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Abstract Despite remarkable progress in the discovery

and development of novel cancer therapeutics, cancer

remains the second leading cause of death in the world. For

many years, compounds derived from plants have been at

the forefront as an important source of anticancer therapies

and have played a vital role in the prevention and treatment

of cancer because of their availability, and relatively low

toxicity when compared with chemotherapy. More than

3000 plant species have been reported to treat cancer and

about thirty plant-derived compounds have been isolated so

far and have been tested in cancer clinical trials. The

mechanisms of action of plant-derived anticancer drugs are

numerous and most of them induce apoptotic cell death that

may be intrinsic or extrinsic, and caspase and/or p53-de-

pendent or independent mechanisms. Alternative modes of

cell death by plant-derived anticancer drugs are emerging

and include mainly autophagy, necrosis-like programmed

cell death, mitotic catastrophe, and senescence leading to

cell death. Considering that the non-apoptotic cell death

mechanisms of plant-derived anticancer drugs are less

reviewed than the apoptotic ones, this paper attempts to

focus on such alternative cell death pathways for some

representative anticancer plant natural compounds in clin-

ical development. In particular, emphasis will be on some

promising polyphenolics such as resveratrol, curcumin, and

genistein; alkaloids namely berberine, noscapine, and col-

chicine; terpenoids such as parthenolide, triptolide, and

betulinic acid; and the organosulfur compound sul-

foraphane. The understanding of non-apoptotic cell death

mechanisms induced by these drugs would provide insights

into the possibility of exploiting novel molecular pathways

and targets of plant-derived compounds for future cancer

therapeutics.
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Introduction

Cancer is a major public health problem and the second

leading cause of mortality around the world with an inci-

dent rate of more than 2.6 million cases per year [1, 2].

Research indicates that most cancers are caused by a dys-

function of many genes coding for proteins such as growth

factors, growth factor receptors, antiapoptotic proteins,

transcription factors, and tumor suppressors, all of which

constitute a target for cancer treatment [3, 4]. The increase

in the incidence of cancer along with the undesirable side

effects observed with chemotherapy urges the discovery of

new agents from natural sources. In fact, the concept of

chemoprevention by naturally derived compounds has

gained increasing attention especially that prevailing can-

cer treatments have shown limited therapeutic success [5].

The plant kingdom has provided an endless source of

medicinal plants that were first used as herbal medicines in

their crude forms as syrups, infusions, and ointments [6].

Traditional or folk medicine is the use of medicinal plants

as the main medical resource which according to World

Health Organization (WHO) includes knowledge, skills,
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and practices for the prevention and treatment of diseases

[7]. Herbal medicine can be classified into four basic sys-

tems: Traditional Chinese Herbalism, Ayurvedic Herbal-

ism, Western Herbalism, which originally came from

Greece and Rome to Europe and then spread to North and

South America, and Arab Traditional Medicine, which

forms the basis for alternative and herbal medicine in use

[8–11]. Today approximately 25 % of all prescriptions

contain one or more active ingredients from plants [5].

Cancer chemoprevention by phytochemicals has shown

promising results against various malignancies [12]. Sec-

ondary metabolites derived from plants potentially repre-

sent an inexhaustible source of chemicals for the discovery

of new drugs. The actual compound isolated from the plant

may not directly serve as the drug but leads to the devel-

opment of potential novel agents [13]. Recent studies have

focused on the effects of plant-derived compounds on cell

cycle regulatory and apoptotic pathways [14, 15], yet little

is known about their effects on non-apoptotic pathways e.g.

autophagy, mitotic catastrophe, senescence leading to cell

death, and programmed necrosis or ‘‘necroptosis’’ [16].

Polyphenolics, flavonoids, alkaloids, terpenoids, and sulf-

hydryl compounds represent a large and diverse group of

plant-derived agents used against cancer [4]. Compounds

like taxol, vinblastine, vincristine, the campothecin

derivatives, topotecan, irinotecan, and etoposide are used

clinically all over the world to treat cancer [17]. Other

promising anticancer agents include flavopiridol, roscov-

itine, combretastatin A-4, betulinic acid, and silvestrol

[14]. From this list one can well deduce the predominance

of polyphenols, flavonoids, and their synthetic analogues.

Therefore, emphasis in this review article will be on

promising phenolics, alkaloids, and terpenoids as well on

the organosulfur compound sulforaphane. From each group

of plant-derived anticancer agents, we have chosen to

highlight non-apoptotic cell death mechanisms of one of

the three highly researched compounds namely resveratrol

(Fig. 1a), curcumin (Fig. 1b), and genistein (Fig. 1c) from

polyphenolics; berberine (Fig. 1d), noscapine (Fig. 1e),

and colchicine (Fig. 1f) from alkaloids; and parthenolide

(Fig. 1g), triptolide (Fig. 1h), and betulinic acid (Fig. 1i)

from terpenoids. Our better understanding of the cell death

mechanisms of action of these drugs would enhance the

possibility of exploiting novel targets for the development

of lead plant-derived anticancer compounds that are more

effective and less toxic in the clinic.

Plant polyphenols

Plant polyphenols are rich in the human diet and are known

to possess anticancer properties by interfering with the

different stages of cancer development [18]. These

molecules are synthesized in plants as secondary metabo-

lites to protect against diseases, parasites, ultraviolet radi-

ation, and predators and do play crucial roles in plant

development, reproduction, and pigmentation [19–21].

Dietary polyphenolic compounds are ubiquitous in fruits,

vegetables, and beverages and are considered safe and well

tolerated by humans with only few reported cases of tox-

icity and adverse effects [22]. The polyphenol family is

subdivided into different groups as a function of the

number of phenol rings that they contain and of the

structural elements that bind these rings to one another

[23]. Polyphenols are divided into flavonoids, stilbenes,

coumarins, tannins, and phenolic acids with flavonoids

constituting the largest and most abundant group [21]. Here

we will review three polyphenolic compounds (Table 1)

that are best studied for their anticancer properties, namely

the stilbene resveratrol, the phenolic acid curcumin, and the

flavonoid genistein.

The strong antioxidant effect of polyphenols is the key

property responsible for their cancer chemopreventive and

therapeutic effects [24]. Studies have linked the antioxidant

properties of polyphenols to the number of galloyl groups

and their positions on the glucose core [25]. The reactive

hydroxyl groups of polyphenols allow them to inactivate

free radicals by losing an electron or a hydrogen atom [26],

produce hydrogen peroxide by losing protons [27], chelate

metal ions [26], and precipitate proteins [28]. Other

mechanisms of cancer inhibition by polyphenols include

antiproliferation, induction of cell cycle arrest, induction of

apoptosis, anti-inflammation, and inhibition of metastasis

and angiogenesis [29]. Polyphenols have been found to

inhibit key signaling pathways that contribute to prolifer-

ation, such as nuclear factor kappa-B (NF-jB), hypoxia
inducible factor 1, phosphoinositide 3 kinase/Akt, Wnt

signaling proteins, among others [30]. Current evidence

suggests that polyphenolic compounds may exert their

cancer therapeutic effects by the regulation of autophagy

[31] and of microRNAs [32].

Resveratrol

Resveratrol is a polyphenolic phytoalexin that exists nat-

urally in plant cells and certain fungi as two structural

isomers: cis-(Z) and trans-(E). The trans isomer is the

predominant and active form [33, 34]. Resveratrol is

abundant in grape skins, peanuts, berries, in the roots of

Japanese Knotweed (Polygonum cupsidatum), and various

herbs which produce resveratrol mainly to overcome

environmental stress and/or fight infections [34]. The

International Union of Pure and Applied Chemistry

(IUPAC) name of trans resveratrol is 5-((E)-2-(4-hydrox-

yphenyl)vinyl)-1,3-benzenediol (Fig. 1a). Also known as
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3,5,4-trihydroxystilbene, resveratrol is a stilbenoid that

consists of a trans ethene double bond with a phenyl group

on each of the carbon atoms of the double bond. Resver-

atrol is produced by the action of the stilbene synthase

enzyme [35]. Resveratrol’s multiple cell death mecha-

nisms, particularly in lymphoma and leukemia, have been

extensively reviewed [36]. Numerous biological activities

have been attributed to resveratrol including antiviral,

antiinflammatory, neuroprotective, cardioprotective, and

chemopreventive effects [37]. Resveratrol’s ability to

modulate reactive oxygen species (ROS), control cellular

calcium homeostasis, and to interact with key molecular

targets accounts for its wide range of activities [37, 38].

Resveratrol has been shown to cause cell cycle arrest in

different phases depending on the nature of the cell lines,

the concentrations applied, and the time of exposure [39–

42]. The mechanisms of cell cycle arrest by resveratrol

include the activation of Chk1/Chk2 kinases of the Ataxia

Telangiectasia-mutated (ATM)/ATR pathway, phosphory-

lation of Cdc25C, increased expression of p21, p27, and

p53 proteins as well as increased expression of the cell

cycle regulators cyclin-dependent kinase 2 (CDK2), cyclin

A, cyclin E, and cyclin B1 [33, 40, 41].

Autophagy by resveratrol

Controversies exist on the function of autophagy in can-

cers. On one hand, autophagy has been shown to have a

prosurvival effect on tumor cells when nutrients are

Fig. 1 Chemical structures of selected polyphenols (a–c), alkaloids (d–f), terpenoids (g–i), and organosulfurs (j)
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Table 1 Plant-derived anticancer polyphenols

Purified plant

compound

Plant origin Cancer system Cell death signaling mechanisms References

Polyphenols

Resveratrol

and

analogues

Fallopia japonica (roots

of the Japanese

Knotweed)

Autophagy

Ovarian (A2780, CaOV3, ES-2,

TOV112D, A1947)

[39]

Ovarian (A2780, OVCA432,

OVCA429, CaOV3, SKOV3)

Inhibit pAkt and mTOR [43]

Lung (A549, H460), salivary

gland adenocarcinoma (HSG,

HSY)

Induce estrogen receptor coactivator PELP1

accumulation in autophagosomes

[41]

Breast (MCF-7) Inhibit Akt phosphorylation and mTOR [42]

Colorectal (DLD1, HT-29, COLO

201)

[44]

Leukemia (K562), primary

myeloid leukemia cells

Activate JNK and AMPK; induce JNK-

dependent p62 accumulation; inhibit mTOR

[46]

Glioma (U373) Localize LC3 and p62 to autophagosomes [47]

Breast cancer stem like cells from

(MCF-7, SUM159)

Suppress Wnt/b-catenin [51]

Leukemia (HL-60) [52]

Necrosis

Breast (MCF-7) [42]

Glioma (C6) Induce DNA damage [34]

Senescence

Colorectal (HCT-116) Activate ATM/ATR pathway and p38/MAPK;

ROS generation

[53]

Non-small cell lung (A549, H460) Phosphorylate p53; induce p21 and Nox5; reduce

EF1A

[54]

Glioma (U87, U118) Inhibit H2B ubiquitin ligase RNF20 [55]

Gastric (AGS, BGC-823, SGC-

7901), BGC-823 mouse

xenograft

Deregulate p16, p21, cyclin D1 [56]

Curcumin

and

analogues

Curcuma longa

(Rhizome of

Turmeric)

Autophagy

Glioma (U87, U118), leukemia

(KBM-5), glioma mouse

xenografts

Inhibit Akt/mTOR/P70S6; activate ERK1/2 [67]

Colorectal (HCT-116), breast

(MCF-7), osteosarcoma (U2OS)

[68]

Oral (YD10B) Generate ROS [69]

Pleural mesothelioma (ACC-

MESO-1)

[70]

Leukemia (K562) [71]

Colorectal (HCT-116) Generate ROS [72]

Oral (KYSE450), esophageal

(OE19)

[74]

Epidermoid (A431) Degrade p53 [76]

Breast (MCF-7), liver (HepG2),

colorectal (HCT-116), cervical

(HeLa)

[77]

Colorectal (HCT-116) [78]

Ovarian (HO8910) [79]

Lung (A549) [80]

Primary glioblastoma cells [90]
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limited, and on the other hand, it can lead to non-apoptotic

cell death. Resveratrol’s antitumor effects have been

demonstrated in various in vitro and in vivo models. In

many cancers including leukemia, skin, ovarian, breast,

lung, colorectal, and gastric cancers as well as adenoma

and glioma, resveratrol’s antiproliferative effects have been

attributed to its capacity to induce cell death by autophagy.

Treatment of ovarian cell lines (A2780, CaOV3, ES-2,

TOV112D, A1947) with resveratrol induced growth inhi-

bition and cell death by apoptotic (cytochrome c release,

Table 1 continued

Purified plant

compound

Plant origin Cancer system Cell death signaling mechanisms References

Necrosis

Prostate (DU-145) Generate ROS [82]

Bladder cancer xenografts Downregulate NF-jB; decrease cyclin D1;

increase p21 expression

[83]

Mitotic catastrophe

Esophageal (OE21, OE33,

KYSE450)

Induce monopolar spindles and duplicated

unseparated chromosomes; cause nuclear

fragmentation; accumulate cells in G2/M

[74]

Colorectal (HCT-116) Trigger Chk1 and Chk2; generate ROS; induce

MMR-dependent double-strand breaks

[84]

Medulloblastoma (DAOY,

D283Med, D341 Med),

transgenic medulloblastoma

models

Reduce HDAC1, increase tubulin acetylation [73]

Pancreatic (AsPC-1, MiaPaCa-2,

Panc-1, BxPC-3, Pan02)

Increase COX-2 and VEGF; increase CUGBP2;

induce caspase activation and mitochondrial

membrane polarization

[86]

Cervical (HeLa), colorectal

(HCT-116), fibrosarcoma

(HT1080), osteosarcoma (U20S)

Suppress DNA damage response; inhibit HATs

and ATR-Chk1 signaling cascade

[87]

Senescence

Breast (CAF-87) Upregulate p16, p21, and p53; inhibit JAK2/

STAT3; downregulate Lamin B1

[88]

Breast (MCF-7) Generate ROS; reduce mitochondrial membrane

potential, activate p53/p21 and Rb/p16

pathways

[89]

Genistein Genista tinctoria

(drying twigs of

Dyer’s broom)

Autophagy

Ovarian (A2780, CaOV3, ES2) Hinders glucose uptake by inhibiting Akt; causes

competitive inhibition of Glut1

[91]

Necrosis

Cervical (HeLa) [93]

Mitotic catastrophe

Breast (W525, W780) Induces G2/M arrest; causes chromosomal

structural abnormalities including aneuploidy

and chromosome tangling and stickiness;

inhibits topoisomerase II

[92]

Senescence

Breast (MCF-7), ovarian (SKOV-

3), prostate (DU-145, LNCaP)

Inhibits telomerase activity [98]

AMPK AMP-activated kinase, ATM ataxia-telangiectasia-mutated, ATR ataxia telangiectasia and Rad3-related protein, Casp-3 caspase 3, Chk1

checkpoint kinase 1, Chk2 checkpoint homolog, COX-2 cyclooxygenase-2, EF1A elongation factor 1-alpha, ERK1/2 extracellular signal-

regulated kinases, Glut1 glucose transporter 1, HATs histone acetyltransferases, HDAC1 histone deacetylase 1, JAK2 janus kinase 2, JNK c-Jun

N-terminal kinase, MAPK mitogen-activated protein kinase, MMR mismatch repair, mTOR mammalian target of rapamycin, NF-jB nuclear

factor kappa-light-chain-enhancer of activated B cells, Nox5 NADPH oxidase, EF-hand calcium binding domain 5, PELP1 proline-, glutamic

acid- and leucine-rich protein 1, pRb retinoblastoma protein, ROS reactive oxygen species, STAT3 signal transducer and activator of transcription

3, VEGF vascular endothelial growth factor
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caspase 9 cleavage) and non-apoptotic mechanisms [39].

