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a b s t r a c t

The role of apoptosis or programmed cell death in the regulation of development and

maintenance of homeostasis in multicellular organisms is well established. During the last

decade, naturally occurring dietary agents known to produce chemopreventive effects in

experimental models have been shown to target signaling intermediates in apoptosis-

inducing pathways. Apoptosis is triggered by two different signals, one extrinsic, which

responds mainly to extracellular stimuli, and the other intrinsic, activated by modulators

within the cell itself. Proapoptotic compounds could protect against cancer by enhancing

elimination of initiated, precancerous cells, and antiapoptotic compounds could promote

tumor formation by inhibiting apoptosis in genetically damaged cells. In this brief review,

we explore the potential mechanistic interactions of various dietary cancer chemopreven-

tive components within the context of apoptosis.
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1. Introduction

The term apoptosis is Greek for ‘‘falling of the leaves’’, and the

term describes the distinctive phenotypic phenomenon related

to cellular shrinkage. Apoptosis, however, is one specific

mechanism of cell death which regulates tissue homeostasis

through the elimination of potentially deleterious cells [1]. This

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 due to endonuclease activation. Apoptosis plays

a critical role in physiological functions such as cell deletion

during embryonic development, balancing of cell number in

continuously renewing tissues and during immune system

development [2]. Many diseases have been associated with

aberrantly regulated apoptotic cell death, ultimately leading to

inhibition of apoptosis and propagation of diseases such as

cancer. Additionally, enhanced rates of apoptosis can con-

tribute to degenerative diseases such as myocardial infarction,

atherosclerosis, diabetes, reperfusion injury, Parkinson’s dis-

ease and Alzheimer’s disease whereas; inhibition of apoptosis

can lead toproliferativediseasessuchasautoimmune disorders

and cancer. The involvement of apoptosis in chemopreventive

effects of dietary substances emerged ever since we provided

the first evidence that (�)-epigallocatechin gallate (EGCG), the

major constituent of green tea, at physiologically attainable

concentrations causes induction of apoptosis and cell cycle

arrest in many types of cancer cells without affecting normal

cells. At present, a long list of such dietary constituents is

known to induce apoptosis of cancer cells without affecting

normal cells (Fig. 1) [3,4].

Apoptosis is controlled by two diverse pathways, the

intrinsic or mitochondrial-mediated pathway and the extrinsic

or death receptor-mediated pathway. The mitochondrial-

mediated pathway involves the alteration of the mitochondrial

membrane permeability, thereby promoting the release of

cytochrome c from mitochondria. Cytosolic cytochrome c

together with apoptosis protease activating factor (Apaf)-1

activates caspase-9, which in turn activates caspase-3 resulting

in apoptosis. Mitochondrial-mediated apoptosis is regulated

by B-cell leukemia/lymphoma 2 (Bcl-2) family of proteins,

which control mitochondrial membrane permeability [5]. In

contrast, the death receptor-mediated pathway is initiated

by the interaction of the ligand with its death receptor, which

leads to the activation of caspase-8 and -3. The caspase-3 then

cleavesvarious substrates leadingtoapoptosis [4]. The effectsof

dietary components on apoptosis are likely to be among the

central mechanisms underlying associations between the

consumption of diet and cancer. In the following sections, an

overview of various signaling molecules that are targeted by

various dietary components is provided with a particular focus

on apoptosis.
2. Dietary agents and the death receptor-
mediated pathway

2.1. Tumor necrosis factor (TNF)-related apoptosis
inducing ligand (TRAIL)

TRAIL acts as a homotrimer interacting with any one of five

cognatereceptors: TRAIL-R1, TRAIL-R2,TRAIL-R3,TRAIL-R4 and

osteoprotegerin. TRAIL is expressed as a type II membrane

protein and, similar to other membrane-bound ligands of the

TNF superfamily, the extracellular domain of TRAIL can be

processed by cysteine proteases and released in the serum [6].

