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Abstract

Epidemiological studies have described the beneficial effects of dietary polyphenols (flavonoids) on the reduction of the risk of chronic

diseases, including cancer. Moreover, it has been shown that flavonoids, such as quercetin in apples, epigallocatechin-3-gallate in green tea

and genistein in soya, induce apoptosis. This programmed cell death plays a critical role in physiological functions, but there is underlying

dysregulation of apoptosis in numerous pathological situations such as Parkinson’s disease, Alzheimer’s disease and cancer. At the molecular

level, flavonoids have been reported to modulate a number of key elements in cellular signal transduction pathways linked to the apoptotic

process (caspases and bcl-2 genes), but that regulation and induction of apoptosis are unclear.

The aim of this review is to provide insights into the molecular basis of the potential chemopreventive activities of representative

flavonoids, with emphasis on their ability to control intracellular signaling cascades responsible for regulating apoptosis, a relevant target in

cancer-preventive approach.
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1. Introduction

Polyphenolic compounds constitute one of the most

numerous groups in the plant kingdom and can be divided

into various classes on the basis of their molecular structure,

with flavonoids being one of the main groups. Many studies

dealing with flavonoids have focused on their antioxidant

properties, but a number of reports in different cell lines,

animal models and human epidemiological trials have

pointed out an association between consumption of fruits,

vegetables and certain beverages (such as tea and wine,
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which are rich in polyphenols) and reduced risk of chronic

diseases, including cancer [1,2].

Carcinogenesis is a multistage process with an accumu-

lation of genetic alterations, and that sequence of events has

many phases for intervention, with the aim of preventing,

slowing down or reversing the process; in this regard,

induction of apoptosis is considered to be one of the

important targets in a preventive approach. A regulated form

of cell death is a complex process that involves the active

participation of affected cells in a self-destruction cascade

and is defined by a set of characteristic morphological

hallmarks, including membrane blebbing, shrinkage of cell

and nuclear volume, chromatin condensation and nuclear

DNA fragmentation in cells due to endonuclease activation

[3]. In addition, the apoptotic process is also defined by a

group of characteristic biochemical features; at a molecular

level, two effector mechanisms of apoptosis have been

extensively characterized: the intrinsic or mitochondrial-

mediated mechanism and the extrinsic or death-receptor-

mediated [e.g., tumor necrosis factor (TNF) receptor, TNF-

related apoptosis-inducing ligand and Fas] mechanism

(Fig. 1); both cascades converge in a common executor

mechanism involving activated proteases (caspases) and
chemistry 18 (2007) 427–442



Fig. 1. Initiation and regulation of the two principal known apoptotic

pathways. The intrinsic or mitochondrial pathway of apoptosis is initiated

by the release of cytochrome c to the mitochondria, which binds to Apaf1,

dATP and procaspase-9 to form the apoptosome. Then procaspase-9 is

cleaved and effector caspases are activated. The extrinsic or cytoplasmatic

apoptotic pathway is activated at the cell surface by the binding of a specific

ligand to its corresponding cell surface death receptor. Death receptors are

clustered and promote the recruitment of adapter proteins (e.g., FADD),

which can interact with procaspase-8 to generate its active form;

subsequently, downstream effector caspases are activated. Caspase-8 can

also interact with the intrinsic apoptotic pathway by cleaving Bid, which

results in cytochrome c release. Antiapoptotic members of the Bcl-2 family

(Bcl-2 and Bcl-xL) can block apoptosis, but its proapoptotic members (Bax

and Bid) can also regulate programmed cell death. Both initiator and

effector caspases can be inhibited by other mitochondrial proteins [e.g.,

Smac/DIABLO or by inhibitor of apoptosis proteins (IAPs)].

Table 1

Basic chemical structure and major dietary sources of commonly occurring

flavonoids

Flavonoid

subgroup

Representative

flavonoids

Food source

Flavanols EGCG Chocolate, beans, tea,

red wine, apple,

cherry, apricot

Epigallocatechin

Catechin

Epicatechin

Flavones Luteolin Capsicum pepper, thyme

Apigenin Celery

Chrysin Parsley

Flavanones Naringenin Orange

Hesperidin Grapefruit

Eriodictyol

Flavonols Quercetin Onion, apple, cherry,

broccoli,

tomato, berries, tea, red

wine, leek

Myricetin

Kaempherol

Rutin

Isoflavonoids Genistein Soya beans, legumes

Daidzein

Anthocyanindins Pelargonidin Rhubarb, cherry,

strawberry, red wineCyanidin

Malvidin
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DNA endonucleases, which cleave regulatory and structural

molecules and lead to cellular death [4,5].

Apoptosis plays a critical role in physiological functions

such as cell deletion during embryonic development,

balancing of cell number in continuously renewing tissues

and immune system development [1,6]. Additionally,

enhanced rates of apoptosis can contribute to degenerative

diseases such as myocardial infarction, atherosclerosis, dia-

betes, reperfusion injury, Parkinson’s disease or Alzheimer’s

disease [1,4], whereas inhibition of apoptosis can lead

to proliferative diseases such as autoimmune disorders

or cancer [1,4,7]. Over the past few years, it has been

shown that flavonoids can trigger apoptosis through the

modulation of a number of key elements in cellular signal

transduction pathways linked to apoptosis (caspases and

bcl-2 genes) [1,6,7]. However, how flavonoids regulate and

induce the apoptotic process remains to be elucidated. In

this overview, recent studies on representative dietary

components (flavonoids) and apoptosis in relation to cancer

are reviewed.
2. Polyphenols

Phenolic compounds constitute one of the most numerous

groups in the plant kingdom. They can be divided into

10 general classes based on their chemical structure, and

more than 8000 different compounds have been described

[8,9]. The most abundantly occurring polyphenols in plants

are phenolic acids, flavonoids, stilbenes and lignans, of

which flavonoids and phenolic acids account for 60% and

30%, respectively, of dietary polyphenols. More than 4000

varieties of flavonoids have been identified, and they share a

common carbon skeleton of dyphenylpropanes (C6–C3–C6;

i.e., two benzene rings joined by a linear three-carbon chain

that forms an oxygenated heterocycle) (Table 1). Flavonoids
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can be divided into various classes according to their

molecular structure; the main groups are flavanols, flavones,

flavanones, flavonols, isoflavones and anthocyanidins [8,9].

Representative groups of flavonoids are listed in Table 1

together with their molecular structure, the best-known

members of each group and food sources in which they

are present.

Flavonoid ingestion depends on habits and food pre-

ferences, but the average daily intake of flavonoids in UK

and in the United States has been estimated to range

between 20 mg and 1 g [10]. Therefore, since flavonoids

and polyphenols, in general, are absorbed and extensively

metabolized [8–10] and due to the nutritional significance

and biological activities of these polyphenolic compounds,

it is important to know their bioavailability after ingestion.

Although the metabolism of flavonoids has not been well

characterized, studies have shown that there is great

variability in preferential pathways among individuals

[9,11], which may be due to differences in gut microflora

populations. In brief, aglycones can be absorbed in the small

intestine. However, in food, most of the phenolic com-

pounds are present as esters, glycosides or polymers, which

can either be absorbed in these forms or be hydrolyzed by

intestinal enzymes or the colonic microflora; consequently,

aglycone or hydrolyzed products can be absorbed. During

absorption, flavonoids undergo extensive metabolism in the

small intestine and later in the liver and other organs:

phenolic compounds are conjugated by methylation, sulfa-

tion, glucuronidation or a combination in order to decrease

their hydrophobicity and to facilitate their urinary and

biliary excretion. Manach et al. [11] have reported the

existence of intermolecular bonds between albumin and

quercetin conjugates, which supports its slow elimination

from the body. Similarly, (�)-epigallocatechin-3-gallate
(EGCG) possesses a high affinity for blood proteins [12]

and, consequently, contributes to extend its half-life. More-
Table 2

Epidemiologic studies: association between flavonoids or foods rich in phenolic

Effect

Flavonoids Decreased cancer risk in all sites combined

Decreased cancer risk in oral cavity, pharynx,

Nonreduced risk of bladder cancer

Nonreduced risk of cancer incidence

Nonreduced risk of lung cancer

Quercetin, onions, white grapes Decreased recurrence of lung cancer

Quercetin Decreased incidence of lung cancer

Myricetin Decreased risk of prostate cancer

Quercetin, kaempferol Decreased risk of gastric cancer

Catechins Decreased incidence of rectal cancer

Tea Decreased risk of colon cancer

Green tea Reduced risk of cancer in different organs

Decreased risk of breast cancer recurrence and

Black tea No association with gastric cancer

No association with risk of colorectal, stomach

Soya Decreased risk of lung cancer

Decreased risk of breast cancer
over, flavonoids may be secreted in bile to the duodenum

and then reabsorbed, which results in enterohepatic cycling

and evokes a longer half-life for conjugates.
3. Anticarcinogenic effects: epidemiological data

Many epidemiological and experimental studies have

shown the effect of diet on health; thus, the relation between

the consumption of certain foods and a reduced risk of some

chronic diseases, including cancer, is becoming obvious. A

wide range of dietary constituents show potential biological

activities; in the past few years, a number of reports have

focused on polyphenols and their health-related properties.

