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Effectiveness of Resveratrol Against Cardiovascular Disease
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Abstract: In recent years, resveratrol has become a popular nutritional supplements used by humans all over the world.
Much research has been conducted to determine the efficacy of its use both in preventive and therapeutic dimensions.
Usage of functional foods with a history of ethno-use with no known side effects is an area of great interest in improving
the overall health condition of the population. Resveratrol, with its known potency and wide variety of health benefits has
shown promising results in minimizing cardiovascular complications including hypertension, hypertrophy, ischemic heart
disease and atherosclerosis. However, a great deal of controversy exists regarding the use of resveratrol as an anti-aging
compound. In this review, progress in the chemical and biological production of resveratrol and its derivatives, their
biological targets, bioavailability as well as the mechanisms of resveratrol cardio-protection will be discussed.
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1. INTRODUCTION

Resveratrol (trans-3, 5, 4- trihydroxystilbene) is a phenolic
phytoalexin produced naturally by several plants when under attack
by pathogens such as bacteria or fungi. Resveratrol has also been
produced by chemical synthesis [1] and is sold as a nutritional sup-
plement derived primarily from Japanese knotweed. It is found in
several plants, most notably in the skin and seeds of grapes, and red
wine. Resveratrol is a fat-soluble compound that occurs in a trans-
and a cis- configuration (Fig. 1). Both cis- and trans- resveratrol
also occur as glucosides, which is called piceid. Resveratrol effec-
tively scavenges free radicals and other oxidants [2] and therefore
may provide benefits to health/ the heart. These effects may con-
tribute at least in part to the “French paradox” [3], derived from the
observation that cardiovascular disease is relatively low in France,
despite high consumption of high fat diet because of the consump-
tion of red wine with the meal (i.e. 2-3 glasses/day) [3,4]. At pre-
sent numerous reports are available on the diverse health benefits of
resveratrol cardiovascular disease [5], antitumor activity [6,7],
Alzheimer’s disease [8], estrogenic and anti-estrogenic activities
[9], effects on biotransformation enzymes [10] and preservation of
normal cell cycle regulation [11]. Recently, resveratrol has been
shown to mimic caloric restriction [12], and extend the lifespan of a
number of species including yeast [13] and mice [12], although this
observation has been challenged by several reports [14].

Cardiovascular disease (CVD) remains the major cause of mor-
tality and morbidity in both developed and developing countries,
responsible for roughly 25% of all deaths per year. High-fat diet,
abnormalities in lipoproteins, overweight, smoking, sedentary life-
style and genetic factors contribute to the risk of CVD including
atherosclerosis and stroke [15]. The main cause of these diseases is
coronary arterial blockage, commonly known as atherosclerosis,
resulting in an ischemic condition followed by a necrotic scar for-
mation. Clearing of the atherosclerotic blockage can render the
heart at risk by a sudden increase in oxygen and, therefore,
free-radical production that result in cardiac injury through both
necrosis and apoptosis [16]. Resveratrol has shown potential car-
dioprotective effects by its ability to inhibit platelet aggregation
[17], promote vasodilation by enhancing the production of NO [18],
inhibit inflammatory enzymes [19] and induce autophagy [20]. The
multidimensional effects of resveratrol on pharmacology and con-
ditions that might benefit from it administration are documented in
this review.
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2. STRUCTURES, STABILITY AND SOURCES

Resveratrol is a stilbenoid, a derivate of stilbene, which is
produced in plants with the help of the enzyme stilbene synthase. It
exists as two geometric isomers: Cis- (Z) and trans- (E), the
trans-isomer being shown in Fig. (1). The trans- form can undergo
isomerization to the cis- form when exposed to ultraviolet
irradiation [21]. Trans-resveratrol in the powder form is stable
under "accelerated stability" conditions of 75% humidity and 40°C
in the presence of air [22]. Resveratrol content also remains stable
in the skins of grapes and pomace taken after fermentation when
stored for a long period [23]. In addition, HPLC assays can distin-
guish the two isomers since Cis-resveratrol exhibits a distinct Amax
and retention time [24]. Therefore, resveratrol concentrations may
be underestimated when only the trans-resveratrol peak is taken into
account during analysis. The amount of resveratrol found in natural
foods is summarized in Table 1.

