The Open Drug Discovery Journal, 2010, 2, 187-192 187

Apocynin in the Treatment of Ischemic Stroke
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Abstract: Apocynin has been used as an efficient inhibitor of the NADPH oxidase complex in experimental studies.
NADPH oxidase was originally identified immune cells as playing an important microbicidal role. In cerebral ischemia,
inflammation is increasingly being recognized as contributing negatively to neurological outcome, with NADPH-oxidase
as an important source of superoxide. Recently, several forms of this oxidase have been found in a variety of non-immune
cells. Neuronal NADPH oxidase is thought to participate in long-term potentiation and intercellular signaling. However,
excessive superoxide production is damaging and has been shown to play an important role in the progression of brain

injury. NADPH oxidase is a multisubunit complex composed of membrane-associated gp9

1Ph% and p22P"* subunits and

cytosolic subunits, p47°™*, p67°"* and p40P"* and Rac. When NADPH oxidase is activated through phosphorylatoin of

p 47phox

, cytosolic subunits translocate to the cell membrane and fuse with the catalytic subunit, gp91ph°", The activated

enzyme complex transports electrons to oxygen, thus producing the superoxide anion (O,*), a precursor of reactive
oxygen species. An NADPH oxidase assembly inhibitor, apocynin, has been shown alleviate oxidative stress and
improves neurological outcome after cerebral ischemia. There is recent interest in the role of NADPH oxidase and
apocynin as neuroprotective strategies against ischemia. This review will focus on therapeutic effects of NADPH oxidase
assembly and its inhibitor apocynin in stroke and other brain injuries.
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1. INTRODUCTION

Stroke is a significant cause of death and disability in
industrialized nations, yet, there are few treatments. The
major therapeutic strategy for treatment of acute ischemic
stroke is rapid recanalization, either by pharmacological
means through thrombolytic agents, or mechanical
thrombectomy [1, 2]. However, the time window for
intervention limits these therapies to a small number of
patients, and their inappropriate use can actually worsen
outcome. This worsened outcome has been blamed on
complications of delayed recanalization such as worsened
brain edema or symptomatic brain hemorrhage, a
phenomenon commonly referred to as ‘reperfusion injury’
[3, 4]. Thus, therapies to minimize reperfusion injury might
expand populations of stroke patients eligible for treatment.
Reactive species, radicals derived from oxygen or nitric
oxide are thought to be major contributors to this damage.
Upon reperfusion, the brain is quickly exposed to
oxygenated blood, and injured mitochondria of the ischemic
brain are rendered incapable of detoxifying free radical [5].
Further, immune cells which infiltrate ischemic tissue or
plug ischemic microvasculature can also generate reactive
species through several enzyme systems [6]. Recent studies
have focused on the role of superoxide generating systems in
immune cells and their consequences on reperfusion injury.
One enzyme system is nicotinamide adenine dinucleotide
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phosphate (NADPH) oxidase, or NOX, originally found on
leukocytes, but now recognized in several types of cells in
the brain. Inhibition of NOX can potentially reduce the
amount of superoxide generated during reperfusion, and thus
limit reperfusion injury. Such a strategy has the potential to
not only treat acute ischemic stroke, but also reduce
complications of recanalizing strategies by using it in
combination  with  thrombolytics  or  mechanical
thrombectomy devices.

2. NADPH OXIDASE

NOX is a membrane-bound enzyme complex. It can be
found in the plasma membrane as well as in the membrane
of phagosome. NOX was originally found in leukocytes and
is a major source of reactive oxygen species generation [7].
The complex is normally latent in neutrophils and is
activated to assemble in the membranes during respiratory
burst. Among many enzymes utilizing molecular oxygen as
substrate, NOX can serve as a source of ROS in CNS. NOX
is a multi-component enzyme comprising a cytoplasmic
subunits (p47™%, p67°™*, and p40™* and Rac2) and upon
phosphorylation, these subunits can form a complex and
translocate to the plasma membrane to dock with the plasma
membrane subunits (p91°"*, p22P™~) [8]. The catalytic core
of the enzyme is thought comprise gp91°™* and p22°"™* [9].
Catalysis of NOX occurs in the p91”"°* subunit (Nox2) and is
initiated by transferring of electrons from molecular oxygen
through redox coupling with NADPH, FAD and heme to
produce superoxide anion (0,"") [10] (Fig. 1).

