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Abstract: Natural products display special attributes in the treatment and prevention of a variety of human disorders including cancer. 

Their therapeutic capacities along with the fact that nature comprises a priceless pool of new compounds have attracted the interest of 

researchers worldwide. A significant number of organic compounds from terrestrial and marine organisms exhibit anticancer properties 

as attested by both in vitro and in vivo studies. Emerging evidence supporting the antineoplastic activity of natural compounds has 

rendered them promising agents in the fight against cancer. As a result, numerous natural compounds or their derivatives have entered 

clinical practice and are currently in the forefront of chemotherapeutics, showing beneficial effects for cancer patients. Induction of 

apoptosis seems to be the major mechanism of action induced by these natural agents in the race against cancer. This is mainly achieved 

through modulations of the expression of B-cell CLL/lymphoma 2 (BCL2) family members. These molecules appear to be the pivotal 

players determining cellular fate. In the current review, we provide a comprehensive overview of the major alterations in the gene and/or 

protein levels of BCL2-family members evoked in cancer cells after treatment with a gamut of natural compounds. The data cited suggest 

the need for exploitation of newly discovered natural products that, along with the improvement of currently employed 

chemotherapeutics, will significantly enrich the anticancer armamentarium. 
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INTRODUCTION 

 Organic compounds from terrestrial and marine organisms, the 
so-called natural products, have been traditionally the main leading 
force in the drug discovery process, and nature still comprises a 
priceless source of new lead compounds. Natural products are 
characterized by an exceptional track record in the treatment and 
prevention of several diseases, either in their natural form or as 
initial templates for medicinal chemistry [1,2]. Only a minute 
fraction of the half a million plant species classified to date has 
been chemically characterized. Approximately 200,000 metabolites 
have been identified in plants, and it is expected that the final 
number will exceed 500,000 [3]. 

 This prominent profile of natural products is mainly due to their 
unparalleled and untapped structural diversity and uniqueness. 
Chemically, natural products are more complex than synthetic 
compounds, covering a larger volume of the chemical space,  
and thus displaying a wider dispersion of structural and 
physicochemical properties. Moreover, a striking feature of natural 
products is that they are produced through coevolution processes 
and, consequently, they have been naturally selected to provide 
competitive advantages and unique biological properties [4,5]. Even 
today, when enormous numbers of agents from combinatorial 
libraries are offered, natural products are still in the forefront of 
cancer chemotherapeutics as a source of drugs and are exploited in 
drug discovery against diseases such as microbial and parasitic 
infections and for the control of cholesterol/lipids, among other 
functions [6]. According to Newman and Cragg, only in the area of 
cancer over the time frame from around the 1940s to date, of the 
175 small molecules introduced as new therapeutic entities, 131 
(74.8%) are nonsynthetic, with 85 (48.6%) actually being either 
natural products or directly derived therefrom [7]. 
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 Numerous natural products and their derivatives are known for 
their ability to induce apoptosis in cancer cells originating either 
from solid tumors or from hematological malignancies. Induction of 
apoptosis can be mediated through the intrinsic (mitochondrial) 
and/or extrinsic (death ligand/receptor complex) apoptotic pathways. 
Among the proteins involved, directly or indirectly, in the apoptotic 
mechanisms, B-cell CLL/lymphoma 2 (BCL2) family members 
appear as the key players determining cellular fate [8]. The BCL2 
family of apoptosis-related proteins consists of proapoptotic and 
antiapoptotic proteins with structural homology, since they all 
contain at least one BCL2-homology domain, namely BH1, BH2, 
BH3, and/or BH4 [9]. The proapoptotic members of the BCL2 
family include BAX, BAD, BAK1, BID, BIM (BCL2L11), BOK, 
PUMA (BBC3), NOXA (PMAIP1), BCLXS, and MCL1S, while the 
antiapoptotic members include BCL2, BCLXL, MCL1L BCLW 
(BCL2L2), and BCLB (BCL2L10). Additionally, there are some 
BCL2-family members (e.g. BCL2L12) with an ambiguous role in 
apoptosis [10]. The relative ratios of proapoptotic and antiapoptotic 
BCL2-family members, such as the BAX/BCL2 ratio determine the 
sensitivity or resistance of cells to apoptotic stimuli, including 
treatment with natural products. 

 Besides BCL2-family members, the levels of other important 
proteins with a pivotal role in apoptosis such as death receptors 
(e.g. TNFR, FAS) and their respective ligands (e.g. TNF, FASLG), 
death domain-containing adaptor molecules (FADD, TRADD), 
caspases (CASPs) and their inhibitors, including BIRC2 (c-IAP1), 
BIRC3 (c-IAP2), XIAP, and BIRC5 (survivin), can be modulated 
after the administration of natural products to cancer cells. In fact, 
natural compounds can sensitize cancer cells to apoptosis-inducing 
ligands, directly or indirectly, since they can augment the 
expression of genes encoding such ligands or death receptors. 
Furthermore, death domain-containing adaptors play important 
roles regarding cell survival or death [8]. For instance, FADD 
interacts with activated death receptors, becomes activated itself, 
and then recruits caspase 8 (CASP8), thereby activating the 
cysteine protease cascade [11]. On the other hand, TRADD 
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promotes cell survival by activating NFKB and inhibits TRAF2-
mediated apoptosis [12]. 

 Treatment of cancer cells with natural product affects also the 
expression of other genes encoding proteins of fundamental interest, 
such as P53 and mitogen-activated protein kinases (MAPKs). P53 
responds to various cellular stresses to regulate expression of target 
genes, thereby inducing cell cycle arrest, apoptosis, senescence, 
DNA repair, or changes in metabolism [13,14]. Moreover, MAPKs 
are involved in a wide variety of cellular processes such as cell 
proliferation, cell survival, differentiation, transcription regulation, 
development, and tumorigenesis [15]. This family of kinases 
includes ERKs, JNKs/SAPKs, and P38 MAPKs. The levels and/or 
activity of some of these signaling proteins are altered after 
treatment of cancer cells with natural compounds; these alterations 
usually have deleterious effects on cancer cells. 

 In the present review, we provide a comprehensive overview of 
the major alterations evoked in cancer cells by natural products, 
with emphasis on lipids, flavonoids, and alkaloids. A summation of 
the research data analyzed throughout the current review is outlined 
in Table 1, and the structures of some of the major respresenative 
natural-derived molecules are depicted in Fig. (1). Furthermore, all 
human cancer cell lines mentioned in the current review are 
presented in Table 2, along with their cancer tissue of origin. 

1. Lipids 

 Lipids are water-insoluble naturally occurring molecules which 
are soluble in nonpolar solvents. This very broad definition allows 
for the inclusion of a wide variety of biomolecules such as fats, 
waxes, sterols, fat-soluble vitamins monoglycerides, diglycerides, 
triglycerides, and phospholipids. The only common feature thereof 
is the presence of a large hydrocarbon region in their basic skeleton. 
Biologically, lipids provide the main structural components of 
membranes, a source of fuel for storage and transport, and 
protective surface coating. Also, lipids are involved in cell 
recognition, signaling and tissue immunity. Specifically for the 
plant kingdom, all plants contain – mainly in their seeds – oils (e.g. 
olive oil) or fats (e.g. cocoa butter) [16]. In most plants, storage 
lipids are in the form of triglycerides [17]. Lipids can be primarily 
classified into hydrocarbons (saturated and unsaturated), 
functionalized hydrocarbons (characterized by the presence of at 
least one functional group) and terpenes. Amongst these chemical 
classes, hydrocarbon acids and terpenes comprise the most 
abundant groups, while alcohols, sulfides, aldehydes, ketones and 
esters are relative few in plants. Apart from their biological role for 
the survival and development of plants, lipids comprise an 
important group of biomolecules with a beneficial impact to human 
health. Excluding lipophylic vitamins, especially dietary lipids have 
been associated with low incidences of several diseases and cancer 
through epidemiological and clinical studies [18-20]. 

1.1. Sulfides 

 Hydrocarbon sulfides are a small group of natural products and 
are recognized by their obnoxious odors (skunk cabbage). Simple 
hydrocarbon sulfides are common in Allium species (garlic, onion) 
while thiophenes are limited to the Asteraceae family. The 
glycosinolates or mustard oil glucosides are also readily detected 
and help to create the flavors of mustard, radish, onion and garlic. 
Perhaps the most common sulfur containing natural products are the 
amino acids cysteine and methionine. Generally, natural sulfur 
containing compounds and especially the garlic-derived molecules 
have been shown to exhibit chemopreventive effects and to 
suppress the proliferation of cancer cells through the induction of 
apoptosis [21]. 

1.1.1. Allyl Sulfides 

 Diallyl sulfide (DAS), diallyl disulfide (DADS), diallyl 
trisulfide (DATS), and diallyl tetrasulfide are major oil-soluble allyl 
sulfides found naturally in garlic (Allium sativum) and certain other 

plants of the Allium genus, and exert significant anticancer activity 
[22,23]. According to Wu et al., DADS and DATS can induce 
significant apoptosis in A549 cells, whereas DAS does not. The 
underlying molecular mechanisms of apoptosis induction by both 
compounds include activation of JNK (also known as MAPK8), 
upregulation of P53, and downregulation of BCL2 protein 
expression. On the other hand, recent data support the notion that 
DAS decreases cell proliferation and induces apoptosis via the 
mitochondrial pathway in ARO cells. In more detail, DAS-induced 
apoptosis was associated with a decrease in BCL2 protein 
expression and an increase in BAX protein expression, enhanced 
release of cytochrome C from mitochondria into the cytosol, 
activation of caspase 9 (CASP9) and caspase 3 (CASP3), and 
subsequent cleavage of poly (ADP-ribose) polymerase 1 (PARP1) 
[24] (Fig. 1). 

1.1.2. Allicin 

 Allicin is another organosulfur compound obtained from garlic, 
with antioxidant properties [22,25]. Allicin suppresses cell 
proliferation and induces apoptosis in hepatocellular carcinoma 
cells in BALB/c nude mice by enhancing BAX protein accumulation 
on the mitochondrial membrane and FASLG protein expression 
[26]. Similarly, allicin treatment inhibited proliferation and triggered 
apoptosis in SGC-7901 cells, mediated by both the intrinsic and 
extrinsic (FAS/FASLG complex) apoptotic pathways [27]. Further- 
more, treatment of HCT 116 cells with allicin induced apoptosis by 
decreasing BCL2 prtoein levels, increasing BAX protein levels, and 
enhancing cytochrome C release from mitochondria to the cytosol 
[28]. 

1.2. Fatty Acids 

 Fatty acids (FAs) are some of the simplest lipids structurally 
and are found in marine and plant oils. In biochemistry, the FAs are 
characterized by a polar hydrophilic head region which is linked to 
a long hydrophobic hydrocarbon, aliphatic tail (chain) and can be 
either saturated or unsaturated. Most of the naturally occurring FAs 
have a hydrocarbon chain of an even number of carbons (4 to 28) 
and when they are not attached to other molecules are known as 
“free” FAs. There are over a hundred different types of FAs, 
although the most common in plants are oleic (unsaturated) and 
palmitic acid (saturated). According to the position of the first 
double bond relative to the end methyl group, unsaturated FAs can be 
classified into different subgroups such as omega-3 ( -3), omega-6 
( -3) and omega-9 ( -3) FAs. Several studies have been carried out 
aiming to explore the beneficial effects of Fas, the great majority of 
which have been linked to cardiovascular diseases and disorders. 
However, the role of FAs in prevention and treatment of cancer is 
also under investigation presenting great scientific interest [29]. 

1.2.1. Omega-3 Fatty Acids 

 The omega-3 fatty acids are polyunsaturated fatty acids 
(PUFAs) which contain a double bond at the third carbon atom after 
the end methyl group of the hydrocarbon chain. They are 
considered essential since they cannot be synthesized by the human 
body although they are vital for normal metabolism and development. 
Some representative -3 FAs are the -linoleic acid (ALA), the 
eicosapentaenoic acid (EPA), the docosahexaenoic acid (DHA) and 
the docosapentaenoic acid (DPA). Unlike other fatty acids, 3 
FAs are mainly found in fatty fish, certain vegetables and nuts. 
Single-celled algae and phytoplankton produce 3 FA and can be 
considered as the primary origin of most of the –3 FAs in the 
human diet [30]. The beneficial effects of PUFAs are mainly 
connected to fatal cardiovascular diseases and sudden death while 
they play a role in preventing the promotion and progression of 
some cancer types [31,32]. 

1.2.1.1. Docosahexaenoic Acid 

 Docosahexaenoic acid (DHA) is an omega-3 fatty acid that is 
mostly found in fish oils of cold water oceanic species as well as in 
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Table 1. Types of cancer cells affected by specific natural products, in terms of alteration of the expression of BCL2-family members. 

