Mol. Nutr. Food Res. 2005, 49, 377 -395 DOI 10.1002/mnfr.200400098

Review

Resveratrol: Preventing properties against vascular
alterations and ageing
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Cardiovascular diseases are the leading cause of death in developed countries where the common
pathological substrate underlying this process is atherosclerosis. Several new concepts have emerged
in relation to mechanisms that contribute to the regulation of the vascular diseases and associated
inflammatory effects. Recently, potential antioxidants (vitamin E, polyphenols) have received much
attention as potential anti-atherosclerotic agents. Among the polyphenols with health benefic proper-
ties, resveratrol, a phytoalexin of grape, seem to be a good candidate protecting the vascular walls
from oxidation, inflammation, platelet aggregation, and thrombus formation. In this review, we focus
on the mechanism of resveratrol cardiovascular benefic effects. We analyze, in relation with the
different steps of atherosclerotic process, the resveratrol properties at multiple levels, such as cellular
signaling, enzymatic pathways, apoptosis, and gene expression. We show and discuss the relationship
with reactive oxygen species, regulation of pro-inflammatory genes including cycloxygenases and
cytokines in molecular inflammatory and aging processes, and how the regulation of these activites
by resveratrol can lead to a prevention of vascular diseases.
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cerebrovascular and peripheral vascular diseases are the
largest cause of mortality and morbidity in industrialized
countries. For many decades, various investigations have
searched to identify the risk factors in cardiovascular dis-
eases, such as genetic factors, hypertension, and age. Some
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factors depend on our lifestyle, such as smoking and diets.
Indeed, diet high in fat and/or calories can lead to hypertri-
glyceridemia, a potent atherogenic risk factor. Besides a
high-energy diets, certain unsatured fatty acids may be pro-
atherogenic and pro-inflammatory, while some nutrients
may protect against vascular diseases and associated
inflammatory effects. A protective effect may be obtained
with a diet rich in vitamin E [1], B-carotene [2], and in poly-
phenolic compounds present in fruits, vegetables, and bev-
erages. For example, in France, as compared with other
western countries with a fat-containing diet, the strinkingly
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Figure 1. Chemical structure of resveratrol (3,5,4'-trihydroxy-
stilbene in classical nomenclature).
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low incidences of CHD have been partly attributed to the
consumption of red wine, which contains high levels of
polyphenols [3]. Similarly, benefic effects may be attribu-
ted to the flavonoids of green tea. Indeed, several cohort
studies demonstrate a significant inverse association
between flavonoid consumption and cardiovascular risk
[4]. The benefic effects of these compounds seem to be due
their antioxidant/antiradical activities protecting the vascu-
lar walls from oxidation, inflammation, platelet aggrega-
tion, and thrombus formation. Vascular wall stiffening is
also age-dependent, due to in part to an enhancement of
oxidative stress. Among the polyphenols with benefic prop-
erties, resveratrol, a phytoalexin of grape, reproduces the
effect of a caloric restriction against the aging phenomena
[5, 6]. Many studies evaluate resveratrol (Fig. 1) as a protec-
tive factor of degenerative diseases. Resveratrol possesses a
myriad of cardiovascular benefic effects and can act at mul-
tiple levels, such as cellular signaling, enzymatic pathways,
apoptosis, and gene expression.

2 Resveratrol and atherosclerosis

The main cause of the coronary damages and particularly
ischemic vascular diseases is atherosclerosis. Briefly, the
atherosclerotic process is the result of disruption of normal
reactions between blood (plasmatic proteins, lipoproteins,
growth factors, lymphocytes, platelets) and normal cellular
elements of the arterial wall. So, various compounds can act
at different cellular levels to brake the atherosclerotic lesion
formation. These new anti-atherogenic components are pre-
sent in the diet. Indeed, various antioxidant compounds pre-
sents in food, such as vitamin E, flavonoids, and polyphe-
nols, could be good candidates against atherosclerosis.
Among these polyphenols, resveratrol could be a good
agent acting at different stages of atherogenesis (lipid accu-
mulation and low-density lipoproteins (LDLs) oxidation;
monocyte and lymphocyte infiltration; cellular smooth
muscle proliferation and migration, platelet aggregation).

2.1 Resveratrol and lipoproteins

Target disruption of the apolipoprotein E (apoE) or LDL
receptor (LDLR) genes, as well as overexpression of the
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human apolipoprotein B (apoB) gene in mice, results in
marked increases in very-low-density lipoprotein (VLDL)
and/or LDL levels and subsequently contributes to athero-
sclerosis promotion. In hypercholesterolemic mice
(apoE-/-/LDLR-/-), resveratrol decreases the plasma lipid
concentrations (total cholesterol and triacylglycerols) and
reduces platelet aggregates [7]. The plasmatic concentra-
tion of lipids can also be reduced by the action of other
apolipoproteins, such as apoB or apolipoprotein I/II (apo
I/IT). So, resveratrol is able to reduce apoB content and
secretion (which may be responsible for impaired LDL
and VLDL synthesis) as well as the intracellular content
and the rate of secretion of cholesteryl esters from hepato-
blastoma cells [8, 9]. The rate of secretion of triglycerides
(TGs) is also reduced by resveratrol, but the intracellular
TGs content is unaffected. Taken together, these changes
would tend to decrease the level of VLDLs which are rich
in TGs and possess potential atherogenic properties (direct
supply of cholesterol to fibroblasts; alterations of endothe-
lial functions; transformation of monocytes-macrophages
in foam cells). These events are found also in vivo in rats
where resveratrol treatment decreases serum TGs,
VLDL+LDL-cholesterol levels [10]. By its estrogen-like
structure, resveratrol could act on apoll. Indeed, the hepa-
tic expression of apoll is in part modulated by the estro-
gen-mediated stabilization of its mRNA which is due to
the estrogen-regulated mRNA stabilizing factor (E-
RmRNASF). E-RmRNASF protects the RNA from target
endonucleolytic degradation and its hepatic expression is
modulated by estrogenic xenobiotics. Resveratrol seems to
act as a phyto-estrogen and it acts as an agonistic com-
pound stimulating the E-RmRNASF expression [11].
These results suggest that resveratrol would have the capa-
city to modulate and block certain aspects of hepatic lipo-
protein metabolism which predispose to atherosclerosis.

2.2 Resveratrol and oxidative stress

The second important event in the lesion formation is LDL
oxidation in the intima [12, 13]. Lipid peroxidation is a
chain reaction process which can be induced by different
free-radical sources (ionizing irradiation, UV light). Sev-
eral groups have reported that oxidized-LDL (ox-LDL) can
stimulate platelet aggregation [14] or promote procoagulant
activity in the surface of human monocytes/macrophages
by an increase in tissue thromboplastin activity [15] or by
stimulating the expression and secretion of the tissue factor
(TF) by monocytes or aortic endothelial cells [16].

Frankel et al. [17] were the first to demonstrate that resvera-
trol reduced the oxidation of human LDL induced by their
incubation with metal ions, such as copper. This effect
should be assigned to the chelation of copper because
metals act as pro-oxidants by electron transfer, releasing
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Figure 2. Resveratrol effects on initial events of atherosclerosis. Resveratrol (R) prevents the initial events by scavenging the
ROS (%), by inhibition of the enzymatic systems producing ROS (NADPH oxidase, hypoxanthine/xanthine oxidase (HX/XO),
cyclooxygenase (COX)), by downregulation of scavenger receptor (SR-A) stimulated by several factors, by induction of eNOS invol-

ving a vasorelaxation.

free radicals from polyunsaturated fatty acids and hydroper-
oxides. It has been demonstrated that resveratrol suppresses
lipid peroxidation both by chelation of copper [18—20] and
by scavenging of the free radicals [18, 19, 21]. The effi-
ciency and action mechanism of trans-resveratrol have
been demonstrated in the radical liposome oxidation where
it appeared that the para-hydroxyl groups show a greater
radical-scavenging activity than the meta-hydroxyl groups
of trans-resveratrol [22]. Moreover, the spatial position of
hydroxyl groups is likely more propitious to the chelation
of copper in the trans-isomer than in the cis-isomer [19].
Due to its hydroxylated structure, resveratrol can form a
radical derivative stabilized by the delocalization of two
electrons between the two aromatic cycles and the methyl-
ene bridge joining these two cycles. In addition to metal
ion-induced oxidation of LDLs, various enzymatic systems
present in endothelial cells (ECs) or macrophages are
implicated in the oxidation of LDL (Fig. 2). Resveratrol can
act on these systems including nicotinamide adenine dinu-
cleotide (NADPH)-dependent oxidases [23], hypoxanthine/
xanthine oxidase (HX/XO) [24], 15-lipoxygenase (15-LO),
myeloperoxidase (MPO), and nitric oxide synthases
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(NOSs). The inhibitory action of resveratrol on different
systems is summarized in Table 1. The actions on these
enzymes (Fig. 2) contribute to reduce the intracellular reac-
tive oxygen species (ROS) formation in ECs [25] and to
inhibit leukocyte adhesion [26—28].

Resveratrol is able to induce cellular antioxidants and phase
2 enzymes (see Table 1) [26, 28—31]. These modifications
contribute to increase the resistance to cardiac cell injury
elicited by ROS. Resveratrol reduced the generation of
H,0,, and normalized the levels of oxidized glutathione
reductase and MPO activities (Fig. 3) [32—34]. By normal-
ization of the ROS levels, resveratrol limits the oxidative
stress which inhibits NO synthesis by eNOS necessary for
vasorelaxation (Fig. 3).

Oxidation induced by endothelial cells or by macrophages
depends on lipoperoxides generated intracellularly and then
transferred to the LDL. Cellular lipoxygenases, especially
15-LO, appear to be involved. Various studies demonstrated
that resveratrol inhibits lipoxygenases, in particular in
human neutrophils where resveratrol strongly inhibits the
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Table 1. Resveratrol effects on enzymatic systems implicated in the oxidation of LDLs

Enzyme Cell systems Resveratrol actions Resveratrol Ref.
concentration
NAD(P)H oxidase Macrophage homogenates Activity ™ Res: 1-100 um® [27]
Rat aortic homogenates Activity ™ Res: 1-10 um [26]
Endothelial cells Prevents the strain-increased NADPH Res: 0.1-100 pm [23]
oxidase activity
HX/XO oxidase Rat cardiac cells Inhibits XO/xanthine-mediated cytotoxicity ~Res: 100 um [24]
Isolated rat leukocytes Prevents leukocytes recruitment Res: 0.7 mg/kg [28]
Myeloperoxidase Human neutrophils Activity ™ Res: 10°—102 mg/ [34]
mL
Mouse skin extracts Normalizes the levels of activity Res: 1-25 um [32,33]
Superoxide dismutase Chinese hamster lung fibroblasts Activity /* Res: 100 pg/mL [30]
Rat cardiac cells Activity 7 Res: 25-100 uMm [24]
Catalase Chinese hamster lung fibroblasts Activity /* Res: 100 pg/mL [30]
Rat cardiac cells Activity 7 Res: 25-100 uMm [24]
Cardiac tissue Activity 7 Res: 14 mg/kg/day [29]
Glutathione peroxidase  Chinese hamster lung fibroblasts Activity /* Res: 100 pg/mL [30]
Human lymphocytes Activity /7 Res: 10—100 um [31]
Glutathione reductase Rat cardiac cells Activity 7 Res: 25-100 uMm [24]
Human lymphocytes Activity 7 Res: 10—100 uMm [31]
Glutathione-S-transferase Rat cardiac cells Activity /7 Res: 25-100 uMm [24]
Human lymphocytes Activity 7 Res: 10—100 um [31]
NQO1 Rat cardiac cells Activity 7 Res: 25-100 uMm [24]

a) Res: cis-resveratrol; HX/XO, hypoxanthine/xanthine oxidase; NQO1, NAD(P)H, quinone oxidoreductase 1; /* increases the activity of
the enzyme cited in the first column;  decreases the activity of the enzyme cited in the first column
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Figure 3. Resveratrol effects on chemokine production. Resveratrol (R) decreases significantly the expression of ICAM-1 and
VCAM-1 induced on endothelial cells by TNF-a or lipopolysaccharide LPS, as well as neutrophile and monocyte endothelial adhe-
sion. Resveratrol can also inhibit INOS as well as MPO secreted from macrophages and so reduces the endothelial activation and
inflammation mediated by oxLDLs. The polyphenol can reduce the apoptosis of ECs induced by TNFo and Angll.
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5-LO and 15-LO producing various proinflammatory prod-
ucts in the arachidonate metabolism [35—38].

