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Trans-Resveratrol: A Magical Elixir of Eternal Youth?
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Abstract: Trans-resveratrol or (E)-resveratrol [3,4',5 trihnydroxy-trans-stilbene, t-RESV or (E)-RESV] is a natural component of Vitis vi-
nifera L. (Vitaceae), abundant in the skin of grapes (but not in the flesh) and in the leaf epidermis and present in wines (especially red
wines). In in vitro, ex vivo and in vivo experiments, t-RESV exhibits a number of biological activities, including anti-inflammatory, anti-
oxidant, platelet antiaggregatory and anticarcinogenic properties, and modulation of lipoprotein metabolism. Some of these activities
have been implicated in the cardiovascular protective effects attributed to t-RESV and to red wine.

Prior to 2002 there had been no previous studies describing the potential effects of t-RESV on the lifespan extension. However, in the last
5 years, several researchers have reported that t-RESV is a potent activator of sirtuin enzymatic activity, mimics the beneficial effects of
caloric restriction (CR), retards the aging process and increases longevity in a number of organisms from different phyla such as yeasts,
worms, flies and short-lived fish. In addition, t-RESV seems to be effective in delaying the onset of a variety of age-related diseases in

mammals (e.g.: rodents).

Therefore, this review will basically focus on the possible role of t-RESV to extend life duration and on some of the mechanisms by

which t-RESV may act as an anti-aging agent.
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1. INTRODUCTION

Resveratrol (3,4',5-trihydroxystilbene, RESV, Fig. (1)) is a
natural phenolic compound that exists as cis and trans isomers [the
c-RESV or (2)-RESV diasteromer, and the t-RESV or (E)-RESV
diasteromer, respectively], facilitated by the double bond in its
chemical structure. Both isomers are present in wines at variable
concentrations, although only the trans isomer has been detected in
grapes (for more details see, e.g., refs. [1-5]).

t-RESV, a natural component of Vitis vinifera L. (Vitaceae), is
abundant in the skin of grapes (but not in the flesh) and in the leaf
epidermis, and is present in wines, particularly red wines.

t-RESV is not unique to Vitis but is also present in at least 72
other plant species (distributed in 12 families and 31 genera; e.g.,
Arachis, Artocarpus, Cassia, Eucalyptus, Morus, Picea, Pinus,
Trifolium, Vaccinium and Veratrum), some of which are compo-
nents of the human diet, such as red and black mulberries (Morus
rubra L. and Morus nigra L., Moraceae) or peanuts (Arachis hy-
pogaea L., Fabaceae) [2,6-8].

The physiological significance of RESV in the plant kingdom
(e. g.: in Vitis) is still unclear. However, it is thought to be a phytoa-
lexin, i.e., an anti-infectious compound produced by some sper-
matophytes (via the induction of an enzyme called stilbene syn-
thase) in response to injury, pathogenic attack, nutrient deprivation,
temperature changes and other types of stimuli (e.g.: exposure to
ozone, ultraviolet radiation, etc.) [7-9]. In this connection, it is in-
teresting to note that t-RESV is present mostly as constitutive com-
pound of the woody organs (roots, seeds, canes, stems) and as in-
duced substance in leaves and fruits (grapes) [10-12].

t-RESV was first identified in 1940 by Michio Takaoka [13] as
a constituent of the roots of white hellebore [Veratrum grandiflo-
rum (Maxim. ex Baker) Loes. (Liliaceae)], and later (in 1963)
found by Nonomura et al. [14] (together with its 3-O-3-D-glucoside
B-glucoside, so-called trans-piceid or trans-polydatin) in the dried
roots of Japanese knotweed Polygonum cuspidatum Sieb. et
Zucc.(Polygonaceae), called Ko-jo-kon (or Itadori) in Japanese folk
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medicine, in which it is used for the treatment of hyperlipidemia,
arterial hypertension, arteriosclerosis and a variety of other pa-
thologies, including many inflammatory and allergic diseases.

In addition, the herb Polygonum cuspidatum, also called Fu-
Chung and the Rhizoma polygoni cuspidate, also called Huzang in
Chinese folk medicine, are still included in the Chinese Pharmaco-
poeia.

t-RESV is also an active component in herbal formulations used
in traditional South African medicine [e.g.: the infusions of
Erythrophleum lasianthum Corbishley (Caesalpinioidae, Legumi-
nosae)] [15] and Indian Ayurvedic medicine (e.g.: the herbal prepa-
ration called Darakchasava, which contains a number of fruits in-
cluding grapes and other ingredients) [16]. The above-mentioned
formulations have been basically prescribed as cardiotonics in folk
medicine.

In 1976, t-RESV was detected in grapevines by Langcake and
Pryce [17], who found that it is synthesized by leaf tissues in re-
sponse to fungal infection (mainly by Botrytis cinerea) or exposure
to ultraviolet light.

Initially characterized as a phytoalexin (see above), t-RESV at-
tracted little interest until 1992, when French researchers drew at-
tention to a number of epidemiological study that showed that, in
spite of a diet relatively high in saturated fat, mortality associated
with coronary artery disease was lower in southern France than in
other industrialized countries. This phenomenon came to be de-
scribed as the “French paradox” (for a review see, e.g., ref. [12]).
This term was coined in November 1991, during the CBS program
“60 minutes”, by Dr. Serge Renaud and the discrepancy was attrib-
uted to the prolonged and daily consumption of moderate amounts
of wine, especially red wine by the southern French population
[18]. Subsequently, the presence of t-RESV in wine was reported
by Siemann and Creasy [19], who speculated that this polyphenol
could be one of the active components present in wines responsible
for the French paradox.

Since then and once it became known that the protective effects
of wine consumption were independent of alcohol content, the
pharmacological activity of t-RESV was extensively investigated.
Several studies within the last few years have demonstrated that
t-RESV may protect against coronary heart disease as a result of
different effects, including significant antioxidant activity, modula-
tion of lipoprotein metabolism, and vasodilatory and platelet anti-
aggregatory properties (see, e.g., refs. [12,20-29]).

© 2008 Bentham Science Publishers Ltd.
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Fig. (1). Chemical structures (panel A) and 3D molecular configurations (panel B) of the cis and trans isomers of RESV.