Table 1. The Amount of Resveratrol Found in Natural Foods
[25,26]
Source Resveratrol Concentration
100% Natural peanut butter 0.65 pg/g
Bilberries 16 ng/g
Blueberries 32 ng/g
Boiled peanuts 5.1 png/g
Cranberry raw juice 0.2 mg/L
Dry grape skin 24.06 pg/g
Grapes 0.16-3.54 ng/g
Peanut butter 0.3-1.4 pg/g
Peanuts 0.02-1.92 pg/g
Pistachios 0.09-1.67 pg/g
Ports and sherries <0.1 mg/L
Ref grape juice 0.50 mg/L
Red wines 0.1-14.3 mg/L
Roasted peanuts 0.055 pg/g
White grape juice 0.05 mg/L
White wines <0.1-2.1 mg/L

3. RESVERATROL SUPPLEMENTATION

As a result of extensive news coverage, sales of resveratrol
supplements greatly increased in 2006, despite caution that benefits
to humans are unproven [27]. Most resveratrol supplements are oral
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Fig. (1). Structures of Resveratrol.

pills intended to be swallowed. However, resveratrol lozenges are
meant to be kept and consumed in the mouth to improve
bioavailability. Red wine extracts and red grape extracts containing
resveratrol and other polyphenols are also available in the U.S. as
dietary supplements. Resveratrol supplements may contain
anywhere from 10-50 mg of resveratrol, however, the effective dose
for chronic disease prevention in humans are not known. As in
many areas of sales and marketing, false advertising and free trials
are often used to lure prospective customers. Consumers are
strongly advised to take precautions to protect themselves.

4. PHARMACOKINETICS

Oral intake is the major route of resveratrol administration. The
main dietary source of resveratrol is red wine; wine ingestion rep-
resents a way of administering resveratrol in natural conditions.
Although resveratrol exists naturally as both cis- and trans- iso-
mers, most studies have used trans- resveratrol for administration
due to lack of stability of the cis- isomer, which is not commercially
available. On the other hand, trans- resveratrol is often reported to
be the major natural form, even though the cis- isomer is also pre-
sent in wine [28]. Several resveratrol metabolites have been identi-
fied in human plasma or urine. Glucuronide and sulfate conjugates
are the most frequently reported metabolites and may bind one or
two hydroxyl residues or a carbon in position 2 [29]. Glucuron-
ide-sulfate metabolites have also been described. After oral intake
of 1 g resveratrol, Boocock et al. identified two monosulfate con-
jugates, one disulfate, two monoglucuronides, and, interestingly,
one glucuronide—sulfate [30]. Recently, Burkon and Somoza identi-
fied up to seven trans-resveratrol metabolites (including two new
diglucuronides) in plasma and urine from nine healthy volunteers
after administration of 85.5mg of piceid (corresponding to 50mg of
free resveratrol) [29]. cis- metabolites have also been detected in
several studies. In urine samples collected from five volunteers
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after wine consumption, the main metabolites were cis-resveratrol-
4'-sulfate, cis-resveratrol-3-O-glucuronide, and cis-resveratrol-4'-O-
glucuronide [31]. However, no information is available to indicate
whether these metabolites are the result of cis- resveratrol metabo-
lism or isomerization of trans- sulfate or glucuronide conjugates.
To determine total plasma resveratrol or metabolite concentrations,
it is also necessary to take into account LDL and protein-bound
fractions. Burkon and Somoza reported that, in vitro, more than
90% of free trans- resveratrol is bound to human plasma lipopro-
teins in a non-covalent manner [29]. In humans [32] and rats [33]
less than 5% of the oral dose is observed as free resveratrol in blood
plasma. The most abundant resveratrol metabolites in humans, rats,
and mice are trans-resveratrol-3-O-glucuronide and trans-
resveratrol-3-sulfate [34]. Walle suggested sulfate conjugates as the
primary source of activity [32] while Wang et al. suggested the
glucuronides [35] as the primary source. Boocock et al. emphasized
the need for further study of the effects of the metabolites,
including the possibility of deconjugation to free resveratrol inside
cells [36]. The hypothesis that resveratrol from wine could have
higher bioavailability than resveratrol from a pill [37] has been
disproved by experimental data [38]. Although trans-resveratrol
appears to be well-absorbed by humans when taken orally, its
bioavailability is relatively low due to its rapid metabolism and
elimination [32, 37].

