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Abstract

Excess production of reactive oxygen species in the brain has been implicated as a common
underlying risk factor for the pathogenesis of a number of neurodegenerative disorders, including
Alzheimer’s disease (AD), Parkinson’s disease (PD), and stroke. In recent years, there is
considerable interest concerning investigation of antioxidative and anti-inflammatory effects of
phenolic compounds from different botanical sources. In this review, we first describe oxidative
mechanisms associated with stroke, AD, and PD, and subsequently, we place emphasis on recent
studies implicating neuroprotective effects of resveratrol, a polyphenolic compound derived from
grapes and red wine. These studies show that the beneficial effects of resveratrol are not only
limited to its antioxidant and anti-inflammatory action but also include activation of sirtuin 1
(SIRT1) and vitagenes, which can prevent the deleterious effects triggered by oxidative stress. In
fact, SIRT1 activation by resveratrol is gaining importance in the development of innovative
treatment strategies for stroke and other neurodegenerative disorders. The goal here is to provide a
better understanding of the mode of action of resveratrol and its possible use as a potential
therapeutic agent to ameliorate stroke damage as well as other age-related neurodegenerative
disorders.
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Introduction

Oxidative damage has been regarded as the underlying cause for a number of
neurodegenerative diseases including Alzheimer’s disease (AD), Parkinson’s disease (PD),
and stroke [1-3]. Reactive oxygen species (ROS) can damage proteins, nucleic acids, and
membrane polyunsaturated fatty acids, causing lipid peroxidation and leading to loss of
membrane integrity, reduction of mitochondrial membrane potential, and increased
permeability to Ca2* in plasma membrane [4]. In the central nervous system, neurons are
especially vulnerable to insults induced by neurotoxins, ischemia/stroke, and seizure/
excitotoxic injury, and oxidative stress is a common underlying factor for these injuries.
Many polyphenolic compounds from fruits and vegetables are known for their antioxidant
properties and thus have been implicated as therapeutic agents [4,5]. In this review, we will
discuss recent literature pertaining to the beneficial roles of resveratrol for the prevention
and treatment of neurodegenerative disorders, including stroke, AD, and PD.

Resveratrol is present in a variety of plants including vegetables, fruits, grains, roots,
flowers, seeds, tea, and wine. It has been shown to offer protective effects against a number
of cardiovascular and neurodegenerative diseases, and cancer. Although the mechanisms by
which resveratrol exerts such a wide range of beneficial effects on these diseases have not
yet been clearly elucidated, a number of studies have reported on its antioxidant, anti-
inflammatory, and metal-chelating properties [4,6-8]. There is increasing evidence that
besides its antioxidant and anti-inflammatory properties, resveratrol can activate sirtuin 1
(SIRT1), which is a class of deacetylase [9]. SIRT1 has recently emerged as a therapeutic
target for the treatment of age-related degenerative diseases. Studies with neuronal cells
showed that resveratrol acting as a SIRT1 activator protected SK-N-BE cells from oxidative
stress and cytotoxicity by amyloid beta (AB) peptide and alpha-synuclein [9]. Caloric
restriction has been shown to extend lifespan in mammals, and this effect is attributed to
activation of the SIRT1 gene [10,11]. Resveratrol appears to mimic caloric restriction by
increasing SIRT1 activity, proliferator-activated receptor gamma coactivator-1 alpha
(PGC-1a) deacetylation, and mitochondrial biogenesis [12]. In turn, these enzymes are
linked to regulation of the vitagene system, longevity genes which are important in
controlling the maintenance and repair processes in the body [4,13-15]. Taken together,
these studies suggest that resveratrol may offer a promising approach for treatment of
neurodegenerative disorders [13,14].