In addition, t-RESV has shown a number of other biological ac-
tivities including anti-inflammatory and anticarcinogenic properties
(for reviews, see, e.g., refs. [1,2,6,7,12,30-37]).

As noted, RESV also exists as a cis isomer, which (unlike t-
RESV) is not currently available commercially (see, e.g., refs.
[2,5]); as a result, little is known about this isomer’s pharmacologi-
cal activity.

Most comparative studies reported in the scientific literature on
the biological effects of c-RESV versus t-RESV have generally
demonstrated only quantitative, not qualitative differences in the
activities of the two forms, which suggests that the different spatial
conformation of c-RESV (versus that of the trans isomer) does not
seem to modify markedly its interaction with the potential cellular
targets (Fig. 1). These studies have been reviewed comprehensively
elsewhere (see, e.g., refs. [3,4]) and, therefore, will not be covered
here.

It is well established that reducing food intake [the diet known
as caloric restriction (CR)] extends lifespan in a wide range of spe-
cies from yeast to mammals (see below). On the other hand, it has
been recently reported by several authors that t-RESV seems to
mimic the beneficial effects of CR and to increase longevity (with-
out an apparent cost of reproduction) in lower organisms (simple
eukaryotes; e.g.: the budding yeast Saccharomyces cerevisiae), in
short-lived invertebrates [simple metazoans such as the nematode
(roundworm) Caenorhabditis elegans and the fruit fly Drosophila
melanogaster] and in the short-lived vertebrates (the seasonal fish
Nothobranchius furzeri). In addition, t-RESV seems to be effective
in delaying the onset of a variety of age-related diseases in mam-
mals (e.g.: rodents) [38,39].

Bearing in mind the above considerations, in this review, | will
basically focus on the possible role of t-RESV to prolong life dura-
tion and on some of the possible mechanisms by which t-RESV
may act as an anti-aging agent.

The potential mechanisms by which t-RESV may exert benefi-
cial effects on the aged vasculature have been exhaustively re-
viewed elsewhere (see, e.g., refs. [21,40]) and, therefore, will not be
covered here.

2. HYPOTHESES OF CR

In 1935, after having lived on a restricted diet, Professor
Maurice Gueniot (President of the Paris Medical Academy at the
beginning of the 20" century) died at the age of 102. In the same
year, coinciding with the death of Professor Gueniot, McCay and
co-workers at Cornell University published the first widely recog-
nized scientific study of CR and its ability to extend lifespan [41].
In this study, the above-mentioned researchers observed that rats
fed 40% fewer calories tend to live longer and look younger and
healthier than well-fed animals. In numerous subsequent studies in
different species it has been reported that reduction of calories 30—
50% below ad libitum levels of a nutritious diet can increase
lifespan, improve stress resistance, decelerate functional decline,
reduce the incidence and delay the onset of age-related diseases
such as cancer, atherosclerosis, type Il diabetes and even neurode-
generation [42-46]. As a result, the refinement of our understanding
of the molecular mechanisms by which CR elicits its effects and
whether this nutritional intervention is relevant to human aging
constitutes an important and exciting focus for current and future
research. Evidence emerging from studies in rhesus monkeys sug-
gests that their response to CR parallel that observed in rodents. To
assess CR effects in humans, clinical trials were initiated several
years ago but conclusive results have not been obtained yet [47-49].

It is commonly believed that the antiaging effects of CR are due
to the decreased intake of calories themselves (see above) rather
than to decreases in specific dietary components. However, a num-
ber of recent studies have shown that variations in the proportions
of some of the main dietary aminoacids [e.g.: drastic (80%) me-
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thionine restriction] may be responsible for approximately one third
of the CR-induced maximum lifespan extension in rodents (see,
e.g., refs. [60,51]).

To explain how CR works, at least 10 plausible theories have
been proposed but almost all of them have been unsuccessful be-
cause of contradicting data.

The early hypotheses of CR were the developmental delay, the
reduced metabolic rate and the laboratory gluttons. The current
theories of CR are the glucocorticoid cascade, the decreased fat, the
reduced reactive oxygen species, the cell survival hypothesis, the
protein turnover, the decreased glucose and insulin levels and other
endocrinological changes. All these hypotheses have been reviewed
in detail by Sinclair [52] and, therefore, will not be covered here.

The last theory of CR is the hormesis hypothesis which pro-
poses that CR imposes a low- or mild intensity biological stress on
the organism. This biological stress or the exposure to other differ-
ent mild stresses (e.g.: irradation, heat, toxins, high salt, osmotic
stress, etc.) elicits a defensive response that helps to protect it
against the causes of aging and against subsequent stresses
[42,45,52]. This hypothesis is supported by the fact that mildly
stressed animals outlive their unstressed counterparts, which also
possibly applies to humans.

The hormesis hypothesis is a radical departure from other CR
theories since it is based on the premise that CR is due to an active
defensive response of the organism, as opposed to passive mecha-
nisms.

The hormesis hypothesis has been expanded by the group of
Sinclair to include the idea that plants might synthesize a number of
molecules in response to stress conditions and nutrient deprivation.
Moreover, animals can pick up on chemical stress cues from plants
under stress or CR, and use these stress molecules to prepare for
adverse conditions (e.g.: decline in their environment and/or food
supply) [52].

As reviewed by David Sinclair [52], the hormesis hypothesis of
CR makes four key predictions:

1) CR induces intracellular cell-autonomous signalling path-
ways that respond to biological stress and nutrient limita-
tion.

2) The pathways included in (1) contribute to protecting cells
and tissues against the causes of aging.

3) The pathways in (1) regulate glucose, fat, and protein me-
tabolism in a way that enhances the chance of survival dur-
ing times of stress.

4) The pathways included in (1) are under the control of the
endocrine system to ensure that the organism acts in a coor-
dinated fashion.

In lower organisms (simple eukaryotes; e.g.: the budding yeast
Saccharomyces cerevisiae), in short-lived invertebrates [simple
metazoans such as the nematode (worm) Caenorhabditis elegans
and the fruit fly Drosophila melanogaster] and in mammals, there
is ample evidence that the effect of CR is due to hormesis and that
the beneficial effects of CR are basically mediated by the activation
of sirtuins. This evidence of hormesis in budding yeast, worms,
flies and mammals has been exhaustively reviewed elsewhere (see,
e.g., refs. [38,39,46,52,53]) and, therefore, will not be covered here.

