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Abstract
There is considerable evidence that activated microglia play a central role in the
pathogenesis of many prominent neurodegenerative disorders, including Parkinson’s and
Alzheimer’s diseases. The elevated NADPH oxidase activity of these microglia
contributes importantly to their pathogenic impact, collaborating with increased iNOS
activity to generate the cytotoxic oxidant peroxynitrite. Phycocyanobilin (PCB), a
chromophore derived from biliverdin that constitutes up to 1% of the dry weight of
spirulina, has recently been shown to be a potent inhibitor of NADPH oxidase. The
possibility that orally administered PCB could reach the brain parenchyma in sufficient
concentrations to influence microglial function is consistent with the findings of two
rodent studies: orally administered C-phycocyanin (the spirulina holoprotein that includes
PCB) suppresses the neurotoxic impact of the excitotoxin kainite in rats, and a diet high
in spirulina ameliorates the loss of dopaminergic neurons in the MPTP-induced
Parkinsonian syndrome in mice. Hence, supplemental PCB may have considerable
potential for preventing or slowing the progression of a range of neurodegenerative
disorders. Some of the central physiological effects of PCB may also reflect inhibition of
neuronal NADPH oxidase, which is now known to have a modulatory impact on neuron
function, and can mediate neurotoxicity in certain circumstances. Neuronal NADPH
oxidase activation is an obligate mediator of the central pressor effect of angiotensin II,
and there is suggestive evidence that it may also play a role in inflammatory
hyperalgesia; these findings point to possible antihypertensive and analgesic applications
for PCB. The likely favorable effects of PCB on vascular health may also protect the
brain by decreasing stroke risk, and inhibition of NADPH oxidase in rodents has been
shown to lessen the neurotoxic impact of temporary cerebral ischemia. PCB may thus
have versatile potential for preserving the healthful function of the central nervous system
into advanced old age - albeit optimal neuroprotection may require more complex
regimens that incorporate PCB along with other well tolerated nutraceuticals and drugs,
in conjunction with prudent lifestyle modifications.

Phycocyanobilin - a Phytonutrient Inhibitor of NADPH Oxidase
Phycocyanobilin (PCB), a chromophore that plays an essential light-harvesting role in
many blue-green algae and cyanobacteria, has recently been shown to be a potent
inhibitor of the NADPH oxidase activity of various human cell cultures in low
micromolar concentrations (Inoguchi T, personal communication). PCB is a derivative
of biliverdin, and intracellular PCB can be reduced by biliverdin reductase to
phycocyanorubin, which is very similar in structure to bilirubin.1 Recent studies have
revealed that unconjugated bilirubin functions physiologically as an extremely potent

