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ABSTRACT

Resveratrol, a natural polyphenol abundantly found in grape skins and red wine, possesses diverse biochemical and physiological actions,

including anti-inflammatory, anti-oxidation, anti-proliferation and promotion of differentiation, and chemopreventive effects. Recently, it is

attracting increased attention due to its health benefits, especially in common age-related diseases such as cardiovascular disease, cancer, type

2 diabetes, and neurological conditions. In this review, we discuss the latest cellular and molecular findings that account for the beneficial
actions of resveratrol. J. Cell. Biochem. 113: 752-759, 2012. © 2011 Wiley Periodicals, Inc.
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R esveratrol (C,4H,,05; 3,4’,5-trihydroxystilebene) is a natural
polyphenol mainly found in grapes, red wine, peanuts, and
other plants [Marques et al., 2009; Shakibaei et al., 2009]. Although
these plants and their extracts have been used for various
therapeutic purgposes by ancient cultures, resveratrol itself was
first described in 1940 as a phenolic component of the medicinal
herb hellebore (Veratrum grandiflorum) [Baur and Sinclair, 2006].
Little attention had been paid to it until its ability to reduce the
incidence of coronary artery diseases (so-called “French paradox”)
was discovered. In recent years, diverse benefits to age-related
diseases such as cardiovascular disease, cancer, type 2 diabetes,
and neurological conditions have been described [Markus and
Morris, 2008]. The aim of the present review is to highlight latest

cellular and molecular findings that account for the beneficial
actions of it.

Resveratrol is a phytoalexin that in nature protects the plant from
injury, ultraviolet (UV) irradiation, and fungal attack [Shakibaei
et al.,, 2009]. Resveratrol exists as cis- and transisomeric forms,
with trans to cis isomerization facilitated by UV exposure. Its
stilbene structure is related to the synthetic estrogen diethylstilbes-
trol. Two phenol rings are linked by a styrene double bond to
generate 3, 4',5- trihydroxystilbene (Fig. 1).
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Fig. 1. Chemical structures of trans-resveratrol (A) and cis-resveratrol (B).

Many studies have demonstrated that resveratrol has a wide range
of pharmacological properties, which has been suggested to be
cardio-protective via various mechanisms such as its antioxidant
activity [Fauconneau et al., 1997; Chen et al., 2009; Yu et al., 2009],
anti-inflammation activity [Birrell et al., 2005; Chen et al., 2010],
inhibition of platelet aggregation [Pace-Asciak et al., 1996],
induction of nitrogen monoxidum (NO) production [Hsieh et al.,
1999], and the ability to activate sirtuins, a class of nicotinamide
adenine dinucleotide (NAD)"-dependent deacetylases [Chen et al.,
2009; Yu et al., 2009]. Resveratrol is also reported to have chemo-
preventive activity; Jang et al. [1997] have suggested that it inhibits
all three phases of tumor development: Initiation, promotion, and
progression.

Epidemiological studies have revealed an inverse correlation
between red wine consumption and the incidence of cardiovascular
disease, a phenomenon commonly known as the “French Paradox”,
i.e., the fact that the incidence of myocardial infarction in France is
about 40% lower than in the rest of Europe, despite a diet being
traditionally rich in saturated fat [Renaud and de Lorgeril, 1992].
This led to the suggestion that resveratrol might be the active
principle of red wine. Indeed, resveratrol protects the cardiovascular
system by a large number of mechanisms including inhibition
inflammatory response, promotion of vasorelaxation, anti-athero-
sclerotic properties, inhibition of low-density lipoprotein oxidation,
and suppression of platelet aggregation (Fig. 2) [Hao and He, 2004;
Saiko et al., 2008].

ANTIOXIDANT ACTIVITY

Oxidative stress has been shown to contribute to endothelial
dysfunction and the development of atherosclerosis [Mietus-Snyder
et al., 2000]. By attenuating hydrogen peroxide-induced cytotoxic-
ity and intracellular accumulation of reactive oxygen species (ROS),
resveratrol prevents oxidative stress [Jang and Surh, 2001; Liu et al.,
2003; Chen et al., 2004; Leiro et al., 2004; Yu et al., 2009]. At a
concentration of 1-100 wmol/l, resveratrol significantly inhibits
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Fig. 2. Cellular and molecular effects of resveratrol in cardiovascular disease.
[Color figure can be seen in the online version of this article, available at http://
wileyonlinelibrary.com/journalfjcb]

intracellular and extracellular ROS production [Jang and Surh,
2001].

In addition, low-density lipoproteins (LDLs) play an important
role in the formation of atherosclerotic plaques and in the
endothelial inflammatory pathway [Fan et al., 2008]. Their
oxidation is a main cause of endothelial injury and induction of
the expression of pro-inflammatory molecules in endothelial cells.
Notably, high plasma levels of very LDLs are associated with
increased risk of atherosclerosis [Dichtl et al., 1999]; thus, removal
of modified LDLs is important in the treatment of the inflammatory
response. Resveratrol was found to protect lipids from peroxidative
degradation [Bhavnani et al.,, 2001] and to stop the uptake of
oxidized LDLs in the vascular wall in a concentration-dependent
manner [Frémont, 2000]. Recent studies have demonstrated that
dietary resveratrol can reduce aging- and exercise-induced
oxidative damage and mitochondrial dysfunction [Ryan et al.,
2010; Jackson et al., 2011; Sun et al., 2011].