In this regard, many studies in different cell lines, animal

models and human epidemiological trials have shown the

potential of dietary polyphenols as anticarcinogenic agents

[1,2,6]. These phenolic compounds may inhibit various

stages in the carcinogenesis process by affecting molecular

events in the initiation, promotion and progression stages;

they may increase the expression of proapoptotic compo-

nents in initiated proliferating cells and thereby prevent or

delay tumor development. Although induction of apoptosis

seems to be rather specific for cancer cells, it should be

mentioned that certain human studies have shown no

beneficial effects (Table 2). In The Netherlands Cohort

Study on Diet and Cancer, consumption of black tea was not

found to affect the risk for colorectal, stomach, lung and

breast cancers [13]. In a cohort study in Japan involving

more than 25,000 stomach cancer patients, no association

was observed between gastric cancer risk and consumption

of green tea [14]. Similarly, other reports did not find a

positive association between intake of flavonoids and

reduced risk for different types of cancer [15–17]. On

the contrary, a decreased risk for different types of cancer

[18–26] or a diminished recurrence of lung [27] or breast

[28] cancer has been reported after the consumption of
compounds and cancer

Sample References

9959 Men [23]

larynx and esophagus 540 People [19]

497 People [15]

728 Men [16]

103 Women [17]

582 People [27]

10,054 Men [24]

354 People [20]

34651 Women [18]

12,170 People [25]

8552 People [21]

metastasis 472 People [28]

11,902 Men and 14,409 women [14]

, lung and breast cancers 58,279 Men and 62,573 women [13]

999 Men [26]

34,759 Women [22]



Fig. 2. Multistage model of carcinogenesis and potential effects of

polyphenols on cancer progression. (Reprinted from Manson [7] with

permission from Elsevier.)
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flavonoids or certain foods or drinks (tea) rich in these

phenolic compounds.
4. Flavonoids and cancer

Carcinogenesis is a multistage genetic change affecting

proto-oncogenes or tumor-suppressor genes, and that

sequence of events has many steps for intervention, with

the aim of preventing, slowing down or reversing the

process (Fig. 2). Therefore, targets for chemoprevention

could be multiple and could vary from the initiation phase,

to the promotion phase, and then to the progression phase

[7]. Since flavonoids display a vast array of cellular effects,

they can affect the overall process of carcinogenesis by

several mechanisms (Fig. 2 and Table 3), including

inhibition of DNA topoisomerase I/II activity [29,30],

decrease or increase in reactive oxygen species [31], DNA

oxidation and fragmentation [32–34], regulation of heat-

shock-protein expressions [35], cell cycle arrest [36–39],

modulation of survival/proliferation pathways [40–52],

release of cytochrome c with subsequent activation of

caspase-9 and caspase-3 [39,40,44,49,50,53,54], increased

levels of caspase-8 and t-Bid [50,53], down-regulation of

Bcl-2 and Bcl-xL expression and enhanced expression of

Bax and Bak [42–46,50], increased tissue (t) plasminogen

(PA) and u-PA [55], decreased vascular endothelial growth

factor (VEGF) [50,52,56–58] or metalloprotease (MMP)

levels [51,52,59–65], increase in migration-inhibitory factor

(MIF) [66], and modulation of nuclear factor nB (NF-nB)
[41]. However, suppression of cell proliferation and

induction of differentiation and apoptosis are important

preventive approaches, and the induction of programmed

cell death is currently considered as one relevant target in a

preventive approach. In this context, apoptosis provides a

physiological mechanism for the elimination of abnormal

cells, and induced programmed cell death could have

beneficial effects on carcinogenesis. It has been demon-

strated that these phenolic compounds can trigger apoptosis

[1,62], although the regulation and induction of the

apoptotic process by these natural products remain to be

elucidated.

In order to understand the signaling events leading to

programmed cell death by dietary flavonoids, critical

insights into the apoptosis induction activity of representa-

tive flavonoids in cancer cells are provided.
5. Flavonoids and apoptosis in cancer cells

5.1. Specificity and dose-dependent inhibitory effects

Flavonoids have been tested in normal and cancer

cultured cells, and studies have shown that these natural

compounds exerted apoptotic effects in a selective manner

(i.e., by using the same concentrations, phenolic compounds

induced apoptosis in cultured cancer cells, but not in their

normal counterparts). Thus, EGCG, the major catechin in

tea that has been largely studied compared to other tea

compounds [63], induced a pronounced and specific

growth-inhibitory effect on cancer cells, but not on their

normal counterparts [64–67]. In this regard, EGCG has been

reported to induce the apoptosis of different types of cancer,

such as leukemia [68–70], prostatic cancer [64,71], gastric

cancer [72], colon cancer [73,74], lung cancer [75],

preadipocytes [76] and fibroblasts [65]. Hsu et al. [77]

have described a differential effect of EGCG on cell

proliferation in normal human primary epidermal keratino-

cytes after 24 h of exposure. The flavanol EGCG appeared

to induce keratinocyte differentiation after 24 h of treatment

at concentrations of 15–200 Amol/L, but when epidermal

cells were grown for 15–25 days (aged keratinocytes) and

incubated for 1 day with the catechin, cellular proliferation

was stimulated at 200 Amol/L in keratinocytes cultured for

15 days and with 100 Amol/L EGCG in cells grown for

20 and 25 days. They suggested the use of this polyphenol

in the treatment of wounds or certain skin conditions

characterized by altered cellular activities or metabolism. In

agreement, internucleosomal DNA fragments were detected

after treatment with EGCG in A431 (human epidermoid

carcinoma cells), HaCaT (human carcinoma keratinocytes),

DU145 (human prostate carcinoma cell line) and L5178Y

cell lines (mouse lymphoma cells), but not in NHEK cells

(normal human epidermal keratinocytes) [78]. Additionally,

EGCG seems to possess a dual mechanism of action,

although it appears that this flavanol exerts its action in a

selective manner. In normal keratinocytes, EGCG enhanced



Table 3

Molecular effects of flavonoids on the overall process of carcinogenesis

Effect System studied References

Initiation

Quercetin Decreased 8-oxo-dOG HepG2 [32]

Genistein Increased CYP levels HepG2 [31]

Myricetin Decreased DNA oxidation, topoisomerase II inhibition Rat hepatocytes (primary culture) [33]

Daidzein Topoisomerase II inhibition V79 (lung, hamster) [30]

Promotion

Cranberry extract DNA laddering HT-29, Caco-2 [34]

Tea Cell cycle arrest (G2/M) LNCaP, DU145 [36]

EGCG Cell cycle arrest YCU-H891, YCU-H861 [44]

Increased caspase-9 and Bax

Decreased Bcl-2, Bcl-xL, p-EGFR, p-STAT-3 and p-ERK

Increased Fas, Bax and p53 HepG2 [45]

Decreased PI-3K and AKT; increased ERK1/2 LNCaP [48]

Cell cycle arrest, DNA laddering HT-29 [49]

Increased caspase-3 and caspase-9

Decreased p-EGFR, p-HER2, p-AKT and p-ERK

Quercetin Cell cycle arrest (G2/M, G0/G1) CNE2 [39]

Increased caspase-3, caspase-7 and Bax

Increased caspase-3 Neurons (primary culture) [40]

Decreased AKT and ERK1/2; JNK not affected

Cell cycle arrest in G1, apoptosis induction Mouse thymocytes [37]

Decreased NF-nB, increased c-Jun

Luteolin DNA laddering; increased caspase-3/7, caspase-8/10 and caspase-9 H4IIE [53]

Increased caspase-3, caspase-8, caspase-7 and PARP HLF [50]

Decreased Bcl-xL
Increased translocation Bax/Bak and JNK HepG2 [46]

Apigenin Cell cycle arrest (G2/M) MCF-7 [38]

Increased cytochrome c release, caspase-3 and caspase-9 HL-60 [54]

Increased caspase-3, caspase-8, caspase-7 and PARP HLF [50]

Genistein Increased p38; decreased ERK1/2; JNK not affected MCF-10F [47]

Decreased AKT, NF-nB and p-EGFR MDA-MB-231 [41]

