
61

Cell-Death—Inducing Mechanisms of Cancer 
Chemopreventive Agents

Vijay Mohan, Dhanya Nambiar, Raosaheb K. Kale and Rana P. Singh

D. Chandra (ed.), Mitochondria as Targets for Phytochemicals in Cancer Prevention  
and Therapy, DOI 10.1007/978-1-4614-9326-6_4,  
© Springer Science+Business Media New York 2013

R. P.  Singh () · V. Mohan · R. K. Kale
School of Life Sciences, Central University of Gujarat, Gandhinagar, Gujarat, India
e-mail: rana_singh@mail.jnu.ac.in; ranaps@hotmail.com

R. P. Singh
School of Life Sciences, Jawaharlal Nehru University, New Delhi, India

D. Nambiar · R. K. Kale · R. P. Singh
Cancer Biology Laboratory, School of Life Sciences, Jawaharlal Nehru University,  
New Delhi, India

D. Nambiar
School of Environmental Sciences, Jawaharlal Nehru University, New Delhi, India

R. K. Kale
e-mail: vc@cug.ac.in

Abstract Our increasing knowledge about health and disease suggests that vege-
tarian diets rich in fruits and vegetables have a significant impact in prevention and 
therapy of multiple types of cancer. Phytochemicals from both dietary and nondie-
tary origins inhibit cancer growth and progression of human cancers by interacting 
at the cellular and molecular levels. The mitochondrion is the key organelle that 
provides energy to cells for their growth and survival. In addition, mitochondria 
play important role in cancer cell apoptosis and may also regulate autophagy. Can-
cer cells have high proliferative and less apoptotic activities; therefore, agents that 
induce apoptosis selectively in cancer cells are desired for the treatment of cancer. 
Some dietary phytochemicals target mitochondria causing destruction of mitochon-
drial membranes leading to the discharge of proapoptotic mitochondrial proteins, 
which initiate apoptotic cell death in cancer. Although the role of autophagy is deba-
ted as a mechanism of cell death or cell survival, many phytochemicals modulate 
autophagy in cancer cells. Therefore, selective targeting of cell-death pathways by 
phytochemicals in cancer cells could be an attractive strategy for the prevention and 
treatment of cancer.
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Introduction

Living organisms are broadly classified as either unicellular or multicellular or-
ganisms. The complexity of many different cell types coming together in multi-
cellular organisms mandates stringently regulated processes for cell division, pro-
liferation, and differentiation, which are controlled by many signaling pathways. 
The rate of cell division is controlled by the process of apoptosis and differentia-
tion so that the organism is not overburdened with unwanted cells. In humans, 
around 107 cells die in the body every second (Reed 2010) and a variety of path-
ways are used to coordinate cell death during development and morphogenesis to 
control cell numbers thus eliminating damaged cells. By this process, the body 
ensures that only healthy cells survive in the body and cells having any mutation 
or change that might be harmful, are eliminated. But some cells escape from the 
usual barricade mechanisms within the body and they further divide, accumu-
late, and may turn cancerous. These cells acquire the property of indefinite cell 
division and resist programmed cell death or apoptosis. Defects or resistance to 
normal programmed cell-death mechanisms are prerequisites in the pathogenesis 
of tumors.

Cell death as a process becomes very important in maintaining homeosta-
sis and helps to evade pathogenesis. There are three mechanisms of cell death 
namely apoptosis, autophagy, and necrosis (Ouyang et al. 2012). Other than these 
mechanisms, anoikis is a special case of apoptosis in response to inappropriate 
cell/extracellular matrix (ECM) interactions, leading to complete detachment and 
eventually death. The importance of anoikis in vivo can readily be seen when 
alterations that perturb its normal control enhance tumor metastasis, a process 
that requires cells to survive in totally inappropriate ECM environments. Cancer 
cells are known to develop resistance towards these cell-death mechanisms and 
thereby continue to divide and proliferate in spite of accumulating mutations and 
other defects. Agents triggering cell death in cancer cells or sensitizing them to 
normal cell-death mechanisms are used as cancer therapeutics (Reed 2006). Natu-
ral plants and vegetation have been well studied and documented by ancient lit-
erature for their medicinal values. With further development of technology, there 
have been studies on identifying active principles from these plants or various 
constituents of our daily diet and identifying their medicinal activities including 
anticancer efficacies. These studies have resulted in identification of numerous 
compounds or molecules from plant origins with anticancer activity against vari-
ous human cancers including skin cancer, prostate cancer, oral cancer, and breast 
cancer (Surh 2003). Although there are several factors that affect tumor cells, 
among them the most important is the daily lifestyle or diet. In this chapter, we 
review the three major death mechanisms and try to understand how the natural or 
chemopreventive agents modulate these processes and hence function as antican-
cer agents in cancer cells.
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Phytochemicals in Chemoprevention of Cancer

Plants have been the main source of a significant percentage of potent anticancer 
agents that are discovered, developed, and being used in clinical practice. Preven-
tion of cancer by natural compounds needs better understanding of the mechanistic 
actions including their effect on cancer cell proliferation, angiogenesis, invasion, 
migration, and metastasis. After almost three and a half decades of research follow-
ing the coining of the term “chemoprevention” by Michael Sporn in 1976, it is now 
getting recognition as a potent strategy against cancer prevention and control (Bode 
and Dong 2009). Chemoprevention aims to arrest the cancer in its early stages so 
that disease eventually does not lead to the invasive and metastatic stage and seeks 
to reverse the preneoplastic condition. Phytochemicals have been isolated and char-
acterized from the different sources of plants including fruits, vegetables, spices, 
beverages, cereals, and many others. Figure 1 shows various dietary agents from 
fruits, vegetables, dietary supplements, and medicinal spices that inhibit different 
processes of cancer including cell invasion, migration, metastasis, and angiogenesis, 
along with attenuating the exponential growth of cancer. Although a small portion of 

Fig. 1  Diagram depicts various death-inducing pathways and potential modulatory targets for 
chemopreventive agents in cancer cells. Phytochemicals act as modulators of apoptosis pathways 
and also trigger the expression of proteins that play a central role in apoptosis. For example, 
apigenin, capsaicin, gallic acid, resveratrol, silibinin, and flavopiridol activate caspase-3 and -9 
leading to apoptosis. However, ACA, butein, berberine, curcumin, EGCG, quercetin, sanguiarine, 
zerumbone, and capsaicin downregulate Bcl-2 and upregulate Bax which plays a major role in the 
intrinsic pathway of apoptosis induction
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natural compounds have been explored, a large chunk of marine life and other potent 
sources are open for development and discovery of new drugs or chemopreventive 
agents. Thus phytochemicals serve as excellent molecules to inhibit the promotion 
and progression of carcinogenesis, to remove genetically damaged, preinitiated, or 
neoplastic cells from the body by inducing apoptosis or cell cycle arrest.

