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ABSTRACT

Resveratrol (3,4',5-trihydroxy-trans-stilbene) is a common phytoalexin that is found in a few edible materials, such
as grape skins, peanuts, and red wine. It has been speculated that dietary resveratrol may act as an antioxidant,
promote nitric oxide production, inhibit platelet aggregation, and increase high-density lipoprotein cholesterol,
and thereby serve as a cardioprotective agent. Based on epidemiological data, carcinogenesis and coronary heart
disease are linked to dietary lifestyle and share a number of common pathways. Recently, it has been demon-
strated that resveratrol can function as a cancer chemopreventive agent, and there has been a great deal of exper-
imental effort directed toward defining this effect. Resveratrol has been reported to be estrogenic in transfected
mammary cancer cells; however, there are conflicting results with respect to its actual estrogenic properties. In ad-
dition, resveratrol exhibits antiinflammatory, neuroprotective, and antiviral properties. In future work, some con-
troversial in vitro biological effects need to be explored in animal models, and relevant physiological and phar-
macological concentrations need to be used when assessing biological activities. This review focuses on various
biological aspects of resveratrol and some issues that need to be addressed to gain a fuller appreciation of poten-
tial health benefits for human beings. Antioxid. Redox Signal. 3, 1041-1064.

INTRODUCTION ering plants, but is relatively low in fruits and
vegetables (116). Resveratrol is produced pref-
erentially in response to fungal infections as

seen in mature vine berries, whereas it is vir-

HE FIRST KNOWN USE OF GRAPE EXTRACTS for
the benefit of human health can be dated

back over 1,000 years. Darakchasava, an
ayurvedic medicine wherein the main con-
stituent is Vitis vinifera L., is prescribed as a car-
diotonic in India (103). A significant portion of
this preparation is resveratrol (3,4'5-trihy-
droxy-trans-stilbene), a polyphenolic phyto-
alexin that is generated in response to stress in
specific plants and is found in grape skins,
peanuts, and red wine, as well as a host of
nonedible plants (78). This compound is abun-
dant in grapevines compared with other flow-

tually absent in unchallenged berries (79).
Resveratrol is not the only stilbene involved in
the fight against these infections, but is the par-
ent viniferin from which several stilbene de-
rivatives can be formed (33). Stilbenes are de-
rived from the enzyme stilbene synthase using
one molecule of 4-coumaroyl-CoA and three
molecules of malonyl-CoA as substrates (116).
Gene transplant experiments, with stilbene
synthase transfected into tobacco germ lines,
have resulted in an increased resistance to
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Botrytis cinerea, the pathogen that commonly
infects grapevines (56).

One primary use of grapes is the preparation
of wine. It has been proposed that moderate
drinking of wine in French populations has led
to a decreased risk of morbidity and mortality
from coronary heart disease (CHD), a phe-
nomenon that has been dubbed the “French
paradox” (77). Several studies have shown that
moderate wine drinkers are healthier than their
heavy or nondrinking counterparts with re-
spect to CHD (31,117). High amounts of resver-
atrol in wine (as compared with other alcoholic
beverages) have been speculated to be respon-
sible for the decreased risk of CHD. Resvera-
trol was studied in rats for inhibition of cho-
lesterol and triglyceride deposition in liver, and
subsequent studies established that resveratrol
was an inhibitor of platelet aggregation at
physiologically relevant concentrations found
after moderate wine drinking (1, 74). The fact
that red wine is more beneficial than white
wine further adds to the evidence that polyphe-
nols, anthocyanins, tannins, and flavonoids
(which are higher in concentration in red than
white wine) may be the bioactive components
(32). These classes of compounds possess anti-
oxidant properties, and red wine extracts, not
white, have been shown to inhibit platelet ag-
gregation and protect against ischemic injury
(36).

Resveratrol is unique as it is virtually absent
in most fruits and vegetables that form a ma-
jor portion of the human diet. The substance is
found in a soluble form in wine. Wine may be
considered the predominant bioavailable di-
etary source (117), but obviously ingestion of
grapes or peanuts may be relevant. The com-
pound bears a simple chemical structure that
may interact with a variety of receptors and en-
zymes, thus acting as an activator or inhibitor
in a number of pathways. Recently, a great
amount of work has been directed toward un-
derstanding the cancer chemopreventive ef-
fects of resveratrol (68). There are several par-
allels between carcinogenesis and CHD, as
both conditions have epidemiological evidence
establishing correlations with dietary lifestyle.
Further, there are a number of common mech-
anisms of etiology [e.g., oxidative events, ad-
hesion molecules, mitogen-activated protein
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kinase (MAPK) activation, etc.]. Another sig-
nificant finding is that resveratrol exhibits es-
trogenic activity in transfected mammary can-
cer cell lines (52). However, conflicting results
have been reported with respect to its actual es-
trogenic properties. In addition, resveratrol ex-
hibits antiinflammatory, neuroprotective, and
antiviral properties.

The wide array of biological activities medi-
ated by resveratrol suggest its mode of action
may be complex, and this has been of great in-
terest to scientists working in the areas of ba-
sic biology and pharmacology. This review will
focus on the biological activities of resveratrol
and highlight further studies required to un-
derstand the pharmacological effects in human
beings.

CARDIOPROTECTIVE EFFECTS
OF RESVERATROL

Polyphenolics are suspected to afford car-
dioprotective effects owing to their spectrum of
biological activities, especially as antioxidants.
Relative to some areas of the world, the French
population has a reduced incidence of CHD in
spite of a high-fat diet and heavy smoking ten-
dencies. This has been attributed to the con-
sumption of red wine, which is rich in polyphe-
nolics. In a study conducted in humans to
understand the platelet aggregatory effects
of different beverages, it was noteworthy that
whereas a commercially available grape juice
caused an increase in the ratio of thromboxane
B2/12-hydroxyeicosatetraenoate, a resveratrol-
enriched grape juice showed a decrease when
tested in ex vivo experiments (101). Also, the
commercial juice promoted thrombin-induced
platelet aggregation, whereas the resveratrol-
enriched juice had inhibitory activity. More-
over, platelets from subjects consuming the
commercial juice had a higher cyclooxygenase
(COX) to lipoxygenase ratio compared with
those consuming resveratrol-enriched grape
juice. In an independent study, it was shown
that resveratrol, proanthocyanidins, and red
wine extract were equally effective in reducing
myocardial ischemic reperfusion injury in rats
(34), whereas the importance of alcohol as a car-
dioprotectant in wines is questionable. For ex-
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ample, Sato et al. (110) have shown that resver-
atrol, either in a red wine extract or as a single
agent, protected the heart from ischemic injury
in an isolated rat heart model. Malonaldehyde
is a suitable marker for monitoring the extent
of lipid peroxidation. In the above study, it was
shown that resveratrol was as effective as red
wine extract in reducing malonaldehyde con-
tent in coronary effluents. Although an inter-
action between the components of wine cannot
be completely ruled out, as shown by Chan et
al. (25), the concentration of ethanol used in
these studies (0.1-0.75%) is much less than that
found in alcoholic beverages. These studies
suggest that resveratrol forms a major cardio-
protective constituent in red wine.

Several mechanisms have been proposed
that may be responsible for these cardiovas-
cular effects. It has been hypothesized that a
short-term provoked ischemia followed by
reperfusion significantly increases the resis-
tance of target tissues to severe ischemia; this
process, called “ischemic preconditioning,” is
accompanied by an increase in adenosine lev-
els. Blardi et al. (14) have shown that resvera-
trol increases endogenous plasma adenosine
levels in humans for a period of 120 min. Al-
though this is a short-term effect, this novel
mechanism may contribute to its cardiopro-
tective effects. In isolated rat heart experi-
ments, it was shown that resveratrol, when ad-
ministered before ischemic injury, attenuated
the effect, and a corresponding increase in
adenosine levels was observed (16). Resvera-
trol has also been shown to inhibit the perox-
idation of low-density lipoproteins (LDL) by
both chelating and free radical scavenging
mechanisms (8). It was also a potent chelator
of copper but not iron, indicating that it might
play a role in accelerating removal of copper
from LDL particles without affecting iron ab-
sorption from the intestines, unlike other
polyphenols and tannins (17). In a similar
study, resveratrol was shown to be more ef-
fective than flavonoids as a chelator of copper,
and less effective as a free-radical scavenger
(47). Tadolini et al. (128) have shown that
resveratrol is an effective inhibitor of Fe?"-cat-
alyzed peroxidation of sonicated liposomes,
less effective against peroxidation by 2,2'-azo-
bis(2-aminopropane) dihydrochloride (AAPH),
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but more effective against that initiated by 2,2'-
azobis(2,4-dimethylvalero)nitrile (AMVN) rad-
icals. In all these studies, it has been demon-
strated that resveratrol is effective as an
antioxidant in a lipid environment.

