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Abstract

Epidemiological studies demonstrated that even in the absence of other risk factors (e.g. diabetes,
hypertension, hyperhomocysteinemia, hypercholesterolemia), advanced age itself significantly
increases cardiovascular morbidity by enhancing vascular oxidative stress and inflammation.
Because the population in the Western world is rapidly aging, there is a substantial need for
pharmacological interventions that delay the functional decline of the cardiovascular system.
Resveratrol is an atoxic phytoestrogen found in more than 70 plants including grapevine and berries.
Recent data suggest that nutritional intake of resveratrol and other polyphenol compounds may
contribute to the “French paradox”, the unexpectedly low cardiovascular morbidity in the
Mediterranean population. There is increasing evidence that resveratrol exerts multifaceted anti-
oxidant and/or anti-inflammatory effects in various disease models. Importantly, resveratrol was
reported to slow aging and increase lifespan in simple organisms and has been suggested as a potential
calorie restriction mimetic. Resveratrol has also been reported to activate NAD-dependent histone
deacetylases (sirtuins), which may contribute to its anti-aging effects. This review focuses on the
role of oxidative stress and inflammation in cardiovascular dysfunction in aging, and on emerging
anti-aging therapeutic strategies offered by resveratrol and other polyphenol compounds.
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INTRODUCTION

The population in the Western world is aging. By the end of this decade the number of senior
citizens (65 years old or older) will reach 40 million people in the United States.
Epidemiological studies suggest that even in the absence of other risk factors (e.g. diabetes,
hypertension, hyperhomocysteinemia, hypercholesterolemia), advanced age itself
significantly increases cardiovascular morbidity. Indeed, in 75-84 year old individuals, as
compared to 35-44 year old people, there is a ~60 fold and ~80 fold increase in death rates for
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heart disease and cerebrovascular disease, respectively. In persons older than 85 these mortality
rates show a ~200 to ~270 fold increase, respectively (according to the U.S. Department of
Health and Human Services/Centers for Disease Control and National Center for Health
Statistics). Better understanding of the molecular mechanisms underlying the aging process
can, in the not-so-distant future, lead to pharmacological interventions that can significantly
delay age-related decay of cardiovascular function.

Cardiovascular aging is characterized by a gradual deterioration of endothelial function and
myocardial performance both in experimental animals and in humans [1-6], which begins to
accelerate after mid-life. There is increasing evidence that oxidative/nitrosative stress (an
increased production of Oy, H,O, and ONOO™) and the consequent activation of numerous
downstream effector pathways coupled with an interrelated chronic inflammation eventually
lead to age-related cardiovascular dysfunction [2—4,6-8].

Resveratrol is an atoxic phytoestrogen, which holds great promise as an anti-oxidant, anti-
inflammatory and/or antitumor agent for various therapeutical indications [9-17]. The present
review focuses on some of the mechanisms by which resveratrol may reverse or delay the
symptoms of cardiovascular aging.

1. Resveratrol: Synthesis, Sources

Resveratrol is one of a group of compounds (called phytoalexins) that are produced in plants
during times of environmental stress such as microbial (fungal) infection or UV irradiation
[18]. Although the substrates (4-coumaroyl-CoA, malonyl-CoA) are present in all plants, most
plants do not contain the enzyme (resveratrol synthase) necessary for the biosynthesis of the
polyphenolic stilbene structure of resveratrol [19]. First isolated from the roots of the oriental
medicinal plant Polygonum capsidatum, resveratrol has been identified in more than 70 species
of plants, including mulberries, eucalyptus and peanuts. Grapevines (Vitis vinifera) are
particularly good sources of resveratrol. Fresh grape skin contains about 50 to 100 pg of
resveratrol per gram, while red wine concentrations range approximately from 0.1 to 14 mg/
L with the highest concentrations reported in wines prepared from Pinot noir grapes [20,21].
In addition to resveratrol, trans-piceid and delta-viniferin also constitute a significant
proportion of stilbenes in wine dietary intake (Fig. 1). Other polyphenols that may exert
biological effects similar to resveratrol include various anthocyanins and flavonols (e.g.
quercetin, myricetin and kaempferol) [22]. The relatively high concentrations of resveratrol
(and likely other polyphenols) in red wine is thought to be the explanation for the so-called
“French-paradox” [23,24].