Oxidative Stress and Neurodegenerative Disorders

Stroke

Stroke is the third leading cause of death and the first leading cause of long-lasting disability
in aging population. Stroke is associated with loss of brain function(s) due to the disturbance
in blood supply to the brain, and can be due to ischemia (lack of blood supply) or a
hemorrhage. As a result, the affected areas of the brain are unable to function, leading to the
inability to move, understand, or formulate speech or to perceive the visual field. In terms of
definitive therapy, immediate attention is to remove the blood blockage. Pharmacologic
thrombolysis using the tissue plasminogen activator has been used to dissolve the clot in the
artery. Oral anticoagulants such as warfarin have also been used for stroke patients.
However, in patients with intracerebral hemorrhage, anticoagulants and antithrombotics may
cause excessive bleeding and other dangerous side effects. Indeed, there is no good
medication or drug therapy for stroke prevention or treatment.

Over the years, many animal models have been developed for studies to elucidate the
pathogenesis and therapeutic management of stroke [4]. Focal cerebral ischemia produced
by the occlusion of middle cerebral artery has been a commonly used model because it
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reflects a similar form of clinical stroke. On the other hand, the global cerebral ischemia
model is appropriate for understanding acute brain ischemia such as that following a cardiac
arrest [16]. Regardless of the models, oxidative stress is implicated in neuronal damage after
ischemia/reperfusion (I/R). This raises attention to the beneficial effects of dietary
antioxidants, especially the plant polyphenolic compounds [4,17-20]. There is strong
evidence suggesting that many polyphenols can be preventive and therapeutic agents for
stroke, and that these compounds act at multiple cellular levels and influence both the early
and late phases of stroke progression [4,21,22].

Other Neurodegenerative Diseases

Elevations in ROS and reactive nitrogen species can cause damage to neural membranes and
are the major factors associated with the pathogenesis of many neurodegenerative diseases
[1]. Indeed, the increase in oxidative and nitrosative stress associated with the concomitant
decline in cognitive deficit and motor performance through aging reveals a definite link
between aging and neurodegenerative processes.

Alzheimer’s Disease—AD is a progressive, age-dependent neurodegenerative disorder
affecting the cortex and hippocampus, and eventually leading to cognitive impairment. The
presence of neurofibrillary tangles and AB plaques in these brain regions are the hallmarks
of AD [23,24]. In many familial AD cases, mutations are found in the amyloid precursor
protein, presenilin 1, and presenilin 2 genes [24,25]. However, familial AD constitutes only
a small portion of all AD patients [26] and has an early age onset (younger than 65 years). In
contrast, the vast majority of AD cases are sporadic and are associated with a late age onset
(65 years and older). Although the specific causes of sporadic AD are still unknown, factors
under study include aging [25], mitochondrial defects [26], insulin-dependent diabetes
[27,28], environmental conditions [29], and diet [30]. In both familial and sporadic AD, Ap
peptides are regarded as a key factor in the disease pathology [25,31]. These peptides are
cleavage products of amyloid precursor protein through p and y secretases. More recent
studies have pointed to the formation of small diffusible Ap oligomers as a basis of
cytotoxic effects in AD [32]. Studies in our laboratory indicated that oligomeric AB can
stimulate ROS production through signaling pathways involving NADPH oxidase, and in
turn, the ROS result in activation of MAPK and PLA, [33]. Other studies also demonstrated
the role of AP to induce oxidative stress in the progression and pathogenesis of AD [34].

Parkinson’s Disease—PD is a chronic and progressive neurodegenerative disease
associated with impairment of motor function. PD patients show increasing muscle rigidity,
resting tremors, brady-kinesia, and in extreme cases, a nearly complete loss of movement.
These symptoms are associated with the loss of dopaminergic neurons in the substantia
nigra. Despite numerous hypotheses and continued speculations, the etiology of PD remains
unclear. The discovery of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), an
environmental toxin, which can selectively damage the substantia nigra and subsequently
results in Parkinson-like syndromes in animals and humans, has accelerated the search for
neurotoxins as the possible cause of PD [35,36]. Other environmental toxins such as
manganese [37], dimethoxyphenyl-ethylamine [38], and paraquat [39,40] have also been
shown to kill dopamine neurons. Studies with these agents indicate that oxidative damage,
mitochondrial and proteasomal dysfunction, and inflammatory changes are the underlying
factors for degeneration of dopaminergic neurons in PD patients.