Resveratrol has been shown to associate with
very low-density lipoprotein to a greater extent
than LDL, and least with high-density lipopro-
tein (7). Equal distribution was observed in the
protein and lipid moieties of LDL after scav-
enging free radicals in the aqueous phase. The
authors report that resveratrol first scavenges
free radicals in the aqueous environment and
then traps polyunsaturated fatty acids within
membranes. It was also shown that resveratrol
inhibits the formation of thiobarbituric acid-re-
active substances (TBARS) induced by Cu?*
and azo compounds in human LDL (148).
However, when rats were injected with doses
of 20 and 40 mg/kg body weight, no effect on
the lipid profile or the formation of TBARS
from lipoproteins was observed (136).

Another mechanism that may account for a
cardioprotective effect is vasorelaxation. Nader-
ali et al. (97) have shown that resveratrol induces
vasorelaxation in mesenteric and uterine arter-
ies isolated from female guinea pigs, irrespec-
tive of the stage of the estrous cycle. Signifi-
cantly, this effect was not inhibited by
indomethacin, indicating that the vasorelaxation
was not prostanoid-mediated and may be nitric
oxide (NO)-mediated. In support of this obser-
vation, Chen and Pace-Asciak (26) have shown
that pretreatment of isolated rat aorta with a NO
synthase inhibitor antagonized the vasorelax-
ation caused by resveratrol. The authors sug-
gest, however, that other mechanisms may play
a role in vasodilation. For example, resveratrol
has a stimulatory effect on Ca*"-activated K*
(BKca) channels found in human vascular en-
dothelial cells (81). It is postulated that increased
K™ efflux following the activation of BK¢, chan-
nels by resveratrol may increase K™ concentra-
tion in the myoendothelial space followed by
hyperpolarization of vascular myocytes, leading
to dilation of blood vessels.

In addition, a steroidal pathway for resvera-
trol-induced relaxation of porcine coronary ar-
teries has been suggested (65). Resveratrol
caused a dose-dependent inhibition of contrac-
tions induced by histamine, in the presence of
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F~ ions, at physiological concentration, where-
as higher doses were required to inhibit
ouabain and tetraethylammonium-induced
contractions. It was hypothesized, based on the
estrogenic effects of resveratrol (52), that the re-
laxation induced by resveratrol could be me-
diated through activation of steroid-like mem-
brane receptors that may impact inducible NO
synthase (iNOS) leading to the production of
NO. In addition, it may also enhance cycle
GMP-mediated phosphorylation of BKc, chan-
nels. Further evidence for the induction of NO
synthase and the consequent cardioprotective
effects of resveratrol was provided by Hung et
al. (63). In an anesthetized rat model, resvera-
trol decreased the incidence and duration of
ventricular fibrillation and tachycardia with a
concomitant increase in NO production.

An additional possibility to consider is that
polymorphonuclear leukocytes (PMN) can con-
tribute to the pathogenesis of acute CHD by
formation of reactive oxygen species (ROS).
Therefore, reduction of this response might be
beneficial in preventing CHD (106). Resveratrol
inhibited ROS generated by PMN and also the
secretion and release of elastase and B-glu-
curonidase stimulated with formyl methionyl
leucyl phenylalanine. In addition, resveratrol
decreased the expression of B, integrin MAC-1
on the PMN surface, which is crucial for adhe-
sion-mediated PMN functions (106). Ferrero et
al. (43) have shown that resveratrol significantly
inhibited the intracellular adhesion molecule
(ICAM-1) and vascular cell adhesion molecule
(VCAM-1) expression in tumor necrosis factor-
a (TNFa)-stimulated human endothelial cells,
thus indirectly blocking the adhesion of mono-
cytes and granulocytes to endothelial cells. As
an extension of the above study, it was shown
that resveratrol impairs TNFa-stimulated gran-
ulocyte adhesion to EA.hy926 endothelial cells
and lipopolysaccharide (LPS)-stimulated mono-
cyte adhesion to human saphenous vein endo-
thelial cells, similar in fashion to anti-VCAM-1
antibody (44). In a recent study, resveratrol was
also shown to inhibit the adhesion of blood
platelets to fibrinogen (143).

The most widely accepted mechanism of
resveratrol-mediated cardioprotection is its
ability to inhibit platelet aggregation. Resvera-
trol, at a physiological concentration of 3.56
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ng/L, was able to lower platelet aggregation
by ~50% in healthy volunteers (11). Red wine
containing ~1.2 mg/L resveratrol was diluted
1,000-fold and inhibited platelet aggregation by
~41%. Similarly, when the concentration of
resveratrol was increased in the wine, the ef-
fect was raised to 78.5%, thus indicating that
the amount of resveratrol in wine is important
in determining its antiplatelet aggregatory ac-
tivity. It was also shown in an independent
study that cis-resveratrol might have a slightly
higher antiaggregating activity than the trans
isomer (12). Resveratrol may also act by inhi-
bition of induction of tissue factor, a cell-sur-
face glycoprotein that acts as an initiator of the
coagulation cascade in hemostasis and patho-
genesis (104). With endothelial cells, resvera-
trol inhibited the induction of tissue factor by
a variety of factors, such as LPS, TNFq, and in-
terleukin B, at a transcriptional level. However,
resveratrol was not effective in inhibiting the
binding of transcription factors c-fos/c-jun and
c-rel/p65 (required for induction of tissue fac-
tor promoter) in either endothelial cells or
monocytes. It also did not significantly affect
the binding of nuclear factor kB (NF«B) in en-
dothelial cells.

Another important stimulus for platelet ag-
gregation is an increase in cytosolic Ca?* lev-
els in platelets (107). Resveratrol inhibits Ca?*
influx in thrombin-stimulated platelets with an
ICsp of 0.5 uM (38). It is evident from this study
that resveratrol operates through store-oper-
ated calcium channels, because thapsigargin,
whose stimulation of Ca?" influx was inhibited
by resveratrol, operates through store-operated
calcium channels. Endothelin-1 is a mediator of
cardiovascular disorders, and endothelin-1 re-
ceptor blockers can alleviate symptoms of
spasm-related cardiovascular diseases (54). A
recent study identified resveratrol as an inhib-
itor of endothelin-1 stimulatory effects in coro-
nary artery smooth muscle as seen by de-
creased MAPK activity (42). As speculated in
previous reports, this effect could not be
blocked by tamoxifen, suggesting an estrogen
receptor (ER)-independent effect. Likewise,
resveratrol had no effect on cyclic AMP levels,
a down-regulator of the MAPK cascade.

In pig blood platelets, resveratrol inhibited
the production of various ROS at high concen-
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trations (25, 50, and 100 ug/ml) (99). However,
Kirk et al. (75) caution that the inhibition of
platelet aggregation by resveratrol may be ob-
served only in washed platelets rather than in
circulation. Resveratrol was also shown to in-
hibit MAPK activation induced by collagen,
thrombin, and ADP. Most of the work de-
scribed thus far has been in either cultured en-
dothelial cells or isolated arteries. The rele-
vance of these in vitro studies to an in vivo
situation is not conclusive. For example, there
has been one study in which resveratrol was
shown to enhance athersclerotic development
in hypercholesterolemic rabbits (140). Al-
though previous studies with polyphenolics
have established their potential as antiathero-
sclerotic agents, and resveratrol (in particular)
was effective in protecting against LDL perox-
idation in a number of in vitro situations (8,
148), the authors of this report suggest that
resveratrol may not be the active polyphenolic.
On the other hand, in a stroke-prone sponta-
neously hypertensive rat model, resveratrol (5
mg/kg/day) exhibits estrogenic effects as seen
by a blockade of ovariectomy-induced hyper-
tension and bone loss (93). This is consistent
with earlier observations indicating that resver-
atrol exhibits vasorelaxation in a NO-mediated
manner. Resveratrol also enhanced acetyl-
choline-mediated vasodilatory responses simi-
lar to estrogens in the same model. Although
mechanistic differences exist between the two
models, both are designed to identify agents
that are beneficial to the heart. Species differ-
ences may play a crucial role in these kinds of
studies.

