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Abstract

v

Colon cancer is one of the leading causes of can-
cer death in men and women in Western coun-
tries. Epidemiological studies have linked the
consumption of fruits and vegetables to a re-
duced risk of colon cancer, and small fruits are
particularly rich sources of many active phyto-
chemical stilbenes, such as resveratrol and pter-
ostilbene. Recent advances in the prevention of
colon cancer have stimulated an interest in diet
and lifestyle as an effective means of interven-
tion. As constituents of small fruits such as
grapes, berries and their products, stilbenes are
under intense investigation as cancer chemopre-

ventive agents. One of the best-characterized
stilbenes, resveratrol, has been known as an anti-
oxidant and an anti-aging compound as well as
an anti-inflammatory agent. Stilbenes have di-
verse pharmacological activities, which include
cancer prevention, a cholesterol-lowering effect,
enhanced insulin sensitivity, and increased life-
span. This review summarizes results related to
the potential use of various stilbenes as cancer
chemopreventive agents, their mechanisms of
action, as well as their pharmacokinetics and ef-
ficacy for the prevention of colon cancer in ani-
mals and humans.

Introduction

v

Predicted death from colon cancer is estimated to
be almost 50,000 in the U.S.A. in 2008, making
colon cancer the second leading cause of death
among all cancer types for men and women in
the U.S.A. (American Cancer Society Facts and
Fig. 2008). With increasing awareness of disease
prevention, not only for colon cancer, changes in
diet and lifestyle have received much attention as
an effective means of intervention of disease de-
velopment. Experts allude to diets rich in fruits
and vegetables as a key for keeping healthy. Cer-
tain groups of compounds, such as polyphenols,
have gained popularity as health beneficial con-
stituents in edible plants. Over the past decade,
there have been increasing applications for natu-
rally derived phytochemicals as anti-inflamma-
tory and cancer chemopreventive agents [1], [2],
(3] [4].

Stilbenes or stilbenoids are a well-known class of
naturally occurring phytochemicals. Stilbenes
bear the core structure of 1,2-diphenylethylene
(© Table 1). These compounds are stress metabo-
lites, produced in the leaves as well as in sap-

wood in response to fungal infection [5], [6]. Al-
though known as plant defense compounds,
these phytochemicals have an enormous diversi-
ty of effects on biological and cellular processes
applicable to human health. The biological ef-
fects of a well-characterized stilbene, resveratrol,
include its role as an inducer of cell differentia-
tion, a mediator of anti-inflammatory action and
its effects as an antioxidant and anti-aging agent
(31. 171, 8. [9], [10].

The distribution of stilbenes in the plant king-
dom is wide. Resveratrol, for example, is found
in small fruits such as grapes and Vaccinium ber-
ries [10], [11], peanuts [12] and in Polygonum
species [13]. Stilbenes structurally related to re-
sveratrol have been found in a variety of foods as
well as in medicinal plants (© Table 1). Similar to
resveratrol, these phytochemicals have a multi-
tude of biological activities. Some in vitro and in
vivo activities related to cancer are provided in
© Table 1.

The demonstrated pharmacological properties of
naturally occurring stilbenes have inspired the
synthesis of analogues in efforts to improve ac-
tivity. For example, tamoxifen, with the chemical

Rimando AMet al. Biological/Chemopreventive Activity of... Planta Med 2008; 74: 1635-1643

S
Q
=
2
=
o
o
o
>
=
8
2
]
]
0
c
9
2
>
2
=
0
o
e}
()
N
2
o
=
£
>
]
c
)
=
c
o
[}
[%2]
S
I
c
o
D)
2
[0}
o
o
o
S
o)
[0}
he)
©
o
c
=
o
o
)]
©
2
2z
c
(3]
S
>
[5)
o
o
0
=
[



1CE]W | Review

R4 =
Ry
Table 1 Naturally-occurring stilbenes
Name R4 R, R4 Rs
Astringin OGluc OH OH OH
Desoxy- OH OH H OCH;

rhapontigenin

Isorhapontigenin OH OH OCH; OH
Isorhapontin OGluc OH OCH; OH
Oxyresveratrol OH OH H OH
Piceatannol OH OH OH OH

(Astringenin)

