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Abstract. Development of cancer is a long-term and multistep process which comprises initiation,
progression, and promotion stages of carcinogenesis. Conceivably, it can be targeted and interrupted
along these different stages. In this context, many naturally occurring dietary compounds from our daily
consumption of fruits and vegetables have been shown to possess cancer preventive effects. Phenethyl
isothiocyanate (PEITC) and sulforaphane (SFN) are two of the most widely investigated isothiocyanates
from the crucifers. Both have been found to be very potent chemopreventive agents in numerous animal
carcinogenesis models as well as cell culture models. They exert their chemopreventive effects through
regulation of diverse molecular mechanisms. In this review, we will discuss the molecular targets of
PEITC and SFEN potentially involved in cancer chemoprevention. These include the regulation of drug-
metabolizing enzymes phase I cytochrome P450s and phase II metabolizing enzymes. In addition, the
signaling pathways including Nrf2-Keap 1, anti-inflammatory NF«B, apoptosis, and cell cycle arrest as
well as some receptors will also be discussed. Furthermore, we will also discuss the similarities and their
potential differences in the regulation of these molecular targets by PEITC and SFN.
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INTRODUCTION

Carcinogenesis is a long-term process which could take
as long as 10-30 years to develop from initiated cells to
advanced and metastatic cancer. It is a multistep event
comprising three different stages, including initiation, promo-
tion, and progression (1-4). Initiation occurs when cellular
insults perturb the normal genetic and or epigenetic events.
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Promotion follows when cellular signals stimulate the expan-
sion of the initiated cells. Finally, progression ensues when
the clonal group of cells continues to expand into malignant
tumors (1-4). Increasing evidence from epidemiological and
pathological studies suggest that cancer could be prevented or
their progression could be stopped (5). In this context, the
prevention of cancer by the use of natural or synthetic
compounds has been described as chemoprevention (6).
Chemopreventive compounds could target the initiation stage
of carcinogenesis or by stopping the promotion and pro-
gression of cancer or their combinations. Prevention of cancer
initiation can be achieved by limiting the exposure of cells to
carcinogenic substances via either by inhibiting their activa-
tion or by increasing their detoxification and subsequent
removal (7). On the other hand, chemopreventive com-
pounds can also suppress progression and promotion of
carcinogenesis by interfering with various signaling pathways
involving oxidative stress (8), inflammation (9), and cellular
proliferation. Finally, these compounds can also induce cell
cycle arrest and apoptosis; therefore, they could target all
different stages of carcinogenesis, including initiation, promo-
tion, and progression.

Numerous studies have shown that many natural dietary
compounds can potently modulate various molecular targets,
leading to prevention of cancer initiation, promotion, and
progression. In particular, dietary fruits and vegetables have
been regarded as rich sources of chemopreventive compounds
and are widely investigated due to their low toxicity but
significant chemopreventive efficacies (10). Two classes of the
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most abundant naturally occurring dietary chemopreventive
compounds are polyphenolic and the isothiocyanate (ITC)-
containing compounds with totally different chemical structures.
Polyphenolic compounds are characterized by their phenolic
functional groups while the ITC-containing compounds are
characterized by sulfur containing N=C=S functional group
(Fig. 1). Curcumin, dimethylbenzoylmethane, and green tea
polyphenols are some of the commonly studied polyphenolic
compounds with chemopreventive effect. Ally isothiocyanate
(AITC) from cabbage, mustard, and horseradish; benzyl
isothiocyanate (BITC); phenethyl isothiocyanate (PEITC) from
watercress and garden cress; and sulforaphane (SFN) from
broceoli, cauliflower, brassicas, and kale are commonly used
ITC-containing compounds (11) (Table I).

