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Abstract: Cancer, one of the major causes of death across the world, has shown to be a largely
preventable disease, highly susceptible to modulation by dietary factors. Phenolic compounds,
abundant in vegetables and fruits ubiquitous in diet, were described to play an important role as
chemopreventive agents. Since conventional therapeutic and surgical approaches have not been
able to control the incidence of most cancer types, the development of chemopreventive strategies
is an urgent priority in public health. The current diet phenolic intake is often insufficient to protect
from mutagens (either exogenous or endogenous), which leads to the need for dietary sup-
plementation as an alternative approach. Research efforts are placing increasing emphasis on
identifying the biological mechanisms and in particular the signal transduction pathways related to
the chemopreventive activities of these compounds. These effects are believed to occur by the
regulation of signaling pathways such as nuclear factor-kB (NF-kB), activator protein-1 (AP-1) or
mitogen-activated protein kinases (MAPK). Dietary polyphenols can exert their effects on these
pathways separately or sequentially and in addition the occurrence of crosstalk between these
pathways cannot be overlooked. By modulating cell signaling pathways, polyphenols activate cell
death signals and induce apoptosis in precancerous or malignant cells resulting in the inhibition of
cancer development or progression. However, regulation of cell signaling pathways by dietary
polyphenols can also lead to cell proliferation/survival or inflammatory responses due to increased
expression of several genes. The present review summarizes the most recent advances providing
new insights into the molecular mechanisms underlying the promising anticarcinogenic activity of
dietary polyphenols. © 2006 Wiley Periodicals, Inc. Med Res Rev, 26, No. 6, 747-766, 2006
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1. BACKGROUND

The major stages of carcinogenesis, delineated over the past 50 years, encompass chronic events such
as initiation, promotion, and progression.' Tumor initiation begins when DNA, in a cell or population
of cells, is damaged by exposure to carcinogens. If this injury escapes repair it can lead to genetic
mutations. The tumor promotion stage is characterized by selective clonal expansion of the initiated
cells, as a result of the altered expression of genes whose products are associated with hyper-
proliferation, tissue remodeling, and inflammation.’ During progression, preneoplastic cells develop
into tumors through a process of clonal expansion, facilitated by progressive genomic instability and
altered gene expression.” It is presently accepted that human carcinogenesis does not occur through
these three discrete fases in a predictable manner, rather it is best characterized as an accumulation of
alterations in cancer regulating genes, such as oncogenes, tumor suppressor, apoptosis-regulating,
and DNA-repair genes.” The animal models of multistage carcinogenesis have greatly contributed to
the current knowledge of this process and of the possible ways to interfere with it. The most rational
way to affect carcinogenesis is by interfering with those steps amenable to be modulated, as well as
the associated signal transduction pathways.

Chemoprevention comprises multiple intervention strategies, using either pharmacological or
dietary agents to prevent, arrest or reverse the carcinogenesis process at various stages.* Ex-
perimental and epidemiological studies showed that more than 90% of cancers are associated with
both mutagens and mitogens.”® Therefore, chemoprevention strategies should be mostly concerned
with substances which are able to inhibit or reverse these cellular processes, namely decreased
apoptosis, increased proliferation, and cell maturation or differentiation. Conventional classification
of chemopreventive agents’® is based on the underlying mechanisms by which they exert their
protective effects in a specific stage of multistep carcinogenesis: blocking and suppressing agents.
Blocking agents can hamper initiation either by inhibiting carcinogen formation from procarcino-
gens or by preventing the ultimate electrophilic and carcinogenic species from interacting with
critical cellular target molecules such as DNA, RNA, and proteins.® Suppressing agents, in turn,
inhibit expression of initiated cells either in the promotion or progression stages.’ Despite the great
advances on the understanding of the beneficial effects of several chemopreventive substances,
particularly on different carcinogenesis-related signal transduction pathways, this is still an area
undergoing extensive research. The major part of research concerning signal transduction pathways,
for instance, has been carried out in cell lines (in vitro) although it is not clear whether some of the
phenomena observed in these simpler systems can also occur in vivo.

The chemopreventive agents found in the human diet are a very promising group of compounds,
on account of their safety, low-toxicity, and general acceptance. Indeed, numerous phenolic
compounds have been investigated for their potential use as cancer chemopreventive agents.'®~!?
Naturally occurring phenolic acids and analogs (e.g., caffeic and gallic acids) are known to display a
wide variety of biological functions, in addition to their primary antioxidant activity, which are
mainly related to modulation of carcinogenesis.'®~' Thus, phenolic derivatives have lately received
increased attention, namely the ones which are taken exogenously from the diet (as nutritional
supplements).

Several epidemiological studies indicate that a diet rich in fruits and vegetables is associated to
the reduction of cancer risk in humans, suggesting that certain dietary constituents may thus be
effective in preventing cancer.'* Consequently, the identification and development of cancer
chemopreventive phenolic agents has become, in the last few years, a most relevant issue in public
health-related research. Phenolic compounds constitute one of the most numerous and ubiquitous
groups of plant metabolites, and are an integral part of the human diet.