Origin of Malignant Cells  Agent (Natural Compound)  

Fatty acids (docosahexaenoic, conjugated linoleic, ursolic and betulinic acids, geraniol, parthenolide) 

Flavonoids (wogonin, quercetin, anthocyanidins) 

Alkaloids (matrine, sanguinarine) 
Prostate cancer 

Others (indole-3-carbinol) 

Fatty acids (docosahexaenoic, eicosaopentaenoic, conjugated linoleic, conjugated docosahexaenoic, ursolic and oleanic 

acids, celastrol, ginsenosides) 

Stilbenoids (pterostilbene) 

Flavonoids (wogonin, baicalin, quercetin, genistein, daidzein, anthocyanidins) 

Alkaloids (matrine) 

Breast cancer 

Others (thymoquinone, indole-3-carbinol) 

Fatty acids (ursolic acid, tubeimoside-1) 

Flavonoids (genistein) Ovarian cancer 

Alkaloids (matrine) 

Fatty acids (eicosaopentaenoic and betulinic acids) 

Flavonoids (oroxylin, quercetin, naringin) Cervical cancer 

Others (thymoquinone, indole-3-carbinol) 

Endometrium cancer Fatty acids (ursolic and oleanic acids) 

Choriocarcinoma Fatty acids (tubeimoside-1) 

Sulfides (allicin) 

Fatty acids (docosahexaenoic, eicosaopentaenoic, linoleic, arachidonic, conjugated linoleic, conjugated linolenic, ursolic 

and oleanic acids, ginsenosides) 

Stilbenoids (pterostilbene) 

Flavonoids (wogonin, oroxylin, hesperidin, hesperitin, anthocyanidins) 

Alkaloids (berberine) 

Colorectal cancer 

Others (thymoquinone) 

Fatty acids (linoleic, conjugated linoleic acids, parthenolide) 

Flavonoids (luteolin, quercetin, anthocyanidins) Gastric cancer 

Alkaloids (matrine, oxymatrine) 

Fatty acids (docosahexaenoic, conjugated linoleic, ursolic, betulinic and oleanic acids, ginsenosides, tubeimoside-1) 

Flavonoids (wogonin, oroxylin, anthocyanidins) Hepatocellular cancer  

Alkaloids (matrine, oxymatrine, chelidonine, chelerythrine) 

Fatty acids (perillyl alcohol, parthenolide, ginsenosides) 

Stilbenoids (resveratrol) 

Flavonoids (luteolin, genistein) 
Pancreatic cancer  

Alkaloids (matrine, oxymatrine sanguinarine) 

Gallbladder cancer  Alkaloids (matrine) 

Thyroid cancer Sulfides (allyl sulfides) 

Fatty acids (betulinic acid) 
Tongue cancer 

Alkaloids (berberine, sanguinarine) 

Sulfides (allyl sulfides) 

Fatty acids (perillyl alcohol, parthenolide, betulinic and oleanic acids, celastrol, ginsenosides, tubeimoside-1) 

Stilbenoids (resveratrol) 

Flavonoids (luteolin, kaempherol, quercetin, anthocyanidins) 

Lung cancer 

Alkaloids (matrine) 

Fatty acids (docosahexaenoic and arachidonic acids, ginsenosides, tubeimoside-1) 

Flavonoids (kaempferol, genistein) 

Alkaloids (berberine) 
Brain cancer 

Others (curcumin) 

S
o

li
d

 t
u

m
o

rs
 

Bladder cancer Fatty acids (conjugated linolenic acids) 
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Table 1. contd…. 

Origin of Malignant Cells  Agent (Natural Compound)  

Fatty acids (parthenolide, ursolic acid) 
Melanoma 

Others (thymoquinone, indole-3-carbinol) 

Skin squamous cell carcinoma  Flavonoids (anthocyanidins) 

Fatty acids (conjugated linoleic acids) 

Flavonoids (wogonin, luteolin) 

S
o

li
d

 t
u

m
o

rs
 

Osteosarcoma 

Alkaloids (matrine) 

Fatty acids (docosahexaenoic and eicosaopentaenoic acids) 

Flavonoids (wogonin, baicalin, quercetin, naringenin, genistein) Acute leukemias  

Alkaloids (berberine, chelidonine) 

Fatty acids (docosahexaenoic and ursolic acids) 
Chronic leukemias 

Flavonoids (kaempferol) 

Fatty acids (eicosaopentaenoic and oleanic acids) 
Lymphomas 

Flavonoids (genistein, kaempferol) 

Flavonoids (genistein) 
Multiple myeloma 

Others (thymoquinone) 

Fatty acids (celastrol) 

Flavonoids (genistein) 

H
e
m

a
to

lo
g

ic
a

l 
m

a
li

g
n

a
n

ci
es

 

Plasmacytoma 

Others (thymoquinone) 

 

 

Fig. (1). Structures of some of the major natural-derived molecules, and their main BCL2-family targets as referred in the text. 
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Table 2. Human cancer cell lines, in which the mRNA and/or 

protein levels of BCL2-family members are modulated 

after treatment with natural products.  

Cell Line Cancer Type 

1205Lu Melanoma 

A2780 Ovarian carcinoma 

A-375 Melanoma 

A-431 Skin squamous cell carcinoma 

A549 Non-small cell lung cancer 

AGS Gastric adenocarcinoma 

ARO Anaplastic thyroid carcinoma 

AsPC-1 Pancreatic carcinoma 

ASTC-a-1 Lung adenocarcinoma 

BGC-823 Gastric adenocarcinoma 

BxPC-3 Pancreatic carcinoma 

C-33 A Cervical carcinoma 

Caco-2 Colorectal adenocarcinoma 

Caov-3 Ovarian adenocarcinoma 

CEM Acute lymphoblastic leukemia 

CFPAC-1 Pancreatic adenocarcinoma 

COLO 201 Colorectal adenocarcinoma 

COLO 205 Colorectal adenocarcinoma 

COLO 320HSR Colorectal adenocarcinoma 

COLO 357 Pancreatic carcinoma 

D283 Med Medulloblastomas 

Daoy Medulloblastomas 

DU 145 Prostate carcinoma 

GA-10 Burkitt’s lymphoma 

GA-10 Burkitt’s lymphoma 

GBC-SD Gallbladder carcinoma 

HCT 116 Colorectal adenocarcinoma 

HEC-108 Endometrium carcinoma 

HeLa Cervical adenocarcinoma 

Hep 3B Hepatocellular carcinoma 

Hep G2 Hepatocellular carcinoma 

HL-60 Acute promyelocytic leukemia 

HO-8910 Ovarian carcinoma 

Hs578T Breast carcinosarcoma 

HT-29 Colorectal adenocarcinoma 

HuH-7 Hepatocellular carcinoma 

JEG-3 Choriocarcinoma 

K562 Chronic myelogenous leukemia 

KPL-1 Breast ductal carcinoma 

LN-18 Glioblastoma 

LNCaP Prostate adenocarcinoma 

LS 174T Colorectal adenocarcinoma 

M4Beu Melanoma 

MCF-7 Breast adenocarcinoma 

MDA-MB-231 Breast adenocarcinoma 

Table 2. contd…. 

Cell Line Cancer Type 

MDA-MB-435S Melanoma 

MDN Melanoma 

MG-63 Osteosarcoma 

MIA PaCa-2 Pancreatic carcinoma 

MKL-F Breast adenocarcinoma 

MKN-28 Gastric adenocarcinoma 

MKN-45 Gastric adenocarcinoma 

MKN-74 Gastric adenocarcinoma 

MNNG-HOS Osteosarcoma 

MT-4 Acute lymphoblastic leukemia 

NCI-H460 Large cell lung cancer 

OPM-2 Multiple myeloma 

PANC-1 Pancreatic carcinoma 

PC-3 Prostate adenocarcinoma 

RS4;11 Acute lymphoblastic leukemia 

Saos-2 Osteosarcoma 

SAS Tongue squamous cell carcinoma 

SCC-25 Tongue squamous carcinoma 

SCC-4 Tongue squamous cell carcinoma 

SCC-9 Tongue squamous carcinoma 

SGC-7901 Gastric adenocarcinoma 

SiHa Cervical squamous carcinoma 

SK-BR-3 Breast adenocarcinoma 

SK-HEP-1 Liver adenocarcinoma 

SK-N-BE(2) Neuroblastoma 

SK-N-DZ Neuroblastoma 

SK-N-SH Neuroblastoma 

SK-OV-3 Ovarian adenocarcinoma 

SMMC-7721 Hepatocellular carcinoma 

SNG-II Endometrium carcinoma 

SNU-C4 Colorectal adenocarcinoma 

SPC-A-1 Lung adenocarcinoma 

SW480 Colorectal adenocarcinoma 

SW620 Colorectal adenocarcinoma 

T24 Bladder carcinoma 

T-47D Breast ductal carcinoma 

T98G Glioblastoma 

THP-1 Acute monocytic leukemia 

Toledo Diffuse large cell lymphoma 

U-138 MG Glioblastoma 

U-2 OS Osteosarcoma 

U-251 MG Glioblastoma 

U266B1 Plasmacytoma 

U-87 MG Glioblastoma 

U-937 Histiocytic lymphoma 

WM793 Melanoma 

XG2 Multiple myeloma 
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seaweed. It is also commercially manufactured from the microalgae 
Crypthecodinium cohnii and Schizochytrium sp. However, DHA is 
a primary structural component of the brain cerebral cortex, sperm, 
testicles and retina, and it can be internally synthesized from alpha-
linolenic acid [33]. Regarding its structure, DHA comprises 22 
carbons and 6 alternative double bonds in its hydrocarbon  
chain (22:6( -3)) [34] (Fig. 1). DHA is a potent inhibitor of cancer 
cell growth and development in a variety of tumors as well as  
a safe, natural compound that can significantly improve the 
antiproliferative properties of several anticancer drugs [35]. 

 DHA-triggered apoptosis of colorectal cancer cells is caspase-
dependent, with both the intrinsic and extrinsic pathways being 
implicated. BAX and BAK1 dimerization, mitochondrial membrane 
depolarization, as well as cytochrome C and DIABLO (also known 
as SMAC) release into the cytosol indicate the activation of the 
intrinsic pathway. On the other hand, the implication of the 
extrinsic pathway is supported by the activation of CASP8 and the 
downregulation of CFLAR (CASP8 and FADD-like apoptosis 
regulator). Interestingly, a cross-talk between the two pathways 
seems to exist, as suggested by the timing of CASP8 activation and 
the oligomerization of BID with BAX [36]. Treatment of HT-29 
cells, MCF-7, and Hep G2 cells with DHA resulted in a time- 
and/or dose-dependent reduction of BCL2 protein levels, without 
modulating the protein expression levels of BAX [37-39]. In MCF-
7 and Hep G2 cells, this alteration was found to be associated with 
the JNK-related cell death pathway that is involved in the 
production of lipid peroxides (LPO) or reactive oxygen species 
(ROS), and was followed by mitochondrial injury and apoptosis 
[38,39]. However, DHA-induced apoptosis of gastric cancer cells 
may be mediated by the activation of activator protein-1 (AP-1), 
which in turn enhances the transcription of the BAX gene [40]. On 
the other hand, in the HL-60 cells, DHA is suggested to trigger 
apoptosis via a BAX-independent pathway [41]. Ghosh-Choudhury 
et al. proposed a novel signaling pathway linking the fish oil-
derived DHA to apoptosis induction in a mouse model of breast 
cancer. In more detail, administration of DHA increased the 
expression of the Pten protein, thus significantly inhibiting Nfkb-
dependent transcription of Bcl2 and Bclx genes [42]. Also, after 
treatment with DHA, the BCL2 gene expression was suppressed in 
LS 174T, Daoy, D283 Med, U-138 MG, and U-87 MG cells 
[43,44]. In these cancer cell lines, the apoptosis-inductive impact of 
DHA seems to be connected with the PI3K/MAPK signaling 
pathway. 

 Recent data suggest also a link between DHA-induced 
apoptosis and syndecan 1 (SDC1) in prostate and breast tumors 
[45,46]. SDC1 is a transmembrane (type I) heparan sulfate 
proteoglycan that supports the integrity of the epithelial compartment. 
In cancer cells of epithelial lineage, SDC1 is generally downregulated, 
thus resulting in perturbation of homeostasis and malignancy 
development. Hu et al. revealed that DHA increases SDC1 
expression in prostate cells of Pten knockout (Pten(P

-/-
)) mice and 

prostate cancer cells, and that this upregulation is connected to the 
induction of apoptosis. In the presence of control siRNA, both 
DHA and the SDC1 ectodomain induced apoptosis, whereas SDC1 
silencing blocked DHA-induced but not SDC1 ectodomain-induced 
apoptosis, in PC-3 and LNCaP cells. Moreover, the PDK1/AKT1/ 
BAD integrating network seems to be involved in this antineoplastic 
process, as implied by downstream factors of the SDC1 signaling 
pathway linked to omega-3 PUFA-promoted apoptosis. Depressed 
phosphorylation of PDK1, AKT1, and BAD in prostate cancer cells 
was detected in response to DHA and SDC1 ectodomain treatment. 
The effect of DHA on PDK1/AKT1/BAD signaling was abrogated 
by SDC1-siRNA. These findings delineate a mechanism by which 
SDC1-dependent suppression of phosphorylation of PDK1/AKT1/ 
BAD mediates apoptosis induced by DHA in prostate cancer cells 
[45]. Through an alternative pathway, SDC1, upregulated by DHA, 
promotes apoptosis in breast cancer cells through inhibition of 

MEK/ERK/BAD signaling. Specifically, it was shown that in MCF-
7 cells and SK-BR-3 cells, DHA and the SDC1 ectodomain 
impaired signaling of the P42/P44-MAPK pathway by blocking the 
phosphorylation of MAPKs and BAD, therefore stimulating 
apoptotic cell death. Significant enhanced phosphorylation of these 
proteins following SDC1-siRNA addition inhibited the suppressive 
effects of DHA on their phosphorylation. Also, SDC1-siRNA 
weakened apoptosis of MCF-7 cells, an effect markedly blocked by 
the MEK inhibitor PD98059. In vivo experiments in animal models 
confirmed the above findings, supporting that DHA-augmented 
expression of SDC1 leads to apoptotic death of MCF-7 cells, 
involving MEK/ERK/BAD signaling [46]. 

