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Resveratrol: A Therapeutic Approach to Neurodegenerative Diseases and Aging
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Abstract: Resveratrol (3,5,4'-trihydroxystilbene) is a polyphenol present in black grapes and its derivatives. Several reports have shown
that resveratrol can prevent or slow the progression of a wide variety of illnesses, including cancer, cardiovascular disease and ischemic
injuries as well as enhances stress resistance and extends the lifespan of various organisms from yeast to mammals. The mechanism by
which resveratrol exerts such a range of beneficial effects across species and disease models is not yet clear, although at the beginning it
was proposed that the antioxidant properties of this drug may explain the majority of its beneficial effects. Another mechanism by which
resveratrol could combat tumour formation is induction of cell cycle arrest and apoptosis. The last protective mechanism related with
resveratrol is its role as activator of sirtuin 1. Resveratrol increases the affinity of sirtuin 1 for its acetylated substrates, possibly inducing
a conformational change of the enzyme. The axis sirtuin 1/PGC-1 activated by the resveratrol is a signalling pathway involved in several
cellular contexts and tissues, each of the actors involved may promote a separate slow down in the neurodegenerative process. This
neuroprotective action is very likely due the fact that the central factor of this signal, PGC-1, promotes mitochondrial activity while
neurodegenerative diseases are linked to mitochondrial failures. It is strongly suggested that the activation of the axis sirtuin 1 /PGC-1 by
resveratrol could be a key feature of the mechanisms of neuroprotection by this polyphenol and give birth to new therapeutic prospects.
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RESVERATROL

Resveratrol (3,5,4'-trihydroxystilbene) was first isolated from
the roots of white hellebore (Veratrum grandiflorum O. Loes) in
1940 and later, in 1963, from the roots of Polygonum cuspidatum, a
plant used in traditional Chinese and Japanese medicine. Initially
characterized as a phytoalexin, resveratrol, a polyphenol present in
black grapes and its derivatives, attracted little interest until 1992,
when it was postulated to explain some of the cardioprotective ef-
fects of red wine. Since then, dozens of reports have shown that
resveratrol can prevent or slow the progression of a wide variety of
ilinesses, including cancer, cardiovascular disease and ischaemic
injuries as well as enhance stress resistance and extend the lifespan
of various organisms from yeast to vertebrates [1, 2]. Recent reports
indicate that resveratrol treatment alone has a range of beneficial
effects in mice but does not increase the longevity of ad libitum-fed
animals when started midlife in contrast to high-fat diet-fed mice
[2-4].

ANTIOXIDANT PROPERTIES OF RESVERATROL

The mechanism by which resveratrol exerts such a range of
beneficial effects across species and disease models is not yet clear
[5], although at the beginning it was proposed that the antioxidant
properties of this drug may explain the majority of its beneficial
effects. Attempts to show favourable effects in vitro have met with
almost universal success, and have led to the identification of mul-
tiple direct targets for this compound. However, results from phar-
macokinetic studies indicate that circulating resveratrol is rapidly
metabolized, and cast doubt on the physiological relevance of the
high concentrations typically used for in vitro experiments [6, 7].
Further experiments are needed to show whether resveratrol or its
metabolites accumulate sufficiently in tissues to recapitulate in vitro
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observations, or whether alternative higher-affinity targets, such as
quinone reductase 2 (QR2), have the key roles in its protective ef-
fects [8, 9]. In vivo results have therefore become increasingly im-
portant in the attempts to understand how resveratrol is effective in
the treatment of different diseases. It is also unclear what conclu-
sion should be drawn from the studies described so far.

In reference to antioxidant action of resveratrol, it is widely ac-
cepted that resveratrol exert antioxidant effects, but it is not yet
clear if this is primarily a direct scavenging effect or the result of
the activation of pathways that up regulate cells’ natural antioxidant
defences. Reactive oxygen species (ROS) have been shown to have
a role in the initiation and progression of cancer through directly
damaging DNA and other macromolecules. In addition to its possi-
ble modulation of antioxidant enzymes involved in the Phase Il
response, resveratrol has an intrinsic antioxidant capacity that could
be related to its chemopreventive effects. In vivo, resveratrol has
been shown to increase plasma antioxidant capacity and decrease
lipid peroxidation; however, it is difficult to assess whether these
effects are direct, or the result of up regulating endogenous anti-
oxidant enzymes. In addition, clinical trials of antioxidant mole-
cules have yielded disappointing results, suggesting that phyto-
chemicals could possess other properties that are more relevant to
cancer prevention. Oxidation of low-density lipoprotein (LDL)
particles is strongly associated with the risk of coronary heart dis-
ease and myocardial infarction. Resveratrol prevents LDL oxidation
in vitro by chelating copper, as well as by directly scavenging free
radicals (although other components of red wine are superior free
radical scavengers) [10]. Treatment of normal rats with resveratrol
does not affect lipid peroxidation, as reflected by the presence of
thiobarbituric acid-reactive substances [11]. However, resveratrol
can be detected in LDL particles from humans after consumption of
red wine, rich in this compound, and the pure compound prevents
increases in lipid peroxidation that are induced by tumours or UV
irradiation [12, 13], in addition to blocking gentamicin-induced
nephrotoxicity [14]. In stroke-prone, spontaneously hypertensive
rats, resveratrol significantly reduces markers of oxidative stress
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such as glycated albumin in serum, and 8-hydroxyguanosine in
urine [15]. Furthermore, in guinea pigs, resveratrol induces the
activities of QR2 and catalase in cardiac tissue, and decreases the
concentration of ROS generated by menadione [16]. These results
indicate that resveratrol can suppress pathological increases in the
peroxidation of lipids and other macromolecules in vivo, but
whether the mechanism is direct, indirect, or both is not yet clear.