We have recently reported that EGCG sensitizes TRAIL-resistant

LNCaP cells to TRAIL-mediated apoptosis. Pretreatment of cells

with EGCG resulted in modulation of death-inducing signaling

cascade complex involving death receptor (DR)-4/TRAIL R1, Fas-

associated protein with death domain (FADD) and FLICE-

inhibitory protein [7]. Curcumin inhibited growth of LNCaP

xenografts in nude mice by inducing apoptosis and inhibiting

proliferation and sensitized these tumors to undergo apoptosis

by TRAIL. In xenografted tumors, curcumin up-regulated the

expression of TRAIL-R1/DR4, TRAIL-R2/DR5, Bax, Bak, p21/

WAF1, and p27/KIP1, and inhibited the activation of NF-kB and

itsgeneproducts [8].Treatment withTRAIL incombinationwith

genistein sensitized TRAIL-resistant AGS gastric adenocarci-

noma cells to TRAIL-mediated apoptosis. Combined treatment

with genistein and TRAIL caused activation of DR5 and

induction of caspase-3 activity [9]. Pretreatment with a

noncytotoxic concentration of luteolin, a dietary flavonoid

commonly found in some medicinal plants significantly

sensitized both TRAIL-sensitive as well as TRAIL-resistant

cancer cells to TRAIL-induced apoptosis [10].

2.2. Fas

Fas (CD95/APO-1) is a type I transmembrane protein belonging

to the tumor necrosis factor superfamily of receptors. It was

identified in 1989 as a cell death inducer of malignant human

cancer and leukemia cell lines. Fas contain a classic ‘‘death

domain’’ within its cytosolic tail, typical of a branch of the

tumor necrosis factor family implicated in apoptosis induction

[11]. It has been reported recently that treatment of MCF-7 cells

with EGCG markedly inhibited heregulin (HRG)-b-1 dependent

induction of FAS mRNA and protein. EGCG also decreased the

phosphorylation of Akt and Erk1/2 that were demonstrated as

selected downstream HRG-b1-responsive kinases required for

FAS expression using dominant-negative Akt, PI3K inhibitors

or MEK inhibitor. Additionally, growth inhibition of HRG-b1-

treated cells was parallel to suppression of FAS by EGCG [12]. In

multiple myeloma cells, EGCG treatment activated distinct

pathways of growth arrest and apoptosis by inducing the

expression of death-associated protein kinase 2, Fas ligand,

Fas, and caspase-4, positive regulators of apoptosis and NF-kB

activation and cyclin-dependent kinase inhibitors [13]. We



Fig. 1 – Dietary agents known to induce apoptosis by interfering with the extrinsic and the intrinsic apoptotic pathways. In

the extrinsic pathway, a specific ligand binds to its corresponding cell surface death receptor and promotes the recruitment

of adapter molecule FADD to activate caspase-8 which trigger the activation of downstream effector caspases such as

caspase-3, thereby propagating apoptosis. The intrinsic pathway of apoptosis relies on the permeabilization of

mitochondrial membrane to release the apoptogenic mitochondrial proteins which translocate to mitochondria where they

induce the release of cytochrome c either directly or through complexes with membrane proteins. Cytochrome c together

with Apaf-1 and procaspase-9 forms apoptosome where activation of caspase-9 occurs. The two pathways of apoptosis

merge as caspase-9 is capable of either directly or indirectly activating caspase-8 which mediates the proteolytic activation

of BID. EGCG, resveratrol, curcumin, genistein, luteolin, lupeol, and indole-3-carbinol target the death receptor pathway

whereas EGCG, resveratrol, apigenin, fisetin, pomegranate, delphinidin, lupeol, curcumin, genistein, luteolin, indole-3-

carbinol, capsaicin and silibinin target the mitochondrial pathway of apoptosis.
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have shown that lupeol, a triterpene present in fruits and