 Previous studies have also revealed the synergistic effect of 
DHA with the antineoplastic drug 5-fluorouracil (5-FU) in colon 
and gastric cancer [47,48]. Specifically, DHA enhances the 
proapoptotic effect of 5-FU in P53-wildtype cells such as LS 174T 
and COLO 320HSR, as well as in P53-mutant cells such as HT-29 
and COLO 205. This improvement includes the marked increase of 
the inhibitory effect of 5-FU on the expression of the antiapoptotic 
BCL2 and BCLXL proteins [48]. Additionally, combinational 
treatment with DHA and 5-FU affected the mRNA expression of 
various apoptosis-related genes, including BCL2 and the novel 
BCL2L12 gene, in SGC-7901 cells, in a dose- and time-dependent 
manner [47]. Synergistic interaction is also reported to be exerted 
between DHA and clioquinol, an 8-hydroxyquinoline derivative (5-
chloro-7-iodo-8-hydroxyquinoline) [49]. The combined effect of 
the two molecules is associated with impairment of NFKB activity 
and stimulation of apoptosis, along with suppression of the levels of 
antiapoptotic proteins such as BCL2. Interestingly, when cells were 
pretreated with antioxidant vitamin E, the synergism of clioquinol 
and DHA was blocked, indicating the essential role of lipid 
peroxidation for their action. Overall, these studies suggest the 
existence of novel anticancer drug combinations that synergistically 
target pivotal cell survival signaling pathways [47,48]. 

 Additionally, DHA has beneficial proapoptotic effects in colon 
tumors when combined with sodium butyrate [50,51]. This 
combination significantly increases CASP3 activity and decreases 
BCL2 protein levels in HT-29 and Caco-2 cells [51], while it 
decreases the expression of the antiapoptotic MCL1L protein in the 
HT-29 cells [50]. The same enhancement of antiproliferative 
function was also observed in As2O3-mediated apoptosis in HL-60 
cells, in which increased BAX protein expression and CASP3 
activation were noticed [52]. Finally, DHA was recently reported to 
revert the resistance of immortalized human HaCaT keratinocytes 
to UV-induced apoptosis through an increase of the BAX/BCL2 
ratio, enhanced CASP3 activity, and reduction of prostaglandin-
endoperoxide synthase 2 (PTGS2) levels [53]. 

1.2.1.2. Eicosaopentaenoic Acid 

 Eicosaopentaenoic acid (EPA) is another omega-3 fatty acid, 
the second major compound of fish oils and microalgae after DHA. 
In the human body, it is abundantly found in breast milk [33]. EPA 
is a carboxylic acid with a 20-carbon chain and five cis double 
bonds, with the first double bond located at the third carbon from 
the omega end (20:5( -3)) [34]. Like DHA, the antiproliferative 
effect of EPA in cancer cells seems to be caspase-dependent and to 
be exerted by both the intrinsic and extrinsic pathways [36]. 
Moreover, the aforementioned novel signaling pathway implicating 
Pten as suggested by Ghosh-Choudhury et al. is also involved in 
EPA-induced cancer-cell apoptosis in a breast cancer mouse model, 
and is associated with reduced levels of the Bcl2 and Bclx genes 
[42]. 

 EPA negatively affects the expression levels of the BCL2 gene 
in HL-60 cells [54]. It can also act synergistically with piroxicam 
an inhibitor of the prostaglandin-endoperoxide synthase 1 (PTGS1) 
that, in turn, converts EPA into various inflammatory mediators, 
resulting in the downregulation of the BCL2 protein. Nevertheless, 
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the activation of the proapoptotic BID protein is not promoted after 
EPA/piroxicam treatment [37]. Synergistic effects have also been 
reported when EPA is administered along with other compounds. 
For instance, the coadministration of EPA and genistein, an 
isoflavone product, leads to upregulation of the BAX protein and 
downregulation of the BCLXL protein in MCF-7 and MDA-MB-
231 cells [55]. Additionally, treatment with EPA plus the angiogenesis 
inhibitor TNP-470 evoked apoptosis in MDA-MB-231, T-47D, 
MCF-7, KPL-1, and MKL-F cells, accompanied by higher upregulation 
of the proapoptotic BAX and BCLXS proteins, and stronger 
downregulation of the BCL2 and BCLXL apoptosis-suppressing 
proteins, in comparison to each agent alone [56]. Furthermore,  
low concentration of the lycopene carotenoid and EPA can 
synergistically inhibit the proliferation of HT-29 cells through 
suppression of the PI3K/AKT1/mTOR signaling pathway. Their 
synergistic antiproliferative action results in upregulation of the 
BAX protein [57]. 

1.2.2. Omega-6 Fatty Acids 

 Similarly to -3, -6 are unsaturated FAs in which a double 
bond is in the sixth position from the end methyl group and are 
considered also essential for the human body. The primary 6 FA 
is linoleic acid (LA) which is converted to arachidonic acid (AA). 
Special attention has been given to the interactions and the 
equilibrium of -3 and -6 FAs with respect to inflammation 
progression and cancer related cascades [58-60]. 

1.2.2.1. Linoleic Acid 

 Linoleic acid (LA) is an omega-6 PUFA that belongs to the 
group of essential lipids. It is a carboxylic acid with an 18-carbon 
chain and two cis double bonds (18:2(n-6)); the first double bond is 
located at the sixth carbon from the methyl end [61]. LA is used in 
the biosynthesis of arachidonic acid (AA) and, consequently, of 
some prostaglandins. It is found in the lipids of cell membranes 
[62]. It is abundant in vegetable oils, comprising over half of poppy 
seed, safflower, sunflower, and corn oils [63]. Treatment of AGS 
cells with LA led to an increase in the proapoptotic BAX protein 
expression and a decrease of the antiapoptotic BCL2 protein 
expression. This proapoptotic activity of LA was mediated, at least 
in part, by the FAS/FASLG pathway [64]. Apart from this effect, 
LA is implied to induce quiescence in MKN-28 cells and in COLO 
320HSR cells. In more detail, LA inhibited the growth of both cell 
lines in a dose-dependent manner. This effect included enhancement 
of the BCL2 protein levels, whereas BAK1 protein levels were 
decreased [65]. Intraperitoneal LA administration of BALB/c nude 
mice previously inoculated with MKN-28 and COLO 320HSR  
cells significantly diminished the number of metastatic foci of  
both cell lines in the peritoneal cavity. This in vivo effect of LA  
was characterized also by an increase of the BAX protein [66]. 
Overall, in vivo experiments support the quiescence-inducing and 
invasion/metastatic-inhibiting properties of LA in cancer cells 
[65,66].  

1.2.2.2. Gamma-linolenic Acid 

 Gamma-linolenic acid (GLA) is an omega-6 metabolic 
derivative of LA with an 18-carbon chain and three cis double 
bonds (18:3 (n 6)) [61] (Fig. 1). It is primarily obtained from 
vegetable oils such as safflower oil (Carthamus tinctorius), evening 
primrose (Oenothera biennis) oil, blackcurrant seed oil, borage oil, 
and hemp seed oil [67]. Possible underlying mechanisms of action 
include decrease of the BCL2 protein expression levels as well as 
modulation of steroid hormone receptors [68,69]. In a study with 
endocrine-sensitive breast cancer patients, thirty-eight individuals 
that were treated with GLA in addition to tamoxifen were 
characterized by a faster clinical response compared to forty-seven 
patients treated only with tamoxifen [68]. Moreover, in an animal 
glioma model, GLA provoked tumor suppression, leaving the 
surrounding normal brain tissue unaffected. Besides, in three open-
label clinical studies, intratumoral injection of GLA stimulated 

considerable reduction of glioma cells without any significant side 
effects. Its low neurotoxicity against normal brain neurons and 
selective activity against cancer cells make GLA a promising 
antiglioma agent [69]. 

1.2.2.3. Arachidonic Acid 

 Arachidonic acid (AA) is another omega-6 PUFA generated 
from LA. With regards to chemical structure, AA is a carboxylic 
acid with a 20-C chain and four cis-double bonds; the first double 
bond is located at the sixth carbon from the omega end [61]. It is 
abundantly found in the cell membrane phospholipids of the brain, 
muscle, and liver [62]. A commercial source of AA has been 
derived from the fungus Mortierella alpine [70]. AA along with 
sodium butyrate has valuable proapoptotic effects in HT-29 cells, 
suppressing the antiapoptotic MCL1L protein [50]. Moreover, AA is 
able to stimulate apoptotic phenomena in SK-N-SH cells through 
the mitochondrial pathway, mainly by eliciting ROS generation and 
Ca

2+
-evoked activation of P38 MAPKs and JNKs, and by also 

modulating the levels of several BCL2-family members [71]. 

1.2.3. Conjugated Fatty Acids 

 Conjugated fatty acids (CFAs) are PUFAs in which at least one 
pair of double bonds are separated by only one single bond; they 
are abundant as mixtures of positional and geometric isomers. 
Recent reports indicate that each CFA is characterized by different 
biological profiles. CFAs have been linked to several beneficial 
activities such as anticancer, antiatherogenic, antidiabetic, anti-
obese. The most well studied representatives of this group are the 
conjugated derivatives of linoleic acid [72]. 

1.2.3.1. Conjugated Linoleic Acids 

 Conjugated linoleic acids (CLAs) comprise a family of at least 
28 isomers of LA, characterized by the presence of conjugated 
double bonds, and only one single bond between them [73]. CLAs 
are found mainly in the meat and dairy products derived from 
ruminants. They can also be obtained from eggs and the mushroom 
species Agaricus bisporus and A. subrufescens [74]. During the last 
decades, CLAs are gaining ground as promising agents valuable for 
health. 

 Both the intrinsic and extrinsic apoptotic pathways seem to be 
involved in the apoptosis-promoting activity of CLAs, as shown by 
the increase of CASP8 and CASP9 in CLA-treated SK-HEP-1 cells. 

Additionally, augmented levels of peroxisome proliferator-activated 
receptor alpha (PPARA), protein phosphatase 2A, BAK1 and BAD 
proteins were detected in these cells, along with decreased levels of 
the BCL2 and BCLXL proteins [75]. Moreover, CLAs exert their 
proapoptotic activity through both P53-dependent and P53-
independent pathways, at least in breast cancer cells [76]. In detail, 
administration of CLAs to MCF-7 cells led to a drop in BCL2 
protein expression levels [76,77]. In MDA-MBA-231 cells, the 
transcription of the mutated P53 gene was not affected after CLA 
treatment, but cyclin-dependent kinase inhibitor 1A (CDKN1A) and 
BCL2 mRNA levels were increased. However, CLAs completely 
suppressed the expression of the mutant P53 protein in these cells, 

and the antiapoptotic effects of elevated BCL2 protein expression 
were countered by the increase in proapoptotic BAX and BCLXS 
protein expression as well as in CDKN1A protein expression [76]. 
Furthermore, CLA-treatment of MDA-MBA-231 cells has also 
been linked to upregulation of BAK1 and downregulation of 
BCLXL protein expression [78]. Upregulation of apoptosis-
facilitating proteins such as BAX and BAK1 along with 
downregulation of apoptosis-suppressing proteins such as BCL2 
and BCLXL were also detected in MKN-28 and COLO 320HSR 
cells [79]. Studies in animal models also indicated the 
antiproliferative effect of CLAs, including modulations in the 
BCL2 and BAX protein levels [80,81]. 

 Among CLA members, cis-9,trans-11 (c9t11) and trans-10,cis-
12 (t10c12) CLAs are the principal isomers applied in commercial 
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preparations [82]. Treatment of MCF-7 and MG-63 cells with a 
mixture of c9t11 and t10c12 CLA was found to trigger apoptosis 
via downregulation of the BCL2 protein and concomitant 
upregulation of the BAX protein levels [83,84]. In SW480 cells, 
c9t11, t10c12 and their mixture, all resulted in comparable 
reduction of the BCL2 protein levels; however, the t10c12 CLA 
was a more potent inducer of apoptosis [85]. The superiority of the 
t10c12-CLA in cytochrome C release into the cytosol and 
subsequent induction of apoptosis was also evident in PC-3 cells, in 
which it seems to act preferentially through modulation of apoptosis 
by decreasing BCL2 mRNA expression [86]. However, t10c12-
induced apoptosis in HT-29 cells is mediated by a decline in AKT1 
activity, an increase in the translocation of BAD and BAX to the 
mitochondria, and the subsequent disruption of the mitochondrial 
membrane potential, without profound changes in the levels of the 
BCL2-family proteins [82]. Regarding the c9t11-CLA, this was 
found to induce apoptosis in SGC-7901 cells by repressing BCL2 
mRNA expression and enhancing FAS mRNA expression [87]. 
Another CLA member, the t9t11-isomer, was also shown to 
decrease BCL2 mRNA expression in Caco-2 cells, while BAX 
mRNA levels remained unaltered [88]. 