3. CLASS III HISTONE DEACETYLASES (HDAC:S)

The NAD"-dependent protein deacetylases have emerged as
important regulators of diverse biological processes (see, e.g., refs.
[39,53-59]). These enzymes, referred to as sirtuins or Sir2-like pro-
teins, constitute the class |11 HDACs and are conserved from bacte-
ria to humans. Different aspects of sirtuin biology (e.g.: classifica-
tion, structure, substrates, cellular localization, physiological func-
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tion and other features of the different sirtuins) has been reviewed
in detail elsewhere and, consequently, will not covered here (see,
e.g., refs. [60-63]).

In contrast to the class | HDACS, the class I1l HDACs requires
the presence of the oxidized form of the cofactor nicotinamide ade-
nine dinucleotide (3-NAD") as a co-substrate for deacetylation
reaction. Enzymatic studies have demonstrated that class IlI
HDACs liberates nicotinamide from B—NAD" and that the acetyl
group of the substrate (acetyl-lysine-bearing histone) is transferred
to cleaved B-NAD", generating a novel metabolite, 2'-O-acetyl-
ADP-ribose (OAADPR) and the deacetylated histone lysine (Fig. 2;
for more details of the deacetylation reaction and catalytic mecha-
nism, etc. see, e.g., refs. [61,63]). The acetyl-lysine histone may be
restored again from deacetylated histone lysine by the action of a
histone acetyl transferase (Fig. 2B).

3.1. Sirtuins Implicated in Mediating Lifespan Increases in
Lower Organisms

Yeast Sir2 (ySir2) is the prototype and the founding member of
the large and diverse sirtuin family. The name “‘Sir2’’ stands for
“‘silent information regulator 2’” because this enzyme is essential
for maintaining chromatin silencing and genomic stability since it
catalyses the deacetylation of histones and, consequently, the for-
mation of heterochromatin, the more tightly packed form of chro-
matin associated with deacetylated histones and gene repression.

ySir2 (basically present in the nucleolus) was originally identi-
fied as a trans-acting factor involved in transcriptional repression of
the silent mating-type loci in yeast. Subsequently, numerous Sir2
homologues have been identified in other different lower organ-
isms. Thus, dSir2 is the homologue of ySir2 in flies (e.g.: Droso-
phila melanogaster) whereas Sir2.1 is the most homologue of ySir2
in the roundworms (e.g.: the nematode Caenorhabditis elegans).
ySir2, dSir2 and Sir2.1 have been implicated in mediating lifespan
extension in yeast, flies and worms, respectively and also may un-
derlie the beneficial effects of CR (see, e.g., refs. [60,61,63-65])
(although see also the ref. [66] for a review of conflicting reports).

In S. cerevisiae there are five sirtuins: ySir2 and Hstl-4. The
precise cellular functions of the Hst proteins are not clear but the
analysis of yeast mutants on these genes indicate that they have
roles in silencing, mitochondrial metabolism and DNA repair. In
addition, Hstl and Hst2 seem to be participate in CR response [67].
Different aspects of the biology of these enzymes have been com-
prehensively reviewed elsewhere and, therefore, will not covered
here (see, e.g., refs. [38,39,53,56,60,61,63-65,68]).

3.2. Sirtuins in Mammals

In mammals (e.g., rodents and humans), seven Sir2 homologs
have been identified: SIRT1-7. Among SIRTs, SIRT1 is basically
localized in the nucleus (although it has some important cytoplas-
matic functions as well) and represents the probable Sir2 ortholog
on the basis of the extensive sequence similarity.

SIRT1, like Sir2, deacetylates histones and, therefore, seems to
play an important role in regulating the chromatin silencing and
integrity of the genome, as well as the senescence of organisms.

In addition, SIRT1 deacetylates many key transcription factors
and co-factors implicated in the age-related diseases, such as p53,
the O subfamily of forkhead/winged helix transcriptions factors
(FoxO proteins), peroxisome proliferator-activated receptor gamma
(PPAR-y) co-activator-lo. (PGC-1a) and nuclear factor-kappa B
(NF-xB) (see, e.g., refs. [38,39,53,56]).

Like SIRT1, SIRT6 and SIRT7 are predominantly located in the
nucleus (SIR7 is basically found in the nucleolus). SIRT2 is mainly
located in the cytoplasm whereas SIRT3-5 are mitochondrial and,
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Fig. (2). Scheme of the overall reaction catalysed by class 11l HADCs (e.g.; ySir2; panel A) and of the histone acetylation/deacetylation pathways (panel B).
For details see text. As noted, t-RESV is an activator of ySir2 enzymatic activity. —Ac = acetyl group (-COCHj3). HAT = histone acetyl transferase. OAADPR

= 2'-O-acetyl-ADP-ribose.

thus, have the potential to exert broad effects on stress resistance
and metabolism in cells.

Unlike other SIRT family members, SIRT4 seems not to have
deacetylase activity. Furthermore, no robust activity has been found
for SIRT7 as yet. Different features of the SIRT2-7 biology have
been reviewed in detail elsewhere and, consequently, will not cov-
ered here (see, e.g., refs. [38,39,53,56]).

3.3. Regulation of Sirtuin Activity

To explain the regulation of ySir2 activity, a number of theories
have been proposed (for review see, e.g., refs.[53,69,70]).

An early theory was that levels of the co-substrate, B~NAD",
regulates the enzyme [71]. Another theory is that Sir2 activity is
mainly regulated by alterations in the NAD*/NADH ratio [72].
When, for example, yeast cells are deprived of food (CR), stress
pathways are activated and the cells are forced to derive energy

from alternative substrates. This produces alterations in oxygen
consumption which, in turn, increases the ratio of oxidized to re-
duced forms of nicotinamide adenine dinucleotide (NAD*/NADH)
and stimulates the activity of Sir2.