inhibitor of NADPH oxidase2-4 – a finding which rationalizes the important antioxidant
activity of heme oxygenase,5 as well as the health protection associated with Gilbert
syndrome, a genetic variant characterized by elevated free bilirubin levels. 6-9 It thus
seems likely that phycocyanorubin is the proximal mediator of PCB’s impact on NADPH
oxidase activity.9 The possibility that PCB can act as an effective antioxidant when
administered orally is strongly supported by Cuban studies showing that oral
phycocyanin (the spirulina protein that carries PCB as its chromophore) exerts wideranging anti-inflammatory effects in rodents.10-12
A Central Role for Activated Microglia in Neurodegenerative Disorders
Activated microglia are now suspected to play a central pathogenic role in the induction
and progression of various prominent neurodegenerative conditions, including
Parkinson’s and Alzheimer’s diseases, HIV-associated dementia, amyotrophic lateral
sclerosis, periventricular leukomalacia (a common cause of cerebral palsy), multiple
sclerosis, and subacute spinal cord injury.13-29 This conclusion is based on histological
studies of clinical lesions, the neurotoxic impact of activated microglia in mixed
neuron/microglia cultures, and the major pathogenic role which activated microglia play
in rodent models of these neurodegenerative syndromes. Microglia are activated in
response to the death of nearby neurons – a still mysterious phenomenon known as
“reactive gliosis” – and/or in response to a stimulus provided by dysfunctional neurons
(e.g. amyloid beta). This microglial activation can become self-sustained, and often
contributes to the death or dysfunction of other nearby neurons – thereby closing a
vicious cycle of neuronal death and microglial activation. In “white matter” disorders,
such as periventricular leukomalacia and multiple sclerosis, activated microglia
contribute to the death of oligodendrocytes that constitute the myelin lining of axons.
A key feature of microglial activation is an amplification of NADPH activity, which
contributes in at least two ways to the pathogenicity of these microglia – it often upregulates microglial expression of enzymes and cytokines that can mediate cytotoxicitiy –
such as iNOS, Cox-2, TNF-alpha, and IL-130-35; but it also contributes more directly to
the pathogenic impact of microglia by promoting production of hydrogen peroxide and,
more importantly, peroxynitrite, thought to be a key mediator of neurotoxicity in many
neurodegenerative disorders.36-42 One recent study in vitro concludes that microglia are
neuroprotective in the absence of oxidative stress, but become neurotoxic once
superoxide production via NADPH oxidase is stimulated.43 Other recent research
concludes that microglia are only notably cytotoxic if NADPH oxidase and iNOS are
concurrently induced – thus enabling rapid production of peroxynitrite.26 Microglia tend
to be relatively resistant to oxidant damage, owing to their superior antioxidant defenses,
but the peroxynitrite they produce is readily cell permeable, and is far more destructive to
neurons.
PCB May Have Access to Brain Parenchyma
These considerations suggest that PCB may well have potential for preventing or slowing
the progression of neurodegenerative syndromes via its impact on oxidant generation in
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microglia. However, can safe and feasible intakes of this agent could get through the
blood-brain barrier in sufficient concentration to achieve a meaningful inhibition of
oxidant stress in brain microglia? Two studies suggest that the answer to this crucial
question may be yes.
In 1999, Spanish and Cuban researchers reported that oral administration of Cphycocyanin – a spirulina protein which contains PCB as a covalently bound
chromophore – protects rats from the neurotoxicity of kainite, a glutamate analog that
induces excitotoxicity and epileptic seizures.44 C-phycocyanin was repeatedly
administered orally in a dose of 100 mg/kg (roughly equivalent to 5 mg/kg PCB), 24
hours, 16 hours, and 1 hour prior to injection of kainite. The rats were sacrificed one
week later, and indirect markers of hippocampal neuronal death were assessed – markers
indicative of microglial and astroglial activation. These markers were notably elevated in
the control rats treated with kainite, but pre-administration of C-phycocyanin almost
wholly prevented this elevation. Moreover, the phycocyanin-treated rats were
significantly less prone to the neurobehavioral effects of kainite – seizures, tremors, and
“wet dog shakes” – and, as contrasted with the decrease in weight gain noted in the rats
treated with kainite alone, the C-phycocyanin-treated rats maintained normal weight gain.
These findings can be viewed in the context of a recent report that kainite administration
evokes oxidant stress in the hippocampus that is associated with membrane translocation
of the cytoplasmic components of NADPH oxidase (indicative of the activation of this
enzyme complex).45 Ex vivo, this excess oxidant stress was suppressed by DPI, a potent
inhibitor of NADPH oxidase. Furthermore, kainite-evoked neuronal damage was
substantially mitigated in transgenic mice expressing increased levels of extracellular
superoxide dismutase (which would be expected to suppress peroxynitrite generation). In
light of these findings, a reasonable interpretation of the previous Spanish study is that
PCB derived from digested C-phycocyanin (or perhaps a digestive product containing
PCB) was absorbed, passed through blood-brain barrier, and was able to suppress the
microglial peroxynitrite generation evoked by kainite administration – thereby
diminishing the neuropathological impact of the kainite.
Very recently, additional pertinent observations have been reported by Mexican
researchers. Diets highly enriched in whole spirulina (providing up to 200 mg/kg/day)
were found to have a marked ameliorative effect on the loss of striatal dopamine in
MPTP-treated mice.46 The neurodegeneration associated with MPTP adminstration is
considered to represent a model for human Parkinsonsism. Previous research has
established that microglial NADPH activation is a prominent mediator of the neural
damage triggered by MPTP in this syndrome.47-50 Although whole spirulina contains a
range of phytochemicals that have radical-scavenging potential, the most parsimonious
explanation of the protection afforded by spirulina in MPTP-treated mice is that PCB
derived from digested spirulina was absorbed, gained access to brain microglia, and
suppressed their production of oxidant stress.
Hence, two experimental studies, one in rats and one in mice, are consistent with the
proposition that feasible oral doses of PCB can gain access to brain parenchyma in
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sufficient concentration to suppress the generation of oxidant stress by activated
microglia. Unless humans are notably different from rodents in regard to PCB transport,
it thus appears likely that PCB has great clinical potential as a neuroprotective agent.
With respect to safety considerations, it may be noted that spirulina is a food that was a
staple of the pre-Columbian Aztec diet, and that spirulina-derived phycocyanin is an
approved food additive, employed as food colorant owing to the intense blue color
imparted by its chromophore PCB. The safety of high spirulina intakes in mice and rats –
up to 30% of diet - has been established.51;52
NADPH Oxidase in Neurons is Potentially Pathogenic
Recent studies reveal that many if not most neurons, centrally and peripherally, express
the proteins that constitute NADPH oxidase, and that under certain circumstances these
proteins congregate to generate NADPH oxidase activity.53-62 Although neuronal
NADPH oxidase activity is never as intense as that expressed by activated microglia, it
can have a sufficient impact on neural redox status to influence the function and survival
of neurons. Thus, activation of NADPH oxidase in sympathetic neurons is an obligate
mediator of the apoptosis evoked by nerve growth factor withdrawal.53;59 A proapoptotic or pro- necrotic role for neural NADPH oxidase has also been demonstrated in
neurons exposed to fibrillar amyloid-beta, HIV-derived gp120, brain-derived
neurotrophic factor, toxic concentrations of zinc, and a pathogenic prion peptide, or that
are subjected to anoxia and reoxygenation.54-56;63-67 Glutamate excitotoxicity in
neuroblastoma cells likewise requires activation of NADPH oxidase.68 These
