Pharmaceutical Biology

nfnrma

ISSN: 1388-0209 (Print) 1744-5116 (Online) Journal homepage: informahealthcare.com/journals/iphb20

©

Taylor & Francis

Taylor & Francis Group

Resveratrol as an Inhibitor of Carcinogenesis

John M. Pezzuto

To cite this article: John M. Pezzuto (2008) Resveratrol as an Inhibitor of Carcinogenesis,
Pharmaceutical Biology, 46:7-8, 443-573, DOI: 10.1080/13880200802116610

To link to this article: https://doi.org/10.1080/13880200802116610

ﬁ Published online: 07 Oct 2008.

\]
C;/ Submit your article to this journal &

||I| Article views: 3742

A
& View related articles &'

@ Citing articles: 13 View citing articles

Full Terms & Conditions of access and use can be found at
https://informahealthcare.com/action/journalinformation?journalCode=iphb20


https://informahealthcare.com/action/journalInformation?journalCode=iphb20
https://informahealthcare.com/journals/iphb20?src=pdf
https://informahealthcare.com/action/showCitFormats?doi=10.1080/13880200802116610
https://doi.org/10.1080/13880200802116610
https://informahealthcare.com/action/authorSubmission?journalCode=iphb20&show=instructions&src=pdf
https://informahealthcare.com/action/authorSubmission?journalCode=iphb20&show=instructions&src=pdf
https://informahealthcare.com/doi/mlt/10.1080/13880200802116610?src=pdf
https://informahealthcare.com/doi/mlt/10.1080/13880200802116610?src=pdf
https://informahealthcare.com/doi/citedby/10.1080/13880200802116610?src=pdf
https://informahealthcare.com/doi/citedby/10.1080/13880200802116610?src=pdf

Pharmaceutical Biology
2008, Vol. 46, Nos. 7-8, pp. 443-573

informa

healthcare

Resveratrol as an Inhibitor of Carcinogenesis

1,2

John M. Pezzuto

College of Pharmacy, University of Hawaii at Hilo, Hilo, Hawaii, USA

Abstract

Given the high probability of developing cancer over the pe-
riod of a normal life span, cancer chemoprevention provides
an attractive therapeutic strategy for the delay or reversal of
this process. A variety of phytochemicals, such as sulfides,
isothiocyanates, glucosinolates, flavonoids, carotenoids,
phenols, and diarylhepanoids, are known to mediate chemo-
preventive responses. Resveratrol, a ubiquitous stilbene
found in the diet of human beings (e.g., as a component
of grapes and wine), was uncovered by bioassay-guided
fractionation and found to mediate cancer chemopreven-
tive activity in a murine model with mechanisms involv-
ing various stages of the carcinogenic process. This work
spurred a myriad of studies that are summarized in this arti-
cle. As demonstrated with in vitro and cell culture models,
resveratrol functions through a plethora of mechanisms,
which can vary from model to model. Results from differ-
ential gene expression studies are daunting. Irrespective of
the precise mechanism, however, efficacy has been demon-
strated in some animal models, and a critical evaluation of
resveratrol data relative to the characteristics of a promising
cancer chemopreventive agent leads to favorable consider-
ation. Animal studies have shown cancer inhibitory activity
in a number of models, including adenoma, skin, breast,
colon, esophagus, glioma, intestinal, liver, and neuroblas-
toma. Biomarkers are known, and ample quantities of com-
pound can be produced. Dietary administration is feasible.
Several small-scale human trials are under way, and human
intervention trials may follow. As learned by past experi-
ence, data from these trials are necessary prior to drawing
any conclusions, but the current cancer chemopreventive
profile of resveratrol provides promise for widespread use
in the future.

Keywords: Biological activity, cancer chemoprevention,
drug discovery, metabolites, plant secondary metabolites,
resveratrol, stilbenoids.

Introduction

A summarized by the World Health Organization, cancer
leads to about 12% of human deaths (2), claiming more than
10,000,000 lives each year. In the United States, cancer is
the second leading cause of death, being responsible for
approximately one in every four deaths. Interestingly, it is
believed that at least one-third of all cancers could be pre-
vented (3, 4). As such, primary and secondary prevention
strategies are reasonable approaches to reduce the occur-
rence of this disease (5—7) and subsequent deaths. Primary
prevention strategies involve removing causative agents and
other life style modifications that decrease the risk of cancer,
as exemplified by smoking cessation and screening tests to
detect precancerous lesions. Unfortunately, not all causative
agents are known, and other suspected carcinogens are too
widespread to prevent all exposure.

Secondary prevention, cancer chemoprevention, in-
volves the use of nontoxic natural and/or synthetic agents to
decrease the risk of malignant tumor development or spread
(8, 9). Cancer chemoprevention is a multidisciplinary field
of research that has evolved from numerous scientific ob-
servations (10). For example, epidemiologic studies have
linked diets high in fresh fruits and vegetables to lower
cancer rates. This dietary link is perhaps most strongly
supported by studies reporting the cancer risk of migrants
from areas of low incidence to high incidence. These studies
demonstrated that the incidence of cancer among children
of migrants is similar to that of the general population (11).
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Another important breakthrough has been the prevention
of experimentally induced cancer in laboratory animals. It
was subsequently postulated that dietary components, par-
ticularly specific nutrients and/or phytochemicals found in
fruits and vegetables, could be used to prevent cancer in
human beings (9, 12). More recently, research in cancer
biology has elucidated molecular mechanisms of cancer
chemopreventive agents (6, 10, 13). Much of the theoret-
ical basis for cancer chemoprevention is the understand-
ing that cancer develops over time through the process of
carcinogenesis (14). This process has been broken down
into distinct yet overlapping stages, namely, initiation, pro-
motion, and progression. The evolution of these stages is
believed to take 10 to 40 years, during which various ge-
netic mutations must occur (10, 15). The field of cancer
chemoprevention is focused on reversing, halting, or delay-
ing these stages of carcinogenesis by means of secondary
prevention (8—10).

Cancer chemopreventive agents have been classified ac-
cording to the stage of carcinogenesis in which they have
demonstrated activity and are broadly termed blocking and
suppressing agents (8). Blocking agents act by preventing
the initiation stage through a variety of mechanisms such
as directly detoxifying carcinogens, stimulating detoxify-
ing enzymes, and inhibiting carcinogen formation. Sup-
pressing agents act at the promotion and progression stages
through mechanisms such as inhibition of arachidonic acid
metabolism, induction of cell differentiation, and inhibition
of ornithine decarboxylase activity (4, 8, 16). In the case of
hormone-dependent cancers, suppressing agents may act
by preventing the hormone from binding to its receptor,
as exemplified by the use of the selective estrogen recep-
tor modulators, tamoxifen and raloxifene, for breast cancer
prevention (4, 15).

Overview of Cancer Chemoprevention Trials
Involving Phytochemicals

Many early cancer chemoprevention studies were focused
on nutrients such as vitamin C, calcium, and retinoids (9,
11). In the past several decades, nonnutrient phytochem-
icals found in fruits and vegetables have been examined,
and a number of promising natural product leads have re-
sulted from this research effort (15, 17, 18). For example,
green tea extract and pure compounds such as caffeic acid
phenethyl ester, capsaicin, curcumin, 6-gingerol, indole-
3-carbinol, lycopene, and perillyl alcohol are undergoing
clinical trials for their cancer chemopreventive activities
(15, 19, 20). The U.S. National Cancer Institute is sup-
porting the evaluation of potential cancer chemopreven-
tive agents at different levels of preclinical development
and clinical trials (18). Examples of natural products cur-
rently under preclinical or clinical development for cancer
chemoprevention include curcumin and lycopene, which
are in a phase I study for the prevention of colon can-
cer, and a soy protein supplement is in a phase II trial for

the prevention of prostate cancer in patients with elevated
prostate-specific antigens (21). Moreover, soy isoflavones
are also involved in a randomized study in preventing fur-
ther development of cancer in patients with stage I or
stage II prostate cancer (21). Polyphenon E (green tea ex-
tract), in combination with low-dose aspirin, is in a phase
II randomized study to prevent cancer in women at high
risk for developing breast cancer (22, 23). Other natu-
ral products currently being investigated include S-allyl-1-
cysteine, epigallocatechin gallate, genistein, folic acid, and
quercetin (19, 24).

Discovery and Characterization of Natural
Product Inhibitors of Carcinogenesis

With support provided by the National Cancer Institute,
we have conducted a program project entitled “Natural In-
hibitors of Carcinogenesis” since 1991. The major aim of
this project has been the discovery of new cancer chemo-
preventive agents from plants, particularly those that are
edible. We are now beginning to explore marine microor-
ganisms for chemopreventive activity. The project involves
botanical, biological, chemical, biostatistical, and adminis-
trative aspects (25-28). Terrestrial plant materials selected
for investigation are prioritized based on information ob-
tained from the NAPRALERT database (29). Edible plants
or species with reported biological activity related to can-
cer chemoprevention, plants with no history of toxicity,
and those poorly investigated phytochemically are selected
for preliminary investigation, and a small amount of plant
material is collected (25-27).

The panel of in vitro bioassays used for the discovery of
potential cancer chemopreventive drugs includes screening
tests that are typically enzyme- or cell-based assays (26,
30). These assays are adapted to high-throughput measure-
ment techniques performed relatively rapidly in order to
uncover the biological properties of a large number of can-
didate substances (26, 30). The initial bioassays afford a
strategic framework for the evaluation of agents according
to defined criteria, to provide evidence of agent efficacy,
and to serve to generate valuable dose-response, toxicity,
and pharmacokinetic data required prior to phase I clinical
safety testing (26, 30, 31).

Thus, preliminary screening is performed with an ethyl
acetate—soluble partition extract using a battery of short-
term in vitro bioassays (26). Bioactive extracts are further
evaluated in a mouse mammary organ culture (MMOC)
model as a secondary discriminator (32, 33). The battery
of short-term in vitro assays was developed to monitor
tumorigenesis at different stages. For example, antimu-
tagenicity activity, antioxidant activity, and induction of
NADPH:quinone reductase activity has been monitored to
evaluate inhibition of carcinogenesis at the initiation stage
(34-37). Monitoring inhibition of carcinogenesis at the
promotion stage has been performed by evaluating the in-
hibition of phorbol ester—induced ornithine decarboxylase
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activity, inhibition of cyclooxygenase-1 and -2 activity,
inhibition of phorbol dibutyrate receptor binding, and
inhibition of transformation of JB6 mouse epidermal
cells (38—41). Induction of HL-60 human promyelocytic
leukemia cell differentiation and inhibition of aromatase,
antiestrogenic, estrogenic, and estrone sulfatase activities
have been used to monitor inhibition of carcinogenesis at
the progression stage (42—45). Various additional assays
are under development, such as inhibition of quinone
reductase 2, RxR, NF-«B, and Keap.

Plant extracts showing potency and/or selectivity in
preliminary biological screening procedures are selected
for bioassay-guided fractionation to isolate the active
principle or principles. Crude methanol extracts are par-
titioned using solvents of varying polarities and then chro-
matographed by either gravity-, flash-, or low-pressure col-
umn over silica, alumina, ion-exchange resins, polyamide,
reversed-phase silica gel, size-exclusion gels, or other
solid-phase supporting material (27, 46). Analytical thin-
layer and high-pressure liquid chromatography (HPLC)
techniques are used to help determine optimal solvent
systems for the maximal separation of active compo-
nents of fractions (47). Other separation techniques,
such as droplet countercurrent chromatography (DCCC),
high-speed countercurrent chromatography (HSCCC), and
semipreparative HPLC are used occasionally for com-
plex mixtures of active constituents (27, 47, 48). A
more innovative procedure using LC-MS/MS has been
devised (49).

After pure active isolates are evaluated in all of the avail-
able in vitro assays, selected compounds are evaluated in
the ex vivo mouse mammary organ culture model (32, 33).
Highly promising leads may be selected for testing in full-
term animal tumorigenesis models, such as the two-stage
mouse skin model using 7,12-dimethylbenz(a)anthracene
(DMBA) as initiator and 12-O-tetradecanoylphorbol 13-
acetate (TPA) as promoter, and in the rat and mouse mam-
mary carcinogenesis models with DMBA or N-methyl-N-
nitrosourea (MNU) as the carcinogens (25, 26, 40). Other
animal models may be used as well.

Potential Cancer Chemopreventive Agents
from Plants

As an example of the success of this program, over a re-
cent period of approximately 5 years, a total of 166 active
compounds were isolated and biologically evaluated in our
laboratories from 32 plant species (50). The active metabo-
lites were obtained using activity-guided fractionation with
apreselected in vitro assay to monitor their purification pro-
cess. These active compounds were found to represent 29
major secondary metabolite compound classes including
alkaloids (of the B-carboline alkaloid, indoloquinoline al-
kaloids, and steroidal types), amides, benzenoids, benzofu-
rans, cardiac glycosides, ceramides, a coumarin, diarylhep-
tanoids, diterpenoids, fatty acids, flavonoids (of the aurone,

bisaurone, chalcone, flavan, flavanone, flavone, flavonol,
flavonone, and isoflavone types), glycerin esters, a -ionone
derivative, an iridoid, lignans, a monoterpenoid, a naph-
thopyran, norwithanolides, phenylphenalones, a porphyrin
derivative, a rocaglamide derivative, rotenoids, sesquiter-
pene lactones, sesquiterpenoids, simaroubolides, a stil-
benolignan, stilbenoids, triterpenoids, and withanolides.
Active compounds based on three different types of novel
carbon skeletons were obtained during this work, which in-
cluded seven norwithanolides possessing a new C,7 skele-
ton (as opposed to the 28 carbons of the more widespread
withanolides) (47, 51), a novel stilbenolignan containing
a stilbene-phenylpropane unit with a dioxane moiety (52),
and two triterpenes based on a 29-nor-3,4-seco-cycloartane
skeleton (53). Forty-nine new compounds from 19 species
were found among the compound classes mentioned above
and were classified into 16 major structural classes. A large
number of known bioactive compounds were isolated from
32 species and can be grouped into 23 major structural
classes. As summarized in Table 1, nine agents resulting
from this project are considered promising leads for further
development.

The Phenomenon of Resveratrol

One of the most fascinating molecules we have “redis-
covered” is resveratrol (Fig. 1). Resveratrol is a natural
phytoalexin that is expressed in plants as a defensive re-
sponse against fungal infections and other environmental
stressors (65). The word alexin is from the Greek language,
meaning “to ward off” or “to protect.”” Resveratrol may
also have alexin-like activity in human beings, protecting
against degenerative diseases. Synthesis of resveratrol in
grapes is most likely associated with natural stress factors
such as exposure to ultraviolet radiation (66), injury, or
during fungal or mold invasion (67). Significant amounts
of resveratrol were detected in healthy fruit clusters prior to
any detectable mold lesions. This suggested that the com-
pound was biosynthesized soon after the recognition of the
pathogen by the plant (68). Montero et al. (69) investigated
involvement of the plant hormone ethylene in resveratrol
synthesis during fruit maturation. High resveratrol content
correlated with low ethylene emission. Exogenous applica-
tion of resveratrol on the fruit surface delayed the increase
of ethylene emission and doubled the normal shelf-life of
grapes. This response is due to the antifungal activity of
resveratrol, indicating the wide potential of such a com-
pound for the control of the microbiota on fruits and practi-
cal application as a natural chemical to prolong the shelf-life
of fruits (70).

Resveratrol was first recognized as a biologically active
compound by Siemann and Creasy (71). The compound is
found in several plants, chiefly in red grapes. The highest
concentration (50—100 ng/g of grape wet weight) was deter-
mined in the grape skin. In wine, cis- and trans-isomers are
present, in the free or glycosylated forms. cis-Resveratrol
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was not detected in grape skin and juices. Formation of the
cis-isomer by isomerization or breakdown of the trans-form
on exposure of wine to light and oxygen has been assumed
(72). In dietary supplements, the isomer is not always spec-
ified, but in most cases it is the trans-form. In red wine, the
concentration of the frans-isomer ranges between 0.1 and 15
mg/L. The ratio of cis- and trans-resveratrol in wines varies
by region. Climate, the type of grape, and the length of time
the skin is kept with the grape during the winemaking pro-
cess are some factors that influence the level of resveratrol
and the ratio of isomers in wine (73). Primarily, the com-
pound is produced in the grape, grape shoots, and vines.
Increasing irradiation of harvested grapes by UVB or UVC
light enhances yields of resveratrol (72). Most resveratrol-
containing supplements marketed in the United States. con-
tain extracts of the root of Polygonium cuspidatum Sieb.
and Zucc., also known as the Japanese knotweed. The dried
root and stem of this plant is used in traditional Japanese
folk medicine (Ko-jo-kon) as a circulatory tonic, against
fungal diseases, and for various inflammatory and liver dis-
eases (74). Moreover, resveratrol synthase genes have been
isolated and inserted into plants, creating transgenic vari-
eties of alfalfa, tobacco, and other plant species with higher
trans-resveratrol concentrations. Phytoalexins inserted into
plants may provide defense against different pathogens (75).
Additionally, transgenic plants (e.g., alfalfa) transformed
with resveratrol synthesizing genes might become an eco-
nomical source of the compound for scientific research or
dietary supplements (76).

As part of our search for natural product cancer chemo-
preventive agents, acquisition number 46 (the current total
is 7148), a nonedible legume identified as Cassia quin-
quangulata Rich. (Leguminosae), was extracted and found
to demonstrate impressive inhibition with cyclooxygenase-
1. Activity was also observed in the mouse mammary or-
gan culture (MMOC) model, and the extract was selected
for bioassay-guided fractionation. As a result, resveratrol
was readily identified as the active principle. In addition to
inhibiting cyclooxygenase activity, suggestive of antipro-
motional activity, the isolate was found to serve as an
antioxidant and antimutagen. Further, it induced phase 11
drug metabolizing enzymes involved chiefly in the detox-
ification of carginogen metabolites (anti-initiation activ-
ity) and induced human promyelocytic leukemia cell dif-
ferentiation (antiprogression activity). Finally, antitumor
and anti-inflammatory effects were observed with mouse
and rat models, respectively, providing support for the
physiologic significance of the in vitro and cell culture
data (40).

When these data were published in 1997, a search of
MEDLINE revealed a total of 21 articles in the litera-
ture, largely relating to the natural occurrence of resveratrol
rather than to biologic potential. There was a huge response
by the media and public, perhaps because it was other-
wise a slow news day, but clearly the public found com-
fort in the notion of food and beverages (such as grapes
and wine) being of benefit for their health. Obviously, in

addition to the general population, this notion attracted the
attention of the scientific community. As indicated by a re-
cent query of MEDLINE, from 1997 to the present, a total
of 1974 articles investigating resveratrol have been pub-
lished (Fig. 2). Symposia have been conducted (77), funding
streams have been created (California Table Grape Com-
mission, http://www.freshCaliforniagrape.com/), compa-
nies have been formed (Royalmount Pharma, http://www.
royalmountpharma.com/; Sirtris Pharmaceuticals Inc.,
http://www.sirtrispharma.com/), various commercial prod-
ucts are available (Table 2), patents have been granted
(Table 3), and monographs and reviews have been writ-
ten (Table 4) (78-84). Of some importance, because this
molecule is not complex, facile chemical syntheses have
been devised, so abundant supplies of resveratrol are
available (174-178).

In this review, a synopsis of the literature describing
the cancer-related activity of resveratrol will be presented.
The results are presented in tabular form, roughly divided
into reports studying resveratrol with in vitro models, cell
culture systems, in vivo systems, and clinical trials. In stud-
ies wherein multiple models were employed, the article is
listed in the table representing the highest level of biological
complexity.

In Vitro Studies Conducted with Resveratrol

Relatively few reports have appeared wherein the primary
tests were performed mainly with in vitro model systems.
Some are presented in Table 5. Key observations have
demonstrated antioxidant activity (35, 181) and ability to
inhibit protein kinases (186, 188, 189), cyclooxygenases
(179, 199, 200), cytochromes P450 (190), and tyrosinase
(183). Cr-induced damage to DNA can be prevented, prob-
ably through radical scavenging (184). Metabolism has also
been established, through glucuronidation and sulfonation,
conversion to piceatannol, and metabolism can be modu-
lated by flavonoids such as quercetin (182, 185, 187). Mam-
malian proteins capable of binding resveratrol have been
identified (120, 180). The crystal structure of resveratrol
bound to the active site of cyclooxygenase as been deduced
(Mesecar et al., submitted for publication), indicating some
precise mechanisms are beginning to be defined.

Cell Culture Studies Conducted with
Resveratrol

Clearly, as summarized in Table 6, the majority of stud-
ies that have been performed to investigate the mode of
resveratrol action involve cultured cells. In our original
report (40), HL-60 and Hepa 1clc7 cells were used, and
these responses have been confirmed and expanded. As
models of human cancers, prostate, colon, lung, breast,
ovarian, renal, hepatoma, leukemic, bronchial, neuroblas-
toma, cervical, lymphoma, medulloblastoma, endometrial,
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esophageal, melanoma, pancreatic, gastric, epidermal, thy-
roid, fibroblast, retinoblastoma, and squamous cells as well
as macrophages, monocytes, myofibroblasts, transformed
and transfected cells, and organ culture systems have been
used. Activities may vary from system to system, but some
generalizations apply. Certainly, apoptosis is a common
mode of action, and the response is generally dependent
on p53 (223, 225, 242, 254, 280, 289, 298, 300, 326, 348).
A number of related factors can be modulated by resvera-
trol, such as activation of caspases, decreases in Bcl-2 and
Bcel-x”, increases in Bax, inhibition of S-type cyclins and
cyclin-dependent kinases, activation of c-jun NH,-terminal
kinase, and interference with NF-«B and AP-1 mediated
cascades. Of course, nonapoptotic cell death pathways have
also been observed, as well as induction of cell differenti-
ation (40, 292). In some cases, p53-independent apoptosis
has been reported (241, 309).

A number of studies have demonstrated the potential
of resveratrol to inhibit cell invasion (320, 321, 366, 382,
387, 395, 412, 418, 421, 435, 440) and angiogenesis fac-
tors (215, 430, 444). Cell transformation can be blocked
(264, 348, 351). As with in vitro studies, ribonucleotide re-
ductase (281, 350), cyclooxygenases (79, 449), iNOS (80,
220, 293), and various kinases (240, 244, 248, 266, 310)
are inhibited. The compound can function as an antioxi-
dant (354, 428) or a prooxidant (377, 402, 420, 436, 438).
Cathepsin D is regulated (379), hypoxia-induced protein
is inhibited (387), and telomerase is downregulated (375).
Various enzymes are modulated (cf. 308, 365, 431), as is
polyamine metabolism (116, 265). Clearly, a large number
of mechanisms have been explored.

In hormone-responsive cell types, a variety of studies
have been performed to assess the hormonal (estrogenic or
androgenic) potential of resveratrol (213, 226, 231, 234,
237,262,269,278,285,317, 331, 346, 352), largely due to
the structural similarity with diethylstibestrol (DES). Data
range from superagonistic in transient transfection studies
with reporter genes to completely inactive. The compound
has been described as an estrogen (213,231, 269, 278, 352)
and an antiestrogen (307, 317, 346, 412). No binding (372)
or low binding (317, 331) has been observed with estrogen
receptors. Activity can be mediated in ER cell lines (cf.
433); androgen receptor (340) and PSA levels (270, 337)
can be reduced. This remains a somewhat controvercial
topic. Most typically, however, weak hormonal activity has
been observed in the absence of the native steroid, and
antihormonal activity has been observed with the addition
of native hormone.

As might be expected, further studies have been per-
formed to investigate structural derivatives of resveratrol,
either naturally occurring stilbenes or synthetic analogues,
as well as cis- and trans-isomers (178, 199, 200, 212,
245, 249, 255, 257, 261, 264, 285, 288, 294, 301, 304,
308, 311, 327, 363, 386, 407, 425, 426). These data are
of interest, as is the generation and subsequent biologic
potential of resveratrol metabolites and results obtained
with cell culture models of transport (124, 233, 265, 276).

In the area of cancer chemotherapy, the ability of resver-
atrol to modulate the toxic side effects of dacarbazine,
taxol, vincristine, vinorelbine, cyclosporin A, retinoic acid,
S-fluorouracil, and so forth, have been investigated (236,
238, 250, 272, 303, 325, 367, 380, 388, 392, 419, 424,
450). In addition, several studies have illustrated enhanced
radiation-induced cell death in the presence of resveratrol
(229, 3006, 378, 429, 432). Further, effects in combination
with various other agents such as quercetin have been
examined (284, 291, 339, 347, 422, 423).

The overall mechanism that is facilitated by resveratrol
is undoubtedly complex. As demonstrated by differential
expression studies in various cell cultures (216, 268, 270,
295, 416), hundreds of genes are affected by treatment with
resveratrol. These results are quite profound and are consis-
tent with the raft of responses observed in numerous model
systems. The overall physiologic significance remains to be
defined (451).

In Vivo Studies Conducted with Resveratrol

On an intuitive level, data obtained with studies performed
with in vivo models appear to be of greatest relevance to
the human situation: “the proof is in the pudding.” It was
clear from the outset that resveratrol is capable of mediat-
ing physiologic responses in animal models. In our orig-
inal report (40), anti-inflammatory activity was observed
in rats, and inhibition of tumorigenesis was observed in
the two-stage mouse skin model. Importantly, in the rat
inflammation model, resveratrol was administered orally,
so a preliminary indication of bioavailability and systemic
activity was also provided.

Clearly, however, experimental outcomes are dependent
on the particular model and protocol that is applied. Inhi-
bition in the two-stage mouse skin system has been con-
firmed (452, 453) and greatly expanded with activity being
observed in UV-induced skin cancer models (454-457).
These data are very promising and suggest utility for the
prevention of skin cancer.

As a logical extension of the numerous mechanistic stud-
ies performed with cell culture models described above,
many animal studies have been reported in the literature
(Table 7). In part, these studies have been designed to ex-
amine some biomarkers of carcinogenesis (464, 483, 496,
501), a few derivatives of resveratrol (465, 491), and to in-
vestigate absorption and metabolism (465, 474, 478, 507).
In addition, of course, a variety of antitumor models have
been employed. With mice, resveratrol reduced biomarkers
of lung carcinogenesis produced in benzo(a)pyrene-treated
mice (471) but not tumorigenesis (461). We also found that
resveratrol was not active in the benzo(a)pyrene mouse lung
tumorigenesis model (unpublished data), nor was it active in
amixed-carcinogen lung cancer model (487). A positive re-
sponse was observed, however, with Lewis lung carcinoma—
bearing mice (485). This response may have been due to an
anti-angiogeneric response mediated by resveratrol (485),
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as has been noted in various other antitumor models (493,
497, 500).

In one study, a lack of activity was observed in the
Min mouse (466), but similar studies reported a reduc-
tion of intestinal tumors when resveratrol was tested in
this model (484, 503). Aberrant crypts were also reduced
in carcinogen-treated rats (486), as were colon tumors in
DMH-treated rats (498).

An increase in tumorigenesis was reported when resver-
atrol was administered to rats treated with N-methyl-N-
nitrosourea (468), but this is contrary to our results wherein
an inhibition was observed (483). Activity was also reported
in two studies conducted with the DMBA rat mammary car-
cinogenesis model (476, 489), as well as the HER-2/new
spontaneous breast cancer model (502). A positive response
was also reported with the NMBA esophageal model (477),
as well as with some combination regimens (450, 492).
Finally, although activity was not observed with 4T1 breast
cancer (482), B16 melanoma (478), and leukemia (481),
positive responses were demonstrated with tumor transplant
models for hepatoma (378, 450, 469, 472, 473, 488), neu-
roblastoma (463), sarcoma (467), pancreatic (480), mam-
mary (497), lung (485), glioma (493), laryngeal (499), and
gastric (504) cancers.

Conclusions

As summarized above, a great deal of work has been per-
formed over the past several years to characterize the cancer
chemopreventive and therapeutic potential of resveratrol.
The ultimate objective of this work is to answer one ques-
tion: Is resveratrol of value to alleviate any type of cancer
in human beings? Because human beings are already con-
suming resveratrol, either as a constituent of the diet or as a
dietary supplement, data could already exist to suggest the
potential of resveratrol to function in this capacity. Con-
sumption of red wine, for example, implies the ingestion of
resveratrol, and correlations can be examined between con-
sumption and cancer incident. However, no clear answers
can be derived from such epidemiologic considerations, so
the possible efficacy of resveratrol remains an open ques-
tion. As was learned by the failure of S-carotene to prevent
lung cancer (508, 509), human clinical trials are necessary
to understand the true efficacy of experimental agents, ir-
respective of compelling laboratory data that may suggest
effectiveness.

Spearheaded by Waun Ki Hong and Michael B. Sporn,
a Chemopreventive Working Group recently provided a re-
port describing the prevention of cancer in the current mil-
lennium (4). Included in this report was a list of seven
desirable/acceptable characterizations of cancer chemopre-
ventive agents. In brief, these will be considered in the
context of resveratrol.

1. Efficacy in preventing cancer. Resveratrol has been
shown to demonstrate efficacy in multiple animal
models. Activity in human beings is unknown.

2. Knowledge about mechanism of inhibition. As sum-
marized in this article, a great deal of information
is available concerning the mechanism of action of
resveratrol. Although a straightforward sequence of
critical events cannot be defined due to the overtly
pleiotropic mode of action, some existing data are
certainly valuable.

3. Information as to likely efficacy in the human. The
most compelling data are derived from animal studies
in which resveratrol is administered by the oral route.
This has been accomplished. Therefore, although ab-
sorption and metabolism (124,233, 265, 276) requires
additional investigation and remains moot to some ex-
tent, the potential of efficacy in humans does appear
likely. Some indication of toxicity has been suggested
(277, 283) and needs to be further defined, but most
studies suggest favorable therapeutic indices.

4. Demonstration of efficacy in experimental animals. In
general, it is not possible to predict efficacy in only
one animal model. Efficacy has been demonstrated in
breast, skin, esophagus, and colon models, but further
tests should be performed in additional models such
as bladder, prostate, uterus, and kidney. Resveratrol
does not appear active in some mouse lung cancer
models.

5. Lack of toxicity and undesirable side effects. Certainly,
long-term feeding studies have been performed with
resveratrol without untoward toxic side-effects (483),
but some suggestions of potential toxicity and/or hor-
monal activity have been put forth. Overall, it seems
highly likely that a therapeutic regimen could be de-
vised with an acceptable risk/benefit ratio. Nonethe-
less, thorough preclinical assessment of resveratrol in
acceptable models of toxicity will be required prior to
advocating long-term human investigation trials.

6. Compounds already approved by the FDA for human
use or likely to be approved readily. To obtain FDA
approval for clinical trails, it is likely that compre-
hensive preclinical toxicity trials are necessary. How-
ever, these studies are straightforward, and a notable
advantage is an ample supply of resveratrol through
chemical synthesis. The work needs to be completed
prior to drawing conclusions, but existing data sug-
gest acceptable dose regimens could be devised, and
it seems likely that FDA approval would follow.

7. Occurrence of the agent in foods or beverages. The
occurrence of resveratrol in foods or beverages is an
obvious advantage in terms of development. It can
already be stated with a high degree of confidence
that consumption of limited quantities of resveratrol
is not harmful to human beings, and great flexibil-
ity becomes available in terms of long-term dosing
strategies.

Consistent with these suggestions, some limited data
are available from studies conducted with human beings,
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and four small-scale phase trials are under way (Table
8). First and foremost, as predicted from animal and cell
culture studies, resveratrol is readily absorbed after oral
administration and rapidly metabolized (507, 510, 512).
The primary metabolites are sulfates and glucuronides.
These metabolites require further investigation as they are
probably responsible for the biological response mediated
by resveratrol administration. In addition, resveratrol is
present, albeit in low concentrations, so physiologic re-
sponses would need to be facilitated by the parent com-
pound with great specificity and avidy. A combination effect
is feasible, especially as so many potential targets have been
identified.

In sum, a great deal of time, money, and intellectual capi-
tal has been invested in the exploration of resveratrol. From
a purely academic point of view, considering the structural
simplicity of resveratrol, the extent of this effort is incred-
ible. Implicitly, however, the shear magnitude of investiga-
tion supports the intrinsic value of this compound. Based
on the criteria discussed above, and the overall favorable
characteristics of resveratrol, it is reasonable to advocate
further development as a cancer chemopreventive agent.
Perhaps this review will have some value in facilitating the
process.
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Table 1.  Selective chemopreventive agents identified from natural products.”

Plant/source Compound Initial targets Carcinogenesis

Brassica spp. Brassinin Quinone reductase Skin, mammary

Mundulea sericea Deguelin Ornithine decarboxylase Skin, mammary, colon, melanoma
Casimiroa edulis Zapotin Differentiation (HL-60) Apoptosis Colon

Brucea javanica Brusatol Differentiation (HL-60) HL-60

Cassia quinquangulata Resveratrol Cyclooxygenase inhibition Skin, Mammary, colon, prostate
Physalis philadelphica Withanolide Quinone reductase To be determined

Broussonetia papyrifera Abyssinone II (RAPID) Aromatase To be determined

Synthetic 4’-Bromoflavone (RAPID) Quinone reductase Mammary

Synthetic Oxomate Quinone reductase Mammary

“See references 36, 38, 54-64.

OH
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Figure 1. Structure of resveratrol (trans-3,4',5-trihydroxy stilbene).
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Figure 2. Line chart mapping the number of publications dealing with resveratrol from 1975 to July 2007.
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Product name

Company

Ingredients

Dosage

Resveratrol

R-Factors Resveratrol
Anti-Aging Complex

Mega Resveratrol 99%
(MR99T)

Mega Resveratrol 98%
(MR9ST)

Mega Resveratrol 50%
(MR50T)

Longevinex

RevGenetics

Resveratrol Caps

Vintage Resveratrol

BioSynergy Health Alternatives
PO. Box 16833

Boise, ID 83715-6833
http://www.biosynergy.com/

Nature’s Youth, LLC

12290 Treeline Avenue

Fort Myers, FL 33913
http://www.naturesyouth.com/

Megaresveratrol.com

60 Newtown Rd. (Suite 32)
Danbury CT 06810
http://www.megaresveratrol.com/

Resveratrol Partners, LLC
457 West Allen #117

San Dimas, CA 91773
http://www.longevinex.com/

RevGenetics
http://www.revgenetics.com/

Life Extension Foundation

P.O. Box 407189

Ft. Lauderdale, FL 33340-7198
http://www.lef.org/

Nature Biology

105 Nobility Ct

Roswell, GA 30075-2247
http://www.naturalbiology.com/

® 160 mg — Japanese knotweed extract 50%
—(Poligonum cuspidatum) (root)
—[standardized to 80 mg resveratrol]

® 100 mg — grape seed extract (Vitis vinefera)
[95% min. proanthocyanidins]

® 100 mg — quercetin (as quercetin dihydrate
98%)

® Other: magnesium stearate, silicon dioxide,
and gelatin. Contains no: sugar, salt, starch,
yeast, wheat, gluten, corn, milk, peanuts, egg,
or preservatives

® 178 mg — R-Factors Sirtuin Complex
[a-lipoic acid, banaba leaf extract
(Lagerstroemia speciosa) (1% corosolic
acid), resveratrol, DMAE bitartrate]

® Other: dicalcium phosphate, microcrystalline
cellulose, croscarmellose sodium, stearic
acid, magnesium stearate, silica, and
pharmaceutical glaze

® 500 mg — resveratrol (yielding 495 mg
trans-resveratrol) Resveratrol 99.37% HPLC
Emodin: Trace (<0.09%)

@ 500 mg — resveratrol (yielding 490 mg
trans-resveratrol) Resveratrol 98.23% HPLC
Emodin: Trace (<0.15%)

® 1000 mg — resveratrol (yielding 500 mg
trans-resveratrol) Resveratrol 50.19% HPLC
Emodin: <3.51%

® 5 mg — vitamin E as mixed tocopherols 90%

® 215 mg — proprietary Longevinex blend of
French red wine extract and giant knotweed
(Polygonum cuspidatum) leaf extract
providing 100 mg of frans-resveratrol per
capsule

® 25 mg quercetin dehydrate

® 75 mg rice bran extract (IP6)

© 380 mg rice bran oil

® 55 mg sunflower lecithin

® 1000 mg — giant knotweed (Polygonum
cuspidatum) and extract (root) (supplying
500 mg trans-resveratrol)

® 100 mg — resveratrol [100 mg
trans-resveratrol and its glucosides from
whole red grape (Vitis vinifera) and
Polygonum cuspidatum (root) extract]

® 120 mg — quercetin (as quercetin dihydrate)

® 750 mg — Vitis vinifera resveratrol (from
French red wine extract) yielding no less than
5% trans-resveratrol and its glucosides and
40% polyphenols, proanthocyanidins,
anthocyanins, and flavonoids

® 90 mg — quercetin

® No preservatives, additives, or fillers

120 capsules per container
Serving size: — 1 capsule

60 tablets per container
Serving size: — 1 tablet

Recommended daily
dosage: 4 capsules (2000
mg) or 1 capsule per each
50 Ib body weight
Recommended daily
dosage: 4 capsules (2000
mg) or 1 capsule per each
50 Ib body weight
Recommended daily
dosage: 8 capsules (4000
mg) or 2 capsules per each
50 Ib body weight.

30 capsules per container
Serving size: 1 capsule

30 capsules per container
Serving size: one capsule
per 50 1b of personal weight
per day

60 capsules per container
Serving size: 1 capsule

100 capsules per container
Serving size: 1 capsule

(Continued on next page)
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Product name

Company

Ingredients

Dosage

PureVino-25

Resveratrol Synergy

Pure Prescriptions, Inc.

2382 Faraday Avenue Suite 250-4
Carlsbad, CA 92008
http://www.pureprescriptions.com/

Jarrow FORMULAS

® 100 mg — PureVinol-25
proprietary extract
(trans-resveratrol 25%, red wine
polyphenols 20% non-GMO)

® Other — rice flour to fill capsule
requirement

® 100 mg — vitamin C (as ascorbic

30 capsules per container
Serving size: 1 capsule

120 tablets per container

Jarrow Formulas acid)

1824 S. Robertson Blvd
Los Angeles, CA 90035

Revatrol

Resveratrol, 10 mg

Revatrol

925 S Federal Highway, Suite 500
Boca Raton, FL 33432
http://www.revatrol.com/

Physician Formulas

212 Technology Drive, Suite B

Irvine, CA 92618
http://www.raysahelian.com/resveratrol.html

Serving size: 1 tablet

® 16 mg — resveratrols (200 mg
Polygonum cuspidatum 8% total

resveratrols) [Tiger cane]

® 50 mg — grape seed extract (Vitis
vinifera) (95% polyphenols)

® 100 mg — grape skin extract
(Ancellota lambrusco) (30%
polyphenols)

® 200 mg — green tea 5:1 extract
(Camellia sinensis) (45%
polyphenolics)

® 100 mg — red wine extract
® 100 mg — actual resveratrol
® 100 mg — quercetin

® 100 mg — acetyl-l-carnitine

30 capsules per container
Serving size: 1 capsule

® 100 mg — «-lipoic acid

® 10 mg — resveratrol (from 40 mg
of a 25% extract of Polygonum
cuspidatum root and rhizome)

® Rice flour and gelatin

60 capsules per container
Serving size: 1 capsule

Table 3.

Select U.S. patents for the use of resveratrol as related to cancer.

Patent and approval date

Title

Inventors

7,026,518 April 11, 2006

6,974,895 December 13, 2005
6,878,751 April 12, 2005
6,790,869 September 14, 2004
6,767,563 July 27,2004

6,544,564 April 8, 2003
6,414,037 July 2, 2002

6,008,260 December 28, 1999

Resveratrol analougues.

Transgenic legume plants modified to produce
resveratrol glucoside and uses thereof.

Administration of resveratrol to treat inflammatory
respiratory disorders.

Resveratrol analogues for prevention of disease.

Immune functions.

Cytotoxic pharmaceutical composition.

Pharmaceutical formulations of resveratrol and
methods of use thereof.

Cancer chemopreventative compositions and
method.

Gokaraju, Ganga Raju; Gokaraju, Rama Raju;
Gottumukkala, Venkata Subbaraju; Somepalli,
Venkateswarlu

Paiva, Nancy L.; Hipskind, John D.

Donnelly, Louise Elizabeth; Barnes, Peter John

Ghai, Geetha; Chen, Kuang Yu; Rosen, Robert T.;
Wang, Mingfu; Telang, Nitin; Lipkin, Martin;
Chi-Tang, H.

Farley, Michael D.

Farley, Michael D.

Pezzuto, John M.; Moon, Richard C.; Jang,
Mei-Shiang; Ouali, Aomar; Lin, Shengzhao;
Barillas, Karla Slowing

Pezzuto, John M.; Moon, Richard C.; Jang,
Mei-Shiang
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Table 4. Review articles.
Title Reference
Resveratrol—evaluation of anticancer activity. 85
Therapeutic potential of resveratrol: the in vivo evidence. 86
Resveratrol as a chemopreventive agent: a promising molecule for fighting cancer. 87
Molecular targets of dietary agents for prevention and therapy of cancer. 88
The role of stem cells and gap junctions as targets for cancer chemoprevention and chemotherapy. 89
Targeting angiogenesis with integrative cancer therapies. 90
Chemoprevention of photocarcinogenesis by selected dietary botanicals. 91
Cancer biology and hormesis: comments on Calabrese (2005). 92
Chemosensitization and radiosensitization of tumors by plant polyphenols. 93
Structure-activity relationship of frans-resveratrol and its analogues. 94
The role of human adult stem cells and cell-cell communication in cancer chemoprevention and chemotherapy strategies. 95
Molecular basis of chemoprevention by resveratrol: NF-k B and AP-1 as potential targets 96
Targeting signal transduction pathways by chemopreventive agents 97
Resveratrol as an anticancer nutrient: molecular basis, open questions and promises. 98
Modulation of signal transduction by tea catechins and related phytochemicals. 99
A forkhead in the road to longevity: the molecular basis of lifespan becomes clearer. 100
The ubiquitin-proteasome pathway as a therapeutic target for muscle wasting. 101
Genotoxicity of phytoestrogens. 102
Cyclooxygenase 2 and breast cancer. From biological concepts to clinical trials. 103
Resveratrol as an anti-inflammatory and anti-aging agent: mechanisms and clinical implications. 104
Molecular mechanisms of the chemopreventive effects of resveratrol and its analogs in carcinogenesis. 105
Cancer preventive role of selected dietary factors. 106
New anticancer agents: in vitro and in vivo evaluation of the antitumor and antimetastatic actions of various compounds isolated 107
from medicinal plants.
Chemotherapeutic potential of the chemopreventive phytoalexin resveratrol. 108
Resveratrol and breast cancer chemoprevention: molecular mechanisms. 109
Pleiotropic effects of resveratrol 110
Resveratrol regulates cellular PKC o and § to inhibit growth and induce apoptosis in gastric cancer cells. 111
Polyphenolic phytochemicals versus non-steroidal anti-inflammatory drugs: which are better cancer chemopreventive agents? 112
Innovative agents in cancer prevention. 113
Antiangiogenic properties of natural polyphenols from red wine and green tea. 114
An alternative mode of action of endocrine-disrupting chemicals and chemoprevention. 115
Molecular mechanisms of the chemopreventive effects of resveratrol and its analogs in colorectal cancer: key role of polyamines? 116
Role of resveratrol in prevention and therapy of cancer: preclinical and clinical studies. 117
Role of chemopreventive agents in cancer therapy. 118
From chemoprevention to chemotherapy: common targets and common goals. 119
Natural inhibitors of carcinogenesis. 50
Transport of resveratrol, a cancer chemopreventive agent, to cellular targets: plasmatic protein binding and cell uptake. 120
The traditional diet of Greece and cancer. 121
Redifferentiation therapy for thyroid cancer. 122
Estrogens and anti-estrogens: key mediators of prostate carcinogenesis and new therapeutic candidates. 123
Increasing the throughput and productivity of Caco-2 cell permeability assays using liquid chromatography-mass spectrometry: 124
application to resveratrol absorption and metabolism.
Relationship between mechanisms, bioavailibility, and preclinical chemopreventive efficacy of resveratrol: a conundrum. 125
Wine and resveratrol: mechanisms of cancer prevention? 126
Estrogens and menopause: pharmacology of conjugated equine estrogens and their potential role in the prevention of 127
neurodegenerative diseases such as Alzheimer’s.
From sandwiches to center stage. Peanuts pack a powerful nutritional punch. 128
Resveratrol: a candidate nutritional substance for prostate cancer prevention. 65
The study of phenolic compounds as natural antioxidants in wine. 129
Pharmacological studies on resveratrol. 130
Cancer chemoprevention by resveratrol: in vitro and in vivo studies and the underlying mechanisms (review). 131
Point: From animal models to prevention of colon cancer. Systematic review of chemoprevention in min mice and choice of the 132
model system.
Resveratrol and cancer: chemoprevention, apoptosis, and chemo-immunosensitizing activities. 133
Problems for risk assessment of endocrine-active estrogenic compounds. 134
Cytochrome P450 1B1: A target for inhibition in anticarcinogenesis strategies. 135
Molecular mechanism of the chemopreventive effect of resveratrol. 136

(Continued on next page)
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Table 4. Review articles. (Continued)

Title Reference
The basis for the chemopreventive action of resveratrol. 137
Structural concepts in cancer prevention. 138
Bioactive compounds in foods: their role in the prevention of cardiovascular disease and cancer. 139
Botanicals in cancer chemoprevention. 140
Resveratrol—a prostate cancer chemopreventive agent? 141
Discovery of cancer preventive agents from natural products: from plants to prevention. 142
Androgen receptors in prostate cancer. 143
Anti-leukemia effect of resveratrol. 144
Molecular targets for nutrients involved with cancer prevention. 145
Cancer chemopreventive activity of resveratrol. 81
Resveratrol and cancer: a review. 146
Resveratrol, a natural chemopreventive agent against degenerative diseases. 147
Signal transduction pathways: targets for chemoprevention of skin cancer. 148
Botanical antioxidants for chemoprevention of photocarcinogenesis. 149
Functional food ingredients against colorectal cancer. An example project integrating functional genomics, nutrition and health. 150
Biological effects of resveratrol. 78
Toxicology of environmental estrogens. 151
Colon cancer chemoprevention with ginseng and other botanicals. 152
The Mediterranean diets: What is so special about the diet of Greece? The scientific evidence. 153
Molecular mechanisms underlying chemopreventive activities of anti-inflammatory phytochemicals: down-regulation of COX-2 154
and iNOS through suppression of NF-«B activation.
Signal transduction events elicited by cancer prevention compounds. 155
The effects of resveratrol on CYP1A1 expression and aryl hydrocarbon receptor function in vitro. 156
The world of resveratrol. 157
A reappraisal of the potential chemopreventive and chemotherapeutic properties of resveratrol. 158
Resveratrol—from the bottle to the bedside? 159
Inhibition of carcinogenesis by dietary polyphenolic compounds. 160
Biological activity of resveratrol. 161
Antioxidants in chemoprevention of skin cancer. 162
Effects of food factors on signal transduction pathways. 163
The role of cyclooxygenase and lipoxygenase in cancer chemoprevention. 164
Putative mechanism for anticancer and apoptosis-inducing properties of plant-derived polyphenolic compounds. 165
Phytoestrogens and SERMS, alternatives to classical hormone therapy? 166
Mechanisms of action of antioxidants as exemplified in vegetables, tomatoes and tea. 167
Molecular mechanisms of chemopreventive effects of selected dietary and medicinal phenolic substances. 17
Chemoprevention of cancer and cardiovascular disease by resveratrol. 168
Nonalcoholic compounds of wine: the phytoestrogen resveratrol and moderate red wine consumption during menopause. 169
Resveratrol, map kinases and neuronal cells: might wine be a neuroprotectant? 170
Wine as a biological fluid: history, production, and role in disease prevention. 171
Ins and outs of dietary phytochemicals in cancer chemoprevention. 172
Inhibitors of stress-activated protein/mitogen-activated protein kinase pathways. 173
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Table 5.  Evaluation of resveratrol with in vitro model systems.
Model ‘What was measured Effect Ref.
Inhibition of COX-1. Some constituents found in red wine were tested for ~ These agents were found to be as effective as 179

Resveratrol targeting
proteins (RTP).

The effect of resveratrol

on several different
systems involving the
hydroxyl, superoxide,
metal/enzymatic-
induced, and cellular
generated radicals.

Metabolism of
resveratrol by the
cytochrome P450
enzyme CYP1BI to
produce piceatannol,
a stilbene that has
antileukemic activity
and is also a tyrosine
kinase inhibitor.

Inhibitory effect on
tyrosinase and
mechanism of action

for oxyresveratrol and

hydroxystilbene
compounds.

inhibition of COX-1.

Resveratrol was immobilized on epoxy-activated
agarose forming a resveratrol affinity column
(RAC), which was used to detect and isolate RTPs.

The rate constant for reaction of resveratrol with the
hydroxyl radical was determined, and resveratrol
was found to be an effective scavenger of
hydroxyl, superoxide, and metal-induced radicals
as well as showing antioxidant abilities in cells
producing ROS. Resveratrol exhibits a protective
effect against lipid peroxidation in cell membranes
and DNA damage caused by ROS. Resveratrol
was also found to have a significant inhibitory
effect on the NF-« B signaling pathway after
cellular exposure to metal-induced radicals.

The metabolite was identified by high-performance
liquid chromatography analysis using fluorescence
detection, and the identity of the metabolite was
further confirmed by derivatization followed by
gas chromatography—mass spectrometry studies
using authentic piceatannol for comparison.

To clarify the mechanism of the depigmenting
property of hydroxystilbene compounds,
inhibitory actions of oxyresveratrol and its
analogues on tyrosinases from mushroom and
murine melanoma B-16 have been elucidated in
this study. Oxyresveratrol showed potent
inhibitory effect with an ICsy value of 1.2 uM on
mushroom tyrosinase activity, which was 32-fold
stronger inhibition than kojic acid, a depigmenting
agent used as the cosmetic material with
skin-whitening effect and the medical agent for
hyperpigmentation disorders. Hydroxystilbene
compounds of resveratrol,
3,5-dihydroxy-4’-methoxystilbene, and
rhapontigenin also showed more than 50%
inhibition at 100 M on mushroom tyrosinase
activity, but other methylated or glycosylated
hydroxystilbenes of
3,4'-dimethoxy-5-hydroxystilbene,
trimethylresveratrol, piceid, and rhaponticin did
not inhibit significantly. None of the
hydroxystilbene compounds except oxyresveratrol
exhibited more than 50% inhibition at 100 ©M on
I-tyrosine oxidation by murine tyrosinase activity;
oxyresveratrol showed an ICsg value of 52.7 uM
on the enzyme activity. The kinetics and
mechanism for inhibition of mushroom tyrosinase
exhibited the reversibility of oxyresveratrol as a
noncompetitive inhibitor with I-tyrosine as the
substrate. The interaction between oxyresveratrol
and tyrosinase exhibited a high affinity reflected in
aKi value of 3.2-4.2 x 10’ M.

resveratrol with respect to their ability of
specifically inactivating COX-1.

These results provide evidence for the existence of 180
distinctive RTPs in mammalian cells and that RAC
is a facile approach to identify and purify RTPs.

It was concluded that resveratrol in food plays an 181
important antioxidant role.

This observation provides a novel explanation for the 182
cancer preventative properties of resveratrol. It
demonstrates that a natural dietary cancer
preventative agent can be converted to a
compound with known anticancer activity by an
enzyme that is found in human tumors. This result
gives insight into the functional role of CYP1B1
and provides evidence for the concept that
CYPI1BI in tumors may be functioning as a
growth suppressor enzyme.

Oxyresveratrol did not affect the promoter activity of 183
the tyrosinase gene in murine melanoma B16 at 10
and 100 M. Therefore, the depigmenting effect
of oxyresveratrol works through reversible
inhibition of tyrosinase activity rather than
suppression of the expression and synthesis of the
enzyme. The number and position of hydroxy
substituents seem to play an important role in the
inhibitory effects of hydroxystilbene compounds
on tyrosinase activity.

(Continued on next page)
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Table 5.  Evaluation of resveratrol with in vitro model systems. (Continued)

Model What was measured Effect Ref.
Reduction of DNA The concentrations that reduced 8-hydroxydeoxyguanosine (8-OH-dG,  These findings suggest that three of 184
damage induced by an index for DNA damage) formation by 50% (ICsg) were 0.10 uM the four antioxidants tested in
Cr(IIT) using free for both resveratrol and melatonin, and 0.27 uM for AFMK. The these studies may have utility in

radical scavengers
[melatonin, N!-
acetyl-N2-formyl-5-
methoxykynuramine
(AFMK), resveratrol,
and uric acid].

Resveratrol

glucuronidation in
human liver
microsomes and to
determine whether
flavonoids inhibit
resveratrol
glucuronidation.

Investigation of the
ability of resveratrol
to inhibit protein
kinase D (PKD).

Investigation of the
sulfation of
resveratrol in the
human liver and
duodenum.

efficacy of uric acid, in terms of its inhibition of DNA damage in the
same in vitro system, was about 60—150 times less effective than the
other scavengers; the ICs for uric acid was 15.24 uM.

The rate of resveratrol glucuronidation was measured in 10 liver
samples. The mean & SD and median of resveratrol glucuronidation
rates were 0.69 & 0.34 and 0.80 nmol/min/mg, respectively.
Resveratrol glucuronosyl transferase followed Michaelis-Menten
kinetics and the Km and Vmax (mean £ SD; n = 5) were 0.15 &+
0.09 mM and 1.3 =+ 0.3 nmol/min/mg, respectively. The intrinsic
clearance was 11 & 4 x 10° mL/min/mg. The flavonoid quercetin
inhibited resveratrol glucuronidation and its ICso(mean + SD; n =
3) was 10 £ 1 uM. Myricetin, catechin, kaempferol, fisetin, and
apigenin (all at 20 ©M) inhibited resveratrol glucuronidation, and
the percent of control ranged between 46% (catechin) to 72%
(apigenin).

The study compares the effects of resveratrol against the
autophosphorylation reactions of PKC isozymes versus PKD. It was
found that resveratrol inhibits PKD autophosphorylation in a
concentration-dependent manner, but has only negligible effects
against the autophosphorylation reactions of representative
members of each PKC isozyme subfamily (cPKC-«, -8;, and -y,
nPKC-A and -¢, and aPKC-¢). Resveratrol was comparably
effective against PKD autophosphorylation and PKD
phosphorylation of the exogenous substrate syntide-2.