The present work is not intended as an exhaustive revision on this subject, but as a
description of the most recent studies on the anticancer activity of dietary polyphenolic compounds.
One of the main goals of this area of research is the full evaluation and characterization, at a
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molecular level, of this type of effects, to exploit the potential of polyphenols as chemopreventive
agents.

2. CHEMISTRY OF DIETARY POLYPHENOLS

Polyphenolic compounds constitute a diverse group of secondary metabolites that are present in the
human diet. This group of heterogeneous compounds correspond to a wide variety of chemo-
preventive agents and has been categorized in the following groups: Phenolic acids and analogs
(Table 1), Stilbenes (Table II), Flavonoids and analogs (Table III), Miscellaneous (Table IV).
Tables I-IV comprise relevant information on the most actively studied polyphenolic compounds,
from 2000 to this date.

A. Phenolic Acids and Analogs

The phenolic acids are usually divided in two main groups: benzoic acids, containing seven carbon
atoms (C6—C1), and cinnamic acids, comprising nine carbon atoms (C6—C3). These compounds
exist predominantly in the hydroxylated form, therefore being generally named hydroxybenzoic and
hydroxycinnamic acids, respectively. Several types of hydroxybenzoic and hydroxycinnamic acids
have been identified in the human diet, and are known to play an important role due to their abundance
and diversity. Natural phenolic acids, either occurring in the free or conjugated forms, usually appear
as esters or amides'*'* (Table I). Due to their structural similarity, several other polyphenols are
considered as acid analogs (Table I). For instance, the phenylethanol derivatives, with eight carbon
atoms (C6—C2), which comprise the 3,4-dihydroxyphenylethanol (hydroxytyrosol) and the 4-
hydroxyphenylethanol (tyrosol), are also considered as chemopreventive components of diet.

B. Stilbenes

Stilbenes are phenolic compounds displaying two aromatic rings linked by an ethene bridge.
Resveratrol (3,5,4'-trihydroxystilbene) is the member of this chemical family more abundant in the
human diet, namely in grapes and wine.

Other stilbenes that have recently been identified in the diet, such as piceatannol glucoside
(usually named astringin) and pterostilbene, are also considered as potential chemopreventive agents
(Table II).

C. Flavonoids and Analogs

Flavonoids belong to a chemical class of polyphenols presenting a basic structure of 15 carbon atoms,
comprising two aromatic rings bound through a 3 carbon chain (C6-C3-C6), which can eventually be
part of a third ring. This type of carbon skeleton, as well as the conformation of the central chain, is
responsible for the chemical diversity of these compounds.

In nature, flavonoids can occur either in the free or conjugated forms, often being esterified to one
or two sugar molecules, through at least one hydroxyl group (O-glucosides, O-Gluc) (Table III).
Silymarin, a flavonoid analog worth referring, is also included in Table III.

D. Miscellaneous

1. Coumarins

Coumarins are lactones obtained by cyclization of cis-ortho-hydroxycinnamic acid. This precursor is
formed through isomerization and hydroxylation processes of the structural analogs trans-
hydroxycinnamic and derivatives. In general, coumarins are characterized by great chemical
diversity, mainly differing in the oxygenation degree of their benzopyrane moiety. In nature, most of
coumarins are C;-hydroxylated (Table IV).
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Table I. Phenolic Acids and Analogs

HO

Phenolic compound General Structure Chemopreventive | Experimental Dietary Ref.
mechanisms (s) model source
BENZOIC ACIDS 12
Hydroxybenzoic acids Antioxidant effects | Human Plants 13
and its derivatives R4 COOR Induction of | cancer cells Vegetables 85
Gallic acid and its alkyl apoptosis Lung Beverages 86
esters HO Cell cycle arrest stomach, Additives 87
Protocatechuic acid Supression of | colon, breast,
Ro GFR  —mediated | leukemia,
pathways cervix,
Supression of NF- | lymphoid
KB activation neoplasma,
epithelial
CD-1 mice
CINNAMIC ACIDS 10
Hydroxycinnamic acids Antioxidant effects | Human Plants 12
and its derivatives COOR Induction of | cancer cells Fruits 13
Caffeic acid and R, ~ apoptosis leukemia, Vegetables 51
derivatives (esters, Cell cycle arrest cervix Olive oil 77
namely caffeic acid Antiinflammatory Oral cancer | Rice 86
phenethyl ester-CAPE- HO effects cells Oat 87
, and amides) R» Supression of NF- Mustard seed | 88
Ferulic acid kB activation Beverages
Sinapic acid Supression of (coffee, wine,
angiogenesis tea)
Roasted
Coffee
Propolis
(honeybee
resin)
Cocoa
ANALOGUES
Curcumin and Antioxidant effects | Human Turmeric 33
derivatives Induction of | cancer cells (rhizome of | 35
apoptosis Skin cancer, | Curcuma 44
Yakuchinone A Cell cycle arrest leukemia longa linn) 53
Antiinflammatory Curry 54
Yakuchinone B effects 63
Supression of NF- 64
B activation 68
Supression of 87
protein kinases 89
(inhibitor of
serine/threonine
kinases, tyrosine
kinases)
Supression of
angiogenesis
Supression of EFR
mediated
pathways
0 Pepper 89
Capsaicin, Antioxidant effects | Human
dihydrocapsaicin Induction of | cancer cells
and derivatives H3CO N apoptosis
H Leukemia
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Table 1. (Continued)