considerations suggest that neural NADPH oxidase activation may contribute to neuronal
loss in certain pathologies. With respect to ischemia-reperfusion damage, rodents that are
genetically deficient in NADPH oxidase activity, or that are pre-treated with the NADPH
oxidase inhibitors apocynin or atorvastatin, experience a lesser infarct volume when their
brains are subjected to transient ischemia.69-71 While these latter studies do not clarify the
chief source of the oxidant stress that is most neurotoxic in ischemia-reperfusion
syndrome – neurons, activated microglia, or infiltrating leukocytes – they do point to the
likelihood that supplementation with PCB could improve the tolerance of the brain to
transient ischemic episodes.
Sub-lethal levels of oxidant stress attributable to NADPH oxidase activation in neurons
may play a role in certain pathologies. Thus, angiotensin II acting in the rostral
ventrolateral medulla (RVM) exerts a sympathetic pressor effect that presumably
contributes to clinical hypertension in many cases; this effect of angiotensin II is
contingent on activation of NADPH oxidase in RVM neurons, and it is markedly
attenuated by the antioxidants DPI or tempol, as well as by dominant-negative Rac1.72;73
Increased oxidative stress mediated by NADPH oxidase is also observed in the cortex
and hippocampus of salt-fed stroke-prone spontaneously hypertensive rats, and in the
postganglionic sympathetic neurons of DOCA-salt hypertensive rats;62;74 whether this
excess neural oxidative stress plays a pathogenic role in the associated hypertension is
not clear. NADPH oxidase is also responsible for increased oxidative stress in the
sympathetic ganglia of apolipoprotein E-deficient mice (a model of atherogenesis).75 It
seems likely that PCB could act both centrally and peripherally to ameliorate
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hypertension – by boosting the vasorelaxant bioefficacy of nitric oxide in resistance
arteries (consequent to suppression of arterial superoxide production), and by
antagonizing the central pressor actions of angiotensin II. Indeed, it is notable that Gunn
rats, a genetic variant in which free bilirubin levels are constitutively elevated, are much
less responsive to the longterm hypertensive impact of angiotensin II infusion,76 and that
the prevalence of hypertension in middle-aged subjects with Gilbert syndrome appears to
be anomalously low.7 Moreover, it seems likely that long term use of PCB could lower
stroke risk – both through an antihypertensive action, and by protecting the bioefficacy of
the nitric oxide produced by cerebrovascular endothelium.77
There is also growing evidence that increased oxidant stress in both primary and
secondary sensory neurons is a key mediator of inflammatory as well as diabetic
hyperalgesia.78-83 Whether NAPDH oxidase is the primary source of this stress has not
yet been established, but it is reasonable to suspect that it is. Indeed, nerve growth factor
– known to be a mediator of inflammatory hyperalgesia – promotes thermal hyperalgesia
in small diameter sensory neurons by boosting the expression and axonal transport of
TRPV1 (the heat receptor responsive to capsaicin); this effect has been shown to be
contingent on sequential activation of Rac1, NADPH oxidase, and p38 MAP kinase.84
The cold receptor, TRPA1, is also up-regulated by p38 MAP kinase activation in these
neurons,85 so it is reasonable to suppose that NADPH oxidase activation can likewise
contribute to cold hyperalgesia. Hence, it will be of interest to explore the impact of PCB
on inflammatory hyperalgesia.
A Functional Role for Neuronal NADPH Oxidase
It should be acknowledged that modest levels of oxidant stress evoked by activation of
NADPH oxidase in neurons are likely to play a useful physiological role in some
circumstances – implying that complete abrogation of neural NADPH oxidase activity
could have some adverse impacts and would be inappropriate. For example, transient
activation of NADPH oxidase appears to play a role in the phenomenon of long term
potentiation (LTP) in hippocampal neurons, a process that is crucial for memory
formation.61;86-90 On the other hand, excessive oxidant stress is detrimental to LTP, and
this phenomenon may contribute to impaired memory function during the early stages of
Alzheimer’s that precede the major loss of hippocampal neurons.91;92 In mice, various
antioxidant measures tend to have a slightly detrimental impact on learning in young
mice, but a positive impact in aging mice; this suggests that hippocampal oxidant stress is
quite low in young mice, but gradually increases until it has a negative impact on
LTP.89;93;94 Minor learning defects have been observed in young mice that are genetically
incapable of producing one or more of the essential components of NADPH oxidase; that
these defects are quite subtle may reflect the fact that mitochondria and cyclooxygenase
can serve as alternate sources of superoxide in neurons.95
Clearly, our understanding of the role of NADPH oxidase in neural function and
neuropathology is still in its infancy. Nonetheless, we know enough to be confidant that
excess activity of this complex, whether in microglia or neurons, plays an important role
in many common neuropathologies. Thus, in light of suggestive evidence that orally
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administered PCB has access to brain parenchyma, it is reasonable to suspect that PCB
may have a bright future in the prevention or amelioration of a wide range of neurologic
disorders reflecting neuronal death or dysfunction.
PCB in the Context of Broader Neuroprotective Regimens
It must however be acknowledged that, in light of the physiological role which NADPH
oxidase plays in the immune system, neurons, and other tissues, it will not be safe and
appropriate to achieve more than partial inhibition of this enzyme complex. Moreover,
NADPH oxidase overactivity is only one aspect – albeit a crucial one - of pathological
neurodegeneration. It is likely that the most effective neuroprotective regimens will
entail the concurrent use of several nutraceuticals and/or drugs that address
complementary aspects of the neurodegenerative process15;96;97 – preferably in
conjunction with prudent lifestyle measures.98 Thus, measures which boost the
antioxidant defenses or bioenergetic capacity of neurons, which provide protection from
excitotoxicity, which lessen production of amyloid beta, which increase brain production
of protective neurotrophic factors, or which work in complementary ways to dampen
microglial activation, could be expected to amplify the protection afforded by PCB.
Vitamin D may be particularly appropriate as a complement to PCB, in light of evidence
that activated microglia can convert circulating 25-hydroxyvitamin D to the active
hormone calcitriol,99 which in turn can down-regulate expression of iNOS in
microglia.100-102 The efficacy of this effect will presumably be proportional to the
concentration of 25-hydroxyvitamin D in brain parenchyma; there is some evidence that
risk for Alzheimer’s and Parkinson’s correlates positively with latitude, and poor vitamin
D status is a frequent concomitant of these disorders.103-105 To the extent that optimal
vitamin D status can decrease, if perhaps only to a minor degree, microglial iNOS
activity, it should collaborate with PCB in suppressing peroxynitrite production in
regions of the brain challenged by inflammatory neuropathology.
The particular merit of supplemental PCB and vitamin D – and other potentially
neuroprotective nutrients, such as creatine, taurine, selenium, melatonin, lipoic acid, soy
phytoestrogens, and fish oil15;106 - is that they may be suitable for the primary prevention
of neurodenerative disorders in healthy subjects, particularly since these agents seem
likely to confer a host of other preventive health benefits. Lifestyle measures such as
ample coffee (caffeine) consumption, regular physical and mental exercise, a high
potassium/low-salt diet, and possibly intermittent fasting, may also be helpful for staving
off neurodegeneration.15;98;107 In individuals who show early signs of neurodegenerative
disorders, or who are known to be at high genetic risk for such disorders, the use of
certain drugs – minocycline, dextromethorphan, cox inhibitors, PPAR-gamma agonists,
statins, and memantine are currently credible candidates15;108 – might provide amplified
protection; future clinical research should establish which of these have truly worthwhile
efficacy in doses that avoid unacceptable side effects.

