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Resveratrol is a phytoalexin structurally related to stilbenes, which is synthe-
sized in considerable amounts in the skin of grapes, raspberries, mulberries,
pistachios and peanuts, and by at least 72 medicinal and edible plant species
in response to stress conditions. It was isolated in 1940 and did not maintain
much interest for around five decades until its role in treatment of cardio-
vascular diseases was suggested. To date, resveratrol has been identified as an
agent that may be useful to treat cancer, pain, inflammation, tissue injury,
and other diseases. However, currently the attention is being focused in ana-
lyzing its properties against neurodegenerative diseases and as antiaging com-
pound. It has been reported that resveratrol shows effects in in vitro models of
epilepsy, Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amy-
otrophic lateral sclerosis, and nerve injury. However, evidences in vivo as well
as in human beings are still lacking. Thus, further investigations on the phar-
macological effects of resveratrol in vivo are necessary before any conclusions
on its effects on neurodegenerative diseases can be obtained.

Introduction

Flavonoids and stilbenes are biosynthesized through the
shikimate pathway. They are important because they
contribute to flavor and color of many fruits and plants,
as well as normal growth, development, and defense [1].
Stilbenes are molecules of two phenolic rings connected
by an ethene molecule, and can be classified according
to the presence of different substituents on the aromatic
rings and to the degree of ring saturation. Resveratrol
is the main stilbene generated in considerable amounts
in the skin of grapes, raspberries, mulberries, pistachios
and peanuts, and by at least 72 medicinal and edible
plants species such as Polygonum cuspidatum, Veratrum
grandiflorum, Arachis hypogaea, Rhizoma polygoni cuspidate,
Yucca Shidigera, Cassia quinquangulata, Rheum rhampon-
ticum among others [2,3]. It can be found as glucoside
[4] forming oligomers [5], tetramers [6], trimers [7], and
oxyresveratrol, which is also known as piceatannol [8].
Resveratrol (3,4’,5-trihydroxystilbene) is a phytoalexin
polyphenolic structurally related to stilbenes. It is found
in two isomers, cis- (Z) and trans- (E) resveratrol. Ini-

tially, cis-resveratrol was considered biologically inactive;
however, several reports have shown that both isoforms
possess biological activity, although trans-resveratrol
seems to be more potent than cis-resveratrol in most of
the comparative studies indicating certain stereo-specific
activity of the molecule [9]. Physically, it is a white pow-
der with slight yellow cast, which is soluble in ethanol
and dimethyl sulfoxide and very slightly soluble in warm
water.

Resveratrol represents 5-10% of the biomass of grape
skins and it is contained in concentrations ranging from
0.05 to 25 mg/L in most wines and grape juices [10]
whereas its concentration in peanuts, pistachios, blue-
berries, and bilberries reach up to 5.1 ng/g. In addition,
plants as R. rhamponticum contain around 3.9 mg/g of this
compound [3]. The fact that resveratrol is contained in a
wide variety of dietary resources gives a reason to think
that regular consumption of resveratrol in the diet may be
useful for treatment of multiple illnesses in which it has
shown pharmacological activity. The present review at-
tempts to integrate the established pharmacological prop-
erties of resveratrol on central nervous system function.
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Other actions such as those related with its cardiovascu-
lar [11] and cancer [12,13] effects have been previously
reviewed.

History

The ancient cultures already knew beneficial proper-
ties of red wine. In the medicinal book of Hindus titled
Ayurveda is described a fermented red grape juice used
as a cardiotonic compound [14]. Consequently, the Holy
Bible described to Timothy, a Christian believer who was
allowed to drink a little wine because of his stomach and
frequent illnesses. In 1940, resveratrol was isolated and
identified from V. grandiflorum [15] and later on from the
roots of P. cuspidatum, an oriental plant used in traditional
medicine to treat fungal infections, dermatitis and hyper-
lipidemic diseases [16]. At the beginning, resveratrol was
described as a phytoalexin synthesized in the leaf epider-
mis and grape skin from Vitis vinifera in response to infec-
tion or injury [17].

This compound did not maintain much interest for
about 50 years until 1992, when Siemann and Creasy
suggested that the resveratrol was the active ingredient in
wines causing reduction of serum lipids. After this paper,
many authors focused on its cardiovascular properties
and resveratrol was postulated as a candidate to explain
the low incidence of heart diseases in France (French
paradox), a country with high-fat diet and moderate red
wine consumption [18,19].