Morphological analyses determined by light interference

microscope as well as electron microscopic characteriza-

tion in addition to Hoechst staining revealed that resvera-

trol induced the formation of cytoplasmic autophagosomes

and consequently cell death by autophagy [39]. Few years

later, the same group demonstrated that the autophagy

response triggered by resveratrol in ovarian cancers

involved blocking glucose uptake and lactate production by

inhibition of the glycolytic regulators pAkt and mTOR

[43]. The formation of autophagosomes in response to

treatment with resveratrol was further evidenced by con-

firming the relocalization of the microtubule-associated

protein 1 light chain 3 (LC3) proteins from the cytoplasm

to the autophagic vacuoles [43]. Autophagy by resveratrol

could be reversible [41] or irreversible [39] depending on

the cell system and conditions.

Resveratrol was also shown to induce autophagy in lung

cancer and salivary gland adenocarcinoma cell lines as

evidenced by the presence of autophagosomes and upreg-

ulation of the LC3 levels in a time-dependent manner as

well as its accumulation in the phagocytic vacuoles [41].

Additionally, resveratrol induced the accumulation of the

estrogen receptor coactivator, proline-, glutamic acid-, and

leucine-rich protein-1 (PELP1), in the autophagosomes

along with the LC3 protein by the intermediary molecule,

hepatocyte growth factor-regulated tyrosine kinase sub-

strate, which is a known PELP1-binding protein [41].

Cell death by autophagy, as evidenced by increased

expression of LC3-II proteins and their relocalization to the

phagocytic structures following cytosolic LC3-I protein

conversion, was also demonstrated in breast cancer cells

[42]. Resveratrol triggered autophagy in both caspase-3-

competent (MCF-7casp-3) and caspase-3-incompetent

(MCF-7vc) cells, suggesting that the mechanism involved

in resveratrol- induced autophagy was caspase -indepen-

dent. Cell death in MCF-7casp-3 on the other hand

involved both caspase-dependent and caspase- independent

pathways. Suppression of Beclin 1 and other autophagic

proteins such as ATG-7 decreased LC3-II protein levels,

with ATG7 small interfering RNA (siRNA) completely

abolishing vacuole formation and LC-3 II induction levels

in MCF-7casp-3 cells. The inhibition of Akt phosphoryla-

tion and the mTOR signaling pathway was also associated

with autophagy induction by resveratrol in the breast can-

cer cell lines [42].

Unlike the effect on ovarian cancers, exposure of col-

orectal DLD1 cancer cells to resveratrol induced a rever-

sible autophagy which was dependent on the expression

and cytosolic redistribution of Beclin1 and LC-3 II. In fact,

the use of dominant-negative lipid kinase-deficient class III

phosphoinositide 3-phosphate kinase, or RNA interference

knockdown of Beclin1 resulted in autophagy suppression

[44]. LC3-II levels were also increased in HT-29 and

COLO 201 colon cancer cells with subsequent accumula-

tion of the proteins in autophagosomes [44]. Ultimately,

autophagy and specifically the increase in production of

LC3-II proteins in HT-29 cells, was further proven to lead

to cell death by apoptosis in a caspase and ROS-dependent

manner [45]. ROS generation was upstream in the signal-

ing pathway leading to LC3-II expression and autophagy as

well as caspase activation and apoptosis.

Mechanistically, autophagy in imatinib-sensitive or

resistant K562 chronic myeloid leukemia (CML) cells

depended on c-Jun-N-terminal kinase (JNK) activation, p62

knock-down as well as AMPK activation and subsequent

mTOR pathway inhibition [46]. Additionally, co-immuno-

precipitation studies revealed that LC-3 and p62 proteins

could potentially bind together especially that they both

colocalized in the autophagosomes. Similarly, resveratrol-

induced autophagy was associated with an increase in the

expression of p62 in CD34? progenitors from CML patients

[46]. In contrast, in U373 glioma cells, resveratrol-induced

autophagy was inhibited after pretreatment with p38 or

extracellular signal-regulated kinases (ERK)1/2 inhibitors

but not with Akt/mTOR signaling pathway inhibitors [47].

In some instances, resveratrol decreased autophagy even

if LC-3 II and lysosome associated membrane protein

(lamp-2) levels were increased following treatment. This

decrease in autophagy was due to a deficiency in

autolysosome formation and the triggering of premature

senescence in human epidermoid carcinoma A431 cells as

well as to the downregulation of Akt1S473 phosphorylation

and mTOR signaling components including Rictor and the

downstream effector activity of Rho-GTPase [48]. A recent

phosphoproteomic analysis in serum starved MCF-7 cells

showed that resveratrol inhibits the potential effectors of

autophagy, namely Akt/mTORC1/SK1 signaling [49]. In

HGC-27 gastric cancer cells, autophagy induction by

resveratrol did not trigger cell death [50].

The promising anticancer potential of resveratrol has

been further confirmed in breast cancer stem-like cells

(BCSC) isolated from MCF-7 and SUM159 [51]. In vitro

treatment with 20 or 40 lM of resveratrol significantly

decreased the number and size of mammospheres and

inhibited the proliferation of BCSC thus reducing the

overall population [51]. Mechanistically, resveratrol’s

anticancer potential in BCSC involved the formation of

autophagocytic vacuoles and the increase in LC3-II, Beclin

1, and Atg 7 protein levels. Resveratrol’s activity was

subsequently found to depend on the suppression of the

Wnt/b-catenin signaling pathway [51].

The naturally occurring structural analogue to resvera-

trol, pterostilbene, has also been reported to induce

autophagy, cell cycle arrest, and apoptosis in different

cancer types including bladder, breast, and leukemic cancer
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cells [52]. In HL-60 leukemic cells, pterostilbene’s anti-

cancer mechanism of action resulted in G0/G1 cell cycle

arrest as well as the induction of autophagy by conversion

of LC3-I proteins and formation of autophagic vacuoles.

Subsequently, the cells underwent cell death as evidenced

by phosphatidylserine externalization, DNA fragmentation,

and caspase-3 and caspase-9 activation as well as by the

disruption of mitochondrial membrane potential [52].

Necrosis and apoptosis by resveratrol

Resveratrol’s chemotherapeutic mechanism has been

attributed, to a large extent, to its ability to induce pro-

grammed necrosis and apoptosis by regulating key targets

in these pathways. Treatment with resveratrol increased the

ratio of terminal deoxynucleotidyl transferase-mediated

dUTP-biotin nick end labeling (TUNEL)-positive U373

glioma cells [47]. Caspase-dependent apoptosis was also

induced in DLD-1 colorectal cancer cells in response to

exposure to resveratrol [44]. Similarly, resveratrol induced

apoptosis in HT-29 colorectal cancer cells in a time-de-

pendent manner. In these cells, ROS signaling triggered

autophagy which was required for caspase-8 and caspase-3

activation, PARP cleavage, and induction of apoptosis

[45]. Apoptosis and cell death in leukemic cells was also

found to be caspase-dependent [46].

In breast cancer, resveratrol triggered apoptosis in MCF-

7casp-3 cells by the activation of caspase 3 and subsequent

PARP cleavage [42]. Signs of necrosis, namely the early

plasma membrane rupture and cell dilatation were also

present in the MCF-7casp-3 and MCF-7vc cell lines with a

more pronounced necrotic profile observed in the former

cells [42]. Another study showed that when MCF-7 cells

were treated with concentrations higher than 50 lM of

resveratrol, S phase effect of resveratrol was reduced and

was almost reversed at 150 lM concentrations [33]. High

concentrations of resveratrol (150 lM) were associated

with an increase in the apoptotic profile of the cells as

evidenced by the presence of hypodiploid cells, chromatin

condensation, and nuclear fragmentation [33]. MDA-MB-

231 breast cancer cells on the other hand were more sen-

sitive to treatment with resveratrol at 50 lM concentrations

and were found to lead to cell death through non-apoptotic

processes that involved regulation of cyclin D1 and cyclin

E, CDK4, but not the tumor suppressors p21, p27, and p53

proteins [33].

The activity of resveratrol in some cancer cell lines

was found to be mainly due to its metabolic activation by

the cells [34]. Metabolically active H4IIE rat hepatoma

cells and C6 rat glioma cells with poor metabolic activity

differentially reacted to treatment with resveratrol [34]. At

24 h following incubation with 100 lM resveratrol,

necrosis was detected in C6 cells but not in H4IIE cells.

On the other hand, at 48 h post-treatment, nuclear frag-

mentation, which is indicative of apoptosis, was only

detected in H4IIE cells. Apoptosis in H4IIE cells fol-

lowing DNA damage involved the activation of caspases

2 and 8/10 after which caspase 3 but not caspase 9 was

activated [34]. This difference in drug response to apop-

totic versus necrotic cell death is believed to be due to the

difference in the cellular metabolism of resveratrol,

among other factors [34].

Senescence by resveratrol

In addition to inducing cell death by autophagy, apoptosis,

and programmed necrosis, resveratrol was shown to induce

irreversible cell growth arrest or senescence mainly

through the activation of the ATM/ATR pathway. In HCT-

116 colorectal cancer cells, 30 lM of resveratrol caused

complete growth arrest 30–40 days after treatment with no

signs of apoptosis or DNA damage [53]. Senescence was

evidenced by the enlarged cellular morphology, the

expression of senescence-associated-b-galactosidase (SA-

b-gal), the abrogated bromodeoxyuridine (BrdU)-labeling

index as well as the decreased sensitivity to growth factors

[53]. Mechanistically, both p53 phosphorylation and p21

induction were required for senescence as demonstrated by

the inability of resveratrol to induce irreversible growth

arrest when either protein was knocked out. Inhibitors of

the ATM/ATR pathway abrogated both senescence and the

phosphorylation of p53 and induction of p21, suggesting

that senescence occurs through the activation of this

pathway. The activation of ATM/ATR as well as senes-

cence was also inhibited when cells were pre-incubated

with the strong antioxidant N-acetylcysteine (NAC), con-

firming that ROS production by resveratrol was critical for

the triggering of senescence. ROS further induced the

activation of p38 MAPK which has been reported to pos-

itively regulate senescence [53].

Similarly, low concentrations of resveratrol (10–50 lM)

induced senescence in A549 and H460 non-small cell lung

cancer (NSCLC) cell lines through ROS-dependent p53

phosphorylation and p21 induction [54]. In these cells,

resveratrol decreased the expression levels of the EF1A

protein indicative of premature triggering of senescence.

The elevated expression of the NAPDH oxidase-5 (Nox5)

protein in response to treatment with resveratrol was sug-

gested to account, in part, for the increased ROS produc-

tion [54]. Senescence by resveratrol was also reported in

glioma cells whereby mono-ubiquitination of histone H2B

at K120 was inhibited through the depletion of the H2B

ubiquitin ligase RNF20 and subsequent senescence induc-

tion [55].
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Furthermore, treatment of gastric cancer cell lines

namely, AGS, BGC-823, and SGC-7901with resveratrol at

concentrations of 25 and 50 lM inhibited their prolifera-

tion in a dose-dependent manner in addition to reducing

their cell viability and clonogenic potential [56]. The

mechanism of action involved deregulation of major cell

cycle regulators including cyclin D1, CDK4 and 6, p21,

and p16 and subsequent G1 phase arrest. b-Gal staining
also revealed that resveratrol induces senescence in vitro.

In vivo cell death effects of resveratrol

Evaluating resveratrol in tumor animal models has shown

promising therapeutic effects, neutral as well as negative

effects depending on the mode of drug administration,

dosage used and animal tumor model [57]. Exposure to

resveratrol has been found to inhibit tumor initiation and

promotion and suppress angiogenesis and metastasis [56]. In

both UV-irradiated mice and in 7,12-dimethylbenz(a)an-

thracene (DMBA)-treated rats, resveratrol was able to sup-

press skin and mammary tumorigenesis, respectively [37,

48]. Not only did resveratrol and its nanoparticle bovine

serum albumin formulations inhibit tumor growth in nude

mice transplantedwith ovarian carcinoma, but apoptosis was

also induced in tumor tissues of treated animals alongwith an

increase in the expression of cytochrome c, caspase 9, and

caspase 3 proteins [58]. In gastric cancer BGC-823 xenograft

mouse model, treatment with 40 mg/kg/day of resveratrol

was also effective in inhibiting tumor growth and cell pro-

liferation by deregulation of major cell cycle regulators and

induction of senescence. Sirtuin (Sirt)1 silencing signifi-

cantly reduced the inhibitory effect of resveratrol on cell

viability and colony formation as well as on cell cycle arrest

and senescence induction both in vitro and in vivo [56].