1.2.3.2. Conjugated Linolenic Acids 

 Conjugated linolenic acids (CLNs) form a CLA-subgroup 
characterized by their ability to trigger apoptosis through the 
decrease of the BCL2 protein levels in numerous cancer cell lines 
[89]. Alpha-eleostearic acid (alpha-ESA; c9t11t13-CLN) is a CLN 
that downregulates the expression of the BCL2 gene in Caco-2 cells 
[90,91]. It is considered as a peroxisome proliferator-activated 
receptor gamma (PPARG) agonist in MCF-7 cells, in which nuclear 
translocation of PPARG by alpha-ESA is associated with inhibition 
of the ERK1/2 activation. In the same cell line, downregulation of 
BCL2 protein expression and upregulation of BAX protein 
expression were also noticed in response to alpha-ESA treatment 
[92]. Interestingly, beta-eleostearic acid (beta-ESA; t9t11t13-CLN) 
was found to be more potent in suppressing BCL2 gene 
transcription in Caco-2 cells [90], while in T24 cells it can 
downregulate the BCL2 protein expression, thus inducing apoptosis 
[93]. 

1.2.3.3. Conjugated Docosahexaenoic Acid 

 Similarly to CLAs, the conjugated docosahexaenoic acid 
(CDHA) is characterized structurally by conjugated double bonds 
and is produced by alkaline isomerization of docosahexaenoic acid. 
CDHA was found to induce apoptosis in COLO 201 and KPL-1 
cells, characterized by the enhancement of the proapoptotic BAK1 
and BCLXS proteins along with the suppression of the BCL2 and 
BCLXL proteins [94]. Moreover, CDHA seems to be a more potent 
inhibitor of COLO 201 and KPL-1 cell growth, compared to DHA 
[94,95]. 

1.2.4. Terpenes and Terpenoids 

 Terpenes are amongst the most widespread and chemically 
diverse groups of natural products. They are produced by a great 
variety of plants but also by insects and they comprise the main 
building blocks for the formation of other chemical classes in 
nearly every living organism. Biosynthetically, terpenes derive 
from the isoprene unit (containing five carbon atoms - C5) and the 
number of isoprene units defines the different classes of terpenes. 
Thus, they can be divided into hemiterpenes (C5), monoterpenes 
(C10), sesquiterpenes (C15), diterpenes (C20), sesterterpenes (C25), 
triterpenes (C30) and tetraterpenes (C40) [96]. The chemically 
modified terpenes after oxidation or rearrangement of the basic 
skeleton are classified as terpenoids. Both terpenes and terpenoids 
comprise the primary constituents of essential oils and they give the 
characteristic aroma and odor of several drinks and food-stuffs. The 
function of terpenes and terpenoids in plants is both ecological (e.g. 
allelopathy) and physiological (e.g. plant hormones). Some well-
known representatives of important biological impact are methol, 

camphor, geraniolabscisic acid, -cadinene, abietic acid, paclitaxel, 
squalene, ursolic acid, stigmasterol, cholesterol, and carotenoids 
[29]. Until 2004, more than 30,000 terpenes and terpenoids, mainly 
of plant origin, have been listed in the Dictionary of Natural 
Products, encompassing flavors and fragrances, antibiotics, 
hormones, membrane lipids, insect attractants, and antifeedants. 
Increasing numbers of terpenes have been found to have 
antibacterial, antimalarial and anticancer properties [97]. 

1.2.5. Monoterpenes and Monoterpenoids 

 Monoterpenes and monoterpenoids consist of two isoprene 
units most of which are colorless volatile oils with highly 
distinctive aromas and flavors. The most well-known producers of 
essential oil (EO) monoterpenes are herbs such as mint (Mentha 
sp.) and sage (Salvia sp.). Myrcene is found in the essential oil of 
bay leaves as well as hops. Geraniol, an isomer of linalool, 
constitutes the major part of the EO of roses, citronella, lemon grass 
and others. Menthol is a well-known monoterpene of peppermint 
and mint while safranal is chiefly responsible for the characteristic 
odor of saffron (Crocus sativus). Eucalyptol is the main component 
of the EO of the eucalyptus leaf (Eucaliptus sp.) which, along with 
camphor, form the major constituents of rosemary oil [29]. EOs 
useful in the prevention and treatment of several diseases and their 
medicinal application have become very popular, and this is also 
the case for many of their constituents as single fragrance 
compounds [98]. 

1.2.5.1. Perillyl Alcohol 

 Perillyl alcohol (PA) is a monoterpene isolated from the 
essential oils of lavendin, spearmint, peppermint, celery seeds, 
cherries and other plants [99]. During the last two decades, PA has 
been identified as an inhibitor of cancer cell growth both in vitro 
and in vivo [100]. Moreover, its antiproliferative action includes the 
modulation of BCL2-family members [100,101]. Specifically, PA 
induces BAK1 and reduces BCLXL protein expression when 
administered to BxPC-3 cells [102]. On the other hand, growth 
inhibition observed in PA-treated A549 cells was associated with 
elevated BAX protein expression [103]. PA was also shown to act 
synergistically with pentoxifylline to induce apoptosis in U-937 
cells by upregulating BAX and downregulating BCL2 protein 
expression [104]. 

1.2.5.2. Geraniol 

 Geraniol (GO) is a monoterpenoid alcohol and constitutes the 
principal component of rose, palmarosa, and citronella oils, and a 
minor component of geranium and lemon oils [105]. In Swiss 
albino mice, GO inhibits skin tumorigenesis mediated by 7,12-
dimethylbenz[a]anthracene and 12-O-tetra-decanoyl-phorbol-13-
acetate, by attenuating the RAS proliferation pathway and inducing 
apoptosis via upregulation of BAX protein levels and down- 
regulation of BCL2 protein expression [106] (Fig. 1). Additionally, 
the growth of colon tumors generated by administration of 
dimethylhydrazine in Wistar rats was restrained after treatment of 
the animals with GO, which resulted in repression of the BCL2 
gene [107]. GO was also shown to counteract proliferation when 
administered to PC-3 cells, modulating various cell cycle regulators 
and BCL2-family proteins. Moreover, combined treatment of PC-3 
cells with GO and docetaxel suppressed cancer cell growth in 
cultures and tumor xenograft mice [108]. 

1.2.6. Sesquiterpenes and Sesquiterpenoids 

 Sesquiterpenes are composed of three isoprene units (C15) and 
exist in a wide variety of forms including linear, bicyclic and 
tricyclic frameworks. Like the monoterpenes, most of the 
sesquiterpenes are considered to be EOs. Biochemical modifications 
such as oxidation and rearrangements produce the structurally 
related sesquiterpenoids [97]. Both are naturally abundant in plants 
and insects and act as defensive agents and pheromones. A sub-
group of sesquiterpenoids of high importance is sesquiterpene 
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lactones which possess anti-inflammatory and anticancer activity 
[109]. 

1.2.6.1. Parthenolide 

 Parthenolide (PT) belongs to the subclass of germacranolides, 
one of the major groups of sesquiterpene lactones found in the 
Tanacetum parthenium (feverfew). PT is characterized by its 
proapoptotic activity against cancer cells. PT triggers the intrinsic 
apoptotic pathway, increases intracellular ROS, and modulates the 
expression of several members of the BCL2 family [110]. 
Administration of PT to BxPC-3 cells led to a decrease in the BCL2 
protein levels and an increase in the BAX protein levels, while no 
alteration in BAD protein expression was noticed [111]. 
Furthermore, PT induced BID activation in PT-treated SGC-7901 
cells [112]. PT and its related chemicals (e.g. costunolide) have 
been suggested as promising agents for the treatment of various B-
cell lymphomas, especially those expressing low levels of the 
BCLXL protein [113]. PT was also shown to negatively affect the 
transcription of cancer-related genes with NFKB-binding sites in 
their promoters such as BCLX in A-375, 1205Lu, and WM793 cells 
[114]. Data from animal models indicate that subcutaneous injection 
or oral administration of PT results in significant repression of 
tumor development in a xenograft mouse model, accompanied by 
diminished expression of the BCLXL protein [115]. As shown by 
Zhang et al., PT antagonizes paclitaxel-mediated nuclear trans- 
location and activation of NFKB as well as BCLXL protein 
upregulation in A549 cells, both in vitro and in vivo [116] (Fig. 1). 

1.2.7. Triterpenes and Triterpenoids 

 Triterpenes are C30 terpenes (six isoprene units) and 
biosynthetically derive from squalene; chemical modifications of 
the triterpene skeleton result in triterpenoids. They are often high-
melting colorless solids and widely distributed amongst plant 
resins, cork and cutin. Only a few of the common triterpenes are 
actually widely distributed amongst plants such as amyrins, 
limonins, ursolic, oleanic acid, and curcubitacins. Plant sterols 
belong also to the large family of triterpenoids which are 
structurally characterized by the presence of a hydroxyl group at C-
3 of the basic skeleton. Moreover, saponins are classified as 
triterpenoids which are high molecular weight triterpene glycosides 
containing at least one sugar unit attached to either sterols or other 
triterpenes. Typically, saponins have detergent properties, form 
foams in water and have a bitter taste. Saponins are constituents of 
many plants drugs and folk medicines, especially in Asia leading to 
a great interest in the investigation of their pharmacological 
properties. Commercially important preparations based on saponins 
include sarsaparilla root (Sarsaparilla sp.), licorice (Glycyrrhiza 
sp.), primula root (Primula sp.) and Ginseng (Panax sp.) [29]. 
Cancer related activity is among the most studied pharmacological 
property of saponins in the last years. They were shown to be 
cytotoxic against a large panel of cancer cells and this activity 
seems to be related to their apoptosis inducing potential [117]. 

1.2.7.1. Ursolic Acid 

 Ursolic acid (UA) is a pentacyclic triterpene acid found in many 
plants, including apples, basil, bilberries, cranberries, elder flower, 
peppermint, rosemary, lavender, oregano, thyme, hawthorn, and 
prunes. UA exerts its anticancer function through induction of the 
mitochondrial apoptotic mechanisms [118]. In Hep G2 cells, the 
administration of UA leads to downregulation of the BCL2 and 
BCLXL proteins, with a subsequent elevation of the BAX/BCL2 
ratio [119,120]. Moreover, in HuH-7 cells UA modulated the levels 
of several BCL2-family members and suppressed the mRNA 
expression of the antiapoptotic XIAP gene [121]. In SMMC-7721, 
UA-induced apoptotic cell death was found to be P53-dependent, 
accompanied by elevation of BAX and repression of BCL2 gene 
expression [122]. Additionally, UA-induced apoptosis in M4Beu 
cells was characterized by an increase of BAX and a decrease of 
BCL2 protein levels, resulting in alteration in the BAX/BCL2 

balance in favor of apoptosis [123,124]. In addition, MCF-7 and 
MDA-MB-231 survival was found to be impaired by UA, acting via 
both mitochondrial death and the extrinsic death receptor-dependent 
pathways [125,126]. Furthermore, in various cancer cell lines of 
colorectal origin, the apoptotic cell death triggered by UA was 
associated with inhibition of constitutive NFKB activation and 
downregulation of antiapoptotic proteins, including BCLXL and 
BCL2 [127,128]. 

 In SK-OV-3 cells, UA-induced programmed cell death was 
associated with downregulation of the BCLXL protein, while in 
Caov-3 cells apoptosis was accompanied by downregulation of the 
BCL2 protein and upregulation of the BAX protein [129,130]. In 
PC-3 and LNCaP cells, the administration of UA resulted in 
suppression of BCL2, while in cultures of primary human prostate 
cancer cells it resulted in induction of BAX gene expression and a 
decrease of BCL2 protein levels [131,132]. Moreover, upregulation 
of the BAX protein and downregulation of the BCL2 protein was 
noticed in UA-treated HEC108 and SNG-II cells [133,134]. In UA-
treated lung cancer cells, BCL2 and BCLXL protein expression 
levels were decreased whereas BAX protein levels were increased, 
compared to untreated cultured cells derived from lung tumors 
[135]. UA was also found to promote apoptosis in K562 cells 
through the inactivation of PKB, leading to MCL1L and BCLXL 
protein downregulation, and to subsequent caspase activation 
[136,137]. Besides that, in multiple myeloma cells, certain STAT3-
regulated genes, including BCL2, BCLX, and MCL1, are suppressed 
in response to UA administration. Importantly, in these cell lines, 
UA was shown to significantly potentiate the growth-inhibiting 
effect of thalidomide and bortezomib [138]. The therapeutic value 
of UA was further uncovered by studies on parental and multi-drug 
resistant breast cancer and leukemic cell lines, as well as in SW480 
cells, in which UA showed the optimal antineoplastic effect, 
including suppression of the BCL2 and BCLXL proteins [139]. 