CANCER PREVENTIVE AND
THERAPEUTIC EFFECTS OF
RESVERATROL

Cancer chemopreventive agents are de-
signed to reduce the incidence of tumorigene-
sis by intervening at one or more stages of car-
cinogenesis (9). The cancer preventive and
therapeutic potential of resveratrol has been ex-
tensively studied in recent years. Significantly,
this activity has been much less debated than
its estrogenic or cardioprotective properties.
Systematic studies in a wide range of cell lines
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and carcinogenesis checkpoints have estab-
lished its utility as a chemopreventive agent. It
was shown to affect three major stages of car-
cinogenesis by Jang et al. (68), and to inhibit the
formation of preneoplastic lesions in a mouse
mammary organ culture model. Resveratrol
also inhibited the formation of 12-O-tetrade-
canoylphorbol  13-acetate (TPA)-promoted
mouse skin tumors in the two-stage model, and
pretreatment of mouse skin with resveratrol
negated several of the TPA-induced effects in-
cluding inhibition of the mRNA expression of
c-fos and transforming growth factor-B1 (TGF-B1)
(67).

Apoptotic cell death is a natural process by
which genetically damaged and unwanted
cells are eliminated in an orderly manner. Loss
of apoptosis in certain cell populations could
be the result of transformation to a malignant
phenotype. Selective induction of apoptosis of-
fers a promising strategy for prevention of this
transformation and treatment of cancer, in ad-
dition to other pathological disorders (70).
Resveratrol has been shown to induce apopto-
sis in HL-60 cells as demonstrated by DNA
fragmentation, increased proportion of sub-
diploid cell population, and a time-dependent
decrease in Bcl-2 expression (125). In the same
cell line, Clement et al. (30) reported that resver-
atrol caused a dose-dependent increase in
cleavage of caspase substrate poly(ADP-ribose)
polymerase (PARP), and caspase inhibitors
could block this effect. Another mechanism by
which apoptosis inducers operate is by up-reg-
ulation of CD95-CD95L and its signaling path-
way (48). The up-regulation of CD95-CD95L
system was also shown to be one of the mech-
anisms of resveratrol-induced cell death in HL-
60 cells. However, in a human monocyte leu-
kemic cell line (THP-1), resveratrol caused
apoptosis in a CD95-CD95L-independent man-
ner (134). Similarly, Berhard et al. (10) observed
resveratrol-induced apoptosis in CEM-C7H2
leukemia cells in a CD95-independent manner,
as judged by lack of change in apoptosis in the
presence of antibodies to CD95 or CD95L.
Moreover, resveratrol was effective in inducing
apoptosis in a CD95-resistant Jurkat cell line.
In addition, resveratrol caused an S-phase ar-
rest in these cells prior to apoptosis. The dif-
ferences between apoptotic mechanisms in var-
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ious cell lines can be inferred as cell line-
specific effects. Also, a number of chemothera-
peutic agents, such as doxorubicin, are known
to function without affecting the CD95-CD95L
system (88).

Another study in a rat colon carcinogenesis
model has shown that resveratrol induced
proapoptotic Bax expression in colon aberrant
cryptic foci (130). p53, a highly mutated tumor
suppressor gene in some forms of cancer, is
known to be crucial for induction of apoptosis.
Radiation-induced apoptosis was blocked in
p53-deficient mice (89) and, in another study,
a high number of spontaneous tumors were ob-
served in these p53-deficient mice (141). Huang
et al. (62) have shown with JB6 C1 41 cells that
resveratrol suppresses cell transformation and
induces apoptosis in a p53-dependent manner.
Significantly, apoptosis was induced at the
same concentration that was required to inhibit
cell transformation. To the contrary, in ery-
throleukemic cells, apoptosis is a result of ox-
idative stress and is 5-lipoxygenase-dependent
(83). Programmed cell death is induced in these
cells by activation of 5-lipoxygenase, and
resveratrol was shown to inhibit this effect in
dose-dependent manner (84). In addition,
resveratrol inhibited the activity of 15-lipoxy-
genase, COX, and peroxidase activity in these
cells with ICsy values ranging from 4.5 to 40
wM.

In vivo evidence for the potential of resvera-
trol to induce apoptosis was obtained in a tu-
mor model in which rats were inoculated with
Yoshida AH-130 acites hepatoma cells. Resver-
atrol administered intraperitoneally caused an
increase in the G,/M phase of the cell cycle,
apoptosis, as judged by an aneuploid peak, and
a decrease in tumor growth (23). There is also
an increasing body of evidence suggesting that
formaldehyde generators or capturers can play
a role in cell proliferation, differentiation, and
apoptosis. Szende et al. (126) have shown that
resveratrol has an effect on the formaldehyde
cycle, and some resveratrol derivatives can me-
diate apoptotic effects in a variety of cell lines.
It has also been shown in various cancer cell
lines that resveratrol induces apoptosis at high
concentrations, decreases mitotic activity, and
decreases cell number in a formaldehyde-de-
pendent manner (127).
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Aryl hydrocarbons (AH) are activated to
genotoxic metabolites that potentially bind to
DNA, causing damage. One of the most im-
portant enzymes responsible for this activation
is cytochrome P-4501A (CYP1A). Resveratrol
was recently shown to be a selective inhibitor
of this enzyme by using human liver micro-
somes and E. coli membranes coexpressing
CYP1A1l and CYP1A2 as models (28). Casper
et al. (24) have shown that resveratrol serves as
an antagonist for the AH receptor. It promotes
AH receptor translocation to the nucleus, but
it inhibits transactivation of dioxin-responsive
genes such as CYP1Al and interleukin B. In a
subsequent study, it was shown that resvera-
trol was effective in suppressing benzol[a]
pyrene (B[a]P)-induced expression of CYP1A1/
CYP1A2 (29). The binding of B[a]P-activated
nuclear AH receptor to the xenobiotic response
element of the CYP1A1l promoter was also in-
hibited. In addition, resveratrol caused in-
hibition of CYP1A1 transcriptional activation
by 7,12-dimethylbenz[a]anthracene in MCF-7
cells. Another study showed that resveratrol
could antagonize most responses mediated by
2,3,7 8-tetrachlorodibenzo-p-dioxin (TCDD) in
a chicken periosteal osteogenesis model (114).
TCDD suppressed the mRNA levels of several
bone-associated proteins such as collagen type
I and osteopontin, and resveratrol reversed
these effects. Resveratrol inhibited the activity
of cytochrome P450-linked enzymes, including
benzylresorufin O-dealkylase, ethoxyresorufin
O-deethylase, and methoxyresorufin O-de-
methylase in liver microsomal fractions (129).
These mechanisms add to our understanding
of antiinitiation effects mediated by resveratrol
in procarcinogen models.

The second and crucial stage of carcinogen-
esis is promotion whereby initiated cells are ex-
panded to form a population of transformed,
premalignant cells manifested by changes in
oncogenes and tumor suppressor genes (124).
Phorbol ester-mediated tumor promotion was
shown to be inhibited by resveratrol as seen by
suppression of COX-2 mRNA expression in-
duced by TPA in a mouse skin cancer model
(67, 68). Stewart et al. (119) have shown that
resveratrol inhibits the phorbol ester tumor-
promoter receptor protein kinase C (PKC)-cat-
alyzed phosphorylation of arginine-rich pro-
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tein substrate in a noncompetitive manner. It
was also shown that resveratrol exhibits a
broad spectrum of inhibition against a variety
of PKC isozymes, such as ¢cPKC, nPKC, and
aPKC. Stewart et al. (120), however, found that
resveratrol exhibits a more distinguished in-
hibitory effect on the autophosphorylation re-
actions of protein kinase D. In another study,
Garcia-Garcia et al. (50) have shown that resver-
atrol affects model membrane organization by
obstructing the formation of an inverted hexag-
onal Hy phase and thus acting as an inhibitor
of PKC. It was also suggested in this study that
resveratrol might act as a direct inhibitor of
PKCa activity. Gap junctional intracellular
communication (GCIC) is important for normal
cell growth, and suppression can lead to trans-
formation. Many tumor promoters are known
to inhibit GCIC, and Nielsen et al. (98) have
shown that resveratrol antagonizes TP A-medi-
ated inhibition of GCIC.