2. Vasculoprotection: Epidemiological Evidence

Epidemiological studies suggest that Mediterranean diets are associated with reduced risk of
cardiovascular disease [25,26]. It has been proposed that resveratrol is one of the most
important dietary constituents involved in vasculoprotection. In line with this notion,
epidemiological studies have linked moderate intake of resveratrol-containing red wine with
a significant decrease in the risk of coronary artery disease. Resveratrol (and other natural
plolyphenol compounds) are thought to have diverse antiatherogenic activities [27-31], such
as the inhibition of LDL oxidation, platelet aggregation, regulation of vascular smooth muscle
proliferation and modulation of NO production.

Because vascular aging is characterized by an increased ROS generation and pro-inflammatory
phenotypic changes, the present review focuses primarily on the possible anti-platelet, anti-
oxidant and anti-inflammatory mechanisms by which resveratrol may exert beneficial effects
on the aged vasculature.
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3. Anti-Platelet Action of Resveratrol

There is growing evidence that platelets play an important role in atherogenesis, plaque
formation and plaque rupture. In clinical practice inhibition of platelet activity with aspirin
significantly reduces the odds of serious atherothrombotic vascular events and death in high
risk patients [32]. However, in many patients aspirin is not effective. Among the possible causes
of aspirin treatment failures, aspirin resistance emerges as a major therapeutic challenge. The
pathological mechanisms underlying aspirin resistance are not well understood and are likely
multifaceted. One possible factor is age itself. Our own data shows that 26% of high risk cardiac
patients under the age of 60 (5/19) were resistant to aspirin treatment. In contrast, among the
elderly (>60 years old) aspirin resistance increased to affect 45% of patients (14/31; Stef and
Veress, unpublished data, 2005).

There is increasing evidence that resveratrol suppresses platelet aggregation in humans (Fig.
2) and it has been suggested that this action may be responsible for its protection against
coronary heart disease [33-37]. Resveratrol was shown to inhibit cyclooxygenase-1 [38],
which likely contributes to its aspirin-like effects. Other potential mechanisms of the anti-
platelet action of resveratrol involves inhibition of signal transduction pathways including
MAP kinases [33] and polyphosphoinositide signaling [37]. Importantly, recent studies
revealed that resveratrol effectively inhibits aggregation of platelets from patients with aspirin
resistance (Stef and Veress, unpublished data, 2005). Structure-activity relationships on
methoxy-resveratrol analogs showed that the m-hydroquinone moiety is essential for
irreversible inactivation of cyclooxygenase-1 [38]. These findings encourage the search for
structurally related compounds with better bioavailability for cardiovascular protection in
elderly patients with aspirin resistance.

4. Anti-Oxidant Effects of Resveratrol

Since the publication of the free radical theory of aging [39] almost half a century ago by
Harmon, substantial evidence has been published linking aging in various tissues with
increased oxidative stress. These studies have demonstrated increased production of reactive
oxygen species (ROS) in mesenteric [40] and small coronary arteries [7] of aged rats (reviewed
in reference [6]). Additional studies have also described increased ROS production in the
carotid arteries and aorta of aged rats [41,42] and mice [43]. Aging-induced vascular oxidative
stress is characterized by a down-regulation of antioxidants, such as ecSOD [40], an increased
expression of iINOS [1,43] and increased activity of NAD(P)H oxidases [7,42,44] and/or other
oxidase mechanisms [45]. Increased oxidative stress in aging leads to functional inactivation
of NO via increased O, levels yielding in an increase in formation of a reactive oxidant
ONOO™, which may impair cardiovascular function through multiple mechanisms [7,40,43,
44,46,47]. Age-related decline in eNOS expression [7,48-51] and/or a decreased intracellular
L-arginine accessibility [52], further aggravate the already impaired NO bioavailability, thus
leading to limited cardiac blood supply and altering myocardial O, consumption and
myocardial contractility [44]. Recent studies have also provided evidence that decreased
endothelial NO production in aging enhances apoptosis of endothelial cells [51,53].

