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Abstract

Cruciferous vegetables are a rich source of glucosinolates that have established anti-carcinogenic activity.
Naturally-occurring glucosinolates and their derivative isothiocyanates (ITCs), generated as a result of their enzymatic
degradation catalysed by myrosinase, have been linked to low cancer incidence in epidemiological studies, and in
animal models isothiocyanates suppressed chemically-induced tumorigenesis. The prospective effect of isothiocyanates
as anti-carcinogenic agent has been much explored as cytotoxic against wide array of cancer cell lines and being
explored for the development of new anticancer drugs. However, the mechanisms of isothiocyanates in inducing
apoptosis against tumor cell lines are still largely disregarded. A number of mechanisms are believed to be involved
in the glucosinolate-induced suppression of carcinogenesis, including the induction of apoptosis, biotransformation of
xenobiotic metabolism, oxidative stress, alteration of caspase activity, angiogenesis, histone deacytylation and cell cycle
arrest. The molecular mechanisms through which isothiocyanates stimulate apoptosis in cancer cell lines have not so
far been clearly defined. This review summarizes the underlying mechanisms through which isothiocyanates modify

the apoptotic pathway leading to cell death.
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Introduction

Glucosinolates (GLs) are anionic, hydrophilic plant
secondary metabolites consisting of a thioglycosides
moiety that have been isolated from vegetables of the
family Brassicaceae (Cruciferae) (Wu et al., 2009).
Breakdown products of glucosinolates have been identified
in many cruciferous plants and comprised an important
group of secondary metabolites that serve as a natural
source of defence against pests (Takasugi et al., 1986).
Amino acids function as precursors in the biosynthesis
of glucosinolates and are modified in the following
order: amino acid > N-hydroxy-amino acid > aldoxime
> thio-hydoxy acid > de-sulpho glucosinolate >
glucosinolate (Halkier and Du, 1997). Amino acids such
as methionine, phenylalanine, tyrosine or tryptophan act
as the precursors of glucosinolate synthesis that varies
based on the characteristic of the R side chain in plants
(Wittstock and Halkier, 2002). Glucosinolates are not
detrimental to human but were hydrolysed to different
type of products catalysed by plant enzyme myrosinase
as shown in Figure 1. Glucosinolates are substrates of
the enzyme myrosinase (B-thioglucoside glucohydrolase)
which coexists in the plant, but in different compartments.
When the cell structure is disrupted, they interact to form

a complex leading to the production of glucose and an
aglycone moiety which further hydrolyse in the presence
of water to produce metabolites such as isothiocyanate
(ITCs), thiocyanates and nitrile (Anderson et al., 2009).
Animal studies have established that isothiocyanates are
effective antagonists of chemically-induced carcinogenesis
(Xiang et al., 2009).

Numerous studies established that isothiocyanates
derived from glucosinolates are biologically active
compounds (Molina et al., 2013). Glucosinolates
are inactive, it was structurally diverse side chains
that accounts for the presence of over 130 different
glucosinolates (Fabre et al., 2007). In vitro and in vivo
studies have been reported focusing on health benefits of
glucosinolates and their bioactive isothiocyanates such
as, antimicrobial (Mithen et al., 2002), antioxidants
and antifungal (Mithen et al., 1992), biopesticides
(Vigetal., 2009), anticarcinogenic (Yan and Chen, 2007)
and thyroidal activities (Mithen et al., 1992). Studies by
Pasini et al. (2012) suggested that glucosinolates and its
derivatives are relatively responsible for the spicy flavour
and characteristics odor of Brassicaceae that differs from
other species of the similar family.
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Mechanism of action of isothiocyanates

Apoptosis or programmed cell death is a conserved
cellular suicidal program to facilitate the removal of
the damaged and dysfunctional cells while preserving
the integrity and structure of surrounding tissue
(Sangkari et al., 2012). Cell death is a widespread
phenomenon that plays a vital role in cancer treatment.
Cancer, a complex genetic disease triggered by mutated
forms oncogenes and tumour suppressor genes that lead to
alteration of death signalling pathway (Ouyang et al., 2012).

Apoptosis develop a remarkable typical morphology
that occurs in three varying stages: condensation of
nuclear heterochromatin, changes in cell membrane
by shrinkage and changes in the orientation of intra
cytoplasmic organelles (Kerr et al., 1972; Chamond et al.,
1999). These morphological changes were ideal markers
that allow the direct identification of cells undergoing
apoptosis and other cellular mechanisms associated to
apoptosis (Costa et al., 2012). Accordingly, glucosinolates
were found to synthesize impressive array of metabolites
which could induce apoptosis to inhibit the development of
cancer (Abdull Razis and Mohd Noor, 2013D).