Superoxide can be produced in phagosomes, which
contain ingested bacteria and fungi, or it can be produced
outside of the cell. In a phagosome, superoxide can
spontaneously form hydrogen peroxide that will undergo
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Fig. (1). NADPH oxidase activation in stroke. NADPH oxidase comprises cytosolic (p4
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subunits (gp91 PhOX and p22 Phoxy which associate to make an activated enzyme. The NADPH-binding domain is predicted to be the cytosolic
side of the membrane, whereas O,*~ generation is predicted to occur on the extracellular side. The exact mechanism by which stroke triggers

this activation is not fully clear, and there may actually be several.

further reactions to generate reactive oxygen species (ROS).
Vascular ROS are produced in endothelial, adventitial, and
VSMCs and derived primarily from NOX, a multisubunit
enzyme catalyzing a superoxide anion (O,°") production by
the 1 electron reduction of oxygen using NADPH as the
electron donor: 20, + NADPH — 20, + NADP + H' [11].
Superoxide is capable of killing bacteria and fungi by
mechanisms that are not yet fully understood, but may
inactivate critical metabolic enzymes, initiate lipid
peroxidation and liberate redox active iron, which allows the
generation of indiscriminate oxidants such as the hydroxyl
radical. Superoxide probably kills bacteria directly as the
virulence of many pathogens is dramatically attenuated when
their superoxide dismutase (SOD) genes are deleted.
However, downstream products of superoxide also include
hydrogen peroxide and hypochlorous acid, the reactive agent
in bleach.

NOX activation depends on phosphorylation, especially
of the p47°™* subunit [9]. While other subunits can be
phosphorylated, p47°"™ phosphorylation appears key in the
membrane translocation of other subunits as well. Kinases
known to phosphorylate p47 include several of protein
kinase C isoforms (B, & and {) as well as p38 and p2l
mitogen activated kinases (MAPK) and protein kinase B.
Further, it appears that NOX can be regulated by the
inflammatory transcription factor, nuclear factor kappa B
(NFkB). NFkB can induce gp91P™™ expression, as cells
deficient in NFkB’s p65 subunit express less gp91°™ in
response to lipopolysaccharide (LPS) stimulation [12].

3. APOCYNIN

Apocynin  (4-hydorxoy-3-methoxyacetopheone), also
known as acetovanillone, is a natural organic compound. It

has been isolated from a variety of plant sources and is being
studied for its variety of pharmacological properties.
Apocynin was first described by Oswald Schmiedeberg, a
German pharmacologist, in 1883 and was first isolated from
the root of Canadian hemp (Apocynum cannabinum). At the
time, this plant was already being used for its effectiveness
against edema and heart problems. In 1971, apocynin was
also isolated from Picrorhiza kurroa, a small plant that grows
at high altitudes in the western Himalayas. P. kurroa was
used for ages by the indigenous peoples as a treatment for
liver and heart problems, jaundice, and asthma. In 1990,
Simons ef al. isolated apocynin to a pharmacologically
useful level using an actively guided isolation procedure
[13]. Apocynin has a smell of vanilla and a melting point of
115C. It is an acetophenone with a molecular weight of
166.17 [14, 15] (Fig. 2).
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Fig. (2). Chemical structure of apocynin.
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Apocynin has anti-oxidant and anti-inflammatory
capabilities, specifically to block the activity of NOX by
interfering with the assembly of the cytosolic and membrane
components of the enzyme. Apocynin has been studied in
many experiment models involving phagocytic and
nonphagocytic cells [16, 17].

NOX is an enzyme that effectively reduces O, to
superoxide (0,°7), which can be used by the immune system
to kill bacteria and fungi. Apocynin is an inhibitor of NOX
activity and thus is effective in preventing the production of
the superoxide in human white blood cells or neutrophilic
granulocytes. It does not however obstruct the phagocytic or
other defense roles of Granulocytes. Due to the selectivity of
its inhibition, apocynin can be widely used as an inhibitor of
NOX without interfering in other aspects of the immune
system.

