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Abstract
Nontoxic naturally occurring compounds, especially those from dietary sources, are receiving
increasing consideration for prevention and treatment of diseases including cancer. There is a
growing need for innovative anticancer therapies and therefore search for natural compounds with
novel biological activities or antineoplastic potential is currently an important area in drug
discovery. Support for this interest also comes from increasing concern over the efficacy and
safety of many conventional therapies, especially those that run over a long course of time.
Laboratory studies in different in vitro and in vivo systems have shown that many natural
compounds possess the capacity to regulate response to oxidative stress and DNA damage,
suppress angiogenesis, inhibit cell proliferation and induce autophagy and apoptosis. This review
discusses the induction of apoptosis and autophagy as a mechanism of cancer prevention by some
of the most studied naturally occurring dietary compounds.
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Introduction
Natural dietary agents have demonstrated their potential to prevent the occurrence and/or
spread of cancer in various research studies, either alone or in combination with the
chemotherapeutic agents [1, 2]. Consumption of vegetables, fruits, whole grains, and
beverages, a wealth of biologically potent chemicals, have remarkable anti-inflammatory,
antiviral, and anticancer activity and have been used in traditional medicines for thousands
of years. Dietary agents have been shown to modulate cellular processes, exhibit
chemopreventive and/or chemotherapeutic effects and induce apoptosis and autophagy
against cancer [1, 2]. Cellular processes play a major role in cell survival and apoptosis.
These events are essential for tissue homeostasis and the maintenance of proper growth and
development of multicellular organisms [3]. Apoptosis is a genetically restricted process that
plays an important role in embryogenesis, cellular homeostasis, and allows a sophisticated
mechanism to remove infected, damaged, or mutated cells [3]. The two major pathways that
initiate apoptosis are extrinsic pathway or death receptor-mediated and the intrinsic pathway
or mitochondrial-mediated. The death receptor pathway involves transmembrane receptor-
mediated interactions that include the tumor necrosis factor receptor (TNFR) gene
superfamily [4]. In this pathway, the death domain transmits death signal from the cell
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surface to the intracellular signaling pathways. These death receptors (DR) and their ligands
include FasL/FasR, TNF α/TNFR1, Apo3L/DR3, Apo2L/DR4 and Apo2L/DR5 [5–9]. Post
ligand binding, the cytoplasmic adapter proteins are recruited and corresponding death
domains bind with the receptors. For example, binding of Fas ligand to Fas receptor results
in the binding of the adapter protein FADD and the binding of TNF ligand to TNF receptor
results in the binding of the adapter protein TRADD with concomitant recruitment of FADD
and RIP [10, 11]. FADD then associates with procaspase-8 and a death-inducing signaling
complex (DISC) is formed which results in activation of procaspase-8 [12]. Death receptor
mediated apoptosis can be inhibited by c-FLIP a protein that binds to FADD and caspase-8
which subsequently inactivates them [13, 14]. The intrinsic pathway or mitochondrial-
initiated apoptosis includes stimuli that produce intracellular signals that initiate events
within the cell. These signals cause changes in the inner mitochondrial membrane that
results in an opening of the mitochondrial permeability transition (MPT) pore, loss of the
mitochondrial transmembrane potential and release two groups of pro-apoptotic proteins
from the intermembrane space into the cytosol [15]. The first group contains cytochrome c,
second mitochondria-derived of activator of caspase (Smac)/direct IAP binding protein with
low pI (DIABLO), and the serine protease HtrA2/Omi [16, 17]. These proteins activate the
caspase dependent mitochondrial pathway. Cytochrome c binds and activates Apaf-1 as well
as procaspase-9, forming an “apoptosome” [18, 19]. It is reported that Smac/DIABLO and
HtrA2/Omi promote apoptosis by inhibiting IAP (inhibitors of apoptosis proteins) activity
[20, 21]. The second group of pro-apoptotic proteins consists of AIF, endonuclease G and
CAD and is released late from the mitochondria during apoptosis. Bcl-2 family of proteins,
control and regulate apoptotic mitochondrial events [22]. The tumor suppressor gene, p53,
has a role in regulation of the Bcl-2 family; however the exact mechanisms is not known yet
[23]. The Bcl-2 family also control mitochondrial membrane permeability and can be pro-
apoptotic such as Bcl-10, Bax, Bak, Bid, Bad, Bim, Bik, and Blk or anti-apoptotic that
include Bcl-2, Bcl-x, Bcl-xL, Bcl-xS, Bcl-w, BAG. These proteins play a significant role in
determining cell fate. The Bcl-2 family regulates cytochrome c release from the
mitochondria by altering the permeability of mitochondrial membrane. Apoptotic pathways
(the death-receptor pathway and the mitochondrial pathway), under certain circumstances
may “cross talk” to enhance apoptosis. One example is the mitochondrial damage in the Fas
pathway of apoptosis that is mediated by the caspase-8 cleavage of Bid [24]. Bad is
associated with a family of multifunctional phosphoserine binding molecules. When
phosphorylated, it is localized in the cytosol and upon unphosphorylation, it translocates to
the mitochondria to release cytochrome c. Another role for Bad, is to heterodimerize with
Bcl-xL or Bcl-2 and prevent their protective effect and promote cell death [25]. Bcl-2 and
Bcl-xL inhibit the release of cytochrome c from the mitochondria when they are not bound
with Bad. It is suggested that Bcl-2 and Bcl-xL inhibit apoptotic death primarily by
controlling the activation of caspase proteases [26]. In addition, the protein “Aven” binds to
both Bcl-xL and Apaf-1 and prevents activation of procaspase-9 [27]. There is evidence
suggesting a reciprocal regulation between these two proteins and overexpression of either
Bcl-2 or Bcl-xL down-regulates the other.