It should be emphasized that isothiocyanate clearly
targets cancer cells of various organs through multiple
apoptotic pathways leading to controlled proliferation
and cancer cell death, thus this review present current
knowledge on the glucosinolates hydrolysis products,
namely isothiocyanates (ITCs) that exhibit promising
cancer chemoprotective attributes against the most
common cancer types, such as lung, prostate, breast and
colon cancer by inducing apoptosis. The summary of data
describing the different types of the potential glucosinolates
and their common dietary sources of isothiocyanates
(ITCs) are illustrated in Table 1.

Meanwhile, considerable amount of studies suggested
that ITCs target on cancer cells in multiple orders that
include inhibition of carcinogen-activating enzymes,
induction of carcinogen-detoxifying enzymes, induction of
apoptosis and arrest of cell cycle progression, as well as
other mechanisms yet to be discovered in tumor cell lines
(Abdull Razis and Mohd Noor, (2013b); Abdull Razis and
Mohd Noor, (2015). As a result of the intense research
interest in studying the protective effects of glucosinolates
(GLs), this review aims to provide an overview on
the series of mechanisms involved in apoptosis induction
ability by GLs hydrolyzed metabolites and the signalling
pathways attributed to chemoprotective properties.
The review is focusing on phenethyl isothiocyanate
(PEITC), sulforaphane (SFN), allyl isothiocyanate
(AITC), benzyl isothiocyanate (BITC) and their parent
glucosinolates gluconasturtiin, glucoraphanin, sinigrin
and glucotropaeolin.

Phenethyl isothiocyanate (PEITC)

Phenethyl isothiocyanate (PEITC), a breakdown
product of naturally occurring gluconasturtiin liberated
upon disruption tissue via maceration or chewing of
cruciferous vegetables (Conaway et al., 2002). It was
predominantly found in watercress. Over the past decades,
extensive amount of epidemiological studies have been
devoted to demonstrate the positive correlation between
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PEITC and its anti-carcinogenic effects. Large number of
in vitro and in vivo investigations proposed mechanisms
associated with PEITC effects on many stages of cancer
development including biotransformation of phase
IT detoxification enzyme, mitochondrial dysfunction
and oxidative stress, alteration of caspase activity,
antiangiogenesis and inhibition of histone deacetylation
on a panel of cancer cell lines and animal model
including blood, liver (Chung et al., 1985), prostate, lung
(Hechtetal., 2002), colon (Chung et al., 2000) and bladder
(Nishikawa et al., 2004; Tang and Zhang, 2004).

a.Regulation of cell cycle arrest by PEITC

The cell cycle is characterized by as an orderly and
tightly regulated set of stages including growth and
cell division where two daughter cells are presented
upon completion. Cellular division involves multiple
checkpoints that evaluate the growth signals, availability of
nutrients, and the integrity of DNA. Exposure of cells to
PEITC has been demonstrated to modulate the cell cycle
progression and regulate cell proliferation that accounts
for potential anti-cancer target. Inhibition of cell cycle
progression and proliferation was achieved mainly via
targeting the key proteins responsible for the cell cycle
progression and expression of the cyclin-dependent kinase
(CDK) inhibitors (Traka and Mithen, 2009). Researches
have termed the two gap as Gl, phase before DNA
replication, where the cell recovers from previous division,
and G2, phase where completion of DNA replication to
the onset of mitosis. It has been identified a family of
internal signalling protein called cyclin and its associate
cyclin-dependent kinases (CDK) modulates the sequential
events of the cell cycle. These protein kinases serves
as the signal that regulate G1 and G2 checkpoints for
the transition from G1 phase to S phase and from G2 phase
to M phase (Singhal et al., 2015). There was evidence
indicating the mechanistic basis behind glucosinolates
derived isothiocyanates associated with cell cycle arrest
at various phases of cell cycle depending on the cell type
used in the study. Consistent with these, Hasegawa et al.,
(1993) was the first to report the potency of isothiocyanates
in modulating the cell cycle progression. In this case,
treatment with PEITC along with other ITCs resulted
in delayed cell cycle progression, therefore inhibiting
the cell growth in HeLa cells at G2/M phase. Study
done by Visanji et al., (2004) revealed that induced
expression of the cyclin-dependent kinase (CDK) inhibitor
p21wafl/cipl caused by treatment with PEITC may play
the role in cell cycle arrest at the G2 phase in Caco-2 colon
cells. Report suggested that PEITC was electrophile that
bind covalently to certain cysteine residues in tubulin,
protein constituent of microtubules, inducing disruption in
the formation and collapse of the same, which triggering
cell cycle arrest in G2/M and apoptosis (Mi et al., 2009).
It was interesting that PEITC down regulated the protein
levels of cyclin-dependent kinase 1 (Cdkl) and Cdc25C
in a dose dependent manner causing G2/M phase arrest
and apoptosis in PC-3 prostate cells (Xiao et al., 2004).
However, PITC, which has similar structure to PEITC, did
not exhibit the same effects as this indicating that even
a subtle change in the structure of the ITC may affect



the efficacy of the biological activity (Xiao et al., 2004).
The potential protective mechanisms of PEITC that lead to
cell death is summarized in Table 2.