A different but not mutually exclusive hypothesis is that Sir2 is
regulated by nicotinamide concentrations. Free nicotinamide is a
product of the Sir2 reaction (Fig. 2) and an inhibitor of Sir2 enzy-
matic activity in vitro and in vivo. When cells are subjected to CR
or any of the other treatments known to extend yeast lifespan, a
single “master regulatory” gene called pyrazinamidasenicotinami-
dase 1 (PNC1) is highly upregulated (Fig. 3). This up-regulation
depletes nicotinamide from the cell since PNC1 gene encodes the
expression of the corresponding PNCL1 protein, a nicotinamidase 1
that is an essential component of the B-NAD" salvage pathway and
that converts nicotinamide to nicotinic acid (vitamin Bj) [73,74].
The increase of nicotinic acid intracellular levels generates, in turn,
high concentrations of B~NAD" through the yeast B-NAD" salvage
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pathway, which notably stimulates Sir2 activity (Fig. (3); for more
details see, e.g., refs. [53,63,64,70]). Whether PNC1 or
NAD'/NADH plays the major role in regulating ySir2 during CR is
an ongoing debate.

It is likely that the functional equivalent of PNC1 in mammals
is a nicotinamide phosphoribosyl transferase called Nampt, which
catalyses intracellularly the first step in the conversion of nicotina-
mide to B-NAD" as part of the mammal B-NAD" salvage pathway
(for more details see, e.g., refs. [563,63,64,70]). This hypothesis is
supported by the recent finding that Nampt is a stress- and diet-
responsive regulator of mitochondrial NAD" in mammalian cells
[75].

Nampt is also known by two other names: pre-B-cell colony
enhancing factor (PBEF) and visfatin. PBEF is a cytokine released
by a variety of cells that enhances the effect of interleukin-7 on pre-
B-cell colony formation [76,77]. In addition, PBEF stimulates
SIRT1 when over-expressed [78,79]. On the other hand, visfatin is
an adipokine secreted by adipocytes that binds the insulin receptor

and increases glucose uptake from peripheral tissues [70,80,81].
Both PBEF and visfatin have been identified as Nampt.

4. IMPLICATIONS OF THE HORMESIS HYPOTHESIS: CR
MIMETICS

As indicated above (see section 2), it is well established that re-
ducing food intake (CR) extends lifespan in a wide range of species
from very different taxa. It is possible that these observations are
also true in primates (e.g.: rhesus monkeys and humans). But given
the current epidemic of obesity in industrialized countries, it is un-
likely that many of the people would be willing to eat less and
maintain a CR diet for the sake of longevity. More palatable would
be a drug that could mimic the effects of CR, i.e., a chemical that
would allow the individual to maintain their normal eating habits
while tricking the body to respond as though food were in short
supply but without requiring a draconian diet. Such mimetics might
be thought of as the pharmaceutical equivalent of “eating your cake
without having it” [82]. Among others (see section 2), this is one of
the probable predictions of the hormesis hypothesis.
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4.1. Modulators of Energy Metabolism

Until recently, the search for potential CR mimetics has focused
solely on those that could modulate energy metabolism. Two typi-
cal examples include 2-deoxyglucose and biguanides from the
French lilac [Galega officinalis L. (Papilionaceae)]. 2-
Deoxyglucose is a synthetic glucose analog that inhibits the enzy-
matic activity of phosphohexose isomerase. Unfortunately, al-
though this strategy has some success in short-term treatments,
chronic administration of 2-deoxyglucose may produce a number of
side effects since this drug exhibits an apparent narrow therapeutic
window between efficacy and toxicity [48,52].

Metformin is a biguanide developed from the French lilac (also
known as Goat’s rue, Spanish sainfoin or Italian fitch) that is used
(alone or in combination with sulfonylureas) to treat type Il diabe-
tes. Although the actual mechanism of action of metformin is un-
known, recent findings indicate that it acts, at least in part, by acti-
vating AMP-activated protein kinase (AMPK) in liver cells, a cellu-
lar energy sensor that modulates appetite, glucose, and insulin me-
tabolism. Other biguanides derived from the French lilac are
buformin, and phenformin. Questions arise about the long-term
safety of these compounds in humans, since phenformin was re-
moved from the market due to the severe lactic acidosis observed in
a number of patients [48,52,83]. Taken together, these findings
indicate that mimicking CR in mammals by modifying glu-
cose/insulin metabolism might be possible, although the use of this
strategy in humans will never be completely safe.

Taking into account the above considerations, the development
as CR mimetics of other different molecules such as enhancers of
fatty acid oxidation and autophagy, antioxidants, metal chelators,
etc. may be probably an alternative to the use of the above energy
metabolism modulators [48,84].

There is, however, a new class of CR mimetics with a promis-
ing future to prevent age-related diseases and extend lifespan in
mammals, and relatively non-toxic (i.e., practically devoid of nega-
tive side effects). These molecules do not directly target metabolic
enzymes but instead increase sirtuin activity.

Since the discovery that these enzymes are regulators of cell
survival and longevity in a number of organisms from different

¢-RESV or (E)-RESV (3,4",5-trihydroxy-trans-stilbene)
(13.4£1.0)

Plceatannol (3,3',4,5-tetrahydroxy-frans-stilbene)
(7.90 £ 0.50)
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phyla, there has been a great interest in finding small molecules that
can alter the activity of sirtuins. Nicotinamide, a product of the
reaction catalysed by class 11l HADCs (see section 3) is a remark-
able physiological inhibitor of these enzymes. In addition, a number
of synthetic sirtuin inhibitors including splitomicin, dihydrocou-
marin and sirtinol were identified several years ago [52,56,61,63-
65]. Finally, several researchers have recently reported the synthe-
sis and characterization of a series of new compounds as class Il
HDAC:s effective inhibitors (see, e.g., refs. [85-89]).

4.2. Activators of Sirtuin Activity

Although sirtuin inhibitors may be useful in treating some dis-
eases, sirtuin activating compounds (STACs) have more promising
therapeutic potential than sirtuin inhibitors since the use of STACs
could be one of the keys to extending lifespan in mammals (in the
absence of CR or genetic manipulation) and a possible pathway to
get a long life. Therefore, the screening of novel natural and syn-
thetic STACs will be, without a shadow of a doubt, an important
and exciting area for future research.

To date, a significant number of STACs have been identified. In
fact, at least 45 small molecules from plants were tested in 2003 by
Howitz and co-workers as putative STACs in a high-throughput
screening [90]. These molecules are natural polyphenols such as
stilbenes (non-flavonoids) and flavonoids.

The stilbenes studied in this screening led by David Sinclair in-
clude t-RESV and a humber of RESV derivatives (e.g.: piceatannol
or astringenin 3,3’,4,5’-tetrahydroxy-trans-stilbene; Fig. (4), for
more details see the supplementary information of the ref. [90]).