Recently, the anticancer effect of resveratrol was further

confirmed in vivo in a mouse xenograft model of SUM159

breast cancer cells, where treatment with 100 mg/kg/day of

resveratrol for 2 weeks significantly inhibited tumor growth

and reduced the BCSC population in tumor tissues [51]. In

addition, when assessing for the ability of residual cancer

cells to initiate tumors, resveratrol-treated mice only devel-

oped 1/6 compared to 6/6 initiated tumors for the untreated

control group [51].

Clinical trials on resveratrol

The cancer chemopreventive effects of resveratrol, which

have been well documented in animals, have not been

confirmed in humans yet. One drawback of resveratrol for

development into an anticancer molecule is its poor

bioavailability, and rapid metabolism which limits its

presence in the bloodstream [59]. Moreover, the actual

metabolite(s) responsible for the anticancer effects of

resveratrol are still unknown. For this reason, intense

research on its encapsulation alone or in combination with

standard chemotherapeutic drugs has been conducted to

enhance its bioavailability [60]. Another challenge for

resveratrol’s development for human use is that the maxi-

mum safe dose is not known yet. Although resveratrol was

found to be well tolerated in colorectal cancer patients who

ingested eight daily doses of resveratrol at 0.5 or 1.0 g

before surgical resection [61], there have been concerns

about the safety of consuming high doses of a nutraceutical

rich in phenolics which could cause adverse effects and

interact with other drugs (reveiwed in [59]). This is why the

safety and efficacy of this plant-based drug should be

documented before clinical use. Despite these challenges, a

number of clinical trials are ongoing to test the effects of

resveratrol on human health (www.clinicaltrials.gov). The

main characteristics, objectives, outcomes, strengths, and

limitations of these randomized clinical trials have been

critically reviewed [59]. These trials will shed light on

resveratrol’s efficacy and safety of use in humans and will

ultimately allow either its development into an anticancer

molecule or its use as a scaffold for the development of

other synthetic compounds.

Curcumin

Curcumin (diferuloylmethane)-(1,7-bis (4-hydroxy-3-

methoxyphenyl)-1,6-hepadiene-3,5-dione) (Fig. 1b) is a

natural polyphenolic compound extracted from the rhi-

zomes of Curcuma longa. Curcumin first characterized in

1910, is a bis-a,b-unsaturated b-diketone that exists in

balance with its enol form in a pH-dependent manner. It is

the main active compound in the South Asian spice tur-

meric, and is also found in small amounts in ginger, giving

both turmeric and ginger their yellow color. Curcumin

possesses the potential to release electrons facilitating the

scavenging activity of polyphenolic antioxidants. This

property is mainly responsible for the anticancer, anti-in-

flammatory, and anti-oxidant activities of curcumin. In

addition, curcumin has been shown to exert cytotoxic

effects on cancer stem cells (CSCs) without being toxic to

normal stem cells [62–64]. At the molecular level, cur-

cumin has been shown to target miRNAs involved in

epithelial to mesenchymal transition, Wnt-beta catenin,

protein kinases, NF-jB, STAT3, anti-apoptotic proteins

and to modulate cell cycle through epigenetic regulation

[63, 65, 66]. Recent studies have also shown that the

suppression of Sp-1 and its downstream targets, namely

calmodulin and SEPP1 may account for curcumin’s anti-

tumor effects [65].
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Autophagy by curcumin

Among all cell death mechanisms, which are triggered by

anticancer agents, autophagy is the most dominant bio-

logical process which leads to notable effects on tumors

after curcumin treatment. In malignant gliomas, curcumin

was found to modulate the Akt/mTOR/P70S6 and ERK1/2

pathways, both of which regulate autophagic cell death

[67]. In glioblastomas, curcumin induced autophagy by

inhibiting the Akt pathway and activating the ERK1/2

signaling pathway. When the Akt pathway was activated,

autophagy by curcumin was inhibited in U87-MG and

U373-MG glioma cell lines, while blockage of the ERK1/2

pathway inhibited curcumin-induced autophagy and cyto-

toxicity in these cell lines [67]. Curcumin was also shown

to induce autophagy in HCT-116 human colorectal cancer

cells [68], MCF7 breast cancer cells, U2OS osteosarcoma

cells and KBM-5 CML human leukemia cells.

Another autophagic cell deathmechanism by curcumin in

oral squamous cell carcinoma (SCC) involves the up-regu-

lation of ROS production. In the presence of the antioxidant

NAC, autophagy induced by curcumin was blocked, sug-

gesting that ROS accumulation plays a key role in autophagy

activation [69]. This curcumin-induced ROS production

activated and accelerated active autophagosome formation

alongwith high conversion ofLC3I protein to its LC3II form,

a marker of autophagy [69]. Furthermore, it was found that

curcumin treatment contributed to a similar increase in

LC3B II/LC3 I ratio and autophagosome formation in human

malignant pleural mesothelioma ACC-MESO-1 cell line

[70]. In addition to LC3II up-regulation by curcumin, Beclin

1 levels increased in CML K562 cells [71]. Following

application of bafilomycin A1, an autophagy inhibitor, and

the pan-caspase inhibitor, Z-VAD-fmk, onK562 cells, it was

evident that cell death by curcumin was suppressed, which

reveals that cell death in K562 is through both apoptosis and

autophagy [71]. Other studies further confirmed the

involvement of ROS accumulation in cell death mechanisms

by curcumin. In HCT-116 human colorectal cancer cells,

curcumin treatment resulted in ROS accumulation [72], an

increase in LC3I conversion to LC3II and in sequestome 1, a

marker of autophagosome degradation that binds to LC3

[73]. Testing the causality between ROS production and

autophagy induction, it was noted that curcumin-induced

autophagy in HCT-116 cells was not enhanced by ROS-

activated ERK1/2 and p38 MAPK, suggesting that ROS

production by curcumin might influence autophagy by other

means [73]. Additionally, autophagy induction following

treatment with curcumin was verified by various morpho-

logical aspects described in treated KYSE450 human eso-

phageal SCC and human Caucasian OE19 esophageal

carcinoma cells, such as the increase in vacuolization of the

cytoplasm associated with complete loss of the cytoplasmic

membrane, the nuclear membrane being intact, and nuclear

pyknosis [74]. Recently, curcumin was found to inhibit the

acetyltransferase activity of recombinant E1A-binding pro-

tein p300 (EP300), which suggested EP300 as an endoge-

nous repressor of autophagy [75].

Curcumin treatment of A431 SCC expressing the

p53R273H mutant caused increased degradation of p53,

autophagy and apoptosis [76]. mTOR inhibition by rapa-

mycin synergized with curcumin to result in p53 degrada-

tion, as well as increased LC3II levels and autophagosome

formation. Autophagy-dependent degradation of mutant p53

shed light on the potential effectiveness of curcumin treat-

ment on chemoresistant cells harboring p53 mutations [76].

Combination of curcumin with clinically approved anti-

cancer drugs commonly used in chemotherapy showed

antagonism between curcumin and the topoisomerase II

inhibitor, etoposide [77]. Antagonism was thought to be

caused by the action of curcumin and etoposide on the same

target topoisomerase II, therefore one compensating the

effect of the other. Along with the involvement of DNA

damage response, electron microscopy examinations

revealed that cell death mechanisms are implicated in

resistance to genotoxic effects of both curcumin and etopo-

side. While curcumin treatment alone caused autophagy in

MCF-7 human breast cancer cells, HepG2 human hepato-

cellular carcinoma, HCT-116 colorectal cancer, and HeLa

cervical cancer cells, the combination of curcumin and eto-

poside caused apoptosis and programmed necrosis [77].

Various studies have reported the cytotoxic effects of

curcumin derivatives and analogues. A stable curcumin

derivative, bis-Dehydroxycurcumin (bDHC), caused irre-

versible cytotoxicity in HCT-116 cancer but not in normal

cells [78]. An increase in p53 in the cytoplasm was found

in response to treatment of HCT-116 cancer cells with

bDHC, suggesting that this derivative acts on p53-depen-

dent cytoplasmic mechanisms [78]. In addition, in response

to bDHC, cells exhibited endoplasmic reticulum (ER)

stress, revealed by dilated morphology of ER and deregu-

lation in mRNA levels of transcriptional activators of the

anti-apoptotic gene Bcl-2 [78]. Therefore, it is by the

activation of the ER stress response that bDHC induces

apoptosis in p53-independent manner, in which activation

of the transcriptional activator CHOP downregulates Bcl-2.

Autophagy is another cell death mechanism triggered by

bDHC-induced ER stress which reflects the crosstalk

between apoptosis and autophagy. When apoptosis is

inhibited, autophagy can still induce death in bDHC-treated

cells whereas inhibition of autophagy led to a strong

decrease in apoptotic response, suggesting the upstream

position of autophagy with respect to apoptosis [78]. It was

also shown that bDHC and curcumin can act as proteasome
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inhibitors promoting the accumulation of poly-ubiquiti-

nated proteins. Further studies are ongoing to overcome the

high IC50 of bDHC in HCT-116 and LOVO cell lines [78].

Another curcumin analogue, B19, is subject to new

investigation [79]. B19 is a monocarbonyl analogue of

curcumin which was also shown to induce ER stress

responses and to activate autophagy in HO8910 ovarian

cancer cells. B19 increased the autophagosome formation

and the conversion of light chain protein from LC3I to

LC3II, which enhanced epithelial ovarian cancer cell death

by autophagy [79]. Moreover, inhibition of autophagy

promoted cancer apoptosis using 3-methyladenine, sug-

gesting that autophagy induces ER stress which in turn

increases B19-induced apoptosis [79].

The curcumin derivative 2E, 6E-2-(1H-indol-3-yl)

methylene)-6-(4-hydroxy-3-methoxy benzylidene)-cyclo-

hexanone (IHCH) has been found to inhibit the growth of

A549 lung cancer cells by inducing autophagy. The

occurrence of autophagy was evidenced by a higher num-

ber of autophagic vacuoles observed with respect to control

cells and by the elevated conversion of LC3I to LC3II

protein levels in IHCH-treated cells [80].

Necrosis and apoptosis by curcumin

Controversies still exist regarding the exact mechanisms of

cell death induced by curcumin, although studies have

mainly focused on autophagy and apoptosis. Programmed

necrosis was found to be a common cell death mechanism

involved in curcumin’s anticancer effects, which was char-

acterized by the induction of ROS and caspase-independent

cell death [81].

DU-145 human prostate cancer cells were found to

respond to curcumin treatment by ROS production [82].

However, a complex signaling network is switched on

during different stages of curcumin treatment, where ROS

promotes cell survival in early times of treatment along

with an increase in Akt or p38/JNK phosphorylation, while

at later times of treatment, necrotic cell death and caspase

degradation occur [82]. In contrast, in human skin normal

fibroblast BJ cells, curcumin treatment induced less

necrotic effects compared to prostate cancer cells based on

low levels of ROS production, low activities of survival

signals and less caspase degradation, all of which are

required for programmed necrosis [82].

Curcumin was found to act on other pathways leading to

programmed necrosis and apoptosis. It down-regulated the

activity of NF-jB, thus suppressing transformation of

tumor cells [83]. Curcumin-induced down-regulation of

NF-jB was evident by a decrease in cyclin D1 protein

levels and an increase in p21 expression levels, which

explain curcumin’s effects on cell proliferation and

apoptosis induction through the p53 pathway [83]. Tradi-

tionally, Bacillus Calmette-Guerin (BCG) intravesicular

administration is being used as a treatment for bladder

cancer, in early stages or after removal of the tumor,

because it stimulates immune responses that can destroy -

cancer cells within the bladder. The advantage of using

curcumin as an alternative therapy lies in that it has the

same efficacy without the side-effects accompanying BCG

treatment. Moreover, BCG is being rejected in one-third of

the patients, and curcumin characterized by low absorp-

tivity in the vesicles, both make curcumin an attractive

venue for potential intravesicular treatment [83].

Mitotic catastrophe by curcumin

Curcumin treatment of tumor cells triggers not only apop-

tosis, but also mitotic catastrophe in which defective cell

cycle checkpoints and various disturbances during mitosis

result in mitotic failure [74]. Exposure of human esophageal

SCC cells (OE21, OE33) and esophageal adenocarcinoma

KYSE450 cells to curcumin revealed mitotic catastrophe

induction as evidenced by visible distinct chromosomes,

monopolar spindles and duplicated yet not separated chro-

mosomes [74]. Curcumin-treated cells displayed many

aspects ofmitotic catastrophe such as nuclear fragmentation,

the absence of the nuclear envelope, the presence of an extra

nucleus, and other abnormal morphologies specific to cell

lines. In addition, all three esophageal cancer cell lines have

shown an increase in percentage of cells arrested in G2/M

phases after curcumin treatment and an increase in mitoses-

specific antibodies staining, an early prophase marker com-

monly used to assess mitotic perturbance [74].

Furthermore, curcumin has the potential to induce

mitotic catastrophe by a mismatch repair (MMR)-depen-

dent process [84]. The MMR-dependent process is known

as the system, which corrects post-replicative errors and

was shown to be involved in HCT-116 cancer cells sensi-

tivity to curcumin by triggering the serine/threonine protein

kinase DNA damage checkpoints, Chk1 and Chk2. Cur-

cumin was defined as a genotoxic agent that produces ROS

leading to DNA double strand breaks (DSB) in the genome,

which ultimately results in the activation of G2/M cell

cycle checkpoint through Chk1/Chk2 pathway [84].

Although ROS generation is not affected by the MMR

system, however DNA double strands fail to break if MMR

is deficient in cells. Thus, DSB are reduced in MMR

deficient cells treated with curcumin and fail to activate the

G2/M checkpoint, which explains the resulting cell death

through mitotic catastrophe [84].

Recent studies have shown that human medulloblastoma

cell lines, DAOY, D283 Med and D341 Med, are respon-

sive to curcumin treatment by a reduction in histone
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deacetylase 1 (HDAC1) expression and activity, and an

increase in tubulin acetylation [73]. This increase in tubulin

acetylation resulted in modifications in microtubular

organization affecting spindle formation, since increased

tubulin acetylation is mainly associated with increased

microtubule stability [85]. Hence, curcumin was shown to

affect tubulin stability and organization along with its

direct binding to tubulin in the mitotic spindle.