The incidence of cancer is increasing worldwide, however, fruit and vegetable in-
take has been shown to reduce the risk of cancer in numerous epidemiological studies 
(Block et al. 1992). Recently, biochemical and molecular approaches have been ap-
plied to select naturally occurring dietary substances that showed more control over 
the key molecules regulating cancer pathways. These biomolecules are potentially 
able to modulate intracellular signaling pathways and may provide a molecular ba-
sis of chemoprevention. Table 1, shows various phytochemicals including silibinin, 
resveratrol, epigallocatechin-3-gallate (EGCG), fisetin, capsaicin, curcumin, and ge-
nistein which have been reported to cause cell death via both extrinsic and intrinsic 
pathways of apoptosis in cancer cells. These phytochemicals have been explored 
in different types of cancer such as prostate, lung, breast, cervical, oral, and colon 
cancer at different doses, and it has been estimated that dietary modification may 
prevent more than two-thirds of human cancer (Surh 2003). These agents have also 
been explored for their role as chemosensitizing and radiosensitizing agents, wherein 
they function by countering the resistance mechanisms in cancer cells (Garg et al. 
2005; Nambiar et al. 2011). The defective apoptotic pathways are well-known causes 
of carcinogenesis and, in addition, are one of the resistance mechanisms acquired by 
cancer cells in response to various therapeutic agents. However, cancer cells acquire 
resistance to apoptosis by overexpression of antiapoptotic proteins and/or by the 
downregulation or mutation of proapoptotic proteins. Therefore, identification and 
exploration of pathways that are involved in carcinogenesis could facilitate the use 
of dietary constituents as a key strategy to prevent cancer development. As shown 
in Fig. 1, phytochemicals modulate extrinsic and intrinsic pathways at the molecular 
level and also target the significant proteins that constitute the apoptosis core ma-
chinery including Bcl-2, Bax, cytochrome-c, and caspases which mediate apoptosis.

Death of Cancer Cells: Role of Mitochondria

All cell organelles in the mammalian cells serve a unique and well-demarcated pur-
pose. Among these organelles, one that draws rigorous attention is the aptly called 
“powerhouse of the cell,” the mitochondrion. Cellular energy is almost solely con-
trolled by the mitochondrion, which ultimately produces the energy for cell. As 
much as it governs life, it also governs one of the most illustrious mechanisms of 
cell death, apoptosis. Mitochondrial involvement in various diseases is also very 
well documented. The role of mitochondria in pathogenesis gained slow and steady 
importance in the previous two decades of research and is now a well-recognized 
target even for cancer therapeutics (Tatarkova et al. 2012). Mitochondrial mem-
brane permeabilization is one of the central steps to apoptosis. The aim of major 
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Phytochemicals Source Molecular Targets of Cell Death References
Curcumin Turmeric ( Curcuma 

longa)
Induction of apoptosis via 

downregulation of Bcl-2 and 
Bax upregulation; activation of 
caspase-3 and 9

Guo et al. 2012; 
Kunwar et al. 
2012, 

Aoki et al. 2007; 
Jia et al. 2009

Induces autophagy by inhibiting 
autophagosome formation; 
enhances Beclin 1 and LC3-II 
levels

Silibinin Milk thistle plant ( Sily-
bum marianum)

Induces apoptosis via cleavage of 
PARP, activation of caspase-9 
and 3, induction of intracellu-
lar Ca+2 levels

Ramasamy and 
Agarwal 2008; 
Kim et al. 
2009; 

Duan et al. 2010Induces autophagy by enhancing 
Beclin 1 and LC3 II levels and 
generation of ROS

EGCG Green tea ( Camellia 
sinensis)

Apoptosis induction by increa-
sed expression of Bax and 
decreased expression of Bcl-2, 
Bcl-xL ; enhanced Fas ligand 
expression; decreased survivin 
expression; increased intracel-
lular Ca+2 levels

Kuo et al. 2003; 
Onoda et al. 
2011; Wu et al. 
2009

Fisetin Smoke tree ( Cotinus 
coggygria)

Causes apoptosis through DR-3 
suppression and NF-κB activa-
tion; caspase-7, 8, 9 and PARP 
cleavage

Szliszka et al. 
2011; Yang 
et al. 2012; Suh 
et al. 2010

Induces autophagy by inhibition 
of mTOR complexes

Grape Seed 
Extract (GSE)

Grapes ( Vitis vinifera) Activates both intrinsic 
and extrinsic apoptotic 
pathways;reduces FAK levels; 
enhances ROS production

Kaur et al. 2006; 
Derry et al. 
2012

Garcinol Kokum ( Garcinia 
indica)

Causes apoptosis through dow-
nregulation of NF-κB

Ahmad et al. 2010

Genistein Soybeans ( Glycine 
max)

Induces apoptosis via phos-
phorylation and activation of 
p53 and decrease of ratios of 
Bcl-2/Bax and Bcl-xL/Bax

Lian et al. 1999; 
Pavese et al. 
2010

Resveratrol Red grapes ( Vitis 
vinifera)

Induces apoptosis by targeting 
Bax, Bak, Bcl-2, and downre-
gulates survivin

Athar et al. 2009

Sanguinarine Bloodroot ( Sanguinaria 
canadensis)

Induces apoptosis through up-re-
gulation of Bax, Bak, Bid and 
down-regulation of Bcl-2 and 
Caspase-3 activation.

Malikova et al., 
2006

Xanthohumol Hop ( Humulus lupulus) Induces apoptosis through 
up-regulation/activation of 
caspase-3, 8 and 9 and down-
regulation of Bcl-2 expression

Pan et al., 2005

Table 1  Molecular targets of cell death of cancer chemopreventive phytochemicals
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Phytochemicals Source Molecular Targets of Cell Death References
Flavopiridol Rosewood Dysoxylum 

binectariferum
Induces apoptosis via activation 

of the Bid, cytochrome c, 
caspase-9 and 3

Achenbach et al., 
2000

Capsaicin Chili pepper 
( Capsicum)

Down-regulates expression of 
Bcl-2, Bcl-xL and survivin

Bhutani et al., 
2007

Acetoxychavicol 
acetate (ACA)

Blue ginger ( Alpina 
galangal)

Suppresses TNF-induces NF-
κB-dependent expression of 
survivin and Bcl-2

Ichikawa et al., 
2005

Anacardic Acid Cashew ( Anacardium 
occidentale)

Inhibits Bcl-2, Bcl-xL, cFLIP, 
cIAP-1 and survivin

Sung et al., 2008

Berberine Barberry ( Berberis 
vulgaris)

Induces apoptosis by induction 
of mitochondrial membrane 
potential, reduces Bcl-2 and 
Bcl-xL levels; increases Bax, 
Bak, caspase-3 activation, 
release of cytochrome c, and 
cleavage of PARP

Katiyar et al., 
2009

Butein Chinese Lacquer Tree 
Toxicodendron 
vernicifluum

Down-regulates the expression 
of NF-κB-regulated gene 
products such as IAP-2, Bcl-2 
and Bcl-xL