In addition to metal ions and ROS, ferrylmyoglobin and
peroxynitrite are also potent oxidants implicated in oxida-
tion of LDLs. Resveratrol was able to decrease the accumu-
lation of hydroperoxides in LDL promoted by ferromyoglo-
bin by reduction of the oxoferryl complex to metmyoglobin.
Moreover, this polyphenol inhibits LDL apoprotein modi-
fications induced by peroxynitrite [39]. ROS production by
polymorphonuclear leukocytes stimulated by formyl
methionyl leucyl phenyalanine (fMLP) can be also strongly
inhibited by resveratrol [40]. Moreover, resveratrol could
act on targets in blood cells and in lipoproteins. Indeed,
resveratrol was incorporated into blood cells and lipopro-
teins after in vitro incubation with plasma, lipoproteins, and
cells [41]. In fact, due to its lipophilic character, resveratrol
is able to bind the lipoprotein particles suggesting that this
event improved its antioxidant activity [42]. In lipoprotein
particles, resveratrol is predominantly associated with their
lipid moiety, but can also be associated with the protein
moiety. Among plasma proteins, serum albumin could be
involved [43]. This binding could explain that resveratrol
reduces the oxidative alterations of lipid and protein moi-
eties of LDL [18]. By protecting apoB domains involved in
the receptor activity of cells, resveratrol could reduce the
nonspecific uptake of oxLDL by macrophages.

2.3 Resveratrol and macrophages

Under normal conditions, the monocytes enter, through dia-
pedesis, the subendothelial space, where they differentiate
into macrophages (Fig. 2). Under endothelial dysfunction,
circulating monocytes adhere to the arterial endothelium,
migrate to the subendothelial space, and differenciate into
resident macrophages within the subendothelial matrix.
OxLDLs stimulate the expression of scavenger receptors
CD36 and the class A scavenger receptor (SR-A) within
monocytes, macrophages, and smooth muscle cells (SMCs)
(which normally do not express this receptor). These recep-
tors internalize the oxLDL in a specific manner, leading to
a massive accumulation of cholesterol esters until foam
cells are formed. These macrophage-derived foam cells
make up the fatty streak that precedes more advanced
sclerotic lesions (Fig. 2).

Oxidative stress caused by phorbol esters or ROS upregu-
lates the SR-A in human SMCs, which normally do not
express this receptor [44]. Resveratrol inhibits the activity
and the expression of SMC cyclooxygenase-2 (COX-2)
which normally produced prostaglandin E, (PGE,) which
upregulates SR-A expression [44]. Various growth factors,
such as interleukin-1 (IL-1), tumor necrosis factor o
(TNFa), epidermal growth factor (EGF), platelet-derived
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growth factor (PDGF), and transforming growth factor
(TGFP) increase SMC SR-A activity [45]. Resveratrol
could be able to decrease SMC SR-A activity through the
action of these factors, such as the decrease of EGF [46]
(Fig. 2). So, by the reduction of the interaction between
oxLDL and macrophage scavenger receptors (playing an
atherogenic role), resveratrol contributes to prevent an early
step in atherogenesis. At a molecular level, the acute forma-
tion of oxLDL induced by ROS leads to the activation of
mitogen-activated protein kinase (MAPK) pathways, which
might be important for mitogenic signaling of oxLDL in
vascular SMCs (VSMCs) (see below Fig. 5). Resveratrol
inhibits oxLDL-induced mitogenesis of VSMCs through
the blocking of the ROS generation and the activation of the
extracellular signal-regulated kinase (ERK) pathway [47].

2.4 Resveratrol and foam cell formation

We have previously mentioned that oxLDLs favor the trans-
formation of macrophages into foam cells. The develop-
ment of foam cells that contain massive amounts of choles-
terol ester is a hallmark of both early and late atherosclero-
tic lesions. OxLDL-derived cholesterol brought into the
macrophage via scavenger receptors consists of free choles-
terol as well as of cholesterol esters that are hydrolyzed in
lysosomes. In addition, oxLDLs stimulate ECs to produce
chemokines, granulocyte and macrophage colony-stimulat-
ing factors and they have direct chemotactic activity for
monocytes to endothelium. Resveratrol contributes to
reduce the production of chemokines which may be respon-
sible for the chemotaxis and accumulation of macrophages
in fatty streaks (Fig. 3). Resveratrol is able to inhibit inter-
leukin-6 (IL-6) release by stimulated peritoneal macro-
phages in mice [48, 49], and in cortical mixed glial cells
[50]. This action could result from a blocking of calcium
ion influx by resveratrol (see Section 2.8). Moreover,
resveratrol contributes to reduce inflammatory response in
atherosclerosis when macrophages (or SMCs, ECs) appear
to be activated and produce numerous inflammatory prod-
ucts, such as TNFa, IL-6, monocyte chemoattractant pro-
tein-1 (MCP-1) (Fig. 3). Lesion progression is influenced
by interactions between monocyte/macrophage and T cells.
Lesional T cells appear to be activated, expressing both Thl
and Th2 cytokines [51] (Fig. 4). Resveratrol was able to
inhibit the release of Thl-derived cytokines, such as inter-
feron y (INFy) which stimulates macrophage production of
pro-inflammatory cytokines, IL-2 production by splenic
lymphocytes, and TNF-o and IL-12 production by perito-
neal macrophage [52—54] (Fig. 4). The expression of
mRNA encoding MCP-1 was also blocked by resveratrol
[55]. Resveratrol was also able to inhibit Th2-derived cyto-
kines, such as IL-4, which exerts antagonistic effects on
INFy activity in macrophages and inhibition of Thl cell
function. Resveratrol inhibits the lipopolysaccharide
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Figure 4. Resveratrol effects on advanced atherosclerotic lesion formation. Resveratrol (R) blocks the cytokine production and
reduces the SMC proliferation and migration. Furthermore, resveratrol inhibits paletelet aggregation as well as pro-aggregants/pro-
inflammatory agents (eicosanoids, leukotrienes) and subsequently inhibits the formation of a thrombus.

(LPS)-induced expression of IL-ImRNA in monocytes and
ECs [56]. Concerning IL-8, the gene transcription as well as
the protein production are inhibited by resveratrol [57].

This inhibition of cytokine production by resveratrol is
important for the regulation of adhesion molecule expres-
sion. Indeed, activated T lymphocytes and macrophages
generate and release several cytokines with a number of
biological effects on neighbouring cells [58]. So, various
proinflammatory stimuli (e.g., interleukins, INFy, TNFa,
LPS) induce the expression of vascular adhesion molecule-
1 (VCAM-1) and intracellular adhesion molecule-1
(ICAM-1). These molecules mediate the firm adhesion of
monocytes to the vascular endothelium in early athero-
sclerosis stages (Figs. 2 and 3). Like others compounds of
the tyrphostine family which possess tyrosine kinase inhibi-
tory activity [59, 60], resveratrol inhibits both the stimu-
lated expression of VCAM-1 and monocyte adhesion to
human vascular endothelial cells [61, 62]. These effects
also affect E-selectin and ICAM-1. Indeed, resveratrol
decreased significantly the expression of ICAM-1 and
VCAM-1 induced on endothelial cells by TNF-o or LPS
[63], as well as neutrophil and monocyte endothelial adhe-
sion [64, 65]. This inhibition of adhesion molecule expres-
sion occurs in rat at the same resveratrol plasmatic concen-
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trations ranging from 100 nmol/L to 1 umol/L [61, 66]. It
has been suggested that resveratrol may act as a rapid mole-
cular signal interfering in the mechanism of VCAM-1 and
ICAM-1 expression [67]. Vascular ECs can also be acti-
vated by proteolytic enzymes, such as elastase, which cause
detachment or lysis of ECs and degradation of subendothe-
lial matrices [68] and stimulate EC secretion of growth fac-
tors for SMCs [69]. Resveratrol inhibits the release of las-
tase and by polymorphonuclear leukocytes stimulated by
fMLP and C5a and also inhibits their secretion [40]. So this
modification of adhesion may support the use of resveratrol
as an immunomodulating compound.

2.5 Resveratrol and VSMCs

VSMCs contribute to the pathogenesis of atherosclerotic
lesions, since their proliferation and migration are critical
events for progressive intima thickening and development
of arterial wall sclerosis. OXxLDLs can also promote the pro-
liferation of the smooth muscle cells (SMCs) which are in
part of resident intimal cells that preceded the lesions and in
part their progeny that arose as a response to various stimuli
(e.g., lipid accumulation, disruption of intimal structure).
Intima SMCs accumulate large amounts of cholesterol
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esters and become foam cells (Fig. 4). Inhibition of VSMC
proliferation may have a beneficial effect in retarding the
development of atherosclerotic disease.

Resveratrol could delay atherogenesis by inhibition of
VSMC proliferation [70, 71]. Indeed, resveratrol is able to
reduce SMC proliferation induced by diverse mitogens,
such as serum, endothelin, and PGDF. The antimitogenic
effects of resveratrol are not mediated by the induction of
apoptosis, but appear to be related to blocking G1 — S tran-
sition of cell cycle [72, 73] and DNA synthesis [71]. In fact,
resveratrol leads to a reversible arrest in the early S phase of
the VSMC cycle. However, the molecular mechanism is so
far controversed: Haider et al. [73] have shown that the
VSMC cycle arrest was accompanied by an accumulation
of an hyperphosphorylated retinoblastoma protein, a de-
crease of cellular levels of the cyclin-dependent kinase inhi-
bitors p21(Cipl), p27(Kip1), and an enhancement of phos-
phorylation of the p53 protein. On the contrary, Mnjoyan
and Fujise [71] have shown that p21 and p53 are increased
but this effect depends on the resveratrol concentration.
Indeed, at lower concentration (6.25—12.5 uM), resveratrol
inhibits VSMC proliferation without apoptosis, but at
higher concentration (25 uM) resveratrol induces apoptosis
in serum-stimulated VSMCs but not in quiescent VSMCs.
These results suggest that resveratrol may be able to selec-
tively eliminate abnormally proliferating VSMCs of the
arterial walls in vivo. Resveratrol can also inhibit VSMC
proliferation induced by advanced glycation end-product
(AGEs) of plasma proteins and/or matrix proteins which are
mediators implicated in various vascular complications
[74]. AGEs increase coagulation through various mechan-
isms involving the vascular endothelium and platelet activa-
tion [75]. AGEs also increase DNA synthesis and propyl
hydroxylase activity, a marker of collagen synthesis in rats
VSMCs. These phenomena are inhibited by resveratrol in
an animal experimental model [76]. In this same perspec-
tive of fighting against atherosclerosis process, it has been
shown that the inhibition of pulmonary artery endothelial
cell proliferation by resveratrol is correlated with the sup-
pression of cell progression through S and G2 phases of the
cell cycle [77, 78].

2.6 Resveratrol and vasorelaxation

Resveratrol is able to inhibit the production of endogenous
vasoconstrictors and thereby regulates vasomotion which is
impaired in atherosclerosis. The key regulators of the vaso-
motor function are the vasodilatator NO and the vasocon-
strictor endothelin-1 (ET-1). In VSMCs, oxidative stress
increases ET-1, which is involved in endothelial dysfunc-
tion, generation, and autocrine ET-1 activity. Resveratrol
inhibits strain-induced ET-1 secretion [23, 79], ET-1 mRNA
level, and ET-1 promoter activity [23]. This inhibition of
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strain-induced ET-1 gene expression was partially due to
resveratrol attenuation of activator protein 1 (AP-1)-bind-
ing activity and resveratrol interference in the ERK1/2
pathway through attenuation of ROS formation [23]
(Fig. 5). Resveratrol inhibits ET-1 surproduction and cyto-
solic phospholipase A, (PLA,) activity stimulated by oxida-
tive stress [79]. ET-1 expression can be induced by several
substances such as angiotensin II (Ang II), thrombin,
PDGF-A, and TNFa [80]. So, resveratrol can reduce ET-1
expression by its action on the latter factors. Indeed, resver-
atrol can act on Ang II. Ang II-induced hypertrophy of vas-
cular VSMCs is a pivotal step in the development of CHDs.
Resveratrol could fight Ang II-induced VSMC hypertrophy
by interfering with the phosphatidylinositol 3-protein
(PI3K)/Akt and p70 ribosomal protein S6 kinase
(p70(S6K)) [73, 81]. Indeed, resveratrol is able to attenuate
the phosphorylation of p70(S6K) as well as the phosphory-
lation of Akt/protein kinase B (PKB) and ERK1/2, both
essentially involved in Ang II-mediated hypertrophy
(Fig. 5). This resveratrol action on Ang II can protect from
cardiac fibrosis which results of a prolonged activation of
cardiac fibroblasts (CFs) leading to a reduction of myocar-
dial contractile function. Resveratrol inhibits Ang II-
induced ERK1/2 and ERK kinase activation in CFs [82].
Moreover, pretreatment of CFs with resveratrol reduced
both Ang II- and TGFp-induced CF differentiation to the
myofibroblast phenotype, indicated by a reduction in o-
smooth muscle actin expression and stress fiber organiza-
tion in CFs. So, resveratrol appears to act as an antifibrotic
agent in the myocardium. Furthermore, the reduction of
Ang II concentrations would reduce the increase of NADPH
oxidase-derived ROS. ET-1 activates specific receptors,
designated as ET, and ETg [83]. So, resveratrol by its action
on PLA, and other signalling pathways appears to protect
against VSMC contraction mediated by the ETa-receptor.

