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Objectives: Resveratrol (3,5,4'-trihydroxystilbene) is the parent
compound of a family of molecules, including glucosides and poly-
mers, existing in ¢is and trans configurations in a narrow range of
spermatophytes of which vines, peanuts and pines are the prime
representatives. Its synthesis from p-coumaroyl CoA and malony!
CoA is induced by stress, injury, infection or UV-irradiation, and it is
classified as a phytoalexin anti-fungicide conferring disease resis-
tance in the plant kingdom.

Results: /n vitro, ex vivo and animal experiments have shown that it
possesses many biological attributes that favour protection against
atherosclerosis, including antioxidant activity, modulation of hepatic
apolipoprotein and lipid synthesis, inhibition of platelet aggregation
as well as the production of pro-atherogenic eicosanoids by human
platelets and neutrophils. Red wine represents its main source in the
human diet, and it has been proposed as a major constituent of the
polyphenol fraction to which the health benefits of red wine con-
sumption have been attributed.

Conclusions: The past several years have witnessed intense re-
search devoted to its measurement in wine and the factors likely to
promote its enrichment in this beverage. Up to the present, conclu-
sive evidence for its absorption by human subjectsin biologically
significant amounts is lacking, and it is questionable (but not
yetexcluded) that its powerful and beneficial in vitro activities
are reproduced as a consequence of sustained moderate red wine
consumption.
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Introduction

Over 30 stilbenes and stilbene glycosides are
known to occur naturally in a rather restricted
distribution: they are found only among members of
the plant kingdom classified as spermatophytes (1).
The essential structural skeleton comprises two aro-
matic rings joined by a methylene bridge. From this
relatively simple chemical notion, Mother Nature
has contrived a bewildering array of compounds
varying in the number and position of hydroxyl
groups; the extent to which these groups become
substituted with sugars, methyl, methoxy and other
residues; the steric configuration of chemically iden-
tical molecules; and, their ability to enter into reac-
tions forming dimers, trimers, or larger polymers.

The subject of this review, resveratrol, rejoices in
the more dignified nomenclature of classical organic
chemistry as 3,5,4'-trihydroxystilbene. In the labo-
ratory, its synthesis can be accomplished by a Wittig
reaction linking two appropriately substituted phe-
nols through a styrene double bond as described ini-
tially by Moreno-Manas and Pleixats (2), and subse-
quently modified by others (3,4). In this strategy,
methylated precursors are used to protect the OH
groups which are subsequently removed by boron
tribromide with formation of the trans-isomer which
is virtually the only naturally occurring isomer of
resveratrol. These heroic measures were rendered
redundant when resveratrol became commercially
available (Sigma, Cat No. R5010).

The main significance of resveratrol in plant biol-
ogy lies in its role as the parent molecule of a family
of polymers given the name viniferin (Figure 1).
These compounds are able to inhibit the progress of
fungal infection, a property which has earned their
inclusion in the class of plant antibiotics known as
phytoalexins. Another derivative, pterostilbene, in
which the hydroxyl functions at positions 3 and 5 are
methoxylated, has much greater antifungal activity
than resveratrol (5,6), but it is only a minor constitu-
ent of the phytoalexin response.
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Hart (7) has described the criteria necessary to
implicate a phytoalexin in disease resistance.

1. It must be present in those parts of the plant
invaded by the pathogen.

2. It must be present in high enough concentra-
tion to inhibit the growth of the pathogen in
vivo.

3. It must accumulate at the appropriate time to
cause observed disease resistance.

4. Changes in concentration in the plant must
correspond to changes in susceptibility to the
pathogen.

Resveratrol fulfils all of the above qualifications.
Until 1992, there was no interest in resveratrol
from the perspective of mammalian biochemistry or
clinical science, but in that year Siemann and
Creasy reported the presence of trans-resveratrol in
wine (8), and drew attention to the fact that it was
also a constituent of oriental folk medicines reputed
to benefit persons afflicted by a wide range of disor-
ders including those affecting the liver, skin, heart
and circulation, and lipid metabolism (9,10). This
publication appeared at an opportune moment: over-
whelming epidemiologic evidence was accumulating
in support of the notion that moderate alcohol con-
sumption significantly lowered the incidence of mor-
tality from coronary heart disease (CHD), but opin-
ion was divided on the issue of whether all alcoholic
beverages were equipotent (see Ref. 11 for review).
Some investigators advanced the view that wine
drinkers had lower CHD mortality rates than those
whose preference lay with other fluids. Rejecting the
argument that wine drinkers are a class apart from
the rest of the drinking public by virtue of their en-
hanced health-consciousness and superior socio-
economic status, the protagonists of this hypothesis
were in need of an ingredient other than alcohol
common to wine but lacking in other beverages to
lend credence to their views. This substance re-
quired biological potency in suppressing biochemical
reactions and pathological processes conducive to
atherosclerosis. Additionally, it was essential that
the putative agent(s) be limited in a normal healthy
diet to the extent that 2-3 glasses of wine per day
(the arbitrary definition of ‘moderate drinking’ in
the vocabulary of North American social scientists)
would cause a dramatic increase in intake.
Resveratrol met these criteria brilliantly (12).
Wines, especially those of the scarlet hue, are rich in
flavonoids and other polyphenolic constituents that
have been shown in vitro to inhibit platelet aggre-
gation and the synthesis of pro-atherogenic eicosa-
noids (13-15). In vivo, the consumption of moderate
amounts of red wine by human subjects is accompa-
nied by increased blood anti-oxidant activity (16—
18), an event which is likely to diminish the forma-
tion of oxidised LDL, implicated as a potent initiator
of atherogenic alterations in the endothelium, sub-
intima and smooth muscle layers of susceptible ar-
teries (19-21). But until resveratrol arrived on the
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scene, all of the constituents in the phenolic fraction
of red wine were merely members of an egregious
family widely distributed in plants, fruits and veg-
etables forming staple components of the human
diet (22,23). Resveratrol was the unique exception,
and wine was the only elixir which gave humanity
access to this antidote.

A twist to the tale came with the recognition that
resveratrol was present in white wine at vanishingly
low concentrations, but this was true for all of the
flavonoids and polyphenols shown to have desirable
biological properties. For the ‘wine is best’ brigade to
be on the winning side, a rational corollary was that
red had to be much more beneficial than white.
Voices to this effect soon made themselves heard,
and were supported by a number of experimental
reports on animal and human investigations provid-
ing credence to this view (24-27).

This, then, was the state of play around 1993
when we and our colleagues first took to the field
and began our research into this molecule and its
impact on the human species. The fact is that res-
veratrol is a pivotal molecule in plant biology with
homologies extending into the realm of mammalian
fatty acid metabolism. Since, to our knowledge, this
is the first time that a review on resveratrol has
been commissioned, we have accepted the responsi-
bility of gathering into a single work the multi-
faceted knowledge about this fascinating molecule
which has resulted from the efforts of scientists in
many disciplines. “In vino veritas.”

Occurrence in plant species

Resveratrol does not enjoy a wide distribution in
the plant world, and has been reported in few fruits
and vegetables employed for human consumption.
The review by Ingham (28) describes its occurrence
and distribution according to reports published prior
to 1972. One of the richest sources is the weed Poly-
gonum cuspidatum, root extracts of which have
played an important role in Japanese and Chinese
folk-medicine (9,10). Its occurrence has been docu-
mented in a number of trees: these include eucalyp-
tus (29,30) and spruce (31), as well as the tropical
deciduous tree Bauhinia racemosa (32).

The Scottish pine (Pinus sylvestris) synthesizes a
closely related stilbene with one fewer OH group
delighting in the name of pinosylvin, as well as the
methyl ether of the latter (33,34). Pinosylvin was
first reported in the heartwood (35), and subse-
quently in the sapwood, the secondary xylem that
contains living parenchymal cells (33,36). Its eco-
nomic importance was recognised as a factor confer-
ring resistance against insects (37), and it is synthe-
sised in seedlings in response to ultraviolet light
(38), fungal infection (39), and exposure to ozone
(40). The enzyme responsible for its biosynthesis,
stilbene synthase, is not expressed in non-stressed
seedlings, but can be detected after 6 h of exposure
and reaches a peak after 30 h (41).

Resveratrol has been identified in few flowering
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Figure 1 — Chemical structures of resveratrol isomers,
trans-resveratrol glucoside, a-viniferin and e-viniferin.

plants. Two species of lilly — Veratrum grandiflo-
rum and Veratrum formosanum — are able to syn-
thesize this compound. In the former, a high content
is present in leaves when the plant is damaged by
chemical treatment (42); in the latter, the roots and
rhizomes are relatively rich in resveratrol, and as
such have been used as a crude preparation to treat hy-
pertension in the Orient (43). Pterolobium hexapetallum,
a nonedible legume, is yet another plant species in which
resveratrol has been reported (44).

Cotyledons of groundnuts (Arachis hypogaea) syn-
thesise an array of phytoalexin stilbenes, including
resveratrol, concentrations of which are greatly in-
creased in response to infection, wounding, and ir-
radiation with ultraviolet (but not visible) light (45—
49). After exposure of cultured peanut cells to ster-
ilised insoluble fungal cell walls, increase in stilbene
synthase can be detected 40 min later and is 30-fold
above baseline by 2 h (50). The first increase in
translatable mRNA for stilbene synthase occurs
within 20 min after application of the stimulus.