Several mechanisms are postulated to explain the antioxidant
activities of resveratrol. First, resveratrol has been reported to be a
strong inhibitor of nicotinamide-adenine dinucleotide phosphate
(NADPH)- and adenosine 5'-diphosphate (ADP)-Fe*-lipid peroxi-
dation and UV light-induced lipid peroxidation, and an efficient
scavenger of radicals [Miura et al., 2000]. Stojanovic et al. [2001]
found resveratrol to be an extremely efficient free radical scavenger
in a model employing gammairradiation of liposomes. Resveratrol
was 95% efficient at preventing lipid peroxidation, compared with
~65% for vitamin E and ~379% for vitamin C. Second, by targeting
many intracellular molecules, resveratrol maintains cell viability
and inhibits oxidation. The best known, however, is its ability to
activate the sirtuin class of NAD"-dependent histone deacetylases
[Chen et al., 2009; Yu et al., 2009]. There are seven members of the
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sirtuin class of enzymes in mammals—SIRT1 to SIRT7 [Baur and
Sinclair, 2006]. Sirtuins regulate a number of intracellular pathways
via the activation of transcription factors and enzymes responsive to
nutrient availability. SIRT1 is the major sirtuin activated through
both calorie restriction and resveratrol and mediates the beneficial
effects of each on longevity and health [Brooks and Gu, 2009]. SIRT1
has been implicated in many vital processes, such as DNA repair,
cell survival, gluconeogenesis, muscle cell differentiation, cell-
cycle regulation, lipid metabolism, fat mobilization, and insulin
sensitivity [Brooks and Gu, 2009]. Chen et al. [2009] reported that
resveratrol inhibits hypoxia-induced apoptosis via the SIRT1-
Fox01 pathway in H9c2 cells. Resveratrol, via a pathway that
involves the activation of SIRT1 and the upregulation of antioxidant
defense mechanisms, attenuates mitochondrial reactive oxygen
species (mtROS) production [Ungvari et al., 2009]. In addition to
SIRT1, other sirtuins may have also involved in the antioxidant
response. Recently, the studies by Yu et al. [2009] suggest that
endogenous SIRT1,3,4,7 play an essential role in mediating cell
survival in cardiac myocytes and resveratrol protects cardiomyo-
cytes from oxidative stress-induced apoptosis by activating
SIRT1,3,4,7. Third, various effects of resveratrol that may not
involve in sirtuins. In cultured coronary arterial endothelial cells,
resveratrol, in a dose-dependent manner, significantly increases
transcriptional activity of nuclear factor-E(2)-related factor-2 (Nrf2)
[Ungvari et al., 2010]. Accordingly, resveratrol significantly
upregulates the expression of the Nrf2 target genes NAD(P)H:
Quinone oxidoreductase 1, gamma- glutamylcysteine synthetase,
and heme oxygenase-1 (HO-1) (29). Resveratrol treatment also
significantly attenuated high glucose (30 mM)-induced mitochon-
drial and cellular oxidative stress [Ungvari et al., 2010].

ANTI-INFLAMMATORY ACTIVITY
Atherosclerosis is a chronic immuno-inflammatory disease,
and pro-inflammatory cytokines, such as tumor necrosis factor o
(TNF-a), interleukin (IL)-6, IL-8, IL-13 and inflammatory mediators
including histamine, leukotrienes, serotonin, prostaglandin (PG)E2
as well as PGD2 were involved in the development of atherosclero-
sis. TNF-a is a potent inducer of other inflammatory cytokines,
including IL-1, IL-6, IL-8, and granulocyte macrophage-colony
stimulating factor (GM-CSF) [Arend and Dayer, 1995; Butler et al.,
1995]. There is considerable evidence demonstrating the anti-
inflammatory properties of resveratrol, including inhibition of ROS
in neutrophils, monocytes, and macrophages [Martinez and Moreno,
2000]. The release of various cytokines from macrophages and
lymphocytes has been shown to be inhibited by resveratrol [Feng
et al., 2002]. As early as 1999, Zhong et al. [1999] has demonstrated
that resveratrol can significantly inhibition of the lipopolysaccha-
ride (LPS)-induced synthesis of TNF-« and IL-1-8, and release of IL-
6 from monocytes. Moreover, studies by Fulgenzi et al. [2001]
reported that TNF-a-induced vascular permeability changes have
been shown to be inhibited in vitro and in vivo by resveratrol.
A recent study by Kang et al. [2010] demonstrate that resveratrol,
at concentrations ranging from 0.1 to 10 uM, effectively inhibited
LPS-induced TNF-a and IL-6 production with the downregulation of
relative genes expression in macrophages.

In recent years, the important roles of cyclooxygenase (COX)-2 in
various tumors and inflammatory diseases have been demonstrated
[Kong et al., 2002]. COX-2 is strongly induced in activated
monocytes and macrophages, one of the major mediators of
inflammatory reactions. Subbaramaiah et al. [1998] indicated that
resveratrol suppressed the synthesis of PGE2 by inhibiting COX-2
enzyme activity. Recently, Kang et al. [2009] demonstrated that
resveratrol significantly attenuated COX-2 expression and inhibited
inflammatory cytokines such as TNF-a, IL-6, and IL-8.

Inflammation involves a complex web of cytokine signals, as well
as other components of signaling networks that include several
kinases, such as mitogen-activated protein kinases (MAPKs), protein
kinase C (PKC), phosphoinositide-3-kinase (PI3K), etc. [de la Lastra
and Villegas, 2005]. MAPKs are activated by translocation to the
nucleus, where they phosphorylate a variety of target transcription
factors, including nuclear factor kB (NF-«kB) and activator protein-
1(AP-1) [Kundu and Surh, 2004]. NF-kB is a transcription factor for
genes involved in cell survival, cell adhesion, inflammation,
differentiation, and growth, which is activated by a variety of
stimuli, such as carcinogenesis, inflammatory agents, such as TNF-a
and H,0,, and tumor promoters [Dorai and Aggarwal, 2004].
Extensive research during the last few years has shown that most
inflammatory agents mediate their effects through the activation of
NF-«kB and that most anti-inflammatory agents suppress NF-«B
activation [de la Lastra and Villegas, 2005]. Resveratrol suppressed
the expression of TNF-q, IL-6, IL-8, and COX-2 through a decrease
in the intracellular levels of Ca®* and extracellular-signal-regulated
protein kinases (ERK 1/2), as well as activation of NF-kB [Csaki et al.,
2009; Kang et al., 2009]. Treatment with resveratrol suppressed NF-
kB-regulated gene products involved in inflammation (COX-2,
matrix metalloproteinase (MMP)-3, MMP-9, vascular endothelial
growth factor), inhibited apoptosis (Bcl-2, Bcl-xL, and TNF-a
receptor-associated factor 1) and prevented activation of caspase-3
[Csaki et al., 2009].