Apocynin was used to determine whether ionic activation
due to proton flux across the membrane of renal medulla
cells was coupled to NOX production of superoxide.
Apoycnin was introduced to the cells and completely
blocked the production of superoxide. This was a key
component in determining that the proton outflow was
responsible for the activation of NADPH oxidase.

4. NADPH OXIDASE ACTIVATION INDUCES
SUPEROXIDE PRODUCTION AFTER STROKE

Reactive oxygen species are an important underlying
factor in delayed neuronal death induced by cerebral
ischemia—reperfusion (I/R). During reperfusion, robust
oxidants are generated and are directly involved in the
damage to cellular macromolecules, such as lipids, proteins,
and nucleic acids, eventually leading to cell death [5]. Many
prooxidant enzymes, including nitric oxide synthase,
cyclooxygenase (COX), and xanthine oxidase, participate in
oxidative injury in cerebral ischemia [18]. Superoxide
produced from NOX may interact with nitric oxide from
inducible nitric oxide synthase (iNOS) to form peroxynitrite,
which is an especially reactive species that can contribute to
neuronal death [19].

There 1is increasing evidence that inflammation
accompanying ischemic stroke accounts for some of its
progression, at least acutely [6, 20, 21]. A robust
inflammatory reaction characterized by peripheral leukocyte
influx into the cerebral parenchyma and activation of
endogenous microglia follows focal cerebral ischemia. This
leads to the generation of reactive oxygen species (ROS)
which can then stimulate ischemic cells, even ischemic
neurons, to secrete inflammatory factors. Generation of ROS
by inflammatory cells occurs via several enzyme systems,
but NOX is the major enzyme that generates superoxide.
How NOX is activated in stroke is not entirely clear, but
phosphorylation of the p47°"™ subunit appears important.
p47°"* phosphorylation can occur through several kinases
also upregulated and activated by brain ischemia, including
several protein kinase C isoforms and the p38 and p21
MAPKSs. While numerous forms of the enzyme have now
been described [7], phagocytic NOX, also referred to as
NOX2, is associated with immune cells.

Recent studies have also suggested that NOX is also
expressed in the central nervous system. /n vitro studies have
shown NOX expression in neurons, astrocytes, and in
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microglia [10]. Immunohistochemistry studies have shown
that NOX subunits are widely distributed in the cortex, the
hippocampus, and in the cerebellum in vivo [22-25]. NOX
has also been documented to increase in the brain after
experimental stroke [26]. Mice deficient in the gp91™™
subunit had smaller infarcts than mice with an intact enzyme
in models of focal cerebral ischemia followed by reperfusion
[27-29]. Further, NOX appears to play a significant role in
reperfusion injury, as reperfusion permits the restoration of
glucose to the ischemic brain. The restoration of glucose
(rather than oxygen, which is traditionally thought to be a
source of ROS in this setting) appears to ‘fuel’ NOX by
serving as an electron donor to produce damaging levels of
superoxide [30]. Interestingly, reperfusion in the presence of
glucose appears to increase neuronal NOX activity and NOX
deficiency or inhibition prevents this. NOX also appears to
be a primary souce of ROS generated by NMDA receptor
activation [31].

The importance of vascular NOX has also been
demonstrated. Aged mice have dysregulated cerebrovascular
responses compared to similar aged mice deficient in NOX
[32]. Vascular NOX also appears to contribute to
cerebrovascular dysfunction and behavioral deficits in
models of Alzheimer’s disease [33, 34].