Information about the bioavailability of resveratrol in humans is
important because much of the basic research on resveratrol has
been conducted in cultured cells exposed to unmetabolized
resveratrol at concentrations that are often 10-100 times greater
than peak concentrations observed in human plasma after oral
consumption [39]. Although cells that line the digestive tract are
exposed to unmetabolized resveratrol, research in humans suggests
that other tissues are exposed primarily to resveratrol metabolites.
Little is known about the biological activity of resveratrol
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metabolites, and it is not known whether some tissues are capable
of converting resveratrol metabolites back to resveratrol [32].

5. BIOLOGICAL ACTIVITIES RELATED TO
CARDIOVASCULAR DISEASE PREVENTION

5.1. Free Radicals Mediated Disease Prevention

Reactive oxygen species (ROS) and/or oxidative stress play a
significant role in the pathogenesis of a wide variety of human car-
diovascular diseases including congestive heart failure, vascular
heart disease, cardiomyopathy, hypertrophy, atherosclerosis and
ischemic heart disease [40]. NADPH oxidase, a key enzyme re-
sponsible for the generation of ROS that is expressed by many cell
types found both in vessel wall and in blood (leukocytes), has been
implicated in the pathogenesis of hypercholesterolemia [41]. It is
suggested that excessive ROS generation induces atherosclerosis
[42]. Manifestation of atherosclerotic plaque formation is material-
ized when there is an alliance of intracellular lipid accumulation or
lipidoses with accumulation of extracellular connective tissue ma-
trix or fibrosis [42]. Sato et al. [43] suggested that resveratrol can
inhibit ischemia/reperfusion induced free radicals mediated myo-
cardium stress. The results demonstrated that both red wine extract
and resveratrol were equally cardioprotective, as evidenced by their
abilities to improve postischemic ventricular functions including
developed pressure and aortic flow. The amount of malonaldehyde
formation in the postischemic myocardium was reduced by both
wine and resveratrol, indicating a reduction of oxidative stress de-
veloped in the ischemic reperfused myocardium. In vitro studies
revealed that red wine extract is a potent antioxidant as evidenced
by its ability to scavenge peroxyl radical in vitro. eNOS is an
enzyme that catalyzes the formation of nitric oxide (NO) by
vascular endothelial cells. NO is needed to maintain arterial
relaxation (vasodilation), and impaired NO-dependent vasodilation
is associated with increased risk of cardiovascular disease [44].
Several studies also demonstrated a direct role of NO in resvera-
trol-mediated cardioprotection [45, 46]. For example, resveratrol
induced an expression of eNOS in the human umbilical vein endo-
thelial cells (HUVEC) [46]. In addition to its long-term effects on
eNOS expression, resveratrol also enhanced the production of bio-
active NO in short term basis (within 2 min), suggesting a role of
iNOS. Our results support these previous observations as we also
observed iINOS expression within 24 h, while eNOS expression did
not become apparent until after 3 days [47]. In another study, res-
veratrol induced the expression of iINOS in cultured bovine pulmo-
nary artery endothelial cells [48]. This result was further supported
by the finding that resveratrol protected isolated working rat hearts
through the up-regulation of iINOS [47]. Resveratrol failed to pro-
vide cardioprotection in INOS knockout mice devoid of any copy of
iNOS gene, further supporting the role of NO [49]. In a more recent
study, resveratrol reduced myocardial ischemia/reperfusion injury
through both an iNOS-dependent and an iINOS-independent manner
[45]. Similar to NO, resveratrol significantly reduced the amount of
pro-adhesive molecules including sICAM-1, sVCAM-1 and
E-selectin in the ischemic reperfused myocardium [50].