AP-1 is another transcription factor that regulates the expression
of several genes that are involved in cell differentiation and
proliferation. AP-1 activation can upregulate genes, such as IL-8,
among others. Most agents that activate NF-kB also activate AP-1
[Karin et al., 1997; Pervaiz, 2003]. Resveratrol has been shown to
inhibit TNF-induced activation of AP-1 [Manna et al., 2000]. The
activation of AP-1 is mediated by c-Jun N-terminal protein kinase
(JNK) and the upstream kinase MEK (mitogen-activated protein
kinase kinase or MAPKK) [Karin and Delhase, 1998]. TNF-induced
activities of JNK and MEK were inhibited by resveratrol, thus
providing a possible mechanism for AP-1 inhibition [Manna et al.,
2000]. Resveratrol downregulate of AP-1 activity are miR-663 and
dose dependent [Tili et al., 2010].

INHIBITION OF PLATELET AGGREGATION

Inappropriate platelet activation is another major contributor in the
process of atherosclerosis. Platelets stick to the endothelial surface
of blood vessels; they can activate the process of thrombus
formation and their aggregation could set into motion the process of
vascular occlusion. Platelets have also been linked to the synthesis
of eicosanoids from arachidonic acid (AA) that contributes to
platelet adhesion [Frémont, 2000]. Crescente et al. [2009] found that
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resveratrol inhibited AA-induced platelet aggregation. Resveratrol
at 25, 50, and 100 M showed anti-platelet aggregation and
inhibition of surface P-selectin-positive platelets in a concentra-
tion-dependent manner [Yang et al., 2008b]. Resveratrol (50 wM)
inhibited the activity of PKC in the membrane fraction of platelets
and decreased the percentage of membrane associated PKC
activity in total PKC activity [Yang et al., 2008a]. In human platelet
suspension resveratrol at relatively low concentrations (2 or 5 wM),
which did not affect platelet function, significantly enhanced the
inhibitory activity of PGs on platelet aggregation caused by collagen
[Wu et al., 2007]. The mechanisms underlying this effect may be
associated with the inhibition of PKC activation and protein tyrosine
phosphorylation.

IMPROVING ENDOTHELIAL FUNCTION

One function of endothelial cells is to maintain a balance between
vasodilators, like NO, and vasoconstrictors, such as endothelin-1
(ET-1) [Kinlay et al., 2001; Davignon and Ganz, 2004]. Their
cooperation provides endothelial cell wall thromboresistance and
prevents atherogenesis.

ET-1, a primary antecedent in coronary heart diseases, enhanced
MAPK activity, phosphorylation and nuclear translocation. Resver-
atrol remarkably attenuated basal and ET-1-evoked protein tyrosine
phosphorylation [El-Mowafy and White, 1999]. With administration
of resveratrol, plasma ET-1 levels statistically decreased, in parallel
with a significant elevation in NO levels [Zou et al., 2003].
Resveratrol inhibits strain-induced ET-1 gene expression, partially
by interfering with the ERK1/2 pathway through attenuation of ROS
formation [Liu et al., 2003]. Resveratrol also inhibits angiotensin II
(ANG II)-induced cell proliferation and ET-1 gene expression, and
does so in a manner which involves the disruption of the ERK
pathway via attenuation of ROS generation [Chao et al., 2005].

Resveratrol also shows the ability to regulate the production of
vasodilators. It has been shown that impaired production or activity
of NO leads to vasoconstriction, platelet aggregation, and oxidative
stress [Endres et al., 1998; Rubbo et al., 2002]. In isolated cells,
resveratrol prevents the generation of NO [Cavallaro et al., 2003],
which may be due to the fact that this compound could
downregulate the protein expression or inhibit the activity of
inducible NO synthase [Tsai et al., 1999; Lorenz et al., 2003;

TABLE 1. Effects of Resveratrol on Various Human Cancers in 2010

Donnelly et al., 2004]. The resveratrol modulation of the NO system
and its ability to increase the levels of cyclic guanosine monopho-
sphate (cGMP) in intact vascular tissue by influencing the
endothelium-derived relaxing factor-NO-GMP system reinforces
its positive effects on the cardiovascular system [Wang et al., 2007].
However, the property of resveratrol as a vasodilator is still poorly
defined.

Resveratrol has been reported to inhibit all three phases of tumor
development: Initiation, promotion, and progression in various
cancers (Table I). The induction of apoptosis is a key mechanism for
most anti-tumor therapies. Resveratrol possess strong anti-prolifer-
ative properties in many cultured cancer cell lines, and acts both by
arresting cell cycle and by inducing apoptosis [Bai et al., 2010;
Gatouillat et al.,, 2010; Jiang et al., 2010; Kweon et al., 2010;
Vanamala et al., 2010; Wang et al., 2010], but the apoptosis-
inducing effects of resveratrol seemed diverse on different tumor
cells [Bai et al., 2010; Gatouillat et al., 2010; Jiang et al., 2010; Kai
et al., 2010; Kweon et al., 2010; Sun et al., 2010; Vanamala et al.,
2010; Wang et al., 2010].

Resveratrol has been shown to interfere with signal transduction
pathways, to modulate cell cycle regulating proteins and to induce
apoptosis in multiple cancer cell lines with various mechanisms,
including through a p53-dependent pathway and PKC/Akt pathway
[Bai et al., 2010; Banerjee Mustafi et al., 2010; Gatouillat et al., 2010;
Jiang et al., 2010; Kai et al., 2010; Sun et al., 2010; Vanamala et al.,
2010]. The proapoptotic protein nuclear factor p53 plays a key role
in protecting a cell from tumorigenesis, halting the cell cycle or
initiating apoptosis if the cell is damaged. Mutations in p53 leading
to its inactivation have been found in many human cancers,
including brain tumors. Resveratrol initiates p53-dependent
apoptosis in human cancer cells, including prostate cancer, colon
cancer, and melanoma [Gatouillat et al., 2010; Kai et al., 2010;
Vanamala et al., 2010]. In cultured K562 cells, resveratrol-activated
PKC and ERK1/2 caused p53 phosphorylation and apoptosis
[Banerjee Mustafi et al., 2010]. Resveratrol also inhibits cell
proliferation and induction of G1/S growth arrest through the
suppression of cyclin D1 expression, which may contribute to the

Cellular effect Refs.