1.2.7.2. Betulinic Acid 

 Betulinic acid (BetA) is a naturally occurring pentacyclic 
triterpenoid possessing antiretroviral, antimalarial, anti-
inflammatory, and anticancer properties. It is obtained from the 
bark of various plants, mainly from Betula pubescens (white birch) 
[140], but also from Ziziphus mauritiana, Prunella vulgaris, 
Triphyophyllum peltatum, Ancistrocladus heyneanus, Diospyros 
leucomelas, Tetracera boiviniana, Syzygium formosanum, 
Chaenomeles sinensis, rosemary, and Pulsatilla chinensis 
[141,142]. In vitro studies over the last two decades have identified 
this agent as potently effective against a wide variety of cancer 
cells, including those derived from therapy-resistant and refractory 
tumors, whereas it is relatively nontoxic for healthy cells. On the 
other hand, in vivo preclinically administered BetA showed 
significant anticancer effects, accompanied by total absence of 
systemic toxicity in rodents [143]. Fulda et al. proposed that BetA 
triggers apoptosis in neuroectodermal tumors, such as neuro- 
blastoma, medulloblastoma, and Ewing's sarcoma, in a FAS- and 
P53-independent manner; however, BetA-induced apoptotic cell 
death is critically dependent on activation of caspases. Overexpression 
of the BCL2 and BCLXL proteins conferred resistance to BetA at 
the level of mitochondrial dysfunction, protease activation, and 
nuclear fragmentation. This suggested that mitochondrial alterations 
were involved in the BetA-induced activation of caspases [144]. 
Recent studies have confirmed these results regarding the apoptotic 
pathways initiated by BetA, as well as the resistance to BetA-
stimulated cell death in neuroblastoma, glioma, melanoma, and 
hepatoblastoma cells overexpressing the BCL2 and BCLXL genes 
[145-152]. Recently, Mullauer et al. has shown that BetA-induced 
cytochrome C release is also BAX/BAK1-independent [153]. 

 The antiproliferative impact of BetA on cancer cells is mediated 
by the modulation of BCL2-family members, including 
enhancement of the BAX and BCLXS proteins in neuroblastoma 
cells [144], and upregulation of the MCL1S protein in melanoma 
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cells [154], as well as the suppression of STAT3-regulated genes 
(including BCL2 and BCLX) in multiple myeloma cells and 
immortalized T lymphocytes [155,156]. Expression of the BCL2 
and BAX genes is also impaired in various malignant tumors, as 
well as in primary cultures originating from ovarian carcinoma, 
cervical carcinoma, and glioblastoma, following treatment with 
BetA [157]. In PC-3 cells, the BetA-induced shift in the 
BAX/BCL2 ratio was associated with effective inhibition of 
constitutive NFKB activation [158] (Fig. 1). 

 BetA cooperates also with other therapeutic agents to induce 
cancer cell death [143]. Its combination with the natural 
triterpenoid ginsenoside Rh2 (GRh2) for the treatment of HeLa, 
A549, and Hep G2 cells triggers apoptotic cell death. The 
GRh2/BetA synergistic effects include BAX translocation to the 
mitochondria and cytochrome C release, as well as enhanced 
cleavage of CASP8 and BID [159] (Fig. 1). On the other hand, 
combined treatment of in SCC-25 and SCC-9 cells with BetA and 
the commercially availablve drug cisplatin proved to be inefficient 
in inducing cancer cell death [160]. Most importantly, BetA is able 
to bypass some forms of drug resistance [146], suggesting that the 
use of BetA as a sensitizer in chemotherapy-based combination 
regimens may constitute a novel strategy to enhance the efficacy of 
anticancer therapeutic schemes. 

1.2.7.3. Oleanic Acid 

 Oleanic or oleanolic acid (OA) is a naturally occurring 
triterpenoid, widely distributed in food and medicinal plants. 
Phytolacca americana (American pokeweed), Syzygium sp., and 
garlic are some of the sources of OA. Research interests have 
focused on this substance due to its relatively nontoxic, 
hepatoprotective, anticancer, and antiviral properties [161]. In 
HuH-7 cells, OA exhibits its antiproliferative activity through the 
mitochondrial pathway, enhancing the proapoptotic and suppressing 
the antiapoptotic members of the BCL2 family [121]. Elevation of 
the BAX/BCL2 ratio was also detected in MCF-7, MDA-MB-231, 
A549, H460, and SPC-A-1 cells after treatment with OA [162-164]. 
However, in the A549, H460, and SPC-A-1 cells, the OA-provoked 
modulation of the BAX/BCL2 ratio was attributed only to the 
augmented expression of the BAX protein, since no effect on BCL2 
protein expression levels was noticed [162,164]. Most importantly, 
however, OA was shown to downregulate the BCL2 and BCLXL 
protein levels in parental as well as in multi-drug resistant breast 
cancer and leukemic cell lines [139], thus highlighting its role as a 
promising antineoplastic agent. 

1.2.7.4. Celastrol 

 Celastrol is a triterpenoid antioxidant compound isolated from 

the Chinese medicinal plant Tripterygium wilfordii, commonly 
known as Thunder of God vine [165]. In vitro studies support the 
notion that the antiproliferative activity of celastrol is exerted 
primarily through the mitochondria pathway. In MCF-7 and A549 
cells, upregulation of the BAX protein and downregulation of the 
BCL2 protein were noticed in response to celastrol treatment 
[166,167]. Moreover, celastrol activated the FAS/FASLG pathway 
in A549 cells [166]. Recently, celastrol has been shown to sensitize 
breast cancer cells to TRAIL (TNFSF10), with concomitant 
suppression of the survival proteins BCL2 and BCLXL and 
augmentation of BAX protein expression [168]. A recent study 
revealed that celastrol is able to inhibit the proliferation of U266B1 

and RPMI 8226 cells, in which it enhanced also the programmed 
cell death that was triggered by thalidomide and bortezomib. This 
effect was associated with the downregulation of various 
antiapoptotic members of the BCL2 family, including the BCL2, 
BCLXL and MCL1L proteins [169]. 

1.2.7.5. Ginsenosides 

 Panax ginseng is an herb known for its therapeutic, especially 
anticancer, properties. Ginsenosides Rg3 (GRg3) and Rh2 (GRh2) 

are the main bioactive components of Korean red ginseng extract 
that have been shown to kill various cancer cells via the intrinsic 
apoptotic pathway [170]. 

 In Hep 3B, SMMC-7721, and Hep G2 cells, GRg3 has been 
shown to induce the protein levels of BAX and reduce the protein 
levels of BCL2 and BCLXL, thus leading cancer cells to apoptosis 
[170-172]. A similar impact was noticed on HT-29 cells after their 
treatment with GRg3 [173]. Moreover, intratumoral injection of 
GRg3 together with cyclophosphamide in liver tumor-bearing 
C57BL/6 mice resulted in elongated survival time, compared to 
untreated mice and mice treated with either GRg3 or 
cyclophosphamide alone [172]. GRg3 also exhibits a cooperative 
effect with docetaxel, resulting in pronounced inhibition of SW620 
and HCT 116 cell growth, accompanied by a significant decline in 
NFKB activity [159]. The protein expression of BCL2 family 
members was impaired, with BAX being significantly enhanced, 
while BCL2 was significantly inhibited [174,175]. 

 GRh2 is able to stimulate the release of mitochondrial 
cytochrome C, activation of CASP3 and BAX protein, inhibition of 
the BCL2 protein, and production of intracellular ROS in Hep 3B 
cells [170]. The growth-inhibiting properties of GRh2 have also 
been observed in HCT 116 and SW480 cells. In these cells, GRh2 
activated the P53 pathway and significantly increased the protein 
levels of BAX, while it decreased the protein levels of BCL2 [159]. 
Furthermore, exposure of SK-N-BE(2) cells to GRh2 led to an 
increase of the BAX protein [176]. A recent study focusing on the 
molecular mechanisms underlying the GRh2-induced cell death in 
MCF-7 and MDA-MB-231 cells as well as in in vivo xenografts 

revealed that GRh2-induced apoptosis was accompanied by the 
downregulation of the BCL2, BCLXL, and MCL1L prtoeins, and 
also by the induction of the BAK1, BAX, and BIM proteins, 
leading to mitochondrial translocation of BAX and activation of 
caspases. More importantly, GRh2-induced apoptosis was partially, 
yet significantly, reduced by transient transfection of MCF-7 cells 
with BAX- and BAK1-siRNAs. Oral administration of GRh2 
caused significant apoptosis of MDA-MB-231 xenografts. In the 
cancer tissue, BAX and BAK1 protein expression levels were 
elevated, while those of BCL2 and BCLXL were decreased [177]. 
Although several studies suggest that GRh2 acts via the 
mitochondrial pathway, its administration to A549 cells did not 
alter the levels of the BCL2-family proteins [178]. 

1.2.7.6. Tubeimoside-1 

 Tubeimoside-1 (TBMS1) is a triterpenoid saponin extracted 

from the traditional Chinese herb Bolbostemma paniculatum [179]. 
The apoptotic function of TBMS1 against cancer cells is mainly 
mediated through the intrinsic pathway. Administration of TBMS1 
to Hep G2, A549, SK-OV-3, U-87 MG, and JEG-3 cells leads to 
elevation of BAX and BAK1 protein levels and to suppression of 
BCL2 protein expression [180-185]. The proapoptotic activity of 
TBMS1 in JEG-3 cells is exerted, at least partially, by the induction 
of mitochondrial dysfunction and the regulation of the P38 MAPK, 
ERK1/2, and PI3K/AKT1 signaling pathways [181]. Furthermore, 
TBMS1 has been shown to sensitize cisplatin-resistant A2780 cells 
to cisplatin through upregulation of BAX and downregulation of 
BCL2 protein expression [186]. Despite the aforementioned 

promising results suggesting that TBMS1 merits further testing, this 
triterpenoid has a major drawback, as it induces also cytotoxicity in 
normal liver cells [187]. 

2. Aromatics 

 All plants contain a wide variety of compounds which include 
at least one aromatic ring, mono- or poly-substituted with 
functional groups. They are responsible for the vivid color of plants 
together with carotenoids and chlorophylls. Several thousand are 
known and new structures are continuously being discovered. 
Aromatics can be classified into non-phenolic aromatics like 
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chlorophylls (tetrapyrrols), and phenols which comprise the vast 
majority of plant-based natural products and are structurally 
characterized by the presence of at least one hydroxyl group. 
Likewise, phenols can be divided into simple phenols and phenolic 
acids (e.g. resorcinol, catechol, salicylic acid), phenol ethers (e.g. 
apiol), phenylpropanoids (e.g. coumarin, psoralen, p-coumaric acid, 
eugenol), stilbenoids (e.g. resveratrol), flavonoids (e.g. flavonols, 
chalchones, anthocyanidins), tannins (condensed or hydrolysable) 
and quinones (e.g. benzoquinones, naphthoquinones, anthraquinones). 
In particular, cinnamic acid and its derivatives such as caffeic  
acid, p-coumaric acid and ferulic acid are also referred to as 
hydroxycinnamates. Moreover, the term polyphenols is also used to 
describe phenolic compounds with several aromatic rings [29]. 

2.1. Stilbenoids 

 Stilbenoids are characterized by a C6-C2-C6 structural pattern 
and, in chemical terms, they are hydroxylated derivatives of 
stilbene (non-substituted form). They comprise one of the most 
famous classes of phytoalexins in plants which are produced in 
response to attack by fungal, bacterial and viral pathogens. The 
major dietary sources of stilbenoids include grapes, wine, soy and 
peanuts; resveratrol is the most common stilbenoid [29]. 

2.1.1. Resveratrol 

 Resveratrol, occurs as both cis and trans isomers while it is 
present primarily as trans-3-O-glucoside (piceid) in plants. The 
oligomers of resveratrol are called viniferins which are also widely 
abundant in grapes and wine. Trans-resveratrol and its glucosides 
are found in especially high amounts in the Itadori plant 

(Polygonum cuspidatum) [96]. In Asia, the Itadori roots are used for 
preparation of tea as a traditional remedy for heart disease and 
stroke while its name means “well-being”. It is believed that the 
active agents are trans-resveratrol and its glucosides which have 
also been proposed to contribute to the cardioprotective effects of 
wine. Moreover, resveratrol is intensively investigated for its role in 
the prevention and progression of several cancer types [188]. For 
instance, resveratrol was shown to reduce the viability of PANC-1, 
CFPAC-1 and MIA PaCa-2 cells in a dose-dependent manner, 
mainly by decreasing the expression of miR-21 and, thus, inhibiting 
BCL2 protein expression [189] (Fig. 1). Furthermore, it inhibits 
nasopharyngeal carcinoma cell growth via downregulation of BCL2 

and HIF1A (hypoxia inducible factor 1, alpha subunit) proteins and 
upregulation of CASP3 [190]. In ASTC-a-1 and A549 cells, 
resveratrol induces apoptosis dominantly via a BAK1-mediated 
AIF-dependent mitochondrial apoptotic signaling pathway, in 
which BIM – but not PUMA or NOXA – may supply the force to 
trigger BAK1 activation and subsequent apoptosis [191]. 