vegetables, specifically caused a significant increase in the

expression of Fas receptor with a significant increase in the

expression of FADD protein. The small interfering RNA-

mediated silencing of the Fas gene and inhibition of

caspase-6, -8, and -9 by their specific inhibitors confirmed

that lupeol specifically activates the Fas receptor-mediated

apoptotic pathway in androgen-sensitive prostate cancer cells

[14]. Resveratrol induces the clustering of Fas and its

redistribution in cholesterol and sphingolipid-rich fractions

of SW480 human colon cancer cells, together with FADD and

procaspase-8. This redistribution is associated with the

formation of a death-inducing signaling complex [15]. Curcu-

min has been reported to induce apoptosis in human

melanoma cells through a Fas receptor/caspase-8 pathway

independent of p53 [16].

2.3. Cellular FADD like interleukin-1-b-converting enzyme
inhibitory protein (c-FLIP)

The c-FLIP is able to modulate activation of procaspase-8 and

thereby prevents induction of apoptosis mediated by death
receptors. Treatment with silibinin in combination with TRAIL

induced rapid apoptosis in TRAIL-resistant glioma cells and

down-regulated the protein levels of the antiapoptotic

proteins FLIPL, FLIPS and survivin through proteasome-

mediated degradation [17]. Treatment of MDA-231 cells with

sanguinarine caused reduction in protein levels of pro-

caspase-3, Bcl-2, cIAP2, XIAP, and c-FLIPs [18]. An indole

compound, 3,30-diindolylmethane, derived from cruciferous

vegetables led to significant down-regulation of the c-FLIP

which was predominantly mediated by the ubiquitin-protea-

some degradation system [19].
3. Dietary agents and the mitochondrial-
mediated pathway

3.1. Activation of caspases

Caspases are an evolutionary conserved family of cysteine

proteases that are responsible for diverse cellular functions

including inflammation and apoptosis [20]. Features common

to all members in this family of proteases include the catalytic
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cysteine residue in the active site and the ability to cleave

substrates on the carboxyl side of aspartate residues. The

caspases-2, -8, -9, -10, -12 are known as initiator caspases and

caspases-3, -6, -7, -14 are called as effector caspases. Initiator

caspases function upstream within apoptotic signaling path-

ways. They are capable of activating downstream effector

caspases either directly, through proteolysis, or indirectly via a

secondary messenger mechanism. Upon activation by an

initiator caspase, effector caspases are immediate ‘‘execu-

tioners of the apoptotic program’’, cleaving certain cellular

substrates to cause demolition of the cell [21]. We have

reported that treatment of human PCa cells LNCaP, PC-3, and

CWR22Rn1 with combination of EGCG and Cox-2 inhibitor

resulted in enhanced cell growth inhibition, activation of

caspases, apoptosis induction and inhibition of NF-kB [22]. We

have shown recently that treatment of PCa cells with fisetin

resulted in significant activation of caspase-3, -8 and -9.

Pretreatment of cells with caspase inhibitor blocked fisetin-

induced activation of caspases [23]. Apigenin and TRAIL at

suboptimal concentrations induced Bid cleavage and the

activation of caspases-8, -10, -9, and -3 in malignant tumor

cells [24]. Resveratrol has been shown to induce apoptosis in

human breast cancer cells primarily through the caspase-3-

dependent pathway [25]. We have earlier reported that EGCG

treatment of A431 cells resulted in significant activation of

caspases, as shown by the dose- and time-dependent increase

in DEVDase activity, and protein expression of caspase-3, -8

and -9. EGCG-mediated induction of apoptosis was blocked by

the caspase inhibitor in these cells [26]. Genistein induced

apoptosis in acute promyelocytic leukemia derived NB4 cells is

mediated by activation of caspase-9 and -3 and associated

with a decrease in mitochondrial transmembrane potential

and cytosolic release of cytochrome c [27]. Treatment of LNCaP

cells with curcumin resulted in translocation of Bax and p53 to

mitochondria, production of reactive oxygen species, activa-

tion of caspase-3 and induction of apoptosis [28]. Pretreatment

with luteolin sensitized TRAIL-induced apoptosis in both

TRAIL-sensitive (HeLa) and TRAIL-resistant cancer cells (CNE1,

HT29, and HepG2) through enhanced caspase-8 activation and

caspase-3 maturation [10].