The attention came back to resveratrol after 1997,
when it was shown that it could have chemopreventive
activity [20]. Since then, the number of articles published
each year on resveratrol as well as its properties has been
increasing in an exponential manner. To date, several re-
ports have clearly established that resveratrol is an anti-
inflammatory, analgesic, antioxidant, and anti-isquemic
compound [3,21,22]. Currently, the new interest on
resveratrol is in identitying its properties and mechanisms
in neurodegenerative diseases and aging [23].

Pharmacology
Epilepsy

The term epilepsy refers to a neuronal disorder char-
acterized by the periodic and unpredictable occurrence
of seizures whereas the term seizure refers to a tran-
sient alteration of behavior due to the disordered, syn-
chronous, and rhythmic firing of populations of brain
neurons [24]. Resveratrol has shown anticonvulsant ac-
tivity in the pentylentetrazole, ferric chloride, and kainic
acid models. In the model of pentylentetrazole, a chemo-
convulsant useful in identifying compounds that are ef-
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fective against absence seizures in human beings, resver-
atrol reduced the incidence of generalized convulsions
by an adenosinergic mechanism that did not involve A,
adenosine receptor [25]. On the other hand, the fer-
ric chloride model simulates seizures produced after a
post-traumatic event where free radical formation seems
to play a critical role in the neuronal disorder genesis.
In this model, resveratrol delays the onset of epilepti-
form electroencephalographic changes and significantly
reduces malondialdehyde levels, a marker of oxidative
stress [26]. In addition, it attenuates the incidence of con-
vulsions in the kainic acid model when this is adminis-
tered as pre- and post-treatment or in chronic adminis-
tration protecting from the damage in the olfactory cortex
and hippocampus [27,28]. The main mechanism of action
of classical antiseizure drugs, as carbamazepine, pheny-
toin, or valproate, is to promote the inactivated state of
voltage-activated Nat channels. In this regard, resvera-
trol has shown to act through this mechanism in dorsal
root ganglion cells [29].

Alzheimer’s Disease

The pathological hallmarks of Alzheimer’s disease are due
to the loss of hippocampal and cortical neurons that clin-
ically manifest a gradual impairment of cognitive abilities
accompanied often of aphasia, disorientation, and desin-
hibition. The alterations are produced by the formation
of neurofibrillary tangles and senile plaques of protein
B-amyloid which are the product of larger amyloid pre-
cursor proteins [30]. Epidemiological studies have shown
that moderate red wine consumption can attenuate clini-
cal dementia produced by Alzheimer’s disease in humans
[31]. Accordingly, red wine diminishes deterioration of
Alzheimer’s disease-related spatial memory in mice [32]
and it increases the cellular viability in cultures [33]. Fur-
thermore, resveratrol has shown a memory improvement
in different behavioral tests [34,35].

Resveratrol treatment markedly inhibits polymeriza-
tion of the B-amyloid peptide [36] by a mechanism that
does not involve B-amyloid production because resvera-
trol has no effect on activity of 8- and y-secretases but
stimulates indirectly the proteosomal degradation of 8-
amyloid peptides [37]. Han et al. [38] have reported that
the protective effects of resveratrol on g-amyloid protein-
induced toxicity in cultured rat hippocampal cells are
specifically related to activation of protein kinase C. In ad-
dition, Miloso et al. [39] showed that resveratrol activates
ERK1/2 kinases in neuroblastoma cells. Besides these de-
scribed pathways, it has been postulated that resveratrol
produces its neuroprotective activity against Alzheimer’s
disease through enhancing the intracellular free-radical
scavenger glutathione [40], decreasing malondialdehyde
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Figure 1 Mechanisms proposed of neuronal protection of resveratrol
in Alzheimers disease. Glial cells play a critical role in the A-dependant
neurodegeneration produced in this disease. Resveratrol reduces dam-
age produced by glial cells activating sirtuin-1 (SIRT-1) [1], inhibiting tran-
scription factors as nuclear factor B (NF«B) [2] or reducing activity and
expression of diverse enzymes [3] and the levels of their corresponding
metabolites [4]. In addition, resveratrol improves stability of the plasmatic
membrane increasing the arachidonic acid incorporation into phospho-
lipids presumably by activation of arachidonyl-coenzyme A transferase
(AA-CoA-T) [5]. Likewise, it decreases the formation of senile plaques in-
creasing activity of transthyretin (TTR) [6] and stimulating the degradation
proteasomal of the amyloid peptide [7]. Resveratrol also inhibits the activ-
ity of acetylcholinesterase (ACh-E), an enzyme that degrades acetylcholine

levels, suppressing acetylcholinesterase activity, and in-
creasing Bax/BcL-X(L) ratio [33,34]. In addition, it ame-
liorates cellular damage reducing oxidized human low-
and very low-density lipoproteins [41,42], and activat-
ing transthyretin, a protein that sequesters B-amyloid
protein and prevents S-amyloid aggregation [43]. Chen
et al. [44] have observed that the neurodegeneration in-
duced by B-amyloid peptides depends on contributions
from surrounding glia where nuclear factor-«B (NF-«B)
signaling activation plays an important role. Under this
condition, resveratrol reduces NF-«B signaling by sirtuin-
1 (SIRT1) activation. In support of these data, resver-
atrol strikingly reduces the expression of genes modu-