Besides t-RESV, other polyphenolic compounds (called flavon-
oids) have been also tested by Howitz et al. [90]. Flavonoids are a
large group of polyphenols present in plants, regularly consumed
foods (e.g. vegetables and fruits), and beverages like tea and wine.
These low molecular weight substances are phenylbenzo-y-pyrones
(phenyl-y-chromones) with an assortment of structures based on a
common three-ring nucleus. They are usually subdivided according
to their substituents into several subclasses including anthocyanid-
ins, flavanones, flavones, flavonols, flavanonols (or dihydrofla-
vonols), chalcones, isoflavones and flavanols (flavan-3-ols) (also

Trans-stilbene or E-stilbene
(1.48 £ 0.15)

Cis-stilbene or Z-stilbene
(1.14 £ 0.29)

Fig. (4). Chemical structures of the most common stilbenes tested as human SIRT1 activators. Effects on SIRT1 catalytic rate. The corresponding values of

fold activation of SIRT1 (at 100 uM) are shown in brackets.



Trans-Resveratrol Current Medicinal Chemistry, 2008 Vol. 15, No. 19 1893

Table 1. Chemical Structures of the Most Common Flavonoids Tested as Human SIRT1 Activators. Effects on SIRT1 Catalytic Rate. The Corre-
sponding Values of Fold Activation of SIRT1 (at 100 wM) are Shown in Brackets

ANTHOCYANIDINS Flavonoid 3 5 6 7 3 4 5
Cyanidin (0.45 + 0.015) OH OH — OH OH OH —
Delphinidin (0.45 + 0.007) OH OH — OH OH OH OH
Pelargonidin (1.59 + 0.037) OH OH — OH — OH —
FLAVANONES Flavonoid 3 5 7 3 4

Flavanone (1.92 £ 0.24) — — — — _

Naringenin (2.10 £ 0.23) — OH OH — OH
Taxifolin (1.97 £ 0.22) OH OH OH OH OH
FLAVONES Flavonoid 5 6 7 8 3 4
Apigenin (2.77 + 0.40) OH — OH — — OH
Luteolin (5.66 + 0.80) OH — OH — OH OH
Scutellarein (3.06 + 0.29) OH OH OH — — OH
FLAVONOLS Flavonoid 5 7 2 3 4 5
Fisetin (6.58 + 0.69) — OH — OH OH —
Kaempferol (3.55 + 0.56) OH OH — — OH —
Myricetin (0.90 + 0.07) OH OH — OH OH OH
Morin (1.46 + 0.071) OH OH OH — OH —
Quercetin (4.59 + 0.47) OH OH — OH OH —
CHALCONES Flavonoid 2 4 6 3 4
Butein (8.53 + 0.89) OH OH — OH OH

Chalcone (1.34 £ 0.17) — — — — _

Isoliquiritigenin (7.57 + 0.84) OH OH — — OH
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(Table 1). Contd.....
ISOFLAVONES Flavonoid 5 7 4 5
Daidzein (2.28 £ 0.74) — OH OH —
Genistein (1.11 + 0.026) OH OH OH —
FLAVANOLS (CATECHINS) Flavonoid 3 5 7 3 4 5
3 (-)-Catechin (1.41 £ 0.21) aOH(R) OH OH OH OH —
2 4
1 (-)-Epicatechin (1.53 + 0.31) aOH(R) OH OH OH OH —
8
o N 5'
7 : o
(-)-Epigalocatechin (0.41 £ 0.11) aOH(R) OH OH OH OH OH
6 OH
5 4

called catechins) (Table 1). Some of the most representative fla-
vonoids tested by Howitz et al. [90] and included in the different
above-mentioned subclasses are shown in Table 1.

The biological activities of flavonoids (including their antioxi-
dant properties) and other features of these polyphenols have been
reviewed comprehensively elsewhere and, therefore, will not be
covered here. (see, e.g., refs. [91-97]).

Among the polyphenols studied as sirtuin activators in the
screening led by David Sinclair [90], non-flavonoids such as hy-
droxylated stilbenes (t-RESV, piceatannol 3,3’,4,5’-tetrahydroxy-
trans-stilbene) and flavonoids such as chalcones (e.g.: butein,
isoliquiritigenin), flavonols (e.g.: fisetin, quercetin, kaempferol) and
flavones (e.g.: luteolin, scutelarein) are more powerful activators
than non-hydroxylated stilbenes (cis- and trans-stilbene) and fla-
vonoids such as isoflavones (e.g.: daidzein, genistein), flavanones
(e.g.: naringenin, taxifolin), catechins [e.g.: (-)-catechin, (-)-
epicatechin] and anthocyanidins (e.g.: pelargonidin, cyanidin, del-
phinidin) (Fig. (4), Table 1; for more details on a possible structure-
activity relationship see ref. [90]).

Although t-RESV displays the maximal stimulatory activity on
human recombinant SIRT1 (~13-fold), compared with the other
polyphenolic compounds studied (see Table 1 and Fig. (4)), it is
less efficient (~2-2.5-fold) in stimulating Sir2 of S. cerevisiae, C.
elegans and D. melanogaster [90,98].

Unfortunately, t-RESV has limitations as a drug, which include
low solubility and low stability in solution (high sensitivity to light
and to oxidation). These limitations possibly decrease its efficiency
in extending lifespan in yeast experiments and to produce its typical
pharmacological effects.

However, Yang et al. [99] have recently reported the synthesis
and characterization of a series of stilbene derivatives and have
shown that these new derivatives are superior to t-RESV in terms of
their stability in solution, toxicity and ability to activate SIRT1 and
to extend the lifespan of yeast cells. In addition, some drugs with
well-known therapeutic applications (e.g.: sodium nitroprusside)
have been reported to be potent activators of human SIRT1 expres-
sion and to extend lifespan in isolated peripheral blood mononu-
clear cells from young and healthy volunteers [100].

Finally, a number of new compounds such as benzimidazole,
oxazolopyridine, benzothiazol, 1H-imidazo(1,2-a)pyridine and
thaizolopyridine derivatives (which seem to be more stable in solu-
tion and more specific for sirtuin mediated deacetylation than t-
RESV) have been recently patented by pharmaceutical companies

(mainly Sirtris Pharmaceuticals, Inc.) as sirtuins-modulating com-
pounds, useful for promoting cell survival and for the treatment of
ageing-related diseases [55].