3.2. Alteration of Bax/Bcl-2 ratios

It is widely accepted that a cell’s commitment to undergo

apoptosis partly depends upon the balance between proteins

that mediate cell death and also on the ratio of Bax/Bcl-2

which appears to be a critical determinant of a cell’s threshold

for undergoing apoptosis. Treatment with EGCG and GTP

caused an increase in Bax, reduction in Bcl-2 and PARP

cleavage in MDA-MB-231 human breast cancer cells [29].

Fisetin treatment resulted in induction of apoptosis, PARP

cleavage, increase in Bax, decrease in Bcl-2 and modulation in

the expressions of Bcl-2-family proteins in human PCa cells

[23]. We have reported that treatment of delphinidin caused

activation of caspases, increase in Bax, decrease in Bcl-2, up-

regulation of Bid and Bak and down-regulation of Bcl-xL in

HaCaT cells and inhibition of UVB-mediated apoptosis in SKH-

1 hairless mice [30]. We have reported that pomegranate fruit

extract (PFE) caused an increase in the protein expression of

Bax and decrease in Bcl-2 in a dose-dependent fashion in PC-3
cells. There was also a significant dose-dependent shift in the

ratio of Bax to Bcl-2 after PFE treatment, indicating the

induction of an apoptotic process [31]. In DMBA-initiated and

TPA promoted mouse skin tumors, resveratrol application

induced the expression of p53 and Bax, with concomitant

decrease in Bcl-2. Alteration in Bax/Bcl-2 ratio by resveratrol

treatment resulted in apoptosis, which was associated with

the release of cytochrome c and induction of apoptotic

protease activating factor 1 (Apaf-1) [32]. There was induction

of mitochondrial transmembrane potential alteration, cyto-

chrome c release and down-regulation of Bcl-2 and induction

of Bax protein expression in human T lymphoma Jurkat cells

by dietary ginger constituents [33].

3.3. Mitochondrial polarization/depolarization

Mitochondria are key regulators of cell life and death and play

an important role in a wide range of diseases, including

cancer, diabetes, cardiovascular disease, and the age-related

neurodegenerative diseases. The unique structural and func-

tional characteristics of mitochondria enable the selective

targeting of drugs designed to modulate the function of this

organelle for therapeutic gain. The mitochondrial permeabil-

ity transition pore (MTP) is a multi-protein complex at contact

sites of the inner with the outer mitochondrial membrane.

Research over the past several years has led to the concept

that the MTP occupies a central role in cell death induction.

Numerous apoptosis signals convert this protein aggregate

into an unspecific pore, thus activating mitochondria for the

cellular self-destruction process. In human pancreatic cancer

cells, EGCG induced Bax oligomerization, depolarization of

mitochondrial membranes to facilitate cytochrome c release

into cytosol and caspase-dependent apoptosis [34]. In human

tongue squamous carcinoma CAL-27 cells, both green and

black tea polyphenols transduced the apoptosis signal via

generation of reactive oxygen species and decrease in the Bax/

Bcl-2 ratio thereby inducing mitochondrial permeability

transition with consequent activation of caspase-3 [35].

Treatment of HepG2 cells challenged with curcumin for 1 h

showed a transient elevation of the mitochondrial membrane

potential followed by cytochrome c release into the cytosol

[36]. Delphinidin, an anthocyanidin in pigmented fruits and

vegetables has been shown to cause nuclear condensation and

fragmentation, PARP cleavage and loss of mitochondrial

membrane potential of apoptotic cells in uterine carcinoma

and colon adenocarcinoma cells [37]. Genistein has been

shown to cause induction of apoptosis in T lymphoma cells via

mitochondrial damage with the involvement of the MTP [38].