6

References
1. Terry MJ, Maines MD, Lagarias JC. Inactivation of phytochrome- and
phycobiliprotein-chromophore precursors by rat liver biliverdin reductase. J
Biol.Chem. 1993;268:26099-106.
2. Lanone S, Bloc S, Foresti R, Almolki A, Taille C, Callebert J et al. Bilirubin
decreases nos2 expression via inhibition of NAD(P)H oxidase: implications for
protection against endotoxic shock in rats. FASEB J. 2005;19:1890-92.
3. Matsumoto H, Ishikawa K, Itabe H, Maruyama Y. Carbon monoxide and bilirubin
from heme oxygenase-1 suppresses reactive oxygen species generation and
plasminogen activator inhibitor-1 induction. Mol.Cell Biochem. 2006;291:21-28.
4. Jiang F, Roberts SJ, Datla S, Dusting GJ. NO modulates NADPH oxidase
function via heme oxygenase-1 in human endothelial cells. Hypertension.
2006;48:950-57.
5. Otterbein LE, Soares MP, Yamashita K, Bach FH. Heme oxygenase-1: unleashing
the protective properties of heme. Trends Immunol. 2003;24:449-55.
6. Novotny L, Vitek L. Inverse relationship between serum bilirubin and
atherosclerosis in men: a meta-analysis of published studies. Exp Biol Med
(Maywood.) 2003;228:568-71.
7. Vitek L, Jirsa M, Brodanova M, Kalab M, Marecek Z, Danzig V et al. Gilbert
syndrome and ischemic heart disease: a protective effect of elevated bilirubin
levels. Atherosclerosis. 2002;160:449-56.
8. Vitek L, Novotny L, Sperl M, Holaj R, Spacil J. The Inverse Association of
Elevated Serum Bilirubin Levels with Subclinical Carotid Atherosclerosis.
Cerebrovasc.Dis. 2006;21:408-14.
9. McCarty MF. "Iatrogenic Gilbert sydrome" - a strategy for reducing vascular and
cancer risk by increasing plasma unconjugated bilirubin. Medical Hypotheses
2007;accepted for publication.
10. Romay C, Armesto J, Remirez D, Gonzalez R, Ledon N, Garcia I. Antioxidant
and anti-inflammatory properties of C-phycocyanin from blue-green algae.
Inflamm.Res. 1998;47:36-41.
11. Romay C, Delgado R, Remirez D, Gonzalez R, Rojas A. Effects of phycocyanin
extract on tumor necrosis factor-alpha and nitrite levels in serum of mice treated
with endotoxin. Arzneimittelforschung. 2001;51:733-36.

