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Abstract

Significant amounts of oxygen free radicals (oxidants) are generated during cerebral ischemia=reperfusion, and
oxidative stress plays an important role in brain damage after stroke. In addition to oxidizing macromolecules,
leading to cell injury, oxidants are also involved in cell death=survival signal pathways and cause mitochondrial
dysfunction. Experimental data from laboratory animals that either overexpress (transgenic) or are deficient in
(knock-out) antioxidant proteins, mainly superoxide dismutase, have provided strong evidence of the role of oxi-
dative stress in ischemic brain damage. In addition to mitochondria, recent reports demonstrate that NADPH oxidase
(NOX), an important pro-oxidant enzyme, is also involved in the generation of oxidants in the brain after stroke.
Inhibition of NOX is neuroprotective against cerebral ischemia. We propose that superoxide dismutase and NOX
activity in the brain is a major determinant for ischemic damage=repair and that these major anti- and pro-oxidant
enzymes are potential endogenous molecular targets for stroke therapy. Antioxid. Redox Signal. 14, 1505–1517.

Introduction

Stroke is one of the most common diseases in the world.
According to the WHO, stroke was the second most

common cause of mortality worldwide in 1990 (4.4 million
deaths) and the third most common cause of mortality in
more developed countries (19). In the United States, about
800,000 people experience a new or recurrent stroke each year.
Stroke mortality for 2005 was 143,579, and it ranks no. 3
among all causes of death, after heart disease and cancer.
Eighty-seven percent of stroke patients experience ischemic
stroke, which is caused by occlusion of a blood vessel. In
ischemic stroke, a significant reduction in regional cerebral
blood flow causes deprivation of oxygen and glucose and
results in brain damage. Tissue plasminogen activator, cur-
rently the only FDA-approved stroke medication, targets the
occlusion and induces reperfusion to the vessel. During re-
perfusion, oxygen is replenished, which is crucial for sus-
taining neuronal viability. However, pro-oxidant enzymes
and mitochondria also utilize oxygen as a substrate and
produce a significant amount of oxygen free radicals (oxi-
dants) during reperfusion. Endogenous antioxidant enzymes,
including superoxide dismutase (SOD), process the scaveng-
ing of oxidants, and alleviate oxidant-mediated brain dam-

age. This review focuses on the generation of oxidants, the
roles of pro-oxidant and antioxidant enzymes in cerebral is-
chemic injury, and the neuroprotective effect of SOD against
stroke.

Generation of and Cell Injury by Oxidants
After Cerebral Ischemia

Generation of oxygen free radicals

Free radicals are molecular species that contain one or more
unpaired valence electrons not contributing to intramolecular
bonding. Free radicals are highly active with other molecules,
such as DNA and lipids, pairing with their single electrons
and causing oxidation of those molecules (15). Several oxygen
free radicals (oxidants) and their derivatives are generated
after stroke, including superoxide anions (O2

��), hydrogen
peroxide (H2O2), and hydroxyl radicals (�OH). O2

�� are
formed when oxygen acquires an additional electron, leaving
the molecule with only one unpaired electron. O2

�� are
formed within the mitochondria, and *2% to 5% of electron
flow is used to produce them (Fig. 1) (9). Pro-oxidant enzymes
such as xanthine oxidase and NADPH oxidase (NOX) also
catalyze the generation of O2

��. O2
�� can react with nitric

oxide (NO) to produce peroxynitrite (ONOO�) (NOþ
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O2
��?ONOO�), which is a strong oxidative radical that

causes protein nitration and dysfunction (5). NO generated
from neuronal nitric oxide synthase nitrosylates protein,
which leads to cell dysfunction (26). SOD detoxifies O2

�� to
H2O2 (O2

��þ 2 Hþ?H2O2), which is further converted
to H2O by catalase or glutathione peroxidase (2H2O2?
2H2OþO2) (Fig. 1) (9). Highly reactive �OH is produced by
H2O2 through the Fenton reaction (H2O2þ Fe2þ?OH�þ
Fe3þþ �OH) and the Haber-Weiss reaction (O2

��þH2O2

? �OHþHO�þO2) or by ONOO�(Fig. 1) (5, 10). A consti-
tutively low concentration of oxidants is needed and they act
as signaling molecules for various functions such as regula-
tion of vascular tone, monitoring of oxygen tension, and
erythropoietin production (9, 15). However, excessive oxi-
dants may irreversibly oxidize macromolecules such as DNA,
lipid, and protein, and cause severe cell injury. Endogenous
antioxidant enzymes such as SOD, glutathione peroxidase,
and catalase play an important role in the maintenance of low-
concentration oxidants and redox homeostasis in the tissue.
Besides antioxidant enzymes, other antioxidants, including
glutathione, ascorbic acid, and vitamin E, are also involved in
the detoxification of oxidants (9, 10). Figure 1 summarizes the
generation of oxidants in vivo that leads to brain cell damage
under ischemia and reperfusion conditions.

Oxidative damage and detection in vivo

During brain ischemia=reperfusion, multiple detrimental
processes take place, including overproduction of oxidants,
inactivation of detoxification systems, and consumption of
antioxidants. These changes cause the disruption of the nor-
mal antioxidative defense ability of brain tissue (9). Oxidants
have a very short half-life, which makes them very difficult to
measure directly in the laboratory. However O2

�� production
can be assessed by detection of oxidized hydroethidine (HEt)

in vivo. HEt, systemically administered, can pass the blood–
brain barrier (BBB) and is selectively taken up by cells in the
brain. Intracellular HEt is oxidized by O2

�� and converted to
ethidine (Et), which provides a red fluorescence signal (49).
Under physiological conditions, Et signals are detected as
particles in the cytosol, representing a small amount of O2

��
production in mitochondria. At 4 h of reperfusion in the focal
ischemic area, a diffuse pattern of Et fluorescent signals in
neurons suggested the spread of and a massive amount of
O2
�� generation in the cytosol (49). Moreover, global ischemia

also caused increased Et signals in the rat hippocampal CA1
region, which exhibited delayed cell death during reperfusion
(36). Therefore, oxidative stress plays an important role in
delayed neurodegeneration after global ischemia.