5. APOCYNIN INHIBITS NADPH OXIDASE -
INDUCED SUPEROXIDE PRODUCTION

Apocynin is a commonly used NOX inhibitor with
relatively low affinity (IC50 ~10 pmol/L) in neutrophils [35]. It
does not seem to interfere with the PMNs other defense
mechanisms, as it does not affect phagocytosis or intracellular
killing [36]. Apocynin inhibits the release of O,*” through NOX
by blocking migration of p47"™ to the membrane, thus
interfering with assembly of the functional NOX complex [37].
The inhibitory action of the compound is not entirely specific to
NOX, however. Some of its inhibitory activity at least initially
may involve myeloperoxidase (MPO) because apocynin does
not inhibit NOX in cells deficient in MPO [38]. MPO together
with hydrogen peroxide can facilitate APO dimerization (Fig
3a), and these dimers can prevent assembly of an active enzyme
complex (Fig. 3b). Furthermore, agents such as zymosan that
promote the release of MPO also enhance the efficacy of
apocynin [39]. In cells that are not rich in MPO, apocynin can
reduce oxidant stress through a nonspecific oxidative scavenger
effect instead of NOX inhibition [40]. However, besides MPO,
other peroxidases, such as horseradish peroxidase, can also
induce apocynin dimer formation with a consequent NOX
inhibitory effect [37, 41]. In addition, in vivo studies showed
that MPO secreted by neutrophils can be taken up by
endothelial cells, in which apocynin can then be metabolized to
active dimers, thus inhibiting vascular NOX [37]. In line with
this concept, it was observed that supplementation with thiol
provided either as glutathione or cysteine prevents the inhibitory
effect of apocynin on the NAPDH oxidase. Apocynin dimer
formation may be responsible for its delayed inhibitory property
[42], and it has been suggested that this dimer is what blocks
NOX activity [39].

6. APOCYNIN PROTECTS
ISCHEMIC DAMAGE

THE BRAIN FROM

NOX is the one of the major sources of super oxide
generation, and reperfusion injury can further worsen
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Fig. (3). Mechanism of NOX inhibition by apocynin. (a) Apocynin dimerization by myeloperoxidase (MPO) and hydrogen peroxide (H,0O,),
(b) The mechanism of inhibition of apocynin on NADPH oxidase-induced superoxide production. Apocynin prevents assembly of an intact
enzyme complex by preventing the association of cytosolic subunit p47 with the membrane subunit gp91.

ischemic injury by permitting a massive influx of leukocytes
and the generation of ROS in the injured brain [43]. Since
apocynin can inhibit NOX, it may have an important role in
preventing brain injury due to reperfusion in experimental
studies of stroke. Apocynin, by virtue of blocking ROS
generation, can inhibit immune responses. In monocytes, it
can suppress NF-xB activation and prevent COX-2
expression [44]. It is also effective against abeta-induced
microglial proliferation and lipopolysaccharide (LPS) and
interferon induced cell death [45, 46]. Altered NADPH
oxidase function has been linked to neurological disorders
such as Alzheimer’s (ALS) and Parkinson’s diseases (PD)
[47]. Apocynin has been effective in ameliorating
neurodegeneration in both in vivo and in vitro models of PD
[48, 49], and retarded disease progression and extended
survival in a mouse ALS model [50].

Apocynin has been studied by a few groups in brain
ischemia models. From our own lab, we found that a dose of

2.5 mg/kg given parenterally just prior to reperfusion, or 1.5
h after ischemia onset, resulted in reduced infarct volume
and improved neurological outcome [51]. We also found that
0,* is largely generated in neurons and some
microglia/monocytes, with no generation in brain vascular
endothelial cells. Apocynin markedly reduced O, in the
brain. However, apocynin at higher doses (3.75 and 5 mg/kg)
failed to show any benefit, and actually increased the
severity of brain hemorrhage. Thus, this rather narrow
therapeutic dose range may limit its translation to the clinical
level. However, other groups have shown salutary effects of
apocynin at doses as high as 50 mg/kg [27, 52]. In global
cerebral ischemia, 5 mg/kg apocynin attenuated hippocampal
injury when given prior to ischemia onset [53]. In safety
studies of uninjured mice, apocynin was well tolerated in
single oral doses of up to 1000 mg/kg [54].

Immune cell generated NOX also appears important in
the maintenance of vascular integrity. The addition of
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microglia to endothelial cell and astrocyte cocultures
worsens ischemia-like injury, and inhibiting superoxide
production with apocynin preserved these BBB constituents
in vitro [55]. Thus, NOX contributes to BBB disruption
downstream events in ischemic stroke. In fact, apocynin
attenuated brain edema formation, matrix mettaloproteinase-
9 (MMP-9) expression [56], BBB disruption and
hemorrhagic transformation [51] as well as inhibiting
immune cell responses [29]. The temporal therapeutic
window of apocynin has not been systematically studied, and
current experimental data are conflicting. Some studies
showed that apocynin given at the time of reperfusion (2 h
post ischemia onset) protected against experimental stroke
[51]. However, a recent study showed that treatment with
apocynin 30 min prior to ischemia onset was protective,
while treatment begun 1 h after initiation of reperfusion (2h
post ischemia onset) had no effect [57]. Reasons for these
discrepancies are not clear, but might be due to the
importance of inhibiting NOX at the time of reperfusion, and
not after.