Many of the chemopreventive effects of cruciferous
vegetables are attributed to the ITCs rather than their parent
moiety, the glucosinolates. The general structures of glucosi-
nolates consist of B-D-thioglucose group, a sulfonated oxime
group, and a side chain derived from methionine, phenyl-
alanie, tryptophane, or branch-chained amino acids (12). The
glucosinolates are not bioactive and appear to have no
chemopreventive effects unless they are converted to ITCs
and indole-3 carbinols by hydrolysis catalyzed by myrosinase.
Disruption of plant cells during harvesting, processing, or
chewing releases myrosinase which comes into contact with
glucosinolates and hydrolyzes them to different ITCs (13). It
is estimated that in humans, intake of SFN or PEITC can
range from 50 to 200 pmol after ingesting 100 g (wet weight)
of broccoli and watercress (14,15). In rats, after an oral dose
of 50 umol of SFN, the plasma concentration of SFN can peak
at 20 uM at 4 h and decline with a half-life of about 2.2 h. This
increase in plasma concentration of SFN is accompanied by
an induction of genes that are important in cellular defense
mechanisms and cell cycle regulation (16). In mice fed with
diets supplemented with 300 (~5 pmol/day) and 600 ppm
(~10 umol/day) of SFN for 3 weeks, the steady-state levels of
SEN in plasma and intestine reached 124-254 nM and 3-
13 nmol/g of tissue (roughly equivalent to about 3-10 uM of
total SFN). These concentrations of SFN had been shown to
be effective in prevention of adenoma formation in ApcMin=+
mice (17). On the other hand, plasma concentration of
PEITC in rats could reach 9.2 to 42.1 pM after oral dose of
10 and 100 pmol/kg of PEITC (18). These in vivo pharma-
cokinetic data show that micromolar concentrations of
PEITC and SFN are achievable in vivo. In animal and cell
culture models, micromole doses or micromolar concentra-
tions of PEITC and SFN have been shown to prevent cancer
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Fig. 1. Chemical structures of PEITC and SFN. Both PEITC and

SEN are isothiocyanates, which are characterized by sulfur containing
N=C=S functional group

Cheung and Kong

through different mechanisms both in vivo and in vitro (10,
13). In this review, we will discuss the diverse cellular and
molecular targets regulated by PEITC and SFN (Fig. 2) and
integrate these targets as potential examples as to how ITCs
could prevent carcinogenesis.

INHIBITION OF PHASE I CYP DMEs

Phase I (Cytochrome P450 (CYP)) drug-metabolizing
enzymes (DMEs) are usually involved in oxidation, reduc-
tion, or hydrolysis of chemicals including carcinogens. These
chemical reactions have been implicated in the bioactivation
of carcinogens (conversion of pro-carcinogens to carcinogens)
(19). Thus, compounds that could regulate either mRNA
transcript levels or activity of CYPs are thought to be
important in prevention of chemical-induced carcinogenesis.

The effects of PEITC on the expression and the enzyme
activity of CYPs remain elusive and need to be studied
further. It has been shown that PEITC induces the expression
of several xenobiotic-metabolizing CYPs which could poten-
tially activate carcinogens. In cultured human primary
hepatocytes, it was also shown that PEITC dose-dependently
upregulated the expression of carcinogen-activating enzymes
CYP1A1 and CYP1A2 using quantitative polymerase chain
reaction analyses (20). On the other hand, activities of CYPs
have been shown to be inhibited by PEITC. Using micro-
somes from baculovirus-infected insect cells expressing spe-
cific human CYP isoforms, it was shown that PEITC
competitively inhibited CYP1A2, 2A6, 2B6, 2C9, 2C19,
2D6, 2E1, and 3A4 (21). Activation of CYP has generally
been considered as carcinogen activation. The above data
indicate that although PEITC induces the CYP transcript
levels, it inactivates CYP enzymes as well.

The effect of SFEN on the expression and activity of CYPs
appears to be more straightforward. SFN dose-dependently
inhibited the activities of CYP1A1 and 2B1/2 in rat hepato-
cytes (22). It has also been shown to be a competitive
inhibitor of CYP2EL1 in acetone-induced rat liver microsomes
(23). In human hepatocytes, SFN decreased CYP3A4 activity
by reducing CYP3A4 transcript level (22). Overall, evidence
presented so far suggest that SFN can inhibit the activities of
several CYPs, thus potentially leading to reduced activation
of pro-carcinogens.

INDUCTION OF PHASE II DMEs

The formation of electrophilic reactive metabolites or
pro-carcinogens is often catalyzed by phase I DMEs through
two-electron oxidation to hydroxylated or epoxidated inter-
mediates (24). These electrophilic metabolites are highly
reactive, but cells have protective mechanisms against dam-
ages caused by them. One major mechanism is through
induction of phase II DMEs. Phase II enzymes are well-
known detoxifying enzymes which conjugate endogenous
substrates such as glutathione (GSH), glucuronide, and
sulfate to the phase I metabolites (25). The transfer of these
large polar molecules to phase I metabolites through sulfa-
tion, glucuronidation, and conjugation with GSH are known
as phase II metabolisms, which would limit further biotrans-
formation of phase I metabolites and result in enhanced
elimination and excretion (3). Compounds such as PEITC
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Table I. Sources of Isothiocyanates (ITCs) from Dietary Vegetables