In addition to the HEt method, oxidative stress can also be
assessed by measuring the oxidized products of macromole-
cules, including nucleic acid, lipids, and protein, and
8-hydroxy-2-deoxyguanosine (8-OHdG), an oxidized form of
deoxyguanosine that is a widely used biomarker of in vivo
oxidative DNA damage. After transient focal cerebral ische-
mia (tFCI), the level of 8-OHdG started to increase as early as
3–6 h during reperfusion. A robust amount of 8-OHdG was
detected at 24 h of reperfusion after tFCI (13). Lipid perox-
idation is well established after stroke, and it causes alterna-
tions in cell membrane fluidity, an increased permeability of
membranes, and a decrease in membrane ATPase activity,
thus leading to cell injury. Lipid peroxides derived from
polyunsaturated fatty acids are unstable and decompose
to form a complex series of compounds such as mal-
ondialdehyde (MDA). Cerebral ischemia can cause a signifi-
cant amount of MDA formation in the ischemic hemisphere
(13). 4-Hydroxy-trans-2-nonenal (HNE), a derivative of the o-
6 family of polyunsaturated fatty acids caused by a free rad-
ical attack, also significantly increases after brain focal or
global ischemia (13, 73).

FIG. 1 Main resources and
pathways for oxidant genera-
tion in vivo. NO and O2

�� are
produced in the brain during
ischemia=reperfusion. NO in-
duces protein nitrosylation as
well as ONOO� generation
by reacting with O2

��. SOD
detoxifies O2

�� to H2O2,
which is converted to H2O by
catalase or GSHPx. �OH,
which is produced from H2O2

through the Fenton or Haber-
Weiss reactions, causes cell
injury through oxidized lipid,
protein, DNA, and RNA.
GSHPx, glutathione peroxi-
dase; H2O2, hydrogen perox-
ide; NO, nitric oxide; O2

��,
superoxide anion; �OH, hy-
droxyl radical; ONOO�, per-
oxynitrite; SOD, superoxide
dismutase. (For interpretation
of the references to color in
this figure legend, the reader
is referred to the web version
of this article at www
.liebertonline.com=ars).
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Neuroprotective Effect of the Antioxidant Enzyme SOD

Three major SODs have been identified and each enzyme
has a specific cellular distribution and metal cofactors. Copper=
zinc SOD (SOD1) is a dimeric cytosolic enzyme that is coded
by the human SOD1 gene and that needs copper and zinc
cofactors. Manganese SOD (SOD2), which is expressed in
mitochondria, requires manganese for enzyme activity. Extra-
cellular SOD is mainly localized in extracellular space, cerebral
fluid, and cerebral vessels and its cofactors are copper and zinc
(Table 1) (9). Numerous research reports, especially studies of
SOD overexpression or in knock-out animals, have proven that
SODs are actively involved in neuroprotection after brain is-
chemia. Recent studies using transgenic (Tg) and mutant SOD
approaches are summarized in Table 2 (9, 53).

Copper=zinc SOD

As a result of the extremely short half-life (6 min) of SOD1
in circulating blood and its failure to pass the BBB and be
taken up intracellularly, its direct application is limited in
cerebral ischemia (9). However, using modified enzymes such
as liposome-entrapped SOD1 or lecithinized SOD1, which has
an increased half-life, the BBB becomes permeable, thus alle-
viating oxidative stress and reducing brain infarct volume by
50% in rodents subjected to tFCI (9).

SOD1-overexpressing Tg mice have been developed as the
TGHS=SF-218 strain, which carries the SOD1 gene with a CD1
background (18). Heterozygous Tg mice (SOD1þ=� Tg) have a
threefold increase in SOD1 activity, and a fivefold increase
in SOD1 activity has been reported in homozygous mice (18).
The protective effect of SOD1 against ischemia=reperfusion
cerebral damage was confirmed in mice subjected to tFCI. In-
farction volume in SOD1þ=� Tg mice was 26% less than in
wild-type mice. The decrease in infarction in the SOD1þ=� Tg
mice paralleled alleviation of neurological deficits (75). In a
permanent middle cerebral artery occlusion model, which did
not involve reperfusion, genetic manipulation of SOD1 did not
provide protection against brain ischemic damage, suggesting
that SOD1 mainly protects against reperfusion damage when
oxidants are robustly generated (11). Multiple mechanisms
have been identified that lead SOD1 to block mitochondrial-
mediated apoptosis (16, 22, 60, 68) and to regulate cell death
and cell survival signal transduction pathways (55, 62, 65).

In addition to focal ischemia, SOD1 also protects rodent
brains against transient global cerebral ischemia (tGCI) in-
duced by bilateral common carotid artery occlusion and blood

withdrawal (12, 51, 68). Global ischemic insult caused sig-
nificant delayed neuronal death in the hippocampal CA1 re-
gion in rodents, as assessed by cresyl violet staining and DNA
fragmentation analysis (67, 68). Administration of manganese
tetrakis (4-benzoic acid) porphyrin, a SOD mimetic, attenu-
ated tGCI-induced CA1 pyramidal neuronal damage and
neurological deficits (40). SOD1þ=� overexpression also re-
duced hippocampal neuronal death by 50% in a global is-
chemia model (12, 48, 68). No difference in plasticity of the
posterior communicating artery was identified between wild-
type and SOD1þ=� Tg mice. Thus, the protective role of SOD1
overexpression is unlikely due to the modification of blood
vessels and increasing blood supply (48).

The role of SOD1 in cerebral ischemia was further investi-
gated by the study of SOD1-deficient mice (36, 39). SOD1�=þ

mice, with a 50% reduction in SOD1 activity, demonstrated
larger infarct volume and brain swelling, accompanied
by increased apoptotic neuronal cell death compared with
wild-type controls after tFCI (39). Further, the mortality of
homozygous mutant SOD1�=� mice was 100% at 24 h of re-
perfusion after tFCI, and was significantly higher than in
wild-type mice (10%) (39).

Manganese SOD

The protective role of SOD2 against ischemic insult was
first identified in SOD2-overexpressing PC6 cells and
SOD2þ=� Tg mice. Overexpression of SOD2 in PC6 cells
prevented apoptosis induced by Fe2þ, amyloid b-peptide, or
nitric oxide-generating agents. In addition, SOD2 ameliorated
membrane lipid peroxidation and protein nitration, and re-
duced brain infarction volume by *25% after tFCI (37). On
the contrary, SOD2�=þ mice with less SOD activity exhibited
more O2

�� production, exacerbated cerebral infarction, and
worsening neurological deficits after tFCI (45, 46).