Function in grapevine ecology

Most interest has centered upon resveratrol in
grapevines (Vitaceae) because its function as a phy-
toalexin and its role as a marker of infection by vari-
ous pathogens has been most intensively investi-
gated in this genus, and the results appear to hold
true for other members of the plant world in which
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similar investigations have been conducted. Resve-
ratrol may also be one of a number of hydroxystil-
benes that can be condensed to form tannins (51),
although this process has not been examined in de-
tail. The first reports describing the presence of res-
veratrol in grapevine tissues and its induction by
fungal infection came from the work in England of
Langcake and his associates (5,52-55), who also
found that ultraviolet irradiation, but not natural
sunlight, could stimulate its synthesis as well as
that of the viniferins (56); indeed the action spec-
trum for the UV-induced production of resveratrol
showed a maximum in the region 260-270 nm, sug-
gesting that DNA itself is the actual photoreceptor
for this response and explaining, at least in part, the
fact that sunlight does not act as an inducer under
natural conditions.

In their publications, these investigators stressed
that, whereas none of these phytoalexins are pre-
sent in healthy vine leaves or berries, they are quite
abundant in mature vine wood. The formation of
viniferins from resveratrol was shown to involve an
oxidative dimerisation that could be reproduced by
exposing the parent compound to a horseradish per-
oxidase-hydrogen peroxide system in vitro (57).
Hoos and Blaich (58), based upon experiments using
cultures from young vine plants, identified two types
of peroxidases that can convert resveratrol to vin-
iferins. Resveratrol is not the only stilbene monomer
to be synthesised by vine leaves stressed by infec-
tion: pterostilbene (trans-3,5-dimethoxy-4'-hydroxy-
stilbene) was also identified and proved to have
more potent anti-fungal activity (5,6).

Stein and Hoos in Germany (59) carried out more

Figure 2 — Diagrammatic representation of the infection
sites (region A) and the surrounding non-infected fruits
(regions B and C) in limited lesions caused by Botrytis
cinerea on grape clusters. Region D represents fruits situ-
ated far from the necrotic area. Reproduced from Ref. 64,
with permission. Copyright 1995, Paul Parey Verlags.
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detailed investigations into the relationship be-
tween susceptibility to fungal infection (Botrytis ci-
nerea), and the concentrations of stilbenes (resve-
ratrol and e-viniferin) in the leaves and berries of
different Vitaceae. Stilbene production in leaves and
berries of six different cultivars were positively cor-
related, and there was a negative correlation be-
tween stilbene production and susceptibility to B.
cinerea. Without infection, only very low concentra-
tions of both stilbenes could be detected.

Creasy and his colleagues at Cornell University
extended these observations, firstly by assessing the
capacity for resveratrol production exhibited by ber-
ries of vines grown in greenhouses under UV-
irradiation (60). They could not detect resveratrol in
the berry flesh, but only in the skins, with very low
concentrations found in the latter in the absence of
induction. Resveratrol synthetic potential was high-
est just before grapes reached maturity (veraison)
and was low in buds, flowers and mature fruits, de-
creasing in all cultivars after late August. These re-
sults were fully confirmed by French scientists a few
years later (3).

The Cornell group tested the resistance of 17 Vitis
cultivars to infection with downy mildew (Plasmo-
para viticola), and found a high correlation of the
former with ability to synthesise resveratrol and
e-viniferin following induction by UV-irradiation
(61). The stilbene response of the host was depen-
dent on inoculum density. Resistant species pro-
duced five-times the maximum concentrations of
resveratrol as susceptible species. Resveratrol was
much more stable and twice as potent as e-viniferin
when added to sporangia suspensions of the fungus,
and it also accumulated in infected vines to much

Figure 3 — Time-dependent effects of 5 x 107*M ptero-
stilbene on ultrastructure of Boirytis conidia revealed by
electron microscopy. Abbreviations as follows: w, cell wall;
pm, plasma membrane; N, nucleus; m, mitochondrion; ER,
endoplasmic reticulum; V, vacuoles; sh, storage bodies.
Adapted from Ref. 73, with permission. Copyright 1990,
Paul Parey Verlags. A. Part of an untreated dormant co-
nidium of Botrytis cinerea. B. Early effects of pterostilbene
on a conidium of Botrytis cinerea. Electron-dense lipid
bodies are visible in the cytoplasm. Some are close to the
mitochondrial membranes (arrows). Note the smoothing of
nuclear and mitochondrial membranes. Cristae of mito-
chondria are affected. Ribosomes and endoplasmic reticu-
lum are slightly discernable. C. Main effects of pterostil-
bene on a conidium of Botrytis cinerea visible after 10 min.
The uniformly gray aspect of the cell can be interpreted as
a higher degree of molecular disorganization. Cellular or-
ganelles are discernable as a consequence of electron-
dense lipid bodies formed in their membranes (arrows). D.
Aspect of pterostilbene-treated conidium after 30 min of
incubation. Coagulation of disorganized cytoplasmic ma-
terial gives contrasts and mitochondria appear quite
white on a gray background. Large electron-dense bodies
partly replace the nuclear and mitochondrial membranes
(arrows). INSET. Enlargement of a destroyed mitochon-
drion. In some places electron-dense lipid bodies are vis-
ible between the external and internal membrane (arrow).
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higher levels (62). Resistant species required pre-
treatment with lower concentrations of a systemic
fungicide (fosetyl-Al, Rhone-Poulenc) than suscep-
tible species to ward off subsequent infection.

Jeandet and his colleagues have provided a more
complete picture of the interaction between grey
mould infection (B. cirnerea) and stilbene production
by grape berry skins (63,64). The concentrations of
resveratrol (which were 10 to 20-fold higher than
those of pterostilbene) were greatest in the non-
infected fruit close to necrotic lesions and appeared
to help in limiting their spread. Significant amounts
can be found prior to any detectable lesions in fruits
collected from apparently healthy clusters (Figure
2). These studies, performed in the Burgundy region
of France, highlighted a number of important prin-
ciples. Firstly, it appears that in this location resve-
ratrol production enables the vine to withstand Bot-
rytis attack until climatic conditions (mild and hu-
mid) favourable to the pathogen tip the balance
against the host. Secondly, the stimulus to resve-
ratrol production in healthy berries at some distance
from infected areas must take the form of a chemical
signal regulating stilbene synthase activity gener-
ated by the pathogen or by the infected berries.
Thirdly, it is clear from the low resveratrol concen-
trations in the most severely infected areas that the
fungus has its own way of fighting back and neu-
tralising the fungicidal activity of stilbenes.

Hoos and Blaich (58,65) were the first to demon-
strate the oxidative degradation of both resveratrol
and pterostilbene by an enzyme present in B. cine-
rea. Pezet et al. (66) went on to characterize this
enzyme as a stilbene oxidase belonging to the lac-
case family, a group of mixed function oxygenases
active upon polyphenols previously shown to be syn-
thesised and secreted by B. cinerea in response to
chemical signals. Jeandet and colleagues examined
this interaction in more detail (67,68). They ob-
served a close correlation between the pathogenicity
of eight different fungal strains and their stilbene
oxidase potential. They also noted that when Bot-
rytis conidia attack the host tissues, resveratrol pro-
duction rises rapidly to reach a maximum 24 h after
germination, but the secretion of the phytoalexin-
detoxifying enzyme is delayed by two days. In other
words, accumulation of anti-fungal polyphenols by
the diseased host is necessary to trigger the next
response by the pathogen aimed at eliminating the
host’s defences against the initial aggression. This
exquisite example of biochemical chess played out
according to the principles laid down by Mother Na-
ture is a paradigm for the response to xenobiotics
manifested in mammals, including man, enshrined
in the umbrella terminology of microsomal enzyme-
induction (69).

Our knowledge of the interaction between grape-
vine, pathogen and phytoalexin at the structural
and ultrastructural levels has been profoundly en-
hanced by the scholarly work of Pezet and his asso-
ciates at the Swiss Federal Institute for Agronomic
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Research. They demonstrated the importance of pH
as determined by the organic acid content of the
grape (principally due to tartrate, malate and glyco-
late) as a co-operative factor in promoting the anti-
fungal activity of pterostilbene (70,71). In their ab-
sence, supra-physiological phytoalexin concentra-
tions are required for the in vitro inhibition of
germination, whereas when they are present physi-
ological concentrations suffice.

In a series of elegant synthetic reactions, they
were able to generate pure samples of 9 stilbenes
substituted by hydroxyl, methoxyl and halogen
groups (6,72). These were tested with B. cinerea for
their ability to inhibit three conidial functions in
vitro: germination, transformation and respiration
at concentrations of 5 x 10°M. Oxygen uptake was
not dramatically altered by any of the derivatives,
and those with the following substituents (as well as
resveratrol) were inactive by the remaining two cri-
teria: 4-methyl; 3,4-methoxyl; 4 chloryl. In addition
to pterostilbene (3,5-dimethoxyl-4’-hydroxystil-
bene), high activity was demonstrated by the 3-chlo-
ryl as well as the 3,4-dichloryl and 3,5-dichloryl
substituents.

By electron microscopy (72,73), concentrations of 5
x 107*M pterostilbene added to dormant conidia
caused rapid destruction of ribosomes, endoplasmic
reticulum, and of mitochondrial and nuclear mem-
branes, already quite advanced within 5-10 min of
exposure at which time respiration appeared to
cease completely at this concentration. By 30 min
the cytoplasm was coagulated into numerous vacu-
oles, and mitochondria were clear with no cristae
visible. No recognizable cellular structures could be
seen after 3 h, at which time disorganization of the
plasma membrane was also quite advanced (Figure 3).

Pool et al. (74) were the first to utilise the poten-
tial of grapevines to synthesise resveratrol and vin-
iferins as an index for resistance to various plant
diseases. Stein and Blaich extended these observa-
tions (75), and reported a good correlation between
the potential of resveratrol synthesis in both leaves
and berries and resistance to infection. This ap-
proach was applied by Barlass et al. (76) to grape-
vine resistance to Plasmopara viticola. Although
there was a good correlation between resistance to
infection and resveratrol synthesis by UV-irradiated
leaf disks, the latter was very sensitive to environ-
mental changes and varied with the stage in devel-
opment of the plant. Similar conclusions were drawn
in the course of investigations into grapevine reac-
tion with another pathogen, Trichoderma viride
(77). The most optimistic results were reported by
Jeandet and his colleagues (78,79) with reference to
B. cinerea infection of grapevine cultures. Of 13 cul-
tivars examined, 11 demonstrated an excellent cor-
relation between resveratrol production by in vitro
plantlets exposed to UV-irradiation and their field
sensitivity to B. cinerea (Figure 4).