b.Defence against mitochondrial dysfunction and
oxidative stress

Mitochondria also played a prominent regulatory
role in aerobic cells primarily on the integration and
propagation of death signals initiated intracellular
such as DNA damage, oxidative stress, starvation,
as well as those induced by chemotherapeutic drugs
(Kaufmann, 2000; Wang, 2001). A dissipation of
the mitochondrial inner transmembrane potential (Dy)
and the permeability transition (PT), by sudden increase of
the inner mitochondrial membrane permeability to solutes
may cause imbalance in the redox potential, inducing halt
in ATP synthesis, oxidation of redox molecules namely
NADH, NADPH, and glutathione and generation of
harmful free radicals mediating and enhancing apoptotic
pathways (Kroemer, 2000).

Regulation of glutathione (GSH) levels
by isothiocyanates (ICTs) was achieved via
induction of phase II biotransformation enzymes
or through elevation of glutathione (GSH) levels
responsible for the cellular antioxidant defencing
mechanism (Traka and Mitchen, 2009). In support of this
mechanism, exposure of transformed ovarian epithelial
cells to PEITC showed inactivation of glutathione
(GSH) antioxidant system and accumulation of ROS
specifically in the transformed cells that lead to malignant
cell death (Trachootham et al., 2006). Additionally,
this mechanism has been studied in animal models,
where following administration of PEITC in adult male
F344 rats for a week demonstrated elevation in hepatic
glutathione (GSH) level (Staack et al., 1998). Despite
clear studies done on the ability of PEITC inducing
protective antioxidant capacity against carcinogens,
it was also demonstrated that ITCs themselves were
able to induce cellular stress treating drug resistant
cancer cells. In accordance to this, PEITC was found to
be highly sensitive against both fludarabine-resistant
and -sensitive Chronic Lymphocytic Leukemia (CLL)
cells (Trachootham et al., 2008). As a result, PEITC
showed lesser sensitivity towards normal lymphocytes
and extensive sensitivity to fludarabine-resistant CLL via
inducing apoptotic pathways (Trachootham et al., 2008).

c.Induction of apoptosis

Apoptosis is organized machinery that facilitates
the maintenance of homeostasis in multicellular
organisms. Therefore, disruption in the regulation
apoptosis often lead to multiple disorders namely
degenerative disorders, autoimmune disorders and cancer.
In accordance of this concept, studies have revealed the
contribution of isothiocyanates (ITCs) namely PEITC
and sulforaphane in the regulation of apoptosis through
Bcl-2 family regulation, mitochondrial release of
cytochrome c, and MAPK signalling lines (Traka and
Mithen, 2009). The Bcl-2 protein family is an oncogene
found to be one of the key apoptosis regulators that
modulate the outer mitochondrial membrane (Ulukaya et
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al., 2011). The antiapoptotic members Bcl-2 and Bcl-xL
protect the membrane integrity and avoid the release of
the cytochrome c, but their activity can be disrupted by
the pro-apoptotic members Bax, Bad and Bid (Ulukaya
et al., 2011). To be brief, overexpression of Bax,
a proapoptotic homodimer led to apoptosis and conversely
overexpression of Bel-2 homodimers contributed to the cell
survival mechanism. The finding that glucosinolates
derivatives are a good apoptosis inducer, fuelled up
the search for possible mechanism for the anticancer
study. It appeared that PEITC has equivalent apoptosis
inducing potency on animal model and cancer cell lines
(Traka and Mithen, 2009). Studies have showed that
mouse epidermal and human prostate cancer cells have
employed p53-dependent and independent pathways,
respectively (Huang et al., 1998; Xiao and Singh, 2002).
Hu et al., (2003) demonstrated that PEITC could induce
apoptosis in colon cells HT29 on the basis of several
protein kinase activation namely MAPKs, JNK (c-Jun
N-terminal kinase), extracellular protein kinase (ERK)
and p38 kinase. Nevertheless, Chen and co-workers have
stated that down regulation of phosphatase expression
may be involved in JNK activation by PEITC that
leads to apoptosis initiation (Chen et al., 1998; Chen
et al., 2002). ROS generation have been well studied
and considered to be a key player in the control of cellular
survival mechanism. Human prostate cancer PC-3 cells
treated with PEITC demonstrated overexpression of ROS
that mediates apoptosis in cell (Xiao et al., 2006).