Cerebral ischemia=reperfusion also downregulated SOD2
expression (by 60% at 3 h of reperfusion) (32). Signal trans-
ducer and activator of transcription 3 (STAT3) is a novel
transcription factor of the SOD2 gene promoter. After tFCI,
STAT3 levels began to decrease as early as at 1 h of reperfu-
sion, and its recruitment into the SOD2 promoter was com-
pletely blocked. STAT3 deactivation caused subsequent
downregulation of SOD2 transcription and lower SOD2 pro-
tein levels in brain tissue. Therefore, in addition to increased
generation of oxidants, cerebral ischemia also impairs en-
dogenous SOD2 generation and further aggravates oxidative
brain damage (32).

Table 1. Mammalian Superoxide Dismutase

CuZnSOD (SOD1) MnSOD (SOD2) Extracellular SOD (SOD3)

Location Cytosol Mitochondria Extracellular space
MW (Da) 32,000 88,000 120,000
Metal factor Cu (catalytic active) Mn (catalytic active) Cu (catalytic active)

Zn (enzyme stability) Zn (enzyme stability)
Chromosome 21 (human) 6 (human) 4 (human)

16 (mouse) 17 (mouse) 5 (mouse)
Disease Amyotrophic lateral

sclerosis (familial)
Familial amyloidotic

polyneuropathy, type I
?

SOD, superoxide dismutase.
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Table 2. Transgenic Studies of Superoxide Dismutase

and NADPH Oxidase in Rodent Cerebral Ischemia

Study Insult Main findings

SOD
SOD1þ=� pFCI Decreased cortical infarct (�35%)
SOD1þ=� pFCI No protection
SOD1þ=� pFCI No difference in infarct volume
SOD1þ=� TFCI Decreased infarct
SOD1þ=� tFCI Sustained heat shock protein 70 mRNA expression
SOD1þ=� tFCI Sustained c-fos mRNA expression
SOD1þ=� tFCI Decreased injury (�50%)
SOD1þ=� tFCI Decreased DNA fragmentation
SOD1þ=� tFCI Decreased cytochrome c release
SOD1þ=� tFCI Decreased NF-kB expression
SOD1þ=� tFCI Decreased activation of activator protein-1
SOD1þ=� tFCI Decreased extracellular signal-regulated kinase activation
SOD1þ=� tFCI Decreased Bad activation
SOD1þ=� tFCI Akt activation
SOD1þ=� tFCI Decreased injury, protein kinase-like endoplasmic reticulum, eIF2a

kinase phosphorylation, and glucose-regulated protein 78 release
SOD1þ=� tFCI Increased integrin-linked kinase expression and integrin-linked

kinase=Akt complex
SOD1þ=� tFCI Increased murine double minute-2 gene activation; decreased nuclear p53
SOD1þ=� tFCI Decreased monocyte chemoattractant protein 1 and macrophage inflammatory

protein 1a expression
SOD1þ=� tFCI Decreased level of O2

�; decreased NF-kB activation and phosphorylation
SOD1þ=� tFCI Increased pPRAS, pPRAS=pAkt binding, and pPRAS=14-3-3 protein binding
SOD1þ=� tFCI Decreased level of O2

�; inhibited persistent upregulation of NF-kB
SOD1þ=� tFCI Decreased matrix metalloproteinase activity and Evans blue leakage
SOD1þ=� tFCI Decreased activity of p38, Evans blue leakage, edema, and infarct
SOD1þ=� tGCI Induction of heat shock protein 70
SOD1þ=� tGCI Decreased injury (�50%)
SOD1þ=� tGCI Decreased injury (�50%)
SOD1þ=� tGCI Decreased active caspase
SOD1þ=� tGCI Decreased endoplasmic reticulum damage
SOD1þ=� tGCI Inhibited apurinic=apyrimidinic endonuclease=redox factor-1 decrease;

decreased injury
SOD1þ=� tGCI Increased pAkt and p-glycogen synthase kinase-3b expression
SOD1þ=� tGCI Decreased p53 translocation to mitochondria
SOD1þ=� tGCI Decreased p53-upregulated modulator of apoptosis activation and injury
SOD1�=� pFCI No difference in infarct volume
SOD1�=� tFCI Increased infarct, swelling, and mortality
SOD1�=� tFCI Increased lesion size and edema
SOD1�=� tGCI Increased cell death
SOD1�=� tFCI Increased blood–brain barrier disruption
SOD2þ=� tFCI Decreased brain injury
SOD2�=þ tFCI Hyperglycemia Increased brain infarction
SOD2�=þ pFCI Increased infarct (66%)
SOD2�=þ pFCI Cytochrome c release and DNA fragmentation increase
SOD2�=þ tFCI Increased cytochrome c release
SOD2�=þ tFCI Increased brain infarction, neurological deficits
SOD2�=þ tFCI Increased blood–brain barrier damage
SOD2�=þ tFCI Increased infarction, hemorrhage
NADPH oxidase
Gp91phox�=� tFCI Reduced infarct (72)
Gp91phox�=� tFCI Reduced infarct (13)
p47phox�=� HG=GR Reduced neurodegeneration and mortality (69)
p47phox�=� Forebrain I=R Reduced neurodegeneration and mortality (70)

All data from References 9 and 53, unless otherwise noted.
NF-kB, nuclear factor kappa B; pFCI, permanent focal cerebral ischemia; pPRAS, phosphorylated proline-rich Akt substrate; tFCI, transient

FCI; tGCI, transient global cerebral ischemia.
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Redox signaling and SODs

Many signal pathway molecules are known to be regulated
by the redox state in cells. Oxidative stress induces the
activation=inhibition of those pathways (15). As well as di-
rectly alleviating an oxidative attack in macromolecules, SOD
also regulates redox-sensitive signal transduction pathways
upstream after ischemia (Fig. 2) (9).