Resveratrol has also been shown to affect the
growth and tumorigenic potential of several
cancer cell lines. For example, resveratrol sup-
presses the expression and function of andro-
gen receptor (AR) in LNCaP (prostate cancer)
cells (91). Resveratrol down-regulated the ex-
pression of androgen-induced genes such as
PSA and p21, in addition to mediating several
other effects. The response could be mediated
by an AR-independent mechanism, as shown
by Hseih and Wu (60). In the same cell line, it
was found that resveratrol neither affects the
expression of AR nor binds to the AR, but me-
diates antiandrogenic effects. In a related
study, it was found that resveratrol mediated
growth inhibition and apoptosis in LNCaP cells
(59). The authors extended these observations
to some androgen-nonresponsive cell lines,
whereby resveratrol caused growth inhibition
and disrupted the G;/S phase transition of the
cell cycle without causing apoptosis.

Ulsperger et al. (137) reported that resvera-
trol desensitized AHTO-7 human osteoblasts to
growth stimulation in response to carcinoma
cell supernatants upon pretreatment. Greatest
inhibition was observed with pancreas, breast,
and renal carcinoma-derived supernatants,
whereas colon and prostate had minimal ef-
fects. In another study with MC3T3-E1 osteo-
blast cells, resveratrol stimulated proliferation
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and differentiation as indicated by increased
DNA synthesis, alkaline phosphatase, and pro-
lyl hydroxylase activity (92). At lower concen-
trations, the production of prostaglandin E,
(PGE,) was reduced in these cells.

In a B[a]P plus 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK)-induced lung
tumorigenesis A /] mice model, dietary resver-
atrol (500 ppm) had no effect (57). All chemo-
preventive agents in this study were adminis-
tered during the postinitiation period. The
authors conclude that antioxidants like resver-
atrol and curcumin were ineffective in this
model as there was no indication of B[a]P plus
NNK-induced oxidative damage. Further evi-
dence for its antioxidant role was shown in a
kidney carcinogenesis model. An oxidizing
agent, potassium bromate, is used as a food ad-
ditive, and has been shown to be carcinogenic
in rats and mutagenic in the Ames test (64, 109).
This agent has also been shown to be a kidney
carcinogen whose effects could be attenuated
by pretreatment with antioxidants. Resveratrol
(injected intraperitoneally at 16 mg/kg body
weight) completely abolished the increase in
levels of 0x0%dG in renal genomic DNA and
prevented the increase in kidney weight in-
duced by potassium bromate (21).

In oral squamous cell carcinoma cells, resver-
atrol caused growth inhibition, both alone and
in combination with quercetin, as shown by a
decrease in DNA synthesis (41). Resveratrol
was found to be more potent against human
gingival epithelial cells than other cells of the
oral cavity (3). In addition, resveratrol caused
a decrease in DNA synthesis and irreversible
damage to cell proliferation. It is noteworthy
that resveratrol did not mediate any antioxi-
dant effects in this cell line compared with
quercetin and N-acetyl-L-cysteine. Also, resver-
atrol significantly inhibited the growth, but not
the invasion, of highly metastatic B16-BL6 mel-
anoma cells (22). Intraperitoneal administra-
tion of resveratrol to syngeneic mice inhibited
the growth of melanoma cells injected intra-
muscularly without toxicity. In CaCo-2 colon
cells, resveratrol caused 70% growth inhibition
when tested at 25 uM, with a corresponding
decrease in ornithine decarboxylase activity
(111).

In some cell lines, resveratrol has been
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shown to affect cell-cycle distribution in a tis-
sue-specific mechanism. For example, in cul-
tured bovine pulmonary artery epithelial cells,
resveratrol induced NO synthase activity and
caused accumulation of NO, which may ex-
plain the cardioprotective properties of resver-
atrol as seen by vasodilation, and inhibition of
platelet aggregation induced by NO (61). It also
caused a suppression of cell-cycle progression
through the S and G, phases accompanied by
elevated levels of p53 and p21 in these cells.
Zou et al. (147) have shown that resveratrol in-
hibits proliferation of cultured smooth muscle
cells induced by mitogens. It did not cause
apoptosis in these cells, rather a G; — S cell-cy-
cle block was observed. Both of the above stud-
ies further support the cardioprotective action
of resveratrol.

In another study with HL-60 cells, resvera-
trol caused cell-growth arrest, induced differ-
entiation, and enhanced cells in the G and S
phases of the cell cycle (105). There was also a
corresponding increase in the levels of cyclins
A and E, and cdc? in the inactive phosphory-
lated form. Fontecave et al. (45) suggested a
novel mechanism that may explain most of the
cell-cycle effects of resveratrol. At a concentra-
tion of 100 wM, resveratrol inhibited ribonu-
cleotide reductase, an enzyme that is required
for the reduction of ribonucleotides to de-
oxyribonucleotides, in L1210-R2 cells. This was
accompanied by a corresponding decrease in
DNA synthesis. Resveratrol was also shown to
inhibit DNA polymerase activity in SV-40-in-
fected monkey kidney cells (122).

Resveratrol has been proposed to affect
proinflammatory mechanisms, thereby acting
as an antiinflammatory agent. Interleukin-6 has
been shown to be activated in immune re-
sponses. Resveratrol caused dose-dependent
inhibition of interleukin-6 release by cultured
macrophages, with a concomitant blockade of
Ca?* influx into cells (145). In RAW 264.7 mac-
rophages, resveratrol suppressed the activity of
iNOS as seen by a decrease in NO generation
in the culture medium (133). The effect was me-
diated through down-regulation of iNOS ex-
pression at the mRNA and protein levels.
Resveratrol, at a concentration of 30 uM, also
suppressed activation of NF-«B by LPS, and in-
hibited phosphorylation and degradation of in-
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hibitory «Ba (IkBa). Chemopreventive effects
of resveratrol have also been attributed to ef-
fects on NF-«kB. Holmes-McNary and Baldwin
(58) reported that resveratrol is a potent inhib-
itor of I«B kinase activity and thus inhibits NF-
kB activation and NF-«kB-dependent gene ex-
pression.

Evidence for antiinflammatory activity was
also obtained by inhibition of ROS production
in zymosan-stimulated murine macrophage
RAW 264.7 cells, human neutrophils, and
monocytes (66). Manna et al. (86) have shown
that resveratrol suppressed TNF-induced NF-
kB activation in a variety of cell lines. In addi-
tion, resveratrol inhibited TNF-induced activa-
tion of activator protein-1, MAPK kinase,
c-JNK, ROS generation, lipid peroxidation, and
caspase activation. Wadsworth and Koop (138)
suggest that resveratrol (at a concentration as
high as 100 uM) does not inhibit the LPS-in-
duced activation of NF-kB complex. However,
resveratrol operates by a unique mechanism
whereby it was shown to induce TNFa in RAW
264.7 macrophages, which may have cytostatic
and cytotoxic properties, inhibits the produc-
tion of NO, but slightly enhances iNOS mRNA
expression. The authors hypothesized that by
acting as a COX-1 inhibitor, resveratrol further
blocks the negative feedback loop of prosta-
glandins that down-regulate TNFa production.
Palmieri et al. (102) have shown that 50% of
erythrocyte lysis due to H,O;-lactoperoxi-
dase-KI incubation resulted in production of
ROS. Resveratrol prolonged this effect to 240
min and, in addition, caused inhibition of ty-
rosine kinase activity in cytosolic and particu-
late fractions of prostatic adenoma.

As a unifying hypothesis for its antiinflam-
matory and chemopreventive properties,
resveratrol has been shown to affect the activ-
ity and expression of both COX-1 and COX-2.
These enzymes are important for the produc-
tion of prostaglandins under physiological con-
ditions. COX-1 is implicated in inflammation
and is constitutively expressed (115), whereas
COX-2 is an inducible enzyme that responds to
mitogens and growth factors (108). COX-2 is
up-regulated in tumorigenesis, and APCA71¢
knockout mice, having a null mutation for
COX-2, have a lower incidence of intestinal tu-
mors (139). Resveratrol has been shown to in-
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hibit the activity of the COX-1 enzyme derived
from sheep seminal vesicles (68, 112). It was
also shown in rats that resveratrol reversed
mild water immersion and restraint stress
(WRS)-induced gastric protection and blood
flow, and attenuated the increase in PGE,
caused by WRS, demonstrating it was a spe-
cific COX-1 inhibitor (19). However, recent
studies highlight the importance of resveratrol
as a COX-2 inhibitor as well. Subbaramaiah et
al. (121) have shown that resveratrol sup-
pressed COX-2 expression by inhibiting PKC
signal transduction. Resveratrol inhibited the
phorbol 12-myristate 13-acetate (PMA)-in-
duced activation of PKC- and activator protein-
1-mediated gene expression in human mam-
mary epithelial cells. Overexpression of PKCq,
extracellular-regulated kinase (ERK)1, and
c-jun led to an increase in COX-2 promoter ac-
tivity, all of which were suppressed by resver-
atrol when tested at a concentration of 15 uM.
In addition, resveratrol inhibited the activity of
COX-2 enzyme in a dose-dependent manner.