The inhibition of strain or the induction of vasorelaxation
can also be dependent on NO production, Na* concentra-
tion, or cGMP pathways. For NO production, it has been
clearly documented that resveratrol can modulate the NO
level by its action on both eNOS and iNOS. Under normal
conditions, ECs produce NO at a low level to control vessel
dilatation. However, in atherosclerosis, a high level of NO
has been found within early lesions and advanced atheroma
even though expression of eNOS is reduced. On the con-
trary, the inductible Ca**-independent NOS, also known as
iNOS, is increased. It has been shown that resveratrol can
cause NO-mediated relaxation of precontracted endothe-
lium-intact rat aorta through an increase of NO via eNOS
[84—88]. At the molecular level, resveratrol enhances
eNOS expression and inhibits iNOS expression at the pro-
moter level (see below resveratrol and nuclear targets).
Various studies have reported the similarity between the
resveratrol structure and diethylstilbestrol, a synthetic phy-
toestrogen. It seems that resveratrol could be a nonflavo-
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Binding activity
of nuclear factors

Figure 5. Resveratrol effects on signaling pathways. Resveratrol inhibits VEGF-induced angiogenesis by disruption of ROS-
dependent Src kinase activation. By this action on Src and MAPK cascade, resveratrol inhibits angiogenesis and the translocation of
nuclear factors into the nucleus from the cytoplasm. Moreover, resveratrol inhibits exogenous oxidants, calcium flux, and synthesis
of pro-inflammatory compounds. The polyphenol can also inhibit stimuli involved in the activation of NFkB pathway, such as PKCa
signal transduction, kB phosphorylation, IKK activity, and p50/p65 nuclear translocation. These effects on the signaling pathways
lead to a downregulation of many gene transcription (COX-2, iINOS, VACM, SR-A, efc.) involved in atherosclerotic process and

inflammation.

noid phytoestrogen, and act as an estrogen receptor agonist
[89-91]. As well as estrogens which can upregulate eNOS
by increasing promoter activity and enhancing the binding
activity of the transcription factor Sp1, resveratrol increases
the activity of the eNOS promoter, eNOS mRNA stabiliza-
tion, as well as eNOS protein and activity [92]. This upregu-
lation induced by resveratrol is not prevented by a receptor
agonist. This upregulation of eNOS could involve a tran-
scriptional mechanism by the binding of transcription fac-
tors (e.g., Spl, GATA, PEA3, YY) to the proximal portion
of the eNOS promoter. But Wallerah et al. [93] showed that
resveratrol did not change protein-DNA binding, suggest-
ing that the transcriptional activation induced by resveratrol
could involve a multifactoriel process or another transcrip-
tion factor not tested. On the contrary to the eNOS expres-
sion, resveratrol inhibits iNOS expression by blocking tran-
scription of its gene through downregulation of NFxB-
binding activity. The vasorelaxation mediated by the poly-
phenol was reversed by the constitutive Ca?"-dependent
NOS (cNOS). The compound also induces a NO-independ-
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ent vasodilatation on the denuded aorta, and the vasorelaxa-
tive activity of resveratrol depends also on the direct stimu-
lation of K*/Ca?* channels in ECs [93]. So, it seems that the
ability of resveratrol to modulate calcium channels in ECs
could contribute to control the vasorelaxation mediated by
NO (see Section 2.8).

Concerning the cGMP pathway, resveratrol increases
c¢GMP in coronary arteries, mostly by activation of pGC
[94]. Resveratrol activates membrane-bound guanylate
cyclase GC-A, the receptor for atrial natriuretic factor
(ANF) [95]. At molecular level, the cGMP/kinase-G is an
antiproliferative signaling in SMCs and it dilates blood ves-
sels through the reduction of intracellular calcium. The
cytotastic actions of cGMP in SMCs involve apoptosis,
inhibition of PI3K and MAPKSs interfering with the cell-
cycle machinery [96]. So the activation of pGC by resvera-
trol triggers vasorelaxant responses that remain effective in
endothelium-disrupted arteries.
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Resveratrol could also influence the vasorelaxation through
an action on the activity of BK(Ca) channels which are
functionally expressed in vascular ECs; it controls the K*
efflux and affects intracellular Ca?" concentration. In fact,
resveratrol opens large and small conductance Ca*"-acti-
vated K* (BKCa) channels, but not ATP-sensitive K™ chan-
nels [97] and increases the activity of large conductance
BKCa channel in ECs [93, 98]. The resveratrol-stimulated
increase in the channel activity is independent of internal
Ca*. So, the increase in K efflux through resveratrol-
induced stimulation of KCa channels in ECs may contribute
to produce vasorelaxation.

2.7 Resveratrol and angiogenesis

Angiogenesis is important in atherosclerosis where EC
migration and proliferation are essential events in this pro-
cess. The vascular endothelial growth factor (VEGF) co-
localizes with endothelial cells, macrophages, and SMCs in
atherosclerotic plaques. Resveratrol inhibits VEGF-induced
angiogenesis by abrogating VEGF-mediated tyrosine phos-
phorylation of vascular-cadherin and its complex partner, 3-
catenin [99]. The inhibition of VEGF-induced angiogenesis
is mediated by the disruption of ROS-dependent Src kinase
activation and the subsequent VE-cadherin tyrosine phos-
phorylation. Resveratrol can also reduce VEGF by its action
on NADPH oxidase [26, 27] which regulates the induction of
VEGEF expression [100] and the VEGF-induced angiogen-
esis [101]. VEGF expression can be also regulated by pro-
apoptotic factors such as Ang I, which may be accumulated
in response to EC damage. Consequently to its effect on Ang
I, resveratrol can inhibit Ang II-mediated VEGF expression
[81]. Furthermore, it inhibits both the fibroblast growth fac-
tor (FGF) receptor- and the VEGF receptor-mediated EC
responses [102]. Furthermore, other factors are involved in
angiogenesis, such as protein kinase C (PKC) and cyclooxy-
genase. Similar to several PKC inhibitors, resveratrol, which
inhibits various isoforms of PKC (see Section 2.9), could
prevent angiogenesis through kinase blockage. Likewise,
recent studies reported that cyclooxygenase-1 regulates
angiogenesis in vascular ECs [103]. So, by this inhibitory
action on cyclooxygenase gene expression (see Section 2.9)
resveratrol could inhibit angiogenesis. Unlike single angio-
genic factor antagonists, the therapeutic value of resveratrol
(at very low concentrations of 1—2.5 uM) is that it blocks a
common angiogenic pathway triggered by several angio-
genic factors.

2.8 Resveratrol and platelet aggregation/
thrombosis

Platelets contribute to the rate of development of athero-
sclerosis and CHD through several mechanisms. It has been
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shown that resveratrol reduces platelet aggregation in
human platelet-rich plasma in particular after induction by
thrombin and adenosine-5'-diphosphate (ADP) treatment
[104—106]. These in vitro results were found again in vivo
[107]. In fact, thrombin downregulates endothelial ectonu-
cleotidase activity resulting in high levels of ADP and ATP
which lead to platelet and endothelial activation. Resvera-
trol inhibits thrombin-induced ADP and ATP secretion
from platelets, decreases the neutrophil function, and
restores the CD39/ATPDase (ATP diphosphohydrolase)
activity in response to thrombin [108]. Furthermore, when
activated by thrombin, platelets produce ROS. This free
radical generation can be reduced by resveratrol in blood
platelets [109, 110]. In addition to thrombin and ADP, the
platelet-activating factor (PAF) has been reported to be also
involved in atheromatosis generation. Resveratrol was able
to inhibit PAF-induced platelet aggregation [111] and its
pro-inflammatory effects [28]. The PAF-induced platelet
aggregation is accompanied by the release of thromboxane
A, (TxA,), a pro-aggregant and vasoconstrictor agent.
Moreover, PAF stimulates polymorphonuclear leukocytes
to aggregate, to release leukotrienes, and to generate super-
oxides. Similarly, PAF promotes aggregation of monocytes.
So, resveratrol inhibiting PAF effects can reduce the effects
of pro-aggregants/pro-inflammatory agents, such as eicosa-
noids and leukotrienes.

The synthesis of eicosanoids and leukotrienes from arachi-
donic acid is also linked to the platelet aggregation. The
synthesis of products from arachidonic acid in human plate-
lets occurs according to several pathways, such as the
lipoxygenase pathways, the cyclooxygenase (COX) and the
prostaglandin H synthase (PHS) pathways. Resveratrol is
able to act on the lipoxygenase family. Towards the sub-
strate (linoleic acid), resveratrol inhibits both 5-lipoxygen-
ase and 15-lipoxygenase as a competitive inhibitor [37, 38].
Resveratrol prolongs the lag phase of both enzymes, indi-
cating a possible reduction of Fe(III) to Fe(II) at the cataly-
tic site [112]. Pinto et al. [37, 113] have shown that resvera-
trol inhibits the dioxygenase activity of lipoxygenase and is
simultaneously oxidized by the peroxidase activity of lipox-
ygenase. The oxidized form of resveratrol is a lipoxygenase
inhibitor as efficient as the reduced form. This lipoxygen-
ase inhibition by resveratrol prevents the release of pro-
inflammatory substances (see Table 2) [35, 40, 114] and
consequently blocks the synthesis of hepoxilins, mediators
of calcium mobilization, vascular permeability, and neutro-
phil activation [115, 116].

Resveratrol is also a competitive inhibitor of COX and per-
oxidase activity of PHS [38, 117]. As far as PHS is con-
cerned, both COX and peroxidase activities depend on ferri-
protoporphyrin IX [118, 119]. Again, the prolonged lag
phase of the COX reaction was indicative of a reduction of
Fe(IIT) to Fe(Il) [119, 120]. COX inhibition by resveratrol
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Table 2. Effects of resveratrol on arachidonic acid metabolism
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Arachidonic acid metabolism Resveratrol actions

Resveratrol
concentrations

Cell systems Ref.

Enzymes of arachidonic acid metabolism

Cyclooxygenase Inhibits activity

Prostaglandine H synthase Inhibits the cyclooxygenase and
peroxidase activities

Res: 5—100puM  Human erythroleukemia cells [38,117]
Res: 5—100puM  Human erythroleukemia cells [38]

5-Lipoxygenase Inhibits activity Res: 1-10 um Human erythroleukemia cells [38]
Inhibits the dioxygenase activity Res: 13 um [37]

15-Lipoxygenase Inhibits activity Res: 1-10 um Human erythroleukemia cells [38]

12-Lipoxygenase Inhibits activity - - [117]

Products of arachidonic acid metabolism

5-HETE, 5,12-diHETE, Prevents the release or the production Res: 48 um Polymorphonuclear leucocytes  [40]

12-HETE, LTB4, 6-trans-LTB4,  of the products which are pro-inflammat- Res: 1-100 um  Platelets [116]

6-trans-epi-LTB4, LTC4, TxB4, ory, pro-aggregant, and vasoconstrictor ~ Res: 0.6—10uM  Polymorphonuclear leukocytes [35, 114]

TxB2 agents

Res: 30 um Human erythroleukemia cells [38]

- 3T6 fibroblast [122]

- Murine resident peritoneal [121]
macrophages

- Human erythroleukemia cells [117]

HHT, hydroxyheptadecatrienoate; 12-HETE, 12-hydroxyeicosatetraenoate; 5-HETE, 5-hydroxy-6,8,11,14-eicosatetraenoic acid; 5,12-
diHETE, 5,12-dihydroxy-6,8,10,14-cicosatetraenoic acid; LTC4, leukotriene C4; LTB4, leukotriene B4; TxB4, thromboxane B4; TxB2,

thromboxane B2

prevents the release of COX products, such as prostaglan-
dins and thromboxanes (see Table 2) [35, 40, 114, 116, 117,
121, 122]. By inhibition of PLA,, resveratrol decreases the
release of arachidonate from cell lipids and thus the synth-
esis of metabolites by COX and lipoxygenase pathways
[122]. Moreover, the polyphenol could act on the Ca®*
influx, subsequently reducing the activation of PLA, and
the aggregation process. Indeed, an increase in intracellular
free Ca®" is an essential component of the aggregation pro-
cess in platelets. Ca®" must enter the cell from the external
media through specific and tightly regulated Ca®* channels
in the plasma membrane. It appears that resveratrol is an
inhibitor of store-operated Ca** channels and calcium influx
in thrombin-stimulated human platelets [123—125]. More-
over, the blocking of calcium ion influx into cultured mur-
ine macrophages by resveratrol is one of the possible
mechanisms of the pro-inflammatory IL-6 biosynthesis
inhibitory action of resveratrol [48]. Nevertheless, Slater et
al. [126] found that the resveratrol-dependent inhibition of
PKCa activity is competitive with respect to phorbol ester
but not competitive with respect to Ca®* and phosphatidyl-
serine suggesting that resveratrol competes for phorbol
ester binding site to the C1 domains.