7

12. Romay C, Gonzalez R, Ledon N, Remirez D, Rimbau V. C-phycocyanin: a
biliprotein with antioxidant, anti-inflammatory and neuroprotective effects.
Curr.Protein Pept.Sci. 2003;4:207-16.
13. Mrak RE, Griffin WS. Glia and their cytokines in progression of
neurodegeneration. Neurobiol.Aging 2005;26:349-54.
14. Liu B, Hong JS. Role of microglia in inflammation-mediated neurodegenerative
diseases: mechanisms and strategies for therapeutic intervention.
J.Pharmacol.Exp.Ther. 2003;304:1-7.
15. McCarty MF. Down-regulation of microglial activation may represent a practical
strategy for combating neurodegenerative disorders. Med.Hypotheses.
2006;67:251-69.
16. Li J, Baud O, Vartanian T, Volpe JJ, Rosenberg PA. Peroxynitrite generated by
inducible nitric oxide synthase and NADPH oxidase mediates microglial toxicity
to oligodendrocytes. Proc.Natl.Acad.Sci.U.S.A. 2005;102:9936-41.
17. Shimohama S, Tanino H, Kawakami N, Okamura N, Kodama H, Yamaguchi T et
al. Activation of NADPH oxidase in Alzheimer's disease brains.
Biochem.Biophys.Res.Commun. 2000;273:5-9.
18. Gao HM, Hong JS, Zhang W, Liu B. Distinct role for microglia in rotenoneinduced degeneration of dopaminergic neurons. J Neurosci. 2002;22:782-90.
19. Wu DC, Jackson-Lewis V, Vila M, Tieu K, Teismann P, Vadseth C et al.
Blockade of microglial activation is neuroprotective in the 1-methyl-4-phenyl1,2,3,6-tetrahydropyridine mouse model of Parkinson disease. J Neurosci.
2002;22:1763-71.
20. Qin L, Liu Y, Cooper C, Liu B, Wilson B, Hong JS. Microglia enhance betaamyloid peptide-induced toxicity in cortical and mesencephalic neurons by
producing reactive oxygen species. J Neurochem. 2002;83:973-83.
21. Gao HM, Liu B, Hong JS. Critical role for microglial NADPH oxidase in
rotenone-induced degeneration of dopaminergic neurons. J Neurosci.
2003;23:6181-87.
22. Gao HM, Liu B, Zhang W, Hong JS. Critical role of microglial NADPH oxidasederived free radicals in the in vitro MPTP model of Parkinson's disease. FASEB J.
2003;17:1954-56.
23. Qin L, Liu Y, Wang T, Wei SJ, Block ML, Wilson B et al. NADPH oxidase
mediates lipopolysaccharide-induced neurotoxicity and proinflammatory gene
expression in activated microglia. J Biol.Chem. 2004;279:1415-21.

8

24. Vaziri ND, Lee YS, Lin CY, Lin VW, Sindhu RK. NAD(P)H oxidase, superoxide
dismutase, catalase, glutathione peroxidase and nitric oxide synthase expression
in subacute spinal cord injury. Brain Res. 2004;995:76-83.
25. Wu XF, Block ML, Zhang W, Qin L, Wilson B, Zhang WQ et al. The role of
microglia in paraquat-induced dopaminergic neurotoxicity.
Antioxid.Redox.Signal. 2005;7:654-61.
26. Mander P, Brown GC. Activation of microglial NADPH oxidase is synergistic
with glial iNOS expression in inducing neuronal death: a dual-key mechanism of
inflammatory neurodegeneration. J Neuroinflammation. 2005;2:20.
27. Qin L, Liu Y, Qian X, Hong JS, Block ML. Microglial NADPH oxidase mediates
leucine enkephalin dopaminergic neuroprotection. Ann.N.Y.Acad.Sci.
2005;1053:107-20.
28. Choi SH, Lee DY, Chung ES, Hong YB, Kim SU, Jin BK. Inhibition of
thrombin-induced microglial activation and NADPH oxidase by minocycline
protects dopaminergic neurons in the substantia nigra in vivo. J Neurochem.
2005;95:1755-65.
29. Wu DC, Re DB, Nagai M, Ischiropoulos H, Przedborski S. The inflammatory
NADPH oxidase enzyme modulates motor neuron degeneration in amyotrophic
lateral sclerosis mice. Proc.Natl.Acad.Sci.U.S.A. 2006;103:12132-37.
30. Wang T, Qin L, Liu B, Liu Y, Wilson B, Eling TE et al. Role of reactive oxygen
species in LPS-induced production of prostaglandin E2 in microglia. J
Neurochem. 2004;88:939-47.
31. Min KJ, Pyo HK, Yang MS, Ji KA, Jou I, Joe EH. Gangliosides activate
microglia via protein kinase C and NADPH oxidase. Glia. 2004;48:197-206.
32. Pawate S, Shen Q, Fan F, Bhat NR. Redox regulation of glial inflammatory
response to lipopolysaccharide and interferongamma. J Neurosci.Res.
2004;77:540-51.
33. Sawada M, Imamura K, Nagatsu T. Role of cytokines in inflammatory process in
Parkinson's disease. J Neural Transm.Suppl. 2006;373-81.
34. Qin L, Block ML, Liu Y, Bienstock RJ, Pei Z, Zhang W et al. Microglial NADPH
oxidase is a novel target for femtomolar neuroprotection against oxidative stress.
FASEB J. 2005;19:550-57.
35. Qin L, Liu Y, Wang T, Wei SJ, Block ML, Wilson B et al. NADPH oxidase
mediates lipopolysaccharide-induced neurotoxicity and proinflammatory gene
expression in activated microglia. J Biol.Chem. 2004;279:1415-21.