Resveratrol and related stilbenes are strongly im-
plicated as an important mechanism in host defense
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Figure 4 — Relationship between resveratrol production
by in vitro plantlets and their field susceptibility to Bot-
rytis cinerea: Disease resistance was rated as follows: 1 =
very low resistance; 2 = low resistance; 3 = intermediate
resistance; 4 = high resistance. Reproduced from Ref. 79,
with permission. Copyright 1995, Kluiver Academic Pub-
lishers.

against infection and injury among those members
of the plant community that can conjure up its ex-
istence. Since the gene specifying its synthesis en-
joys a very restricted distribution, it is not surpris-
ing that cash crops subject to endemic fungal attack
and from which it is constitutively absent have be-
come the target of genetic engineering in an attempt
to correct this natural but regrettable deficiency.
This, among other reasons, justifies the space we
now intend to devote to describing the biosynthe-
sis of resveratrol and the genetic regulation of that
process.

Resveratrol synthesis and gene expression

The immediate precursors of resveratrol are p-
coumaroyl CoA and malonyl CoA in a molar ratio of
1-to-3. The latter is derived by elongation of acetyl
CoA units and the former from phenylalanine
which, in plants, can be synthesised from sugars via
the shikimate pathway (80). By losing its amino
group through oxidative deamination catalysed by a
specific enzyme, phenylalanine ammonia lyase, phe-
nylalanine is converted to cinnamic acid which in
turn is enzymatically hydroxylated to p-coumaric
acid; in the final step, p-coumaroyl CoA is generated
from the free co-enzyme by a specific CoA ligase
(Figure 5). The condensation of p-coumaroyl CoA
with three molecules of malonyl CoA is accom-
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Figure 5 — Biosynthetic pathway from phenylalanine to
resveratrol, 1, and naringenin chalcone, 2. Adapted from
Ref. 91 with permission. Copyright 1995, Vitis.

plished through the activity of the stilbene synthase,
resveratrol synthase, in most species of the Vitaceae
(81), and four moles of CO, are released for each
mole of resveratrol synthesised. Interestingly, in
some species of pine (e.g., Pinis sylvester), cinnamate
is converted to cinnamoyl CoA by another ligase.
This replaces p-coumaroyl CoA in the stilbene syn-
thase reaction leading to the production of pinosyl-
vin which has one fewer hydroxyl group than resve-
ratrol but subserves the same function as a phyto-
alexin fungicide in the heartwood of the tree (82).

The Vitaceae possess another enzyme, chalcone
synthase, which catalyses a reaction involving one
molecule of p-coumaroyl CoA and three of malonyl
CoA, but in this instance only three molecules of
CO, are generated (83-85); the other product is nar-
ingenin chalcone which, in a further series of reac-
tions, gives rise to the flavonoid family. This in-
cludes the tannins and anthocyanins which account
for the bitterness and the pigmentation, respec-
tively, that are present in the skins of mature
grapes.

Based upon extensive investigations reported be-
tween 1970 and 1975 by Kreuzaler, Hahlbrock,
Grisebach and their associates (see Ref. 84), a
scheme for the biosynthesis of the flavonoid precur-
sors from p-coumaroyl CoA and malonyl CoA has
been proposed (Figure 6). In contrast to earlier sup-
positions that chalcone was the first intermediate in
the sequence of reactions, being formed from p-
coumaroyl CoA and malonyl CoA, this body of work
strongly pointed to the flavanone naringenin being
the immediate product; bis-noryangonin is an inter-
mediate generated by the transfer of acetate units
from the first two participating malonyl CoA resi-
dues, while the third acetate transfer reaction com-
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Figure 6 — Scheme for the formation of naringenin and
bis-noryangonin from p-coumaroyl-CoA and malonyl-CoA.
E = enzyme (flavanone synthase), RSH = mercaptoetha-
nol or dithio-erythritol. The scheme includes the isomer-
ization of naringenin to the corresponding chalcone cata-
lyzed by chalcone isomerase (CI). The waved lines repre-
sent energy-rich bonds, probably thiol esters. Reproduced
from Ref. 84, with permission. Copyright 1975, Elsevier.

pletes the formation of naringenin. The tetrahy-
droxy-chalcone which serves as the parent com-
pound for flavonoid synthesis is not, as was origin-
ally thought, the ultimate product of chalcone syn-
thase, but is generated from naringenin through the
activity of an independent enzyme, chalcone isomer-
ase. In subsequent investigations they went on to
demonstrate a remarkable similarity between the
enzymatic steps involved in naringenin synthesis
and those of fatty acid synthase and 6-methylsali-
cylic acid synthase, the latter being the first enzyme
shown to catalyse the formation of a ring structure
from condensation of acetyl units (85). Four common
features shared by these three enzyme systems were
identified: a) CO, exchange; b) decarboxylation of
malonyl CoA; ¢) inhibition by sulfhydryl reagents; d)
inhibition by the fungal antibiotic cerulenin which
specifically blocks the transfer of B-ketoacyl resi-
dues from an acyl carrier protein to the synthase, a
step which usually involves a pantetheinyl residue
present in the synthase or one of its subunits. While
chalcone synthase from parsley (Petroselinum
hortense), the most frequently studied enzyme, was
indeed shown to comprise two probably identical
subunits, neither an acyl carrier protein or a pante-
theinyl residue could be demonstrated (86).
Further work by this group demonstrated that
parsley cell cultures grown in the dark, upon subse-
quent irradiation with UV light synthesised large
quantities of mRNA for both chalcone flavonone syn-
thase and phenylalanine ammonia-lyase, the en-
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zyme that catalyses the first step in p-coumaroyl
CoA production from phenylalanine (87). Moreover,
to emphasise its functional homology with fatty acid
synthase and other enzymes that carry out conden-
sation reactions using polyketide intermediates,
they showed that it could transfer acetate units from
malonyl CoA to a series of aliphatic and aromatic
CoA esters as recipient molecules, but other donor
CoA esters could not replace malonyl CoA. Two
years later, Fritzemeier and Kindl (81) reported that
UV-light also stimulated the coordinate induction of
phenylalanine ammonia lyase and enzymes of stil-
bene synthesis in leaves of the vine. A similar rela-
tionship between the two enzyme systems in Vita-
ceae is also seen when fungal cell walls are used as
the agent of induction (88). It is now accepted that
both chalcone and resveratrol synthases belong to
the family of polyketide biosynthetic enzymes that
are widely distributed in fungi and plants and are
thought to have a common evolutionary origin (89).

Resveratrol synthase and chalcone synthase are
different in this fundamental respect: the latter is
expressed constitutively, such that its activity is
substrate-driven and its products accumulate in pro-
portion to the generation of precursor sugars during
ripening and maturation of the berries, a process
stimulated by UV light and possibly accounting for
the ability of the latter to modulate its mRNA pro-
duction (80). By contrast, the former is normally un-
expressed and is inducible only by a range of provo-
cations which include UV-irradiation, trauma and
infection (89). That this is indeed so and that the
enzymes manifest reciprocal activities is supported
by recent data showing that the anthocyanin con-
centrations of grape berry-skins increase concomi-
tantly with a reduced ability to respond to UV irra-
diation by synthesising resveratrol, starting at ve-
raison, the time when pigmentation of the skin
commences and initiates the maturation process
(91).

The biochemical events leading to the induction of
stilbene synthases have been comprehensively re-
viewed by Ebel (92). The best-characterized elicitors
of this response are soluble B-glucans present in mi-
crobial cell walls, and structural analysis has shown
the importance of oligogglucoside branching. Cyclic
nucleotides are unlikely to play a ‘messenger’ role in
activation of stilbene synthase, but Ca®* ions seem
to be involved, since omission of Ca2* ions from the
medium or addition of Ca* ion-antagonists abolish
the response.

Purification of chalcone synthase and resveratrol
(or stilbene) synthase from several sources was a
prelude to a definition of their covalent structures
and the search for homologous sequences and motifs
common to all. Schoppner and Kindl (48) purified
from peanut (Arachis hypogaea) cell cultures a stil-
bene synthase that was at least 10-times more ac-
tive in producing resveratrol than other stilbenes. It
was shown to be a dimer. The purified enzyme was
devoid of chalcone synthase activity and gave rise to
monospecific antibodies in rabbits which did not
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cross-react with chalcone synthase. From cultured
cells of the spruce (Picea excelsa), Rolfs and Kindl
partially purified stilbene synthase and chalcone
synthase (31). Although both enzymes had similar
molecular and subunit molecular weights, they
could be separated by gel electrophoresis, and each
could be immuno-precipitated by specific antibodies
that did not react with the other enzyme.

By 1988, a veritable cluster of chalcone synthase
enzymes had been cloned from a multitude of plants.
Their protein amino acid and complementary DNA
sequences were highly conserved in widely different
plant families, overall homology being 85-90%. In
that year, Schroeder et al. (93,94) isolated two cDNA
clones from peanut cDNA libraries which were em-
ployed to identify two genomic clones with a large
stretch of nearly identical sequences, one specifying
the 5' and the other the 3’ end of the resveratrol
synthase gene. Overall homology with chalcone syn-
thases at the protein level was 70-74%, with about
16% of the 270 amino acids highly conserved in the
latter being exchanged in resveratrol synthase. A
comparison of hydropathy profiles (Figure 7) sug-
gested that the largest effects on the distribution of
hydrophobic and hydrophilic residues occurred in
three regions: amino acids 95-106, 136-152, and
231-285. A single intron was common to both en-
zymes. Since then, this group has characterised a
further two genomic sequences of resveratrol syn-
thase from extracts of peanut cell cultures, and
claimed to find differences in the expression of gene-
specific oligonucleotides corresponding to these and
the two previously described clones depending upon
the stimulus applied to the cells (95).

