J Bioenerg Biomembr (2007) 39:59-63
DOI 10.1007/s10863-006-9053-y

MINIREVIEW

Resveratrol in cell fate decisions

Andrea Lisa Holme and Shazib Pervaiz

Published online: 17 February 2007
(© Springer Science+Business Media, LLC 2007

Abstract Resveratrol, a polyphenolic phytoalexin, is one
of the most extensively studied natural products, with wide
ranging biological activity and tremendous clinical potential.
First identified from fruits and plants, in particular grapes
and wines, its positive effects on a variety of disease states
have been unraveled over the past decade or so. Most notice-
able are its anti-thrombogenic, anti-inflammatory, cardio-
protective, neuro-protective, anti-aging, and cancer preven-
tive and therapeutic activities. Recent data also indicate that
depending upon the concentration/dose, resveratrol can trig-
ger or block cell death signaling in tumor cells. Considering
the heightened interest in this compound, here we present
a short review on the biological activity of this remarkable
compound, with a specific focus on its effects on cell survival
and death signals.
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Introduction

Recent data suggest that depending upon its concentration
and the cell type, resveratrol (RSV) could promote cell sur-
vival signaling or activate cell death pathways. These diverse
effects, though seemingly contradictory in some settings,
have sparked tremendous interest in studies aimed at under-
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standing the biological effects of RSV for its potential clin-
ical usefulness. Many of the cancer-related effects of RSV
have been shown to be a function of cell cycle arrest or/and
apoptosis induction. These effects are related to its ability to
modulate the activity of key mediators of the cell cycle and
cell survival. Here we present a short focused review on the
effect of RSV on cell growth and carcinogenesis from the
standpoint of the mitochondria and bioenergetics.

Resveratrol and its impact on human health

A plethora of naturally occurring compounds is under inves-
tigation for their chemopreventive and/or chemotherapeutic
potential. Among these compounds is a family of polymers
(viniferins) with strong anti-fungal properties which includes
plant antibiotics known as phytoalexins (Soleas et al., 1997).
A biological potent member of this group is resveratrol
(RSV), a major active ingredient of stilbene phytoalexins
first purified from the roots of the oriental medicinal plant
Polygonum Capsidatum (Ko-jo-kon in Japanese) (Nonomura
etal., 1963). The observations that RSV was one of the major
active ingredients of a folk plant, known for its remedial ef-
fects against a host of disease states (Nonomura et al., 1963;
Kubo et al., 1981), and that it was synthesized in response
to fungal infection of grapevines (Vitis vinifera) (Langcake
and Pryce, 1976) provided the early stimulus for unravel-
ing the biological properties of this remarkable compound.
Since the first reported detection of trans-RSV in grapevines
in 1976 (Langcake and Pryce, 1976) and later in wine in
1992 (Siemann and Creasy, 1992), most of the work had
focused on RSV in grapevines. This was mainly due to the
fact that compounds found in grapevines were implicated in
epidemiological data demonstrating an inverse correlation
between red wine consumption and the incidence of cardio-
vascular disease — the “French paradox” (Kopp, 1998). Most
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Fig. 1 Overview of the
macro-cellular events that RSV
targets, leading to cell death or
survival. The outcome of which
is dependent upon the
concentration of RSV given and
the genetic phenotype

Cell Death

of the earlier work with RSV was centered around its cardio-
protective and anti-inflammatory effects and the mechanisms
implicated include: anti-oxidant and anti-coagulant proper-
ties, association with lipoproteins, inhibition of low-density
lipoprotein (LDL) oxidation, inhibition of platelet aggre-
gation and polymorphonuclear cell activation, and induced
vaso-relaxation [reviewed in (Pervaiz, 2003)]. These obser-
vations have been substantiated by recent data linking RSV
to impaired migration and tube formation in endothelial
cells and inhibition of the expression of adhesion molecules,
thereby reducing thrombogenic potential (Baur and Sinclair,
2006). The effects of RSV on some important physiologi-
cal pathways have been proposed as possible mechanisms
for its observed cancer chemopreventive, cardio-protective,
and neuroprotective activities as summarized in Fig. 1. Fur-
thermore, it is structurally similar to the estrogenic agent
diethylstilbestrol which confers upon it a pronounced in vivo
estrogenic activity.

