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Epidemiological and dietary studies have revealed an association between high intake of
cruciferous vegetables and decreased cancer risk cancer. Sulforaphane, a phytochemical
constituent of cruciferous vegetables, has received much attention as a potential cancer
chemopreventive compound. Recent advances in the cellular and molecular biology of can-
cer have shed light on components of intracellular signaling cascades that can be molecu-

Keywords: lar targets of chemoprevention by various anti-cancer agents. Metallothionein (MT), a
Chemopreventive agent primary antioxidant enzyme involved in the metabolism and detoxification of heavy metal,
Sulforaphane has been recognized as a molecular target for chemoprevention by natural anti-cancer
Signaling pathway agents, but the cellular signaling mechanisms that associate MT gene regulation are not
Metallothionein yet clearly understood. Recent studies suggest that Nrf2-mediated signaling, which con-
Apoptosis trols the expression of many of genes responsible for carcinogen detoxification and protec-
tion against oxidative stress, is regulated by sulforaphane. This contribution focuses on
Nrf2-mediated signaling pathways, particularly in relation to MT gene induction and the

apoptosis-inducing effects of sulforaphane.
© 2008 Elsevier Ltd. All rights reserved.
1. Introduction actively proliferating preneoplastic cells. Progression, the fi-

nal stage of neoplastic transformation, involves the growth

Carcinogenesis can be viewed as a process that involves
abnormal cellular changes in which the genes controlling
proliferation, differentiation, and apoptosis are transformed
under selective environmental pressures (Blagosklonny,
2005). Tumor development follows three distinct phases: initi-
ation, promotion, and progression (Krishnan et al., 2003). The
initiation phase is a rapid and irreversible process that occurs
when normal cells are exposed to a carcinogen that causes
irreparable or mis-repaired DNA damage. DNA damage itself
is not carcinogenic unless the resulting somatic mutation is
propagated via mitosis to yield a clonal population of mutated
cells. In contrast to initiation, tumor promotion is a relatively
lengthy and reversible process involving the accumulation of
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of a tumor with invasive and metastatic potential. One ra-
tional and effective approach to controlling cancer is the inhi-
bition, reversal or delay of genetic and epigenetic events that
result in the neoplastic transformation of cells (Stoner et al.,
1997).

The term ‘chemoprevention’, first coined by Michael Sporn
in the mid-1970s, refers to the use of non-toxic substances,
including many food factors, to interfere with the process of
cancer development or carcinogenesis before invasion and
metastasis can occur (Smith et al., 2005). Chemoprevention
has successfully been achieved in numerous in vitro as well
as in vivo studies over the past 25 years, and has been vali-
dated in several human intervention trials (Sporn & Liby,
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2005). One important process in chemoprevention involves
modulation of the activity of phase II antioxidant enzymes,
which convert carcinogens to inactive metabolites that are
readily excreted from the body, thus preventing their reaction
with DNA (Lee & Surh, 2005; Surh et al., 2005). The induction
of phase II antioxidant enzymes by chemoprotective agents
has been demonstrated to be an effective strategy for protect-
ing against multistage carcinogenesis in experimental ani-
mals as well as clinical trials (Dick & Kensler, 2002; Links &
Lewis, 1999).

Epidemiological studies indicate that increased consump-
tion of cruciferous vegetables such as broccoli, Brussels
sprouts, and cabbage is correlated with a decreased risk of
developing cancers of the pancreas, lung, colon, and prostate
(Lampe & Peterson, 2002). It is hypothesized that much of this
chemoprotective effect can be attributed to the physiological
effects of isothiocyanates (Bianchini & Vainio, 2004). Isothio-
cyanates are derived from a family of compounds known as
glucosinolates, which are secondary plant metabolites that
are relatively unique to cruciferous vegetables (Keum et al.,
2005). Sulforaphane (1-isothiocyanato-4-(methylsulfinyl)-
butane), a naturally occurring isothiocyanate, has received
particular attention because of its anti-cancer effects (Fahey
& Talalay, 1999; Pham et al., 2004). This phytochemical is a
potent inducer of the phase II enzymes implicated in carcin-
ogen detoxification (Kensler et al., 2000) and is a competitive
inhibitor of CYP2E1, which is involved in the activation of
carcinogenic chemicals (Henderson et al.,, 2000). Cancer
chemoprevention by sulforaphane has been observed against
9,10-dimethy-1,2-benz[a]anthracene-induced mammary tumori-
genesis in rats (Singletary & MacDonald, 2000), azoxyme-
thane-induced colonic aberrant crypt foci formation in rats
(Chung et al, 2000), and benzo[a]pyrene-induced fore
stomach cancer in mice (Fahey et al., 2002).