It is intriguing but not altogether surprising that
the stilbene synthase from pine, which produces pi-
nosylvin that differs from resveratrol only in lacking
one hydroxyl group, demonstrates less homology
with resveratrol synthase than the latter does with
chalcone synthase (34). The reader will recall that
the last two-mentioned enzymes utilise identical
substrates, malonyl-CoA and p-coumaroyl CoA,

Figure 7 — Hydropathy profiles of Resveratrol Synthase
and Chalcone Synthase. The most obvious differences are
shaded in black; the vertical line indicates the position of
the intron. Reproduced from Ref. 93, with permission.
Copyright 1988, Elsevier.
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Figure 8 — Effect of trans-resveratrol on the secretion and
intracellular concentrations of cholesteryl esters (A) and
triglycerides (B). Confluent Hep G2 cells were incubated
for 24 h at the stated concentrations. Results are mean +
SD of 4 plates assayed in duplicate and expressed as a
percentage of control cultures (no resveratrol). *P < 0.05;
**P < 0.01. Reproduced from Ref. 167, with permission.
Copyright 1996, American Chemical Society.

whereas the first-mentioned enzyme catalyses the
condensation of malonyl-CoA with cinnamoyl CoA.
The Schroeder group has performed a number of
sophisticated structural alterations to these en-
zymes by site-directed mutagenesis in order to de-
fine the crucial amino acid residues conferring speci-
ficity of substrate utilised and of product formed
(96,97). Six cysteine residues that are conserved in
chalcone and resveratrol synthases were exchanged
for alanine, but only cysteine 169 was essential in
both enzymes; it was shown to be the target of the
antibiotic cerulenin which, as mentioned above, re-
acts with the cysteine in the active centre of
polyketide condensing enzymes. Differences in the
response to exchange of the cysteines at positions
135 and 195 suggested that these may be involved in
the different product specificity of the two enzymes.
The sequences surrounding the essential cysteine
169 revealed no similarity to the active sites of other
such enzymes participating in polyketide and fatty
acid synthesis, and the authors proposed that res-
veratrol and chalcone synthases are members of a
group that evolved independently of other condens-
ing enzymes. The environment around cysteine 169
is strongly conserved among all stilbene and chal-
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Figure 9 — Effect of trans-resveratrol, antioxidants and
other wine phenolics on the synthesis of thromboxane B,
(A, top) and 12-HETE (B, bottom) from labelled arachido-
nate by washed human platelets at a fixed concentration
of 10 wumol/L as a percentage of the control (DMSO alone).
Data are mean *= SD of 4 experiments in each of which a
different sample was used. RSV, trans-resveratrol; BHT,
butylated hydroxytoluene; HQ, hydroquinone; TOC, a-to-
copherol; QUERC, quercetin; CAT, catechin; EPI, epicat-
echin. *P < 0.05; **P < 0.001. Reproduced with permission
from Ref. 174. Copyright 1995, Elsevier.

cone synthases whose structures have been eluci-
dated, except for positions -2 and -3. All chalcone
synthases contain Gln-Gln in these positions and
prefer p-coumaroyl CoA as starter CoA ester; in the
stilbene synthases that produce pinosylvin starting
with cinnamoyl CoA and resveratrol starting with
p-coumaroyl CoA, these positions are occupied by
GIn-His and His-Gln respectively.

Gene transfer

Because of its potential to confer disease resis-
tance upon plants incapable of performing its syn-
thesis, resveratrol and stilbene synthase have been
the targets of investigations designed to transfer the
gene specifying its synthesis to disease-susceptible
plants lacking this genetic information. The first
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step towards this goal was the expression in E. Coli
of a full-length stilbene synthase ¢cDNA prepared
from grapevine mRNA yielding an enzymatically-
active dimer exhibiting only stilbene synthase activ-
ity (98).

Next, the gene from groundnut (Arachis hy-
pogaea) that codes for stilbene synthase was trans-
ferred to tobacco plants (Nicotiana tabacum) to-
gether with a chimaeric kanamycin-resistant gene.
Rapid induction of stilbene synthase with accumu-
lation of resveratrol in tobacco cells occurred on ex-
posure to UV-light (99). Indeed, 10 min after UV
irradiation stilbene synthase mRNA was detected;
this reached a maximum between 2 h and 8 h, ceas-
ing by 24 h after the start of irradiation, similar to
the kinetics of UV-induced stilbene synthase mRNA
transcription in groundnuts.

The final accomplishment in this elegant train of
investigations was reported three years later by
Hain et al (100) who described evidence that the
regenerated tobacco plants containing these genes
are more resistant to B. cinerea infection than the
wild type. In an interesting and almost impudent
commentary on their achievement, the authors slyly
suggested that they were on the right side of the
battle between Good and Evil in that their endeav-
ours were dedicated to conferring disease resistance
upon a plant for which the human species has de-
veloped, perhaps misguidedly, a particular fond-
ness. In contrast, certain colleagues had earlier
taken a gene from a virulent organism (Nectria hae-
matococca) coding for a phytoalexin-degrading en-
zyme (101) which was then transfected into an
avirulent organism (Cochliobolus heterostrophus),
whereupon it became able to colonize and infect veg-
etables included in the human diet (102). Between
phytoalexins such as resveratrol and phytoalexin-
degrading enzymes of fungal parasites, an eternal
battle has been in progress since the dawn of biology
and it seems as if the final outcome will be decided
not by chance, or by Mother Nature, but by human
intervention.

Measurement of resveratrol
HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

The determination of resveratrol content was ini-
tially focused upon plant components including
leaves, heartwood, petals and berry skins, but more
recently wines and grape juices have been the centre
of attention. Historically, the measurement of trans-
resveratrol has required organic-phase extraction
followed by one or more high-performance liquid
chromatographic (HPLC) steps. For this reason,
rather large initial volumes were required, and vari-
able losses occurred due to incomplete extraction or
oxidation of resveratrol. Typical of these procedures
is the method developed by Siemann and Creasy to
demonstrate the presence of ¢rans-resveratrol in
wine for the first time (8). Starting with 100 mL of
wine, this calls for no fewer than eight independent
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steps during extraction followed by two independent
HPLC runs separated by a period of UV-light expo-
sure to convert frans-resveratrol to the cis isomer.
The method of Lamuela-Raventos and Waterhouse
(103) starts with an initial volume of 500 ml of wine
and requires 11 individual steps involving extrac-
tion, evaporation, washing, and filtration before the
sample is ready for HPLC.

Jeandet et al. (104,105), synchronously with our
group (106,107), described the presence of cis-
resveratrol as well as ¢rans-resveratrol in wine, of-
ten in higher concentrations than the latter. The
method used called for multiple solvent extractions
during which time the samples and extracts had to
be constantly protected against light to prevent pho-
tochemical isomerization of trans-resveratrol to the
cis form. After extraction was complete, the resve-
ratrol isomers were resolved and quantitated by gas-
liquid chromatography under conditions confirmed
by mass-spectrometric analysis in the earlier report
(104), and subsequently by HPLC with trans-
resveratrol being monitored at 307 nm and cis-
resveratrol at 280 nm (105). The probability that
significant and previously unrecognized losses arise
during the manipulations required in organic-phase
extraction was suggested by the work of Mattivi
(108). Employing solid phase separation on a re-
verse-phase C;g cartridge followed by HPLC with
diode array detection, he reported much higher
trans-resveratrol concentrations in wine than had
been recorded up to that time.

Resveratrol analysis by HPLC became very much
simpler when resolution conditions were improved
to the point where prior work-up of the sample was
unnecessary, and a small volume (typically 20 pL)
could be directly injected onto the column. This ap-
proach was first described by three different groups
within a short interval. First were Pezet and col-
leagues who employed reversed phase HPLC with a
methanol-formic-acid gradient elution (109). In this
system, they were able to measure both #frans-
resveratrol and pterostilbene, and exquisite sensi-
tivity (down to 0.05 wmol.l™!) was provided with
fluorescence detection that allowed measurements
of one-fortieth the concentrations of which UV de-
tection was capable (2.0 umol.1"!). Roggero and Ar-
chier (110), taking advantage of diede array technol-
ogy which they had previously used to detect a range
of phenolic constituents in wine samples although
analytical details were not provided (111,112), were
able to measure both trans-resveratrol and its §-D-
glucoside trans-polydatin (piceid) in wines from
southern France. McMurtrie et al. (113) developed
an HPLC method utilising electrochemical detection
and reported a sensitivity down to 10 pug/L with lin-
earity over the range 0.1-8.0 mg/L. Shortly after,
our group described a normal-phase HPLC method
with isocratic elution which, following injection of 20
pL of wine, allowed accurate quantitation of the two
free-resveratrol isomers (trans- and cis) as well as
the 3-B-D-glucosides formed from each of the iso-
mers, trans and cis-polydatin (114,115).
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The most recent advances in HPLC technology ac-
complished by ourselves (116,117) and the Water-
house group (118) enabled the quantitation of both
isomers of resveratrol and polydatin using direct in-
jection of wine on to a C,4 reverse-phase column fol-
lowed by gradient elution and diode array detection.
However, the latter authors did not present analyti-
cal data validating their method. In contrast, we
have described an extensive series of purity checks
and spectral analyses to which all eluting peaks are
subjected in our system, as well as data on precision,
recovery and linearity for a range of other phenolics
as well as stilbenes that can be simultaneously
quantitated during a 40-min run. Table 1 presents a
comparison of the principal HPLC methods used to
measure resveratrol up to the present time.