Decreased Bcl-xL, AKT and EGFR A549 [42]

Tectorigenin Cell cycle arrest, DNA laddering HL-60 [43]

Decreased Bcl-2 and p-EGFR

Progression

Pomegranate Decreased VEGF MCF-7 [58]

Increased MIF MCF-10F [61]

Strawberry Decreased VEGF and NF-êB HaCat [57]

Catechin, epicatechin Increased mRNA, t-PA and u-PA; decreased fibrinolytic activity HUVEC [55]

Green tea (EGCG) Decreased VEGF NHK [56]

Decreased tube formation HUVEC [59]

Decreased migration, MMP-2 and MMP-9

Decreased migration, MMP-2 and MMP-9 U87 [60]

Quercetin Decreased FAK, MMP-2 and MMP-9 MiaPaCa2 [51]

Blockade EGFR signaling pathway

Decreased VEGF and EGF [52]

Luteolin Decreased FAK, MMP-2 and MMP-9 MiaPaCa2 [51]

Decreased VEGF and STAT-3 HLF [41]

Blockade EGFR signaling pathway
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proliferation at 0.5 Amol/L and did not affect cell growth at

50 Amol/L (cells were treated every 2 days for 5 days), but it

decreased cell proliferation at both concentrations in a dose-

dependent fashion in squamous carcinoma cells [66]. In this

regard, EGCG could exert a dose-dependent inhibitory

effect on cell proliferation: low concentrations of flavanol

(1 Amol/L) induced an antiapoptotic response, while higher

concentrations (50 Amol/L) caused a proapoptotic effect in

neuroblastoma SH-SY5Y cells [74].

Similarly, one of the major flavonoids found in the

human diet, quercetin [79], which is extensively metabo-
lized during absorption in the small intestine and in the liver

[80], exerts a dose-dependent inhibitory effect on cell

proliferation. Van der Woude et al. [81] have described a

biphasic effect of quercetin on cell proliferation in colon

carcinoma (HCT-116 and HT-29) and mammary adenocar-

cinoma (MCF-7) cell lines after 24 h of exposure. Quercetin

inhibited colon (HCT-116 and HT-29) cell proliferation

(30 and 80 Amol/L, respectively), while MCF-7 cell

viability did not decrease at concentrations assayed (up to

100 Amol/L). A dual effect of quercetin has also been

reported in a human squamous SCC-25 carcinoma cell line:
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growth stimulation after 72 h of exposure at concentrations

of 1 and 10 Amol/L, and growth inhibition with 100 Amol/L

quercetin [82]. In this context, in H4IIIE rat hepatoma cells,

quercetin protected against H2O2-induced cytotoxicity,

DNA strand breaks and apoptosis at a concentration of

10 Amol/L, and this effect was attributed to the antioxidant

activity of the polyphenol [83]. However, higher concen-

trations of this flavonoid (50 Amol/L) induced cytotoxicity,

oligonucleosomal DNA fragmentation and activation of

caspase-2, caspase-3 and caspase-9 in the same cell line

[83]. These data suggest that cytoprotective concentrations

of some flavonoids are lower by a factor of 5–10 than their

DNA-damaging and proapoptotic concentrations [83].

Accordingly, it has been proposed that low concentrations

of quercetin may activate the mitogen-activated protein

kinase (MAPK) pathway [extracellular regulated kinase

(ERK), c-Jun N-terminal kinase (JNK) and p38], leading to

the expression of survival genes (c-fos and c-jun) and

defensive genes (glutathione-S-transferase), which evokes

survival and protective mechanisms, whereas higher con-

centrations of quercetin activate the caspase pathway,

leading to apoptosis [40,84]. Nevertheless, it seems that

the flavonoid quercetin exerts this action in a selective

manner, since it has been shown that quercetin (25 and

50 Amol/L) significantly inhibited the growth of the highly

aggressive PC-3 cell line and the moderately aggressive

DU145 prostate cancer cell line, but it did not affect the

poorly aggressive LNCaP prostate cancer cells or the normal

BG-9 fibroblast cell line [85]. In this regard, quercetin

induced the apoptosis of four human cancer cell lines

(squamous HSC-2 cell carcinoma, HSC-3 cells, subman-

dibular gland HSG carcinoma cells and promyelotic HL60

leukemia), but not of three normal human oral cells

(gingival HGF fibroblasts, pulp HPC cells and periodontal

ligament HPLF fibroblasts) [86].

Genistein is one of the major phytoestrogens in soybeans

and other legumes, and has a structure similar to that of

estrogens. Small intestine enzymes metabolize genistein,

and the isoflavonoid and its metabolites have been detected

in plasma, prostatic fluid, breast aspirate, cyst fluid, urine

and feces [87].

A biphasic effect on cell proliferation has also been

demonstrated for genistein. It has been suggested that

estrogen receptor (ER) might be involved in the slight

stimulation of proliferation in breast cancer cells [88].

Accordingly, it has been reported that genistein at concen-

trations lower than 1 Amol/L stimulated the growth of

estrogen-dependent breast cancer cells when cultured under

estrogen-free conditions, while concentrations higher than

5 Amol/L inhibited estrogen-stimulated cell proliferation; it

acted as an ER antagonist at concentrations higher than

5 Amol/L and, at 10 Amol/L, induced apoptosis in MCF7

breast cancer cells after 24 h of treatment [89,90]. In this

regard, high doses of genistein (111 Amol/L) induced

apoptosis in Caco-2Bbe cells [91]; in contrast, when a

much lower concentration of the isoflavonoid was tested
(3.7 Amol/L), increased cell proliferation, without affecting

cell number or caspase-3 activity, was found [91]. Genistein

(20 Amol/L) inhibited the proliferation of LNCaP prostate

cancer cells and enhanced apoptosis [92]. However, it has

also been demonstrated that this isoflavonoid exerted these

actions in a selective manner, and when apoptosis induction

was evaluated, programmed cell death was detected in the

highly aggressive PC-3 cells (50 Amol/L, 1–3 days), but not

in the nontumorigenic prostate epithelial CRL-2221 cells,

after the same treatment with genistein [93]. Thus, genistein

treatment (50 Amol/L for 3 days) significantly inhibited the

growth of PC-3 cells (69.6%), but the percentage of

inhibition was smaller in CRL-2221 cells (20.8%) [93].

5.2. Induction of apoptosis

Programmed cell death is characterized by morpholog-

ical and biochemical changes in cells (e.g., DNA fragmen-

tation) [94,95]. The flavanol EGCG induces apoptosis at

high doses (20–500 Amol/L) in numerous cancer cell lines

(i.e., human breast cancer [96], lung cancer [75], gastric

cancer [72], colon cancer [73,74,96], prostate cancer

[64,71], melanoma [96] and mouse leukemia [69]). In this

regard, programmed cell death was induced after exposing

WI38VA cancerous fibroblasts to 200 Amol/L EGCG for 8 h

[65] and, similarly, concentrations above 100 Amol/L

evoked apoptosis in a mouse leukemia cell line (L1210)

[69]. Horie et al. [72] have described that this flavanol

induced apoptosis in MKN-45 gastric cells cultured with

100 Amol/L for 24 or 48 h, as determined by the appearance

of DNA laddering. This feature was also observed in human

lymphoid leukemia MOLT4B cells [68], in a human prostate

cancer cell line (DU145) after treatment with 100 Amol/L

EGCG during 72 h [71] and in HT-29 human colon ade-

nocarcinoma cells (concentrations higher than 100 Amol/L)

[73]. In addition to DNA fragmentation, the condensation of

chromatin and nuclear fragments was shown in human

colon carcinoma LoVo cells incubated with EGCG at

220 Amol/L for 24 h, although the cell membrane was kept

intact [74]. In this regard, dose-dependent changes in cell

morphology were also observed with phase-contrast mi-

croscopy after cell treatment with EGCG in the oral

squamous SSC-25 carcinoma cell line [97].

Recent studies have shown that quercetin has antiproli-

ferative effects [1,2,98] and can induce death by an

apoptotic mechanism in numerous types of cancer such as

leukemia [99–101], breast cancer [102], ovarian cancer

[103], lung cancer [104], hepatoma [105], oral cancer [39]

and colon cancer [98,106]. In this regard, several studies

have demonstrated that induction of apoptosis by quercetin

ranges in micromolar concentrations (29–150 Amol/L) in

different cancer cell cultures such as human colon cancer

[98,107], breast cancer [102], prostatic cancer [108,109],

leukemia [99,101], lung cancer cells [104], murine hepato-

ma [105] and melanoma [110]. Moreover, this flavonol has

also been shown to induce morphological alterations and

DNA fragmentation in leukemia [111], human preneoplastic
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colonocytes, different human hepatocarcinoma cell lines

[62,105], rat pancreatic carcinoma cells (BSp73AS) [112]

and mouse thymocytes [37].