5. ANTI-AGING EFFECTS OF t-RESV
5.1. Effects in Yeasts, Flies and Worms

As indicated above (see Introduction), t-RESV seems to mimic
the beneficial effects of CR and extend longevity (without reducing
fecundity) in lower organisms (simple eukaryotes, e.g.: the budding
yeast Saccharomyces cerevisiae) [90] and in short-lived inverte-
brates (simple metazoans such as the nematode (worm)
Caenorhabditis elegans [98,101] and the fruit fly Drosophila mela-
nogaster [98]). Mean lifespan was extended up to 70%, 18% and
29%, respectively. These effects have been attributed to activation
of Sir2 (ySir2, dSir2 and Sir.2.1) enzymes since, as indicated above
(see section 3.1), they have been implicated in mediating lifespan
increases in yeast (ySir2), flies (dSir2) and worms (Sir2.1).

In contrast, Kaeberlein et al. [102] found no significant increase
in S. cerevisiae lifespan and ySir2 activity in vivo with t-RESV
treatment in three different yeast strain backgrounds, including the
PSY316 strain used in the original study of Howitz et al. [90]. The
basis for the discrepancy between these studies has not been re-
solved, but may be due to variability in growth conditions. In addi-
tion, using the commercially available Fluor de Lys (FdL) assay kit
(from BioMol Research Laboratories, Inc.), Kaeberlein et al. [102]
have described that the activation of Sir2 and SIRT1 by t-RESV in
vitro depends of the use of a non-physiological substrate. Specifi-
cally, t-RESV enhances binding and deacetylation of acetylpeptide
substrates containing the non-physiological fluorophore FdL (e.g.:
p53-FdL), but has no effect on binding and deacetylation of native
(physiological) acetylated peptides lacking the fluorophore (e.g.:
p53). Similar results have been reported by Borra et al. for SIRT1
in vitro [103] (see below).

On the other hand, it is also interesting to note that Bass et al.
[104] were recently unable to repeat the lifespan extension in D.
melanogaster caused by t-RESV treatment, despite using the same
strain of flies, the same nutrient media recipe and the same source
of drug as that reported in the original study of Wood and co-
workers [98]. Moreover, in contrast with the results of these re-
searchers [98], the small and intermittent lifespan extension in C.
elegans caused by t-RESV and observed by Bass and co-workers in
trials conducted blind does not depend on Sir.2.1 activation [104].
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In view of these apparent discrepancies, the effects of t-RESV
in lifespan extension and the precise mechanism by which t-RESV
acts in these organisms should be re-examined. In this connection,
for example, further additional experiments are required to investi-
gate and confirm whether t-RESV really activates ySir2 in vivo
(see, e.g., ref. [105]).

5.2. Effects in Short-Lived Vertebrates (Seasonal Fish Notho-
branchius Furzeri)

Valenzano et al. [106] have recently demonstrated that t-RESV
prolongs mean lifespan up to approximately 56% and retards the
expression of age-dependent traits, i.e., delays the age-dependent
decay of locomotor activity and cognitive performances and re-
duces the expression of neurofibrillary degeneration in the brain of
the short lived seasonal fish (vertebrate model) Nothobranchius
furzeri, which has a maximum recorded lifespan of 13 weeks in
captivity. The possible mechanisms by which t-RESV produces
these beneficial effects (e.g.: the sirtuin activation) is still unknown
since it has not been investigated [106,107].

5.3. Effects in Mammals

Since the relatively long lifespan of mammals is a hurdle for
life-long pharmaceutical trials, the effects of t-RESV on the
lifespan of these animals have not been fully investigated yet.

Despite this, a number of studies on the effects of t-RESV on
glucose homeostasis in rodents (mice), which live approximately
2.5 years, have been recently reported. In fact, Lagouge et al. [108]
and Baur et al. [109] have described that t-RESV promotes longev-
ity and improves glucose homeostasis, energy balance and increases
mithochondrial function in mice fed a high-fat diet by stimulating
the SIRT1-mediated deacetylation of the transcriptional co-
activator PGC-1a. (for comparison of both studies see ref. [110]).
Similar conclusions have been subsequently obtained for t-RESV
and other structurally unrelated SIRT1 activators by Milne et al.
[111]. These findings may have_ important implications for the
treatment of type Il diabetes and perhaps other diseases associated
with aging (e.g.: Alzheimer disease; for details see refs. [112-115]).

It is likely that the beneficial effects of t-RESV on these age-
related diseases in mammals are only partially mediated by the
deacetylation by SIRT1 of different transcription factors which play
an important role in the above pathologies (see section 3.2) because
t-RESV is implicated in the regulation of many other enzymes and
molecular pathways that might contribute to lifespan extension and
delay of the onset of aging-related diseases [84,116]. In this con-
nection, for example, Zhang [117] has recently reported that t-
RESV may additionally inhibit the insulin signalling pathway in
several cell lines and rat primary hepatocytes by a mechanism inde-
pendent of the SIRT1 activation.

In other short-lived mammals (rats), contradictory results on the
effects of t-RESV on glucose homeostasis have been recently de-
scribed. Thus, an insulin-like effect of t-RESV has been reported in
diabetic rats [118,119]. In contrast, a number of recent studies have
demonstrated that t-RESV decreases insulin secretion from pancre-
atic islets of normal rats [120-122] and that it is able to affect insu-
lin concentrations [118,119,123].

To summarize, taking into account all the above reports, t-
RESV seems to be useful for retarding the onset of a number of
diseases associated with aging in rodents by SIRT1 activation and
maybe by other different mechanisms.

If t-RESV is able to produce the above-mentioned effects in
primates (e.g.: rhesus monkeys and humans) and affect the aging
process in the kind of cells in the heart and brain that are particu-
larly susceptible to degeneration with age, perhaps one day the
ingestion of a pill daily of t-RESV as a STAC to provoke an artifi-
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cial sirtuin response and promote the same remarkable health bene-
fits currently reserved for calorie-restricted animals will not be a
fairy tale. Among others (see section 6), this is one of the possible
predictions that the xenohormesis hypothesis makes.