d.Anti-angiogenesis effect by PEITC

Other studies have also considered the role of
PEITC. In such study, this type of isothiocyanates
has shown impressive angiogenic inhibitory effect
by suppressing the growth factors that responsible
for the formation of blood capillary was observed.
As expansion of the vascular network is important for
the proliferation, angiogenesis served as a platform for
building new capillary beds to deliver oxygen and other
nutrients to cells (Singhal et al., 2005). Therefore to clarify
the anti-angiogenesis ability of glucosinolates hydrolysed
product, groups of researcher examined the effects of
PEITC on angiogenesis models. PEITC treatment on
human umbilical vein endothelial cells (HUVEC) inhibited
significantly the neovascularization and migration at
a concentrations of <1 umol/L. Importantly, this findings
indicated that the anti-angiogenic action of PEITC may
be partly due to inactivation of Akt, depletion in vascular
endothelial growth factor (VEGF) and suppression of
VEGF receptor 2 protein levels (Xu et al., 2005; Xiao
and Singh, 2007).

e. Biotransformation of phase Il detoxification enzyme
Naturally, all humans were exposed to the dietary and
environmental carcinogenic factors. These carcinogens are
subjected to be metabolized through phases of enzymatic
reaction once they entered blood circulation. Inhibition of
members of the cytochrome P-450 (CYP) enzymes that
was responsible for the bioactivation of procarcinogens
through phase I and phase Il metabolism has been a putative
chemopreventive mechanism (Ioannides et al., 2010).
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Table 1. Different Types of Potential Glucosinolates and Their Common Dietary Sources (Adapted from Verkerk et

al., 2009)
Glucosinolate (precursor) Isothiocyanate Structure Dietary source
Sinigrin Allyl Isothiocyanate (AITC) Broccoli, Brussels sprouts, cabbage,
H,C N=C=S horseradish, mustard, radish
\
Glucotropaeolin Benzyl Isothiocyanate (BITC) C,,S Cabbage, garden cress, Indian cress
@/\ N =
Gluconasturtiin Phenethyl-Isothiocyanate N.. Watercress/ turnip
(PEITC) “Cs
S
Glucoraphenin Sulforaphane (SFN) 0 s Broccoli, Brussels sprouts, cabbage
I 2
"S\/’\\/\N;,C
- Phenylpropyl-ITC (PITC) N Horseradish
S
Glucoraphasatin 4-methylsulfanyl-3-butenyl White radish
isothiocyanate (GRH-ITC) Sﬁc/)\'\/\ﬁ\sfwa
Glucoiberin 3-Methylsulfinylpropyl-ITC 0 Brassica sp.
S *®
SINN N

Nevertheless, the naturally occurring compound PEITC
has been one of the most studied isothiocyanates
and has substantial evidence in preventing cancer
(Lawson et al., 2015). It involved the modification
in the expression of the phase II enzymes as one of
the mechanisms that play key roles in chemically-induced
cancer (Xiang et al., 2009; Abdul Razis and Mohd Noor,
2013a). In vivo incubation of chemically induced rat
liver with PEITC showed a dose-dependent inhibition of
CYPA1 mRNA (Abdull Razis et al., 2015). Similarly,
PEITC was shown to inhibit cytochrome P-450
mediated bioactivation of carcinogens with the latter
promoting detoxifying enzymes. The inactivation of
enzyme activity of several members of the cytochrome
P-450 family caused the reduction of highly reactive
intermediates that can be toxic when bound to critical
macromolecules such RNA, DNA and proteins (Konsue
and Toannides, 2008; 2010a; 2010b; Abdul Razis and
Mohd Noor, 2013a; 2013b; Abdul Razis et al., 2014;
Yoshigae et al., 2014).

Sulforaphane (SFN)

Another isothiocyanates that has recently been particular
interest of researches worldwide is sulforaphane. It was
known to be derived from glucoraphenin, belonging to an
important group of phytochemicals known as glucosinolates
and found in broccoli and other cruciferous vegetables
(Fimognari et al., 2007). SFN, one of the most
comprehensively studied aromatic isothiocyanates
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that has been addressed as an anti-cancer agent mainly
through regulation of biotransformation enzymes and
cell cycle arrest (Abdull Razis and Mohd Noor, 2013a).
Scientific literatures referred to SFN as an antimutagenic
agent and attributed to the pungent property found in
radish roots. Based on recent epidemiological studies,
the role of dietary consumption of vegetables containing
SEN in prevention of human cancers and human cancer
susceptibility is vastly discussed (Fimognari et al., 2007).

a.Regulation of cell cycle arrest by SFN

Fimognari et al., (2002) suggested that exposure to
sulforaphane led to increased accumulation of apoptotic
cells during G2/M phase arrest along with time
and concentration, with necrosis after prolonged
exposure to high doses. In this case, sulforaphane altered
cell cycle progression and induced apoptosis, increasing
the expression of p53 and Bax and negatively affected
the expression of Bcl-2. However, cell cycle arrest was
initiated in the checkpoints when the DNA is found to
be damaged and also offered the opportunity for DNA to
be repaired. Despite clear evidence that glucosinolates
targeted cell cycle arrest at various checkpoints there
was evident demonstrating the potential of inducing
phase arrest in a dose dependent manner. In LMS cells,
sulforaphane was associated with dose-dependent
inhibition of cell growth at a 20 pmol/L concentration,
subsequently increasing the expression of CDK inhibitor
protein p21 causing cell cycle arrest at G2/M-phase
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Table 2. Summary of Potential Action Mechanism of PEITC in Relation to Its Apoptosis-inducing Ability Against