Glial cell
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[8] and it reduces the amount of free radicals directly or increasing free-
radical scanvenger systems as glutathione [9 and 10], likewise it increases
the activity or expression of antiapoptotic factors and decreases expres-
sion or activity of pro-apoptotic factors [11 and 12] improving the cell
survival [13]. Other abbreviations: IkBa = Inhibitor kBe; Cat B = cathep-
sin B; INOS = inducible nitric oxide synthase; COX2 = cyclooxygenase-2;
NO = nitric oxide; PGE, = prostaglandin E,; PKG = protein kinase G; PKC =
protein kinase C; ERK1/2 = extracellular signal-regulated kinases 1/2; PLA,
= phospholipase A,; APP = amyloid precursor protein; ACh-R = acetyl-
choline receptor; CDK5 = cyclin-dependant kinase 5; Cas-3 = caspase 3;
PGC-1a = peroxisome proliferator-activated receptor gamma co-activator
1 alpha; ~Ac = deacetylation; +-P = phosphorylation.

lated by NF-«B, such as inducible nitric oxide synthase,
cyclooxygenase-2, and cathepsin as well as nitric ox-
ide and prostaglandin E, metabolites [44,45]. In addi-
tion, SIRT1 activation by resveratrol also deacetylates
PGC-la and p53 proteins improving associate learning
in p25 transgenic mice, an Alzheimer’s disease-like
model characterized for decreased learning capability
because p53 is a protein that undergoes phosphory-
lation by p25 enhancing neurodegenerative damage
[Fig. 1; 35].

Notwithstanding all these data, there is no direct exper-
imental evidence that the red wine (or specifically resver-
atrol) beneficially influence Alzheimer’s disease. The role

236 CNS Neuroscience & Therapeutics 14 (2008) 234-247 (C) 2008 The Authors. Journal compilation © 2008 Blackwell Publishing Ltd



Rocha-gonzadlez et al. Resveratrol
Table 1 Pharmacokinetic parameters of resveratrol and its main metabolites
Dose Treatment Specie Cmax T max ti2 AUC CLr References
Oral resveratrol
Free resveratrol
25 mg Single dose Humans <0.02 uM 1.0h - - - 96
25 mg Single dose Humans ~0.03 uM 0.5h - - - 92
500 mg Single dose Humans 0.3 uM 0.8h 29h 1.0 uM-h 2.2L/h 97
5000 mg Single dose Humans 2.4 uM 1.5h 85h 5.9 uM-h 49 Lh 97
0.1 mg/kg Single dose Rats 0.07 uM 0.5h - - 98
0.1 mg/kg 15 days Rats 0.03 uM - - - - 98
2mglkg Single dose Rats 2.4 uM 0.16 h - - - 100
5 mg/kg Single dose Rats 0.1 uM 1.5h - - - 128
20 mg/kg Single dose Rabbits 1.1 uM 0.05h 0.24h - - 99
20 mgrkg Single dose Rats 1.2 uM 0.1h - - - 99
20 mg/kg Single dose Mice 2.6 uM 0.5h - - - 99
2.6 mg/kg 10 days Mice 0.08 uM - - - - 99
50 mg/kg Single dose Rats 6.6 uM 0.3h 1.5h 7.1 uM-h 32.4 L/h/kg 101
4000 mg Single dose Mice 30.2 uM 0.5h - - - 102
Resveratrol glucuronide
500 mg Single dose Humans 1.8 uM 2.0h 29h 8.6 uM-h 282.7 Lih 97
5000 mg Single dose Humans 5.7 uM 2.0h 7.9h 44.2 uM-h 590.6 L/h 97
50 mg/kg Single dose Rats 105.2 uM 0.4h 1.6h 324.7 uM-h 0.7 L/h/kg 101
4000 mg Single dose Mice 534 uM 1.0h - - - 102
Resveratrol sulphate
500 mg Single dose Humans 5.1 uM 1.5h 3.2h 18.0 uM-h 131.2L/h 97
5000 mg Single dose Humans 19.1 uM 2.1h 7.7h 137.6 uM:h 207.8 L/h 97
4000 mg Single dose Mice 386 uM 1.0h - - - 102
Intravenous resveratrol
Free resveratrol
15 mg/kg Single dose Rats - - 1.3h 5.6 uM-h 11.7 Lihikg 101
Resveratrol glucuronide
15 mglkg Single dose Rats - - 1.5h 38.7 uM-h 1.7 L/n/kg 101

of resveratrol in several studies is not clear because the
red wine used in that studies contains very low amounts
of resveratrol (0.88 uM), which is 10-fold lower than the
minimal effective concentration shown to produce its in
vitro effects (10-40 uM, Table 1; 32,37].