Phenolic compound General Structure Chemopreventive | Experimental Dietary Ref.
mechanisms (s) model source

Skin cancer 92

(@]
Rosmarinic acid Antioxidant effects Plants
and derivatives R =~ Q Antiinflammatory Fern
1 effects Hornwort
COOH
HO
HO
Ry

[0} Ry 58
[6]-Gingerol R Antioxidant effects | Human Zingiberaceae | 87
[6]-Paradol and 1 NN Antiinflammatory cancer cells Ginger root 89
derivatives effects Skin cancer Grains of 90
Induction of | Leukemia paradise 91
R;=OCHj; R,=OH [6]-Gingerol HO apoptosis Oral
R;=OCHj; R;=H  [6]-Paradol carcinoma
R, 93
Tyrosol OH Antioxidant Human Olive oil
R1=H HO Induction of | cancer cells Edible oils
apoptosis Lung, colon, Wine
;;;c(i)rgxytyrosol i : breast
cancer,
ovarian

2. Lignans

Lignans are dimers (with two C6-C3 units) resulting from tail-to-tail linkage of two coniferyl or
sinapyl alcohol units. Sesamol and its glucosides are good examples of this type of compounds
(Table IV).

3. Tannins

Tannins are polyphenolic compounds usually classified in two classes: the hydrolysable and the non-
hydrolysable (or condensed) tannins. The former are complex polyphenols, which can be degraded

Table II. Stilbenes

Phenolic General Structure Chemopreventive Experimental Dietary Ref.
compound mechanism(s) model source
Trans- R,0 20
Resveratrol O OH Antioxidant effects Human  cancer | Grapes 24
and O / Induction of | cells: Wine 27
derivatives apoptosis colon, prostate, Ko-jo-kon 36
Cell cycle arrest breast , leukemia, | (root 42
R,0 Antiinflammatory epithelial Ploygonum 43
effects esophageal, cuspidatum) 47
Supression of NF-xB | ovarian, gastric, 52
R;=R,=H; trans-resveratrol activation skin 55
R,=H,R,=Gluc, trans-piceid Supression. of ) 56
. angiogenesis metastatic breast 57
Ry=CH3,R,=CHy; trans-pterostilbene | gypression of protein | cancer cells 68
kinases (PTKs) Preneoplastic 71
Supression of lesions 89
antiangiogenis 91
Cell cycle arrest Animal models
Supression of AP-1 RT-2 rat gliomas
activation

Supression of EGR-
mediated pathways
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into sugars and phenolic acids through either pH changes, or enzymatic or non-enzymatic hydrolysis.
The basic units of hydrolysable tannins of the polyester type is the gallic acid and its derivatives

(Table IV).

3. CHEMOPREVENTIVE MECHANISMS OF POLYPHENOLS

Cancer has proved to be a largely preventable disease, namely through an appropriate diet. Actually,
since conventional therapeutic and surgical approaches have not been able to control the incidence of
most cancer types, there is an urgent need to develop mechanism-based strategies in order to achieve
this goal. Prevention via non-toxic agents may be one such approach.'