(GAS-CHROMATOGRAPHY-MASS-SPECTROMETRY (GC-MS)

Although not as popular as HPLC, GC techniques
with or without MS detection have been quite fre-
quently employed. Jeandet et al. (104) were among
the first to use this approach in which trimethylsilyl
derivatives of resveratrol were made after extensive
solvent extraction, and they were able to measure
both the trans and cis isomers because of their dif-
ferent retention times. In that year, we reported a
GC-MS method to measure trans-resveratrol which
incorporated several novel features: firstly (119,120)
and synchronously with Mattivi (108), we used solid
phase extraction of 1 mL of wine on a C,g cartridge
followed by elution of trans-resveratrol with the
same volume of ethyl acetate. Only 1 pL of this ex-
tract was then injected onto a special heat-resistant
column which allowed a temperature of 305° C to be
reached within 15 min and held for a further 5 min
(121). Excellent results were obtained by selective
ion monitoring of the molecular ion at mass 228; as
qualifiers we used M-H (mass 227) and the C-isotope
(mass 229).

Following the first report of cis-resveratrol by
Jeandet et al. (104), we adapted our GC-MS method
to allow the simultaneous analysis of both isomers
which were well separated on a yet more heat-
resistant column (122). Recovery of the cis-isomer
was a little lower than that of trans-resveratrol, av-
eraging 95%, and the detection limit a little higher
at 10 pg/L.

Simultaneously, we developed a conventional GC-
MS method in which solid phase extraction of 1 mL
of wine on a C;g column was followed by elution
of both resveratrol isomers with ethyl acetate. The
eluate was evaporated to dryness and derivatiza-
tion with bis-[trimethylsilyl]-trifluoroacetamide
(BSTFA) was performed (123). Both isomers of res-
veratrol could be measured with a detection limit of
10 wg/L using the target ion of m/z = 444 (relative
abundance 100%) with ions of m/z = 445 (relative
abundance 44%) and 446 (relative abundance 19%)
as the qualifying ions. Recent modifications of this
method, while still retaining its basic analytical
principles, have permitted the simultaneous deter-
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TaBLE 1
Characteristics of Published HPLC Methods for Analysis of Trans-Resveratrol

Retention
time Sensitivity
Authors (Ref) Column used Elution Detection (Min) (pmol/L™")
Arora and Strange (49) Spherisorb 10 ODS Gradient® Diode array 12 200
Jeandet et al (3) Ultrasphere ODS Gradient® 307 nm 11 NSsd
Lamuela-Raventos &

Waterhouse (103) Novapack C;, Gradient® Diode array 16 0.2
Mattivi (108) Hypersil ODS Gradient® Diode array 14 0.5
Pezet et al (109) Lichrospher 100-RP Gradient® Fluorescence 15 0.05

307 nm 2.0
Roggero & Archier (110) Superspher RP-18 Gradient® Diode array 120 NS
McMurtrey et al (113) Nucleosil C,g Isocratic® Electrochemical 16.5 0.05
Goldberg et al (114) Lichrospher 100-CN Isocratic® 30bnm 50 0.1
Jeandet et al (105) Lichrocart C,g Isocratic® 307 nm 9 NS
Lamuela-Raventos et al (118) Nucleosil C,4 Gradient® 306 nm 17 0.05
Goldberg et al (117) ODS Hypersil Gradient® Diode array 27 0.15

2 Solvent extraction.

® Solid-phase extraction.
¢ Direct injection.

4 Not stated.

mination of a large series of phenolic acids notable
for their contribution to the antioxidant activity and
health potential of wine in the same sample during
the same analytical run-time (Soleas GJ et al., Sub-
mitted for Publication).

OTHER METHODS

An interesting method was described by Hain et
al. (99). This involves an enzyme-linked immunosor-
bent assay (ELISA) using an antibody raised in rab-
bits and conjugated with horse-radish peroxidase. A
test sensitivity of 10 ng/mL was reported. However,
the method was used in plant extracts, which are
much less complex than wines, and the reagents are
not available commercially. It is to be expected that
raising antibodies “in-house” would lead to variabil-
ity between laboratories, since these antisera would
recognize different epitopes. The use of a peroxidase-
H,0, system for the quantitative oxidation of plant
stilbenes resulting in an increase in absorbance at
248 nm has been suggested as a means of measuring
trans-resveratrol in plant materials (124). Best re-
sults were obtained when the purified isoenzyme C
of horse-radish peroxidase was used.

Resveratrol and related stilbenes in wine

In their classic paper carrying the first documen-
tation of trans-resveratrol as a phenolic constituent
of wine, Siemann and Creasy (8) described low con-
centrations in white wines, most having <0.03 mg/L
although some Chardonnays from New York State
contained up to 0.1 mg/L. United States red wines
usually had low trans-resveratrol concentrations,
but values up to 0.65 mg/L were recorded in red
Bordeaux wines. Lamuela-Raventos and Water-
house (103), who confined their observations to Cali-
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fornian wines, also noted very low concentrations in
white wines, and low concentrations in red wines;
only those from Pinot Noir contained significant
amounts, ranging up to 0.68 mg/L. Jeandet et al.
(104) exclusively studied white wines (Chardonnay
and Aligote) and red wines (Pinot Noir) from Bur-
gundy, and measured the trans and cis-resveratrol
independently in these samples. Once again, the
concentrations in all white wines tested were low.
The trans-resveratrol concentrations were, in light
of subsequent work by this group and others, sur-
prisingly low, being in the range of values reported
for Californian Pinot Noir wines (103), and ranging
from 10-50% of the total resveratrol concentrations
(0.34-1.83 mg/L). Up to that time, there had been
little evidence that cis-resveratrol existed in plants.
One exception was the finding by Ingham of cis-
resveratrol in the infected hypocotyls of groundnuts
(Arachis hypogaea) in concentrations about 25%
that of the trans-isomer (45), while Hathway and
Seakins (29) found traces in the heartwood of Euca-
lyptus approximating 5-10% the concentration of
trans-resveratrol.

Mattivi (108), using solid-phase rather than or-
ganic-phase extraction as in the above three reports
(8,103,104), recorded much higher trans-resveratrol
concentrations in red wines from the Trentino re-
gion of Italy. Highest concentrations were found in
wines from Cabernet Sauvignon (1.33-7.17 mg/L),
with those from Merlot (3.14-6.03 mg/L) and Pinot
Noir (3.22-5.93 mg/L) being the next highest. Val-
ues for trans-resveratrol ranging from 0.3 to 2.1
mg/L were described in 40 Tuscan wines (mainly
Sangiovese grape); the cis-resveratrol concentra-
tions were 0.5-1.9 mg/L (125). Total resveratrol iso-
mer concentrations of red wines from the Marche
region of Central Italy ranged from 0.6 to 3.00 mg/L
(126).
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The concentrations of trans and cis-resveratrol in
Spanish wines were reported by two groups. One of
these studies was restricted to wines from the region
of Catalonia (127). Low concentrations for both iso-
mers were found in white and rosé wines, but the
mean concentrations (range) for trans and cis-
resveratrol in red wines of unspecified varietal ori-
gin were 1.56 mg/L (0.34-6.70) and 1.09 mg/L (0.05-
4.78), respectively. The second study was restricted
to 18 monovarietal wines obtained from a number of
Spanish wine-producing areas (118). The data
showed differences in the relative proportions of iso-
mers that seemed to be more dependent upon the
cultivar than upon the region in which the wine was
produced. Japanese wines seem to have very low
trans-resveratrol concentrations (128).

The above investigations were all conducted on
modest sample numbers and were essentially re-
stricted to the wines of a single country or region. In
a series of papers, we have described the concentra-
tions of resveratrol isomers in wines from every im-
portant wine-producing area of the world, having
analyzed to the present time more than 2,000 indi-
vidual products (122,129,130). Low concentrations
were observed in virtually all white wines and for-
tified dessert wines. Values rarely exceeded 0.1 mg/
L, an exception being certain German Riesling
wines in which concentrations of ¢trans-resveratrol
ranging from 0.75-1.22 mg/L were measured.
Among red wines, those of Burgundy and Oregon
(where Pinot Noir is the predominant or exclusive
cultivar) had the highest concentrations, with those
of Bordeaux, the Rhone Valley and Canada next in
line. Wines produced in regions notable for warm,
dry climates, such as California, Australia, Spain,
Italy, South Africa and South America had the low-
est resveratrol concentrations. In general, there was
a significant positive correlation between the trans
and cis-resveratrol concentrations of all wines in
which both isomers were analyzed in these investi-
gations, but the cis:trans ratio ranged from 0.34
(South Africa) to 0.95 (Oregon).

Resveratrol glucosides in wine

Following the intensification of research interest
stimulated by the reported presence in red wines
firstly of trans-resveratrol and subsequently of cis-
resveratrol, it was not long before the B-glucoside
of trans-resveratrol (trans-polydatin) was identi-
fied in grape berries (131) and in red wine samples
(110,132). Subsequently the glucosides of both iso-
mers of polydatin were found in relatively high con-
centrations (114,115,118). Up to the present, our
group (133) is the only one to have provided data on
glucoside concentrations in a large and representa-
tive selection of wines numbering in excess of 500.
Notable was the fact that wines from Spain-
Portugal, Italy and South America, which had low
concentrations of free isomers, had relatively high
glucoside concentrations, while the reverse was true
of wines from Bordeaux and Burgundy which had
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high free isomer but low resveratrol glucoside con-
centrations. In wines from Canada and the Rhone
Valley, both the free isomer and glucoside concen-
trations were high, whereas in wines from Califor-
nia and Australia both were low. Interestingly, for-
tified wines such as port, in which fermentation is
prematurely terminated by addition of spirit alcohol
to maintain high sugar concentrations, and whose
resveratrol concentrations are very low, have signifi-
cant concentrations of trans and cis-polydatin often
exceeding 1.5 mg/L in total. These observations sug-
gest that, at least in some wines, there is a recipro-
cal relationship between the concentrations of glu-
cosides and free isomers, consistent with the notion
that the latter are, at least in part, derived from the
hydrolysis of the former during fermentation. Res-
veratrol aggregates (viniferins) have not been re-
ported in wine although they are present in leaves
and canes of the vine, and especially in the roots
(134).