Pandey et al., 
2007

Capsaicin Chili pepper 
( Capsicum)

Down regulates expression of 
Bcl-2, Bcl-xL and survivin

Bhutani et al., 
2007

Gambogic acid Gamboge tree ( Garci-
nia hanburyi)

Prompts apoptosis through up 
regulation p53 and down 
regulation of Bcl-2

Rong et al., 2009

Indole-3-carbinol Broccoli ( Brassica 
oleracea)

Induces apoptosis through 
activation of Bax, PARP clea-
vage and down regulation of 
Bcl-xL, Bcl-2, BAD

Aggarwal and 
Haruyo 2005

Plumbagin Plumbago ( Plumbago 
europaea)

Inactivates NF-κB and downre-
gulates Bcl-2

Ahmad et al., 
2008

Allicin Garlic ( Allium sativum) Induces cytochrome-c release, 
and enhances cleavage of 
caspase-9 and 3, and Fas 
mediated apoptosis

Bat-Chen et al., 
2010; Zhang et 
al., 2010

Apigenin Parsley ( Petroselinum 
crispum)

TNF-α, NF-κB, modulates Bax 
and Bcl-2 levels, induces 
cytochrome c release, PARP 
cleavage

Shukla and 
Gupta, 2010

Delphinidin Cranberries ( Vaccinium 
oxycoccos)

Induces apoptosis by induction 
of Bax and inhibition of Bcl-2 
protein expression; increases 
cleaved caspases-3 and 9 in 
prostate cancer cells

Hafeez et al., 
2008

Gallic acid Pomegranate ( Punica 
granatum)

Induces apoptosis by induction of 
cleavage of caspase-4, 3, 9

Hsu et al., 2011

Gingerol Ginger ( Zingiber 
officinale)

Inhibition of Bcl-2 expression 
and induction of Bax; induc-
tion of cytochrome c release

Nigam et al., 
2009

Table 1 (continued)
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chemotherapeutic agents has been the induction of apoptosis in cancer cells. Hence, 
targeting molecules controlling the mitochondrial membrane permeability is one 
of the most common mechanisms of cell death induction in cancer cells. Second, 
targeting the cellular energetic pathways could also be a triggering factor for cell 
death induction. Another recent study suggests that manipulating and targeting the 
number of mitochondria could also be one of the ways of targeting cancer cells. It 
is now known that the mitochondrial number per cell is regulated by two processes 
of fusion and fission, fission leading to doubling the number and fusion leading to 
reducing the number to half. In the study by Rehman et al. (2012) it was shown that 
by tipping the balance more towards fusion rather than fission, they could dramati-
cally reduce cell proliferation and growth of lung cancer cells in mice. Even though 
novel ways of mitochondrial targeting are being explored, the most recognized in-
volvement of mitochondria remains on cell death induction via apoptosis.

Although several years of research and observations have explained the process 
and morphology of apoptotic cells, such as chromatin condensation, nuclear frag-
mentation, plasma membrane blebbing, and cell shrinkage (Ferreira et al. 2002), 
with the recent advancement in technology we are capable of understanding the 
process of cell death at the cellular as well as molecular level. It is now not only 
possible to identify and decipher the extent of involvement of cell organelles, but 
also of the smallest of molecules coupled with the process. Hence, each and every 
molecule regulating mitochondrial function could be explored as a target for cancer 
prevention and control.

Mitochondrial Pathways of Apoptosis: Potential Targets  
of Phytochemicals

Mitochondrial involvement in the cell death program proceeds through two main 
pathways namely, intrinsic and extrinsic pathways. The mitochondrial pathway of 
apoptosis functions in response to various types of intracellular stress including 
growth factor withdrawal, DNA damage, unfolding stresses in the endoplasmic 
reticulum, and death receptor stimulation (Khosravi-Far and Esposti 2004). The 
extrinsic apoptotic pathway is activated through the death receptors such as tumor 
necrosis factor (TNF) receptor, TNF-related apoptosis-inducing ligand (TRAIL) 

Cell-Death—Inducing Mechanisms of Cancer Chemopreventive Agents 

Phytochemicals Source Molecular Targets of Cell Death References
Withanolide Ashwagandha ( Witha-

nia somnifera)
Induces apoptosis by induction 

of Bax and inhibition of Bcl-2 
levels; increases cleaved 
caspases-3 and 9

Zhang et al., 2011

Zerumbone Wild ginger, ( Zingiber 
zerumbet)

Induces apoptosis by induction 
of Bax and inhibition of Bcl-2 
levels

Kim et al., 2009

Table 1 (continued)
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receptor, and APO1 receptor (also called Fas or CD95). Death receptors are cell 
surface receptors which are integral cell membrane proteins that transmit apoptotic 
signals  initiated by  specific  ligands  such as Fas  ligand, TNF-α,  and TRAIL. Al-
though there are differences in the signaling pathways stimulated by the different 
death receptors, they perform a central role in inducing apoptosis and can activate 
the downstream cascade after the binding of its specific ligand. The ligand bind-
ing causes a conformational alteration in the intracellular domains of the receptors, 
which exposes the death domain and allows the recruitment of several apoptotic 
proteins to the receptor forming protein complexes. These protein complexes are 
known as death inducing signaling complexes (DISC). The establishment of DISC 
initiates the caspase cascades and therefore the stimulation of apoptosis via this 
mechanism is very quick (Khosravi-Far and Esposti 2004). Binding of TNF-α to 
TNFR1 results in receptor trimerization and clustering of intracellular death do-
main, that is, TNFR-associated death domain (TRADD) which associates with 
FADD and ultimately leads to the initiation of apoptosis via the recruitment and 
cleavage of procaspase-8. Similarly, in Fas receptor activated apoptosis, the process 
is triggered by the Fas and CD95 ligands, which leads to binding of TRAIL to the 
DR4 or DR5 receptor and activates the TRAIL death-receptor apoptosis pathway 
(Guicciardi and Gores 2009). Following the reception of stress signals, proapoptotic 
Bcl-2 family proteins are activated and subsequently interact with and inactivate 
antiapoptotic Bcl-2 proteins.