Structure Chemical name Food
CH3-S-CH2-CH2-CH2-N=C=S 3-Methylthiopropyl Cabbages
CH3-S-CH2-CH2-CH2-CH2-N=C=S 4-Methylthiobutyl Arugula
CH3-S-CH2-CH2-CH2-N=C=S 3-Methylsulfinylpropyl (iberin) Broccoli, Brussels sprouts, cabbages
CH3-§-CH2—CH2—CH2-CH2—N=C=S 4-Methylsulfinylbutyl (SFN) Broccoli, Cauliflower
CH2=CH-CH2-N=C=S 2-Propenyl (AITC) Mustards, cabbages, Brussels sprouts,
Cauliflower
@CHZ-N:C:S Benzyl (BITC) Lepidium cress
@-CHZ—CHQ-N:C:S 2-Phenethyl (PEITC) Watercress, radishes, turnips

and SFN which could induce the expression of phase II
enzymes are considered to be chemopreventive. Commonly
induced phase II enzymes include glutathione S-transferase
(GST), NAD(P)H:quinone oxidoreductase (NQO-1), and
UDP-glucuronosyltransferase (UGT). GSTs generally cata-

lyze the nucleophilic addition of GSH to electrophilic groups
of a broad spectrum of xenobiotics (26) while UGTs catalyze
the transfer of glucuronic acid to hydrophobic chemicals,
facilitating their detoxification and excretion (27). NQO-1
catalyzes the beneficial two-electron reduction of quinones to
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Fig. 2. Potential molecular pathways targeted by PEITC and SFN. PEITC and SFN affect
various molecular targets and pathways, including phases I and II DME, NFkB, cell cycle
arrest, apoptosis, and receptors
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hydroquinones, preventing the one-electron reduction of
quinones by other quinone reductases that would result in
the production of radical species (28).

Numerous studies have shown that PEITC induces phase
Il enzymes in vitro and in vivo. In an experiment to determine
the chemopreventive effect of PEITC against 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine (PhIP, a heterocyclic
amine that is found in cooked meat and may be risk factors
for cancer)-induced genotoxicity, it was found that PEITC
induced one or more hepatic phase II enzymes, leading to
significantly decreased PhIP-DNA adduct levels in all tissues
examined (29). Using a microarray approach, several iso-
zymes of GST were shown to be induced by PEITC 12 h after
treatment in the mouse liver (30). In agreement with this, a
recent study showed that PEITC treatment stimulated
hepatic GST activity in rat but not in the lung or kidney
(31). Aside from GST, expression of the antioxidant enzyme
heme-oxygenase-1 (HO-1) has also been shown to be strongly
increased by PEITC treatment in PC-3 cells (32). Importantly,
the induction of these phase Il/antioxidant enzymes was
shown to be NF-E2-related factor-2 (Nrf2)-dependent in
these studies. Furthermore, HO-1 and NQO-1 mRNA
expression levels in RAW264.7 cells have been found to be
induced by PEITC and appear to be associated with anti-
inflammatory effects of PEITC (33). Taken these data
together, PEITC appears to induce several phase II/antiox-
idant enzymes that have been shown to have anti-inflamma-
tory and anticancer effects, but the induction of each
specific phase Il/antioxidant enzyme may be tissue- and cell
type-specific.

The same effect of induction of phase Il/antioxidant
enzymes appears to be commonly observed in various cells
and tissues after SFN treatment (34). SFN significantly
reduced the level of PhIP-DNA adducts in a dose-dependent
manner in hepatocytes possibly due to induction of UGT1A1
and GSTA1 mRNA expression (35). NQO1 and GST
activities were increased in forestomach, duodenum, and
bladder in rats treated with 40 pmol SFN/Kg/day (36) while
a higher dose of 200-1,000 pmol SFN/Kg/day increased
NQOI1 and GST activities in liver, colon, and pancreas (37).
NQOL1, total GST, and GST-mu activities in prostate, liver,
kidney, and bladder tissues were also increased by SFN (38).
The increase in expressions and activities of these phase II
enzymes was also observed in vitro. SFN induced GSTA1/2
and GSTP1 mRNA in primary rat hepatocytes, induced
GSTA1/2 and GSTM1 mRNA in primary human hepatocytes
(22), and increased GST and NQOI1 activities in murine
HepGlclc7 cells (39,40). SFN also induced phase II genes in
other cell lines (colon and prostate). GSTA1 and UGT1A1
mRNA were shown to be induced in HT-29 and Caco2 cells
(41,42) while GSTA1 and NQO-1 mRNA were induced in
human prostate cells (43). Interestingly, GSTA1 mRNA has
consistently been induced by PEITC in different cell types.
The induction of HO-1 by SFN has been elucidated and
shown to be Nrf2-dependent in mouse peritoneal macro-
phages (44). Taken together, it appears that SFN is a very
potent inducer of various phase II/antioxidant enzymes, and
its induction of GST and NQO1 was consistently found in
numerous cell types and tissues.