9

36. Torreilles F, Salman-Tabcheh S, Guerin M, Torreilles J. Neurodegenerative
disorders: the role of peroxynitrite. Brain Res.Brain Res.Rev. 1999;30:153-63.
37. Boven LA, Gomes L, Hery C, Gray F, Verhoef J, Portegies P et al. Increased
peroxynitrite activity in AIDS dementia complex: implications for the
neuropathogenesis of HIV-1 infection. J Immunol. 1999;162:4319-27.
38. Urushitani M, Shimohama S. The role of nitric oxide in amyotrophic lateral
sclerosis. Amyotroph.Lateral.Scler.Other Motor Neuron Disord. 2001;2:71-81.
39. Ebadi M, Sharma SK. Peroxynitrite and mitochondrial dysfunction in the
pathogenesis of Parkinson's disease. Antioxid.Redox.Signal. 2003;5:319-35.
40. Salvemini D, Jensen MP, Riley DP, Misko TP. Therapeutic manipulations of
peroxynitrite. Drug News Perspect. 1998;11:204-14.
41. Pehar M, Vargas MR, Robinson KM, Cassina P, England P, Beckman JS et al.
Peroxynitrite transforms nerve growth factor into an apoptotic factor for motor
neurons. Free Radic.Biol.Med. 2006;41:1632-44.
42. Mander P, Brown GC. Activation of microglial NADPH oxidase is synergistic
with glial iNOS expression in inducing neuronal death: a dual-key mechanism of
inflammatory neurodegeneration. J Neuroinflammation. 2005;2:20.
43. Sawada M, Imamura K, Nagatsu T. Role of cytokines in inflammatory process in
Parkinson's disease. J Neural Transm.Suppl. 2006;373-81.
44. Rimbau V, Camins A, Romay C, Gonzalez R, Pallas M. Protective effects of Cphycocyanin against kainic acid-induced neuronal damage in rat hippocampus.
Neurosci.Lett. 1999;276:75-78.
45. Patel M, Li QY, Chang LY, Crapo J, Liang LP. Activation of NADPH oxidase
and extracellular superoxide production in seizure-induced hippocampal damage.
J Neurochem. 2005;92:123-31.
46. Chamorro G, Perez-Albiter M, Serrano-Garcia N, Mares-Samano JJ, Rojas P.
Spirulina maxima pretreatment partially protects against 1-methyl-4-phenyl1,2,3,6-tetrahydropyridine neurotoxicity. Nutr.Neurosci. 2006;9:207-12.
47. Wu DC, Teismann P, Tieu K, Vila M, Jackson-Lewis V, Ischiropoulos H et al.
NADPH oxidase mediates oxidative stress in the 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine model of Parkinson's disease. Proc.Natl.Acad.Sci.U.S.A.
2003;100:6145-50.
48. Gao HM, Liu B, Zhang W, Hong JS. Critical role of microglial NADPH oxidasederived free radicals in the in vitro MPTP model of Parkinson's disease. FASEB J.
2003;17:1954-56.

10

49. Tieu K, Ischiropoulos H, Przedborski S. Nitric oxide and reactive oxygen species
in Parkinson's disease. IUBMB.Life. 2003;55:329-35.
50. Zhang W, Wang T, Qin L, Gao HM, Wilson B, Ali SF et al. Neuroprotective
effect of dextromethorphan in the MPTP Parkinson's disease model: role of
NADPH oxidase. FASEB J. 2004;18:589-91.
51. Salazar M, Martinez E, Madrigal E, Ruiz LE, Chamorro GA. Subchronic toxicity
study in mice fed Spirulina maxima. J Ethnopharmacol. 1998;62:235-41.
52. Salazar M, Chamorro GA, Salazar S, Steele CE. Effect of Spirulina maxima
consumption on reproduction and peri- and postnatal development in rats. Food
Chem.Toxicol. 1996;34:353-59.
53. Tammariello SP, Quinn MT, Estus S. NADPH oxidase contributes directly to
oxidative stress and apoptosis in nerve growth factor-deprived sympathetic
neurons. J Neurosci. 2000;20:RC53.
54. Noh KM, Koh JY. Induction and activation by zinc of NADPH oxidase in
cultured cortical neurons and astrocytes. J Neurosci. 2000;20:RC111.
55. Hwang JJ, Choi SY, Koh JY. The role of NADPH oxidase, neuronal nitric oxide
synthase and poly(ADP ribose) polymerase in oxidative neuronal death induced in
cortical cultures by brain-derived neurotrophic factor and neurotrophin-4/5. J
Neurochem. 2002;82:894-902.
56. Kim SH, Won SJ, Sohn S, Kwon HJ, Lee JY, Park JH et al. Brain-derived
neurotrophic factor can act as a pronecrotic factor through transcriptional and
translational activation of NADPH oxidase. J Cell Biol. 2002;159:821-31.
57. Serrano F, Kolluri NS, Wientjes FB, Card JP, Klann E. NADPH oxidase
immunoreactivity in the mouse brain. Brain Res. 2003;988:193-98.
58. Wang G, Anrather J, Huang J, Speth RC, Pickel VM, Iadecola C. NADPH
oxidase contributes to angiotensin II signaling in the nucleus tractus solitarius. J
Neurosci. 2004;24:5516-24.
59. Hilburger EW, Conte EJ, McGee DW, Tammariello SP. Localization of NADPH
oxidase subunits in neonatal sympathetic neurons. Neurosci.Lett. 2005;377:16-19.
60. Vallet P, Charnay Y, Steger K, Ogier-Denis E, Kovari E, Herrmann F et al.
Neuronal expression of the NADPH oxidase NOX4, and its regulation in mouse
experimental brain ischemia. Neuroscience. 2005;132:233-38.
61. Tejada-Simon MV, Serrano F, Villasana LE, Kanterewicz BI, Wu GY, Quinn MT
et al. Synaptic localization of a functional NADPH oxidase in the mouse
hippocampus. Mol.Cell Neurosci. 2005;29:97-106.