Parkinson’s Disease

Parkinson’s disease is a neurodegenerative disease char-
acterized by a selective loss of dopaminergic neurons in
the substantia nigra pars compacta that provide dopamin-
ergic innervations to the striatum and its neuronal toxic-
ity is related with the aggregates formation called Lowry
bodies. Clinical syndrome includes resting tremor, mus-
cle rigidity, bradykinesia, impairment of postural balance,
and difficulty in walking [30].

Numerous theories have been described to explain
the cell death of nigrostriatal dopaminergic neurons
in Parkinson’s disease. Dopamine theory establishes
that this catecholamine can be oxidized spontaneously
or by some enzymes as monoamine oxidase B or
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cyclooxygenase-2 to generate free radicals [46,47], then
dopamine oxidation products can suffer polymerization
to form a neurotoxin called neuromelanin [48]. In this
regard, low doses of resveratrol (5 ©M) markedly atten-
uate dopamine-induced cell death in neuroblastoma cells
by activation of the antiapoptotic factor Bcl-2 and inhibi-
tion of caspase-3 [49]. Another theory suggests that the
nitric oxide is involved in the generation of superoxide
radicals and lipid peroxidation, which leads to the release
of arachidonic acid. Chalimoniuk et al. [50] demonstrated
that resveratrol (0.1 mM) prevents nitric oxide- and cyclic
GMP-dependent inhibitory effect on arachidonic acid in-
corporation into phophatidylinositol possibly by nitric ox-
ide synthase inhibition. Although this mechanism may be
used to explain the neuroprotective effect of resveratrol
in Alzheimer’s and others neurodegenerative diseases, as
resveratrol concentrations greater that 6 M were used,
it is likely that this mechanism has no clinical relevance.
In addition, it has been postulated that the induction
of heme-oxygenase by antioxidants may protect against
neuronal disorders [51].
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Huntington’s Disease

Huntington’s disease is a fatal neurodegenerative disor-
der caused by the expansion of a cytosine adenine gua-
nine (CAG) triplet-repeat in the huntingtin gene, which
is localized on chromosome 4p16.3 and that leads to an
extended polyglutamine domain called PolyQ. The repeat
length in normal subjects varies from 9 to 34 repeats but
in patients with the illness the number of repeats is over
40. This neurodegenerative disorder is characterized by
prominent loss of neurons in the striatum of the brain
although other areas can be affected in a minor grade.
Atrophy of these structures produces a gradual onset of
ataxia, personality changes, and dementia in midlife [30].
At molecular level, mutant huntingtin polypeptides ac-
quire an unusual conformation facilitating their aggrega-
tion into inclusion bodies, which impair vesicular and mi-
tochondrial traffic and cause mitochondrial dysfunction
leading to an increase in free radicals production and cell
death [52].

Kumar et al. [53,54] showed that resveratrol (5-
10 mg/kg) reverses motor and cognitive impairment gen-
erated in rats by administration of 3-nitropropionic acid
or colchicine through its antioxidant activity. In an-
other study, Solans et al. [52] developed a Huntington’s
disease-like model in yeast cells where they found that
the interactions of huntingtin polypeptides aggregate to
the mitochondrial and actin networks cause alterations
in the function of mitochondrial respiratory chain com-
plex II and III activity leading to mitochondria-dependent
cell death. In this model, resveratrol (10-50 uM) sig-
nificantly reduced the amount of free radicals produced
in the mutant strain but it did not diminish the size of
polyQ aggregates, mitochondrial fragmentation, or the
rate of growth of the strains control and mutant suggest-
ing that the resveratrol plays a role delaying but not in-
hibiting disease development. Others have demonstrated
that resveratrol (10-100 ©M) decreases cell death of neu-
rons derived from 111Q knock-in mice by sirtuin acti-
vation (Sir2) and not simply for its antioxidant properties
[55]. Likewise, it rescues Caenorhabditis elegans worms car-
rying 128Q in a dependent-manner of sir-2.1 and daf-16
being the latter a member of FOXO family. However, re-
duction of free radicals leading to a delay of Huntington’s
disease as well as sirtuin activation should be taken with
caution as these mechanisms were observed after high
resveratrol concentrations (10-100 uM).