Genistein has been reported to inhibit the growth of

several cancer cells through the modulation of genes that are

intimately related to the regulation of apoptosis, but also to

other processes such as cell growth or signal transduction

pathways, since this isoflavonoid is an inhibitor of protein

tyrosine kinases [113]. Genistein can induce programmed

cell death in breast cancer [114,115], prostate cancer

[93,116,117], head and neck squamous cell carcinoma

[118,119], stomach cancer [120] and lung cancer cells [113].

Moreover, genistein concentrations that induce apoptotic

death have been previously reported to range between

approximately 30 and 200 Amol/L in different cancer cell

lines from breast cancer [114,115], prostate cancer [93,117],

lung cancer [113], head and neck squamous call carcinoma

[118,119], leukemia [29,121], liver cancer [122] and colon

cancer [91]. Genistein has also been shown to induce

morphological alterations and DNA fragmentation in

LNCaP human prostate cancer cells treated with 75 or

150 Amol/L isoflavonoid for 24 hours [117], and similar

data have been reported in several neuroblastoma cell lines

after treatment with 1, 10 and 50 Ag/ml for 6 h in a dose-

dependent fashion [123]. DNA laddering was also observed

in breast MCF-7 cancer cells after 24 h of treatment with

50 Amol/L genistein [115], in PC-3 human prostate cancer

cell line with 50 Amol/L isoflavonoid (1–3 days) [93] and in

different colon cancer cell lines with 60–150 Amol/L after

1 h of treatment [29].

5.3. Molecular targets on caspase processing

The observed antiproliferative properties of flavonoids

suggest that these compounds may induce apoptosis by

modulating different key targets involved in both apoptotic

pathways. However, little is known regarding the precise

mechanism of flavonoid-induced apoptosis, and only

recently has interest started to focus on flavonoids’ potential

to interact with intracellular signaling pathways. Many

genes participate in the regulation of the apoptotic process,

and activation of caspases is a central effector mechanism.

Nakagawa et al. [70] have reported a decreased viability of

T-cell acute lymphoblastic leukemia Jurkat cells and a

concomitant increase in cellular caspase-3 activity with

EGCG (12.5–50 Amol/L); similar data were reported

recently after the incubation of 3T3-L1 preadipocytes with

100–400 Amol/L flavonoid for 24 and 48 h [76]. EGCG

(20–400 Amol/L) decreased the proliferation of four

different gastric carcinoma cell lines (MKN-1, MKN-45,

MKN-74 and KATO-III) in a dose-dependent manner [72].

In the same study, in MKN-45 cells, 200 Amol/L EGCG for

6–48 h increased the activity and levels of caspase-3 and

caspase-9, while caspase-8 activity showed an induction

weaker than those of the other two caspases, and its protein

levels remained almost unchanged when compared to

untreated cells [72]. Mitochondrial and cytosolic pathways
were both activated in normal CD14+ monocytes with

10–50 Amol/L EGCG (24 h) [67] and in human HLE

hepatoma cells after 24 h of incubation with the flavanol at

10–100 Amol/L [124]. In normal monocytes, EGCG

induced apoptosis in a dose-dependent manner, and even

the lowest concentration tested (10 Amol/L) provoked

programmed cell death [67]. Another study [125] has

reported the activation of caspase-3 in oral carcinoma

cells at concentrations equal to or higher than 50 Amol/L

(50, 100 and 200 Amol/L for 24 h of treatment). Apoptosis

markers, such as decreased mitochondrial membrane poten-

tial, increased mitochondrial release of cytochrome c and

enhanced caspase-3 and caspase-9 levels, were demonstrat-

ed in colon HT-29 cancer cells after 12 h of treatment

(100, 250 and 500 Amol/L) [73]. Chung et al. [71] have

shown an apoptotic effect in DU145 cells (human prostate

cancer cell line) after 27 h of treatment (100 Amol/L) by

inducing mitochondrial depolarization. EGCG also led to

the cleavage of caspase-8 and caspase-3 in HLF hepatoma

cells after 24 h of treatment with the flavanol (150 Amol/L)

[50]. Moreover, EGCG-induced apoptosis, but not growth

inhibition, has been demonstrated in H661 lung cancer cells

and Ha-ras-gene-transformed human bronchial cells; this

feature was completely or partially blocked with the

inclusion of catalase into the medium [63,75].

As mentioned above for EGCG, little is known regarding

the mechanism of quercetin-induced apoptosis. Activation

of caspase-3 and caspase-9, cleavage of poly ADP-ribose

polymerase (PARP) and release of cytochrome c by

quercetin have been reported in a study carried out in HL-

60 leukemic cells with a concentration of 60 Amol/L after

12 h of incubation [54] and, accordingly, the mitochondrial

pathway was also activated in colon Caco-2 cancer cells

after 48 h of incubation with the flavonoid (5–50 Amol/L)

[98]. Quercetin induced the cleavage of caspase-3, caspase-

7, caspase-9 and PARP in a dose-dependent manner (29–

58 Amol/L) after 14 h of treatment in human A549 lung

cancer cells [104]. Similarly, activation of caspase-3,

accompanied by the release of cytochrome c and decreased

mitochondrial membrane potential, was reported in pancre-

atic BSp73AS (6h) and MiaPaCa-2 (24 h) cancer cells after

incubation with 100 Amol/L quercetin [112]. Mitochondrial

membrane potential also decreased and caspase-3 increased

in human thymoma HPB-ALL cells after 12 h of treatment

with 50 Amol/L quercetin [126].

Concerning the molecular mechanisms of action of

genistein-induced apoptosis, the activation of caspase-3 by

111 Amol/L genistein after 24 h in a human colon

adenocarcinoma cell line (Caco-2Bbe) has been reported

[91]. Moreover, this isoflavonoid induced a time-dependent

and dose-dependent cytotoxic effect on human DU145

(androgen-independent) and LNCaP (androgen-sensitive)

prostatic cancer cells after incubation with 10, 30, 50 or 70

Amol/L isoflavonoid for 24 or 48 h, and that decreased cell

viability was due to both necrosis and apoptosis, which were

also detected in both cell lines after 48 h of treatment with
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higher concentrations of genistein (50 and 70 Amol/L)

[116]; reduced cell viability was concomitant with increased

caspase-3 activity, independently of androgen sensitivity

[116]. Similarly, Kumi-Diaka and Butler [127] have

reported an enhanced caspase-3 activity with 15, 30,

45 and 60 Amol/L genistein (24 h) in TM4 testicular cells,

together with necrosis (up to 5%), at the highest concentra-

tion tested (60 Amol/L). In a human breast cancer cell line

(MCF-7), PARP cleavage was detected after 2–6 days of

incubation with 50 Amol/L genistein [115], while in MDA-

MB-231 breast cancer cells, caspase-3 activation and PARP

cleavage were observed after 48–72 h of genistein treatment

(30 Amol/L) [114]. Additionally, activation of caspase-3 and

caspase-9 with mitochondrial depolarization at 15, 30 or

60 Amol/L genistein (24 h of exposure) has been described

in T-lymphoma cells [128].

5.4. Molecular targets in Bcl-2 family proteins

Previous reports have documented that the ratio between

proapoptotic and antiapoptotic Bcl-2 proteins determines, in

part, the susceptibility of cells to death signals [46,129]. At

100 Amol/L, the green tea constituent EGCG has been

shown to inhibit antiapoptotic Bcl-2 proteins such as Bcl-2

and Bcl-xL [130]. In this regard, EGCG decreased both

protein and mRNA levels of Bcl-2 and Bcl-xL after 24 h of

treatment with 10–100 Amol/L flavonoid. Bid levels were

also diminished at 50 and 100 Amol/L concentrations,

whereas Fas, Bax, XIAP and c-IAP1/2 remained un-

changed [124]. In this study, in a time course experiment,

100 Amol/L EGCG evoked a decrease of Bcl-2 and Bcl-xL
after 3 and 6 h of exposure, and this reduction persisted for

longer times (12 and 24 h) for both antiapoptotic proteins,

but Fas and Bax remained unaffected at any checked time

[124]. Similarly, Roy et al. [131] have observed caspase-3

cleavage, PARP and increased levels of Apaf-1, released

cytochrome c and Bax/Bcl-2 ratio in ER-negative human

MDA-MB-468 breast carcinoma cells after 48 and 72 h of

incubation with 20, 40 and 60 Ag/ml flavonoid. On the other

hand, it has been demonstrated that EGCG-induced apo-

ptosis is not related to members of the Bcl-2 family, as

flavanol (100 Amol/L for 72 h) did not alter the expressions

of Bcl-2, Bcl-xL and Bad in human prostate cancer DU145

cells [71]. EGCG also led to an apoptotic effect in human

monocytic leukemia U937 cells after 6 h of treatment

(200 Amol/L) by promoting binding to Fas and subsequent

activation of caspase-8 [132]. Accordingly, EGCG induced

apoptosis through a Fas-mediated pathway, since it en-

hanced Fas/APO-1 and its ligands (membrane-bound Fas

ligand and soluble Fas ligand) after the treatment of a

human hepatoma cell line (HepG2) with 50, 100 and

200 Amol/L EGCG for 6, 12, 24 and 48 h [45].

Quercetin down-regulates the antiapoptotic Bcl-2 pro-

teins Bcl-xL and Bcl-2 and up-regulates the proapoptotic

proteins Bcl-2, Bax and caspase-3 in prostatic PC-3

carcinoma cells at 50 and 100 Amol/L (24 h of treatment)

[108]. Accordingly, increased levels of total Bad and Bax
have been previously observed in A549 cells, while Bcl-2

decreased and Bcl-xL increased in a dose-dependent

fashion after 14 h of treatment (29–58 Amol/L) [104].