A radiometric assay for resveratrol sulfation was developed. It
employed 3’-phosphoadenosine-5'-phosphosulfate-(>*S) as the
sulfate donor and the rates of resveratrol sulfation (mean £ SD,
pmol/min/mg cytosolic protein) were 90 £ 21 (liver, n = 10) and 74
+ 60 (duodenum, n = 10, p = 0.082). Resveratrol sulfotransferase
followed Michaelis-Menten kinetics and Km (mean + SD; uM) was
0.63 & 0.03 (liver, n = 5) and 0.50 & 0.26 (duodenum, n =5, p =
0.39) and Vmax (mean + SD, pmol/min/mg cytosolic protein) were
125 £ 31 (liver, n = 5) and 129 £ 85 (duodenum, n = 5, p = 0.62).
Resveratrol sulfation was inhibited by the flavonoid quercetin, by
mefenamic acid and salicylic acid. ICs, of resveratrol sulfation for
quercetin was 12 &+ 2 pM (liver) and 15 & 2 pM (duodenum), those
for mefenamic acid were 24 4+ 3 nM (liver) and 11 4+ 0.6 nM
(duodenum), and those for salicylic acid were 53 + 9 uM (liver)
and 66 + 4 uM (duodenum).

protecting against the
environmental pollutant Cr, and
that the protective effects of
these free radical scavengers
against Cr(III)-induced
carcinogenesis may relate to
their direct hydroxyl radical
scavenging ability. The
formation of 8-OH-dG was
likely due to a Cr(Il)-mediated
Fenton-type reaction that
generates hydroxyl radicals,
which in turn damage DNA.
Once formed, 8-OH-dG can
mutate eventually leading to
cancer; thus, the implication is
that these antioxidants may
reduce the incidence of
Cr-related cancers.

These results show that resveratrol

is glucuronated in the human
liver. Glucuronidation may
reduce the bioavailability of this
compound. However, flavonoids
inhibit resveratrol
glucuronidation, and such an
inhibition might improve the
bioavailability of resveratrol.

The inhibitory potency of

resveratrol against PKD may
contribute to the cancer
chemopreventive action of
resveratrol.

The potent inhibition of resveratrol

sulfation by quercetin suggests
that compounds present in the
diet may inhibit the sulfation of
resveratrol, thus improving its
bioavailability.

185

186

187
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Table 5.  Evaluation of resveratrol with in vitro model systems. (Continued)

Model ‘What was measured Effect Ref.

Incorporation into Differential scanning calorimetry measured the The study reports that resveratrol is able to 188
model membranes effect of resveratrol on the gel to liquid-crystalline incorporate itself into model membranes in a
and inhibition of phase transition of multilamellar vesicles made of location that is inaccessible to the fluorescence
protein kinase C « phosphatidylcholine/phosphatidylserine and the quencher, acrylamide. These results indicate that
(PKCa) activity. temperature at which the fluid lamellar to H(II) the inhibition of PKCu by resveratrol can be

inverted hexagonal transition took place in mediated, at least partially, by membrane effects
multilamellar vesicles made of exerted near the lipid-water interface.
1,2-dielaidoyl-sn-phosphatidylethanolamine. This

effect on

1,2-dielaidoyl-sn-phosphatidylethanolamine

polymorphism was confirmed through 3'P-NMR,

which showed that an isotropic peak appeared at

high temperature instead of the H(II)-characteristic

peak of 42 uM of resveratrol. The ability of

resveratrol to inhibit PKCa when activated by

phosphatidylcholine/phosphatidylserine vesicles

was tested.

Mechanism of protein Various systems were employed to determine The results indicate that resveratrol has a broad 189
kinase C (PKC) inhibition by resveratrol: range of inhibitory potencies against purified PKC
inhibition. Ca?*/phosphatidylserine-stimulated activity of a that depend on the nature of the substrate and the

purified rat brain PKC isozyme mixture by cofactor dependence of the phosphotransferase
competition with ATP; lipid-dependent activity of reaction.

PKC isozymes with divergent regulatory domains,

cofactor-independent catalytic domain fragment

(CDF) of PKC generated by limited proteolysis.

The effects of resveratrol were examined on

PKC-catalyzed phosphorylation of the

cofactor-independent substrate protamine sulfate,

which is a polybasic protein that activates PKC by

a novel mechanism.

Inhibition of To investigate the mechanism of anticarcinogenic Resveratrol slightly inhibited ethoxyresorufin 190
cytochrome P450 activity of resveratrol, the effects on cytochrome O-deethylation (EROD) activity in human liver
1A1. P450 (P450) were determined in human liver microsomes. Resveratrol exhibited potent

microsomes and Escherichia coli membranes inhibition of human P450 1Al in a

coexpressing human P450 1A1 or P450 1A2 with dose-dependent manner for EROD and for

human NADPH-P450 reductase (bicistronic methoxyresorufin O-demethylation (MROD). The

expression system). inhibition of human P450 1A2 by resveratrol was
not very strong. Resveratrol showed over 50-fold
selectivity for P450 1A1 over P450 1A2. The
activities of human NADPH-P450 reductase were
not significantly changed by resveratrol. In a
human P450 1Al/reductase bicistronic expression
system, resveratrol inhibited human P450 1A1
activity in a mixed-type inhibition
(competitive-noncompetitive). These results
suggest that resveratrol is a selective human P450
1A1 inhibitor.

Identification of Test materials were assessed for potential to scavenge  Approximately 700 plant extracts were evaluated, 35

antioxidants in plant
extracts.

stable 1,2-diphenyl-2-picrylhydrazyl (DPPH) free
radicals, reduce TPA-induced free radical
formation in cultured HL-60 human leukemia
cells, and inhibit responses observed with a
xanthine/xanthine oxidase assay system. Based on
secondary analyses performed to assess inhibition
of 7,12-dimethylbenz(a)anthracene-induced
preneoplastic lesion formation with a mouse
mammary organ culture model, various plants
were selected and subjected to bioassay-guided
fractionation. Various compounds were identified.

and 28 were found to be active in the DPPH free
radical scavenging assay. The hydroxystilbenes
piceatannol and resveratrol inhibited
carcinogen-induced preneoplastic lesion formation
in the mouse mammary gland organ culture model.

(Continued on next page)
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Table 5.  Evaluation of resveratrol with in vitro model systems. (Continued)

Model What was measured Effect Ref.

Screen Synthesized biotinylated resveratrol, purified by liquid Through amino acid sequence analysis of the 191
resveratrol-binding chromatography and immobilized it into selected peptides and human proteins using
proteins to determine streptavidin-coated microplate wells. the BLAST program, the results showed
different biological 3-(4,5-Demethylthiazol-)-2,5-dipheny] tetrazolium that resveratrol has an affinity for various
activities, such as bromide assay showed little change in the anticancer proteins such as breast cancer-associated
inhibiting lipid activity of biotinylated resveratrol in vitro. A random antigen, breast cancer resistance protein,
peroxidation, library of phage-displayed peptides was screened for death-associated transcription factor, and
scavenging free binding to immobilized resveratrol to isolate human cyclin-dependent kinase. These
radicals, inhibiting resveratrol-binding proteins. Several peptides were found results demonstrated that the study
platelet aggregation, to bind to resveratrol specifically, which was proven by provided a feasible method for the study of
and anticancer enzyme-linked immunosorbent assay. binding proteins of natural compounds
activity. using a phage-displayed random peptide

library.

Evaluation of isolated Treatments that combined anthocyanin-rich fractions (TP-2; ~ The mixed fractions provided potent catalytic =~ 192
mixed polyphenolic 0.5 or 2.0 ug of dried material/mL), fractions containing inhibition of topoisomerase II. In addition,
fractions to determine catechins, procyanidin dimers, and flavanones (TP-4; potentiating interactions between the PB2
the potency of, and 0.25 pg of dried material/mL), and/or fractions enriched and the other polyphenolic constituents and
potential interactions with procyanidin oligomers and polymers (TP-6; 0.15 or between myricetin and resveratrol were
between, individual 0.5 pg of dried material/mL) showed additive effects clearly demonstrated. A synergistic
fractions and some of toward catalytic inhibition of the enzyme. Epicatechin interaction between myricetin and
the purified bioactive gallate (ICsp = 0.029 M), myricetin (0.39 uM), resveratrol was also confirmed with
polyphenols that procyanidin B2 (PB2, 4.5 uM), and resveratrol (65.7 isobolographic analysis at a molar ratio of
comprise these uM), constituents of the most bioactive mixed fraction 1:70.
fractions on human from grape cell culture (TP-4), each individually
DNA topoisomerase provided potent catalytic inhibition of topoisomerase I1.

II catalytic activity.

Exploration of the When pBR322DNA was incubated with resveratrol or its The results show that the 4-hydroxystilbene 193
structure-activity analogues differing in the number and positions of structure is a major determinant of
relationship of hydroxyl groups in the presence of Cu(ll), the ability of generation of reactive oxygen species that
resveratrol in DNA 4-hydroxystilbene analogues to induce DNA strand was responsible for DNA strand scission.
strand scission and scission is much stronger than that of 3-hydroxy
characterization of the analogues. The high binding affinity with both Cu(II) and
substrate specificity DNA was also observed by 4-hydroxystilbene analogues.
for Cu(Il) and DNA The reduction of Cu(Il), which is essential for activation
binding. of molecular oxygen, proceeded by addition of

resveratrol to the solution of the Cu(II)-DNA complex,
while such reduction was not observed with the addition
of isoresveratrol, in which the 4-hydroxy group of 1 is
changed to the 3-position.

Investigation of the Resveratrol inhibits type II PtdIns 4-kinase but not PtdIns Inhibition of PtdIns 4-kinase activity by 194
molecular targets of 3-kinase activity in vitro. It directly binds to the enzyme resveratrol/phenylarsine oxide reduced
resveratrol in early with a Kd of 7.2 uM. Kinetic studies showed that Jurkat cell adhesion to matrigel/fibronectin
signaling cascades. resveratrol competes with PtdIns binding. coated surfaces, suggesting a role for type

II PtdIns 4-kinase in lymphocyte
infiltration to the sites of inflammation.
Investigation of the Plasmid bluescript SK(4) DNA was treated with increasing ~ Concentration of copper is reportes to be 195

mutagenicity of
resveratrol in plasmid
DNA.

concentrations of resveratrol in the presence and absence
of copper ions, transformed into competent DH5« cells
and sequenced. Mutations were located that were caused
by resveratrol treatment by comparing the sequences of
treated plasmids versus control (untreated plasmid). The

results showed a decrease in the transformation efficiency

of the plasmid after resveratrol treatment, and although
all types of mutations were recorded, point mutations
(deletions/substitutions) were found to be the
predominant ones. Resveratrol alone resulted in deletion
of mainly guanine bases. Because copper ions are known
to be found in the nucleus, bound to guanine bases in
chromatin, the results suggested mobilization of such
endogenous copper by resveratrol resulting in prooxidant
DNA cleavage at the site.

elevated in various malignancies and the
present studies might explain the reported
anticancer activity of resveratrol in various
cancer cell lines.
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Table 5.  Evaluation of resveratrol with in vitro model systems. (Continued)
Model What was measured Effect Ref.
Investigation of antioxidants in the =~ This study showed the antioxidant efficacy of several The results suggested that these 196

treatment of 5-aminolevulinic
acid (ALA)-induced oxidative
stress.

Investigated the binding of
resveratrol to plasma proteins,
human serum albumin (HSA),
and hemoglobin (Hb)
systematically by fluorescence
quenching technique,
synchronous fluorescence,
UV-Vis absorption spectroscopy,
circular dichroism (CD)
spectroscopy, and molecular
modeling method.

Investigated genetic evidence and
in vitro enzymatic measurements
indicating that the deacetylase
Sir2/SIRT1, an enzyme
promoting stress-resistance and
aging, is a target of resveratrol.

compounds including melatonin, quercetin, resveratrol,
and N l-acetyl-N2-formyl-5-methoxykynuramine
(AFMK), a melatonin oxidation product, in terms of their
ability to limit DNA damage induced by ALA/Fe2+ in an
in vitro system. Damage was measured by plasmid DNA
strand breaks and detection of 8-oxo,
7-8-dihydro,2’-deoxyguanosine (8-oxodGuo) by
high-performance liquid chromatography coupled with
electrochemical detection. All compounds tested showed
a dose-dependent protective action against free radical
damage.

The fluorescence data showed that the binding of resveratrol

to HSA or Hb is a static quenching procedure and each
protein has only one binding site for the drug. The
binding constant of resveratrol to HSA is larger than that
of resveratrol to Hb at corresponding temperature, which
indicates that the affinity of HSA toward the drug is
higher than that of Hb. CD spectroscopy indicates that the
secondary structures of the proteins are changed in the
presence of resveratrol with the reduction of «-helices,
which decreased about 18.75% for HSA and 9.43% for
Hb at the drug to proteins molar ratio of 2.
Thermodynamic analysis and molecular modeling
suggest that hydrophobic interaction plays a major role in
the binding of resveratrol to HSA, and hydrogen bonding
is the main binding force in the binding of resveratrol to
Hb.

Downregulation of insulin-like pathways—of which

phosphoinositide 3-kinase (PI3K) is a key
mediator—promotes longevity and is an attractive
strategy to fight cancer. The study showed that resveratrol
inhibits, in vitro and in cultured muscle cell lines, class
IA PI3K and its downstream signaling in the same
concentration range at which it activates sirtuins.

could be the first studies
showing the possible use of
these antioxidants in oxidative
stress promoted by ALA or other
pro-oxidants.

The study of molecular modeling 197

showed that resveratrol is located
in the hydrophobic cavity
between subdomain IB and ITA
of HSA (the entrance of site I),
or located in the central cavity of
Hb (partial to the subunit A).

This study showed class IA PI3K 198

as a target of resveratrol that
may contribute to
longevity-promoting and
anticancer properties and
identified resveratrol as a natural
class-specific PI3K inhibitor.

In addition to data obtained with cell culture or in vivo models, the following references contain data derived from in vitro systems: 40, 80, 178,
214-216, 219-224, 226-229, 231, 234-240, 242, 243, 245-249, 251, 253, 254, 256-263, 266-277, 279283, 284, 286, 287, 289293, 295-299,
300-304, 306-327, 329, 330, 334, 340, 341, 343, 346350, 408, 426, 449, 453, 456, 457, 464, 466, 468, 471, 472, 475-4717, 482, 483, 485, 509,
510.
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Table 6.  Evaluation of resveratrol with cell culture model systems.

Model

‘What was measured

Effect Ref.

U937 cell growth.

Prostate cancer cells
LNCaP, DU145, and
PC-3.

DU145 and LNCaP
prostate cancer cells.

DU145 prostate cancer
cells.

Colon carcinoma cells.

Using HepG2 cells,
investigated the
potential of
resveratrol to trigger
tumor cell apoptosis
through various
pathways. Resveratrol
induced apoptosis
through the activation
of the mitochondrial
pathway.

Inhibition of cell cycle progression.

sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(2D-SDS-PAGE) followed by mass spectrometric analysis of
the prostate cells.

Inhibition of epidermal growth factor (EGF) for up to 4 h

resulted in brief activation of MAPK followed by inhibition
of resveratrol-induced signal transduction, p53
phosphorylation, and apoptosis.

Using resveratrol and the ethanol extract of propolis, a natural Studies demonstrated the anticancer activity of

honeybee hive product, a comparison between the activity of
these micronutrients and vinorelbine bitartrate (Navelbine),
a semi synthetic drug normally used in the therapy of
prostate cancer, was conducted. Several biochemical
parameters were tested using the MTT assay, cell membrane
integrity (lactate dehydrogenase release), cell redox status
(nitric oxide formation, reactive oxygen species production,
reduced glutathione levels), COMET assay with special
attention on the presence of apoptotic DNA damage
(TUNEL test), and possible mitochondrial transmembrane
potential alteration (Avr).

In colon cancer cells that resist resveratrol-induced apoptosis,

the polyphenol also induces a redistribution of death
receptors into lipid rafts. This effect sensitizes these tumor
cells to death receptor-mediated apoptosis. In
resveratrol-treated cells, tumor necrosis factor (TNF),
anti-CD95 antibodies and TNF-related apoptosis-inducing
ligand (TRAIL) activate a caspase-dependent death pathway
that escapes Bcl-2—mediated inhibition.

This study showed that resveratrol-induced HepG2 cell

apoptosis and mitochondrial dysfunction was dependent on
the induction of the mitochondrial permeability transition
(MPT), because resveratrol caused the collapse of the
mitochondrial membrane potential (§1") with the
concomitant release of cytochrome ¢ (Cyt.c). In addition,
resveratrol induced a rapid and sustained elevation of
intracellular (Ca?*), which compromised the mitochondrial
Sy and triggered the process of HepG2 cell apoptosis. In
permeabilized HepG2 cells, the group further demonstrated
that the effect of the resveratrol was indeed synergistic with
that of Ca®* and Ca®* is necessary for resveratrol-induced
MPT opening. Calcium-induced calcium release from
mitochondria (mCICR) played a key role in mitochondrial
dysfunction and cell apoptosis: (1) mCICR inhibitor,
ruthenium red (RR), prevent MPT opening and Cyt.c
release; and (2) RR attenuated resveratrol-induced HepG2
cell apoptotic death. Furthermore, resveratrol promotes
MPT opening by lowering Ca?*-threshold.

These data suggest that modifying mCICR and

Cell growth was impaired due to reduced cell 201

proliferation, without significant induction of
apoptosis. There was an antiproliferative effect
and duplication in the DNA of the
resveratrol-treated U937 cells.

The role of phosphoglycerate mutase B using two-dimensional Identified the role of phosphoglycerate mutase B 202

on resveratrol-treated human prostate cells at
the transcription level. There was an effect on
metabolic enzymes in cancer cells, but did not
affect normal cells.

Resveratrol-induced apoptosis in DU145 and 203

LNCaP prostate cancer cells occurs through
different PKC-mediated and
MAPK-dependent pathways.

204
resveratrol and propolis extract in human
prostate cancer, exerting their cytotoxicity
through two different types of cell death:
necrosis and apoptosis, respectively. The data
obtained suggest the possible use of these
micronutrients both in alternative to classic
chemotherapy, and in combination with very
low dosage of vinorelbine (5 uM).

Resveratrol does not enhance the number of 205

death receptors at the surface of tumor cells
but induces their redistribution into lipid rafts
and facilitates the caspase cascade activation in
response to death receptor stimulation. The
cholesterol sequestering agent nystatin
prevents resveratrol-induced death receptor
redistribution and cell sensitization to death
receptor stimulation. Thus, whatever its ability
to induce apoptosis in a tumor cell, resveratrol
induces redistribution of death receptors into
lipid rafts. This redistribution sensitizes the
cells to death receptor stimulation.

206
Ca?* threshold to modulate MPT opening may
be a potential target to control cell apoptosis
induced by resveratrol.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.

Investigated the Cell proliferation and cytotoxicity were detected by methyl thiazolyl The study suggests that resveratrol 207

molecular mechanism
of resveratrol on
preventing cardiac
fibroblasts from
proliferative and
hypertrophic response
induced by
angiotensin II.

Resveratrol is thought to
have considerable
potential for therapy
of osteoporosis.
Investigated the
ability of resveratrol
to exhibit
bone-protective
effects equivalent to
those exerted by
hormone replacement
therapy and decrease
the risk of breast
cancer in the in vivo
and in vitro models.
This study demonstrated
arole for
mitogen-activated
protein kinase
phosphatase-5
(MKPS5) in mediating
antiinflammatory
activities of curcumin,
resveratrol, and
[6]-gingerol.

Investigated the effect of

resveratrol on the
production of nitric
oxide (NO) and
prostaglandin (PGE;)
by lipopolysaccharide
(LPS)-activated C6
microglia.

tetrazolium (MTT) and lactate dehydrogenase (LDH) release assay,
respectively. Hypertrophic response of cardiac fibroblasts was
measured by mRNA expression of atrial natriuretic peptide (ANP)
and brain natriuretic peptide (BNP). Resveratrol (25, 50, 75, and
100 M) inhibited cardiac fibroblasts proliferation in a dose- and
time-dependent manner compared with angiotensin II group (P <
0.01), and the inhibitory effects were blocked by pretreatment with
N(G)-nitro-1-arginine methyl ester (I-NAME) and
1H-[1,2,4]-oxadiazole-[4,3-a]-quinoxalin-1-one (ODQ). Resveratrol
increased nitric oxide (NO) and nitric oxide synthase (NOS) levels
in culture medium, increased intracellular cyclic GMP (cGMP) level
in cardiac fibroblasts, and decreased ANP and BNP levels in culture
medium. The mRNA expression of ANP and BNP was suppressed
by resveratrol.

Forkhead proteins were found to be essential for both effects of
resveratrol. The bone-protective effect was attributable to induction
of bone morphogenetic protein-2 through Src kinase-dependent
estrogen receptor activation and FOXA1 is required for
resveratrol-induced estrogen receptor-dependent bone
morphogenetic protein-2 expression. The tumor-suppressive effects
of resveratrol were the consequence of Akt inactivation-mediated
FOXO3a nuclear accumulation and activation.

This research group utilized the cytokines tumor necrosis factor-o
(TNFw) and interleukin (IL)-18 to increase p38-dependent nuclear
factor k-B (NFk B) activation and expression of proinflammatory
genes cyclooxygenase-2 (COX-2), IL-6 and IL-8 in normal prostatic
epithelial cells. MKPS5 overexpression decreased cytokine-induced
NF-«B activation, COX-2, IL-6 and IL-8 in normal prostatic
epithelial cells, suggesting potent anti-inflammatory activity of
MKPS5. Pretreatment of cells with a p38 inhibitor mimicked the
results observed with MKP5 over-expression, further implicating
p38 inhibition as the main activity of MKP5. Curcumin upregulated
MKPS, subsequently decreasing cytokine-induced p38-dependent
proinflammatory changes in normal prostatic epithelial cells.
Resveratrol and [6]-gingerol also upregulated MKPS5 in normal
prostate epithelial cells. Moreover, it was found that PCa cell lines
DU 145, PC-3, LNCaP and LAPC-4 retained the ability to
up-regulate MKP5 following curcumin, resveratrol, and [6]-gingerol
exposure, suggesting utility of these phytochemicals in prostate
cancer treatment.

Exposure of cultured rat C6 astroglioma cells to LPS increased their
release of NO and PGE; and their inducible expression of NO
synthase and cyclooxygenase-2, all of which were significantly
inhibited by resveratrol pretreatment. Further studies revealed that
resveratrol suppressed LPS-induced nuclear translocation and
activation of nuclear factor xB (NF-«B).

inhibited cardiac fibroblasts
proliferation induced by
angiotensin I, and the inhibitory
effect might be associated with
the activation of NO-cGMP
signaling pathway.

This study suggests resveratrol 208

could be highly effective in
management of postmenopausal
osteoporosis without an
increased risk of breast cancer.

This study showed direct 209

anti-inflammatory activity of
MKPS5 in prostate cells and
suggest that upregulation of
MKPS5 by phytochemicals may
contribute to their
chemopreventive actions by
decreasing prostatic
inflammation.

These results demonstratee a 210

potent suppressive effect of
resveratrol on proinflammatory
responses of microglia by
modulation of NF-« B activity,
suggesting a therapeutic
potential for this compound in
neurodegenerative diseases
accompanied by microglial
activation.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect

Ref.

Androgen receptor
(AR)-positive LNCaP
and estrogen receptor
o (ERa)-expressing
PC-3 prostate tumor
cells were used to
analyze whether the
antiproliferative
activity of resveratrol
takes place by
inhibition of the AR-
or ERx-dependent
PI3K pathway.

Cultured human lung
cancer cells (A549).

ER-« and ER-S binding
ability with quinone
reductase (QR)
expression in breast
cancer cells.

LNCaP and LAPC-4
prostate cancer cell
lines.

Although resveratrol treatment (up to 150 uM)

decreased AR and ER« protein levels, it did not affect
AR and ERe interaction with p85-PI3K.
Immunoprecipitation and kinase assays showed that
resveratrol inhibited AR- and ERx-dependent PI3K
activities in LNCaP and PC-3, respectively.
Consistently, lower PI3K activities correlated with
decreased phosphorylation of downstream targets
protein kinase B/AKT (PKB/AKT) and glycogen
synthase kinase-3 (GSK-3). GSK-3
dephosphorylation could be responsible for the
decreased cyclin D1 levels observed in both cell lines.
Importantly, resveratrol markedly decreased
PKB/AKT phosphorylation in primary cultures from
human prostate tumors, suggesting that the
mechanism proposed here could take place in vivo.

Using resveratrol as the prototype stilbenoid, this group

synthesized various analogues and evaluated their
growth inhibitory effects in cultured human cancer
cells. One of the stilbenoids,
3,4,5-trimethoxy-4’-bromo-cis-stilbene (BCS), was
more effective than its corresponding frans-isomer
and resveratrol on the inhibition of cancer cell growth.
Prompted by the strong growth inhibitory activity of
BCS compared to its trans-isomer and resveratrol in
A549, the mechanism of action was investigated. BCS
induced arrest at the G,/M phase of the cell cycle at
early times and subsequently increased in the sub-G;
phase DNA contents in a time-dependent manner,
indicating induction of apoptosis. Morphological
observation with round-up shape and DNA
fragmentation was also revealed the apoptotic
phenomena. BCS treatment elevated the expression
levels of the proapoptotic protein p53, the
cyclin-dependent kinase inhibitor p21, and the release
of cytochrome c in the cytosol. The downregulation of
checkpoint protein cyclin Bl by BCS was well
correlated with the cell cycle arrest at G,/M.

Used three phytoestrogens, biochanin A, genistein, and

resveratrol, as they upregulate QR expression in
breast cancer cells. It was reported that regulation can
occur at the transcriptional level preferentially
through ER-p transactivation at the electrophile
response element of the QR gene promoter. By
chromatin immunoprecipitation analysis, showed
binding of ER-« and ER-p to the QR promoter, with
increased ER-8 binding in the presence of resveratrol.
Antisense technology was used to determine whether
such protection was dependent on ER-8 or QR.

Quercetin and resveratrol caused an increase in

expression of c-Jun as well as its phosphorylated form
in a dose-dependent manner in prostatic cell lines
using a transient transfection assay. Gel shift assays
showed that induced c-Jun has specific DNA binding
activity. Transient transfections demonstrated that
c-Jun repressed prostate-specific antigen promoter
activity and transcriptional activity of the androgen
receptor (AR) promoter.

Resveratrol could have antitumor activity in
androgen-sensitive and androgen-nonsensitive
human prostate tumors by inhibiting survival
pathways such as that mediated by PI3K.

These data suggest the potential of BCS to serve
as a cancer chemotherapeutic or
chemopreventive agent by virtue of arresting
the cell cycle and induction of apoptosis of
human lung cancer cells.

The protective ability of resveratrol is partially
dependent on the presence of ER-8 and QR.
Phytoestrogen-mediated induction of QR may
represent an additional mechanism for breast
cancer protection, although the effects may be
specific for a given phytoestrogen.

These results support a mechanism in which
overexpressed c-Jun mediates an inhibitory
effect on the function of AR.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)
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Model What was measured

Effect Ref.

Human ovarian cancer
cells A2780/CP70
and OVCAR-3.

Investigated the effect of resveratrol on
hypoxia-inducible factor loe (HIF-1er) and vascular
endothelial growth factor (VEGF) expression.

The expression of 2059  Biological functions of 633 genes were annotated
cancer-related genes based on biological process ontology and clustered
in a renal cell into functional categories. Twenty-nine highly
carcinoma (RCC) cell differentially expressed genes in resveratrol
line RCC54 treated treated RCC54 were identified and the potential
with resveratrol. implications of some gene expression alterations

in RCC carcinogenesis were identified.

Used sensitizer for
anticancer
drug-induced
apoptosis by inducing
cell cycle arrest,
which in turn resulted
in survivin depletion.

Analysis of cell cycle and apoptosis revealed that
pretreatment with resveratrol resulted in cell cycle
arrest in S phase and apoptosis induction
preferentially out of S phase upon subsequent drug
treatment. Likewise, cell cycle arrest in S phase by
cell cycle inhibitors enhanced drug-induced
apoptosis. Resveratrol-mediated cell cycle arrest
sensitized for apoptosis by downregulating
survivin expression through transcriptional and
post-transcriptional mechanisms. Similarly,
downregulation of survivin expression using
survivin antisense oligonucleotides sensitized for
drug-induced apoptosis. Downregulation of
survivin and enhanced drug-induced apoptosis by
resveratrol occurred in various human tumor cell
lines irrespective of p53 status.

Hypoxia-induced drug resistance is a major obstacle
in the development of effective cancer
chemotherapy. Examined whether drug resistance
of various phenolic compounds (i.e., resveratrol)
is acquired by hypoxia. The cell lines were
cultured under normoxic or hypoxic conditions.
Drug sensitivities to the phenolic compounds and
expression of hypoxia-inducible factor-1a
(HIF-1e) and the multidrug-resistance genes were
examined in these cell lines.

Hep3B hepatoma,
Caki-1 renal
carcinoma, SK-N-MC
neuroblastoma, and
HEK293 cell lines.

This study demonstrated that resveratrol inhibited 215
HIF-1o and VEGF expression through multiple
mechanisms. First, resveratrol inhibited AKT and
mitogen-activated protein kinase activation, which
played a partial role in the downregulation of HIF-1«
expression. Second, resveratrol inhibited insulin-like
growth factor 1-induced HIF-1o expression through
the inhibition of protein translational regulators,
including M, 70,000 ribosomal protein S6 kinase 1,
S6 ribosomal protein, eukaryotic initiation factor
4E-binding protein 1, and eukaryotic initiation factor
4E. Finally, it was found that resveratrol substantially
induced HIF-1l« protein degradation through the
proteasome pathway. These data suggest that
resveratrol may inhibit human ovarian cancer
progression and angiogenesis by inhibiting HIF-1«
and VEGF expression and thus provide a novel
potential mechanism for the anticancer action of
resveratrol.

The findings from this study support the hypothesis that
resveratrol induces differential expression of genes
that are directly or indirectly related to the inhibition
of RCC cell growth and induction of RCC cell death.
In addition, it is apparent that the gene expression
alterations due to resveratrol treatment depend
strongly on resveratrol concentration. This study
provides a general understanding of the overall
genetic response of RCC54 to resveratrol treatment
and yields insights into the understanding of the
cancer preventive mechanism of resveratrol in RCC.

The combined sensitizer (resveratrol)/inducer (cytotoxic 217
drugs) concept may be a strategy to enhance the
efficacy of anticancer therapy in a variety of human
cancers.

216

Drug resistance was acquired 24 h after hypoxia and 218

subsided 8 h after reoxygenation. Protein synthesis

inhibitors abolished this drug resistance. A

transfection study demonstrated that HIF-1«

enhanced this hypoxia-induced resistance and that its

dominant-negative isoform suppressed resistance

acquisition. However, MDR1 and MRP1, which

provide multidrug resistance to conventional

anticancer agents, were not induced by hypoxia.

These results suggest that HIF-1a-dependent gene

expression participates in the cellular process of the

hypoxia-induced resistance to phenolic compounds.
(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect

Ref.

Human lymphoblastoid
cell line TK6 and its
p53-knockout
counterpart (NH32).

Leukemia B-cell lines
and B-cell chronic
lymphocytic leukemia
(B-CLL) cells from
patients.

Human breast cancer
MCEF-7 cells.

CYP1Al and 1Bl in
UW228-3
medulloblastoma
cells.

The proapoptotic ability of

(2)-3,5,4'-tri- O-methyl-resveratrol (R3) was
investigated using these cell lines. R3 induced the
stimulation of caspase-3. Although R3 induced
growth inhibition and apoptosis of both cell lines,
two distinct mechanisms were observed.

Resveratrol induces apoptosis of leukemic B-cells

and simultaneously inhibits the production of
endogenous nitric oxide (NO) through inducible
NO synthase (iNOS) downregulation. In addition
these results were observed with not only acetate
derivatives of polyphenols, particularly the
pentaacetate of viniferin (resveratrol dimer), but
also with a synthetic flavone (a
diaminomethoxyflavone) in both leukemia B-cell
lines and B-cell chronic lymphocytic leukemia
(B-CLL) cells from patients. Moreover,
flavopiridol, another flavone already known for its
proapoptotic properties in B-CLL cells, was found
to downregulate both iNOS expression and NO
production.

The mechanism of resveratrol to induce apoptosis in

MCE-7 cells was dependent on mitogen-activated
protein kinase (MAPK, ERK1/2) activation and
was associated with serine phosphorylation and
acetylation of p53. Treatment of MCF-7 cells with
resveratrol in the presence of 178-estradiol (E;)
further enhanced MAPK activation, but E,
blocked resveratrol-induced apoptosis, as
measured by nucleosome ELISA and DNA
fragmentation assays. E, inhibited
resveratrol-stimulated phosphorylation of serines
15, 20, and 392 of p53 and acetylation of p53 in a
concentration- and time-dependent manner. These
effects of E; on resveratrol action were blocked by
ICI 182,780 (ICI), an inhibitor of the nuclear
estrogen receptor-a (ER). ICI 182,780 did not
block the actions of resveratrol, alone.
Electrophoretic mobility studies of p53 binding to
DNA and of p21 expression indicated that E,
inhibited resveratrol-induced, p53-directed
transcriptional activity.

The status of CYP1A1 and 1B1 in UW228-3

medulloblastoma cells without and with
resveratrol treatments were elucidated in this study
with the ethoxyresorufin O-deethylation assay,
followed by RT-PCR, immunocytochemical
staining and Western blot hybridization.
CYP1A1/1B1 enzymatic activity was low in
UW228-3 cells but became several fold higher
upon resveratrol treatments. CYP1A1 was
undetectable and CYP1B1 was expressed in
normally cultured cells. Accompanied by the
increased fraction of apoptosis, enhanced
CYP1A1 and downregulated CYP1B1 were
observed in resveratrol-treated cells in time- and
dose-related fashions.

The p53-knockout NH32 cells were shown to
override the G,/M phase checkpoint with
development of hyperdiploid cells, whereas TK6
cells accumulated at G,/M. As p53 function is
often altered in human cancer cells, these results
show that the proapototic effects of R3 against
tumor cells are independent of their p53 status.

Inhibition of the NO pathway during apoptosis of
leukemia B-cells appears a common mechanism
for several compounds belonging to two distinct
families of phytoalexins, the flavones and
grape-derived polyphenols.

These results suggest that E, inhibits p5S3-dependent
apoptosis in MCF-7 cells by interfering with
post-translational modifications of p53, which are
essential for p53-dependent DNA binding and
consequent stimulation of apoptotic pathways.

The results demonstrate that in the medulloblastoma
cell system, CYP1A1 upregulation is paralleled
with resveratrol-induced differentiation and
apoptosis, while CYP1B1 may not be an essential
element in metabolic activation of resveratrol in
those cells. CYP1A1 and 1BI1 are resveratrol
response genes and potential chemosensitive
markers of medulloblastoma cells.

219
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.

Various human breast ~ Purpose of study was to identify the role of pS3-dependent Apoptosis induced by resveratrol was found to 223
cancer cells and a or p53-independent pathways in the induction of occur only in breast cancer cells expressing
wild-type cell line, apoptosis in human breast cancer cells by resveratrol. A wild-type p53 but not in mutant p53-expressing
astrocytoma N number of human breast cancer cell lines, as well as cells. The study suggests that resveratrol induces
1321N1 was used as astrocytoma N 1321N1, were investigated for induction apoptosis in breast cancer cells via
the control. of apoptosis by resveratrol using both microscopic p53-dependent pathways.

evaluation and DNA fragmentation assays. Concurrently,
the p53 gene status (wild-type or mutant) of each cell line
was established by Western blot using p53-specific
antibody.

Benzo(a)pyrene The in vitro effect of resveratrol on B(a)P-induced DNA These data suggest that resveratrol has a 224
[B(a)P]-induced adducts in human bronchial epithelial cells. This was chemopreventive role in polycyclic aromatic
DNA adducts in compared to the effect of resveratrol on the expression of  hydrocarbon-induced carcinogenesis.
human bronchial the cytochrome P450 (CYP) genes CYP1A1 and
epithelial cells. CYP1BI and the formation of B(a)P metabolites.

Exposure of BEAS-2B and BEP2D cells to B(a)P and
increasing concentrations of resveratrol resulted in a
dose- and time-dependent inhibition of DNA adduct
formation quantified by 3?P-postlabeling. Supporting this
result, resveratrol was shown to inhibit CYP1A1 and
CYPIBI gene expression, as measured by RT PCR. Also,
a significant correlation was found between the number of
DNA adducts and the mRNA levels of these genes. Using
HPLC analysis, a concomitant decrease in the formation
of B(a)P-derived metabolic products was detected.

Stage 4 Stage 4 MYCN-amplified NB cell lines, with wild-type or ~ Observations suggest that the cytotoxicity, cell 225
MY CN-amplified mutant p53, were treated with curcumin and resveratrol cycle arrest and apoptosis induced by curcumin
neuroblastoma (NB) and analyzed for effects on proliferation, cell cycle, and resveratrol in NB cells may be mediated via
cell lines. induction of apoptosis, and p53 function. functionally activated p53.

Human breast tumor cell HBL100, MCF7, MBA-MB-231, MCF10a cells were used Resveratrol modulated the expression of these 226
lines (HBL100, to study the effect of resveratrol on the transcription of a genes in a pattern dependent on the status of «

MCEF7 and group of genes whose proteins interact in different and B estrogen receptors. These results show that

MBA-MB-231) and pathways with BRCA1. BRCAI, BRCA2, ERa, ERpS, resveratrol regulates gene expression via the

one breast cell line p53, p21wef1/eirl \CBP/P300, RAD51, pS2 and Ki67 estrogen receptor pathway and also an

(MCF10a). mRNA were quantified using real-time quantitative undetermined pathway. Thus, resveratrol seems

RT-PCR. to have an effect on breast tumor cell lines by
affecting several factors regulating the function
of BRCAL.
Human HT-29 colon Isothiocyanates, flavonoids, resveratrol, and curcumin were Treatments resulted in different responses in the 227

cancer cells.

examined in this study. HT-29 cells were stably
transfected with NF-« B luciferase construct, and stable
clones were selected. HT-29 N9 cells were selected and
treated with various concentrations of the natural
chemopreventive agents and subsequently challenged
with NF-«B stimulator lipopolysaccharide, and the
luciferase activities were measured. Western blot analysis
of phosphorylated I« Ba was performed after treatments
with the natural chemopreventive agents. The effects of
these agents on cell viability and apoptosis were also
evaluated by a nonradioactive cell proliferation MTS
assay [3-(4,5-dimethylthiazol-2-y1)-5-(3-
arboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt], Trypan blue staining, and caspase
assay.

NF-«B-luciferase assay. ITCs such as phenethyl
isothiocyanate, sulforaphane, allyl
isothiocyanate, and curcumin strongly inhibited
LPS-induced NF-«B-luciferase activation,
whereas resveratrol increased activation at lower
dose, but inhibited activation at higher dose, and
tea flavonoids and procyanidin dimers had little
or no effect. ITCs, curcumin,
(-)-epigallocatechin-3-gallate, and resveratrol
reduced LPS-induced I« Ba phosphorylation.
Furthermore, in the MTS assay, PEITC, SUL,
and curcumin also potently inhibited cell growth.
Caspase-3 activity was induced by
chemopreventive compounds, however, the
kinetics of caspase-3 activation varied between
these compounds within the 48 h time period.
These results suggest that natural
chemopreventive agents have differential
biological functions on the signal transduction
pathways in the colon and/or colon cancer.
(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect Ref.

HT-29 colon cancer
cells.

Human cancer cell lines,

HeLa (cervix
carcinoma), K-562
(chronic myeloid
leukemia) and IM-9
(multiple myeloma).

TNF-o, IL-12, and
IL-1p8 production
from LPS activated
phorbol myristate
acetate (PMA)
differentiated THP-1
human macrophages.

HT-29 cells were transfected with AP-1-luciferase reporter

gene, and one of the stable clones (C-4) was used for
subsequent experiments. The HT-29 C-4 cells were
treated for 1 h with various natural chemopreventive
agents and challenged with AP-1 stimulators such as
12-O-tetradecanoylphorbol-13-acetate (TPA) or
hydrogen peroxide (H,0O,) for 6 h. The c-Jun N-terminal
kinase (JNK) was examined to understand the effect of
these compounds on the upstream signaling activator of
AP-1. The protein expression level of endogenous cyclin
D1, a gene that is under the control of AP-1, was also
analyzed after treatments with the agents. In addition, cell
death induced by these compounds was evaluated by
MTS assay [3-(4.5-dimethylthiazol-2-yl)-5-(3-
arboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner

salt].

The purpose of this study was to examine whether

resveratrol can sensitize cancer cells to X-irradiation
using human cancer cell lines (HeLa, K-562, and IM-9).
The assays that were performed following X-irradiation
(doses from 0 to 8 Gy) and/or incubation in the presence
of resveratrol (concentrations ranging from 0 to 200 uM),
were the following: Trypan blue exclusion test to
determine cell viability, cell morphology after
May-Grunwald Giemsa staining, DNA profile analysis by
flow cytometry to assess cell cycle distribution and the
presence of the sub-G; peak.

The study demonstrates that resveratrol enhanced TNF-o,

IL-12, and IL-18 production from LPS activated phorbol
myristate acetate (PMA) differentiated THP-1 human
macrophages. Expression of CD86 on macrophages was
enhanced by resveratrol alone and with LPS. When
macrophages were primed with IFN-gamma, resveratrol
suppressed the expression of HLA-ABC, HLA-DR,
CD80, CD86 and inhibited production of TNF-«, IL-12,
IL-6, and IL-18 induced by LPS.

TPA and H,0, treatments strongly induced 228
AP-1-luciferase activity as expected.
Phenethyl isothiocyanate, sulforaphane,
curcumin, and resveratrol increased
AP-1-luciferase activity dose-dependently
and then decreased at higher doses in the
presence or absence of TPA. Allyl
isothiocyanate and
(-)-epigallocatechin-3-gallate increased
AP-1-luciferase activity dose-dependently
up to 50 and 100 M. Other tea catechins
and procyanidin dimers, however, had little
or no effect on AP-1-luciferase activity.
The JNK activity was induced by the
isothiocyanates and EGCG. Most of the
chemopreventive compounds induced cell
death in a dose-dependent manner, with the
exception of epicatechin and the
procyanidins, which had little effect. The
expression of endogenous cyclin D1
protein was well correlated with those of
AP-1-luciferase assay. These results
suggest that natural chemopreventive
compounds may have differential
biological functions on the signal
transduction pathways such as AP-1 in the
intervention of colon cancer progression
and carcinogenesis.

The cell lines showed different radiation 229
sensitivity (IM-9, high radiation sensitivity,
K-562, intermediate radiation sensitivity
and HeLa, low radiation sensitivity) as seen
by the X-irradiation dose related inhibition
of cell growth and induction of apoptosis.
The addition of resveratrol alone to the cell
cultures induced apoptosis and inhibited
cell growth from 50 (IM-9), 100 (EOL-1)
or 200 uM (HeLa) resveratrol
concentrations. Concomitant treatment of
the cells with either resveratrol and
X-irradiation induced a synergical effect at
the highest dose of 200 M. These results
show that resveratrol can act as a potential
radiation sensitiser at high concentrations.

The differential impact of resveratrol on 230
expression of CD14 might be correlated
with differential response of macrophages
to LPS with or without IFN-gamma
priming.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect Ref.

The effects of

resveratrol and
estradiol (E;) on
expression of
exogenous reporter
genes and an
endogenous
estrogen-regulated
gene (TGF) in
MDA-MB-231 cells
stably transfected
with wild-type (wt)
ER« or mutants with
deleted or mutated AF
domains.

Breast cancer resistance

protein
(BCRP/ABCG2).

Transport in hepatic
cells.

Androgen receptor
(AR)-mediated
transcription in
human prostate
cancer cells (LNCaP
and PC3).

CYPIBI gene
expression in MCF-7
human breast
carcinoma cells.

To examine the role of the transcriptional activation

function (AF) domains of ER« in resveratrol agonism,
the effects of resveratrol and E; on expression of
exogenous reporter genes and TGFo in MDA-MB-231
cells stably transfected with wtER« or mutants with
deleted or mutated AF domains were compared. In
reporter gene assays, cells expressing wtER« showed a
superagonistic response to resveratrol. Deletion of AF-1
or mutation of AF-2 attenuated the effect of resveratrol
disproportionately compared to that of E,, while deletion
of AF-2 abrogated the response to both ligands. In TGF«
expression assays, resveratrol acted as a full agonist in
cells expressing wtER«. Deletion of AF-1 attenuated
stimulation by E, more severely than that by resveratrol,
as did deletion of AF-2. In contrast, mutation of AF-2 left
both ligands with a limited ability to induced TGFo
expression.

In two separate BCRP-overexpressing cell lines,

accumulation of the established BCRP substrates
mitoxantrone and bodipy-FL-prazosin was significantly
increased by the flavonoids silymarin, hesperetin,
quercetin, and daidzein, and resveratrol as measured by
flow cytometry, though there was no corresponding
increase in the respective wild-type cell lines. These
compounds also stimulated the vanadate-inhibitable
ATPase activity in membranes prepared from bacteria
(Lactococcus lactis) expressing BCRP.

A new technique was used to qualitatively follow

resveratrol cell uptake and intracellular distribution,
based on resveratrol fluorescent properties. A time-course
study and the quantification of *H-labeled resveratrol
uptake were performed using human hepatic derived cells
(HepG2 tumor cells) and hepatocytes.

Resveratrol and genistein activated AR-driven gene

expression at low concentrations, whereas they repressed
the AR-dependent reporter gene activity at high
concentrations. Resveratrol and genistein induced
AR-driven gene expression by activating the
Raf-MEK-ERK kinase pathway. The ERK1 kinase
phosphorylated the AR on multiple sitesin vitro, but this
phosphorylation event did not contribute to the
resveratrol-induced AR transactivation.

MCEF-7 cells were treated with S-naphthoflavone (BNF),

emodin, resveratrol, or 0.1% dimethylsulfoxide (vehicle
control). Total cellular RNA was isolated and reverse
transcribed. cDNA samples were quantified by a
fluorescence assay and a constant amount was amplified
in a real-time DNA thermal cycler. Melting curve
analysis and agarose gel electrophoresis of the amplicons
resulted in a single peak and a single band, respectively.
The identity of the amplicon was confirmed to be
CYP1B1 by sequencing analysis. The standard curve for
the real-time PCR amplification of CYP1B1 cDNA was
log-linear for at least four orders of magnitude. The limit
of quantitation (LOQ) of the assay was 100 copies.

The effect of modifying or deleting AF 231
domains depends strongly on the ligand
and the target gene.

Plant-derived polyphenols that interact with 232
P-glycoprotein can also modulate the
activity of the ABC transporter,
BCRP/ABCG?2. Given the high dietary
intake of polyphenols, such interactions
with BCRP, particularly in the intestines,
may have important consequences in vivo
for the distribution of these compounds as
well as other BCRP substrates.

The temperature-dependence of the kinetics 233
of uptake as well as cis-inhibition
experiments agree with the involvement of
a carrier-mediated transport in addition to
passive diffusion. The decrease of passive
uptake resulted from resveratrol binding to
serum proteins.

Due to evidence that AR pathways are 234
involved in the development and
progression of prostate cancer, these data
show that the ability to modulate AR
function would contribute the observed
chemopreventive activity of resveratrol and
genistein.

Method was described for the real-time PCR 235
quantification of CYP1B1 gene expression
in MCF-7 human breast carcinoma cells.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured

Effect Ref.

Resveratrol inhibits Studies show evidence that exposure of human leukemia cells to

drug-induced
apoptosis in human
leukemia cells.

Analyzed the ability of
resveratrol to
modulate the ER«
-dependent PI3K
pathway using MCF-7
(human breast cancer
cell).

Investigated whether
resveratrol can
sensitize
non—Hodgkin’s
lymphoma (NHL) and
multiple myeloma
(MM) cell lines to
paclitaxel-mediated
apoptosis and to
delineate the
underlying molecular
mechanism of
sensitization.

low concentrations of resveratrol inhibits caspase activation,
DNA fragmentation, and translocation of cytochrome ¢ induced
by hydrogen peroxide or anticancer drugs C2, vincristine, and
daunorubicin. At these concentrations, resveratrol induces an
increase in intracellular superoxide and inhibits drug-induced
acidification. Blocking the activation of NADPH oxidase
complex neutralized resveratrol-induced inhibition of apoptosis.
The results implicate intracellular hydrogen peroxide as a
common effector mechanism in drug-induced apoptosis that is
inhibited by preincubation with resveratrol. Decreasing
intracellular superoxide with the NADPH oxidase inhibitor
diphenyliodonium reversed the inhibitory effect of resveratrol on
drug-induced hydrogen peroxide production.

Immunoprecipitation and kinase activity assays showed that

resveratrol increased the ERa-associated PI3K activity with a
maximum stimulatory effect at concentrations close to 10 uM;
concentrations >50 uM decreased PI3K activity. Stimulation of
PI3K activity by resveratrol was ERa-dependent as it could be
blocked by the antiestrogen ICI 182,780. Resveratrol did not
affect p85 protein expression but induced the
proteasome-dependent degradation of the ER«. Nevertheless,
the amount of PI3K immunoprecipitated by the ER« remained
unchanged in presence of resveratrol, indicating that ER«
availability was not limiting PI3K activity. Phosphoprotein
kinase B (pPKB/AKT) followed the pattern of PI3K activity,
whereas resveratrol did not affect total PKB/AKT expression.
PKB/AKT downstream target glycogen synthase kinase 3
(GSK3) also showed a phosphorylation pattern that followed
PI3K activity.

Both resveratrol and paclitaxel negatively modulated tumor cell

growth by arresting the cells at the G,-M phase of the cell cycle.
Low concentrations of resveratrol exerted a sensitizing effect on
drug-refractory NHL and MM cells to apoptosis induced by
paclitaxel. Resveratrol selectively downregulated the expression
of antiapoptotic proteins Bel-x~ and myeloid cell differentiation
factor-1 (Mcl-1) and upregulated the expression of proapoptotic
proteins Bax and apoptosis protease activating factor-1 (Apaf-1).
Paclitaxel downregulated the expression of Bel-x%, Mcl-1, and
cellular inhibitor of apoptosis protein-1 antiapoptotic proteins
and upregulated Bid and Apaf-1. Combination treatment resulted
in apoptosis through the formation of tBid, mitochondrial
membrane depolarization, cytosolic release of cytochrome ¢ and
Smac/DIABLO, activation of the caspase cascade, and cleavage
of poly(adenosine diphosphate-ribose) polymerase. Combination
of resveratrol with paclitaxel had minimal cytotoxicity against
quiescent and mitogenically stimulated human peripheral blood
mononuclear cells. Inhibition of Bel-x* expression by
resveratrol was critical for chemosensitization and its functional
impairment mimics resveratrol-mediated sensitization to
paclitaxel-induced apoptosis. Inhibition of Bcl-x* expression by
resveratrol was due to the inhibition of the extracellular
signal-regulated kinase 1/2 (ERK1/2) pathway and diminished
activator protein-1-dependent Bel-x” expression. The findings
by resveratrol were corroborated with inhibitors of the ERK1/2
pathway.

These data show that low 236
concentrations of resveratrol inhibit
death signaling in human leukemia
cells via NADPH
oxidase-dependent elevation of
intracellular superoxide that blocks
mitochondrial hydrogen peroxide
production, thereby resulting in an
intracellular environment
nonconducive for death execution.

The study suggests a mechanism 237
through which resveratrol could
inhibit survival and proliferation of
estrogen-responsive cells by
interfering with an ERa-associated
PI3K pathway, following a process
that could be independent of the
nuclear functions of the ER«.

This study demonstrates that in 238
resistant NHL and MM cell lines
resveratrol and paclitaxel selectively
modify the expression of regulatory
proteins in the apoptotic signaling
pathway and the combination, via
functional complementation, results
in synergistic apoptotic activity.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

‘What was measured

Effect Ref.

Response of ovarian
cancer cells to
resveratrol.

Resveratrol suppresses
EGFR-dependent
Erk1/2 activation
pathways stimulated
by EGF and phorbol
ester
(12-O-tetradecanoyl
phorbol 13-acetate,
TPA) in human
prostate cancer (Al
PrCa PC-3) cells.

Tumor necrosis
factor—related
apoptosis-inducing
ligand
(TRAIL)-induced
apoptosis through
p53-independent
induction of p21 and
p21-mediated cell

cycle arrest associated

with survivin
depletion.

Resveratrol inhibited growth and induced death in a
panel of five human ovarian carcinoma cell lines.
The response was associated with mitochondrial
release of cytochrome c, formation of the
apoptosome complex, and caspase activation.
Surprisingly, even with these molecular features of
apoptosis, analysis of resveratrol-treated cells by
light and electron microscopy revealed
morphology and ultrastructural changes indicative
of autophagocytic, rather than apoptotic death.
This suggests that resveratrol can induce cell death
through two distinct pathways. Consistent with the
ability of resveratrol to kill cells via nonapoptotic
processes, cells transfected to express high levels
of the antiapoptotic proteins Bcl-x* and Bel-2
were equally sensitive as control cells to
resveratrol.

Becaue protein kinase C (PKC) is the major cellular
receptor for phorbol esters and taking into
consideration that resveratrol is PKC-inhibitory,
the effects of resveratrol on cellular PKC
isozymes associated with the suppression of
TPA-induced Erk1/2 activation were investigated.
The PKC isozyme composition of PC-3 cells was
defined by Western analysis of the cell lysate with
a comprehensive set of isozyme-selective PKC
antibiotics. PC-3 cells expressed PKCa, ¢, ¢, ¢,
and PKD (PKCp), as did another human Al PrCa
cell line of distinct genetic origin, DU145. The
effects of resveratrol on TPA-induced PKC
isozyme activation were defined by monitoring
PKC isozyme translocation and
autophosphorylation. Under conditions where
resveratrol suppressed TPA-induced Erk1/2
activation, the phytochemical produced
isozyme-selective interference with TPA-induced
translocation of cytosolic PKCu to the
membrane/cytoskeleton and selectively
diminished the amount of autophosphorylated
PKCe in the membrane/cytoskeleton of the
TPA-treated cells.

Survivin expression and apoptosis revealed that
resveratrol-induced G, arrest was associated with
downregulation of survivin expression and
sensitization for TRAIL-induced apoptosis.
Accordingly, G, arrest using the cell cycle
inhibitor mimosine or induced by p21
overexpression reduced survivin expression and
sensitized cells for TRAIL treatment. Likewise,
resveratrol-mediated cell cycle arrest followed by
survivin depletion and sensitization for TRAIL
was impaired in p21- deficient cells. Also,
downregulation of survivin using survivin
antisense oligonucleotides sensitized cells for
TRAIL-induced apoptosis.

These findings show that resveratrol induces cell 239
death in ovarian cancer cells through a mechanism
distinct from apoptosis, therefore suggesting that
it may provide leverage to treat ovarian cancer that
is chemoresistant on the basis of ineffective
apoptosis.

These results demonstrate that resveratrol abrogation 240
of a PKC-mediated Erk1/2 activation response in
PC-3 cells correlates with isozyme-selective
PKCe inhibition. The results provide evidence
that resveratrol may have value as an adjuvant
cancer therapeutic in advanced prostate cancer.

Resveratrol is a potent sensitizer of tumor cells for 241
tumor necrosis factor—related apoptosis-inducing
ligand (TRAIL)-induced apoptosis through
pS3-independent induction of p21 and
p21-mediated cell cycle arrest associated with
survivin depletion. Resveratrol sensitized various
tumor cell lines, but not normal human fibroblasts,
for apoptosis induced by death receptor ligation or
anticancer drugs. Thus, this combined sensitizer
(resveratrol)/inducer (e.g., TRAIL) strategy may
be a novel approach to enhance the efficacy of
TRAIL-based therapies in a variety of human
cancers.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured Effect

Ref.