The execution phase, which is considered the final phase of apoptosis, involves the
activation of the execution caspases. Execution caspases activate cytoplasmic endonucleases
and proteases, which degrade nuclear material and nuclear and cytoskeletal proteins,
respectively. Caspase-3, caspase-6, and caspase-7 function as effector or “executioner”
caspases. They cleave various substrates including cytokeratin, PARP, the plasma
membrane cytoskeletal protein alpha fodrin, the nuclear protein NuMA and others. All these
events cause morphological and biochemical changes typically seen in apoptotic cells [28].
Caspase-3 is the most important of the effector caspases and is activated by the initiator
caspases 8, -9 and -10. Caspase-3 activates the endonuclease CAD. In proliferating cells
CAD is complexed with its inhibitor ICAD. In apoptotic cells, activated caspase-3 cleaves
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ICAD to release CAD [29]. CAD causes chromatin condensation by degrading
chromosomal DNA within the nuclei. Caspase-3 also causes reorganization of the
cytoskeletal and disintegration of the cell into apoptotic bodies. Gelsolin, an actin binding
protein, has been identified as one of the key substrates of activated caspase-3.

Evidence suggests that mitochondria and endoplasmic reticulum (ER) play a critical role in
death receptor-mediated apoptosis. Consequently deregulation of these pathways may
contribute to drug resistance [30]. Imbalance in survival and apoptosis pathways may lead to
the development of several diseases including cancer. Cancer is an example of impaired cell
cycle regulation, with either an overproliferation of cells and/or decreased removal of cells
[31]. Apoptosis suppression plays a critical role in the development and progress of some
cancers during carcinogenesis [32]. There are a variety of molecular mechanisms that tumor
cells use to suppress apoptosis either by expressing anti-apoptotic proteins such as Bcl-2 or
by down regulation or mutation of pro-apoptotic proteins such as Bax. Both Bcl-2 and Bax
expression are regulated by p53 tumor suppressor gene [33]. Molecules involved in cell
death pathways are potential therapeutic targets in cancer (Figure 1). Therefore,
understanding the molecular mechanisms of cell survival and apoptotic pathways is essential
for the treatment and prevention of human diseases.

Numerous natural agents have been investigated in cancer prevention. Many regulate the
response to oxidative stress and others affect tumor proliferation and/or apoptosis. In the
following sections, we discuss merits of a few popular naturally occurring dietary agents
that have shown promise for treatment and/or prevention of cancer essentially by
modulating one or more of above mentioned pathway (Figure 1; Table 1).

I: (−)-Epigallocatechin-3-gallate (EGCG)
Many dietary compounds have been found to induce apoptosis of cancer cells without
affecting normal cells. An example of this type of compound is epigallocatechin-3-gallate
(EGCG), the major constituent of green tea (Table 2). At physiologically achievable
concentrations, it causes induction of apoptosis and cell cycle arrest in many types of cancer
cells without affecting normal cells [34]. Treatment of human prostate cancer cells LNCaP,
PC-3, and CWR22Rν1 with EGCG combined with Cox-2 inhibitor resulted in enhanced cell
growth inhibition, activation of caspases, apoptosis induction and inhibition of NF-κB [35].
EGCG was reported to sensitize TRAIL-resistant LNCaP cells to TRAIL-mediated
apoptosis [36].