Table III. Flavonoids and Analogs

Cell cycle arrest
Suppression of
angiogenesis

Phenolic compound General Structure Chemopreventive | Experimental Dietary Ref.
mechanism(s) model source
68
Catechin Flavanol Antioxidant effects | Human Apple skin 70
Ri= Re=Rs= Rs= Rs= Re=OH Antiinflammmatory | cancer cells: Celery 74
. . effects prostate, Berries 84
EE'CRaE%ﬁ_"g RH R Inhibition of | breast Citrus fruits | 87
ReOH T telomerase Soybeans | 94
Onions 96
Green tea
Cocoa
45
Quercetin Flavonol Antioxidant effects | Human Olive oil 68
;“fOH_R Ly RO Antiinflammatory cancer cells: | Red wine 70
M effects Breast, Tea 74
- Induction of | ovarian, Citrus fruits | 84
L\x/! ngfé'ﬁz Ry=Rs=OH apoptosis leukemia, Tomato 87
Galantin Supression of NF- | colon, lung, | Onion 94
Ri=; Rp=OH; Rs=Rs=Rs=H KB activation oral cancer, | Cotton 95
Supression of | prostate seed 96
protein kinases Yellow
(PTKs) vegetables
Suppression of
angiogenesis
Cell cycle arrest
Inhibitor of
telomerase
Flavone 30
Baicalin Induction of | Human Herbal 33
R=0Gluc;R,=R3=OH; apoptosis cancer cells: medicine 87
Re=Rs=OH Antiinflammatory Hepato, Legumes 94
Luteonin effects prostate, Broccoli
Ry=OH;R,=H R3=OH; Supression of | leukemia- Parsley
Ry=Rs=OH MAPKs derived T cell | Thyme
Apigenin Cell cycl_e arrest line; ) breast, OIives_
R1=OH:Ry=H:Ry=OH:R,=OH: Supression of NF- | thyroid, Cherries
Rs=H kB activation Skin cancer Tea
o Isoflavone o 34
Genistein Antioxidant effects | Human Soybean 60
Ri= Rz=Ry=OH Induction of | cancer cells: Citrus fruits | 61
apoptosis Breast , | Redclover | 94
Antiinflammatory leukemia, 96
effects prostate,
Supression of | colon
protein kinases
(PTKs)
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Phenolic compound General Structure Chemopreventive | Experimental Dietary Ref.
mechanism(s) model source
17
Epigallocatechin Antioxidant effects | Human Leaves of | 19
(EGC) Induction of | cancer cells Camellia 28
Ri=H;R,=OH apoptosis (in vitro and in | sinensis 31
. . Cell cycle arrest vivo) (Green tea) | 38
Epicatechin  gallate Supression of NF- 40
gEf.ﬁ),G «B activation Lung, oral 41
E Supression of | squamous, 58
. . MAPKs prostate, 59
gglllga?g(zéz?('ih;n Supression of | colon, 65
Ri=G R.-OH OH GFR  mediated | leukemia, 68
G (galloyl) pathways stomach 73
OH Supression of AP- 74
(o] 1 activation 87
OH Inhibition of 89
OH OH telomerase 91
94
Theaflavins
Theaflavin
Ry= Ro=OH
Theaflavin-3-gallate
Ri=OH;R=G
Theaflavin-3'-gallate
R=G;R,=0OH
Theaflavin-3,3"-
digallate
R=GiR,=OH
Cyanidin Fruits 94
Anthocyanins Antioxidant effects | Human Vegetables | 96
Induction of | cancer cells Grain 97
Anthocyanidins + apoptosis Lung, , colon, | Pine bark
O\ Antiinflammatory breast, Grape
Procyanidins effects uterine seed
= Cell cycle arrest extracts
OH Wine
Azuki
beans
Theobroma
cacoa
Blueberries
Red
cabbages
Purple
sweet
potatoes.
ANALOGUES
Silymarin OH Induction of | Skin tumour Fruits 68
0. apoptosis prostate Silybum 94
O Antiinflammatory marianum | 98
effects
HO 0 O OCH3 Supression of
protein kinases
OH OH Supression of
MAPKs
OH O

The cellular signaling pathways that regulate proliferation, survival and transformation of cells
are of particular interest in current cancer biology. Many of the molecular alterations associated with
carcinogenesis occur in cell signaling pathways that regulate cell proliferation and differentiation.
Components of these pathways include several kinases such as mitogen-activated protein kinases
(MAPK) and protein kinase C (PKC) which contribute to the maintenance of cell homeostasis.
Abnormal activation or silencing of these kinases or their downstream transcription factors can result
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Table IV. Miscellaneous

Phenolic compound General Structure Chemopreventive Experimental model | Dietary source | Ref.
mechanism(s)
COUMARINS 99
Coumarin and Plants
derivatives Ry Antioxidant effects Human cancer cells Fruits
X Induction of apoptosis leukemia, breast, oral Vegetables
Esculetin Cell cycle arrest Olive oil
Ry=OH;R,=OH R2 O 0 Antiinflammatory effects ‘(?:i‘;fzr:geswine
Escopoletin tea) '
Ry=OCH3;R,=OH
LIGNANS 100
O, Human cancer cells Sesame oil
o @[ > leukemia, breast , skin | Sunflower oil
Sesamol w (o] Antioxidant effects
Sesamin \ H Induction of apoptosis
Sesamolin H Cell cycle arrest
<Oj©"‘\ o Antiinflammatory effects
O
(+)-Sesamin
TANNINS Red wine 83
HO Flavouring
Antioxidant effects Human cancer cells agent
HO Induction of apoptosis leukemia, breast, Nuts
Tannic acid Cell cycle arrest prostate
HO o % Antiinflammatory effects
d 0. o OH Supression of
j;)\/\ angiogenesis
Supression of protein
HO Iot OH OH kinases (PTKs)
OH Supression of AP-1
0 activation
HO
HO OH
OTHERS
Oleuropein Antioxidant effects Olive oil 93
Ri=H COOCH; Induction of apoptosis
Oleuropein () H Cell cycle arrest Human cancer cells
lycoside Antiinflammatory effects | Salival land,
gly HO. N ry ry gl
Ri=Gluc O leukemia, breast,
epithelial
yZ 0} Pl
HO'
HsC OR;
OH 21
Carnosol HO. Human cancer cells Rosemary 22
o. Antioxidant effects Skin, leukemia, | extracts
Induction of apoptosis breast, lung, bronchial | Spices
Cell cycle arrest
0. Antiinflammatory effects
Supression of AP-1
activation

in uncontrolled cell growth, leading to malignant transformation. This section will describe the
effects of phenolic compounds on signal transduction pathways related to the carcinogenesis process.
Figure 1 depicts some of the possible mechanisms underlying phenolic chemopreventive properties.