The response of pancreatic cancer cells to curcumin

treatment further confirms the induction of mitotic catas-

trophe by this anticancer drug. Studies have shown that

curcumin acts on translation inhibition in pancreatic cancer

cells by increasing mRNA expression, but not protein

levels, of the cyclooxygenase COX-2 and the vascular

endothelial growth factor (VEGF) [86]. Curcumin was

found to increase the expression of the RNA binding pro-

tein-CUGBP2, which in turn inhibits translation by an

increased binding to VEGF and COX-2 transcripts. Con-

sequently, mitotic catastrophe induction by curcumin is due

to caspase activation and mitochondrial membrane polar-

ization in pancreatic cancer cells [86].

In summary, following curcumin treatment mitotic

catastrophe was induced either by triggering abnormalities

in chromosome segregation, MMR-dependent DNA DSB,

translation inhibition, or tubulin stability and organization.

One additional approach of inducing mitotic catastrophe by

curcumin in cervical cancer HeLa, colorectal cancer HCT-

116, HT1080 fibrosarcoma, and U20S osteosarcoma cells

is to suppress the DNA damage response pathway [87].

Curcumin was shown to inhibit histone acetyltransferases

(HATs) responsible for histone acetylation at DSB sites

and for inhibition of ATR kinase, thereby disturbing ATR-

Chk1 signaling cascade [87].

Senescence by curcumin

An additional studied tumor suppressor process triggered by

curcumin is senescence which implicates morphological,

functional, and behavioral modifications and an irreversible

growth arrest. Furthermore, cells undergoing senescence

exhibit a senescence-associated secretory phenotype, which

can bemarked by SA-b-gal activity, Ki-67, Lamin B1 levels,

and BrdU incorporation [88]. A recent study showed that

curcumin inactivates breast cancer-associated fibroblasts

(CAFs) by inducing senescence, in turn reducing their pro-

carcinogenic competence [88]. Upon curcumin treatment on

CAF-87 cells, the levels of the tumor suppressor proteins

p16, p21, and p53 were upregulated and JAK2/STAT3

pathway, which is responsible for the pro-carcinogenic

potential of CAFs, was inhibited. Cells treated with cur-

cumin also showed decreased Ki67 index and lower BrdU

incorporation when compared to untreated cells confirming

the inhibition of proliferation. In addition, SA-b-gal activity
was higher in curcumin-treated cellswhereas LaminB1 level

was downregulated which implicates curcumin-induction of

senescence in breast fibroblasts [88]. The induction of

senescence in stromal breast fibroblasts by curcumin sug-

gests that it may be a potential anticancer drug targeting

stromal cells along with tumor cells.

A natural derivative of curcumin known as bis-

demethoxycurcumin (BDMC) was also investigated for its

anticancer effects [89]. BDMC treatment of MCF-7 breast

cancer cells inhibited cell proliferation in parallel with a

rapid increase of intracellular ROS levels and reduced

mitochondrial membrane potential. MCF-7 cells treated

with BDMC showed upregulation of p53/p21 and p16/Rb

pathways, thereby inducing activation of p53, p21, p16,

and Rb proteins involved in pro-apoptotic signaling. When

the antioxidant NAC was added to BDMC-treated cells, the

aforementioned modifications were counteracted [89].

In vivo cell death effects of curcumin

Curcumin was found to inhibit tumor growth in animal

models by several mechanisms. In the syngeneic murine

orthotopic bladder tumor model, the smaller tumor size in

curcumin-treated mice was associated with a higher per-

centage of necrotic cells [83]. Tubulin acetylation and

mitotic catastrophe were responsible for reduced tumor

size and increased survival by curcumin in the transgenic

medulloblastoma murine model [73]. Further in vivo

studies showed that autophagy induction by curcumin was

the mechanism of growth inhibition of subcutaneously

injected human malignant glioma cells as evidenced by the

high detection of LC3-II protein in curcumin-treated mice

compared to controls [67].

In glioblastoma patient samples, curcumin toxicity was

also found to decrease the excessive proliferation of

glioblastoma-initiating cells responsible for initiation and

relapse of this cancer [90]. In lipopolysaccaride -induced

brain inflammation model and GL26 brain tumor model,

intranasal administration of exosome-containing curcumin

significantly protected from brain inflammation and

delayed brain tumor growth, respectively. Glioblastoma-

initiating cells showed higher differentiation in counterpart

of slower proliferation and elevated LC3II protein levels,

indicative of autophagy [90].

Genistein

Genistein is a natural isoflavonoid (40,5,7-trihydroxy-
isoflavone) (Fig. 1c) found in soybean seeds. It is also

found in legumes as a precursor for the biosynthesis of
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antimicrobial phytoalexins and phytoanticipins. Genistein

is one of the most widely studied drugs [91–93] that exerts

its antitumor mechanisms through the regulation of ROS

production [94]. It was first isolated from the drying twigs

of Dyer’s broom Genista tinctoria, hence its name.

Genistein is known to provide health benefits regarding

cognitive functions, cardiovascular diseases, bone loss, and

cancer treatment [95]. It is effective against several tumor

types such as breast cancer, prostate, ovarian, colon, gas-

tric, lung, and pancreatic adenocarcinomas and lymphomas

[91]. Genistein was reported to be an enhancer of anti-

cancer treatments as it is involved in altering the regulation

of gene expression of processes such as proliferation, cell

cycle progression, transcription, apoptosis, oncogenesis,

cancer cell invasion, and metastasis [93, 95]. Genistein has

a structure similar to the principal mammalian estrogen and

at low concentrations below 10 lM it induced cell prolif-

eration in breast cancer cells [92]. Despite such estrogen-

like effects, studies have shown that increased consumption

of soy beans, which have high levels of genistein, is

inversely related to the occurrence of breast cancer [96].

Autophagy by genistein

Genistein has been shown to trigger autophagy in several

types of cancer cell lines. Treatment with genistein inhib-

ited the proliferation of both cisplatin-sensitive A2780 and

cisplatin-insensitive (CaOV3, ES2) ovarian cancer cells,

with a more pronounced effect in the former [91]. The

mechanism behind this inhibition was found to be due to

genistein’s ability to hinder glucose uptake via inhibition of

Akt kinase, an oncogenic kinase that, when activated, plays

an important role in glucose metabolism by allowing the

uptake of glucose and its metabolism. Under these condi-

tions of low glucose, genistein was shown to induce

autophagy as evidenced by the increase of LC3-II levels

within autophagosomes [91, 97]. This effect of glucose

inhibition by genistein is thought to be achieved through

several mechanisms such as competitive inhibition of the

glucose transporter Glut-1 or targeting the upstream acti-

vators of Akt like growth factor receptors, PI3 kinase,

PDK-1 or even directly targeting the Akt kinase [91].

Considering that invasive cancers usually have altered

glucose metabolic pathways and mainly rely on glycolysis,

which results in an exaggerated glucose uptake by the cells,

there is no doubt that the limitation of glucose intake by

genistein would have detrimental effects on tumor cell

proliferation.

Aside from inhibiting Akt kinase itself, genistein was

found to abrogate the NF-jB pathway through Akt sig-

naling mechanisms. NF-jB is known to control cell

growth, differentiation, apoptosis, and stress-response [95].

The inhibition of NF-jB by genistein holds great promise

for combination therapy, since chemotherapeutic agents

such as cisplatin, gemcitabine, and docetaxel have been

reported to activate NF-jB in cancer cells, thus causing

resistance to therapy and re-emergence of cancer.

In vitro and in vivo studies have shown that treatment with

genistein followed by treatment with lower doses of these

chemotherapeutic agents dramatically inhibited growth in a

greater number of cells [95].

Necrosis and apoptosis by genistein

To study the apoptotic effects of genistein, HeLa cells were

separated into two categories: ethanol stressed and non-

stressed cells [93]. After treatment with genistein, it was

found that only stressed cells developed apoptotic features

including nuclear condensation, disruption of mitochon-

dria, cell shrinkage, caspase activation and phosphatidyl

serine externalization, ultimately leading to cell death.

Higher concentrations of genistein were required to induce

these effects in unstressed HeLa cells, suggesting that

stressed cells were more sensitive to genistein [93]. This

greater sensitivity to genistein was found to be related to

the alteration of transcription and translation by this drug.

The antiapoptotic genes, XIAP and MDM2, which were

overexpressed upon removal of stress conditions, were

inhibited in the presence of genistein. In addition, treatment

with genistein led to an increase in p53 protein levels

which eventually activated its target genes NOXA and

PUMA leading to apoptosis [93]. Surprisingly, treatment

with the caspase inhibitor, Z-VAD fmk, did not inhibit cell

death, rather the cells displayed late apoptotic and necrotic

features. The results of this study suggested that the

recovery of cancer cells from apoptosis after stress removal

may be relevant for the state of proliferation of cancer cells

after cessation of chemotherapy.

Mitotic catastrophe by genistein

Among other processes induced by genistein is the induc-

tion of mitotic catastrophe in some tumor cell lines [92].

Treatment of normal breast cells and breast cancer cells

with genistein caused a more significant G2/M arrest in

cancerous cells as compared to their normal counterpart. In

addition, when the mitotic fraction was measured, genis-

tein-treated cells were found to be lower in number than

control cells at any time, suggesting that cancer cells are

inhibited from completing mitosis. Although genistein-

treated cells were able to enter prophase and metaphase,

they exhibited a high level of chromosomal structural

abnormalities during anaphase, namely chromosome
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bridges and/or absent chromosomes in addition to a major

reduction in the number of telophase cells [92]. To

understand the basis of this cell cycle arrest, a spread of the

chromosomes showed that genistein caused aneuploidy,

chromosome tangling and stickiness during metaphase,

which could explain the abortive exit from mitosis. Further

analysis showed that this was due to the inhibition of

topoisomerase II, an enzyme necessary for normal chro-

mosomal separation during mitosis. To confirm these

findings, the same cells were treated with the specific

topoisomerase II inhibitor, ICRF-193, which was found to

cause polyploidy by allowing continuous duplication of

DNA content in contrast to the blocking of endoredupli-

cation and the 4n or 8n stop caused by genistein. Inter-

estingly, the effect of genistein was found to be dominant

over ICRF-193 when both were present [92].

Senescence by genistein

Apoptosis was found to constitute only 20–25 % of the

observed cell death effects of genistein, therefore, there

was a need to study other cell death mechanisms induced

by this drug and which may account for its cytotoxic

activities [91]. Treatment of breast (MCF-7), ovarian

(SKOV-3), and prostate (DU-145, LNCaP) cancer cells

with low concentrations of genistein (0.5–1 lM) were

shown to activate telomerase activity at the transcriptional

level [98]. However, higher concentrations of genistein

(50 lM) reversed this effect and caused a significant

inhibition of telomerase activity. This inhibition of telom-

erase was one of the major triggers of cell aging and

senescence in the studied tumor cells. The extreme varia-

tion in genistein’s effects depending on the concentrations

applied proposes a wide frame of activities by which it can

act on the cell [98]. In addition, genistein was shown to

induce senescence by the activation of the tumor suppres-

sor protein p53 [99].

In conclusion, genistein treatment provides the prospect

for the primary prevention of common cancers through its

pleiotropic effects. Further studies will reveal whether

genistein is a promising chemopreventive and/or thera-

peutic agent against other human cancers. In fact, most

anticancer drugs and therapeutic agents kill cancer cells by

inducing apoptosis, a mechanism that has been recently

shown not to be as effective since chemoresistence fre-

quently arises by mutations in apoptotic pathways. About

70–80 % of ovarian cancer patients are treated effectively

by chemotherapy, but the rest shows a relapse and eventual

metastasis [91]. Therefore, non-apoptotic mechanisms of

cell death induced by genistein seem to be a promising

approach for improving cancer treatment and therapy.

In vivo cell death effects of genistein

The chemopreventive and chemotherapeutic effects of

genistein in animal preclinical models have been recently

summarized [100]. Genistein has been shown to reduce

tumor incidence and multiplicity of several cancers in vivo,

including leukemia, when targeted by linkage to a mono-

clonal antibody, and chemically-induced mammary tumors

when administered neonatally [96]. The mechanisms of

suppression of tumor formation by genistein include the

inhibition of epidermal growth factor (EGF)-mediated

tyrosine phosphorylation in the human epidermal carci-

noma animal model [101], as well as enhanced death of B

cell precursor leukemia cells by selectively inhibiting the

CD-19-associated tyrosine kinase [101]. Also, genistein

was found to act as a poison for Topoisomerase II in the

colon of rats when applied at high levels [102]. The sup-

plementation of genistein containing soy isoflavones

induced interesting anticancer effects like preventing pul-

monary metastasis of melanoma cells in mice, decreasing

the rate of rise in prostate serum antigen levels with no

toxicity in prostate cancer patients, and reducing oxidative

damage in human volunteers [103].

Alkaloids as a rich source of anticancer drugs

Alkaloids are a diverse group of naturally occurring com-

pounds known to be rich in biological activities [104].

They are broadly distributed in the plant kingdom, mainly

in higher plants. Alkaloids contain a ring structure and a

basic nitrogen atom; however some neutral and mildly

acidic members exist [105, 106]. These nitrogen-contain-

ing compounds are not easily classified and there are no

clear boundaries to distinguish them. Recent alkaloid

classifications rely mostly on biosynthetic pathways and on

the carbon skeleton [107].

Alkaloids have served as the main source of well-known

anticancer drugs in the clinic such as the taxanes, vinca

alkaloids, and camptothecins [14] and many other com-

pounds are in clinical development [104]. The anticancer

mechanisms of the most commonly used alkaloids involve

arresting cells at G2/M phase, inducing apoptosis by

microtubule destabilization, preventing microtubule poly-

merization, and inhibiting topoisomerase I [14].

Recently, alkaloids derived from marine sources such as

sponges, algae, aquatic fungi, cyanobacteria, and tunicates

have been found to be a rich reservoir of anticancer com-

pounds [108]. A PuBMed and Medline database search

showed that there are more reports of non-apoptotic tumor

cell death mechanisms by the alkaloids berberine, colchi-

cine, and noscapine, all three of which are in clinical
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development (Table 2). Based on this finding, we opted to

review these three naturally occurring alkaloids.