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis is a neuromuscular disor-
der generated in motor neurons of the spinal, bulbar, and
cortical regions. It is a progressive degenerative disease
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leading to muscle weakness and eventually paralysis with
a fatality within 2-3 years of onset [30]. Only 2% of all
cases are due to a mutation in the enzyme superoxide dis-
mutase 1 [56]; however, the most cases are sporadic and
their mechanisms are unknown.

It has been observed that resveratrol (50-500 nM) re-
duces mutant superoxide dismutase-induced neurotox-
icity in transfected neurons of mice by sirtuin-1 pro-
tein activation [35]. Moreover, resveratrol and riluzole
stimulate activity of large-conductance Ca**-activated
K* channels in vascular endothelial and neuroendocrine
cells, respectively. As riluzole is a drug used for the treat-
ment of amyotrophic lateral sclerosis [57], data suggest
that the resveratrol could be a promise of treatment in
this disease.

Neuronal Injury

It is well established that the neurons are highly sus-
ceptible to oxidative injury due to its high consump-
tion of oxygen. Several preclinical studies have sug-
gested that resveratrol may be useful in protecting brain
and spinal cord against traumatic neuronal injury fol-
lowing contusion or ischemia-reperfusion injury because
resveratrol modulates different oxidative stress neuronal
markers in vivo at the injury site. In brain, resveratrol de-
creases lactate dehydrogenase, xanthine oxidase, metal-
loproteinase 9, heme-oxygenase, and malondialdehyde
levels, and it increases reduced glutathione levels in-
duced by several types of injury such as cerebral artery
occlusion, cerebral ischemia-reperfusion, focal cerebral
ischemia, and streptozotocin-induced diabetes [58-60].
Tsai et al. [60] found that, after ischemia-reperfusion in-
jury, resveratrol produces a differential expression of ni-
tric oxide synthases. In this study, inducible nitric oxide
synthase was decreased, whereas endothelial nitric oxide
synthase was increased and there was no change in neu-
ronal nitric oxide synthase expression giving a possible
explanation of controversial effects that produce resvera-
trol on nitric oxide. Moreover, resveratrol inhibits per-
oxisome proliferator-activated receptors alpha (PPARs;
61] and decreases NFxB p65 expression [62] involved in
inflammation after ischemia-reperfusion injury. In cul-
tures, resveratrol inhibits postsynaptic glutamate recep-
tors, voltage-activated K* channels [63], and it increases
heme-oxygenase activity [64]. All these effects decrease
anxiety, improve motor and cognitive skills, and attenu-
ate edema and cellular death as well as glial cell activation
[65,66]. Moreover, there are suggestions that neuropro-
tective effects of resveratrol on memory improvement are
mainly due to its antioxidant properties [53,54].

The effects in spinal cord are similar to those described
in brain [67,68]. In addition, ionic microenvironment
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changes after spinal cord injury have been suggested as
potent therapeutic targets. In support of this idea, resver-
atrol improved Na't, K*-ATPase activity and augmented
Ca’*-ATPase, Mg?*-ATPase and Ca?*, Mg?t-ATPase ac-
tivities protecting the spinal cord of ionic and energetic
imbalance produced by ischemic injury or contusion [69].
Studies in cultures show that resveratrol not only has a
protective role against reactive oxygen species but also
modulates important glial functions, such as glutamate
uptake activity, glutathione content and S100B secretion
improving functional recovery, diminishing DNA frag-
mentation and apoptosis [70,71].

Although in vivo experiments have shown that the
resveratrol has beneficial effects on spinal cord injury in
rodents [65,67,69,60], some of the putative mechanisms
of resveratrol have been obtained using in vitro prepara-
tions and concentrations greater (10-250 M) than those
reached in humans (6 uM) [61,63,71]. Thus, caution is
mandatory when interpreting these mechanisms.

Pain

Neuropathic pain is a chronic pain state that atffects up
to 10% of people in United States and Europe. It is char-
acterized by abnormal sensory processing resulting from
lesions to nervous system where the conventional anal-
gesics often have limited efficacy and undesirable side-
effects [72].