Pretreatment of cells with EGCG resulted in the modulation of death-inducing signaling
cascade complex involving DR4/TRAIL R1, Fas associated protein with death domain
(FADD) and FLICE-inhibitory protein. Also, EGCG was observed to inhibit the invasion
and migration of LNCaP cells through inhibition in the protein expression of vascular
endothelial growth factor, urokinase plasminogen activator (uPA) and angiopoietin 1 and 2
[36]. Using isogenic cell lines, EGCG was observed to activate growth arrest and apoptosis
in prostate carcinoma cells primarily via a p53-dependent pathway that involved the
function of both p21 and Bax. Down-regulation of either p21 or Bax conferred a growth
advantage to the cells [37]. Green tea polyphenols (GTPs) also functioned as histone
deacetylases (HDACs) inhibitors and enhanced the p53 transcription activity and acetylation
by inhibiting class 1 HDACs in LNCaP prostate cancer cells [38]. Also, GTPs induced the
transcription activity of p21/waf1, and Bax enhanced the proteasomal degradation of class 1
HDACs and increased acetylation of histone H3, which led to cell cycle arrest and apoptosis
of prostate cancer cells [39].

The self-renewal capacity of cancer stem cells (CSCs) was inhibited by EGCG in
experiments with prostate cancer cells. EGCG induced apoptosis by activating capase-3/7
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and inhibiting the expression of Bcl-2, survivin and XIAP in CSCs [40]. Also, EGCG
prevented epithelial-mesenchymal transition by inhibiting the expression of vimentin, slug,
snail and nuclear β-catenin, and the activity of LEF-1/TCF responsive reporter, and
similarly retarded CSC’s migration and invasion. This indicated the EGCG’s ability to block
the signaling molecules involved in early metastasis [40]. Treatment of human breast cancer
MCF-7 cells with EGCG noticeably inhibited heregulin (HRG)-β-1 dependent induction of
Fas mRNA and protein. Moreover, EGCG decreased the phosphorylation of Akt and Erk1/2
that were demonstrated as selected downstream HRG-β1-responsive kinases required for
Fas expression using dominant-negative Akt, PI3K inhibitors or MEK inhibitor.
Additionally, growth inhibition of HRG-β1-treated cells paralleled the suppression of Fas by
EGCG [41]. Pretreatment of breast cancer cells with EGCG resulted in a decrease in both
the mRNA as well as protein expression of survivin [42].

It is well known that the cell death through apoptosis depends on the balance between
proteins that mediate and those that oppose cell death. Treatment with EGCG and GTP
triggered Bax to increase, Bcl-2 to decrease and resulted in PARP cleavage in MDA-
MB-231 human breast cancer cells [43]. EGCG treatment of human epidermoid carcinoma
A431 cells resulted in significant activation of caspases, as evident 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
[44]. In multiple myeloma cells, EGCG treatment caused cell 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-κB activation and cyclin-dependent kinase
inhibitors [45]. Several apoptosis signals convert mitochondrial permeability transition pore
(MTP), a multiprotein complex, into an unspecific pore and activate 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 [46]. In human tongue squamous
carcinoma CAL-27 cells, both green and black tea polyphenols generated reactive oxygen
species (ROS) and a decrease in the Bax/Bcl-2 ratio. This induced mitochondrial
permeability transition with consequent activation of caspase-3, which caused cellular
apoptosis [47].