Various Cell Lines

Action mechanism

Cell lines/ animal model

References

a.Cell cycle arrest
G,/G, arrest and increase of p21 protein
G,/G, arrest and increase of p21 protein

G,/M phase arrest and decrease in Bcl-2 and, Bel-X(L)

DU-14 cells, Human prostate cancer
LNCaP cells, Human prostate cancer

PC-3 cells, Human prostate cancer

Chiao et al., 2000
Chiao et al., 2000

G,/M phase arrest Hela cells
G, phase arrest, induction of CDK inhibitor p21wafl/cipl
G,/M phase arrest

b.Oxidative stress
Depletion of glutathione (GSH)

c.Induction of apoptosis
Induced p53 independent apoptotic pathway
Activation of JNK, ERK and p38
Activation of INK
ROS mediated apoptosis

Inhibition of angiogenesis

Caco-2 cells, human colon cancer

PC-3, Human prostate cancer

Ovarian epithelial cells

PC-3 cells, Human prostate cancer
HT-29, human colon cells

Various of cell lines

PC-3 cells, Human prostate cancer

HUVEC, human umbilical vein endothelial cells

Hasegawa et al., 1993
Visanji et al., 2004
Xiao et al., 2004

Trachootham et al., 2006

Xiao and Singh, 2002
Hu et al., 2003
Chen et al., 1998; 2002
Xiao et al., 2006
Xu et al., 2005

(Matsui et al., 2007). In addition, suppression of cell
growth and G2/M-phase arrest as a result of sulforaphane
treatment was reported in human lung adenocarcinoma
LTEP-A2 cells (Liang et al., 2008).

b. Biotransformation of phase II detoxification enzyme

Substantial evidence indicated that SFN and AITC
were found to interact directly by inhibiting of members of
the cytochrome P-450 family in phase I and inducing
phase II enzymes (Zhang et al., 1994). Zhang et al.
(1994) studied the chemoprotective potential of several
isothiocyanates in inducing quinone reductase (QR) and
GST activity in several rodent tissues. These compounds
were administered through diet (3-4 pmol/g of diet) for
5-28 days via intragastric administration (5-100 pmol in
single or several daily doses). The results indicated that
SFN and AITC were found to elevate the level of QR and
GST in several colon, bowel, kidney, lung, stomach and
nasal mucosa whereby the expression of GST and QR
in the cytosol of these organs was elevated by 1.2 to 9.4
times in control animals (Zhang et al., 1994).

c.Oxidative stress

Imbalance between the generation and
elimination of reactive oxygen species (ROS) is often
regarded as an adverse event such as mitochondrial
damage, cytochrome c release leading to various diseases

HO

H,O  glucose

R\C"' OH
Il
N

0S05

MYROSINASE

Glucosinolate

" OHA_L.

(Traka and Mitchen, 2009). Excessive ROS mediated
oxidative stress was thought to underlie the mitochondrial
damage and suppression of redox molecules that leads to
abnormal cell proliferation and cell death. Using HepG2
cell lines, sulforaphane treatment caused substantial
increase in GSH level (Ye and Zhang, 2001).

d.Histone deacetylation activity

Apart from all other relative anti-carcinogenic
mechanisms, SFN have been considered to act on
acetylation and deacetylation of histones (Myzak
et al., 2004; Dashwood and Ho, 2008). A histone
is a highly alkaline protein that provides structural
support to a chromosome for the thread-like DNA to
wrap around (Mei et al., 2004). Generally, acetylation and
deacetylation of nuclear histones are two essential cellular
mechanisms for the regulation of gene transcription.
Therefore, any disruption in balance between acetylation
and deacetylation of histone may lead to irregular
gene transcription (Mei et al., 2004). In compliance
with this regulatory mechanism, compounds that can
actively inhibit histone deacetylases can also potentially
suppress the development of cancer by up-regulating the
transcription of tumor suppressor proteins that promotes
apoptosis in malignant cells (Marks et al., 2004). Several
studies demonstrated the potential of SFN to inhibit
histone deacetylase despite other apoptotic pathways.