It was also shown in other studies that
resveratrol (in addition to other resorcin-type
molecules) suppressed both basal levels and
TGFa-induced COX-2 promoter-dependent
transcriptional activity in colon cancer cells
(96). Significantly, resveratrol administered at
200 ug/kg/day in drinking water was shown
to suppress the formation of colorectal aberrant
crypt foci (ACF) in a rat carcinogenesis model
(130). This was accompanied by up-regulation
of bax in ACF but not in normal mucosa, and
down-regulation of p21 expression in normal
mucosa but not in ACF. Mietus-Snyder et al.
(90) recently showed the importance of COX-2
in oxidative stress of smooth muscles and
its suppression by resveratrol. The authors
showed that SR-A, a gene whose expression
correlates well with redox activation in smooth
muscles, is greatly enhanced in oxidative stress
and is accompanied by an increase in COX-2
expression. Other groups have also shown that
resveratrol inhibits both protein tyrosine kinase
and PKC activity purified from bovine thymus
(69). Moreno (95) has shown that resveratrol in-
hibits ROS production, phospholipase A, ac-
tivity, arachidonic acid release, and PGE, syn-
thesis stimulated by fetal calf serum or
platelet-derived growth factor in 3T6 fibro-
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blasts. The COX-2 protein induced by these
agents was also down-regulated by resveratrol
leading to decreased growth and DNA syn-
thesis. The same observations were extended
in murine resident peritoneal macrophages. It
was shown that resveratrol inhibited LPS- and
PMA-induced formation of ROS, inhibited
COX-2 induction, and caused marked reduc-
tion of prostaglandin synthesis and arachidonic
acid release (87).

Johnson and Maddipati (71) have dissected
the COX inhibitory effects of resveratrol. They
have shown that resveratrol inhibits the per-
oxidase but not the COX activity of prosta-
glandin H synthase-2, leading to the accumu-
lation of prostaglandin G2, which is a toxic
endoperoxide. In a study conducted with rats,
resveratrol augmented acute gastric lesions in-
duced by ischemia-reperfusion and delayed
the progress of these lesions into ulcers (18).
The role of prostaglandins in the progress of
lesions was confirmed by resveratrol interven-
tion. Bertelli et al. (13) have shown that resver-
atrol inhibits Candida albicans-facilitated intra-
cellular killing by macrophage-like cells in
the U937 human promonocytic cell line. Low
values of phagocytosis were observed in these
cells compared with macrophages from
healthy human subjects owing to their poorly
differentiated state; however, on treatment
with 1 uM resveratrol, differentiation was in-
duced as well as the phagocytic activity against
C. albicans. Resveratrol at the same concentra-
tion has induced differentiation in other cell
lines (105). Intracellular killing was also en-
hanced at this concentration to levels compa-
rable to healthy subjects. At a higher concen-
tration (10 wM), resveratrol had opposite
effects, as seen by decreased intracellular
killing with a concomitant decrease in ROS pro-
duction in these cells. Differentiation was in-
duced in these cells by resveratrol (1 uM) just
20 min after infection with C. albicans. The au-
thors also compared the differentiation-induc-
ing effect of resveratrol in HL-60 and U937
cells. Resveratrol, at a concentration of 32 uM,
caused phosphatidylserine externalization in
HL-60 cells after 18 h of treatment. Much lower
doses (100 nM-1 uM) were required to observe
the same effect starting 4 h after treatment in
U937 cells.
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Resveratrol affects various pathways in dif-
ferent stages of carcinogenesis, modulates the
cell cycle, and causes apoptosis in various can-
cer cell lines. A summary of the events reported
to be altered by resveratrol is illustrated in Fig.
1 (apoptosis pathways) and Fig. 2 (carcinogen-
esis and cell cycle). Although all sequences
leading to carcinogenesis and apoptosis have
not been described, the schemes represent an
overview of specific checkpoints where resver-
atrol intervenes.

ESTROGEN RECEPTOR-MODULATORY
EFFECTS

The most controversy exists with respect to
the estrogenic/antiestrogenic properties of
resveratrol. A report by Gehm et al. (52) indi-
cates that resveratrol, at a concentration re-
quired for other biological effects, acts as a
strong estrogen agonist in transfected MCF-7
cells. The authors attributed the estrogenic ef-
fects to its structural similarity with diethyl-
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stilbestrol, a synthetic estrogen. When com-
bined with estradiol (E,), resveratrol exhibited
superagonist activity, as seen by a maximal
transcriptional response greater than that me-
diated by E, alone. Subsequent studies led to
controversy. For example, Lu and Serrero (82)
report that resveratrol in the same cell line
shows antiestrogenic activity as seen by a sup-
pression of progesterone receptor expression
induced by E,. In addition, resveratrol down-
regulated the basal levels of TGFal and in-
sulin-like growth factor-1 and up-regulated
TGFB2 mRNA. On the other hand, a study by
Basly et al. (4) compared the trans- and cis-
resveratrol estrogenic effects in MCEF-7 cells.
They report that both isoforms of resveratrol
exhibit superestrogenic activity at moderate
concentrations (10 and 25 M), whereas at low
concentrations (0.1 and 1 wM), antiestrogenic
effects are mediated in transfected estrogen re-
sponse element (ERE)-luciferase reporter ex-
periments. Gehm et al. (52) have also shown
that resveratrol binds to partially purified ER
from rat uterus at a concentration (10 wM) re-
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quired for estrogenic activation in transfection
studies. This activity was not confirmed in sub-
sequent studies, although different sources of
ER were used. For example, resveratrol showed
no binding to ER in cell extracts of the PR1 pi-
tuitary cell line (118), but enhanced prolactin
secretion without causing growth stimulation.
Strikingly, the induction of prolactin secretion
was blocked by a pure antiestrogen in this
study. Further work in MC3T3-E1 osteoblastic
cells has shown that resveratrol increased al-
kaline phosphatase and prolyl hydroxylase ac-
tivity in these cells, indicating an estrogenic
and bone loss preventive effect. Both activities
could be antagonized by tamoxifen, signifying
an estrogenic pathway. In another study by
Yoon et al. (142), resveratrol did not show any
binding to partially purified mouse uterine ER.
In U2 osteogenic cancer cells transfected with
ER-activation function 1-luciferase plasmid,
resveratrol caused an estrogenic response,
whereas in HepG2 liver cells, resveratrol an-
tagonized the action of E; in a dose-dependent
manner.

In vivo experiments with resveratrol de-
signed to establish estrogenic effects have also
led to indefinite conclusions. At least three
separate studies have been conducted with

ovariectomized rats using a range of doses.
Ashby et al. (2) have shown in ovariectomized
rats treated with resveratrol at concentrations
ranging from 0.3 to 70 mg/kg body weight/
day, s.c., no estrogenic effects were mediated
as judged by several endpoints, including uter-
ine weight. Another study with weanling rats
confirmed the lack of effect of resveratrol (ad-
ministered in the diet at concentrations rang-
ing from 1 to 1,000 ug/day) on uterine weight,
epithelial cell height, and mRNA levels of in-
sulin-like growth factor-1 (135). To the con-
trary, resveratrol, at higher concentrations
(1,000 ng/day), antagonized the cholesterol-
lowering effect of E;. The only reported study
where resveratrol was shown to have estro-
genic properties was in stroke-prone sponta-
neously hypertensive rats (93). Resveratrol ad-
ministered in the diet at a concentration of 5
mg/kg/day to ovariectomized rats attenuated
the increase in systolic blood pressure. It also
enhanced the endothelin-dependent vascular
relaxation in response to acetylcholine and pre-
vented ovariectomy-induced decreases in
femoral bone strength in a manner similar to
E,. These authors further extended their obser-
vations to study advanced glycation end-prod-
ucts (AGEs) of plasma proteins in vascular
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smooth muscles from normal and stroke prone
rats. AGEs are potent mediators of vascular dis-
orders like atherosclerosis. Resveratrol caused
a suppression of AGEs-stimulated cell prolif-
eration, DNA synthesis, and prolyl hydroxy-
lase activity in a dose-dependent manner (94).
Significantly, these effects could be partially
antagonized with the pure antiestrogen, ICI
182780.