Moreover, cleaved caspase-3 and PARP were increased,

Bcl-2 was significantly decreased and Bax remained

unchanged in colon cancer cells (HT-29 and SW480) with

50 Amol/L quercetin after 72 h of exposure [133].

Similarly, the cleavage of caspase-3 and PARP, and

increased levels of Bax were demonstrated in human

leukemia cells (Jurkat T) after 12 h of incubation with

50 Amol/L flavonoid [99]. Quercetin also led to an

antiproliferative effect in Ishikawa cells (endometrial cancer

cell line) after 7 days of treatment (10 and 100 Amol/L)

without increasing bcl-2 or bax gene expression [52]. An

apoptotic effect with unchanged levels of Bcl-xL — but

decreased Bcl-2 expression, enhanced caspase-3 activity

and lost mitochondrial transmembrane potential — has also

been reported in murine melanoma B16-BL6 cells at 10�4

g/ml quercetin after 24 h of exposure [110].

In genistein-treated rat neurons (primary culture, 100

Amol/L), DNA fragmentation and levels of cleaved PARP

increased, while Bcl-2 and Bcl-xL remained unchanged after

15 min or 1, 3, 6 or 24 h of treatment [134]. Baxa and

Yoshimura [135] have demonstrated increased caspase-3

activity at 6, 8 and 24 h of exposure in 92316T lymphoma

cells (60 Amol/L), whereas Bcl-2 and Bcl-xL did not change

after incubation with 15, 30 or 60 Amol/L for 24 h, and

cIAP-1 decreased at concentrations above 15 Amol/L in a

dose-dependent manner (24 h). Accordingly, Bcl-2 phos-

phorylation increased at 24–48 h (150 Amol/L) in MCF-7

breast cancer cells, while Bax expression was not elevated

during the same incubation period [136]. On the contrary,

apoptosis was observed in MCF-7 cells exposed to 25 or

50 Amol/L genistein for 24 h together with an increased

expression of both Bcl-2 and Bax proteins, which suggested

that elevated Bcl-2 protein and mRNA levels might

neutralize the proapoptotic effect of Bax and that the

mechanism of genistein-induced apoptosis might rely on

the stress pathway rather than on the bcl-2 gene family

[137]. A different susceptibility to genistein-induced apo-

ptosis has been reported for MCF-7 compared to MDA-MB-

231 breast cancer cells [115]. Bax remained unchanged

in both cell lines during exposure to the isoflavonoid

(50 Amol/L genistein for 18, 24, 48, 72 or 144 h), but Bcl-2

increased slightly in MDA-MB-231 cells, although in

MCF-7 cells, Bcl-2 decreased at 18 and 24 h of incubation

and increased at 48 h of incubation. Therefore, in MCF-7

cells, the Bax/Bcl-2 ratio initially increased, but after 48 h of

treatment, it decreased, suggesting that MCF-7 cells are

more sensitive to induction of apoptosis by genistein than

are MDA-MB-231 cells [115]. On the other hand, after

treatment of MDA-MB-231 breast cancer cells with

30 Amol/L genistein for 24, 48 or 72 h, Li et al. [114]

showed up-regulation of Bax and down-regulation of Bcl-2

expressions, and a comparable increase in Bax/Bcl-2 ratio

was described in H460 and H322 lung cancer cells after
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exposure to 30 or 50 Amol/L of the isoflavonoid for 24–72 h

[113]. Genistein induced apoptosis in colon cancer HT-29

cells, prompting an increase in Bax and a slight decrease in

Bcl-2 of both mRNA expression and proteins levels at 30,

60 and 120 Amol/L isoflavonoid (72 h of exposure) [138].

Similarly, genistein (25 or 50 Amol/L) also led to apoptosis

since DNA fragmentation and cleaved PARP were demon-

strated in the HN4 cell line (head and neck squamous call

carcinoma) after 3–5 days of treatment, together with up-

regulation of Bax and down-regulation of Bcl-2 [118,119].

5.5. Synergism with natural and synthetic compounds

Flavonoids can interact synergistically with other poly-

phenols present in vegetables and fruits, and also with

conventional synthetic drugs in the treatment of cancer to

induce apoptosis. Accordingly, EGCG synergistically en-

hances apoptosis-inducing activity by combined treatment

with other chemopreventive agents such as drugs (sulindac,

tamoxifen, etc.) or other natural compounds. In this regard,

the synergistic induction of apoptosis with four different

doses of epicatechin (10, 50, 100 and 200 Amol/L), in

conjunction with 75 or 100 Amol/L EGCG in the human

lung cancer PC-9 cell line, has been shown [139]. Moreover,

two preventive agents, sulindac and tamoxifen, significantly

and synergistically enhanced the apoptosis induced by

EGCG in PC-9 cells [139]. Sulindac is a popular agent

used for the suppression of colon adenoma formation in

familial adenomatous polyposis patients, but its usage is

restricted because of its side effects. In this study, sulindac

at concentrations up to 100 Amol/L did not induce apo-

ptosis of PC-9 cells, whereas 10 Amol/L sulindac, together

with 75 Amol/L EGCG, induced apoptosis (eightfold).

Similarly, cotreatment with tamoxifen (10 and 20 Amol/L)

and EGCG (75 Amol/L), compared with either tamoxifen

or EGCG alone, induced programmed cell death in a

higher percentage. The synergistic potential of sulindac was

more powerful than that induced by tamoxifen or epica-

techin [139]. Additionally, synergistic effect was also

demonstrated by two naturally agents combined, EGCG

and curcumin (1:1), which showed an antiproliferative effect

in human normal, premalignant and malignant human oral

epithelial cells that was more effective than that of either

compound alone [140].

Resveratrol and quercetin additively activated caspase-3

and cytochrome c release in a human pancreatic cancer cell

line (BSp73AS) [112], and quercetin, together with ellagic

acid (at 5 and 10 Amol/L each), also synergistically induced

apoptosis in human leukemia MOLT-4 cells [100]. More-

over, quercetin has been shown to synergistically enhance

the antiproliferative effect of cisplatin (a drug widely used in

the treatment of head and neck cancer) in human laryngeal

Hep2 cells [141]. The combination of quercetin (40 Amol/L)

and cisplatin (2.5 Ag/ml) for 24 h induced apoptosis via the

inhibition of protein kinase B (AKT) phosphorylation,

release of mitochondrial cytochrome c, cleavage of cas-

pase-9, increase in caspase-8 activity and Bax protein levels,
and decrease in Bcl-2 and Bcl-xL protein expressions [141].

Similarly, cisplatin (10 Ag/ml), combined with quercetin

(15 Ag/ml), showed an enhanced proapoptotic effect in

HeLa cells through strong activation of caspase-3 and

inhibition of heat shock protein (Hsp72) [35].

Genistein can also interact synergistically with other

polyphenols. A cooperative action of soy isoflavones

(genistein, biochanin A and daidzein) has been demonstrat-

ed in four different human bladder cancer cell lines (RT4,

J82, HT1376 and T24) for inducing apoptosis when

compared to the administration of a single compound

(at 50 Ag/ml each for 48–72 h) [122]. Moreover, the

combination of genistein (2.5 Ag/ml) and the black tea

polyphenol thearubigin (0.0625 Ag/ml) for 60 h significantly

inhibited the cell growth of PC-3 human prostatic cancer

cells and induced cell cycle arrest, while no effect was

observed when thearubigin was administered alone [142].