Human breast cancer
cell line MCF-7.

Determine the
mechanism(s) by
which
1,4-dihydropyridine
Ca’* channel
blockers (DHPs)
enhance the binding
of neurotensin (NT)
to prostate cancer

PC3 cells and inhibit

NT-induced inositol

phosphate formation.

Inhibition of phorbol
myristate
acetate-induced
matrix
metalloproteinase-9
expression by
inhibiting JNK and
PKC A signal
transduction.

Resveratrol treatment of MCF-7 cells resulted in a
dose-dependent inhibition of the cell growth and the
cells accumulated at the S phase transition of the cell
cycle at low concentrations, but high concentrations
do not induce S phase accumulation. The
antiproliferative effects of resveratrol were associated
with a marked inhibition of cyclin D and
cyclin-dependent kinase (Cdk) 4 proteins, and
induction of p53 and Cdk inhibitor p21"WAF1/CIP,
Growth suppression by resveratrol was also due to
apoptosis, as seen by the appearance of a sub-G;
fraction and chromatin condensation. In addition, the
apoptotic process involves activation of caspase-9, a
decrease of Bcl-2 as well as Bel-x” levels, and an
increase of Bax levels.

Earlier work indicated that these effects, which involved DHPs indirectly alter NTR1 function in live cells by
the G protein—coupled NT receptor NTR1, were a mechanism that depends on the ability of the
indirect and required cellular metabolism or drug to donate hydrogen but does not simply
architecture. At the micromolar concentrations used, involve sulfhydryl reduction.

DHPs can block voltage-sensitive and store-operated
Ca?t channels, K* channels, and Na* channels, and
can inhibit lipid peroxidation. By varying [Ca>*] and
testing the effects of stimulators and inhibitors of
Ca?* influx and internal Ca®* release, we determined
that although DHPs may have inhibited inositol
phosphate formation partly by blocking Ca>* influx,
the effect on NT binding was Ca?*-independent. By
varying [K*] and [Na™], it was found that these ions
did not contribute to either effect. For a series of
DHPs, the activity order for effects on NTR1 function
followed that for antioxidant ability. Antioxidant
polyphenols (luteolin and resveratrol) mimicked the
effects of DHPs and showed structural similarity to
DHPs. Antioxidants with equal redox ability, but
without structural similarity to DHPs (such as
a-tocopherol, riboflavin, and N-acetyl-cysteine) were
without effect. A flavoprotein oxidase inhibitor
(diphenylene iodonium) and a hydroxy radical
scavenger (butylated hydroxy anisole) also displayed
the effects of DHPs.

Resveratrol was found to significantly inhibit the
PMA-induced increase in MMP-9 expression and
activity. These effects of resveratrol are dose
dependent and correlate with the suppression of
MMP-9 mRNA expression levels. PMA caused about
a 23-fold increase in MMP-9 promoter activity, which
was suppressed by resveratrol. Transient transfection
utilizing MMP-9 constructs, in which specific
transcriptional factors were mutagenized, indicated
that the effects of PMA and resveratrol were mediated
via an activator protein-1 and NF-«B response
element. Resveratrol inhibited PMA-mediated
activation of c-Jun N-terminal kinase (JNK) and
protein kinase C (PKC)-A activation.

Using MCF-7, this study analyzed a possible
mechanism by which resveratrol could interfere
with cell cycle control and induce cell death.

MMP-9 inhibitory activity of resveratrol and its
inhibition of JNK and PKC-A may have
therapeutic potential.

242

243

244
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.

Prostate cancer cell line  This study compared the ability to induce both ceramide increase and growth  This study demonstrates that 245

(PC3). inhibition in PC3 cells of resveratrol and three resveratrol analogues: resveratrol can exert an-
piceatannol (3,3',4’,5-trans-tetrahydroxystilbene), with an additional tiproliferative/proapoptotic
hydroxyl group in the 3’ position; trans-stilbene, the nonhydroxylated effects in association with
analog; and the semisynthetic 3,4’,5-trimethoxy-trans-stilbene (TmS), with the accumulation of
methoxyl groups in lieu of the hydroxyl groups. Of the three stilbenoids, endogenous ceramide in
only piceatannol (and not stilbene or TmS) produced ceramide-associated the androgen receptor
growth inhibition. (AR)-negative PC3. These

data suggest the phenolic
moiety of stilbenoids is a
critical structural feature
necessary to induce
ceramide-associated
growth inhibition.

Human lymphoma B The effect of resveratrol on cell cycle and growth of DHL-4 cells was studied. These results confirm the 246

(DHL-4) cells. MTT colorimetric test, Trypan blue dye exclusion assay, and cell cycle potential therapeutic role of
analysis showed that resveratrol has a dose-dependent antiproliferative and resveratrol.
antiapoptotic action on DHL-4 cells.

HSP70 expression and ~ DU-145 cells were treated with different concentrations of resveratrol, and These data indicate that the 247
cell death elicited by cell viability and membrane breakdown were measured. The possible addition of resveratrol to
resveratrol in DU-145 induction of oxidative stress was evidenced both by performing a DU-145 cells reduces cell
human prostate fluorescent analysis of intracellular reactive oxygen species (ROS) viability and increases
cancer cells. production, or evaluating the amount of nitrite/nitrate (NO) in culture membrane breakdown, in a

medium. In addition, the expression of HSP70 level, evaluated by dose-dependent manner,
immunoblotting, was examined and compared with caspase-3 activity without interfering with
(fluorimetrically measured) and DNA damage, determined by single cell ROS production or NO
gel electrophoresis or COMET assay. synthesis, unless 200 uM

resveratrol is added.
Furthermore, at low
concentration, resveratrol is
able to raise HSP70 levels
but, at high concentration,
the measured levels of
protective HSP70 were
unmodified with respect to
that of the control values.
The results confirm the
ability of resveratrol to
suppress the proliferation
of human prostate cancer
cells with a typical
apoptotic feature,
interfering with the

expression of HSPs70.
Resveratrol inhibits the =~ Resveratrol treatment in DU145 cells resulted in a dose-dependent inhibition  The study suggests that 248
growth of human of cell growth and induced apoptotic cell death. The antiproliferative effect resveratrol has a strong
prostate carcinoma of resveratrol was associated with the inhibition of D-type cyclins and potential for development
DU145 cells. cyclin-dependent kinase (Cdk) 4 expression, and the induction of tumor as an agent for the
suppressor p53 and Cdk inhibitor p21. Moreover, the kinase activities of prevention of human
cyclin E and Cdk2 were inhibited by resveratrol without alteration of their prostate cancer.

protein levels. Resveratrol treatment also upregulated the Bax protein and
mRNA expression in a dose-dependent manner; however, Bcl-2 and Bel-x*
levels were not significantly affected. These effects were found to correlate
with an activation of caspase-3 and caspase-9.
(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model ‘What was measured Effect Ref.
Evaluated cellular Resveratrol and its derivatives reduced viability of HL-60 cells in a These results demonstrated that 249
effects of resveratrol dose-dependent manner with ICsy values of 20-90 uM. Ascending resveratrol oligomers also strongly
derivatives, viniferin, orders of ICsgvalues were suffruticosol B, gnetin H, viniferin and suppressed HL-60 cell
gnetin H, and resveratrol, respectively. HL-60 cells treated with the four stilbenes proliferation, and induced DNA
suffruticosol B, on exhibited distinct morphological changes characteristics of cell damage. In addition, CYP1B1
proliferation and apoptosis such as chromatin condensation, apoptotic bodies, and gene supression may suggest an
apoptosis with HL-60 DNA fragmentations. A time-dependent histogram of the cellular involvement in the
cells. DNA analyzed by flow cytometry revealed a rapid increase in resveratrol-induced apoptosis in

subdiploid cells and a concomitant decrease in diploid cells exposed =~ HL-60 cells.
to 100 uM resveratrol for 0-24 h. Cells treated with 25 uM of

resveratrol, viniferin, gnetin H, and suffruticosol B for 24 h resulted

in increment of sub-G; population by 51, 5, 11, and 59%,

respectively. Treatment of cells with 0-20 M resveratrol for 5 h

produced a concentration-dependent decrease in cytochrome P450

(CYP) 1B1 mRNA levels. Suffruticosol B also suppressed CYP1B1

gene expression.

Increasing the A state-of-the-art Caco-2 cell monolayer permeability assay combines Resveratrol was not a substrate for 124

throughput of Caco-2 multi-well plates fitted with semi-permeable inserts on which P-glycoprotein or multidrug

cell monolayer assays Caco-2 cells have been cultured with liquid chromatography-mass resistance associated proteins

and expanding the spectrometry (LC-MS) or LC-tandem mass spectrometry (MRP). No phase I metabolites

scope of this assay to (LC-MS/MYS) for the quantitative analysis of test compounds, and were observed, but the phase 11

include modeling the identification of their intestinal metabolites. Application of conjugates

intestinal drug LC-MS and LC-MS/MS for the measurement of resveratrol resveratrol-3-glucuronide and

metabolism. permeability and metabolism in the Caco-2 model was resveratrol-3-sulfate was identified
demonstrated. The apparent permeability coefficient for apical (AP) based on LC-MS and LC-MS/MS
to basolateral (BL) movement of resveratrol was 2.0 x 10°cm/s. analysis and comparison with

synthetic standards. Although
these data indicate that resveratrol
diffuses rapidly across the
intestinal epithelium, extensive
phase II metabolism during
absorption might reduce
resveratrol bioavailability.

Effect on proliferation =~ Resveratrol inhibited the growth of A549, EBC-1, and Lu65 lung These results suggest that resveratrol 250
and inducing cancer cells by 50% (EDs) at concentrations between 5-10 M. may be a promising alternative
apoptosis in lung The combined effect of resveratrol and paclitaxel was examined in therapy for lung cancer and that
cancer cell lines these cells. Although simultaneous exposure to resveratrol plus lung cancer cells exposed to
(A549, EBC-1, paclitaxel did not result in significant synergy, resveratrol resveratrol have a lowered
Lu65). significantly enhanced the subsequent antiproliferative effect of threshold for killing by paclitaxel.

paclitaxel. In addition, resveratrol as well as paclitaxel induced
apoptosis in EBC-1 and Lu65 cells, as measured by TUNEL and
caspase assays, as well as flow cytometry. Resveratrol enhanced the
subsequent apoptotic effects of paclitaxel. The effects of resveratrol
and paclitaxel were examined on levels of p2 %21 p27kip!,
E-cadherin, EGFR, and Bcl-2 in EBC-1 cells. Resveratrol prior to

paclitaxel induced p21%f! expression approximately 4-fold.

Resveratrol was used to  Expression of Fas, FasL, and caspase-3 in the cells without and with These findings suggest that 251
treat four human resveratrol treatments was examined by immunocytochemical resveratrol is an effective
medulloblastoma cell staining and mRNA in sifu hybridization, and the influence of antimedulloblastoma agent that
lines (Med-3, anti-Fas antibody in cell growth and survival was determined as kills medulloblastoma cells
UW228-1, -2 and -3) well. The results demonstrated that resveratrol could suppress through a Fas-independent
and its effects on cell growth, promote differentiation and commit target cells to apoptosis pathway.
growth, in time- and dose-related fashions. Fas was constitutively expressed,
differentiation, and but FasL was undetectable in the four lines in spite of resveratrol
death were examined treatment. Anti-Fas antibody neither inhibited growth nor induced
by multiple apoptosis of those cell lines. Upregulated caspase-3 was found in
approaches. resveratrol-treated populations and appearance of its cleaved form

was closely associated with the apoptotic event.



carcinogenesis using a
methylated derivative

was also 100-fold more potent than the frans isomer. R3 (0.3
uM) caused cell cycle arrest at the G,/M phase transition.

altering microtubule polymerization.
Such a drug may be useful for the

of resveratrol The drug inhibited tubulin polymerization in a treatment of neoplastic diseases.
(Z2-3,54'- dose-dependent manner (ICsy = 4 uM), and it reduced also

trimethoxystilbene: by 2-fold ornithine decarboxylase and S-adenosylmethionine

R3). decarboxylase activities. This caused the depletion of the

polyamines, putrescine and spermidine, which are growth
factors for cancer cells. R3 inhibited partially colchicine
binding to its binding site on tubulin, indicating that R3
either partially overlaps with colchicine binding or that R3
binds to a specific site of tubulin that is not identical with the
colchicine binding site modifying colchicine binding by
allosteric influences.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)
Model What was measured Effect Ref.
MDA-MB-231, a highly ~ Accumulation of ceramide derives from both de novo ceramide  The study shows that resveratrol can 252
invasive and synthesis and sphingomyelin hydrolysis. It was demonstrated induce growth inhibition and apoptosis
metastatic breast that ceramide accumulation induced by resveratrol can be in MDA-MB-231 in concomitance with
cancer cell. associated with the activation of serine palmitoyltransferase a dramatic endogenous increase of
(SPT), the key enzyme of de novo ceramide biosynthetic growth inhibitory/proapoptotic
pathway, and neutral sphingomyelinase (nSMase), a main ceramide. Resveratrol seems to exert its
enzyme involved in the sphingomyelin/ceramide pathway. growth inhibitory/apoptotic effect on
However, by using specific inhibitors of SPT, myriocin and MDA-MB-231 by activating the de
I-cycloserine, and nSMase, gluthathione and manumycin, novo ceramide synthesis pathway.
only the SPT inhibitors could counteract the biological
effects induced by resveratrol.
Suppress the growth of Ishikawa cells were treated with resveratrol (1, 10, 50, and 100 This study suggests that resveratrol can 253
endometrial cancer uM) for 1, 3, 5, and 7 days, and analyzed for growth signal suppress proliferation of Ishikawa cells
cells (Ishikawa cell genes (EGF and VEGF), cell cycle regulatory genes (p53 and through downregulation of EGF.
line) through p21), and apoptosis-related genes (Bcl-2 and Bax). Results of
downregulation of these experiments demonstrate that after resveratrol
EGFE treatment, the growth of Ishikawa cells was inhibited in a
dose-dependent manner. The gene and protein expression
data suggest that resveratrol treatment significantly decreased
EGF, whereas VEGF was upregulated in Ishikawa cell lines.
Interestingly, protein expressions of p21 and Bax were
decreased, even though their mRNA expressions did not
show significant changes.
Involvement of Resveratrol treatment of A549 cells resulted in a These findings suggest that resveratrol has 254
p21WAFL/CIPL »RB, concentration-dependent induction of S phase arrest in cell potential for development as an agent
Bax, and NF-«B in cycle progression. This antiproliferative effect of resveratrol for prevention of human lung cancer.
induction of growth was associated with a marked inhibition of the
arrest and apoptosis phosphorylation of the retinoblastoma protein (pRB) and
by resveratrol in concomitant induction of cyclin-dependent kinase (Cdk)
human lung inhibitor p21"AF/CIP which appears to be transcriptionally
carcinoma A549 cells. upregulated and is p53-dependent. In addition, resveratrol
treatment resulted in induction of apoptosis as determined by
fluorescence microscopy and flow cytometric analysis. These
effects were found to correlate with an activation of
caspase-3 and a shift in Bax/ Bcl-x* ratio more toward
apoptosis. Resveratrol treatment also inhibited the
transcriptional activity of NF-«B.
Chemopreventive R3 at 0.3 uM exerted an 80% growth inhibition of Caco-2 cells  R3 is an interesting antimitotic drug that 255
properties on and arrested growth completely at 0.4 uM (R3 was 100-fold exerts cytotoxic effects by depleting the
intestinal more active than resveratrol). The cis conformation of R3 intracellular pool of polyamines and by

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model ‘What was measured Effect Ref.

Resveratrol-induced The study shows that resveratrol activates various caspases and These results indicate that the 256
apoptosis in human triggers apoptosis in SW480 cells. Caspase activation is associated ability of resveratrol to induce
colon cancer cells with accumulation of the pro-apoptotic proteins Bax and Bak that the redistribution of Fas receptor
(SW480), with special undergo conformational changes and relocalization to the in membrane rafts may
attention to the role of mitochondria. Resveratrol does not modulate the expression of Fas contribute to the ability of the
the death receptor Fas and Fas-ligand (FasL) at the surface of cancer cells, and inhibition molecule to trigger apoptosis in
in this pathway. of the Fas/FasL interaction does not influence the apoptotic response colon cancer cells.

to the molecule. Resveratrol induces the clustering of Fas and its
redistribution in cholesterol and sphingolipid-rich fractions of
SW480 cells, together with FADD and procaspase-8. This
redistribution is associated with the formation of a death-inducing
signaling complex (DISC). Transient transfection of either a
dominant-negative mutant of FADD, E8, or MC159 viral proteins
that interfere with the DISC function, decreases the apoptotic
response of SW480 cells to resveratrol and partially prevents
resveratrol-induced Bax and Bak conformational changes.

Cell growth inhibition A series of cis- and trans-stilbene-based resveratrols were prepared The flow cytometry assay showed 178
and ability to induce with the aim of discovering new lead compounds with clinical that low concentration (50 nM)
apoptosis in HL60 potential. All the synthesized compounds were tested in vitro for of test compounds were able to
promyelocytic cell growth inhibition and the ability to induce apoptosis in HL60 recruit almost all cells in the
leukemia cells. promyelocytic leukemia cells. The tested trans-stilbene derivatives apoptotic sub-Go-G; peak, thus

were less potent than their corresponding cis isomers, except for suggesting that the main
trans-resveratrol, whose cis-isomer was less active. The best results mechanism of cytotoxicity of
were obtained with the cis-3,5-dimethoxy derivatives of these compounds could be the
rhapontigenin (3,5,3’-trihydroxy-4'methoxy-trans-stilbene) and its activation of apoptosis. These
3’-amino derivative, respectively, which showed apoptotic activity at data indicate that structural
nanomolar concentrations. The corresponding trans-isomers were alteration of the stilbene motif of
less active both as antiproliferative and as apoptosis-inducing resveratrol can be extremely
agents. Some compounds were active toward resistant HL60R cells effective in producing potent

and their activity was higher than that of several classic apoptosis-inducing agents.
chemotherapeutic agents.

Antitumor effect of Vaticanol C, a resveratrol derivative which was isolated from the stem  These findings indicate that 257
resveratrol oligomers bark of Vatica rassak (Dipterocarpaceae), induced considerable vaticanol C induced marked
against human cancer cytotoxicity in all cell lines tested and exhibited growth suppression apoptosis in malignant cells
cell lines and the in colon cancer cell lines at low doses. Vaticanol C caused two cell mainly by affecting
molecular mechanism lines (SW480 and HL60) to induce cell death at 4-7 times lower mitochondrial membrane
of apoptosis induced concentrations, compared with resveratrol. The growth suppression potential.
by vaticanol C. by vaticanol C was found to be due to apoptosis, which was assessed

by morphological findings (nuclear condensation and
fragmentation) and DNA ladder formation in the colon cancer cell
lines. The apoptosis in SW480 colon cancer cells was executed by
the activation of caspase-3, which was shown by Western blot and
apoptosis inhibition assays. Furthermore, the mitochondrial
membrane potential of apoptotic SW480 cells after 12 h treatment
with vaticanol C was significantly lost, and concurrently the
cytochrome c release and activation of caspase-9 were also detected
by Western blot analysis. Overexpression of Bcl-2 protein in SW480
cells significantly prevented the cell death induced by vaticanol C.
Increase in BRCAl and  These studies investigated the effects of resveratrol on BRCA1 and The expression of BRCA1 and 258

BRCA2 mRNA
expression in human
breast tumor cell lines
(MCF7, HBL 100,
and MDA-MB 231).

BRCA2 expression in MCF7, HBL 100, and MDA-MB 231 cells
using quantitative real-time RT-PCR, and by perfusion
chromatography of the proteins. All cell lines were treated with 30
uM resveratrol.

BRCA2 mRNAs were increased
although no change in the
expression of the proteins was
found. These data indicated that
resveratrol at 30 uM can
increase expression of genes
involved in the aggressiveness of
human breast tumor cell lines.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model ‘What was measured Effect Ref.

Effects of resveratrol on ~ Resveratrol increased cAMP levels in both time- and ~ The study demonstrates that resveratrol is an agonist 259

the activity of
adenylate- and
guanylate-cyclase
(AC, GC) enzymes,
two known cytostatic
cascades in MCF-7
breast cancer cells.

derivatives that
showed cytotoxicity
against human lung

concentration-dependent manners. In contrast, it
had no effect on cGMP levels. The stimulatory
effects for resveratrol on AC were not altered
either by a protein synthesis inhibitor or
estrogen-receptor (ER) blockers. Likewise, cAMP
formation by resveratrol was insensitive to either
the broad-spectrum phosphodiesterase (PDE)
inhibitor or the cAMP-specific PDE inhibitor.
Instead, these PDE inhibitors significantly
augmented maximal cAMP formation by
resveratrol. Parallel experiments showed that
either resveratrol or rolipram inhibited the
proliferation of these cells in a
concentration-responsive manner. Further,
concurrent treatment with resveratrol and rolipram
significantly enhanced their individual cytotoxic
responses. The antiproliferative effects were
appreciably reversed by the kinase-A inhibitors,
Rp-cAMPS or KT-5720. Pretreatment with the
cPLA, inhibitor arachidonyl trifluoromethyl
ketone markedly antagonized the cytotoxic effects
of resveratrol, but had no effect on that of
rolipram.

inhibitors of tubulin polymerization. Several
cis-stilbenes are structurally similar to
combretastatins. However, the trans-stilbenes are

carcinoma (A549) assumed to be close to resveratrol. With several
was analyzed using synthesized compounds that were evaluated for
comparative antitumor cytotoxicity against human lung tumor

molecular field
analysis (CoMFA) for

cells (A549), the stilbene derivatives were
subjected to COMFA. To perform systematic

defining the molecular modeling of these compounds, a
hypothetic conformational search was carried out based on
pharmacophore the precise dihedral angle analysis of the lead
model. compound. The X-ray crystallographic structure

of combretastatin A-1 was also used for defining
the active conformers of the compounds. After
determining the energy-minimized conformers of
the lead compound, CoMFA was performed using
five different alignments.

for the cAMP/kinase-A system, a documented
proapoptotic and cell-cycle suppressor in breast
cancer cells.

structure-activity relationship study resulted in
reasonable cross-validated, conventional 2 values
equal to 0.640 and 0.958, respectively.

Inhibition of Inhibition of proliferation by resveratrol of The results of the study show that the MTT-reducing 260
proliferation of CEM-C7H2 lymphocytic leukemia cells was activity can be increased by resveratrol without a
CEM-C7H2 paradoxically associated with an enhanced cellular corresponding increase in the number of living
lymphocytic leukemia 3-[4,5-dimethylthiazol-2-yl]-2,5- cells and that this occurs at a concentration range
cells. diphenyltetrazolium bromide (MTT)-reducing of resveratrol that is not sufficient to induce

activity. This phenomenon was most pronounced apoptosis but suffices to slow down cell growth.

at the subapoptotic concentration range of This phenomenon appears to be restricted to

resveratrol. proliferation inhibitors with antioxidant properties
and is cell type-specific. Thus, in determining the
effects of flavonoids and polyphenols on
proliferation in certain cell types, this might
represent a pitfall in the MTT proliferation assay.

A series of 43 stilbene The polyoxylated stilbenes were found to be active The three dimensional (3D)-quantitative 261

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect

Ref.

Phytoestrogen
regulation of a
vitamin D3 (VDR)
receptor promoter and
1,25-
dihydroxyvitamin D3
actions in human
breast cancer cells
(T47D and MCEF-7).

Activity of resveratrol
against fresh acute
myeloid leukemia
(AML) cells and its
mechanism of action.

Inhibition of cell
transformation by
resveratrol and its
derivatives.

These studies examined regulation of VDR promoter region by Treatment with resveratrol had no effect on cell

two phytoestrogens, resveratrol and genistein. The group
transiently transfected a VDR promoter luciferase construct
into the estrogen receptor (ER) positive human breast cancer
cell lines T47D and MCF-7, and treated with resveratrol or
genistein. Both phytoestrogens upregulated the transcription
of the VDR promoter, as measured by reporter gene activity,
approximately two-fold compared to vehicle treated cells.
Cotreatment with the antiestrogen tamoxifen in T47D cells
and transfection in an estrogen receptor negative breast
cancer cell line demonstrated that the effects of
phytoestrogens on the VDR promoter are dependent on
estrogen receptor. Resveratrol and genistein also increased
VDR protein expression as detected by Western blotting.

number or cell cycle profile, while treatment
with genistein increased cell number. Because
resveratrol could upregulate VDR without
increasing breast cancer cell growth, the
group hypothesized that resveratrol mediated
increase in VDR expression would sensitize
breast cancer cells to the effects of
1,25-dihydroxyvitamin D3and vitamin D;
analogues. In support of this hypothesis, both
T47D and MCF-7 cells pretreated with
resveratrol exhibited increased VDR mediated
transactivation of a vitamin Dsresponsive
promoter compared to cells pretreated with
vehicle. In addition, cotreatment with
resveratrol enhanced the growth inhibitory
effects of 1,25-dihydroxyvitamin D3 and the
vitamin D3 analog EB1089. These data
support the concept that dietary factors, such
as phytoestrogens, may impact on breast
cancer cell sensitivity to vitamin D3 analogues
through regulation of the VDR promoter.

262

Because interleukin 18 (IL-18) plays a key role in proliferation Having shown resveratrol is an effective in vitro 263

of AML cells, the effect of resveratrol was first tested on the
AML cell lines OCIM2 and OCI/AML3, both of which
produce IL-1p and proliferate in response. Resveratrol
inhibited proliferation of both cell lines in a dose-dependent
fashion by arresting the cells at S phase, thus preventing their
progression through the cell cycle; IL-1p partially reversed
this inhibitory effect. Resveratrol significantly reduced
production of IL-18 in OCIM2 cells. It also suppressed the
IL-1B-induced activation of transcription factor NF-«B,
which modulates an array of signals controlling cellular
survival, proliferation, and cytokine production. Incubation
of OCIM2 cells with resveratrol resulted in apoptotic cell
death. Because caspase inhibitors Ac-DEVD-CHO or
z-DEVD-FMK partially reversed the antiproliferative effect
of resveratrol, the group tested its effect on the caspase
pathway and found that resveratrol induced the activation of
the cysteine protease caspase-3 and subsequent cleavage of
the DNA repair enzyme poly(adenosine diphosphate
[ADP]-ribose) polymerase. Resveratrol suppressed
colony-forming cell proliferation of fresh AML marrow cells
from five patients with newly diagnosed AML in a
dose-dependent fashion.

inhibitor of AML cells, the data suggest this
compound may have a role in future therapies
for AML.

To develop more effective agents with fewer side effects for the These data suggested that the higher antitumor

chemoprevention of cancer, the group investigated the effect
of resveratrol and its structurally related derivatives on
epidermal growth factor (EGF)-induced cell transformation.
The results provided the first evidence that one of the
resveratrol derivatives exerted a more potent inhibitory effect
than resveratrol on EGF-induced cell transformation, but had
less cytotoxic effects on normal nontransformed cells.
Compared to resveratrol, this compound also caused cell
cycle arrest in the G; phase, but did not induce p53 activation
and apoptosis. Furthermore, this compound markedly
inhibited EGF-induced phosphatidylinositol-3 kinase
(PI-3K) and Akt activation.

effect of the compound compared to
resveratrol, may act through a different
mechanism by mainly targeting PI-3K/Akt
signaling pathways.

264
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)
Model What was measured Effect Ref.
Resveratrol-induced The objective of the study was to investigate the effect of The data suggest that growth arrest by resveratrol is 265

modification of
polyamine metabolism
is accompanied by
induction of c-Fos.

Resveratrol-induced G,
arrest through the
inhibition of CDK7
and p34€PC€2 kinases
in colon carcinoma
HT?29 cells.

resveratrol on polyamine metabolism in the human cell
line Caco-2. The group demonstrated that inhibition of
ornithine decarboxylase (ODC) was due to attenuated
ODC protein and mRNA levels. The resveratrol
analogue, piceatannol, also diminished ODC activity,
protein and mRNA levels, whereas (-)-epigallocatechin
gallate exerted only weak effects on ODC. The
transcription factor c-Myc was attenuated by resveratrol
treatment and to a lesser extent by piceatannol and
EGCG. S-Adenosylmethionine decarboxylase was
concomitantly inhibited by resveratrol and piceatannol
treatment, whereas EGCG did not affect its activity. In
addition, resveratrol, piceatannol and EGCG enhanced
spermidine/spermine N '-acetyltransferase activity.
Intracellular levels of spermine and spermidine were
not affected, whereas putrescine and
N8-acetylspermidine concentrations increased after
incubation with resveratrol. These events were
paralleled by an increase of the activator protein-1
constituents c-Fos and c-Jun. Whereas DNA-binding
activity of c-Jun remained unchanged, DNA-binding
activity of c-Fos was significantly enhanced by
resveratrol and piceatannol, but inhibited by EGCG.

These studies present an explanation for the antitumor
effect of resveratrol. Based on flow cytometric analysis,
resveratrol inhibited the proliferation of HT29 colon
cancer cells and resulted in their accumulation in the G,
phase of the cell cycle. Western blot analysis and kinase
assays demonstrated that the perturbation of G, phase
progression by resveratrol was accompanied by the
inactivation of p34¢PC2 protein kinase and an increase
in the tyrosine phosphorylated (inactive) form of
p34€PC2 Kinase assays revealed that the reduction of
p34€PC2 activity by resveratrol was mediated through
the inhibition of CDK7 kinase activity, while CDC25A
phosphatase activity was not affected. In addition,
resveratrol-treated cells were shown to have a low level
of CDK?7 kinase-Thr!®!-phosphorylated p34€P¢2,

Investigation of apoptosis With in vitro experiments, the MTT assay was used to

in esophageal cancer
cells (EC-9706)
induced by resveratrol,
and the relation
between this apoptosis
and expression of
Bcl-2 and Bax.

determine the cell growth inhibitory rate. Transmission
electron microscope and the TUNEL staining method
were used to quantitatively and qualitively detect the
apoptosis status of esophageal cancer cell line EC-9706
before and after the resveratrol treatment.
Immunohistochemical staining was used to detect the
expression of apoptosis-regulated gene Bcl-2 and Bax.

accompanied by inhibition of polyamine synthesis
and increased polyamine catabolism. c-Fos seems
to play a role in this context. Effects of piceatannol
on polyamine synthesis were similar, but not as
potent as those exerted by resveratrol.

These results demonstrated that resveratrol induced 266
cell cycle arrest at the G, phase through the
inhibition of CDK7 kinase activity, suggesting that
its antitumor activity might occur through the
disruption of cell division at the G,/M phase.

Resveratrol inhibited growth of the esophageal 267
cancer cell line EC-9706 in a dose-and
time-dependent manner. Resveratrol induced
EC-9706 cells to undergo apoptosis with typically
apoptotic characteristics, including morphological
changes of chromatin condensation, chromatin
crescent formation, nucleus fragmentation, and
apoptotic body formation. TUNEL assay showed
that after the treatment of EC-9706 cells with
resveratrol for 24 to 96 h, the Als were apparently
increased with treated time. Immunohistochemical
staining showed that after the treatment of
EC-9706 cells with resveratrol for 24 to 96 h, the
PRs of Bcl-2 proteins were apparently reduced
with treatment time and the PRs of Bax proteins
were apparently increased with treatment time.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.
Examined whether The studies show that resveratrol inhibits cell growth ~ One of the most highly up-regulated genes found in 268
resveratrol has any and induces apoptosis in PA-1 human ovarian this study was NAD(P)H quinone oxidoreductase
effect on growth and cancer cells. The group also investigated the effect 1 (NQO-1), which has recently been shown to be
gene expression in of resveratrol on changes of global gene involved in p53 regulation. Although the precise
human ovarian cancer expression during resveratrol-induced growth role of genes whose expression levels were found
PA-1 cells. inhibition and apoptosis in PA-1 cells using a to fluctuate after resveratrol treatment remain to be
human ¢cDNA microarray with 7448 elucidated, gene expression in human ovarian
sequence-verified clones. Out of the 7448 genes cancer cells following resveratrol exposure, as
screened, 118 genes were founded to be affected in offered by this study, may provide clues for the
their expression levels by more than 2-fold after mechanism of resveratrol action.
24-h treatment with 50 uM resveratrol.
Resveratrol treatment of PA-1 cells at the final
concentration of 50 uM for 6, 12, 24, and 48 h and
gene expression patterns were analyzed by
microarray. Clustering of the genes modulated
more than 2-fold at three of the above times points
divided the genes into two groups. Within these
groups, there were specific subgroups of genes
whose expression were substantially changed at
the specified time points.
The effects of TGFa mRNA induction was used as a specific Resveratrol acts as an ER agonist at low doses but 269

resveratrol at both the
molecular (TGF«
gene activation) and
the cellular (cell
growth) levels in
breast cancer cells
stably transfected with
wild-type (wt) ER
(D351) and mutant
(mut) ER (D351Y).

marker of estradiol (E;) responsiveness.
Resveratrol caused a concentration-dependent
(103—10* M) stimulation of TGFo mRNA,
indicating that it acts as an estrogen agonist in
these cell lines. The pure antiestrogen ICI 182,780
(ICI) blocked resveratrol-induced activation of
TGFa, consistent with action through an
ER-mediated pathway. Further studies that
combined treatments with E, and resveratrol
showed that resveratrol does not act as an
antagonist in the presence of various (10''—108
M) concentrations of E;. To determine whether
resveratrol can be classified as a type I or type 11
estrogen, resveratrol was examined with the
D351G ER in the TGFa assay and found that
resveratrol belongs to the type I estrogens. Both
resveratrol and E; had concentration-dependent
growth inhibitory effects in cells expressing wtER
and D351Y ER. Although the pure antiestrogen
ICI blocked the growth inhibitory effects of E,, it
did not block the inhibitory effects of resveratrol,
suggesting that the antiproliferative effects of
resveratrol also involve ER-independent pathways.
Resveratrol differentially affected the levels of ER
protein in these 2 cell lines: Resveratrol
downregulated wtER levels while significantly
upregulating the amount of mutD351Y ER.
Cotreatment with ICI resulted in strongly reduced
ER levels in both cell lines. Gene array studies
revealed resveratrol-induced up-regulation of
more than 80 genes, among them a profound
activation of p21C7P1/WAF1 '3 oene associated
with growth arrest. The p21€/P1/WAFL protein
levels measured by Western blotting confirmed
resveratrol-induced significant upregulation of this
protein in both cell lines.

also activates ER-independent pathways, some of
which inhibit cell growth.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model ‘What was measured Effect Ref.

Activation of The study demonstrates by DNA microarray, The results implicate activation of more than one set 270

p53-directed genes
that are involved in
apoptosis
mechanism(s) or
whether resveratrol
modifies the androgen
receptor and its
coactivators directly
or indirectly and
induces cell growth
inhibition. These were
conducted using
androgen-sensitive
prostate cancer cells
(LNCaP).

downregulation in
survivin expression
and apoptosis in
HTLV-1-infected cell
lines.

RT-PCR, Western blot and immunofluorescence
analyses that treatment of androgen-sensitive
prostate cancer cells (LNCaP) with 103 M RE for
48 h downregulates prostate-specific antigen
(PSA), AR coactivator ARA 24 and NF-kB p65.
Altered expression of these genes is associated
with an activation of pS3-responsive genes such as
p53, PIG 7, p21Wa/1=Cirl 1300/CBP and Apaf-1.
The effect of RE on p300/CBP plays a central role
in its cancer preventive mechanisms in LNCaP
cells.

adult T cell leukemia. Observations showed that
resveratrol induced growth inhibition in all five
human T cell lymphotrophic virus-1-infected cell
lines examined, with 50% effective doses of
10.4-85.6 uM. In the resveratrol-treated cells,
induction of apoptosis was confirmed by annexin
V-based analyses and morphological changes. The
most surprising observation was that resveratrol
treatment resulted in a gradual decrease in the
expression of survivin, an antiapoptotic protein,
during cell apoptosis.

of functionally related molecular targets. Key
molecular targets have been identified that are
associated with AR and p53 target genes. These
findings suggest the need for further extensive
studies on AR co-activators, such as p300, its
central role in post-translational modifications
such as acetylation of p53 and/or AR by
resveratrol in a time- and dose-dependent manner
at different stages of prostate cancer that will fully
elucidate the role of resveratrol as a
chemopreventive agent for prostate cancer in
humans.

growth of human T cell lymphotrophic
virus-1-infected cell lines, at least in part, by
inducing apoptosis mediated by downregulation in
survivin expression. In view of the accumulating
evidence that survivin may be an important
determinant of a clinical response in adult T cell
leukemia, these data suggest that resveratrol
merits further investigation as a potential
therapeutic agent for this incurable disease.

Induction of apoptosis This study examined the effect of resveratrol on These results suggest that in vivo studies of the effect 271
in human melanoma growth of two human melanoma cell lines. It was of resveratrol on melanoma are warranted and that
cells (A375 and found that resveratrol inhibited growth and it might have effectiveness as either a therapeutic
SK-mel28). induced apoptosis in both cell lines, with the or chemopreventive agent against melanoma.

amelanotic cell line A375 being more sensitive.
The potential involvement of different MAP
kinases in the action of resveratrol was also
examined. Although resveratrol did not alter the
phosphorylation of p38 or JINK MAP kinases in
either cell line, it induced phosphorylation of
ERK1/2 in A375, but not in SK-mel28 cells.

Effect of resveratrol on Resveratrol was able to significantly reduce The study demonstrates that the toxic action of 272
signal transduction paclitaxel-induced apoptosis in the human paclitaxel on neuronal-like cells is not only related
pathways involved in neuroblastoma (HN) SH-SYS5Y cell line, acting on to the effect of the drug on tubulin, but also to its
paclitaxel-induced several cellular signaling pathways that are capacity to activate several intracellular pathways
apoptosis in human involved in paclitaxel-induced apoptosis. leading to inactivation of Bcl-2, thus causing cells
neuroblastoma Resveratrol reverses phosphorylation of Bcl-2 to die by apoptosis, and resveratrol significantly
SH-SYS5Y cells. induced by paclitaxel and concomitantly blocks reduces paclitaxel-induced apoptosis by

Raf-1 phosphorylation, also observed after modulating the cellular signaling pathways which
paclitaxel exposure, thus suggesting that Bcl-2 commit the cell to apoptosis.
inactivation may be dependent on the activation of
the Raf/Ras cascade. Resveratrol also reverses the
sustained phosphorylation of INK/SAPK, which
specifically occurs after paclitaxel exposure.
Induction of These studies investigated the effect of resveratrol in ~ These findings indicate that resveratrol inhibits the 273

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

antiproliferative and
apoptotic effects of
resveratrol,
e-viniferin and
vine-shoots derived
polyphenols
(vineatrols) on
chronic B cell
malignancies (B-cell
chronic lymphocytic
leukemia, B-CLL or
hairy cell leukemia,
HCL) and normal
peripheral
blood-derived
mononuclear cells
(PBMC) as control.

preparations of vineatrol (a grape-derived
polyphenol fraction isolated from vine-shoot
extracts) were compared for their effects on the
proliferation and survival of normal and leukemic
human lymphocytes. Two different batches of
vineatrol (vineatrol 10 and 25%) were obtained by
HPLC fractionation and contained 10 and 25%
trans-resveratrol, respectively. The different
polyphenols were added to cultures of leukemic
cells from chronic B cell malignancies or PBMC
cells as a control. The different polyphenols
displayed antiproliferative effect on the leukemic
cells, as estimated by the observed inhibition of
3H-thymidine uptake and the reduction of cell
recovery. Vineatrol 10% was the most potent
whereas vineatrol 25% and resveratrol displayed
comparable activity; e-viniferin only exhibited
slight effects. The same order of potency was
observed for their capacity to induce apoptosis in
leukemic B cells. In contrast, the survival of
PBMC cells was little affected in the presence of
these polyphenolic compounds and higher
concentrations were required in order to elicit cell
death. Polyphenol-driven apoptosis in chronic
leukemic B cells was shown to correlate with an
activation of caspase 3, a drop in the mitochondrial
transmembrane potential, a reduction in the
expression of the anti-apoptotic protein Bcl-2, as
well as a reduction in the expression of the
inducible nitric oxide synthase (iNOS).

convenient and natural source of material for the
purification of resveratrol and other polyphenolic
compounds of putative therapeutic interest.

Model What was measured Effect Ref.
Action of some phenolic ~ The phenolics exhibited growth inhibition as The actions of the phenolics as inducers of apoptosis 274
compounds assessed by Trypan blue dye exclusion. It was in tumor cells suggest their potential use in a
(curcumin, evident from the results of the MTT reduction strategy for cancer control.
yakuchinone B, assay and [*H]thymidine incorporation into
resveratrol and nuclear DNA that the phenolics were cytotoxic
capsaicin) in four and inhibited cell proliferation. Dose-response
human tumor cell studies indicated curcumin to be most cytotoxic
lines: acute toward HL-60, K-562, and MCF-7 but did not
myeloblastic leukemia show much activity in HeLa cells. On the other
(HL-60), chronic hand, yakuchinone B, although less active than
myelogenic leukemia curcumin, displayed cytotoxicity toward all four
(K-562), breast cell lines. Resveratrol was cytotoxic only in
adenocarcinoma leukemic cells, while capsaicin was marginally
(MCF-7) and cervical cytotoxic. All these phenolics did not elicit any
epithelial carcinoma cytotoxic activity as judged by the above
(HeLa). parameters toward lymphocytes purified from
normal human blood. When cells treated with
phenolics were stained with propidium iodide and
examined under a fluorescent microscope,
characteristic apoptotic features such as chromatin
condensation and nuclear fragmentation were
observed. Scoring of cells with apoptotic and
non-apoptotic features showed positive correlation
of apoptotic index with dose of phenolic, and
fragmented DNA extracted free of genomic DNA
displayed on gel electrophoresis a typical ladder
pattern.
Comparative Resveratrol, its dimer g-viniferin and two These data indicate that vine-shoots may be a 275
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)
Model What was measured Effect Ref.
Inhibit of cell In order to determine if the amount of resveratrol taken = The results show that resveratrol strongly inhibits 276
proliferation in up during food or drink consumption is sufficient to cell proliferation at the micromolar range in a
hepatoblastoma HepG2  ensure the whole body relevance of in vitro described ~ time- and dose-dependent manner. Resveratrol
and colorectal tumor beneficial effects, the ratio between plasma level of appears to block the cell cycle at the transition S to
SW480 cells. Analysis resveratrol and its cell bioabsorption was evaluated. G,/M as there is no inhibition of *H-thymidine
of the biochemical The study reports a higher uptake of resveratrol in the  incorporation observed, while there is an increase
mechanism of human hepatic derived HepG2 cells than in colorectal ~ of the cell number in S phase.
resveratrol. derived SW480 cells. In contrast, resveratrol is
conjugated in these cells and derivatives are released
in large amounts in the cell medium. Based on present
knowledge, resveratrol appears to be a promising
bioactive natural molecule with potential applications
in phytotherapy, pharmacology or in nutriprotection
(nutraceutic food) area.
Inhibition of cell Resveratrol was analyzed for genotoxic potential. According to an estimation of daily intake and 277
proliferation using two Resveratrol induced cellular toxicity, micronuclei, and  bioavailability, concentrations that were found
in vitro assay systems, metaphase chromosome displacement in L5178Y genotoxic in vitro might be reached in human
i.e., binding to human mouse lymphoma cells. The induction of micronuclei  exposure. On the other hand, the estrogenic
estrogen receptor « and ~ was observed in Chinese hamster V79 cells. acitivity might be beneficial.
stimulation of MCF-7 Determination of kinetochore signals in micronuclei
cell proliferation. and cell cycle analysis suggested that resveratrol did
L5178Y mouse not cause a direct disturbance of mitosis. In support of
lymphoma and Chinese  this notion, cell-free tubulin polymerization studies
hamster V79 cells were  indicated no direct effect of resveratrol on
used. microtubule assembly.
Elucidation of rapid As a preliminary step toward elucidating rapid All estrogenic compounds tested, including 278

phytoestrogen action on
ER-positive and
-negative breast cancer
cells using various
estrogenic compounds.

phytoestrogen action on breast cancer cells, the effect
of 17B-estradiol (E,), genistein, daidzein, and
resveratrol was investigated for their activation status
of signaling proteins that regulate cell survival and
invasion, the cell properties underlying breast cancer
progression. The effect of these estrogenic
compounds on the activation, via phosphorylation, of
Akt/protein kinase B (Akt) and focal adhesion kinase
(FAK) were analyzed in ER-positive and -negative
human breast cancer cell lines. E,, genistein and
daidzein increased whereas resveratrol decreased both
Akt and FAK phosphorylation in nonmetastatic
ER-positive T47D cells. In metastatic ER-negative
MDA-MB-231 cells, all estrogenic compounds tested
increased Akt and FAK phosphorylation. The
inhibitory action of resveratrol on cell survival and
proliferation is ER dependent.

resveratrol, may exert supplementary
ER-independent nongenomic effects on cell
survival and migration in breast cancer cells.

Evaluation of the potential Resveratrol inhibited proliferation of both PANC-1 and The substantial apoptosis inducted by resveratrol on 279

role of resveratrol on
pancreatic cancer cell
proliferation using two
human pancreatic
cancer cell lines,
PANC-1 and AsPC-1.

AsPC-1 in a concentration- and time-dependent
manner as measured by *H-thymidine incorporation.
Cell number of both PANC-1 and AsPC-1 was also
significantly decreased following 48 and 72 h of
treatment with 100 pmol resveratrol. The growth
inhibition induced by resveratrol was accompanied by
apoptotic morphologic changes, characterized by cell
rounding and cell membrane blebbing suggesting
apoptosis. Propidium iodide staining of DNA,
measured by flow cytometry, showed a dramatic
increase in the fraction of sub-Gy/G; cells following
resveratrol treatment in both PANC-1 and AsPC-1.

these two cell lines was confirmed by the terminal
deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling assay.
These findings suggest that resveratrol may have a
potent antiproliferative effect on human pancreatic
cancer with induction of apoptosis. Resveratrol
may be of value for the management and
prevention of human pancreatic cancer.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect Ref.

Antiproliferation effect
of resveratrol in two
human liver cancer
cell lines, Hep G2 and
Hep 3B.

Tested antiproliferative
activity and induction
of apoptosis using
MCF-7 and
MDA-MB-231
human breast cancer
cells.

Induction of apoptosis
in human HCT116
colon carcinoma cells.

The results showed that resveratrol inhibited cell
growth in p53-positive Hep G2 cells only. This
anticancer effect was a result of cellular apoptotic
death induced by resveratrol via the
p53-dependent pathway. The group demonstrated
that the resveratrol-treated cells were arrested in
the G phase and were associated with the increase
of p21 expression. Resveratrol-treated cells had
enhanced Bax expression but they were not
involved in Fas/APO-1 apoptotic signal pathway.
In contrast, the p53-negative Hep 3B cells treated
with resveratrol did not show the antiproliferation
effect nor did they show significant changes in p21
or Fas/APO-1 levels.

Using human breast cancer cell lines MCF-7 and
MDA-MB-231, a possible mechanism by which
resveratrol could interfere with cell cycle control
and induce cell death was analyzed. The results
showed that although resveratrol inhibited cell
proliferation and viability in both cell lines,
apoptosis was induced in a concentration- and
cell-specific manner. In MDA-MB-231,
resveratrol reduced the expression and kinase
activities of positive G1/S and G,/M cell cycle
regulators and inhibited ribonucleotide reductase
activity in a concentration dependent manner,
without a significant effect on the low expression
of tumor suppressors p21, p27, and p53. These
cells died by a nonapoptotic process in the absence
of a significant change in cell cycle distribution. In
MCF-7, resveratrol produced a significant and
transient increase in the expression and kinase
activities of positive G;/S and G,/M regulators.
Simultaneously, p21 expression was markedly
induced in presence of high levels of p27 and p53.
These opposing effects resulted in cell cycle
blockade at the S-phase and apoptosis induction in
MCEF-7 cells.

The expression, subcellular localization, and
importance of Bax for resveratrol-provoked
apoptosis were assessed in human HCT116 colon
carcinoma cells and derivatives with both Bax
alleles inactivated. Low to moderate
concentrations of resveratrol induced
co-localization of cellular Bax protein with
mitochondria, collapse of the mitochondrial
membrane potential, activation of caspases 3 and
9, and finally, apoptosis. In the absence of Bax,
membrane potential collapse was delayed, and
apoptosis was reduced but not absent. Resveratrol
inhibited the formation of colonies by both
HCT116 and HCT116 Bax / cells.

The study demonstrated that resveratrol effectively 280
inhibited cell growth and induced programmed

cell death in hepatoma cells on a molecular basis.

These results implied that resveratrol might also

be a new potent chemopreventive drug candidate

for liver cancer as it played an important role to

trigger p53-mediated molecules involved in the
mechanism of p53-dependent apoptotic signal

pathway.

The antiproliferative activity of resveratrol could 281
take place through the differential regulation of
the cell cycle leading to apoptosis or necrosis.
This could be influenced, among other factors, by
the concentration of this molecule and by the
characteristics of the target cell.

Resveratrol, at physiological doses, can induce a 282
Bax-mediated and a Bax-independent
mitochondrial apoptosis. Both can limit the ability

of the cells to form colonies.



effects of resveratrol
on DNA binding via
esterification
reactions with
2-hydroxyamino-1-
methyl-6-
phenylimidazo[4,5-
b]pyridine
(N-OH-PhIP) - a
metabolite of a
mammary gland
carcinogen present in
cooked meats.

epithelial cells with 50 uM resveratrol led to a
decrease in PhIP-DNA adducts ranging from 31 to
69%. Using substrate-specific assays and
mammary gland tissue cytosols, resveratrol
inhibited PhIP-DNA adduct formation by
O-acetyltransferase and sulfotransferase catalysis.
Cytosols from tumor tissue and breast reduction
tissue were similarly affected. Resveratrol also
suppressed O-acetyltransferase and
sulfotransferase activities from the breast cancer
cell lines MCF-7 and ZR-75-1. It was also
observed that resveratrol stimulated
ATP-dependent cytosolic activation of
N-OH-PhIP in all human samples but not in
mouse liver samples.
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Model What was measured Effect Ref.
Cytostatic effects on Resveratrol had no detectable effects on resting These data suggest that studies designed to test 283
peripheral blood lymphocytes. With the mitogen phytohemagglutin resveratrol efficacy as a chemopreventive agent
human lymphocytes. (PHA), however, resveratrol elicited should include evaluation of its immunomodulatory
concentration- and time-dependent responses in effect revealed by suppression of lymphocyte
lymphocytes. Resveratrol prevented cell entry into  stimulation as well as its effect on apoptosis of
the cell cycle, resulting in 99% suppression at 100 stimulated lymphocytes.
uM. The arrested lymphocytes following 24 h
treatment with 50 M resveratrol had minimal
RNA content, the feature characteristic of Gy cells,
and were blocked at the stage past the induction of
cyclins D2 and D3 and prior to induction of cyclin
E. Prolonged treatment (72 h) of PHA-stimulated
lymphocytes with 100 uM resveratrol showed a
pronounced decrease in the expression of pRb,
cyclins E and B, and reduction in p34°¢ and
PCNA. The activation-induced apoptosis was also
reduced in the presence of >50 uM resveratrol.
Inhibition of neutral The long-term incubation of the cells for 4 days with Taking into account the significance of NEP and ACE 284
endopeptidase (NEP) quercetin, resveratrol, and a combination of both for the degradation of amyloid 8 peptides, the effect
and angiotensin- substances in concentrations lower than necessary of quercetin and resveratrol as constituents of red
converting enzyme for inhibition of NEP and ACE activity induced wine for neuroprotective activity is suggested.
(ACE) activity of the the cellular enzyme activity of NEP and ACE
neuroblastoma cell associated with an inhibition of cellular
line SK-N-SH. proliferation. The long-term treatment of
neuroblastoma cells with quercetin and resveratrol
enhanced the differentiation state of the cells.
Induction of apoptosis ~ Hormone-sensitive LNCaP cells and Resveratrol and diethylstilbestrol decreased viability in 285
using prostate cancer hormone-insensitive DU 145 cells were treated LNCaP cells, but only resveratrol-treated cells
cells (LNCaP and DU with resveratrol, tri-methoxy-resveratrol, or expressed apoptotic morphology, annexin
145) and the diethylstilbestrol (the positive control for toxicity V-FITC-positive cells, and caspase activation.
significance of the and apoptosis). Cell viability was determined by Tri-methoxy-resveratrol had no effect on DU 145
three hydroxyl groups using a MTS assay. Apoptosis was determined by cell-viability and was less toxic to LNCaP cells than
on resveratrol to the the appearance of apoptotic morphology, annexin resveratrol. Resveratrol was toxic to cells regardless
measured effect. V-FITC-positive intact cells, and caspase of whether the cells were hormone-responsive or
activation. -unresponsive. This finding suggests that the hormone
responsive status of the cell is not an important
determinant of the response to resveratrol.
Furthermore, the hydroxyl-groups on resveratrol are
required for cell toxicity. Finally, resveratrol but not
diethylstilbestrol induced caspase-mediated apoptosis.
Investigation of the Treatment of primary cultures of human mammary  The data suggest that O-acetyltransferases and 286

sulfotransferases may represent anti-oncogenic targets
for resveratrol.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect

Ref.

Inhibition of the growth and  Resveratrol inhibited the proliferation and  These data suggest the complexity of resveratrol-mediated

the induction of apoptosis
of both normal and
leukemic hematopoietic
cells.

induced the apoptosis of all tested
lymphoid and myeloid leukemia cells.
Prior to apoptosis, resveratrol-induced
caspase activity in a dose-dependent
manner and cell cycle arrest in
G,/M-phase, correlating with a
significant accumulation of cyclins A and
B. Leukemia cell death with resveratrol
required both caspase-dependent and
-independent proteases, as it was
significantly inhibited by simultaneous
addition of z-VAD-FMK and leupeptin to
these cultures. While resveratrol did not
affect nonactivated normal lymphocytes,
it decreased the growth and induced the
apoptosis of cycling normal human
peripheral blood lymphocytes at lower
concentrations than those required for
most leukemia cells. Resveratrol also
induced the apoptosis of early normal
human CD347 cells and decreased the
number of colonies generated by these
precursor cells in a dose-dependent
manner.

Cytotoxic and antimutagenic Resveratrol showed significant cytotoxic

effects of resveratrol,
g-viniferin, viniferin,
gnetin H, suffruticosols A
and B, were determined
against five different cancer
cell lines, C6 (mouse
glioma), HepG2 (liver
hepatoma), HT-29 (colon),
HeLa (cervical), MCF-7
(breast), and mutagenicity
of N-methyl-N’-nitro-N-
nitrosoguanidine (MNNG)
in Salmonella typhimurium
TA100.