The induction of phase II enzymes by PEITC and SFN
was associated with disruption of Nrf2-Keapl interactions
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and increased nuclear translocation of Nrf2. In unstimulated
cells, Keap 1 sequesters Nrf2 and bridges it to Cul-3-
dependent ubiquitinase for ubiquitination. The ubiquitinated
Nrf2 is then targeted for proteosomal degradation. When
the cells are stimulated by external insults, the Nrf2-Keapl
complex is disrupted and Nrf2 translocation occurs (45,46).
Both PEITC and SFN were shown to disrupt the Nrf2-
Keapl1 interaction, and the molecular targets modulated will
be discussed below (Fig. 3).

PEITC ACTIVATES NRF2 COUPLED
WITH ACTIVATION OF MAPK PATHWAY

Mitogen-activated protein kinase (MAPKSs) are charac-
terized as proline-directed serine/threonine kinases which
convert extracellular signals into cellular responses through
cascades of proteins phosphorylation events. It appears that
PEITC activates the MAPK pathway possibly via electro-
philic-mediated stress response (47) such as inhibition of
phosphatases (48). The activation of MAPK pathway is
coupled with the activation of Nrf2 and its dimerization with
Mafs. The Nrf2-Mafs complex subsequently binds to the
antioxidant/electrophile response element (ARE/EpRE)
enhancers that are found in the promoters of many phase
II/antioxidant genes. MAPKs, therefore, could serve as
cellular stress sensors, bringing homeostatic response and
protects against environmental challenges after exposure to
xenobioitcs such as PEITC (49).

PEITC induces the expression of ARE-mediated phase
II enzymes via the c-Jun N-terminal kinase-1 (JNK1)- and
Nrf2-dependent pathways (50). Using HeLa cells that were
transiently transfected with different cDNA plasmids, PEITC
transcriptionally activated ARE in a dose-dependent manner,
and that transient expression of either dominant-negative
Nrf2 or dominant-negative JNK1 attenuated PEITC-induced
ARE expression. These data indicated that PEITC, at least in
HelLa cells, induced ARE activation in part through JNK1
and Nrf2 (50). In addition, when the role of extracellular
signal-regulated kinase (ERK) and JNK in the regulation of
PEITC-induced and Nrf2-dependent ARE activity in PC-3
cells was studied, PEITC was found to induce ARE activity
but the induction was attenuated by inhibition of JNK and
ERK signaling, which in part confirmed the importance of
JNK signaling in PEITC-induced ARE activity (32). In the
same experiment, PEITC was shown to increase the phos-
phorylation of JNK1/2 and ERKI1/2. Using in vitro kinase
assays, JNK1 and ERK2 were shown to directly phosphor-
ylate GST-Nrf2 protein (32). The phosphorylated Nrf2
appeared to be released from Keapl binding and subse-
quently translocated into the nucleus. These data suggested
that the PEITC-induced phosphorylation of JNK and ERK
could be important in regulating phosphorylation of Nrf2 and
inducing ARE transcriptional activity (32). Interestingly, a
recent report indicated a different interpretation of the roles
of MAPK on Nrf2. Using mass spectrometry; five serine/
threonine residues (S215, S408, S558, T559, and S577) were
shown to be major targets of MAPK-mediated phosphoryla-
tion. Subsequent abolishment of Nrf2 phosphorylation by
mutation of the five identified residues to alanine (A) was
shown to have limited effect on the transcriptional activity of
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Fig. 3. Molecular targets in Nrf2/phase II enzymes pathway modulated by PEITC and
SEN. In unstimulated cells, Keap 1 sequesters Nrf2 and bridges it to Cul-3-dependent
ubiquitinase for ubiquitination. The ubiquitinated Nrf2 is then targeted for proteosomal
degradation. Both PEITC and SFN can activate Nrf2, although through different
mechanisms. PEITC activates Nrf2 through activation of MAPK pathway while SFN
modifies thiol group of Keapl and releases Nrf2 from Keapl binding

Nrf2 (51). However, several potential caveats remain unclear.
The five phosphorylation sites were identified under basal
conditions when the MAPKs would appear to be mostly
inactive. These five sites could be possibly phosphorylated by
other nonspecific kinases which would be random and may
have no specific significance. It would be interesting to find
out whether the phosphorylation of each site by each specific
MAPK (JNK, ERK, and p38) would be the same, since each
MAPK could phosphorylate Nrf2 at specific sites and may
have different functional effects on the activation of Nrf2.
Certainly, more studies would be needed to dissect the
functional significance of phosphorylation on Nrf2’s biological
functions.