Additionally, genistein can also interact with conventional

drugs used for the treatment of cancer by synergistically

enhancing the antiproliferative effect of cisplatin on human

pancreatic BxPC-3 cells [143]. The pretreatment of cells

with genistein (25 Amol/L) followed by cisplatin (0.5 Ag/ml)

for 24 h enhanced cisplatin-induced apoptosis through a

decrease in Bcl-2 and Bcl-xL [143]. Similarly, cisplatin (1 or

10 Ag/ml), in combination with genistein (20 Amol/L),

showed an enhanced apoptotic effect after 24 h of treatment

in five melanoma cell lines (MeWo, p22, p39, HM3KO and

A101D), reduced Bcl-2 and Bcl-xL protein levels and

increased Apaf-1 [144]. 5-Fluorouracil (5-FU) is one of

the drugs most widely used for different cancers, but its

chemoresistance is a big obstacle in chemotherapy. A

combined incubation of genistein (100 Amol/L) and 5-FU

(50 Amol/L) for 3, 6, 12 or 24 h led to a synergistic cell

death effect, accompanied by increased cleavage of PARP in

colon HT-29 cancer cells [145].

5.6. New research strategies and regulation of

signaling pathways

Accumulating evidence suggests that flavonoids may

exert regulatory activities in cells through actions at different

signaling transduction pathways [cyclin-dependent kinases

(CDKs), caspases, Bcl-2 family members, epidermal growth

factor (EGF)/epidermal growth factor receptor (EGFR),

phosphatidylinositol-3-kinase/AKT, MAPK, NF-nB, etc.],

which may affect cellular function by modulating genes or

phosphorylating proteins and may be beneficial in cancer.

New technologies such as DNA microarray allow us to

measure a high number of genes in one analysis and can be

used for finding new genes that are affected by food

components, in particular flavonoids, which can be useful

for a better understanding of the mechanisms involved in

the cancer-preventive actions of these compounds. In this

regard, EGCG could exert a dose-dependent inhibitory

effect on cell proliferation, as it has been proposed in

different reports using gene array methodology. Low

concentrations of flavanol (1 Amol/L) induced an antiapop-
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totic response, while higher concentrations (50 Amol/L)

caused a proapoptotic effect on neuroblastoma SH-SY5Y

cells [146]. EGCG for 6 h (50 Amol/L) increased the mRNA

expression of proapoptotic genes such as bax and gadd45

(cell cycle inhibitor) and decreased the antiapoptotic bcl-2

and Bcl-xL mRNAs. A low EGCG concentration (1 Amol/L)

induced a decrease in the expression of bax and caspase-6

genes, evoking survival and protective mechanisms [146].

EGCG at 25 Amol/L in Ha-ras-transformed human bronchial

epithelial 21BES cells inhibited cell growth and induced

cell death and changes in the expression of genes related to

the apoptotic process (laminin, fibronectin, components of

tumor growth factor-h signaling pathway, etc.) [147].

Similarly, it has been reported that EGCG (200 Amol/L for

7 h) caused changes in genes connected with apoptosis and

tumor suppression, and also altered oncogenes in PC-9 lung

cancer cells [148]; in more detail, EGCG down-regulated the

expression of the NF-nB-inducing kinase (NIK) gene, the

death-associated protein kinase 1 (DAPK1) gene and the

tyrosine protein kinase (SKY) gene, and up-regulated the

expression of the retinoblastoma-binding protein (RBQ1)

gene. Moreover, treatment with EGCG modulated ERK,

AKT, Bcl-2 and Bax expressions differently in normal and

skin cancer cells: levels of phosphorylated ERK and AKT

increased at 0.5 Amol/L but not at 50 Amol/L EGCG, and

Bcl-2/Bax ratio also rose in normal keratinocytes, whereas in

squamous carcinoma cells, both phosphorylation of ERK and

AKT and the Bcl-2/Bax ratio decreased [66].

Quercetin can also potentially interact with different

intracellular signaling pathways to induce apoptosis (i.e.,

cell cycle arrest, inhibition of cell survival/proliferation

pathways, etc.). Several reports, in which gene array

methodology was used, have tried to identify the cellular

targets of quercetin. In HT-29 colon cancer cells after 24 h of

exposure to 150 Amol/L quercetin, inhibition of prolifera-

tion, increase in caspase-3 activity and alteration of proteins

involved in growth and differentiation were observed [149].

Herzog et al. [107] have reported that quercetin (150 Amol/L

for 24 h) regulated several heat shock proteins, annexins and

cytoskeletal caspase substrates in human preneoplastic

colonocytes (NCOL-1). Moreover, quercetin (25 Amol/L)

inhibited the expression of specific oncogenes and genes

controlling the cell cycle in the PC-3 prostate cancer cell

line [85]. Similarly, treatment of Caco-2 cells with 5 or

50 Amol/L quercetin for 48 h caused the down-regulation

of cell cycle genes and several oncogenes (akt-1, erb-2 and

c-myc), changes in genes involved in apoptosis (increased

caspase-1 and Apaf-1), cell adhesion, cell–cell interaction,

metabolism, transcription and signal transduction [98]. In a

recent study, it has been demonstrated that quercetin at low

(10 Amol/L) or high concentrations (100 Amol/L) induced

gene expression changes at two exposures (24 and 48 h) in

CO115 colon cancer cells by modulating genes involved in

cell cycle arrest (up-regulation of p21 and down-regulation

of cdk4), apoptosis (up-regulation of Bax and caspase-8)

and phase I/II metabolism [150].
Li and Sarkar [151] reported that 50 Amol/L genistein

down-regulated the expression of specific oncogenes and

genes controlling cell cycle, signal transduction, cell

proliferation, protein phosphorylation and transcription in

the PC-3 prostate cancer cell line. On the other hand,

genistein up-regulated genes mainly related to signal

transduction, protein dephosphorylation, heat shock re-

sponse, inactivation of MAPK and EGFR signaling,

apoptosis and cell cycle arrest [151].

5.7. Dose–effect relationship

Flavonoids can induce apoptosis, as seen previously, but

concentrations of EGCG needed to significantly down-

regulate antiapoptotic proteins and induce programmed cell

death in vitro are much higher than the physiological

concentration achieved by ordinary tea consumption.

Consumption of six or seven cups of green tea per day

(corresponding to approximately 30 mg/kg/day EGCG) will

generate a plasma EGCG concentration of approximately

1 Amol/L [152]. However, higher plasma EGCG concen-

trations can be achieved by taking EGCG supplements

[153]. In this context, in a phase II trial, green tea has been

explored in humans with androgen-independent prostate

carcinoma for its antineoplastic effects [154]. Patients were

instructed to have 6 g/day green tea orally in six divided

doses for 6 months. Although green tea showed limited

activity and side effects related to caffeine, as previously

reported in a phase I trial in adults with solid tumors [155],

ingestion of green tea was considered to be safe for at least

6 months [154,155].

It is also remarkable that published data on quercetin

pharmacokinetics in humans suggest that a dietary supple-

ment of 1–2 g of quercetin may result in plasma concen-

trations between 10 and 50 Amol/L [83] and, as it has been

demonstrated, these concentrations induce apoptosis and

down-regulate antiapoptotic proteins in vitro. In this

context, it is worthy to mention that high plasma genistein

concentrations are difficult to achieve and sustain. It has

been reported that the plasma genistein level of individuals

on high-soy diets is 1–4 Amol/L [9]. However, in a phase I

trial, the administration of two different preparations of

unconjugated soy isoflavones (which contained 43% and

90% genistein, respectively) generated a maximal plasma

concentration of 16.3 Amol/L in humans with prostate

cancer, and it showed antimetastasic activity and no toxicity

[156]. Moreover, Mulholland et al. [157] studied, in an

initial phase I trial, a synthetic water-soluble prodrug of

quercetin (3V(N-carboxymethyl)carbomyl-3,4V,5,7-tetrahy-
droxyflavone), QC12, which resolved the problem of using

dimethyl sulphoxide as a vehicle for the flavonoid and

suggested its potential usage in clinical investigation.

Recently, a quercetin derivative in phase II has been shown

to be active in advanced adenocarcinoma of the esophagus

by inhibiting biological pathways [158].