Reactive oxygen species (ROS) and free radicals are in-
volved in a diversity of important phenomena in the process
of tumor development (Cook et al., 2004). In metazoan cells,
ROS are generated by mitochondria (during respiration) and
by distinct enzyme systems (Adam-Vizi, 2005). Low levels of
ROS regulate cellular signaling and play an important role in
normal cell proliferation, and accumulating evidence sug-
gests that overproduction of ROS is typical of cancer cells
(Nicco et al., 2005). Constant activation of transcription fac-
tors (such as NF-kB and AP-1) appears to be one functional
effect of elevated ROS levels during tumor progression
(Rahman, 2002). Oxidative stress can also induce DNA
damage that leads to genomic instability, which may con-
tribute to cancer progression (Phillipson et al.,, 2002). Re-
cently, it was shown that ROS are produced in cells
stimulated with growth factors such as epidermal growth
factor (EGF) and platelet-derived growth factor (PDGF)
(Frank & Eguchi, 2003). High levels of oxidative stress are
seen in vitro without exogenous stimulation in several
human carcinoma cell lines, including malignant melanoma,
colon carcinoma, pancreatic carcinoma, neuroblastoma,
breast carcinoma, and ovarian carcinoma (Sung et al,
2005). Antioxidant enzymes such as catalase and Mn super-
oxide dismutase (Mn SOD) are downregulated in tumor cells
(Li et al., 1998). It is postulated that persistent oxidative
stress present in cancer cells leads to cell proliferation

rather than apoptosis, which is the normal cellular response
to severe oxidative stress. Thus, ROS are thought to
play multiple roles in tumor initiation, progression, and
maintenance.

Metallothionein (MT) is a cysteine-rich protein that can
bind heavy metal ions such as copper and zinc. It is also an
efficient scavenger of free radicals because of its high thiol
content (Vasak, 2005). The concept is supported by the fact
that the MT can scavenge hydroxyl radicals in vitro (Ebadi
et al,, 1998) and provide protection against radiation damage
(Cai & Cherian, 2003). Multiple lines of evidence suggest that
some chemicals that stimulate the production of ROS can also
increase MT levels. Ashino et al. (2003) has also implicated MT
as a regulator of heme oxygenase-1, suggesting MT as a po-
tential target for chemoprevention by anti-cancer agents.
The aim of this paper is to focus on molecular mechanisms
underlying MT expression, and the significance of targeted
induction of MT by sulforaphane as a strategy for achieving
chemoprevention and chemoprotection.

2. Chemopreventive effect of sulforaphane

Many studies report a strong inverse relationship between the
intake of cruciferous vegetables and the risk for many types
of cancers. This association has been found to be stronger
than the association between cancer risk and fruit and vege-
table intake in general (Lampe & Peterson, 2002). It is hypoth-
esized that much of this chemopreventive effect can be
attributed to the physiological effects of glucosinolate-de-
rived isothiocyanates (ITCs). Depending upon the structure
of the specific glucosinolate and the existing reaction condi-
tions, ITCs or nitriles usually constitute the majority of
aglucons (Johnson, 2002). In broccoli, the primary glucosino-
late is glucoraphanin [4-(methylsulphinyl)butyl glucosinolate],
which yields sulforaphane [1-isothiocyanato-4-(methylsul-
phinyl)butyl isothiocyanate] and sulforaphane nitrile (SF
nitrile) [5-(methylsulphinyl) pentane nitrile] as its primary
aglucon products following myrosinase-dependent hydrolysis
(Zhang, 2004).