II: Resveratrol
Resveratrol (3,5,4′-trihydroxystilbene), a type of natural phenol and a phytoalexin found in
grape skin and various other food products (Table 2), is believed to have multiple
bioactivities including antitumor and anti-inflammatory, and is able to produce
chemopreventive effects in experimental models. The mechanisms by which resveratrol
might mediate cell death include necrosis, apoptosis, autophagy, and others. Resveratrol has
the ability to induce the clustering of Fas and its redistribution in cholesterol and
sphingolipid-rich fractions of SW480 cells, together with FADD and procaspase-8. This
redistribution may have contributed to the molecule’s ability to trigger apoptosis in colon
cancer cells [48]. Resveratrol-induced apoptosis of acute monocytic leukaemia was
independent of the Fas/FasL signaling pathway and, even more, resveratrol did not induce
differentation of THP-1 cells which may serve as a chemotherapeutic agent for the control
of acute monocytic leukaemia [49]. Resveratrol was shown to induce apoptosis in human
breast cancer cells primarily through the caspase-3-dependent pathway [50]. The same
findings were found for bladder cancer cells, which suggested that resveratrol triggered
apoptosis through activation of caspase--9 and caspase-3 in a variety of human cancers [51].
PI3K inhibitors abolished the effect of trans-resveratrol, the other isoform of RSV, on p53
activation [52]. Treatment of resveratrol to mouse’s skin tumors induced the expression of
p53 and Bax, with a concomitant decrease in Bcl-2. This alteration in Bax/Bcl-2 ratio,
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release of cytochrome c and induction of apoptotic protease activating factor 1 (Apaf-1)
resulted in apoptosis [53]. In human pancreatic cancer cells, resveratrol caused damage of
mitochondrial function that led to increased ROS, apoptosis and possibly intracellular drug
accumulation via inhibition of proteins involved in multi-drug resistance [54]. Trans-
resveratrol inhibited cell proliferation without cytotoxicity and was able to induce apoptosis
in HT-29 colorectal carcinoma via a ROS-dependent apoptosis pathway [55]. Resveratrol
induced the apoptotic death of U251 glioma cells via multiple signaling pathways. This
included activation of caspase-3 and increased the cleavage of the downstream caspase
substrate, poly (ADP-ribose) polymerase, induced cytochrome c release from mitochondria
to the cytoplasm and activation of caspase-9. Also, resveratrol increased expression of
proapoptotic Bax and its translocation to the mitochondria, inhibited U251 proliferation, and
induced G0/G1 growth arrest [56]. These findings are potentially significant since it is
difficult to treat and manage glioma.

Resveratrol enhances the antitumor efficacy of Melphalan (MEL), a breast cancer
chemotherapeutic agent. The treatment of MCF-7 and MDA-MB-231 cells with MEL
combined with resveratrol induced the activation of p53 level, decreased the procaspase 8
and led to the activation of caspases 7 and 9. Moreover, this combined treatment caused
MCF-7 cells to arrest in S phase of the cell cycle, increased the levels of the p-Chk2, and
decreased the level of cyclin A. Although the levels of cyclin dependent kinase 2 (CDK2)
remained unchanged by treatments, its active form (Thr 160) -phosphorylated CDK2) was
decreased by treatment with resveratrol and by the combination of resveratrol and MEL. All
these results indicated that resveratrol could be used as an adjuvant agent during breast
cancer therapy with MEL [57]. The anti-proliferative properties of trans-resveratrol in
different colon cancer cell lines indicated that this polyphenol blocks the cell cycle at the
transition S to G2/M [58]. Trans-resveratrol inhibited Wnt signaling pathway, and affected
β-catenin intracellular localization and the expression of genes encoding proteins involved
in this process [59, 60]. In the colon-derived cell lines RKO and NCM460 which do not
have a basally activated Wnt pathway, trans-resveratrol at low concentrations inhibited Wnt
signaling when this pathway was previously stimulated [59]. A therapeutic role was
suggested for trans-resveratrol, based on the finding that it acted as a SIRT1 deacetylases
activator. Supporting this hypothesis it was observed that the expression of SIRT1 was
increased in Caco-2 cells after incubations during 24 hour with this polyphenol [61].

III: Fisetin
Fisetin (3, 3′,4′,7-tetrahydroxy flavone), is a natural flavonoid found in many fruits and
vegetables such as strawberries, blueberries and the skin of cucumbers [62] (Table 2).
Studies have shown that fisetin exhibits a wide variety of bioactivity including neurotrophic
[63], anti-oxidant [64], anti-inflammatory [65], and anti-angiogenic [66, 67] effects.
Treatment of prostate cancer cells with fisetin resulted in induction of mitochondrial release
of cytochrome c into cytosol, downregulation of XIAP, and upregulation of Smac/DIABLO
[68]. Moreover, there was significant activation of caspase-3, -8 and -9 upon treatment of
cells with fisetin. This phenomenon was inhibited by pretreatment of the cells with caspase
inhibitor; because it blocked fisetin induced caspases activation [68]. Also, fisetin treatment
resulted in induction of apoptosis, PARP cleavage, increase in Bax, decrease in Bcl-2,
modulation in the expressions of Bcl-2-family proteins, and inhibition of PI3K, and
phosphorylation of Akt at Ser473 and Thr308 [68].