Resveratrol reduces tactile allodynia produced by neu-
ropathic pain in some animal models as the L5/L6 spinal
nerve ligation [73] and diabetic neuropathy [74-76].
Bermudez-Ocana et al. [73] observed that the antial-
lodynic activity of spinal resveratrol can be attributed
to the activation of the nitric oxide-cyclic GMP-protein
kinase G-large-conductance Ca**-activated K channel
pathway, whereas the antiallodynic effect observed in di-
abetic neuropathy was attributed to the reduction of ox-
idative stress produced in that pathology. The proposed
mechanisms in this model include inhibition of reactive
oxygen species (ONOO™), inhibition of the synthesis and
release of pro-inflammatory mediators (tumor necrosis
factor-alpha), and activation of endogenous antioxidant
enzymes (catalase) that leads to a reduction in lipid per-
oxidation and DNA fragmentation. These effects also im-
prove nerve blood flow and motor nerve conduction ve-
locity deficits of diabetic rats attenuating the hyperalgesia
and allodynia associated to oxidative stress [54,74-76].

Recently, a study carried out by Kim et al. [29] showed
that the resveratrol inhibits both tetrodotoxin-sensitive
and -resistant Na' channels in rat dorsal root ganglion
neurons causing a hyperpolarizing shift of the steady-
state inactivation and reducing the recovery from inac-
tivation of both Na®™ currents. All these activities point
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toward the potential of resveratrol in the treatment of
neuropathic pain.

Lifespan

Calorie restriction is a dietary regimen in which an organ-
ism is provided with 30-50% fewer calories than it would
naturally consume ad libitum [77]. It has been demon-
strated that the calorie restriction increases lifespan in a
wide diversity of organisms, such as yeast, fruit flies, ne-
matodes, crustaceans, spiders, rodents, primates, and hu-
mans [78,79]. Emerging data point out that sirtuins are
responsible for extending lifespan in all these animals,
they are NAD'-dependent deacetylases and mono-ADP-
ribosyl transferases that receive their names of silent in-
formation regulator (Sir2) protein discovered in Saccha-
romyces cerevisae, Sir2. Sirtuins are conserved proteins evo-
lutionarily that have been associated to silencing of genes
at the mating-type loci and telomeres, as well as cell cy-
cle progression and chromosome stability to promote sur-
vival and stress resistance under adverse conditions.

In 2003, Howitz et al. [80] screened over 20,000
molecules to identify those that enhance SIRT1 activity in
vitro, turning out resveratrol to be (11-200 M) the most
potent SIRTI-activating compound. Researchers found
that resveratrol (5-10 M) mimics calorie restriction by
stimulating Sir2, extending yeast lifespan by 70%. In sup-
port of this data, resveratrol had no effect on lifespan un-
der glucose restriction or in Sir2 null mutant yeast. A sec-
ond study [81] showed that resveratrol (100 uM) could
extend lifespan of Caenorhabidits elegans and Drosophila
melanogaster up to 14 and 29%, respectively, but failed
to extend lifespan in Sir2 null mutant animals or in ani-
mals with a restricted diet suggesting that the resveratrol
extends lifespan through a mechanism related to calo-
rie restriction. Likewise, resveratrol modestly increased
egg production in fruit flies at the beginning of the adult
life. Valenzano et al. [82] have reported similar results
in Nothobranchius furzeri, a short-lived seasonal fish. Sup-
plementation with resveratrol resulted in a maximum
extended lifespan of 59%. In addition, resveratrol de-
layed locomotor and cognitive aging and the offspring of
resveratrol-treated fishes developed into normal adults.
Recently, Baur et al. [3] administered resveratrol to mice
on a high-caloric diet finding an increment of lifespan of
31% with improved motor skills. These mice had lower
levels of markers that predict diabetes, decreased liver,
pancreas and heart damage, and increased hepatic mi-
tochondrial number suggesting that at the tested doses
(12.5-50 uM) resveratrol not only extends lifespan but
also improves general health. So far, it is difficult to as-
sess the relevance of these mechanisms, as some of them
are produced with concentrations greater than those
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reached in human beings. Thus, future studies should
consider the concentration issue in order to get relevant
conclusions.

Others

Besides its above-mentioned pharmacological properties
in several diseases, resveratrol protects against high-
caloric diet-induced-obesity [83,84] and it increases ath-
letic performance [84]. In addition, several studies have
found that resveratrol inhibits the replication and shows
activity against several viruses such as herpes simplex
[85], human cytomegalovirus [86], influenza virus A
[87], varicella-zoster [88], and human immunodeficiency
virus-1 [89]. Moreover, resveratrol has protective effects
on noise-induced hearing loss [90] and it diminishes glu-
cose in normal and diabetic rats [91].