A. Suppression of NF-xB Transcription Factor Activation

Nuclear factor-kB (NF-xB) is a nuclear transcription factor that regulates the expression of various
genes involved in inflammation and carcinogenesis, being normally inactive in the cytosol bound to
inhibitor kB (I-kB).® Phosphorylation of I-kB by I-kB kinases (IKK) leads to its degradation freeing
NF-kB, which can then translocate into the nucleus activating expression of c-myc, iNOS, and other
proliferative genes.'® Examples of phenolic compounds which can interfere with this pathway are
resveratrol, carnosol, and epigallocatechin-3-gallate (EGCG) (Tables II-1V, respectively). The latter
was reported to inhibit the activity of IKK in tumor necrosis factor alpha (TNFa)-stimulated IEC-6
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EGF TNFa ROS/RNS

other stress stimuli
TPA

TNFR ) g

PTKs MEK 1/2 NIK  MAPE

\ /

NE-kB

ERK 1/2

L
ARE NF-xB
Survival genes
Apoptnl]c "
aenes, 4 NUCLEUS
GST, OR COX-2 Y 8
LOX R
C-Myc, Elk-1 Cell cycle X

Proliferative genes regulatory genes

APOPTOSIS

Figure 1. Extracellular growth factors, cytokines or tumor promoters can bind to membrane receptors such as epidermal growth
factor receptor (EGFR), tumor necrosis factor receptor (TNFR), or protein kinase C (PKC) activating several serine/threonine or tyr-
osine kinases, namely Ras, NF-kB inducing kinase (NIK), mitogen-activated protein kinase (MAPK), extracellular response kinase
(ERK), MAPK/ERK kinase kinase (MEKK-1), and c-jun N-terminal kinase (JNK). JNKiis activated by MAPK kinase (MEKK-1) increasing
the activity of several transcription factors and subsequent gene expression, which can lead to cell proliferation (increased expres-
sion of proliferation genes), survival (activation of antioxidant response element and induction of phase Il genes which leads to
increased expression of defense enzymes such as GSH or QR), inflammatory (expression of enzymes involved in the inflammatory
response such as COX-2 and LOX) or apoptotic responses. These pathways are described as possible targets for chemoprevention.
Reactive oxygen/nitrogen species (ROS/RNS) and other stress stimuli can also activate these signaling pathways or cause apopto-
sis independently of those.
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intestinal epithelial cells,'” lipopolysaccharide (LPS)-stimulated RAW 264.7 cells.'® In addition, it is
known to inhibit the activity of NF-xB in TNFa and LPS-stimulated A431 human epidermoid
carcinoma cells."® Resveratrol, in turn, blocks TNFa-induced NF-xB activation in U-937 myeloid,
Jurkat lymphoid, and epithelial HeLa and H4 cells,*® while carnosol blocks NF-B translocation and
DNA binding in LPS-activated mouse macrophages®' and in B16/F10 mouse melanoma cells.*?
Phenolic acids and their analogs (Table I) can also act through this chemopreventive mechanism.'*!?

B. Suppression of AP-1 Transcription Factor Activation

Activator protein-1 (AP-1) is a transcription factor transactivated by several tumor-promoting
agents.”> AP-1 can be produced by different dimeric combinations of proteins from the Jun and Fos
family, Jun dimerization partners (JDP1 and JDP2) and the closely related activating transcription
factor (ATF2, LRF1/ATF3, and B-ATF) subfamilies, which are bZIP proteins.24 Jun proteins can
form stable dimers that bind to a specific target DNA site (5'-TGAG/CTCA-3") known as TPA
response element (TRE) in the promoters of several genes, mediating early gene expression involved
in several transcriptional regulation processes.> It has also been shown to play a critical role in cell
proliferation.”* Fos family proteins do not form stable dimers, but can yield heterodimers with Jun
proteins> able to bind to DNA at the major MAPK-responsive element in the c-fos promoter, serum
response element (SRE). ATF proteins, in turn, are capable of forming both homo and heterodimers
with Jun protein, preferentially binding to 5'-TGACGTCA-3’, known as cyclic AMP response
element (CRE).?®

In most cancer cell lines, AP-1 is highly activated, and polyphenols (theaflavin, EGCG, and
resveratrol) were described to inhibit the transcriptional activity of AP-1 by TNF-a, PMA, and UV
radiation.?’ %’ In addition, the mechanism behind this decreased activity seems to be the blockade of
the ERK2, JNK-1, and p38 MAPK activation,”’ which are the upstream kinases that regulate
activation of both NF-kB and AP-1.**

C. Suppression of Mitogen Activated Protein Kinases (MAPK)

Some phenolic compounds, in addition to other factors,'® may activate MAPKs pathways (ERK2,
JNK1, and/or p38). These signalling cascades may serve as a common mechanism to interplay with
other signalling pathways, in view of controlling cell responses to diverse stimuli** (see Fig. 1).
Polyphenolic compounds can modulate these MAPKs activities, which in turn regulate gene
expression.”* Increasing evidence indicates that modulation of the activity of MAPKs is cell type and
phenolic-dose dependent: for instance, apigenin and EGCG (Table 3) inhibit ERK1/2, INK, and p38
MAPK in v-H-ras-transformed NIH 3T3 cells®® and in human prostate cancer cell lines DU145 and
LNCaP,*' respectively. Other polyphenols, such as the flavonoid silymarin (Table 3), were found to
inhibit ERK1/2 signalling in skin tumor cells.