Piceid (Polydatin) OGluc OH H OH
Pinostilbene OH OCH; H OH
Pinostilbenoside OH OCH; H OGluc
Pinosylvin OH OH H H
Pinosylvin OH OCH; H H
monomethylether

Pterostilbene OCH;3 OCH; H OH
Resveratrol OH OH H OH
Resveratrol OCH; OCH; H OCH;

trimethylether

Resveratroloside OH OH H OGluc
Rhaponticin OGluc OH OH OCH;
(Rhapontin)

Rhapontigenin OH OH OH OCH;

* Ry =H for all the stilbenes except for oxyresveratrol where R3 = OH; DMBA, 7,12-dimethylbenz[a]anthracene.

core structure of 1,1,2-triphenylethylene (which contains the
stilbene skeleton), proved to be highly efficacious for the preven-
tion and treatment of breast cancer [14]. A synthetic stilbene, 3~
hydroxystilbene, was markedly more effective than resveratrol
in inhibiting the growth of sensitive and resistant leukemia cells
HL60, K562, HUT78, and HUT78B3 [15]. 3,4,5-Trimethoxy-4"-
bromo-cis-stilbene inhibited human colon cancer cell prolifera-
tion much more effectively than resveratrol, and this trimethoxy-
stilbene is considered a good colon cancer chemopreventive or
chemotherapeutic agent [16]. Although many synthetic stilbene
analogues active against various types of cancer have been gen-
erated, this review will mainly focus on resveratrol and some of

Plant Source

Picea spp. [94]

Rheum spp. [96], [97]

Picea spp. [94]
Picea spp. [94]
Morus spp.[100]

Picea spp. [94],
Rheum undulatum [97]

Vitis vinifera [104]
Pinus sibirica [105]

Pinus spp. [106]

Alnus crispa [107],
Pinus resinosa [108]
Alnus crispa [107],
Pinus resinosa [108]
Vitis vinifera [110],
Vaccinium spp. [11]
Pterocarpus spp. [111]
Vitis vinifera [5], Arachis
hypogaea [12],
Polygonum spp. [13]
Virola elongata [112]

Rhei palmati[114]
Rheum undulatum [97]

Rheum spp. [96], [97]

its naturally-occurring analogues as related to colon cancer pre-

ventive activity.

Anti-cancer related activity

Inhibits DMBA-induced lesions in mouse
mammary glands [95]

Inhibits human tumor cell lines, A-549,
SK-OV-3, SK-MEL-2, XF-498 and

HCT15 [98]; Inhibits CYP 1A1 and 1B1[58]
Estrogenicin breast cancer cells MCF-7

or T-47 D [99]

Estrogenic in breast cancer cells MCF-7

or T-47 D [99]

Cytotoxic in human lung and colon cancer
cells[101]

Inhibits human leukemia cell line U937
[102] and human bladder cancer cells
[103]

Inhibits cytochromes P450 1A1, 1A2, 1B1,
and 2E1[57], [58]

Inhibits human lymphoblastoid cell lines
Molt and Raji [109]

Inhibits azoxymethane-induced ACF [51];
Inhibits cytochromes P450 1A1, 1A2, 1B1,
and 2E1 [57], [58]

Numerous studies, Inhibits cytochromes
P450 1A1, 1A2, 1B1, and 2E1 [57], [58]

Anti-proliferative activity towards
DU-145, LNCaP, M-14 and KB cells lines
[113]; Inhibits cytochromes P450 1A2,
2E1[57]

Inhibits human tumor cell lines A-549,
SK-OV-3, SK-MEL-2, XF-498 and HCT15
(98]
Inhibits human tumor cell lines A-549,
SK-OV-3, SK-MEL-2, XF-498 and HCT15
(98]

Mechanisms of Action of Stilbenes

v

In vitro mechanisms of action of the most representative stil-
bene, resveratrol, have been extensively discussed in numerous
reports and reviews [9], [17], [18], [19]. Resveratrol and other re-
lated stilbenes suppress the proliferation of a wide variety of cul-
tured cancer cells, including colon, prostate, breast, pancreas,
ovary, melanoma, head and neck, and others [9], [17], [19], [20].
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Several key mechanisms of action include inhibition of the tran-
scription factor NF-«B [9], regulation of cytochrome P450 en-
zymes [21], [22], activation of nuclear receptors such as estrogen
receptors (ERs) [23], [24] and peroxisome proliferator-activated
receptors (PPARs) [25], [26], [27], inhibition of expression and
activity of inflammation-related enzymes such as cyclooxygena-
ses [17], [19], [28], and regulation of sirtuins [7], [29], [30]. More
details are summarized below.