Induction of serine
phosphorylation of p53
causes apoptosis in a
mutant p53 prostate cancer
cell line (DU 145).

activity against HepG2 (liver hepatoma)
and HT-29 (colon) human cancer cell
lines. In contrast, frans-g-viniferin and
cis-viniferin, and gnetin H exhibited
marked cytotoxic activity against HeLa
(cervical) and MCF-7 (breast) human
cancer cell lines. However, suffruticosol
A and B had a reduced cytotoxic effect
against all cancer cells except C6.

the androgen insensitive DU 145 prostate
cancer cell line. Induction of apoptosis
and activation of apoptosis related signal
transduction pathways were measured.
DU 145 cells were treated with
resveratrol and apoptosis was measured
by determining nucleosome content.
Activation of mitogen activated protein
kinase (MAPK) (extracellular
signal-regulated kinase 1/2), p53 content
and serine-15 phosphorylation of p53
were measured by immunoblot.
Electrophoretic mobility shift assay of
p53 binding to DNA, and measurement
of p21 and glyceraldehyde-3-phosphate
dehydrogenase messenger RNA were also
done.

signaling pathways and revealed the high antiproliferative
and proapoptotic activities of resveratrol in normal cycling
hemopoietic cells.

The six stilbenes showed cytotoxic activity in a dose-dependent
manner, and were especially potent against the C6 (mouse
glioma) cancer cell. These stilbenes exerted antimutagenic
activity in a dose-dependent fashion. Of them, resveratrol
exhibited the strongest antimutagenic effect against MNNG,
while the other five resveratrol oligomers also mediated
moderate antimutagenic activity.

The effect of resveratrol was determined in  Resveratrol induced apoptosis in DU 145 cells. It activated

MAPK and caused increased abundance of p53 and
serine-15 phosphorylated p53. Resveratrol induced serine-15
phosphorylation of p53 was blocked by PD 98059, a MAPK
kinase inhibitor, implicating MAPK activation in the
phosphorylation of p53. PD 98059 also inhibited resveratrol
induced apoptosis. These results suggest that apoptosis
induction by resveratrol in DU 145 cells requires serine-15
phosphorylation of p53 by MAPK. Inhibition of MAPK
dependent serine-15 phosphorylation resulted in reduced p53
binding to a p53 specific oligonucleotide on electrophoretic
mobility shift assay. Pifithrin-o, a p53 inhibitor, blocked
resveratrol induced serine-15 phosphorylation of p53 and
p53 binding to DNA. Resveratrol caused a p53 stimulated
increase in p21 messenger RNA. Transfection of additional
wild-type p53 into DU 145 cells induced apoptosis, which
was further enhanced by resveratrol treatment. Resveratrol
causes apoptosis in DU 145 prostate cancer cells. This action
depends on the activation of MAPK, increase in cellular p53
content, serine-15 phosphorylation of p53 and increased p53
binding to DNA.
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Model

What was measured

Effect

Ref.

Inhibition of cell
proliferation in human
colorectal tumor
SW480 cell line.

Differentiation induced
by butyrate in Caco-2
colon cancer cells.

Inducer of
differentiation in
human myeloid
leukemias (HL-60,
NB4, U937, THP-1,
ML-1, Kasumi-1) and
fresh samples from 17
patients with acute
myeloid leukemia.

The mechanism by which resveratrol inhibits cell
proliferation was studied in human colorectal
tumor SW480 cell line. Resveratrol strongly
inhibits cell proliferation at the micromolar
range in a time- and dose-dependent manner.
Resveratrol appears to block the cell cycle at
the transition — G,/M as inhibition of
[*H]-thymidine incorporation is not observed,
while there is an increase of the cell number in
S phase. During this inhibition process,
resveratrol increases the content of cyclins A
and B1 as well as cyclin-dependent kinases
Cdk1 and Cdk2. Moreover, resveratrol
promotes Cdk1 phosphorylation.

The aim of this study was to determine whether
resveratrol modulates the effects of butyrate on
Caco-2, a colonic adenocarcinoma cell line.
The growth inhibitory effect of resveratrol was
more powerful than that of butyrate. Butyrate
did not intensify the inhibition of proliferation
exerted by resveratrol. Although the
polyphenol enhanced the
differentiation-inducing effect of butyrate, it
did not elevate alkaline phosphatase activity or
E-cadherin protein expression, markers of
epithelial differentiation, when applied alone.
Butyrate-induced transforming growth
factor-B1 secretion was inhibited by
resveratrol. Treatment with the combination of
resveratrol and butyrate attenuated levels of
p27Xir! whereas resveratrol enhanced the
effect butyrate had on the induction of
p21Wafl/Cirl expression.

This group studied the in vitro biological activity
of resveratrol by examining its effect on
proliferation and differentiation in myeloid
leukemia cell lines (HL-60, NB4,
U937,THP-1, ML-1, Kasumi-1) and fresh
samples from 17 patients with acute myeloid
leukemia. Resveratrol alone inhibited the
growth in liquid culture of each of the six cell
lines. Resveratrol enhanced the expression of
adhesion molecules (CD11a, CD11b, CD18,
CD54) in each of the cell lines except for
Kasumi-1. Moreover, resveratrol induced 37%
of U937 cells to produce superoxide as
measured by the ability to reduce nitroblue
tetrazolium (NBT). The combination of
resveratrol and all-trans-retinoic acid (ATRA)
induced 95% of the NB4 cells to become
NBT-positive, whereas <1% and 12% of the
cells became positive for NBT after a similar
exposure to either resveratrol or ATRA alone,
respectively. In U937 cells exposed to
resveratrol, the binding activity of NF-xB
protein was suppressed. Eight of 19 samples of
fresh acute leukemia cells reduced NBT after
exposure to resveratrol.

Resveratrol exerts a strong inhibition of SW480
human colorectal tumor cell proliferation
modulates cyclin and cyclin-dependent kinase
activities.

These data demonstrate a possible combined
chemopreventive effect of two substances
naturally occurring in the colonic lumen after

ingestion of fibers and resveratrol-containing food.

These findings show that resveratrol inhibits
proliferation and induces differentiation of
myeloid leukemia cells.
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Model

‘What was measured

Effect

Ref.

Induction of apoptosis
in human B-cell lines
derived from chronic
B-cell malignancies
(WSU-CLL and
ESKOL), and in
leukemic
lymphocytes from
patients with B-cell
chronic lymphocytic
leukemia (B-CLL).

Evaluation of
pterostilbene for
antioxidative
potential.

Impact of phenolic
compounds, ellagic
acid (EA) and
resveratrol (RE), on
target genes in
prostate cancer
(LNCaP) cells.

Resveratrol displayed antiproliferative activity
on both B-cell lines, as estimated by the
decrease in cell recovery and inhibition of
thymidine uptake. Furthermore, resveratrol
induced apoptosis in the two cell lines as well
as in B-CLL patients’ cells, as evidenced by
the increase in annexin V binding, caspase
activation, DNA fragmentation and decrease
of the mitochondrial transmembrane potential
A . The group previously reported that
nitric oxide (NO), endogenously released by
an iNO synthase (iNOS) spontaneously
expressed in these leukemic cells, contributed
to their resistance towards apoptosis. The
group shows that resveratrol inhibited both
iNOS protein expression and in situ NO
release in WSU-CLL, ESKOL and B-CLL
patients’ cells. In addition, Bcl-2 expression
was inhibited by resveratrol.

The peroxyl-radical scavenging activity of
pterostilbene was the same as that of
resveratrol, having total reactive antioxidant
potentials of 237 £ 58 and 253 4+ 53 uM,
respectively. Both compounds were found to
be more effective than Trolox as free radical
scavengers. Using a plant system,
pterostilbene also was shown to be as effective
as resveratrol in inhibiting electrolyte leakage
caused by herbicide-induced oxidative
damage, and both compounds had the same
activity as a-tocopherol. Pterostilbene
showed moderate inhibition (ICsy = 19.8
uM) of cyclooxygenase (COX)-1, and was
weakly active (ICso = 83.9 uM) against
COX-2, whereas resveratrol strongly
inhibited both isoforms of the enzyme with
ICs values of approximately 1 uM.

Human ¢cDNA microarrays were used with 2400
clones consisting of 17 prosite motifs to
characterize alterations in gene expression
pattern in response to EA and RE. Over a 48
h exposure of androgen-sensitive LNCaP
cells to EA and RE, a total of 593 and 555
genes, respectively, showed more than a
two-fold difference in expression. A distinct
set of genes in both EA- and RE-treated cells
may represent the signature profile of
phenolic antioxidant-induced gene expression
in LNCaP cells. Although extensive similarity
was found between effects of EA- and
RE-responsive genes in prostate cancer cells,
out of 246 genes with overlapping responses,
25 genes showed an opposite effect.
Quantitative RT-PCR was used to verify and
validate the differential expression of selected
genes identified from cDNA microarrays.

Downregulation of the two antiapoptotic proteins

iNOS and Bcl-2 can contribute to the apoptotic
effects of resveratrol in leukemic B cells from
chronic leukemia. These data suggest that this
drug is of potential interest for the therapy of
B-CLL.

Using a mouse mammary organ culture model,

carcinogen-induced preneoplastic lesions were,
similarly to resveratrol, significantly inhibited by
pterostilbene (EDsy = 4.8 uM), suggesting
antioxidant activity plays an important role in this
process.

In-depth analysis of the data from this study provides

insight into the alterations in the p53-responsive
genes, p300, Apaf-1, NF-«Bp50 and p65 and
PPAR families of genes, suggesting the activation
of multiple signaling pathways leads to growth
inhibition of LNCaP cells.
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Model

What was measured

Effect Ref.

Induction of prostate
cancer cells (LNCaP
and DU145) entry
into S phase and
inhibition of DNA
synthesis.

Inhibition of gastric
cancer cell (gastric
adenocarcinoma
SNU-I cells)
proliferation.

Induced activation of
p53 and apoptosis
using the JB6 mouse
epidermal cell line.

The studies revealed that, in androgen-sensitive
LNCaP cells, the effect of resveratrol on DNA
synthesis varied dramatically depending on the
concentration and the duration of treatment. In
cells treated for 1 h, resveratrol showed only an
inhibitory effect on DNA synthesis, which
increased with increasing concentration
(ICsp = 20 uM). However, when treatment
duration was extended to 24 h, a dual effect of
resveratrol on DNA synthesis was observed.
At 5to 10 uM it caused a 2- to 3-fold increase
in DNA synthesis, and at >15 uM, it inhibited
DNA synthesis. The increase in DNA
synthesis was seen only in LNCaP cells, but
not in androgen-independent DU 145 prostate
cancer cells or in NIH3T3 fibroblast cells. The
resveratrol-induced increase in DNA synthesis
was associated with enrichment of LNCaP
cells in S phase, and a concurrent decrease in
nuclear p21¢%P" and p2757P! levels.
Furthermore, consistent with the entry of
LNCaP cells into S phase, there was a dramatic
increase in nuclear Cdk2 activity associated
with both cyclin A and cyclin E.

Low levels of exogenous reactive oxygen (H,0;)
stimulated [>H]thymidine uptake in SNU-1
cells, whereas resveratrol suppressed both
synthesis of DNA and generation of
endogenous O? but stimulated nitric oxide
(NO) synthase (NOS) activity. To address the
role of NO in the antioxidant action of
resveratrol, the effect of sodium nitroprusside
(SNP) was measured, an NO donor, on O?
generation and on [*H]thymidine
incorporation. SNP inhibited DNA synthesis
and suppressed ionomycin-stimulated O?
generation in a concentration-dependent
manner.

This study determined that c-jun NH,-terminal
kinases (JNKs) are involved in
resveratrol-induced p53 activation and
induction of apoptosis. In the JB6 mouse
epidermal cell line, resveratrol activated JNKs
dose-dependently within a dose range of 10—40
1M, the same dosage responsible for the
inhibition of tumor promoter-induced cell
transformation. Stable expression of a
dominant negative mutant of INK1 or
disruption of the Jnk1 or Jnk2 gene markedly
inhibited resveratrol-induced p53-dependent
transcription activity and induction of
apoptosis. Furthermore, resveratrol-activated
JNKSs were shown to phosphorylate p53 in
vitro, but this activity was repressed in the cells
expressing a dominant negative mutant of
JNKI or in Jnk1 or Jnk2 knockout (Jukl/ or
Jnk2/) cells.

The observations indicate that LNCaP cells, treated 296

with resveratrol, are induced to enter into S phase,
but subsequent progression through S phase is
limited by the inhibitory effect of resveratrol on
DNA synthesis, particularly at concentrations
above 15 uM. Therefore, the ability of resveratrol
to exert opposing effects on two important
processes in cell cycle progression, induction of S
phase and inhibition of DNA synthesis, may be
responsible for its apoptotic and antiproliferative
effects.

The results revealed that the antioxidant action of 297

resveratrol toward gastric adenocarcinoma SNU-1
cells may reside in its ability to stimulate NOS to
produce low levels of NO, which, in turn, exert
antioxidant action. Resveratrol-induced inhibition
of SNU-1 proliferation may be partly dependent
on NO formation, and the group hypothesizes that
resveratrol exerts its antiproliferative action by
interfering with the action of endogenously
produced reactive oxygen. These data are
supportive of the action of NO against reactive
oxygen and suggest that a resveratrol-rich diet
may be chemopreventive against gastric cancer.

These data suggested that JNKs act as mediators of 298

resveratrol-induced activation of p53 and
apoptosis, which may occur partially through p53
phosphorylation.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect Ref.

Investigation of S-phase
arrest, apoptosis, and
changes in biomarker
expression in six
human cancer cell
lines (MCF7, SW480,
HCE7, Seg-1, Bic-1,
and HL60).

Induction of apoptosis in

two papillary thyroid
carcinoma (PTC) and
two follicular thyroid
carcinoma (FTC) cell
lines via a MAPK-
and p53-dependent
mechanism.

Induction of apoptosis
by 3,4'-dimethoxy-5-
hydroxystilbene in
human promyeloid

leukemic HL-60 cells.

Mechanism of
resveratrol-mediated
suppression of tissue
factor (TF) gene
expression.

Resveratrol induced marked growth inhibition in five of these cell lines, with

ICsq values of approximately 70-150 M. However, only partial growth
inhibition was seen in Bic-1 cells. After treatment with 300 M resveratrol for
24 h, most of the cell lines were arrested in the S phase of the cell cycle. In
addition, induction of apoptosis was demonstrated by the appearance of a
sub-G; peak and confirmed using an annexin V-based assay. Cyclin B1
expression levels were decreased in all cell lines after 48 h of treatment. In
SW480 cells, cyclin A, cyclin B1, and B-catenin expression levels were
decreased within 24 h. There was a decrease in cyclin D1 expression after only
2 h of treatment, and this persisted for up to 48 h. This decrease was partially
blocked by concurrent treatment with the proteasome inhibitor calpain
inhibitor I. Using a luciferase-based reporter assay, resveratrol did not inhibit
cyclin D1 promoter activity in SW480 cells. Furthermore, using a reverse
transcription PCR-based assay, only a higher dose of resveratrol (300 M)
appeared to decrease cyclin D1 mRNA. Seg-1 cells expressed basal levels of
cyclooxygenase-2 (cox-2), which was further induced by resveratrol. Neither
basal levels nor induction of Cox-2 was detectable in the remaining cell lines.
Thus, Cox-2 does not appear to be a critical target of this compound.

Two PTC and FTC cell lines were treated with resveratrol, which showed

activation and nuclear translocation of MAPK (extracellular signal-regulated
kinase 1/2). Cellular abundance of the oncogene suppressor protein p53, serine
phosphorylation of p53, and abundance of c-fos, c-jun, and p21 mRNAs were
also increased by resveratrol. Inhibition of the MAPK pathway by either H-ras
antisense transfection or PD 98059, an MAPK kinase inhibitor, blocked these
resveratrol-induced effects. Addition of pifithrin-c, a specific inhibitor of p53,
or transfection of p53 antisense oligonucleotides caused decreased
resveratrol-induced p53 and p21 expression in PTC and FTC cells. Studies of
nucleosome levels estimated by ELISA and of DNA fragmentation showed
that resveratrol induced apoptosis in both papillary and follicular thyroid
cancer cell lines; these effects were inhibited by pifithrin-o and by p53
antisense oligonucleotide transfection. PD 98059 and H-ras antisense
transfection also blocked induction of apoptosis by resveratrol.

Treatment of HL-60 cells with DMHS suppressed the cell growth in a

concentration-dependent manner with an ICs, value of 25 uM. DMHS
increased internucleosomal DNA fragmentation in a time-dependent manner.
The cell death by DMHS was partially prevented by the caspase inhibitor,
zVAD-fmk. DMHS caused activation of caspases such as caspase-3, -8, and -9.
Immunoblot experiments revealed that DMHS-induced apoptosis was
associated with the induction of Bax expression. The release of cytochrome ¢
from mitochondria into the cytosol was increased in response to DMHS.

The mechanism was examined by which resveratrol inhibits the expression of TF

in monocytes by using a monocytic cell line, THP-1, as a model cell. Northern
blot analysis, gel mobility shift assays and transfection studies with various TF
promoter constructs, as well as other transcription regulatory constructs, were
used to elucidate the inhibitory mechanism of resveratrol. The data show that
resveratrol inhibited lipopolysaccharide (LPS)-induced expression of TF in
human monocytes and monocytic cell line, THP-1 in a dose dependent manner.
Resveratrol did not significantly alter the binding of various transcription
factors involved in TF gene expression to DNA. However, resveratrol
suppressed the transcription of cloned human TF promoter. Further
experiments revealed that resveratrol reduced « B- but not AP-1-driven
transcriptional activity. Additional experiments showed that resveratrol
suppressed the phosphorylation of p65 and its transactivation.

These studies provide 299
support for the use of
resveratrol in
chemoprevention and
cancer therapy trials.
Cyclin D1, cyclin B1,
B-catenin, and
apoptotic index could
be useful biomarkers
to evaluate treatment
efficacy.

Resveratrol acts via a 300
Ras-MAPK
kinase-MAPK signal
transduction pathway
to increase p53
expression, serine
phosphorylation of
p53, and
p53-dependent
apoptosis in PTC and
FTC cell lines.

The results indicated 301
that DMHS leads to
apoptotic cell death in
HL-60 cells through
increased Bax
expression and release
of cytochrome c into
cytosol and may be
considered as a good
candidate for a cancer
chemopreventive
agent in humans.

The results indicate that 302
resveratrol does not
inhibit the activation
or translocation of
NF-«B/Rel proteins
but inhibits NF-
xB/Rel-dependent
transcription by
impairing the
transactivation
potential of p65.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.

Induction of apoptosis The number of cells was measured by the MTT method and morphological Resveratrol can suppress 303
using resveratrol with changes of H22 cells were investigated under microscopic examination. the growth of H22 cells,
S-fluorouracil (5-FU) Resveratrol inhibited the growth of H22 cells in a dose- and its antitumor activity may
on the growth of time-dependent manner. The synergistic anti-tumor effects of resveratrol occur through the
hepatoma cell line with 5-FU increased to a greater extent than for H22 cells treated with induction of apoptosis.

H22. 5-FU alone. Characteristics of apoptosis such as typical apoptotic bodies
were commonly found in tumor cells in the drug-treated groups.

Induction of apoptosis Vaticanol C (resveratrol tetramer) was characterized by nuclear changes and Vaticanol C suppressed cell 304
using human colon DNA ladder formation and tested in SW480, DLD-1, and COLO201 cells. growth through induction
cancer cell lines of apoptosis.

(SW480, DLD-1, and
COLO201).

Inhibition of progression ~ Growth of Caco-2 and HCT-116 cells was analyzed by crystal violet assay, Piceatannol can be 305
through the S phase of which demonstrated dose- and time-dependent decreases in cell numbers. considered to be a
the cell cycle in Treatment of Caco-2 cells with piceatannol reduced proliferation rate. No promising
colorectal cancer cell effect on differentiation was observed. Determination of cell cycle chemopreventive or
lines (Caco-2 and distribution by flow cytometry revealed an accumulation of cells in the S anticancer agent.

HCT-116) using the phase. Immunoblotting demonstrated that cyclin-dependent kinases (cdk) 2

compound and 6, as well as cdc2 were expressed at steady-state levels, whereas cyclin

piceatannol. D1, cyclin B1 and cdk 4 were downregulated. The abundance of p27XiP!
was also reduced, whereas the protein level of cyclin E was enhanced.
Cyclin A levels were enhanced only at concentrations up to 100 M. These
changes also were observed in studies with HCT-116 cells.

Radiosensitizing and The group hypothesized that tumor cells may exhibit changes in the cellular These results suggest that 306
antiproliferative response to ionizing radiation (IR) following exposure to resveratrol. resveratrol alters both cell
effects tested in Clonogenic cell survival assays were performed using irradiated HeLa and cycle progression and the
human cervical tumor SiHa cells pretreated with resveratrol prior to IR exposure, and resulted in cytotoxic response to IR
cell lines (HeLa, enhanced tumor cell killing by IR in a dose-dependent manner. Further in two cervical tumor cell
Me180, A2780, and analysis of COX-1 inhibition indicated that resveratrol pretreatment: (1) lines.

SiHa, and the mouse inhibited cell division as assayed by growth curves; and (2) induced an
normal fibroblast cell early S phase cell cycle checkpoint arrest, as demonstrated by
line, NIH 3T3). fluorescence-activated cell sorting, as well as bromodeoxyuridine
pulse-chase analysis.
Evaluation of 12 At 10 pg/ml, trans-astringin and frans-piceatannol inhibited development of ~ These findings suggest that 199

phenols
(trans-astringin,
trans-piceid, trans-
resveratroloside,
trans-resveratrol,
trans-piceatannol,
cis-resveratroloside,
cis-piceid,
cis-resveratrol,
(+)-catechin,
(-)-epicatechin,
epicatechin
3-0O-gallate, and
procyanidin B2
3'-0-gallate) for
potential to inhibit
cyclooxygenases and
preneoplastic lesion
formation in
carcinogen-treated
mouse mammary
glands in organ
culture.

7,12-dimethylbenz(a)anthracene-induced preneoplastic lesions in mouse

mammary glands with 68.8% and 76.9% inhibition, respectively, compared

with untreated glands. The latter compound was the most potent of the 12
compounds tested in this assay, with the exception of trans-resveratrol

(87.5% inhibition). In the cyclooxygenase (COX)-1 assay, trans-isomers of
the stilbenoids appear to be more active than cis-isomers: trans-resveratrol

[50% inhibitory concentration (ICsp) = 14.9 uM, 96%] vs. cis-resveratrol

(ICsp = 55.4 uM). In the COX-2 assay, among the compounds tested, only

trans- and cis-resveratrol exhibited significant inhibitory activity (ICso =
32.2 and 50.2 uM, respectively). This is the first report showing the
potential cancer chemopreventive activity of frans-astringin.

trans-Astringin and its aglycone frans-piceatannol were active in the mouse

mammary gland organ culture assay but did not exhibit activity in COX-1
and COX-2 assays. trans-Resveratrol was active in all three of the
bioassays used in this investigation.

trans-astringin and
trans-piceatannol may
function as potential
cancer-chemopreventive
agents by a mechanism
different from that of
trans-resveratrol.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model ‘What was measured Effect Ref.
Expression of autocrine Resveratrol maximally inhibited the growth stimulatory effect Resveratrol inhibited the growth of 307
growth modulators in mediated by 10~° M estradiol without affecting cell viability. At the estrogen receptor-positive
human breast cancer molecular level, resveratrol in a dose-dependent fashion antagonized MCEF-7 cells cultivated in the
cells (MCF-7 and the stimulation by estradiol of an estrogen response element reporter presence of estradiol in a
MDA-MB-46). gene construct and of progesterone receptor gene expression in dose-dependent fashion. These
MCEF-7 cells. Resveratrol also inhibited the proliferation of the data suggest that resveratrol
estrogen-receptor negative human breast carcinoma cell line inhibits proliferation by altering
MDA-MB-468. These later data suggest that resveratrol can also autocrine growth modulator
inhibit breast cancer cell proliferation by another mechanism pathways in breast cancer cells.
besides estrogen receptor antagonism. The study shows resveratrol
altered the expression of several autocrine growth modulators and
their receptors in MCF-7 cells. Resveratrol at 107> M inhibited the
expression of the autocrine growth stimulators transforming growth
factor-a (TGF-«), PC cell-derived growth factor, and insulin-like
growth factor I receptor mRNA. In addition, resveratrol significantly
elevated the expression of the growth inhibitor TGF-2 mRNA
without changes in TGF-1 and TGF-83 expression.
Thirteen stilbene-related  The compounds were tested for their ability to be inducers of phase II Several of compounds were found 308
compounds tested in detoxifying metabolic enzyme quinone reductase (QR) in the mouse to potentially induce QR activity
the mouse hepatoma hepatoma Hepa 1clc7 cells. in this cell line. In addition,
Hepa 1clc7 cells. substitution with 3-thiofurane
ring instead of phenyl ring in the
stilbene skeleton also exhibited
potential induction of QR
activity. This study provides
primary information to design
the potential inducers of QR
activity in the stilbene analogues.
Induction of apoptosis Cell death is primarily mitochondria-mediated and not Using the human wild-type 309
using the HCT116 receptor-mediated. No cells survived in cultures continuously p53-expressing HCT116 colon
colon carcinoma cell exposed to 100 M resveratrol for 120 h. When compared with carcinoma cell line and HCT116
line. S-fluorouracil, resveratrol stimulated p53 accumulation and activity cells with both p53 alleles
only weakly and with delayed kinetics and neither the increased inactivated by homologous
levels nor the activity affected apoptosis detectably. The apoptosis recombination, the study shows
agonist Bax was overproduced in response to resveratrol regardless that resveratrol at concentrations
of p53 status, yet the kinetics of Bax expression were influenced by comparable to those found in
p53. Remarkably, apoptosis was preceded by mitochondrial some foods can induce apoptosis
proliferation and signs of epithelial differentiation. independently of p53.
Resveratrol triggers a
p53-independent apoptotic
pathway in HCT116 cells that
may be linked to differentiation.
Determination of the The study shows the action of resveratrol on cellular function and Results indicate that resveratrol 310

chemopreventive
potential of
resveratrol against
human gastric
adenocarcinoma cells
(KATO-III and RF-1).

cellular integrity by measuring DNA synthesis, cellular
proliferation, cell cycle distribution, cytolysis, apoptosis, and
phosphotransferase activities of two key signaling enzymes, protein
kinase C (PKC) and mitogen-activated protein kinases
(ERK1/ERK?2), in KATO-III and RF-1 cells. Resveratrol inhibited
[*H]thymidine incorporation into cellular DNA of normally
proliferating KATO-III cells and of RF-1 cells whose proliferation
was stimulated with carcinogenic nitrosamines. Treatment with
resveratrol arrested KATO-III cells in the G¢/G; phase of the cell
cycle and eventually induced apoptotic cell death, but had a minimal
effect on cell lysis. Resveratrol treatment had no effect on
ERK1/ERK2 activity but significantly inhibited PKC activity of
KATO-III cells and of human recombinant PKCe.

has potential as a
chemopreventive agent against
gastric cancer since it exerts an
overall deactivating effect on
human gastric adenocarcinoma
cells. Resveratrol-induced
inhibition of PKC activity and of
PKCoa, without any change in
ERKI1/ERK2 activity, suggests
that resveratrol utilizes a
PKC-mediated mechanism to
deactivate gastric
adenocarcinoma cells.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect Ref.

Inhibition of cell growth

and apoptosis in
human cancer cells
(Col2) using a
resveratrol analogue,
3,52/ 4-
tetramethoxy-trans-
stilbene.

Induction of apoptosis
in the lymphoma cell
line BJAB and in
primary, leukemic
lymphoblasts.

Antiproliferative effects
using human
epidermoid
carcinoma (A431)
cells and involvement
of the retinoblastoma
(pRb)-E2F/DP
pathway.

Inhibition of CYP1A1
expression in breast
cancer cells (T47D
and MCF-7).

Prompted by the strong growth inhibitory activity of the

compound compared to resveratrol in cultured Col2, a
mechanistic study was performed using the analogue. It
induced the accumulation of cellular DNA content in the
sub-Gy phase of the cell cycle in a time-dependent
manner. The morphological changes were also consistent
with an apoptotic process.

Using BJAB cells overexpressing a dominant-negative

mutant of the Fas-associated death domain (FADD)
adaptor protein to block death receptor-mediated
apoptosis, the study demonstrates that resveratrol- and
piceatannol-induced cell death is independent of the
CD95/Fas signaling pathway. To explore the antileukemic
properties of both compounds in more detail, primary
leukemic lymphoblasts were investigated. Piceatannol but
not resveratrol is a very efficient inducer of apoptosis in
this ex vivo assay with leukemic lymphoblasts of 21
patients suffering from childhood lymphoblastic
leukemia (ALL).

Immunoblot analysis demonstrated that resveratrol

treatment of A431 cells results in a dose- as well as
time-dependent decrease in the hyperphosphorylated
form of pRb with a relative increase in
hypophosphorylated pRb. This response was
accompanied by downregulation of protein expression of
all five E2F family members of transcription factors
studied and their heterodimeric partners DP1 and DP2.
This suggests that resveratrol causes a downregulation of
hyperphosphorylated pRb protein with a relative increase
in hypophosphorylated pRb that, in turn, compromises
with the availability of free E2F. It is suggested that this
series of events results in a stoppage of the cell cycle
progression at the G; — S phase transition thereby
leading to a Gy/G arrest and subsequent apoptotic cell
death.

Resveratrol inhibited TCDD-induced reporter gene activity

in cells transfected with an Ah-responsive construct
containing a human CYP1A1 gene promoter insert,
whereas 3’-methoxy-4'-nitroflavone, a "pure" AhR
antagonist, inhibited this response. Resveratrol induced
transformation of the rat cytosolic AhR and, after
treatment of T47D and MCF-7 cells with resveratrol, a
transformed nuclear AhR complex was observed. In
contrast to 3’-methoxy-4’-nitroflavone, resveratrol did not
block TCDD-induced AhR transformation in vitro or
nuclear uptake of the AhR complex in breast cancer cells.
The action of resveratrol on the AhR was consistent with
that of an AhR agonist; however, resveratrol did not
exhibit functional AhR agonist or antagonist activities in
breast cancer cells. Actinomycin D chase experiments in
T47D cells showed that resveratrol and
dehydroepiandrosterone both increased the rate of
CYP1A1 mRNA degradation, whereas resveratrol did not
affect CYP1Al-dependent activity in cells pretreated
with TCDD for 18 h.

3, 5,2' 4 -Tetramethoxy-trans-stilbene 311
potentiated the inhibition of cancer cell
growth. This result indicated that the
compound induced apoptosis of cancer
cells, and may be a candidate for use as a
cancer chemotherapeutic or cancer
chemopreventive agent.

Resveratrol and piceatannol are potent 312
inducers of apoptotic cell death in BJAB
Burkitt-like lymphoma cells with an EDs
of 25 M. Experiments revealed that
treatment of BJAB cells with both
substances led to a
concentration-dependent activation of
caspase-3 and mitochondrial permeability
transition.

Evidence is provided for the involvement of 313
the pRb-E2F/DP pathway as an important
contributor of resveratrol-mediated cell
cycle arrest and apoptosis. This study
shows the involvement of the pRb-E2F/DP
pathway as a mechanism of the
cancer-chemopreventive effects of
resveratrol.

These data suggest that resveratrol inhibits 314
CYP1A1 via an AhR-independent
post-transcriptional pathway.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect Ref.

Bcl-2 overexpression reduction  U937/vector and U937/Bcl-2 cells were used, which were generated by The effect of high intracellular 315

and induction of apoptosis in
U937/vector and U937/Bcl-2
cells by inhibition of
caspase-3 activity.

Inhibition of cell proliferation
and prevention of oxidative
DNA damage using a panel
of cell lines of various
histogenetic origin, including
normal rat fibroblasts and
mouse mammary epithelial
cells compared to human
breast, colon and prostate
cancer cells.

Cytostatic and antiestrogenic
properties using human
endometrial adenocarcinoma
(Ishikawa) cells.

transfection of the cDNA of the Bcl-2 gene. As compared with
U937/vector, U937/Bcl-2 cells exhibited a 4-fold greater expression
of Bcl-2. Treatment with 60 or 100 «M resveratrol for 24 h produced
morphological features of apoptosis and DNA fragmentation in
U937/vector cells, respectively. This was associated with caspase-3
activation and PLC-gammal degradation. In contrast,
resveratrol-induced caspase-3 activation and PLC-gammal
degradation and apoptosis were significantly inhibited in U937/Bcl-2
cells.

The concentration of resveratrol inhibiting cell growth by 50% (ICs)
ranged from about 20 to 100 M. At such concentrations, a
significant increase was observed in the apoptotic index in most of the
cell lines analyzed. There was a reduction in the percentage of cells in
the G,/M phase which was most frequently associated with an
increase of cells in the S phase of the cell cycle. Resveratrol was able
to prevent the increase in reactive oxygen species (ROS) following
exposure to oxidative agents. Resveratrol also reduced nuclear DNA
fragmentation, as assessed by single cell gel electrophoresis (comet
test).

Treatment of cultured Ishikawa cells with resveratrol did not
significantly increase the levels of an estrogen-inducible marker
enzyme, alkaline phosphatase. When alkaline phosphatase was
induced by treatment of 178-estradiol (E,), resveratrol exhibited a
dose-dependent decrease in activity. When Ishikawa cells were treated
with resveratrol as a single agent, estrogen-inducible progesterone
receptor (PR) was not enhanced, and PR expression induced by
treatment with E, was inhibited by resveratrol in a dose-dependent
fashion at both the mRNA and protein levels. Resveratrol mediated
suppression of a functional activity of PR as demonstrated by
downregulation of «-integrin expression induced by E; plus
progesterone. With transient transfection experiments conducted with
Ishikawa cells, antiestrogenic effects were confirmed by
dose-dependent inhibition of E;-induced estrogen response
element-luciferase transcriptional activity. Because resveratrol
antagonized estrogenic effects in Ishikawa cells, competitive binding
analyses were performed to examine the potential of displacing
[*H]E, from human estrogen receptor (ER). Resveratrol showed no
discernable activity with ER-«, but with ER-8, E, was displaced with
an ICs of 125 M. However, mRNA and protein expression of ER-«
but not ER-B were suppressed by resveratrol in Ishikawa cells, in the
concentration range of 5-15 ;M. In the presence or absence of E,,
resveratrol inhibited Ishikawa cell proliferation in a time-dependent
manner with cells accumulating in the S phase of the cycle <48 h.
This effect was reversible. Analysis of some critical cell cycle proteins
revealed a specific increase in expression of cyclins A and E but a
decrease in cyclin-dependent kinase 2.

The results suggest that

These data suggest resveratrol

levels of the antiapoptosis
protein Bcl-2 on caspase-3
activation, PLC-y 1
degradation and cytochrome
c release during
resveratrol-induced
apoptosis were determined.
Bcl-2 overexpressing cells
exhibited less cytochrome ¢
release and sustained
expression levels of the IAP
proteins during
resveratrol-induced
apoptosis. In addition, these
findings indicate that Bcl-2
inhibits resveratrol-induced
apoptosis by a mechanism
that interferes with
cytochrome c release and
activity of caspase-3 that is
involved in the execution of
apoptosis.

316
resveratrol can act as an an-
timutagenic/anticarcinogenic
agent by preventing oxidative
DNA damage which plays a
pivotal role in the
carcinogenic activity of
many genotoxic agents.

317
exerts an antiproliferative

effect in Ishikawa cells, and

the effect may be mediated

by both estrogen-dependent

and -independent

mechanisms.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

hepatoma cells (rat
ascites hepatoma cell

cells, although it exerted little influence up to 50 M. Resveratrol
suppressed the invasion of the hepatoma cells even at a

antiinvasive activity of
resveratrol is independent of the

line of AH109A cells) concentration of 25 M. Sera from rats orally given resveratrol anti-proliferative activity, and
invasion restrained only the invasion of AH109A cells. Resveratrol and that the antioxidative property of
independently of resveratrol-loaded rat serum suppressed reactive oxygen resveratrol may be involved in
antiproliferative species-potentiated invasive capacity. its anti-invasive action.

action.

Model What was measured Effect Ref.

Investigate the effect of The compound inhibited cell growth and proliferation of Caco-2 cells These findings suggest that 318
resveratrol on the in a dose-dependent manner as assessed by crystal violet assay, resveratrol exerts
human colonic [*H]thymidine and ['#C]leucine incorporation. Apoptosis was chemopreventive effects on
adenocarcinoma cell determined by measuring caspase-3 activity, which increased colonic cancer cells by
line Caco-2 and the significantly after treatment with resveratrol. Perturbed cell cycle inhibition of the cell cycle.
colon carcinoma cell progression from the S to G, phase was observed for concentrations
line HCT-116. up to 50 umol/L, whereas higher concentrations led to reversal of

the S phase arrest. These effects were specific for resveratrol; they
were not observed after incubation with the stilbene analogs
stilbenemethanol and rhapontin. Levels of cyclin D1 and
cyclin-dependent kinase (cdk) 4 proteins were decreased, as
revealed by immunoblotting. Resveratrol enhanced the expression
of cyclin E and cyclin A. The protein levels of cdk2, cdk6 and
proliferating cell nuclear antigen were unaffected. Similar results
were obtained for HCT-116 cells, indicating that cell cycle
inhibition by resveratrol is independent of cyclooxygenase
inhibition. The phosphorylation state of the retinoblastoma protein
in Caco-2 cells was shifted from hyperphosphorylated to
hypophosphorylated at 200 M, which may account for reversal of
the S phase block at concentrations exceeding 50 @M.

Induction of apoptotic Multiple dose treatments of the leukemic cells with resveratrol This study shows that resveratrol 319
cell death resulted in cell death with no statistically significant cytotoxicity induces extensive apoptotic cell
investigation using against normal peripheral blood mononuclear cells under identical death not only in CD95-sensitive
CD95-sensitive conditions. Resveratrol treatment did not increase CD95 expression leukemia lines, but also in
leukemia lines, or trigger sensitivity to CD95-mediated apoptosis in the ALL lines. B-lineage leukemic cells that are
B-lineage leukemic Inhibition of CD95-signaling with a CD95-specific antagonistic resistant to CD95-signaling.
cells that are resistant antibody indicated that CD95-CD95 ligand interactions were not This investigated using leukemia
to CD95-signaling, involved in initiating resveratrol-induced apoptosis. However, in lines derived from patients with
and leukemia lines each ALL line, resveratrol induced progressive loss of mitochondrial pro-B t(4;11), pre-B, and T-cell
derived from patients membrane potential as measured by the dual emission pattern of the ALL. These results suggest a
with pro-B t(4;11), mitochondria-selective dye JC-1. The broad spectrum caspase general mechanism of apoptosis
pre-B, and T-cell inhibitor benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone induction by resveratrol in ALL
ALL. failed to block the depolarization of mitochondrial membranes cells that involves a

induced by resveratrol, further indicating that resveratrol action was mitochondria/caspase-9-specific
independent of upstream caspase-8 activation via receptor ligation. pathway for the activation of the
However, increases in caspase-9 activity ranged from 4- to 9-fold in caspase cascade and is

the eight cell lines after treatment with resveratrol. independent of CD95-signaling.

Evaluation of the effects ~ Cell invasion was assessed using a Boyden chamber assay. Activation The results demonstrate that 320
of resveratrol on of the HGF signal transduction pathways was evaluated by Western resveratrol decreases hepatocyte
invasion of the human blot with phospho-specific antibodies. Urokinase expression was growth factor-induced HepG2
hepatoma cell line measured by RT-PCR and zymography. Resveratrol decreased cell invasion by an unidentified
HepG2. hepatocyte growth factor-induced cell scattering and invasion. It post-receptor mechanism.

also decreased cell proliferation without evidence for cytotoxicity or
apoptosis. Resveratrol did not decrease the level of the hepatocyte
growth factor receptor c-met and did not impede the hepatocyte
growth factor—induced increase in c-met precursor synthesis.
Resveratrol did not decrease hepatocyte growth factor-induced
c-met autophosphorylation, or Akt-1 or extracellular-regulated
kinases-1 and -2 activation. Resveratrol did not decrease urokinase
expression and did not block the catalytic activity of urokinase.
Suppression of Resveratrol (100 and 200 M) inhibited the proliferation of hepatoma  These results suggest that the 321

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model ‘What was measured Effect Ref.
Modulation in Resveratrol treatment of A431 cells resulted in a dose-dependent (a) Taken together, the study suggests 322
cyclin-dependent inhibition of cell growth as shown by that resveratrol treatment of the
kinase (cdk) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide cells causes an induction of
inhibitor-cyclin-cdk assay, (b) G;-phase arrest of the cell cycle as shown by DNA cell WAF1/p21 that inhibits cyclin
machinery, cycle analysis, and (c) induction of apoptosis as assessed by ELISA. D1/D2-cdk6, cyclin
WAF-1/p21-mediated The immunoblot analysis revealed that resveratrol treatment causes D1/D2-cdk4, and cyclin E-cdk2
G -phase arrest of the a dose- and time-dependent (a) induction of WAF1/p21; (b) complexes, thereby imposing an
cell cycle and decrease in the protein expression of cyclin D1, cyclin D2, and artificial checkpoint at the
induction of apoptosis cyclin E; and (c) decrease in the protein expression of cdk2, cdk4, G; — S transition of the cell
of human epidermoid and cdk6. Resveratrol treatment was also found to result in a dose- cycle. This series of events
carcinoma (A431) and time-dependent decrease in kinase activities associated with all results in a G;-phase arrest of
cells. of the cdks examined. the cell cycle, which is an
irreversible process that
ultimately results in the
apoptotic death of cancer cells.
This study shows the
involvement of each component
of cdk inhibitor-cyclin-cdk
machinery during cell cycle
arrest and apoptosis of cancer
cells by resveratrol.
Effect of synthetic Resveratrol, at low concentrations, caused cell proliferation in The study shows that resveratrol 323
resveratrol on the ER-positive cell lines. At high concentrations, it caused suppression could be a promising anticancer
growth of estrogen of cell growth in all three cell lines. Growth suppression was due to agent for both
receptor (ER)-positive apoptosis as seen by the appearance of a sub-G, fraction. The hormone-dependent and
(KPL-1 and MCF-7) apoptosis cascade upregulated Bax and Bak protein, downregulated hormone-independent breast
and -negative Bel-x" protein, and activated caspase-3. Resveratrol antagonized the cancers, and may mitigate the
(MKL-F) human effect of linoleic acid and suppressed the growth of both growth stimulatory effect of
breast cancer cell ER-positive and -negative cell lines. linoleic acid in the Western-style
lines. diet.
Expression of the Expression of the genes was measured by quantitative reverse These data indicate that resveratrol 324
cytochrome P450 transcriptase-polymerase chain reaction. The cells were treated may exert lung cancer
1A1 (CYP1Al) and either with benzo(a)pyrene or 2,3,7,8-tetrachlorodibenzo- p-dioxin chemopreventive activity
IB1 (CYPIBI1), in the presence or absence of resveratrol. Resveratrol inhibited both through altering the expression
microsomal epoxide the constitutive and the induced expression of CYP1A1 and of genes involved in the
hydrolase (mEH), and CYPI1BI in a dose-dependent manner. The expression of the mEH metabolism of polycyclic
glutathione gene was increased in response to resveratrol and no change in the aromatic hydrocarbons, resulting
S-transferase P1 expression of GSTP1 was found. The altered gene expression in in altered formation of
(GSTP1) genes were response to resveratrol was reflected in a reduced overall level of carcinogenic benzo(a)pyrene
tested to determine benzo(a)pyrene metabolism. metabolites in human bronchial
involvement in the epithelial cells.
metabolism of
polycyclic aromatic
hydrocarbons in the
human bronchial
epithelial cell line
BEP2D.
Antiapoptotic effect of Paclitaxel induces apoptosis in human neuroblastoma cell line Resveratrol exerts its antiapoptotic 325

trans-resveratrol on
paclitaxel (an
anticancer
drug)-induced
apoptosis in the
human neuroblastoma
SH-SYS5Y cell line.

SH-SYS5Y. The addition of resveratrol to SH-SYSY cultures
exposed to paclitaxel significantly reduces cellular death. The
neuroprotective action of resveratrol is due neither to its antioxidant
capacity nor to interference with the polymerization of tubulin
induced by paclitaxel. Resveratrol is able to inhibit the activation of
caspase-7 and degradation of poly-(ADP-ribose)-polymerase which
occur in SH-SYSY exposed to paclitaxel.

effect by modulating the signal
pathways that commit these
neuronal-like cells to apoptosis.



epicatechin,
quercetin, and
resveratrol on the
growth of prostate
cancer cell lines
(LNCaP, PC3, and
DU145).

was found at nanomolar concentrations. The proliferation of LNCaP
and PC3 cells was preferentially inhibited by catechin, epicatechin,
and quercetin, whereas resveratrol was the most potent inhibitor of
DU14S5 cell growth. Possible mechanisms of action were
investigated: (1) The competition of polyphenols for androgen
binding in LNCaP cells revealed significant interaction only in the
case of high concentrations of quercetin, at least at five orders of
magnitude higher than the concentrations needed for cell growth
inhibition. All other phenols showed low interactions. (2) Oxygen
species production after mitogen stimulation and H,O; sensitivity
of these cell lines did not correlate with the observed
antiproliferative effects, ruling out such a mode of action. (3) NO
production revealed two different patterns: LNCaP and DU145 cells
produced high concentrations of NO, whereas PC3 cells produced
low concentrations. Phorbol ester stimulation of cells did not reveal
any additional effect in LNCaP and DU145 cells, whereas it
enhanced the secretion of NO in PC3 cells. Polyphenols decreased
NO secretion. This effect correlates with their antiproliferative
action and the inhibition of inducible NO synthase.

antiproliferative effect of
polyphenols is mediated through
the modulation of NO
production. The data show a
direct inhibitory effect of low
concentrations of antioxidant
wine phenols on the
proliferation of human prostate
cancer cell lines mediated by the
production of NO, further
suggesting potential beneficial
effects of wine and other
phenol-containing foods or
drinks for the control of prostate
cancer cell growth.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)
Model What was measured Effect Ref.
Using a mouse JB6 In a mouse JB6 epidermal cell line, resveratrol activated These data strongly suggest that 326
epidermal cell line, extracellular-signal-regulated protein kinases (ERKs), c-Jun both ERKs and p38 kinase
elucidation of the NH,-terminal kinases (JNKs), and p38 kinase, and induced serine mediate resveratrol-induced
potential signaling 15 phosphorylation of p53. Stable expression of a dominant activation of p53 and apoptosis
components negative mutant of ERK2 or p38 kinase, or their respective through phosphorylation of p53
underlying inhibitors, PD98059 or SB202190, repressed the phosphorylation of at serine 15.
resveratrol-induced p53 at serine 15. In contrast, overexpression of a dominant negative
p53 activation and mutant of JNKI had no effect on the phosphorylation. Most
induction of apoptosis importantly, ERKs and p38 kinase formed a complex with p53 after
were investigated. treatment with resveratrol. Strikingly, resveratrol-activated ERKs
and p38 kinase, but not JNKs, phosphorylated p53 at serine 15 in
vitro. Furthermore, pretreatment of the cells with PD98059 or
SB202190 or stable expression of a dominant negative mutant of
ERK2 or p38 kinase impaired resveratrol-induced p53-dependent
transcriptional activity and apoptosis, whereas constitutively active
MEKI1 increased the transcriptional activity of p53.
Effect of cell RNase protection assay showed that R-4 significantly induced the R-4 inhibited the growth of SV40 327
transformation and expression of p53, GADD45 and Bax genes and concomitantly virally transformed WI38 cells
gene expression using suppressed the expression of Bcl-2 gene in WI38VA, but not in (WI38VA), but had no effect on
a resveratrol analog, WI38 cells. A large increase in p5S3 DNA binding activity and the normal WI38 cells. R-4 induced
3454- presence of p53 in the Bax promoter binding complex suggested apoptosis in WI38VA cells, but
tetrahydroxystilbene that p53 was responsible for the Bax gene expression induced by not in WI38 cells. The study
(R-4). WI38VA and R-4 in transformed cells. Within 4 h of treatment with R-4, the Bax suggests that the induction of
WI38 cells were used. to Bcl-2 protein ratio in WI38 and WI38VA cells was a difference of p53 gene by R-4 in transformed
three orders of magnitude. While R-4 prominently induced the cells may play a key role in the
p53/Bax proapoptotic genes, it also concomitantly suppressed the differential growth inhibition
expression of Cox-2 in WI38VA cells. and apoptosis of transformed
cells.
Reverse inhibition and Resveratrol induces arrest in the S phase at low concentrations, but The report shows that resveratrol 328
progression through S high concentrations do not induce S phase accumulation in U937 induces antiproliferation and
and G, phases of the cells. Removal of resveratrol from the culture medium stimulates arrests the S phase in human
cell cycle in human U937 cells to reenter the cell cycle synchronously, as judged by the histiocytic lymphoma U937
leukemia U937 cells. expression patterns of cyclin E, A and by fluorescent activated cell cells. Resveratrol is an important
sorting analysis. These data demonstrate that resveratrol causes S cell cycle blocker.
phase arrest and reversible cell cycle arrest.
Investigation catechin, A dose- and time-dependent inhibition of cell growth by polyphenols It is proposed that the 329

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect

Ref.

Arrest in the S-phase
prior to
Fas-independent
apoptosis in
CEM-C7H2
lymphocytic leukemia
cells.

Effect of resveratrol on
estrogen receptors o

and 8.

Investigation of
gap-junctional
intercellular
communication
(GJIC) in WB-F344
rat liver epithelial
cells.

Resveratrol induced arrest in the S-phase and

apoptosis in the T cell-derived T-ALL lymphocytic
leukemia cell line CEM-C7H2 which is deficient
in functional pS3 and p16. Expression of
transgenic p16/INK4A reduced the percentage of
apoptotic cells. Antagonist antibodies to Fas or
FasL, or constitutive expression of crmA did not
diminish the extent of resveratrol-induced
apoptosis. Furthermore, a caspase-8-negative,
Fas-resistant Jurkat cell line was sensitive to
resveratrol-induced apoptosis which could be
strongly inhibited in the Jurkat as well as in the
CEM cell line by z-VAD-fmk and z-IETD-fmk.
The almost complete inhibition by z-IETD-fmk
and the lack of inhibition by crmA suggested
caspase-6 to be the essential initiator caspase.
Western blots revealed the massive conversion of
procaspase-6 to its active form, while caspase-3
and caspase-2 were proteolytically activated to a
much lesser extent.

Resveratrol was shown to bind ER in cytosolic

extracts from MCF-7 and rat uteri. However, the
contribution of ERa vs. ERf in this binding is
unknown. Thus, resveratrol differs from other
phytoestrogens that bind ERS with higher affinity
than ERw. Resveratrol acts as an estrogen agonist
and stimulates ERE-driven reporter gene activity
in CHO-K1 cells expressing either ERa or ERB.
The estrogen agonist activity of resveratrol
depends on the ERE sequence and the type of ER.
Resveratrol-liganded ERB has higher
transcriptional activity than E,-liganded ERB at a
single palindromic ERE. This indicates that those
tissues that uniquely express ERS or that express
higher levels of ERS than ERa may be more
sensitive to the estrogen agonist activity of
resveratrol. For the natural, imperfect EREs from
the human c-fos, pS2, and progesterone receptor
(PR) genes, resveratrol shows activity comparable
to that induced by E,. Resveratrol exhibits E,
antagonist activity for ERe with select EREs. In
contrast, resveratrol shows no E, antagonist
activity with ERB.

Seventeen to 50 uM resveratrol increased GJIC

significantly by a factor of 1.3 compared with
solvent vehicle controls, when the WB-F344 cells
were exposed to resveratrol for 6 h. Most tumor
promoters, including the phorbol ester TPA and
the insecticide DDT, block GJIC. Resveratrol at
17-50 uM also significantly prevented
downregulation of GJIC by TPA and DDT, by a
factor of 2.7 and 1.8, respectively. This recovery of
GIJIC from TPA inhibition was partly correlated
with hindered hyperphosphorylation of Cx43.

Resveratrol causes arrest in the S-phase prior to

Fas-independent apoptosis in CEM-C7H2 acute
leukemia cells.

These data indicate that resveratrol differentially

affects the transcriptional activity of ER« and
ERB in an ERE sequence-dependent manner. The
study reports that resveratrol binds ER and ER«
with comparable affinity, but with 7000-fold lower
affinity than estradiol (E).

Resveratrol was found to enhance GJIC and

counteract the effects of tumor promoters on
GJIC, and this is likely a mechanism that
contributes to the antipromotional and
anticarcinogenic properties of resveratrol.

330

331

332
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model ‘What was measured Effect Ref.

Investigation of The study investigated the effects of resveratrol on ODC inhibition resulted in the reduction of the 333

pharmacological
effects using Caco-2
human colon cancer
cells.

signaling-independent
apoptosis in THP-1
human monocytic
leukemia cells.

the growth and polyamine metabolism of Caco-2
human colon cancer cells. Treatment of the
Caco-2 cells with 25 uM resveratrol caused a 70%
growth inhibition. The cells accumulated at the
S/G, phase transition of the cell cycle. No signs of
cytotoxicity or apoptosis were detected.
Resveratrol caused a significant decrease of
ornithine decarboxylase (ODC) activity.

monocytic leukemia cells in a dose-dependent
manner with a median effective dose of 12 uM. It
did not induce differentiation of THP-1 cells and
had no toxic effect on THP-1 cells that had been
induced to differentiate into
monocytes/macrophages by phorbol myristate
acetate. A significant fraction of
resveratrol-treated cells underwent apoptosis as
judged by flow cytometric analysis of DNA
content, DNA fragmentation and caspase-specific
cleavage of poly(ADP-ribosyl) polymerase.
Resveratrol treatment had no effect on the
expression of Fas receptor or Fas ligand (FasL) in
THP-1 cells, nor did it induce clustering of Fas
receptors. In addition, THP-1 cells were resistant
to activating anti-Fas antibody, and neutralizing
anti-Fas and/or anti-FasL antibodies had no
protective effect against resveratrol-induced
inhibition of THP-1 cell growth. The effect of
resveratrol on THP-1 cells was reversible after its
removal from the culture medium.

intracellular putrescine content, indicating that
polyamines might represent one of several targets
involved in the antiproliferative effects of
resveratrol.

growth of THP-1 cells, at least in part, by inducing
apoptosis, (2) resveratrol-induced apoptosis of
THP-1 cells is independent of the Fas/FasL
signalling pathway, and (3) resveratrol does not
induce differentation of THP-1 cells and has no
toxic effect on differentiated THP-1 cells.
Resveratrol may be a potential chemotherapeutic
agent for the control of acute monocytic leukemia.

Investigation of Because the transcription factor NF-« B is involved Resveratrol was shown to be a potent inhibitor of 334
inflammatory and in inflammatory diseases and oncogenesis, both NF-«B activation and NF-« B-dependent
antioncogenic resveratrol was tested to see if it could modulate gene expression through its ability to inhibit IxB
properties of NF-«B activity. kinase activity, the key regulator in NF-«B
resveratrol. activation, likely by inhibiting an upstream

signaling component. In addition, resveratrol
blocked the expression of mRNA-encoding
monocyte chemoattractant protein-1, a
NF-«B-regulated gene. Relative to cancer
chemopreventive properties, resveratrol induced
apoptosis in fibroblasts after the induced
expression of oncogenic H-Ras.