The transcription factor nuclear factor kappa B (NF-kB) is
composed of a heterodimer with one 50-kDa (p50) and one 65-
kDa (p65) polypeptide. NF-kB dimers are retained in the cy-
tosol by interacting with an inhibitor subunit IkB. IkB kinase
contains a cysteine residue in its regulatory domain, which is
sensitive to modification by oxidants (35). Oxidants activate
IkB kinase and subsequently cause the phosphorylation of
IkB. Phosphorylated IkB is ubiquitinated and degraded by
proteasomes, resulting in dis-inhibition of NF-kB, which then
translocates into the nucleus, binds the promoter, and plays a
pivotal role in controlling multiple gene expression. NF-kB
gene products, such as tumor necrosis factor-a, interleukin
(IL)-1b, IL-6, inducible nitric oxide synthase, and matrix me-
talloproteinase 9 (MMP9), mediate the postischemic inflam-
matory response, BBB disruption, and secondary neuronal
injury (59). Meanwhile, NF-kB also regulates expression of
antiapoptotic proteins, including Bcl-2, playing a role in
neuronal survival (59). Due to the different gene products of
NF-kB, its role in activation and signaling in ischemic brain
damage is controversial (59). It is possible that the variable

nature of ischemic injuries (permanent vs. transient, duration,
and severity of ischemia) and activation of different cell types
(neurons vs. microglia) cause different gene product tran-
scription and different roles for NF-kB in cerebral ischemia.

Our studies revealed that phosphorylation and degrada-
tion of IkB began to increase at 1 h of reperfusion after 1 h of
tFCI, followed by activation of NF-kB as shown by electro-
phoretic mobility shift assay. However, in SOD1þ=� Tg mice,
which demonstrated less pronounced oxidative stress, acti-
vation of the NF-kB pathway was alleviated compared with
wild-type mice (65, 66). Indeed, compared with wild-type
mice, SOD1þ=� Tg mice demonstrated significantly less up-
regulation of cytokines and chemokines such as IL-1b, tumor
necrosis factor-a, IL-6, monocyte chemoattractant protein 1,
and macrophage inflammatory protein 1a (54) (Fig. 2). SOD1
also promoted NF-kB-mediated neuroprotective gene tran-
scription after tFCI, including antiapoptotic factors Bcl-2 and
X chromosome-linked inhibitor-of-apoptosis protein (66).

p38, a mitogen-activated protein kinase (MAPK) family
member, can be strongly activated by reactive oxygen species
(15). Significant activation of the p38 pathway was revealed in
postischemic brain tissue, and p38 played important roles in
transducing stress-related signals by phosphorylating intracel-
lular enzymes, transcription factors, and cytosolic proteins in-
volved in apoptosis and inflammatory cytokine production
(29). Sustained activation of p38 MAPK is associated with
neuronal death, and the selective p38 MAPK inhibitor SB239036
can promote survival of a variety of neurons (4, 58). A p38
MAPK pathway substrate, cytosolic phospholipase A2, caused
cell membrane phospholipid hydrolysis and mediated arachi-
donic acid metabolism, leading to brain damage (2). Post-
ischemic activation of p38 activity and cytosolic phospholipase
A2 was significantly alleviated in SOD1þ=� Tg rats compared
with wild-type rats at both 1 and 3 days after reperfusion (55).
This was accompanied by 70% less infarction volume and better
neurological behavior in the SOD1þ=� Tg rats (55). Therefore,
SOD1 alleviates p38-mediated cell death pathway activity and
confers neuroprotective effects after brain ischemia (Fig. 2).

Cell survival pathways also play an important role in de-
termining the fate of ischemic tissue. In contrast to p38, Akt, a
pathway downstream of phosphoinositide 3-kinase, is a key
factor in the regulation of cell survival pathways after cerebral
ischemia (20). Akt phosphorylated Bad and obviated its in-
hibitory effect on the antiapoptotic protein Bcl-XL, ultimately
inhibiting the release of cytochrome c (8, 14). In addition, Akt
phosphorylated pro-caspase-9 and inactivated caspases (8).
Activated proline-rich Akt substrate (PRAS), which mediates
the neuroprotective effect of nerve growth factor, is also a
downstream substrate of the Akt pathway (63). After tFCI,
Akt pathways were inhibited, and its downstream products
such as phosphorylated PRAS (pPRAS) were all reduced.
Inhibition of the Akt pathway shifted the cell fate toward
death signal pathways (62). In addition, fluorescence double
staining revealed that the reduction in pPRAS was most re-
markable in regions with strong oxidized HEt signals, which
further indicates that postischemic oxidants inhibit the Akt-
pPRAS pathway (62). SOD1 overexpression not only reduced
postischemic oxidative stress, but also significantly promoted
activation of the Akt pathway and expression of pPRAS (57,
62). Consistent with these results in focal ischemia, SOD1
overexpression also enhanced persistent Akt pathway acti-
vation and provided protection against delayed hippocampal

FIG. 2. SOD and cell death=survival pathways. Three
oxidative stress-mediated pathways are shown. Oxidants
cause cell death by direct oxidation of macromolecules. Oxi-
dants can also induce redox-sensitive pathway activation,
including Akt, p38, and NF-kB pathways. SOD promotes cell
survival through reduction of oxidative stress and inhibition
of cell death pathways. MAPK, mitogen-activated protein
kinase; NF-kB, nuclear factor kappa B; PKC, protein kinase C.
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CA1 injury in a global ischemia model (17). Taken together,
SOD1 can strengthen cell survival by enhancing the Akt
pathways after brain ischemia (Fig. 2).

BBB disruption and SOD

The BBB, which is composed of cerebral vascular endothelial
cells and astrocytes, strictly controls exchanges between blood
and brain compartments. BBB disruption after stroke can
worsen ischemic injury and mortality by increasing edema and
causing hemorrhage. After tFCI, endothelial cells are also
subjected to increased oxidative stress, as revealed by increased
O2
�� signals in vascular endothelial cells in vivo (45). Oxygen-

glucose deprivation (OGD) caused DNA damage in a pri-
mary endothelial cell culture, showing that cerebral vascular
endothelial cells are vulnerable to ischemic insult (50). OGD-
induced cell death was significantly alleviated in SOD1þ=� Tg
endothelial cells, which indicates that oxidative stress plays a
role in endothelial cell ischemic death (50).