SFN MODIFIES KEAP1 AND RELEASES NRF2
FROM KEAP1 BINDING

The mechanism of SFN-induced nuclear translocation of
Nrf2 appears to be different from PEITC. It was shown that
murine Keapl formed complexes with Neh2 (Nrf2-ECH
homology 2) domain of Nrf2, and they were disrupted dose-
dependently by SFN (52). Two groups provided evidence that
SFN disrupts the Nrf2-Keapl complex through Keapl
modifications. One provided spectroscopic evidence that
SEN reacted with the thiol groups of Keapl. It was suggested
that the most reactive residues of Keapl (Cys257, Cys273,
Cys288, and Cys297) are located in the intervening region
between BTB and Kelch repeat domains of Keapl and are
probably the direct sensors of SFN (52). Another group
developed a liquid-tandem mass spectrometry method to map
the labile SFN adduct sites formed on Keapl in vitro. They

provided direct evidence suggesting that SFN could react with
thiol groups of Keapl to form thionoacyl adducts (53). This
specific modification of Keapl released Nrf2 from its
sequestration and activated Nrf2. In addition to phase II
enzymes induction, it was shown that selenoprotein gastro-
intestinal glutathione peroxidase (GI-GPx) induction by SFN
was Nrf2-dependent and probably through electrophilic thiol
modification of Keapl (54).

PEITC AND SFN INACTIVATES NFKB PATHWAY

Nuclear factor kappa B (NFxB) could be an important
molecular target of cancer chemopreventive compounds
PEITC and SFN. The activation of NF«xB has been linked
to inflammation, cancer cell survival, and progression (9).
Thus, inactivation of NFxB by PEITC and SFN could be
considered as an important chemopreventive mechanism.
NFkB is normally sequestrated by IkB in the cytosol which
is subjected to phosphorylation by IkK. Phosphorylation of
IkB generally leads to the degradation of IkB, with the
concomitant release of NFxB and nuclear translocation of
NFkB (Fig. 4). NFxB binds to the promoter of many pro-
inflammatory genes, most notably inducible nitric oxide
synthase (iNOS), cyclooxygenase-2 (COX-2), and tumor
necrosis factor (TNF) among others. These molecules have
been shown to be involved in inflammation and cancer
development following chronic inflammation (9).

PEITC decreased iNOS and COX-2 protein expression
levels leading to reduced secretion of both pro-inflammatory
mediators (55). Interestingly, the reduction in both iNOS and
COX-2 expression was associated with the inactivation of
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Fig. 4. Molecular targets in NFxB pathway modulated by PEITC and SFN. Inactivation of
NFkB by PEITC and SFN is considered as one important chemopreventive mechanism.
NFkB is normally sequestrated by IkB which is subjected to phosphorylation by IkK.
Phosphorylation of IkB by IkK increases degradation of IkB and, therefore, increases
nuclear translocation of NFxB. Both PEITC and SFN have been shown to inhibit
activation of NF«B through inhibiting I«K. In addition, SFN have been shown to decrease

DNA binding ability of NFxB

NFxB resulting from stabilization of IkBa by PEITC. IKK
and IkB have been shown to be the molecular targets of
PEITC. Several laboratories have shown that SFN share
similar mechanisms with PEITC targeting the NFxB pathway.
Both PEITC and SFN strongly inhibited LPS-induced NFxB
luciferase activity and IkBa phosphorylation in HT-29 cells
(56). SEN (20 and 30 uM) and PEITC (5 and 7.5 pM)
significantly inhibited NFxB transcriptional activity, nuclear
translocation of p65 (a subunit of NFkB), and NFkB-
regulated vascular endothelial growth factor, cylcin D1, and
Bcl-XL expression in PC-3 C4 cells, which was mediated
through potent inhibition of IkKa and IkKp phosphorylation
(57). Again, it appears that SFN and PEITC converge in the
inhibition of IkBa phosphorylation and degradation, there-
fore, leading to a decrease of nuclear translocation of p65 and
activation of NFxB (57).