Capsaicin, the major pungent ingredient in red peppers,

induced apoptosis in prostate cells by a mechanism involving

reactive oxygen species generation, dissipation of the mito-

chondrial inner transmembrane potential and activation of

caspase-3. Subcutaneous injection of capsaicin in nude mice

suppressed PC-3 tumor growth in all tumors investigated and

induced apoptosis of tumor cells [39]. Allyl and benzyl

isothiocyanates caused disruption of mitochondrial mem-

brane potential, activation of multiple caspases, arrest of cell

cycle progression, and induction of differentiation in human

leukemia cells [40]. In malignant human pancreatic cancer

cells, resveratrol caused damage of mitochondrial function
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that lead to increased ROS, apoptosis and possibly intracel-

lular drug accumulation via inhibition of proteins involved in

multi-drug resistance [41].

3.4. Mitochondrial cytochrome c release

The mitochondria is a very central apparatus in cell death

signaling through its ability to differentially regulate the

trafficking of pro- and anti-apoptotic proteins depending on

the type of stimulus within its inter-membrane space [42]. The

release of cytochrome c is known to occur through two

main mechanisms; MTP-dependent and MTP-independent

mechanisms. In the MTP-dependent mechanism, the mito-

chondrial pores open, followed by the movement of cyto-

chrome c from the inter-membrane space which then

complexes with Apaf-1, ATP and procaspase-9 to form the

‘‘apoptosome’’. Several agents have the ability to induce MTP

and lead to the formation of the apoptosome and activation of

caspase-9, which in turn activates downstream caspase-3,

which causes caspase-6 activation and then drives the caspase

cascade and the cell death mechanism. The release of anti-

apoptotic Bcl-2 protein family is known to regulate apoptosis

through inhibition of cytochrome c and Apaf-1 release by

mechanisms that may involve channel formation activity and

displacement of Apaf-1 from a complex of proteins. In

pancreatic cancer cells, EGCG induced apoptosis and depolar-

ization of mitochondrial membranes to facilitate cytochrome c

release into cytosol. EGCG-induced down-regulation of IAP

family member X chromosome linked inhibitor of apoptosis

protein (XIAP) might be helpful to facilitate cytochrome c

mediated downstream caspase activation [34]. Lycopene

reduced mitochondrial transmembrane potential, induced

the release of mitochondrial cytochrome c and increased

annexin V binding confirming induction of apoptosis in LNCaP

human PCa cells [43]. Ellagitannins of pomegranate fruit

caused induction of apoptosis via intrinsic pathway through

Bcl-XL down-regulation with mitochondrial release of cyto-

chrome c into the cytosol, activation of initiator caspase-9 and

effector caspase-3 in human colon cancer cells [44]. Genistein

has been reported to induce apoptosis mediated by activation

of caspase-9,-3 and was associated with a decrease in

mitochondrial transmembrane potential and cytosolic release

of cytochrome c in acute promyelocytic leukemia derived NB4

cells [27]. We have recently shown that fisetin caused

induction of apoptosis, PARP cleavage, modulation in the

expressions of Bcl-2-family proteins, and induction of mito-

chondrial release of cytochrome c into cytosol in human PCa

cells [23].

3.5. p53

The p53 tumor suppressor protein is often referred to as the

‘‘guardian of the genome’’ as its response to DNA-damage or

checkpoint failure gives rise to a series of anti-proliferative

responses. One of the most important functions of p53 is its

ability to induce apoptosis and disruption of this route can

promote tumor progression and chemoresistance. Besides its

ability to promote apoptosis through transcription dependent

mechanisms, p53 may also be able to activate apoptosis

independent of transcriptional regulation. Therefore, to
ensure normal cell growth, p53 levels and activity are tightly