ANTI-INFLAMMATORY

There is increasing evidence that resveratrol exerts multifaceted
anti-inflammatory effects in various disease models [51]. The abil-
ity of resveratrol to protect cardiovscular disorders mostly comes
from the anti inflammatory property of resveratrol. Resveratrol
significantly improveed postischemic ventricular function and re-
duced myocardial infract size compared to the non-treated control
group. Suppressed aberrant expression of tissue factor and cytoki-
nes in vascular cells achieved by resveratrol is due to the anti in-
flammatrory role of resveratrol [52]. During the last decade, a
growing number of experimental studies have demonstrated benefi-

Rahman et al.

cial effects of both poly (ADP-ribose) polymerase (PARP) inhibi-
tors and the genetic deletion of the PARP-1 enzyme in various ani-
mal models of increased cardiovascular oxidative stress and in-
flammation [53]. The proven cardioprotective effects of PARP
inhibitors in diabetes are of particular interest, because diabetes is
known to be associated with accelerated vascular aging. There are
also reports that chronic administration of PARP inhibitors im-
proved cardiac and vascular dysfunction in aged rats (reviewed in
references [54]. It is thought that inhibition of PARP decreases
NAD" consumption and raises nuclear NAD" levels, which in turn
is likely to activate the sirtuins. Additionally, the mechanism behind
the protective effects of PARP-1 inhibitors may involve prevention
of the upregulation of various proinflammatory pathways (cytoki-
nes, adhesion receptors, mononuclear cell infiltration [55].

5.2. Cardioprotection and Anti-Aging Mechanism

Cardioprotection was supported by the generation of survival
signal as evidenced by increased phosphorylation of Akt and acti-
vation of Bcl-2. In contrast, there was increased activation of Ref-1
and the transcription factor 1kB [56]. Resveratrol generated a sur-
vival signal by inducing the activation of p38MAP kinase B and
Akt, and inhibition of p38 MAP kinase a as well as to increase
DNA binding of NFkB. High doses of resveratrol completely re-
versed the survival signal into a death signal by reducing Bcl-2
expression, Akt phosphorylation and NFkB activation [57]. The
longevity mechanism of resveratrol are not fully understood, some
studies indicate that resveratrol activates SIRT1 [58] and PGC-1a
and improve functioning of the mitochondria [59]. Further research
is required to connect the mechanism of resveratrol’s action on
SIRT1 and calorie restriction [60]. In addition resveratrol’s ability
to directly activate SIRT1 has been called into question [61].
Resveratrol has been shown to cause SIRT1 activation and to cause
migration of FOXO transcription factors to the nucleus [62] which
stimulates FOXO3a transcriptional activity [63]. The enhancement
of the sirtuin-catalyzed deacetylation (activity) of FOXO3a.
MnSOD is known to be a target of FOXO3a, and MnSOD
expression is strongly induced in cells overexpressing FOXO3a
[64]. MnSOD reduces superoxide and thereby confers resistance to
mitochondrial dysfunction, permeability transition, and apoptotic
death in various diseases [65].