The Bcl-2 is a family of proteins of pro- and antiapoptotic function. On the basis 
of structural homology and respective functions, Bcl-2 proteins had been classified 
into three groups. The first group shows the antiapoptotic function with structural 
homology in BH domains (BH1–BH4), for example, Bcl-2, Bcl-xL, and Mcl-1; 
the second group includes the pro-apoptotic members with three BH domains, for 
example, Bax and Bak; and the third group of proapoptotic proteins shows ho-
mology within the BH3 domain known as Bad, Bid, or Bim (Garrido et al. 2006). 
These proteins potentially participate in signaling, which changes the mitochondrial 
membrane dynamics. On receiving an apoptotic signal, the proapoptotic members 
enhance the mitochondrial membrane permeability and hence lead to release of 
cytochrome c, followed by apoptosome complex formation. The level of Bax and 
Bcl-2 ratio is a pivotal factor and plays a significant role in determining future sur-
vival or apoptotic death of the cell. After the apoptosome formation, the program 
cell death is triggered and is performed by a family of highly conserved cysteinyl 
aspartate-specific protease known as caspases. Caspases cleave a large number of 
cellular substrates and thus dismantle the cell. Caspases-8 and -10 are activated by 
the death receptor of cell-like Fas/CD95, TNFR, DR-3, and DR4/5. caspase-9 is 
activated through the cytochrome c release of mitochondria, and caspases-8, -10, -9 
are considered as most upstream caspases in apoptotic signaling (Fan et al. 2005). 
Caspases-3, -6, and -7 are the downstream caspases activated by upstream caspases 
or the signal cascade of the death receptor of the cell. Most of the cancer cells 
acquire resistance to apoptotic stimuli via overexpression of antiapoptotic proteins 
such as Bcl-2 or under expression of proapoptotic factors. Many phytochemicals 
have the potential to modulate the levels of these regulatory proteins, and thereby, 
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lead to caspase activation and apoptosis. Survivin is an inhibitor of apoptosis pro-
tein (IAP), which is highly expressed in cancer cells and is a target for chemopre-
ventive agents. It has been observed that its expression interferes with caspase-9 
and prevents caspase activation, and as a result inhibits apoptosis (Altieri 2006). It 
is reported that mitochondrial expression of survivin is not found in normal cells, 
whereas mitochondrial survivin is absolutely related with tumor transformation of 
cells (Altieri 2003, Dohi et al. 2004). Survivin increases apoptotic resistance in 
cancer cells mainly by blocking mitochondrial intrinsic pathways.

Autophagy as a Target of Phytochemicals  
for Cancer Prevention

Autophagy, as the term itself suggests is a cellular degradation mechanism in re-
sponse to cellular stress. Over the past decade, many studies have established the 
exact mechanism of autophagic process, ranging from how it is executed, to the pro-
tein machinery involved, but until now, the context in which autophagy is triggered 
is still unclear. Questions remain about its utility in the cell. Is it just a homeostasis-
maintaining cytoprotective mechanism or could it be a cytotoxic mechanism in a de-
fined set of conditions or in a disease state? Most studies advocate that autophagy is 
a cytoprotective mechanism providing the cells support to sustain survival, but then 
it becomes tricky to explain why so many cytotoxic agents induce autophagy. If it is 
indeed a prosurvival mechanism, then it remains ambiguous why genes involved in 
autophagy are frequently mutated in human cancers (Mathew et al. 2007). Different 
explanations have been provided for this process; one plausible explanation for this 
paradoxical process could be that autophagy in limited condition is prosurvival but if 
it exceeds the rate of cellular synthesis, then it may promote cell death. In the case of 
apoptosis-resistant tumors, autophagy helps to survive metabolic stress, hence help-
ing those tumor cells to flourish and therefore autophagic inhibition could be seen as 
a mechanism to sensitize apoptosis-resistance cells to metabolic stress-induced death.

As a target in cancer prevention, autophagy play a vital role as it can inhibit tumor 
initiation by removing the damaged cells and limiting genomic instability. Further-
more, autophagy may also be able to limit chronic inflammation, which is considered 
to be a known precursor to carcinogenesis. This notion is well supported by the fact 
that autophagy-deficient mice are comparatively more tumor prone (Takamura et al. 
2011). Also, use of autophagic inducers such as rapamycin and metformin reduce 
the tumor initiation process. Autophagy is regulated through the PI3K/AKT/mTOR 
pathway, Beclin 1 complex, Bcr-Abl, and FOXO signaling (Sandri 2012; Wang 
et al. 2011). The PI3K signaling network plays critical role in the regulation of cell 
growth, survival, proliferation, differentiation, and motility, but when dysregulated 
can lead to oncogenic transformation. PI3K pathway activates AKT and eventually 
mTORC1, which is one of its direct targets. mTORC1 is needed for protein transla-
tion and supports net cell-mass accumulation by inhibiting autophagy (Jung et al. 
2010). The inhibitory mechanism of mTORC1 is brought about by inhibitory phos-
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phorylation of ULK1 and ATG13 proteins that are involved in phagophore initiation 
complex formation, especially when there is an abundance of nutrients and growth 
factors. When nutrients are limited, it dissociates from the ULK1 complex, initiat-
ing the autophagy process. The vesicle nucleation and assembly of the phagophore 
requires a Class III phosphatidylinositol 3-kinase (PI3K-III) complex containing the 
proteins VPS34, p150, ATG14, and Beclin 1. It is followed by the phagophore elon-
gation which requires Atg16 and LC-3. The phagophore then elongates to form the 
autophagosome, which encapsulates cytoplasmic material and fusion with lysosome 
that involves proteins including Rab7, SKD1, LAMP1 and LAMP2, eventually de-
livering its cargo to the lysosome. These proteins that are involved in the formation 
of autophagosome and upstream signaling pathways governing the process could be 
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potential targets of cancer chemopreventive agents. Autophagy as a process helps in 
the removal of unwanted elements from the cytoplasm and suppresses the accumu-
lation of toxic protein aggregates and the production of damage-inducing reactive 
oxygen species (ROS). The sustained state of oxidative stress is also a prelude to the 
genome and tissue damage, inflammation, and cell death.

Autophagy is also linked to mitochondria-mediated apoptosis. For instance, the 
role of autophagy in controlling the number of damaged mitochondria (mitopha-
gy), which are a major source of ROS production in mammalian cells, is not yet 
well understood. Hence, both autophagy inducers and inhibitors are used in cancer 
therapeutics. Several of the natural compounds of plant origin, such as curcumin, 
silibinin, resveratrol, paclitaxel, quercetin, genistein are shown to induce these 
autophagic pathways as potential therapeutic agents to deal with carcinogenesis 
(Fig. 2). The context dependent role of autophagy and how it could be used in can-
cer therapeutics is very well summarised in the review by Cheong et. al. (Cheong 
et al. 2012). The successful targeting of autophagy in cancer therapy by natural 
compounds would require molecular analysis of the components of distinct forms 
of autophagy, identifying the context of operation with respect to the tumor stage as 
well correlating how this process is related to apoptotic mechanisms in cancer cell.

Phytochemicals Inducing Cell Death in Cancer Cells

Curcumin

Curcumin, is isolated from Curcuma longa and has been extensively evaluated for 
its anti-carcinogenic and chemopreventive efficacies in a wide range of cancers. Its 
potential anti-carcinogenic effects are exerted via mechanisms such as induction of 
cell cycle arrest, activation of tumor suppressor genes including p53 and various 
transcription factors such as Nrf2 and NF-κB modulation of inflammatory signaling 
cascades and by inducing apoptosis (Zhou et al. 2011). These effects in turn are all 
known to be exerted via its ability to modify or alter the response of various signal-
ing pathways including mitogenic and inflammatory responses, cell cycle regula-
tion, and cell death regulating pathways.