Fisetin-induced apoptosis in human bladder cancer was found to be mediated through up-
regulation of p53 and down-regulation of NF-κB activity, which caused a change in the ratio
of pro- and anti-apoptotic proteins [69]. Fisetin inhibited the T24 and EJ cells proliferation
by induction of apoptosis and blockage of cell cycle progression in the G0/G1 phase. Also,
fisetin increased protein expressions of p53 and p21, and decreased levels of cyclin D1,

Mukhtar et al. Page 5

Curr Drug Targets. Author manuscript; available in PMC 2013 September 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cyclin A, CDK4 and CDK2, which contributed to cell cycle arrest [69]. In addition, fisetin
increased Bax and Bak expression and decreased the levels of Bcl-2 and Bcl-xL. These
events subsequently triggered the mitochondrial apoptotic pathway [69].

In human umbilical vein endothelial cells (HUVECs), fisetin inhibited vascular endothelial
growth factor (VEGF) in a dose- and time-dependent manner. Also, fisetin treatment led to
arrest of cells at the G1 and G2/M phases of the cell cycle, decreased cyclin D1, and
increased p53 levels [70]. Moreover, fisetin decreased survivin expression, increased
cleaved forms of caspases-3 and -7 and PARP, and increased Bax/Bcl-2 ratio. All these
effects culminate in the apoptotic death of the cells. Furthermore, fisetin inhibited capillary-
like tube structure on matrigel and further inhibited migration of the HUVEC cells. In the in
vivo matrigel plug assay conducted in mice fisetin treatment significantly decreased the size,
vascularization and hemoglobin content of the plug [70].

Treatment of caspase-3-deficient breast cancer MCF-7 cells with fisetin resulted in induction
of caspase-7-associated apoptosis and inhibition of autophagy [71]. Fisetin was found to
induce apoptosis and inhibit the invasion of chemoresistant pancreatic cancer AsPC-1 cells
via suppression of DR3-mediated NF-κB activation. At a transcriptional level, fisetin
decreased DR3 expression and increased the IkBalpha expression, an NF-κB inhibitor [72].
Down-regulation of DR3 in pancreatic cancer cells was found to down regulate activated
pNF-κB/p65, pIκBalpha/beta kinases (pIKK’s), MMP9 and XIAP that mostly impart
chemoresistance in cancer of the pancreas [72].

IV: Genistein
Genistein (5,7,4′-trihydroxyisoflavone), an isoflavone is a naturally occurring phenolic
compound, which is present in many plants including soybeans, legumes, peas, lentils, and
beans (Table 2). Genistein has been reported to inhibit the growth of various cancer cells
through altering cell signaling pathways, cell cycle, and apoptosis [73]. Also, it has been
reported to inhibit the proliferation and induce apoptosis of DU145 and HeLa cells with
minimal effects on normal L-O2 cells [74]. Genistein induced apoptosis via endoplasmic
reticulum stress and mitochondrial damage in human hepatoma Hep3B cells [75] and Ca2+-
mediated calpain/caspase-12-dependent apoptosis in breast cancer MCF-7 cells [76]. The
combination of genistein and TRAIL treatment sensitized TRAIL-resistant AGS gastric
adenocarcinoma cells to TRAIL-mediated apoptosis. Also, activation of DR5 and induction
of caspase-3 activity were observed with fisetin treatment [77]. Genistein induced apoptosis
in acute promyelocytic leukemia derived NB4 cells, which was mediated by activation of
caspase-9 and -3. This was associated with a decrease in mitochondrial transmembrane
potential and cytosolic release of cytochrome c [78] as well as mitochondrial damage with
involvement of the MTP in T lymphoma cells [79]. Genistein induced G2/M phase cell
cycle arrest, apoptosis, and increase in p53 and p21 levels in human malignant glioma cell
lines [80]. Tamoxifen and genistein combination synergistically induced apoptosis in human
breast cancer BT-474 cells in part by synergistic downregulation of the expression of
survivin and downregulation of EGFR, HER2, and ERα expression [81].