Factors affecting wine
resveratrol concentrations

Implicit in performing controlled experiments on
a natural phenomenon such as grape fermentation,
which is carried on in so many regions of the uni-
verse notable for differences in soil conditions and
climate, is the difficulty of identifying all of the fac-
tors responsible for the variations in resveratrol con-
centrations that are observed among wines of differ-
ent origin. However, a number of these can be de-
duced by inference, and others have become
apparent as the outcome of specific investigations.

(a) VARIETAL

Certain species of Vitaceae such as Pinot Noir ap-
pear to have a high intrinsic ability to synthesize
resveratrol irrespective of the location or conditions
under which they are grown. This grape has a rela-
tively thin skin that renders it very sensitive to trau-
matic damage, Botrytis infection, and UV-light. Be-
cause it is more susceptible to blight than sturdier
cultivars, it is usually the first to be harvested and
therefore has passed veraison (at which resveratrol
concentrations in the vine tend to peak) by a shorter
interval than its companion cultivars grown in the
same vineyard or estate. In areas as diverse as Bur-
gundy, California, Oregon and Australia, high res-
veratrol free isomer concentrations are almost al-
ways found in wines vinted from this grape. By con-
trast, Cabernet Sauvignon wines demonstrate much
more varied concentrations of resveratrol which
seem to be climate-dependant. Those from warm,
dry climates where fungal attack is low have re-
duced concentrations, whereas in the cooler and
damper climates of Bordeaux and Canada, wines
with much higher concentrations of resveratrol are
produced. Thus, the expression of resveratrol by this
cultivar is constitutively low, and its induction leads
to concentrations proportional to environmental
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stress. Even when this stress is maximal, they are
still less than those routinely found in Pinot Noir.

(b) FUNGAL PRESSURE

This elegant concept has been coined by Jeandet ez
al as the outcome of a study in which Pinot Noir
wines from three producers over a 13-year period
were analyzed and correlated with the extent of fun-
gal disease due to three pathogens (gray mould,
powdery mildew and downy mildew) and were re-
corded for each year (105). Overall, there was a
rather shallow downward trend in resveratrol (sum
of trans plus cis) concentrations throughout the pe-
riod punctuated by sharp increases in some years
and troughs in others. The authors interpreted the
data as suggesting that conditions leading to infec-
tion enhance resveratrol production, but that exten-
sive fungal development may destroy the induced
resveratrol. Thus, they predicted that years with
low levels of disease would be associated with maxi-
mum concentrations of resveratrol in the wine. Un-
fortunately, this pattern is far from consistent. The
hypothesis, although attractive, remains to be estab-
lished. Indeed other environmental factors such as
amount of sunlight and time of harvesting after ve-
raison also need to be taken into account in the in-
terpretation of retrospective data of this kind.

(c) SKIN CONTACT

White wines generally contain 1-5% of the resve-
ratrol content present in most red wines. Yet, an
analysis of the resveratrol content of lightly-pressed
Jjuices in comparison to that of skins from the same
grapes (Table 2) revealed the following (123): a) the
trans-resveratrol content of juices was about three
orders of magnitude less than that of the corre-
sponding skins and of the finished red wines made
from the black grapes; b) the trans-resveratrol con-
tent of the skins was in the lower range of those
concentrations encountered among red wines, so
that even if all were extracted during skin fermen-
tation, there would be insufficient trans-resveratrol
to account for its concentration in the finished wine;
c) cis-resveratrol was virtually undetectable in these
skins and juices, implying that its presence in red
wine may be due to trans-cis isomerisation and/or its
release from glucosides and viniferins which almost
certainly are present in the skins although we were

TABLE 2
Trans-Resveratrol Content in Skins of Ontario
Grapes (ug/g)

White Black
Riesling (1.98) Baco Noir (0.32)
Seyval (1.84) De Chaunac (0.77)
Chardonnay (1.62) Marechal Foch (2.16)
Vidal (1.20) Cabernet Franc (3.54)

Data from Ref. 123.
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unable to measure them at the time; d) the low res-
veratrol content of white wines is exclusively the
consequence of removing the skins and pips before
allowing the free-run juice to ferment.

Against this background, it is not surprising that
most investigators have found an intimate relation-
ship between duration of skin contact during fer-
mentation and the degree of maceration of the skins
(135-141). Mattivi and Nicolini (134) reported an
increase in the trans-resveratrol content of grape
from the Trentino region of Italy for up to 4 days of
fermentation with skin contact followed by a plateau
up to day 14 and a sharp fall thereafter; lower values
were obtained if the skins were removed at day 8,
and high sulfite concentrations protected resve-
ratrol against losses due to increases in pH and tem-
perature. Jeandet et al. (136) confirmed the impor-
tance of skin maceration in causing a 10-fold in-
crease in the two isomers in both red and white
wines. Pezet and Cuenat (141) who worked exclu-
sively with the Gamay varietal, measured the con-
tent of ¢trans and cis-resveratrol in the fermenting
must as well as in skins and seeds up to day 6 of
macerative fermentation, at which point the skins
and seeds were removed and malolactic fermenta-
tion was allowed to continue until day 46. They dem-
onstrated a steady increase in the concentrations of
both isomers in wine must co-incidental with losses
in the skin and seeds, but the exciting observation
was that after removing the skins and seeds, there
was a 4-fold increase in both resveratrol isomers
which could only be explained by their formation
from a pool of glucosides or oligomeric forms through
the enzymatic activity of malolactic bacteria.

Although isomerization of ¢{rans and cis-res-
veratrol occurs readily in response to UV light and
oxygen, the conditions occurring during natural fer-
mentation exclude both light and oxygen. Specific
attempts to elicit isomerization of trans to cis-
resveratrol during fermentation have yielded consis-
tently negative results (139,140) so that this phe-
nomenon plays little if any role in determining the
free resveratrol isomer concentrations of the fin-
ished wine.

(d) OTHER ENOLOGICAL PRACTICES

Many wines, after fermentation is complete, are
transferred to oak barrels for a period of ageing. Dif-
ferent types of oak impart different flavour charac-
teristics which are enhanced by toasting the barrels.
Ageing Ontario red wines in oak for one year led to
a mean loss of 68% for trans-resveratrol and 58% for
cis-resveratrol (139). Precipitation, oxidation or ab-
sorption by oak during the ageing process seem to be
the operative mechanisms. Filtration prior to bot-
tling is another widely used practice in wine-
making. Most of the clarifying agents traditionally
used (e.g., egg white, diatomaceous earth, bentonite
and gelatin) cause little, if any, loss of resveratrol,
but certain commercial filter pads selectively re-
move significant amounts of trans-resveratrol, while
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charcoal treatment causes major losses in both iso-
mers (139). Wines made from botrytized grapes con-
tain less resveratrol than those vinted from healthy
or moderately infected grapes (140). Although it is
possible that some yeast strains used for artificial
inoculation contain laccase-like enzymes capable of
degrading resveratrol, this potential source of vari-
ability has not been systemically investigated. Fi-
nally, the fact that resveratrol and other polyphe-
nols are present in high concentrations in grape
seeds (142,143) has led to the proposal that grape
musts enriched in seeds will extract more resve-
ratrol during fermentation.

Biological effects of resveratrol
(a) HISTORY

Clearly, the role of resveratrol as a phytoalexin
and parent of the viniferins is reason enough to be-
come interested in its study, and the recent gene-
transfer experiments already described point to an
important avenue of future applications. But it is in
the field of biomedical research that much of the
recent activity surrounding resveratrol has taken
place, fueled by a growing awareness of previous
reports which have only now come to the attention of
current investigators. For a variety of reasons, not
least the lack of experimental details and statistical
methodology provided, these cannot be critically
evaluated, but they do deserve at least a brief men-
tion in this review.

The story, as already related, began with the iden-
tification of resveratrol (9) and of its B-glucoside,
polydatin or piceid (10) in the root of the plant Poly-
gonum cuspidatum. These papers did not specify the
steric conformation of the compounds isolated, but
unpublished work in our laboratory has revealed
that extracts of this plant root yield these stilbenes
overwhelmingly in the trans configuration, traces of
the cis-isomers being consistent with some trans-to-
cis isomerization during extraction. This plant
preparation is a major ingredient of Ko-jo-kon, a
Japanese folk medicine acclaimed for its wondrous
effects upon humans suffering from a wide range of
afflictions; the list includes fungal diseases, various
inflammations, diseases of the liver, heart and blood
vessels. Indeed, it would be a simpler task to list the
maladies that it does not benefit.

However, systematic studies were undertaken to
elucidate its biochemical effects. One of the earliest
compared the effects of resveratrol and polydatin
upon lipid metabolism of rats and mice when given
orally and intraperitoneally to animals fed a high
cholesterol diet (144). Both compounds inhibited the
deposition of cholesterol and triglyceride in the liv-
ers of these animals, as well as the rate of hepatic
triglyceride synthesis from ['*Cl-acetate. Polydatin
alone reduced the serum triglyceride and LDL-
cholesterol concentrations as well as the ratio of to-
tal cholesterol to HDL-cholesterol.