Inhibition of cell The ability of resveratrol to inhibit cell proliferation Resveratrol shows a strong inhibition of hepatic cell 335
proliferation in rat was studied in rat hepatoma Fao cell line and proliferation where alcohol may act as an
hepatoma Fao cell human hepatoblastoma HepG2 cell line. The enhancing agent.
line and human results show that resveratrol strongly inhibits cell
hepatoblastoma proliferation at the micromolar range in a time-

HepG2 cell line. and dose-dependent manner. Concentrations

higher than 50 uM become toxic. Fao cells are
more sensitive than HepG2 cells. The presence of
ethanol lowers the threshold of resveratrol effect.
Resveratrol appears to prevent or to delay the entry
to mitosis since no inhibition of [*H]thymidine
incorporation is observed, while there is an
increase of cell number in S and G,/M phases.

Induction of Fas Resveratrol inhibits the growth of THP-1 human These results suggest that (1) resveratrol inhibits the 336

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model ‘What was measured Effect Ref.

Suppression of A B-galactosidase reporter gene system in human The compounds, all having a common 200
cyclooxygenase-2 colon cancer DLD-1 cells was constructed, and resorcin moiety, were found to effectively
(COX-2) measured COX-2 promoter-dependent suppress the COX-2 promoter activity
promoter-dependent transcriptional activity in the cells. Interferon with and without TGF«-stimulation in
transcriptional gamma suppressed this COX-2 promoter activity, DLD-1 cells. Because all these
activity in human while 12-O-tetradecanoylphorbol-13-acetate and compounds have a resorcin moiety as a
colon cancer DLD-1 transforming growth factor o« (TGF«) exerted common structure, a resorcin-type
cells by 14 enhancing effects. The influence of 14 compounds structure may play an active role in the
chemopreventive on COX-2 promoter activity was tested. inhibition of COX-2 expression in colon
agents, which include cancer cells.
resveratrol, with a
resorcin-type
structure.

Inhibition of cell A 4-day treatment with resveratrol reduced the levels With either assay, little or no change in AR 337
proliferation is tested of intracellular and secreted PSA by approximately expression could be detected between
using prostate cancer 80%, as compared to controls. To test whether this control and resveratrol-treated cells. Thus,
cells (LNCaP) and the decrease was coordinated with changes in it would appear that the prostate tumor
expression of a androgen receptor (AR) expression, levels of AR marker PSA is downregulated by
prostate specific gene, were assayed by Western blot analysis, using the resveratrol by a mechanism independent
PSA. cognate antibody, or by binding with the of changes in AR.

radioactive ligand methyltrienolone [*H]R1881.

Effect of resveratrol and Resveratrol profoundly affects myofibroblast Resveratrol can deactivate human liver 338
grapevine phenotype—it induced morphological myofibroblasts. Neither trans-piceid nor
polyphenols on modifications. Resveratrol markedly reduced trans-piceatannol reproduces resveratrol
cultured human liver proliferation of myofibroblasts in a effects on liver myofibroblasts. Although
myofibroblasts. dose-dependent manner. Resveratrol also trans-resveratrol decreases the

decreased the expression of & smooth muscle actin proliferation of skin fibroblast and
(x-SMA) without affecting vimentin or vascular smooth muscle cells, it does not
B-cytoplasmic actin expression. It decreased affect their expression of «-SMA, which
myofibroblast migration in a monolayer wounding indicates some cell specificity.
assay. In addition, resveratrol inhibited the
messenger RNA (mRNA) expression of type |
collagen. Resveratrol decreased the secretion of
matrix metalloproteinase 2 (MMP-2).
Growth and Resveratrol, quercetin, the combination of the two, Resveratrol induced significant 339

proliferation of
human oral squamous
carcinoma cell
(SCC-25).

and diluted red wine, were tested for
dose-dependent inhibition in human oral
squamous carcinoma cell (SCC-25) growth and
DNA synthesis.

dose-dependent inhibition in human oral
squamous carcinoma cell (SCC-25)
growth and DNA synthesis. Quercetin
exhibited a biphasic effect, stimulation
and minimal inhibition in cell growth and
DNA synthesis. Combining of resveratrol
with quercetin resulted in a gradual and
significant increase in the inhibitory effect
of the two compounds. Diluted red wine
had a significantly more inhibitory effect
on cell growth, DNA synthesis and
changes in cell morphology than each
compound alone or in combination.
Resveratrol by itself or a combination of
resveratrol and quercetin are effective
inhibitors of SCC-25 growth and DNA
synthesis. The presence of other wine
phenolic phytochemicals enhances
significantly the effect of resveratrol and
quercetin on inhibition of cancer cell
growth and DNA synthesis.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

the increased
proliferation of
human AHTO-7
osteoblastic cell line
induced by
conditioned media
(CM) from a panel of
carcinoma cell lines
[pancreas (BxPC3,
Panc-1), breast
(ZR75-1), renal
(ACHN), colon
(SW620,
Col0320DM) and
prostate cancer (PC3,
DU145 and LNCaP)].

Induction of apoptosis in

human promyelocytic
leukemia (HL-60)
cells.

the ability of resveratrol to modulate AHTO-7
proliferation. Resveratrol was tested for its
proliferative response of AHTO-7 cells to CM
from carcinoma in the panel of carcinoma cell
lines.

Resveratrol was tested to determine if it reduces
viability and DNA synthesis capability in cultured
HL-60 cells.

Model ‘What was measured Effect Ref.
Suppression of phorbol Human mammary and oral epithelial cells were Treatment of cells with PMA induced COX-2 79
ester (PMA)-mediated treated with PMA and tested for inhibition of mRNA, COX-2 protein, and prostaglandin
induction of COX-2 in COX-2 mRNA, COX-2 protein, and prostaglandin synthesis. Nuclear runoffs revealed increased rates
human mammary and synthesis. of COX-2 transcription after treatment with PMA.
oral epithelial cells. These effects were inhibited by resveratrol.
Resveratrol inhibited PMA-mediated activation of
protein kinase C and the induction of COX-2
promoter activity by c-Jun. Phorbol ester-mediated
induction of AP-1 activity was blocked by
resveratrol.
Inhibition of the Effects of resveratrol were tested on Resveratrol represses different classes of androgen 340
expression and androgen-stimulated growth andgene expression up-regulated genes at the protein or mRNA level
function of the in LNCaP cells. The group transfected a construct including prostate-specific antigen, human
androgen receptor containing a 6-kb PSA promoter fragmentin front glandular kallikrein-2, AR-specific coactivator
(AR) in prostate of a luciferase reporter gene into LNCaP cells ARA70, and the cyclin-dependent kinase inhibitor
cancer cells (LNCaP). withor without Mib to test whether resveratrol can p21. This inhibition is likely attributable to a
directly affectandrogen-mediated transcriptional reduction in AR contents at the transcription level,
activity of the PSA gene. Northern or western inhibiting androgen-stimulated cell growth and
analyseswere performed to see whether different gene expression.
classes of the androgen-regulatedgenes are
affected.
Effects of resveratrol on A tamoxifen-sensitive mechanism was used to test Resveratrol was found to modulate AHTO-7 341

proliferation in a tamoxifen-sensitive mechanism
at lower concentrations, but failed to induce the
osteoblast differentiation marker alkaline
phosphatase (ALP) in contrast to vitamin Ds. The
proliferative response of AHTO-7 cells to CM
from carcinoma cell lines was diminished upon
pretreatment with resveratrol. Highest inhibition
was demonstrated for BXPC3, Panc-1, ZR75-1 and
ACHN carcinoma cell line supernatants whereas
the effect on SW620, Colo320DM, PC3, DU145,
LNCaP CM was less pronounced. Direct addition
of resveratrol affected only supernatants of cell
lines exhibiting growth stimulatory activity for
normal WI-38 lung fibroblasts. Resveratrol
inhibited proliferation of DU145 and LNCaP
cells, altered cell cycle distribution of all prostate
cancer cell lines, but did not inhibit the production
of osteoblastic factors by these lines. In sum,
resveratrol failed to induce ALP activity as marker
of osteoblast differentiation in human osteoblastic
AHTO-7 cells, however, inhibited their response
to osteoblastic carcinoma-derived growth factors
in concentrations significantly lower than those to
reduce growth of cancer cells, thus effectively
modulating tumor-osteoblast interaction.

The growth inhibitory and antiproliferative 342
properties of resveratrol appear to be attributable
to its induction of apoptotic cell death as
determined by morphological and ultrastructural
changes, internucleosomal DNA fragmentation,
and increased proportion of the subdiploid cell
population. Resveratrol treatment resulted in a
gradual decrease in the expression of antiapoptotic
Bcl-2.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model ‘What was measured Effect Ref.

Ability to control Resveratrol was tested in MDA-MB-435 and MCF-7 The data revealed that resveratrol exerted a 343
growth and cell cycle breast carcinoma cells lines to determine ability to greater inhibitory effect on the MDA-MB-435
transition in control growth and cell cycle transition. In cells. A diminution of percentage of cells in G,
MDA-MB-435 and addition, resveratrol was tested to determine its phase and a corresponding accumulation of
MCEF-7 breast effect on a panel of MDA-MB-435 cells cells in S phase of the cell cycle was observed.
carcinoma cells. transfected with nm23-H1 and nm23-H2 genes. These studies have shown that resveratrol
Effect on a panel of The responses of these cells to resveratrol were reduced growth of all cell types.
MDA-MB-435 cells assessed by measuring proliferation, cell cycle Overexpression of both wild-type and
transfected with phase distribution, and changes in expression of catalytically inactive nm23-H1 but not
nm23-H1 and several genes. nm23-H2 reduced the proportion of cells in G,
nm23-H2 genes. phase compared to the control cells. Little

change in expression of PCNA, Rb, p53, and
Bcl-2 was observed in the five cell types
treated with resveratrol, compared to untreated
cells. Noted exceptions included reduced
expression of Rb protein and increased
expression of p53 in two of the cells, and
increased expression of Bcl-2 in one treated
with resveratrol. Resveratrol upregulated
expression of cathepsin D by 50-100% in all
cell lines except one.

Inhibition of Anti-initiation activity was determined by inhibition Resveratrol reduced the generation of hydrogen 80
carcinogen-induced of the hydroperoxidase function of peroxide, and normalized levels of
preneoplastic lesion cyclooxygenase (COX), and induction of phase II myeloperoxidase and oxidized-glutathione
formation in mouse drug-metabolizing enzymes. Antipromotion reductase activities. It also restored glutathione
mammary organ activity was determined by inhibition of levels and superoxide dismutase activity.
culture and production of arachidonic acid metabolites Based on the reverse transcriptase-polymerase
tumorigenesis in the catalyzed by either COX-1 or COX-2, and chain reaction, resveratrol selectively inhibited
two-stage mouse skin chemical carcinogen-induced neoplastic TPA-induced expression of c-fos and
model. Cancer transformation of mouse embryo fibroblasts. transforming growth factor-g1 (TGF-81), but
chemopreventive Antiprogression activity was determined by did not affect other TPA-induced gene
potential on the three induction of human promyelocytic leukemia products including COX-1, COX-2, c-myc,
major stages of (HL-60) cell differentiation. Treatment of mouse c-jun, and tumor necrosis factor-o.. These data
carcinogenesis. skin with resveratrol to determine the effect of indicate that resveratrol may interfere with

12-O-tetradecanoylphorbol-13-acetate reactive oxidant pathways and/or modulate the

(TPA)-induced oxidative stress. expression of c-fos and TGF-g1 to inhibit
tumorigenesis in mouse skin. Resveratrol
inhibited the de novo formation of inducible
nitric oxide synthase (iNOS) in mouse
macrophages stimulated with
lipopolysaccharide.

Investigation of the Androgen-responsive LNCaP and Addition of resveratrol led to a substantial 344

effects of resveratrol
on growth, induction
of apoptosis, and
modulation of
prostate-specific gene
expression using
cultured prostate
cancer cells that
mimic the initial
(hormone-sensitive)
and advanced
(hormone-refractory)
stages of prostate
carcinoma cell lines
(LNCaP, DU-145,
PC-3, and JCA-1).

androgen-nonresponsive DU-145, PC-3, and
JCA-1 cells were cultured with different
concentrations of resveratrol. Cell growth, cell

cycle distribution, and apoptosis were determined.

decrease in growth of LNCaP and in PC-3 and
DU-145 cells, but only had a modest inhibitory
effect on proliferation of JCA-1 cells. Flow
cytometric analysis showed resveratrol to
partially disrupt G,/S transition in all three
androgen-nonresponsive cell lines, but had no
effect in the androgen-responsive LNCaP cells.
In contrast to the androgen-nonresponsive
prostate cancer cells however, resveratrol
causes a significant percentage of LNCaP cells,
to undergo apoptosis and significantly lowers
both intracellular and secreted prostate-specific
antigen (PSA) levels without affecting the
expression of the androgen receptor (AR).
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)
Model What was measured Effect Ref.
Resveratrol-induced Phosphorylation of the mitogen-activated protein In undifferentiated cells, resveratrol induced 345
activation of the (MAP) kinases, extracellular signal-regulated phosphorylation of ERK1 and ERK2. A wide range of
mitogen-activated kinase 1 (ERK1) and extracellular signal-regulated  resveratrol concentrations were able to induce
protein kinases, kinase 2 (ERK2), induced by resveratrol has been ~ phosphorylation of ERK1 and ERK2, while higher
ERKI1 and ERK2, in studied in vitro on undifferentiated and concentrations inhibited MAP kinases phosphorylation.
human neuroblastoma  differentiated (induction by retinoic acid) In retinoic acid (RA) differentiated cells, resveratrol
SH-SYS5Y cells. SH-SYS5Y human neuroblastoma cells. induced an evident increase in ERK1 and ERK2
phosphorylation. This study demonstrates that
resveratrol may have a biological effect on neuron-like
cells.
Antiestrogenic activity ~ The effect of resveratrol on the growth of human Resveratrol inhibits the growth of estrogen receptor 346

and inhibition of the
growth of human
breast cancer cells
(MCEF-7).

Effect of resveratrol and
quercetin on human
oral squamous
carcinoma cells
(SCC-25) growth and
proliferation.

Suppression of cell
transformation and
induction of apoptosis
through a
p53-dependent
pathway. JB6 P™
mouse epidermal cell
line C1 41 and its
stable p53-luciferase
reporter plasmid
transfect, C1 41 p53
cells were used.

breast cancer cells was examined.

Resveratrol and quercetin were incubated with
human oral squamous carcinoma cells SCC-25.
Cell growth was determined by counting the
number of viable cells with a hemocytometer. Cell
proliferation was measured by means of
incorporation of [*H]thymidine.

Inhibition of resveratrol on TPA- or EGF-induced
cell transformation was investigated in JB6 C1 41
cells. The levels of p53 protein after resveratrol
treatment were measured by Western blot for
immunoprecipitation with specific antibodies
against p53.

Resveratrol suppresses tumor promoter-induced cell

(ER)-positive MCF-7 cells in a dose-dependent fashion.
Detailed studies with MCF-7 cells demonstrate that
resveratrol antagonized the growth-promoting effect of
17B-estradiol (E;) in a dose-dependent fashion at both
the cellular (cell growth) and the molecular (gene
activation) levels. Resveratrol abolished the
growth-stimulatory effect mediated by concentrations of
E,. The antiestrogenic effect of resveratrol was
demonstrated at the molecular level. Resveratrol, in a
dose-dependent fashion, antagonized the stimulation by
E, of progesterone receptor gene expression in MCF-7
cells. Expression of transforming growth factor-o and
insulin-like growth factor I receptor mRNA was
inhibited while the expression of transforming growth
factor 2 mRNA was significantly elevated in MCF-7
cells cultivated in the presence of resveratrol. The
results show that resveratrol, a partial ER agonist, acts
as an ER antagonist in the presence of estrogen leading
to inhibition of human breast cancer cells.

Resveratrol induced significant dose-dependent inhibition 347

in cell growth as well as in DNA synthesis. Quercetin
exhibited a biphasic effect, stimulation and minimal
inhibition in cell growth and DNA synthesis.
Combining resveratrol and quercetin resulted in a
gradual and significant increase in the inhibitory effect
of quercetin on cell growth and DNA synthesis.
Resveratrol or a combination of resveratrol and
quercetin, in concentrations equivalent to that present in
red wines, are effective inhibitors of oral squamous
carcinoma cell (SCC-25) growth and proliferation.

348
transformation and induces apoptosis, transactivation of
p53 activity and expression of p53 protein in the same
cell line and at the same dosage. Also,
resveratrol-induced apoptosis occurs only in cells
expressing wild-type p53 (p53+/+), but not in
p53-deficient (p53-/-) cells, while there is no difference
in apoptosis induction between normal lymphoblasts
and sphingomyelinase-deficient cell lines. These results
demonstrate that resveratrol induces apoptosis through
activation of p53 activity, suggesting that its anti-tumor
activity may occur through the induction of apoptosis.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.
Induction of apoptotic cell Resveratrol-treated tumor cells exhibit a dose-dependent ~ These data show specific involvement of the 349
death in HL60 human increase in externalization of inner membrane CD95-CD95L system in the anticancer
leukemia cell line. phosphatidylserine and in cellular content of activity of resveratrol and highlight the
subdiploid DNA, indicating loss of membrane chemotherapeutic and chemopreventive
phospholipid asymmetry and DNA fragmentation. potential.
Resveratrol-induced cell death is mediated by
intracellular caspases as observed by the
dose-dependent increase in proteolytic cleavage of
caspase substrate poly (ADP-ribose) polymerase
(PARP) and the ability of caspase inhibitors to block
resveratrol cytotoxicity. Resveratrol treatment
enhances CD95L expression on HL60 cells, as well as
T47D breast carcinoma cells, and that
resveratrol-mediated cell death is specifically
CD95-signaling dependent. On the contrary,
resveratrol treatment of normal human peripheral
blood lymphocytes (PBLs) does not affect cell
survival for up to 72 h, which correlates with the
absence of a significant change in either CD95 or
CD95L expression on treated PBLs.
Inhibitor of ribonucleotide The ability of resveratrol to destroy the tyrosyl radical Resveratrol is an inhibitor of ribonucleotide 350
reductase using was correlated with its strong dose-dependent reductase and DNA synthesis in
L1210-R2 murine inhibitory effects on enzyme activity, as assayed in mammalian cells, which might have further
lymphoblastic leukemia soluble extracts of murine leukemia cells containing applications as an antiproliferative or a
cells. high protein R2 expression and high cytidine cancer chemopreventive agent in humans.
diphosphate reductase activity suitable for sensitive
and reproducible assays. The antiproliferative
properties of resveratrol and its inhibitory effects on
DNA synthesis were evaluated by [*H]thymidine
incorporation.
C3H10T1/2 CL8 mouse Cyclooxygenase metabolites were investigated by using ~ Resveratrol is capable of inhibiting 351
embryo fibroblasts were HPLC analysis. COX-1 and -2 activities were eicosanoid production catalyzed by both
used to determine the determined by measuring arachidonic acid COX-1 and -2, and transformation of
ability of resveratrol to metabolites production. Two-stage transformation chemically-initiated 10T1/2 cells.
block eicosanoid assays with C3H10T1/2 cells were performed.
production and
chemically induced
cellular transformation.
Investigation of resveratrol Diethylstilbestrol, a synthetic estrogen and structurally Resveratrol is a phytoestrogen and that it 352

to determine if it is a
phytoestrogen using
MCEF-7 MDA-MB-231
and T47D cells.

similar to resveratrol, was examined to determine
whether resveratrol might be a phytoestrogen. At
concentrations comparable to those required for its
other biological effects, resveratrol inhibited the
binding of labeled estradiol to the estrogen receptor
and it activated transcription of estrogen-responsive
reporter genes transfected into human breast cancer
cells. This transcriptional activation was estrogen
receptor-dependent, required an estrogen response
element in the reporter gene, and was inhibited by
specific estrogen antagonists. In some cell types (e.g.,
MCF-7 cells), resveratrol functioned as a superagonist
(i.e., produced a greater maximal transcriptional
response than estradiol) whereas in others it produced
activation equal to or less than that of estradiol.
Resveratrol also increased the expression of native
estrogen-regulated genes, and it stimulated the
proliferation of estrogen-dependent T47D breast
cancer cells.

exhibits variable degrees of estrogen
receptor agonism in different test systems.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)
Model What was measured Effect Ref.
Determination of the Cell growth was determined by bromodeoxyuridine p38 MAPK and transcription 353
underlying molecular incorporation and crystal violet staining. Protein levels were factor PPARy can be considered
mechanisms and to examined by Western blot analysis. Spermine/spermidine as molecular targets of
identify a possible acetyltransferase (SSAT) activity was determined by a resveratrol in the regulation of
role of transcription radiochemical assay. PPARy ligand-dependent cell proliferation and SSAT
factor peroxisome transcriptional activity was measured by a luciferase assay. A activity, respectively, in a cell
proliferator-activated dominant-negative PPARy mutant was transfected in Caco-2 culture model of colon cancer.
receptor y (PPARy) cells to suppress PPARy-mediated functions. Resveratrol
with resveratrol. inhibited cell growth of both Caco-2 and HCT-116 cells in a
dose- and time-dependent manner (P < 0.001). In contrast to
Caco-2-wild type cells (P < 0.05), resveratrol failed to
increase SSAT activity in dominant-negative PPARy cells.
PPARy involvement was further confirmed via
ligand-dependent activation (P < 0.01) as well as by
induction of cytokeratin 20 (P < 0.001) after resveratrol
treatment. Coincubation with SB203580 abolished SSAT
activation significantly in Caco-2 (P < 0.05) and HCT-116 (P
< 0.01) cells. The involvement of p38 mitogen-activated
protein kinase (MAPK) was further confirmed by a
resveratrol-mediated phosphorylation of p38 protein in both
cell lines. Resveratrol further increased the expression of
PPARYy coactivator PGC-1a (P < 0.05) as well as SIRT1 (P
< 0.01) in a dose-dependent manner after 24 hours of
incubation.
Analyze cellular effects Resveratrol is rapidly taken up by both cell types and acts as a This study suggests that the mode 354

of resveratrol in
metabolically active
HAIIE rat hepatoma

cells in comparison to
metabolically poorly

active C6 rat glioma
cells.

Investigated the
involvement of the
mitogen activated
protein kinase
(MAPK)/p53 signal
transduction
mechanism in
resveratrol-induced
growth inhibition
using a human
osteosarcoma cell
line.

potent intracellular antioxidant. On the other hand,
resveratrol in higher concentrations is relatively toxic to both
cell lines as measured by the neutral red accumulation assay.
In H4IIE cells, resveratrol concentrations rapidly decline to
very low levels during the first hours of incubation due to
formation of resveratrol glucuronides. The first resveratrol
effect found at 3 h after the start of resveratrol treatment was
the induction of mild DNA damage as detected by the comet
assay. Cell death was caused via induction of apoptosis as
detected by caspase activation, oligonucleosomal DNA
fragmentation and formation of apoptotic nuclei. Following
DNA damage, resveratrol led to an activation of caspases 2
and 8/10 at 6 h and consequently of caspase 3 at 12 h, but
failed to activate caspase 9. In contrast to H4IIE cells,
resveratrol is not metabolized in C6 glioma cells and
accumulates to concentrations that are assumed to drive the
cell into necrosis.

The research group demonstrated that resveratrol reduces cell
viability and growth of SISA1 osteosarcoma cells.
Morphological profiles and 4,6-diamidino-2-phenylindole
nuclear staining of resveratrol-treated cells indicated marked
nuclear fragmentation. Cleavage of the (116-kDa)
poly(ADP-ribose) polymerase protein into an 8§9-kDa
fragment (a proapoptotic marker system) was substantially
augmented by resveratrol treatment. Resveratrol-dependent
growth impairment was preceded by enhanced
phosphorylation of extracellular signal-regulated kinase
(ERK)1/2 (at Thr202/Tyr204). Likewise, resveratrol
increased the phosphorylation of p53 tumor suppressor
protein (at Serl5). The effects of resveratrol on ERKs and on
p53 phosphorylation were abrogated by either the MAPK
inhibitor PD98059 or the p53 inhibitor pifithrine-«.

of cell death caused by
resveratrol and the usefulness of
resveratrol for cancer prevention
and treatment critically depends
on the metabolic capacity of the
tumor cell to be eradicated.

The study indicated that resveratrol 355
antiproliferative effects on
osteosarcoma cells are mediated
by the activation of the
ERKs/p53 signaling pathway
and therefore identified new
targets for strategies to treat
and/or prevent osteosarcoma.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect Ref.

Cell surface resveratrol
receptor on the
extracellular domain
of hetero-dimeric
a VB3 integrin in
MCF-7 human breast
cancer cells.

This receptor is linked to induction by resveratrol of
extracellular-regulated kinases 1 and 2 (ERK1/2)- and
serine-15-p53-dependent phosphorylation leading to apoptosis. The
integrin receptor is near the Arg-Gly-Asp (RGD) recognition site on the
integrin; an integrin-binding RGD peptide inhibits induction by
resveratrol of ERK1/2- and p53-dependent apoptosis. Antibody (Ab) to
integrin V3, but not to o VA5, inhibits activation by resveratrol of
ERK1/2 and p53 and consequent apoptosis in estrogen receptor-o
(ER) positive MCF-7, and ERa-negative MDA-MB231 cells.
Resveratrol is displaced from the purified integrin by an RGD, but not
RGE, peptide, and by oV A3 integrin-specific Ab. Resveratrol action is
blocked by siRNA A3, but not by siRNA« V. ['*C]-Resveratrol binds to
commercially purified integrin « VA3 and to oV 3 prepared from
MCF-7 cells; binding of ['*C]-resveratrol to the 83, but not to the 'V
monomer, is displaced by unlabeled resveratrol

Investigated the effect of The results indicated that resveratrol potentiates the production of

resveratrol on cell fate
in immortalized
human keratinocytes
HaCaT cells.

Investigated the
mechanism of the
antiproliferative effect
of resveratrol in
A431-transformed
keratinocytes
harbouring mutant
pS3.

Evaluated the
chemopreventive/
antiproliferative
potential of
resveratrol against
prostate cancer and its
mechanism of action.

Explored the SAR of
resveratrol-related
trans-stilbene
derivatives.

significant amounts of 8-o0x0-7,8-dihydro-2’-deoxyguanosine in
UVA-irradiated genomic DNA. Moreover, the combination of
resveratrol with UVA significantly enhanced the induction of DNA
strand breaks and cell death in HaCaT keratinocytes.

The research group showed that resveratrol in A431-transformed
keratinocytes harbouring mutant p53 was accompanied by G; cell cycle
arrest, which coincides with a marked inhibition of G, cell cycle
regulatory proteins, including cyclins A and D; and cyclin-dependent
kinase (CDK)6 and p53-independent induction of p21WAFI. Cell cycle
arrest was also associated with the accumulation of
hypophosphorylated Rb and p27KIP1. Resveratrol inhibited
mitogen-activated protein kinase/extracellular signal-regulated kinase
kinase (MEK)1 > extracellular signal-regulated protein kinase
(ERK)1/2 signalling, downregulated c-Jun, and suppressed activating
protein (AP)-1 DNA-binding and promoter activity. In addition, the
inhibition of MEK1 > ERK1/2 signaling appears to be independent of
retinoblastoma protein (pRb) hypophosphorylation in A431 cells, as
PD098059 did not suppress pRb phosphorylation.

Treatment with resveratrol (0—50 pmol/L for 24 h) resulted in a
significant decrease in cell viability, decrease of clonogenic cell
survival, inhibition of androgen (R1881)-stimulated growth, and
induction of apoptosis in androgen-responsive human prostate
carcinoma (LNCaP) cells. Interestingly, at similar concentrations,
resveratrol treatment did not affect the viability or rate of apoptosis in
normal human prostate epithelial cells. Furthermore, the data showed
that resveratrol-treatment resulted in significant dose-dependent
inhibition in the constitutive expression of phosphatidylinositol
3’-kinase and phosphorylated (active) Akt in LNCaP cells. Resveratrol
treatment for LNCaP cells was also found to result in a significant loss
of mitochondrial membrane potential, inhibition in the protein level of
antiapoptotic Bcl-2, and increase in proapoptotic members of the Bcl-2
family, i.e., Bax, Bak, Bid, and Bad.

Synthesized a series of 3,5-dimethoxy analogues in which a variety of
substituents were introduced at positions 2’, 3/, 4, and 5 of the stilbene
scaffold, and a second group of derivatives (2-phenylnaphthalenes and
terphenyls) that incorporate a phenyl ring as a bioisosteric replacement
of the stilbene alkenyl bridge. The new compounds were thoroughly
characterized with respect to their apoptosis-inducing activity and their
effects on the cell cycle. One of the new derivatives, 13g, behaved
differently from the others, as it was able to block the cell cycle in the
Go-G) phase and also to induce differentiation in acute myelogenous
leukemia HL60 cells.

The study concluded that binding 356
of resveratrol to integrin V3,
principally to the 83 monomer,
is essential for transduction of
the stilbene signal into
p53-dependent apoptosis of
breast cancer cells.

The conclusion is a potential 357
hazardous effect of topical
application of resveratrol,
particularly on regions exposed
to sunlight.
The results demonstrated that 358
resveratrol affects multiple
cellular targets in A431 cells,
and that the downregulation of
both AP-1 and pRb contributes
to its antiproliferative activity in
these cells.

The data suggested that resveratrol 359
causes an inhibition of
phosphatidylinositol
3’-kinase/Akt activation that, in
turn, results in modulations in
Bcl-2 family proteins in such a
way that the apoptosis of LNCaP
cells is promoted. Based on
these studies, it is suggested that
resveratrol could be developed
as an agent for the management
of prostate cancer.

The study showed that compared to 360
resveratrol, the synthetic
terphenyl 13 g showed a more
potent apoptotic and
differentiating activity.
Moreover, it was active on both
multidrug resistance and
Bcer-Abl—expressing cells that
were resistant to resveratrol.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.

Investigated the Preincubation of C6 cells with resveratrol These results indicated that 361

protective effect of
resveratrol on
B-amyloid-induced
cytoxicity in cultured
rat astroglioma C6
cells.

Investigated the effects
of resveratrol on the
proliferation,
apoptosis,
mitochondrial
membrane potential,
and cell morphology
of human liver cancer
cell line HepG2.

Investigated several
synthesized
resveratrol derivatives
to determine if these
show higher efficacy
than resveratrol as an
anticancer agent.
Used PC-3 and
LNCaP human
prostate cancer cells.
Investigated the
mechanism of
resveratrol-induced
apoptosis upstream of
mitochondria.

concentration-dependently protected the cells from the growth
inhibition induced by S-amyloid treatment. 8-Amyloid treatment
led to increased nitric oxide (NO) synthesis and inducible nitric
oxide synthase (iNOS) expression; however, cells pretreated
with resveratrol showed a dose-dependent inhibition of NO
production and iNOS expression following 8-amyloid treatment.
Resveratrol also attenuated S-amyloid-induced prostaglandin E2
(PGE2) release, which was associated with the inhibition of
cyclooxygenase (COX)-2 expression. Furthermore, $-amyloid
treatment induced nuclear translocation of nuclear factor-« B
(NF-kB), which was suppressed by resveratrol pretreatment.

Evaluated by MTT assay the changes in HepG2 cell growth and
proliferation in response to resveratrol treatment, and
resveratrol-induced apoptosis of HepG2 cells was investigated
by flow cytometry. Inverted microscope and electron microscope
were employed for observing morphological changes of the
treated cells. The whole-cell mitochondrial membrane potential
was measured in separate experiments using two fluorimetric
probes, rhodamine123 and TMRE, respectively. HepG2 cells
treated with rhodamine123 were analyzed by flow cytometry and
cells treated with TMRE by confocal microscope. The MTT
assay showed that low concentrations of resveratrol produced no
significant effect on the growth of HepG2 cells, whereas at high
concentrations, resveratrol could obviously inhibit the cell
growth in a time- and dose-dependent manner. Resveratrol also
induced apoptosis of HepG2 cells, and after a 24-hour treatment,
resveratrol caused sharp increment of the mitochondria
membrane potential.

Compounds C, F, and G evidenced higher inhibitory activity than
resveratrol with regard to the growth of PC-3 and LNCaP human
prostate cancer cells. Moreover, four derivatives of resveratrol
evidenced potent growth inhibitory activity (ICsy 0.01-0.04
M) in LNCaP cells. The levels of activity in these derivatives
were 25—100 times stronger than that associated with resveratrol
(ICsp 1.0 uM).

The results from this study suggest that caspase-2 activation occurs
upstream of mitochondria in resveratrol-treated cells. The
upstream activation of caspase-2 is not dependent on its
antioxidant property or NF-«B inhibition. The activated
caspase-2 triggers mitochondrial apoptotic events by inducing
conformational changes in Bax/Bak with subsequent release of
cytochrome c, apoptosis-inducing factor, and endonuclease G.
Caspase-8 activation seems to be independent of these events
and does not appear to be mediated by classical death receptor
processing or downstream caspases. Both caspase-2 and
caspase-8 contribute toward the mitochondrial translocation of
Bid, as neither caspase-8 inhibition nor caspase-2 inhibition
could prevent translocation of Bid DsRed into mitochondria.
Caspase-2 inhibitors or antisense silencing of caspase-2
prevented cell death induced by resveratrol and partially
prevented processing of downstream caspases, including
caspase-9, caspase-3, and caspase-8.

modulation of NF-«B activity is
involved in the neuroprotective
action of resveratrol against
NF-«B-amyloid-induced
toxicity.

Resveratrol is capable of inhibiting 362

the proliferation of HepG2 cells
and inducing cell apoptosis by
depolarizing mitochondrial
membrane potential.

The results suggested that 363

compounds C, D, F, and G might
function as anticancer agents on
prostate tumors. This study also
contains a discussion regarding
the structure-activity
relationships of several
resveratrol derivatives.

Studies using mouse embryonic 364

fibroblasts deficient for both Bax
and Bak indicate the
contribution of both Bax and
Bak in mediating cell death
induced by resveratrol and the
existence of
Bax/Bak-independent cell death
possibly through caspase-8- or
caspase-2-mediated
mitochondria-independent
downstream caspase processing.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.

Investigated the effect of By assaying on MCF-7 cells stably transfected with The present study illustrated that pharmacological 365
resveratrol on the CYP19 (MCF-7aro cells), resveratrol inhibited the dosage of resveratrol inhibited aromatase at both
expression and aromatase activity with an ICs, value of 25 uM. the enzyme and mRNA levels.
enzyme activity of Kinetic analysis indicated that both competitive
aromatase. and noncompetitive inhibition might be involved.

The administration of 10 nmol/L testosterone-a
substrate of aromatase-produced a 50% increase in
the MCF-7aro cell number. This cell proliferation
specifically induced by testosterone was
significantly reduced by 10 uM resveratrol. In
addition, 50 uM resveratrol significantly reduced
the CYP19-encoding mRNA abundance in
SK-BR-3 cells. The transcriptional control of
CYP19 gene is tissue specific, and promoter
regions 1.3 and II have previously been shown to
be responsible for CYP19 expression in breast
cancer cells. Luciferase reporter gene assays
revealed that resveratrol could repress the
transcriptional control dictated by the promoter
regulation.

Investigated the effect of ~ The results indicated that Yuccaols (25 M) were These results indicate that the anti-inflammatory 366
Yuccaols and more effective than resveratrol (25 uM) in properties attributed to Yucca schidigera can be
resveratrol on the inhibiting the VEGF-induced KS cell ascribed to both resveratrol and Yuccaols and
vascular endothelial proliferation. Western blot analysis revealed that provide the first evidences of the anti-tumor and
growth factor Yuccaols reduced the VEGF-induced antiinvasive properties of these novel phenolic
(VEGF)-induced phosphorylation of p38 and p42/44, thus compounds.
proliferation, indicating a possible interference with the
migration, and PAF mechanism underlying the VEGF-stimulated cell
biosynthesis in KS proliferation. Furthermore, Yuccaols completely
cells. inhibited the VEGF-stimulated PAF biosynthesis

catalyzed by the acetyl-CoA:lyso-PAF
acetyltransferase and enhanced its degradation
through the PAF-dependent CoA-independent
transacetylase (250% of control). In addition,
Yuccaol C abrogated the PAF-induced cell
motility whereas Yuccaol A and Yuccaol B
reduced the cell migration from 7.6 um/h to 6.1
pum/h and 5.6 pm/h, respectively.

Investigated the The combined treatments between the micronutrients ~ The results suggest that chemotherapy based on 367
elucidation of the and vinorelbine have been studied to test a resveratrol and propolis, alone or in combination
molecular possible vinorelbine dose reduction, avoiding its with vinorelbine, are potentially useful tools for

mechanisms activated
by resveratrol and
propolis ethanol
extract; using
vinorelbine bitartrate,
a drug widely used in
prostate cancer
therapy, as a reference
drug.

side effects without altering its cytotoxic action. In
this investigation, SEM and TEM analyses were
performed to examine the morphological
modifications induced; the observations confirmed
necrotic cell features after treatment with
resveratrol, and apoptotic modifications after
propolis. Cell cycle progression was measured to
study a correlation with p21 and p53, two
well-known cell cycle checkpoints. The levels of
HSP27 and HSP70, two chaperones also exerting
antioxidant/antiapoptotic functions, were also
analyzed. The data indicate that the two
micronutrients modulate cell cycle distribution,
increasing p53 levels, without the induced HSPs
being able to rescue DU145 from death.

prostate cancer therapy; the increase in cell cycle
control and the modulation of HSPs expression
reinforce this suggestion.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.

Investigated the Knockdown of proapoptotic Bak by RNA interference reduced the This study reports that resveratrol 368

effectiveness of
resveratrol as a
chemopreventive
agent in the digestive
tract.

Investigated the
anticancer effects of
resveratrol using the
following cell lines:
v-Src-transformed
mouse fibroblasts
(NIH3T3/v-Src),
human breast
(MDA-MB-231),
pancreatic (Panc-1),
and prostate
carcinoma (DU145)
cell lines at the
GO0-G1 phase or at the
S phase of human
breast cancer
(MDA-MB-468) and
pancreatic cancer
(Colo-357) cells.
Investigated the
chemopreventive
activity of resveratrol
against esophageal
cancer using human
esophageal HET-1A
cells.

Investigated the
molecular basis of
resveratrol-evoked
apoptosis in four
(Bax+/, Bax/,
p53+/+, and p53-/-)
HCT116 colon cancer
cell lines.

apoptotic response to a similar extent as Bax deficiency in the
parental cells and completely abolished apoptosis in Bax-null cells.
Notably, although negative for resveratrol-induced,
mitochondria-mediated apoptosis, Bax+Bak double-deficient cells
were sensitized by resveratrol to ligand-induced, death
receptormediated apoptosis. Thus, in contrast to NSAIDs,
resveratrol may remain effective as a proapoptotic chemopreventive
as long as Bax and Bak have not both been inactivated during clonal
selection.

This study showed that resveratrol inhibits Src tyrosine kinase activity
and thereby blocks constitutive signal transducer and activator of
transcription 3 (Stat3) protein activation in malignant cells.
Analyses of resveratrol-treated malignant cells harboring
constitutively active Stat3 reveal irreversible cell cycle arrest of
v-Src—transformed mouse fibroblasts (NIH3T3/v-Src), human
breast (MDA-MB-231), pancreatic (Panc-1), and prostate carcinoma
(DU145) cell lines at the GO-G1 phase or at the S phase of human
breast cancer (MDA-MB-468) and pancreatic cancer (Colo-357)
cells, and loss of viability due to apoptosis. By contrast, cells treated
with resveratrol, but lacking aberrant Stat3 activity, show reversible
growth arrest and minimal loss of viability. Moreover, in malignant
cells harboring constitutively active Stat3, including human prostate
cancer DU145 cells and v-Src—transformed mouse fibroblasts
(NIH3T3/v-Src), resveratrol treatment represses Stat3-regulated
cyclin D1 as well as Bel-xL and Mcl-1 genes, suggesting that the
antitumor cell activity of resveratrol is in part due to the blockade of
Stat3-mediated dysregulation of growth and survival pathways.

This study showed that time-dependent benzo[a]pyrene (BaP)-DNA
binding was associated with upregulation of CYP1B1, but not
CYP1A1, mRNA and protein in human esophageal HET-1A cells.
The dietary flavonoid 5,7-dimethoxyflavone significantly inhibited
BaP-DNA binding and downregulated BaP-induced CYP1B1
mRNA and protein. 3',4’-Dimethoxyflavone was an even more
potent inhibitor of CYP1B1 expression, while resveratrol had no
effect.

This study showed that resveratrol induced apoptosis in all the cells in
a dose-dependent manner; however, Bax+/ and p53+/+ cells were
more susceptible than their knockout counterparts (Bax/ and pS3-/-,
respectively). Using Bax+/ cells as a model, proteomic analysis
revealed four resveratrol-responsive events: fragmentation of lamin
A/C protein; increase in concentration of a more basic isoelectric
variant of the ribosomal protein P0O; and decrease in concentration of
dUTPase as well as stathmin 1. Lamin A cleavage in response to
resveratrol treatment was confirmed using Western blot analysis.
Caspase-6 was activated, which was evidenced by cleavage and
accumulation in active form of caspase-6 as well as upregulation of
the protease activity. Resveratrol-elicited lamin A cleavage and
apoptosis were entirely abrogated by the peptide inhibitors of
caspase-6. Likewise, partial knockdown of caspase-6 expression
using small interfering RNA resulted in significant inhibition of
resveratrol-elicited lamin A cleavage and apoptosis. Furthermore,
the lower apoptosis sensitivity of the knockout cells (Bax/ and
p53-/-) correlated with the relatively reduced processing of
caspase-6 and lamin A cleavage.

efficiently provokes apoptosis in
human colorectal carcinoma
cells deficient for Bax, although
at a reduced rate compared to the
parental cells, through the
activation of the mitochondrial
death pathway

This study identified Src-Stat3 369

signaling as a target of
resveratrol, further defining the
mechanism of antitumor cell
activity of resveratrol and raising
its potential application in
tumors with an activated Stat3
profile.

Dietary methoxylated flavones 370

inhibited BaP-induced CYP1B1
transcription in a cell-specific
manner and hold promise as
chemopreventive agents in
esophageal carcinogenesis.

These data highlight the critical 371

role of caspase-6 and its
cleavage of lamin A in apoptotic
signaling triggered by resveratrol
in the colon carcinoma cells,
which can be activated in the
absence of Bax or p53.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect Ref.

Investigated estrogenic
and/or antiestrogenic
activity of urolithins
Aand B
(hydroxy-6H-
dibenzo[b,d]pyran-6-
one derivatives) Both
urolithins and other
known phytoestrogens
(genistein, daidzein,
resveratrol, and
enterolactone) were
assayed to evaluate
the capacity to induce
cell proliferation on
the estrogen-sensitive
human breast cancer
MCF-7 cells as well
as the ability to bind
to a- and B-estrogen
receptors.

Evaluated the effect of

resveratrol on the
expression of ErbB2
in a human breast
cancer cell line,
MCF-7.

Investigated
5,7-dimethoxyflavone
(5,7-DMF) and
3',4'-DMF, compared
to resveratrol, to
determine
chemopreventive
activity, utilizing
benzo[a]pyrene (BaP)
and BEAS-2B cells
(human bronchial
epithelial cells).

Both urolithins A and B showed estrogenic activity in a
dose-dependent manner even at high concentrations (40
uM), without antiproliferative or toxic effects, whereas the
other phytoestrogens inhibited cell proliferation at high
concentrations. Overall, urolithins showed weaker estrogenic
activity than the other phytoestrogens. However, both
urolithins displayed slightly higher antiestrogenic activity
(antagonized the growth promotion effect of 17-8-estradiol
in a dose-dependent manner) than the other phytoestrogens.
The ICs( values for the ERe and ERS binding assays were
0.4 and 0.75 uM for urolithin A; 20 and 11 uM for urolithin
B; 3 and 0.02 for genistein; and 2.3 and 1 for daidzein,
respectively; no binding was detected for resveratrol and
enterolactone. Urolithins A and B entered into MCF-7 cells
and were metabolized to yield mainly urolithin-sulfate
derivatives.

Low concentrations of resveratrol (1-10 nM) reduced the basal
expression level of ErbB2 in MCF-7 cells cultured in an
estrogen-free medium. When cells were cultured in a medium
containing estrogen, resveratrol increased the ErbB2 protein
levels in a dose-dependent manner. Resveratrol increased the
luciferase reporter gene activity in cells transfected with the
-756bp flanking region of the human erbB2 gene. Resveratrol
increased the nuclear levels of AP-2« and AP-2y, and the
induction of the luciferase reporter gene by resveratrol was
inhibited by a mutation of two AP-2 binding sites in the
promoter region of the human erbB2 gene.

Exposure of BEAS-2B cells to [*H]BaP (1 M) showed
increasing binding to DNA up to 72 h of exposure, about
20-fold higher than at 0.5 h exposure. BaP-exposure also
increased both CYP1A1/1B1 and microsomal epoxide
hydrolase (mEH) enzyme activities with a maximum 10-fold
increase at 48 h. BaP induced CYP1A1 protein and mRNA
levels maximally after 48 h. In contrast, although CYP1B1
mRNA was rapidly induced, its protein expression showed a
very poor response. Simultaneous treatment with BaP and
either 5,7-DMF, 3',4'-DMF or resveratrol for 48 h inhibited
BaP-DNA binding by > 75%, with 3',4-DMF being the
most effective. 5,7-DMF affected CYP1A1 mRNA levels
only modestly, whereas 3',4'-DMF was a potent inhibitor.
The catalytic activity of CYP1A1/1B1 was reduced over 95%
after exposure to either 5,7-DMF, 3’,4’-DMF or resveratrol,
most effectively by 3’,4'-DMF. BaP-induced mEH activity
was not affected by treatment with 5,7-DME, but significantly
inhibited by 3',4'-DME. In contrast, mEH activity was
notably increased by resveratrol. Western blotting showed all
three polyphenols dramatically reducing BaP-induced
CYPI1ALI protein expression. Both 5,7-DMF and 3',4'-DMF
demonstrated very high, about 40-fold, accumulation in
BEAS-2B cells.

These results, together with 372

previous studies regarding
absorption and metabolism of
dietary ellagitannins and ellagic
acid in humans, suggest that the
gut microflora metabolites
urolithins are potential
endocrine-disrupting molecules,
which could resemble other
described
"enterophytoestrogens"
(microflora-derived metabolites
with estrogenic/antiestrogenic
activity).

Blocking ERK, p38 kinase or 373

PI3-kinase activity had no effect
on the resveratrol-inducible
transactivation of the erbB2 gene
and the ErbB2 expression level.

This study shows that BaP 374

exposure results in a high level
of DNA-binding in BEAS-2B
cells, which is mainly mediated
by induction of CYP1A1
protein, just as in the human
lung. Two methoxylated dietary
flavonoids with highly specific
effects on BaP bioactivation,
block this DNA binding and
CYPI1AL protein expression as
effectively as resveratrol, thus
making them potential
chemopreventive agents for
BaP-induced lung
carcinogenesis.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.

Investigated the activity Cell growth, cell cycle perturbation, and apoptosis were In this study, resveratrol showed 375

of resveratrol on
human metastatic
breast cancer using
MCF-7 tumor cells.

and possible
mechanism of
resveratrol in
enhancing
radiosensitivity of
human non-small cell
lung cancer
NCI-H838 cells.

evaluated by Trypan blue dye exclusion assay, flow
cytometric analysis, and confocal fluorescence microscopy.
TRAP assay and Western blot analysis, respectively,
detected levels of telomerase activity and levels of A TERT
in intracellular compartments of MCF-7 cells treated with
resveratrol. Resveratrol has a direct inhibitory effect on cell
proliferation. The results demonstrated that the drug
induces apoptosis in MCF-7 cells, in a time- and
concentration-related manner. Our results also show that
the growth-inhibitory effect of resveratrol on malignant
cells is mainly due to its ability to induce S-phase arrest
and apoptosis in association with reduced levels of
telomerase activity. In particular, TRAP assay and Western
blot analysis respectively showed that resveratrol treatment
down-regulates the telomerase activity of target cells and
the nuclear levels of hTERT, the reverse transcriptase
subunit of the telomerase complex.

pretreatment. The surviving fraction and sensitizer
enhancement ratio (SER) were estimated by using a colony
formation assay and linear-quadratic model. The cell-cycle
distribution was evaluated by using propidium iodide
staining and flow cytometry. An ELISA-based assay with
immobilized oligonucleotide was performed to assess the
DNA binding activity of NF-«B. Resveratrol had no direct
growth-inhibitory effect on NCI-H838 cells treated for 24 h
with doses up to 25 uM. Pretreatment with resveratrol
significantly enhanced cell killing by radiation, with an
SER up to 2.2. Radiation activated NF-«B, an effect
reversed by resveratrol pretreatment. Resveratrol resulted
in a decrease of cells in the Gy/G; phase and an increase in
the S phase.

direct antiproliferative and
proapoptotic effects on the
experimental breast cancer
model. Studies on telomerase
function and intracellular
hTERT distribution point out
that this agent is endowed with
additional suppressive functions
on critical tumor biological
properties. These results support
the potential role of resveratrol
in
chemoprevention/chemotherapy
of breast cancer.

resveratrol enhances the

radiosensitivity of NCI-H838
cells accompanied by NF-«B
inhibition and S-phase arrest.

Investigated the ability Resveratrol-induced apoptosis occurs in association with the These results suggest that 376
of resveratrol to activation of caspase-3 and the loss of mitochondrial resveratrol may have potential as
rapidly induce S transmembrane potentials. In addition, resveratrol induces a novel therapeutic agent for the
phase cell cycle arrest the phosphorylation of p38 MAP kinase, and specific patients with B cell malignancies
of human malignant B inhibition of p38 MAP kinase abolishes the including multiple myeloma.
cells including resveratrol-induced apoptosis, indicating that activation of
myeloma cells in the p38 MAP kinase pathway is required for inducing
dose- and apoptosis in malignant B cells.
time-dependent
manners, followed by
S phase cell cycle
arrest through
ATM/Chk pathway.
Investigated the ability Incubation of lymphocytes with neocuproine inhibited the These results support the 377
of polyphenols (in the DNA degradation confirming that Cu(l) is an intermediate hypothesis that anticancer
absence of added in the DNA cleavage reaction. It was shown that mechanism of plant polyphenols
copper) to cause DNA polyphenols generate oxidative stress in lymphocytes, involve mobilization of
breakage in cells. which is inhibited by scavengers of reactive oxygen species endogenous copper, possibly
This research group and neocuproine. chromatin bound copper, and the
has previously shown consequent prooxidant action.
that resveratrol-Cu(II)
is capable of causing
DNA degradation in
cells.
Evaluated the effects NCI-H838 cells were irradiated with or without resveratrol The results demonstrate that 378

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect Ref.

Investigated resveratrol
to determine if it
regulates cathepsin D
(CD) in MCF-7,
T47D (ER") breast
cancer cells as well as
in Hs578t (cancer)
and MCF-10A
(normal) ER cell
lines.

Investigated apurinic/
apyrimidinic
endonuclease-1/redox
factor-1 (APE/Ref-1)
and resveratrol using
different melanoma
cells.

Investigated
time-dependent effect
of resveratrol. on gene
and protein
expression in WR-21
cells containing a
mutated human
c-Ha-ras oncogene.

Resveratrol (107® M) increased CD and IGF-II secretion This study shows that regulation of cathepsin D by

in ER* but not ER cells. Resveratrol treatment (10*
M) inhibited CD in ER™ but not in ER cells.

Transfection of ER cells with prolGF-II increased CD

secretion. Resveratrol (10~° M) modulates CD
secretion through IGF-IT while resveratrol (10* M)
inhibits CD in ER™ but not ER cells.

379
resveratrol represents a novel mechanism by which
resveratrol may protect against breast cancer.

APE/Ref-1 is a multifunctional protein involved in DNA In vitro studies revealed that resveratrol inhibited, in 380

base excision repair and redox regulation of many
transcription factors. In different melanoma cell lines,
this research group found that both nucleus and
cytoplasm exhibited higher levels of Ref-1 compared
with normal melanocytes. Similar increases of Ref-1
expression, detected by immunohistofluorescence,
were also evident in nevi and malignant melanoma
biopsies compared with normal skin, which were
predominantly localized in the nucleus. Using

recombinant adenovirus Adref-1, encoding full-length

Ref-1, APE/Ref-1 in human melanocytes was
transiently overexpressed, which protected these cells
from UVB-induced apoptosis and increased foci
formation in culture. Ref-1 overexpression also
protected melanoma cells from cisplatin- or

H,0,-induced apoptosis, whereas increased apoptosis
was observed with Ref-1 antisense construct infection.

These observations suggested that intracellular Ref-1
levels played an important role in sensitization of

melanoma cells to apoptosis. Electrophoretic mobility

shift assay results showed that in both cultured
primary and metastatic melanomas DNA-binding
activities of activator protein-1 and nuclear factor-« B
(NF-«B) were significantly diminished or shifted
when anti-APE/Ref-1 antibody was added to deplete
APE/Ref-1 from the binding complexes. Induced
NF-«B transcriptional activities were also evident
after Ref-1 overexpression. Furthermore, using
three-dimensional molecular structure modeling and
virtual screening, this group found that resveratrol
docks into a druggable pocket of Ref-1 protein.

This study demonstrated cyclic resveratrol-mediated
expression of p53, mdm2, p21(cip/waf), Rb, and
cyclin G at both the RNA and the protein level at <8
h. However, ras was not differentially expressed at
either the RNA or the protein level. p53 was
upregulated followed by p21cip/waf, then mdm2, and
cyclin G, all downstream p53-activated targets. RNA
transcription increased at >8 h for all genes except
p53, but protein levels did not suggest uncoupling of
transcription and translation. At 24 h, both p53 and
Rb expression returned to baseline, suggesting
collapse of DNA structure and spindle assembly
checkpoints characteristic of mitotic catastrophe.

a dose-dependent manner, Ref-1-activated
activator protein-1 DNA-binding activities as well
as Ref-1 endonuclease activities and rendered
melanoma cells more sensitive to dacarbazine
treatment.

In summary, resveratrol at <8 h induced 381
p53-mediated effects, including apoptosis and
cell-cycle arrest (G2/M). However, later, it induced
cell-cycle checkpoint dysfunction, indicative of

mitotic catastrophe. Thus, future studies should

better elucidate the temporal mechanism of the

dietary bioactive agent resveratrol on cancer cells.



of resveratrol on rat
adrenal
steroidogenesis and to
study the underlying
mechanism.

glands of normal male rats (in vitro) and from
male rats administered resveratrol in their diet for
12 weeks (ex vivo). Cells from resveratrol-treated
and nontreated rats were tested ex vivo for
responsiveness to ACTH, and cells from normal
rats were tested in vitro for responsiveness to
ACTH in the presence and absence of resveratrol.
Corticosterone and progesterone production were
measured by RIA and expression of steroidogenic
enzymes analyzed by PAGE/Western blotting.
Corticosterone production was inhibited 47% by
50 uM resveratrol in vitro and 20% ex vivo, while
progesterone production was elevated to 400% of
the control value in in vitro experiments.
Resveratrol treatment decreased adrenal
cytochrome P450 c21-hydroxylase expression in
vivo and cell culture conditions. No changes in
cell viability or morphology were caused by
exposure to resveratrol in both ex vivo and in vitro
experiments.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model ‘What was measured Effect Ref.