As well as leading to injury of endothelial cells, ischemia=
reperfusion can also induce degradation of the extracellular
matrix components in basal lamina, further impairing BBB
permeability (46). MMPs, expressed in microvascular endo-
thelial cells, are a family of proteolytic enzymes that cause
extracellular matrix degradation. Free radicals generated
during cerebral ischemia=reperfusion cause proMMP activa-
tion and these activated MMPs cause BBB injury through
degradation of the neurovascular matrix, thereby playing
a deleterious role in stroke (30, 43). The MMP-9 inhibitor
SB-3CT rescued laminin from proteolysis and neurons from
apoptosis in tFCI and in MMP-9 knock-out mice and dem-
onstrated less infarction and BBB disruption after focal
ischemia (3, 25). After tFCI, activated MMP-9 was observed at
4 h of reperfusion, paralleling the increase in BBB permeability
as detected by Evans blue extravasation (45, 46). In addition,
double staining revealed the spatial colocalization of MMP-9
and O2

�� at the level of the capillary walls and astrocytic
processes, which implies that oxidative stress promotes
MMP-9 activation after ischemia in vivo (23).

Inhibition of MMP activity by overexpression of SOD1 has
been revealed in rodent cerebral ischemia models. In postis-
chemic SOD1þ=� Tg mice, not only were less oxidants de-
tected by HEt, but significantly less MMP-9 activation was
also observed compared with wild-type mice (34). Moreover,
SOD1þ=� Tg mice exhibited less Evans blue leakage, which
indicates better preserved BBB integrity than in wild-type
mice (34). On the contrary, more pronounced MMP-9 gene
expression and BBB leakage was reported in SOD1�=� mice
(23). NF-kB, a main transcription factor and binding in the
promoter region of MMP-9, was significantly activated under
oxidative stress conditions (see discussion above), and it may
mediate MMP-9 activation after cerebral ischemia.

We have reported that mitochondrial SOD2 is also in-
volved in postischemic MMP activation and BBB disruption,
using SOD2�=þ heterozygous mice that had 50% SOD activ-
ity. At 72 h of reperfusion after 30 min of ischemia, MMP-
9-positive vessel counts for SOD2�=þ mice were significantly
higher than in wild-type mice (46). Western blot results re-
vealed significantly more MMP-9 protein expression in both
cultured endothelial cells and in isolated microvessels from
SOD2�=þ mice after ischemia and reperfusion (45). Tight
junction proteins, which are anchored into endothelial cells

and stitch them together, are crucial for maintaining the close
contact of endothelial cells and BBB integrity. After ischemia,
tight junction proteins of endothelial cells, such as zonula
occludens-1, occludin, and claudin5, exhibited progressive
degradation during the evolution of infarction. This was
accompanied by increasing BBB disruption and brain hem-
orrhage. Degradation of tight junction proteins was more
severe in SOD2�=þ mice, which indicates that tight junction
proteins are molecular targets of oxidants (45). Further,
SOD2�=þ mice demonstrated delayed BBB breakdown and
high brain hemorrhage rates. These adverse consequences
were absent in wild-type littermates or SOD2þ=� Tg mice (45).
In summary, SOD maintains BBB integrity and reduces brain
damage by protecting endothelial cells and inhibiting MMP
activity in experimental stroke.

The Pro-Oxidant Enzyme NOX

General characteristics of NOX

NOX is a multisubunit complex composed of membrane-
associated subunits, including gp91phox and p22phox (phox:
phagocyte oxidase), cytosolic subunits, which include p47phox,
p67phox, and p40phox, as well as one of the small Rho GTP-
binding proteins Rac1 or 2. The catalytic subunit of the
enzyme gp91phox, NOX2, is present with several homologs,
including NOX1, NOX3, NOX4, NOX5, and DUOX1 and 2 (6).
In this review we focus on NOX2, which is the prototype NOX
and is the most extensively studied. As NOX is being acti-
vated, p47phox is phosphorylated on serine 8–9 by either the
proline-direct kinase or protein kinase C (PKC) (31). p47phox

phosphorylation subsequently causes the cytosolic subunits
p47phox, p67phox, and p40phox to translocate into membranes
and fuse with the catalytic subunit gp91phox. This is followed
by interaction between Rac and gp91phox (6). The activated
enzyme complex transports electrons from NADPH in the
cytosol to oxygen in the extracellular space, thus producing
O2
�� (6) (Fig. 3). gp91phox knock-out (gp91phox�=�) and

gp47phox knock-out (gp47phox�=�) mice have been produced
and are widely used in NOX studies (6). Apocynin, a NOX
inhibitor with a relatively low affinity (IC * 10mM), is also a
commonly used compound in NOX studies (6).

Distribution and regulation of NOX

The gp91phox subunit was initially discovered in neutro-
phils. It generates O2

�� for killing bacteria and therefore plays
an important role in host defense (6). gp91phox and its ho-
mologs including NOX1 and NOX4 were discovered in non-
phagocytic cell types and tissue, including the brain. Infanger
and colleagues (28) compared expression of NOX1, gp91phox,
and NOX4 in different regions of mouse brains using RT-PCR.
gp91phox and NOX4 were the dominant homologs expressed
in fore-, mid-, and hindbrain of the mice, whereas NOX1 was
detectable, but at low levels. In vivo immunohistological
studies have demonstrated expression of the gp91phox subunit
in various brain regions, including the cortex, hippocampus,
medulla, hypothalamus, pons, and cerebellum (6, 28). Ubi-
quitous expression of NOX in brain tissue indicates its role in
brain physiological function, and indeed NOX has been im-
plicated in regulating synaptic plasticity and memory for-
mation. It is also becoming clear that overactivation of NOX
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plays a role in many neurodegenerative diseases such as
stroke and Alzheimer’s disease (6).

Expression and activity of NOX in the central nervous
system are regulated by ischemia=reperfusion. After 90 min of
tFCI, expression of the gp91phox subunit began to increase as
early as 2 h, and reached its peak of 3.5-fold of the baseline at
22.5 h of reperfusion (27). Moreover, at 2 h of reperfusion after
tFCI, a significant amount of the p47phox subunit translocated
to the membrane, further indicating the activation of NOX
(27). Consistent with the changes in the subunits, both NOX
activity and O2

�� levels exhibited a remarkable increase after
ischemia during reperfusion (27).

Casein kinase 2 (CK2) plays a role in regulating NOX ac-
tivity after cerebral ischemic injury. Under normal conditions,
Rac1 is captured by the subunit CK2a, which prevents the
translocation of Rac1 and activation of NOX. The protein
levels of the catalytic subunit CK2a and the total activity of
CK2 significantly decreased after tFCI. In addition, binding
between CK2a and Rac1 was immediately diminished after
tFCI. Therefore, translocation of Rac1 to membrane remark-
ably increased, which eventually led to NOX activation after
focal ischemia (Fig. 3) (38).