/o HSO;
S
Ec’
R
0S07
R-N=C=§

Isothiocyanate

Figure 1. Hydrolysis of Glucosinolate by Myrosinase and Formation of Isothiocyanate (ITC). Myrosinase was
expressed upon rupture of plant tissue by chewing or chopping hydrolysing glucosinolates to isothiocyantes; R
represents side chains of other element in the molecules; C, carbon; S, sulphur; N-nitrogen (Xiang et al. 2009).
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Table 3. Summary of Potential Action Mechanism of SFN in Relation to Apoptosis-inducing Ability Against Various

Cell Lines

Action mechanism

Cell lines/ animal model

References

a.Cell cycle arrest
Activation of Chk2 leading to G,/M phase arrest
Increased expression of cyclin B1 and p21af/eie!
S-phase arrest
Decreased expression of cyclin D1 and increased p21vafi/eip!
Increased expression of p21 and G,/M phase arrest
G2/M phase arrest
b.Biotransformation of phase II detoxification enzyme
Depletion of glutathione (GSH)
c.Induction of apoptosis
Activation of caspase-8 and -9
Increased expression of Bax protein, decrease in Bel-2 expression

Down regulation of Bel-2

PC-3 cells, Human prostate cancer
HT-29 cells, human colon cancer
UM-UC3, bladder cells

PC-3 cells, Human prostate cancer
LMB8 cells

LTEP-A2, human lung adenocarcinoma cells

Ovarian epithelial cells

PC-3 cells, Human prostate cancer

Human T lymphocytes

DU-145 cells, human prostate cancer

Singh et al., 2004
Gamet-Payrastre et al., 2000
Tang and Zhang, 2004
Chiao et al., 2002
Matsui et al., 2007
Liang et al., 2008

Trachootham et al., 2006

Singh et al., 2002

Fimognari et al., 2003
Wang et al., 2004

d.Histone deacetylation

Enhanced expression of beta-catenin-responsive reporter protein

293 cells, human embryonic kidney, HCT-116

cells human colorectal cancer

Disruption in HDAC

MDA-MB-231 cells, MDA-MB-468, MCF-7, and

Pledgie et al., 2007

T47, human breast cancer

e.Caspase activity

Inhibited neovascularization

Angiogenesis model

Asakage et al., 2006

Sulforaphane have been found to inhibit histone
deacetylase activity in human colon cancer cells (Fimognari
et al., 2007). There have been attempts to demonstrate
the enhanced expression of beta-catenin-responsive
reporter protein level human embryonic kidney 293
cells and colorectal cancer HCT116 cell lines as
a consequence of exposure to SFN (Myzak et al., 2004). In
a comparison of different cell lines, Pledgie et al., (2007)
reported that SFN caused substantial disruption in histone
deacetylase (HDAC) activity against the ER-negative
cell lines compared to a panel of breast cancer cell lines
that includes MDA-MB-231, MDA-MB-468, MCF-7,
and T47.

e.Modulation of caspase activity

Apart from apoptosis inducing ability, SFN have
been demonstrated as a potent angiogenesis inhibitor
that prevents the formation of the new capillary may
lead the tumors become necrotic or even apoptotic. An in

vitro study conducted by Asakage et al., (2006) reported
that SFN has the tendency to induce a dose dependent
anti-proliferative effect on an angiogenesis model.
Accordingly, Table 3 briefly summarized the studies
undertaken to investigate the relative potential of SFN
associated to various apoptotic mechanisms.

Benzyl isothiocyanate (BITC)

Apart from the natural existence of gluconasturtiin
and glucoraphanin, benzyl isothiocyanate is a yield of
the endogenous enzymatic hydrolysis of glucotropaeolin
glucosinolates present in the Brassicaceae family (Bones et
al., 1996). Glucotropaeolin, a precursor to the formation of
benzyl isothiocyanate, was isolated particularly from
garden cress, has been regarded as one of the well-studied
ITC compound for its potential protective effects (Bones
et al., 1996).

Table 4. Summary of Various Action Mechanism Exerted of AITC Associated to Apoptosis Inducing Ability Against

Various Cell Lines

Action mechanism

Cell lines/ animal model

References

a. Cell cycle arrest
Increased expression of cyclin B1 and p21fi/ei!
Gl-phase arrest
Decreased expression of cyclin Bl and G,/M phase arrest
G,/M phase arrest
M phase arrest
b. Induction of apoptosis
Activation of INK; decrease in Bcl-2, Bel-xI protein expression
Down regulation of Bel-2
c.Caspase activity

Activation of pro-apoptotic caspase enzyme, caspase-3, -8 and -9

UM-UC-3 cells, human bladder carcinoma
HL60 cells, human leukemia

LNCaP cells, human prostate cancer

HelLa cells, human cervical cancer

HT29, human colorectal cancer

PC-3 cells, Human prostate cancer; LNCaP cells

HL60 cells, human leukemia cancer

HL60 cells, human leukemia cancer

Tang et al., 2004
Zhang et al., 2003
Xiao et al., 2003; Smith et al., 2004
Hasegawa et al., 1993
Smith et al., 2004