Investigated the effect of ~MB-49 murine bladder cancer cells were cultured in ~ These polyphenols exerted an effect on the 382
different polyphenols media supplemented with resveratrol, rutin, morin, proliferation and mediators of bladder tumor
on the proliferation quercetin, gallic acid, and tannic acid for periods invasiveness in MB-49 cells.
and invasive capacity of 24, 48, and 72 h to quantify the expression of
of MB-49 murine urokinase-type plasminogen activator (uPA) and
bladder tumor cell its receptor (UPAR) in the culture medium, as well
lines and to identify as of metalloproteinase-9 (MMP-9) and cell
the mediators proliferation. All the polyphenols studied
involved in this significantly inhibited proliferation of MB-49
process. cells, varying according to the time periods and

doses used. The cells in the media supplemented
with the nutrients to study did not show inhibition
of mRNA expression of urokinase-type
plasminogen activator (uPA) or its high affinity
receptor (uPAR). It was even slightly increased in
certain cases. However, mRNA expression of
metalloproteinase-9 was strongly inhibited.

Investigated effect of Exposure to the culture medium containing high These observations suggest that high salt culture 383
extracellular concentrations of NaCl reduced the number of conditions might suppress the proliferation of rat
environmental viable cells in a concentration-dependent manner C6 glioma cells as a consequence of arresting
stresses on glial cell without any significant change in their viability. In cell-cycle progression at S-phase, resulting
proliferation using the contrast, proliferation of these cells was not secondarily in the compensatory enhancement of
influence of high salt substantially altered by culturing them in egr-1 gene expression.
culture conditions on hyperosmotic medium containing either sucrose or
the growth of rat C6 glycerol, both of which were osmotically almost
glioma cells. equivalent to high salt culture medium. Expression

of the egr-1 gene was enhanced by culturing
glioma cells in high salt medium while the
reduction of glial fibrillary acidic protein content
was observed under the same culture conditions.
Further studies on the relationship between egr-1
gene expression and the cell cycle showed that
cell-cycle progression was arrested at S-phase by
culturing glioma cells in high salt medium.
Moreover, both resveratrol and CPT-11 elevated
egr-1 mRNA levels in glioma cells.

Investigated the effects Adrenocortical cells were isolated from the adrenal This study showed that resveratrol suppresses 384

corticosterone production by primary rat
adrenocortical cell cultures in vitro and ex vivo by
inhibiting cytochrome P450 c21-hydroxylase.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.

Investigated the effects of Resveratrol reduced, dose-dependently, the These results suggest that resveratrol or its 385

resveratrol on myeloma
and bone cells using
myeloma cell lines (RPMI
8226 and OPM-2).

Investigated the proapoptotic
activity of resveratrol in
human cancer cells, by
triggering the accumulation
of ceramide, a bioactive
sphingolipid.

Investigated the effect of
resveratrol on
hypoxia-induced HIF-1«
protein accumulation and
vascular endothelial growth
factor (VEGF) expression
in human tongue squamous
cell carcinomas and
hepatoma cells.

growth of RPMI 8226 and OPM-2 by cell
apoptosis. In cultures of human primary
monocytes, resveratrol inhibited,
dose-dependently, receptor activator of
nuclear factor-« B (NF-«B) ligand-induced
formation of tartrate-resistant acid
phosphatase (TRACP)-positive
multinucleated cells, TRACP activity in the
medium, upregulation of cathepsin K gene
expression, and bone resorption. These
inhibitions are associated with a
downregulation of RANK expression at both
mRNA and cell surface protein levels and a
decrease of NFATc1 stimulation and NF-«B
nuclear translocation, whereas the gene
expression of c-fms, CD14, and CD11a is
upregulated. Resveratrol promoted,
dose-dependently, the expression of
osteoblast markers like osteocalcin and
osteopontin in human bone marrow
mesenchymal stem cells (W SC-TERT) and
stimulated their response to 1,25(OH),
vitamin D3 [1,25(OH),Ds]. Moreover,
resveratrol upregulated, dose-dependently,
the expression of 1,25(OH), D3 nuclear
receptor.

The biological effects of seven methoxylated
and/or naphthalene-based resveratrol
analogues were studied and compared them
with resveratrol with the objective to identify
an analogue with higher ceramide-mediated
proapoptotic activity relative to resveratrol.

The studies showed that resveratrol
significantly inhibited both basal level and
hypoxia-induced HIF-1« protein
accumulation in cancer cells, but did not
affect HIF-1oo mRNA levels. Pretreatment of
cells with resveratrol significantly reduced
hypoxia-induced VEGF promoter activities
and VEGF expression at both mRNA and
protein levels. The mechanism of resveratrol
inhibition of hypoxia-induced HIF-1o
accumulation seemed to involve a gradually
shortened half-life of HIF-1« protein caused
by an enhanced protein degradation through
the 26S proteasome system. In addition,
resveratrol inhibited hypoxia-mediated
activation of extracellular signal-regulated
kinase 1/2 and Akt, leading to a marked
decrease in hypoxia-induced HIF-1« protein
accumulation and VEGF transcriptional
activation. It was observed that resveratrol
also significantly inhibited the
hypoxia-stimulated invasiveness of cancer
cells.

derivatives could be potential drugs for
treating multiple myeloma.

The compound with three hydroxyls and a 386
naphthalene ring were the most effective in
triggering apoptosis coupled to the induction
of endogenous ceramide in human cancer cells.

These data suggested that HIF-1o/VEGF could 387
be a promising drug target for resveratrol in the
development of an effective chemopreventive
and anticancer therapy in human cancers.



ascorbic acid, epigallocatechin
gallate, genistein, quercetin,
naringenin, and resveratrol to
modulate the activity of the
transcription factor nuclear
factor kB (NF-«B) using a
cell-based reporter system.
The cell lines used were HCT
116 (human colon carcinoma)
and HepG2 (human liver
carcinoma).

transfected with a NF-« B luciferase reporter
vector. The reporter cell lines were
preincubated with different concentrations
(0-50 uM) of ascorbic acid, epigallocatechin
gallate, genistein, quercetin, naringenin, and
resveratrol for varying periods of times
(1-12 h), after which the NF-«B inducer
tumor necrosis factor-o (TNF-«) was added
(4-8 ng/mL) for 4 h. Compound alone,
without TNF-«, did not alter luciferase
activity. Levels of TNF-a—induced NF-«B
activity varied depending on compound type
and concentration, whereas preincubation
time and cell type contributed less.
Significant changes in NF-« B activity were
detected for some of the compounds at more
physiological concentrations (1-10 uM).

NF-«B activity involves distinct mechanisms,
depending on compound type and
concentration. More generally, this approach
can be utilized for analyzing dietary
compounds for effects on specific cellular
factors over a range of concentrations and
incubation times, in combination, and in
different cell types.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.

Investigated lymphoblastic This study showed that pretreatment with CsA These data suggest targeting the MPTP sensitizes 388
leukemia (ALL) using or PK11195 significantly enhanced B- and T-cell ALL to the anticancer activity of
resveratrol and cyclosporin A resveratrol-mediated apoptosis and resveratrol, and may be particularly useful for
(CsA) and PK11195 which are mitochondrial membrane depolarization in the treatment of high-risk t(4;11) ALL.
modulators of the these cells, as measured by annexin V and
mitochondrial permeability JC-1 staining, respectively. No significant
transition pore (MPTP). The multidrug resistance efflux of the fluorescent
following cell lines were used: substrate calcein was observed in these ALL
SEM and RS4;11 lines with lines, indicating that CsA and PK11195 were
the t(4;11) translocation, the acting at the level of the mitochondria to
B-ALL line REH, and the enhance loss of mitochondrial membrane
T-ALL line Jurkat. potential and induction of apoptosis.

Investigated the effect of The results indicated that cell growth was This result suggests a potential importance of 389
resveratrol, quercetin, catechin decreased, with cells being arrested at the S wine ingestion and possibly the consumption
and epicatechin in the phase of the cycle. In addition, The study of other polyphenol-rich dietary foods and
hormone-sensitive human showed a bimodal modulation of the drinks in the control of breast cancer cell
cancer cell line T47D, at NO/NOS system, affecting its activity and growth.
concentrations compatible transcription. The research showed that
with their calculated plasma modulation of this system is sufficient to
concentrations after ingestion explain polyphenol action on this cell line.
of a moderate quantity of wine
(nM or pM).

Investigated genistein, daidzein, MCEF-7 cells were co-transfected with either This study showed that the transfection assay is 390
apigenin, coumestrol, equol, ERa or ERB, and an estrogen-response an excellent model to evaluate the activation of
naringenin, kaempferol, element was linked to a luciferase reporter ER« and ERp by different phytoestrogens in a
daidzein, and resveratrol for gene. Dose-dependent responses were breast cancer context and can be used as a
their ability to transactivate compared with the endogenous ligand screening bioassay tool to evaluate the
ER« or ERS at a range of 17B-estradiol. Purified genistein, daidzein, estrogenic activity of extracts of herbs and
doses using mammary apigenin, and coumestrol showed differential foods.
adenocarcinoma (MCF-7) and robust transactivation of ER«- and
cells. ERB-induced transcription, with an up to

100-fold stronger activation of ERS. Equol,
naringenin, and kaempferol were weaker
agonists. When activity was evaluated
against a background of 0.5 nM
17B-estradiol, the addition of genistein,
daidzein, and resveratrol superstimulated the
system, while kaempferol and quercetin were
antagonists at the highest doses.
Investigated the ability of HCT 116 and HepG2 cell lines were stably These data suggest that dietary modulation of 391

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect Ref.

Investigated the activity of
resveratrol on
proliferation and
differentiation of the
acute promyelocytic
leukemia cell line NB4.

Investigated the effect of
increasing
benzo(a)pyrene
concentrations on
COX-II expression,
prostaglandin (PGE?)
output, and invasion
using MDA-MB-231
cells, an invasive estrogen
unresponsive breast
cancer cell line.

Investigated the expression
of inflammatory cytokine
mRNAs during the
transformation process
induced by chronic As
exposure in
non-tumorigenic human
osteogenic sarcoma
(N-HOS) cells using gene
arrays, and results were
confirmed by RT-PCR
and protein arrays.

The growth inhibitory properties of resveratrol appeared to be
due to its induction of apoptotic cell death, as determined by
morphological changes, DNA fragmentation, increased
proportion of the subdiploid cell population and decreased
mitochondrial transmembrane potential (§y"). Colorimetric
assay for activity of caspase-3 showed an obvious increase in
caspase-3 activity in cells after treatment with resveratrol.
However, the expression levels of protein Bel-2 and Bax
show no significant change in response to resveratrol
treatment. These results suggest that apoptosis of NB4 cells
induced by resveratrol requires caspase-3 activation and is
related to the mitochondrial transmembrane potential. The
combination of resveratrol and all-trans-retinoic acid
(ATRA) induced 100% of the NB4 cells to become
NBT-positive, whereas only a small part of cells became
positive for NBT after a similar exposure to either resveratrol
or ATRA alone

Benzo(a)pyrene significantly increased invasion in
MDA-MB-231 cells at concentrations greater than 4 x 103
M. Treatment of MDA-MB-231 cells with Vomitoxin
enhanced invasion whereas co-treatment with attenuated
benzo(a)pyrene-induced invasion in MDA-MB-231 cells.
Immunohistochemical staining and Western blots
demonstrated a significant benzo(a )pyrene treatment-induced
increase in both the number of COX-II immunopositive
MDA-MB-231 cells and COX-II protein levels. Moreover,
benzo(a)pyrene treatment induced a profound (46-fold)
increase in PGE; production by MDA-MB-231 cells. The
aryl hydrocarbon receptor (AhR) antagonists resveratrol and
a-naphthaflavone («¢-NF) had no effect on their own, whereas
benzo(a)pyrene-induced invasion was significantly inhibited
by cotreatment with resveratrol and o-NF.

Cafteic acid phenethyl ester (CAPE), a naturally occurring
immunomodulating agent, was used to evaluate the role of
inflammatory factors in the process of As-mediated N-HOS
cell transformation and in As-transformed HOS (AsT-HOS)
cells. It was found that an 8-week continuous exposure of
N-HOS to 0.3 M arsenite resulted in HOS cell
transformation. That exposure also caused substantial
decreases in inflammatory cytokine mRNAs, such as
interleukin (IL) IL-1e, IL-2, IL-8, IL-18, MCP-1, TGF-82,
and TNF-«, while it increased c-jun mRNA in a
time-dependent manner. Co-incubation of N-HOS with As
and CAPE (0.5-2.5 uM) prevented As-mediated declines in
cytokine mRNAs in the cotreated cells, as well as their
transformation to anchorage independence, while it caused
decreases in c-jun mRNA. CAPE (up to 10 xM) had no
effect on growth of N-HOS cells. However, CAPE (1-10
uM) treatment of AsT-HOS cells inhibited cell growth,
induced cell cycle G2/M arrest, and triggered apoptosis,
accompanied by changes in cytokine gene expression, as well
as decreases in cyclin B1 and cdc2 abundance. Resveratrol
and (-) epigallocatechin gallate (EGCG) induced similar
changes in AsT-HOS cell growth but required much higher
doses than CAPE to cause 50% growth arrest (<2.5 uM
CAPE versus 25 uM RV or 50 uM EGCG).

This study showed that 392
resveratrol may be useful in
treating acute promyelocytic
leukemia.

These data demonstrate that 393
benzo(a)pyrene-induced
changes in invasion are
mediated through augmented
COX-II expression and
PGE, production involving
an AhR regulated pathway.
Moreover, these results
suggest a potential role for
the AhR signaling pathway
in breast cancer invasion.

The study suggests that 394
inflammatory cytokines play
an important role in the
suppressive effects of CAPE
on As-induced cell
transformation and in the
selective cytotoxicity of
CAPE to As-transformed
HOS cells.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect Ref.

Investigated the effect of
resveratrol on the
expression of genes and
proteins involved in the
extracellular matrix
remodeling associated
with tumor invasion in
human cultured
glioblastoma cells using
RT-PCR, Western blot
and SDS-zymography.

Investigated the modulation
of genes, Ras and p53, to
test the effect of
resveratrol on gene
expression, using WR-21
cell line because it
contains a mutated
human c-Ha-ras gene.

Investigated whether
resveratrol modulates
IGF-II (potent mitogen
and inhibitor of apoptosis
in breast cancer) in breast
cancer cells (MCF-7 and
T47D), regulation of
IGF-II by resveratrol is
dependent on the ER
status; IGF-1I mediates
resveratrol effects on
breast cancer cells.

Human cultured glioblastoma cells were treated

for 24, 48, and 72 h. Then, analyzed the
expression of matrix metalloproteinase-2
(MMP-2) and the Secreted Protein Acidic
and Rich in Cysteine (SPARC), involved in
the regulation of cell-matrix interactions.
The results showed a dose-related decrease
of MMP-2 mRNA and protein levels 72 h
after resveratrol treatment, and lower SPARC
gene and protein expression 72 h after
resveratrol treatment.

Cells at >70% confluency were incubated with

media alone or with increasing
concentrations of trans-resveratrol (0.1-1000
uM) for 24 h. Resveratrol (30-100 M)
decreased cellular proliferation by 80%
(bromodeoxyuridine incorporation) and
increased apoptosis by 60% (TUNEL). Cells
were then treated with media alone or with
50 uM resveratrol for 24 h. RNA was
isolated for nylon-based macroarray analyses
and protein for immunoblotting. Resveratrol
increased (4) and decreased (-) gene
expression associated with apoptosis
(Birc5+, Cash+, Mcl-14, Mdm2+,
Rpa-like+), cellular proliferation (Ctsd+,
Mdm2+, Egrl4, ODC+) and cell cycle
(cyclin D+, cyclin g+, Gadd45a-, Mad2l-,
Mdm2+). Resveratrol consistently increased
by >6-fold Mdm2 expression and other
downstream p53 effectors, but not p53 itself
at 24 h. Subsequent cell cycle analysis
indicated a significant accumulation of cells
in G2/M, and a decrease in G,/G suggesting
a G,/M blockade. Further RT-PCR and
Western blot analyses indicated no
differential changes in Ras mRNA expression
or p21"“* protein levels, respectively.

Treatment of MCF-7 and T47D cells with

resverarol (107¢ M) caused stimulation of
precursor IGF-II mRNA and protein; this
effect was blocked by coincubation with
17B-estradiol (10~° M). Cell growth
stimulated by resveratrol (10~¢ M) was
blocked by addition of a blocking IGF-I
receptor antibody, or the antiestrogen
tamoxifen (10~7 M). In contrast, resveratrol
treatment (10~* M) inhibited IGF-II
secretion and cell growth in MCF-7 and
T47D cells. No increase in IGF-II levels is
seen in estrogen receptor (-) MCF-10 cells,
even though cell growth was inhibited by
resveratrol 107 M and precursor IGF-II
blocked the inhibitory effect of resveratrol.
No change in IGF-I was observed with
resveratrol treatment (1076 to 10™* M).

Resveratrol may influence the two major factors 395
in the ECM remodeling occurring with tumor
invasion, suggesting it may have uses as a
therapeutic agent for brain tumors.

These results suggest that resveratrol potently 396
inhibits cellular proliferation, increases
apoptosis, alters cell cycle dynamics and
modulates associated gene expression.
Furthermore, these effects appear mediated,
in part, by p53 without direct modulation of
mutant c-Ha-ras expression.

The study demonstrates that resveratrol 397
regulates IGF-II and that IGF-II mediates
resveratrol effect on cell survival and growth
in breast cancer cells.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

of apigenin,
kaempferol and
resveratrol on the
synthesis of
interleukin-18
(IL-1B) and tumor
necrosis factor-o
(TNF-ct) at
transcriptional level in
lipopolysaccharide
(LPS)-stimulated
J774.2 macrophages.

Investigated how
resveratrol induces S
phase arrest via Tyr15
phosphorylation of
Cdc2 in human
ovarian carcinoma
Ovcar-3 cells.

significantly decreased the number of TNF-« mRNA copies in
LPS-activated J774.2 macrophages. Apigenin and kaempferol caused
inhibition of IL-18 gene expression in J774.2 macrophages, but
resveratrol was ineffective.

Overexpression of Cdc2AF, a mutant resistant to Thr14 and Tyr15

phosphorylation, ablated resveratrol-induced S phase arrest. The research
group observed that resveratrol causes phosphorylation of cell division
cycle 25C (Cdc25C) tyrosine phosphatase via the activation of checkpoint
kinases Chk1 and Chk2, which in turn were activated via ATM (ataxia
telangiectasia mutated)/ATR (ataxia telangiectasia-Rad3-related) kinase in
response to DNA damage, as resveratrol also increased phospho-H2A.X
(Ser139), which is known to be phosphorylated by ATM/ATR in response
to DNA damage. The involvement of these molecules in
resveratrol-induced S phase was also supported by the studies showing
that addition of ATM/ATR inhibitor caffeine reverses resveratrol-caused
activation of ATM/ATR-Chk1/2 as well as phosphorylation of Cdc25C,
Cdc2 and H2A X, and S phase arrest. In additional studies assessing
whether observed effects of resveratrol are specific to Ovcar-3 cells, the
group observed that it also induces S phase arrest and H2A.X (Ser139)
phosphorylation in other ovarian cancer cell lines PA-1 and SKOV-3, albeit
at different levels; whereas, resveratrol showed only marginal S phase
arrest in normal human foreskin fibroblasts with undetectable level of
phospho-H2A . X (Ser139).

Model ‘What was measured Effect Ref.
Investigated the effects  This study showed that resveratrol inhibited cell proliferation of RD cells in a These findings warrant further ~ 398
and possible dose-dependent manner with an ICsy of 48.1 umol/l and induce an arrest investigation to establish
mechanism(s) of in the S/G; phase of the cell cycle. As evident from immunocytochemical ~ potential use of resveratrol as a
action of resveratrol data, resveratrol treatment increased the size of the RD cells. Furthermore,  relatively nontoxic
on human embryonal resveratrol treatment resulted in a significant downregulation of cyclin B chemotherapeutic agent for the
rhabdomyosarcoma expression as demonstrated by Western blot analyses. This study shows treatment of
(RD) cells. that resveratrol exerts a strong inhibition of rhabdomyosarcoma cell rhabdomyosarcoma.
proliferation in part by arresting cells in S/G, phase of the cell cycle.
Investigated the effects Comparable inhibition of growth and colony formation resulted from These studies suggest induction 399
of resveratrol on the treatment by resveratrol in both cell lines. Flow cytometric analysis of NQO2 may relate to the
growth of weakly revealed that resveratrol-treated clone 1 cells had a dose-dependent observed increased expression
metastatic Line IV increase in S phase and a concomitant reduction in the G; phase. No of p53 that, in turn, contributes
clone 3 and on detectable change in cell cycle phase distribution was found in similarly to the observed suppression of
autologous, highly treated clone 3 cells. Western blots demonstrated a significant increase in cell growth in both melanoma
metastatic Line [V the expression of the tumor suppressor gene p53, without a commensurate  cell lines.
clone 1 cultured change in p21 and several other cell cycle regulatory proteins in both cell
melanoma cells. types. Chromatography of Line IV clone 3 and clone 1 cell extracts on
resveratrol affinity columns revealed that the basal expression of
dihydronicotinamide riboside quinone reductase 2 (NQO2) was higher in
Line IV clone 1 than clone 3 cells. Levels of NQO2 but not its structural
analog NQO1 were dose-dependently increased by resveratrol in both cell
lines.
Investigated the effects Apigenin (30 uM), kaempferol (30 M) and resveratrol (50 uM) These results indicate that 400

apigenin, kaempferol, and
resveratrol exert inhibitory
effects on the TNF-« and
except for of resveratrol on
IL-1 B gene expression in
J774.2 macrophages at the
transcriptional level. In
addition, these compounds
may be the mediators
responsible for protective role
of a diet high in fruits and
vegetables in the
cardiovascular and
inflammatory diseases.

These findings demonstrate that 401

resveratrol causes Cdc2-tyrl5
phosphorylation via
ATM/ATR-Chk1/2-Cdc25C
pathway as a central
mechanism for DNA damage
and S phase arrest selectively
in ovarian cancer cells, and
provide a rationale for the
potential efficacy of ATM/ATR
agonists in the prevention and
intervention of cancer.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.

Investigated resveratrol This study showed that resveratrol-Cu? system The results support the hypothesis that anticancer 402

using a cellular system of
lymphocytes isolated from
human peripheral blood
and Comet assay.

Investigated the roles of
CYPI1Al and 1B1 in
tobacco smoke
carcinogen, €.g.
benzo[a]pyrene, induced
DNA binding and their
inhibition by
5,7-dimethoxyflavone
(DMF), compared with
3/ 4'-dimethoxyflavone
(3',4-DMF) and
resveratrol using human
oral epithelial squamous
cell carcinoma (SCC)-9
cells.

Investigated how activating
transcription factor 3
(ATF3) mRNA and
protein expression are
up-regulated in HCT-116
human colorectal cancer
cells following treatment
with NSAIDs,
troglitazone, diallyl
disulfide, and resveratrol.

is capable of causing DNA degradation in
cells such as lymphocytes. Also,
trans-stilbene, which does not have any
hydroxyl groups, is inactive in the
lymphocyte system. Pre-incubation of
lymphocytes with resveratrol indicates that it
is capable of either traversing the cell
membrane or binding to it.

A low concentration of benzo[a]pyrene (1 uM)

dramatically induced benzo[a]pyrene-DNA
adduct formation (approximately 40-fold) in
a time-dependent manner, while it only
increased CYP1A1/1BI1 activities, as
measured by ethoxyresorufin O-deethylation,
approximately 3-fold. Furthermore,
benzo[a]pyrene induced both CYP1B1 and
CYP1A1 mRNA and protein expression, as
determined by the branched DNA assay and
Western blot analysis, but with considerably
higher levels of CYP1B1. Combined
treatment of SCC-9 cells with 1 uM
benzo[a]pyrene and 20 M DMEF inhibited
benzo[a]pyrene-DNA adduct formation. The
mechanism of this effect appeared to be
direct inhibition of CYP1B1 enzyme with a
K; value of 0.58 uM, a highly potent
inhibition considering the high cellular
uptake of DMF in the SCC-9 cells. DMF also
inhibited CYP1A1, but not CYP1B1 protein,
and mRNA expression in the cells. In an
extension to other polyphenols, the structural
analogue 3’,4’-DME, in contrast to DMF,
inhibited the expression of CYP1B1 both at
the mRNA and protein levels. Resveratrol
had no effect on CYP1BI in the SCC-9 cells.

Overexpressed full-length ATF3 protein in the

sense and antisense orientations.
Overexpression of ATF3 in the sense
orientation decreased focus formation in
vitro and reduced the size of mouse tumor
xenografts by 54% in vivo. Conversely,
overexpression of antisense ATF3 was
protumorigenic in vitro, however, not in vivo.
ATF3 in the sense orientation did not
modulate apoptosis, indicating another
mechanism is involved. With microarray
analysis, several genes relating to invasion
and metastasis were identified by ATF3
overexpression and were confirmed by
real-time reverse transcription-PCR, and
several of these genes were modulated by
sulindac sulfide, which inhibited invasion in
these cells. Furthermore, overexpression of
ATF3 inhibited invasion to a similar degree
as sulindac sulfide treatment, whereas
antisense ATF3 increased invasion.

properties of various plant derived polyphenols
may involve mobilization of endogenous copper
and the consequent prooxidant action.

Based on this study, CYP1B1 mRNA may be an 403
early biomarker of oral cancer, being a sensitive
signal for tobacco-carcinogen exposure.
Methoxylated dietary flavonoids, e.g., DMF and
3',4-DMF, may be potent chemoprotectants by
direct inhibition of CYP1B1/1A1 function and/or
their protein expression.

In conclusion, ATF3 represents a novel mechanism 404
in which NSAIDs exert their anti-invasive activity,
thereby linking ATF3 and its gene regulatory
activity to the biological activity of these
compounds.

(Continued on next page)
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Model

What was measured

Effect Ref.

Investigated the effects of

resveratrol and the
potential correlation of
CYPI1AL1 and CYPIBI
expression in human
medulloblastoma cells
(UW228-3).

Investigated the ability of
various compounds to
activate PXR-mediated
transcription using
HuH?7 cells following
transient transfection
with human PXR
(hPXR).

UW228-3 were treated with CYP1A1 selective
inhibitor («-naphthoflavone, «-NF), selective
CYP1A1/1A2 inducer (B-naphthoflavone, 8-NF),
and their combination with resveratrol, respectively.
The influences of those treatments on the
expressions of CYP1A1, 1A2 and 1B1 as well as the
cell growth, differentiation and death were analyzed.
It was found that neither «-NF nor B-NF had any
effect on cell growth. o-NF inhibited
resveratrol-induced CYP1A1 expression without
interfering cell differentiation and apoptosis. S-NF
could upregulate resveratrol-induced CYP1A1
expression but not enhance the anticancer effects of
resveratrol. CYP1A2 was undetectable in the cells
irrespective to the treatments. Aryl hydrocarbon
receptor (AhR) was absent in UW228-3 cells under
normal culture and treated with resveratrol but
induced by both «- and S-NFE. Immunohistochemical
examination performed on 11 pairs of human
medulloblastoma and noncancerous cerebellar
tissues revealed that AhR was undetectable in either
of them, whereas CYP1A1 was expressed in
cerebellum but downregulated or diminished in their
malignant counterparts.

The pregnane X receptor (PXR) mediates the induction
of enzymes involved in steroid metabolism and
xenobiotic detoxification. The receptor is expressed
in liver and intestinal tissues and is activated by a
wide range of compounds. The ability of a diverse
range of dietary compounds to activate
PXR-mediated transcription was assayed in HuH7
cells following transient transfection with human
PXR (hPXR). The compounds investigated included
phytochemicals such as lignans and phytoestrogens,
organochlorine dietary contaminants such as
polychlorinated biphenyls (PCBs) and triclosan and
selected steroid, drug and herbal compounds. The
hPXR activation at the top concentrations tested (10
uM) relative to the positive control 10 uM
rifampicin ranged from 1.3% (frans-resveratrol) to
152% (ICI 182780). Hydroxylated compounds were
marginally more potent than the parent compounds
(tamoxifen activation was 74.6% whereas 4
hydroxytamoxifen activation was 84.2%) or
significantly greater (vitamin D3 activation was
1.6%, while hydroxylated vitamin D5 activation was
55.6%). Enterolactone, the metabolite of common
dietary lignans, was a medium activator of PXR
(35.6%), compared to the lower activation of a
parent lignan, secoisolariciresinol (20%). Two
non-hydroxylated PCB congeners (PCB 118 and
153), which present a larger fraction of the PCB
contamination of fatty foods, activated hPXR by
26.6% and 17%, respectively. The pesticide
trans-nonachlor activation was 53.8%, while the
widely used bacteriocide triclosan was a medium
activator of hPXR at 46.2%.

These data suggest that CYP1A1 and 1B1 405
expression in human medulloblastoma cells
are AhR-independent and have no direct
links with resveratrol-induced differentiation
and apoptosis. Appearance of CYP1A1
expression may reflect a more maturated
status and a better prognosis of
medulloblastomas.

The responsiveness of PXR to activation by 406
lignan metabolites suggests that dietary
intake of these compounds may affect the
metabolism of drugs that are CYP3A
substrates. Additionally, the evidence that
organochlorine chemicals, particularly
triclosan, activate hPXR suggests that these
environmental chemicals may, in part,
exhibit their endocrine disruptor activities by
altering PXR-regulated steroid hormone
metabolism with potential adverse health
effects in exposed individuals.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.

Investigated the ability of =~ When tested in HL60 and HUT78, The data show that pterostilbene and particularly 407

pterostilbene and 3,5-
hydroxypterostilbene
(natural 3,5-dimethoxy
analogs of
trans-resveratrol and
piceatannol) in
inducing apoptosis in
sensitive and resistant
leukemia cells (HL60
and HUT7S),
Fas-ligand resistant
lymphoma cell lines
(HUT78BI and
HUT78B3), and the
multi drug-resistant
leukemia cell lines
(HL60-R and
K562-ADR, a
Ber-Abl-expressing cell
line resistant to imatinib
mesylate).

Compared the estrogen
agonist and antagonist
activity of eight
phytoestrogens
(genistein, daidzein,
equol, miroestrol,
deoxymiroestrol,
8-prenylnaringenin,
coumestrol and
resveratrol) in a range
of assays all based
within the same
receptor and cellular
context of the MCF7
human breast cancer
cell line.

3/-hydroxypterostilbene was 50-97 times more
potent than trans-resveratrol in inducing
apoptosis, while pterostilbene appeared barely
active. However, both compounds, but not
trans-resveratrol and piceatannol, were able to
induce apoptosis in HUT78B1, HUT78B3,
HL60-R and K562-ADR. Of note,
pterostilbene-induced apoptosis was not inhibited
by the pancaspase-inhibitor Z-VAD-fmk,
suggesting that this compound acts through a
caspase-independent pathway. On the contrary,
3’-hydroxypterostilbene seemed to trigger
apoptosis through the intrinsic apoptotic pathway:
indeed, it caused a marked disruption of the
mitochondrial membrane potential §v and its
apoptotic effects were inhibited by Z-VAD-fmk
and the caspase-9-inhibitor Z-LEHD-fmk.
Moreover, pterostilbene and
3’-hydroxypterostilbene, when used at
concentrations that elicit significant apoptotic
effects in tumor cell lines, did not show any
cytotoxicity in normal hemopoietic stem cells.

The relative binding of each phytoestrogen to

estrogen receptor (ER) of MCF7 cytosol was
calculated from the molar excess needed for 50%
inhibition of [*H]estradiol binding (ICs), and was
in the order coumestrol (35 )/8-prenylnaringenin
(45 x)/deoxymiroestrol (50 x )>miroestrol

(260 )>genistein (1000 x )>equol

(4000 )>daidzein (not achieved: 40% inhibition
at 10*-fold molar excess)>resveratrol (not
achieved: 10% inhibition at 10°-fold molar
excess). For cell-based assays, the rank order of
potency [estimated in terms of the concentration
needed to achieve a response equivalent to 50% of
that found with 178-estradiol (ICsg)] remained
very similar for all the assays whether measuring
ligand ability to induce a stably transfected
estrogen-responsive ERE-CAT reporter gene, cell
growth in terms of proliferation rate after 7 days or
cell growth in terms of saturation density after 14
days. The ICs( values for these three assays in
order were for 178-estradiol (1 x 1071'M, 1 x
10~''M, 2 x 10~'"M), and in rank order of
potency for the phytoestrogens, deoxymiroestrol
(1 x 1071°M, 3 x 1071'M, 2 x 107 "'"M)>
miroestrol (3 x 1071°M, 2 x 1071M, 8 x
10~1"M)>8-prenylnaringenin (I x 107°M, 3 x
10719M, 3 x 10~1°M)>coumestrol (3 x 1078M,
2 x 1078M, 3 x 10~8M) >genistein (4 x 1073M,
2 x 1073M, 1 x 10~¥M)/equol (1 x 107"M, 3 x
107%M, 2 x 1073M)>daidzein (3 x 107"M, 2 x
107M, 4 x 10~8M)>resveratrol (4 x 107°M, not
achieved, not achieved).

3’-hydroxypterostilbene are interesting
antitumor natural compounds that may be
useful in the treatment of resistant
hematological malignancies, including imatinib
nonresponsive neoplasms.

Despite using the same receptor context of the
MCF7 cells, this rank order differed from that
determined from receptor binding. The most
marked difference was for coumestrol and
8-prenylnaringenin which both displayed a
relatively potent ability to displace [*H]estradiol
from cytosolic ER compared with their much
lower activity in the cell-based assays. Albeit at
varying concentrations, seven of the eight
phytoestrogens (all except resveratrol) gave
similar maximal responses to that given by
17B-estradiol in cell-based assays, which makes
them full estrogen agonists. No evidence was
found for any estrogen antagonist action of any
of these phytoestrogens at concentrations of up
to 107°M on either reporter gene induction or
on stimulation of cell growth.

408

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

using human glioma
U251 cells to
understand the
molecular
mechanisms by which
resveratrol acts as an
anticancer agent, as
glioma is a
particularly difficult
cancer to treat and
eradicate.

time-dependent death of U251 cells, as measured
by lactate dehydrogenase release and
internucleosomal DNA fragmentation assays.
Resveratrol induced activation of caspase-3 and
increased the cleavage of the downstream caspase
substrate, poly(ADP-ribose) polymerase.
Resveratrol-induced DNA fragmentation can be
completely blocked by either a general caspase
inhibitor (Z-VAD-FMK) or a selective caspase-3
inhibitor (Z-DEVD-FMK), but not by a selective
caspase-1 inhibitor. Resveratrol induced
cytochrome c release from mitochondria to the
cytoplasm and activation of caspase-9. Resveratrol
also increased expression of proapoptotic Bax and
its translocation to the mitochondria. Resveratrol
inhibited U251 proliferation, as measured by MTS
assay [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-te
trazolium, inner salt], and induces Go/G; growth
arrest, as determined by flow cytometry. The
cyclin-dependent kinase inhibitor, olomoucine,
prevented cell cycle progression and
resveratrol-induced apoptosis.

pathways may underlie the apoptotic death of
U251 glioma induced by resveratrol, which
warrants further exploration as an anticancer agent
in human glioma.

Model What was measured Effect Ref.

Investigated the effects The study showed that there was no correlation The results indicate that the redox status of a given 409
of resveratrol on the between cell death induction by butyrate or cell type plays an important role in determining
steady-state free trichostatin A (TSA) and FR levels. Treatment whether resveratrol and other antioxidants
radical (FR) with resveratrol or N-acetyl-L-cysteine (NAC) of promote cell death or protect cells from it.
concentration and cells, in which the FR concentration was high,
mode of cell death resulted in an almost complete reduction of FR
induced by the levels. When, however, the cellular FR
histone deacetylase concentration was marginal, resveratrol caused a
inhibitors butyrate minor, and NAC a marked increase of FRs as well
and trichostatin A. as of the extent of cell death. Thus, resveratrol and

NAC acted as antioxidants only when the cellular
FR levels were high, and acted as pro-oxidants
when facing a low FR concentration. Because
resveratrol and the antioxidant NAC exhibited
analogous effects, it is concluded that the observed
actions of resveratrol are due to polyphenolic
redox reactions and not related to the stilbene
moiety of the molecule.

Investigated the When MCEF-7 cells were stimulated with resveratrol, ~ The data provide evidence that a mechanism for 410
hypothesis that quercetin or genistein, there was an increase in protective nature of phytoestrogens is partially
phytoestrogen PTEN protein levels. Concomitantly, through increased PTEN expression. More
exposure regulates phytoestrogen stimulation resulted in decreased importantly, it provides a novel target for the
PTEN protein Akt phosphorylation and an increase in p27 regulation of PTEN expression and suggests that
expression in the protein levels, indicating active PTEN lipid dietary changes may be adjunctive to traditional
breast cancer cell line, phosphatase activity. In contrast, it was found that preventive and therapeutic strategies against breast
MCF-7. MAPK phosphorylation and cyclin D1 levels, cancer.

which are regulated by PTEN’s protein
phosphatase activity, were not altered. Using
semiquantitative RT-PCR, the research group
found that mRNA levels were slightly increased in
cells stimulated by phytoestrogens, suggesting that
the mechanism for increased PTEN protein
expression is dependent upon transcription.
Investigated resveratrol The data show that resveratrol induces dose- and These results suggest that multiple signaling 411
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Model

What was measured

Effect Ref.

Investigated the
chemotactic response of
MDA-MB-231 metastatic
human breast cancer cells
to resveratrol, estradiol
(E2), or epidermal growth
factor (EGF) since cancer
cell invasion is dependent
on cell migration.

Investigated agents that
could have antimicrobial
activity against
Helicobacter pylori.

Investigated cell
proliferation stimulatory
activity against the
MCF-7 and T-47D human
breast cancer cell lines
using various isolates.

Resveratrol decreased while E2 and EGF increased
directed cell migration. Resveratrol may inhibit cell
migration by altering the cytoskeleton. Resveratrol
induced a rapid global array of filopodia and
decreased focal adhesions and focal adhesion kinase
(FAK) activity. E2 or EGF treatment did not affect
filopodia extension but increased lamellipodia and
associated focal adhesions that are integral for cell
migration. Combined resveratrol and E2 treatment
resulted in a filopodia and focal adhesion response
similar to resveratrol alone. Combined resveratrol and
EGF resulted in a lamellipodia and focal adhesion
response similar to EGF alone. E2 and to a lesser
extent resveratrol increased EGFR activity. The
cytoskeletal changes and EGFR activity in response to
E2 were blocked by EGFR1 inhibitor indicating that
E2 may increase cell migration via cross-talk with
EGFR signaling.

H. pylori American Type Culture Collection (ATCC)
strain 49503 (a toxin-producing strain known to be
associated with gastric cancer) was grown, a cell
suspension prepared in 2 mL PBS and diluted 10-fold.
One hundred pL of this cell suspension was added to
vitamin C 0.5%, vitamin E 0.5%, garcinol 100
wng/mL, Protykin (containing 50% trans-resveratrol)
100 pg/mL and garcinol + Protykin 100 pg/mL in
Lennox broth, and incubated for 16 h under
microaerophilic conditions. Three replicates of 10 uL
from each 107 dilution tube were plated, colonies
were counted after 16 h, and growth of H. pylori was
confirmed by the CLO test. These colony counts were
compared to control cultures without the addition of
any antioxidants. The experiments were then repeated
with the addition of 15 pg/mL of clarithromycin to
experimental and control samples. Enhanced killing
of H. pylori by 37.6% was noted when vitamin C was
added, which increased to 66% when clarithromycin
was added, compared to controls (p < 0.05). With
garcinol and Protykin alone there was 91.4 and 87%
killing of H. pylori, respectively, while a combination
of garcinol + Protykin resulted in 90.8% killing
compared to controls (p < 0.05). When clarithromycin
was added, there was 76.3% increased killing with
garcinol alone, 55.3% with Protykin alone, and 73.7%
with garcinol + Protykin compared to controls
(containing clarithromycin) (p < 0.05). Vitamin E had
no effect on H. pylori growth compared to controls.

From the rhizomes of Belamcanda chinensis, three new
compounds, belalloside A (1), belalloside B (2), and
belamphenone (3), along with 13 known compounds,
resveratrol (4), iriflophenone (5), irisflorentin (6),
tectorigenin (7), irilin D (8), tectoridin (9), iristectorin
A (10), iristectorin B (11), hispiduloside, androsin,
irigenin, iridin, and jaceoside, have been isolated and
characterized. Along with 4, 5,7, and 9, 3 was shown
to stimulate not only MCF-7 but also T-47D human
breast cancer cell proliferation.

These data suggest a promotional role for E2 412
in breast cancer cell migration but an
antiestrogenic, preventative role for

resveratrol.

This study shows that some antioxidants 413
such as vitamin C, garcinol and Protykin,
but not vitamin E, may have potential as

antimicrobial agents against H. pylori.

Various compounds were shown to stimulate 414
MCF-7 but also T-47D human breast

cancer cell proliferation.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

of resveratrol to
overcome the resistance
of tumor cells against
TRAIL.

through G cell cycle arrest and survivin depletion,
resveratrol failed to sensitise cells with high
expression levels of Bel-2 or FADD-DN.
Interestingly, overexpression of Bel-2 or FADD-DN
did not interfere with resveratrol-mediated cell cycle
arrest or survivin depletion, but blocked release of
cytochrome ¢ and Smac from mitochondria into the
cytosol, enhanced caspase activation and apoptosis
upon combined treatment with resveratrol and
TRAIL indicating that overexpression of Bcl-2 or
FADD-DN decoupled the effect of resveratrol on the
cell cycle and apoptosis. Similarly, cell cycle arrest
at G; using the cell cycle specific inhibitor
mimosine or downregulation of survivin expression
by antisense oligonucleotides failed to enhance
TRAIL-induced apoptosis in Bcl-2- or
FADD-DN-transfected cells. Likewise, inhibition of
caspase activity using the broad range caspase
inhibitor zZVAD.fmk did not interfere with
resveratrol-mediated cell cycle arrest and survivin
depletion, while blocking apoptosis upon combined
treatment with resveratrol and TRAIL.

sensitiser for TRAIL in certain tumors.
However, it may be ineffective in others,
e.g., in tumors with enhanced Bcl-2
expression or defective death receptor
signalling.

Model What was measured Effect Ref.
Investigated a series of To assess and distinguish the cytotoxic effect of The results showed that both natural and 415
synthetic (nonylphenol, individual estrogens, used both the MTT tetrazolium synthetic estrogens decreased the
diethylstilbestrol, and spectrophotometric method and the fluorescence viability and proliferation of A549 lung
bisphenol A) and assay, while the induction of the cell specific cancer cells in a dose-dependent manner
natural (quercetin, apoptotic process was examined by fluorescence but at different sensitivities. Nonylphenol
resveratrol, and microscopy after treatment of cells with SYTO 24 appeared very different as compared to
genistein) phenolic green fluorescent dye. A systematic study of the other estrogens, acting by inducing
estrogens for their interferences for both fluorescence and MTT the higher inactivation rate of the cells
ability to affect the methods was shown. within a very short time. The cytotoxic
viability and effect of the estrogens was directly
proliferation of A549 related to their structural and
lung cancer cells. conformational characteristics including
chain length, number, and position of
hydroxyl groups and degree of saturation.
Investigated the Spotted DNA microarrays containing over 42,000 The study showed that resveratrol produces 416
mechanisms of action elements were used to obtain a global view of the gene expression changes in the androgen
of resveratrol in human effects of resveratrol on gene expression. axis and cell cycle regulators that may
prostate cancer using Prostate-specific antigen (PSA) and androgen underlie its putative anticancer activities
DNA microarray receptor (AR) expression were determined by in prostate cancer.
analysis of the temporal Northern blot and immunoblot analyses. Cell
transcriptional program proliferation was determined by the 3-(4,
induced by treatment of 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium
the human prostate bromide assay and cell cycle analysis by flow
cancer cell line LNCaP cytometry. It was observed that time-dependent
with resveratrol. expression changes in > 1600 transcripts as early as
6 h after treatment with resveratrol. Most striking
was the modulation of a number of important genes
in the androgen pathway including PSA and AR.
Resveratrol also down-regulated expression of cell
cycle and proliferation-specific genes involved in all
phases of the cell cycle, induced negative regulators
of proliferation, caused accumulation of cells at the
sub-G; and S phases of the cell cycle, and inhibited
cell proliferation in a time- and dose-dependent
manner.
Investigated the potential While resveratrol enhanced TRAIL-induced apoptosis The study shows that resveratrol is a potent 417



which resveratrol and its in
vivo metabolite(s) suppress
the invasion, estimated
intracellular peroxide level
and expression of hepatocyte
growth factor (HGF), a
known cell motility factor, in
AH109A cells.

promoted the intracellular peroxide level and the
expression of HGF. Resveratrol and resveratrol-loaded
rat sera canceled the rise in the peroxide level and
HGF expression in ROS-stimulated tumor cells.
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Model What was measured Effect Ref.

Investigated to identify Tensin induction by resveratrol is associated with These data suggest induction of tensin by 418
resveratrol target genes in the increased K562 cell adhesion to fibronectin, cell resveratrol contributes to the
human erythroleukemic spreading and actin polymerization. The same chemopreventive and anti-invasive
K562 cell line, to show that responses were observed in the tensin-deficient MCF7 activity of this natural dietary
the tensin gene and protein human breast cancer cell line. In K562 and MCF7 compound in tensin-negative and
levels are remarkably cells treated by resveratrol, tensin was found in -deficient leukemic cells or epithelioid
induced by resveratrol. punctate and intracytoplasmic areas. In MCF7 cancers.

Tensin, a cell-matrix epithelial cells, induction of tensin is not exclusively

adhesion protein binding the associated with plasma membrane-bound vinculin,

integrins and cytoskeletal suggesting a dual localization of tensin in both focal

actin filaments, also interacts and fibrillar adhesions. Pharmacological blockade of

with PI3-kinase and JNK PI3-kinase and Rho GTPases/Rho-kinase resulted in

signaling pathways. selective depletion of focal adhesions, disorganization
of tensin localization and disruption of stress fibers.
Resveratrol increased cell motility and attachment to
fibronectin in MCF7 cells submitted to mechanical
laminar flow stress, and abrogated estrogen-induced
MCF7 cancer cell invasion.

Investigated the biochemical Incorporation of *C-labeled cytidine into the DNA of In growth inhibition, apoptosis, and 419
effects of resveratrol on the resveratrol-treated HL-60 cells was measured. clonogenic assays, resveratrol acted
concentration of Concentration of dNTPs was determined by a HPLC synergistically with both Ara-C and
deoxyribonucleoside method. Cytotoxic effects of resveratrol, Ara-C, and tiazofurin in HL-60 cells. The study
triphosphates (ANTPs), the tiazofurin were analyzed using growth inhibition and showed that resveratrol could become a
products of ribonucleotide clonogenic assays. Induction of apoptosis was studied viable candidate as one compound in
reductase (RR), and on the using a Hoechst/propidium iodide staining method. the combination chemotherapy of
incorporation of '*C-labeled The study showed that resveratrol effectively inhibited leukemia and therefore deserves further
cytidine into the DNA of incorporation of “C-labeled cytidine into DNA. testing.

HL-60 human promyelocytic Furthermore, incubation of HL-60 cells with

leukemia cells. resveratrol significantly decreased intracellular dCTP,
dTTP, dATP, and dGTP concentrations. Based on
these results, the research group investigated the
combination effects of resveratrol with Ara-C or
tiazofurin, both antimetabolites, which are known to
exhibit synergistic effects in combination with other
inhibitors of RR.

Analyzed signaling Apoptotic death by resveratrol in MCF-7 was mediated ~ These data suggest that 420
downstream of by Bcl-2 downregulation as overexpression of this resveratrol-induced apoptosis in MCF-7
phosphoinositide 3-kinase protein abolished apoptosis. Decreased Bcl-2 levels could involve an oxidative,

(PI3K) pathway to were not related to cytochrome c release, activation of caspase-independent mechanism,
understand the mechanisms caspases 3/8 or poly(ADP-ribose) polymerase whereby inhibition of PI3K signaling
of resveratrol-induced proteolysis. However, resveratrol decreased converges to Bcl-2 through NF-«B and
apoptosis in MCF-7 cells. mitochondrial membrane potential and increased calpain protease activity. Therefore,
reactive oxygen species and nitric oxide production. Bcl-2 and NF-«B could be considered
NF-«B, a regulator of Bcl-2 expression, and calpain potential targets for the
protease activity, a regulator of NF-x B, were both chemopreventive activity of resveratrol
inhibited by resveratrol. The patterns for NF-xB and in estrogen-responsive tumor cells.
calpain activities followed that of PI3K and were
inhibited by LY294002. NF-« B inhibition coincided
with diminished MMP-9 activity and cell migration.
Investigated mechanisms by Exogenously added reactive oxygen species (ROS) These results suggest an involvement of 421

the antioxidative property of resveratrol
and sera from rats orally given
resveratrol in their suppressive effects
on ROS-potentiated invasion of
AH109A cells.

(Continued on next page)
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Model What was measured Effect Ref.

Investigated the interactions of ~Alterations in cell cycle kinetics, proliferation, and apoptosis Results indicate that the anticarcinogenic =~ 422

ellagic acid and quercetin (caspase-3 activity) were examined after incubation with potential of foods containing

with resveratrol, with the ellagic acid, quercetin, and resveratrol as single compounds ~ polyphenols may not be based on the
hypothesis that the selected and in combination. Results showed a more than additive effects of individual compounds, but
polyphenols would interact interaction for the combination of ellagic acid with may involve a synergistic enhancement
synergistically in the resveratrol and furthermore, significant alterations in cell of the anticancer effects.

induction of apoptosis and cycle kinetics induced by single compounds and

reduction of cell growth in combinations were observed. An isobolographic analysis

human leukemia cells was performed to assess the apparent synergistic interaction

(MOLT-4). for the combinations of ellagic acid with resveratrol and

quercetin with resveratrol in the induction of caspase 3
activity, confirming a synergistic interaction with a
combination index of 0.64 for the combination of ellagic
acid and resveratrol and 0.68 for quercetin and resveratrol.

Investigated whether The 13C repressed cell proliferation and induced NAG-1 The results suggest that I3C represses cell 423
indole-3-carbinol (I3C) and expression in a concentration-dependent manner. In proliferation through upregulation of
3,3’-diindolylmethane (DIM)  addition, DIM increased the expression of NAG-1 as well NAG-1 and that ATF3 may play a
influence nonsteroidal as activating transcription factor 3 (ATF3), and the pivotal role in DIM-induced NAG-1
anti-inflammatory induction of ATF3 was earlier than that of NAG-1. The expression in human colorectal cancer
drug-activated gene-1 DIM treatment increased luciferase activity of NAG-1 in cells. Furthermore, the mixture of I3C
(NAG-1) expression and to HCT-116 cells transfected with NAG-1 promoter construct. ~ with resveratrol enhances NAG-1
provide the potential expression, suggesting the synergistic
molecular mechanism of effect of these two unrelated
their effects on compounds on NAG-1 expression.
anti-tumorigenesis.

Evaluated the antiapoptotic We determined the mitotic index of cultures exposed to The resveratrol-induced S-phase block 424
effect of resveratrol, studying  resveratrol and paclitaxel alone or in combination, the cell prevents SH-SYS5Y from entering into
its activity on cell cycle cycle distribution by flow cytometric analysis (FACS), and mitosis, the phase of the cell cycle in
progression using the modulation of some relevant cell cycle regulatory which paclitaxel exerts its activity,
paclitaxel-treated human proteins. Resveratrol is able to induce S-phase cell arrest explaining the antiapoptotic effect of
neuroblastoma (HN) and this interference with the cell cycle is associated with resveratrol.

SH-SYS5Y cell line. an increase of cyclin E and cyclin A, a downregulation of
cyclin D1, and no alteration in cyclin B1 and cdk 1
activation.

Investigated a resveratrol The study reported that 3,4,5,4'-tetramethoxystilbene The specific activation of the 425
derivative (MR-4), converted from R-4, was more potent against mitochondria-mediated apoptotic
3,4,5,4 -tetrahydroxystilbene cancer cell lines (WI38VA, IMR-90SV, HeLa, LNCaP, pathway could be a major reason for the
(R-4) to show that it exhibits HT-29, and HepG2), but had almost no inhibitory effect on striking differential growth inhibitory
potent growth inhibitory the growth of normal cells (WI38, IMR-90, BJ-T) at the effect of MR-4.
effect against transformed concentrations tested. The ICsy value of MR-4 on the
human cells. growth inhibition of transformed WI38VA human cells was

0.5 1M, as compared to the value of greater than 50 uM
for the normal WI38 cells. Resveratrol, however, did not
exhibit such clear differential effect and the ICso value of
R-3 for WI38VA cells was about 50 M. The growth
inhibitory effect of MR-4 correlated with the induction of
apoptosis in the transformed cells. When normal WI38
cells and transformed WI38VA cells were compared, MR-4
induced increases of the Bax/Bcl-2 mRNA ratio, p53 and
Bax protein level, activation of caspases, and DNA
fragmentation in transformed, but not in normal cells.
Further analysis revealed that MR-4 caused a rapid
appearance of perinuclear aggregation of mitochondria in
WI38VA but not in WI38 cells, suggesting that the
mitochondria could serve as an early target of MR-4. R-3
also induced apoptosis and mitochondrial clustering but
only at a much higher concentration, close to 500 M.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)
Model What was measured Effect Ref.
Subjected resveratrol (1) to  CAL biocatalyzed regioselective alcoholysis of The study showed the marked activity =~ 426
regioselective acetylation 3,5,4 -triacetylresveratrol (3), 3,5,4'-tributanoylresveratrol (6), of methyl ethers 12, 13, and 18 in
catalysed by Candida and 3, 4, 5'-trioctanoylresveratrol (9) afforded derivatives 4, 5, comparison with that of the
antarctica lipase (CAL) 7, 8, 10, and 11. Further resveratrol analogues (12—18) were corresponding esters suggests that
to obtain obtained through methylation and hydrogenation reactions, the different chemical reactivity,
4’-acetylresveratrol (2). whereas the 3,4,4'-trimethoxystilbene (19) was obtained by rather than steric factors, strongly
complete synthesis. Resveratrol and its lipophylic analogues influences the activity.
were subjected to cell-growth inhibition bioassays toward
DU-145 human prostate cancer cells. Compounds 2—19 showed
cell-growth inhibition activity comparable to or higher than
resveratrol (Glsyp =24.09 uM), displaying low or very low
toxicity against non-tumorigenic human fibroblast cells.
Comparison of the trimethoxy stilbenes 12 (Glsy =2.92 uM)
and 19 (Glsg =25.39 uM) indicates that the position of the
substituents is important for the activity.
Investigated molecular In transient transfection assays, luciferase reporter constructs These studies demonstrate 427

characterization of the
promoter region upstream
of exon 1¢ in the human
vitamin D receptor
(VDR) gene.