Ca* regulates various pathways and is a major second mes-
senger implicated in signal transduction pathways regulat-
ing cell cycle, proliferation, and apoptosis. Several pro-
atherogenic stimuli induce EC apoptosis through Ca?*-
dependent pathways and contribute to the development of
vascular lesions. OxLDL-mediated endothelial cell apopto-
sis is dependent on an increase in intracellular Ca*". Thus,
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alterations in intracellular Ca*>" in ECs may cause EC dys-
function in response to oxLDL and may influence the EC
response to oxLDL and inflammatory cytokines, particu-
larly TNFa. Resveratrol blocking of the Ca®" influx could
prevent EC apoptosis. Several matrix elements play also an
important role in platelet aggregation, such as collagen and
fibrinogen. Resveratrol was shown to block the first step of
platelet activation by inhibiting platelet adhesion to type I
collagen and to decrease collagen-induced platelet aggrega-
tion [127, 128] (Fig. 4). Moreover, resveratrol inhibited the
messenger RNA (mRNA) expression of type I collagen
[129]. At the cellular level, in the platelets resveratrol can
inhibit MAPK activation induced by collagen, thrombin,
and ADP [130] (Fig. 5). So, resveratrol could block recep-
tor-mediated signaling events in platelets.

Concerning the blood platelet adhesion to fibrinogen,
another initial step of platelet activation, resveratrol inhibits
adhesion of both thrombin- and ADP-activated platelets to
fibrinogen [131] or after activation by LPS or LPS with
thrombin [128, 132]. Moreover, resveratrol could protect
against atherosclerosis by promoting fibrinolysis. Indeed
the polyphenol such as others compounds (catechin, epica-
techin) is able to upregulate the gene transcription of both
tissue-type plasminogen activator (t-PA) and urikinase-type
PA (u-PA), which are fibrinolytic proteins [133]. A few
studies have demonstrated only quantitative differences in
the activity of the two forms; for example, the cis-isomer
induces a greater decrease in collagen-induced platelet
aggregation than the trans-isomer [127], and in the cyclo-
oxygenase-1 assay, trans-resveratrol appears to be more
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active than cis-resveratrol [ 134]. In fact, it appeared that the
two isomers exert a protective effect against the oxidation
and the production of proinflammatory substances. As well
as trans-resveratrol, cis-resveratrol protects against oxida-
tion by inhibiting ROS production, decreasing NAD(P)H
oxidase activity [27]. On the signaling targets, it seemed
that both trans- and cis-isomers of resveratrol possess com-
parable protein-tyrosine kinase inhibitory activities [135].
On the nuclear targets, cis-resveratrol, as trans-resveratrol,
modulates the NF-xB signaling pathway and consequently
blocks the expression of genes related to this pathway. So,
cis-resveratrol downregulates the ICAM-1 gene, synthesis,
NOS and COX-2 mRNA synthesis and their protein, the
transcription of various chemokines, such as Scya2 (chemo-
kine MCP-1), and inhibits proinflammatory mediator pro-
duction, such as nitric oxide and prostaglandins [27, 136].
So, by the important antioxidant properties of cis-resvera-
trol, a consumption of food containing resveratrol could
lead to cardioprotective effects by the combinated effects of
the two isomers.

Thrombosis plays a critical role in the development, pro-
gression, and clinical after-effects of atherosclerosis. The
primary initiators of thrombus (mostly based on platelet
aggregates) are the cell surface receptor for factor VII (a),
and the tissue factor (TF). The reduction of TF expression
in vascular cells, ECs, and monocytes may also contribute
to the anti-aggregatory effects of resveratrol [56, 137]
(Fig. 4). In fact, resveratrol reduced TF activity and
TFmRNA level by inhibition of nuclear factor kappa B
(NFxB)/c-Rel-dependent transcription and by impairing
the transactivation potential of p65 [137, 138]. The diminu-
tion of c-Rel/p65 activity was dependent on inhibition of
degradation of the c-Rel/p65 inhibitory IxBa (inhibitor of
«B) [138] (Fig. 5). The antithrombotic properties of resver-
atrol have been also shown in vivo. Indeed, resveratrol
orally administrated with a high-fat diet in genetically
hypercholesterolemic mice (apoE-/-/LDLR-/-) suppressed
the formation of atheroma in the aortae and reduced the
laser-induced thrombosis in their carotid arteries [7].

2.9 Resveratrol and signaling/nuclear targets
(Table 3)

Specific nonantioxidant effects of resveratrol in cellular
signaling and regulation of gene expression have been stud-
ied and have an important impact on atherosclerosis devel-
opment. Resveratrol was able to act on the MAPK cascade.
Downstream targets for the action of MAPKs include mito-
genic/pro-inflammatory enzymes and nuclear transcription
factors (Fig. 5). Resveratrol is able to act at different levels.
Indeed, resveratrol is able to act on an upstream pathway by
inhibiting the phosphorylation and the activity of PKC
[126, 135, 139]. Resveratrol inhibits PKC-catalyzed phos-
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phorylation of arginin-rich protein substrate in a noncom-
petitive manner [140]. The potency of resveratrol depends
on the nature of the substrate and cofactors [140]. As di-
acylglycerol, resveratrol interacts with the C1 domains and
induces the association of PKCao with membrane vesicles.
Resveratrol can also inhibit other kinases, such as Src,
which activates MAPK cascade [99]. Resveratrol also inhi-
bits the PI3K phosphorylation and prevents the Akt/PKB
phosphorylation. Consistent with this action, resveratrol
attenuates the phosphorylation of p705 which was shown
in VSMC:s to require both the Akt/PKB and the ERK signal-
ing cascades [81]. Consequently, resveratrol disturbs the
protein synthesis because p70%% plays a critical role in reg-
ulating the translation of mRNAs. Resveratrol downregu-
lates the MAPK cascade by inhibiting the tyrosine phos-
phorylation of ERK1/2/JNK/p38 and the translocation into
the nucleus in the vascular cells [23, 47, 141]. This inhibi-
tion of phosphorylation and translocation into the nucleus
from the cytoplasm reduces the expression of various genes
implicated in vasoconstriction, angiogenesis, proliferation,
and differenciation. In addition to its action on the MAPK
cascade, the polyphenol affects nuclear factors and conse-
quently the gene expression. Its affects NFkB which acti-
vates the transcription of several target genes implicated in
initiation and progression of pathogenesis in atherosclero-
sis, in inflammation, as well as in cancer [142]. Many sti-
muli, such as oxLDL, ROS, and PKC, have the potency to
activate the NFxB pathway. NFkB is located in the cyto-
plasm as an inactive complex when associated with the
inhibitor of kB (IxB). In response to the stimuli, the cataly-
tic subunits of IkB kinase (IKK) complex phosphorylate
IkBa at two conserved serines. This phosphorylation event
triggers the ubiquitin-dependent degradation of IxB by the
26S proteasome. Active p50/p65 complex is subsequently
activated by phosphorylation of IKK o and PKC resulting
in nuclear translocation of p50/p65 heterodimers (Fig. 5).
Then the nuclear NFkB binds to specific kB DNA motifs
and modulates the transcription of target genes (e. g., COX,
iNOS, cytokines, etc.).

The first study on the effect of resveratrol on NFxB showed
that treatment with oxLDL and VLDL activates the NFxB
binding activity and that resveratrol attenuates the activa-
tion of NFxB in PC-12 cells [143]. Furthermore, due to its
properties of ROS scavenger and PKC inhibitor, resveratrol
blocks stimuli-mediated phosphorylation and degradation
of IkBa as well as the activation of IKKa (Fig. 5) [55, 144,
145]. Resveratrol inhibits the phosphorylation of p65 and
its transactivation [ 137] by inhibiting kinases, such as IKKa
[144], PKC [126], and the intrinsic kinase of PKC3 [146].
A recent study shows that a long treatment with resveratrol
in human umbilical vein endothelial cells increases tyrosine
phosphorylation of IkBa, pS0-NFxB, and p65-NFkB, sug-
gesting the involvement of such alterations in the modula-
tion of NFkB transcription activity [147]. It has been also
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Table 3. Effects of resveratrol on signaling and nuclear targets
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Cell systems Targets Resveratrol actions Resveratrol Ref.
concentrations
Invitro PKC Inhibits PKC phosphorylation Res: 30 um [126, 135,
Inhibits PKC activity 139]
HeLa cells PKCo Inhibits the activity Res: 100 um [146]
PKD Blocks activation loop phosphorylation and activity Blocks
the translocation of PKD to the IKK complex
Human umbilical Cadherin Abrogates tyrosine phosphorylation Res: 1-2.5uM [99]
endothelial cells B-catenin
Src Inhibits Src kinase activation
ERK-1/-2 Inhibits phosphorylation Res: 1-100 um [23]
VSMC PI3K Inhibits phosphorylation Res: 1-50 um  [81]
Akt/PKB Inhibits phosphorylation
P705%% Attenuates phosphorylation
ERK-1/-2 Inhibits activation
Porcine coronary arteries ERK-1/-2 Reduces the activities and the phosphorylation 1Csp: 37 uM [141]
INK-1 at active sites
p38MAPK Inhibits MAPK nuclear translocation
Bovine aortic smooth ERK-1/-2 Inhibits phosphorylation Res:3-30um [47]
muscle cells
HeLa cells NF«kB Blocks NFkB induction Res : 100 puM  [146]
Monocytic cell Blocks the phosphorylation of p65 and its transactivation ~ — [137]
Myeloid, lymphoid, and Inhibits nuclear translocation Res: 1-25um [145,147]
epithelial cells
Human keratinocytes IKKa Inhibits IKKa Res: 5-25uM [55,144]
IxBa Blocks stimuli-mediated phosphorylation and

degradation Inhibits kinase activity

reported that resveratrol is a potent inhibitor of NFxB
nuclear translocation and IxB degradation [55]. Resveratrol
blocks the translocation of the p65 subunit of NFkB in
inflammatory agents (TNFo, phorbol 12-myristate-13-acet-
ate (PMA), LPS, H,0,)-stimulated cells resulting in
reduced transcriptional activity [145]. Transcription factors
(GATA and AP-1) are also affected by resveratrol. Indeed,
the suppression of NFkB by resveratrol coincides with the
inhibition of activator protein-1 (AP-1) [148]. In fact,
resveratrol inhibits stimuli-induced AP-1-mediated activity
[145, 149, 150] through the inhibition of c-Src nonreceptor
tyrosine kinase [151] and MAPK pathways, such as
MEKKI1 and JNK [145, 151], which can activate both AP-1
and NFxB pathways [152, 153]. Moreover, resveratrol
reduces the DNA binding activity and transcriptional activ-
ities of AP-1 [23, 57, 154]. The disturbing of the nuclear
factors (e.g., NFkB, AP-1, GATA, etc.) by resveratrol
affects the gene expression. In particular two genes, iNOS
and COX-2, are involved in the coronary heart disease
(CHD) process. Concerning the iNOS gene, its expression
is controlled in part by NFkB [155]. So, resveratrol is able
to inhibit iNOS expression in various cell types [156—161],
in particular in macrophages regulating blood pressure
where resveratrol inhibits iNOS and downregulates NFxB
[160]. Concerning COX-2, various reports demonstrate the
presence of COX-2 expression by SMCs in human athero-
sclerotic lesions [162, 163], and its expression is also regu-
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lated by various nuclear factors, such as NFxB, AP-1, and
c-Jun [164]. Many studies demonstrated that resveratrol
inhibits COX expression via an action on the nuclear factor,
such as AP-1, and c-Jun [149, 150, 165, 166]. Moreover,
docking studies on both COX-1 and COX-2 protein struc-
tures also revealed that hydroxylated but not methoxylated
resveratrol analogues are able to bind to the previously
identified binding sites of the enzymes [167]. This downre-
gulation of COX-1/2 gene expression by resveratrol is cor-
related with a decrease of inflammation [121]. Indeed, the
inflammatory aspect of atherosclerosis include the COX-
dependent prostaglandin cascade, and so resveratrol
decreases the level of prostaglandin by a reduction of COX-
2 activity. Resveratrol can also act on COX-1/2 via the per-
oxisome proliferator-activated receptor (PPAR). In human
VSMC a PPARa agonist has been shown to decrease NFxB
activity [168]. Decreased NFxB activity reduces COX-2, so
PPARGa can depress the COX-1/2 induction in human. Acti-
vation of this PPAR may contribute to the anti-inflamma-
tory activity of the pharmacological ligands that influence
the development of atherosclerosis [169]. Resveratrol is
able to activate PPAR« in vascular ECs of mice treated with
20 mg/kg for 3 days and reduces the infarct volume by 36%
at 24 h after middle cerebral artery occlusion [170]. In fact,
resveratrol would be a dual activator of PPARa and PPARYy
[170]. So, through its PPAR activation, resveratrol could
contribute to the lipid metabolism modulation and to the
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prevention of the SMC inflammatory activation. Moreover,
PPARGa shifts the human liver fatty-acid oxidation/glycero-
lipid esterification balance towards the catabolic route,
thereby reducing TG supply for VLDL synthesis and contri-
buting to the antihypertriglyceridaemic action of resvera-
trol. By attenuation of nuclear factors binding activity (e. g.,
NF«xB, AP-1, GATA), resveratrol perturbs the control of the
expression of various genes (e.g., ET-1, MCP-1, VCAM-1,
ICAM-1, SR-A, IL-1, IL-6) involved in atherosclerosis and
inflammatory response [23, 55, 62, 171].