Genistein combined with N-(4- hydroxyphenyl) retinamide reduced cell viability, caused
subG1 accumulation, increased caspase-3 activity in vitro and reduced tumor growth in vivo
in human malignant neuroblastoma. Also, this combination therapy down regulated Id2 to
induce differentiation, increased pro-apoptotic Bax and decreased anti-apoptotic Bcl-2
leading to an increase in Bax/Bcl-2 ratio. Increased mitochondrial Bax level, caused
mitochondrial release of Smac/DIABLO, down regulation of the baculovirus inhibitor-of-
apoptosis repeat containing (BIRC) proteins and activation of calpain and caspase-3 in SH-
SY5Y xenografts mice [82]. Apoptosis-inducing-factor accumulation in cytosol and increase
in caspase-4 activation suggested involvement of mitochondrial pathway and endoplasmic
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reticulum (ER) stress, respectively, for apoptosis in SH-SY5Y xenografts. Moreover, N-(4-
hydroxyphenyl) retinamide and genistein treatment, resulted in overexpression of calpain,
caspase-12, and caspase-3, and apoptosis-inducing-factor, suggesting induction of
mitochondrial caspase-dependent and caspase independent pathways for apoptosis [82].

V: Curcumin
Curcumin (diferulolylmethane), is the major chemical component of turmeric (Table 2). In
the traditional system of medicine it has been used for the treatment of a variety of
inflammatory conditions and other diseases. There are various mechanisms by which
curcumin causes inhibition of tumorigenesis and these include anti-inflammatory, anti-
oxidant, immunomodulatory, pro-apoptotic, and anti-angiogenic effects via pleiotropic
effects on genes and cell-signaling pathways at multiple levels [2]. Curcumin inhibited
growth of LNCaP xenografts in nude mice by inducing apoptosis and sensitized these
tumors to undergo apoptosis by TRAIL. Also, curcumin upregulated the expression of
TRAIL-R1/DR4, TRAIL-R2/DR5, Bax, Bak, p21/WAF1, and p27/KIP1, and inhibited the
activation of NF-κB in xenografted tumors. Moreover, Curcumin reduced the number of
blood vessels in tumors, and also the circulating endothelial growth factor receptor 2-
positive endothelial cells in mice [83]. Curcumin induced apoptosis in human melanoma
cells through a Fas receptor/caspase -3 and -8 pathway independent of p53 and blocked the
NF-kB cell survival pathway [84]. Curcumin also, resulted in translocation of Bax and p53
to mitochondria, production of ROS, and activation of caspase-3 and induction of apoptosis
in LNCap cells [85]. 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 [86]. The anti-apoptotic Bcl-2 and survivin protein were
downregulated by curcumin treatment together with enhancement of the Bax and p53
expression in human bladder cancer cells [87]. Curcumin and a dietary compound, garcinol
resulted in a synergistic effect against pancreatic cancer. The combination of garcinol and
curcumin significantly inhibited cell viability and caused induction of apoptosis via
upregulation of caspase-3 and -9 activity in BxPC-3 and Panc-1 cell lines [88]. A BRCA-
mutated ovarian cancer cell treated with STAT3 inhibitor HO-3867, a novel curcumin
analog, exhibited a significant degree of apoptosis with increased levels of cleaved
caspase-3, caspase-7 and PARP, and induced ROS. Also, HO-3867 treatment resulted in
decreased expression of pTyr705 and its downstream targets cyclin D1, Bcl-2 and survivin.
Furthermore, overexpression of STAT3 cDNA provided resistance to HO-3867-induced
apoptosis [89].