Growth inhibition and induction of apoptosis by
stilbenes

An extensive literature on growth inhibition and induction of
apoptosis of stilbenes has been documented largely with its
most representative stilbene, resveratrol. The growth-inhibitory
effects of resveratrol are thought to be mediated mainly through
cell-cycle arrest induced by up-regulation of p21, p27, p53 and
Bax, and down-regulation of survivin, cyclin D1, cyclin E, Bcl-2,
Bcl-xL and clAPs [9], [31]. Resveratrol induces apoptosis by up-
regulating the expression of Bax, Bak, PUMA, Noxa, Bim, p53,
TNF-related apoptosis-inducing ligand (TRAIL), TRAIL-R1/DR4
and TRAIL-R2/DR5 and simultaneously down-regulating the ex-
pression of Bcl-2, Bcl-xL, Mcl-1 and survivin [32]. Using HCT116
colon cancer cell lines with different status of Bax and p53
(Bax+/-, Bax-/-, p53+/+, and p53-/-), it was found that resvera-
trol induced apoptosis more strongly in Bax+/- and p53+/+ cells
than in their knockout counterparts (Bax-/- and p53-/-), re-
spectively. Furthermore, the lower apoptosis sensitivity of the
knockout cells (Bax-/- and p53-/-) was correlated with the rel-
atively reduced processing of caspase-6 and lamin A cleavage
[33]. Resveratrol induces both Fas/Fas ligand-mediated [34],
[35] and Fas-ligand independent apoptosis [36], [37], p53 and
DNA repair systems [18]. Resveratrol also potentiates the apop-
totic effects of cytokines, chemotherapeutic agents and yradia-
tion [38]. However, resveratrol analogues, such as 3,4,5-trihy-
droxy-trans-stilbene, are known to induce extensive apoptosis
by a Fas-associated death domain (FADD) protein-dependent
mechanism without involving the known death ligands CD95 li-
gand (CD95 L), tumor necrosis factor o (TNFa) or TRAIL, suggest-
ing a difference between the apoptotic activity of resveratrol and
its analogues [39], [40].

Several kinase-signaling cascades have been shown to be in-
volved in growth inhibition and apoptosis effects mediated by
resveratrol and related stilbenes. The key survival pathways are
the mitogen-activated protein kinase (MAPK) and phosphatidy-
linositol-3 kinase (PI3K)/AKT [27], [41], [42]. Resveratrol targets
the MAPK pathways [41], [43] and inhibits activation of PI3K via
both hormone receptor-dependent and -independent mecha-
nisms [20], [27], [44], [45], indicating that resveratrol promotes
apoptosis by blocking expression of anti-apoptotic proteins and
by regulating upstream survival signal transduction such as
MAPK and PI3K/AKT pathways.

PPARc- and PPARy¢mediated action of stilbenes

PPARs are ligand-dependent transcription factors, which belong
to the nuclear receptor family. PPARo- and PPARy-receptors me-
diate the metabolism and disposition of lipids and fatty acids
[25], [26]. PPARy involvement in resveratrol action was deter-
mined by ligand-dependent activation and increased expression
of PPARycoactivator PGC-1c and SIRT1 [26]. Resveratrol failed to
modulate polyamine metabolism in the presence of PPARy mu-
tant or in PPARydominant negative cells [26], suggesting that re-
sveratrol acts through PPARy-dependent mechanisms in polya-

Review RIEY

mine metabolism. Resveratrol reduced infarct volume after mid-
dle cerebral artery occlusion in PPARe wild-type mice, while re-
sveratrol failed to protect the brain in PPARa knockout mice, in-
dicating that resveratrol protected the brain through a PPARc-
dependent mechanism [46]. However, using an assay for the ac-
tivation of endogenous PPARc in H4IIEC3 cells, Rimando et al.
investigated the activation of PPAR« with resveratrol and its
three analogues, pterostilbene, piceatannol, and resveratrol tri-
methyl ether, and showed that pterostilbene, but not resveratrol,
piceatannol, or resveratrol trimethyl ether, acts as a PPARa ago-
nist [25].