3 Resveratrol prevents from ageing
by mimicking caloric restriction

Ageing is an unescapable life process of all organisms.
Meanwhile, the longevity is considerably different accord-
ing to the life world. Life time can undergo from minutes in
bacteria to centuries, or near (trees, birds, efc., even some
human beings). So far, biochemical mechanisms involved
in lifespan are still poorly understood. One of the major
aspect of life span is the gene inheritage. However, environ-
mental factors, including nutritional elements are now con-
sidered to have strong effects on gene expression/and or
alteration. By the way, two well-known social examples
emphasize the role of these epigenetic factors; i. e., in Oki-
nawa island, Japanese members or some families have
exceptional long lifespans (age-old). However, when such
families emigrated to Brasil they progressively changed
their nutritional habits by switching from a fish/vegetable-
rich diet to a +30% higher calorie diet containing fatty
meat-enriched food). Consequently, the lineage showed a
shorter lifespan (Fig. 6A).

These observations strenghtened the concept of caloric
restriction (CR) benefits based on partially food depriva-
tion. Caloric restriction reduces atherosclerosis [172],
inflammation [173], effects of aging [174], insulin resist-
ance of adipose tissue [175], and lysosomal autophagy
[175]. This phenomenon is characterized by gene silencing,
decreased expression of metabolic genes, such as those
encoding for the growth hormone-IGF1 [176]. Under calo-
ric restriction, the altered oxygen consumption modifyes
the NAD*/NADH ratio and leads to an NAD"-dependent
activation of sirtuin, an evolutionary conserved enzyme
family which chemically modifies proteins, especially p53,
the tumor suppressor involved in the longevity. For
instance, the deacetylase activity of sirtuin promotes cell
survival by negatively regulating the p53 tumor suppressor
[177].

Interestingly, resveratrol and related compounds have been
recently shown to mimic caloric restriction by lowering the
Michaelis constant of sirtuin for both the NAD" and the
acetylated substrates leading to a sirtuin-dependent deacet-
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Figure 6. Effect of caloric restriction on the lifespan of living
organisms and the mimicking role of resveratrol. (A) caloric
restriction or “eat less to live longer”; (B) caloric restriction-
mimicking role of resveratrol in Saccharomyces cerevisiae
(adapted from data published by Howitz et al. [177]).

ylation of p53 both in yeast and in human cell cultures. In
addition, resveratrol increases the DNA stability as shown
by the a strong decrease of the rDNA recombinaison fre-
quency. In the mean time, resveratrol increases the lifespan
of Saccharomyces cerevisiae by 70% (Fig. 6B) [177]. More
recently, this property has been also found in higher eukar-
yotic organisms, Caenorhabditis elegans and Drosophila
melanogaster, where the longevity is increased up to 14 and
29%, respectively, without decrease in fecondity [6]. Age-
ing is also linked to protein alteration, lipid oxidation, and
DNA damage. Resveratrol as a potent antioxidant prevents
such events. Moreover, resveratrol attenuates weight loss
and total protein degradation in murine myotubes induced
by proteolysis-inducing factors [178].

4 Conclusions

There are compelling evidences that resveratrol can act on
the atherosclerotic process by affecting the major partici-
pants in the atherosclerotic disease process including an
active vascular endothelium, smooth muscle cells, mono-
cytes, and circulating lipoproteins. In these cells, the poly-
phenol can act on multiple therapeutic targets influencing
the activity of several enzymes and modulating the expres-
sion of genes involved in atherosclerosis. Subsequently to
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its action, pro-inflammatory and prothrombotic responses
in atherosclerotic plaques were downregulated. In addition,
resveratrol reproduces the beneficial effect of a caloric
restriction on the aging phenomena which is involved, in
part, in atherosclerosis and associated chronic inflamma-
tion. Although the studies carried out with cell cultures and
animal models prove the promising anti-atherosclerotic
effects of resveratrol, the data on the in vivo effect on
human beings are far to be demonstrated. Indeed, the con-
centrations usually used in cell systems are high in relation
to the concentrations found in wine or grapes. Nevertheless,
several studies show that low resveratrol concentrations can
act on platelet aggregation [179]. This pharmacological
effect can be compatible with the resveratrol concentrations
obtained after oral administration in animals, where an
analysis of tissue concentrations showed that there was a
significant cardiac bioavailability of resveratrol [180].
Furthermore, a recent study has shown a high absorption
but a very low bioavailability of resveratrol after oral
administration in human beings [181]. Localized accumula-
tion of resveratrol in epithelial cells along the aerodigestive
tract and potentially active resveratrol metabolites may still
produce cardiovascular effects. So, a long-term consump-
tion of low concentration of polyphenol, such as resveratrol,
or a synergic effect with other phenolic compounds or other
micronutrients intake of the Mediterranean diet could be
sufficient to cause beneficial effects against vascular altera-
tions and could constitute a potential arm for new therapeu-
tic strategies.
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gogne and the BIVB. We thank D. Colin for graphic illustra-
tion.

5 References

[1] Esterbauer, H., Dieber-Rotheneder, M., Striegl, G., Waeg, G.,
Role of vitamin E in preventing the oxidation of low-density
lipoprotein. Am. J. Clin. Nutr. 1991, 53,314S—-3218S.

[2] Rao, A.V, Lycopene, tomatoes, and the prevention of coron-
ary heart disease. Exp. Biol. Med. (Maywood) 2002, 227,
908-913.

[3] Frankel, E. N., Kanner, J., German, J. B., Parks, E., Kinsella,
J. E., Inhibition of oxidation of human low-density lipopro-

tein by phenolic substances in red wine. Lancet. 1993, 341,
454-457.

[4] Maron, D. J., Flavonoids for reduction of atherosclerotic risk.
Curr. Atheroscler. Rep.2004, 6,73 —78.

[5] Burzynski, S. R., Aging: gene silencing or gene activation?
Med. Hypotheses 2005, 64,201 -208.

[6] Wood, J. G., Rogina, B., Lavu, S., Howitz, K., ef al., Sirtuin
activators mimic caloric restriction and delay ageing in
metazoans. Nature 2004, 430, 686—689.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2005, 49, 377 -395

[7] Fukao, H., Ijiri, Y., Miura, M., Hashimoto, M., ef al., Effect
of trans-resveratrol on the thrombogenicity and atherogeni-
city in apolipoprotein E-deficient and low-density lipoprotein
receptor-deficient mice. Blood Coagul. Fibrinolysis 2004,
15,441-446.

[8] Pal, S., Ho, N., Santos, C., Dubois, P, ef al., Red wine poly-
phenolics increase LDL receptor expression and activity and
suppress the secretion of ApoB100 from human HepG2 cells.
J. Nutr. 2003, 133, 700—-706.

Goldberg, D. M., Hahn, S. E., Parkes, J. G., Beyond alcohol:
beverage consumption and cardiovascular mortality. Clin.
Chim. Acta 1995, 237, 155-187.

[10] Miura, D., Miura, Y., Yagasaki, K., Hypolipidemic action of
dietary resveratrol, a phytoalexin in grapes and red wine, in
hepatoma-bearing rats. Life Sci. 2003, 73, 1393 —-1400.

[11] Ratna, W. N., Simonelli, J. A., The action of dietary phyto-
chemicals quercetin, catechin, resveratrol and naringenin on
estrogen-mediated gene expression. Life Sci. 2002, 70,
1577—-1589.

[12] Stary, H. C., Chandler, A. B., Dinsmore, R. E., Fuster, V., et
al., A definition of advanced types of atherosclerotic lesions
and a histological classification of atherosclerosis. A report
from the Committee on Vascular Lesions of the Council on
Arteriosclerosis, American Heart Association. Circulation
1995, 92, 1355-1374.

[13] Witztum, J. L., Steinberg, D., Role of oxidized low-density
lipoprotein in atherogenesis. J. Clin. Invest. 1991, 88, 1785—
1792.

[14] Aviram, M., Modified forms of low density lipoprotein affect
platelet aggregation in vitro. Thromb. Res. 1989, 53, 561 —
567.

[15] Schuff-Werner, P, Claus, G., Armstrong, V. W., Kostering,
H., Seidel, D., Enhanced procoagulatory activity (PCA) of
human monocytes/macrophages after in vitro stimulation
with chemically modified LDL. Atherosclerosis 1989, 78,
109-112.

[16] Drake, T. A., Hannani, K., Fei, H. H., Lavi, S., Berliner, J. A.,
Minimally oxidized low-density lipoprotein induces tissue
factor expression in cultured human endothelial cells. Am. J.
Pathol. 1991, 138,601 -607.

[17] Frankel, E. N., Waterhouse, A. L., Kinsella, J. E., Inhibition
of human LDL oxidation by resveratrol. Lancet 1993, 341,
1103-1104.

[18] Fremont, L., Belguendouz, L., Delpal, S., Antioxidant activ-
ity of resveratrol and alcohol-free wine polyphenols related
to LDL oxidation and polyunsaturated fatty acids. Life Sci.
1999, 64,2511-2521.

[19] Belguendouz, L., Fremont, L., Linard, A., Resveratrol inhi-
bits metal ion-dependent and independent peroxidation of
porcine low-density lipoproteins. Biochem. Pharmacol.
1997, 53,1347-1355.

[20] Zou,J. G., Huang, Y. Z., Chen, Q., Wei, E. H., et al., Resvera-
trol inhibits copper ion-induced and azo compound-initiated
oxidative modification of human low density lipoprotein.
Biochem. Mol. Biol. Int. 1999, 47, 1089—1096.

[21] Fauconneau, B., Waffo-Teguo, P., Huguet, F., Barrier, L., et
al., Comparative study of radical scavenger and antioxidant
properties of phenolic compounds from Vitis vinifera cell cul-
tures using in vitro tests. Life Sci. 1997, 61,2103-2110.

[22] Stojanovic, S., Sprinz, H., Brede, O., Efficiency and mechan-
ism of the antioxidant action of trans-resveratrol and its ana-
logues in the radical liposome oxidation. Arch. Biochem. Bio-
phys. 2001, 391,79-89.

[9

—

www.mnf-journal.de



Mol. Nutr. Food Res. 2005, 49, 377 -395

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

(32]

[33]

[34]

[35]

[36]

[37]

(38]

Liu, J. C.,, Chen, J. J., Chan, P, Cheng, C. F, Cheng, T. H.,
Inhibition of cyclic strain-induced endothelin-1 gene expres-
sion by resveratrol. Hypertension 2003, 42, 1198 —1205.

Cao, Z., Li, Y., Potent induction of cellular antioxidants and
phase 2 enzymes by resveratrol in cardiomyocytes: protection
against oxidative and electrophilic injury. Eur. J. Pharmacol.
2004, 489, 39-48.

Touyz, R. M., Chen, X., Tabet, F.,, Yao, G., et al., Expression
of a functionally active gp91phox-containing neutrophil-type
NAD(P)H oxidase in smooth muscle cells from human resis-
tance arteries: regulation by angiotensin II. Circ. Res. 2002,
90,1205-1213.

Orallo, F.,, Alvarez, E., Camina, M., Leiro, J. M., et al., The
possible implication of trans-resveratrol in the cardioprotec-
tive effects of long-term moderate wine consumption. Mol.
Pharmacol. 2002, 61,294—-302.

Leiro, J., Alvarez, E., Arranz, J. A., Laguna, R., et al., Effects
of cis-resveratrol on inflammatory murine macrophages:
antioxidant activity and down-regulation of inflammatory
genes. J. Leukoc. Biol. 2004, 75, 1156—1165.

Shigematsu, S., Ishida, S., Hara, M., Takahashi, N., ef al.,
Resveratrol, a red wine constituent polyphenol, prevents
superoxide-dependent inflammatory responses induced by
ischemia/reperfusion, platelet-activating factor, or oxidants.
Free Radic. Biol. Med. 2003, 34, 810-817.

Floreani, M., Napoli, E., Quintieri, L., Palatini, P, Oral
administration of trans-resveratrol to guinea pigs increases
cardiac DT-diaphorase and catalase activities, and protects
isolated atria from menadione toxicity. Life Sci. 2003, 72,
2741-2750.