D. Suppression of Protein Kinases (PKs)

The serine-threonine protein kinase C (PKC) comprises several isoforms and is a crucial component
of the cell signaling cascades regulating signal transduction for tumor promotion, differentiation, and
growth control,>? having a major role in carcinogenesis. PKC and IKK can activate NF-kB, leading to
the enhancement of expression of c-myc, inducible nitric oxide synthase (iNOS), and other
proliferative genes.'® Both flavonoids (e.g., apigenin) and phenolic acid analogs (e.g., curcumin)
(Tables I and III, respectively) are effective at inhibiting signal transduction enzymes, such as PKC*
or tyrosine kinases (PTK).** For instance, curcumin inhibits PKC activity in 12-O-tetradecanoyl-
phorbol-13-acetate (TPA)-induced NIH 3T3 cells® (see Table ). The stilbene resveratrol (Table II)
has also been reported as implicated in the regulation of apoptosis, probably by inhibiting PKC
activity in human gastric adenocarcinoma KATO-III cells.*®
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E. Suppression of Growth-Factor Receptor (GFR)-Mediated Pathways

Growth factor receptor-mediated pathways promote cell proliferation and tumor progression,>’
which can be mediated by overexpression of growth receptors, abundance of growth factors and/or
increased activities of the associated PTKs. Compounds that interfere with any of the components of
this signaling cascade present chemopreventive properties. For instance, ECGC (Table III) can: (i)
block the binding of epidermal growth factor (EGF) to epidermal growth factor receptor EGFR in
A431 epidermoid carcinoma cells;*® (ii) inhibit EGFR autophosphorylation in YCU-N861 and YCU-
H891 head and neck carcinoma®® and MDA-MB-231 breast carcinoma cell lines;** and (iii) inhibit
tyrosine kinase activity in vitro.*' On the other hand, resveratrol (Table II) inhibits: (i) EGF
expression in Ishikawa endometrial cancer cells;** and (ii) tyrosine kinase activity in placenta.*’
Curcumin (Table I) inhibits EGF kinase activity in A431 cells.** The dietary flavonoid quercetin
(Table III) suppresses tumor growth in DMBA-induced rat mammary tumors by inhibiting PTK.**

F. Cell Cycle Arrest and Induction of Apoptosis

Cell cycle deregulation and overexpression of growth promotion kinases [e.g., cyclin D1 and cyclin-
dependent kinases (CDKs)] are accepted to be associated with carcinogenesis.*® Recent studies have
shown that polyphenols can inhibit different cells at different cell phases: G1, S, S/G2, and G2 (see
also Fig. 2). Nevertheless, the effects on cell cycle arrest can be either direct or indirect. EGCG has
been shown to directly inhibit CDKs,*® or indirectly by inducing the expression of p21 and p27 genes
and inhibiting the expression of cyclin d1 and Rb phosphorylation.*®**4° Resveratrol was shown to
arrest HL-60 cells at the S/G2-phase transition and subsequently increase the cell number in the G1/S
phases, due to an overexpression of cyclins A and E without modification of p21 expression.” In
addition it has been found that caffeic acid phenethyl ester (CAPE, Table I) is also able to cause
growth arrest in human leukemia HL-60 cells.”’ More recently, resveratrol was shown to induce
apoptosis, preferentially in cells arrested in the GO/G1-phase,’” probably due to a decrease in Bcl-2
expression. Therefore, cell cycle arrest can represent a chemopreventive mechanism by subsequent
induction of apoptosis.

Apoptosis is regulated by several proteins, including p53, and the Bcl-2 and caspase families™”
(Fig. 2). Several chemopreventive agents, especially at high concentrations, can activate the
interleukin-1p (IL-1p) converting enzyme/caernohabditis elegans ced-3 gene (ICE/Ced-3) protease
(caspase) pathway.'® Activation of these cell death proteins may be beneficial if it occurs in
preneoplastic or tumor cells, but it may result in toxicity when taking place in normal cells. Never-
theless, some phenolic compounds such as curcumin seem to induce apoptosis only in immortalized
(malignant) cells: immortalized mouse embryo fibroblasts NIH 3T3, erB2, mouse Sarcoma 180,
human colon cancer cell HT29, human kidney cancer cell 293, and human hepatocellular carcinoma
HepG2 cells™ (see also Table I). Moreover, other polyphenols such as resveratrol trigger apoptosis in
carcinoma cells: Hep-G2 cells,” acute lymphoblastic leukemia cells,”® THP-1 human monocytic
leukesrgia cells’” and oral cancer cell lines,”® and EGCG induces apoptosis in H661 lung cancer
cells.