Berberine

Berberine is an isoquinoline alkaloid (Fig. 1d) that has

been extensively used in Ayurvedic and old Chinese

medicine and is widely distributed in several medicinal

plants such as goldenseal (Hydrastis canadensis), Indian

Barberry (Berberis aristata), Chinese Goldthread (Coptis

chinensis, Coptis rhizome, and Coptis japonica), and Amur

cork tree (Phellondendron amurense), among others [109].

Berberine has a broad range of medicinal properties

including antibacterial, antidiabetic, anti-inflammatory,

hepatoprotective and neuroprotective effects, expansion of

blood vessels, inhibition of platelet aggregation, and pro-

tection of myocardial ischemia and, therefore, has a wide

spectrum of clinical applications [110]. Berberine is com-

monly used in Traditional Medicine for the treatment of

diarrhea, diabetes, hyperlipidemia, metabolic syndrome,

obesity, fatty liver disease, arrhythmia, and pain [111].

The wide spectrum of pharmacological properties of

berberine indicates that it has a biologically interesting

carbon skeleton which constitutes an attractive lead com-

pound for several modifications [110]. Recently, berber-

ine’s anticancer properties have been highlighted in several

reviews [104, 110, 112, 113]. Research has shown that

berberine has potent apoptotic properties in tumor cells and

interferes with several stages of tumor progression and

metastasis. The molecular targets of berberine are diverse

as this drug interacts directly with nucleic acids on specific

DNA sequences [114] and with several crucial proteins

such as DNA topoisomerases, telomerase, COX-2, p53,

NF-jB, and metalloproteinases (MMPs) [112]. The anti-

tumor effects of berberine are observed in several types of

solid and hematological cancers and result in cell cycle

arrest at G1 or G2/M phases, DNA damage, intrinsic and

extrinsic apoptosis, production of ROS, and involvement of

Bcl-2 family members [110]. Only recently alternative

mechanisms of cell death have been uncovered for ber-

berine ranging from autophagy, ER stress, programmed

necrosis, mitotic catastrophe, and senescence as presented

next.

Autophagy by berberine

Berberine was first demonstrated to induce autophagic cell

death in vitro and in vivo when used in combination with

radiotherapy in lung cancer [115]. Berberine enhanced

radiosensitivity in A549 NSCLC cells through autophagy

as evidenced by increased autophagosome formation,

acridine orange-stained positive cells, LC3 modification,

and mitochondrial disruption. This observation was

extended in vitro and showed that berberine can induce

autophagic and apoptotic cell death in hepatocellular car-

cinoma (HCC) HepG2, MHCC97-1, and SMMC7721 cells

[116, 117]. In berberine-induced autophagy, the role of

Beclin-1 activation and mTOR inhibition was mainly by

suppressing the activity of Akt and up-regulating p38

MAPK signaling [116]. Cell death by berberine was

diminished with the autophagy inhibitor 3-methyladenine

(3-MA) or following interference with the essential

autophagy gene Atg5 [116, 117]. Berberine-induced cell

death in HCC cell lines was also abrogated by the apoptosis

inhibitor, z-DEVD-fmk, which further indicated the

involvement of autophagy and apoptosis [117]. CD147, a

glycosylated immunoglobulin super family transmembrane

protein, is overexpressed in HCC cancer cells and is shown

to promote angiogenesis, invasion, metastasis, and to

confer resistance to chemotherapeutic drugs [117]. In HCC

cells, berberine-induced autophagic cell death reduced the

expression of CD147 [117]. Recently, berberine was shown

to induce apoptotic and autophagic cell death in HepG2

cells as shown by Annexin V? and by the two autophagy

regulators Beclin-1 and LC3BII [118]. Inhibitors of

autophagy (3-MA and Bafilomycin A1) abrogated berber-

ine-induced cytotoxicity whereas the caspase inhibitor

z-VAD-fmk only partially reversed it. siRNA-mediated

silencing of LC3B or Beclin-1 also reversed berberine-in-

duced cell death [118], further emphasizing the role of

autophagy activation in berberine-mediated cell death.

Interestingly, the role of AMPK activation was also high-

lighted in berberine-induced autophagy and apoptosis

where its inhibition by RNA interference (RNAi) or com-

pound C abrogated berberine induced caspase-3 cleavage,

apoptosis, and autophagy in HepG2 cells [118].

Necrosis and mitotic catastrophe by berberine

Berberine was shown to induce cell death in U937

promonocytic and B16 melanoma cell lines but had no

effect on the cell cycle distribution [119]. Berberine

induced apoptosis in U937 cells, however, it resulted in

necrotic but not apoptotic cell death in B16 melanoma cells

at concentrations as low as 1 lg/ml [119]. Doxorubicin is a

potent anticancer drug that causes side effects namely

hepatocellular degeneration, and liver fibrosis and necrosis.

Interestingly, pretreatment with berberine reduced dox-

orubicin-induced hepatotoxicity and liver necrosis in mice,

highlighting the hepatoprotective effect of this alkaloid

when used in combination of hepatotoxic drugs [120].

Berberine was shown to inhibit the proliferation and

induce cell death in several types of cancer cells either G1
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arrest, G2/M arrest or apoptosis depending on the cell type,

drug dose, and treatment duration. Concentrations of ber-

berine, as low as 5 lM, caused G1 arrest and apoptosis due

to activation of the p53-p21 cascade in the prostate cancer

cells RM-1 [121]. On the other hand, ten-fold higher

concentrations caused extensive DNA damage leading to

Table 2 Plant-derived anticancer alkaloids

Purified plant

compound

Plant origin Cancer system Cell death signaling mechanisms References

Alkaloids

Berberine and

analogues

Hydrastis canadensis

(goldenseal), Berberis

aristata (Indian

Barberry), Coptis

chinensis, Coptis

rhizome, Coptis

japonica (Chinese

Goldthread),

Phellondendron

amurense (Amur cork

tree)

Autophagy

Non-small cell lung (A549,

H460), Lewis lung carcinoma

models

Enhance radiation effect through autophagy;

induce mitochondrial disruption

[115]

Liver (HepG2, MHCC97-1,

SMMC7721)

Inhibit mTOR and Akt; upregulate p38 MAPK [116]

Liver (SMMC7721, HepG2) Reduce CD147 expression [117]

Liver (HepG2) Activate AMPK [118]

Necrosis and mitotic catastrophe

Melanoma (B16) [119]

Prostate (RM-1) Induce DNA damage and G2/M arrest;

activate ATM-Chk1

[121]

Senescence

Leukemia (U937) Inhibit telomerase activity; increase

chromosomal abnormalities

[123]

Breast (SK-BR-3) Increase expression of p53, p21, p16, and

plasminogen activator inhibitor-1

[124]

Glioblastoma (U87, U251,

U118), gliobastoma

xenografts

Reduce EGFR and RAF-MEK-ERK signaling [126]

Noscapine and

analogues

Lachryma papaveris

(opium)

Autophagy

Prostate (PC-3) Generate ROS [132]

Mitotic Catastrophe

Breast (MCF10A-transformed

by cigarette smoke

condensate)

Induce polyploidy and telomeric association;

downregulate cdc2/cyclin B1 and cdc2

kinase activity

[133]

Cervical (HeLa) Impair CLIP-170 and EB1 function;

upregulate Aurora A, Plk4, and cyclin B1

[132]

Prostate (PC-3) Generate ROS; induce DNA damage [134]

Colchicine and

analogues

Colchicum autumnale

(meadow saffron),

Gloriosa superba

(glory lily)

Autophagy

Breast (MCF-7, MDA-MB-

231)

Bind colchicine site of tubulin [141]

Melanoma (B16/F10),

colorectal (HCT-116)

Decrease p62 levels [142]

Pancreas (PANC-1), leukemia

(Jurkat)

Generate ROS [143]

Necrosis

Lung, colorectal, ovarian,

prostate, and breast mouse

models

[144]

Fibrosarcoma (HT1080) [140]

Melanoma (B16/F10) mouse

model

Cause vascular disruption [142]

AMPK AMP-activated kinase, ATM ataxia-telangiectasia-mutated, cdc2 cell division cycle protein 2 homolog, Chk1 checkpoint kinase 1, CLIP-

170 cytoplasmic linker protein 170, EB1 end binding protein-1, EGFR epidermal growth factor receptor, ERK extracellular signal-regulated

kinase, LC3 light chain 3, MAPK mitogen-activated protein kinase, MEK mitogen-activated protein kinase kinase, mTOR mammalian target of

rapamycin, Plk4 polo-like kinase 4, RAF rapidly accelerated fibrosarcoma, ROS reactive oxygen species

Apoptosis (2015) 20:1531–1562 1545

123



G2/M arrest and mitotic catastrophe to avoid genomic

instability [121, 122]. Pharmacological inhibition of ATM

or Chk1 abrogated berberine-induced G2/M arrest. The

involvement of Chk1 in the G2/M arrest by berberine was

further confirmed by RNAi of this kinase. Interestingly,

inhibition of ATM by caffeine or KU55933 abolished G2/

M arrest but caused apoptosis due to berberine treatment

[121].

Senescence by berberine

Berberine was first shown to induce tumor cellular senes-

cence by using COMPARE analysis, a bioinformatics

approach for identifying antitumor agents according to

their growth-inhibitory against a panel of human tumor cell

lines [123]. Berberine was identified as a moderate

telomerase inhibitor with 50 % inhibition at approximately

35 lM concentrations in the U937 monoblastoid leukemia

cells. Using berberine as a seed alkaloid in COMPARE

resulted in the identification of the berberine-like com-

pounds, the rhodacyanine derivatives MKT077 and

FJ5002, with 50 % telomerase inhibition at approximately

5 and 2 lM, respectively [123]. Long-term treatment of

U937 cells with nanomolar (nM) concentrations of FJ5002

resulted in progressive telomere erosion, increased chro-

mosome abnormalities, and senescence/crisis-like features.

Berberine and its synthetic derivatives were shown to

induce growth arrest, apoptosis, and cellular senescence in

HER-1/neu overexpressing SK-BR-3 breast cancer cells

[124]. Berberine and derivatives increased the expression

of some senescence players namely the tumor suppressors

p53, p21, p16, and the p53 target gene plasminogen acti-

vator inhibitor-1 which is an essential mediator of

replicative senescence [125]. Interestingly, berberine and

its derivatives reduced the expression and phosphorylation

of the oncogene HER/neu indicating possible efficacy

against aggressive breast cancer cells [124]. Recently, the

antitumor effect of berberine in glioblastoma was demon-

strated to be mediated through the induction of cellular

senescence in vitro and in vivo [126]. Berberine resulted in

reduced levels of epidermal growth factor receptor (EGFR)

and RAF-MEK-ERK signaling which are usually upregu-

lated in human glioblastoma [126]. Inhibition of EGFR by

pharmacological means or by the use of RNAi resulted in

senescence induction in these cells.

It is interesting to note that depending on the prolifer-

ating cell type, berberine may be used as an anti-aging or

gerosuppressive agent. In fact, berberine was shown to

suppress the level of constitutive mTOR, DNA damage,

ROS as well as senescence in several types of proliferating

tumor cells such as A549 lung, WI-38 lung fibroblast, TK6

lymphoblastoid, and stimulated human lymphocytes [127].

Berberine can also reduce premature and stress-induced

senescence caused by the anticancer drug, mitoxantrone by

targeting mTOR/S6 inhibition and ROS signaling under-

scoring the beneficial effects of this alkaloid in age-related

diseases [128].

In vivo cell death effects of berberine

Berberine has demonstrated significant antitumor proper-

ties in several animal models [112]. Berberine hydrochlo-

ride treatment increased the life span in Dalton’s

lymphoma ascites bearing mice where intraperitoneal

administration was shown to be more effective than the

oral route [129]. In addition, berberine sulfate exhibited

antipromoting properties in the two-stage epidermal car-

cinogenesis model [130]. Berberine enhanced radiosensi-

tivity of lung cancer cells in vitro as well as in vivo [115].

This synergistic effect was demonstrated using the Lewis

lung carcinoma model in mice, showing that berberine

combined with irradiation caused tumor shrinkage, induced

autophagy, increased expression of Beclin-1, and decreased

Bcl-2 protein levels. Interestingly, berberine inhibited the

growth of glioblastoma xenografts and induced senescence

in tumors [126].

Noscapine

Opium is known through prehistoric ages for its sedative

and medicinal properties. Noscapine, a phthalideisoquino-

line alkaloid (Fig. 1e), is one of the most abundant alka-

loids in opium constituting up to 10 % of its total content.

This orally bioavailable drug has low toxicity, good tol-

erance, and low addiction and has been commonly used as

a cough suppressant and in the treatment of strokes and

cancer [131]. Noscapine antitumor properties extend to

several in vitro cancer models ranging from lymphoma,

breast cancer, ovarian carcinoma, glioblastoma, colon

cancer, and NSCLC [131]. Noscapinoids, or noscapine

analogues, are microtubule-modulating agents that have

been developed with promising chemotherapeutic proper-

ties but evading the side effects of conventional tubulin-

targeting drugs. Noscapinoids include several haloderiva-

tives namely 9-bromonoscapine (Br-nos) and its reduced

derivative (Red-Br-nos); they have higher tubulin binding

activities at concentrations much lower than noscapine, and

have limited effects on microtubule dynamics, and are

therefore less toxic. They are more potent than noscapine;

induce G2/M arrest, and a variety of cell death mechanisms

including autophagy and mitotic catastrophe.
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Autophagy by noscapine

The noscapine analogue Red-Br-nos was shown to exert

autophagy in prostate PC-3 cells as demonstrated by

numerous acidic vascular organelles, conversion of LC3-I

to LC3-II, and upregulation of Beclin-1 expression fol-

lowed by caspase-independent apoptotic cell death [132].

Red-Br-nos treated PC-3 cells resulted in ROS generation

and its attenuation by ROS scavengers was found to reduce

autophagy and apoptosis. Given the contradictory functions

of autophagy in cell death and survival, the authors have

used a variety of genetic and biochemical approaches such

as Beclin-1 siRNA and 3-MA, to respectively elucidate the

role of autophagy and apoptosis in inducing cell death by

this noscapine analogue in PC-3 cells [132]. Unexpectedly,

enhanced cell death induction by apoptosis was observed

upon inhibition of autophagy in treated cells, highlighting

the role of autophagy suppression in the anticancer effects

of this noscapine analogue.