Xiao et al., 2003; Xu et al., 2006
Zhang et al., 2003

Zhang et al., 2006
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a.Regulation of cell cycle arrest by BITC

The regulation of CDK activity includes modulation of
diverse class of inhibiting proteins that bind to and inactivate
CDK’s (Sunil et al., 2005). These proteins are generally
classified into two major groups based on their structure
and function that includes Cip/Kipfamily (p21, p27, p57)
and the INK4 family (p16, p18, p19), collectively known
as CDK inhibitors (Keum et al., 2004). Interestingly, most
type of cancers regularly demonstrated the expression of
key members of cell cycle regulatory gene families such
as cyclin D1 at the G1/S phase. Further study in human
Capan-2 pancreatic cancer cells, BITC treatment
resulted in activation of checkpoint kinase 2 and at
the same time reducing the Cyclin B1, Cdc2, and
Cdc25C regulatory protein level that led to a G2/M
phase arrest (Zhang et al., 2006). Additionally, when
BITC induced HL-60 cell cycle arrest at the G2/M phase,
the expression of p21, GADD45, and 14-3-3 sigma
regulatory genes were increased (Miyoshi et al., 2004).

b. Biotransformation of phase II detoxification enzyme

Cytochrome P-450 (CYP) enzymes of phase I
enzymes family plays a major role in the normal
metabolic processing of numerous endogenous and
exogenous compounds, simultaneously might as well
activated certain carcinogens. Conversely, phase II
metabolism consisting of conjugators and metabolizing
enzymes including glutathione-S-transferase (GST),
UDP-glucuronosyl transferase (UGT), thioredoxin
reductase 1 (TR1), NAD(P)H:Quinone Oxidoreductase
(NQOV), and heme oxygenase 1 (HO-1) that deactivated
the carcinogens (Kensler et al., 2004; Traka and
Mitchen, 2009). Consistent with these, induction of
phase II enzymes in Wistar rats by BITC reported that
the activities of GST, QR and UDP-glucuronyl transferase
in liver and small intestinal were increased by 1.7- to
11-fold. BITC also demonstrated an increase in GSH
levels in the esophagus and small bowel of ICR/Ha mice
by 63%-75% (Talalay et al., 1996).

Expression of most of the phase II genes such as
glutathione-S-transferase (GST) and quinone reductase
(QR) led to protection of tissues and cells against
endogenous and/or exogenous carcinogenic intermediates.
ARE/EpRE (anti-oxidant response element/ electrophile
element) found in the 5° flanking region of these phase
IT genes played an important role in mediating their
induction by xenobiotics including chemopreventive
agents (Kong et al., 2001). Molecular studies done by
Prawan et al. (2008) suggested that isothiocyanates
was a potent inducer of phase II enzyme inducing
transcription of phase II genes through common
antioxidant/electrophile enhancer element (ARE/EpRE)
that occured in the upstream regions of several phase
I enzyme genes (Prawan et al., 2008). These findings
suggested that the metabolites of isothiocyanates exhibited
anti-carcinogenic activities through multiple pathways
and modulation of numerous transcriptional factors that
induced apoptosis.
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¢. Induction of apoptosis

Likewise, ITCs exhibited their action through
members of antiapoptotic Bel-2 family by disrupting
the mitochondrial membrane integrity. The aromatic ITCs,
BITC and PEITC treatment caused more damage to the
mitochondria by stimulating phosphorylation of Bcl-2 at
a dose of 7.5 mmol L-1but only in high concentrations
at about 15-30 mmol L-1 compared to more soluble
AITC and SFN exhibiting less damage to the membrane
(Tang and Zhang, 2005). Interestingly, BITC treated
cells were found to induce cytochrome c release from
mitochondria (Nakamura et al., 2002), while conversely
causing Bcl-2 to lose its ability to bind with Bax,
by phosphorylation, increased the susceptibility of
the cells to events of apoptosis. In support of this concept,
BITC induced Bcl-2 phosphorylation has caused
the dissociation of Bcl-2 and Bax complex, consequently
leading to induction of apoptosis triggered by the signal of
mitochondrial death (Miyoshi et al., 2004).

d. Modulation of caspase activity

Glucosinolate glucotropaeolin was an established
class of naturally occurring chemopreventive agents
that were able to modulate the caspase activity inducing
apoptotic pathway (Bones et al., 1996). Caspases were
the product of inactive zymogens known as procaspases
that activated through cleavage of a pro-domain
aided by other caspases (Zhang et al., 2006). There
were two groups of caspases: initiator caspases and
effector caspases. From the initiation of apoptotic
pathway, the proapoptotic caspases were subdivided into
the group of up-stream initiator caspases that includes
procaspases -8, -9 and -10 (Byrd, 2015). Accordingly,
downstream executioner caspases including procaspases
-3, -6, and -7 were activated through cleavage of
the pro-domain by up-stream caspase protein that can
then trigger the degradation of enzymes that destroyed
the cell (Byrd, 2015). Evidence showed that BITC has
induced apoptosis in epithelial rat liver cells dependent on
the mitochondrial death pathway-activating caspase-9/-3
activities (Nakamura et al., 2002).

e.Mitochondrial dysfunctions and oxidative stress

In addition to other potential action mechanism, BITC
has also been related to complex antioxidant pathways.
BITC induced expression of GSTP1 (GST isoenzyme) to
mediate intracellular ROI (reactive oxygen intermediates)
within short periods of time (1 h) that were sufficient to
elevate GST activity where ROI production activities were
highly correlated with the induction of GST, whereas the
antioxidant GSH inhibited them (Miyoshi et al., 2004).