Modes Cell lines used Molecular targets
Prostate cancer PCa cells p53, MTAI/NuRD, p21, Bax
LNCaP G1/S, Cyclin-dependent kinase inhibitor
Medulloblastoma UW228-3 Brain-associated SULTs
Leukemia K562 Unfolded protein response (UPR), G1
AML-2 MRP1
K562 Akt, ERK1/2, Hsp70
CML cells INK/p62, AMPK
Breast cancer MCEF-7 BRCA-1
Colon cancer HT-29, SW480 IGF-1R/Alct/Wbt, p53
Bladder cancer T24 p21, cyclin D1, MAPK/Akt
Glioma cells U251 LDH, Akt, Caspase-3
Melanoma B16/D0OX G1/S, cyclin D1/cdk4, p53
Endometrial cancer HEC1B B-arrestin 2, Akt/GSK3
Hepatocarcinoma HepG2, Hep3B MMP-2, MMP-9, TIMP-1, TIMP-2

Kai et al. [2010]
Wang et al. [2010]
Shu et al. [2010]

Liu et al. [2010]
Kweon et al. [2010]
Banerjee Mustafi et al. [2010]
Puissant et al. [2010]
Papoutsis et al. [2010]
Vanamala et al. [2010]
Bai et al. [2010]

Jiang et al. [2010]
Gatouillat et al. [2010]
Sun et al. [2010]
Weng et al. [2010]

Apoptosis

Apoptosis, Cell cycle
Intracellular bioavailability
Cell cycle arrest, Cell proliferation
Apoptosis, Cell cycle arrest
Apoptosis

Autophagy

DNA strand breaks
Apoptosis, Cell proliferation
Apoptosis, Cell cycle arrest
Cell proliferation, Apoptosis
Cell cycle arrest, Apoptosis
Apoptosis

Anti-invasive activity

1A and B
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apoptotic cell death process [Bai et al., 2010; Gatouillat et al., 2010;
Wang et al., 2010].

TYPE 2 DIABETES

Resveratrol also possess significant anti-diabetic activity. Palsamy
and Subramanian, [2009] reported that resveratrol administration
to diabetic rats improved hepatic glycogen content suggesting
the anti-hyperglycemic potential of it. Resveratrol significantly
improved not only glucose metabolism and oxidative injury but
also impaired vascular responses in streptozotocin (STZ) induced
diabetic rats [Zhang et al., 2009]. Treatment with resveratrol exhibits
significant anti-diabetic potential by attenuating hyperglycemia,
enhancing insulin secretion and antioxidant competence in
pancreatic beta-cells of diabetic rats [Palsamy and Subramanian,
2010]. The effect of resveratrol is non-insulin dependent and
triggers some of the similar intracellular insulin signaling
components in myocardium such as eNOS, Akt through AMPK
pathway and also by regulating the caveolin-1 and caveolin-3 status
that might play an essential role in glucose transporter-4 (GLUT-4)
translocation and glucose uptake in STZ-induced type-1 diabetic
myocardium [Penumathsa et al., 2008]. Moreover, resveratrol
alleviated diabetes mellitus-induced vasculopathy through attenu-
ation of advanced glycation end product-receptor for advanced
glycation end product-NF-«B signaling pathway [Jing et al., 2010].
Resveratrol also prevented diabetes-induced retinal ganglion cells
death via Ca®"/calmodulin-dependent protein kinase II down-
regulation, implying that resveratrol may have potential therapeutic
applications for prevention of diabetes-induced visual dysfunction
[Kim et al., 2010]. Treatment of resveratrol prevents the decrease in
the expression of SIR2 and increase in p38, p53 expression and
dephosphorylation of histone H3 in diabetic kidney [Tikoo et al.,
2008]. Resveratrol prevents memory deficits and the increase in
acetylcholinesterase activity in STZ-induced diabetic rats [Schmatz
et al.,, 2009]. A recent study gives insight into the possible role of
resveratrol as a modulator of SIRT1, and enhances expression of
reduced sarcoplasmic calcium ATPase (SERCA2a) and improves
cardiac function in chronic type 1 diabetes [Sulaiman et al., 2010].

NEUROLOGICAL CONDITIONS
Accumulating experimental and epidemiological evidences have
documented that resveratrol can exert protective activity against
a number of neurodegenerative disorders (e.g., Alzheimer’s and
Parkinson’s diseases, multiple sclerosis, amyotrophic lateral sclero-
sis). Many studies highlighted that this polyphenol could exert
beneficial effects on cells not only through their antioxidant
potential but also through the modulation of different pathways
such as signaling cascades, anti-apoptotic processes, or the
synthesis/ degradation of the amyloid B peptide (Fig. 3).
Epidemiologic studies have demonstrated moderate consumption
of wine is associated with a lower incidence of Alzheimer’s disease
(AD) and improved neuropathology in a mouse model of the disease
[Wang et al., 2006]. Marambaud et al. [2005] showed that resveratrol
(20-40 uM) could markedly reduce the levels of secreted and
intracellular amyloid-f peptides through promoting their clearing
by proteosomal degradation. SIRT1 are implicated in the protection
against AD as well as amyotrophic lateral sclerosis [Anekonda,

T

Dopamine cytotoxicity

Antiinflammatory
activity

Antioxidant

Antioxidant
activity

N7

Amyloid-B peptides

1

Fig. 3. Resveratrol exert protective activity against AD and PD via various
mechanisms such as its antioxidant activity, anti-inflammation activity, and
the ability to activate sirtuins. [Color figure can be seen in the online version of
this article, available at http://wileyonlinelibrary.com/journal/jcb]

2006; Kim et al., 2007]. In addition, in wallerian degeneration slow
mice, resveratrol has been shown to be protective against axotomy
neuronal degeneration by enhancing SIRT2-mediated tubulin
deacetylation [Suzuki and Koike, 2007]. However, conflicting
results have been obtained by Karuppagounder et al. [2009].
Dietary supplementation with resveratrol protects against -
amyloid plaque formation and oxidative stress without detectable
activation of SIRT1 [Karuppagounder et al., 2009]. Therefore,
because resveratrol can activate SIRTs, it may have therapeutic
potential in the management of AD and other neurologic diseases;
however, further studies are needed.