Mitotic catastrophe by noscapine

Several reports have implicated noscapinoids as strong

inducers of mitotic catastrophe in breast, prostate, and

cervical cancer cells. In fact, Br-nos induced polyploidy

and telomeric association in cigarette smoke condensate

(csc)-transformed normal breast epithelial cells (MCF10A-

csc3) while no effect was observed in normal MCF10A

cells [133]. Br-nos treatment resulted in irreversible mitotic

catastrophe in MCF10A-csc3 cells which exhibited aber-

rant multipolar spindle formation and subsequent impaired

alignment of the replicated chromosomes to the equatorial

plate and apoptotic cell death. Decreased levels of

cdc2/cyclin B1 and cdc2 kinase activity were suggested to

play a role in Br-nos-induced mitotic cell arrest leading to

cell death [133]. Further studies in HeLa cervical cancer

cells have shown that Br-nos induced mitotic catastrophe

and that inhibition of microtubule dynamics was accom-

panied with impaired association of microtubule plus-end

tracking proteins such as CLIP-170 and EB1 [132]. Br-nos

treatment resulted in the formation of multipolar spindles

due to centrosome amplification and upregulation of Aur-

ora A and Plk4 protein levels. Metaphase arrested cells

subsequently underwent either extensive apoptosis or

mitotic slippage due to elevated cyclin B1 levels eventually

leading to an inappropriate exit from the cell cycle, while

other cells formed massive G1-like interphase cells [132].

Red-Br-nos was shown to induce ROS-dependent DNA

damage that resulted in widespread centrosome amplifica-

tion in prostate cancer PC-3 cells [134]. Unlike other DNA

damaging agents such as doxorubicin which cause DSB,

prolonged G2 arrest, and ‘‘template’’ centrosome amplifi-

cation, Red-Br-nos causes de novo centrosome amplifica-

tion and a transient S/G2 arrest, followed by aberrant

mitotic entry resulting in aberrant mitotic figures with

spindle multipolarity [134]. ROS-mediated DNA damage

was partly responsible for centrosome amplification and

spindle multipolarity in the treated prostate cancer cells.

Most mitotically arrested cells died following ‘‘metaphase

catastrophe’’ by caspase-independent apoptosis which was

marked by extensive membrane blebbing while minority of

cells underwent aberrant anaphase or ‘‘anaphase catastro-

phe’’ and progressed through mitosis with multiple lobes

followed by complete or incomplete cytokinesis [134].

In vivo cell death effects of noscapine

Noscapine was first recognized as a potent inducer of

apoptosis when administered orally, injected intraperi-

toneally or intragastrally against solid murine lymphoid

tumors and against xenografts of breast and bladder tumor

cells implanted in nude mice [135]. Noscapine was shown

to arrest cells in mitosis by binding stoichiometrically to

tubulin, altering its conformation, and affecting micro-

tubule assembly [135]. Noscapine potent antitumor prop-

erties extended to several in vivo models ranging from

lymphoma, breast cancer, ovarian carcinoma, glioblas-

toma, colon cancer, and NSCLC with minimal toxicity to

normal tissues [131]. The oral bioavailability of noscapine

as well as its ability to cross the blood brain barrier, and to

interfere with microtubule dynamics with minimal cyto-

toxicity to normal tissues including those harboring rapidly

proliferating cells, highlights its chemotherapeutic poten-

tial [136].

Colchicine

Colchicine, a nitrogen-containing bioactive alkaloid

(Fig. 1f), is a natural compound that is one of the oldest

antimitotic drugs still currently available that can be iso-

lated from plants belonging to the lily family such as

meadow saffron (Colchicum autumnale) or glory lily

(Gloriosa superba) [137]. Colchicine has been used in the

treatment of several diseases namely gout, familial

Mediterranean fever, cirrhosis, Behcet’s disease, and other

crystal arthritis [138]. Its potent antitumor properties are

due to the fact that it binds irreversibly to tubulin which

hinders microtubule formation, inhibits cell cycle pro-

gression, and induces apoptosis. Unfortunately, colchi-

cine’s action is not very specific as it targets rapidly

dividing tumor cells as well as normal cells halting their

progression into clinical applications. As a result,
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derivatives of colchicine as well as colchicinoid prodrugs

were developed with less toxicity and more specific tar-

geting to tumor cells and with potential drug delivery

strategies [139]. Some of these latter compounds are vas-

cular disrupting agents (VDA) which cause rapid shutdown

and disruption of the tumor vasculature leading to tumor

starvation and excessive cell death [140].

Autophagy and necrosis by colchicine

The first report linking colchicine to autophagy was

observed with the substituted pyrrole colchicine mimetic,

JG-03-14, that binds to the colchicine site of tubulin [141].

This microtubule poison promotes cell death at nM con-

centrations mostly through autophagy in p53 wild type

breast cancer cells (MCF-7) and in mutant p53 cells

(MDA-MB-231). JC-03-14 induced autophagic cell death

was extended to additional tumor cells, the B16/F10 mel-

anoma and the HCT-116 colon cancer cells [142].

Recently, a novel derivative of allocolchicine (S)-3,8,9,10-

tetramethoxyallocolchicine, known as Green 1, was shown

to trigger selective autophagic cell death and programmed

necrosis in pancreatic cancer (PANC-1) and acute T cell

leukemia cells (E6-1 or Jurkat), while having minor effect

on normal human fibroblasts [143]. Unlike colchicine,

Green 1 does not seem to target tubulin polymerization to a

great extent; however, it selectively results in increased

ROS production from isolated mitochondria only in cancer

cells and is, therefore, more tolerated in mice.

In vivo cell death effects of colchicine

ZD6126, an allocolchicine analogue, caused extensive

tumor cell necrosis in mouse models of human lung, col-

orectal, ovarian, prostate, and breast tumors [144]. Unfor-

tunately, this compound resulted in extensive associated

cardiotoxicity in humans which halted its clinical devel-

opment in Phase II [145]. Consequently, novel ZD6126

analogues were developed with more selective toxicity to

tumor versus normal cells and were shown to be well tol-

erated in mice [143].

One efficient chemotherapeutic strategy is to disrupt the

vasculature inside the tumor and to deprive it of nutrients and

oxygen leading to massive tissue necrosis [146]. Several

VDAs, including colchicine, target the colchicine-binding

site of tubulin and cause rapid destruction of tumor vascu-

lature leading to tumor necrosis; however, their clinical

application has been compromised by intrinsic systemic

toxicity, in particular to the cardiovascular system [147]. A

colchicinoid prodrug (ICT2588) was developed that is

selectivelymetabolized by specificmembrane-type 1MMPs

(MT1-MMPs) that are overexpressed in tumor cells into an

active VDA [140]. This prodrug was shown to be selectively

activated in HT1080 fibrosarcoma cells that overexpress

MT1-MMP but not in MCF cells that did not express this

MMP. The prodrug ICT2588 was selectively activated in the

tumor but not in normal tissues in vivo and resulted in

decreased toxicity, reduction of tumor vasculature, and

necrosis of the tumor. Using nanomedicine drug delivery

systems to bypass the toxicity problemofVDAs, a polymeric

colchicinoid prodrug with reduced toxicity and improved

cancer vascular disruption was synthesized by conjugating

colchicine to PEG5000 [148]. Favorable hydrolysis and vas-

cular disruption potential was observed with this prodrug

using human umbilical vein endothelial cells and in B16F10

melanoma bearing mice. Specifically only tumor bearing

mice treated with this colchicinoid prodrug but not with free

cholchicine resulted in vascular disruption and consequent

tumor necrosis [148]. Recently, the colchicine-mimetic JG-

03-14 reduced the size of tumor nodules in amurinemodel of

B16/F10melanoma cells thatmetastasizes to the lungs [142].

Terpenoids as a rich source of anticancer drugs

Terpenoids are the largest class of natural products and con-

stitute a rich source of compounds in drug discovery partic-

ularly in the cancer field [149]. Terpenoids are derived from

five carbon isoprene units and are divided into five categories

based on structures including monoterpenoids, sesquiter-

penoids, diterpenoids, triterpenoids, and tetraterpenoids. The

anticancer properties of terpenoids have been recently the

focus of intense research. In fact, several sesquiterpene lac-

tones were tested in cancer clinical trials due to their selec-

tivity toward tumor and CSCs [150]. Terpenoids inhibit

several stages of tumor formation including cell proliferation,

cell death, angiogenesis, and metastasis. They induce tumor

cell death by targeting several specific molecular mecha-

nisms, namely blocking the sarco/ER calcium ATPase pump,

inhibiting NF-jB, JAK-STAT, AP-1, MMPs, DNA topoiso-

merase I and II, and the proteasome, activating p53, binding to

DNAminor grooves, and modulating epigenetic mechanisms

[149, 150]. Most terpenoids induce tumor cell death by tar-

geting apoptotic pathways [151]. Alternative cell death

mechanisms havebeenemergingonly recently for this class of

natural compounds specifically for parthenolide, triptolide,

and betulinic acid (Table 3).

Parthenolide

Sesquiterpene lactones are 15-C terpenoids that are com-

monly used in traditional medicines against inflammation

and cancer [152]. Several sesquiterpene lactones such as
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parthenolide, artemisinin, and thapsigargin have been tested

in cancer clinical trials [150, 153]. The sesquiterpene lactone

parthenolide ‘‘4a,5b-epoxy-germacra-1-(10),11-(13)-dien-

12,6a-olide’’ (Fig. 1g) originally purified from the shoots of

feverfew (Tanacetumparthenium) has received considerable

attention in cancer drug discovery [154]. Interestingly,

parthenolide is the first small molecule found to be selective

against CSCs by targeting specific signaling pathways and by

modulating epigenetic mechanisms [154, 155]. This led to

the derivatization of an orally bioavailable analogue,

dimethylamino-parthenolide (DMAPT) with improved

pharmacokinetic properties [156]. Parthenolide induced

intrinsic and extrinsic apoptosis in a variety of tumor cells by

inhibiting NF-jB, activating p53 signaling, regulating

MAPK and JNK, interfering with STAT3, regulating Bcl-2

family members, and generating ROS [153].

Table 3 Plant-derived anticancer terpenoids and organosulfurs

Purified plant

compound

Plant origin Cancer system Cell death signaling mechanisms References

Terpenoids

Parthenolide and

analogues

Tanacetum parthenium

(shoots of feverfew)

Autophagy

Breast (MDA-MB-231) Activate NADP oxidase and JNK;

generate ROS; deplete thiol and

glutathione levels; downregulate NF-jB

[157]

Liver (HepG2) [159]

Cervical (HeLa), leukemia

(HL60)

Deplete 4E-BP1; generate ROS [160]

Necrosis

Leukemia (HL60, Jurkat) [161]

Breast (MDA-MB-231) Generate ROS; induce dissipation of

mitochondria membrane potential;

activate RIP-1

[157]

Triptolide and

analogues

Tripterygium wilfirdii (roots

of Huangteng and

gelsemium elegan)

Autophagy

Pancreas (S2-013, S2-VP10,

Hs766T)

Require atg-5 or Beclin-1; inactivate Akt/

mTOR/p70S6K pathway; upregulate

ERK 1/2 pathway; downregulate

GRP78

[171, 172]

Lung (A549) [166]

Neuroblastoma (SH-SY5Y) Induce intracellular calcium levels;

inhibit NF-jB and heat shock protein

levels

[173]

Senescence

Primary prostate cells [175]

Betulinic Acid

and analogues

Betula alba (bark of white

birch tree)

Autophagy

Bladder (KU7, 253JB-V) Decrease Akt phosphorylation [182]

Glioblastoma (U87MG) [183]

Organosulfurs

Sulforaphane

and analogues

Brassica oleracea

(cruciferous vegetables)

Autophagy

Prostate (PC3) Disrupt Bcl-2/Beclin-1 interaction [197]

Breast (MDA-MB-231, MCF7,

MDA-MB-468, SKBR-3)

Decrease Akt activity [204]

Mitotic catastrophe and necrosis

Breast (MCF7) Induce aneuploidy [199]

Breast (F3II) and (MCF-7) Activate cdc2 [198]

Colorectal (Caco-2) [208]

atg-5 autophagy protein 5, Bcl-2 B-cell lymphoma 2, cdc2 cell division cycle protein 2 homolog, eIF4E eukaryotic translation initiation factor

4E, 4E-BP1 translation initiation factor eIF4E binding protein, ERK1/2 extracellular signal-regulated kinase1/2, GRP78 78 kDa glucose-

regulated protein, JNK c-Jun N-terminal kinase, LC3 light chain 3, mTOR mammalian target of rapamycin, NADP nicotinamide adenine

dinucleotide phosphate, NF-jB nuclear factor kappa-light-chain-enhancer of activated B cells, p70S6K ribosomal protein S6 kinase beta-1, RIP-1

receptor-interacting serine/threonine-protein kinase 1, ROS reactive oxygen species
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Autophagy by parthenolide

The first report showing that the cytotoxic activities of

parthenolide are due to autophagy was in the triple-negative

MDA-MB231 breast cancer cells [157]. Parthenolide and

DMAPT activated NADP oxidase which resulted in the

accumulation of ROS, the depletion of the thiol and glu-

tathione levels and activation of JNK while downregulating

NF-jB. Parthenolide and DMAPT both induced autophagic

cell death as shown by vacuole staining with monodansyl-

cadaverine (MDC) as distinct dot-like structures, increased

expression of Beclin-1, and the formation of LC3-II [157].

ROS generation later caused the dissipation of the mito-

chondrial membrane and caspase-independent necrotic cell

death. Parthenolide was also shown to induce ROS-depen-

dent cell death in MCF-7 cells through activated AMPK,

apoptosis, and autophagy which led to M phase arrest [158].