5.4. Mechanism of Sirtuin Activation by t-RESV

As mentioned in the above paragraphs, the beneficial effects of
t-RESV to extend lifespan in a variety of species seem to be mainly
due to the increase of sirtuin enzymatic activity. In this connection,
it is interesting to note that two different studies recently reported
have shown that t-RESV suppresses angiotensin Il type 1 receptor
expression in rat aorta myocytes [124] and protects coronary artery
endothelial cells against the adverse effects of cigarette smoking-
induced oxidative stress through SIRT1 activation [125]. This vas-
cular activity may contribute, at leas in part, to the beneficial anti-
aging and cardioprotective effects of t-RESV (see sections 1 and
5.3).

The detailed mechanistic basis for Sir2 activation by t-RESV is
not well understood, although kinetic data reveal that it stimulate
Sir2 activity by lowering the Michaelis constant for both B-NAD*
and the acetyl-lysine-bearing substrate by 35- and 5-fold, respec-
tively [90,126].

Since the B;-0, loop of the Sir2 proteins undergoes significant
conformational adjustments to facilitate B-NAD" binding and ca-
talysis, it has been proposed that t-RESV may somehow more op-
timally reconfigure the ;-0 loop for B-NAD" binding [127].

In addition, a comparison between the different Sir2 complexes
also reveals that the small zinc-binding domain of the catalytic core
also makes adjustments that appear to be important for binding to -
NAD" and acetyl-lysine, thus suggesting that t-RESV may also
interact with this domain in a way that enhances binding to one or
both of the substrates (for more details see ref. [127]).

On the other hand, as indicated above (see section 5.1), Kaeber-
lein and co-workers have recently shown in in vitro studies that t-
RESV enhances the enzymatic activity of ySir2 and human SIRT1.
This enhancement totally depends on the use of acetylpeptide sub-
strates (p53-FdL) containing the non-physiological fluorescent
moiety FdL since t-RESV has no effect on binding and deacetyla-
tion of physiological acetylated peptides lacking the fluorophore
(p53) [102]. Similar results have been reported by Borra et al. for
SIRT1 [103]. In addition, these latter researchers have investigated
in vitro the molecular basis for SIRT1 activation by t-RESV.

In contrast with the results obtained by Kaeberlein et al. [102],
among the three enzymes (ySir2, human SIRT1 and human SIRT2)
tested by Borra and co-workers [103], only SIRT1 exhibited sig-
nificant enzyme activation (~8-fold) by t-RESV.

To examine the requirements for this activation, Borra and co-
workers [103] used three p53 acetylpeptide substrates either lacking
a fluorophore or containing a 7-amino-4-methylcoumarin (p53-
AMC) or rhodamine 110 (p53-R110). Although SIRT1 enzymatic
activity stimulation was independent of the acetylpeptide sequence,
the activation of SIRT1 by t-RESV was completely dependent on
the presence of a covalently attached fluorophore to the acetylated
peptide. In addition, the presence of the fluorophore decreased the
binding affinity of the peptide to SIRT1. Without t-RESV, the cou-
marin of p53-AMC peptide makes no significant contact with
SIRT1. However, in the presence of t-RESV, fluorophore-
containing substrates bound more tightly to SIRT1.

The binding site for t-RESV has not yet been determined and
will likely require a co-crystal X-ray structure. One possibility is
that t-RESV binds to SIRT1 in the region immediately surrounding
the coumarin binding site and may directly interact with the cou-
marin ring. The fact that t-RESV activates the binding of the p53-
R110 peptide to SIRT1, however, argues against direct interaction
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of t-RESV with the fluorophore, since rhodamine and coumarin are
structurally different. Alternatively, t-RESV may bind to an allos-
teric site separate from the coumarin binding site. t-RESV binding
to an allosteric site would induce conformational changes in SIRT1
allowing the coumarin group of the artificial (non-physiological)
acetylpeptide substrate p53-AMC to bind more tightly (for details
see ref. [103]).

6. t-RESV AND OTHER STACS: EVIDENCE FOR XENO-
HORMESIS?

As indicated above (see section 4.2), a number of natural poly-
phenols have been identified as potent STACs. These small mole-
cules produced by plants (e.g.: t-RESV) extend the lifespan of a
wide range of organisms from different phyla and are effective
against a variety of age-related diseases in rodents (see section 5.3).
It is unlikely that these effects are mainly due to the anti-oxidant
activity of t-RESV since oxidative stress does not decrease yeast
lifespan [71], and anti-oxidants do not extend lifespan of metazoans
[128] (although see ref. [107] for a review of conflicting results).

According to Sinclair [52], to explain the above-mentioned
beneficial effects of t-RESV, there are a number of possibilities,
including the hypothesis that this stiloene mimics the action of an
endogenous STAC in yeast and animals (see below). Indeed, t-
RESV is considered as a phytoestrogen and is structurally very
similar to the potent synthetic estrogen diethylstilbestrol [129]. In
addition, there is another intriguing possibility: t-RESV and possi-
bly other sirtuin-activating polyphenols might be plant stress-
signaling molecules that coordinates sirtuin-mediated defences in
plants [52,69,90].

The genes that encode the biosynthesis of sirtuins are present in
all eukaryotes cells (vegetables and animals) studied. Therefore, it
is logical to assume that these proteins are very ancient enzymes
that existed in the common ancestor of today’s eukaryotes, possibly
more than a billion years ago. In addition, their function in extend-
ing lifespan and stress resistance is also highly conserved. Since
plants possess numerous sirtuin family members and increase their
own production (biosynthesis) of t-RESV in response to different
stresses such as pathogenic attack, nutrient limitation, dehydration,
etc. (see Introduction), it is reasonable to postulate that t-RESV is
really a signalling molecule that coordinates in plants the defensive
responses mediated by sirtuin activation [52,69,90]. This idea con-
trasts with the general notion that the above-mentioned stilbene is
basically an antioxidant or a phytoalexin (i.e., a plant antimicrobial
compound; see Introduction).