On the other hand, there are reports that SFN did not
interfere with LPS-induced degradation of IkB nor NFxB
nuclear translocation in RAW 264.7 cells, but it reduced
DNA binding ability of NF«B directly. Two mechanisms have
been proposed. One mechanism suggests that SFN interacts
with the thiol groups by dithiocarbamate formation and
directly binds to essential Cys residues of NFkB subunits,
thereby decreasing their DNA binding abilities (58). Another
mechanism suggests SFN interacts with glutathione and other
redox regulators like thioredoxin or Ref-1 which in turn
indirectly interferes with NFkB-DNA binding ability. Thio-
redoxin/thioredoxin reductase (TrxR) system was a key redox
mechanism regulating NFkB DNA binding and that SFN was
identified as a novel inhibitor of TrxR enzymatic activity in
vitro (59). These findings further emphasize the importance of
redox modulation and thiol reactivity in the regulation of

NFxB-dependent transcription by SFN. The importance of
redox modulation and thiol reactivity was further supported
by another model: RANKL-induced osteoclastogenesis which
is mediated through NFxB. It was shown that SFN selectively
inhibited NFkB activation induced by RANKL through
interaction with thiol groups of NFxB. However, the NFxB
inhibition was blocked by the use of reducing agents (60),
suggesting that the redox modulation could be important in
regulating thiol reactivity of NFkB to SFN and, thus, its
inactivation. Apart from NF«B, other targets (coactivators of
NFkB) could also be potentially affected by SFN. These
include CCA AT-enhancer-binding proteins, cCAMP response
element binding protein, and activator protein-1 (AP-1)
which were identified to be inhibited and responsible for
SFN-mediated COX-2 downregulation (61).

PEITC AND SFN INDUCE APOPTOSIS

Apoptosis or programmed cell death is important in
controlling unlimited cell proliferation (62). There are
compelling evidence to support PEITC and SFN as potent
inducers of apoptosis both in vitro and in vivo. The different
molecular targets or mechanisms in the apoptosis pathway
affected by PEITC and SFN, therefore, deserve some
discussions (Fig. 5).

SFN induces apoptosis in both HeLLa and HepG?2 cells as
evidenced by the formation of apoptotic bodies and the
accumulation of the cells in sub-G1 phase (63). SFN affects
classical molecular targets involved in the apoptosis pathways
including downregulation of anti-apoptotic Bcl-2 and Bcl-XL,
upregulation of pro-apoptotic Bax expression, proteolytic
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Fig. 5. Molecular targets in apoptosis and cell cycle arrest pathways modulated by PEITC
and SFN. Although both PEITC and SFN are potent inducers of apoptosis, the initial
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increases the cleavage of caspases 8 and 9, and triggers apoptosis. Both PEITC and SFN
activate Chk2 and inactivate Cdk1, leading to cell cycle arrest. Cyclins A, D, and E are also

Cell cycle
arrest

93

downregulated by PEITC

activation of caspase-3, and the degradation/cleavage of poly
(ADP-ribose) polymerase (63). In addition, it was shown that
Bax activation, downregulation of IAP family proteins
(cIAP1, cIAP2, and XIAP), and apoptotic protease activating
factor-1 induction are also involved in the regulation of
SFN-induced cell death (64). One interesting study using
Jurkat T-leukemia cells suggested that cell vulnerability to
SFN-mediated apoptosis was dependent on cell-cycle mech-
anisms. It was shown that these cells were most sensitive to
SFN-induced apoptosis in the G1 phase, less sensitive in the
G2/M phase, and least sensitive during the S phase (65).

The upstream activities or initial signals activated by
SFN are more complicated. Using PC-3 and DU145 human
prostate cancer cells as model systems, it was demonstrated
that the initial signal for SFN-induced apoptosis is possibly
from reactive oxygen species (ROS) (66). SFN resulted in
ROS generation and disruption of mitochondrial mem-
brane potential, which leads to cytosolic release of cyto-
chrome ¢ and apoptosis in PC3 cells. Pretreatment with
N-acetylcysteine or overexpression of catalase block cyto-
chrome c release and apoptosis, indicating the importance
of ROS-mediated cytochrome c release in SFN-induced
apoptosis pathway (66). Apart from ROS, MAPK pathway
has also been reported to be activated by SFN in PC-3
cells (67). Results indicated that SFN activates AP-1 which
requires the activation of the ERK and JNK signaling
pathways and is involved in the regulation of cell death
elicited by SFN in PC-3 cells (67).

PEITC has been shown to be a potent inducer of
apoptosis (68). A 24-h exposure of PC-3 cells to 10 pM

PEITC resulted in about 56% and 44% decrease in the levels
of antiapoptotic proteins Bcl-2 and Bcl-XL, respectively (69).
Treatment of cells with PEITC also resulted in cleavage of
procaspase-3, procaspase-9, and procaspase-8. Moreover, the
PEITC-induced apoptosis was significantly attenuated in the
presence of general caspase inhibitor and specific inhibitors of
caspase-8 and caspase-9, suggesting the involvement of both
caspase-8- and caspase-9-mediated pathways in apoptosis
induction by PEITC (69). The initial signals activated by
PEITC were investigated. Recent evidence suggests that
apart from ROS, there may be other signals also involved in
PEITC’s induction of apoptosis. It was suggested that PEITC
is a more potent inducer of apoptosis, but SFN is a more
potent activator of ROS and oxidative damages in A549 cells,
implicating that ROS and oxidative damages may probably
not trigger PEITC-induced apoptosis in these cells (70,71).
Instead, binding of PEITC to tubulin could be the initial
trigger for PEITC-induced apoptosis. Relative tubulin-
binding affinities of ITCs were measured, and PEITC was
shown to bind more avidly to tubulin than SFN. This higher
tubulin affinity of PEITC appears to correlate with its higher
potency of induction of apoptosis (70,71).