ER-mediated action of stilbenes

Resveratrol binds and activates ERa as well as ERB [23], [24],
[47]. Although binding of resveratrol to ERs is low compared to
estradiol, it functions as a full agonist [24], [47], [48]. Resveratrol
acts as a selective estrogen receptor modulator (SERM), and the
effects of resveratrol depend on the cell type and target organs as
well as on the presence of endogenous estrogens [20], [23], [24],
[45], [47]. It still needs to be determined whether the estrogenic
effects of resveratrol and related stilbenes are physiologically
relevant and whether some of the health effects of stilbenes
stem from their estrogenic action. Since ER-$ is present in the
colon and is suggested to play a role in the inhibitory effect of es-
trogens on colon cancer [49], it will be interesting to determine
whether stilbenes prevent colon cancer via estrogenic action
and interaction with the ER-f in the colon.

Anti-inflammatory action of stilbenes

Mechanisms of the anti-inflammatory effects of stilbenes in-
clude (a) inhibition of synthesis and release of pro-inflammatory
mediators, (b) modification of eicosanoid synthesis, (c) inhibi-
tion of activated immune cells, and (d) inhibition of inducible ni-
tric oxide synthase (iNOS), cyclooxygenase-1 (COX-1) or cyclo-
oxygenase-2 (COX-2) [17], [19], [28], [50], [51]. Resveratrol as
well as related stilbenes have been shown to reduce inflamma-
tion via inhibition of prostaglandin production, cyclooxyge-
nase-2 activity, NF-«B activity or activator protein-1 (AP-1)
[28],[32], [52]. Resveratrol also inhibits inflammatory processes
by regulating upstream protein kinases such as IxkBo kinase [50],
[53], JNK [54], MAPK [41], [43], PKC [43], PI3K-AKT [45], [55] and
p38 [55]. Consequently, resveratrol and related stilbenes down-
regulate several key inflammatory markers such as COX-2, 5-
LOX, iNOS, as well as inflammatory mediators such as TNF-o,
VEGF, IL-1, IL-6, and IL-8 [8], [19], [32]. Pterostilbene, a naturally
occurring stilbene in blueberries, was shown to decrease expres-
sion of inflammatory genes, such as iNOS in the colonic crypts
and ACF in rats, suggesting that the anti-inflammatory proper-
ties of stilbenes may be critical in the prevention of colon
tumorigenesis [51].

Other mechanisms of stilbene action

Cytochrome P450 enzymes, such as CYP1A1 and 1B1, are respon-
sible for the biotransformation of certain procarcinogens to ulti-
mate carcinogens, and therefore, the inhibitory effect of resvera-
trol and its derivatives on cytochromes P450 has been investiga-
ted as possible chemopreventive mechanisms of action [56],
[57], [58]. It should be noted, however, that these enzymes also
play a role in the detoxification of carcinogens. Resveratrol, des-
oxyrhapontigenin, pterostilbene, pinostilbene and resveratrol
trimethyl ether were shown to inhibit enzyme activities of cyto-
chrome P450 1A1, 1A2, 1B1, and 2E1 (© Table 1). Results from
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these studies indicate that trans-resveratrol derivatives with
methoxy groups substituting for the hydroxy groups exhibit a
remarkably stronger inhibition of CYP 1A1 than resveratrol [57],
[58].

Other biological activities of resveratrol such as anti-invasion or
anti-angiogenesis have also been reported [59], [60], [61]. Inter-
estingly, resveratrol has been found to exert both pro- and anti-
angiogenic effects. Pro-angiogenic effects are noted in the peri-
infarct myocardium, whereas resveratrol is known to inhibit an-
giogenesis in tumors [62]. In another study, resveratrol and var-
ious synthetic trans-resveratrol derivatives were tested as anti-
angiogenic agents [59]. In this study, 3,5,4-trimethoxystilbene
inhibited blood vessel growth and caused the disappearance of
pre-existing blood vessels in the area vasculosa of the chick em-
bryo. 3,5,4"-Trimethoxystilbene was shown to be an anti-angio-
genic agent 30 to 100 times more potent than resveratrol in in-
hibiting endothelial cell proliferation, sprouting, collagen gel in-
vasion, and morphogenesis [59].