Recently, Bowers et al. (15) showed that
resveratrol acts as a mixed agonist/antagonist
in transiently transfected cells. Resveratrol
could bind to both ER-a and ER-8 with com-
parable affinity, but with 7,000-fold lower affin-
ity than E,. It was also shown that the type of
estrogen modulatory activity of resveratrol de-
pends on the ERE sequence and ER subtype.
Resveratrol was shown to have higher tran-
scriptional activity when liganded to ER-S than
ER-a. Moreover, resveratrol showed antagonist
activity for ER-a but not for ER-B. All these ef-
fects (estrogenic or antiestrogenic) were signif-
icant at concentrations 10 uM or higher.

These studies have led us to speculate if
resveratrol could function as a selective ER
modulator. Considering lack of estrogenic ac-
tivity in the uterus and mammary gland (and
possible antiestrogenic activity in the same tis-
sues), and estrogenic activity in bone and en-
dothelial cells, desirable pharmacological ef-
fects could be facilitated by a selective ER
modulator. However, controversial ER binding
activity and ER-superagonistic effects require
thorough investigation.

MISCELLANEOUS BIOLOGICAL
ACTIVITIES

Considerable interest has been shown re-
cently in studying resveratrol as a neuropro-
tectant. Most importantly, these effects have
been observed under subphysiological concen-
trations. Tredici et al. (131) have shown that
resveratrol induces phosphorylation of MAPK
family members, ERK1 and ERK2, in human
neuroblastoma cells, at a concentration of 1 pM.
Epidemiological studies have also shown an in-
verse relationship with wine consumption and
dementia (80, 100). Owing to its antioxidant
properties, resveratrol has been shown to in-
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hibit the peroxidation of LDL in PC-12 cells and
protect against neuronal cell death that could
manifest Alzheimer’s disease (40). The antiox-
idant properties of resveratrol have been
shown to contribute neuroprotective effects in
cultured hippocampal neurons (5). In another
study, it was shown that cysteamine pretreat-
ment of the astroglial substratum enhances PC-
12 cell vulnerability to oxidative injury causing
cell death (46). Resveratrol, as an antioxidant,
abrogated this effect, pointing to the role of ox-
idative stress in the injury.

The lipophilic nature of resveratrol and its
corresponding ability to cross the blood-brain
barrier could explain some of its central ner-
vous system-related biological effects. Zini ef al.
(146) have shown that resveratrol exhibits a
biphasic inhibition of the rat brain respiratory
chain. Resveratrol inhibits complex III of the
respiratory chain, which might explain its sup-
pression of ROS generation, whereas inhibition
of complex V is linked to its suppression of
ATPase. Karlsson et al. (72) have used an elec-
tron paramagnetic resonance spin-trapping
technique to show the free radical scavenging
properties of resveratrol in embryonic mesen-
cephalic cells. It inactivates several complexes
induced by glutamate plus malate in a bipha-
sic fashion and acts as a protectant in three
models of oxidation. However, in primary cul-
tures of cerebellar granule neurons, it was
shown that resveratrol failed to inhibit apop-
tosis induced by glutamate and low K* con-
centrations, whereas other antioxidants such as
ascorbic acid and red wine extracts inhibited
this effect (37). It was suggested that the resver-
atrol, in addition to other antioxidants such as
a-tocopherol, might not have the ability to ac-
cess intracellular sites where ROS formation is
prevalent.

Resveratrol also inhibits mitochondrial pro-
ton FoF;-ATPase activity with rat brain and
liver isolates in a noncompetititve and additive
manner (144). In another study, it was shown
that rat liver mitochondria exposed to AAPH
damage FoFi-ATPase and form peroxides in the
aqueous region without affecting malondi-
aldehyde formation. Resveratrol and a-toco-
pherol, both hydrophobic antioxidants, could
not suppress this effect (6). Resveratrol, and
more significantly oxyresveratrol, were shown
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to be moderate inhibitors of the dopa oxidase
activity of mushroom tyrosinase, an enzyme
that plays a role in melanin biosynthesis (113).
This enzyme also causes darkening of food
products of plant origin. Human amyloid dis-
orders such as familial amyloid cardiomyopa-
thy are caused by insoluble transthyretin fi-
brils, which deposit in peripheral nerves and
heart tissue (76). Resveratrol was shown to sig-
nificantly reduce transthyretin fibril formation
by fitting in the T4 binding site while main-
taining its minimum energy conformation, thus
representing a new class of drug active against
transthyretin-associated human amyloid dis-
eases (76).

In a recent study, relative to normal hema-
topoietic cells, resveratrol profoundly inhibited
the proliferation of mouse and human leuke-
mic cells (51). The moderate effect observed
with normal hematopoietic progenitor cells
was reversible but, in leukemic cells, resvera-
trol caused apoptosis in an irreversible manner.
In lethally irradiated mice, resveratrol led to
significant hematopoietic reconstitution. Thus,
it has been suggested that resveratrol may
serve as a novel agent for ex vivo bone marrow
purging. In another study, resveratrol selec-
tively inhibited the proliferation and migration
of liver myofibroblasts (53). It decreased the ex-
pression of a-smooth muscle actin, an impor-
tant marker for myofibroblastic cells, but did
not affect the expression of other cytoskeletal
proteins like vimentin or B-cytoplasmic actin.
It also inhibited the expression of type I colla-
gen and matrix metalloproteinase-2, consid-
ered two parameters of migration in these cells.

Another report highlights the effect of
resveratrol in rat hepatic stellate and Kupffer
cells, which play a central role in hepatic fi-
brogenesis (73). It was shown that resveratrol
suppressed thymidine incorporation, BrdU up-
take, inositol phosphate metabolism, tyrosine
phosphorylation, and MAPK activation in
these cells. Resveratrol also selectively inhib-
ited cyclin D1 expression in stellate cells and
blocked the production of NO and TNFa by
LPS-stimulated Kupffer cells without affecting
the mRNA levels. Resveratrol was also shown
to inhibit the proliferation of human hepato-
blastoma HepG2 cells, causing a delayed entry
into mitosis (35).
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The effects of resveratrol on viral infections
have also been reported recently. The com-
pound was shown to cause reversible inhibi-
tion of herpes simplex virus types 1 and 2 repli-
cation in Vero cells (39). Effects were prominent
1 h after infection, but not after 9 h, indicating
an early event of inhibition that was subse-
quently shown to be due to a reduction of ICP-
4, a major immediate early viral regulatory pro-
tein. However, resveratrol did not cause direct
inactivation of herpes simplex virus nor did it
affect viral attachment to the cell. Resveratrol
also caused cell-cycle delay at the S-G,/M in-
terphase of Vero cells and inhibited the reacti-
vation of virus from latent infections.

Helicobacter pylorus is a major ulcer-causing
bacterial strain and is found to be associated
with dyspepsia, gastritis, and gastric cancer
(55). It has also been shown recently that COX-
2 is expressed in various stages of gastroin-
testinal carcinogenesis as seen in gastric biop-
sies of infected patients suffering from
intestinal metaplasia and gastric adenocarci-
noma (122). It is worthwhile investigating the
effects of resveratrol in these conditions. More-
over, Mahady and Pendland (85) have shown
that resveratrol and red wine extract inhibited
the growth of 15 clinical isolates of H. pylori.

Resveratrol has been implicated to play a role
in the protection against allergic disorders. -
Hexosaminidase is released by mast cells in re-
sponse to immunological activation. Resvera-
trol caused a dose-dependent inhibition of this
release in cultured RBL-2H3 cells (27). Resver-
atrol was also shown to be a DNA-cleaving
agent in the presence of Cu?* ions enhancing
the formation of hydroxyl-radical formation
(49). However, Burkitt and Duncan (20) re-
ported that under physiological conditions (in
the presence of either ascorbic acid or glu-
tathione) resveratrol behaves as an antioxidant
by a hydroxyl-radical scavenging mechanism
and, in the presence of glutathione, it inhibited
the formation of glutathione disulfide.