The real impetus to the interest in the biology of RSV
was the report linking RSV to inhibition of tumor initia-
tion, promotion and progression in a murine model (Jang
et al., 1997). This was followed by observations implicating
the apoptotic activity of RSV in its cancer preventive ef-
fect (Clement et al., 1998). Since then, a plethora of studies
have unraveled intracellular circuits and molecular pathways
directly or indirectly involved in RSV-mediated signaling
(Aggarwal et al., 2004; Pervaiz, 2003). These include the in-
volvement of both the death receptor pathway as well as the
mitochondrial intrinsic pathway. In terms of the former, we
demonstrated the involvement of the CD95-CD95L system
in RSV-induced apoptosis of human leukemia and breast car-
cinoma cells, but not in activated peripheral blood mononu-
clear cells (Clement et al., 1998). These findings were further
corroborated by two independent studies (Su et al., 2005;
Wang et al., 2005). One possible scenario implicating death
receptor signaling in the death inducing activity of RSV was
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the redistribution of CD95 (Apo1/Fas) and other death recep-
tors of the TNF superfamily, such as TRAIL-R (TNF-related
apoptosis inducing ligand receptor), to lipid rafts. Although,
this redistribution of death receptors was insufficient to trig-
ger cell death by its own, it had the effect of significantly
amplifying death signaling upon exposure to death receptor
agonists such as anti-CD95 or TRAIL (Fulda and Debatin,
2005) (Velthuis et al., 2002). Of note, lipid membrane struc-
tures, such as cholesterol — and/or sphingolipid-rich moieties
of the plasma membrane (lipid rafts), actively participate
in metabolic and signal transduction processes, particularly
the ligation of CD95 death receptor (Cahuzac et al., 2006;
Henkler et al., 2005; Dimanche-Boitrel et al., 2005).

It should be pointed out that the ICsy of RSV for prolifer-
ation inhibition was significantly lower for cancer cells (34
uM for leukemia cells) as compared to normal hematopoi-
etic cells (59 uM) (Gautam et al., 2000). Similarly, a bolus
treatment with RSV (80 uM for 20h) had a significantly
stronger inhibitory effect on the colony forming ability of
leukemia cells than the hematopoietic progenitors cells. Fur-
ther corroborating the relatively higher sensitivity of cancer
cellsto RSV treatment, SV40-transformed human fibroblasts
(WI38VA) were shown to be more sensitive to RSV than nor-
mal fibroblasts in modulating the expressions of pro- versus
anti-apoptotic genes (Gosslau et al., 2005; Lu et al., 2001).

Calories, life span and resveratrol — the
“French paradox”

The “French paradox” was the driving force behind the ini-
tial interest in the biological properties of the phytoalexin
RSV; relatively lower rates of heart disease and cancer
in populations from wine drinking nations, despite a diet
high in saturated fat and cholesterol and/or a high blood
cholesterol level. Polyunsaturated fatty acids are esterified
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in membrane phospholipids and triglycerides in mammalian
tissues, and mainly function to maintain membrane fluidity
and substrate storage. Oxidative metabolism of these fatty
acids to eicosanoids (collective name for prostaglandins,
hydroxy-fatty acids and leukotrienes) depends on the avail-
ability of free non-esterified fatty acids. These fatty acids
are substrates for three distinctively different enzymatic
pathways; cyclooxygenase (COX), lipoxygenase (LOX) and
epoxygenase. Lipoxygenases are iron-containing dioxyge-
nase with peroxidase activity involved in the synthesis of
mediators in inflammatory, atherosclerotic, and carcinogenic
processes. RSV and its oxidized form can act as inhibitors of
the dioxygenase activity of lipoxygenase while maintaining
the hydroperoxidase activity of lipoxygenase [reviewed in
(Aggarwal and Shishodia, 2006; Pervaiz, 2003, 2004)].

Multiple reports show that RSV is able to inhibit cy-
clooxygenase (COX) expression and/or activity; specifi-
cally COX-2 (Bhat and Pezzuto, 2002; Surh et al., 2001;
Aggarwal and Shishodia, 2006; Cuendet and Pezzuto, 2000;
Murias et al., 2004). High concentrations of RSV have
been shown to trigger apoptosis via decreases in expres-
sion and activity of COX and in the production of the COX
metabolites, prostaglandin E2 and F2alpha (PGE2 and PGF2
«), as well as affecting cell survival pathways such as the
PI3K/PKB/AKT, p53-NFk B, and mitogen activated protein
kinases (MAPKSs) (Aggarwal et al., 2004; Kundu et al., 2004;
Sexton et al., 2006; Tang et al., 2006). Moreover, RSV in-
hibits the production of free radical oxygen species (ROS)
via NADPH oxidase and this correlates with the inhibition of
the PI3K activity representing an anti-inflammatory mecha-
nism (Ahmad et al., 2004; Poolman et al., 2005).