Resveratrol may also be useful in dampening the excitatory
neurotransmitter toxicity associated with glutamate and in dopa-
minergic neurodegenerative disorders such as Parkinson’s disease
(PD). This was illustrated by pretreating SH-SY5Y (human neuro-
blastoma) cells with resveratrol, which resulted in an inhibition
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of dopamine cytotoxicity [Lee et al., 2007]. Jin et al. [2008]
demonstrate that resveratrol exerts a neuroprotective effect on
6-hydroxydopamine (6-OHDA)-induced PD rat model, and this
protection is related to the reduced inflammatory reaction. In
addition, resveratrol was also found to be successful in upregulating
the antioxidant status and lowering the dopamine loss [Khan
et al., 2010]. Conversely, the elevated level of thiobarbituric acid
reactive substances (TBARS), protein carbonyl (PC), and activity of
phospholipase A2 in 6-OHDA group was attenuated significantly
in resveratrol-pretreated group when compared with 6-OHDA-
lesioned group.

SUMMARY AND PERSPECTIVES

All these studies demonstrate that resveratrol may have a potential
against cardiovascular disease, cancer, diabetes, and neurodegen-
erative disorder. It may also interfere with normal physiological
processes such as aging. However, further studies are required to
clarify some discrepancies found in the literature. In addition,
despite a large body of evidence demonstrating promising effects in
rodents, human studies are still lacking and both preventive and
therapeutic value of resveratrol in humans remains to be elucidated.
Furthermore, resveratrol analogues with improved pharmacokinetic
and pharmacodynamics will also make the field move forward.
Safety during long-term administration, combined with its cost
and future therapeutic potential, makes it an ideal agent for
both prevention and therapy of chronic illnesses either alone or in
combination with other drugs.

REFERENCES

Anekonda TS. 2006. Resveratrol-a boon for treating Alzheimer’s disease?
Brain Res Rev 52:316-326.

Arend WP, Dayer JM. 1995. Inhibition of the production and effects of
interleukin-1 and tumor necrosis factor alpha in rheumatoid arthritis.
Arthritis Rheum 38:151-160.

Bai Y, Mao QQ, Qin J, et al. 2010. Resveratrol induces apoptosis and cell cycle
arrest of human T24 bladder cancer cells in vitro and inhibits tumor growth
in vivo. Cancer Sci 101:488-493.

Banerjee Mustafi S, Chakraborty PK, Raha S. 2010. Modulation of Akt and
ERK1/2 pathways by resveratrol in chronic myelogenous leukemia (CML)
cells results in the downregulation of Hsp70. PLoS One 5:e8719.

Baur JA, Sinclair DA. 2006. Therapeutic potential of resveratrol: The in vivo
evidence. Nat Rev Drug Discov 5:493-506.

Bhavnani BR, Cecutti A, Gerulath A, et al. 2001. Comparison of the anti-
oxidant effects of equine estrogens, red wine components, vitamin E, and
probucol on low-density lipoprotein oxidation in postmenopausal women.
Menopause 8:408-419.

Birrell MA, McCluskie K, Wong S, et al. 2005. Resveratrol, an extract of red
wine, inhibits lipopolysaccharide induced airway neutrophilia and inflam-
matory mediators through an NF-kappaB-independent mechanism. FASEB J
19:840-851.

Brooks CL, Gu W. 2009. How does SIRT1 affect metabolism, senescence and
cancer? Nat Rev Cancer 9:123-128.

Butler DM, Maini RN, Feldmann M, et al. 1995. Modulation of proinflam-
matory cytokine release in rheumatoid synovial membrane cell cultures.
Comparison of monoclonal anti TNF-alpha antibody with the interleukin-1
receptor antagonist. Eur Cytokine Netw 6:225-230.

Cavallaro A, Ainis T, Bottari C, et al. 2003. Effect of resveratrol on some
activities of isolated and in whole blood human neutrophils. Physiol Res
52:555-562.

Chao HH, Juan SH, Liu JC, et al. 2005. Resveratrol inhibits angiotensin
II-induced endothelin-1 gene expression and subsequent proliferation in rat
aortic smooth muscle cells. Eur J Pharmacol 515:1-9.

Chen CJ, Yu W, Wang W. 2010. Red wine may be used in the therapy of
myocarditis. J Cell Biochem 111:808-810.

Chen CJ, Yu W, Fu YC, et al. 2009. Resveratrol protects cardiomyocytes from
hypoxia-induced apoptosis through the SIRT1-FoxO1 pathway. Biochem
Biophys Res Commun 378:389-393.

Chen ZH, Hurh YJ, Na HK, et al. 2004. Resveratrol inhibits TCDD-induced
expression of CYP1A1 and CYP1B1 and catechol estrogen-mediated oxida-
tive DNA damage in cultured human mammary epithelial cells. Carcinogen-
esis 25:2005-2013.

Crescente M, Jessen G, Momi S, et al. 2009. Interactions of gallic acid,
resveratrol, quercetin and aspirin at the platelet cyclooxygenase-1 level.
Functional and modelling studies. Thromb Haemost 102:336-346.

Csaki C, Mobasheri A, Shakibaei M. 2009. Synergistic chondroprotective
effects of curcumin and resveratrol in human articular chondrocytes:
Inhibition of IL-1beta-induced NF-kappaB-mediated inflammation and
apoptosis. Arthritis Res Ther 11:R165.

Davignon J, Ganz P. 2004. Role of endothelial dysfunction in atherosclerosis.
Circulation 109:11127-11132.

de la Lastra CA, Villegas 1. 2005. Resveratrol as an anti-inflammatory and
anti-aging agent: Mechanisms and clinical implications. Mol Nutr Food Res
49:405-430.