There is accumulating evidence that resveratrol can exert anti-oxidant effects in biological
systems via multiple direct and indirect mechanisms, including effects on ROS and NO
production, lipid peroxidation, endogenous antioxidant systems, all of which may contribute
to the cardiovascular benefits of the compound [12,14,15,54-58]. Resveratrol, in a relatively
high concentration [59,60], was reported to elicit vasodilation both in large conduit arteries
and in vessels of the microcirculation in animal models (Fig. 3A) [61-66]. A recent study
demonstrated that resveratrol also evokes dilatation of the human vessels including the internal
mammary artery [67]. Resveratrol-induced vasorelaxation seems to be preserved both in
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humans with established coronary heart disease [68] and in animal models of aging (Fig. 3A).
There are also studies extant showing that resveratrol may improve vasodilation elicited by
endothelium-dependent agents [67] and it was suggested that by restoring NO bioavailability
it may exert beneficial effects in pathophysiological states associated with an increased
oxidative stress [69]. Previous studies demonstrated that administration of antioxidants (such
as superoxide dismutase and Tiron) can improve endothelium-dependent relaxations of aged
arteries by restoring the bioavailability of NO [7,70]. However, acute administration of
resveratrol does not seem to affect endothelium-dependent dilations in aged vessels (Fig. 3B),
likely because it is less effective in directly attenuating O, production in the endothelial and
smooth muscle cells of aged arteries (Fig. 4A-B). It can be hypothesized that while
exogenously administered resveratrol may scavenge extracellular ROS produced by cell
membrane-associated oxidases (e.g. NAD(P)H oxidase) it is less effective against
mitochondria-derived ROS in aging. Interestingly, resveratrol does not act primarily as an
antioxidant in other biological systems either: pro-oxidant activity of resveratrol in vitro
(increasing O, generation) has also been documented recently in human leukemia cells [21,
71]. Further studies are needed to elucidate whether chronic treatment with resveratrol
effectively reduces ROS production in aged vessels (e.g. by up-regulating antioxidant
enzymes) or if its vasculoprotective effects are mediated independent of its antioxidant
properties.

5. Anti-Inflammatory Effects of Resveratrol

There is increasing evidence that resveratrol exerts multifaceted anti-inflammatory effects in
various disease models (for a review see references [12,21]). Ischemia followed by reperfusion
has been shown to markedly increase leukocyte adherence and vascular transmigration in the
mesenteric microcirculation [72]. A recent study has demonstrated that intravenous
administration of resveratrol attenuates these deleterious effects of ischemia/reperfusion [72].
Resveratrol was also shown to attenuate the proinflammatory effects invoked by PAF [72].
Importantly, resveratrol may also confer vasculoprotection by regulating the expression of pro-
inflammatory and pro-atherogenic genes in endothelial cells.

Local leukocyte recruitment into the vessel wall is an early step in atherogenesis and is
controlled by the expression of cell adhesion molecules. It is significant that resveratrol was
shown in vitro to decrease endothelial VCAM and ICAM-1 expression and attenuate monocyte
adhesiveness to the endothelium [73-76]. Because of the potent anti-inflammatory action of
resveratrol, there is a lot of interest in investigating the effect of resveratrol and its derivatives
on transcription factors that regulate the expression of inflammatory mediators, such as
adhesion molecules, cytokines (e.g. TNFa, IL-1, IL-6), and iNOS. These transcriptional
mechanisms include C/EBP, fos/jun, AP-1, and NF-«kB. Several lines of evidence suggest that
inhibition of NF-«xB by resveratrol underlies many of the anti-inflammatory effects of
resveratrol [73,77]. NF-xB is a redox-sensitive transcription factor that is expressed by both
endothelial and smooth muscle cells. Activation of NF-«xB is thought to induce the transcription
of a large range of genes implicated in inflammation, including cytokines (e.g. TNFa, IL-6 and
IL-1B), chemokines and adhesion molecules [78-80]. It is also generally believed that chronic
activation of NF-xB predispose arteries to atherosclerosis [81]. There is evidence for a pro-
inflammatory shift in vascular [7,8,53] and cardiac [82] gene expression profiles (including an
up-regulation of TNFa, IL-6 and iNOS) with aging. It has been proposed that high levels of
inflammatory cytokines (in particular TNFa) play a role in the development of cardiac and
vascular dysfunction. Numerous studies demonstrated that increased levels of ROS may
activate NF-xB in endothelial, smooth muscle cells and other cell types, leading to the up-
regulation of adhesion molecules, iINOS, TNFa and other cytokines. Of note, there are studies
suggesting that NF-xB binding increases in aging [83], which is likely responsible for the
increased expression of iINOS found in aged coronary vessels [7], carotid arteries and aortas
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[84]. Importantly, resveratrol treatment significantly decreases iNOS expression in aged
vessels (Fig. 5) and aged hearts (Ungvari, unpublished observation 2005). Resveratrol was also
shown to down-regulate iNOS in other cell types [85,86]. Up-regulation of iNOS is thought
to play a central role in vascular oxidative stress, endothelial dysfunction and pro-atherogenic
processes [87]. Thus, it is logical to hypothesize that in the aged circulation, inhibition of NF-
kB activation and iNOS expression by resveratrol exerts vasculoprotective effects. A second
pro-inflammatory transcription factor, AP-1 (activator protein 1) may also be inhibited by
resveratrol [77]. AP-1 similarly to NF-«xB, is important in the regulation of many inflammatory
genes that are induced by oxidative stress and its inhibition may contribute to the anti-
inflammatory properties of resveratrol. Thus, further studies are definitely needed to establish
a role for resveratrol as treatment to inhibit NF-xB and AP-1 activation and cardiovascular
inflammation in aging.