More recent studies on a variety of species, including
mammals, showed that both RSV and caloric restriction in-
creased silent information regulator 2/sirtuin 1 (SIRT) activ-
ity, which resulted in an increase in life span/cell survival.
SIRTs belong to the class III histone/protein deacetylases,
which are implicated in calorie restriction, aging, neurode-
generative diseases and inflammation (Cosgrove et al., 2006;
Leibiger and Berggren, 2006; Longo and Kennedy, 2006).
The mammalian SIRT1 (Sir2alpha) physiologically inter-
acts with forkhead box O (FOXO) transcription factors 3/4.
The activity of FOXO4 is suppressed or enhanced by SIRT1
inhibitor, nicotinamide (NAD), or its activator, RSV, respec-
tively. In response to oxidative stress, FOXO4 accumulates
within the nucleus and induces GADDA45 expression. These
results indicate that mammalian SIRT1 plays a pivotal role
in FOXO function via NAD-dependent deacetylation in re-
sponse to oxidative stress, and thereby may contribute to
cellular stress resistance and longevity (Ying, 2006; Kolthur-
Seetharam et al., 2006). In this regard, a recent report has
shown that middle-aged mice on a high-calorie diet when
given RSV, exhibited the physiology of mice on a standard
diet, and had a significant increase in overall lifespan (Baur

et al., 2006 (Baur et al., 2006). Investigations showed that
RSV was able to prevent the effects of the high-calorie diet
in 144 out of 153 significantly altered pathways. Further-
more RSV increased insulin sensitivity, reduced insulin-like
growth factor-1 (IGF-I) levels, increased AMP-activated pro-
tein kinase (AMPK) and peroxisome proliferator-activated
receptor-gamma co-activator 1 alpha (PGC-1«) activity, in-
creased mitochondrial numbers, and improved motor func-
tions (Baur et al., 2006). This is further corroborated by a
recent report documenting that mice given RSV showed an
increase in their aerobic capacity (Lagouge et al., 2006).
RSV’s effects correlated with induction of genes involved
in oxidative phosphorylation and mitochondrial biogenesis,
brought about by a decrease in PGC-1« acetylation and an in-
crease in PGC-1q activity, not seen in SIRT-/- mouse embry-
onic fibroblasts (MEFs). Of note, RSV treatment protected
mice against diet-induced-obesity and insulin resistance.

Mitochondria, electron transport chain,
and bioenergetics

As the powerhouse of ATP production, the mitochondria
respond to the cell’s energy needs via the process of oxida-
tive phosphorylation involving the mitochondria respiratory
chain located in the mitochondria inner membrane. This is
facilitated by extrusion of protons (H*) from the mitochon-
dria matrix, generating the mitochondria trans-membrane
potential and the pH gradient, which together give rise to the
proton motive force. Disruption in this chemi-osmotic cou-
pling by inhibiting the re-entry of H" back into the matrix
through the FFy ATPase, results in the cessation of ATP
synthesis; F{Fy ATPase couples the transfer of HT down
the electrochemical gradient to generate ATP. Evidence is
emerging to implicate the Bcl-2 family of proteins in the
regulation of mitochondrial bioenergetics. To that end, over-
expression of Bcl-2 was shown to shift the Ca?* threshold
of cells to one which allows a large amount of Ca’* to ac-
cumulate before apoptosis is triggered by deactivating the
K*/ATP exchanger (Cheng et al., 2006). Although the ex-
act mechanism of RSV’s ability to trigger depolarization of
the mitochondria membrane is not presently well defined,
early work suggested that RSV could affect the F-type AT-
Pase to decrease the activity of the mitochondria complex
IIT and reduce ROS generation; piceatannol and RSV inhib-
ited the F-type ATPase by targeting the F; sector located
on the inner membrane of mitochondria as well as plasma
membrane of normal endothelial cells and several cancer
cell lines (Zheng and Ramirez, 1999; Zheng and Ramirez,
2000). Other data indicated ROS scavenging activity of RSV,
thus lending support to its anti-oxidant property. However,
more recent work has shed light on the ability of RSV to
function both as a pro-oxidant as well as an anti-oxidant
depending upon the concentration and the cell type. To that
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end, we demonstrated the ability of RSV to trigger apop-
tosis in human tumor cells at relatively high concentrations
(Clement et al., 1998; Lee et al., 2006), whereas exposure
of cells to low (non-cytotoxic) doses resulted in a totally
opposite effect, i.e., inhibition of death signaling (Ahmad
et al., 2004). The latter was attributed to the ability of low
concentrations of RSV to create a slightly pro-oxidant intra-
cellular milieu (Ahmad et al., 2003, 2004) that favored cell
proliferation and/or inhibited apoptotic execution via mecha-
nisms alluded to in our previous publications (Clement et al.,
2003; Pervaiz et al., 1999, 2001). Along similar lines, RSV
has been reported to inhibit Akt/PKB phosphorylation and
downstream proliferative signaling by targeting the survival
kinase, phosphatidylinositol 3-kinase (PI3K). As Akt/PKB
is involved in glucose uptake and metabolism, this effect of
RSV reduces glycolysis and cellular metabolism. Further-
more, RSV-mediated inhibition of downstream effectors of
the PI3K pathway, such as p70 S6K, and S6 ribosomal pro-
tein has been recently linked to the arrest of cells in the
Go/G1 phase of the cell cycle (Faber et al., 2006). These
results are the first to link RSV-induced growth arrest to its
effect on the glycolytic pathway.