In addition, resveratrol activates sirtuin deacetylases, extends
the lifespan of lower organisms, and has a protective effect in ro-
dent models of stress and disease [7], [26], [63]. Treatment of
mice with resveratrol significantly increased their aerobic ca-
pacity, and the effect was largely explained by the decrease in
PGC-1 acetylation and an increase in PGC-1« activity [7], [26],
[29]. This mechanism is consistent with resveratrol being a
known activator of the protein deacetylase, SIRT1 [29]. Impor-
tantly, resveratrol (a) increases insulin sensitivity, (b) reduces in-
sulin-like growth factor-1 (IGF-I) levels, (c) increases AMP-acti-
vated protein kinase (AMPK) and PGC-1« activity, and (d) im-
proves motor function in mice, suggesting that resveratrol shifts
the physiology of middle-aged mice on a high-calorie diet to in-
creased survival and longer lifespan [7]. Other interesting activ-
ities of stilbenes, such as neuroprotection and anti-bacterial ac-
tion, suggest that stilbenes may be useful not only for the inhib-
ition of cancer but also for the treatment of diabetes, cardiovas-
cular diseases as well as neurological and other chronic diseases.

Pharmacokinetics of Stilbenes

\4

Although there are numerous in vitro studies with stilbenes
(particularly resveratrol), absorption and bioavailability of these
compounds is important in determining whether biologically
active concentrations are achieved in vivo and whether the com-

pound reaches specific target sites. In a study involving six hu-
man volunteers, > 70% absorption of the radioactivity from a
25 mg oral dose of C-resveratrol was observed. However, re-
sveratrol was rapidly metabolized, leaving only very small
amounts of unconjugated resveratrol in the systemic circulation.
The peak plasma levels of resveratrol and metabolites was
491 + 90 ng/mL (half-life 9.2 +0.6 h) in humans, but unchanged
resveratrol comprised less than 5 ng/mL [64].

In another study, resveratrol was given orally to healthy human
subjects (25 mg/70 kg) in three different liquid matrices: vegeta-
ble juice, white wine and white grape juice [65]. Resveratrol was
found in the serum predominantly as glucuronide and sulfate
conjugates. The highest level of resveratrol was reached at about
30 min after consumption for all the three matrices, and the lev-
els declined rapidly thereafter. The absorption of resveratrol was
more effective in grape juice than in wine or vegetable juice. The
peak plasma concentration of 10 to 40 nmol/L (for resveratrol
and two other phenolics included in this study) is lower than
the concentrations of 5 to 100 umol/L necessary for in vitro bio-
logical activity [65]. In yet another study, following oral or intra-
peritoneal administration of resveratrol to rats and mice, trans-
resveratrol 3-O-glucuronide and trans-resveratrol 3-sulfate
were found as the most abundant metabolites and no unconju-
gated resveratrol was detected in urine or serum samples [66].
The voluminous literature reporting powerful in vitro anticancer
and anti-inflammatory effects of the free polyphenols seems ir-
relevant, given that these compounds get readily conjugated
[65], although B-glucuronidase and sulfatase may deconjugate
glucuronide and sulfate metabolites in target tissues.
Resveratrol has a short plasma half-life (10.3 min in mice,
14.4 min in rabbits) compared to some of its analogues (© Ta-
ble 2). Pharmacokinetic studies with pterostilbene, piceatannol,
pinosylvin, and rhapontigenin show that these stilbenes are well
absorbed [67], [68]. Similar to resveratrol, these compounds are
also glucuronidated, but they reportedly have longer plasma
half-lives than resveratrol (© Table 2). The values for the volume
of distribution for these stilbenes are high, indicating that they
are highly distributed into tissues. These stilbenes are mainly ex-
creted via non-renal routes, predominantly via biliary elimina-
tion. The serum concentration of pterostilbene glucuronide was
found to initially decrease followed by an increase 1-2 hours
post-administration, which indicated enterohepatic recircula-
tion of this metabolite [67]. Similarly, enterohepatic recycling of
resveratrol has been observed; i.e., plasma concentrations in-