RESVERATROL AND CONTROL OF CELL CYCLE

Another mechanism by which resveratrol could combat tumour
formation is induction of cell cycle arrest and apoptosis. The
anti-proliferative and pro-apoptotic effects of resveratrol in tumour
cell lines have been extensively documented in vitro and are sup-
ported by down regulation of cell cycle proteins and increases in
apoptosis in tumour models in vivo. Although resveratrol has been
found to target leukaemic cells preferentially in vitro in some stud-
ies, the specificity of these effects remains unclear as others have
found that resveratrol inhibits growth and induces apoptosis in
normal haematopoietic cells at similar doses. Some level of speci-
ficity could arise from the apparent increased susceptibility of cy-
cling cells to the effects of resveratrol [17]. A more precise mecha-
nism by which resveratrol could act is sensitization of tumour cells
to other inducers of apoptosis. Resveratrol has been shown to sensi-
tize several tumour lines, but not normal human fibroblasts, to
TRAIL (tumour necrosis factor-related apoptosis-inducing ligand)-
induced apoptosis. It remains to be seen whether the pro-apoptotic
effects of resveratrol in vivo are related to these in vitro observations,
or secondary to other effects, such as inhibition of angiogenesis.

RESVERATROL MEDIATES INCREASE IN LIFESPAN

The last protective mechanism related with resveratrol is its role
as activator of sirtuin 1. The benefits of resveratrol, as we com-
mented above, can be explained by its antioxidant properties or
better if this substance acts through a specific genetic pathway that
has evolved to increase disease- and stress-resistance. With regard
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to the latter proposal, there is already a wide evidence for the exis-
tence of health-promoting pathways that are activated by caloric
restriction. It has been known since the 1930s that a severe lower-
ing of caloric intake dramatically slows the rate of ageing in mam-
mals and delays the onset of numerous diseases of ageing, including
cancer, cardiovascular disease, diabetes and neurodegeneration. It is
an attractive hypothesis that resveratrol might use the same path-
ways activated by caloric restriction in mammals, as it appears to
do in lower organisms; however, proving this hypothesis will re-
quire a better understanding of these processes.

Resveratrol increases the affinity of sirtuin 1 for its acetylated
substrates, possibly inducing a conformational change of sirtuin 1
[18]. The rat brain has receptors for polyphenols such as resvera-
trol. This indicates that this substance and its derivatives can pass
the blood-brain barrier and several studies suggest it may have a
protective effect in some neurodegenerative processes, as we will
describe below in extends. Hence, the axis sirtuin 1/PPARy coacti-
vator-a (PGC-1) activated by the resveratrol (Fig. 1) is a signalling
pathway involved in several cellular contexts and, each of the actors
involved may promote a separate slow down in the neurodegenera-
tive process [19]. This neuroprotective action is very likely due the
fact that the central factor of this signal, PGC-1, promotes mito-
chondrial activity while neurodegenerative diseases are linked to
mitochondrial failures. It is strongly suggested that the activation of
the axis sirtuin 1/PGC-1 by resveratrol could be a key feature of the
mechanisms of neuroprotection by this polyphenol and give birth to
new therapeutic prospects (Fig. 1).