The role of NOX in cerebral ischemic damage in vivo

In OGD-treated hippocampal and cortical neurons, three
distinct mechanisms contributed to generating oxygen radi-

cals and causing oxidative injury, with each mechanism op-
erating at a different stage of ischemia and reperfusion (1). At
the early phase during hypoxia, oxidants were produced by
mitochondria and xanthine oxidase. A the late phase, gener-
ation of oxidants appeared during reoxygenation and they
were absent in gp91phox�=� neurons. Therefore, NOX is the
main contributor to late-phase oxidant generation (1). Further,
inhibition of NOX by diphenyleneiodonium or genetic knock-
out of the gp91phox subunit reduced OGD-mediated cell death
by 30% to 40% (1). Consistent with the findings in an OGD
model, 2 h of glucose deprivation and 1 h of glucose reperfu-
sion caused significant O2

�� generation in mouse cortical
neurons. This phenomenon was abolished by the NOX in-
hibitor apocynin or genetic knock-out of the p47phox subunit
(69). Moreover, after 2 h of glucose deprivation and 22 h of
glucose reperfusion, wild-type neurons exhibited 92% cell
death, whereas only 8% to 10% cell death was observed in
p47phox�=�-treated and apocynin-treated neurons (69). These
data further support the evidence that NOX plays a primary
role in ischemic neuronal injury.

During brain ischemia, a significant amount of glutamate is
released from cells. Levels of extracellular glutamate rose
from 50–90 mM to 1–5 mM in the striatal core, by microdialysis
(42). A high level of extracellular glutamate caused ex-
citotoxicity, which further exacerbated ischemic brain injury
(42). Massive oxidant generation after excitotoxicity is well
established and is an important mechanism of excitotoxic cell

FIG. 3. Overview of NOX activa-
tion. p47phox phosphorylation subse-
quently causes the cytosolic subunits
p47phox, p67phox, and p40phox to
translocate into membranes and fuse
with the catalytic subunit gp91phox.
This is followed by interaction be-
tween Rac and gp91phox. NOX acti-
vation and subsequent oxidant
generation contribute to postischemic
neuronal injury, the inflammatory
process, and BBB disruption. P,
phosphorylation; BBB, blood–brain
barrier; NOX, NADPH oxidase. (In
part, from Chan PH. Reperfusion and
neurovascular dysfunction in stroke:
from basic mechanisms to potential
strategies for neuroprotection. The
Thomas Willis Lecture. International
Stroke Conference 2008; New Or-
leans, February 20–22, 2008.) (For in-
terpretation of the references to color
in this figure legend, the reader is re-
ferred to the web version of this arti-
cle at www.liebertonline.com=ars).
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damage (42). In vitro studies demonstrated that NOX plays a
central role in oxidant generation under excitotoxic condi-
tions. Ca2þ influx through N-methyl-d-aspartate (NMDA)
receptors activated PKCz, which in turn phosphorylated
p47phox and triggered the translocation of p47phox, finally
initiating the activation of the NOX enzyme (Fig. 4) (7). In
cultured p47phox�=� neurons or NOX-inhibited neurons,
NMDA-mediated O2

�� generation was nearly abolished.
A remarkable reduction in cell death was also reported in
NOX-inhibited neurons under these conditions (7). Further
O2
�� generation in hippocampal neurons by direct NMDA

injection was nearly blocked by either NOX or PKCz inhibi-
tion. Thus, NOX is the primary source of O2

�� production
after neuronal glutamate receptor activation, and NOX inhi-
bition protects neurons from excitotoxic damage (7).

The role of NOX in cerebral ischemic damage in vivo

The role of NOX in focal ischemic brain damage was
studied by comparing brain damage between wild-type and
gp91phox�=�mice after tFCI (13, 33, 72). Infarct volume at 22 h
of reperfusion was significantly less in the gp91phox�=� mice
(29.1 mm3) than in their wild-type littermates (54.0 mm3) after
2 h of tFCI. Further, elimination of functional NOX from cir-
culation by bone marrow transplant in the gp91phox�=� mice
did not reduce the infarct size induced by tFCI. This suggests
that inactivation of circulating NOX in neutrophils does not
confer protection against transient ischemia and reperfusion
(72). Recently, we investigated the role of NOX in cerebral
ischemia using both pharmacological and genetic manipula-
tion approaches (13). NOX inhibition by apocynin reduced

postischemic O2
�� generation in neurons and microglia (13).

In addition, the amount of lipid or DNA peroxidation prod-
ucts, including MDA, HNE, and 8-OHdG, was significantly
reduced in the gp91phox�=� and apocynin-treated mice. Thus,
inhibition of NOX reduces free radical generation and alle-
viates oxidative damage to brain macromolecules, including
DNA and lipids, in vivo (13). Moreover, NOX promotes oxi-
dant formation in cerebral vascular endothelial cells and
contributes to the disruption of the BBB, a major component of
the neurovascular unit, after ischemia. Genetic ablation of
gp91phox or treatment with apocynin alleviated the postis-
chemic BBB disruption and brain hemorrhage at 24 h of
reperfusion (33). We further compared brain damage at 72 h
of reperfusion after focal ischemia among wild-type,
gp91phox�=�-treated, and apocynin-treated mice (13). At 72 h
of reperfusion, the brains showed a larger infarction volume
than at 24 h (106 vs. 53 mm3), which suggests a delayed cell
death process. The gp91phox�=�-treated or apocynin-treated
mice still showed 46% to 50% less brain infarction than the
wild-type mice at 72 h of reperfusion. This further confirms
that NOX inhibition indeed protects the brain, not just delays
the progress of brain damage after ischemia (13). Further,
apocynin treatment also significantly reduced neurological
deficit scores in mice after focal ischemia. Thus, the mice with
NOX inhibition not only showed less brain damage, but also
maintained better behavioral functions (13, 71).