On the other hand, translation inhibition has been
reported to be another possible mechanism of PEITC-
induced apoptosis (72). Using pharmacologically achievable
concentrations, PEITC treatment of human colorectal cancer
HCT-116 cells and human prostate cancer PC-3 cells caused
an increase in eukaryotic translation initiation factor 4E
(eIF4E)-binding protein (4E-BP1) expression and inhibition
of 4E-BP1 phosphorylation (72). The net effect was a
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reduction in the availability of eIF4E for translation initiation.
Ectopic expression of elF4E prevented PEITC-induced
translation inhibition and apoptosis. This was the first report
to show PEITC modulates availability of eIF4E for trans-
lation initiation through modification of its binding protein
(4E-BP1), thus leading to inhibition of cap-dependent protein
translation (72).

PEITC AND SFN INDUCE CELL CYCLE ARREST

The cell cycle arrest effect of PEITC was first inves-
tigated in 1993 (73); 10 pM AITC, 2.5 uM BITC, or PEITC
caused the accumulation of cells at G2/M phase in HeLa cells
with inhibition of cell growth to 41-79% of the control (73).
In 2003, it was reported that exposure of cancer cells to either
AITC, BITC, or PEITC for only 3 h was long enough for the
inhibition of cell growth regardless of the origin of cancer
cells and even in drug-resistant cells that overexpressed
multidrug resistance-associated protein-1 or P-glycoprotein-1
(74). In contrast, the growth inhibitory effect of SFN on these
cells was highly time-dependent (74). Inhibition of cell growth
by SFN follows a biphasic pattern in human colon cancer cell
lines: transient exposure of human HT-29 colon carcinoma
cells to SFN for up to 6 h resulted in reversible G2/M cell
cycle arrest and cytostatic growth inhibition, whereas a
minimum continuous exposure time of 12 h irreversibly
arrested cells in G2/M phase and subsequently induced
apoptosis (75). These findings suggest the possibility of more
complex regulations of cell cycle arrest induced by SFN than
PEITC.

In HT-29 cells, G1 cell cycle arrest was found to be
induced by PEITC through the downregulation of cyclin A,
D, and E (76). On the other hand, the PEITC-induced G2/M
phase cell cycle arrest in PC-3 cells was associated with a
>80% reduction in the protein levels of cyclin-dependent
kinase 1 (Cdkl), cell division cycle 25C (Cdc25C), and
accumulation of Tyr(15) phosphorylated (inactive) Cdkl
(69). The PEITC-induced decrease of Cdkl and Cdc25C
protein levels was probably through increased proteosome-
mediated degradation since cell cycle arrest was significantly
blocked with pretreatment of PC-3 cells with proteasome
inhibitor lactacystin (69). Apart from Cdk and Cdc25C, G2/M
DNA damage checkpoint Chk2 could be another molecular
target involved in PEITC-induced cell cycle arrest (Fig. 5). In
Caco?2 cells, BITC and PEITC inhibited DNA synthesis with
ICsg of 5.1 and 2.4 umol/L, respectively (77). Both of these
compounds caused an accumulation of cells in the G2/M
phase of the cell cycle which was due in part to the
phosphorylation and activation of Chk2 and sustained G2/M
phase cell cycle arrest that was maintained through upregu-
lation of p21 (77).

Like PEITC, SFN caused an irreversible arrest of G2/M
phase of the cell cycle with possibly similar mechanisms
(Fig. 5). The cell cycle arrest was associated with a significant
decrease in protein levels of cyclin B1, cell division cycle
Cdc25B, Cdc25C, and an accumulation of Tyr-15-phosphory-
lated (inactive) Cdk1 (78). In addition, SFN treatment also
resulted in a rapid and sustained phosphorylation of Cdc25C
at Ser-216 which was a result of Chk2 activation, leading to
translocation of Cdc25C from the nucleus to the cytoplasm
and increased binding to 14-3-3beta. Transient knockout of
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Chk2 in PC-3 cells with Chk2-specific small interfering RNA
duplexes significantly attenuated SFN-induced G2/M arrest.
Furthermore, Chk2(—/—) HCT116 human colon cancer cells
were significantly more resistant to G2/M arrest induced by
SFN as compared with the wild type HCT116 cells, indicating
that Chk2-mediated phosphorylation of Cdc25C could be the
major regulator in irreversible G2/M arrest by SFN (78).
Thus, studies have consistently showed the link of Chk2
activation to cell cycle arrest induced by PEITC and SFN.