Curcumin has been shown to induce both mitochondria-dependent as well as 
-independent cell death mechanisms. Guo et al. showed that curcumin induced 
apoptosis in human colon carcinoma LoVo cells was mediated via mitochondrial 
death pathway involving activation of caspase 3 and 9. Curcumin also down-reg-
ulated survivin levels in these cells (Guo et al. 2012). It has also been reported 
that curcumin induced cell death in nasopharyngeal carcinoma cells by inducing 
cytochrome c release and activation of caspase 9 and 3 (Kuo et al. 2011). Simi-
lar results were reported with dimethoxycurcumin on MCF-7 breast cancer cells, 
wherein curcumin could induce loss of mitochondrial potential in these cells lead-
ing to apoptosis. In another study, curcumin could alter the cellular energy status of 
the cells by decreasing the ATP/ADP ratio. This effect was in turn brought in by the 
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suppression of α, β, γ, ε subunits of ATP synthase. The study further showed that 
curcumin could reduce the levels of Bcl-2 and increase Bax levels (Kunwar et al. 
2012). Curcumin was also shown to induce apoptosis via intrinsic pathway which 
was evident by increase in mitochondrial calcium accumulation in murine mam-
mary gland adenocarcinoma. The mechanism was further confirmed by use of a mi-
tochondrial uniporter inhibitor prior to the treatment of the cells by curcumin, which 
resulted in inhibition of curcumin mediated loss of mitochondrial membrane poten-
tial and eventually decreased cell death (Ibrahim et al. 2011). Recently, it has been 
shown that Curcumin induced cell death required Apaf-1, as Apaf-1 deficiency in 
these cells resulted in inhibition of caspase 3 activation by Curcumin (Gogada et al. 
2011). Role of curcumin in inducing the intracellular calcium levels as a mechanism 
of inducing cell death was also confirmed by Wang et al., who demonstrated that 
curcumin induced cell death in hepatocellular carcinoma cells could be abrogated 
by the use of intracellular calcium chelators (Wang et al. 2012).

Another form of cell death mechanism shown by curcumin is induction of autoph-
agy. After treatment with curcumin, levels of LC3-II and Beclin 1 have been detected 
to be elevated in K562 cells, suggesting that curcumin may affect autophagosome 
formation (Jia et al. 2009). In glioma cells, curcumin has been found to inhibit the 
AKT/p70S6 kinase pathway while activate ERK1/2, resulting in autophagic induc-
tion, whereas PI3K activity was not affected (Aoki et al. 2007). It is also suggested 
that in oral squamous carcinoma cells, curcumin induces formation of autophagic 
vesicles, which was confirmed by the use of an autophagic inhibitor, which sup-
pressed the effects of curcumin on the cells. This study also showed that curcumin 
induced production of ROS in these cells and use of antioxidant N- acetyl cysteine 
(NAC) led to suppression of not only ROS but also the formation of autophagic 
vesicles and vacuoles, suggesting that curcumin mediated autophagy in these cells 
could be via generation of ROS and oxidative stress induction (Kim et al. 2012).

Silibinin

Silibinin is a polyphenolic flavonoid isolated mainly from the seeds of milk thistle 
( Silybum marianum (L.) Gaertn). Over a decade, many studies have shown that 
silibinin targets signaling pathways that are constitutively activated in cancer cells 
and are involved in tumor cell survival, growth, invasion and metastasis. Silibinin 
mediates these pleiotropic effects by targeting various signaling pathways includ-
ing EGFR, IGF-1R and NF-κB pathways in (Singh and Agarwal 2006). Silibinin 
induced inhibition of tumor cell growth is brought about by induction of cell cycle 
arrest, mainly in the G1 phase, which leads to prolonged doubling time of these 
cells. The induction of cell cycle arrest via silibinin in various in vitro and in vivo 
models has been attributed to its ability to reduce the levels of CDKs and cyclins and 
also by augmenting the levels of cell cycle inhibitory proteins, the CDK inhibitors, 
including Cip1/p21 and Kip1/p27. Triggering the process of cell death by silibinin 
is also one of its well studied mechanisms of tumor inhibition. Silibinin has been 
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shown to induce apoptosis in a wide range of cancer cells. Here, we summarize few 
of the studies depicting its role in cancer cell death.

One of the earliest reports showing the role of silibinin in cell death came in 1999 
for cervical carcinoma cells (Bhatia et al. 1999), and later it was shown that silib-
inin inhibits both constitutive and TNF- alpha induced NF-κB activation in human 
prostate carcinoma DU145 cells, and significantly sensitizes them to TNF-alpha 
induced apoptotic death (Dhanalakshmi et al. 2002). Further, it was also shown 
that silibinin could synergize with doxorubicin to enhance apoptosis induction in 
prostate cancer cells (Tyagi et al. 2002). The combination of silibinin was further 
tried along with other chemotherapeutic agents including cisplatin and carboplatin, 
wherein it sensitized the cells to drug induced apoptosis in human prostate cancer 
cells (Dhanalakshmi et al. 2003). The results obtained in vitro was further vali-
dated by in vivo models of PCa using athymic nude mice xenograft showing that 
the inhibition of tumor growth in treated mice were due to, in part, by silibinin 
induced apoptosis as evidenced by increased levels of cleaved caspase-3 (Singh 
et al. 2003). Silibinin was shown to down-regulate survivin which was associated 
with a very strong and prominent caspase-9 and -3 activation as well as PARP cleav-
age in bladder cancer cells (Tyagi et al. 2003). The role of silibinin in inducing cell 
death in bladder carcinoma cells has been further evaluated. Silibinin enhanced 
p53 activation which was mediated via ATM-Chk2 pathway, which in turn induced 
caspase-2-mediated apoptosis. Further, silibinin caused a rapid translocation of p53 
and Bid into mitochondria leading to increased permeabilization of mitochondrial 
membrane and cytochrome c release into the cytosol. The study deciphered a novel 
mechanism for apoptosis induction by silibinin involving p53-caspase-2 activation 
and caspase-mediated cleavage of Cip1/p21 (Tyagi et al. 2006). Recently, it was 
shown that in hepatocellular carcinoma cells, silibinin activated extrinsic apoptot-
ic pathway by up-regulating the TRAIL and DR5 and caspase-3 and -8 activation 
(Bousserouel et al. 2012).

Another mechanism of silibinin mediated cell death was observed in glioma 
cells. Kim et al. showed that silibinin could inhibit glioma cell proliferation via 
Ca+2/ROS/MAPK dependent mechanism in vitro and in vivo. Silibinin was shown 
to induce intracellular calcium levels and augment levels of ROS thereby inducing 
death. EGTA, calpain inhibitor or NAC could abrogate silibinin induced cell death 
(Kim et al. 2009). A follow-up study by Jeong et al. using calpain inhibitors showed 
that calpains which are cytosolic calcium activated cysteine proteases, play an im-
portant role in silibinin-induced cell death. Further analysis revealed that use of cal-
pain inhibitor eradicates silibinin induced AIF nuclear translocation and eventually 
silibinin induced cell death (Jeong et al. 2011).