Dichtl W, Nilsson L, Goncalves I, et al. 1999. Very low-density lipoprotein
activates nuclear factor-kappaB in endothelial cells. Circ Res 84:1085-
1094.

Donnelly LE, Newton R, Kennedy GE, et al. 2004. Anti-inflammatory effects
of resveratrol in lung epithelial cells. Am J Physiol Lung Cell Mol Physiol
287:L774-1783.

Dorai T, Aggarwal BB. 2004. Role of chemopreventive agents in cancer
therapy. Cancer Lett 215:129-140.

El-Mowafy AM, White RE. 1999. Resveratrol inhibits MAPK activity and
nuclear translocation in coronary artery smooth muscle: Reversal of
endothelin-1 stimulatory effects. FEBS Lett 451:63-67.

Endres M, Laufs U, Huang Z, et al. 1998. Stroke protection by 3-hydroxy-3-
methylglutaryl (HMG)-CoA reductase inhibitors mediated by endothelial
nitric oxide synthase. Proc Natl Acad Sci USA 95:8880-8885.

Fan E, Zhang L, Jiang S, et al. 2008. Beneficial effects of resveratrol on
atherosclerosis. J Med Food 11:610-614.

Fauconneau B, Waffo-Teguo P, Huguet F, et al. 1997. Comparative study
of radical scavenger and antioxidant properties of phenolic compounds
from vitis vinifera cell cultures using in vitro tests. Life Sci 61:2103-2110.

Feng YH, Zou JP, Li XY. 2002. Effects of resveratrol and ethanol on

production of pro-inflammatory factors from endotoxin-activated murine
macrophages. Acta Pharmacol 23:1002-1006.

Frémont L. 2000. Biological effects of resveratrol. Life Sci 66:663-673.

Fulgenzi A, Bertelli AA, Magni E, et al. 2001. In vivo inhibition of TNFalpha-
induced vascular permeability by resveratrol. Transplant Proc 33:2341-
2343.

Gatouillat G, Balasse E, Joseph-Pietras D, et al. 2010. Resveratrol induces
cell-cycle disruption and apoptosis in chemoresistant B16 melanoma. J Cell
Biochem 110:893-902.

Hao HD, He LR. 2004. Mechanisms of cardiovascular protection by resvera-
trol. J Med Food 7:290-298.

Hsieh TC, Juan G, Darzynkiewicz Z, et al. 1999. Resveratrol increases
nitric oxide synthase, induces accumulation of p53 and p21WAFV/CPL

JOURNAL OF CELLULAR BIOCHEMISTRY

757

EFFECTS OF RESVERATROL IN HEALTH AND DISEASE



and suppresses cultured bovine pulmonary artery endothelial cell prolifera-
tion by perturbing progression through S and G2. Cancer Res 59:2596-
2601.

Jackson JR, Ryan MJ, Alway SE. 2011. Long-term supplementation with
resveratrol alleviates oxidative stress but does not attenuate sarcopenia in
aged mice. J Gerontol A Biol Sci Med Sci 66:751-764.

Jang JH, Surh YJ. 2001. Protective effects of resveratrol on hydrogen
peroxide-induced apoptosis in rat pheochromocytoma (PC12) cells. Mutat
Res 496:181-190.

Jang M, Cai L, Udeani GO, et al. 1997. Cancer chemopreventive activity
of resveratrol, a natural product derived from grapes. Science 275:218-
220.

Jiang H, Shang X, Wu H, et al. 2010. Combination treatment with resveratrol
and sulforaphane induces apoptosis in human U251 glioma cells. Neurochem
Res 35:152-161.

Jin F, Wu Q, Lu YF, et al. 2008. Neuroprotective effect of resveratrol on
6-OHDA-induced Parkinson’s disease in rats. Eur J Pharmacol 600:78-82.

Jing YH, Chen KH, Yang SH, et al. 2010. Resveratrol ameliorates vasculo-
pathy in STZ-induced diabetic rats: Role of AGE-RAGE signalling. Diabetes
Metab Res Rev 26:212-222.

Kai L, Samuel SK, Levenson AS. 2010. Resveratrol enhances p53 acetylation
and apoptosis in prostate cancer by inhibiting MTA1/NuRD complex. Int J
Cancer 126:1538-1548.

Kang L, Heng W, Yuan A, et al. 2010. Resveratrol modulates adipokine
expression and improves insulin sensitivity in adipocytes: Relative to inhi-
bition of inflammatory responses. Biochimie 92:789-796.

Kang OH, Jang HJ, Chae HS, et al. 2009. Anti-inflammatory mechanisms of
resveratrol in activated HMC-1cells: Pivotal roles of NF-kappaB and MAPK.
Pharmacol Res 59:330-337.

Karin M, Delhase M. 1998. JNK or IKK, AP-1 or NF-kappaB, which are
the targets for MEK kinase 1 action? Proc Natl Acad Sci USA 95:9067-
9069.

Karin M, Liu Z, Zandi E. 1997. AP-1 function and regulation. Curr Opin Cell
Biol 9:240-246.

Karuppagounder SS, Pinto JT, Xu H, et al. 2009. Dietary supplementation
with resveratrol reduces plaque pathology in a transgenic model of Alzhei-
mer’s disease. Neurochem Int 54:111-118.

Khan MM, Ahmad A, Ishrat T, et al. 2010. Resveratrol attenuates 6-hydro-
xydopamine-induced oxidative damage and dopamine depletion in rat
model of Parkinson’s disease. Brain Res 1328:139-151.

Kim D, Nguyen MD, Dobbin MM, et al. 2007. SIRT1 deacetylase protects
against neurodegeneration in models for Alzheimer’s disease and amyo-
trophic lateral sclerosis. EMBO J 26:3169-3179.

Kim YH, Kim YS, Kang SS, et al. 2010. Resveratrol inhibits neuronal
apoptosis and elevated Ca2+/calmodulin-dependent protein kinase II activ-
ity in diabetic mouse retina. Diabetes 59:1825-1835.

Kinlay S, Libby P, Ganz P. 2001. Endothelial function and coronary artery
disease. Curr Opin Lipidol 12:383-389.