5.3. Redox Regulated Heart Diseases

The cellular changes associated with ischemic heart diseases are
redox regulated. Ischemia and reperfusion render the heart in an
oxidized environment maintained by the stabilizing disulfides pre-
sent in the extracellular surface, while the intracellular environment
is maintained in the reduced state with the help of free sulfhydryl
groups. The principal disulfide reductase responsible for maintain-
ing the inside of the cell in the reduced state is thioredoxin [66].
Thioredoxins and other members of the thioredoxin superfamily
such as glutaredoxins and peroxiredoxins are ubiquitously present
in mammalian cells including the heart [66] and play an important
role in maintaining the redox environment of the cell. Our recent
studies demonstrate that transgenic mice overexpressing Grx1 re-
duced the number of apoptotic cardiomyocytes in the ischemic
reperfused heart [66, 67]. Dudley et al. compared the effects of low
and high doses of resveratrol on redox cycling of several redox
proteins and redox-sensitive transcription factors. The results indi-
cated down-regulation of the transcripts of Grx1 and Grx2 as well
as of Trx1 and Trx2 in the ischemic reperfused hearts with high
doses of resveratrol. Lower doses of resveratrol increased the tran-
scripts of Trx1 and Trx2 as well as of Grx1 and Grx2 compared to
control [57]. Malik et al. showed potentiation of a survival signal
through the redox activation of Ref-1, a major protein of the DNA
base excision repair pathway, following myocardial ischemia
reperfusion injury [56]. Further, a recent study showed that ische-
mia/reperfusion could potentiate a rapid translocation of TRx-1 into
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the nucleus, which then interacts with Ref-1, leading to the genera-
tion of a survival signal [68]. Consistent with these reports, Dudley
et al. summarized that low doses of resveratrol generated a survival
signal by activating both Trx and Ref-1, while high doses of res-
veratrol produced a death signal by reducing both Ref-1 and Trx
expression [58].

5.4. Autophagosome and Resveratrol

Autophagy is a self-clearing process to remove the damaged
proteins or organelles, an alternate mechanism for proteasomal
degradation, which can generate a survival signal, as in the case of
myocardial ischemia [69]. In order to study the mechanism of res-
veratrol-induced autophagy, we examined the activation of mTOR,
a molecule known to be repressed during autophagic induction.
Resveratrol at lower doses (0.1 and 1 mM in H9c2 cardiac myoblast
cells and 2.5 mg/kg/day in rats) induced cardiac autophagy shown
by enhanced formation of autophagosomes and its marker LC3-11
after hypoxia-reoxygenation or ischaemia-reperfusion [20]. The
autophagy was attenuated with the higher dose of resveratrol. The
induction of autophagy was correlated with enhanced cell survival
and decreased apoptosis. Treatment with rapamycin (100 nM), a
known inducer of autophagy, did not further increase autophagy
compared with resveratrol alone. Autophagic inhibitors, Wortman-
nin (2 mM) and 3-methyladenine (10 mM), significantly attenuated
the resveratrol induced autophagy and induced cell death. The acti-
vation of mammalian target of rapamycin (mMTOR) was differen-
tially regulated by low-dose resveratrol, i.e. the phosphorylation of
mTOR at serine 2448 was inhibited, whereas the phosphorylation
of mMTOR at serine 2481 was increased, which was attenuated with
a higher dose of resveratrol. Although resveratrol attenuated the
activation of mTOR complex 1, low-dose resveratrol significantly
induced the expression of Rictor, a component of mTOR complex
2, and activated its downstream survival kinase Akt (Ser 473).
Resveratrol-induced Rictor was found to bind with mTOR. Fur-
thermore, treatment with Rictor SiIRNA attenuated the resvera-
trol-induced autophagy. Our results indicate that at lower dose,
resveratrol-mediated cell survival is, in part, mediated through the
induction of autophagy involving the mTOR-Rictor survival path-
way. These results are in accordance with a recent study, where
resveratrol has been shown to inhibit oxidized LDL-induced
PI3K/Akt-mediated phosphorylation of mTOR (Ser2448) and its
downstream molecule p70s6k in rabbit femoral smooth muscle cells
[70].