Investigated some possible
mechanisms by which
resveratrol and
B-sitosterol inhibit the
growth of human prostate
cancer PC-3 cells. These
mechanisms include the
effect of the
phytochemicals on
apoptosis, cell cycle
progression,
prostaglandin synthesis,
and the production of
reactive oxygen species
(ROS).

containing -800 to +31 of the VDR gene exhibit basal promoter
activity in T47D breast cancer cells, which is enhanced by
1,25-dihydroxyvitamin D3, estrogen, and the phytoestrogen
resveratrol. Deletion constructs and site-directed mutagenesis
were used to map three distinct GC-rich Sp1 consensus sites
that independently mediate the effects of estrogen, resveratrol,
and 1,25-dihydroxyvitamin D3 on VDR promoter activity.
Upregulation of the VDR promoter by 1,25-dihydroxyvitamin
D; was mapped to an Sp1 site 26 1bp upstream of exon lc,
estrogen responsiveness to a proximal Spl site beginning at 50,
and resveratrol regulation to a distal Sp1 site beginning at 381.
Studies with estrogen receptor (ER) subtype specific ligands
suggest that the effect of estrogen on VDR promoter is
dependent on both ER« and ERB, whereas the effect of
resveratrol is dependent only on ERw.

Prostaglandins have been known to play a role in regulating cell
growth and apoptosis. PC-3 cells were supplemented with 50
UM resveratrol or 16 uM B-sitosterol alone or in combination
for up to 5 days. Phytochemical supplementation resulted in
inhibition in cell growth. 8-Sitosterol was more potent than
resveratrol, and the combination of the two resulted in greater
inhibition than supplementation with either alone. Long-term
supplementation with resveratrol or B-sitosterol elevated basal
prostaglandin release but S-sitosterol was much more potent
than resveratrol in this regard. 8-Sitosterol was more effective
than resveratrol in inducing apoptosis, and the combination had
an intermediate effect after 1 day of supplementation. Cells
supplemented with resveratrol were arrested at the G, phase and
at the G,/M phase in the case of S-sitosterol while the
combination resulted in cell arrest at the two phases of the cell
cycle. B-Sitosterol increased ROS production while resveratrol
decreased ROS production. The combination of the two
phytochemicals resulted in an intermediate level of ROS. The
observed changes in prostaglandin levels and ROS production
by these two phytochemicals may suggest their mediation in the
growth inhibition. The reduction in ROS level and increase by
resveratrol supplementation in PC-3 cells reflects the
antioxidant properties of resveratrol.

transcriptional regulation of the
exon 1c VDR promoter in breast
cancer cells, and identify three
distinct GC-rich, Sp1 consensus
sites that differentially confer
responsiveness to estrogen,
resveratrol and
1,25-dihydroxyvitamin Dj3.

induce the inhibition of tumor
growth by stimulating apoptosis and
arresting cells at different locations
in the cell cycle and the mechanism
may involve alterations in ROS and
prostaglandin production.

The study shows phytochemicals may 428

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured

Effect Ref.

Investigated the effect of
epigallocatechin-gallate
(EGCGQG), resveratrol and
curcuma on cell
proliferation and
radiation-induced
apoptosis in the human
leukaemic cell line,
EOL-1, derived from a
patient with eosinophilic
leukemia.

Investigated the effect of
resveratrol on
angiogenesis in vitro and
ex vivo.

Investigated the feasibility
of using cultured
rainbow trout CRL-2301
liver cells as a model for
benzo[a]pyrene
(BaP)-induced
carcinogenesis and its
prevention by dietary
phytochemicals.

Cells were X-irradiated with 0, 2, 4, 6, or 8 Gy and cultured

in the presence of EGCG, resveratrol, or curcuma
(concentrations ranging from 0 to 200 uM) for 1, 2, or 3
days of culture. Cell proliferation was measured using
trypan blue exclusion. Apoptosis was evaluated using
light microscopy (morphology study after May-Grunwald
Giemsa staining) and flow cytometry (annexin-V
staining). [rradiation alone induced a dose-related
reduction in cell proliferation and the appearance of
polyploid cells in EOL-1 cells. Additionally, EOL-1 cells
underwent a dose-related increase of apoptosis which,
from the second day on, was accompanied by a
dose-related increase of necrosis. When cells were
exposed to EGCG, resveratrol or curcuma alone, a
decrease in cell proliferation was observed, beginning
from 25 uM EGCG and 50 uM resveratrol and curcuma,
while an increase in the percentage of apoptotic cells was
noted from 50 uM EGCG, 100 uM resveratrol and
curcuma in EOL-1 cells, after only one day of culture.
Simultaneous exposure to X-irradiation and, EGCG,
resveratrol or curcuma resulted in a synergistic decrease
of cell proliferation as well as in a synergistic increase of
apoptosis and necrosis.

This research group found that resveratrol directly inhibited

human umbilical vein endothelial cell growth and
decreased the gelatinolytic activities of matrix
metalloproteinase-2. Resveratrol directly inhibited human
umbilical vein endothelial cell growth and decreased the
gelatinolytic activities of matrix metalloproteinase-2.
Tube formation was inhibited by treatment with
resveratrol after plating endothelial cells on Matrigel.
Resveratrol treatment also inhibited endothelial cell
attachment to basement membrane components
fibronectin and laminin, and displays similar behavior on
cell chemotaxis. In addition, resveratrol has been found
to be an angiogenesis inhibitor in the rat aorta matrix
culture model.

Treatment with 1 nM BaP resulted in extensive

time-dependent covalent binding to cellular DNA and
marked cytochrome P450 (CYP) 1A induction, for both
about a 20-fold increase, which is similar to what has
been observed in cultured human cells. A surprisingly
high expression of epoxide hydrolase (EH) activity in
these cells likely contributed substantially to the
bioactivation of BaP. Two methoxylated flavones and the
stilbene resveratrol were effective inhibitors of both the
BaP-DNA binding and CYP 1A induction, in particular
5,7-dimethoxyflavone (5,7-DMF), supporting a role for
these dietary compounds as cancer chemopreventive
agents. Unlike in human liver or bronchial cells, the main
mechanism of inhibition of BaP-induced CYP 1A
activity in trout liver cells appears to be direct
competition at the protein level. Different cellular
responses in any particular model used can be expected
and the effect of cell context on the biological responses
to xenobiotics, including carcinogens as well as
polyphenols, must be considered.

These results suggest that, depending on 429

the concentration, EGCG, resveratrol
and curcuma enhance radiation-induced
apoptosis in the leukaemic cell line,
EOL-1 (EGCG >resveratrol
>curcuma).

The study shows inhibition of 430

angiogenesis associated with cancer
may be a novel mechanism for the
anticancer activity of resveratrol.

Trout CRL-2301 cell sensitivity to BaP 431

treatment is a clear advantage when
contemplating a model system for
studies of PAH-induced carcinogenesis
and cancer chemoprevention. However,
extrapolation to human organs should
be done cautiously.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model

What was measured

Effect Ref.

Examined whether or not
resveratrol can
sensitize DU145, an
androgen-independent
human prostate cancer
cell line, to ionizing
radiation.

Investigated the
molecular mechanism
of resveratrol and its
effect on cell growth,
morphology and gene
expression in estrogen
receptor-negative
MDA-MB-231 human
breast cancer cell line.

Investigated the effects
of rhapontin on
proliferation and DNA
of human stomach
cancer KATO III cells.

Investigated the
anti-invasive
mechanism of
resveratrol in human
breast cancer cells
(MCF-7).

DU145 cells are resistant to ionizing radiation-induced cell

death, but pretreatment with resveratrol significantly
enhanced cell death. Resveratrol acted synergistically with
ionizing radiation to inhibit cell survival in vitro.
Resveratrol also potentiated ionizing radiation-induced
ceramide accumulation, by promoting its de novo
biosynthesis.

The study showed that resveratrol-induced growth inhibition

in the estrogen receptor negative MDA-MB-231 breast
cancer cells is due to the induction of apoptosis as
demonstrated by morphological, nuclear staining and
PARP cleavage analysis. Resveratrol-induced growth
inhibition was associated with transient activation of
p44/42 mitogen-activated protein kinase (MAPK)
(Thr202/Tyr204). Most importantly, resveratrol inhibited
both the phosphorylation at Ser240/244 and the expression
of the pS6 ribosomal protein. This protein is known to play
an important role in the translation of mRNAs that have
oligopyrimidine tracts in their 5" untranslated regions.
Interestingly, only MAPK inhibitor was able to block
resveratrol-induced growth inhibition suggesting that
effects of resveratrol on cell growth are dependent on
MAPK signaling.

Growth inhibition and induction of apoptosis by rhapontin

were observed in the KATO III cells. Morphological
change showing apoptotic bodies was observed in the
KATO III cells treated with rhapontin. The fragmentation
of DNA by rhapontin to oligonucleosomal-sized fragments
that is a characteristic of apoptosis was observed to be
concentration- and time-dependent in the KATO III cells.
N-Acetyl-L-cysteine suppressed the DNA fragmentation
caused by rhapontin. On the other hand, it was found that
resveratrol having stilbene moiety as well as rhapontin
induced apoptosis in the KATO III cells. It is considered
that stilbene moiety in the molecule is essential for the
induction of apoptosis.

Human breast cancer MCF-7 cells were exposed to

resveratrol (2, 5, and 10 uM). The expression activity of
matrix metalloproteinase (MMP)-9 was measured by
zymogram analysis. Phosphorylated levels of HER-2 and
mitogen-activated protein kinase (MAPK)/ERK were
measured by Western blot analysis. The growth factor
heregulin-81 (HRG-81) induced the phosphorylation of
HER-2/neu receptor and MMP-9 expression in MCF-7
cells. Resveratrol significantly inhibited
HRG-B1-mediated MMP-9 expression in human breast
cancer cells. MEK inhibitor induced a marked reduction in
MMP-9 expression, and it suggested that ERK1/2 cascade
could play an important role in HRG-81-mediated MMP-9
expression. Furthermore, resveratrol significantly
suppressed HRG-f1-mediated phosphorylation of ERK1/2
and invasion of breast cancer cells. However, resveratrol
had negligible effects on either HRG-81-mediated
phosphorylation of HER-2 receptor or expression of the
tissue inhibitor of MMP, tissue inhibitor metalloproteinase
protein 1.

This study showed that ceramide as an 432

effective mediator of the anticancer
potential induced by resveratrol.

The data demonstrated that 433

resveratrol-induced apoptosis is
associated with MAPK signaling and
with the inhibition of proteins that are
involved in protein translation. This is
the first data linking resveratrol with
downregulation of protein translation
via p44/42 MAPK and S6 ribosomal
protein. The study group will use these
proteins as predictive biomarkers to
evaluate the treatment efficacy of
resveratrol in estrogen
receptor-negative human breast cancer.

The data showed that the suppression of 434

KATO III cell-growth by rhapontin
results from the induction of apoptosis
by the compound, and that active
oxygen is involved in the induction of
apoptosis caused by rhapontin in the
KATO III cells.

The results suggest that resveratrol 435

inhibited MMP-9 expression in human
breast cancer cells. The inhibitory
effects of resveratrol on MMP-9
expression and invasion of breast
cancer cells are, in part, associated with
the down-regulation of the MAPK/ERK
signaling pathway.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.
Investigated the Resveratrol inhibited cell viability and colony formation, The combination of resveratrol and TRAIL 436
molecular and induced apoptosis in prostate cancer cells. enhanced mitochondrial dysfunctions

mechanisms of
resveratrol and its
interactive effects
with TRAIL on
apoptosis in prostate
cancer PC-3 and
DU-145 cells.

Investigated several
lines of evidence
suggesting that the
induction of ceramide
synthesis is involved
with resveratrol
inhibiting cell growth
of colon carcinoma
cells at least in part by
inhibition of
protooncogene
ornithine
decarboxylase
(ODCQ).

Investigated the ability
of resveratrol to
induce senescence in
cancer cells and as a
means to halt tumor
progression.

Resveratrol downregulated the expression of Bcl-2,
Bcl-X(L) and survivin and upregulated the expression of
Bax, Bak, PUMA, Noxa, and Bim, and death receptors
(TRAIL-R1/DR4 and TRAIL-R2/DRS). Treatment of
prostate cancer cells with resveratrol resulted in
generation of reactive oxygen species (ROS),
translocation of Bax to mitochondria and subsequent
drop in mitochondrial membrane potential, release of
mitochondrial proteins (cytochrome ¢, Smac/DIABLO,
and AIF) to cytosol, activation of effector caspase-3 and
caspase-9, and induction of apoptosis.
Resveratrol-induced ROS production, caspase-3 activity
and apoptosis were inhibited by N-acetylcysteine. Bax
was a major proapoptotic gene mediating the effects of
resveratrol as Bax siRNA inhibited resveratrol-induced
apoptosis. Resveratrol enhanced the apoptosis-inducing
potential of TRAIL, and these effects were inhibited by
either dominant negative FADD or caspase-8 siRNA.

Cell growth was determined by BrdU incorporation and
crystal violet staining. Ceramide concentrations were
detected by HPLC-coupled mass-spectrometry. Protein
levels were examined by Western blot analysis. ODC
activity was assayed radiometrically measuring
(1*CO,)-liberation. A dominant-negative PPARy mutant
was transfected in Caco-2 cells to suppress
PPARy-mediated functions. Antiproliferative effects of
resveratrol closely correlate with a dose-dependent
increase of endogenous ceramides (p < 0.001).
Compared to controls, the cell-permeable ceramide
analogues C2- and C6-ceramide significantly inhibit
ODC-activity (p < 0.001) in colorectal cancer cells.
C6-ceramide further diminished protein levels of
protooncogenes c-myc (p < 0.05) and ODC (p < 0.01),
which is strictly related to the ability of ceramides to
inhibit cell growth in a time- and dose-dependent
manner. These results were further confirmed using
inhibitors of sphingolipid metabolism, where only
co-incubation with a serine palmitoyltransferase (SPT)
inhibitor could significantly counteract
resveratrol-mediated actions.

The study showed that chronic treatment with resveratrol
in a subapoptotic concentration induces senescence-like
growth arrest in tumor cells. In contrast to the widely
accepted antioxidant property of resveratrol, the study
demonstrated that one causative stimulus for senescence
induction by chronic resveratrol is an increased level of
reactive oxygen species (ROS). The ROS formed upon
resveratrol exposure include hydrogen peroxide and
superoxide and originate largely from mitochondria.
Consistently, co-incubation with the antioxidant
N-acetyl cysteine (NAC) interfered with
resveratrol-mediated reactivation of the senescence
program. Molecular mediators on the way from
increased ROS levels to the observed growth arrest
include p38 MAPK, p53 and p21.

during apoptosis. These properties of
resveratrol strongly suggest that it could be
used either alone or in combination with
TRAIL for the prevention and/or treatment
of prostate cancer.

These data suggest that the induction of 437

ceramide de novo biosynthesis but not
hydrolysis of sphingomyelin is involved in
resveratrol-mediated inhibition of ODC. In
contrast to the regulation of catabolic
spermidine/spermine acetyltransferase by
resveratrol, inhibitory effects on ODC
occur PPARy -independently, indicating
independent pathways of
resveratrol-action. This study suggests that
resveratrol could show chemopreventive
and therapeutic potential in the treatment of
colorectal cancers.

The study provided evidence that 438

resveratrol-initiated replication stress,
apparent by activation of the ATM kinase
pathway, is associated with increased ROS
levels and senescence induction. This is the
first report linking cell cycle effects with a
prooxidant and prosenescent effect of RV
in cancer cells.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.
The environmental contaminant Increased intracellular Ca?* and caspase activities were The results of the study provided 439

3-nitrobenzanthrone (3-NBA) is detected upon 3-NBA exposure. As shown by cell cycle evidence for a genotoxic

highly mutagenic and a suspected analysis, an increased number of S-phase cells was potential of 3-ABA in human

human carcinogen. Evaluated observed after 24 h of treatment with 3-NBA. epithelial lung cells. Moreover,

whether 3-NBA is able to Furthermore, 3-NBA was shown to inhibit cell both compounds lead to

deregulate critical steps in cell proliferation when added to subconfluent cell cultures. increased intracellular ROS and

cycle control and apoptosis in The main metabolite of 3-NBA, 3-ABA, induced create an environment favorable

human lung epithelial A549 cells. statistically significant increases in tail moment as judged  to DNA damage and the

by alkaline comet assay. The potential of 3-NBA and promotion of cancer.

3-ABA to enhance the production of reactive oxygen
species (ROS) was demonstrated by flow cytometry using
2',7’-dichlorofluorescein-diacetate (DCFH-DA). The
enzyme inhibitors allopurinol, dicumarol, resveratrol, and
SKF525A were used to assess the impact of metabolic
conversion on 3-NBA—-mediated ROS production.
Resveratrol decreased dichlorofluorescein (DCF)
fluorescence by 50%, suggesting a role for CYP1Al in
3-NBA-mediated ROS production. Mitochondrial ROS
production was significantly attenuated (20% reduction)
by addition of rotenone (complex I inhibition) and
thenoyltrifluoroacetone (TTFA, complex II inhibition).
The prognosis of cancer disease is With increasing tumor spheroid growth, MMP-9 expression These data suggest that polyphenols 440
worsened upon shedding of tumor was upregulated and cells detached from tumor spheroids  inhibit cell shedding and invasion

cells from the primary tumor, and formed subspheroids that displayed pronounced ROS by their antioxidative capacity
which escape to the bloodstream generation. Upon incubation with polyphenols, tumor and downregulation of MMP-9
and form metastases at distant growth was arrested and cell shedding was totally expression.

sites within the body. Inhibition of ~ abolished. Polyphenol treatment decreased ROS

cell shedding from the primary generation and downregulated MMP-9 expression.

tumor could therefore be exploited ~ Furthermore, polyphenols significantly inhibited invasion

to avoid metastasis and delay the of tumor cells into embryonic stem cell—derived,

progression of the cancer disease. vascularized tissues.

Investigated the effects of
resveratrol, baicalein, epicatechin,
epigallocatechin, and polyphenon
60 on cell shedding from
multicellular tumor spheroids of
the murine mammacarcinoma cell
line 4T1, cell invasion into
embryonic stem cell-derived
tissues, generation of reactive
oxygen species (ROS), and
expression of matrix
metalloproteinase 9 (MMP-9).
Resveratrol exerts a drastic growth  After 9 days of 3D growth in the presence of resveratrol (64 The study indicated that resveratrol 441

inhibitory effect on human breast uM), MDA-MB-231 cells formed significantly smaller might be effective for prevention
cancer MDA-MB-231 cells grown ~ MCTSs. Further, cells from these aggregates failed to of breast cancer cell growth.
both in vitro and in vivo. form colonies. Addition of resveratrol (64 uM) to

Investigated to show that preformed MDA-MB-231 MCTSs caused no significant

resveratrol affects the aggregation size change, consistent with lack of ceramide induction.
properties of MDA-MB-231 cells Only some apoptotic blebs were found on the MCTSs
into multicellular tumor spheroids surface.
(MCTSs), in association with
induction of de novo synthesis of
ceramide.
(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

(HPV)-16 oncoproteins, E6
and E7, are associated with
enhanced tumor
angiogenesis in human
cervical cancers.
Investigated whether
expression of HPV-16 E6
and E7 oncoproteins
induced hypoxia-inducible
factor 1o (HIF-1&) and
vascular endothelial growth
factor expression in cervical
cancer cells. In addition,
investigated to assess the
effect of resveratrol on 16
E6- and E7-induced HIF-1o
and VEGF gene expression.

transiently co-transfected with pSG5-HPV-16 E6 or 16
E7 constructs along with HIF-1a small interfering RNA
(siRNA) or nonspecific siRNA. The expression of HIF-1
a/VEGF was measured using real-time PCR, Western
blot analysis, or ELISA. The in vitro angiogenic activity
induced by 16 E6- and E7-transfected cells was
examined. The effect of resveratrol on
oncoprotein-induced HIF-1a/VEGF expression and in
vitro angiogenesis was investigated. HPV-16 E6- and
E7-transfected cervical cancer cells express increased
HIF-1 « protein and VEGF expression. These stimulatory
effects were abrogated by co-transfection with either
HIF-1a siRNA or treatment with resveratrol. Blocking
extracellular signal-regulated kinase 1/2 (ERK 1/2) and
phosphoinositide-3-kinase by PD98059 and LY294002,
respectively, abolished 16 E6- and E7-induced HIF-1 «
and VEGF expression. Functionally, it was shown that
HPV-16 E6- and E7-transfected cervical cancer cells
stimulated in vitro capillary or tubule formation, and
these angiogenic effects could be abolished either by
co-transfection with HIF-1«e siRNA or by treatment with
resveratrol.

enhance angiogenesis in cervical
cancer cells via HIF-1a-dependent
VEGEF expression. Resveratrol
suppressed 16 E6- and E7-induced
HIF-1a—mediated angiogenic
activity and, thus, is a promising
chemotherapeutic agent for human
cervical cancer

Model What was measured Effect Ref.

Investigated the effect of Conducted luciferase reporter assay using a reporter gene The results suggested that NSAIDs 442
nonsteroidal driven by the human survivin promoter. A series of could inhibit proliferation and
anti-inflammatory drugs analyses using luciferase reporter constructs containing induce apoptosis in colon cancer
(NSAIDs) on human colon fragments of the survivin promoter and electrophoretic cells by inhibition of survivin
cancer cell lines to clarify mobility shift assay indicated that the -75/-66 bp region expression and the Wnt/S-catenin
the mechanisms underlying relative to the initiating codon was involved in celecoxib signaling pathway.
the chemopreventive effect action to suppress survivin promoter activity. Celecoxib
of NSAIDs. Celecoxib, a also suppressed the activity of TOPflash, T-cell factor
selective cyclooxygenase-2 reporter plasmid, and the reporter gene driven by the
(COX-2) inhibitor, induced human cyclin D1 promoter, suggesting that this
apoptosis and strongly compound inhibited the expression of Wnt/S-catenin
reduced the expression of signaling target genes. Further, the study showed that
an antiapoptotic protein, other NSAIDs including indomethacin, resveratrol, and
survivin, in both protein and SC-560 induced apoptosis and suppressed the expression
mRNA levels in HCT-116 of survivin and the Wnt/S-catenin signaling pathway in
cells. HCT-116 cells, indicating that these effects were likely to

be common among NSAIDs. Moreover, NSAIDs
(celecoxib, SC-560 and indomethacin) also suppressed
the expression of cyclin D1 and survivin on other colon
cancer cell lines (DLD-1 and SW-620).

Investigated how resveratrol Pepstatin A, an inhibitor of lysosomal cathepsin D (CD), The study identified the lysosome asa 443
activated the not (2S,3S)-trans-epoxysuccinyl-l-leucylamido-3- novel target of resveratrol activity
caspase-dependent intrinsic methylbutane ethyl ester, an inhibitor of cathepsins B and and demonstrated a hierarchy of the
pathway of apoptosis in L, prevented resveratrol cytotoxicity. Similar protection proteolytic pathways involved in its
human colorectal cancer was attained by small interference RNA-mediated cytotoxic mechanism in which the
cells. This effect was not knockdown of CD protein expression. Resveratrol lysosomal CD acts upstream of the
mediated via estrogen promoted the accumulation of mature CD, induced cytosolic caspase activation. The
receptors. lysosome leakage and increased cytosolic data indicated that metabolic,

immunoreactivity of CD. Inhibition of CD or its pharmacologic, or genetic
post-transcriptional downregulation precluded Bax conditions affecting CD expression
oligomerization, permeabilization of mitochondrial and/or activity could reflect on the
membrane, cytosolic translocation of cytochrome c, sensitivity of cancer cells to
caspase 3 activation, and terminal deoxynucleotidyl resveratrol.
transferase-mediated dUTP-biotin nick end labeling
positivity occurring in resveratrol-treated cells.

Human papillomavirus Human cervical cancer cell lines C-33A and HeLa were HPV-16 oncoproteins contributed to 444



tumors has increased
significantly over recent
years resulting in a
greater demand for
novel, minimally
invasive techniques.
Cryoablation has
emerged as a valuable
treatment modality for
the management of renal
cancer. Using the human
renal cancer (RCC) cell
line, the effects of
freezing in renal cancer
was evaluated in vitro.

temperatures from —5 to —40°C and compared to
non-frozen controls. The data showed that freezing to
—5 did not affect 786-0 cell viability, while —10,
—15, and —20 resulted in a significant loss of viability
(23, 70, and 91%, respectively). A complete loss of
cell viability was evident at temperatures of —25 and
colder. Following this analysis, variables involved in
the success of cryoablation were investigated. For
each of the temperatures tested, extended freeze hold
times and passive thawing rates resulted in more
extensive cell damage. Additionally, a double
freeze-thaw cycle significantly increased cell death
compared to a single cycle (62% vs. 22% at —10; 89%
vs. 63% at —15, respectively). While these variables
play an important part in the effective application of
cryoablation, a molecular understanding of the cell
death involved is critical to improving efficacy.
Apoptotic inhibition afforded 12% (—10), 25%
(=15), and 11% (—20) protection following freezing.
Using fluorescence microscopy analysis, the results
demonstrated that apoptosis peaked at 6h post-thaw.
Next, apoptotic initiating agents including 5-FU and
resveratrol applied prior to freezing exposure resulted
in a significant increase in cell death compared to
either application alone. Importantly, the combination
of resveratrol and freezing was noticeably less
effective when applied to normal renal cells.
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)
Model What was measured Effect Ref.
Resveratrol is a phenolic Proliferation assays conducted with resveratrol-treated Resveratrol up-regulated MIC-1 gene 445

that has been shown to human pancreatic cancer cell lines (CD18 and expression in part at the transcriptional

have antitumorigenic S2-013) at 24, 48, and 72 h revealed inhibition of cell level in pancreatic cancer cells.

and anti-inflammatory proliferation compared to controls. Using Furthermore, MIC-1 appeared to play a key

properties. Macrophage oligonucleotide microarray analysis, this study role in resveratrol-induced growth

inhibitory cytokine identified marked upregulation of MIC-1 gene inhibition in these cells.

(MIC-1) is a member of expression in resveratrol-treated human pancreatic

the transforming growth cancer S2-013 cells. Real-time RT-PCR performed in

factor g (TGF-B) CD18 and S2-013 cells treated with resveratrol

superfamily that has (0—-100 mum) for 24 h confirmed concentration and

been shown to have time-dependent upregulation of expression of one

antitumorigenic activity particular gene, MIC-1. Both cell lines pretreated with

and is upregulated in actinomycin D (a transcriptional inhibitor) and then

resveratrol-treated resveratrol had reduced up-regulation of MIC-1 gene

cancer cells. Resveratrol expression compared to those treated with resveratrol

inhibits proliferation of alone. Finally, resveratrol-induced growth inhibition

human pancreatic cancer was abolished in CD18 cells transfected with MIC-1

cells; however, the exact short interfering RNA.

mechanism of action is

not known. Using

human pancreatic cancer

cell lines (CD18 and

S2-013), the role of

MIC-1 in

resveratrol-induced

growth inhibition of

human pancreatic cancer

cell lines was

investigated.
The detection of renal 786-0 Cells were exposed to a range of freezing The results herein demonstrated the efficacy 446

of freezing and described a novel
therapeutic model for the treatment of renal
cancer that may distinguish between cancer
and normal cells.

(Continued on next page)
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Table 6.  Evaluation of resveratrol with cell culture model systems. (Continued)

Model What was measured Effect Ref.

This research group In Caco-2 cells, the most pronounced induction of BCRP In conclusion, apart from the modulation of 447

previously reported
that breast cancer
resistance protein
(BCRP) is involved in
the transport of phase
1I metabolites of the
food carcinogen
benzo[a]pyrene in the
human intestinal cell
line Caco-2.
Furthermore, the
expression of BCRP
seemed most likely to
be aryl hydrocarbon
receptor (AhR)
dependent. As
numerous
plant-derived
anticarcinogens with
AhR-agonistic
activity have been
identified to date, the
study investigated the
effects of naturally
occurring dietary
compounds and
tert-butyl
hydroquinone
(TBHQ) for their
effects on BCRP
expression.
Investigated whether
resveratrol could
suppress the
proliferation of
multiple myeloma
(MM) cells by
interfering with
NF-«B and STAT3
pathways.

expression could be observed after treatment with
TBHQ (100 M), dibenzoylmethane (DBM, 50 uM),
and quercetin (25 M), while green tea component
(-)-epicatechin (50 uM) decreased BCRP expression.
On mRNA level, quercetin, chrysin, flavone, and
indole-3-carbinol showed a strong inducing effect, while
genistein had no effect on BCRP mRNA expression.
Curcumin and resveratrol showed a strong effect on
BCRP induction in MCF-7 wild-type cells but no
response in AhR-deficient MCF-7AHR(200) cells,
supporting the hypothesis that BCRP is regulated via
AhR-dependent signaling pathways. Inhibition of
proteasome-mediated degradation of ligand-activated
AhR caused a "superinduction" of BCRP mRNA.
Antioxidant responsive element activators sulforaphane
and diethylmaleate (DEM) had no inducing effect on
BCRP mRNA expression. Caco-2 cells pretreated with
quercetin or DBM showed an enhancement of apically
transported benzo[a]pyrene-3-sulfate, indicating that
induced BCRP was functionally active.

Resveratrol inhibited the proliferation of human multiple

myeloma cell lines regardless of whether they were
sensitive or resistant to the conventional chemotherapy
agents. Resveratrol also potentiated the apoptotic effects
of bortezomib and thalidomide. It induced apoptosis as
indicated by accumulation of sub-G; population,
increase in Bax release, and activation of caspase-3.
This correlated with downregulation of various
proliferative and antiapoptotic gene products, including
cyclin D1, cIAP-2, XIAP, survivin, Bcl-2, Bel-xL,
Bfl-1/A1, and TRAF2. In addition, resveratrol
downregulated the constitutive activation of AKT. These
effects of resveratrol are mediated through suppression
of constitutively active NF-« B through inhibition of
Ik B kinase and the phosphorylation of I« Ba and of
p65. Resveratrol inhibited both the constitutive and the
interleukin 6-induced activation of STAT3. When
CD138* plasma cells from patients with MM were
examined, resveratrol inhibited constitutive activation of
both NF-«B and STAT3, leading to downregulation of
cell proliferation and potentiation of apoptosis induced
by bortezomib and thalidomide.

detoxifying enzymes in the intestine,
induction of BCRP by dietary constituents
may contribute to the detoxification of
food-derived procarcinogens such as
benzo[a]pyrene.

These mechanistic findings suggest that 448
resveratrol may have potential in the
treatment of multiple myeloma.

In addition to data obtained with in vivo models, the following references describe results obtained with cell culture: 40, 450, 453, 456, 462, 464,

470,471, 477, 479, 481, 483, 484, 498, 504.
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Table 7.  Evaluation of resveratrol with in vivo model systems.

Model ‘What was measured Effect Ref.
Sprague-Dawley female This study was carried out to determine whether The results demonstrated that GSE is chemopreventive ~ 458
rats. grape seed extract (GSE), using genistein as the in an animal model of breast cancer and suggests that
control, added to rodent diets protected against chemopreventive activity in GSE and genistein may
carcinogen-induced mammary tumorigenesis in depend on the diet.

rats and whether this was affected by the
composition of the whole diet.

Inhibitors of NF-«B Curcumin and resveratrol attenuated total protein Curcumin was ineffective in preventing weight loss and 459
activation. Mice. degradation in murine myotubes at all muscle protein degradation in mice bearing the
concentrations of proteolysis-inducing factor MACI16 tumor, whereas resveratrol significantly
(PIF), and attenuated the PIF-induced increase in attenuated weight loss and protein degradation in

expression of the ubiquitin-proteasome proteolytic  skeletal muscle, and produced a significant reduction
pathway, as determined by the ’chymotrypsin-like’  in NF-«B DNA-binding activity. The inactivity of
enzyme activity, proteasome subunits, and curcumin was probably due to a low bioavailability.
E2(14Kk). These results suggest that agents which inhibit
nuclear translocation of NF-x B may prove useful for
the treatment of muscle wasting in cancer cachexia.

SKH-1 hairless mice. Assess the involvement of IAP family protein It was demonstrated that topical pretreatment of 454
survivin during resveratrol-mediated protection resveratrol resulted in significant inhibition of UVB
from multiple exposures of UVB radiations in the exposure—mediated increases in (i) cellular
SKH-1 hairless mouse skin. proliferation (Ki-67 immunostaining); (ii) protein

levels of epidermal cyclooxygenase (COX)-2 and
ornithine decarboxylase (ODC), established markers
of tumor promotion; (iii) protein and mRNA levels of
surviving; and (iv) phosphorylation of survivin; in the
skin of SKH-1 hairless mouse. Resveratrol
pre-treatment also resulted in (i) reversal of
UVB-mediated decrease of Smac/DIABLO, and (ii)
enhancement of UVB-mediated induction of
apoptosis, in mouse skin. The study suggested that
resveratrol imparts chemopreventive effects against
UVB exposure—mediated damage in SKH-1 hairless
mouse skin by inhibiting survivin and the associated

events.

Effect of resveratrol and Transplantable murine hepatoma22 model was used Resveratrol could induce the S phase arrest of H22 cells 450
in combination with to evaluate the antitumor activity of resveratrol and enhance the antitumor effect of 5-FU on murine
5-fluorouracil (5-FU) alone or in combination with 5-FU in vivo. H22 hepatoma22 and antagonize its toxicity markedly.
on murine cell cycles were analyzed with flow cytometry. These results suggest that resveratrol, as a
hepatoma?22 cell (liver biochemical modulator to enhance the therapeutic
cancer). effects of 5-FU, may be potentially useful in cancer

chemotherapy.

Male and female CD To evaluate the potential toxicity of resveratrol, rats ~ Most of the adverse events occurred in the rats treated
Virus Antibody Free were administered by gavage 0, 300, 1000, and with 3000 mg per kilogram body weight per day.
(VAF) rats. 3000 mg resveratrol per kilogram body weight per ~ These included increased clinical signs of toxicity;

day for 4 weeks. reduced final body weights and food consumption;

elevated BUN, creatinine, alkaline phosphatase,
alanine aminotransferase, total bilirubin, and albumin;
reduced hemoglobin, hematocrit, and red cell counts;
and increased white cell counts. Increases in kidney
weights and clinically significant renal lesions,
including an increased incidence and severity of
nephropathy, were observed. Diffuse epithelial
hyperplasia in the bladder was considered equivocal
and of limited biological significance. No histological
effects on the liver were observed, despite the clinical
chemistry changes and increased liver weights in the
females. Effects seen in the group administered 1000
mg resveratrol per kilogram body weight per day
included reduced body weight gain (females only) and
elevated white blood cell count (males only).
(Continued on next page)
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Table 7.  Evaluation of resveratrol with in vivo model systems. (Continued)

Model ‘What was measured Effect Ref.
Plasma resveratrol concentrations in blood collected 1 h 460
after dose administration during week 4 were dose
related but were relatively low given the high dosage
levels; conjugates were not measured. Under the
conditions of this study, no adverse effects were
observed at a dose of 300 mg resveratrol per kilogram
body weight per day.

Benzo(a)pyrene-induced Inhibition of PAH bioactivation through reduced Resveratrol added to the diet showed no effect on 461

lung tumorigenesis in expression of the CYP1A1 and CYP1IBI1 genes  benzo(a)pyrene-induced lung tumorigenesis.

A/J mice. in human bronchial epithelial cells. Resveratrol did not change CYP1A1 and CYP1BI gene
expression or benzo, [a] pyrene protein adduct levels in
the lung tissue.

Mice. Ames assay and micronucleus formation assay The Ames test showed resveratrol exhibited 42.2% 462

were used to test the antimutagenic activities inhibition on the reversion of Salmonella typhimurium
of resveratrol. Croton oil-induced TA100 induced by methylmethansulfonate, and
enhancement of ODC activities of dorsal resveratrol exhibited 91.8% inhibition on the reversion
epidermis cells in mouse and mouse ear edema  induced by benzo (a) pyrene. Pretreatment of resveratrol
model were used to investigate the prevented cyclophosphamide (CTX)-induced
antipromotion effect of resveratrol. micronucleus formation of polychromatic erythrocytes
DMBA/croton oil-induced mouse skin tumor of mouse bone marrow in dose-dependent manner. Mice
model was used to evaluate chemopreventive treated with 30 mg/kg of resveratrol for 6 days before
effect of resveratrol to cancer in vivo. croton oil-exposure have palliative ear edema.
Treatment of 180 mg/kg resveratrol for 3 days caused a
69.3% decrease of ODC activities in croton oil-induced
dorsal epidermis. It was shown that resveratrol could
inhibit DMBA/croton oil-induced mouse skin
papilloma, which includes prolonging the latent period
of tumor occurrence, decreased incidence of papilloma,
and reduced tumor number per mouse, in a
dose-dependent manner.

Neuroblastoma Cytotoxic effects, cellular apoptosis, and Resveratrol caused significant cytotoxicity and increased 463
(Neuro-2a) cells and alterations in the cell cycle were determined in apoptosis and S-phase accumulation of neuroblastoma
determined effects on Neuro-2a neuroblastoma cells exposed for cells. S-phase accumulation was related to the
neuroblastoma tumors varying lengths of time to a series of downregulation of p21 and upregulation of cyclin E. In
in syngeneic A/J mice. resveratrol concentrations. Expression of addition, resveratrol exerted antitumor effects on

associated cell cycle regulatory proteins, neuroblastomas in mice. Thus, resveratrol shows
cyclin E and p21, was detected by Western blot ~ promise for the treatment of neuroblastoma.
analysis, and the antitumor effects of
resveratrol were investigated by treating
subcutaneous neuroblastoma tumors with
intraperitoneal injections of 40 mg/kg
resveratrol daily for 28 days.
Increased levels or This study revealed that pretreatment of mice Resveratrol pretreatment effectively blocks the induction 464

overexpression of
ornithine
decarboxylase (ODC)
is characteristic of
tumor cells. Similarly,
prostaglandins appear
to be important in the
pathogenesis of cancer
because these affect
mitogenesis, cellular
adhesion, immune
surveillance, and
apoptosis. Cancers
form much more
prostaglandins than the
original tissue from
which they have arisen.

with resveratrol at a dose of 2.5 mg/kg body
weight for two weeks blocked the

N -nitrosodiethylamine (NDEA )-induced
cytosolic ODC levels in the liver and lungs.
The blockage was pronounced in hepatic tissue
compared to pulmonary tissue. Resveratrol
feeding caused a significant reduction in
microsomal cyclooxygenase (COX) activities
in the liver and lungs, while the dosage of
NDEA (200 mg/kg body weight) induced COX
activity 24 h after its administration.

of COX activity in the lungs by NDEA.
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Table 7.  Evaluation of resveratrol with in vivo model systems. (Continued)

Model What was measured Effect Ref.

The pharmacokinetic DMU 212 or resveratrol were administered Due to the superior levels achieved in the 465
properties of the intragastrically, and drug concentrations were gastrointestinal tract after the administration of DMU
resveratrol analogue, measured by HPLC. Metabolites were characterised 212, when compared to resveratrol, the results provide
34,54 - by cochromatography with authentic reference a good rationale to evaluate DMU 212 as a colorectal
tetramethoxystilbene compounds and were identified by mass cancer chemopreventive agent.

(DMU 212), were spectrometry. The ratios of area of plasma or tissue
compared with those concentration vs time curves of resveratrol over
of resveratrol in the DMU 212 (AUC,es/AUCppmua12) for the plasma,
plasma, liver, kidney, liver, small intestinal and colonic mucosa were 3.5, 5,
lung, heart, brain, and 0.1, and 0.15, respectively. Thus, resveratrol afforded
small intestinal and significantly higher levels than DMU 212 in the
colonic mucosa of plasma and liver, while DMU 212 exhibited superior
mice. availability compared to resveratrol in the small
intestine and colon. Resveratrol was metabolised to
its sulfate or glucuronate conjugates, while DMU 212
underwent metabolic hydroxylation or single and
double O-demethylation. DMU 212 and resveratrol
inhibited the growth of human-derived colon cancer
cells HCA-7 and HT-29 in vitro with 1Cs, values of
between 6 and 26 uM.

Determine the effect of Resveratrol was administered as a powdered admixture This study demonstrates that resveratrol consumed ad 466
resveratrol on in the diet at 0, 4, 20, or 90 mg/kg body weight for 7 libitum in the diet does not modify tumorigenesis in
intestinal wk. In two separate experiments, resveratrol did not ~ Apc™™/* mice.
tumorigenesis and the  affect intestinal tumor load. It was stable in the diet
protumorigenic COX under experimental conditions, circulated in the
pathway in Apc¥™/*  plasma as the glucuronide-conjugated form and
mice. reached the tumors as evidenced by significant

decreases in PGE; levels. However,
immunohistochemical staining of intestinal tumors
revealed no changes in COX-2 expression.

Antitumor effect of Examined the antitumor activity of the ethanol extract These results demonstrated that the ethanol extract 467
stilbenoids from from the stem bark of Vateria indica, which contains ~ containing various stilbenoids from the stem bark of
Vateria indica against ~ various resveratrol oligomers. High-performance V. indica has potent antitumor activity.
allografted sarcoma liquid chromatography analysis showed that the
S-180 in DDY mice. extract contains bergenin, hopeaphenol, vaticanol B,

vaticanol C, and e-viniferin. The in vitro assay
displayed the anticancer activity of the extract against
mouse sarcoma 180 cells (ICsg = 29.5 uM). In the
animal study, the tumor growth of sarcoma S-180
cells subcutaneously allografted in DDY mice was
significantly retarded by oral administration of the
extract. The extract did not show significant toxicity
to mice.
Effect of prepubertal Prepubertal rats were treated daily with either 10 or 100 Although all rats cycled, resveratrol-treated animals 468

resveratrol exposure
on N-methyl-N-
nitrosourea
(MNU)-induced
mammary
carcinogenesis in
female
Sprague-Dawley rats.

mg/kg resveratrol for 5 days, and were compared
with resveratrol-untreated animals. Six rats in each
group were autopsied at 49 days of age, and their
growth was evaluated. All remaining rats were given
50 mg/kg MNU, followed by monitoring for
occurrence of mammary carcinoma. A dose of 100
mg/kg resveratrol significantly increased incidence of
rat with mammary carcinomas and multiplicity (all
histologically detected mammary carcinomas per
rat), but did not affect latency, compared with
untreated controls. Resveratrol did not affect body
weight increase, but 100 mg/kg resveratrol caused
slightly earlier vaginal opening.

exhibited significantly increased irregularity of
estrous cycle, spending more time in the estrus phase.
Thus, short resveratrol treatment of prepubertal
female rats affected endocrine function, and
accelerated development of MNU-induced mammary
carcinomas.

(Continued on next page)
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Table 7.  Evaluation of resveratrol with in vivo model systems. (Continued)
Model ‘What was measured Effect Ref.
Determine the antitumor  Murine transplanted hepatoma H22 model was ~ Resveratrol exhibits antitumor activities on murine 469
activity of resveratrol used to evaluate the in vivo antitumor activity hepatoma H22. The underlying anti-tumor mechanism
and its effect on the of resveratrol. Following i.p. administration of of resveratrol might involve the inhibition of the cell
expression of cell cycle  resveratrol, the change in tumor size was cycle progression by decreasing the expression of cyclin
proteins including recorded and the protein expression of cyclin B1 and p34°42 protein.
cyclin D1, cyclin Bl D1, cyclin B1, and p34°¥? in the tumor and
and p34°92 in adjacent noncancerous liver tissues were
transplanted liver measured by immunohistochemistry.
cancer using the Following treatment of H22 tumor bearing
murine transplanted mice with resveratrol, the growth of murine
hepatoma H22 model. transplantable liver cancer was inhibited by
36.3 or 49.3%, respectively. The inhibitory
effect was significant compared to that in
control group. The level of expression of
cyclin B1 and p344¢? protein was decreased in
the transplantable murine hepatoma 22 treated
with resveratrol whereas the expression of
cyclin D1 protein did not change.
Investigation in male Selected markers for toxicity and defense These results indicate that moderate to high doses of 470

F344 rats for the
potential beneficial or
adverse affect of
prolonged dietary
administration of
moderate to high doses
of lycopene, quercetin
and resveratrol or a
mixture of lycopene
and quercetin.

Prevention of the effects
of benzo(a)pyrene
(BaP) on the lung of
Balb-C mice.

mechanisms were assayed in blood, liver and
colon and the impact of the antioxidant
administrations on putative preneoplastic
changes in liver and colon was assessed. The
dietary carcinogen,
2-amino-3-methylimidazo[4,5- f ]quinoline
(IQ) served as a pro-oxidant, genotoxicity, and
general toxicity control. IQ increased the levels
of protein and DNA oxidation products in
plasma, the area of glutathione
S-transferase-placental form positive (GST-P)
foci in the liver as well as the number of
colonic aberrant crypt foci (ACF). All
antioxidants and the antioxidant combination
significantly increased the level of lymphocytic
DNA damage, to an extent comparable with
the effect induced by 1Q. In contrast to the
control group where no GST-P foci were
detected, GST-P foci were detected in animals
exposed to quercetin, lycopene, and the
combination of the two. However, the increase
in the volume of GST-P foci did not reach
statistical significance.

Balb-C mice were injected for 5 weeks with corn
oil, BaP, resveratrol or BaP + resveratrol.
Immunohistochemistry was performed on lung
sections for the determination of CYP1A1
protein, BPDE-DNA adducts and apoptosis. A
semiquantitative immunohistochemistry score
(H score) was used for data analysis. Mice
exposed to BaP had a significant induction of
lung BPDE-DNA adducts when compared
with controls. The BPDE-DNA adduct
induction by BaP was abrogated significantly
by resveratrol. A similar pattern was found by
immunohistochemistry for apoptosis and
CYP1A1. Western blotting confirmed that
resveratrol prevented BaP-induced CYP1Al

common dietary antioxidants can damage lymphocyte
DNA and induce low levels of preneoplastic liver
lesions in experimental animals. Therefore, long-term
exposure to moderate to high doses of antioxidants may
modulate carcinogenesis via pro-oxidative mechanisms
and nonoxidative mechanisms.

All BaP-induced effects could be prevented by resveratrol, 471
suggesting a possible chemopreventive role against the
development of lung cancer.
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Table 7. Evaluation of resveratrol with in vivo model systems. (Continued)

Model What was measured Effect Ref.

expression. This increase in CYP1A1
expression in response to BaP administration
most likely causes BaP metabolism,
BPDE-DNA adduct formation, and subsequent

apoptosis.

The antitumor and The cytotoxicity of peritoneal macrophages (Mg) Resveratrol could inhibit the growth of H22 tumor in 472
immunomodulatory against H22 cells was measured by treating Balb/c mice. The antitumor effect of resveratrol might
activity of resveratrol mice with H22 tumors with different be related to directly inhibiting the growth of H22 cells
on experimentally concentrations of resveratrol, and the and indirectly inhibiting its potential effect on
implanted tumor of inhibitory rates were calculated and IgG nonspecific host immunomodulatory activity.

H22 in Balb/c mice. contents were determined by a single

immunodiffusion method. The plaque forming
cell (PFC) was measured by an improved
Cunningham method, and the levels of serum
tumor necrosis factor-o« (TNF-«) were
measured by a cytotoxic assay against 1L929
cells. Resveratrol promoted the cytotoxicity of
Mg against H22 cells. Resveratrol (500 mg kg,
1000 mg kg, and 1500 mg kg) could curb the
growth of the implanted tumor of H22 in mice.
The inhibitory rates were 31.5, 45.6, and
48.7%, respectively, which could raise the level
of serum IgG and PFC response to sheep red
blood cells. Resveratrol (1000 mg kg and 1500
mg kg) and BCG (200 mg kg) could increase
the production of serum TNF-« in mice H22
tumor. However, the effect of resveratrol was

insignificant.

This study investigates Hepatoma-bearing rats were fed resveratrol in the The hypocholesterolemic action of resveratrol is 473
whether dietary diet for 20 days, solid tumor growth and attributed, at least in part, to an increased excretion of
resveratrol could metastasis tended to be suppressed neutral sterols and bile acids into feces. These results
inhibit the proliferation  dose-dependently. Resveratrol significantly suggest that dietary resveratrol is hypolipidemic with a
and metastasis of suppressed the serum lipid peroxide level, tendency for anti-tumor-growth and antimetastasis
tumors and indicating its antioxidative properties or those effects in hepatoma-bearing rats.
hyperlipidemia in of its metabolite(s) in vivo. Resveratrol
Donryu rats dose-dependently suppressed both the serum
subcutaneously triglyceride and very-low-density lipoprotein
implanted with an + low-density lipoprotein (VLDL +
ascites hepatoma cell LDL)-cholesterol levels.
line AH109A.

Suppression of ultraviolet These studies demonstrated that resveratrol These studies suggest that the NF-«B pathway plays a 455
B exposure—mediated imparts protection from UVB-mediated critical role in the chemopreventive effects of
activation of NF-«B in cutaneous damage in SKH-1 hairless mice. resveratrol against the adverse effects of UV radiation
normal human The mechanism of action of resveratrol is not including photocarcinogenesis.
keratinocytes by clearly understood. The involvement of NF-xB
resveratrol, by was investigated as the mechanism of
investigating the chemoprevention of UV damage by
effects of cutaneous resveratrol. In the normal human epidermal
damage in SKH-1 keratinocytes, resveratrol blocked
hairless mice. UVB-mediated activation of NF-«B in a

dose-dependent as well as time-dependent
fashion. Resveratrol treatment of keratinocytes
also inhibited UVB-mediated phosphorylation
and degradation of Ix B and activation of
IKKo.
(Continued on next page)
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Table 7. Evaluation of resveratrol with in vivo model systems. (Continued)

Model What was measured Effect Ref.

Investigation of the Male Balb/c mice were given a single oral Autoradiographic survey of mouse sections as well as 474
absorption and tissue dose of '*C-trans-resveratrol and were radioactivity quantification in various organs revealed a
distribution of sacrificed at 1.5, 3, or 6 h postdose. The preferential fixation of '“C-trans-resveratrol in the
14C-trans-resveratrol distribution of radioactivity in tissues was organs and biological liquids of absorption and
following oral evaluated using whole-body elimination (stomach, liver, kidney, intestine, bile,
administration to male autoradiography, quantitative organ-level urine). Moreover, the studies show that
Balb/c mice. determination, and microautoradiography. 14C-trans-resveratrol derived radioactivity is able to

In addition, identification of radioactive penetrate the tissues of liver and kidney, a finding

compounds in kidney and liver was done supported by microautoradiography. The presence of

with high-performance liquid intact '“C-trans-resveratrol together with glucurono-

chromatography. and/or sulfoconjugates in these tissues was also shown.
This study demonstrates that trans-resveratrol is
bioavailable following oral administration and remains
mostly in intact form. The results also suggest a wide
range of target organs for cancer chemoprevention by
wine polyphenols in humans.

Investigation of the inhibitory These dietary constituents showed inhibitory ~ These agents in the presence of NADPH and S9 475
effects of vitamin C (VC), effects on DNA or Hb adduction. VC, VE, components also pronouncedly blocked DNA adduction
vitamin E (VE), tea TP, and grapestone extract could in a dose-dependent fashion. The study suggests that
polyphenols (TP), garlic efficaciously inhibit the adductions by these seven constituents may interrupt the process of
squeeze, curcumin, and 33-50%, and all of these six agents could NB-induced chemical carcinogenesis.
grapeseed extract on inhibit Hb adduction by 30-64%.

NB-DNA and Resveratrol, curcumin, VC and VE were
NB-hemoglobin (Hb) also investigated as inhibitors of NB-DNA
adductions in mice using adduction in vitro using a liquid

an ultrasensitive method of scintillation counting technique.
accelerator mass

spectrometry (AMS) with

14C-labeled nitrobenzene.

Prevention of short-term This study was designed to examine whether ~ The results suggest that resveratrol may afford substantial 456
ultraviolet B resveratrol possesses the potential to protection against the damage caused by UVB
radiation—mediated ameliorate the damage caused by exposure, and these protective effects may be mediated
damage by resveratrol in short-term UVB exposure to mouse skin. via its antioxidant properties.

SKH-1 hairless mice. Single topical application of resveratrol to
SKH-1 hairless mice was found to result in
significant inhibition of UVB-mediated
increase in bifold skin thickness and skin
edema. Treatment of mouse skin with
resveratrol was also found to result in
significant inhibition of UVB-mediated
induction of cyclooxygenase and ornithine
decarboxylase (ODC) enzyme activities
and protein expression of ODC, which are
well-established markers for tumor
promotion. Resveratrol inhibits
UVB-mediated increased level of lipid
peroxidation, a marker of oxidative stress.

Mammary carcinogenesis Investigated the chemopreventive potential of The results suggest that resveratrol suppresses 476

induction by 7,12-
dimethylbenz(a)anthracene
(DMBA) in female
Sprague-Dawley rats.
Analyzed effect on MCF-7
human breast cancer cell
lines.

resveratrol by testing it against mammary
carcinogenesis induced by DMBA in
female Sprague-Dawley rats. Dietary
administration of resveratrol had no effect
on body weight gain and tumor volume but
produced striking reductions in the
incidence, multiplicity, and extended
latency period of tumor development
relative to DMBA-treated animals.

DMBA-induced mammary carcinogenesis, which
correlates with downregulation of NF-xB,
cyclooxygenase-2, and matrix metalloprotease-9
expression.
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Table 7. Evaluation of resveratrol with in vivo model systems. (Continued)
Model What was measured Effect Ref.

Suppression of N-
nitrosomethylbenzylamine
(NMBA )-induced rat
esophageal tumorigenesis
in F344 male rats.

Histopathological analysis of the tumors
revealed that DMBA induced ductal
carcinomas and focal microinvasion in situ,
whereas treatment with resveratrol suppressed
DMBA-induced ductal carcinoma.
Immunohistochemistry and Western blot
analysis revealed that resveratrol suppressed
the DMBA-induced cyclooxygenase-2 and
matrix metalloprotease-9 expression in the
breast tumor. Gel shift analysis showed
suppression of DMBA-induced NF-«B
activation by resveratrol. Treatment of human
breast cancer MCF-7 cells with resveratrol also
suppressed the NF-« B activation and inhibited
proliferation at S-G,-M phase.

Resveratrol was administered orally or
intraperitoneally (i.p.) to F344 male rats. In the
groups in which resveratrol was administered
orally, the number of NMBA-induced
esophageal tumors per rat was significantly
reduced, and the size of maximum tumors in
each group with resveratrol treatment was also
significantly smaller than that in NMBA alone
group. Although the pathological examination
did not indicate significantly decreased
incidence of carcinomas by administering
resveratrol, the tendency of carcinogensis
suppression was observed. Semiquantitative
RT-PCR and ELISA analysis demonstrated that
following NMBA treatment, the expression of
COX-1 mRNA was strongly present in tumor
tissues, while weakly present in nontumor
tissues; the expression of COX-2 mRNA was
induced in both tumor and nontumor tissues.
The production of prostaglandin E, (PGE;)
increased approximately 6-fold, compared with
the normal esophageal mucosa.

Assessment of the anticancer The group studied the activities of these

potential of resveratrol,
sesamol, sesame oil, and
sunflower oil in the
promotion stage of cancer
development employing
the in vitro Epstein-Barr
virus early antigen
activation assay induced
by the tumor promoter 12-
O-tetradecanoylphorbol
13-acetate (TPA).

compounds in the brine shrimp cytotoxicity
assay as well as on the stable
1,1-diphenyl-2-picrylhydrazyl (DPPH) free
radical scavenging bioassay to compare some
mechanisms of anticancer activity. The group
compared the observed chemoprotective
capabilities of the four products with the in
vivo 7,12-dimethylbenz(a)anthracene initiated
and TPA-promoted mouse skin two-stage
carcinogenesis protocols.