RSV and mitochondria-mediated cell death

In addition to the pivotal role in ATP synthesis and energy
provision for cellular metabolism, the mitochondria play a
central role in apoptotic execution. In the mitochondrial-
dependent death signaling or intrinsic death pathway, translo-
cation of proteins to and from the mitochondria provides
the amplification factors to fuel apoptotic signaling. The in-
trinsic death pathway is almost obligatory in drug-induced
apoptosis, and hence the problem of drug resistance in tu-
mors where this pathway is shut down by the over-expression
of anti-apoptotic members of the Bcl-2 family, such as Bcl-
2 and Bcl-xL (Alves et al., 2006; Galonek and Hardwick,
2006). Recruitment of this pathway is brought about by the
translocation of pro-apoptotic proteins of the Bcl-2 family,
such as Bax and Bak, thus inducing mitochondrial outer
membrane permeablization (MOMP) (Green and Kroemer,
2004). This has a functional impact on mitochondrial mor-
phology as well as physiology, such as dissipation of the
trans-membrane potential, loss of the protomotive gradient,
leakage of electrons onto oxygen resulting in the generation
of free radicals, potentially damaging to the lipid rich mi-
lieu of the mitochondrial membranes. The end result is the
egress of proteins such as cytochrome C, Smac/DIABLO,
caspases, and apoptosis inducing factor (AIF) to the cytosol,
where they function in diverse ways to amplify apoptotic
signaling (Chipuk et al., 2006).

Although exposure to high concentrations of RSV has
been shown to trigger apoptotic death in a variety of models
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[reviewed in (Pervaiz, 2004)], with a direct or indirect in-
volvement of the intrinsic death pathway, the direct impact
of RSV on pathways involved in the induction of MOMP are
beginning to be understood. For example, RSV treatment of
prostate carcinoma cell line, LNCaP, resulted in a significant
loss of mitochondrial membrane potential, inhibition in the
protein level of anti-apoptotic Bcl-2, and increase in pro-
apoptotic members of the Bcl-2 family, i.e., Bax, Bak, Bid,
and Bad (Aziz et al., 2006). In a recent communication, our
work has implicated caspase 6-mediated cleavage of lamin
A in RSV-induced apoptosis of colorectal carcinoma cells,
which could be activated in the absence of Bax or p53 (Lee
etal., 2006). Along similar lines, earlier reports have demon-
strated Bax-dependent as well as Bax-independent induction
of apoptosis by RSV in tumor cells (Lu et al., 2001; Mahyar-
Roemer et al., 2002).

Interestingly, besides being a strong apoptotic stimulus,
RSV in some systems and at low concentrations also exhibits
strong protective effects in terms of inhibiting cell death
and oxidative damage of tissues/cells. This is supported by
the inhibition of (a) oxidized LDL-induced cytotoxicity, (b)
mitochondrial trans-membrane potential drop, (c) egress of
cytochrome ¢ upon apoptosis induction, (d) cytosolic pH
drop, (e) intracellular H,O, production, (f) mitochondrial
translocation of Bax, and (g) activation of caspases such as
caspase 3 and 9 (Ahmad et al., 2004; Ou et al., 2006).

These paradoxical effects of RSV on cell survival and
death pathways have triggered enormous interest, both
from the standpoint of its utility as a chemopreventive
or chemotherapeutic agent in a variety of disease models,
cancer in particular, as well as from the paradoxical per-
spective of protecting tissues/organs from oxidative dam-
age/degeneration and in disease states where cell death
is abnormally amplified, such as Alzheimers disease and
HIV/AIDS. Corroborating the latter are its emerging neuro-
protective activity as well as the ability to retard aging pro-
cess in mice (Ingram et al., 2006).

Remarks

Considering the pleiotropic effects of RSV and its myriad
intracellular targets it is not surprising that there are a va-
riety of outcomes depending upon the duration and dose
of treatment. Future studies are likely to focus on a deeper
understanding of the intricate biology of this remarkable
compound and its analogues, with potential implications for
its use in the clinical settings.
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