7. CONCLUSIONS

Taken together, apocynin, a NOX inhibitor, reduces
infarct volume, cerebral hemorrhage, and BBB disruption
and improves neurological function following experimental
stroke by several laboratories. While it may have a relatively
narrow therapeutic window, we suggest that apocynin, or
similar targets of NOX deserve attention, and studies to
develop safe and selective drugs may be useful in the
treatment of clinical stroke. Since NOX likely affects
damaging effects of stroke during reperfusion, an inhibitor
such as apocynin may have great utility in patients at risk for
reperfusion injury following thrombolysis or mechanical
thrombectomy.

ACKNOWLEDGEMENTS

This work was supported by grants to MAY from: NIH
NINDS (RO1 NS40516, P50 NS014543), American Heart
Association Established Investigator Award and the
Department of Defense and the Department of Veterans
Affairs.

CONFLICT OF INTEREST STATEMENT

None of the authors have any financial interest relevant
to the work presented in this manuscript.

REFERENCES

[1] Jahan, R. Hyperacute therapy of ischemic stroke: intravenous
thrombolysis. Tech. Vasc. Interv. Radiol., 2005, 8(2), 81-86.

[2] Jahan, R. Hyperacute therapy of acute ischemic stroke: intraarterial

thrombolysis and mechanical revascularization strategies. Tech.
Vasc. Interv. Radiol., 2005, 8(2), 87-91.

[3] Kuroda, S.; Siesjo, B.K.; Reperfusion damage following focal
ischemia; pathophysiology and therapeutic windows. Clin.
Neurosci., 1997, 4(4), 199-212.

[4] Aronowski, J.; Strong, R.; Grotta, J.C. Reperfusion injury:
demonstration of brain damage produced by reperfusion after
transient focal ischemia in rats. J. Cereb. Blood Flow Metab., 1997,
17(10), 1048-1056.

[5] Chan, P.H. Reactive oxygen radicals in signaling and damage in
the ischemic brain. J. Cereb. Blood Flow Metab., 2001, 21(1), 2-
14.

[6] Wang, Q.; Tang, X.N.; Yenari, M.A. The inflammatory response in
stroke. J. Neuroimmunol., 2007, 184(1-2), 53-68.

[7] Lambeth, J.D. NOX enzymes and the biology of reactive oxygen.
Nat. Rev. Immunol., 2004, 4(3), 181-189.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

The Open Drug Discovery Journal, 2010, Volume 2 191

Bokoch, G.M.; Knaus, U.G. NADPH oxidases not just for
leukocytes anymore! Trends Biochem. Sci., 2003, 28(9), 502-508.
Groemping, Y.; Rittinger, K. Activation and assembly of the
NADPH oxidase: a structural perspective. Biochem. J., 2005,
386(Pt 3),401-416.

Bedard, K.; Krause, K.H. The NOX family of ROS-generating
NADPH oxidases: physiology and pathophysiology. Physiol. Rev.,
2007, 87(1), 245-313.

Lassegue, B.; Clempus, R.E. Vascular NAD (P) H oxidases:
specific features, expression, and regulation. Am. J. Physiol. Regul.
Integr. Comp. Physiol., 2003, 285(2), R277-297.

Anrather, J.; Racchumi, G.; Iadecola, C. NF-kappaB regulates
phagocytic NADPH oxidase by inducing the expression of
gp91phox. J. Biol. Chem., 2006, 281(9), 5657-5667.

‘tHart, B.A.; Bakker, N.P.; Labadie, R.P.; Simons, J.M. The newly
developed neutrophil oxidative burst antagonist apocynin inhibits
joint-swelling in rat collagen arthritis. Agents Actions Suppl., 1991,
32, 179-184.

Luchtefeld, R.; Luo, R.; Stine, K.; Alt, M.L.; Chernovitz, P.A_;
Smith, R.E. Dose formulation and analysis of diapocynin. J. Agric.
Food Chem., 2008, 56(2), 301-306.