The higher expression of COX-1, the upregulated COX-2 477
expression, and the increased levels of PGE, synthesis
were all significantly decreased by administering
resveratrol. This study suggests that resveratrol
suppressed NMBA-induced rat esophageal
tumorigenesis by targeting COXs and PGE,, and
therefore may be a promising natural anticarcinogenesis
agent for the prevention and treatment of human
esophageal cancer.

All the products tested showed a profound inhibitory 452
effect on the Epstein-Barr virus early antigen induction
using Raji cells. Comparatively, sesame oil was the most
potent followed by sesamol and then resveratrol. Only
sesamol and resveratrol showed a remarkable cytotoxic
activity in the brine shrimp lethality assays as well as
profound free radical scavenging activity in the DPPH
bioassay. In both test systems, sesamol exhibited a more
remarkable activity than resveratrol while sesame oil
and sunflower oil did not exhibit any appreciable
activity even at the highest concentrations tested. In the
in vivo assay at a 50-fold molar ratio to TPA, sesamol
offered 50% reduction in mouse skin papillomas at 20
weeks after promotion with TPA. Under an identical
molar ratio to TPA, resveratrol offered a 60% reduction
in the papillomas in mouse at 20 weeks. Sesamol seems
to be an almost equally potent chemopreventive agent.
Sesame oil and sunflower oil offered 20 and 40%
protection, respectively, in the mouse skin tumor model.
The antioxidant capabilities of these compounds could
not solely explain the observed anticancer
characteristics.

(Continued on next page)
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Evaluation of resveratrol with in vivo model systems. (Continued)

Model

‘What was measured

Effect Ref.

Bioavalability of
resveratrol and its
effect on tumor growth
were investigated using
rabbits, rats, and mice.

Investigated whether
resveratrol and its three
analogues
(pterostilbene,
piceatannol, and
resveratrol trimethyl
ether) would activate
the peroxisome
proliferator-activated
receptor « (PPAR«)
isoform. This nuclear
receptor is proposed to
mediate the activity of
lipid-lowering drugs
such as the fibrates.

Tissue levels of resveratrol were studied after i.v.

and oral administration of resveratrol to
rabbits, rats, and mice. Half-life of resveratrol
in plasma, after i.v. administration of 20 mg
resveratrol/kg b.wt., was very short. The
highest concentration of resveratrol in plasma,
either after i.v. or oral administration, was
reached within the first 5 min in all animals

studied. Extravascular levels (brain, lung, liver,

and kidney) of resveratrol, which paralleled
those in plasma, were always < 1 nmol/g fresh
tissue. Resveratrol measured in plasma or
tissues was in the frans form (at least 99%).
Hepatocytes metabolized resveratrol in a
dose-dependent fashion, which means that the
liver can remove circulating resveratrol very
rapidly. In vitro B16 melanoma (B16M) cell

proliferation and generation of reactive oxygen
species (ROS) was inhibited by resveratrol in a

concentration-dependent fashion (100%
inhibition of tumor growth was found in the
presence of 5 uM resveratrol). Addition of 10
uM H;0; to B16M cells, cultured in the
presence of 5 M resveratrol, reactivated cell
growth. Oral administration of resveratrol did

not inhibit growth of BI16M inoculated into the

footpad of mice (solid growth).

Pterostilbene, piceatannol, and resveratrol

trimethyl ether were evaluated at 1, 10, 100,
and 300 M along with ciprofibrate (positive
control), for the activation of endogenous
PPAR« in H4IIEC3 cells. Cells were
transfected with a peroxisome proliferator
response element-AB (rat fatty acyl CoA
B-oxidase response element)-luciferase gene
reporter construct. Pterostilbene demonstrated
the highest induction of PPAR« showing 8-
and 14-fold increases in luciferase activity at
100 and 300 uM, respectively, relative to the
control. The maximal luciferase activity
responses to pterostilbene were higher than
those obtained with the hypolipidemic drug,
ciprofibrate (33910 and 19460 relative
luciferase units, respectively), at 100 M.
Hypercholesterolemic hamsters fed with
pterostilbene at 25 ppm of the diet showed
29% lower plasma low density lipoprotein
(LDL) cholesterol, 7% higher plasma high
density lipoprotein (HDL) cholesterol, and
14% lower plasma glucose as compared to the
control group. The LDL/HDL ratio was also
statistically significantly lower for
pterostilbene, as compared to results for the
control animals, at this diet concentration.

Oral administration of resveratrol decreased hepatic 478
metastatic invasion of B16M cells inoculated

intrasplenically. The antimetastatic mechanism involves
aresveratrol (1 M)-induced inhibition of vascular

adhesion molecule 1 (VCAM-1) expression in the

hepatic sinusoidal endothelium (HSE), which

consequently decreased in vitro B16M cell adhesion to

the endothelium via very late activation antigen 4

(VLA-4).

Results from in vitro studies showed that pterostilbene acts 479
as a PPAR« agonist and may be a more effective PPAR«
agonist and hypolipidemic agent than resveratrol. /n

vivo studies demonstrated that pterostilbene possesses

lipid and glucose lowering effects.
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Model What was measured

Effect

Ref.

Effect and mechanism of The group measured effects of quercetin on
action of quercetin, pancreatic cancer in a nude mouse model. They
rutin, resveratrol and investigated the effects of quercetin, rutin,
genistein on human resveratrol, and genistein on apoptosis and
pancreatic carcinoma underlying signaling in pancreatic carcinoma
cell line (Mia PACA-2)  cells in vitro. Quercetin decreased primary
and rat pancreatic tumor growth, increased apoptosis and
carcinoma (BSp73AS) prevented metastasis in a model of pancreatic
using a nude mouse cancer. [n vitro quercetin and resveratrol, but
model to indicate not rutin, markedly enhanced apoptosis, causing
effect. mitochondrial depolarization and cytochrome ¢

release followed by caspase-3 activation. In
addition, the effect of a combination of
quercetin and resveratrol on mitochondrial
cytochrome c release and caspase-3 activity was
greater than the expected additive response. The
inhibition of mitochondrial permeability
transition prevented cytochrome c release,
caspase-3 activation, and apoptosis caused by
polyphenols. Nuclear factor-« B activity was
inhibited by quercetin and resveratrol, but not
genistein, indicating that this transcription
factor is not the only mediator of the effects of
polyphenols on apoptosis.

Antileukemic activity of  Treatment of 32Dp210 leukemia cells with
resveratrol in vitro and resveratrol at micromolar concentrations
in vivo was examined significantly and irreversibly inhibited their
using a mouse myeloid  clonal growth in vitro. The clonal growth
leukemia cell line inhibition by resveratrol was associated with
(32Dp210) and tested extensive cell death and an increase in
in C3H (H-2%) mice. hypodiploid (sub-G) cells. Resveratol caused
internucleosomal DNA fragmentation,
suggesting apoptosis as the mode of cell death
in 32Dp210 cells. DNA fragmentation was
associated with activation of caspase-3, because
cleavage of procaspase-3 was detected in
resveratrol-treated cells. Although 32Dp210
cells treated with resveratrol in vitro did not
produce leukemia in vivo, only a weak
antileukemic effect of resveratrol was observed
when administered orally. At doses of 8 mg or
40 mg/kg body daily, five times/wk, resveratrol
did not affect the survival of mice injected with
leukemia cells. Weak potential antileukemic
activity of resveratrol was suggested only at a
dose of 80 mg/kg body (2 survivors of 14 mice
treated).

In vitro, resveratrol inhibited growth of 4T1 breast
cancer cells in a dose- and time-dependent
manner. /n vivo, however, resveratrol had no
effect on time to tumor take, tumor growth, or
metastasis when administered intraperitoneally
daily (1, 3, or 5 mg/kg) for 23 days starting at
the time of tumor inoculation. Resveratrol had
no effect on body weight, organ histology, or
estrous cycling of the tumor-bearing mice.

Effect of resveratrol on
growth of 4T1
mammary carcinoma
cells in vitro and in
vivo (female BALB/c
mice).

The results suggest that food-derived polyphenols inhibit
pancreatic cancer growth and prevent metastasis by
inducing mitochondrial dysfunction, resulting in
cytochrome c release, caspase activation and apoptosis.

Despite strong antiproliferative and proapoptotic activities
of resveratrol against 32Dp210 cells in vitro, a potential
antileukemia effect in vivo, if present, occurs only in a
small fraction of mice.

These studies indicate that resveratrol is a potent inhibitor
of 4T1 breast cancer cells in vitro, it is nontoxic to mice
at 1-5 mg/kg, and has no growth-inhibitory effect on
4T1 breast cancer in vivo.

480

481

482

(Continued on next page)



560 J. M. Pezzuto

Table 7. Evaluation of resveratrol with in vivo model systems. (Continued)

Model ‘What was measured Effect Ref.
Characterization of the With cells transfected with reporter gene systems, In the absence of E2, resveratrol exerts mixed estrogen 483

estrogen-modulatory
effects of resveratrol in
a variety of in vitro and
in vivo mammary
models using effect of
resveratrol and in
combination with
17B-estradiol (E2) in
MCF-7, T47D, LY2,
and S30 mammary
cancer cell lines.

Inhibition of intestinal
tumorigenesis and
modulation of
host-defense—related
gene expression in Min
mice using human
familial adenomatous
polyposis.

the activation of estrogen response
element-luciferase was studied, and using
Western blot analysis, the expression of
E2-responsive progesterone receptor (PR) and
presnelin 2 protein was monitored.
Furthermore, the effect of resveratrol on
formation of preneoplastic lesions (induced by
7,12-dimethylbenz(a)anthracene) and PR
expression (with or without E2) was evaluated
with mammary glands of BALB/c mice placed
in organ culture. Finally, the effect of p.o.
administered resveratrol on

N-methyl-N -nitrosourea-induced mammary
tumors was studied in female Sprague-Dawley
rats. As a result, in transient transfection studies
with MCF-7 cells, resveratrol showed a weak
estrogenic response, but when resveratrol was
combined with E2 (1 nM), a clear
dose-dependent antagonism was observed.
Similar mixed estrogenic/antiestrogenic effects
were noted with S30 cells, whereas resveratrol
functioned as a pure estrogen antagonist with
T47D and LY?2 cells. Furthermore, in MCF-7
cells, resveratrol induced PR protein expression,
but when resveratrol was combined with E2,
expression of PR was suppressed. With T47D
cells, resveratrol significantly down-regulated
steady-state and E2-induced protein levels of
PR. With LY?2 and S30 cells, resveratrol
downregulated presnelin 2 protein expression.
Using the mouse mammary organ culture
model, resveratrol induced PR when
administered alone, but expression was
suppressed in the presence of E2 (1 nM).
Furthermore, resveratrol inhibited the formation
of estrogen-dependent preneoplastic ductal
lesions induced by
7,12-dimethylbenz(a)anthracene in these
mammary glands (ICso = 3.2 ©M) and reduced
N-methyl-N-nitrosourea-induced mammary
tumorigenesis when administered to female
Sprague-Dawley rats by gavage.

Resveratrol was administered for seven weeks to

Min mice starting at five weeks of age. The
control group was fed the same diet and
received water containing 0.4% ethanol.
Resveratrol prevented the formation of colon
tumors and reduced the formation of small
intestinal tumors by 70%. Comparison of the
expression of 588 genes in the small intestinal
mucosa showed that resveratrol downregulated
genes that are directly involved in cell cycle
progression or cell proliferation (cyclins D1 and
D2, DP-1 transcription factor, and Y-box
binding protein). Resveratrol upregulated
several genes that are involved in the

agonist/antagonist activities in some mammary cancer
cell lines, but in the presence of E2, resveratrol
functions as an antiestrogen. In rodent models,
carcinogen-induced preneoplastic lesions and mammary
tumors are inhibited. These data suggest that resveratrol
may have beneficial effects if used as a chemopreventive
agent for breast cancer.

The data show the complexity of the events associated 484

with intestinal tumorigenesis and the multiplicity of the
molecular targets of resveratrol. The high potency and
efficacy of resveratrol support its use as a
chemopreventive agent in the management of intestinal
carcinogenesis.
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Evaluation of resveratrol with in vivo model systems. (Continued)

Model

What was measured Effect Ref.

Prevention of tumor

growth and metastasis
to lung and
tumor-induced
neovascularization in
Lewis lung
carcinoma—bearing
mice (LLC).

Investigation whether
resveratrol affects
azoxymethane
(AOM)-induced colon
carcinogenesis using
male F344 rats.

Potential activities of six

compounds—butylated
hydroxyanisole
(BHA), myo-inositol,
curcumin, esculetin,
resveratrol and
lycopene—as
chemopreventive
agents against lung
tumor induction in A/J
mice by
benzo(a)pyrene (BaP)
and 4-(methyl-
nitrosamino)-1-(3-
pyridyl)-1-butanone
(NNK).

Resveratrol significantly reduced the tumor

Resveratrol was administered to male F344 rats.

Groups of 20 A/J mice were treated weekly by

recruitment and activation of immune cells

(cytotoxic T lymphocyte Ag-4, leukemia

inhibitory factor receptor, and monocyte

chemotactic protein 3) and in the inhibition of

the carcinogenic process and tumor expansion

(tumor susceptibility protein TSG101,

transforming growth factor-g, inhibin-g A

subunit, and desmocollin 2).

The study suggests that the antitumor and antimetastatic =~ 485
activities of resveratrol might be due to the inhibition of
DNA synthesis in LLC cells and the inhibition of
LLC-induced neovascularization and tube formation
(angiogensis) of HUVEC by resveratrol.

volume, tumor weight and metastasis to the

lung in mice bearing highly metastatic LLC

tumors. Resveratrol did not affect the number of

CD4%, CD8™" and natural killer (NK)1.1.(4+) T

cells in the spleen. Therefore, the inhibitory

effects of resveratrol on tumor growth and lung
metastasis could not be explained by natural
killer or cytotoxic T-lymphocyte activation. In
addition, resveratrol inhibited DNA synthesis
most strongly in LLC cells. Resveratrol
increased apoptosis in LLC cells, and decreased
the S phase population. Resveratrol inhibited
tumor-induced neovascularization in an in vivo
model. Moreover, resveratrol significantly
inhibited the formation of capillary-like tube
formation from human umbilical vein
endothelial cells (HUVEC). Resveratrol
inhibited the binding of vascular endothelial
growth factor (VEGF) to HUVEC.

Resveratrol significantly reduced the number of 486
ACF/colon and their multiplicity, and also abolished
large ACF. In resveratrol-treated rats, Bax expression
was enhanced in ACF but not in the surrounding
mucosa. In both controls and resveratrol-treated rats,
proliferation was higher in ACF than in normal mucosa.
p21 was expressed in ACF of controls and of
resveratrol-treated rats and in normal mucosa of
controls, but was lost in normal mucosa of
resveratrol-treated animals. The results suggest a
protective role of resveratrol in colon carcinogenesis
with a mechanism involving changes in Bax and p21
expression.

The results of this study demonstrate that BHA is an 487
effective inhibitor of BaP plus NNK-induced lung
tumorigenesis in A/J mice when administered during
the period of carcinogen treatment and that, among the
compounds tested, myo-inositol is most effective after
carcinogen treatment.

Aberrant crypt foci (ACF) were isolated and
proliferation, apoptosis and expression of the
cell cycle genes Bax and p21 were determined.

gavage with a mixture of BaP and NNK (3
pmol each) for 8 weeks, then sacrificed 26
weeks after the first carcinogen treatment. Mice
treated with BHA (20 or 40 umol) by gavage 2
h before each dose of BaP and NNK had
significantly reduced lung tumor multiplicity.
Treatment with BHA (20 or 40 pmol) by
gavage weekly or with dietary BHA (2000
ppm), curcumin (2000 ppm) or resveratrol (500
ppm) from 1 week after carcinogen treatment
until termination had no effect on lung tumor
multiplicity. Treatment with dietary
myo-inositol (30,000 ppm) or esculetin (2000
ppm) from 1 week after carcinogen treatment
until termination significantly reduced lung
(Continued on next page)
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Evaluation of resveratrol with in vivo model systems. (Continued)

Model

What was measured

Effect Ref.

Inhibition of tumor
growth in a rat tumor
model.

Investigation of cancer
chemopreventive
activity three major
stages of
carcinogenesis.

Investigation of
antitumorigenic
activities of two
flavonols, a stilbene
and a hydroxybenzoic
acid employing a
two-stage CD-1 mouse
skin cancer model
using 9,10-dimethyl-
1,2-benzanthracene
(DMBA) as initiator
and phorbol
12-myristate 13-acetate
(TPA) as promoter.

Investigation of
resveratrol and
epigallocatechin-3-
gallate (EGCG)
effectiveness to protect
against chemically
induced mammary
cancer by modulating
mammary gland
architecture, cell
proliferation, and
apoptosis using female
Sprague-Dawley CD
rats.

tumor multiplicity, with the effect of
myo-inositol being significantly greater than
that of esculetin. Treatment with dietary LTO
(167, 1667 or 8333 ppm) from 1 week before
carcinogen treatment until termination had no
effect on lung tumor multiplicity.

Resveratrol was administered to rats that were

inoculated with a fast growing tumor (the
Yoshida AH-130 ascites hepatoma). Tumor cell
content was measured. Flow cytometric analysis
of the tumor cell population was employed.

Resveratrol was tested for anti-initiation activity,

antipromotion activity, and antiprogression
activity. It was tested in carcinogen-treated
mouse mammary glands in culture, a mouse
skin cancer model, and a rat anti-inflammation
model.

Animals were treated with (4-)-catechin,

trans-resveratrol, quercetin and gallic acid at
doses ranging from 0 to 25 pmol (dissolved in
200 pL acetone), twice a week for eighteen
weeks. The solution was applied topically to the
shaved dorsal region of each animal. The
relative potencies of the polyphenols were
compared by evaluating the percentage
inhibition of tumor formation in individual mice
and the number of mice developing one or more
tumors with the different dose schedules.
Analyses revealed that quercetin was the most
(EDsp < 1 umol) and gallic acid the least
effective (EDsp 5-10 pmol). (4)-Catechin and
trans-resveratrol were intermediate, with EDsg
values of 5 and 6 pumol, respectively.

Animals were exposed to either resveratrol (1 g/kg

AIN-76A diet), EGCG (0.065% in the drinking
water), or control diet (AIN-76A) for the
entirety of their life starting at birth. At 50 days
postpartum, rats were treated with 60 mg
dimethylbenz[a]anthracene (DMBA)/kg body
weight to induce mammary cancer. Resveratrol,
but not EGCG, suppressed mammary
carcinogenesis (fewer tumors per rat and longer
tumor latency). Analysis of mammary whole
mounts from 50-day-old rats revealed that
resveratrol, but not EGCG, treatment resulted in
more differentiated lobular structures.
Bromodeoxyuridine (BrdU) incorporation
studies showed that resveratrol treatment caused
a significant reduction in proliferative cells in

Resveratrol administration to the rats caused a very 488

significant decrease (25%) in the tumor cell content.
The effects of this diphenol were associated with an
increase in the number of cells in the G,/M cell cycle
phase. Flow cytometric analysis of the tumor cell
population revealed the existence of an aneuploid peak
(representing 28% of total), which suggests that
resveratrol causes apoptosis in the tumor cell population
resulting in a decreased cell number.

Resveratrol was found to act as an antioxidant and 40

antimutagen and to induce phase II drug-metabolizing
enzymes; it mediated anti-inflammatory effects in a rat
model and inhibited cyclooxygenase and
hydroperoxidase functions; and it induced human
promyelocytic leukemia cell differentiation. It inhibited
the development of preneoplastic lesions in
carcinogen-treated mouse mammary glands in culture
and inhibited tumorigenesis in the two-stage mouse skin
cancer model.

This group showed recently that trans-resveratrol is 453

absorbed much more efficiently than (4)-catechin and
quercetin in humans after oral consumption. Taking this
and the relative concentrations in red wine into account,
together with the present results, they conclude that
trans-resveratrol may be the most effective anticancer
polyphenol present in red wine as consumed by healthy
human subjects.

The research group concluded that resveratrol in the diet 489

can reduce susceptibility to mammary cancer, while
EGCQG in the drinking water at the dose used was not
effective.
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Model What was measured Effect Ref.

mammary terminal ductal structures at 50 days
postpartum, making them less susceptible to
carcinogen insult. The epithelial cells of terminal
end buds in the mammary glands of
resveratrol-treated rats also showed an increase in
apoptotic cells compared to the control or
EGCG-treated rats as measured by a DNA
fragmentation assay. At the given doses, resveratrol
treatment resulted in a serum resveratrol
concentration of 2.0 uM, while treatment with
EGCQG resulted in a serum EGCG concentration of
31.06 nM. 178-Estradiol, progesterone, and
prolactin concentrations in the serum were not
significantly affected by resveratrol or EGCG.
Neither polyphenol treatment resulted in toxicity as
tested by alterations in body weights, diet and drink
consumptions, and day to vaginal opening.

Investigated the effects Used the annual fish, Nothobranchius furzeri, Because Nothobranchius furzeri is related to stickleback 490
of resveratrol on resveratrol treatment prolonged lifespan and (Gasterosteus aculeatus), the “pufferfishes” Takifugu
vertebrate aging. delayed the onset of age-related dysfunctions in this  and Tetraodon, and even more closely related to medaka

fish. This result identified resveratrol as the first (Oryzias latipes), it became a useful model system for
molecule which consistently retards aging in the aging research community.

organisms as diverse as yeast, worm, fly and fish,
but it also revealed the potential of this short-lived
fish as an animal model for pharmacological

research.

Employed the mouse HA, which is a tetramer of resveratrol, was isolated ~ This study showed that heyneanol A is an active anticancer 491
Lewis lung carcinoma  from the the root of Vitis amurensis Rupr. compound that induces caspase-mediated cancer cell
(LLC) model (Vitaceae). Administered HA and resveratrol by apoptosis and inhibits angiogenesis rivaling the potency
(C57BL/6 mice) to daily i.p. injection to the animals that were of resveratrol and merits further evaluation for cancer
determine the subcutaneously inoculated with LLC cells. HA chemoprevention.
anti-tumor activity of  dose-dependently decreased tumor growth without
heyneanol A (HA). any adverse effect on body weight and seemed

more potent than resveratrol. The tumor inhibitory
effects were accompanied by a marked increase in
tumor cell apoptosis detected by cleaved caspase-3
and TUNEL assays and decreased tumor cell
proliferation index and tumor microvessel density,
supporting the involvement of apoptotic and
antiangiogenic activities in the anticancer effects.
Next, investigated the cellular and molecular
processes that mediate the apoptosis and
antiangiogenesis effects using cell culture models.
Mechanistically, treatment of LLC cells in vitro
with HA or resveratrol significantly increased
apoptotic cells. Both HA and resveratrol activated
caspase-9 and caspase-3, caused PARP cleavage,
which were completely blocked by a pan caspase
inhibitor, Z-VAD-FMK. In addition, HA and
resveratrol suppressed the bFGF-induced
proliferation and capillary differentiation of human
umbilical vein endothelial cells, inhibited the
binding of bFGF to its receptor in a test tube assay
and the bFGF-induced vascularization of Matrigel
plugs in vivo. Remarkably, HA was fairly stable in
cell culture medium and did not undergo
intracellular conversion to resveratrol.

(Continued on next page)
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Model ‘What was measured Effect Ref.
Investigated resveratrol to ~ OVCAR-3 and Ishikawa cancer cells in culture Resveratrol adds to the growth inhibitory/anticancer 492
determine if it adds to the ~ were treated with cisplatin and doxorubicin, activity of cisplatin and doxorubicin in vitro and
growth inhibitory effects respectively, with and without resveratrol; and protects against doxorubicin-induced cardiac toxicity
of cisplatin and cell growth and viability were evaluated. both in vitro and in mice.

doxorubicin on human
ovarian (OVCAR-3) and
uterine (Ishikawa) cancer
cells in culture and to
evaluate whether it
diminishes the cardiac
toxicity of doxorubicin in
rodent heart.

Used Fischer rats to
investigate the effects of
resveratrol on
angiogenesis in rat
gliomas by color Doppler
ultrasound (CDUS).

Neonatal rat ventricular myocytes received
doxorubicin in the presence and absence of
resveratrol, and cell viability was evaluated.
Mice received doxorubicin +/ resveratrol, and
electrocardiograms were evaluated. Data were
analyzed with analysis of variance and Scheffe’s
test. Resveratrol combined with cisplatin or
with doxorubicin demonstrated an additive
growth-inhibitory anticancer effect with a left
shift of the cisplatin and doxorubicin
dose/response curves. Resveratrol increased the
viability of neonatal rat ventricular myocytes
that were treated with doxorubicin and reduced
doxorubicin-induced bradycardia and QTc
interval prolongation in mice.

The correlation among the tumor growth rate, Resveratrol-suppressed glioma growth was significantly 493
macroscopic angiogenesis measured by CDUS,  correlated with the inhibition of macroscopic and
and microscopic angiogenesis was assessed by microscopic angiogenesis.

immunohistochemical staining. Fischer rats
were subcutaneously inoculated with rat RT-2
glioma cells and treated with resveratrol for 4
weeks. The tumor size was measured and the
animal survival followed. CDUS examination
was used to measure tumor blood flow shown as
the color Doppler vascularity index (CDVI).
Immunohistochemical staining of CD31 was
carried out to assess the microvessel density
(MVD) of the tumors. The CDVI, MVD, and
tumor size were correlated. Rats treated with
resveratrol (40 mg/kg/day) had slower tumor
growth rates than those of the control groups (p
< 0.05). The CDVI, MVD and tumor size were
significantly correlated (linear regression, p <
0.0001).

Investigation of the effect of The Lewis lung carcinoma results do not agree These results suggest that resveratrol could be tentatively 494

resveratrol on lung
carcinoma.

Examination of
antimutagenic effects and
effect on the immune
response of representative
series of substances
which commonly occur in
human diet. Utilized the
Ames bacterial
mutagenicity tests and

with previous reports where a clear effect of given as a preventive agent in cancer patients
resveratrol was shown on tumor burden in both undergoing radiotherapy or chemotherapy.
mice and rats. However, administration of the

diphenol had a clear antimetastatic effect,

decreasing both the number and the weight of

the lung metastases. Similar effects were

observed both at 5 and 25 mg/kg body weight

per day, resulting in an approximately 40%

reduction in the number of metastases.

Using the Ames test and in vivo micronucleus, the All complete vegetable homogenates and substances of 495

chemiluminescence test, the blastic plant origin tested showed a clear antimutagenic and
transformation test and the comet assay, the immunomodulatory activities on mutagenicity and
research group examined antimutagenic effects immunosuppression induced by reference mutagens.

of chemically identified chemoprotective Only in the Ames test the effect of some phytochemicals
substances in the pure form (resveratrol, against direct mutagen MNU was lower compared to
diallylsulfide, phenethyl isothiocyanate, ellagic indirect mutagens AFB1 and 1Q. Similarly, resveratrol
acid, epigallocatechin gallate, genistein, and and epigallocatechin gallate had no inhibitory effect on
curcumin) on mutagenicity induced by three mutagenicity MNU in the Ames test.



an inhibitor of colon
carcinogenesis using
Wistar male rats.

group 1 were control rats, group 2 were control
rats that received resveratrol (8 mg/kg body
weight p.o. every day), rats in groups 3—6 were
treated weekly with 1,2-dimethylhydrazine
(DMH, 20 mg/kg body weight, s.c. x 15 times).
In addition, groups 4, 5, and 6 received
resveratrol as in group 2. Modifying effects
were assessed using aberrant crypt foci (ACF)
and the extent of histopathological lesions as
end point markers. At the end of 30 weeks,
resveratrol markedly reduced tumor incidence,
the degree of histological lesions and also the
size of tumors significantly (P < 0.05) as
compared to the unsupplemented DMH-treated
rats. The number of ACF consisting of more
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in vivo reference mutagens: aflatoxin B1 (AFB1),
chemiluminescence testto ~ 2-amino-3-metylimidazo[4,5,- f] chinolin (IQ)
investigate antigenotoxic and N -nitroso-N-metylurea (MNU) and effect
and immunomodulatory of phytochemicals on the immunosuppression
effects of juices and caused by these mutagens.
vegetable homogenates
(carrot + cauliflower,
cauliflower, red cabbage,
broccoli, onion, garlic) on
the genotoxicity of AFB1
and pyrolysates of
aminoacids.
Investigation of human oral ~Short-term experiments showed that polyphenols The bioengineered oral tissue construct opens up 496
epithelial cell monolayers ~ can traverse human gingival epithelial tissue as improved ways of understanding and preventing/treating
to determine the well as be effectively taken up by the tissue. The =~ smoking-induced oral cancer.
carcinogen model cigarette smoke carcinogen BaP very
(benzo[a]pyrene) slowly, but to a great extent, accumulated in the
transport, bioactivation, tissue with maximal uptake at 24 h. Such
and DNA binding in a exposure clearly resulted in DNA binding of
bioengineered human BaP by the tissue. This DNA binding was
gingival epithelial tissue associated with BaP-induced CYP1B1 as well
construct and the as CYP1ALI expression, as evidenced by mRNA
chemopreventive effects measurements. Cotreatment of the oral tissue
of dietary polyphenols. with dietary polyphenols, including resveratrol
and quercetin, and BaP, resulted in significant
inhibition of the BaP-DNA binding. Using
fluorescence microscopy as well as
simultaneous autoradiography, it was
demonstrated that quercetin penetrates the
entire stratified tissue layer, but that quercetin
was also oxidized within the cells.
Investigation of resveratrol ~ Resveratrol has been shown to induce transcription This study supports the potential use of resveratrol as a 497
using nude mice to via both ERe and ERB. The research group chemotherapeutic agent in breast cancers.
determine observed significantly lower tumor growth,
chemotherapeutic activity ~ decreased angiogenesis, and increased apoptotic
in breast cancer. index in ER« - ERB+ MDA-MB-231 tumors in
resveratrol-treated nude mice compared with
controls. In vitro, a significant increase in
apoptosis was found in resveratrol-treated
MDA-MB-231 cells in addition to significantly
reduced extracellular levels of VEGE.
Evaluation of resveratrol as Wistar male rats were divided into six groups, The results suggest resveratrol is as an effective 498

chemopreventive agent, which suppresses
DMH-induced colon carcinogenesis at various stages.

(Continued on next page)
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Model ‘What was measured

Effect

Ref.

than six aberrant crypts per rat was observed in
group 6 (6.2 +/ 1.4), group 5 (7.7 +/— 1.0) and
group 4 (8.2 +/— 1.4) which were significantly
lower than that of group 3 (22.3 +/—2.4) (P <
0.05). The most pronounced inhibition of ACF
development was noted in rats fed resveratrol
for the entire period and also during the
post-initiation period. Also, resveratrol
administration lowered the number of
argyrophilic nucleolar organizing
region-associated proteins per nucleus in
non-lesional colonic crypts, which reflects the
cell proliferation activity. Oxidative imbalance
in DMH-treatment was significantly (P < 0.01)
modulated on resveratrol supplementation as
indicated by optimal concentration of
thiobarbituric acid reactive substances,
superoxide dismutase, catalase, and reduced
glutathione.

The tumor cell growth repression rate was
measured by MTT colorimetry. Flow cytometry
was used to analyze the cell cycle of Hep2 cells
(laryngeal squamous cancer cell line). The
immune function and cytokine levels in the
serum of the tumor-bearing mice were
determined by MTT colorimetry, hemolysis
spectrophotography, improved Mayer’s method
and ELISA. Resveratrol inhibited the tumor cell
growth and enhanced the apoptosis of tumor
cells in time- and concentration-dependent
manners showing the phenomenon of obvious
Gy/G; blocking and apoptotic peak. The
maximal tumor inhibition rate came up to
42.76%. Furthermore, resveratrol improved
function of T, B lymphocytes, killing activity of
NK cells, release of antibodies, and the total
complement activity in serum. It also increased
contents of IL-2 and TGF-B1 but reduced that
of IL-8 and VEGE.

Investigation to examine the Resveratrol demonstrated potent inhibition
effects on (effective dose 50 = 0.74/0.1 uM) of
angiogenesis-mediated FGF2-induced angiogenesis and tumor growth.
processes and to define Furthermore, resveratrol significantly (P <
anti-angiogenesis 0.01) inhibited platelet/fibrin clot-promoted
mechanisms for human colon and fibrosarcoma tumor growth in
flavonoids by examining the CAM tumor model. Resveratrol in a
the effects and concentration-dependent (1-3 ©M) manner
mechanisms of resveratrol  significantly promoted apoptosis in
on angiogenesis and FGF2-stimulated endothelial cells by increasing
tumor growth using the p53 protein production. These data indicated
chick chorioallantoic potent anti-angiogenesis efficacy, inhibition of
membrane (CAM) model  tumor growth, and clot-mediated enhanced
of angiogenesis, the CAM  tumor growth.
tumor growth model, and
the effect on p53 in
fibroblast growth factor-2
(FGF2) stimulated human
endothelial cells using
immunoassay.

Exploration of the
immunological
mechanism of the
antitumor function of
resveratrol through in
Vitro or in vivo
experiments.

Resveratrol not only affects tumor cells directly but also
exert antitumor efficiency through reinforcing
cell-mediated, humoral immune response and
accommodating lymphocytes to secrete cytokines.

These data suggest that resveratrol has the potential to
exhibit anticancer benefits as a chemopreventive and
chemotherapeutic agent.

499

500
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Table 7. Evaluation of resveratrol with in vivo model systems. (Continued)

Model What was measured Effect Ref.
Evaluated the The research group used a UVB The group demonstrated that resveratrol imparts strong 457
chemopreventive effects initiation-promotion protocol in which the chemopreventive effects against UVB
of resveratrol against control mice were subjected to chronic UVB exposure—mediated skin carcinogenesis (relevant to
UVB radiation-mediated exposure (180 mJ/cm?, twice weekly, for 28 human skin cancers) and the chemopreventive effects of
skin tumorigenesis in the ~ weeks). The experimental animals received resveratrol may, at least in part, be mediated via
SKH-1 hairless mouse either a pretreatment (30 min before each UVB)  modulations in survivin and other associated events. On
model. or post-treatment (5 min after UVB) of the basis of this work, it is conceivable to design
resveratrol (25 or 50 umole/0.2 mL resveratrol-containing emollient or patch, as well as
acetone/mouse). The mice were followed for sunscreen and skin-care products for prevention of skin

skin tumorigenesis and were killed at 24 h after ~ cancer and other conditions, which are believed to be
the last UVB exposure, for further studies. The caused by UV radiation.
topical application of skin with resveratrol (both
pre- and post- treatment) resulted in a highly
significant inhibition in tumor incidence and
delay in the onset of tumorigenesis. The
post-treatment of resveratrol was found to
impart equal protection as the pretreatment;
suggesting that resveratrol-mediated responses
may not be sunscreen effects. Because survivin
is a critical regulator of survival/death of cells,
and its overexpression has been implicated in
several cancers, the research group evaluated its
involvement in chemoprevention of
UVB-mediated skin carcinogenesis by
resveratrol. The data demonstrated a significant
upregulation of survivin (both at protein and
mRNA levels), upregulation of
phospho-survivin protein, and downregulation
of proapoptotic Smac/DIABLO protein in skin
tumors; whereas treatment with resveratrol
resulted in the attenuation of these responses.
This study also suggests that resveratrol
enhanced apoptosis in UVB exposure—mediated

skin tumors.

Investigated the dose Male and female CD rats were treated with high ~ This study reports that at lower doses of resveratrol, there 501
response of resveratrol doses of resveratrol (0.3, 1.0, and 3.0 g/kg/day) are few significant changes in gene expression whereas
using cDNA stress arrays ~ for a period of 28 days. Total RNA from rat the modulation of liver genes at the high dose of
coupled with drug liver was reverse-transcribed using resveratrol may relate to the potential toxicity observed..
metabolizing enzymatic gene-specific primers and hybridized to
(DME) assays to stress-related cDNA arrays. Among female rats,
investigate the expression ~ Phase I DME genes were repressed at 0.3 and
of stress-responsive 1.0 g/kg/day doses, while genes such as
genes and phase I and 11 manganese superoxide dismutase, cytochrome
detoxifying enzymes in P450 reductase, quinone oxidoreductase, and
rat livers using male and thiosulfate sulfurtransferase demonstrated a
female CD rats dose-dependent increase in gene expression.

The modulation of these liver genes suggest the
potential toxicity as observed among the rats at
the highest dose level of resveratrol. Real-time
PCR was conducted on some of the phase II
DME genes and antioxidant genes to validate
the cDNA array data. The gene expression from
real-time PCR demonstrated good correlation
with the cDNA array data. UGT1A genes were
among the most robustly induced especially at
the high doses of resveratrol. The research
group performed phase I and phase 11
(Continued on next page)
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Table 7. Evaluation of resveratrol with in vivo model systems. (Continued)

Model ‘What was measured Effect Ref.

Investigated the effects of
resveratrol on the
development of
mammary tumors
appearing
spontaneously in
HER-2/neu transgenic
mice at an early age.

Tested the synthetic
resveratrol analog
3,4,54'-
tetramethoxystilbene
(DMU-212) to show its
potent inhibitory effects
of adenoma
development in the
Apc(Min+) mouse, a
model of human
intestinal
carcinogenesis using
Apc(Min+) mice.

enzymatic assays on cytochrome P450 2E1
(CYP2ELl), cytochrome P450 1A1 (CYP1AL),
NAD(P)H:quinone oxidoreductase (NQO1),
glutathione S-transferase (GST), and
UDP-glucuronosyl transferase (UGT). Induction
of phase II detoxifying enzymes was most
pronounced at the highest dose of resveratrol.
CYP1AL1 activity demonstrated a decreasing
trend among the 3 dose groups and CYP2E1
activity increased marginally among female rats
over controls.

The mechanisms involved in the resveratrol
antitumor effect were evaluated by studying the
immune effectiveness, tumor apoptosis, and
expression of mRNA and protein for HER-2/neu
in tumoral mammary glands from
resveratrol-treated mice and in tumor cell lines.
Resveratrol supplementation delayed the
development of spontaneous mammary tumors
(p < 0.001), reduced the mean number and size
of mammary tumors (p < 0.0001) and
diminished the number of lung metastases in
HER-2/neu transgenic mice. The effects of
resveratrol were associated with downregulation
of HER-2/neu gene expression and increased
apoptosis both in tumoral mammary glands and
in murine (N202) and human (SKBr3) tumor
cell lines. Neither the basal, the IL-2—induced
NK activity nor the lymphocyte number and
proliferation was modified in
resveratrol-supplemented compared to control
mice.

Apc(Min+) mice received either stilbene
derivative with the diet (0.2%), and adenomas
were counted after experiments were terminated.
Resveratrol and DMU-212 decreased adenoma
load by 27% and 24%, respectively, compared to
untreated controls. Cyclooxygenase (COX)
enzymes are important mechanistic targets of
resveratrol, and the research group investigated
whether DMU-212 interferes with the
expression and activity of COX in human colon
cells. Incubation of HCA-7 cancer cells for
24-96 h with either stilbene derivative (1-50
M) decreased prostaglandin E-2 (PGE-2)
production, but only resveratrol decreased
COX-2 protein expression. In mice, which
received either stilbene derivative (0.2%) for 3
weeks with their diet, PGE-2 levels in the
intestinal mucosa were reduced by between 45%
and 62% compared to mice on control diet.
While resveratrol inhibited enzyme activity in
purified COX preparations, DMU-212 failed to
do so. The PGE-2 decrease seen with DMU-212
in cells and in vivo is probably mediated via its
metabolites.

The results demonstrate that resveratrol supplementation 502
delays the development and reduces the metastasizing
capacity of spontaneous mammary tumors in

HER-2/neu transgenic mice. The antitumor effect of
resveratrol might be related to the downregulation of
HER-2/neu expression and the induction of apoptosis in

tumor cells.

The results suggest that alteration of the resveratrol 503
molecule to generate DMU-212 does not abrogate its
ability to decrease adenoma number in ApcMi"™* mice or

to interfere with PGE-2 generation in cells.
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Model What was measured

Effect Ref.

Investigated the apoptosis A transplanted tumor model was established by

Resveratrol was able to induce apoptosis of transplanted 504

of implanted primary
gastric cancer cells in
nude mice induced by
resveratrol and the
relation between this
apoptosis and
expression of bcl-2 and
bax.

Evaluate the inhibitory
effect of some
antioxidants, including
ascorbic acid and grape
seed extract (GSE), on
endogenous
N’-nitrosonornicotine
(NNN) formation in
F344 rats treated with
nornicotine and sodium
nitrite.

tumor cells. This apoptosis may be mediated by
downregulating apoptosis-regulated gene bcl-2 and
upregulating the expression of apoptosis-regulated gene
bax.

injecting human primary gastric cancer cells into
subcutaneous tissue of nude mice. Resveratrol
(500, 1000, and 1500 mg/kg) was directly
injected beside tumor body 6 times at an interval
of 2 d. Then changes of tumor volume were
measured continuously, and tumor inhibition rate
of each group was calculated. The research
group observed the morphologic alterations by
electron microscope, measured the apoptotic rate
by TUNEL staining method, detected the
expression of apoptosis-regulated genes bcl-2
and bax by immunohistochemical staining and
PT-PCR. Resveratrol could significantly inhibit
carcinoma growth when it was injected near the
carcinoma. An inhibitory effect was observed in
all therapeutic groups, and the inhibition rate of
resveratrol at the dose of 500, 1000, and 1500
mg/kg was 10.58%, 29.68%, and 39.14%,
respectively. Resveratrol induced implanted
tumor cells to undergo apoptosis with apoptotic
characteristics, including morphological changes
of chromatin condensation, chromatin crescent
formation, nucleus fragmentation. The inhibition
rate of 0.2 mL of normal saline solution, 1500
mg/kg DMSO, 500 mg/kg resveratrol, 1000
mg/kg resveratrol, and 1500 mg/kg resveratrol
was 13.68 + 0.37%, 13.8 & 0.43%, 48.7 £
1.07%, 56.44 £ 1.39%, and 67 £ 0.96%,
respectively. The positive rate of bcl-2 protein of
each group was 29.48 + 0.51%, 27.56 + 1.40%,
11.86 £ 0.97%, 5.7 & 0.84% and 3.92 + 0.85%,
respectively, by immunohistochemical staining.
The positive rate of bax protein of each group
was 19.34 £ 0.35%, 20.88 £ 0.91%, 40.02 &+
1.20%, 45.72 + 0.88%, and 52.3 £ 1.54%,
respectively, by immunohistochemical staining.
The density of bcl-2 mRNA in 0.2 mL normal
saline solution, 1500 mg/kg DMSO, 500 mg/kg
resveratrol, 1000 mg/kg resveratrol, and 1500
mg/kg resveratrol decreased progressively and
the density of bax mRNA in 0.2 mL normal
saline solution, 1500 mg/kg DMSO, 500 mg/kg
resveratrol, 1,000 mg/kg resveratrol, and 1,500
mg/kg increased progressively with elongation
of time by RT-PCR.

The F344 rats were treated with nornicotine and
sodium nitrite by gavage twice daily for 3 days.
The study included four groups of rats: (1)
negative control group A, to which no chemical
was administered; (2) negative control group B,
treated with nornicotine alone (2.5 umol per
gavage); (3) positive control group, to which
both nornicotine (2.5 umol per gavage) and
sodium nitrite (7.5 pwmol per gavage) were
administered; and (4) rats treated with
nornicotine (2.5 umol per gavage), inhibitor (7.5

The study demonstrated endogenous NNN formationin 505
rats treated with nornicotine and sodium nitrite, and the
inhibitory effect of this process by ascorbic acid,

dixydroxyfumaric acid, and catechin.

(Continued on next page)
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Table 7. Evaluation of resveratrol with in vivo model systems. (Continued)

Model

‘What was measured

Effect Ref.

Resveratrol has been
reported to have
antitumor effects, and
recently it has been
demonstrated that
resveratrol partially
blocks skeletal muscle
wasting by interfering
with NF-«B activation.
This study investigated
the potential
antiwasting properties
of resveratrol on
different models of
cancer cachexia in
experimental animals.

or 37.5 umol per gavage), and sodium nitrite
(7.5 pmol per gavage). The mean (4-SD) total
amount of NNN in the 3-day urine of rats treated
with both nornicotine and sodium nitrite was
4.78 +/ 2.88 nmol. The order of inhibition of
endogenous NNN formation in rats at the molar
ratio [nitrite]:[inhibitor] 1:5 was as follows:
ascorbic acid (91%) > dihydroxyfumaric acid
(86%) approximately catechin (85%) >
resveratrol (no inhibition). Treatment of rats
with grape seed extract did not produce
statistically significant inhibition of endogenous
nornicotine nitrosation.

Incubations of isolated extensor digitorum longus

muscles in the presence of 30 uM of resveratrol
caused a significant decrease in the rate of
protein degradation. However, administration of
resveratrol in vivo to both rats bearing the
Yoshida AH-130 ascites hepatoma (at the dose
of 1 mg/kg body weight) and mice bearing the
Lewis lung carcinoma (at two different doses, 5
and 25 mg/kg body weight) had no effect on
skeletal muscle mass or body weight in
tumor-bearing rodents. In addition, a
combination of resveratrol (3 mg/kg body
weight) and fish oil was also unable to induce
any changes in skeletal muscle weights.

It is concluded from this study that resveratrol is unable to 506
influence muscle mass in vivo and has no potential role
as anticachectic agent.



intake of a red grape
polyphenol extract
has a positive effect
on brachial artery
flow-mediated
dilatation.

It has been shown that
acute intake of red
wine improves
endothelial-dependent
vasodilatation. It is
not clear, however,
which constituents of
red wine are
responsible for this
effect.

heart disease. They were randomly assigned either to
a red grape polyphenol extract (600 mg) dissolved in
20 ml of water (n = 15) or 20 mL of water (placebo)
(n = 15). The extract of grapes contained 4.32 mg
epicatechin, 2.72 mg catechin, 2.07 mg gallic acid, 0.9
mg trans-resveratrol, 0.47 mg rutin, 0.42 mg
epsilon-viniferin, 0.28 mg, p-coumaric acid 0.14 mg
ferulic acid and 0.04 mg quercetin per gram.
Flow-mediated dilatation of the brachial artery was
evaluated after reactive hyperemia induced by cuff
obstruction of the forearm, using high-resolution
ultasonography. Particularly, flow-mediated dilatation
was measured after fasting and 30, 60, and 120 min
after the intake of the grape extract or placebo. Intake
of the red grape polyphenol extract caused an increase
in flow-mediated dilatation, peaking at 60 min, which
was significantly higher than the baseline values (4.52
+ 1.34 versus 2.6 £+ 1.5%; P < 0.001) and the
corresponding values at 60 min after the intake of
placebo (4.52 + 1.34 versus 2.64 £+ 1.8%, P < 0.001).
There was no change in FMD values after the intake
of placebo throughout the whole duration of the study.
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Table 8.  Clinical and human trials.

Aim Experimental approach Conclusion Ref.

Nutritional biomarkers ~ Performed 2 randomized, crossover trials and a cohort Resveratrol metabolites in urine may be useful 510
may be better study. In the first study, 10 healthy men consumed 30 biomarkers of wine intake in epidemiologic
measures of dietary g of ethanol/day as sparkling wine or gin for 28 days. and intervention studies.
exposure than In the second trial, 10 healthy women consumed 20 g
self-reported dietary of ethanol/day as white or red wine for 28 days.
data. Evaluated Evaluated 52 participants in a study on the effects of a
resveratrol Mediterranean diet on primary prevention of
metabolites, potential cardiovascular disease (the PREDIMED Study). Used
biomarkers of wine liquid chromatography—tandem mass spectrometry to
consumption, in analyze urinary total resveratrol metabolites (TRMs)
humans after and predictive values and ROC curve analyses to
moderate assess the diagnostic accuracy. Observed significant
consumption of increases in TRMs [72.4 (95% confidence interval,
sparkling, white, or 48.5-96.2; P = 0.005), 211.5 (166.6-256.3; P =
red wines. 0.005), and 560.5 nmol/g creatinine (244.9-876.1; P

= 0.005)] after consumption of sparkling, white, or
red wine, respectively, but no changes after the
washout or gin periods. In the cohort study, the
reported daily dose of wine consumption correlated
directly with TRMs (r = 0.654; P < 0.001). Using a
cutoff of 90 nmol/g, used TRMs to differentiate wine
consumers from abstainers with a sensitivity of 72%
(60%—84%); and a specificity of 94% (87%—100%).

Examined the Plasma and urine were collected and tested for Accumulation of resveratrol (the systemic 507
absorption, absorption. Liquid chromatography/mass bioavailability is very low) in epithelial cells
bioavailability, and spectrometry analysis identified three metabolic along the aerodigestive tract and potentially
metabolism of pathways, i.e., sulfate and glucuronic acid conjugation active resveratrol metabolites may still produce
14C-resveratrol after of the phenolic groups and, interestingly, cancer-preventive and other effects.
oral and i.v. doses in hydrogenation of the aliphatic double bond, the latter
six human volunteers. likely produced by intestinal microflora. Extremely

rapid sulfate conjugation by the intestine/liver appears
to be the rate-limiting step in the bioavailability of
resveratrol.
Examined whether acute Thirty (30) male patients were recruited with coronary ~ Polyphenolic compounds from red grapes acutely 511

improve endothelial function in patients with
coronary heart disease. These results could
probably, at least partly, explain the favorable
effects of red wine on the cardiovascular
system.

(Continued on next page)



572

J. M. Pezzuto

Table 8.  Clinical and human trials. (Continued)

Aim Experimental approach Conclusion Ref.

A phase I study of  Resveratrol and its metabolites were identified in The results suggested that consumption of high-dose 512
oral resveratrol plasma and urine by high-performance liquid resveratrol might be insufficient to elicit systemic levels
(single doses of chromatography—tandem mass spectrometry and commensurate with cancer chemopreventive efficacy.
0.5,1,2.5,0r5g) quantitated by high-performance liquid However, the high systemic levels of resveratrol
was conducted in chromatography—UV. Consumption of resveratrol conjugate metabolites suggest that their cancer
10 healthy did not cause serious adverse events. Resveratrol chemopreventive properties warrant investigation.
volunteers per and six metabolites were recovered from plasma
dose level. and urine. Peak plasma levels of resveratrol at the

highest dose were 539 + 384 ng/mL (2.4 umol/L,
mean + SD; n = 10), which occurred 1.5 h
post-dose. Peak levels of two monoglucuronides
and resveratrol-3-sulfate were 3- to 8-fold higher.
The area under the plasma concentration curve
(AUC) values for resveratrol-3-sulfate and
resveratrol monoglucuronides were up to 23 times
greater than those of resveratrol. Urinary excretion
of resveratrol and its metabolites was rapid, with
77% of all urinary agent-derived species excreted
within 4 h after the lowest dose. Cancer
chemopreventive effects of resveratrol in cells

in vitro require levels of at least 5 pmol/L.

Recruiting: Ages Eligible for Study: 18 years and above A prior report and data from this study group suggest that 21
Resveratrol for resveratrol modulates Wnt signaling, a signaling pathway
Patients with that is activated in over 85% of colon cancers. In this
Colon Cancer proposal, studies will be performed to define the actions

of resveratrol on the Wnt signaling pathway in a clinical
trial in which patients with colon cancer will receive
treatment with resveratrol and correlative laboratory
studies will examine its effects directly on colon cancer
and normal colonic mucosa. These studies will provide
data on the mechanisms of resveratrol action and provide
a foundation for future prevention trials, correlative
studies, and therapeutic clinical research with this agent.

Sponsor: University ~Genders Eligible for Study: Both
of California,

Irvine
Identifier: Patients diagnosed with colon cancer by
NCT00256334 colonoscopic biopsy and tissue obtained under
UCI104-05.
Enrollment: 6 Patients with a plan for surgical resection at UCIMC
within 2-4 weeks of enrollment.
Recruiting: Ages Eligible for Study: 18-80 Years Chemoprevention is the use of certain drugs to keep cancer 21

Resveratrol in
Preventing Cancer
in Healthy
Participants

University of
Michigan Cancer
Center

Identifier:
NCT00098969

Enrollment: 1040

Genders Eligible for Study: Both

Determine the concentration of resveratrol and its
metabolites in the plasma, urine, and feces of
healthy participants.

Correlate dose with systemic concentration of this
drug and its metabolites in these participants.

Determine the safety of this drug in these
participants.

from forming, growing, or coming back. The use of
resveratrol may prevent cancer. This phase I trial is
studying the side effects and best dose of resveratrol in
preventing cancer in healthy participants.
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Table 8.  Clinical and human trials. (Continued)
Aim Experimental approach Conclusion Ref.
Recruiting: Resveratrol ~ Ages Eligible for Study: 18 years and above Resveratrol may stop the growth of tumor cells by 21
in Treating Patients blocking some of the enzymes needed for cell
With Colorectal growth. This phase I trial is studying the side
Cancer That Can Be effects and best dose of resveratrol in treating
Removed By Surgery patients with colorectal cancer that can be
removed by surgery.
University of Michigan ~ Genders Eligible for Study: Both
Cancer Center
Identifier: Determine the relationship between oral dose of
NCT00433576 resveratrol and the colon mucosal levels of
resveratrol and its metabolites in patients with
resectable colorectal cancer.
Enrollment: 20 Determine the relationship between colon mucosal
levels of resveratrol and its metabolites and
plasma concentrations of resveratrol and its
metabolites in these patients.
Determine cyclooxygenase-2 (COX-2) expression in
colorectal cancer tissue before and after treatment
in these patients.
Determine M_1G concentration in colonic cancer
tissue and in circulating white blood cells (WBC)
before and after treatment.
Correlate M_1G concentration in colorectal cancer
tissue with M_1G concentration in circulating
WBC.
Assess the Ki67 labeling index in normal and
malignant tissues in at least 10 fields per section.
Correlate COX-2 expression in colorectal cancer
tissue with COX-2 expression in circulating
WBCs.
Assess the toxicity profile of this drug.
Recruiting: Dietary Ages Eligible for Study: 18 years and above A dietary intervention study in patients with 21

Intervention in
Follicular Lymphoma
(KLYMF)

Rikshospitalet-
Radiumhospitalet HE,
University of Oslo

Identifier:
NCT00455416

Enrollment: 45

Genders Eligible for Study: Both

Permanent address in Norway, located in health
region south or east. People living outside these
areas in other health regions in Norway may be
able to participate but after individual evaluation.

Histologically verified follicular lymphoma grade |
or II without clinical signs of transformation to
aggressive lymphoma.

Stage III/IV.

Previously untreated or at least 1 year since
rituximab treatment or 6 months since cytotoxic
chemotherapy.

Not scheduled for disease-specific treatment for the
next 3 months.

At least one pathological superficial lymph node
available for ultrasound guided biopsy.

Cytologically and/or immunocytologically
compatible with follicular lymphoma.

Women with childbearing potential, only with use of
safe contraceptives

follicular lymphoma (FL) stage III/IV to assess the
ability of several dietary factors to induce
apoptosis, inhibit cell proliferation, and modulate
tumor cell infiltrate in vivo.