VI: Apigenin
Apigenin (4′,5,7-trihydroxyflavone), a flavone found in many plants (Table 2), has been
observed to contribute to the chemopreventive action of vegetables and fruits [90]. Apigenin
and TRAIL at suboptimal concentrations induced Bid cleavage and the activation of
caspases-8, -10, -9, and -3 in malignant tumor cells [91]. Apigenin is a potent inhibitor of
CYP2C9, an enzyme responsible for the metabolism of many pharmaceutical drugs in the
body [92]. It was shown that apigenin induces autophagy and possesses chemopreventive
property. However, at the same time it induces resistance against chemotherapy [93].
Apigenin inhibited the proliferation of MCF-7 vec and MCF-7 HER2 cells in breast cancer.
Apigenin induced upregulation in the levels of cleaved caspase-8 leading to cleavage of
PARP subsequent apoptotic cell death. Also, apigenin was found to induce apoptosis
through a p53-dependent pathway. Moreover, apigenin reduced the expression of phospho-
JAK1 and phospho-STAT3 and activated NF-κB signaling pathway in MCF-7 vec and
MCF-7 HER2 cells [94].
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VII: Delphinidin
Delphinidin 3-(6-p-coumaroyl) glucoside, is an anthocyanidin that impart color to many
pigmented fruits and vegetables [95] (Table 2). Delphinidin significantly reduced apoptosis
elicited by actinomycin D [96] and the protective effect of delphinidin was abolished by
inhibitors of nitric oxide-synthase and was associated with an increased endothelial NOS
expression mediated by a MAP kinase pathway. Using human immortalized HaCaT
keratinocytes and SKH-1 hairless mouse skin, it was observed that pretreatment of cells with
delphinidin protected against UVB mediated decrease in cell viability and induction of
apoptosis. Delphinidin pretreatment of HaCaT cells inhibited UVB-mediated increase in
PARP cleavage, activation of caspases, increase in Bax, Bid and Bak and a decrease in
Bcl-2 and Bcl-xL [95].

Delphinidin and other anthocyanidins exhibited strong growth inhibitory effects against
human hepatoma HepG(2). Delphinidin induced apoptotic cell death characterized by
internucleosomal DNA fragmentation and a rapid induction of caspase-3 activity. These
effects were associated with an increase in the c-Jun and JNK phosphorylation expression.
Dephinidin induced DNA fragmentation was blocked by N-acetyl-l-cysteine and catalase,
suggesting that the death signaling was triggered by oxidative stress [97]. It was 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 [98]. 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 [98].

Delphinidin’s apoptotic effects were also investigated in human colon cancer HCT116 cells.
Treatment of cells with delphinidin resulted in cleavage of PARP, activation of caspases-3,
-8, and -9 and an increase in Bax with a concomitant decrease in Bcl-2 protein [99]. Because
NF-κB activation contributes to neoplastic transformation and allows malignant cells to
resist apoptosis-based tumor surveillance mechanisms, delphinindin treatment of HCT116
cells was associated with inhibition of phosphorylation of NF-κB/p65 at Ser(536), its
nuclear translocation and subsequent DNA binding activity [99].

Evidence was provided that delphinidin could be developed as a novel agent against human
prostate cancer. Human prostate cancer cells LNCaP, C4-2, 22Rν1, and PC3 were treated
with delphinidin and found to result in a dose-dependent inhibition of cell growth and
induction of apoptosis and at the same time sparing normal human prostate epithelial cells.
This induction of apoptosis was mediated via activation of caspases because N-
benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluromethylketone significantly reduced apoptosis
induced by delphinidin [100].

The effects of delphinidin were determined in vitro in established human breast cancer cell
lines of varying molecular subtypes and compared to non-transformed breast epithelial cells.
Compared with vehicle control, delphinidin inhibited proliferation, blocked anchorage-
independent growth and induced apoptosis of estrogen receptor (ER)-positive, triple
negative; and HER2-overexpressing breast cancer cell lines with limited toxicity to non-
transformed breast epithelial cells. MAPK signaling was partially reduced in triple negative
cells and ER-negative chemically transformed MCF10A cells after treatment with
delphinidin. In addition, delphinidin induced a significant level of apoptosis in HER2-
overexpressing cells in association with reduced HER2 and MAPK signaling. However,
combination studies suggested a potential antagonism between delphinidin and HER2-
directed treatments raising concerns regarding potential drug antagonism when used in
combination with existing targeted therapies in HER2-overexpressing breast cancer [101].
These observations suggested potential usefulness of delphinidin against breast cancer and at
the same time cautioned its use as an adjuvant with conventional therapeutic regimens.
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3: Conclusion
Natural agents that can target important carcinogenic pathways without demonstrating
discernible adverse effects could serve as ideal cancer chemopreventive agents. The
continued identification of dietary compounds and their derivatives with chemopreventive
and/or chemotherapeutic properties offers an alternative and complementary approach to
prevention and treatment of cancer. During the last decade several natural compounds (e.g.,
EGCG, Resveratrol, Fisetin, Curcumin, Genisten and Apigenin) were tested for their
potential to modulate the expression and/or activity of specific genes, transcription factors in
an attempt to identify their anti-carcinogenic potential. Many of the compounds were
observed to affect the process of apoptosis, alter proinflammatory-mediated signaling
pathways including inflammation-promoted cell proliferation, angiogenesis, invasion and
metastasis. It is also promising that such valuable agents can serve as an adjuvant to enhance
the efficacy of other known chemotherapeutics regimens. Altogether, these findings
underline the fact that natural compounds could be considered as a promising innovative
strategy for cancer treatment and prevention.
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Figure 1.
Effects of dietary compounds on extrinsic and intrinsic pathways of apoptosis. The extrinsic
pathway is triggered by death receptors and involves activation of the initiator caspase-8,
which directly activates caspase-3 causing apoptosis. The intrinsic pathway is activated by
different apoptotic stimuli that lead to release of cytochrome c from mitochondria and
activation of caspase-9. The endoplasmic reticulum is triggered by stress and stimulates
mitochondria to release cytochrome c and cause DNA damage. Many dietary agents affect
molecules at several steps to initiate removal of unwanted cells by inducing apoptosis.
EGCG is known to affect both the intrinsic as well as the extrinsic pathways and induces
apoptosis in many cancer types.
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Table 1