Compound Test animal Dose, Route of Plasma half-life Reference Table2 Plasma half-life of
administration (T112) stilbenes
Piceatannol Rat 10 mg/kg BW, 4.23h [68]
intravenous
Pinosylvin Rat 10 mg/kg BW, 49.2 min [68]
intravenous
Pterostilbene Mouse 20 mg/kg BW, 77.9 min [115]
intravenous
Pterostilbene Rat 20 mg/kg BW, 1.73h [67]
intravenous
Resveratrol Mouse 20 mg/kg BW, 10.3 min [115]
intravenous
Resveratrol Rabbit 20 mg/kg BW, 14.4 min [116]
intravenous
Rhapontigenin Rat 10 mg/kg BW, 3.0h [68]
intravenous

BW, body weight.
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creased 4-8 hours post-administration, after a rapid decline in
the plasma level immediately after administration [69]. Pro-
longed contact and apparent affinity of these stilbenes with the
gastrointestinal system may find their use in the prevention and
treatment of gastrointestinal diseases such as colon cancer,
ulcerative colitis and Crohn's disease.

In Vivo Efficacy Studies of Stilbenes in Animal
Models of Colon Cancer

v

Although there are many reports describing the in vivo activities
of resveratrol and related stilbenes on the prevention of skin
[28], [50], [70], [71], [72], esophageal [73], lung [13], and mam-
mary tumorigenesis [60], [74], [75], this review will focus mainly
on in vivo activities against colon cancer (summarized in
© Table 3). The intriguing link between chronic inflammation
and cancer has been the subject of numerous studies for more
than a century [76]. In particular, inflammatory conditions,
such as ulcerative colitis, increase the risk of colon cancer by
20-fold [77]. Overexpression of pro-inflammatory enzymes,
such as iNOS and COX-2, has been reported in human colon can-
cer [78], [79] and in an azoxymethane (AOM)-induced colon
cancer model in animals [80], [81]. More importantly, selective
inhibitors of these inflammatory genes are effective in reducing
the number of colorectal polyps in humans and in suppressing
the formation of AOM-induced hyperplastic aberrant crypt foci
(ACF) and colon tumors in rats [81], [82].

Tessitore et al. reported that administration of resveratrol
(0.2 mg/kg/day) in drinking water to male F344 rats for 100

Review

days, beginning 10 days before AOM treatment, inhibited the for-
mation of ACF preneoplastic lesions of the colonic mucosa [83].
This study showed that resveratrol reduced the number of ACF
per colon and abolished the formation of large ACF, which may
be due to the mechanisms involving bax and p21 expression
[83]. Oral daily administration of resveratrol (8 mg/kg body
weight) also reduced tumor incidence, tumor size, and ACF for-
mation in the 1,2-dimethylhydrazine-induced colon cancer
model in rats [84]. In the Min mouse, a model of multiple intes-
tinal neoplasia, tumors occur predominantly in the small intes-
tine and only a few tumors appear in the colon. Mutant Min mice
have been used as a familial adenomatous polyposis (FAP) intes-
tinal neoplasia model [85]. Administration of resveratrol (0.01%
in drinking water) suppressed the formation of both intestine
and colon tumors in Min mice [86]. However, Ziegler et al. repor-
ted in another study that mice given resveratrol in the diet at
doses of 4, 20, and 90 mg/kg body weight for 7 weeks had no re-
duction of intestinal tumors [87]. Using colon adenoma as an
end point, Sale et al. indicated that resveratrol and its analogue
DMU212 (3,4,5,4-tetramethoxystilbene) given as 0.2% in the
diet significantly decreased the number of adenomas, whereas
0.05% of either stilbenes given in the diet did not [88]. Kineman
et al. reported that feeding female CF-1 mice with 20% transgen-
ic alfalfa containing resveratrol as a glucoside (trans-resveratrol-
3-0-B-o-glucopyranoside, approximately 152 ug/g dry weight of
transgenic alfalfa) in the diet did not inhibit the number, size, or
multiplicity of ACF in the colon of the mice [89]. In contrast, ad-
dition of resveratrol-aglycone (20 mg/kg diet) to the basal diet
reduced the number of ACF per mouse [89], suggesting that re-
sveratrol glucoside is not effective in preventing colon cancer.