Alcohol-Induced Neurodegenerative Disorder—In our earlier studies, we
demonstrated that alcohol can participate in the free radical reaction to form ethoxyl radical.
This type of radical has longer half-life than the hydroxyl radical and is just as active as the
hydroxyl free radicals [41]. Subsequent studies further demonstrated that ethanol could
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induce cell death through oxidative mechanism [42]. Recent studies support the hypothesis
that chronic alcohol intake can cause oxidative stress and induce neurotoxicity due to its
participation in free radical reaction [43,44]. Our study also demonstrated that chronic
alcohol administration induced neurochemical alteration of IP3R1, IP3-kinase, and mGIuR-1
in mouse cerebellum [45] and increased COX-2 mRNA in rat brain [46]. Ethanol-induced
oxidative stress in the brain has been shown to cause the release of glutamate and
proinflammatory cytokines, which are probably an important cause of alcohol-related
neurodegeneration (for review, see [47]).

Amyotrophic Lateral Sclerosis—Amyotrophic lateral sclerosis (ALS) is a progressive
neurodegenerative disorder characterized by loss of upper and lower motor neurons. There is
accumulating evidence indicating that oxidative stress and mitochondrial dysfunction are
important risk factors for pathogenesis of ALS [48,49]. Other factors, including glutamate
excitotoxicity, reactive astrogliosis, and mutant superoxide dismutase, may also be involved
in the progression of cellular dysfunction in this disease [50,51].

Huntington’s Disease—Huntington’s disease (HD) is a heurodegenerative disorder that
results from the neuronal damage in basal ganglia. There is evidence that administration of
3-nitropropionic acid to experimental animals can induce oxidative and nitrosative stress and
cause neurobehavioral and biochemical changes similar to those of HD patients. These
studies appear to confirm that excitotoxicity, dopamine toxicity, metabolic impairment,
mitochondrial dysfunction, apoptosis, and autophage are involved in the progressive
degeneration of this disease [52].

Protective Effect of Resveratrol on Stroke and Alcohol-Induced Neurodegeneration

Epidemiological studies have demonstrated a lower incidence of cardiovascular diseases in
populations with moderate wine drinking, despite consuming a fatty diet (the “French
paradox™). It is believed that the cardioprotective effects is partially due to the anti-platelet
aggregation properties of the polyphenols in red wine and their ability to prevent the
development of atherosclerotic plaques [53,54]. Resveratrol (3,5,4'-trihydroxystilbene) has
been identified to be a major compound responsible for these effects. In recent years, there is
considerable interest to investigate whether red wine and grape poly-phenols may offer
protective effects against neurodegenerative diseases [46,53,55]. Besides grapes and berries,
resveratrol is also concentrated in some oriental herbal plants, such as Polygonum
cuspidatum or Kojokan, which are used to treat fevers, hyperlipidemia, atherosclerosis, and
inflammation [4]. Our studies with PC-12 cells showed that resveratrol is more effective in
protecting against oxidative damage than vitamins E and C combined [56]. Studies from our
laboratory provided evidence that a dietary supplement of polyphenols extracted from grape
skin and seeds could ameliorate chronic alcohol-induced oxidative damage in synaptic
membranes in the brain [57,58]. Grape poly-phenols also prevented chronic ethanol-induced
increase in COX-2 mRNA expression in the rat brain [46]. Although grapes and berries
contain other types of polyphenols, resveratrol is probably the most effective in offering
beneficial health results. Although other antioxidants can also protect alcohol-induced brain
damage [59,60], resveratrol is shown to offer neuroprotective effects against the oxidative
stress and spatial learning deficit resulted from alcohol consumption [61].