2.1.2. Pterostilbene 

 Pterostilbene (trans-3,5-dimethoxy-4-hydroxystilbene) is a 
stilbenoid chemically related to resveratrol with important 

antioxidant activity found in blueberries and grapes. As other 
stilbenoids, pterostilbene belongs to the group of phytoalexins and, 

based on animal studies. it is found to exhibit anticancer, 
antihypercholesterolemia, and antihypertriglyceridemia properties 

[96]. Especially in the area of cancer, pterostilbene seems to exhibit 
significant antineoplastic properties in several common malignancies 

[192]. Recently, pterostilbene has been shown to downregulate 
Bcl2 protein expression and to activate cell death in rat melanoma 

cells by sensitizing them to vascular endothelium-induced 
cytotoxicity [193]. Furthermore, Priego et al. demonstrated that it 

can inhibit NFKB activation, which results in downregulation of 
BCL2 protein expression in HT-29 cells [194]. The antiproliferative 

effects of pterostilbene were also evident in MCF-7 and MDA-MB-
231 cells treated with this stilbenoid, as it promoted BAX activation 

and overexpression, leading to an increase in DIABLO  
and cytochrome C activity as well as to cytosolic Ca

2+
 overload 

[195]. 

2.2. Flavonoids 

 Flavonoids are phenolic compounds (or polyphenols) composed 
of fifteen carbons, with two aromatic rings connected by a three-
carbon bridge (C6-C3-C6); they are the most numerous of the 
phenolics in the plant kingdom. They are present in high 
concentrations in the epidermis of leaves, the skin of fruits, and 
flowers, and possess varied and important roles as secondary 
metabolites such as in UV protection, pigmentation, and disease 
resistance [196]. The different classes within this group are 
distinguished by additional oxygen-containing heterocyclic rings 
and hydroxyl groups. These include the flavones (e.g. apigenin, 
luteolin, nobiletin), flavan-3-ols (e.g. catechin, epicatechin gallate), 
isoflavones (genistein, daidzein), flavanones (hesperitin, narigenin), 
and anthocyanidins (malvidin, cyaniding). Also, dihydroflavonols, 
flavan-3,4-diols, chalchones, and aurones are classified as 
flavonoids.  

 Due to the high number of these secondary metabolites and 
their abundance in several edible plants (fruits, vegetables, seeds), 
several studies have been carried out for the investigation of their 
role in human health. Flavonoids exhibit many biological and 
pharmacological properties such as antibacterial [197], antifungal 
[198], antiallergic [199], anti-inflammatory and estrogenic [200]. 
They are powerful antioxidants, which make them valuable 
protecting agents against chronic diseases such as cardiovascular 
diseases, atherosclerosis and malignancies [199,201-204]. 

2.2.1. Flavones 

 Flavones are structurally the simplest flavonoids. Although they 
can be highly substituted, they do not bear a hydroxyl group at C-3, 
which differentiates them from the related flavonols. They are not 
so widely distributed compared to the other sub-groups of 
flavonoids. Significant occurrence has been reported in celery, 
parsley, and some herbs, while polymethoxylated derivatives have 
been found in Citrus species [196]. 

2.2.1.1. Wogonin 

 Wogonin is an O-methylated flavone isolated from the Chinese 
herbal plants Scutellaria baicalensis Georgi. The proapoptotic 
activity of wogonin is attributed to its ability to modulate the 
expression of the BCL2-family members. In detail, increased 
protein levels of BAX and decreased protein levels of BCL2 were 
detected in wogonin-treated MCF-7 cells [205,206] and SMMC-
7721 cells [207], while in the U-2 OS cells wogonin enhanced BAD 
protein levels [208]. However, a recent study by Pollier et al. 
showed that among various BCL2-family members, only the MCL1L 
protein was rapidly downregulated after wogonin treatment of HTC 
116 cells and CEM cells. Moreover, it was found that wogonin 
suppressed MCL1L mRNA expression in a time-dependent manner 
[209]. Protein expression levels of PUMA, another proapoptotic 
BCL2-family member, were augmented in LNCaP cells after 
treatment with wogonin [210]. A combinatorial treatment of HCT 
116 cells with TRAIL and wogonin demonstrated that wogonin 
sensitizes these cells to TRAIL-induced apoptosis through upregulation 
of P53 and PUMA proteins, mediated by ROS generation [211]. 

2.2.1.2. Baicalin 

 Baicalin is a flavone extracted from Scutellaria baicalensis 
Georgi and Scutellaria rivularis Benth, presenting anti-
inflammatory and proapoptotic activity [212]. Baicalin has the 
ability to induce apoptosis by decreasing BCL2 mRNA levels 
following a time-dependent pattern, in the adriamycin-resistant HL-
60/ADR cells [213]. Baicalin-treated HL-60/ADR and parental HL-
60 cells also present significantly lower levels of the BCL2 protein 
[213,214], as well as higher levels of the BAX protein [214]. In 
MCF-7 cells, baicalin is reported to dramatically upregulate the 
levels of BAX mRNA, without affecting BCL2 mRNA levels [215]. 
Also, treatment with baicalin resulted in BCL2 protein reduction in 
T-cell acute lymphoblastic leukemia cells [216]. 
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2.2.1.3. Oroxylin 

 Oroxylin A is another O-methylated flavone found in the  
roots of Scutellaria baicalensis Georgi, possessing potent 
antiproliferative effects against various cancer cells. Its action 
includes the reduction of BCL2 protein expression and the 
enhancement of BAX protein expression, as shown in Hep G2, 
HCT 116, and HeLa cells [217-219]. 

2.2.1.4. Luteolin 

 Luteolin is a flavone which can be isolated from edible and not 
edible plants such as clover, rangweed, honey, rosemary, carrots, 
olives, and celery. It comprises an antioxidant agent with strong 
free radical scavenger activity [220]. Luteolin triggered apoptosis in 
PANC-1, COLO 357, and BxPC-3 cells, as it increased BAX 
expression and decreased BCL2 protein expression, with a 
concomitant elevation of CASP3 protein levels and cleaved PARP1 
after 24 hours of treatment [221]. Similarly, treatment of cells with 
luteolin resulted in apoptosis through the intrinsic pathway, 
implicating BAX, BCL2, BCLXL, MCL1L, CASP3, CASP9, and 
PARP1 [222]. Moreover, luteolin induced apoptosis in AGS cells, 
accompanied by a significant augmentation of the protein levels of 
CASP3, CASP6 (caspase 6), CASP9, BAX, and P53, and a 
decrease of the protein levels of BCL2, thereby shifting the 
BAX/BCL2 ratio in favor of apoptosis. The same study 
demonstrated that a combinational treatment of cisplatin and 
luteolin was more effective than cisplatin alone in terms of 
inhibiting cell growth. These findings indicate the antiproliferative 
and chemosensitizing effects of luteolin on AGS cells and suggest 
that luteolin may constitute a promising chemotherapeutic agent in 
the treatment of gastric cancer [223]. 

2.2.2. Flavonols 

 Flavonols are arguably the most widespread of the flavonoids, 
being dispersed throughout the plant kingdom, with the exception 
of algae. They are characterized by a hydroxyl substitution at C-3, 
of the C ring. Their distribution and structural variation is extensive 
and the most commonly found, especially as O-glucosides, are 
myricetin, quercetin, kaempferol and isorhamnetin [97]. 

2.2.2.1. Kaempferol 

 Kaempferol is a natural flavonol which together with its 
hydroxylated derivative quercetin comprise probably the most 
abundant flavonoids in nature. It is widely distributed in several 
conjugated forms with sugars. Kaempferol can be isolated from 
plants of the Leguminosae family (legumes), as well as fruits and 
vegetables, and has been associated with the prevention of 
cardiovascular diseases and cancer [224,225]. Kaempferol has been 
shown to trigger apoptosis in cancer cells originating from several 
distinct solid tumors as well as in leukemic cells. For example, 
apoptosis was induced in kaempferol-treated K562 and U-937 cells 
by decreasing BCL2 protein expression and simultaneously 
increasing BAX protein expression; other alterations induced by 
kaempferol treatment included mitochondrial release of cytochrome 
C into cytosol, activation of CASP3 and CASP9, PARP1 cleavage, 
as well as inhibition of PI3K and dephosphorylation of AKT1 
[226]. A kaempferol-driven reduction in phosphorylated AKT1 
levels was also observed in U-251 MG and U-87 MG cells after 
their treatment with this flavonol. Coadministration of TRAIL and 
kaempferol to these cells resulted in CASP8 activation and 
suppression of the antiapoptotic proteins BCL2, BCLXL, and 
MCL1L, further sensitizing glioma cells to apoptosis [227]. Sharma 
et al. suggested that elevation of oxidative stress constitutes a 
mechanism of action for kaempferol in glioma cells, involving 
decreased expression of the BCL2 protein and altered 
mitochondrial membrane potential with elevated active CASP3 and 
PARP1 [228]. Nonetheless, inactivation of AKT1 and alterations of 
the levels of BCL2-family proteins were not sufficient for 
kaempferol to induce apoptosis in A549 cells. Hence, in these cells 

kaempferol mediates apoptosis mainly by activating the 
MEK/MAPK signaling pathway [229]. 

2.2.2.2. Quercetin 

 Quercetin is a plant-derived flavonol found in fruits, vegetables, 
leaves and grains. Recent studies have indicated its apoptosis-
inducing capacity in various types of cancer cells. In more detail, 
quercetin has been shown to promote apoptosis in metastatic PC-3 
cells, HL-60, BGC-823, and MCF-7 cells, through the enhancement 
of BAX mRNA expression and the concomitant suppression of 
BCL2 mRNA expression [230-235]. Moreover, in HeLa cells 
quercetin increased the proteins levels of proapoptotic BCL2-family 
members such as BAX and BAD, while it decreased the expression 
of antiapoptotic BCL2-family proteins such a BCLXL and MCL1L 
[236]. In A549 cells, quercetin treatment resulted in increased 
transcription of BAX and decreased transcription of BCL2 [237]. 

2.2.3. Flavanones 

 Flavanones are chemically characterized by the absence of the 
2,3 

double bond in the C ring of flavonoids and the presence of a 
chiral center at C-2. Owing to their highly reactive structure, 
flavanones easily undergo several reactions such as hydroxylation, 
glycosylation and methylation giving numerous such derivatives. 
Different flavanones are present in citrus fruits in significantly high 
amounts, with the most common being the 7-O-rutinoside of 
hesperetin (hesperidin) in citrus peel, the 7-O-neohesperidoside  
of hesperetin (neohesperidin) in bitter orange and 7-O-
neohesperidoside of naringenin (naringin) in grapefruit peel 
[96,196]. 

2.2.3.1. Hesperidin and Hesperetin 

 Hesperidin is a flavanone glycoside found abundantly in citrus 
fruits. Both hesperidin and its aglycone form, called hesperetin, 
exhibit remarkable anticancer activity against cancer cell lines 
originating from larynx, cervix, breast, and liver [238]. Hesperidin 
treatment of SNU-C4 cells decreased BCL2 mRNA expression and 
increased BAX mRNA expression. The modulation of apoptosis-
related gene expression was accompanied by a significant 
augmentation of CASP3 activity, clearly showing the induction of 
apoptosis following hesperidin treatment of these cells [239]. 
Furthermore, an increase in cytochrome C, BAX, and cleaved 
CASP3 levels, along with a decrease in BCL2 protein expression, 
was observed in HT-29 cells after treatment with hesperitin, 
showing that this flavanone induces apoptosis in HT-29 cells 
through the BAX-dependent mitochondrial pathway involving 
oxidant/antioxidant imbalance [240]. 

2.2.3.2. Naringin and Naringenin 

 Naringin is the major flavanone glycoside found in grapefruit as 
well as in other citrus fruits, and is metabolized to the flavanone 
naringenin in humans. Both these flavonoids exert various 
pharmacological effects, including significant antioxidant activity 
[241]. Apoptotic cell death was triggered in SiHa cells after their 
treatment with naringin, via both the death-receptor and mitochondrial 
pathways. The effects of naringin administration to these cells 
included increased expression of several effector caspases, P53, 
BAX, FAS, and FADD. Hence, naringin has been suggested as a 
potential effective agent for the treatment of cervical cancer [242]. 
Moreover, naringenin induced apoptosis in THP-1 cells, accompanied 
by increased hyperpolarization of the mitochondrial membrane 
potential, downregulation of the BCL2 protein, upregulation of the 
BAX protein, activation of caspases, and PARP1 cleavage [243]. 
On the other hand, BCL2 protein overexpression in U-937 cells 
attenuated naringenin-induced BAX translocation and cytosolic 
release of cytochrome C, impeding apoptosis [244].  