The same group of investigators studied the ef-
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fects of three stilbenes upon the metabolism of ara-
chidonate by rat peritoneal polymorphonuclear leu-
kocytes (145). Resveratrol inhibited the 5-lipoxygen-
ase pathway, evaluated by the rate of production of
5-HETE, with an IC,; of 2.72 uM, and also inhibited
the cyclo-oxygenase pathway, evaluated by the rates
of production of HHT and thromboxane B,, with
IC;; values of 0.68 and 0.81 uM respectively. Poly-
datin and another stilbene glucoside tested were
also inhibitory but at IC;, values that were several
orders of magnitude higher.

Platelets were the next biological system to be
tested, and a series of papers from Chinese labora-
tories (43,146,147) described the ability of resve-
ratrol and of polydatin to inhibit the aggregation of
rabbit platelets as well as their formation of throm-
boxane B, from arachidonate. Finally, resveratrol
was shown to inhibit the antigen-induced contrac-
tion of isolated trachea from guinea pigs rendered
sensitive to albumin with an IC5; of 100 pWM (148).
This effect was not due to interactions with hista-
minergic or cholinergic systems; rather, interaction
with beta-blockers, indomethacin and mepacrine
suggested that inhibition of arachidonate metabo-
lism was the more likely mechanism.

(b) OTHER IN VITRO EFFECTS OF STILBENES

A number of recently published papers have ex-
plored the effects of stilbenes, including resveratrol,
on purified enzymes. Resveratrol appears to be a
potent inhibitor of rat brain monoamine oxidase
(IC5o of 2 nM) although it lacks the structural fea-
tures of classic monoamine oxidase inhibitors which
are substrate analogues. By synthesising a range of
polyhydroxy stilbenes, Han et al (149) were able to
correlate the enzyme inhibitory potential of these
compounds with their antioxidant activity.

Naturally occurring hydroxystilbenes inhibit gas-
tric H, K*-ATPase in a dose-dependent manner.
The structural requirements for this inhibition were
analyzed by Murakami et al (150) who synthesized a
range of hydroxystilbene derivatives. Most potent
was piceatannol (3,3, 4,5-tetrahydroxystilbene)
with an ICs, of 4.3 uM. Those compounds with
neighbouring hydroxyl functions were the most po-
tent, and methylation of OH groups abolished
inhibition.

Two publications from investigators at Purdue
University have described the ability of various
hydroxystilbenes to inhibit protein-tyrosine kinase
p56'°* specifically located in cells of lymphoid lin-
eage (151,152). Reduction of the double-bond bridg-
ing the two aromatic rings and benzylation of the
phenolic hydroxyl groups blocked inhibition. Trans
and cis-resveratrol were equally inhibitory, whereas
glycosylation of OH groups as in polydatin reduced
inhibitory activity. Protein kinase C could also be
inhibited by this family of compounds as long as
there were at least two free hydroxyl groups on one
phenyl ring.
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(¢) RESVERATROL AND BIOLOGICAL OXIDATION

Damage to tissues by free radicals derived from
molecular oxygen (including superoxide, hydrogen
peroxide, hydroxyl radicals and lipid peroxides) is a
concept that has progressed beyond hypothesis and
established fact to become a dogma that dominates
much current thinking about what causes diseases
and how best to prevent them (153,154). Dietary an-
tioxidants have taken on a sanctity previously re-
served for vitamins, and among the latter a-tocoph-
erol, which spent many years as a solution in search
of a problem, owes its present status as a recom-
mended or even essential food constituent virtually
exclusively to its antioxidant potential (155,158). Its
possible role in reducing the risk of atherosclerosis
and CHD has recently received strong emphasis
{157). However, in atherosclerosis, a major target is
LDL which is generated in the circulation by remod-
eling of VLDL through the mechanisms of lipolysis
and the exchange of lipids and proteins with HDL.
This natural (or native) form of LDL is subject to
receptor-mediated endocytosis through a tightly-
regulated system, the LDL-receptor. During its
transit in the circulation, oxidative changes may oc-
cur affecting the lipids and also the free lysine
groups of apolipoprotein B. This ‘oxidised’ LDL is
taken up by endocytosis mediated by a ‘scavenger’
receptor system which is unregulated, and results in
over-accumulation of LDL in sub-endothelial cells
which derive from the monocyte lineage but because
of their engorgement with lipid have come to be
known as ‘foam cells’ (19). Oxidized LDL has certain
other attributes conducive to atheromatous changes,
including blocking of reverse cholesterol transport
(uptake) by HDL, and chemotactic properties pro-
moting adhesion of platelets to the superficial endo-
thelium (21,158).

In the debate surrounding the relative merits of
different alcoholic beverages, the antioxidant capac-
ity of red wine has been promulgated as an impor-
tant attribute contributing to its perceived superior-
ity, and supported by human in vivo studies demon-
strating increased antioxidant activity in blood
following oral ingestion of red wines but not other
beverages (16-18). On the other hand, the incre-
ment in antioxidant activity in these experiments
was less marked and of shorter duration than that
following 1 g of ascorbic acid according to the tech-
niques used by these investigators.

The research undertaken by the group at the Uni-
versity of California, Davis, has made some impor-
tant and original contributions to this controversy.
By means of an ex vivo system whereby conjugated
dienes were generated from native LDL during
Cu?*-mediated oxidation, they showed that the phe-
nolic constituents of red wine, but not white wine,
prevented these oxidative changes and were several-
fold more potent than a-tocopherol in this respect
(159). They extended these observations using pure
quercetin, epicatechin and trans-resveratrol (160).
The latter was not as potent as the first two com-
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pounds in blocking Cu®*-induced oxidation of hu-
man LDL, but was nevertheless superior to a-to-
copherol on a molar basis.

These results were further elaborated by demon-
strating that the antioxidant effects of wine pheno-
lics also inhibited lipid peroxidation by biological
catalysts such as myoglobin, cytochrome, and iron
ascorbate (161). The ability of certain red wines to
inhibit LDL oxidation strongly correlated with their
content of gallic acid (r = 0.92), catechin (r = 0.76),
myricetin (r = 0.70), quercetin (r = 0.68), caffeic
acid (r = 0.63) and several other phenolics, but not
with resveratrol (162). Thus, despite its proven in
vitro antioxidant activity, resveratrol seems in this
respect to be of little practical importance in the real
world of living biology.

A related issue is the ability of wine phenolics to
modulate the production of nitric oxide by vascular
endothelium. This agent, generated from arginine
by a complex enzymatic system in which guanosine
3’,5'-cyclic monophosphate plays a stimulatory role
is considered to be a major promoter of vascular re-
laxation, and also inhibits platelet adherence to the
endothelium (163). Fitzpatrick and colleagues have
shown that the contraction of rat aortic rings (but
not of aorta from which the endothelium had been
removed) could be inhibited by wines, grape juices
and grape skin extracts (164). Quercetin and tannic
acid alone, but not resveratrol, could reproduce
these effects. Thus in the realm of antioxidants and
nitric oxide production, resveratrol is a very minor
player indeed, and may even more accurately be
characterized as a spectator.

(d) RESVERATROL AND LIPID METABOLISM

The report of Arichi et al previously mentioned
(144) was based upon rodents whose lipid and lipo-
protein metabolism differs in many important re-
spects from that of humans, and the experimental
protocols provided rather indirect evidence concern-
ing the effects of resveratrol upon these processes.
We have attempted to study this question using
monolayer cultures of Hep G2 cells; these are a cell
line derived originally from a well-differentiated hu-
man hepatocarcinoma, and retain most of the func-
tions of normal liver parenchymal cells, in particular
those related to lipoprotein synthesis and secretion
(165,166). Our results have been presented in two
recent publications (11,167).

A slight but significant reduction of apolipoprotein
B content and secretion occurred when these cells
were grown in the presence of trans-resveratrol in
the 1-50 pM concentration range although a true
dose-dependent response was not demonstrated.
The intracellular content and the rate of secretion of
cholesteryl esters as well as the rate of secretion of
triglycerides were reduced by resveratrol in a dose-
dependent manner (Figure 8), but the intracellular
triglyceride content was unaffected. These changes,
taken together, would tend to diminish the rate of
secretion of VLDL which are converted to athero-
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genic LDL in the circulation, and suggest that at
least in this respect resveratrol has the capacity to
block certain aspects of hepatic lipoprotein metabo-
lism which predispose to atherosclerosis.

Unfortunately, the benefit wrought by resveratrol
upon apolipoprotein B metabolism was counterbal-
anced by a reduction in the intracellular content and
secretory rate of apolipoprotein Al, the dominant
protein component of HDL which is responsible for
initiating reverse cholesterol transport as well as
esterification of free cholesterol (168), and which is
established as one of the most important negative
correlates of CHD risk (169,170). The inhibition of
hepatic synthesis and secretion of apolipoproteins B
and Al were relatively specific since, over the range
of resveratrol concentrations that we used, protein
synthesis and DNA synthesis measured by incorpo-
ration of [**Cl-leucine and [®H]-thymidine respec-
tively were unaltered; moreover, quercetin, advo-
cated by several authorities as the most important
biologically active polyphenol in red wine (171) pro-
duced an even more dramatic reduction in apolipo-
protein Al content and secretion in and by Hep G2
cells.

(e) RESVERATROL AND PLATELET AGGREGATION

The role of platelets in initiating chemical signals
which set in motion the complex cellular events re-
sulting in atherosclerosis, following their adherence
to the endothelial surface of the arteries, as well as
in triggering lumenal occlusion leading to acute
CHD, is well established (172,173). The potential of
platelets to adhere to vascular endothelium as well
as to participate in blood coagulation and thrombus
formation can be measured by their ability to aggre-
gate in vitro in response to a number of agonists.
Resistance to aggregation is evidenced by an in-
crease in the concentration of agonist required to
aggregate 50% of the cells under standard condi-
tions (ICg,).