Pharmacokinetics
Absorption

Resveratrol is well absorbed after oral administration, but
it has a low bioavailability (around 2%) because it is me-
tabolized rapidly in intestine and liver [92]. Two stud-
ies carried out in human intestinal epithelial cells show
that resveratrol is absorbed via multidrug resistance-
associated proteins 2 and 3 with extensive sulphate con-
jugation [93,94]. However, resveratrol sulphatation can
be inhibited by different natural flavonoids or by some
drugs [95], which have demonstrated to inhibit sulfo-
transferases, suggesting that the consumption of these
polyphenols with resveratrol could increase the bioavail-
ability of the free compound. However, another study
disputed these results, as they were not able to detect
free compound in humans [96]. Doses of 0.5 and 5 g
showed blood peaks of 0.3 and 2.4 uM at 0.83 and 1.5 h,
respectively [97].

In addition, the daily administration of 2-mL of
red wine containing 6.5 mg/L of total resveratrol for
15 days in rats showed an accumulation of this com-
pound in heart, liver, and kidney but the concentrations
were lower than those required for its pharmacological
activity [98].

In animals, bioavailability of free resveratrol seems
higher than humans, so the administration from 2 to
50 mg/kg in rats reaches blood concentrations from 1.2
to 6.6 uM in around 10 min [99-101]. A second peak is
observed over the 4- to 8-h time period when enterohep-
atic recirculation occurs [97,101].

Interestingly, peak levels of resveratrol conjugates are
up to 17 times higher than parent molecule [97,101,102]
suggesting that some pharmacological activities could be
due to resveratrol metabolites. In this regard, a study car-
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ried out in mice showed that the resveratrol-glucuronide
and resveratrol-sulfate reached a maximum concentra-
tion of 534 and 386 uM, respectively. In contrast, free
resveratrol reached only 30.2 ©M in mice after a dose of
4 g/kg [102]. However, as conjugation is a process to inac-
tivate xenobiotics rendering them water-soluble to facili-
tate their elimination, it is unlikely that these conjugates
may have the potency of resveratrol.

Distribution

After a single oral dose of 240 mg/kg, the higher peak
concentrations and the greater area under tissue concen-
tration of resveratrol were found in small intestine, heart,
liver, and lung [103]. At 18 h, free resveratrol is the main
form retained in liver, heart, lung and brain [104]. The
binding of the compound to plasma proteins seems to oc-
cur particularly on albumin [105].

The plasma half-life of free resveratrol is variable in hu-
mans and it is ranging from 2 to 14 h [96,97], whereas in
rats the half-life has a value average of 1.4 h [101]. The
rest of the pharmacokinetic parameters are summarized
in Table 1.

Metabolism

It has been demonstrated in mice, rats, and humans
that the resveratrol undergoes extensive first-pass glu-
curonidation and enterohepatic recirculation, which con-
tribute to the rapid plasmatic declination observed over
the first 2 h. In addition, the uptake of resveratrol in hep-
atic cells occurs through a carrier-mediated transport be-
sides passive diffusion [93,101].

Isoforms of human liver cytochrome P450 enzymes
involved in the hepatic biotransformation of resveratrol
include CYP1A1, CYP1A2, and CYPIBI1 [106]. In turn,
resveratrol can inhibit activity or expression of CYP1A1,
CYP1A2, CYP1IB1, CYP2A4, CYP2A5, CYP2B9, CYP3A4,
CYP3AS5, and CYP2E1 [107-111]. Recently, a study per-
formed in HepG2 cells demonstrated that resveratrol
autoinduces three phase II metabolizing enzymes, two
isoforms of UDP-glucuronosyltransferases (UGT1A1 and
UGT2B7) and a sulfotransferase (ST1E1; 112]. These ef-
fects on drug metabolism suggest that the resveratrol acts
to increase body detoxification, which may contribute to
delaying the onset of neurodegenerative diseases.

Several metabolites have been identified in human and
rats. At least, 11 of them have been well characterized
[Fig. 2].

Excretion

Approximately 50-80% of the compound is excreted in
urine and feces and only 0.04% of free resveratrol is
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excreted in the urine within 24 h post-administration
[96,97].

Toxicology

While the therapeutic potential of resveratrol has been
increasing year by year and its health benefits seem
promising, there are only few studies about resveratrol
toxicity. A study performed by Juan et al. [113] showed
that the repeated oral administration of resveratrol
(20 mg/kg/day) did not produce any hematological or
biochemical change nor signs of toxicity in the organs.
However, rats that received higher doses of resveratrol
(3 g/kg/day for 4 weeks) showed a significant increase in
the clinical signs of toxicity. These signs included reduced
body weight and food consumption, as well as biochem-
ical and hematological changes. In addition, histopathol-
ogy revealed nephropathy and hyperplasia in the bladder
[114]. In mice, resveratrol (2 and 4 g/kg/day) induced
mortality associated with impaction and accumulation of
the compound in the gastrointestinal tract. In this study,
authors found increased liver weight and serum choles-
terol and mild anemia at the highest dose, as well as
hydronephrosis and epithelial hyperplasia in the urinary
bladder [102].