In addition to focal ischemia, NOX inhibition also protects
the brain against forebrain and global ischemic injury. After
mice were subjected to transient forebrain ischemia, the brains
showed a threefold increase in Et signals in CA1 neurons
relative to sham controls. This increase was almost abolished
by p47phox�=� or apocynin administration. The number of
degenerating neurons identified in the CA1 hippocampus at 3
days of reperfusion was also nearly abolished in NOX-in-
hibited mice (70). Further, the role of NOX in global ischemia
was investigated. Global ischemic insult caused *90% hip-
pocampal pyramidal neuronal degeneration in gerbils. Strong
HNE immunoactivity was also revealed, indicating lipid
peroxidation due to excessive production of oxidants (73).
Pretreatment with apocynin significantly attenuated HNE
expression and increased CA1 neuronal survival from *10%
to *60% (73). tGCI insult caused injury to selective mouse
striatal medium spiny neurons. NOX inhibition significantly
attenuated the death of these neurons (77). Therefore, NOX
contributes to brain damage in global ischemia as well as in
focal ischemia.

Crosstalk between NOX and SOD in cerebral ischemia

Intracellular redox homeostasis is normally maintained by
concerted actions of antioxidant systems, including SOD and
pro-oxidant enzymes such as NOX. After ischemia, gp91phox

protein expression and NOX activity rise significantly, which
shifts the balance to increasing oxidative stress in brain tissue
(13, 27). The increase in gp91phox in SOD1 Tg mice was much
less than that in wild-type mice after tFCI. Further, in
SOD1�=� mice, there was significantly more gp91phox upre-
gulation than in wild-type mice after cerebral ischemia (13).
This suggests that NOX expression is regulated by the redox
state of the brain tissue and endogenous SOD levels (13). In
contrast, administration of the NOX inhibitor apocynin re-
duced infarction by>50% in SOD2�=�mice subjected to tFCI.

FIG. 4. NOX activation in excitotoxicity after ischemia.
During excitotoxicity, Ca2þ influx through the NMDAR
causes PKCz activation and subsequent p47phox phosphory-
lation, which then initiates NOX activation, and finally
contributes to cell damage through oxidant generation.
NMDAR, N-methyl-d-aspartate receptor.
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This further indicates that the elaborate crosstalk between
NOX and SOD and the inhibition of NOX can be a new
therapeutic target for an antioxidant-enzyme deficit (13).

Oxidative Stress Involving Postischemic
Mitochondrial Dysfunction

Cytochrome c–mediated apoptosis after ischemia

Mitochondria play a central role in apoptosis by releasing
cytochrome c from the intermembrane space to the cytoplasm.
In the cytosol, cytochrome c binds apoptotic protease acti-
vating factor 1 and, in the presence of dATP, forms a multi-
meric complex. Procaspase-9 is then recruited to the complex
and activated by autocleavage. Activated caspase-9 is the
initiator of and is upstream of the executor caspase, caspase-3,
which attacks the cell structure, leading to apoptosis (Fig. 5)
(74, 76). Activated caspase-9 directly cleaves procaspase-3,
and active caspase-3 triggers apoptosis (74). The inhibitor-of-
apoptosis family proteins negatively regulate caspase acti-
vation by binding caspases. Second mitochondria-derived
activator of caspases, which is also released from mitochon-
dria during cell-death-related stimuli, neutralizes the effect of
inhibitor-of-apoptosis family proteins and promotes caspase
activation (Fig. 5) (74).

A large amount of literature has demonstrated that oxida-
tive stress causes the release of cytochrome c and subsequent
apoptosis after brain ischemia (10, 12, 16, 22, 39). After tFCI,
the cytosolic cytochrome c level began to increase 2 h after
reperfusion, and correspondingly, mitochondrial cytochrome
c was significantly reduced. Cytosolic cytochrome c release
was less significant in SOD1 Tg mice compared with wild-
type mice. These data suggest that SOD1 blocks release of
cytochrome c from mitochondria and could thereby reduce
apoptosis after tFCI (22).

A major pro-apoptotic protein, Bad, is important for cyto-
chrome c release. Bad exists as an inactivate complex with the
molecular chaperone 14-3-3. Apoptotic stimuli caused the
dephosphorylation of Bad and its translocation to the mito-
chondrial membrane, where it neutralized the antiapoptotic
protein Bcl-XL and promoted cytochrome c release (79). SOD1
overexpression may inhibit cytochrome c release through
prevention of Bad dephosphorylation and translocation to
mitochondria. Further, SOD1 increased the binding between
Bad and 14-3-3. Therefore, SOD1 inhibited cytochrome c re-
lease from mitochondria and promoted cell survival by
shifting the fate of Bad (60) (Fig. 5). Consistent with studies of
focal ischemia, SOD1 overexpression also alleviated cyto-
chrome c and second mitochondria-derived activator of cas-
pases release from mitochondria, and reduced cleaved
caspase-9 and caspase-3 compared with wild-type mice after
global ischemia. Further, 85% of hippocampal CA1 neurons in
wild-type rats showed apoptotic DNA damage 3 days after
ischemia, which was significantly higher than in their SOD1
Tg littermates (45%) (68).

The role of SOD2 in apoptosis was studied using SOD2�=þ

mice. Cytosolic accumulation of cytochrome c and DNA
laddering were more severe in SOD2�=þ mice compared
with wild-type animals after permanent FCI (21). In addi-
tion, more cleaved caspase-9 and cytochrome c proteins
were detected in the cytosol of SOD2�=þ mice by Western
blotting. Further, the SOD2�=þ mice showed significantly
more TUNEL-positive cells than wild-type animals (56).
Therefore, SOD2 blocked cytosolic release of cytochrome c,
and then cytochrome c mediated the downstream apopto-
sis pathway, and finally alleviated apoptosis after cerebral
ischemia.