G. Antioxidant and Anti-Inflammatory Effects

One relevant aspect of carcinogenesis is recognized to be the involvement of the inflammatory
response, which may be prevented by hindering oxidative stress conditions, namely through phenolic
antioxidants. The aromatic nature of polyphenols makes them potential targets of proinflammatory
oxidants such as hypochlorous acid (HOCIl) and peroxynitrite (ONO,").%° This kind of reactive
oxygen/nitrogen species (ROS/RNS) are formed as a consequence of normal and abnormal metabolic
reactions, namely recruitment of inflammatory cells into tumor tissues (exponentionally enhancing
ROS).60 ROS can damage proteins, DNA and RNA, as well as oxidize fatty acids in cell membranes
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Figure 2. Reactive oxygen/nitrogen species (ROS/RNS) and other stress stimuli can interfere with the cell cycle regulation (increas-
ing expression of cell cycle regulatory genes such as p53, cyclins, and CDKs), activation of caspase cascades and induction of
apoptosis. These pathways are also described as possible targets for chemoprevention.

thus increasing the risk of mutations. However, most of the damage caused by ROS is restored by
internal surveillance and repair systems.®' On the other hand, ROS can play important roles in a
variety of normal processes in the body and are considered as endogenous mitogenic factors that may
also activate NF-kB and other transcription factors into the nucleus.®?

One of the chemoprevention mechanisms of phenolic compounds is associated to their
scavenging properties of deleterious reactive species (e.g., superoxide anion, hydroxyl radical,
singlet oxygen, nitric oxide, and peroxynitrite).°” Alternatively, polyphenols can inhibit ROS
generating transcription factors closely linked to inflammation (e.g., NF-kB>*) and enzymes such as
xanthine oxidase (XO) (curcumin®), COX-2 (curcumin®) or LOX (curcumin, silymarin, and
resveratrol®®) that mediate inflammatory processes.®®

Polyphenols can also behave as detoxifying enzyme inducers, modulating gene expression
including induction of phase II enzymes, such as glutathione S-transferases (GST) and quinone
reductases (QR), which usually leads to protection of cells/tissues against exogenous and/or endo-
genous carcinogenic intermediates.®” The antioxidant/electrophile response element (ARE/EpRE)
found at the 5’-flanking region of these phase II genes may play important roles in mediating their
induction by xenobiotics (including phenolic compounds®®). Phase II gene inducers also activate
MAPK kinases and are involved in the transcription activation of ARE-mediated reporter gene.®®
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H. Suppression of Angiogenesis

Angiogenesis is characterized by the formation of new vessels from a pre-existing microvascular
network, these new vessels acting as gateways for cancer cells to enter the bloodstream and spread to
distant organs (contributing to the formation of metastasis). This process is mediated by modulation
of proliferation and gene expression by endothelial cells. Inhibition of angiogenesis is recognized as a
promising therapeutic approach for the control of tumor growth, progression, invasion, and
metastasis.®

Quercetin (Table III) is a polyphenol able to inhibit proliferation, migration, and tube formation
of human microvascular dermal endothelial cells. These effects were hypothesized to be due to a
decrease in both the expression and activity of matrixmetalloproteinase-2.”° Resveratrol, in turn,
inhibits vascular endothelial growth factor (VEGF)-induced angiogenesis by disrupting the
activation of reactive oxygen species-dependent Src kinase.”' Phenolic acids and their analogs
(Table I) can also act through this chemopreventive mechanism.

1. Other Possible Targets

Recent studies have suggested new possible mechanisms of chemoprevention. However, information
on these specific mechanisms is still scarce and reported for a limited number of phenolic compounds.
These mechanisms can be described as follows: (i) inhibition of DNA methyltransferases and
consequent reactivation of key tumor suppressor gene pl6, in human esophageal squamous cell
carcinoma line KYSE 510 (EGCG’?); (ii) inhibition of topoisomerase I in various human colon
cancer cell lines (EGCG73); (iii) inhibition of telomerase both in vitro and in cancer xenographs
(epicatechin, quercetin, and EGCG74); (iv) inhibition of expression of cell-adhesion molecules,
namely ICAM-1 and VCAM-1 by TNFa-stimulated human umbilical vein endothelial cells
(HUVEC) and LPS-stimulated: human saphenous vein endothelial cells (HSVEC) probably via
downregulation of NF-kB (resveratrol”®); and (v) inhibition of androgen receptor effects in LNCaP
prostate cancer cell line, by repressing androgen receptor upregulated genes such as prostate-specific
antigen (PSA) or androgen receptor-specific co-activator ARA70 (resveratrol’®).

4. FUTURE PERSPECTIVES

In recent years, numerous phenolic agents present in the human diet have been described to show a
wide range of chemopreventive effects. This kind of studies yielded overwhelming evidence for
cellular mechanisms of carcinogenesis to be susceptible to modification by biologically active
constituents of food. However, much remains to be learned on the relationships between dietary
intake of polyphenol-containing food and cancer. Nevertheless, it is the authors’ belief that future
efforts on the prevention of cancer are undoubtly related to dietary interventions as a mean of
introducing chemopreventive agents to large populations at normal or increased risk. For achieving
this end, clinical studies will be of great help for investigating the effect of polyphenols in human
health. Clinical trials in humans are, therefore, urgently needed, in addition to the in vitro and in vivo
animal experiments, described in the present review.