Lee, S. E., Hwang, H. J,, Ha, J. S, Jeong, H. S., Kim, J. H.,
Screening of medicinal plant extracts for antioxidant activity.
Life Sci. 2003, 73,167—179.

Yen, G. C., Duh, P. D., Lin, C. W.,, Effects of resveratrol and 4-
hexylresorcinol on hydrogen peroxide-induced oxidative
DNA damage in human lymphocytes. Free Radic. Res. 2003,
37,509-514.

Jang, M., Pezzuto, J. M., Cancer chemopreventive activity of
resveratrol. Drugs Exp. Clin. Res. 1999, 25,65-77.

Jang, M., Pezzuto, J. M., Effects of resveratrol on 12-O-tetra-
decanoylphorbol-13-acetate-induced oxidative events and
gene expression in mouse skin. Cancer Lett. 1998, 134, 81—
89.

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

Kimura, Y., Okuda, H., Arichi, S., Effects of stilbenes on ara-
chidonate metabolism in leukocytes. Biochim. Biophys. Acta
1985, 8§34,275-278.

Bastianetto, S., Zheng, W. H., Quirion, R., Neuroprotective
abilities of resveratrol and other red wine constituents against
nitric oxide-related toxicity in cultured hippocampal neurons.
Br. J. Pharmacol. 2000, 131,711-720.

Pinto, M. C., Garcia-Barrado, J. A., Macias, P, Resveratrol is
a potent inhibitor of the dioxygenase activity of lipoxygenase.
J. Agric. Food Chem. 1999, 47, 4842 —4846.

MacCarrone, M., Lorenzon, T., Guerrieri, P, Agro, A. F,
Resveratrol prevents apoptosis in K562 cells by inhibiting
lipoxygenase and cyclooxygenase activity. Eur. J. Biochem.
1999, 265,27-34.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[39]

[40]

[41]

[42]

[43]

(44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

Vascular and ageing protective effects of resveratrol

Brito, P., Almeida, L. M., Dinis, T. C., The interaction of
resveratrol with ferrylmyoglobin and peroxynitrite; protec-
tion against LDL oxidation. Free Radic. Res. 2002, 36, 621 —
631.

Rotondo, S., Rajtar, G., Manarini, S., Celardo, A., ef al.,
Effect of trans-resveratrol, a natural polyphenolic compound,
on human polymorphonuclear leukocyte function. Br J.
Pharmacol. 1998, 123,1691-1699.

Blache, D., Rustan, 1., Durand, P, Lesgards, G., Loreau, N.,
Gas chromatographic analysis of resveratrol in plasma, lipo-
proteins and cells after in vitro incubations. J. Chromatogr. B
1997,702,103-110.

Belguendouz, L., Fremont, L., Gozzelino, M. T., Interaction
of trans-resveratrol with plasma lipoproteins. Biochem. Phar-
macol. 1998, 55,811-816.

Jannin, B., Menzel, M., Berlot, J. P, Delmas, D., et al., Trans-
port of resveratrol, a cancer chemopreventive agent, to cellu-
lar targets: plasmatic protein binding and cell uptake. Bio-
chem. Pharmacol. 2004, 68,1113—-1118.

Mietus-Snyder, M., Gowri, M. S., Pitas, R. E., Class A sca-
venger receptor up-regulation in smooth muscle cells by oxi-
dized low density lipoprotein. Enhancement by calcium flux
and concurrent cyclooxygenase-2 up-regulation. J. Biol.
Chem. 2000, 275, 17661—17670.

Gong, Q., Pitas, R. E., Synergistic effects of growth factors
on the regulation of smooth muscle cell scavenger receptor
activity. J. Biol. Chem. 1995, 270,21672—-21678.

Kaneuchi, M., Sasaki, M., Tanaka, Y., Yamamoto, R., ef al.,
Resveratrol suppresses growth of Ishikawa cells through
down-regulation of EGFE. Int. J. Oncol. 2003, 23, 1167—1172.

Liu, Y., Liu, G., Isorhapontigenin and resveratrol suppress
oxLDL-induced proliferation and activation of ERK1/2 mito-
gen-activated protein kinases of bovine aortic smooth muscle
cells. Biochem. Pharmacol. 2004, 67, 777—785.

Zhong, M., Cheng, G. F., Wang, W. J., Guo, Y., ef al., Inhibi-
tory effect of resveratrol on interleukin-6 release by stimu-
lated peritoneal macrophages of mice. Phytomedicine 1999,
6,79—-84.

Feng, Y. H., Zou, J. P, Li, X. Y., Effects of resveratrol and
ethanol on production of pro-inflammatory factors from
endotoxin activated murine macrophages. Acta Pharmacol.
Sin. 2002, 23,1002—1006.

Wang, M. J., Huang, H. M., Hsieh, S. J,, Jeng, K. C., Kuo, J.
S., Resveratrol inhibits interleukin-6 production in cortical
mixed glial cells under hypoxia/hypoglycemia followed by
reoxygenation. J. Neuroimmunol. 2001, 112,28—34.

Hansson, G. K., Cell-mediated immunity in atherosclerosis.
Curr. Opin. Lipidol. 1997, 8,301-311.

Boscolo, P, del Signore, A., Sabbioni, E., Di Gioacchino, M.,
et al., Effects of resveratrol on lymphocyte proliferation and
cytokine release. Ann. Clin. Lab. Sci. 2003, 33,226—231.

Gao, X., Xu, Y. X., Janakiraman, N., Chapman, R. A., Gau-
tam, S. C., Immunomodulatory activity of resveratrol: sup-
pression of lymphocyte proliferation, development of cell-
mediated cytotoxicity, and cytokine production, Biochem.
Pharmacol. 2001, 62, 1299—-1308.

Gao, X., Deeb, D., Media, J., Divine, G., et al., Immunomo-
dulatory activity of resveratrol: discrepant in vitro and in vivo
immunological effects. Biochem. Pharmacol. 2003, 66,
2427-2435.

www.mnf-journal.de




392

D. Delmas et al.

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Holmes-McNary, M., Baldwin, A. S., Jr., Chemopreventive
properties of frans-resveratrol are associated with inhibition
of activation of the IkappaB kinase. Cancer Res. 2000, 60,
3477-3483.

Pendurthi, U. R., Williams, J. T., Rao, L. V., Resveratrol, a
polyphenolic compound found in wine, inhibits tissue factor
expression in vascular cells: A possible mechanism for the
cardiovascular benefits associated with moderate consump-
tion of wine. Arterioscler. Thromb. Vasc. Biol. 1999, 19,
419-426.

Shen, E, Chen, S. J., Dong, X. J., Zhong, H., et al., Suppres-
sion of IL-8 gene transcription by resveratrol in phorbol ester
treated human monocytic cells. J. Asian Nat. Prod. Res. 2003,
5,151-157.

Ross, R., The pathogenesis of atherosclerosis: a perspective
for the 1990s. Nature 1993, 362, 801 —809.

Levitzki, A., Gazit, A., Tyrosine kinase inhibition: an
approach to drug development. Science 1995, 267, 1782—
1788.

Rendu, F,, Eldor, A., Grelac, F.,, Bachelot, C., et al., Inhibition
of platelet activation by tyrosine kinase inhibitors. Biochem.
Pharmacol. 1992, 44, 881 —888.

Bertelli, A. A., Baccalini, R., Battaglia, E., Falchi, M., Fer-
rero, M. E., Resveratrol inhibits TNF alpha-induced endothe-
lial cell activation. Therapie 2001, 56,613 -616.

Carluccio, M. A., Siculella, L., Ancora, M. A., Massaro, M.,
et al., Olive oil and red wine antioxidant polyphenols inhibit
endothelial activation: antiatherogenic properties of Mediter-
ranean diet phytochemicals. Arterioscler. Thromb. Vasc. Biol.
2003, 23, 622-629.

Ferrero, M. E., Bertelli, A. E., Fulgenzi, A., Pellegatta, F, et
al., Activity in vitro of resveratrol on granulocyte and mono-
cyte adhesion to endothelium. Am. J. Clin. Nutr. 1998, 68,
1208-1214.

Ferrero, M. E., Bertelli, A. A., Pellegatta, F., Fulgenzi, A., et
al., Phytoalexin resveratrol (3-4'-5-trihydroxystilbene) modu-
lates granulocyte and monocyte endothelial adhesion. Trans-
plant. Proc. 1998, 30,4191-4193.

Ahn, K. S., Kim, J. H., Oh, S. R., Ryu, S. Y., Lee, H. K., Inhi-
bitory activity of stilbenes from medicinal plants on the
expression of cell adhesion molecules on THP1 cells. Planta
Med. 2000, 66, 641—644.

Bertelli, A. A., Giovannini, L., Stradi, R., Bertelli, A., Tille-
ment, J. P., Plasma, urine and tissue levels of trans- and cis-
resveratrol (3,4,5-trihydroxystilbene) after short-term or pro-
longed administration of red wine to rats. /nt. J. Tissue React.
1996, 18,67—71.

Asensi, M., Medina, 1., Ortega, A., Carretero, J., ef al., Inhibi-
tion of cancer growth by resveratrol is related to its low bio-
availability. Free Radic. Biol. Med. 2002, 33,387—398.

Harlan, J. M., Neutrophil-mediated vascular injury. Acta
Med. Scand. Suppl. 1987, 715,123 —129.

Totani, L., Piccoli, A., Pellegrini, G., Di Santo, A., Lorenzet,
R., Polymorphonuclear leukocytes enhance release of growth
factors by cultured endothelial cells. Arterioscler. Thromb.
1994, 14,125-132.

Araim, O., Ballantyne, J., Waterhouse, A. L., Sumpio, B. E.,
Inhibition of vascular smooth muscle cell proliferation with
red wine and red wine polyphenols. J. Vasc. Surg. 2002, 35,
1226-1232.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

[81]

(82]

[83]

(84]

(85]

Mol. Nutr. Food Res. 2005, 49, 377 -395

Mnjoyan, Z. H., Fujise, K., Profound negative regulatory
effects by resveratrol on vascular smooth muscle cells: a role
of p53-p21(WAF1/CIP1) pathway. Biochem. Biophys. Res.
Commun. 2003, 311, 546—552.

Zou, J., Huang, Y., Chen, Q., Wang, N., et al., Suppression of
mitogenesis and regulation of cell cycle traverse by resvera-
trol in cultured smooth muscle cells. Int. J. Oncol. 1999, 15,
647-651.

Haider, U. G., Sorescu, D., Griendling, K. K., Vollmar, A. M.,
Dirsch, V. M., Resveratrol increases serinel5-phosphorylated
but transcriptionally impaired p53 and induces a reversible
DNA replication block in serum-activated vascular smooth
muscle cells. Mol. Pharmacol. 2003, 63,925-932.

Mizutani, K., Tkeda, K., Yamori, Y., Resveratrol inhibits
AGEs-induced proliferation and collagen synthesis activity
in vascular smooth muscle cells from stroke-prone sponta-
neously hypertensive rats. Biochem. Biophys. Res. Commun.
2000, 274,61-67.

Davi, G., Ciabattoni, G., Consoli, A., Mezzetti, A., et al., In
vivo formation of 8-iso-prostaglandin f2alpha and platelet
activation in diabetes mellitus: effects of improved metabolic
control and vitamin E supplementation. Circulation. 1999,
99,224-229.

Mizutani, K., Ikeda, K., Nishikata, T., Yamori, Y., Phytoestro-
gens attenuate oxidative DNA damage in vascular smooth
muscle cells from stroke-prone spontaneously hypertensive
rats. J. Hypertens. 2000, 18, 1833 —1840.

Hsieh, T. C., Juan, G., Darzynkiewicz, Z., Wu, J. M., Resvera-
trol increases nitric oxide synthase, induces accumulation of
p53 and p21(WAF1/CIP1), and suppresses cultured bovine
pulmonary artery endothelial cell proliferation by perturbing
progression through S and G2. Cancer Res. 1999, 59, 2596—
2601.

Bruder, J. L., Hsieh, T., Lerea, K. M., Olson, S. C., Wu, J. M.,
Induced cytoskeletal changes in bovine pulmonary artery
endothelial cells by resveratrol and the accompanying modi-
fied responses to arterial shear stress. BMC Cell Biol. 2001,
2, 1.

Ruef, J., Moser, M., Kubler, W., Bode, C., Induction of
endothelin-1 expression by oxidative stress in vascular
smooth muscle cells. Cardiovasc. Pathol. 2001, 10, 311—
315.

Yanagisawa, M., Kurihara, H., Kimura, S., Tomobe, Y., et al.,
A novel potent vasoconstrictor peptide produced by vascular
endothelial cells. Nature 1988, 332,411-415.