Kong G, Kim EK, Kim WS, et al. 2002. Role of cyclooxygenase-2 and

inducible nitric oxide synthase in pancreatic cancer. J Gastroenterol Hepatol
17:914-921.

Kundu JK, Surh YJ. 2004. Molecular basis of chemoprevention by resvera-
trol: NF-kappaB and AP-1 as potential targets. Mutat Res 555:65-80.
Kweon SH, Song JH, Kim TS. 2010. Resveratrol-mediated reversal of doxo-
rubicin resistance in acute myeloid leukemia cells via downregulation of
MRP1 expression. Biochem Biophys Res Commun 395:104-110.

Lee MK, Kang SJ, Poncz M, et al. 2007. Resveratrol protects SH-SY5Y
neuroblastoma cells from apoptosis induced by dopamine. Exp Mol Med
39:376-384.

Leiro J, Alvarez E, Arranz JA, et al. 2004. Effects of cis-resveratrol on
inflammatory murine macrophages: Antioxidant activity and down- regu-
lation of inflammatory genes. J Leukoc Biol 75:1156-1165.

Liu BQ, Gao YY, Niu XF, et al. 2010. Implication of unfolded protein response
in resveratrol-induced inhibition of K562 cell proliferation. Biochem Biophys
Res Commun 391:778-782.

Liu JC, Chen JJ, Chan P, et al. 2003. Inhibition of cyclic strain-induced
endothelin-1 gene expression by resveratrol. Hypertension 42:1198-1205.

Lorenz P, Roychowdhury S, Engelmann M, et al. 2003. Oxyresveratrol and
resveratrol are potent antioxidants and free radical scavengers: Effect on
nitrosative and oxidative stress derived from microglial cells. Nitric Oxide
9:64-76.

Manna SK, Mukhopadhyay A, Aggarwal BB. 2000. Resveratrol suppresses
TNF-induced activation of nuclear transcription factors NF-kappa B, activa-
tor protein-1, and apoptosis: Potential role of reactive oxygen intermediates
and lipid peroxidation. J Immunol 164:6509-6519.

Marambaud P, Zhao H, Davies P. 2005. Resveratrol promotes clearance of
Alzheimer’s disease amyloid-beta peptides. J Biol Chem 280:37377-37382.

Markus MA, Morris BJ. 2008. Resveratrol in prevention and treatment of
common clinical conditions of aging. Clin Interv Aging 3:331-339.

Marques FZ, Markus MA, Morris BJ. 2009. Resveratrol: Cellular actions of a
potent natural chemical that confers a diversity of health benefits. Int J
Biochem Cell Biol 41:2125-2128.

Martinez J, Moreno J. 2000. Effect of resveratrol, a natural polyphenolic
compound, on reactive oxygen species and prostaglandin production. Bio-
chem Pharmacol 59:865-870.

Mietus-Snyder M, Gowri MS, Pitas RE. 2000. Class A scavenger receptor up-
regulation in smooth muscle cells by oxidized low density lipoprotein.
Enhancement by calcium flux and concurrent cyclooxygenase-2 up-regula-
tion. J Biol Chem 275:17661-17670.

Miura T, Muraoka S, Ikeda N, et al. 2000. Antioxidative and prooxidative
action of stilbene derivatives. Pharmacol Toxicol 86:203-208.

Pace-Asciak CR, Rounova 0, Hahn SE, et al. 1996. Wines and grape juices as
modulators of platelet aggregation in healthy human subjects. Clin Chim
Acta 246:163-182.

Palsamy P, Subramanian S. 2009. Modulatory effects of resveratrol on
attenuating the key enzymes activities of carbohydrate metabolism in
streptozotocin-nicotinamide-induced diabetic rats. Chem Biol Interact
179:356-362.

Palsamy P, Subramanian S. 2010. Ameliorative potential of resveratrol on
proinflammatory cytokines, hyperglycemia mediated oxidative stress, and
pancreatic beta-cell dysfunction in streptozotocin-nicotinamide-induced
diabetic rats. J Cell Physiol 224:423-432.

Papoutsis AJ, Lamore SD, Wondrak GT, et al. 2010. Resveratrol prevents
epigenetic silencing of BRCA-1 by the aromatic hydrocarbon receptor in
human breast cancer cells. J Nutr 140:1607-1614.

Penumathsa SV, Thirunavukkarasu M, Zhan L, et al. 2008. Resveratrol
enhances GLUT-4 translocation to the caveolar lipid raft fractions through
AMPK/Akt/eNOS signalling pathway in diabetic myocardium. J Cell Mol Med
12:2350-2361.

Pervaiz S. 2003. Resveratrol: From grapevines to mammalian biology.
FASEB J 17:1975-1985.

Puissant A, Robert G, Fenouille N, et al. 2010. Resveratrol promotes autop-
hagic cell death in chronic myelogenous leukemia cells via JNK- mediated
p62/SQSTM1 expression and AMPK activation. Cancer Res 70:1042-1052.
Renaud S, de Lorgeril M. 1992. Wine, alcohol, platelets, and the French
paradox for coronary heart disease. Lancet 339:1523-1526.

Rubbo H, Trostchansky A, Botti H, et al. 2002. Interactions of nitric oxide and
peroxynitrite with low-density lipoprotein. Biol Chem 383:547-552.

758

EFFECTS OF RESVERATROL IN HEALTH AND DISEASE

JOURNAL OF CELLULAR BIOCHEMISTRY



Ryan MJ, Jackson JR, Hao Y, Williamson CL, Dabkowski ER, Hollander JM,
Alway SE. 2010. Suppression of oxidative stress by resveratrol after isometric
contractions in gastrocnemius muscles of aged mice. J Gerontol A Biol Sci
Med Sci 65:815-831.

Saiko P, Szakmary A, Jaeger W, et al. 2008. Resveratrol and its analogs:
Defense against cancer, coronary disease and neurodegenerative maladies or
just a fad? Mutat Res 658:68-94.

Schmatz R, Mazzanti CM, Spanevello R, et al. 2009. Resveratrol prevents
memory deficits and the increase in acetylcholinesterase activity in strepto-
zotocin-induced diabetic rats. Eur J Pharmacol 610:42-48.