Table3 Invivo efficacy of stilbenes in animal models of colon cancer

Compound Animal model used

AOM (5 mg/kg BW) induced
ACF in female CF-1 mice

Resveratrol glucoside

(152 ug/g dry weight of
transgenic alfalfa, 20 % in the
diet)

Resveratrol (20 mg/kg in the
diet)

Resveratrol (8 mg/kg BW, p. o.
every day)

Resveratrol (0.2 % in the diet)

3,4,5,4'-Tetramethoxystilbene
(DMU 212, 0.2 % in the diet)
Resveratrol (0, 4, 20 or

90 mg/kg BW in the diet)
Resveratrol (0.01 % in the
drinking water)
3,5,4'-Trimethoxystilbene

(50 mg/kgi.p.)

Pterostilbene (40 ppm in the
diet)

Resveratrol (0.2 mg/kg/day in
drinking water), beginning 10
days before AOM treatment
Resveratrol (10 mg/kg/day,
p.o. every day)

AOM (5 mg/kg BW) induced
ACF in female CF-1 mice
DMH (20 mg/kg BW) induced
colon cancerin male Wistar
rats

Apc (Min+) mouse model of
colon cancer

Apc (Min+) mouse model of
colon cancer

Apc (Min+) mouse model of
colon cancer

Apc (Min+) mouse model of
colon cancer

Colo 205 xenograft model of
colon cancer

AOM (15 mg/kg BW) induced
colonic ACF in male Fischer
rats

AOM (15 mg/kg BW) induced
colonic ACF in male Fischer
rats

TNBS (30 mg per animal)
induced chronic colonic
colitis in male Wistar rats

Duration Endpoint/ Reference

of study Efficacy

5 weeks No reduction in ACF (size and number) [89]

5 weeks Inhibition of ACF (size and number) [89]

15and 30 Reduction of tumorincidence and size [84],[117]

weeks (both adenoma and adenocarcinoma),
and ACF with six crypts

10-14 Decreased adenoma [88]

weeks

10-14 Decreased adenoma [88]

weeks

7 weeks No reduction of intestinal tumors, [87]
no histological changes observed

7 weeks Inhibition of formation of both colon [86]
tumors and intestinal tumors

23 days Reduction of xenograft tumor growth [118]

8 weeks Reduction of the number of ACF/colon [51]
and multiple crypts

100 days Reduction the number of ACF/colon and [83]
abolished large ACF

14 days Attenuation of the damage in chronic [119]

colitis, decreased oxidative events
associated to colonic injury

ACF, aberrant crypt foci; AOM, azoxymethane; BW, body weight; DMH, 1,2-dimethylhydrazine; TNBS, trinitrobenzenesulfonic acid.
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We have recently shown that dietary pterostilbene, a naturally
occurring stilbene in blueberries, caused suppression of ACF for-
mation in the AOM-induced colon cancer model in rats, which
may be due to a decreased expression of inflammatory genes,
such as iNOS, in the colonic crypts and ACF [51].

Epidemiology|Human Intervention Studies

v

The discovery of anticarcinogenic activity of resveratrol [90],
constituents of grapes and red wine, has stimulated interest in
resveratrol and its derivatives as potential chemopreventive
and/or chemotherapeutic agents. However, epidemiological
data on stilbenes and cancer prevention are limited. A study by
Zern and colleagues reported effects of grape polyphenols on
plasma lipids, inflammatory cytokines, and oxidative stress
[91]. Twenty-four premenopausal and 20 postmenopausal
women were randomly assigned to consume 36 gof a lyophi-
lized grape powder (LGP) or a placebo for 4 weeks. The LGP
used in this trial is rich in flavans, anthocyanins, quercetin, myr-
icetin, kaempferol, and resveratrol. LGP decreased whole-body
oxidative stress and levels of plasma TNF-o, suggesting that LGP
intake positively affected key risk factors for coronary heart dis-
ease in both pre- and postmenopausal women through altera-
tions in lipoprotein metabolism, oxidative stress, and inflamma-
tory markers [91].