According to Lamming et al. [69], these findings raise an im-
portant question: why do t-RESV and other plant polyphenols
stimulate sirtuins in yeasts and animals (e.g.: humans)? It is im-
probable that this is simply an inherent property of these enzymes
because it would be lost quickly in the absence of positive selec-
tion. So what selective force could have maintained this property of
sirtuins since the major eukaryotes diverged? According to Lam-
ming and co-workers [69], one possible explanation is that fungi
(e.g.: yeasts) and animals modulate the activity of their sirtuins with
endogenous molecules, which should be quite different in chemical
structure from t-RESV because S. cerevisiae and metazoans do not
possess genes that resemble those used for t-RESV biosynthesis
(e.g., the genes that encode the expression of the stilbene synthase;
see Introduction). In fact, Kim et al. [130] have very recently re-
ported the identification of an endogenous SIRT1 activator, which
they have named active regulator of SIRT1 (AROS). AROS is a
142 amino acid nuclear protein with no previously defined function
or homology to other proteins (for more details see refs. [130,131].

According to Lamming et al. [69], another possible explanation
is that fungi (e.g.: yeasts) and animals have since lost their capacity
to synthesize t-RESV and other polyphenols but have retained the
ability to be activated by these plant molecules because they pro-
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vide an useful advance warning of a deteriorating environment
and/or loss of food supply, allowing organisms that eat the plants to
begin increasing cell defences and, in turn, to prepare for and sur-
vive adversity when they might otherwise perish. In fact, in these
situations, the message of impeding crisis may be passed on from
plants to animals that consume these plants since t-RESV accumu-
lation in stressed plants may be sufficient to induce a hormetic re-
sponse (basically by stimulation of sirtuin enzymatic activity) in
animals [52,69].

This interspecies communication of stress signals has been
termed xenohormesis by Howitz and Sinclair [90] and, according to
these researchers, this xenohormesis hypothesis makes a number of
predictions:

First, stressed plants should be an abundant reservoir for me-
dicinal compounds (e.g.: t-RESV and other natural polyphenols)
that exhibit conserved beneficial protective effects in humans.

Second, these compounds should interact not only with the sir-
tuins but also with a variety of enzymes implicated in regulating
stress responses, cell survival and longevity.

Third, the “xenohormetic molecules” should be relatively safe
for human consumption and relatively non-toxic (i.e., practically
devoid of negative side effects) since we evolved along with them.

t-RESV fulfils all of the above qualifications.

7. CONCLUDING REMARKS

Five hundred years ago (in the spring of 1512), three wooden
ships commanded by the Spanish explorer Ponce de Leén left the
warm Caribbean waters of Puerto Rico in search of gold and of the
mythical fountain of youth. In this voyage, Ponce de Ledn discov-
ered inadvertently the land to the North (Florida), but he did not
find the gold and the fountain of youth. The quest continues today,
and the modern explorers are biologists seeking ways and magical
molecules to modulate aging.

As indicated above, t-RESV is an important natural polyphenol
and a fashionable dietary component with a plethora of beneficial
effects for human health, including the possible extension of the
duration of life in a number of investigated organisms from differ-
ent phyla, such as yeasts, worms, flies and fish. In this connection,
t-RESV is currently in Phase /11 clinical trials for treating recurrent
herpes simplex virus type 1 (HSV-1) infections and colon cancer
(see, e.g., refs. [52,132]).

Taking into account the above considerations and bearing in
mind that t-RESV exhibits relatively good pharmacokinetic proper-
ties (see below) and that the toxicity studies have shown that this
remarkable and fascinating polyphenolic compound has a good
safety profile in humans and is not toxic even at high doses (see,
e.g., refs. [132,133]), it is likely that t-RESV, t-RESV derivatives
and other SIRT1 activators may represent a novel (see sections 4.2
and 5.3) class of wonder drugs useful for combating aging and a
number of age-related diseases (see section 5.3), Therefore, t-RESV
maybe may be used in the future (when conclusive results in hu-
mans on its anti-aging effects are provided) as one of the mythical,
legendary, hypothetical, miraculous, magical and long-sought “elix-
irs of eternal youth”.

On the other hand, it is interesting to note that the t-RESV con-
centrations reached in plasma and tissues after oral administration
to rats or humans or after prolonged and daily consumption of mod-
erate amounts of red wine appear to approach the concentrations
that are active in vitro (usually in the range 1-30 pM; see, e.g., refs.
[3,4,12,25,134]). In addition to free RESV isomers (t-RESV and
c-RESV) present at variable concentrations in wines (see Introduc-
tion), a number of RESV derivatives (mainly B-glucosides) are also
present. These may be absorbed directly, as reported for the rat
small intestine and/or hydrolysed before absorption by glucosidases
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present in the human intestinal tract, with subsequent release of free
RESV. These RESV derivatives may contribute to the biologically
available RESV dose (for review, see, e.g., refs. [3,4]).

Moreover, t-RESV is a lipophilic substance which is effectively
absorbed after oral administration in rats, mice and humans, and
which accumulates in rat and mouse tissues including heart, liver
and kidney (for review, see, e.g., refs. [3,4,135]). For this reason,
Bertelli et al. [136] concluded that an average drinker of wine can
absorb a sufficient amount of RESV, at least in the long term, to
explain the beneficial effects of red wine on health.

Therefore, bearing in mind the above considerations and reports
and taking into account that:

1)  Although t-RESV has been reported to have a relative low
bioavailability since it may be rapidly metabolised in humans
by glucuronidation and sulfation [135,137], the corresponding
sulphates and glucuronides formed seem to retain in part the
pharmacological activity of the natural compound [84,138].

2) There is synergy and interactions amongst t-RESV and a
number of polyphenol compounds present in wines, which
may increase the t-RESV biological activity [134] and im-
prove the t-RESV bioavailability (by modifications of the
pharmacokinetic properties and metabolism of this stilbene)
[139-141].

3)  The habitual answer of the world’s oldest men when they are
asked for the secret of their longevity and health is: “drink at
least a good glass of red wine every day”,

It is likely that the long-term and daily consumption of moder-
ate amounts of red wine and other beverages containing significant
t-RESV concentrations can be beneficial to extend lifespan and
increase the life expectancy by delaying the onset of age-related
diseases such as cancer, atherosclerosis, type 11 diabetes, etc.
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ABBREVIATIONS

CR = Caloric restriction

c-RESV = Resveratrol, cis isomer

FdL = Fluor de Lys

HDACs = Histone deacetylases

PNC1 = Pyrazinamidasenicotinamidase 1
RESV = Resveratrol

STACs = Sirtuin activating compounds
t-RESV = Resveratrol, trans isomer
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