A bioavailability study of resveratrol indicated that this compound is transported to the
circulatory system after i.p. administration and can cross the blood-brain barrier and reach
the brain tissue rapidly [62]. Using the global cerebral ischemia induced to gerbils, studies
from our laboratory demonstrated the ability for resveratrol to protect against delayed
neuronal cell death [62]. In this study, resveratrol not only protected neuronal cells against
oxidative damage but also suppressed the activation of astrocytes and microglial cells after I/
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R. Brain response to ischemic injury is also associated with an acute and prolonged
inflammatory process characterized by the activation of glial cells and production of
inflammatory cytokines. Since cytokines are mediators of inflammatory response that
contribute to secondary injury in the ischemic brain, activated glial cells not only secrete
proinflammatory cytokines but also other neurotoxic mediators such as nitric oxide,
superoxide, and peroxynitrite, and together, these mediators can influence neuronal cell
survival [63]. Resveratrol may exert neuroprotective effects by suppressing glial activation.

In a study, we fed gerbils with a dietary supplement of grape powder rich in polyphenols for
2 months and found that this feeding regimen could offer neuroprotective effects and
ameliorated neuronal damage due to global ischemic insult [64]. Furthermore, oral
administration of polyphenols extract from grapes to gerbils could also minimize ischemic
damage [65]. Oral administration of grape polyphenols was shown to protect against
oxidative damage of DNA (as demonstrated by immunostaining of 6-OHdG in the
hippocampal CA1 area) and decreased apoptotic neurons (as demonstrated by the TUNEL
assay). Using an open field locomotor activity regimen to assess behavioral deficits of
gerbils at 48 h after I/R, results demonstrated the benefit of grape polyphenols treatment in
functional outcome after stroke [65]. Results from our study are in agreement with several
other studies demonstrating similar beneficial effects of resveratrol and grape polyphenols in
animal models of stroke [4,66].

Protective Effects of Resveratrol on Other Neurodegenerative Disorders

Besides damage due to cerebral ischemia, resveratrol has been shown to exert protective
effects on other neurodegenerative diseases, including AD, PD, ALS, and HDs. Chronic
administration of resveratrol could also prevent cognitive impairment and oxidative stress
induced by intracerebroventricular injection of streptozotocin [67]. Resveratrol was shown
to inhibit the formation and extension of A fibrils and destabilize fibrilized Ap [68,69].
Furthermore, resveratrol could reduce A secretion from different cell lines [70]. In an
animal model of AD and tau pathology, resveratrol was shown to reduce neurodegeneration
in the hippocampus and prevented learning deficit [71]. Since red wine is known to have
higher concentrations of resveratrol as compared to white wine, its consumption can
significantly attenuate deterioration of spatial memory function and A neuropathology in
the Tg2576 mice [72].

Resveratrol administration was shown to protect mice from MPTP-induced motor
coordination impairment, hydroxyl radical overloading, and neuronal loss [73]. More
recently, resveratrol was shown to prevent toxicity triggered by hydrogen peroxide or 6-
hydroxydopamine (6-OHDA). This action was attributed to its ability to activate SIRT1, as
the protective effect was lost in the presence of the SIRT1 inhibitor, sirtinol [9]. Resveratrol
has also been tested to provide beneficial effects in the 6-OHDA-induced PD rat model. This
model involves chronic inflammation, mitochondrial dysfunction, and oxidative stress, and
loss of dopaminergic neurons in the substantia nigra. Resveratrol treatment significantly
decreased the levels of COX-2 and tumor necrosis factor-o mRNA, and COX-2 protein
expression in the substantia nigra [74].

Although the involvement of oxidative stress in ALS pathogenesis has been well described,
antioxidant treatments generally show poor efficacy in ALS animal models and in human
clinical trials. In one study, Barber et al. tested 164 antioxidant molecules and identified
three top performing antioxidants, including caffeic acid phenethyl ester, esculetin, and
resveratrol [75]. It was report that SIRT1, a human homologue of SIR2, is upregulated in
mouse models for AD, ALS, and in primary neurons challenged with neurotoxic insults.
Both resveratrol and SIRT1 were able to promote neuronal survival. In the inducible p25
transgenic mouse, which is a model of AD and tauopathies, resveratrol administration was
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shown to reduce neurodegeneration in the hippocampus, prevent learning impairment, and
decrease the acetylation of PGC-1a and p53, which are known substrates for SIRT1 [71].
Repeated treatment with resveratrol also significantly improved the 3-nitropropionic acid-
induced motor and cognitive impairment in the experimental Huntington disease animal
model [76].