It is noteworthy that most studies of flavonoids, and

polyphenols in general, aimed to evaluate the protective



Fig. 3. Flavonoids interact with a wide range of molecules involved in apoptosis and cell proliferation pathways by affecting their expression or activity. The

diagram summarizes the components of these two pathways, which have been reported to be influenced by flavonoids, but this does not imply that they are

direct targets for these dietary compounds. Black letter denotes changes common to all selected flavonoids, while black letter in gray square shows changes

observed for two polyphenols. Gray letter denotes targets involved in signaling pathways but not reported to be regulated for any selected flavonoid in this

review.
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effect of these compounds against diseases, but their

potential toxicity or negative effects have been scarcely

studied. As an example, flavonoids can inhibit thyroid

peroxidase and interfere with thyroid hormone biosynthesis,

as it was shown in rats fed a diet supplemented with

genistein [159]. These effects are very important in cases of

iodine deficiency and for babies exposed to particularly high

doses of isoflavones through soy feeding. Nevertheless, it is

remarkable to mention that a clinical study in humans failed

to show significant effects on thyroid hormones after

consumption of isoflavones.
6. Conclusion

Flavonoids are potent bioactive molecules that possess

anticarcinogenic effects since they can interfere with the

initiation, development and progression of cancer by the

modulation of cellular proliferation, differentiation, apopto-

sis, angiogenesis and metastasis. Moreover, the chemo-

preventive effect of dietary flavonoids is quite specific, and

cancer cell lines seem to be more sensitive to polyphenol

actions than are normal cells. However, some of the

apparently contradictory results that have been reported

from different laboratories point out the importance of

experimental conditions (dose, cell type, culture conditions

and treatment length) for the interpretation of the results of
in vitro studies because biological outcome can be affected

(effects opposite to the expected ones; toxicity).

Flavonoids have emerged as potential chemopreventive

candidates for cancer treatment, especially by their ability

to induce apoptosis. However, because of the complexity

and interrelationships of transduction pathways, the mech-

anisms for inducing the apoptosis of these polyphenols may

overlap with other signaling cascades; thus, programmed

cell death can be promoted through the modulation of

different proteins in other pathways that can contribute to

cell death (Fig. 3). Flavonoids examined in this review

possess common effects, namely, induction of apoptosis

involving the release of cytochrome c from mitochondria,

activation of caspases and down-regulation or up-regulation

of Bcl-2 family members, but also induction of cell

cycle arrest and inhibition of survival/proliferation signals

(AKT, MAPK, NF-nB and EGF) (Fig. 3). Moreover,

examples of interaction between polyphenols and/or con-

ventional synthetic drugs used in cancer treatment have

been described, providing an interesting approach to

combination therapy.

Although results from in vitro experiments cannot be

directly extrapolated to clinical effects, they constitute a

valuable tool for elucidating the pathways involved in the

overall carcinogenesis process. More studies are needed to

clearly understand the mechanisms of action of flavonoids
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as modulators of cell apoptosis, which is crucial for the

evaluation of their potential as anticancer agents.

Acknowledgments

This work was supported by grant AGL2004-302

from the Spanish Ministry of Science and Technology

(CICYT) and grant 200570M050 from the Comunidad de

Madrid (CAM).

S. Ramos has a Ramón y Cajal contract from the Spanish

Ministry of Science and Technology.

The author thanks Dr. Laura Bravo, Dr. Luis Goya, Dr.

Ma. Angeles Martin and Ana Belen Granado-Serrano for the

critical review of this manuscript.
References

[1] Watson W, Cai J, Jones D. Diet and apoptosis. Annu Rev Nutr

2000;108:153–64.

[2] Wenzel U, Kuntz S, Brendel M, Daniel H. Dietary flavone is a potent

apoptosis inducer in human colon carcinoma cells. Cancer Res 2000;

60:3823–31.

[3] Lopaczynski W, Zeisel S. Antioxidants, programmed cell death, and

cancer. Nutr Res 2001;21:295–307.

[4] MacFarlane M, Williams A. Apoptosis and disease: a life or death

decision. EMBO Rep 2004;5:674–8.

[5] Johnson I. Anticarcinogenic effects of diet-related apoptosis in the

colorectal mucosa. Food Chem Toxicol 2002;40:1171–8.

[6] Yang C, Landau J, Huang M, Newmark H. Inhibition of carcino-

genesis by dietary polyphenolic compounds. Annu Rev Nutr 2001;

21:381–97.

[7] Manson M. Cancer prevention — the potential for diet to modulate

molecular signaling. Trends Mol Med 2003;9:11–8.

[8] Bravo L. Polyphenols: chemistry, dietary sources, metabolism and

nutritional significance. Nutr Rev 1998;56:317–33.

[9] Manach C, Williamson G, Morand C, Scalbert A, Rémésy C.

Bioavailability and bioefficacy of polyphenols in humans: I. Review

of 97 bioavailability studies. Am J Clin Nutr 2005;81(Suppl):

230S–42S.

[10] Scalbert A, Morand C, Manach C, Rémésy C. Absorption and

metabolism of polyphenols in the gut and impact on health. Biomed

Pharmacother 2002;56:276–82.

[11] Manach C, Scalbert A, Morand C, Remesy C, Jimenez L.

Polyphenols: food sources and bioavailability. Am J Clin Nutr

2004;79:727–47.

[12] Sazuka M, Itoi T, Suzuki Y, Odani S, Koide T, Isemura M. Evidence

for the interaction between (�)-epigallocatechin gallate and human

plasma proteins fibronectin, fibrinogen and histidine-rich glycopro-

tein. Biosci Biotechnol Biochem 1996;60:1317–9.

[13] Goldbohm R, Hertog M, Brants H, van Poppel G, van den Brandt P.

Consumption of black tea and cancer risk: a prospective cohort

study. J Natl Cancer Inst 1996;88:93–100.

[14] Tsubono Y, Nishino Y, Komatsu S, Hsieh C, Kanemura S, Tsuji I,

et al. Green tea and the risk of gastric cancer in Japan. N Engl J Med

2001;344:632–6.

[15] Garcia R, Gonzalez C, Agudo A, Riboli E. High intake of specific

carotenoids and flavonoids does not reduce the risk of bladder

cancer. Nutr Cancer 1999;35:212–4.

[16] Arts I, Holmann P, Bueno de Mesquita H, Feskens E, Kromhout D.

Dietary catechins and epithelial cancer incidence: the Zutphen

Elderly Study. Int J Cancer 2001;92:298–302.

[17] Garcia-Closas R, Agudo A, Gonzalez C, Riboli E. Intake of specific

carotenoids and flavonoids and the risk of lung cancer in women in

Barcelona, Spain. Nutr Cancer 1998;32:154–8.
[18] Arts I, Jacobs Jr D, Gross M, Harnack L, Folsom A. Dietary

catechins and cancer incidence among postmenopausal women: the

Iowa Women’s Health Study (United States). Cancer Causes Control

2002;13:373–82.

[19] De Stefani E, Roncoa A, Mendilaharsu M, Deneo-Pellegrini H. Diet

and risk of cancer of the upper aerodigestive tract: II. Nutrients. Oral

Oncol 1999;35:22–6.

[20] Garcia-Closas R, Gonzalez C, Agudo A, Riboli E. Intake of specific

carotenoids and flavonoids and the risk of gastric cancer in Spain.

Cancer Causes Control 1999;10:71–5.

[21] Imai K, Suga K, Nakachi K. Cancer-preventive effects of drink-

ing green tea among a Japanese population. Prev Med 1997;26:

769–75.

[22] Key T, Sharp G, Appleby P, Beral V, Goodman M, Soda M, et al.

Soya foods and breast cancer risk: a prospective study in Hiroshima

and Nagasaki, Japan. Br J Cancer 1999;81:1248–56.

[23] Knekt P, Jarvinen R, Seppanen R, Hellovaara M, Teppo L, Pukkala

E, et al. Dietary flavonoids and the risk of lung cancer and other

malignant neoplasms. Am J Epidemiol 1997;146:223–30.

[24] Knekt P, Kumpulainen J, J7rvinen R, Rissanen H, Helifvaara M,

Reunanen A, et al. Flavonoid intake and risk of chronic diseases. Am

J Clin Nutr 2002;76:560–8.

[25] Su L, Arab L. Tea consumption and the reduced risk of colon

cancer — results from a national prospective cohort study. Public

Health Nutr 2002;5:419–25.

[26] Wakai K, Ohno Y, Genka K, Ohmine K, Kawamura T, Tamakoshi A,

et al. Risk modification in lung cancer by a dietary intake of

preserved foods and soyfoods: findings from a case–control study in

Okinawa, Japan. Lung Cancer 1999;25:147–59.

[27] Le Marchand L, Murphy S, Hankin J, Wilkens L, Kolonel L.

Intake of flavonoids and lung cancer. J Natl Cancer Inst 2000;

92:154–60.

[28] Nakachi K, Suemasu K, Suga K, Takeo T, Imai K, Higashi Y.

Influence of drinking green tea on breast cancer malignancy among

Japanese patients. Jpn J Cancer Res 1998;89:254–61.