6. Anti-Aging Effects of Resveratrol

Resveratrol was reported to slow aging and increase lifespan in simple eukaryotes (S.
cerevisiae, C. elegans, D. melanogaster) and has been suggested as a potential calorie
restriction mimetic [88,89]. In a series of landmark studies Dr. David Sinclair’s Laboratory
has shown that resveratrol is a sirtuin activator, and this property has been proposed to account
for its anti-aging effects [88,89]. Sirtuins are NAD*-dependent histone deacetylases (named
after the silent information regulator 2 [Sir2], which acts to extend lifespan in yeast and C.
elegans; it is of note that recent data raised the possibility that resveratrol is a substrate-specific
activator of sirtuins [90]). Despite its absolute requirement for NAD*, the regulation of sirtuins
by NAD™* biosynthesis pathways is poorly understood in mammals. It is thought that
intracellular events that affect NAD* levels or NAD*/NADH ratios, such as energy production
through respiration, may affect physiological and pathological processes and lifespan through
sirtuin-dependent pathways. Interestingly, there is data that resveratrol can inhibit the
mitochondrial respiratory chain [56], which may affect NAD*/NADH ratios. Despite the
obvious importance of sirtuins in the regulation of lifespan in lower organisms, there is a
paucity of data regarding the role of sirtuins and the effects of resveratrol in mammalian aging.
Studies are currently underway in Dr. Sinclair’s Laboratory to characterize the effect of
resveratrol on murine lifespan. Future studies should also investigate the effect of chronic
resveratrol treatment on age-related decline in cardiovascular function.

Like the sirtuins, the nuclear enzyme poly(ADP-ribose) polymerase (PARP) also utilizes
NAD* inastochiometric manner for its multiple regulatory functions [91]. When DNA damage
occurs, PARP-1 (the most abundant and most studied isoform of PARP) cleaves nicotinamide
adenine dinucleotide (NAD™) to nicotinamide and ADP-ribose to form long branches of ADP-
ribose polymers on the glutamic acid residues of a number of target proteins including histones.
Poly(ADP-ribosyl)ation is involved in the regulation of many cellular processes such as DNA
repair, gene transcription, cell cycle progression, cell death, chromatin function, and genomic
stability (reviewed in reference [92]). Moderate PARP-1 activation facilitates the efficient
repair of DNA damage resulting from reactive oxygen and nitrogen species such as H,0, and
ONOO™. In contrast, when excessive and sustained activation of PARP-1 occurs, such as under
conditions of tissue ischemia and/or reperfusion, substantial depletion of intracellular NAD*
results. As NADH functions as an electron carrier in the mitochondrial respiratory chain,
NAD* depletion rapidly leads to falling intracellular ATP levels, eventually leading to cellular
dysfunction and death.

During the last decade a growing number of experimental studies have demonstrated beneficial
effects of both PARP inhibitors and the genetic deletion of the PARP-1 enzyme in various

animal models of increased cardiovascular oxidative stress and inflammation [92]. The proven
cardioprotective effects of PARP inhibitors in diabetes [93] are particularly of interest, because
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diabetes is known to be associated with accelerated vascular aging. There are also reports that
chronic administration of PARP inhibitors improved cardiac and vascular dysfunction in aged
rats (reviewed in references [6,94,95]). 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 (cytokines,
adhesion receptors, mononuclear cell infiltration [6,47]). Because of the aforementioned
considerations, we propose that resveratrol and PARP-1 inhibitors are likely to have additive
cardio- and/or vasculoprotective effects in aging (and in disease states associated with
accelerated vascular aging, such as diabetes [93]), which should be unveiled in upcoming
studies.