Using ADP and thrombin as agonists, we demon-
strated a dose-dependent inhibition by both trans-
resveratrol and quercetin of the aggregation of
platelets prepared from healthy human subjects
(174). The IC;, concentrations were rather high
(Table 3) but were three orders of magnitude less
than that of ethanol, although the antiplatelet ac-

TABLE 3
Concentration (wmol/1) Required to Inhibit Platelet
Aggregation by 50%

Compound ADP Thrombin
Resveratrol (11) 129.9 + 644 164.7 £ 67.3
Quercetin (3) 101.7 417 92.9 £ 22.1
Ethanol (3) No effect 132.6 = 40.2°

Number of independent experiments in parentheses;
each experiment was the mean of triplicates.

2 Given in mmol/l.

Data from Ref 174.
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tivity of the latter has been advanced as one of the
mechanisms involved in its protection against CHD
(175). None of a wide range of other wine phenolics
or established dietary antioxidants (including a-to-
copherol) which were similarly tested had any anti-
aggregatory activity.

(f) RESVERATROL AND EICOSANOID METABOLISM
(i) Platelets

Two major pathways for the synthesis of eicosa-
noids from arachidonic acid are present in human
platelets. The cyclo-oxygenase pathway leads to the
production of thromboxane A, which plays an im-
portant role in propagating aggregation once this
process has been initiated. The half-life of this com-
ponent is extremely short, so that meaningful re-
sults are very difficult to obtain. The overall activity
of the pathway can, however, be assessed by mea-
suring the production from labeled arachidonate of
thromboxane B, and HHT, which are stable prod-
ucts formed from thromboxane A,. Trans-resveratrol
strongly inhibited this pathway, approximately 60%
at a concentration of 10 pM (174). Neither quercetin
or any of the other wine phenolics or antioxidants
tested had any major effect at this concentration
(Figure 9A).

The other pathway from arachidonate expressed
in platelets involves the 12-lipoxygenase enzyme
system which synthesises a family of eicosanoids de-
fined as hepoxillins, and which are mediators of cal-
cium mobilization, vascular permeability and neu-
trophil activation (176). Its overall activity is most
frequently assessed by measuring the production of
12-HETE, a stable compound which is thought to be
pro-atherogenic by impairing endothelial function
and prostacyclin production (177). At a concentra-
tion of 10 uM, quercetin abolished the production of
12-HETE by 70% (Figure 9B), but none of the other
compounds tested were effective at this concentra-
tion although at higher concentrations trans-
resveratrol exerted modest inhibition.

In summary, resveratrol at micromolar concentra-
tions is able to inhibit thromboxane A, production,
and quercetin can likewise inhibit the formation of
hepoxillins. Between them, these two red wine phe-
nolics can virtually shut down eicosanoid synthesis
of human platelets in vitro.

(it) Neutrophil leukotriene production

The major pathways for arachidonate metabolism
in human neutrophils involve the 5-lipoxygenase
and 15-lipoxygenase enzyme systems, the activity of
which can be measured by quantitating the rate of
formation of their stable products 5-HETE and 15-
HETE, respectively (178). The former pathway is
particularly important because it accounts for the
synthesis of leukotrienes. These are powerful media-
tors of inflammatory reactions and are thought to
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play a role in certain of the cellular processes con-
tributing to atherosclerosis (179,180).

Using freshly isolated and washed neutrophils
from healthy human subjects, we found, once again,
that of a large range of polyphenols and antioxidants
tested, only resveratrol and quercetin were effective
inhibitors of these pathways (167). Dose-response
studies yielded IC;, values of 22.4 uM (resveratrol)
and 2.8 pM (quercetin) for inhibition of the 5-lipoxy-
genase pathway, and values of 8.7 uM (resveratrol)
and 0.75 pM (quercetin) for inhibition of the 15-
lipoxygenase pathway. These in vitro effects upon
human platelets and neutrophils which may be rel-
evant to protection against atherosclerosis are inde-
pendent of free-radical scavenging activity since
they do not occur in the presence of more powerful
antioxidants than resveratrol, such as catechin and
epicatechin.

(g) CLINICAL STUDIES

We have recently completed a series of experi-
ments involving healthy male volunteers who con-
sumed a range of beverages, each for a 4-week pe-
riod, namely: white wine with undetectable concen-
trations of resveratrol, red wine with resveratrol at
a concentration of 4 mg/L, regular commercial grape
juice virtually free of resveratrol, and the latter for-
tified with resveratrol to a concentration of 4 mg/L
(181,182). All subjects abstained from alcohol other
than as prescribed by the study, and a 2-week period
of abstinence separated each beverage schedule.
Fasting blood was collected at the beginning and end
of each schedule. The consumption of 375 ml of ei-
ther red or white wine per day led to significant and
equivalent increases in the plasma concentrations of
HDL-cholesterol and apoAl, but red wine also
caused an increase in triglyceride concentration
which is a positive risk-factor for CHD. Both wines
also resulted in equivalent decreases in thrombin-
induced platelet aggregation and in plasma throm-
boxane B, concentrations. ADP-induced platelet ag-
gregation was reduced by white wine (p < 0.05), but
after red wine the reduction was just below the
threshold of significance. Neither grape juice formu-
lation altered plasma lipid or lipoprotein concentra-
tions, and their one target effect was paradoxical:
the commercial grape juice which contained very low
concentrations of resveratrol caused a sharp in-
crease in thrombin-induced platelet aggregation
which was dramatically reversed when the volun-
teers consumed the resveratrol-enriched juice.

These results are not easy to interpret. Compari-
son of the two wines suggests that so far as lipid
metabolism and platelet aggregation are concerned,
red wine does not appear to offer any advantage over
white wine. This is surprising since the wines dif-
fered in their concentrations not only of resveratrol
but of all phenolics measured by 10-20 fold. It is
highly improbable that the low polyphenols in white
wine would have much effect on the processes that
we examined, and the observed changes are prob-
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ably attributable to the alcohol content of the wine.
The fact that these changes were not enhanced by
red wine is consistent with the notion that alcohol is
the dominant biologically active component of this
beverage and that the red wine phenolics are either
poorly absorbed or fail to augment the already po-
tent effects of alcohol. On the other hand, the differ-
ence in thrombin-induced platelet aggregation be-
tween the commercial and resveratrol-enriched
grape juices argues in favour of the absorption of
this compound in biologically active concentrations
by human subjects, but does not exclude the possi-
bility that this and other effects of resveratrol which
overlap those of alcohol are not apparent when the
latter exceeds a threshold level of consumption. If
this idea is correct, it will be difficult to sustain the
concept of beverage-specific health effects among
moderate alcohol consumers, although the antioxi-
dant potential of red wine and its stimulation of ni-
tric oxide synthesis by vascular endothelium are
characteristics which may offer enhanced protection
against CHD.

Conclusions

Resveratrol, which has intrigued plant scientists
for a quarter of a century, and rightly so, infiltrated
the consciousness of clinical scientists a mere four
years ago. Since then, its potential therapeutic value
has stimulated (or excused) a ferment of activity
among enologists dedicated to the discovery of how it
came to be present in wine, and how that presence
could be increased. Parallel questions were also
raised and partly answered concerning which wines
were especially abundant in resveratrol and its glu-
cosides. There is little doubt that these efforts would
never have been initiated had it not been for the
notion that a compound of major importance to hu-
man health was under investigation. The outcome
has been an accumulation of knowledge concerning
the origin and derivation of wine polyphenols with
resveratrol as a paradigm, and the world of plant
science has been greatly enriched thereby.

And what of clinical science? Should we now con-
sign resveratrol to our intellectual garbage cans and
move on to better things? One would be tempted to
do so, and this temptation would be strengthened by
a recent meta-analysis of major epidemiological
studies in which the cardioprotective effect of alco-
hol was examined for beverage specificity and none
was found (183). Alcohol is alcohol is alcohol—seems
to be the message, taking a vineleaf from a book of
Gertrude Stein.

Yet it might be more prudent to grasp the nettle
just a little longer and pose this question: Have the
right experimental models been employed in making
a judgment on the biological efficacy of resveratrol?
In vitro and ex vivo experiments are useful but not
definitive. The clinical studies ought to be, but were
they? There are a number of philosophical flaws that
should be considered.

Firstly, exposure to resveratrol was of short dura-
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tion (4 weeks) and it can be suggested that more
time may be required to study its long-term effects.
While this may be a pleasant speculation, one would
have to face the reality that most therapeutic agents
take a lot less than 4 weeks for their effects to be-
come manifest.

Secondly, the studies on platelet aggregation and
eicosanoid metabolism were conducted at least 14 h
after the final sip. It is conceivable that during the
absorptive phase and for a period thereafter, resve-
ratrol-enriched beverages may inhibit pro-atherogenic
events moreso than mere alcohol. If so, this would
pose the dilemma that wine, like many real drugs,
would require to be taken three times daily (with
meals?).

Finally, there is the issue of whether healthy sub-
jects are appropriate. What conclusions would we
draw about the efficacy of penicillin or digoxin if
they had been tested only on persons in the pink of
condition? Would it not be a better idea to test the
beneficial effects of resveratrol (if indeed there are
any) in subjects who already have coagulopathies or
lipid disorders? One cannot refute the logic of this
argument except by pointing out that resveratrol
has been considered a nutrient, not a drug; a pos-
sible prophylactic but certainly not a therapeutic
agent (although the latter cannot be excluded). That
being so, it has to measure up to the criteria which
have lead to low-dose aspirin and a-tocopherol being
recommended as adjuncts to (or substitutes for?) a
healthy life-style in reducing the risk of CHD.

From this perspective, it is very evident that res-
veratrol is badly behind on points, and has even
taken a few counts, but it has not yet been knocked
out, nor has the final bell been rung.
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