2.2.4. Isoflavones 

 The isoflavones are positional isomers of flavones and, 
specifically, are characterized by having the B ring attached to C-3 
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instead of the C-2 position (as the flavonoids). They are found 
almost exclusively in the Leguminosae family (legumes, beans, and 
seeds) with high concentration in soybeans, lucerne, and clover 
(Trifolium sp.) [201,245]. The isoflavones and other isoflavonoids 
(e.g. pterocarpanes, coumestanes) are phytoalexins [198] and 
generally possess antimicrobial [246] and antifungal activities 
[247]. Also, they have been found to have antioxidant, anti-
inflammatory [248], cardioprotective [249] and antiproliferative 
properties [250]. However, the most characteristic biological 
property of isoflavones is their estrogenic activity [251,252]. 

2.2.4.1. Genistein 

 Genistein is one of the most extensively studied isoflavones and 
constitutes one of the major components of the so-called “soy 
isoflavones”. It is characterized by significant estrogenic activity 
and is classified as a phytoestrogen, while it is also rather abundant 
in legumes, fruits, beans, seeds, and clover. Despite its estrogenic 
properties, genistein has also been associated with protective effects 
against cardiovascular complications, inflammation, and cancer 
[253,254]. 

 Exposure of triple-negative MDA-MB-231 cells to genistein 
resulted in inhibition of cell growth and apoptosis. Specifically, 
genistein inhibited NFKB activity via the NOTCH1 signaling 
pathway in a dose-dependent manner, and hence downregulated the 
mRNA expression of CCNB1, BCL2, and BCLX [255] (Fig. 1). 
Genistein acted also synergistically along with 17 -estradiol to 
induce apoptosis by increasing the BAX/BCL2 ratio and 
concomitantly decreasing ERK1/2 phosphorylation [256]. Furthermore, 
genistein inhibited proliferation and induced apoptosis and cycle 
arrest in RS4;11, CEM, Toledo, GA-10, U266B1, and OPM-2 cells, 
mainly by modulating the protein levels of CASP9, CASP3, 
CASP7 (caspase 7), PARP1, BIRC2, BCL2, and CCNB1 [257]. 
Moreover, genistein treatment of SK-N-DZ cells promoted 
programmed cell death, which was associated with an increased 
BAX/BCL2 ratio, mitochondrial release of cytochrome C into the 
cytosol, and activation of caspases through the intrinsic apoptotic 
pathway. Genistein triggered also the receptor-mediated apoptotic 
pathway through upregulation of TNF, FASLG, TRADD, FADD, 
and subsequent activation of CASP8 [258]. On the other hand, 
administration of genistein to HO-8910 cells was shown to enhance 
the phosphorylation and activation of P53, while it increased the 
BAX/BCL2 and BAX/BCLXL ratios and the level of 
phosphorylated AKT1, again leading to induction of apoptosis 
[259]. Therefore, it appears that genistein can induce apoptosis in 
cancer cells via several distinct mechanisms. 

2.2.4.2. Daidzein 

 Daidzein is an isoflavone, structurally very close to genistein. It 
is abundant in several dietary plants such as legumes, fruits, beans 
and seeds and comprises, along with its glycosides, a component of 
soy isoflavones. Daidzein can also be isolated from Leguminosae 
plants such as Pueraria sp., Maackia sp., and Onobrychis sp. It is 
an extensively studied phytoestrogen with a protective effect against 
hormone-related types of cancer, osteoporosis, postmenopausal 
syndrome, and cardiovascular system complications [260-262]. 
Daidzein has been suggested as a chemopreventive and/or 
chemotherapeutic agent that acts against breast cancer by reducing 
cell viability and inducing apoptosis. The protein levels of the 
active forms of CASP9 and BAX in Hs578T, MDA-MB-231, and 
MCF-7 cells were significantly increased after treatment with 
daidzein metabolites [263]. Treatment of glioma cells with subtoxic 
doses of daidzein in combination with TRAIL resulted in increased 
activation of CASP9, inducing rapid apoptosis in these cancer cells, 
whereas it did not affect normal astrocytes. Therefore, this 
cotreatment with daidzein and TRAIL suggests that daidzein can 
modulate the intrinsic apoptotic pathway in glioma cells. In more 
detail, daidzein did not modulate the expression of death receptors, 
CFLAR (c-FLIP), XIAP, and BIRC5, but it downregulated BCL2 

protein expression. In contrast, BCL2 protein overexpression 
attenuated the apoptotic effects induced by the combination of 
daidzein and TRAIL. Hence, BCL2 is a key regulator in the 
synergistic action of TRAIL/daidzein-mediated cell death in glioma 
cells [264]. Moreover, daidzein induced apoptosis in MCF-7 cells 
by generating ROS in a concentration- and time-dependent manner. 
ROS generation was accompanied by disruption of the 
mitochondrial transmembrane potential, downregulation of BCL2 
and upregulation of BAX protein expression, resulting in 
cytochrome C release into the cytosol, subsequent activation of 
CASP9 and CASP7, and ultimately in cell death [265]. 

2.2.5. Flavan-3-ols (Flavanols) 

 Flavan-3-ols are the most complex subclass of flavonoids 
ranging from simple monomers such as catechin and epicatechin, to 
the oligomeric and polymeric proanthocyanidins which are also 
known as condensed tannins. Unlike the other flavonoids, flavan-3-
ols or simply flavanols are characterized by a modified C ring 
lacking a carbonyl group, and by the presence of two chiral centers 
at C-2 and C-3; hence, they are not planar molecules. Thus, 
flavanols are abundant in isomeric forms such as (+)-catechin and (-
)-epicatechin which are widespread in nature [266]. Their 
oligomeric or polymeric derivatives, proanthocyanidins, have an 
additional chiral center at C-4, which increases the number of 
isomers; they are synthesized from flavanols through oxidative 
coupling between the C-4 and C-6 or C-8 of different molecular 
units [267]. Proanthocyanidins that consist of catechin and/or 
epicatechin units are called procyanidins and they are the most 
abundant in plants. Green tea (Camellia sinensis) is a rich source of 
flavanols, while red wine (mainly produced from black grapes), 
apples, dark chocolate, and cocoa are very rich in procyanidins 
[96]. 

 Green tea catechins (GTCs) including (-)-epigallocatechin-3-
gallate (EGCG), (-)-epigallocatechin (EGC), (-)-epicatechin-3-
gallate (ECG) and (-)-epicatechin (EC) were shown to suppress cell 
growth and induce apoptosis in various cancer cell lines, largely 
through an increase in ROS formation and mitochondrial 
depolarization [268]. Furthermore, treatment with EGCG blocked 
expression of the hyperphosphorylated BCLXL in mitochondria, 
leading to cytochrome C release into the cytosol, caspase activation, 
and apoptosis [269]. Interestingly, EGC strongly inhibited the 
growth of MCF-7 and MDA-MB-231 cells, but not that of normal 
breast epithelial cells. The inhibition of breast cancer cell growth 
was due to an induction of apoptosis, favored by a decrease of 
BCL2 and an increase of BAX protein levels, without any alteration 
in cell cycle progression [270]. Moreover, exposure of the highly 
metastatic NCI-H460 cells to ECG and EGCG upregulated P53 and 
downregulated BCL2 protein expression, leading these cells to 
apoptosis [271]. Additionally, treatment of A-431 cells with grape 
seed proanthocyanidins induced apoptotic cell death, associated 
with increased BAX protein expression, decreased BCL2 and 
BCLXL protein expression, loss of mitochondrial membrane 
potential, and cleavage of CASP9, CASP3, and PARP1 [272]. 

2.2.6. Anthocyanidins 

 Principally, anthocyanidins are abundant as they and their 
conjugated derivatives are widely distributed, particularly in fruit 
and flower tissues, where they are responsible for red, blue, and 
purple colors [97]. They are involved in the photoprotection of 
plants from strong and excessive light, and they also have an 
important role in attracting pollinating insects. Structurally, they are 
formed based on the flavylium ion. In plant tissues, anthocyanidins 
are found as sugar conjugates that are known as anthocyanins. They 
also form conjugates with hydroxycinnamates and organic acids 
[96]. 

 Six aglycone anthocyanidins, namely cyanidin, delphinidin, 
malvidin, pelargonidin, peonidin, and petunidin, have been studied 
the most because of their antiproliferative and anti-invasive 
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properties. Anthocyanidins can induce apoptosis in Hep 3B cells 
through the activation of the mitochondrial pathway and inhibition 
of antiapoptotic proteins such as BCL2, XIAP, BIRC2, and BIRC3 
[273]. Among them, delphinidin, cyanidin, and malvidin were 
shown to exhibit strong growth inhibitory effects against Hep G2 
cells. Particularly, delphinidin induced apoptotic cell death 
accompanied by upregulation of BAX and downregulation of BCL2 
protein, activation of CASP3 and proteolytic cleavage of PARP1, in 
a time-dependent manner [274]. This anthocyanidin was also very 
effective against PC-3 and HCT 116 cells, inducing apoptosis and 
cell cycle arrest [274-276]. Furthermore, malvidin treatment of 
AGS cells resulted in cell growth inhibition and cytotoxicity, along 
with induction of apoptosis, confirmed by morphological and 
biochemical features, including the formation of apoptotic bodies, 
CASP3 activation, and PARP1 proteolytic cleavage [277]. 

3. Alkaloids 

 The alkaloids constitute a diverse group of natural products of 
low molecular weight that contain nitrogen, as part of a cyclic 
system. They are produced by a wide variety of organisms including 
bacteria, fungi, and animals, while it is estimated that they are 
found in about 20% of plants. As secondary metabolites, alkaloids 
play a role in protecting plants from herbivores and pathogens and 
are perhaps best known for their often potent pharmacological 
properties. Approximately 12,000 known alkaloids have been used 
as pharmaceuticals, stimulants, narcotics and poisons [278]. 
Alkaloids, according to their structural pattern can be classified into 
numerous classes such as benzylisoquinoline (e.g. morphine, 
colchicines), tropane (e.g. atropine, cocaine), terpenoid indole  
(e.g. strychnine, vinblastine, camptothecin), purine (e.g. caffeine, 
theobromine), and pyrrolizidine (e.g. jacobine, senecionine) alkaloids. 

 To date, a significant number of natural alkaloids and synthetic 
derivatives thereof have been used as antineoplastic agents and 
many more are undergoing clinical trials. Camptothecin and its 
analogues represent even nowadays an exciting class of 
antineoplastic agents. For instance, Cephalotaxus alkaloids have 
attracted great attention due to their unique structures and strong 
antileukemic activity. In addition, Vinca alkaloids have 
demonstrated important clinical efficacy for more than forty years 
against cancer. Ecteinascidin-743 (Yondelis), originating from a 
tunicate found in the Caribbean and Mediterranean Seas, is in phase 
II clinical trials for numerous types of cancer. Indolocarbazoles of 
bacteria origin represent a promising class of antineoplastic agents. 
Moreover, several new alkaloids are discovered from nature every 
day exhibiting significant pharmacological profiles [279]. 

3.1. Matrine 

 Matrine is a quinolizidine alkaloid found in Sophora sp. plants 
of the Fabaceae family. Especially the roots of Sophora flavescens 
(Kushen) are used in traditional Chinese medicine for the treatment 
of asthma, bronchitis, fever, insomnia, cardiac arrhythmia, cancer, 
inflammation, and hepatitis [280,281]. Matrine has antiproliferative 
activity against a number of cancer types, including breast, gastric, 
lung, and pancreatic adenocarcinoma [282]. In vitro studies in 
BxPC-3, PANC-1, MDA-MB-231, A549, SMMC-7721, Hep G2, 
PC-3, MG-63, U-2 OS, Saos-2, and MNNG-HOS have revealed 
that matrine induces apoptosis by upregulating BAX and 
downregulating BCL2 protein levels, eventually leading to the 
increase of the BAX/BCL2 ratio [282-287]. This effect was found 
to be dose- and time-dependent in GBC-SD and MKN-45 cells 
[288]. Interestingly, the addition of matrine to MKN-45 cells 
resulted also in the upregulation of other BCL2-family proteins 
including BOK, BAK1, PUMA, and BIM [289]. Moreover, matrine 
treatment of Hep G2 cells resulted in the increase of the BAX 
mRNA levels in a dose- and time-dependent manner [290], while in 
MDA-MB-231 cells matrine increased the BAX/BCL2 ratio [284]. 
Additionally, in vivo studies in the highly metastatic 4T1 breast 
cancer model (syngeneic xenograft BALB/c mice) treated with 

matrine, confirmed that apoptosis induced by this alkaloid is 
accompanied by an increase in the Bax/Bcl2 ratio [291]. 
Importantly, this ratio remained unaffected in matrine-treated 
normal liver cells [283], implying that matrine is more potent 
against cancer cells than against normal cells. 

3.2. Oxymatrine 

 Oxymatrine is the N-oxide derivative of matrine, abundant in 
Sophora roots, and also exhibits antiproliferative activity [280].  
In vitro studies in SMMC-7721 cells revealed that oxymatrine 
suppresses the expression of BCL2 mRNA, while matrine treatment 
of the PANC-1 cells results in an increased BAX/BCL2 ratio 
[292,293]. Additionally, Song et al. demonstrated that oxymatrine 
combined with the angiogenesis inhibitor NM-3 has synergistic 
inhibitory effects on SGC-7901, MKN-45, and MKN-74 cells, 
suppressing the mRNA and protein expression of the BCL2 gene 
[294]. 