[29] Salti G, Grewal S, Mehta R, das Gupta T, Boddie Jr A, Constantinou

A. Genistein induces apoptosis and topoisomerase II-mediated DNA

breakage in colon cancer cells. Eur J Cancer 2000;36:796–802.

[30] Snyder R, Gillies P. Reduction of genistein clastogenicity in Chinese

hamster V79 cells by daidzein and other flavonoids. Food Chem

Toxicol 2003;41:1291–8.

[31] Chun H, Chang H-J, Choi E, Kim H, Ku K. Molecular and

absorption properties of 12 soy isoflavones and their structure–

activity relationship with selected biological activities. Biotechnol

Lett 2005;27:1105–11.

[32] Musonda C, Chipman J. Quercetin inhibits hydrogen peroxide

(H2O2)-induced NF-nB DNA binding activity and DNA damage in

HepG2 cells. Carcinogenesis 1998;19:1583–9.

[33] Abalea V, Cillard J, Dubos M-P, Sergent O, Cillard P, Morel I. Repair

of iron-induced DNA oxidation by the flavonoid myricetin in

primary rat hepatocyte cultures. Free Radic Biol Med 1999;26:

1457–66.

[34] Yi W, Fischer J, Krewer G, Akoh C. Phenolic compounds from

blueberries can inhibit colon cancer cell proliferation and induce

apoptosis. J Agric Food Chem 2005;53:7320–9.

[35] Jakubowicz-Gil J, Paduch R, Piersiak T, Glowniak K, Gawron A,

Kandefer-Szerszen M. The effect of quercetin on pro-apoptotic

activity of cisplatin in HeLa cells. Biochem Pharmacol 2005;69:

1343–50.

[36] Gupta S, Hussain T, Mukhtar H. Molecular pathway for (�)-
epigallocatechin gallate-induced cell cycle arrest and apoptosis of

human prostate carcinoma cells. Arch Biochem Biophys 2003;410:

177–85.

[37] Lee J, Kim J, Park J, Chung G, Jang Y. The antioxidant, rather than

prooxidant, activities of quercetin on normal cells: quercetin protects

mouse thymocytes from glucose oxidase-mediated apoptosis. Exp

Cell Res 2003;291:386–97.



S. Ramos / Journal of Nutritional Biochemistry 18 (2007) 427–442 439
[38] Yin F, Giuliano A, Law R, Van Herle A. Apigenin inhibits growth

and induces G2/M arrest by modulating cyclin-CDK regulators and

ERK MAP kinase activation in breast carcinoma cells. Anticancer

Res 2001;21:413–20.

[39] Ong C, Tran E, Nguyen T, Ong C, Lee S, Lee J, et al. Quercetin-

induced growth inhibition and cell death in nasopharyngeal carcino-

ma cells are associated with increase in Bad and hypophosphorylated

retinoblastoma expressions. Oncol Rep 2004;11:727–33.

[40] Spencer J, Rice-Evans C, Williams R. Modulation of pro-survival

Akt/protein kinase B and ERK1/2 signaling cascades by quercetin

and its in vivo metabolites underlie their action on neuronal viability.

J Biol Chem 2003;278:34783–93.

[41] Gong L, Li Y, Nedeljkovic-Kurepa A, Sarkar F. Inactivation of NF-

kappaB by genistein is mediated via Akt signaling pathway in breast

cancer cells. Oncogene 2003;22:4702–9.

[42] Park S-Y, Seol D-W. Regulation of Akt by EGF-R inhibitors, a

possible mechanism of EGF-R inhibitor-enhanced TRAIL-induced

apoptosis. Biochem Biophys Res Comm 2002;295:515–8.

[43] Lee K-T, Sohn I-C, Kim Y-K, Choi J-H, Choi J-W, Park H-J, et al.

Tectorigenin, an isoflavone of Pueraria thunbergiana BENTH.,

induces differentiation and apoptosis in human promyelocytic

leukemia HL-60 cells. Biol Pharm Bull 2001;24:1117–21.

[44] Masuda M, Suzui M, Weinstein IB. Effects of epigallocatechin-

3-gallate on growth, epidermal growth factor receptor signaling

pathway, gene expression, and chemosensitivity in human head and

neck squamous cell carcinoma cell lines. Clin Cancer Res 2001;

7:4220–9.

[45] Kuo P-L, Lin C-C. Green tea constituent (�)-epigallocatechin-
3-gallate inhibits HepG2 cell proliferation and induces apoptosis

through p53-dependent and Fas-mediated pathways. J Biomed Sci

2003;10:219–27.

[46] Lee H-J, Wang C-J, Kuo H-C, Chou F-P, Jean L-F, Tseng T-H.

Induction apoptosis of luteolin in human hepatoma HepG2 cells

involving mitochondria translocation of Bax/Bak and activation of

JNK. Toxicol Appl Pharmacol 2005;203:124–31.

[47] Frey R, Singletary K. Genistein activates p38 mitogen-activated

protein kinase, inactivates ERK1/ERK2 and decreases Cdc25C

expression in immortalized human mammary epithelial cells. J Nutr

2003;133:226–31.

[48] Siddiqui I, Adhami V, Afaq F, Ahmad N, Mukhtar H. Modulation of

phosphatidylinositol-3 kinase/protein kinase B- and mitogen-activat-

ed protein kinase-pathways by tea polyphenols in human prostate

cancer cells. J Cell Biochem 2004;91:232–42.

[49] Shimizu M, Deguchi A, Lim JTE, Moriwaki H, Kopelovich L,

Weinstein IB. (�) Epigallocatechin gallate and polyphenon E inhibit

growth and activation of epidermal growth factor receptor and

human epidermal growth factor receptor-2 signaling pathways in

human colon cancer cells. Clin Cancer Res 2005;11:2735–46.

[50] Selvendiran K, Koga H, Ueno T, Yoshida T, MaeyamaM, Torimura T,

et al. Luteolin promotes degradation in signal transducer and activa-

tor of transcription 3 in human hepatoma cells: an implication for

the antitumor potential of flavonoids. Cancer Res 2006;66:4826–34.

[51] Lee L, Huang Y, Hwang J, Lee A, Ke F, Huang C, et al.

Transinactivation of the epidermal growth factor receptor tyrosine

kinase and focal adhesion kinase phosphorylation by dietary

flavonoids: effect on invasive potential of human carcinoma cells.

Biochem Pharmacol 2004;67:2103–14.

[52] Kaneuchi M, Sasaki M, Tanaka Y, Sakuragi N, Fujimoto S, Dahiya

R. Quercetin regulates growth of Ishikawa cells through the

suppression of EGF and cyclin D1. Int J Oncol 2003;22:159–64.

[53] Michels G, Watjen W, Niering P, Steffan B, Thi Q, Chovolou Y, et al.

Pro-apoptotic effects of the flavonoid luteolin in rat H4IIE cells.

Toxicology 2005;206:337–48.

[54] Wang I, Lin-Shiau S, Lin J. Induction of apoptosis by apigenin and

related flavonoids through cytochrome c release and activation of

caspase-9 and caspase-3 in leukaemia HL-60 cells. Eur J Cancer

1999;35:1517–25.
[55] Abou-Agag L, Aikens M, Tabengwa E, Benza R, Shows S, Grenett

H, et al. Polyphenolics increase t-PA and u-PA gene transcription in

cultured human endothelial cells. Alcohol Clin Exp Res 2001;25:

155–62.

[56] Trompezinski S, Denis A, Schmitt D, Viac J. Comparative effects of

polyphenols from green tea (EGCG) and soybean (genistein) on

VEGF and IL-8 release from normal human keratinocytes stimulated

with the proinflammatory cytokine TNF-a. Arch Dermatol Res

2003;295:112–6.

[57] Bagchi D, Sen C, Bagchi M, Atalay M. Anti-angiogenic, antioxidant,

and anti-carcinogenic properties of a novel anthocyanin-rich berry

extract formula. Biochemistry (Moscow) 2004;69:75–80.

[58] Kim N, Mehta R, Yu W, Neeman I, Livney T, Amichay A, et al.

Chemopreventive and adjuvant therapeutic potential of pomegranate

(Punica granatum) for human breast cancer. Breast Cancer Res Treat

2002;71:203–17.

[59] Singh A, Seth P, Anthony P, Husain M, Madhavan S, Mukhtar H,

et al. Green tea constituent epigallocatechin-3-gallate inhibits

angiogenic differentiation of human endothelial cells. Arch Biochem

Biophys 2002;401:29–37.

[60] Annabi B, Lachambre M, Bousquet-Gagnon N, Pagé M, Gingras D,
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