Hougee, S.; Hartog, A.; Sanders, A.; Graus, Y.M.; Hoijer, M.A_;
Garssen, J.; van den Berg, W.B.; van Beuningen, H.M.; Smit, H.F.
Oral administration of the NADPH-oxidase inhibitor apocynin
partially restores diminished cartilage proteoglycan synthesis and
reduces inflammation in mice. Eur. J. Pharmacol., 2006, 531(1-3),
264-269.

Lafeber, F.P.; Beukelman, C.J.; van den Worm, E.; van Roy, J.L.;
Vianen, M.E.; van Roon, J.A.; van Dijk, H.; Bijlsma, J.W.
Apocynin, a plant-derived, cartilage-saving drug, might be useful
in the treatment of rheumatoid arthritis. Rheumatology (Oxford),
1999, 38(11), 1088-1093.

Zhang, Y.; Chan, M.M.; Andrews, M.C.; Mori, T.A.; Croft, K.D.;
McKenzie, K.U.; Schyvens, C.G.; Whitworth, J.A. Apocynin but
not allopurinol prevents and reverses adrenocorticotropic hormone-
induced hypertension in the rat. Am. J. Hypertens., 2005, 18(7),
910-6.

Chan, P.H. Mitochondria and neuronal death/survival signaling
pathways in cerebral ischemia. Neurochem. Res., 2004, 29(11),
1943-1949.

Brown, G.C. Mechanisms of inflammatory neurodegeneration:
iNOS and NADPH oxidase. Biochem. Soc. Trans., 2007, 35(Pt 5),
1119-1121.

Zheng, Z.; Yenari, M.A. Post-ischemic inflammation; molecular
mechanisms and therapeutic implications. Neurol. Res., 2004,
26(8), 884-892.

Chamorro, A.; Hallenbeck, J. The harms and benefits of
inflammatory and immune responses in vascular disease. Stroke,
2006, 37(2),291-293.

Serrano, F.; Kolluri, N.S.; Wientjes, F.B.; Card, J.P.; Klann, E.
NADPH oxidase immunoreactivity in the mouse brain. Brain Res.,
2003, 988(1-2), 193-198.

Tejada-Simon, M.V.; Serrano, F.; Villasana, L.E.; Kanterewicz,
B.I; Wu, G.Y.; Quinn, M.T.; Klann, E. Synaptic localization of a
functional NADPH oxidase in the mouse hippocampus. Mol. Cell.
Neurosci., 2005, 29(1), 97-106.

Kim, M.J.; Shin, K.S.; Chung, Y.B.; Jung, K.W.; Cha, C.I.; Shin,
D.H. Immunohistochemical study of p47Phox and gp91Phox
distributions in rat brain. Brain Res., 2005, 1040(1-2), 178-186.
Infanger, D.W.; Sharma, R.V.; Davisson, R.L. NADPH oxidases of
the brain: distribution, regulation, and function. Antioxid. Redox.
Signal., 2006, 8(9-10), 1583-1596.

Vallet, P.; Charnay, Y.; Steger, K.; Ogier-Denis, E.; Kovari, E.;
Herrmann, F.; Michel, J.P.; Szanto, I. Neuronal expression of the
NADPH oxidase NOX4, and its regulation in mouse experimental
brain ischemia. Neuroscience, 2005, 132(2), 233-238.

Kahles, T.; Luedike, P.; Endres, M.; Galla, H.J.; Steinmetz, H.;
Busse, R.; Neumann-Haefelin, T.; Brandes, R.P. NADPH oxidase
plays a central role in blood-brain barrier damage in experimental
stroke. Stroke, 2007, 38(11), 3000-3006.

Walder, C.E.; Green, S.P.; Darbonne, W.C.; Mathias, J.; Rae, J.;
Dinauer, M.C.; Curnutte, J.T.; Thomas, G.R. Ischemic stroke injury
is reduced in mice lacking a functional NADPH oxidase. Stroke,
1997, 28(11), 2252-2258.



192 The Open Drug Discovery Journal, 2010, Volume 2

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Chen, H.; Song, Y.S.; Chan, P.H. Inhibition of NADPH oxidase is
neuroprotective after ischemia-reperfusion. J. Cereb. Blood Flow
Metab., 2009, 29(7), 1262-1272.