6. ADVERSE EFFECTS

The adverse effects of high dose resveratrol intake in humans
have been investigated in several studies resveratrol intake
[36,71,72], representing a total of 104 patients (including placebo).
The highest doses were 5g/70 kg for a single intake and 0.9g/day
for iterative administration, corresponding, respectively, to ap-
proximately 1/40 and 1/200 of the dose reported to cause nephro-
toxicity and 1/4 and 1/20 of the highest dose reported to be safe in
rats [73]. No serious adverse event was detected in any of these
studies. Adverse events were mild and lasted a few days. After a
single administration of 400 mg of resveratrol, Vaz-da-Silva et al.
[71] reported three events (blood electrolyte changes, nasopharyn-
gitis and erythematous rash) in 3/24 patients, possibly related to
treatment. In the other single-dose administration pharmacokinetic
study [36], 2/40 patients receiving 1 g resveratrol exhibited one or
more minor biological adverse event, consisting of a small increase
in blood bilirubin [44] or alanine amino transferase level. In the
multiple-dose study, 40 volunteers received one dose of resveratrol
(25, 50 100, 150 mg, or placebo) every 4 h for 48 h. The most fre-
quent adverse event was frontal headache (three cases). The other
adverse events appeared only once: headache, myalgia of the lower
extremities, somnolence (25mg group), epididymitis (100mg
group), and dizziness and occipital headache (150mg group), with-
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out any clear relation to the administered dose [72]. In a study in
rats, Crowell et al. [73] administered 0.3, 1 and 3 g/kg/day
trans-resveratrol for 4 wk (corresponding to 21, 70, and 210 g/day,
respectively, in a human weighing 70 kg). Only two of the 40 rats
receiving the highest doses died due to the treatment. Most of the
adverse events occurred with the higher dose and consisted mainly
of nephrotoxicity. No histological effect on the liver was observed
and no adverse event was observed in animals treated with 0.3
g/kg/day. In addition, the results of this study did not confirm pre-
vious observations of a mild increase in serum liver aspartate
aminotransferase enzyme levels and brain and testicular weight
after a 20 mg/kg/day intake for 4 weeks [74]. In a recent study
conducted on high-purity trans-resveratrol, Williams et al. have
studied numerous toxicity models in vivo and in vitro. Low and
high doses of resveratrol, up to 750 mg/kg/day for 3 months, were
investigated in vivo in rabbits and rats. The authors concluded that
resveratrol is well tolerated and non-toxic and has no effect on re-
productive capacity in male or female rats and no embryofetal tox-

icity [75].

CONCLUSION

The present review consolidates the findings of resveratrol in-
take, especially on metabolism, bioavailability and cardioprotec-
tion, which in a way reveals inspiring outcomes though there are
some questions of its adverse effect at higher doses. The main af-
fects generally come via an antioxidant defense mechanism and
interacting with several factors which are responsible for cardio-
protection. Further, it is speculated that the cardioprotective ability
at low doses of resveratrol is related to the current popular proposi-
tion about the health benefits of “moderate” wine drinking. The
combination of the indirect and direct actions along with no-known
side-effects, confirmed by the multi-millennial consumption, makes
the resveratrol highly attractive for the patients of ischemic heart
disease both in preventive and therapeutic point of view.

The bioavailability and use of proper doses remain the problem
of use of resveratrol. The future research should emphasize on these
two issues. A number of methods are being used to increase the
bioavailability of resveratrol. Some manufacturers are micronizing
the resveratrol to increase the bioavailability. Resveratrol displays
hormesis [76]. As a phytoalexin, like many plant-derived toxins,
resveratrol is also beneficial at lower doses and detrimental at
higher doses resulting a J-shape or inverted U-shape curve suggest-
ing howmetic action. Before clinical use and epidemiological stud-
ies should be altered regarding the hormetic action of resveratrolol.
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