Rafii and A. E. Hillis, “Compendium of cerebrovascular
diseases,” International Review of Psychiatry, vol. 18, no. 5, pp.
395–407, 2006.
[72] N. Etminan, B. A. Buchholz, R. Dreier et al., “Cerebral aneurysms: formation, progression, and developmental chronology,”
Translational Stroke Research, vol. 5, no. 2, pp. 167–173, 2014.
[73] G. Xi, Y. Hua, R. R. Bhasin, S. R. Ennis, R. F. Keep, and J.
T. Hoff, “Mechanisms of edema formation after intracerebral
hemorrhage: effects of extravasated red blood cells on blood
flow and blood-brain barrier integrity,” Stroke, vol. 32, no. 12,
pp. 2932–2938, 2001.
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