Suh, S.W.; Shin, B.S.; Ma, H.; Van Hoecke, M.; Brennan, A.M.;
Yenari, M.A.; Swanson, R.A. Glucose and NADPH oxidase drive
neuronal superoxide formation in stroke. Ann. Neurol., 2008, 64(6),
654-663.

Brennan, A.M.; Suh, S.W.; Won, S.J.; Narasimhan, P.; Kauppinen,
T.M.; Lee, H.; Edling, Y.; Chan, P.H.; Swanson, R.A. NADPH
oxidase is the primary source of superoxide induced by NMDA
receptor activation. Nat. Neurosci., 2009, 12(7), 857-863.

Park, L.; Anrather, J.; Girouard, H.; Zhou, P.; Iadecola, C. Nox2-
derived reactive oxygen species mediate neurovascular
dysregulation in the aging mouse brain. J. Cereb. Blood Flow
Metab., 2007, 27(12), 1908-1918.

Park, L.; Zhou, P.; Pitstick, R.; Capone, C.; Anrather, J.; Norris, E.
H.; Younkin, L.; Younkin, S.; Carlson, G.; McEwen, B.S.;
Tadecola, C. Nox2-derived radicals contribute to neurovascular and
behavioral dysfunction in mice overexpressing the amyloid
precursor protein. Proc. Natl. Acad. Sci. U.S.A., 2008, 105(4),
1347-1352.

Park, L.; Anrather, J.; Zhou, P.; Frys, K.; Pitstick, R.; Younkin, S.;
Carlson, G.A.; Iadecola, C. NADPH-oxidase-derived reactive
oxygen species mediate the cerebrovascular dysfunction induced
by the amyloid beta peptide. J. Neurosci., 2005, 25(7), 1769-1777.
Simons, J.M.; Hart, B.A.; Ip Vai Ching, T.R.; Van Dijk, H.;
Labadie, R.P. Metabolic activation of natural phenols into selective
oxidative burst agonists by activated human neutrophils. Free
Radic. Biol. Med., 1990, 8(3), 251-258.

Stolk, J.; Hiltermann, T.J.; Dijkman, J.H.; Verhoeven, A.J.
Characteristics of the inhibition of NADPH oxidase activation in
neutrophils by apocynin, a methoxy-substituted catechol. Am. J.
Respir. Cell. Mol. Biol., 1994, 11(1), 95-102.

Touyz, R.M. Apocynin, NADPH oxidase, and vascular cells: a
complex matter. Hypertension, 2008, 51(2), 172-174.

Stolk, J.; Rossie, W.; Dijkman, J.H.; Apocynin improves the
efficacy of secretory leukocyte protease inhibitor in experimental
emphysema. Am. J. Respir. Crit. Care Med., 1994, 150(6 Pt 1),
1628-1631.

Van den Worm, E.; Beukelman, C.J.; Van den Berg, A.J.; Kroes,
B.H.; Labadie, R.P.; Van Dijk, H. Effects of methoxylation of
apocynin and analogs on the inhibition of reactive oxygen species
production by stimulated human neutrophils. Eur. J. Pharmacol.,
2001, 433(2-3), 225-230.

Heumuller, S.; Wind, S.; Barbosa-Sicard, E.; Schmidt, H.H.; Busse,
R.; Schroder, K.; Brandes, R.P. Apocynin is not an inhibitor of
vascular NADPH oxidases but an antioxidant. Hypertension, 2008,
51(2),211-217.

Vejrazka, M.; Micek, R.; Stipek, S. Apocynin inhibits NADPH
oxidase in phagocytes but stimulates ROS production in non-
phagocytic cells. Biochem. Biophys. Acta., 2005, 1722(2), 143-147.
Ximenes, V.F.; Fernandes, J.R.; Bueno, V.B.; Catalani, L.H.; de
Oliveira, G.H.; Machado, R.G. The effect of pH on horseradish
peroxidase-catalyzed oxidation of melatonin: production of N1-
acetyl-N2-5-methoxykynuramine vs radical-mediated degradation.
J. Pineal. Res., 2007, 42(3), 291-296.

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Kim et al.

Hallenbeck, J.M.; Dutka, A.J. Background review and current
concepts of reperfusion injury. Arch. Neurol., 1990, 47(11), 1245-
1254.