The p53 pathway mediated apoptosis after ischemia

The tumor suppressor gene p53 induces apoptosis through
transcription-dependent pathways, in which p53 binds to
specific DNA sequences and transcripts expression of a
number of pro-apoptotic protein genes, including Bcl-2-as-
sociated X protein, BH3-interacting domain death agonist
(Bid), and p53-upregulated modulator of apoptosis (PUMA)
(24) (Fig. 5). Further, p53 is also involved in mitochondrial-
mediated apoptosis through transcription-independent
pathways. Apoptotic stimuli can cause p53 to translocate into
the mitochondrial membrane and form an inhibitory complex
with protective Bcl-XL in the mitochondrial fraction. There-
fore, the p53 protein can facilitate the release of cytochrome c,
leading to apoptosis by inactivation of Bcl-XL (16) (Fig. 5). p53
translocation is facilitated after cerebral ischemia, and inhi-
bition of p53 is neuroprotective (16, 41). As well as alleviating
apoptosis, recent studies also demonstrated that inhibition of
p53 enhances the survival and proliferation of endogenous

FIG. 5. SOD and mitochondrial-mediated apoptosis. Cy-
tochrome c plays a central role in apoptosis. p53 facilitates
apoptosis through transcription-dependent and transcription-
independent pathways. SOD inhibits both the cytochrome c–
mediated and p53-mediated apoptosis pathways. (For inter-
pretation of the references to color in this figure legend, the
reader is referred to the web version of this article at
www.liebertonline.com=ars).
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neural progenitor cells and functional recovery after stroke in
rats (44).

Under physiological conditions, degradation of p53 hin-
dered its role in apoptotic regulation and prevention of cell
death. In addition, the transcription regulatory activity of p53
was abolished by phosphorylated murine double minute-2
gene in the nucleus (47). During cerebral ischemia, increased
amounts of p53 were attributed to greater accumulation of
ubiquitylated p53 and less p53 degradation (61). SOD1
overexpression not only facilitated p53 degradation through
reduction of ubiquitylated p53, but also promoted murine
double minute-2 gene phosphorylation and nuclear translo-
cation. Therefore, SOD1 strongly inhibits p53-mediated apo-
ptosis by furthering p53 degradation and decreasing p53
activity (61) (Fig. 5).

The p53 gene transcription product, PUMA, is a critical
mediator of apoptosis induced by a wide variety of stimuli.
It directly binds and antagonizes antiapoptotic Bcl-2 family
members such as Bcl-2-associated X protein and Bak.
Therefore, it induces mitochondrial dysfunction and cas-
pase activation (78). After global ischemia, p53-mediated
PUMA transcription and PUMA translocation to the mito-
chondrial membrane were significantly increased. Both the
p53 inhibitor pifithrin-a and SOD1 overexpression abol-
ished PUMA upregulation (51). The p53 pathway is also
involved in neuronal apoptosis through another important
downstream protein, the PIDDosome, which includes a
protein complex of p53-induced protein with a death do-
main (PIDD) and procaspase-2. Global ischemia caused
p53-mediated=caspase-2 activation through the PIDDosome
and caspase-2 promoted neuronal apoptosis by activating
Bid in mouse brains (52). It would be interesting to further
detect the role of oxidative stress in the p53=PIDD=caspase-
2=Bid pathway using SOD mutant mice.

In summary, oxidative stress can induce neuronal apo-
ptosis through specific mitochondrial or p53-mediated path-
ways (Fig. 5). In addition to the specific pathways discussed
above, alleviation of unspecific mitochondrial membrane
damage by SOD overexpression cannot be excluded and it
may also contribute to reduced cytochrome c release. Alter-
natively, increased SOD in the cytosol or mitochondria may
directly reduce mitochondrial oxidative stress, thereby pre-
venting the release of cytochrome c.

Clinical Trials of Antioxidants and the Challenges
of Experimental Animal Studies

Despite our understanding of the pathophysiological role
of oxidative stress in ischemic brain damage, and the prom-
ising results conferred by antioxidants in experimental stroke
studies, a recent randomized, double-blind trial (stroke acute
ischemic NXY treatment II) that employed NXY-059, a
scavenger of free radicals, failed to demonstrate favorable
outcomes when compared with matching placebo groups
(64). There may be multiple reasons for the discrepancies
between clinical and experimental studies, including but not
limited to, the differences in subjects (humans vs. rodents),
therapeutic window (within 6 h postischemia vs. pretreat-
ment or post-treatment), age (68.8 years vs. juvenile animals),
and comorbidity (77.2% hypertension, 46.1% cardio-embolic
stroke, 33% ischemic heart disease, and 24.9% diabetes vs.
healthy animals). Future investigation of the therapeutic

window and use of aging animals with comorbidities (hy-
pertension, diabetes, etc.) may help the successful translation
to clinical usage.

Conclusions

Oxidant generation is a hallmark of the pathological pro-
cess after cerebral ischemia and reperfusion. Genetic manip-
ulation of pro-oxidant or antioxidant enzymes has provided a
powerful tool to study the roles of free radicals in ischemic
brain injury. SOD overexpression protects against ischemic
brain damage by reducing oxidative injury and modifying
redox signals. SOD also alleviates mitochondrial dysfunction
and subsequent apoptosis after cerebral ischemia. In contrast,
NOX, a pro-oxidant enzyme, exacerbates cerebral oxidative
stress and contributes to ischemic brain damage. Compre-
hensive knowledge regarding the crosstalk between SOD and
NOX in postischemic oxidative stress (Yin and Yang) may
provide insights into the development of potential therapeutic
strategies for stroke.
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Abbreviations Used

8-OHdG¼ 8-hydroxy-2-deoxyguanosine
BBB¼ blood–brain barrier
Bid¼BH3-interacting domain death agonist

CK2¼ casein kinase 2
Et¼ ethidine

GSHPx¼ glutathione peroxidase
H2O2¼hydrogen peroxide

HEt¼hydroethidine
HNE¼ 4-hydroxy-trans-2-nonenal

IL¼ interleukin
MAPK¼mitogen-activated protein kinase

MDA¼malondialdehyde
MMP¼matrix metalloproteinase

NF-kB¼nuclear factor kappa B
NMDAR¼N-methyl-d-aspartate receptor

NO¼nitric oxide
NOX¼NADPH oxidase
O2·

� ¼ superoxide anion
OGD¼ oxygen-glucose deprivation

·OH¼hydroxyl radical
ONOO� ¼peroxynitrite

pFCI¼permanent focal cerebral ischemia
PIDD¼p53-induced protein with a death domain
PKC¼protein kinase C

pPRAS¼phosphorylated proline-rich Akt substrate
PRAS¼proline-rich Akt substrate

PUMA¼p53-upregulated modulator of apoptosis
SOD¼ superoxide dismutase

SOD1¼ copper=zinc SOD
SOD2¼manganese SOD

STAT3¼ signal transducer and activator
of transcription 3

tFCI¼ transient focal cerebral ischemia
Tg¼ transgenic

tGCI¼ transient global cerebral ischemia
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