Haider, U. G., Sorescu, D., Griendling, K. K., Vollmar, A. M.,
Dirsch, V. M., Resveratrol suppresses angiotensin II-induced
Akt/protein kinase B and p70 S6 kinase phosphorylation and
subsequent hypertrophy in rat aortic smooth muscle cells.
Mol. Pharmacol. 2002, 62,772—7717.

Olson, E. R., Naugle, J. E., Zhang, X., Bomser, J. A., Mes-
zaros, J. G., Inhibition of cardiac fibroblast proliferation and
myofibroblast differentiation by resveratrol. Am. J. Physiol.
Heart Circ. Physiol. 2004, 288, 1131—1138.

Cesari, M., Pavan, E., Sacchetto, A., Rossi, G. P., Endothelin-
1: a scientist’s curiosity, or a real player in ischemic heart dis-
ease? Am. Heart J. 1996, 132, 1236—1243.

Chen, C. K., Pace-Asciak, C. R., Vasorelaxing activity of
resveratrol and quercetin in isolated rat aorta. Gen. Pharma-
col. 1996, 27,363 —366.

Fitzpatrick, D. F, Hirschfield, S. L., Coffey, R. G., Endothe-
lium-dependent vasorelaxing activity of wine and other grape
products. Am. J. Physiol. 1993, 265, H774—-778.

www.mnf-journal.de



Mol. Nutr. Food Res. 2005, 49, 377 -395

[86] Andriambeloson, E., Kleschyov, A. L., Muller, B., Beretz,
A., et al., Nitric oxide production and endothelium-depen-
dent vasorelaxation induced by wine polyphenols in rat
aorta. Br: J. Pharmacol. 1997, 120, 1053—1058.

[87] Cishek, M. B., Galloway, M. T., Karim, M., German, J. B.,
Kappagoda, C. T., Effect of red wine on endothelium-
dependent relaxation in rabbits. Clin. Sci. (Lond.) 1997, 93,
507-511.

[88] Flesch, M., Schwarz, A., Bohm, M., Effects of red and white
wine on endothelium-dependent vasorelaxation of rat aorta
and human coronary arteries. Am. J. Physiol. 1998, 275,
H1183-1190.

[89] Gehm, B. D., Levenson, A. S., Liu, H., Lee, E. J,, ef al.,
Estrogenic effects of resveratrol in breast cancer cells
expressing mutant and wild-type estrogen receptors: role of
AF-1 and AF-2. J. Steroid Biochem. Mol. Biol. 2004, 88,
223-234.

[90] Levenson, A. S., Gehm, B. D., Pearce, S. T., Horiguchi, J., e
al., Resveratrol acts as an estrogen receptor (ER) agonist in
breast cancer cells stably transfected with ER alpha. Int. J.
Cancer 2003, 104, 587—-596.

[91] Abou-Zeid, L. A., El-Mowafy, A. M., Differential recogni-
tion of resveratrol isomers by the human estrogen receptor-
alpha: molecular dynamics evidence for stereoselective
ligand binding. Chirality 2004, 16, 190—195.

[92] Wallerath, T., Deckert, G., Ternes, T., Anderson, H., et al.,
Resveratrol, a polyphenolic phytoalexin present in red wine,
enhances expression and activity of endothelial nitric oxide
synthase. Circulation 2002, 106, 1652—1658.

[93] Li, H. E, Chen, S. A., Wu, S. N., Evidence for the stimula-
tory effect of resveratrol on Ca(*')-activated K" current in
vascular endothelial cells. Cardiovasc. Res. 2000, 45,
1035-1045.

[94] El-Mowafy, A. M., Resveratrol activates membrane-bound
guanylyl cyclase in coronary arterial smooth muscle: a novel
signaling mechanism in support of coronary protection. Bio-
chem. Biophys. Res. Commun. 2002, 291, 1218 —1224.

[95] Chen, Z. J., Che, D., Chang, C. H., Antioxidants, vitamin C
and dithiothreitol, activate membrane-bound guanylate
cyclase in PC12 cells. J. Pharm. Pharmacol. 2001, 53,243 —
247.

[96] Lucas, K. A., Pitari, G. M., Kazerounian, S., Ruiz-Stewart,
L., et al., Guanylyl cyclases and signaling by cyclic GMP.
Pharmacol. Rev. 2000, 52,375-414.

[97] Granados-Soto, V., Arguelles, C. F,, Ortiz, M. 1., The periph-
eral antinociceptive effect of resveratrol is associated with
activation of potassium channels. Neuropharmacology
2002,43,917-923.

[98] Wu, S. N., Large-conductance Ca?* activated K* channels:
physiological role and pharmacology. Curr. Med. Chem.
2003, 10, 649—-661.

[99] Lin, M. T,, Yen, M. L., Lin, C. Y., Kuo, M. L., Inhibition of
vascular endothelial growth factor-induced angiogenesis by
resveratrol through interruption of Src-dependent vascular
endothelial cadherin tyrosine phosphorylation. Mol. Phar-
macol. 2003, 64, 1029—1036.

Arbiser, J. L., Petros, J., Klafter, R., Govindajaran, B., et al.,
Reactive oxygen generated by Nox1 triggers the angiogenic
switch. Proc. Natl. Acad. Sci. USA 2002, 99, 715-720.
Ushio-Fukai, M., Tang, Y., Fukai, T., Dikalov, S. L., et al.,
Novel role of gp91(phox)-containing NAD(P)H oxidase in
vascular endothelial growth factor-induced signaling and
angiogenesis. Circ. Res. 2002, 91,1160—1167.

[100

—

[101

f—

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Vascular and ageing protective effects of resveratrol

Brakenhielm, E., Cao, R., Cao, Y., Suppression of angiogen-
esis, tumor growth, and wound healing by resveratrol, a nat-
ural compound in red wine and grapes. FASEB J. 2001, 15,
1798 —1800.

Tsujii, M., DuBois, R. N., Alterations in cellular adhesion
and apoptosis in epithelial cells overexpressing prostaglan-
din endoperoxide synthase 2. Cell 1995, 83,493 -501.

Pace-Asciak, C. R., Rounova, O., Hahn, S. E., Diamandis, E.
P, Goldberg, D. M., Wines and grape juices as modulators of
platelet aggregation in healthy human subjects. Clin. Chim.
Acta 1996, 246, 163 —182.

Olas, B., Wachowicz, B., Stochmal, A., Oleszek, W., Anti-
platelet effects of different phenolic compounds from Yucca
schidigera Roezl. bark. Platelets 2002, 13, 167—173.

Bertelli, A. A., Giovannini, L., Giannessi, D., Migliori, M.,
et al., Antiplatelet activity of synthetic and natural resvera-
trol in red wine. Int. J. Tissue React. 1995,17,1-3.

Wang, Z., Huang, Y., Zou, J., Cao, K., et al., Effects of red
wine and wine polyphenol resveratrol on platelet aggrega-
tion in vivo and in vitro. Int. J. Mol. Med. 2002, 9, 77—79.

Kaneider, N. C., Mosheimer, B., Reinisch, N., Patsch, J. R.,
Wiedermann, C. J., Inhibition of thrombin-induced signaling
by resveratrol and quercetin: effects on adenosine nucleotide
metabolism in endothelial cells and platelet-neutrophil inter-
actions. Thromb. Res. 2004, 114, 185—194.

Olas, B., Zbikowska, H. M., Wachowicz, B., Krajewski, T.,
et al., Inhibitory effect of resveratrol on free radical genera-
tion in blood platelets. Acta Biochim. Pol. 1999, 46, 961 —
966.

Olas, B., Wachowicz, B., Saluk-Juszczak, J., Zielinski, T., et
al., Antioxidant activity of resveratrol in endotoxin-stimu-
lated blood platelets. Cell Biol. Toxicol. 2001, 17, 117-125.

Fragopoulou, E., Nomikos, T., Antonopoulou, S., Mitsopou-
lou, C. A., Demopoulos, C. A., Separation of biologically
active lipids from red wine. J. Agric. Food Chem. 2000, 48,
1234-1238.

Johnson, J. L., Maddipati, K. R., Paradoxical effects of
resveratrol on the two prostaglandin H synthases. Prosta-
glandins Lipid Mediat. 1998, 56, 131—143.

Pinto Mdel, C., Garcia-Barrado, J. A., Macias, P, Oxidation
of resveratrol catalyzed by soybean lipoxygenase. J. Agric.
Food Chem. 2003, 51,1653 —1657.

Kimura, Y., Okuda, H., Kubo, M., Effects of stilbenes iso-
lated from medicinal plants on arachidonate metabolism and
degranulation in human polymorphonuclear leukocytes. J.
Ethnopharmacol. 1995, 45,131-139.

Pace-Asciak, C. R., Hepoxilins. Gen. Pharmacol. 1993, 24,
805-810.

Pace-Asciak, C. R., Hahn, S., Diamandis, E. P, Soleas, G.,
Goldberg, D. M., The red wine phenolics frans-resveratrol
and quercetin block human platelet aggregation and eicosa-
noid synthesis: implications for protection against coronary
heart disease. Clin. Chim. Acta 1995, 235,207-219.

Knight, J., Taylor, G. W., Wright, P,, Clare, A. S., Rowley, A.
F.,, Eicosanoid biosynthesis in an advanced deuterostomate

invertebrate, the sea squirt (Ciona intestinalis). Biochim.
Biophys. Acta 1999, 1436,467—478.

Eling, T. E., Thompson, D. C., Foureman, G. L., Curtis, J. F,,
Hughes, M. F,, Prostaglandin H synthase and xenobiotic oxi-
dation. Annu. Rev. Pharmacol. Toxicol. 1990, 30, 1-45.

www.mnf-journal.de




394

D. Delmas et al.

[119] Kulmacz, R. J., Wang, L. H., Comparison of hydroperoxide
initiator requirements for the cyclooxygenase activities of
prostaglandin H synthase-1 and -2. J. Biol. Chem. 1995, 270,
24019-24023.

[120] Maccarrone, M., Putti, S., Finazzi Agro, A., Nitric oxide
donors activate the cyclo-oxygenase and peroxidase activ-
ities of prostaglandin H synthase. FEBS Lett. 1997, 410,
470—476.

[121] Martinez, J., Moreno, J. J., Effect of resveratrol, a natural
polyphenolic compound, on reactive oxygen species and
prostaglandin production. Biochem. Pharmacol. 2000, 59,
865-870.

[122] Moreno, J. J., Resveratrol modulates arachidonic acid
release, prostaglandin synthesis, and 3T6 fibroblast growth.
J. Pharmacol. Exp. Ther. 2000, 294,333 —-338.

[123] Dobrydneva, Y., Williams, R. L., Blackmore, P. E, trans-
Resveratrol inhibits calcium influx in thrombin-stimulated
human platelets. Br. J. Pharmacol. 1999, 128, 149—157.

[124] Dobrydneva, Y., Williams, R. L., Morris, G. Z., Blackmore,
P. F, Dietary phytoestrogens and their synthetic structural
analogues as calcium channel blockers in human platelets. J.
Cardiovasc. Pharmacol. 2002, 40,399—-410.

[125] Dobrydneva, Y., Williams, R. L., Katzenellenbogen, J. A.,
Ratz, P. H., Blackmore, P. F,, Diethylstilbestrol and tetrahy-
drochrysenes are calcium channel blockers in human plate-
lets: relationship to the stilbene pharmacophore. Thromb.
Res. 2003, 110,23-31.

[126] Slater, S. J., Seiz, J. L., Cook, A. C., Stagliano, B. A., Buzas,
C. J., Inhibition of protein kinase C by resveratrol. Biochim.
Biophys. Acta 2003, 1637, 59—-69.

[127] Bertelli, A. A., Giovannini, L., Bernini, W., Migliori, M., et
al., Antiplatelet activity of cis-resveratrol. Drugs Exp. Clin.
Res. 1996, 22,61-63.

[128] Olas, B., Wachowicz, B., Szewczuk, J., Saluk-Juszczak, J.,
Kaca, W., The effect of resveratrol on the platelet secretory
process induced by endotoxin and thrombin. Microbios.
2001, 105, 7—13.

[129] Godichaud, S., Krisa, S., Couronne, B., Dubuisson, L., et al.,
Deactivation of cultured human liver myofibroblasts by
trans-resveratrol, a grapevine-derived polyphenol. Hepatol-
0gy 2000, 31,922—-931.

[130] Kirk, R. 1., Deitch, J. A., Wu, J. M., Lerea, K. M., Resveratrol
decreases early signaling events in washed platelets but has
little effect on platalet in whole food. Blood Cells Mol. Dis.
2000, 26, 144—150.

[131] Zbikowska, H. M., Olas, B., Antioxidants with carcinostatic
activity (resveratrol, vitamin E and selenium) in modulation
of blood platelet adhesion. J. Physiol. Pharmacol. 2000, 51,
513-520.