Apart from induction of apoptosis, silibinin is known to induce autophagic cell 
death mechanisms. Silibinin-induced autophagy led to increase in the conversion 
of LC3 I to LC3 II and an up-regulation of Beclin 1 expression, which was con-
comitant with p53 suppression and NF-κB activation in human melanoma cells (Ji-
ang et al. 2011). Use of NF-κB inhibitor led to the inhibition of silibinin-induced 
autophagy, and autophagic specific inhibitor 3-methyladenine (3-MA) treatment 
reversed silibinin-induced p53 expression as well as NF-κB activation. This study 
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suggests a positive feedback loop between p53 inhibition-mediated NF-κB activa-
tion and autophagy (Jiang et al. 2011). Similar studies were also reported in fibro-
blast HT1080 cells where silibinin induced Beclin 1 expression and generated ROS, 
and use of NAC abrogated silibinin induced autophagy in these cells (Duan et al. 
2010). Later, the same group further elucidated the mechanism of silibinin-induced 
autophagic cell death suggesting that autophagy induction was mediated via activa-
tion of p53-ROS-p38 and JNK pathways (Duan et al. 2011). In cervical cancer cells, 
silibinin induced autophagy as well as apoptosis via induction of ROS generation. 
The study suggested the involvement of p53-mediated ROS generation as well as 
ROS-mediated p53 activation. Silibinin was also found to activate JNK, which in 
turn induces ROS formation and therefore, silibinin might activate p53-ROS-JNK 
loop to induce cell death (Fan et al. 2011).

Although the above mentioned studies suggested a positive role of silibinin as 
anticancer mechanism, few study have also suggested a cytoprotective role of au-
tophagy. Kauntz et al. showed that in human colon cancer cells, silibinin induced 
apoptosis via activation of both intrinsic and extrinsic pathways of apoptosis, but 
coincidently it also induced autophagy in these cells. But when autophagic inhibitor 
was used, there is was a significant enhancement in cell death, suggesting a cyto-
protective function of autophagy in these cells (Kauntz et al. 2011). Looking into 
the mechanism of silibinin mediated autophagy induction in cancer cells, most of 
the studies have attributed it to be orchestrated via ROS, and generation of ROS was 
further linked to major stress activated pathways in the cell including p53 induction, 
JNK activation and p38 signaling pathways.

EGCG or Green Tea Polyphenols

Green tea polyphenols (GTP) have been demonstrated to suppress tumorigenesis in 
several in vitro and in vivo models, and is one of the promising chemopreventive 
agents for human cancers (Yang et al. 2009). Green tea catechins (GTCs) including 
(-)-EGCG, (-)-epigallocatechin (EGC), (-)-epicatechin-3-gallate (ECG) and 
(-)-epicatechin (EC) were shown to suppress cell growth and induce apoptosis in 
various cell types in addition to their chemopreventive effect. Chung et al., demon-
strated the role of GTCs in growth suppression, apoptosis induction, ROS formation 
and mitochondrial depolarization which was in order of ECG>EGCG>EGC>EC. 
Even though GTCs were able to induce apoptosis, there was no effect observed on 
members of Bcl-2 family as EGCG did not alter the expression of Bcl-2, Bcl-xL and 
BAD in prostate cancer cells (Chung et al. 2001). In a study done to evaluate the 
role of EGCG treatment on human monocytic leukemia U937 cells, it demonstrated 
an elevation of caspase 8 activity and its cleavage. The DNA ladder formation, a 
mark of apoptosis induction caused by the EGCG treatment was inhibited by the use 
of a caspase 8 inhibitor. These findings advocate the involvement of the Fas-medi-
ated cascade in the EGCG-induced apoptosis in U937 cells (Hayakawa et al. 2001).

In hepatocellular carcinoma cells, EGCG inhibited the proliferation of cells by 
inducing apoptosis and blocking cell cycle progression in the G1 phase. Its effects 
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were partly brought about by significant increase in the expression of p53 and p21/
WAF1 protein. An enhancement in Fas/APO-1 and its two ligand forms, membrane-
bound Fas ligand (mFasL) and soluble Fas ligand (sFasL), as well as Bax protein 
was attributed for the apoptotic effect induced by EGCG (Kuo et al. 2003). EGCG-
induced apoptosis in human prostate carcinoma LNCaP cells was mediated via 
modulation of p53 stability and p14 mediated down-regulation of murine double 
minute 2 (MDM2) proteins. EGCG was also shown to negatively regulate NF-κB 
activity, thereby decreasing the expression of the pro-survival Bcl-2 proteins. Stabi-
lization of p53 led to sustained transcriptional activation of its downstream targets 
Cip1/p21 and Bax. Thus, EGCG can regulate the expression of two major transcrip-
tion factors in a manner that it shifts the balance towards triggering apoptosis rather 
than survival in these cells. The enhanced Bax/Bcl-2 ratio triggered the activation 
of initiator capsases 9 and 8 followed by activation of effector caspase 3 (Hastak 
et al. 2003). EGCG-induced apoptosis of pancreatic cancer cells was reported to be 
accompanied by growth arrest at an early phase of the cell cycle. In addition, EGCG 
upregulated Bax oligomerization and depolarization of mitochondrial membranes 
to facilitate cytochrome c release into cytosol. EGCG downregulated XIAP, an in-
hibitor of apoptosis protein which resulted in downstream caspase activation. Along 
with these effects, cells treated with EGCG elicited the production of intracellular 
reactive oxygen species (ROS), as well as the c-Jun N-terminal kinase (JNK) acti-
vation in pancreatic carcinoma cells (Qanungo et al. 2005). In head and neck car-
cinoma cells, EGCG increased Fas/CD95 expression along with a drastic decrease 
in the Tyr705 phosphorylation of STAT3. It is well known that STAT3 targets gene 
products such as Bcl-2, vascular endothelial growth factor (VEGF), Mcl-1, and 
cyclin D1 which are known to positively regulate cancer growth and progression. 
These molecules were also eventually down-regulated by EGCG treatment. The 
effect of EGCG was mediated via inhibition of STAT-3 activation was further vali-
dated by over expression of STAT3 in these cells, which led to resistance to EGCG 
treatment, suggesting that STAT3 could be a critical target of EGCG induced cell 
death in HNSCC cells (Lin et al. 2012a).