Since oxidative stress is involved in traumatic brain injury and may contribute to some of
the pathophysiologic changes, treatment with resveratrol immediately after traumatic brain
injury was shown to reduce the oxidative damage and lesion volume [77]. Sonmez et al.
have also shown that acute treatment of resveratrol has a neuroprotective role against
trauma-induced hippocampal neuronal loss and associated cognitive impairment in rats [78].

Molecular Mechanisms of the Neuroprotective Effects of Resveratrol

Numerous studies have demonstrated the beneficial effects of resveratrol through its
antioxidant, anti-inflammatory, and metal-chelating properties [4,6-8]. However, recent
studies started to reveal the ability for resveratrol to exert neuroprotective effects through
activation of SIRT1 and production of vitagenes [79]. Resveratrol was shown to confer
special effects in increasing the lifespan of Saccharomyces cerevisiae [80], and this effect
was attributed to its ability to activate sirtuins, which belong to a conserved family of
NAD*-dependent deacetylases [66]. This effect of resveratrol seems to mimic that of dietary
caloric restriction, which is also associated with activation of sirtuin proteins [10,11,80-83].

Resveratrol’s ability to increase SIRT1 activity is also linked to deacetylation of PGC-1a, a
protein factor involved in mitochondrial biogenesis [14,84,85]. Another protein, peroxisome
proliferator-activated receptor-y (PPAR-y), has been proposed as a therapeutic target for
neurodegenerative disease due to its ability to protect against mitochondrial damage through
upregulation of Bcl-2, an anti-apoptotic protein [86]. There is indication that resveratrol’s
ability to attenuate tissue injury in the brain and restore mitochondrial function is partly
attributed to its effect on SIRT1-dependent deacetylation of PGC-1a and activation of
PPAR-y [87,88], and in turn, linking to learning impairment as observed in a well-
established animal model [83]. Activation of PPAR-y may also target the transcription of
SOD and catalase genes through increasing the Nrf2/keap 1 pathway [89]. Thus, ability for
resveratrol to increase SIRT1 and related enzyme activity could lead to alterations of
neuronal transcription profiles and enhanced anti-apoptotic activities [90].

A number of studies demonstrated the ability for resveratrol to reduce AP secretion from
different cell lines [70] and suppress neuroinflammation by inhibiting NADPH oxidase and
attenuating NF-kB-induced expression of iNOS, COX-2, and sPLA; [4,65,91-93].
Resveratrol is shown to activate the hormetic pathway, which involves the induction of SOD
and catalase genes through increasing the level of the PI3K/Nrf2/keap 1 pathway [89].
Indeed, dietary administration of resveratrol was shown to increase MnSOD expression and
activity in mouse brain [94]. In addition, resveratrol was also shown to upregulate the
expression of HO-1 by activating Nrf-2 [95]. This antioxidant pathway is known to protect
against ischemia-induced oxidative brain damage [88]. Resveratrol also stimulates
mitochondrial biogenesis that has been shown to be dependent on AMP-kinase (AMPK)
[84,85]. The neuronal activation of AMPK by resveratrol could affect neuronal energy
homeostasis and contribute to the neuroprotective effects of resveratrol. Taken together,
these studies strongly indicate that besides its antioxidant and anti-inflammatory properties,
resveratrol also exerts neuroprotective effects through activation of SIRT1 and increased
production of vitagenes [96,97]. This and other evidence can make resveratrol a promising
therapeutic candidate for neurodegenerative disorders [96,97].
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Resveratrol is regarded as a cancer chemopreventive agent. While studies have
demonstrated the antioxidant effect of resveratrol and its ability to counteract ROS
production, and thus inhibit oxidative DNA damage, there is growing evidence that
resveratrol may also act as a pro-oxidant and thus causes induction of apoptosis of cancer
cells [98]. The antioxidant and pro-oxidant activities of resveratrol may induce a multitude
of effects depending on the cell type (“normal” and cancer cells), cellular conditions
(normal, stressed, or malignant), and concentrations present. Because neoplastic cells
contain elevated levels of copper, they are more sensitive to electron transfer with
resveratrol to generate ROS (strong pro-oxidant properties). Although the exact mechanism
of chemopreventive effect of resveratrol is still not clear and under investigation, the DNA
damage induced by resveratrol in the presence of Cu(ll) may be an important mechanism
through which preneoplastic cells and neoplastic cells can be killed while maintaining
survival of normal cells. Therefore, the ability to regulate antioxidant and pro-oxidant
activities of resveratrol due to the presence of Cu(ll) may be a new strategy for modulating
cytotoxicity and induce apoptotic activities in neoplastic cell system [99].