RESVERATROL AND NEURODEGENERATIVE DISEASES

Using the neurotoxin 3-nitropropionic acid, a mitochondrial
complex Il inhibitor and a well established experimental model of
Huntington’s disease, it have been reported that the beneficial ef-
fects of resveratrol against this neurotoxin might be attributed to its
antioxidant activity [20]. However, several findings have converged
on the notion that sirtuin 1’s neuroprotective effect could be ex-
tended to degenerating neurons. Parker and co-workers [21] showed
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Fig. (1). Representative image of sirtuin1/PGC-1 crossroad and the tissues implicated in its regulation.
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that resveratrol, acting through Sir2 and sirtuin 1 activation respec-
tively, protected C. elegans and mouse neurons against the cyto-
toxicity of the mutant polyglutamine protein huntingtin. Huntingtin
is the product of the gene mutated in the hereditary neurodegenera-
tive disorder Huntington’s disease, whose expansion of a polyglu-
tamine stretch resulted in a mutant polypeptide that could form
cytotoxic aggregates in neurons [22]. Although C. elegans has no
huntingtin orthologue, over-expression of a huntingtin fragment in
touch receptor neurons resulted in a gain-of-function mechanosen-
sory defect that could model the disease. Both resveratrol and an
increased sir-2.1 gene dosage alleviated the worm neuronal dys-
function in a DAF16-dependent manner. Furthermore, resveratrol
decreased cell death associated with neurons cultured from a mutant
huntingtin (109Q) knocking mice, in a manner that is reversible by
two sirtuin 1 inhibitors, sirtinol and nicotinamide [23].

On the other hand a link between sirtuin 1 and Alzheimer’s
disease (AD) is also increasingly evident [24, 25]. The amyloid
hypothesis [26] depicts that extracellular plaques consist of aggre-
gated beta-amyloid (RA) peptide generated from proteolytic cleav-
ages of the amyloid precursor protein (APP) as the etiological agent
of AD pathology [27]. Both intracellular and extracellular soluble
oligomeric forms of BA could in fact initiate synaptic malfunctions
and the onset of AD symptoms [28, 29]. Nuclear factor kB (NF-
kB) signalling in microglia is known to be critically involved in
neuronal death induced by BRA peptides [30]. Chen and collaborators
[31] showed that stimulation of microglia with BA increased acety-
lation of RelA/p65 subunit of NF-kB at lysine 310. Over-expression
of sirtuin 1 and resveratrol treatment markedly reduced NF-xB
signalling stimulated by BA and had strong neuroprotective effects.
This result connects the known role of sirtuin 1 in modulating
NF-xB activity [32] with AD. It should be kept in mind that for
AD, as with other neurodegenerative diseases, the beneficial effect
of resveratrol is multifaceted. Its immediate effect is more likely
associated with its activity as an antioxidant [33, 34], but at a more
extended time frame, its activation of sirtuin 1 and modulation of
NF-xB signalling may result in other beneficial effects, such as
anti-inflammation.

Another possible link between sirtuin 1 and AD came from the
potential benefits of calorie restriction (CR) on AD symptoms and
progression. It is well known in the epidemiology of neurodegen-
erative diseases that the incidence of sporadic Parkinson’s disease
(PD) and AD are both correlated with multiple genetic factors, diet
and social behaviour [35]. High calorie diets are associated with the
risk of AD, and CR has been proposed to protect against both PD
and AD [36]. Firmer evidence for this idea was obtained when Patel
[37] showed that short-term CR substantially decreased the accu-
mulation of RA plaques in two AD-prone APP/presenilin transgenic
mice lines, and also decreased gliosis marked by astrocytic activation.
In another study, Passinetti and colleagues [38] also showed that a
CR dietary regimen prevents RA peptide generation and neuritic
plaque deposition in the brain of another mouse model of AD
(Tg2576 mice). In this latter study, the authors suggested that CR
resulted in the promotion of APP processing via the non-amyloido-
genic a-secretase-mediated pathway. They observed a larger than
two fold increase in the concentration of brain sSAPPa. (a product of
a-secretase cleavage) and a statistically significant 30% increase in
ADAMI10 (a putative a-secretase) levels in CR animals compared
to control. There also appeared to be a moderate increase in the
levels of the insulin degrading enzyme, which has been associated to
brain amyloid clearance [39]. In another recent report, the same
group showed that CR resulted in reduced contents of RA in the
temporal cortex of squirrel monkeys, in a manner that was inversely
correlated with sirtuin 1 protein concentrations in the same brain
region [40]. It is not particularly clear in the above reports whether
CR’s effects in attenuating amyloid production were mediated
through sirtuin 1 activation. Recent evidence suggests that this may

Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No. 4 269

indeed be the case, and may actually involve a novel signalling
crosstalk [41].