Research efforts are placing increasing emphasis on identifying the biological mechanisms and
in particular the signal transduction pathways related to the chemopreventive activity of phenolic
compounds. These effects are believed to be mediated by the regulation of signaling pathways,
including NF-xB, AP-1, MAPK. We believe that polyphenols can exert their effects on these
pathways either separately or sequentially, and possible crosstalk between these pathways cannot be
overlooked. By modulating cell signaling pathways, polyphenols activate cell death signals and
induce apoptosis in preneoplastic or neoplastic cells, thus inhibiting cancer development and/or
progression. However, the regulation of cell signaling pathways by dietary polyphenols can also lead
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to cell proliferation/survival, and inflammatory responses due to increased expression of specific
genes which increases largely the complexity of such studies.

In addition to mechanistic studies the authors strongly believe that it is also of utmost importance
to perform structure-property-activity studies on chemopreventive dietary polyphenolic systems
(since there is at present an evident lack of such data in the literature). In fact, only a combined effort,
gathering results yielded by a wide range of methods—from biological to physico-chemical—will
allow to achieve this final goal. Hopefully, a suitable database can be built in a near future, using our
work and the research of other groups, in view of obtaining reliable SAR’s (structure-activity
relationships) and QSAR’s (quantitative structure-activity relationships) for this important group of
dietary compounds.”’ %"

The cancer-chemopreventive efficacy of dietary constituents is presently the subject of intense
research, aiming at helping health professionals to answer questions about the preventive role of diet
and its supplementation. On account of their safety and of the fact that they are not perceived as
“medicines,” food-derived products are highly interesting for development as effective
chemopreventive agents. Dietary constituents with such properties are prone to find widespread,
long-term use among the population with positive results. Epidemiological studies from Japanese
population, for instance, suggested that daily consumption of ten or more small cups of green tea
(corresponding to 1 g/day of green tea polyphenols) conferred significant protection from cancer.®!
Curcumin has also been reported to decrease colorectal cancer risk in Asian populations.®?

Phenolic acids account for about one-third of the total daily intake in a normal human diet, while
flavonoids account for the remaining two-thirds. This current intake however, is often insufficient to
protect from mutagens (either exogenous or endogenous), which leads to the need for dietary
supplementation as an alternative approach. Despite the unequivocal importance of phenolic
compounds as chemopreventive/chemotherapeutic agents, and although most of them are considered
safe, the authors believe that consumption of this kind of dietary supplements must be preceded by
careful studies. In fact, toxic flavonoid—drug interactions, liver failure, dermatitis, and anemia were
reported for some cases of polyphenol chemopreventive use.®® These potential toxic effects of
phenolic compounds are associated to the reported equilibrium between their antioxidant and pro-
oxidant properties,® strongly dependent on their concentration and chemical environment, which
must be thoroughly understood before any preventive/therapeutic use is considered. In conclusion,
further mechanistic insights are needed as well as an accurate knowledge of the concentrations of the
chemopreventive agents and their metabolites occurring in humans.

5. ABBREVIATIONS

AP-1 activator protein-1

ARE/EpRE antioxidant response element/electrophile response element
ATF activating transcription factor

CAPE caffeic acid phenethyl ester

CDKs cyclin-dependent kinase

COX-2 cyclooxygenase type 2

CRE cyclic AMP response element

DMBA 7,12-dimethylbenz[a]anthracene

EGCC epigallocatechin-3-gallate

EGF epidermal growth factor

EGFR epidermal growth factor receptor

ERKs extracellular signal-regulated protein kinases
GST glutathione reductase

HSVEC human saphenous vein endothelial cells
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HUVEC human umbilical vein endothelial cells
ICE/Ced-3 interleukin-1f (IL-1) converting enzyme/caernohabditis elegans ced-3gene

I-xB inhibitor kB
IKK I-xB kinase
iNOS inducible nitric oxide synthase

JDP-1/JDP-2  AP-1 repressor proteins

JNK c-Jun N-terminal kinase
LOX lipoxygenase
LPS lipopolysaccharide
MAPK mitogen-activated protein kinase
MEK MAPK kinase
MEKK MAPK/ERK kinase kinase
NF-xB nuclear factor-xB
NIK NF-kB inducing kinase
PKC protein kinase C
PMA phorbol 12-myristate 13-acetate
PSA prostate-specific antigen
PTK protein tyrosine kinase
ROS/RNS reactive oxygen species/reactive nitrogen species
SRE serum response element
TNFa tumor necrosis factor alpha
TPA 12-O-tetradecanoyl-phorbol-13-acetate
TNFR tumor necrosis factor receptor
TRE TPA response element
VGEF vascular endothelial growth factor
X0 xanthine oxidase
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