Epigenetic regulation of cell cycle arrest genes by PEITC
and SFN has also been described recently (79). Histone
deacetylases (HDACs) inhibition has been shown as one
possible mechanism of PEITC-mediated growth attenuation
in human prostate cancer cells (79). PEITC was found to be
an inhibitor of HDACs which was associated with an increase
in p21 expression in prostate cancer cells (79). PEITC
treatment resulted in cell cycle arrest and a p53-independent
upregulation of the inhibitors of Cdks, including p21 and p27
in LNCap cells. Chromatin immunoprecipitation revealed
that the induction of p21 gene was associated with PEITC-
induced hyperacetylated histones which allowed modification
of histone methylation for chromatin unfolding, consequently
permitting the transcription activation of the p21 gene (79).
Similarly, SFN and its metabolites appear to inhibit HDAC
activity and increase acetylated histones bound to the p21
promoter (80). Collectively, these findings suggest that
inhibition of HDAC could be a common mechanism of
PEITC and SFN.

RECEPTORS AS MOLECULAR TARGETS FOR PEITC
AND SFN

PEITC and SFN have been shown to regulate endoge-
nous receptors in some cells, leading to their potential
chemopreventive effect. In the model of testosterone (hor-
mone)-induced prostatic cell growth, PEITC negated the
growth via downregulation of androgen receptor (AR) (81).
This repression of AR in prostate cancer cells by PEITC is
significant in cancer chemoprevention since abnormalities of
the AR, such as overexpression, have been postulated to be
related to the hormone-independent growth of prostate
cancer (81). The question as to how PEITC regulates AR
was subsequently investigated. It was found that PEITC
mediates dual effects on AR, both at the transcriptional and
the post-translational level (81). At the transcriptional level,
the AR transcript level was reduced via inhibition of the
transcription factor Spl (which transactivates AR promoter),
and at the post-translational level, AR protein degradation
was accelerated (81). Correspondingly, there is a report
suggesting that SFN regulates the expression of estrogen
receptor alpha (ERa) in human breast cancer cells (82). The
inhibition of ERa expression in MCF-7 was due in part to
inhibition of ERae mRNA transcription as well as increased-
proteosome-mediated degradation (82). These data suggest
that SFN could potentially inhibit cancer cell proliferation
caused by aberrant hormone ER receptor expression in
MCEF-7 cells.

SEN could sensitize cells to apoptosis through upregula-
tion of death receptors (83, 84). It was found that SFN
enhanced TRAIL-induced apoptosis in human osteosarcoma
cells (Saos2 and MG63) and hepatoma cells. The sensitization



Molecular Targets of Dietary PEITC and SFN for Cancer Chemoprevention 95

of SFN was shown to be mediated through upregulation of
death receptor 5 (DR5) mRNA and protein expressions.
Thus, SFN could sensitize cancer cells to apoptosis through
DRS upregulation which presents another potential mecha-
nism of chemoprevention (83,84). Using proteomics
approach, recently some novel targets of SFN were identified
and characterized (85). Human colon adenocarcinoma cell
(Caco-2) was treated with 5 pM SFN for 48 h and serotonin
receptor 5-HT was downregulated to undetectable levels as
compared to the controls (85). It was suggested that the
activation of neurotransmitter receptors followed by initiation
of cyclic AMP signaling might be crucial events in colon
carcinoma progression. Thus, the effect of SFN on serotonin
receptor 5-HT could be yet another potential chemopreven-
tive target that could be utilized.

CONCLUSION

PEITC and SFN are multitargeted chemopreventive agents
which exert their effects through activation or inhibition of
various cellular signaling pathways. In this review, we have
discussed the mechanisms of action of PEITC and SFN on some
well-established molecular targets such as phase I/Il DME:s,
Nrf2/Keapl, IkB/NF«B, Chk2, caspases, and receptors. We also
discuss the similarities and differences in some of the mechanism
of actions between PEITC and SFN. Some of the recent findings
regarding the triggering of cell cycle arrest and apoptosis by
PEITC and SFN are also discussed. The increased under-
standing of the in vitro and in vivo cancer chemopreventive
activities of these dietary cancer chemopreventive compounds
and their molecular targets would allow us to better predict their
efficacies in different types of human cancers by single and/or
combination strategies.
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