An analysis of the relation between dietary intake of resveratrol
and breast cancer risk used data from a case-control study con-
ducted between 1993 and 2003 in the Swiss Canton of Vaud on
369 cases and 602 controls [92]. A significant inverse relation
between intake of resveratrol, but not wine, and breast cancer
risk was observed. This was not explained by several potential
confounding factors, including detailed allowance for alcohol in-
take, nor attributable to a non-specific favorable effect of fruit on
breast cancer risk [92]. Only a few human colon cancer interven-
tion studies with resveratrol have been reported thus far be-
cause most studies were initiated only recently.

Currently, there are 6 clinical studies designed to test the effica-
cy and toxicity of resveratrol in humans and a few of them are
specifically testing resveratrol for prevention and treatment of
colon cancer. Initiated in 2004, a phase I single-dose safety and
pharmacokinetics clinical study of resveratrol was carried out to
study the side effects and dose of resveratrol in preventing can-
cer in 40 healthy participants [93]. Forty healthy participants
(ages 18 to 80 years) were recruited into the study and random-
ized into four groups (single oral doses of 0.5, 1, 2.5, or 5g). In
this trial, consumption of resveratrol did not cause serious ad-
verse events. The mean peak plasma level of resveratrol at the
highest dose was 2.4 umol/L (n=10), and was reached 1.5h
post-dose. The study reported that the area under the plasma
concentration curve (AUC) values for resveratrol 3-sulfate and
resveratrol monoglucuronides were 23 times greater than those
for resveratrol, and the urinary excretion of resveratrol and its
metabolites was rapid [93]. The authors indicated that con-
sumption of a high-dose of resveratrol might be insufficient to
elicit systemic levels commensurate with cancer chemopreven-
tive efficacy since cancer chemopreventive effects of resveratrol
in cells require at least 5 umol/L levels. However, the high sys-
temic levels of resveratrol conjugate metabolites may have can-
cer chemopreventive properties [93]. Another phase I trial initi-
ated by the same group is currently studying repeated dosing of
resveratrol in treating patients with colorectal cancer that can be

removed by surgery. A total of 20 patients will be accrued for this
study. This phase I repeat-dose study of resveratrol in colorectal
cancer patients will determine tolerability, target tissue levels
and pharmacodynamics of resveratrol.

In a phase I study initiated by the University of California, Irvine
in 2005, resveratrol pills at a daily dose of 20mg, 80 mg or
160 mg have been given to 12 patients. This trial will define the
action of resveratrol on the Wnt signaling pathway. Patients
with colon cancer will receive resveratrol and correlative labora-
tory studies will examine its effects on colon cancer and normal
colonic mucosa. The results from this study have not yet been re-
ported. Another phase I study of dietary grape-derived low-dose
resveratrol for colon cancer prevention will be initiated by the
University of California, Irvine, in 2008; the dietary influence of
grapes in colon cancer prevention will be investigated. This
study will determine the minimum dietary achievable amount
of resveratrol-rich fresh red grapes that is effective in inhibiting
Whnt signaling in human colonic mucosa, and this study will de-
termine the minimum amount of resveratrol-rich fresh red
grapes needed to exhibit signs of colon cancer prevention. A total
of 30 patients will be recruited and the study will be completed
in 2010 (see www.clinicaltrials.gov).

Given the interest in resveratrol and its derivatives, it is likely
that more studies will be done. More data will soon be available
from several current studies on the effects of resveratrol on
colon cancer. It will also be important to determine whether oth-
er related analogues have anticancer activity with better efficacy
and lower toxicity.

Conclusions

v

As constituents of grapes, red wine and small fruits, resveratrol
and related stilbenes are under intense investigation as cancer
chemopreventive agents. After the landmark studies on preven-
tion of cancer and protection against the detrimental health
effects associated with a high-calorie diet in experimental ani-
mals, including resveratrol's ability to mimic caloric restriction,
the potential impact of stilbenes on human health have elicited
considerable public attention. In vitro cell culture experiments
as well as preclinical animal studies with resveratrol and related
stilbenes suggest a multitude of mechanisms for the pharmaco-
logical activity of this group of compounds. Elucidation of mech-
anisms of action and in vivo efficacy of stilbenes may lead to new
approaches for the treatment and prevention of various neopla-
sias, including colon cancer.
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