EGCG treatment is shown to cause the loss of mitochondrial membrane potential 
with the increase of ROS generation, p53 expression, Bax/Bcl-2 ratio, cytochrome 
c release, and cleavage of procaspase-3 and -9 and poly(ADP-ribose)-polymerase 
in cervical carcinoma cells (Singh et al. 2011). EGCG induced apoptosis of gastric 
carcinoma NUGC-3 cells has been found to be associated with lowered survivin 
and increased Bax and TRAIL expression and p73 activation. In this study, inhibi-
tion of p73 via siRNA diminished EGCG effects on survivin expression and cell 
viability. This study suggested that EGCG induces cell death in gastric cancer cells 
by apoptosis via inhibition of survivin which lies down-stream of p73 (Onoda et al. 
2011).Analysis of the gene expression patterns of the androgen-independent pros-
tate cancer cell line DU145, treated with EGCG revealed that EGCG modulated 
the expression levels by more than two-fold of 40 genes. These gene products were 
mainly involved in the functions of transcription, RNA processing, protein folding, 
phosphorylation, protein degradation, cell motility, and ion transport. Among them, 
inhibitor of DNA binding 2 (ID2), known as a dominant anti-retinoblastoma (Rb) 
helix-loop-helix protein, was found to be down-regulated 4-fold by EGCG treat-
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ment. Overexpression of ID2 in DU145 cells reduced apoptosis and increased cell 
survival in the presence of EGCG, and its knock-down mimicked the apoptosis ef-
fect generated by EGCG treatment, although it was milder (Luo et al. 2010).

When NCI-H295 cells were treated with EGCG, the mitochondrial membrane 
potential decreased and intracellular free Ca2+ increased in a time-dependent man-
ner. EGCG decreased the protein levels of Bcl-2, Bcl-xl, xIAP, cIAP, Hsp70 and 
Hsp90, but increased the protein expression of Bad, Bax, Fas/CD95, cytochrome 
c, Apaf-1, AIF, GADD153, GRP78, and cleaved caspase-3, -7,-8 and -9 (Wu et al. 
2009). Overall, these studies suggest that EGCG has multiple targets for inducing 
cell death in various types of cancer cells.

Fisetin

Fisetin (3,7,3,4-tetrahydroxyflavone), a naturally occurring flavonoid commonly 
found in the smoke tree ( Cotinus coggygria), is also found in fruits and vegetables 
such as strawberry, raspberries, apple, persimmon, grape, onion and cucumber. It 
exerts a wide variety of activities, including neurotrophic, anti-oxidant, anti-inflam-
matory and anti-angiogenic effects (Maher 2006). It has been reported to inhibit 
the proliferation of a wide variety of cancer cells, including prostate cancer (Had-
dad et al. 2010), liver cancer (Chen et al. 2002), colon cancer (Lu et al. 2005), and 
leukemia cells (Lee et al. 2002). In colon cancer cells HCT-116, fisetin induced 
apoptosis which involved enhanced ser15 phosphorylation of p53 and activation of 
caspase 3 and PARP. The study demonstrated the role of fisetin in modulating se-
curin levels. Inhibition of securin resulted in potentiated response to fisetin induced 
apoptosis (Yu et al. 2011). In bladder cancer cells, fisetin induced apoptosis through 
mitochondrial pathway which was resultant of Bax up-regulation and cytochrome c 
release, especially at the higher (100 µM) dose (Li J et al. 2011).

TRAIL, which is an endogenous proapoptotic regulator of apoptosis, is mainly 
expressed by immune cells, and hence plays a very significant role in protecting the 
body against tumorigenesis. Studies done on evaluating the role of fisetin in cells 
which are resistant to TRAIL mediated apoptosis, showed that fisetin could sensi-
tize these cells to TRAIL mediated apoptosis. Fisetin was also shown to increase 
the expression of TRAIL R1 receptor and down-regulate NF-κB activity (Szliszka 
et al. 2011). When the role of Fisetin was explored in human breast cancer cells, it 
displayed differential effects showing better efficacy in MCF-7 cells than MDA-
MB-231 cells without any cytotoxity to MCF-10A cells, a non-tumorigenic breast 
epithelial cells. MCF-7 cells lack caspase 3, but fisetin could induce apoptosis in 
these cells, which was characterized by plasma membrane blebbing, mitochondrial 
depolarization and cleavage of caspase-7, -8, -9 and PARP. Interestingly, these cells 
did not show DNA fragmentation or phosphatidyl serine externalization which is 
one of the most common features of apoptosis (Yang et al. 2011).

In cervical carcinoma HeLa cells, fisetin triggered sustained activation of Erk1/2 
together with cleavage of caspase 3 and PARP. Treatment with synthetic Erk1/2 
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inhibitor PD98059 also inhibited fisetin mediated activation of caspase-3 and -8 
(Yang et al. 2012). Erk1/2 activation is typically associated with enhanced prolif-
eration in cancer cells, but recent literature also show that sustained activation of 
Erk1/2 could lead to apoptotic cell death.

Fisetin is also shown to induce autophagic cell death in cancer cells. The au-
tophagic effect of fisetin was shown to be exerted via inhibition of mTOR which is 
a component of the AKT signaling pathway and is known to play an important role 
in survival signaling. The study evaluated the effect of fisetin on human prostate 
carcinoma PC-3 cells which are null for PTEN and hence have an constitutively ac-
tivated PI3K/AKT signaling. Fisetin down-regulated mTOR complexes and there-
by induced autophagy in these cells. Many studies debate that induced autophagy 
could be a mechanism of cytoprotection, but this study showed that fisetin induced 
autophagy in PC-3 cells was not a protective mechanism (Suh et al. 2010).

Grape Seed Extract

Grape seed extract (GSE) is a complex mixture of polyphenols containing dimers, 
trimers, and other oligomers (procyanidins) of catechin and epicatechin and their 
gallate derivatives together known as the proanthocyanidins. GSE, a commonly 
used dietary supplement, is known to possess activities ranging from antiinflamma-
tory, antioxidant, antibacterial and antiviral activities. Strong efficacies are recently 
reported against prostate, lung, breast, skin and other cancers. In prostate carci-
noma LNCaP cells, as early as ~ 5 h treatment time with GSE, the cells get rounded 
in shape and got detached from culture dish suggesting an anoikis-like apoptotic 
cell death by reducing the cellular adhesion to extracellular matrix by reducing the 
level and activity of focal adhesion kinase (FAK). The study also showed that GSE 
could induce both anoikis and apoptosis involving decrease in FAK level and cleav-
age of caspases and PARP, and release of cytochrome c from the mitochondria to 
the cytosol, suggesting an activation of intrinsic pathway of apoptosis. However, 
the pan-caspase inhibitor z-VAD.fmk failed to completely attenuate GSE-induced 
apoptosis, implying that caspase-independent pathways were also involved in GSE-
induced apoptosis (Kaur et al. 2006).