CONCLUSION

In conclusion, aging is associated with oxidative/nitrosative stress and inflammatory changes
in the phenotype of blood vessels and the heart. Whether conventional treatments (e.g. statins)
with antioxidant and/or anti-inflammatory properties are able to reverse or delay the
considerable aging-induced functional decline of the cardiovascular system remains a subject
of current debate. Because resveratrol (and likely other polyphenol compounds) exert
significant anti-inflammatory effects and extends lifespan in experimental aging models we
can expect that resveratrol research will yield novel therapeutic approaches that will be
exploited for the benefit of elderly patients (Fig. 6).
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Fig. 1.
Chemical structure of resveratrol (trans-3, 4', 5-trihydroxystilbene) and other dietary
polyphenols.
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Original recordings showing ADP-, epinephrine- and collagen-induced aggregation in platelets
of high risk human cardiac patients. B: Resveratrol significantly inhibits collagen- and

epinephrine-induced aggregation, whereas it exerts a less pronounced effect on ADP-induced
aggregation (optical aggregometry).
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Fig. 3.

Resveratrol-induced dilations of isolated, perfused small mesenteric arteries (d: ~300 um) of
young (3 month old) and aged (29 month old) male F344 rats. B: Effect of resveratrol
pretreatment (108 mol/L, for 30 min) on acetylcholine-induced dilations of young and aged
arteries. The inner vascular diameter was measured by videomicroscopy as described [96—
98]. The TXA, mimetic U46619 (107 mol/L) was used for preconstriction. Data are mean
+S.E.M. *p<0.05
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Fig. 4.

Superoxide production in cultured carotid arteries of 29 month old male F344 rats with or
without resveratrol incubation (24 h, in sterile vessel culture; for a description of the technique
see references [53,87,99,100]). Data are mean + S.E.M. (n=5-8 for each group). B-D:
Fluorescent photomicrographs showing that compared to young vessels (B), there was a
significantly increased O, production in the endothelial (arrows) and smooth muscle cells of
aged arteries (C), as indicated by the intensive red fluorescent staining of the nuclei by ethidium
bromide. The number and staining intensity of ethidium bromide-positive endothelial nuclei
in aged vessels were not significantly decreased by short-term treatment with resveratrol (D).
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Green autofluorescence is shown for orientation purposes. Images are representative to 6
independent experiments.
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Fig. 5.

Expression of iNOS (A) and ICAM-1 (B) mRNA in cultured carotid arteries of 29 month old
male F344 rats with or without resveratrol incubation (24 h, in sterile vessel culture; for a
description of the technique see references [53,87,99,100]). Quantification of mMRNA
expression was performed by real-time PCR, as described [53,87,99,100]. C: Expression of
ICAM-1 mRNA in carotid arteries of 29 month old male F344 rats with or without resveratrol
treatment (p.o. 3 mg/kg/day, for 1 week). Data are mean + S.E.M. (n=5 for each group).
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Fig. 6.

Proposed scheme for the mechanisms by which aging promotes oxidative stress, endothelial
dysfunction and pro-inflammatory phenotypic alterations in blood vessels. The model predicts
that aging is associated with an increased ROS generation by NAD(P)H oxidase and/or
mitochondrial sources, which activates redox-sensitive transcription factors (NF-«B)
upregulating inflammatory gene expression. The resulting pro-inflammatory phenotype of
arteries will promote atherogenesis, especially if other risk factors (e.g. hypertension,
hyperhomocysteinemia, hypercholesterolemia) are also present. We propose that resveratrol
inhibits the ROS - NF-«B axis, inhibits platelet activation, increases NO bioavailability and/
or activates sirtuins thereby helps to maintain a youthful vascular phenotype. It is likely that
inhibition of PARP-1 will increase NAD* levels, which serves as a co-factor for sirtuin
activation. Thus, it can be predicted that resveratrol and PARP inhibitors exert additive anti-
aging actions.
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