CONCLUSIONS—THE ENIGMA
OF RESVERATROL

Unlike many drugs used in the prevention
or treatment of various disorders, resveratrol
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has a remarkably simple structure. This pro-
vides a major advantage because sourcing is
not a limitation. As demonstrated by a large
number of recent reports, resveratrol can me-
diate a wide range of biological activities, with
no obvious toxicity. Thorough preclinical tox-
icity studies are currently under way, but it is
notable that no toxicity reports have been pub-
lished with respect to resveratrol in animals. As
an example, we have incorporated resveratrol
into the diets of rats at levels of 3,000 mg/kg
diet for 120 days, and no significant changes in
body weights were observed nor were there
any other signs of overt toxicity (unpublished
observations). Thus, in conjunction with hu-
man dietary experience, it is relatively clear
that resveratrol can be safely administered.
As biologists and chemists are dealing with
a common molecule with variable interests,
certain practical aspects tend to be neglected.
For example, while testing for in vitro pharma-
cological activities, researchers tend to use con-
centrations as high as 100 uM. Although this
might be of interest to understand the preven-
tive effect of resveratrol against a disorder (ef-
ficacy), the actual therapeutic benefit may be
questionable. Preventive agents need to be
tested in physiologically relevant concentra-
tions because a correlation should exist be-
tween the experimental concentrations and the
amount present in the diet (which is presum-
ably low) or through dietary supplements. Vir-
tually all the evidence supporting notions such
as the “French paradox” is from epidemiolog-
ical studies, and researchers can only try to du-
plicate such a situation in the laboratory by us-
ing either in vitro or animal models that can
parallel the population study. Clinical studies
with chemopreventive agents are also gener-
ally more complex than those conducted with
their therapeutic counterparts. Therapeutic
agents are often administered on a short-term
basis (compared with chemopreventive agents
that need to be administered for several years),
and administered after a disease has been di-
agnosed. It can be asserted that the dose of a
chemopreventive agent should be chosen
based on that found in the diet (or through sup-
plementation) and that which is achievable in
the plasma. As a generalization, physiological
concentrations normally do not exceed 1 uM.
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With resveratrol, a few studies in rats have
shown that the total tissue and plasma con-
centrations after the administration of red wine
is in the 100 nM to 1 uM range. The dosing of
rats with red wine was based on that consumed
by moderate drinkers. These studies were con-
ducted after a single administration of red
wine, and parameters such as long-term effects,
bioavailability, and metabolism, remain un-
known. Nevertheless, it would be prudent to
select appropriate doses for the conduct of in
vitro experiments.

Some of the in vitro activities of resveratrol,
the concentrations used, and the correspond-
ing in vivo activities are summarized in Table
1. It is obvious that testing of resveratrol at a
concentration of 100 uM with in vitro models
is not relevant to normal dietary levels, and cor-
responding responses may not be observed in
animal models. The lowest concentration re-
ported for the effectiveness of resveratrol has
been in neuroprotection. Resveratrol, at a con-
centration as low as 1 pM, caused phosphory-
lation of ERK1 and ERK2, a potential prereg-
uisite for normal brain function. Similarly,
platelet aggregation was inhibited by resvera-
trol in nanomolar quantities. It is noteworthy
that both of these effects (neuro- and cardio-
protection) have epidemiological, in vitro and
in vivo evidence.

In animal studies, such as in the case of
chemopreventive agents, it is worthwhile to in-
vestigate the maximum tolerated dose of a nu-
trient. However, using high test concentrations
for in vitro experiments may only yield non-
specifically active agents. For example, ex-
tremely high doses of many drugs can lead to
nonspecific and general cytotoxicity and nu-
merous alterations of signal transduction. To
date, a consistent maximum concentration, be-
yond which testing would likely yield phar-
macologically irrelevant results, has not been
established.

As noted previously, there is considerable
controversy regarding the estrogenic potential
of resveratrol. Key observations were reported
by Gehm et al. (52), who demonstrated a su-
peragonistic response with an ERE-based re-
porter in cultured MCEF-7 cells. We have been
unable to reproduce these data with the same
model system. Rather, a mild agonistic re-
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TaBLE 1. COMPARISON OF IN VITRO AND IN Vivo EFFECTS OF RESVERATROL FOR VARIOUS BIOLOGICAL ACTIVITIES*

In vitro activity Concentration Corresponding in vivo activity

Inhibit TBARS formation 50 uM Ineffective in rats for reducing TBARS when tested at
20 and 40 mg/kg body weight for 21 days.

Vasorelaxation 0.45-0.75 uM Attenuates hypertension in ovariectomized rats when
administered at 5 mg/kg/day.

Protection against LDL 30-200 uM Promotes atherosclerosis in hypercholesteremic rabbits

peroxidation when administered at 1 mg/kg diet.

Apoptosis induction 10 uM Administered i.p. at 1 mg/kg body weight; caused
apoptosis in ascites hepatoma cells.

Antioxidant effects 250 nM-30 uM Pretreatment of mouse skin with resveratrol negated
TPA-induced oxidative events in a dose-dependent
manner. TPA-induced increases in the expression of
c-fos and TGF-B1 were selectively inhibited.

COX-2 inhibition 2.5-20 uM Inhibited ACF formation in rats with 200 ug/kg/day
in drinking water.

Estrogenic effects 1-10 uM Specifically inhibited hypertension induced in

ovariectomized rats at 5 mg/kg/day in the diet.
Failed in other studies aimed at estrogenic effects
on the uterus.

*For literature citations, see text.

sponse was observed in a narrow dose range
(~10 uwM), but in the presence of E,, antago-
nism was observed at all concentrations tested,
rather than superagonism. The reason for these
differences in results is unknown. One possi-
bility we have explored is the stability of
resveratrol to light, heat, pH, and/or oxygen
exposure. For example, resveratrol is stable to
moderate heating, but will react when exposed
to low or high pH (132). Resveratrol exists pre-
dominantly as the trans isomer, but exposure
to light will cause excitation of the electrons in
the alkene to undergo a 7 to #* transition and
induce isomerization through a perpendicular
transition state to cis-resveratrol (Fig. 3). This
occurs readily when resveratrol is exposed to
light near its Amax (306 nm for trans, 288 nm for
cis), which is in the near-UV region of the elec-
tromagnetic spectrum. Fluorescent lighting, the

primary source of illumination in laboratories,
is generated by the white phosphor re-emission
of UV light from excited mercury vapor. Most
of the UV light is absorbed by the phosphor
coating; however, spikes in the near-UV (310,
340, and 365 nm) are transmitted and can af-
fect samples that are exposed. Clear borosili-
cate glass vials provide some protection for
wavelengths below 350 nm, but only amber-
colored vials insure complete protection. cis-
Resveratrol is nonplanar due to the steric ef-
fects of the aromatic rings and is extremely
sensitive to light, thereby converting back to
the more stable trans isomer. The cis isomer is
also sensitive to low pH (1.0), with 50% con-
verting to trans-resveratrol in 23 h. Both cis- and
trans-resveratrol are stable to pH 3-8, but are
degraded at pH 10 and above to unspecified
products (132). Resveratrol, especially in solu-

OH

Trans-resveratrol

*
7t antibonding
orbitals

Cis-resveratrol

FIG. 3. Mechanism for light-induced isomerization of resveratrol.
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tion, should be stored in amber containers to
avoid undue exposure to light. In principle, the
resulting mixture of isomers from careless han-
dling can have widely different activities and
cause significant discrepancies from assay to
assay.

Based on these considerations, using the ERE-
luciferase transfected MCEF-7 cell model, we
tested the estrogenic potential of various resver-
atrol preparations. Resveratrol was dissolved at
a concentration of 10 uM in either dimethyl sul-
foxide (DMSOQO) or ethanol and transferred to
clear or amber-colored vials. Aliquots were re-
moved on day 0, day 3, and day 6, after expo-
sure to fluorescent light (18 h/day, benchtop
height), and stored at —20°C in amber vials with
tetrafluoroethylene liners. A separate ethanol
solution of resveratrol was exposed to sunlight
for 7 days and stored as above.