Concluding Remarks

Many environmental factors including neurotoxins, drugs, heavy metal ions, and radiation
have been shown to cause neurodegeneration through activation of oxidative pathways (Fig.
1). Activation of NADPH oxidase and mitochondrial dysfunction are two major mechanisms
for production of ROS in relation to neuronal excitotoxicity and glial cell activation. ROS
from NADPH oxidase can activate signaling molecules including PKC and MAPK. In turn,
the kinase pathways can further activate NADPH oxidase, NF-xB, transcription factors, and
mitochondria, forming a vicious cycle for more oxidative stress and leading to neuron cell
death and glial cell inflammation. On one hand, resveratrol can exert a wide range of
beneficial effects through suppressing the oxidative pathways [100]. On the other hand,
recent studies show the ability for resveratrol to exert neuroprotective effects through
activation of SIRT1 and production of vitagenes.

Experimental and epidemiological evidence further demonstrate that resveratrol, together
with other flavonoids, may have synergistic effects to improve age-related cognitive decline
in PD, AD, and stroke [4]. In particular, synergistic effects were observed when resveratrol
was administered in combination with catechin, a polyphenolic compound enriched in green
tea [101,102]. Based on these multiple factors, it is reasonable that dietary consumption rich
in flavonoids can offer benefits to limit neurodegeneration and to preserve cognitive
functions in aging and age-related neurodegenerative diseases. These studies also provide
strong support for resveratrol as a therapeutic agent for neurodegenerative diseases.
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Fig. 1.

Oxidative pathways leading to neuronal cell death and glial cell inflammation: protective
effects of resveratrol [1]. Various endogenous and exogenous factors may stimulate reactive
oxygen species (ROS) production directly or indirectly through NADPH oxidase and
mitochondria [2]; ROS can cause damage to mitochondrial membrane and activate protein
kinases, e.g., PKC, p38, MAPK, ERK1/2, and P13 kinase [3]; protein kinases target multiple
proteins, including regulation of the NF-«xB transcription pathway, phosphorylation of
NADPH oxidase subunits, and increase in the expression of protective enzymes and anti-
apoptotic genes [4]; mitochondrial dysfunction leads to increase in pro-apoptotic proteins
and neuron cell death [5]; neuron cell death leads to activation of microglial cells and
production of ROS and proinflammatory cytokines [6]; cytokines induce NF-xB pathway
leading to glial cell inflammatory responses, including induction of iNOS, sPLA2, and
COX-2, and thus forming a vicious cycle of chronic inflammation and cell death. In the
above scheme, resveratrol (R) may exert protective effects through (a) scavenge ROS
produced by NADPH oxidase, (a) activate SIRT1 which leads to restoration of
mitochondrial function and biogenesis, and stimulation of biosynthesis of vitagenes, and (c)
inhibit microglial activation
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