11

62. Dai X, Cao X, Kreulen DL. Superoxide anion is elevated in sympathetic neurons
in DOCA-salt hypertension via activation of NADPH oxidase. Am.J Physiol
Heart Circ.Physiol. 2006;290:H1019-H1026.
63. Jana A, Pahan K. Fibrillar amyloid-beta peptides kill human primary neurons via
NADPH oxidase-mediated activation of neutral sphingomyelinase. Implications
for Alzheimer's disease. J Biol.Chem. 2004;279:51451-59.
64. Jana A, Pahan K. Human immunodeficiency virus type 1 gp120 induces apoptosis
in human primary neurons through redox-regulated activation of neutral
sphingomyelinase. J Neurosci. 2004;24:9531-40.
65. Kim YH, Koh JY. The role of NADPH oxidase and neuronal nitric oxide synthase
in zinc-induced poly(ADP-ribose) polymerase activation and cell death in cortical
culture. Exp.Neurol. 2002;177:407-18.
66. Pietri M, Caprini A, Mouillet-Richard S, Pradines E, Ermonval M, Grassi J et al.
Overstimulation of PrPC signaling pathways by prion peptide 106-126 causes
oxidative injury of bioaminergic neuronal cells. J Biol.Chem. 2006;281:28470-79.
67. Abramov AY, Scorziello A, Duchen MR. Three distinct mechanisms generate
oxygen free radicals in neurons and contribute to cell death during anoxia and
reoxygenation. J Neurosci. 2007;27:1129-38.
68. Nikolova S, Lee YS, Lee YS, Kim JA. Rac1-NADPH oxidase-regulated
generation of reactive oxygen species mediates glutamate-induced apoptosis in
SH-SY5Y human neuroblastoma cells. Free Radic.Res. 2005;39:1295-304.
69. Walder CE, Green SP, Darbonne WC, Mathias J, Rae J, Dinauer MC et al.
Ischemic stroke injury is reduced in mice lacking a functional NADPH oxidase.
Stroke. 1997;28:2252-58.
70. Wang Q, Tompkins KD, Simonyi A, Korthuis RJ, Sun AY, Sun GY. Apocynin
protects against global cerebral ischemia-reperfusion-induced oxidative stress and
injury in the gerbil hippocampus. Brain Res. 2006;1090:182-89.
71. Hong H, Zeng JS, Kreulen DL, Kaufman DI, Chen AF. Atorvastatin protects
against cerebral infarction via inhibition of NADPH oxidase-derived superoxide
in ischemic stroke. Am.J Physiol Heart Circ.Physiol. 2006;291:H2210-H2215.
72. Chan SH, Hsu KS, Huang CC, Wang LL, Ou CC, Chan JY. NADPH oxidasederived superoxide anion mediates angiotensin II-induced pressor effect via
activation of p38 mitogen-activated protein kinase in the rostral ventrolateral
medulla. Circ.Res. 2005;97:772-80.
73. Zimmerman MC, Dunlay RP, Lazartigues E, Zhang Y, Sharma RV, Engelhardt JF
et al. Requirement for Rac1-dependent NADPH oxidase in the cardiovascular and
dipsogenic actions of angiotensin II in the brain. Circ.Res. 2004;95:532-39.

12

74. Kim-Mitsuyama S, Yamamoto E, Tanaka T, Zhan Y, Izumi Y, Izumiya Y et al.
Critical role of angiotensin II in excess salt-induced brain oxidative stress of
stroke-prone spontaneously hypertensive rats. Stroke. 2005;36:1083-88.
75. Ma X, Zhang HJ, Whiteis CA, Tian X, Davisson RL, Kregel KC et al. NAD(P)H
oxidase-induced oxidative stress in sympathetic ganglia of apolipoprotein E
deficient mice. Auton.Neurosci. 2006;126-127:285-91.
76. Pflueger A, Croatt AJ, Peterson TE, Smith LA, d'Uscio LV, Katusic ZS et al. The
hyperbilirubinemic Gunn rat is resistant to the pressor effects of angiotensin II.
Am.J Physiol Renal Physiol. 2005;288:F552-F558.
77. McCarty MF. Up-regulation of endothelial nitric oxide activity as a central
strategy for prevention of ischemic stroke - just say NO to stroke!
Med.Hypotheses. 2000;55:386-403.
78. Tal M. A novel antioxidant alleviates heat hyperalgesia in rats with an
experimental painful peripheral neuropathy. Neuroreport. 1996;7:1382-84.
79. Khalil Z, Liu T, Helme RD. Free radicals contribute to the reduction in peripheral
vascular responses and the maintenance of thermal hyperalgesia in rats with
chronic constriction injury. Pain. 1999;79:31-37.
80. Wang ZQ, Porreca F, Cuzzocrea S, Galen K, Lightfoot R, Masini E et al. A newly
identified role for superoxide in inflammatory pain. J Pharmacol.Exp.Ther.
2004;309:869-78.
81. Naik AK, Tandan SK, Dudhgaonkar SP, Jadhav SH, Kataria M, Prakash VR et al.
Role of oxidative stress in pathophysiology of peripheral neuropathy and
modulation by N-acetyl-L-cysteine in rats. Eur.J Pain. 2006;10:573-79.
82. Sayyed SG, Kumar A, Sharma SS. Effects of U83836E on nerve functions,
hyperalgesia and oxidative stress in experimental diabetic neuropathy. Life Sci.
2006;79:777-83.
83. Khattab MM. TEMPOL, a membrane-permeable radical scavenger, attenuates
peroxynitrite- and superoxide anion-enhanced carrageenan-induced paw edema
and hyperalgesia: a key role for superoxide anion. Eur.J Pharmacol.
2006;548:167-73.
84. Puntambekar P, Mukherjea D, Jajoo S, Ramkumar V. Essential role of
Rac1/NADPH oxidase in nerve growth factor induction of TRPV1 expression. J
Neurochem. 2005;95:1689-703.
85. Obata K, Katsura H, Mizushima T, Yamanaka H, Kobayashi K, Dai Y et al.
TRPA1 induced in sensory neurons contributes to cold hyperalgesia after
inflammation and nerve injury. J Clin.Invest. 2005;115:2393-401.