regulated [45]. The p53 pathway is inactivated in majority of

human cancers, most likely because the proapoptotic function

of p53 is critical to the inhibition of tumor development and

progression. In T47D human breast cancer cells, trans-

resveratrol induced apoptosis which was associated with

the activation of the p53 in a dose- and time-dependent

manner. PI3K inhibitors abolished the effect of trans-resver-

atrol on p53 activation [46]. We have demonstrated using

isogenic cell lines that EGCG activates growth arrest and

apoptosis in prostate carcinoma cells primarily via p53-

dependent pathway that involves the function of both p21

and Bax such that down-regulation of either molecule confers

a growth advantage to the cells [47]. Recently, silibinin has

been shown to cause down-regulation of survivin and an

increase in p53 expression together with enhanced apoptosis

in human bladder tumors [48]. Genistein induced G2/M phase

cell cycle arrest, apoptosis, increase in p53 and p21 levels in

human malignant glioma cell lines [49].

3.6. Survivin

Survivin is a member of the inhibitor of apoptosis protein (IAP)

family that acts as a suppressor of apoptosis and plays a

central role in cell division. Survivin is expressed during

embryonal development but is absent in most normal,

terminally differentiated tissues. It is overexpressed in several

human neoplasms and currently survivin protein expression

is being used as a prognostic factor in several human

neoplasms. High survivin expression by neoplasms correlates

with more aggressive behavior, decreased response to

chemotherapeutic agents and shortened survival times as

compared with cancers that are survivin negative [50].

Tamoxifen and genistein combination synergistically induced

apoptosis in human breast cancer BT-474 cells in part by

synergistic down-regulation of the expression of survivin and

down-regulation of EGFR, HER2, and ERa expression [51]. The

anti-apoptotic Bcl-2 and survivin protein was down-regulated

by curcumin treatment together with enhancement of the Bax

and p53 expression in human bladder cancer cells [52]. The

major acid-catalyzed reaction product of indole-3-carbinol

(I3C), 3,30-diindolylmethane (DIM) inhibited cell growth and

induced apoptosis in MDA-MB-231 breast cancer cells by

down-regulating survivin, Bcl-2, and cdc25A expression and

also caused up-regulation of p21/WAF1 expression. Down-

regulation of survivin by small interfering RNA before DIM

treatment resulted in enhanced cell growth inhibition and

apoptosis, whereas overexpression of survivin by cDNA

transfection abrogated DIM-induced cell growth inhibition

and apoptosis in MDA-MB-231 breast cancer cells [53]. In

human breast cancer cells, EGCG treatment decreased both

mRNA and protein expression of survivin and the survivin-

promoter luciferase activity was also significantly inhibited

[54].
4. Conclusions and perspectives

Epidemiological studies showing a protective effect of diets

rich in fruits and vegetables against cancer have stressed on
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the possibility that naturally occurring phytochemicals can

exert anti-carcinogenic activity. Evidence is also accumulating

to support the notion that provision of a combination of

dietary bioactive agents is more effective than treatment with

a single dietary component. Thus, it is reasonable to assume

that combinations of components could be designed to either

target multiple pathways or exhibit potentiation or synergy of

specific pathways. The interaction of components of the diet

clearly requires more focus and further research. It appears

that several molecular targets exist in vivo and collectively

converge on various signaling pathways. Thus, using combi-

natorial therapy, dietary agents may affect many targets each

leading to the induction of apoptosis. There is ample evidence

to suggest that the cancer-protective effects of an individual’s

diet may reflect the synergistic effects of various vitamins,

minerals and other bioactive components rather than from

the effect of a single ingredient. To determine the merit of

combining foods for maximum efficacy for cancer prevention,

a better understanding of physiologically important interac-

tions is needed. By determining the fundamental mechanisms

of apoptosis regulation and identification of the various cell

survival genes that become dysregulated in tumors, several

therapeutic opportunities have been revealed. To fully estab-

lish the utility of the apoptotic markers in cancer manage-

ment, large-scale evaluation of the apoptotic markers in

conjunction with multiple clinical parameters and other

biochemical markers are encouraged.
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