Mechanisms Of Dietary Compounds That Have Been Shown To Induce Apoptosis In Cancer Cells.

Dietary compound Target/Mechanisms Ref #

EGCG Activation of caspases and inhibition of NF-κB [34]

Enhancement of TRAIL-induced apoptosis and activation of Fas [35]

Activation of p53 [36]
[38]

Activating capase-3/7 and inhibition of Bcl-2, survivin and XIAP [39]

Induction of Fas. Decreased phosphorylation of Akt and Erk1/2 [40]

Increase in Bax, and decrease in Bcl-2 [42]

ROS generation; and decreased Bax/Bcl-2 ratio [46]

Resveratrol Activation of Fas, FADD and procaspase-8 [47]

Caspase-3-dependent pathway [49], [50]

Activation of p53, release of cytochrome c, and alteration in Bax/Bcl-2 ratio [52]

Induction of ROS [53]

Cell cycle arrest at G2/M phase [57]

Fisetin Release of cytochrome c from mitochondria into cytosol, downregulation of XIAP, and upregulation of
Smac/DIABLO. Activation of caspase-3, -8 and -9. Induction of Bax, and decrease in Bcl-2. Inhibition of
PI3K, and phosphorylation of Akt

[67]

Activation of p53. Inhibition of NF-κB activity [68]

Inhibition of VEGF. Cell cycle arrest at G1 and G2/M phases. Activation of p53 [69]

Decreased DR3 and increased the IkBalpha expression, and NF-κB inhibitor [71]

Genistein Enhancement of TRIAL-induced apoptosis [76]

Activation of caspase-9 and -3
release of cytochrome c

[77]

Activation of p53
Induction of G2/M phase

[79]

Downregulation of the expression of survivin and downregulation of EGFR, HER2, and ERα expression [80]

Increase in Bax/Bcl-2 ratio. Overexpression of calpain, caspase-12, and caspase-3, and apoptosis-inducing-
factor

[81]

Curcumin Enhancement of TRAIL-induced apoptosis. Inhibition of NF-κB [83]

Upregulation of caspase-3 and -9 activity [88]

Increased levels of cleaved caspase-3, caspase-7 and induction of ROS [89]

Apigenin Induced Bid cleavage and the activation of caspases-8, -10, -9, and -3 [91]

Reduced expression of phospho-JAK1 and phospho-STAT3 and activated NF-κB [94]

Delphinidin Activation of caspases. Increase in Bax, Bid, Bak. Decrease in Bcl-2 and Bcl-xL [95]

Inhibition of NF-κB [99]

Reduced HER2 and MAPK signaling [101]
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Table 2

Structure And Sources Of Dietary Compounds Discussed.

Compound Sources Structure

EGCG Green tea

Resveratrol Grapes, Peanuts, Cocoa

Fisetin Strawberries, Apples, Persimmon, Onions, Lotus root, Kiwis

Genistein Lupin, Fava beans, Soybeans, Kudzu, Psoralea

Curcumin Turmeric
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Compound Sources Structure

Apigenin Widely distributed in many fruits and vegetables, Parsley, Onions,
Oranges, tea, Chamomile

Delphinidin Pigmented fruits and vegetables; Cranberries, Concord grapes,
Pomegranates
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