Barbieri, S.S.; Cavalca, V.; Eligini, S.; Brambilla, M.; Caiani, A.;
Tremoli, E.; Colli, S. Apocynin prevents cyclooxygenase 2
expression in human monocytes through NADPH oxidase and
glutathione redox-dependent mechanisms. Free Radic. Biol. Med.,
2004, 37(2), 156-165.

Li, M.; Pisalyaput, K.; Galvan, M.; Tenner, A.J. Macrophage
colony stimulatory factor and interferon-gamma trigger distinct
mechanisms for augmentation of beta-amyloid-induced microglia-
mediated neurotoxicity. J. Neurochem., 2004, 91(3), 623-633.
Jekabsone, A.; Mander, P.K.; Tickler, A.; Sharpe, M.; Brown, G.C.
Fibrillar beta-amyloid peptide Abetal-40 activates microglial
proliferation via stimulating TNF-alpha release and H,O, derived
from NADPH oxidase: a cell culture study. J. Neuroinflamm.,
2006, 3, 24.

Lambeth, J.D. Nox enzymes, ROS, and chronic disease: an
example of antagonistic pleiotropy. Free Radic. Biol. Med., 2007,
43(3), 332-347.

Anantharam, V.; Kaul, S.; Song, C.; Kanthasamy, A.; Kanthasamy,
A.G. Pharmacological inhibition of neuronal NADPH oxidase
protects against 1-methyl-4-phenylpyridinium (MPP+)-induced
oxidative stress and apoptosis in mesencephalic dopaminergic
neuronal cells. Neurotoxicology, 2007, 28(5), 988-997.

Gao, H.M.; Hong, J.S.; Zhang, W.; Liu, B. Synergistic
dopaminergic neurotoxicity of the pesticide rotenone and
inflammogen lipopolysaccharide: relevance to the etiology of
Parkinson's disease. J. Neurosci., 2003, 23(4), 1228-1236.

Boillee, S.; Cleveland, D.W. Revisiting oxidative damage in ALS:
microglia, Nox, and mutant SODI. J. Clin. Invest., 2008, 118(2),
474-478.

Tang, X.N.; Cairns, B.; Cairns, N.; Yenari, M.A. Apocynin
improves outcome in experimental stroke with a narrow dose
range. Neuroscience, 2008, 154(2), 556-562.

Tang, L.L.; Ye, K.; Yang, X.F.; Zheng, J.S. Apocynin attenuates
cerebral infarction after transient focal ischaemia in rats. J. Int.
Med. Res., 2007, 35(4), 517-522.

Wang, Q.; Tompkins, K.D.; Simonyi, A.; Korthuis, R.J.; Sun, A.Y ;
Sun, G.Y. Apocynin protects against global cerebral ischemia-
reperfusion-induced oxidative stress and injury in the gerbil
hippocampus. Brain Res., 2006, 1090(1), 182-189.

Pandey, A.; Kour, K.; Bani, S.; Suri, K.A.; Satti, N.K.; Sharma, P.;
Qazi, G.N. Amelioration of adjuvant induced arthritis by apocynin.
Phytother. Res., 2009, 23(10), 1462-1468.

Yenari, M.A.; Xu, L.; Tang, X.N.; Qiao, Y.; Giffard, R.G.
Microglia potentiate damage to blood-brain barrier constituents;
improvement by minocycline in vivo and in vitro. Stroke, 2006,
37(4), 1087-1093.

Liu, W.; Sood, R.; Chen, Q.; Sakoglu, U.; Hendren, J.; Cetin, O.;
Miyake, M.; Liu, K.J. Normobaric hyperoxia inhibits NADPH
oxidase-mediated matrix metalloproteinase-9 induction in cerebral
microvessels in experimental stroke. J. Neurochem., 2008, 107(5),
1196-1205.

Jackman, K.A.; Miller, A.A.; De Silva, T.M.; Crack, P.J;
Drummond, G.R.; Sobey, C.G. Reduction of cerebral infarct
volume by apocynin requires pretreatment and is absent in Nox2-
deficient mice. Br. J. Pharmacol., 2009, 156(4), 680-688.

Received: April 29,2010

© Kim et al.; Licensee Bentham Open.

Revised: June 16, 2010

Accepted: September 15,2010

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/licenses/by-
nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly cited.