Of the non-cysteine proteases, AIF is thought to mediate apoptosis through 
caspase-independent pathway, where following a death stimulus, mitochondrial 
AIF is released into cytosol, which then translocates to nucleus and causes nuclear 
condensation followed by massive chromatin fragmentation and cell death. GSE 
phosphorylated ATM-Ser1981 in LNCaP cells, which might be responsible for p53 
phosphorylation at Ser15. Following DNA damage, autophosphorylation of ATM 
at Ser1981 is required for the activation of ATM, which then phosphorylates down-
stream targets such as Chk2, p53 and H2A.X. Indeed, all these downstream targets 
of activated ATM were found to be phosphorylated following GSE treatment of 
LNCaP cells. GSE-induced apoptosis, cell growth inhibition, and cell death were 
found to be attenuated by the pretreatment with N-acetylcysteine, suggesting the in-
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volvement of ROS in its apoptotic activity that might be a consequence of oxidative 
stress–caused DNA damage. The induction of ROS by GSE is also supported by 
another recent study showing that depending on its concentration, GSE itself could 
lead to the production of hydrogen peroxide (Kaur et al. 2006). In Caco-2 cells, 
GSE treatment inactivates the PI3K pathway leading to a concomitant decrease in 
Bad, cAMP response element-binding protein (CREB) and forkhead in rhabdomyo-
sarcoma (FKHR) phosphorylation (Engelbrecht et al. 2007).

Another study done to assess whether the sources of GSE had any difference in 
effects, it revealed that irrespective of the sources, higher doses of GSE could in-
duce apoptotic cell death in colon cancer cells. The apoptotic mechanism involved 
both intrinsic and extrinsic pathway, and release of AIF (Dinicola et al. 2010). This 
can be further validated by another study showing that GSE induced both intrinsic 
and extrinsic cell death in colorectal carcinoma cells involving caspase- dependent 
mechanism and release of AIF (Derry et al. 2012). One of the major reasons attrib-
uted to GSE-induced cell death was the generation of ROS which was independent 
of the p53 status of the colorectal carcinoma cells unlike what was observed in 
LNCaP cells (Derry et al. 2012).

The differential effect of GSE was also evident in head and neck carcinoma 
cells wherein it induced apoptosis in D-562 and FaDu cells but not in normal epi-
dermal keratinocytes. The apoptotic response was characterized by activation of 
DNA damage checkpoint signaling ATM, ATR, Cdc-25C, which further led to the 
activation of caspase 8, 9 and 3 and inhibition of DNA repair BRCA1 and Rad 51, 
and enhanced ROS production (Shrotriya et al. 2012). In another study done with 
oral carcinoma cells with grape seed procyanidins (GSPs) showed that the effect on 
the cell was dependent on the p53 status of the cells. It was observed that in cells 
with wild type p53, GSP could induce mitochondrial dependent apoptosis whereas 
in cells which were mutant for p53, GSP induced cell cycle arrest but not apoptosis 
and no down-regulation of Bcl-2 protein was observed (Lin et al. 2012a). Overall, 
these studies suggest that GSE can selectively induce death of cancer cells involv-
ing ROS generation, extrinsic, intrinsic, caspase-dependent and –independent apop-
totic pathways.

Other Natural Agents Inducing Cancer Cell Death

Other than these well studied natural plant molecules discussed above, many other 
compounds isolated from different plant sources have been shown to induce apop-
tosis in cancer cells (Table 1). Xanthohumol, a plant phytochemical was shown to 
act via extrinsic pathway in human colon carcinoma cells and activates FADD in 
the DISC that modulate release of caspase-8 and starts the induction of apoptosis 
(Pan et al. 2005). Zerumbone was also shown to enhance TRAIL-induced apoptosis 
through the up-regulation of DRs and the down-regulation of cFLIP (Yodkeeree 
et al. 2010). Zerumbone inhibited cell proliferation in liver cancer cells and induced 
apoptosis by decreasing the levels of anti-apoptotic protein, Bcl-2 and up-regulation 

V. Mohan et al.



79

of pro-apoptotic Bax (Sakinah et al. 2007). Sanguinarine induced apoptosis in hu-
man leukemia cells by down-regulation of anti-apoptotic Bcl-2 and up-regulation of 
pro-apoptotic Bax expression (Han et al. 2008). Similarly, genistein decreases the 
ratio of Bcl-2/Bax and Bcl-xL/Bax in ovarian cancer cells which led these cells to 
programmed cell death and also enhances the phosphorylation and activation of p53 
(Ouyang et al. 2009). Delphinidin significantly increased the levels of active cas-
pases-3 and -9 in prostate cancer cells that leads to apoptosis, which was mediated 
via induction of Bax and inhibition of Bcl-2 protein (Hafeez et al. 2008). Garcinol 
changed the ratio of the anti-apoptotic Bcl-2 and pro-apoptotic Bax proteins at the 
dose of 20 μM in colon cancer cells that resulted in cell apoptosis (Liao et al. 2005).

Resveratrol, a natural product from grapes and present in red wine, is well known 
to have anti-tumorigenic effect involving induction of apoptosis through activation 
of death receptor like Fas/CD95/APO-1(Athar et al. 2006). Resveratrol induces al-
terations in mitochondria permeability pore transition, release of cytochrome c into 
the cytosol and conformational change in Apaf-1 which recruits the components 
of apoptosome complex and activate caspase cascade. Simultaneously, resveratrol 
promotes release of SMAC/DIABLO in cytosol which modulate IAPs activity and 
allow caspase-dependent apoptosis (Athar et al. 2010). Apigenin is known to in-
duce ROS that promotes mitochondrial permeability and causes decrease in the 
mitochondrial Bcl-2 expression. Further, apigenin induced cytochrome c release 
and activated cleavage of caspase-3, 7, 8 and 9 that finally follow the apoptosis in 
prostate cancer cells; although in neuroblastoma, apigenin increased the intracellu-
lar free Ca+2 and allow these cells to start mitochondrial mediated apoptosis (Shukla 
and Gupta 2010). Human myeloid cells undergo apoptosis via activation of TNF 
up-regulation after the exposure of flavopiridol (Takada et al. 2008). Thus, many 
dietary and non-dietary phytochemicals have ability to induce death in cancer cells 
involving the known basic mechanisms of apoptosis induction and autophagy.

Summary and Conclusions

Induction of cell death remains one of the most desired effects of cancer therapy. 
Most of the therapeutically important agents work by induction of apoptotic, au-
tophagic or necrotic death in cancer cells. These agents induce death via modulation 
of various signaling pathways activated in cancer cells. Enhancement of autophagic 
and apoptotic cell death induction by therapeutic agents especially selectively in 
cancer cells is important. One of the reasons for preferring natural agents with che-
mopreventive efficacy over the synthetic chemical agents, which induce cytotoxic-
ity is that they are specifically more cytotoxic to cancer cells as compared to normal 
cells. One of the interesting phenomenon exhibited by these phytochemicals is that 
in normal cells most of these agents act as potent antioxidants which reduce genera-
tion of ROS, but majority of studies with these phytochemicals in cancer cells depict 
that these agents activate the mechanisms of cell death mainly by generation of ROS 
and hence creating a condition of oxidative stress. This duality in function which 
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leads to preferential cytotoxic effect towards cancer cells is the unique property of 
natural plant phytochemicals, and warrants further investigation at molecular levels.
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