In humans beings, the consumption of single doses of
resveratrol (0.5, 1, 2.5, or 5 g) did not cause serious ad-
verse effects [97]. However, more randomized clinical tri-
als with protocols of chronic administration are necessary
to establish a valid conclusion about the safety of resver-
atrol in human beings.

To investigate the estrogenicity of trans-resveratrol
during the development and its possible teratogenic ef-
fects, several studies have been performed in animals.
In a study, adult mice received 3 mg/L of resveratrol in
drinking water. After the offspring, animals were exposed
to resveratrol during gestation, lactation, prepubertal pe-
riod and pubertal period, up to adulthood. Mice parents
did not show any alteration but the offspring presented
a decreased kidney weight compared to parents. In addi-
tion, males and females in the first generation presented
a decreased weight in seminal vesicles and ovaries, re-
spectively [115]. In support of this study, Turner et al.
[116] reported that resveratrol had no toxic effects in
weanling rats of 3-week old. In contrast, some authors
have observed changes in adult and weanling rats treated
with resveratrol, which include alterations in sociosex-
ual behavior and in organs related to reproduction [117-
120]. In summary, resveratrol produces minor effects in
adult animals and their offspring although more exhaus-
tive studies are required before resveratrol can be recom-
mended for pregnant mothers and children.

Rocha-gonzalez et al.

Finally, resveratrol is a polyphenol, which can be ox-
idized by polyphenol oxidases to quinonic compounds
that, in turn, are capable to react with amino acids or
proteins and to promote cancer initiation [121]. For in-
stance, CYP3A converts resveratrol into p-benzoquinone,
a quinonic compound, which binds covalently to CYP3A4
and inactivates it [122].

Clinical Studies

The Food and Drug Administration authorized trans-
resveratrol as an investigational new compound on
January 30, 2001. To date, it is only sold as a nutritional
supplement and there are few studies on its bioavail-
ability and pharmacological effects in humans. Goldberg
et al. [123] investigated 24 healthy subjects who con-
sumed red or white wine and two different grape juices
during 4 weeks. They concluded that the favorable effects
of wines observed in plasmatic lipids and lipoprotein con-
centrations are probably due to their alcohol content be-
cause these effects were not reproduced by grape juices.
Accordingly, two studies showed an efficient absorption
but very low bioavailability of unchanged resveratrol
in plasma [92,96] in 12 and 6 volunteers, respectively,
demonstrating that orally administered resveratrol is in-
sufficient to explain any possible biological activity in hu-
mans. The main problem of low availability of free resver-
atrol seems to be its extremely rapid conjugation by the
intestine and liver. Considering this, a phase I study, car-
ried out in forty volunteers who received high doses of
resveratrol (until 5 g) found that maximal concentra-
tions of free resveratrol at the highest dose was around
2.4 uM [97]. This value was below the resveratrol con-
centrations required in in vitro assays to produce diverse
pharmacological effects such as inhibition of NF-kB and
AP-1 or activation and inhibition of cytochrome P450 en-
zymes [124] but it could explain inhibition of adhesion
molecules and phosphorylation of ERK;,, [39,125].

So far, there are no clinical trials about resvera-
trol’s effects on epilepsy, pain, depression, Huntington’s
disease, Parkinson’s disease, and aging. Contrariwise,
Orgogozo et al. [31] conducted a prospective study in
3,777 volunteers aged 65 and over to assess the effects of
red wine, and indirectly resveratrol, on incidence of de-
mentia and Alzheimer’s disease. This study showed that
people drinking three to four glasses of red wine per
day had an 80% decreased incidence of dementia and
Alzheimer’s disease three years later, compared to those
who drank less or did not drink at all. Larger follow-up
as well as possible side effects associated to red wine con-
sumption are not reported in this study. Although this is
a well-conducted study, it does not support the claimed
beneficial effect of resveratrol on Alzheimer’s disease
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in humans because such effects could be due to other
flavonoids present in red wine. Taken together, clinical
data suggest that the resveratrol’s effects, if any, still need
to be demonstrated.

Concluding Remarks

In the recent years, there has been an extraordinary in-
terest in resveratrol activities. Based on preliminary data,
resveratrol could provide cellular resistance against in-
sults that involve oxidative stress-induced injury. How-
ever, more systematic preclinical work as well as well-
conducted clinical trials are necessary before it can be
prescribed as a potential prophylactic compound in either
acute or chronic conditions such as stroke, amyotrophic
lateral sclerosis, Parkinson’s disease, Alzheimer’s disease,
neuronal injury, neuropathic pain, and a variety of age-
related disorders.
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