More controversial is the relation ship among activation by
resveratrol and PD. As it is well known PD is a neurodegenerative
disease that is also characterized at the clinical level by bradykine-
sia, tremor and rigidity, and at the cellular level by a loss of dopa-
mine neurons of the grey matter, and the frequent presence of in-
traneuronal inclusions named Lewy bodies, mainly composed of
fibrillar o-synuclein [42]. Like AD, the familial form of PD con-
cerns only a small proportion of patients (10%). The majority of
them are suffering from a sporadic form and, if the genetic causes
are fairly well identified, the reasons for the emergence of the spo-
radic contrary are still unclear. The involvement of mitochondrial
dysfunction in the PD has been established for over two decades
when it was discovered that the administration of 1-methyl-4-
phenyl-1,2,3,4-tetrahydropyridine (MPTP), causes the emergence
of parkinsonism in laboratory animals but also in humans, through
its active metabolite ion MPP*, which inhibits the complex | of the
chain of mitochondrial electron transport. It is well known that
complex 1 is the major source of production of free radicals, the
assumption is that the alteration of its functions could, beyond the
declining production of ATP, give rise to increased oxidative stress,
explaining the emergence of the disease. However, different authors
working in different PD models conclude that sirtuin 1 activation
does not play a major role in the protective effect of resveratrol
against MPP* cytotoxicity, because sirtuin inhibitors such as
nicotinamide and sirtinol did not counteract neuroprotection by
resveratrol [43]. Instead, all works point to propose that antioxida-
tive actions are responsible for neuroprotection by resveratrol
against MPP" [43, 44]. However, it has been recently described that
genetic inhibition of SIRT2 via small interfering RNA rescued
a-synuclein toxicity [45]. Furthermore, the inhibitors of this en-
zyme protected against dopaminergic cell death both in vitro and in
a Drosophila model of Parkinson’s disease, and found that inhibi-
tion of SIRT2 rescued a-synuclein toxicity and modified inclusion
morphology in a cellular model of PD [45]. However, increased
sirtuin 1 expression or activity delays the toxic effects induced by
a-synuclein, the protein that forms insoluble aggregates in several
age-onset pathologies including PD. Resveratrol could be an inter-
esting candidate for potential application in the treatment of PD
only by its antioxidant properties [43].

Numerous studies have raised the possibility that resveratrol
might be useful in protecting against brain damage following cere-
bral ischemia. Laboratory animals given intraperitoneal injections
of resveratrol showed less motor impairment and significantly
smaller infarct volume jointly with decreased delayed neuronal cell
death and glial cell activation after ischemia. Similar effects were
observed in wild-type, but not peroxisome proliferator-activated
receptor-o—/— (PPARo~/-), mice [46]. Resveratrol administered
intraperitoneally also prevented seizures induced by FeCl3, kainic
acid [47] or pentylenetetrazole [48], and partially restored cognition
in rats receiving streptozotocin intracerebroventricularly [49].
These results indicate that resveratrol is capable of penetrating the
blood-brain barrier and exerts strong neuroprotective effects, even
at low doses, after stroke or neurotoxin injured brain. Moreover,
more studies are necessary to determine if these neuroprotective
effects are mediated trough the stimulation of sirtuin 1 or by its
antioxidant properties (1).

MODULATION BY RESVERATROL IN AGEING

As mentioned, in yeast, worms and flies, extra copies of the
genes that encode sirtuins are associated with extended lifespan
[50-52]. Inbred knockout mice that lack sirtuin 1 show develop-
mental defects, have a low survival rate and have a significantly
shorter lifespan compared with wild-type mice, although out
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breeding seems to improve the phenotype significantly [53]. It has
been postulated that the main function of sirtuin proteins might be
to promote survival and stress resistance in times of adversity [54].
An evolutionary advantage arising from the ability to modify
lifespan in response to environmental conditions could have al-
lowed these enzymes to be conserved as species evolved, and to
take on new functions in response to new stresses and demands on
the organism. This could explain why the same family of enzymes
has dramatic effects on lifespan in different organisms with seem-
ingly dissimilar causes of ageing [55]. CR and intermittent fasting
are implicated in most of the theories for successful brain aging
[56]. The data from lower organisms have provoked intense re-
search into the function of sirtuin proteins in mammalian systems.
An in vitro screen for activators of sirtuin 1 identified resveratrol as
the most potent of 18 inducers of deacetylase activity [57]. Subse-
quent work has shown that resveratrol extends the lifespans of
Saccharomyces. cerevisiae, Caenorhabditis elegans and Drosophila
melanogaster, but only if the gene that encodes Sir2 is present in
these organisms. More recently, resveratrol was shown to extend
the maximum lifespan of a species of short-lived fish by up to 59%,
concomitant with the maintenance of learning and motor function
with age and a dramatic decrease in aggregated proteins in elderly
fish brains [58]; however, the extent to which this effect is
Sir2-dependent, if at all, is not known. Moreover, resveratrol con-
sistently recapitulates the protective effects of sirtuin 1 overexpres-
sion in cell culture, and Sir2/sirtuin 1 have been shown to be essen-
tial mediators of effects on adipogenesis, NF-xB acetylation, pro-
tection from mutant huntingtin protein, and lifespan extension in
lower organisms [21, 50, 51, 59]. The question of whether en-
hanced sirtuin 1 activity and/or resveratrol treatment will increase
mammalian lifespan looms large in the aging-research community.
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