The resveratrol isomer ratio and overall pu-
rity of these preparations were established by
analytical HPLC. Analyses were performed on
dual Waters 510 pumps and a 991M photodi-
ode array detector. All solutions and solvents
were sterile-filtered and degassed with helium.
Trans- and cis-resveratrol were eluted at 8.2 and
11 min, respectively, on a Phenomenex Luna 5-
pum phenyl-hexyl stationary phase 4.6 X 150
mm column using a linear gradient of 50%
methanol in water to 100% methanol over 20
min at 0.7 ml/min and 20°C. Purity was de-
termined by peak area observed at 220 nm. The
cis/trans ratio was expressed as percent trans-

BHAT ET AL.

resveratrol and calculated using the area of the
trans peak at 308 nm and the cis peak at 288 nm
(Table 2).

The plasmid (pUC 18) containing the ERE-
luciferase construct consisted of two copies of
Xenopus vitellogenein A, ERE inserted up-
stream (—331 to —289) of a minimal thymidine
kinase promoter (—109 to +45) linked to the lu-
ciferase gene. MCF-7 cells were obtained from
American Type Culture Committee (ATCC)
and grown in minimum essential media con-
taining 5% fetal calf serum, antibiotic—antifun-
gal (penicillin G sodium, 10 units/ml; strepto-
mycin sulfate, 10 ug/ml; amphotericin B, 0.25
pg/ml), 1 mM sodium pyruvate, and 10 mM
insulin. For transfection assays, cells were
grown in steroid-stripped media for 24 h and
then plated in 12-well plates at a density of
10 X 10* cells/well. The experimental media
containing various concentrations of resvera-
trol and E, were added 24 h later. Two hours
after changing to experimental media, the cells
were transfected with the lipid-plasmid com-
plex using FUGene 6 reagent (Roche Biochem-
icals, Indianapolis, IN, U.S.A.). The luciferase
activity was detected by using Luciferase As-
say System (Promega Corp., Madison, WI,
U.S.A.) ~24 hours after transfection using a
TD-20/20 luminometer (Turner Designs, Sun-
nyvale, CA, U.S.A.). The luciferase induction
(AU) was represented as vertical bar graphs
and compared.

The ligand-activated ER binds to ERE, and

TABLE 2. PuURITY AND ISOMER RATIO FOR
PHOTOLYZED RESVERATROL SAMPLES

Sample* % trans/% cis % purity
Control (day 0) 100/0 95
RC3-ethanol 95.3/4.7 92
RC6-ethanol 76.8/23.2 92
RC3-DMSO 90.4/9.6 91
RC6-DMSO 90.5/9.5 91
RA3, RA6-ethanol or -DMSO 100/0 95
RS 30/70 89

*RC3 and RC6 represent resveratrol stored in clear borosilicate glass
vials for 3 and 6 days, respectively; RA3 and RA6 indicate resvera-
trol stored in amber borosilicate glass vials for 3 and 6 days, respec-
tively. All preparations were exposed to fluorescent light under lab-
oratory conditions. RS represents a solution of resveratrol in ethanol
stored in a clear borosilicate glass vial and exposed to sunlight over

a period of 7 days.
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its functional activation was tested using a lu-
ciferase reporter gene linked to its promoter. E;
(1 nM) as a single agent caused a sevenfold in-
crease in luciferase activity compared with con-
trol. Freshly dissolved resveratrol was labeled
RO and stored immediately in an amber vial.
Resveratrol exposed to laboratory lighting con-
ditions for 3 and 6 days in amber or clear vials
was labeled as RA3 and RA6 or RC3 and RCb6,
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respectively. Figure 4A shows the effect of
resveratrol preparations on ERE-luciferase ac-
tivity with or without E,. All exposures of
resveratrol exhibited agonistic activity but, in
combination with E,, antagonized the induc-
tion of luciferase. Similarly, photolyzed DMSO
solutions of resveratrol exhibited ~50% induc-
tion of luciferase activity and antagonized this
effect when combined with E, (Fig. 4B). There

Al 4000

3500 ~

3000 -

2500 H

2000 -

1500 ~

Luciferase activity (AU)

1000 -

500 -

RA3

RC3

RAG

RC6

B 4000
3500 -
3000 -
2500 +
2000 -

1500 -

Luciferase activity (AU)

1000 ~

500 A

DMSO RO

RA3

RC3 RAG RC6

FIG. 4. Effects of resveratrol on ERE-luciferase activity transfected into MCF-7 cells. Cells were treated with 10
1M resveratrol dissolved in either ethanol (EtOH) (A) or DMSO (B) after exposure to light for various time periods
(see Table 2) with or without 1 nM E,, as described in the text. Two hours later, cells were transfected with ERE-lu-
ciferase plasmid, and luciferase activity was measured after 24 h. Induction values were averaged from triplicate de-
terminations, and bars indicate SE. *Statistically significant (p < 0.05) differences from solvent control (—E,); **statis-

tically significant (p < 0.05) differences from E, control.
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were no major differences among the various
groups, except for resveratrol exposed to sun-
light (RS). RS did not have any estrogenic ef-
fect, compared with control, and showed ~90%
inhibition of luciferase activity when combined

Thus, although some test concentrations of
resveratrol (e.g., 10 uM) can show estrogenic
activity when administered as a single agent,
the superagonistic activity reported previ-
ously could not be confirmed. To the con-
trary, when combined with E;, resveratrol an-
tagonized the induction and decreased
luciferase activity by ~40%. Further, there
was no significant correlation of the lucifer-
ase activity with the cis/trans ratio of resver-
atrol, as the day 0 control (100% trans-resver-
atrol) activity was essentially the same as
sample RC3 (95% trans-resveratrol in etha-
nol) and RC6 (75% trans-resveratrol in etha-
nol). Simliar results were observed with
DMSO solutions. For the sample RS, the sig-
nificant antiestrogenic activity may be due
more to decomposition products rather than
cis-resveratrol. Isolation of the resveratrol by-
products and subsequent analysis of their es-
trogenic/antiestrogenic effects will answer
this question.

To conclude, resveratrol holds great promise
for future development as a chemopreventive
agent that may be useful for several disorders.
Although resveratrol cannot be claimed as a
“panacea,” the plethora of biological activities
demonstrated by this molecule is fascinating.
A challenge for the future will be to extrapo-
late data properly from in vitro experiments or
animals to the human situation. A further com-
plication is that controversial data have been
reported in a few cases. We have explored
resveratrol degradation products as a possible
explanation for estrogenic effects mediated
with a simple reporter gene assay, but we were
still unable to reproduce superagonistic activ-
ity. In any case, care should be taken to avoid
this potential variable in future work. It ap-
pears likely that human consumption of resver-
atrol will continue, so certain benefits may be
realized, irrespective of our knowledge of the
mechanism. Exploitation in a more directed
manner will require the conduct of human clin-
ical trials.
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ABBREVIATIONS

AAPH, 2,2'-azobis(2-aminopropane) dihy-
drochloride; ACF, aberrant crypt foci; AGEs,
advanced glycation end-products; AH, aryl hy-
drocarbons; AMVN, 2,2'-azobis(2,4-dimethyl-
valero)nitrile; AR, androgen receptor; B[a]P,
benzo[a]pyrene; BKc, current, Ca%*-activated
K* current; CHD, coronary heart disease; COX,
cyclooxygenase; CYP1A, cytochrome P-4501A;
DMSO, dimethyl sulfoxide; E,, estradiol; ER,
estrogen receptor; ERE, estrogen response ele-
ment; ERK1, extracellular-regulated kinase 1;
GCIC, gap junctional intracellular communica-
tion; IkB, inhibitory «B; iNOS, inducible nitric
oxide synthase; LDL, low-density lipoproteins;
LPS, lipopolysaccharide; MAPK, mitogen-acti-
vated protein kinase; NF-«B, nuclear factor «B;
NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone; NO, nitric oxide; PARP, poly(ADP-
ribose) polymerase; PGE,, prostaglandin E,;
PKC, protein kinase C; PMA, phorbol 12-myris-
tate 13-acetate;, PMN, polymorphonuclear
leukocytes; ROS, reactive oxygen species;
TBARS, thiobarbituric acid-reactive sub-
stances; TCDD, 2,3,7,8-tetrachlorodibenzo-p-
dioxin; TGF, transforming growth factor;
TNFea, tumor necrosis factor a; TPA, 12-O-
tetradecanoylphorbol 13-acetate;, VCAM-1,
vascular cell adhesion molecule; WRS, water
immersion and restraint stress.
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