[132] Olas, B., Wachowicz, B., Saluk-Juszczak, J., Zielinski, T.,
Effect of resveratrol, a natural polyphenolic compound, on
platelet activation induced by endotoxin or thrombin.
Thromb. Res. 2002, 107, 141 —145.

[133] Abou-Agag, L. H., Aikens, M. L., Tabengwa, E. M., Benza,
R. L., et al., Polyphyenolics increase t-PA and u-PA gene
transcription in cultured human endothelial cells. 4lcohol
Clin. Exp. Res. 2001, 25,155-162.

[134] Waffo-Teguo, P, Hawthorne, M. E., Cuendet, M., Merillon,
J. M., et al., Potential cancer-chemopreventive activities of
wine stilbenoids and flavans extracted from grape (Vitis vini-
fera) cell cultures. Nutr. Cancer 2001, 40,173—179.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2005, 49, 377 -395

[135] Jayatilake, G. S., Jayasuriya, H., Lee, E. S., Koonchanok, N.
M., et al., Kinase inhibitors from Polygonum cuspidatum. J.
Nat. Prod. 1993, 56, 1805—1810.

[136] Leiro, J., Arranz, J. A., Fraiz, N., Sanmartin, M. L., ef al.,
Effect of cis-resveratrol on genes involved in nuclear factor
kappa B signaling. Int. Immunopharmacol. 2005, 5, 393 —
406.

[137] Pendurthi, U.R., Meng, F., Mackman, N., Rao, L. V., Mechan-
ism of resveratrol-mediated suppression of tissue factor gene
expression. Thromb. Haemost. 2002, 87,155—162.

[138] Di Santo, A., Mezzetti, A., Napoleone, E., Di Tommaso, R.,
et al., Resveratrol and quercetin down-regulate tissue factor
expression by human stimulated vascular cells. J. Thromb.
Haemost. 2003, 1, 1089—1095.

[139] Garcia-Garcia, J., Micol, V., de Godos, A., Gomez-Fernan-
dez, J. C., The cancer chemopreventive agent resveratrol is
incorporated into model membranes and inhibits protein
kinase C alpha activity. Arch. Biochem. Biophys. 1999, 372,
382-388.

[140] Stewart, J. R., Ward, N. E., loannides, C. G., O’Brian, C. A.,
Resveratrol preferentially inhibits protein kinase C-cata-
lyzed phosphorylation of a cofactor-independent, arginine-
rich protein substrate by a novel mechanism. Biochemistry
1999, 38, 13244—-13251.

[141] El-Mowafy, A. M., White, R. E., Resveratrol inhibits MAPK
activity and nuclear translocation in coronary artery smooth
muscle: reversal of endothelin-1 stimulatory effects. FEBS
Lett. 1999,451,63—-67.

[142] Thurberg, B. L., Collins, T., The nuclear factor-kappa B/
inhibitor of kappa B autoregulatory system and athero-
sclerosis. Curr. Opin. Lipidol. 1998, 9, 387—396.

[143] Draczynska-Lusiak, B., Chen, Y. M., Sun, A. Y., Oxidized
lipoproteins activate NF-kappaB binding activity and apop-
tosis in PC12 cells. Neuroreport 1998, 9, 527—-532.

[144] Adhami, V. M., Afaq, F., Ahmad, N., Suppression of ultra-
violet B exposure-mediated activation of NF-kappaB in nor-
mal human keratinocytes by resveratrol. Neoplasia 2003, 5,
74-82.

[145] Manna, S. K., Mukhopadhyay, A., Aggarwal, B. B., Resver-
atrol suppresses TNF-induced activation of nuclear tran-
scription factors NF-kappa B, activator protein-1, and apop-
tosis: potential role of reactive oxygen intermediates and
lipid peroxidation. J. Immunol. 2000, 164, 6509—6519.

[146] Storz, P, Doppler, H., Toker, A., Activation loop phosphory-
lation controls protein kinase D-dependent activation of
nuclear factor kappaB. Mol. Pharmacol. 2004, 66,870—879.

[147] Pellegatta, F., Bertelli, A. A., Staels, B., Duhem, C,, ef al.,
Different short- and long-term effects of resveratrol on
nuclear factor-kappaB phosphorylation and nuclear appear-
ance in human endothelial cells. Am. J. Clin. Nutr. 2003, 77,
1220-1228.

[148] Donnelly, L. E., Newton, R., Kennedy, G. E., Fenwick, P. S.,
et al., Anti-inflammatory effects of resveratrol in lung
epithelial cells: molecular mechanisms. Am. J. Physiol.
Lung. Cell. Mol. Physiol. 2004, 287, 774—783.

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

[150] Subbaramaiah, K., Michaluart, P., Chung, W. J., Tanabe, T.,
et al., Resveratrol inhibits cyclooxygenase-2 transcription in
human mammary epithelial cells. Ann. N.Y. Acad. Sci. 1999,
889,214-223.

www.mnf-journal.de



Mol. Nutr. Food Res. 2005, 49, 377 -395

[151] Yu, R., Hebbar, V,, Kim, D. W., Mandlekar, S., ef al., Resver-
atrol inhibits phorbol ester and UV-induced activator protein
1 activation by interfering with mitogen-activated protein
kinase pathways. Mol. Pharmacol. 2001, 60,217-224.

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

[153] Lee, E. S., Hagler, J., Chen, Z. J., Maniatis, T., Activation of
the TkappaB alpha kinase complex by MEKKI1, a kinase of
the JNK pathway. Cell 1997, 88,213 -222.

[154] Yang, S., Meyskens, ., Resveratrol induces AP-1 inhibition,
altered AP-1 composition and increased expression of speci-
fic jun and fos family proteins in human melanoma cells.
Pigment Cell Res. 2004, 17, 445.

[155] Xie, Q. W., Kashiwabara, Y., Nathan, C., Role of transcrip-
tion factor NF-kappa B/Rel in induction of nitric oxide
synthase. J. Biol. Chem. 1994, 269, 4705—-4708.

[156] Chan, M. M., Mattiacci, J. A., Hwang, H. S., Shah, A., Fong,
D., Synergy between ethanol and grape polyphenols, querce-
tin, and resveratrol, in the inhibition of the inducible nitric
oxide synthase pathway. Biochem. Pharmacol. 2000, 60,
1539-1548.

Kawada, N., Seki, S., Inoue, M., Kuroki, T., Effect of antiox-
idants, resveratrol, quercetin, and N-acetylcysteine, on the
functions of cultured rat hepatic stellate cells and Kupfter
cells. Hepatology 1998, 27, 1265—1274.

[158] Kim, H. K., Cheon, B. S., Kim, Y. H., Kim, S. Y., Kim, H. P,
Effects of naturally occurring flavonoids on nitric oxide pro-
duction in the macrophage cell line RAW 264.7 and their
structure-activity relationships. Biochem. Pharmacol. 1999,
58,759-765.

Soliman, K. F., Mazzio, E. A., In vitro attenuation of nitric
oxide production in C6 astrocyte cell culture by various diet-
ary compounds. Proc. Soc. Exp. Biol. Med. 1998, 218, 390—
397.

Tsai, S. H., Lin-Shiau, S. Y., Lin, J. K., Suppression of nitric
oxide synthase and the down-regulation of the activation of
NFkappaB in macrophages by resveratrol. Br. J. Pharmacol.
1999, 126, 673 —-680.

Wadsworth, T. L., Koop, D. R., Effects of the wine polyphe-
nolics quercetin and resveratrol on pro-inflammatory cyto-
kine expression in RAW 264.7 macrophages. Biochem.
Pharmacol. 1999, 57, 941-949.

Schonbeck, U., Sukhova, G. K., Graber, P, Coulter, S.,
Libby, P, Augmented expression of cyclooxygenase-2 in
human atherosclerotic lesions. Am. J. Pathol. 1999, 155,
1281-1291.

[163] Baker, C. S., Hall, R. J., Evans, T. J., Pomerance, A., et al.,
Cyclooxygenase-2 is widely expressed in atherosclerotic
lesions affecting native and transplanted human coronary
arteries and colocalizes with inducible nitric oxide synthase
and nitrotyrosine particularly in macrophages. Arterioscler.
Thromb. Vasc. Biol. 1999, 19, 646—655.

Yamamoto, K., Arakawa, T., Ueda, N., Yamamoto, S., Tran-
scriptional roles of nuclear factor kappa B and nuclear fac-
tor-interleukin-6 in the tumor necrosis factor alpha-depen-
dent induction of cyclooxygenase-2 in MC3T3-E1 cells. J.
Biol. Chem. 1995, 270, 31315-31320.

Aggarwal, B. B., Bhardwaj, A., Aggarwal, R. S., Seeram, N.
P, et al., Role of resveratrol in prevention and therapy of
cancer: preclinical and clinical studies. Anticancer Res.
2004, 24,2783 -2840.

[157

—

[159

—

[160

—

[161

[a—

[162

—

[164

—

[165

—_

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Vascular and ageing protective effects of resveratrol

[166] Takada, Y., Bhardwaj, A., Potdar, P, Aggarwal, B. B., Non-
steroidal anti-inflammatory agents differ in their ability to
suppress NF-kappaB activation, inhibition of expression of
cyclooxygenase-2 and cyclin D1, and abrogation of tumor
cell proliferation. Oncogene 2004, 23,9247—-9258.

[167] Murias, M., Handler, N., Erker, T., Pleban, K., ef al., Resver-
atrol analogues as selective cyclooxygenase-2 inhibitors:
synthesis and structure-activity relationship. Bioorg. Med.
Chem. 2004, 12,5571-5578.

[168] Staels, B., Koenig, W., Habib, A., Merval, R., et al., Activa-
tion of human aortic smooth-muscle cells is inhibited by
PPARalpha but not by PPARgamma activators. Nature 1998,
393,790-793.

[169] Fruchart, J. C., Duriez, P, Staels, B., Peroxisome prolifera-
tor-activated receptor-alpha activators regulate genes gov-
erning lipoprotein metabolism, vascular inflammation and
atherosclerosis. Curr. Opin. Lipidol. 1999, 10,245-257.

[170] Inoue, H., Jiang, X. F,, Katayama, T., Osada, S., ef al., Brain
protection by resveratrol and fenofibrate against stroke
requires peroxisome proliferator-activated receptor alpha in
mice. Neurosci. Lett. 2003, 352,203 -206.

[171] Collins, T., Cybulsky, M. 1., NF-kappaB: pivotal mediator or
innocent bystander in atherogenesis? J. Clin. Invest. 2001,
107,255-264.

[172] Rajala, M. W., Scherer, P. E., Minireview: The adipocyte —
at the crossroads of energy homeostasis, inflammation, and
atherosclerosis. Endocrinology 2003, 144,3765-3773.

[173] Chung, H. Y., Kim, H. J., Kim, K. W,, Choi, J. S., Yu, B. P,
Molecular inflammation hypothesis of aging based on the
anti-aging mechanism of calorie restriction. Microsc. Res.
Tech.2002, 59,264—272.

[174] Kim, H. J., Jung, K. J., Yu, B. P, Cho, C. G, et al., Modula-
tion of redox-sensitive transcription factors by calorie
restriction during aging. Mech. Ageing Dev. 2002, 123,
1589—-1595.

[175] Bergamini, E., Cavallini, G., Donati, A., Gori, Z., The anti-
ageing effects of caloric restriction may involve stimulation
of macroautophagy and lysosomal degradation, and can be
intensified pharmacologically. Biomed. Pharmacother.
2003, 57,203-208.

[176] Barger, J. L., Walford, R. L., Weindruch, R., The retardation
of aging by caloric restriction: its significance in the trans-
genic era. Exp. Gerontol. 2003, 38, 1343 —-1351.

[177] Howitz, K. T., Bitterman, K. J., Cohen, H. Y., Lamming, D.
W., et al., Small molecule activators of sirtuins extend Sac-
charomyces cerevisiae lifespan. Nature 2003, 425,191 —-196.

[178] Wyke, S. M., Russell, S. T., Tisdale, M. J., Induction of pro-
teasome expression in skeletal muscle is attenuated by inhi-
bitors of NF-kappaB activation. Br. J. Cancer 2004, 91,
1742—-1750.

[179] Bertelli, A., Bertelli, A. A., Gozzini, A., Giovannini, L.,
Plasma and tissue resveratrol concentrations and pharmaco-
logical activity. Drugs Exp. Clin. Res. 1998, 24, 133—138.

[180] Bertelli, A. A., Giovannini, L., Stradi, R., Urien, S., et al.,
Kinetics of trans- and cis-resveratrol (3,4’,5-trihydroxystil-
bene) after red wine oral administration in rats. Int. J. Clin.
Pharmacol. Res. 1996, 16, 77—81.

[181] Walle, T., Hsieh, F., DeLegge, M. H., Oatis, J. E., Walle, U.
K., High absorption but very low bioavailability of oral
resveratrol in humans. Drug Metab. Dispos. 2004, 32,
1377-1382.

www.mnf-journal.de