Allyl isothiocyanate (AITC)

AITC was obtained from sinigrin, the glucosinolates
precursor, and act towards protecting against cancer
through initiating multiple apoptotic pathways (Xiao et al.,
2003; Xu et al., 2006; Zhang et al., 2006). Brussels sprouts
have been a rich source of sinigrin and dietary intakes
for a week resulted in significant elevation in plasma and
intestinal GST (Nijhoff et al., 1995). Undoubtedly, AITC
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have been one of the intensely studied compounds for
its chemoprotective attributes. As suggested by Zhang et
al., (2003), various isothiocyanates, including AITC have
the ability to initiate cell cycle arrest in cancer cell lines.
As discussed earlier, sinigrin itself remains intact and
inactive but displayed anti-carcinogenic properties upon
exposure to endogenous enzyme myrosinase. Whereas,
the hydrolysis that yielded AITC from sinigrin-myrosinase
complex were suspected to possess the significant cancer
chemopreventive properties. Studies undertaken to explore
AITC have showed significant activities in modulating
caspases, cell cycle phase arrest and induction of apoptosis
as shown in Table 4.

a.Cell cycle arrest

There were clear indications that AITC has strong
positive correlation associated with cell cycle arrest in
particular. In vitro studies have reported the potency of
AITC in blocking the cancer progress at various stages.
Study pursued by Smith et al., (2004) demonstrated that
in the case of HT29, human colorectal cancer cells, AITC
showed cell cycle arrest at M phase. Other studies have
however evaluated the potency of AITC. In one such study,
AITC have been shown to block cell cycle progression at
G1 phase in HL60, human leukemia cancer cells (Zhang
et al., 2003). In contrast, several studies have revealed
that AITC showed G2/M phase arrest in human bladder
carcinoma cells (Tang et al., 2004), human cancer cells
of prostate (Xiao et al., 2003), colon cancer cells (Smith
et al., 2004) and cervical cancer cells (Hasegawa et al.,
1993). It was concluded that the findings were due to the
regulation of proteins involved in G2/M phase which
includes cyclin B1, cdkl, cdc25B and c¢dc25C (Xiao et
al., 2003; Smith et al., 2004).

b. Induction of apoptosis

In parallel to these studies, among isothiocyanates,
exposure of BITC and AITC against a panel of human
cancer cell lines (human prostate, colon and leukaemia
cancer cells) resulted in activation of JNK and /or
suppression of the anti-apoptotic proteins Bcl-2 and
Bcl-XL directing apoptotic pathways (Patten and
DeLong, 1999; Xiao et al., 2003). These findings
suggested that glucosinolates, in addition to their various
extrinsic and intrinsic anticancer pathways, can also
induce apoptosis in certain types of tumor cells. In some
investigations, it have been shown that AITC caused
increase in the pro-apoptotic caspase enzyme, caspase-3,-8
and -9 (Zhang et al., 2003). In the case of HL60 leukemia
cells, treatment with 10 M of AITC for 3 hours caused
the activation of caspase enzymes (Zhang et al., 2003).
Suppression of anti-apoptotic protein Bcl-2, Bel-X1 and
JNK mediated apoptosis also occurred as a result of
exposure of AITC to both prostate cancer cells and LNCaP
cells (Xiao et al., 2003; Xu et al., 2006).

Discussion

Glucosinolates and isothiocyanates have been part of
our daily dietary consumption. Remarkable amount of
experimental research suggest impressive credentials
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showing significant activities of metabolites yield from
upon glucosinolates degradation. Among hundreds of
glucosinolates, PEITC, BITC, SFN and AITC were most
strongly associated with potential chemopreventive effects
targeting multiple biological pathways by modulating
cellular events leading to apoptotic cell death. However,
the mechanisms facilitated by glucosinolates in inducing
apoptotic pathways are not fully understood. In summary,
glucosinolates and its derivatives isothiocyanates were
found to be a potent source of chemopreventive therapy.
Nevertheless, more investigations are encouraged in the
upcoming time to clarify and demonstrate the evidence
pointing the involvement of glucosinolates in relative to
their target molecule and mechanisms involved in the
apoptotic events.
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