3.3. Berberine 

 Berberine belongs to the protoberberine group of isoquinoline 
alkaloids and is abundant in plants of the Berberis and Coptidis 
genus as a quaternary ammonium salt. Berberine has recently come 
in the spotlight due to its pharmacological effects, including 
anticancer activity [295]. However, the exact mechanisms 
underlying its antineoplastic effects have not yet been elucidated. 
Recent evidence suggests that berberine-induced apoptosis is 
mediated through the elevation of ROS and activation of CASP3, 
associated with increased expression of BAX and decreased 
expression of BCL2 and BCLXL proteins (Fig. 1) in T98G, A-431, 
SW620, SCC-4, and HL-60 cells [296-299]. 

3.4. Sanguinarine 

 Sanguinarine is a benzophenanthridine (isoquinoline) alkaloid 
and is abundantly found as an ammonium salt. It has been isolated 
from the bloodroot of Sanguinaria canadensis and other poppy 
fumaria species, and is known for its antimicrobial, anti-
inflammatory and antioxidant properties. Recently, sanguinarine 
has been characterized as an antiproliferative agent [300]. 
Sanguinarine treatment of U-937 and SAS cells promotes apoptosis 
by altering the balance between the proapoptotic BAX protein and 
the antiapoptotic BCL2 protein in favor of the former [301,302]. 
Moreover, other BCL2-family members are also affected. 
Specifically, sanguinarine-treated immortalized human HaCaT 
keratinocytes, as well as AsPC-1 and BxPC-3 cells, presented 
upregulated expression of the proapoptotic BAX, BID, and BAK1 
proteins and downregulated expression of the antiapoptotic BCL2 
and BCLXL proteins, in a dose-dependent manner [303,304]. 

3.5. Chelidonine 

 Chelidonine is the main alkaloid of Chelidonium majus 
(tetterwort). It belongs to the class of benzophenanthridines and 
possesses antiproliferative properties [280]. This alkaloid induces 
apoptosis in MT-4 cells, accompanied by an increase in BAX 
protein levels [305]. Moreover, in Hep G2 cells, chelidonine 
treatment reduces significantly the BCL2 mRNA levels and the 
expression of telomerase reverse transcriptase (TERT), a 
ribonucleoprotein polymerase that maintains telomere ends [306]. 
In addition, a semisynthetic derivative of chelidonine, the 
anticancer drug Ukrain (NSC-631570) has been reported to exert 
selective cytotoxic effects on cancer cells in vitro [307]. 

3.6. Chelerythrine 

 Like chelidonine, chelerythrine is also a benzophenanthridine 
alkaloid isolated from the plant Chelidonium majus. Chelerythrine 
has recently been identified as a BCLXL inhibitor, capable of 
triggering apoptosis via direct action on mitochondria [308,309]. 
Interestingly, in SMMC-7721 cells, chelerythrine hampers BCLXL 
protein expression and upregulates, at the same time, BAX and BID 
protein expression, in a time and dose-dependent manner [310]. 
Nevertheless, growing evidence supports the notion that 
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chelerythrine can also act through an alternative, BAX/BAK1-
independent pathway to induce apoptosis [311-313]. 

3.7. Indirubin 

 Indirubin is a bis-indole alkaloid derived from the Indigo plant 
(Isatis sp.) and comprises the active ingredient in the Chinese 
herbal remedy called Dang Gui Long Hui Wan which constitutes a 
mixture of plants used to treat chronic myelogenous leukemia 
[314]. Additionally, indirubin together with its isomers and 
bromine-substituted indigo derivatives constitute the famous dye 
“Tyrian blue” which is also produced by gastropod molluscs. In 
recent years, indirubin itself, its analogues as well as synthetic 
derivatives thereof attracted the attention of scientist due to their 
significant pharmacological properties and specifically their 
anticancer activity [315]. Although indirubin is known to exhibit 
anticancer and anti-inflammatory activities, very little is known 
about its mechanism of action. A recent study by Sethi et al. 
showed that indirubin enhances TNF-induced apoptosis through the 
suppression of the NFKB signaling pathway, which results in 
inhibition of the expression of NFKB-regulated gene products 
involved in inhibition of apoptosis, such as BIRC2, BIRC3, BCL2, 
BCLXL (Fig. 1), and TRAF1, as well as in proliferation (CCND1 
and MYC) and invasion (PTGS2 and MMP9) [316]. 

4. Others 

 Apart from the chemical classes and the natural molecules that 
have been already discussed, there is a plethora of natural products 
with significant pharmacological profiles and experimental 
evidence which supports their potential utilization as anticancer 
agents. Below, some representative compounds belonging to 
miscellaneous chemical groups of natural products are discussed. 

4.1. Curcumin 

 Curcumin is a curcuminoid belonging to the broad chemical 
group of phenols; it is isolated from the rhizomes of Curcuma longa 
(turmeric) of the Zingiberaceae family. It is an extensively studied 
molecule, highly pleiotropic, exhibiting anti-inflammatory, 
hypoglycemic, antioxidant, wound-healing, and antimicrobial 
activities [317]. A wide range of preclinical and clinical studies 
have indicated the therapeutic potential of curcumin against several 
human diseases over the past three decades, while numerous new 
ones are currently being performed [318]. Especially, in the area of 
cancer, curcumin alone or in combination with other antineoplastic 
agents has demonstrated significant activity against numerous types 
of cancer such as colorectal, pancreatic, breast, prostate, and lung 
cancer, as well as head and neck squamous cell carcinoma [319]. 

 Curcumin has been shown to selectively induce apoptosis in 
cancer cells at the G2 phase via upregulation of P53 protein 
expression and initiation of the mitochondrial apoptotic pathway 

through increased BAX protein expression and cytochrome C 
release [320-324]. Curcumin also has a stimulatory effect on the 
extrinsic apoptotic pathway, which is triggered by the binding of 
apoptosis-inducing ligands such as TNF, and FASLG to their 
corresponding cell surface death receptors. Activation of these 
receptors results in activation of CASP8 via FADD and subsequent 
initiation of the caspase cascade [325]. Similarly, curcumin 
treatment of melanoma cells promoted apoptosis by aggregation of 
FAS and elevation of CASP8 and CASP3 protein levels, without 
affecting the expression of the CASP9 protein [326]. Moreover, 
curcumin can act synergistically along with chemotherapeutic drugs 
to inhibit cell growth and/or to induce apoptosis. In LN-18 and U-

138 MG cells, combination of curcumin and paclitaxel was highly 
effective in inducing both the morphological and biochemical 
features of apoptosis. In these cancer cells, apoptosis resulted from 
activation of CASP8, cleavage of BID, increase in BAX/BCL2 
ratio, and mitochondrial release of cytochrome C, DIABLO, and 
AIFM1 (apoptosis-inducing factor, mitochondrion-associated, 1) 
[327] (Fig. 1). 

4.2. Thymoquinone 

 Thymoquinone (TQ) is a quinone which represents the main 
constituent of black seed oil (Nigella sativa) [328]. It has been 
reported as possessing anticancer activity, as it induces apoptosis in 
cancer cells. TQ was found to downregulate the expression of 
BCL2, BCLX, and MCL1 genes in the U266B1, RPMI 8226, and 
XG2 cells [329,330], as well as decreasing the protein levels of 
BCL2 and BCLXL in MDN cells [330]. Moreover, significant 
inhibition of the BCL2 protein is also observed in TQ-treated HCT 
116 cells, in which TQ induces P53-depedent apoptosis [331]. In 
doxorubicin-resistant MCF-7 cells, TQ treatment increased the 
BAX/BCL2 ratio by upregulating BAX and downregulating BCL2 
protein expression [332]. Moreover, when combined with 
doxorubicin and 5-FU to treat MDA-MB-231 cells, TQ exerts 
strong antiproliferative activity, downregulating the expression of 
the BCL2 and BCLX genes [333]. In support of this, 
coadministration of TQ and 5-FU in a gastric cancer mouse model 
uncovered their synergistic effect. The enhanced apoptosis-inducing 
activity of this combination included downregulation of Bcl2 and 
upregulation of Bax protein [334]. Interestingly, TQ was shown to 
be more potent than cisplatin with regards to apoptosis induction in 
SiHa cells, causing an important decrease in BCL2 protein levels 
[335]. In addition, TQ treatment of mouse neuroblastoma Neuro-2a 
cells resulted in a significant increase in Bax expression and a 
parallel decrease in Bcl2 protein expression [336]. The 
antiproliferative action of TQ is probably mediated, at least in part, 
via the suppression of the NFKB pathway, as shown by the 
suppressive effect of TQ on NFKB-regulated genes encoding 
antiapoptotic (BIRC2, BIRC3, XIAP, BCL2, BCLXL, and BIRC5), 
proliferation-associated (CCND1, PTGS2, and MYC) and 
angiogenesis-regulating (MMP9 and VEGFA) proteins [337]. 

4.3. Indole-3-carbinol 

 One of the most important metabolites of glycosinolates of the 
Cruciferae plants (Brassica oleracea - Brassicaceae) such as 
broccoli, Brussels sprouts, cabbage, cauliflower, is indole-3-
carbinol (I3C). Both I3C and its dimeric product, 3,3 -
diindolylmethane (DIM), have been shown to possess anticancer 
activity both in laboratory experiments but also in the clinic [338]. 
The effectiveness of I3C for prostate, breast, stomach, and colon 
cancer has been confirmed through several mechanisms, such as 
apoptosis of cancer cells, cell cycle arrest, and interference with 
proliferation signals induced by cytokines and growth factors [339]. 

 When administered to MDA-MB-435S cells, I3C upregulates 
BAX protein, downregulates BCL2 protein expression and, thereby, 
increases the BAX/BCL2 ratio favoring apoptosis (Fig. 1). 

Moreover, diffuse distribution of BAX throughout the cytoplasmic 
compartment in these breast cancer cells in control cultures gives its 
place to a punctate pattern of distribution of BAX, localized in the 
mitochondria, after treatment. The overexpression and translocation 
of BAX to mitochondria cause mitochondrial depolarization, 
release of cytochrome C and subsequent activation of caspases, thus 
inducing apoptotic cell death in I3C-treated MDA-MB-435S cells 
[340]. Similar alterations of the BAX and BCL2 protein levels were 
observed in I3C-treated PC-3 cells. In this case, however, apoptosis 
was accompanied by cell growth inhibition and G1 cell cycle arrest 
[341]. Additionally, I3C and DIM facilitated apoptosis in C-33 A, 
PC-3, LNCaP, DU 145, MCF-7, and MDA-MB-231 cells [342-

344], mostly by decreasing BCL2 protein expression. Actually, in 
PC-3 cells, DIM exerts its apoptotic activity through the 
mitochondrial pathway. Therefore, it has been suggested that I3C 
could be used for the treatment of androgen-independent prostate 
cancer [345]. 

CONCLUSION 

 Natural products with anticancer properties have various targets 
inside cancer cells; yet, they all converge on the induction of 
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apoptosis, a programmed cell death process in the regulation of 
which members of the BCL2 family play a pivotal role. The 
apoptotic machinery is executed by the family of caspases, the 
initial (upstream) activation of which is regulated by members of 
the BCL2 family. Alterations in the expression levels of BCL2-
family members, evoked by the activation of intracellular signaling 
pathways after treatment of cancer cells with natural products or 
their derivatives, are critical for the induction of apoptosis.  

 A gamut of organic compounds from terrestrial and marine 
organisms possesses remarkable anticancer activity, as shown by in 
vitro studies; however, most of them still need to undergo in vivo 
testing regarding with regard to their efficacy and toxicity. Despite 
the fact that certain products derived from living organisms are 
currently used in clinical practice, there are still numerous other 
natural substances that merit further investigation as potential 
anticancer agents. Furthermore, there is a huge amount of 
information regarding the antineoplastic effects of plant or animal 
extracts, but studies examining the particular activity of their 
individual compounds are still missing. Undoubtedly, the chase for 
anticancer agents would benefit a lot from the identification of the 
anticancer partner(s) within these extracts, providing more effective 
factors in the battle against tumor development. Refinement of 
currently employed chemotherapeutic strategies and exploitation of 
newly discovered natural products will definitely enrich the 
oncologist’s armamentarium. Finally, attention should be paid to 
cancer patients’ nutrition as well, since many compounds found 
abundantly in food can alter the expression of certain oncogenes. 

 Extensive molecular studies investigating the impact of isolated 
natural anticancer compounds on the expression levels of several 
apoptosis-related genes including members of the BCL2 family 
would probably uncover the underlying proapoptotic mechanisms 
induced by these agents. Modulations of the expression of specific 
apoptosis-related genes can play a major role in the personalized 
medicine era that has just emerged. In this framework, mRNA and 
protein expression profiling of BCL2-family members, along with 
the discovery of several SNPs in those genes encoding key players 
of the apoptotic machinery, will help towards the development of 
novel anticancer drugs with high effectiveness and fewer side-
effects, as well as tailor-made therapies against cancer. 
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