Shakibaei M, Harikumar KB, Aggarwal BB. 2009. Resveratrol addiction:
To die or not to die. Mol Nutr Food Res 53:115-128.

Shu XH, Li H, Sun Z, et al. 2010. Identification of metabolic pattern and
bioactive form of resveratrol in human medulloblastoma cells. Biochem
Pharmacol 79:1516-1525.

Stojanovic S, Sprinz H, Brede 0. 2001. Efficiency and mechanism of the
antioxidant action of trans-resveratrol and its analogues in the radical
liposome oxidation. Arch Biochem Biophys 391:79-89.

Subbaramaiah K, Chung WJ, Michaluart P, et al. 1998. Resveratrol inhibits
cyclooxygenase-2 transcription and activity in phorbol ester-treated human
mammary epithelial cells. J Biol Chem 273:21875-21882.

Sulaiman M, Matta MJ, Sunderesan NR, et al. 2010. Resveratrol, an activator
of SIRT1, upregulates sarcoplasmic calcium ATPase and improves cardiac
function in diabetic cardiomyopathy. Am J Physiol Heart Circ Physiol 298:
H833-H843.

Sun M, Qian F, Shen W, Tian C, Hao J, Sun L, Liu J. 2011. Mitochondrial
nutrients stimulate performance and mitochondrial biogenesis in exhaus-
tively exercised rats. Scand J Med Sci Sports DOI: 10.1111/j.1600-0838.2011.
01314.x.

Sun X, Zhang Y, Wang J, et al. 2010. Beta-arrestin 2 modulates resveratrol-
induced apoptosis and regulation of Akt/GSK38 pathways. Biochim Biophys
Acta 1800:912-918.

Suzuki K, Koike T. 2007. Resveratrol abolishes resistance to axonal degene-
ration in slow Wallerian degeneration (W1dS) mice: Activation of SIRT2,
an NAD-dependent tubulin deacetylase. Biochem Biophys Res Commun
359:665-671.

Tikoo K, Singh K, Kabra D, et al. 2008. Change in histone H3 phosphorylation,
MAP kinase p38, SIR 2 and p53 expression by resveratrol in preventing strep-
tozotocin induced type I diabetic nephropathy. Free Radic Res 42:397-404.

Tili E, Michaille JJ, Adair B, et al. 2010. Resveratrol decreases the levels of
miR-155 by upregulating miR-663, a microRNA targeting JunB and JunD.
Carcinogenesis 31:1561-1566.

Tsai SH, Lin-Shiau SY, Lin JK. 1999. Suppression of nitric oxide synthase
and the down-regulation of the activation of NF-kB in macrophages by
resveratrol. Br J Pharmacol 126:673-680.

Ungvari Z, Bagi Z, Feher A, et al. 2010. Resveratrol confers endothelial
protection via activation of the antioxidant transcription factor Nrf2. Am J
Physiol Heart Circ Physiol 299:H18-H24.

Ungyvari Z, Labinskyy N, Mukhopadhyay P, et al. 2009. Resveratrol attenuates
mitochondrial oxidative stress in coronary arterial endothelial cells. Am J
Physiol Heart Circ Physiol 297:H1876-H1881.

Vanamala J, Reddivari L, Radhakrishnan S, et al. 2010. Resveratrol sup-
presses IGF-1 induced human colon cancer cell proliferation and elevates
apoptosis via suppression of IGF-1R/Wnt and activation of p53 signaling
pathways. BMC Cancer 10:238.

Wang J, Ho L, Zhao Z, et al. 2006. Moderate consumption of Cabernet
Sauvignon attenuates Abeta neuropathology in a mouse model of
Alzheimer’s disease. FASEB J 20:2313-2320.

Wang S, Wang X, Yan J, et al. 2007. Resveratrol inhibits proliferation
of cultured rat cardiac fibroblasts: Correlated with NO-cGMP signaling
pathway. Eur J Pharmacol 567:26-35.

Wang TT, Schoene NW, Kim YS, et al. 2010. Differential effects of resveratrol
and its naturally occurring methylether analogs on cell cycle and apoptosis
in human androgen- responsive LNCaP cancer cells. Mol Nutr Food Res
54:335-344.

Weng CJ, Wu CF, Huang HW, et al. 2010. Evaluation of anti-invasion effect
of resveratrol and related methoxy analogues on human hepatocarcinoma
cells. J Agric Food Chem 58:2886-2894.

Wu CC, Wu CI, Wang WY, et al. 2007. Low concentrations of resveratrol
potentiate the antiplatelet effect of prostaglandins. Planta Med 73:439-
443.

Yang YM, Chen JZ, Wang XX, et al. 2008a. Resveratrol attenuates throm-
boxane A2 receptor agonist-induced platelet activation by reducing phos-
pholipase C activity. Eur J Pharmacol 583:148-155.

Yang YM, Wang XX, Chen JZ, et al. 2008b. Resveratrol attenuates adenosine
diphosphate-induced platelet activation by reducing protein kinase C activi-
ty. Am J Chin Med 36:603-613.

Yu W, Fu YC, Zhou XH, et al. 2009. Effects of resveratrol on H,0,-induced
apoptosis and expression of SIRTs in H9c2cells.J Cell Biochem 107:741-
747.

Zhang H, Zhang J, Ungvari Z, et al. 2009. Resveratrol improves endothelial
function: Role of TNF{alpha} and vascular oxidative stress. Arterioscler
Thromb Vasc Biol 29:1164-1171.

Zhong M, Cheng GF, Wang WJ, et al. 1999. Inhibitory effect of resveratrol on
interleukin 6 release by stimulated peritoneal macrophages of mice. Phyto-
medicine 6:79-84.

Zou JG, Wang ZR, Huang YZ, et al. 2003. Effect of red wine and wine
polyphenol resveratrol on endothelial function in hypercholesterolemic
rabbits. Int J Mol Med 11:317-320.

JOURNAL OF CELLULAR BIOCHEMISTRY

759

EFFECTS OF RESVERATROL IN HEALTH AND DISEASE