However, parthenolide induced autophagy as a survival

rather than a cell death mechanism in these breast cancer

cells. In fact, suppression of either AMPK using a selective

compoundC inhibitor or a retroviral knockdown shAMPKor

inhibiting autophagy by 3-MA, potentiated parthenolide-

induced apoptosis [158]. In other tumor cells such as HepG2

HCC, parthenolide treatment resulted in mitochondrial-de-

pendent apoptosis, caspase 9 and 3 cleavage, and increased

p53 and Bax while decreasing Bcl-2 [159]. In these latter

cells, parthenolide induced autophagic cell death as evident

by MDC and acridine orange staining of autophagy positive

cells and decreased expression of the proliferation marker

Ki67 [159]. It remains to be determined whether autophagy

in parthenolide-treated HepG2 cells acts as a survival or cell

death pathway. Recently, the translation initiation factor

eIF4E binding protein 1 (4E-BP1) was shown to be involved

in parthenolide-mediated autophagic cell death inHL-60 and

HeLa cells which was independent of its role in protein

translation [160]. The use of shRNA 4E-BP1 provided evi-

dence for autophagy being a downstream event of

parthenolide-mediated 4E-BP1 reduction and autophagy

induction.

Necrosis and apoptosis by parthenolide

Parthenolide was observed to induce mixed cell necrosis and

apoptosis simultaneously in treated HL60 acute promyelo-

cytic cells (APL) and Jurkat T lymphoma cells [161].

Apoptosis was confirmed by caspase-3 activation and pro-

pidium iodide-stained DNA while necrosis was determined

by the rapid loss of plasma membrane integrity and subse-

quent DNA content. The interaction of parthenolide with the

plasma membrane led to membrane rupture and resulted in

rapid necrotic cell death, a property of several sesquiterpene

lactones that directly target plasma membranes affecting

their lipid oxidation and rupture [162]. Later parthenolide

and DMAPT were shown to induce autophagy as reported

earlier and mixed apoptosis and necrosis in treated MDA-

MB231 breast cancer cells due to the dissipation of mito-

chondrial membrane potential and subsequent ROS gener-

ation [157]. Recently, receptor-interacting protein 1 (RIP1)

kinase emerged as a key upstream regulator at the ‘‘cross-

roads’’ of inflammatory signaling and the activation of cell

death by apoptosis or caspase-independent programmed

necrosis [163]. Interestingly, parthenolide-mediated necro-

tic cell death in MDA-MB231 cells was suppressed by the

use of the antioxidant NAC and the RIP-1 kinase inhibitor,

nec-1, implying the role of ROS and RIP-1 activation in the

induction of necrotic cell death [157].

In vivo cell death effects of parthenolide

Various in vivo tumormodels and drug administration routes

have been tested for parthenolide and DMAPT [154]. Oral

treatmentwith DMAPT inmice bearing xenografts ofMDA-

MB231 cells resulted in a reduction of tumor volume, NF-

jB,MMP-2 andMMP-9,VEGF, and lungmetastasiswhile it

upregulated p-JNK and enhanced animal survival [157].

Parthenolide injections in AML xenograft model increased

apoptosis in tumor cells, decreased Bcl-2 and cyclin D1

expression, and inhibited NF-rB [164]. In general, it was

documented that when the drug is injected in the form of

parthenolide or when administered orally in the form of

DMAPT, both compounds, as single agents, do not eradicate

substantially tumor volumes. In particular, they do not seem

to affect all the subpopulations in a tumor but seem to pref-

erentially target the CSCs, which often constitute a small

fraction of the tumor volume and eradicate them mostly by

apoptosis [154, 156]. This was obvious when both drugs

consistently inhibited tumor metastasis and engraftment for

which CSCs are crucial, therefore, emphasizing the need for

combination therapies with other drugs that target the tumor.

In fact, parthenolide or DMAPT have been successfully used

in combination treatment in murine breast, lung, prostate,

and pancreatic cancer models [153].

Although most of the reported cell death pathways

induced by parthenolide and DMAPT in various in vivo

models are apoptotic, however it remains to be determined

whether these drugs cause other modes of cell death in

animal tumors by targeting CSC.

Triptolide

Triptolide is a diterpenoid with a unique triepoxide struc-

ture (Fig. 1h) extracted from the roots of Tripterygium

wilfordii, also known as Huangteng and gelsemium elegan.
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Triptolide has a long history in Chinese medicine because

it has numerous pharmacological activities including

potent neuroprotective, anti-rheumatism, and anti-inflam-

matory properties [165]. Consequently, triptolide has been

used in the treatment of several diseases including nephritic

syndrome, arthritis, lupus, central nervous system diseases,

and cancer [165].

Remarkably triptolide inhibited the proliferatin of all 60

US National Cancer Institute cancer cell lines at nM IC50

values. Furthermore, its anticancer activities were con-

firmed in a variety of xenograft animal models resulting in

the development of several triptolide and more water-sol-

uble and less toxic derivatives such as PG490-88 or F60008

that entered clinical trials [166]. This diterpenoid is a

strong modulator of the cell transcriptional machinery and

was shown to interact with RNA polymerase and modulate

the transcription of crucial transcription factors such as NF-

jB, p53, NF-AT, and HSF-1 [167]. More recently trip-

tolide was demonstrated to inhibit global gene transcription

in cancer cells due to the proteasomal-mediated degrada-

tion of the large subunit of RNA polymerase II [168]. This

drug is known to be an inducer of apoptosis which affects a

broad spectrum of tumors that contain both wild-type and

mutant forms of p53 [169]. This diterpenoid was shown to

inhibit the expression of the negative p53 regulator,

MDM2, and to downregulate the inhibitor of apoptosis

XIAP in a p53-independent manner as well as the heat

shock proteins (HSP70) which are upregulated in tumor

formation [165, 169, 170]. However, autophagy has

emerged recently as a new mechanism of cell death for this

drug.

Autophagy by triptolide

Triptolide was shown to inhibit the growth of pancreatic

cancers in vitro and in vivo, although pancreatic adeno-

carcinomas are among the most lethal and chemotherapy

resistant cancers [169, 171, 172]. Depending on the pan-

creatic adenocarcinoma cell type, triptolide may induce

caspase-dependent apoptosis in MiaPaCA-2, Capan-1, and

BxPC-3 or caspase-independent autophagic cell death in

S2-013, S2-VP10, and Hs766T [171]. Triptolide induced

autophagy specifically because the increase in LC3-II was

time- and dose-dependent and the increase in acridine

orange in tumor cells upon triptolide treatment was

reversed by the addition of the autophagy inhibitor 3-MA

and the knock down of the autophagy specific genes atg-5

or Beclin-1. Triptolide-induced autophagy required atg5

and Beclin-1 and was associated with the inactivation of

the Protein Kinase B (Akt)/mammalian target of Rapa-

mycin/p70S6K pathway and the upregulation of the ERK

1/2 pathway [171]. Finally, inhibition of autophagy in S2-

013 and S2-VP10 treated cells enhanced apoptotic cell

death while abrogating autophagy or apoptosis rescued the

cells from the cytotoxic effect of the drug. Recently, trip-

tolide was shown to activate the unfolded protein response

leading to chronic ER stress in pancreatic cancer cells

[172]. A major player in triptolide-induced cell death is the

survival glucose-regulated protein (GRP78) which is ele-

vated in pancreatic cancer cells and downregulated in

pancreatic cancer cells upon triptolide treatment leading to

either apoptosis in MIA PaCa-2 cells or autophagy in S2-

VP10 cells [172].

A derivative of triptolide, tripchlorolide, was shown to

suppress the growth and induce autophagic cell death in

A549 lung cancer cells with no observed signs of apoptosis

[166]. Cell death in A549 cells treated cells was alleviated

by pretreatment with the autophagy inhibitor 3-MA

implying that autophagy rather than apoptosis is the prin-

cipal cell death pathway. In other tumor cells such as in

neuroblastoma, triptolide-mediated cell death was cell type

specific where it induced apoptosis in IMR-32 cells and

autophagic cell death in SH-SY5Y [173]. Triptolide treat-

ment of both types of neuroblastoma cells induced intra-

cellular calcium levels while inhibiting NF-jB activity and

heat shock protein expression levels. It was recently

demonstrated that autophagosome formation requires ele-

vated calcium levels [174]; however the role of elevated

intracellular calcium levels in autophagy and apoptosis

upon triptolide treatment remains to be determined.

Senescence by triptolide

Triptolide and its water soluble derivative PG490-88

exhibited potent antiproliferative, apoptotic, or senescence

activities in primary prostate adenocarcinoma cells [175].

Low concentrations of the drugs (1 ng/ml) abrogated

growth completely in clonal assays and induced senescence

as demonstrated by SA-b-gal activity, enlarged and flat-

tened shaped cells, and development of vacuoles. However,

senescence induction was not associated with the upregu-

lation of the senescence players p53, p21, p27, or p16

[175]. Ten-fold higher concentrations of triptolide (10 ng/

ml) resulted in a robust induction of apoptosis and nuclear

p53 accumulation and reduced levels of Bcl-2.

In vivo cell death effects of triptolide

Triptolide has shown potent antitumor activities in several

types of solid tumor xenografts in mice (B16 melanoma,

MDA-435 breast cancer, TSU bladder cancer, and

MGC80-3 gastric carcinoma) with wild-type and mutant

forms of p53 [169]. This drug inhibited the formation of
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metastasis in B16 melanoma xenograft mouse model [169].

Triptolide also decreased the growth of tumors in cholan-

giocarcinoma hamster model [176]. In an orthotopic neu-

roblastoma tumor model, triptolide was effective in

inhibiting tumor growth [177]. Neuroblastoma tumors have

elevated levels of HSP70 especially in those that are poorly

differentiated and metastatic. Interestingly, triptolide

treatment reduced HSP70 transcripts and proteins in neu-

roblastoma tumors through an unknown mechanism [177].

The modes of cell death induced by triptolide in vivo

remain to be determined.

Betulinic acid

Betulinic acid is a triterpenoid (Fig. 1i), originally isolated

from the bark of the white birch tree, has potent antitumor

properties in several tumors in vitro and in vivo and is

relative nontoxic to normal cells and healthy tissues [178,

179]. Because of its poor solubility and pharmacokinetic

properties, several betulinic acid analogues have been

developed and have shown potent antitumor properties in

cancer cells and animal models [180]. Betulinic acid and its

analogues are known to induce intrinsic apoptosis by

affecting the mitochondrial membrane permeability com-

plex, enhancing the release of cytochrome c, regulating

Bcl-2 family members, inhibiting NF-jB activity, and to

possess anti-angiogenic and anti-metastatic activities [179,

180]. Furthermore, betulinic acid treatment in HeLa cells

was shown to induce apoptosis through both the ER

pathway and the ROS-mediated mitochondrial pathway

[181].

Autophagy by betulinic acid

Recently, betulinic acid was shown to inhibit bladder

cancer cell growth and to downregulate specificity protein

(Sp) transcription factors in particular Sp1 and Sp3 and

EGFR that are commonly upregulated in bladder tumor

cells [182]. Betulinic acid also decreased the phosphory-

lation of Akt and induced autophagic cell death. This was

also observed in glioblastoma cells using B10, a semi-

synthetic derivative of betulinic acid [183]. In these latter

cells, B10 induced a mixed mode of cell death including

apoptosis and autophagy. This was followed by the abro-

gation of the autophagic flux leading to lysosomal cell

death as evidenced by lysotracker red staining and by

cathepsin release from lysosomes into the cytoplasm [183].

However, in KM3 multiple myeloma cells, betulinic

acid treatment blocked autophagy and enhanced apoptosis

as evidenced by reduced Beclin-1 but induced caspase

3-dependent apoptosis [184]. Recently, betulinic acid was

demonstrated to induce apoptosis in HeLa cells directly

through the mitochondria which could be abrogated by

cyclosporin A (CsA), an inhibitor of the permeability

transition pore [185]. The use of general caspase inhibitors

and necrostatin blocked apoptosis and necroptosis,

respectively, but not cell death in HeLa cells, implicating

other alternate non-caspase dependent mechanisms of cell

death by betulinic acid in these cells [185]. Autophagy was

shown to be massively induced in various betulinic acid-

treated tumor cells, but was prevented by CsA, suggesting

that autophagy occurred downstream of the betulinic acid-

induced mitochondrial damage. Downregulating or

knocking out key regulators of autophagy, provided evi-

dence that autophagy serves as a rescue pathway and not as

a cell death mechanism by betulinic acid in HeLa, MCF7

and MEFs derived from Atg5 or Atg7 knockout mice [185].

In vivo cell death effects of betulinic acid

Betulinic acid exhibited potent antitumor activities in several

animal models of human cancer [179]. Betulinic acid was

first shown to inhibit tumor formation in mouse skin two-

stage carcinogenesis [186]. This triterpenoid suppressed

tumor growth in a melanoma xenograft model [187] and

cooperated with chemotherapeutic drugs to reduce lung

metastasis in a metastatic melanoma model [188]. Betulinic

acid increased the survival of animals with ovarian cancer

xenografts and no systemic toxicities or weight loss was

noted in betulinic-acid treated mice [189]. Furthermore,

betulinic acid suppressed tumor growth, induced apoptosis,

and inhibited the expression of Bcl-2 and Ki-67 protein in

U14 cervical carcinoma tumor-bearing mice [190].

Specificity proteins, namely Sp1, Sp3, and Sp4, are

overexpressed in tumors and enhance the proliferation and

angiogenic potential of cancer cells [191]. Betulinic acid

inhibited tumor growth in mice bearing RKO colon cancer

cells xenografts and reduced Sp1, Sp3, and Sp4 expression

in colon tumors [192] as well as in a prostate model of

human cancer [193]. Betulinic acid treatment also

decreased tumor size and weight in nude mice with MDA-

MB-231 xenografts [194]. This drug also reduced mRNA

and protein levels of Sp1, Sp3 and Sp4, as well as mRNA

of Sp-regulated gene products, such as VEGFR and sur-

vivin, and of the oncogenic miRNA-27a that targets genes

that regulate Sp factors and the G2-M checkpoint in these

triple negative breast cancer cells [194].

Several derivatives of betulinic acid were developed to

enhance its anticancer potency and pharmacokinetic

properties. C-3 modified betulinic acid derivatives have

shown enhanced in vivo antitumor efficacy and pharma-

cokinetic properties as compared to betulinic acid against

human colon cancers [195].
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Organosulfurs and sulforaphane

Organosulfurs are plant-derived drugs that were found to

possess significant anticancer effects. These compounds

are characterized by their sulfur group and they naturally

occur in a large variety of fungi and plants, mainly, garlic,

nuts, coffee and some tropical fruits. Isothiocyanates are a

major subcategory of organosulfurs characterized by their

isothiocyanate group (–N=C=S) of which the central car-

bon renders the compound highly electrophilic and readily

reacting with sulfur-, nitrogen-, and oxygen-based nucle-

ophiles [196]. These compounds are generated by the

myrosinase-mediated hydrolysis of their corresponding

glucosinolates [197].