13

86. Kishida KT, Pao M, Holland SM, Klann E. NADPH oxidase is required for
NMDA receptor-dependent activation of ERK in hippocampal area CA1. J
Neurochem. 2005;94:299-306.
87. Klann E. Cell-permeable scavengers of superoxide prevent long-term potentiation
in hippocampal area CA1. J Neurophysiol. 1998;80:452-57.
88. Thiels E, Urban NN, Gonzalez-Burgos GR, Kanterewicz BI, Barrionuevo G, Chu
CT et al. Impairment of long-term potentiation and associative memory in mice
that overexpress extracellular superoxide dismutase. J Neurosci. 2000;20:763139.
89. Knapp LT, Klann E. Role of reactive oxygen species in hippocampal long-term
potentiation: contributory or inhibitory? J Neurosci.Res. 2002;70:1-7.
90. Heusler P, Boehmer G. The superoxide anion is involved in the induction of longterm potentiation in the rat somatosensory cortex in vitro. Brain Res.
2004;1024:104-12.
91. Wang Q, Rowan MJ, Anwyl R. Beta-amyloid-mediated inhibition of NMDA
receptor-dependent long-term potentiation induction involves activation of
microglia and stimulation of inducible nitric oxide synthase and superoxide. J
Neurosci. 2004;24:6049-56.
92. Rowan MJ, Klyubin I, Wang Q, Anwyl R. Mechanisms of the inhibitory effects
of amyloid beta-protein on synaptic plasticity. Exp.Gerontol. 2004;39:1661-67.
93. McGahon BM, Martin DS, Horrobin DF, Lynch MA. Age-related changes in LTP
and antioxidant defenses are reversed by an alpha-lipoic acid-enriched diet.
Neurobiol.Aging. 1999;20:655-64.
94. Hu D, Serrano F, Oury TD, Klann E. Aging-dependent alterations in synaptic
plasticity and memory in mice that overexpress extracellular superoxide
dismutase. J Neurosci. 2006;26:3933-41.
95. Kishida KT, Hoeffer CA, Hu D, Pao M, Holland SM, Klann E. Synaptic plasticity
deficits and mild memory impairments in mouse models of chronic
granulomatous disease. Mol.Cell Biol. 2006;26:5908-20.
96. Klivenyi P, Gardian G, Calingasan NY, Yang L, Beal MF. Additive
neuroprotective effects of creatine and a cyclooxygenase 2 inhibitor against
dopamine depletion in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
mouse model of Parkinson's disease. J.Mol.Neurosci. 2003;21:191-98.
97. Klivenyi P, Kiaei M, Gardian G, Calingasan NY, Beal MF. Additive
neuroprotective effects of creatine and cyclooxygenase 2 inhibitors in a transgenic
mouse model of amyotrophic lateral sclerosis. J.Neurochem. 2004;88:576-82.

14

98. Mattson MP, Duan W, Wan R, Guo Z. Prophylactic Activation of
Neuroprotective Stress Response Pathways by Dietary and Behavioral
Manipulations. Neurorx. 2004;1:111-16.
99. Neveu I, Naveilhan P, Menaa C, Wion D, Brachet P, Garabedian M. Synthesis of
1,25-dihydroxyvitamin D3 by rat brain macrophages in vitro. J.Neurosci.Res.
1994;38:214-20.
100. Garcion E, Sindji L, Montero-Menei C, Andre C, Brachet P, Darcy F. Expression
of inducible nitric oxide synthase during rat brain inflammation: regulation by
1,25-dihydroxyvitamin D3. Glia. 1998;22:282-94.
101. Garcion E, Nataf S, Berod A, Darcy F, Brachet P. 1,25-Dihydroxyvitamin D3
inhibits the expression of inducible nitric oxide synthase in rat central nervous
system during experimental allergic encephalomyelitis. Brain Res.Mol.Brain Res.
1997;45:255-67.
102. Lefebvre dC, Montero-Menei CN, Bernard R, Couez D. Vitamin D3 inhibits
proinflammatory cytokines and nitric oxide production by the EOC13 microglial
cell line. J Neurosci.Res. 2003;71:575-82.
103. Kim JS, Kim YI, Song C, Yoon I, Park JW, Choi YB et al. Association of vitamin
D receptor gene polymorphism and Parkinson's disease in Koreans. J Korean
Med.Sci. 2005;20:495-98.
104. Newmark HL, Newmark J. Vitamin D and Parkinson's disease-A hypothesis. Mov
Disord. 2007;..
105. Sato Y, Asoh T, Oizumi K. High prevalence of vitamin D deficiency and reduced
bone mass in elderly women with Alzheimer's disease. Bone. 1998;23:555-57.
106. Bondy SC, Sharman EH. Melatonin and the aging brain. Neurochem.Int. 2007;..
107. McCarty MF, Falahati-Nini A. Neuroprotective potential of the Bahadori leanness
program: A "mini-fast with exercise" strategy. Med.Hypotheses. 2006;..
108. McCarty MF. Toward prevention of Alzheimers disease--potential nutraceutical
strategies for suppressing the production of amyloid beta peptides.
Med.Hypotheses. 2006;67:682-97.

15