Sulforaphane (1-isothiocyanato-4-(methylsulfinyl)-bu-

tane) (Fig. 1j), one type of isothiocyanates, is found in cru-

ciferous vegetables. It is present in high amounts in broccoli,

cabbage, cauliflower and hoaryweed. It is produced from the

precursor glucoraphanin (a glucosinolate) by themyrosinase

enzyme when the plant is damaged upon cooking or chew-

ing. Sulforaphane occurs naturally as anL-isomer and itsD,L

analogue has been successfully synthesized. It is involved in

several biological processes, and has the ability to inhibit

cancer cell proliferation by different mechanisms. Sul-

foraphane exerts its antitumor effects by causing cell cycle

arrest in G2/M phase which was found to be associated with

alteredmicrotubule dynamics [198–200].Othermechanisms

of cell cycle arrest by sulforaphane included altered activity

of cdc2 kinase, increased protein expression of cyclin B1,

p21 and histone H1 phosphorylation [198, 201].

Autophagy by sulforaphane

Among the biological processes associated with sul-

foraphane treatment is autophagy. A study carried out on

PC-3 human prostate cancer cells showed that sulforaphane

led to the formation of autophagosome-like structures

containing remnants of mitochondria after 16 h of treat-

ment [197]. The formation of these membranous structures

increased progressively with exposure time to this drug. In

addition, treatment with sulforaphane led to the formation

of acidic vesicular organelles, a unique feature of cells

undergoing autophagy [197].

Several studies aimed to decipher the mechanisms by

which sulforaphane induces autophagy. When investigat-

ing the effect of sulforaphane on the localization and pro-

cessing of LC3 proteins in PC-3 cells, it was found that it

affects these proteins in three different ways [197]. First,

sulforaphane induced a significant increase in LC3I protein

levels. Second, this increase in LC3 was shown to be

associated with its processing into the membranous form

LC3II. Third, in contrast to control cells which showed a

diffused distribution of LC3 across the cell; cells treated

with sulforaphane showed a punctuate pattern of LC3II

proteins which reflected their recruitment into autophago-

somes. Thus, sulforaphane-induced autophagy appears to

be associated with LC3I induction and processing into

LC3II, the latter being recruited into autophagosomes.

Another mechanistic approach for deciphering sul-

foraphane-induced autophagy was to study its effect on the

Bcl-2 proteins. It was previously shown that the binding of

Bcl-2 to Beclin-1 interrupts autophagy [202]. Conse-

quently, autophagy is triggered when this association is

disrupted. It was found that sulforaphane-induced autop-

hagy is promoted by disrupting the Bcl-2/Beclin-1 inter-

action since it is able to reduce Bcl-2 levels in PC-3 cells

which possibly promoted the Beclin-1 dissociation [197].

Another approach to unravel the mechanisms by which

sulforaphane induces autophagy was to study the mTOR

autophagy regulator. In its active form, mTOR inhibits

autophagy [203]. In turn, mTOR itself is negatively regu-

lated by the TSC1/TSC2 complex. It is known that the

phosphorylated active form of Akt kinase inactivates the

TSC1/TSC2 complex, thus activating mTOR and inhibiting

autophagy. In this context, breast cancer cells treated with

different concentrations of sulforaphane showed a decreased

level of activated Akt kinase, AktSer473, as the sulforaphane

concentrations increased. This decrease in the activated Akt

kinase by sulforaphane was highly correlated with initiation

of the drug-induced autophagic process [204].

Sulforaphane was also found to inhibit apoptotic cell

death by preventing the release of cytochrome c from the

mitochondria into the cytosol. This prevention occurred as

the autophagosomes sequestered and trapped the mito-

chondria making them unavailable for the action of sul-

foraphane [197]. The simultaneous treatment of

sulforaphane and autophagy inhibitors both in vitro using

3-MA inhibitor [197] and in vivo using chloroquine inhibitor

[205] enhanced drug cytotoxicity and apoptosis and inhib-

ited tumor cell proliferation. In addition, the sulforaphane-

chloroquine combination was found to suppress metastasis

by inhibiting epithelial mesenchymal transition and the

secretion of the pro-angiogenic cytokine VEGF [205], con-

firming that autophagy by sulforaphane is a tumor survival

mechanism rather than a cell death mechanism.

Necrosis, apoptosis, and mitotic catastrophe
by sulforaphane

In addition to causing autophagy and cell cycle arrest,

sulforaphane was shown to be involved in initiating several

pathways implicated in cell death. Sulforaphane has been

associated with both apoptosis and programmed necrosis

depending on the concentrations used and drug exposure
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time. Different cell types treated with a range of sul-

foraphane concentrations were found to possess major

apoptotic features including caspase activation, elevated

Bax expression, PARP cleavage, and nuclear chromatin

condensation.

HT29 cells treated with sulforaphane were found to

undergo apoptotic cell death dependent on a proteasome

degradation pathway, since blocking proteasomal activity

by MG132 reduced sulforaphane-induced apoptosis [201].

In these HT29 cells, the retinoblastoma tumor suppressor

protein (RB) was found to be highly phosphorylated. The

RB protein, an important cell cycle regulator, is known to

act as an apoptotic inhibitory factor in its unphosphorylated

form. The presence of high amounts of phosphorylated RB

upon sulforaphane treatment of cells may be involved in

initiating apoptotic cell death in response to sulforaphane

in HT29 cells [201].

Apoptosis by sulforaphane may be also a consequence

of the same factors that cause cell cycle arrest. Perturbation

in microtubule polarization was found to cause aneuploidy

followed by apoptotic cell death [199]. In addition, the

same inappropriate activation of cdc2 that led to cell cycle

arrest at G2/M phase may be the reason for the observed

mitotic catastrophe in F3II cells [198]. Death by mitotic

catastrophe was also observed in MCF-7 cells exposed to

sulforaphane which was characterized by aberrant mitosis

and micronucleation [198].

Sulforaphane also induced the production of ROS in

primary hepatocytes [206]. The production of ROS by

sulforaphane was mediated by the depletion of the intra-

cellular glutathione pool which ultimately resulted in

oxidative stress. This oxidative stress suggests an addi-

tional mechanism for sulforaphane-induced apoptosis

[207]. The apoptotic effect of sulforaphane in Caco-2

colorectal cancer cells appeared to be dependent on drug

exposure time. Apoptotic effects in these cells reached a

climax following the fifth hour of treatment with a com-

bination of sulforaphane and the chemotherapeutic drug

oxaliplatin, after which a higher number of cells shifted to

necrosis. These necrotic cells showed alterations such as

osmotic swelling, cell lysis and loss of membrane integrity

[208]. Although the mechanisms by which sulforaphane

causes a switch from apoptosis to necrosis is still unclear, it

seems to be related to both the concentrations used and

drug exposure time [208].

In vivo cell death effects of sulforaphane

Sulforaphane treatment in vivo was found to inhibit tumor

growth against several cancers, including F3II sarcomatoid

mammary carcinoma [198], UM-UC-3 human bladder

cancer [209], MM.1S human B lymphoblasts [210], and

PC-3 prostate cancer [211]. The mechanism of tumor

inhibition ranged from apoptosis which was associated

with increased Bax expression [211], caspase 3 cleavage

and cytochrome c release [209], as well as the inhibition

of HDAC activity and increased acetylation of histones H3

and H4 [212]. Anti-angiogenesis, reduced necrosis, and

immune regulation were also detected in treated mice

[209]. The range of inhibition of tumor growth in these

animal models ranged from 50 to 70 %. Treated mice

showed no signs of toxicity [209, 213], indicating that

sulforaphane may be considered an interesting non-toxic

anticancer drug. In addition, orthotopical implants of

human pancreatic CSCs in mice showed a 47 % reduction

in the growth of tumors in sulforaphane-treated animals, an

effect that was due to the blockage of the hedgehog path-

way and the initiation of apoptosis in target cells [213].

Summary and perspectives

Anticancer drugs, including plant-derived ones, mostly

exert their cell death effects by inducing apoptosis in tumor

cells. Luckily, cancer cells resistant to apoptotic stimuli

may be induced to die by other non-apoptotic mechanisms

[214]. There is a pressing need for discovering anticancer

drugs that induce alternative modes of cell death since

apoptosis-resistant cancer cells are selected at advanced

stages of tumor formation and metastasis. In fact, 90 % of

cancer patients die of metastasis due to the resistance of

their cancers to apoptosis inducing drugs [215].

Non-apoptotic mechanisms of key plant-derived anti-

cancer drugs in clinical development are shown in

Tables 1, 2, and 3. Several conclusions could be made from

the literature presented in these tables. First, it appears that

polyphenol as well as alkaloid anticancer drugs are capable

of inducing the four different alternative modes of cell

death i.e. autophagy, programmed necrosis, mitotic catas-

trophe, and senescence ultimately causing cell death.

Second, the more recently discovered terpenoid and

organosulfur anticancer drugs are less studied, and conse-

quently have less reported non-apoptotic mechanisms of

cell death. Third, autophagy seems to be the most com-

monly observed alternative mode of cell death induced by

the selected plant-derived anticancer drugs which may also

play a pro-survival function depending on the particular

stimuli and cellular context. Fourth, few studies elaborated

on the mechanism of programmed necrosis by these

compounds.

The majority of the studies on non-apoptotic mecha-

nisms of plant-derived anticancer drugs have been docu-

mented in in vitro tumor models, while apoptotic

mechanisms have been observed in cultured cells as well as

in tumor animal models and in human tissues. This raises
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the question as to whether these alternative cell death

mechanisms do commonly occur in vivo in response to

plant-derived anticancer drugs. In fact, only a few of the

plant-derived anticancer drugs have been reported to

induce alternative pathways of cell death in vivo. For

instance, curcumin was shown to trigger autophagy,

necrosis, and mitotic catastrophe in animal models while

berberine and colchicine induced autophagy and necrosis,

respectively. It is essential to determine whether the drug

concentrations that trigger the observed non-apoptotic

modes of cell death in cultured tumor cells are achievable

in vivo and can induce similar cell death mechanisms in

humans and animals. Furthermore, discrepancies in modes

of cell death are expected to be observed by a particular

drug in different experimental settings. For instance, ber-

berine induced programmed necrosis in vitro; however it

prevented necrosis in vivo if used in combination treat-

ments and it induced or inhibited senescence in different

types of proliferating cells.

Cell death pathways are interrelated and their players

may cross-talk resulting in accelerated or reduced cell

death [216, 217]. Apoptotic, autophagic, and necrotic

pathways that impact normal development, tissue home-

ostasis, and pathological conditions are interconnected

[216–218]. The cross-talk between these mechanisms of

cell death is complex. For instance, autophagy may facil-

itate apoptosis, antagonize apoptosis, or cooperate with

apoptotic signaling pathways by a variety of mechanisms.

Several players regulate autophagy and apoptosis namely

the mTOR kinase pathway, Beclin 1, caspases, DAPK, and

p53 [216]. Autophagy and programmed necrosis are also

intimately interlinked with variable outcomes ranging from

autophagy being an inducer, inhibitor, or with no effect on

necrosis [216, 218].

The plant-derived anticancer drugs listed in this review

share common cell death signaling pathways (Tables 1, 2,

3). For instance, polyphenols, alkaloids, terpenoids, and

organosulfur compounds induce autophagy, through the

inhibition of the Akt/mTOR and NF-JB pathways, and

ROS generation, whereas senescence is stimulated by

ATM/ATR, p53/p21 and Rb/p16 activation, and inhibition

of telomerase activity. Interestingly, drugs belonging to the

different categories of PSMs activate the Ras/Raf/MAPK

signaling and also elevate ROS levels which in turn have a

pleotropic effect on the different types of cell death.

However, some unique cell death signaling pathways are

emerging and may direct the design and the development

of more selective and specific small molecules for cancer

treatment. For instance, resveratrol-induced autophagy

results in estrogen receptor coactivator PELP1 accumula-

tion in autophagosomes and suppresses Wnt/b-catenin
signaling whereas genistein-induced autophagy reduces the

levels of the glucose transporter Glu1 limiting glucose

utilization by tumor cells. Terpenoids-induced autophagy

may be due to some unique pathways as parthenolide

downregulates translation by depleting the levels of 4E-

BP1 in leukemic and cervical cancer cells whereas it

induces intracellular calcium level and reduces heat shock

proteins in neuroblastoma cells. Senescence may be

induced specifically in glioma cells by resveratrol due to

the inhibition of H2B ubiquitin ligase RNF20 and by ber-

berine due to the reduction of EGFR levels.

Future research is required to depict the specific route

selected by plant-derived anticancer drugs to activate a

specific cell death pathway and to identify the mechanisms

by which a drug causes a switch from a cell death process

into another. This is particularly relevant in the context of

autophagy where this pathway may favor cell death or

survival depending on the different drugs used, combina-

tion treatments, and genetic and epigenetic alterations in

tumor cells [219, 220]. In particular, treatment of tumor

cells with noscapine, parthenolide, and betulinic acid,

induced autophagic cell death or cell survival.

The future of cancer therapeutics lies in exploiting

alternative mechanisms of cell death separately or con-

comitantly to eradicate tumors. We know less about cell

death mechanisms in CSCs and future research should

focus on whether CSCs rely on alternative non-apoptotic

mechanisms of cell death and/or on apoptotic ones. With

this knowledge one could successfully target CSCs by

using a combination of drugs that induce multiple cell

death mechanisms [221]. More so, combination treatments

may target the heterogeneous areas of the tumor which

possess different genetic and epigenetic signatures [222,

223]. Whether other factors such as the tumor microenvi-

ronment [224, 225], alterations in cell metabolism [30], and

the immune system [226, 227] affect the cell death

response of the heterogeneous cells in a tumor remains to

be determined. Future genomic and systems-biology

approaches and cell signaling network studies will shed

light on whether certain molecular signatures or pathways

favor or hinder particular modes of cell death. It is this

information that is instrumental for successful cancer

therapy.
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