Sulforaphane has been shown to be protective against
carcinogen-induced tumorigenesis in various experimental
models (Singletary & MacDonald, 2000; Chung et al., 2000;
Fahey et al.,, 2002). Evidence is accumulating to indicate that
sulforaphane can suppress proliferation of cancer cells in
culture by causing cell cycle arrest and apoptosis induction
(Jakubikova et al.,, 2005; Tang & Zhang, 2005; Juge et al,
2007). In human colon cancer cell line HT29, sulforaphane
induces apoptotic cell death through the pro-apoptotic pro-
tein Bax, release of cytochrome c into the cytosol, and
cleavage of poly(ADP-ribose) polymerase (PARP) (Frydoonfar
et al., 2004). Administration of sulforaphane reduced cellu-
lar viability and induced apoptosis as indicated by PARP
cleavage and increased release of histone associated DNA
fragmentation in DU145 prostate cancer cells (Cho et al.,
2005). Most interestingly, the N-acetylcystenine (NAC) conju-
gate of sulforaphane was shown recently to inhibit histone
deacetylase activity (Myzak et al., 2004). Chemoprotection
with sulforaphane also results in the delayed appearance
of tumors.
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In preclinical rodent models, there is significant data sup-
porting the chemopreventive effects of sulforaphane at sev-
eral stages of carcinogenesis. Dietary administration of
sulforaphane and dibenzoylmethane alone or combination
significantly inhibited the development of intestinal adeno-
mas in the Apc™™* mice model (Shen et al., 2007). Moreover,
sulforaphane supplementation also decreased polyp forma-
tion in Apc™™* mice (Hu et al., 2006). This result is corrobo-
rated by a recent finding by Myzak et al. (2006) who found
that long-term treatment of sulforaphane suppressed tumor-
igenesis in Apc™™* mice through inhibition of histone deace-
tylase. In these experiments, a significant decrease in
intestinal polyps and an increase in global acetylated his-
tones H3 and H4 were observed, with specific increases at
the Bax and p21 promoters. In PC3 xenograft studies, dietary
sulforaphane supplementation resulted in slower tumor
growth and significant histone deacetylase (HDAC) inhibition
in the xenografts, as well as in the prostate and circulating
peripheral blood mononuclear cells (Myzak et al., 2007). From
these studies it can be concluded that HDAC inhibition repre-
sents a novel chemoprevention mechanism by which sulfora-
phane can promote cell cycle arrest and apoptosis.

Sulforaphane hasbeen shown tobe a potentinducer of anti-
oxidant response element (ARE)-regulated phase II enzymes
(Thimmulappa et al., 2002; Keum et al., 2003; McWalter et al.,
2004; Zhangetal., 1992). Nrf2, a member of the NF-E2 transcrip-
tion factor family, induces phase II enzymes by binding to the
AREregion of the promoter. Sulforaphane, as well as phenethyl
isothiocyanate, differentially regulates the activation of MAP
kinases and Nrf2, ARE-mediated luciferase reporter-gene activ-
ity, and phase II enzyme gene induction (Keum et al., 2003).
Under basal conditions, Nrf2 is suppressed by binding to
Keapl, a cytoplasmic protein anchored to the actin cytoskele-
ton. Sulforaphane directly interacts with Keapl by covalent
binding to thiol groups of this inhibitory protein (Hong et al.,
2005). Consistent with its proposed role in Nrf2 regulation, sul-
foraphane is chemoprotective in wild-type animals, but loses
its efficacy in the reduction of benzo[a]pyrene-induced gastric
tumors in Nrf2 deficient mice (Ramos-Gomez et al., 2003). Anal-
ysis of gene-expression profiles by oligonucleotide microarray
reveals that sulforaphane treatment results in upregulation
of NQO1, GST, and GCL in the small intestine of wild-type mice,
whereas Nrf2-null mice display much lower levels of these en-
zymes (Thimmulappa et al., 2002). Enzyme induction has also
been observed in cell lines including human hepatoma
(HepG2), BPrc1 p450-deficient mutant, and human adult retinal
pigment epithelial cells (ARPE-19), as well as in organs (liver,
stomach, small intestine, and lung) of sulforaphane fed mice
(Hintze et al., 2003). A recent study in the rat reported plasma
concentrations of sulforaphane on the order of 20 uM, and
the most robust cluster of genes is the MT-like genes (MT-1/2
and MT-1a), which increased up to 10-fold, by 2—4 h after sulfo-
raphane dosing (Hu et al., 2004). In mice, treated by gavage with
9 uM sulforaphane per day for 1 week, several classes of genes
wereidentified as targets of sulforaphanein the transcriptional
microarray, including cellular NADPH regenerating enzymes,
xenobiotic metabolizing enzymes, antioxidant enzymes, and
biosynthetic enzymes of glutathione and glucuronidation con-
jugation pathways (Thimmulappa et al., 2002). Furthermore,
mice treated by gavage with 15 pM sulforphane per day for 5

days had an increase in quinone reductase and glutathione S-
transferase activities in the liver, forestomach, glandular stom-
ach, proximal small intestine, and lungs (Zhang et al., 1992),
establishing that sulforaphane also induced phase Il enzymes
in vivo following oral administration. An increase in y-glutam-
ylcysteine synthetase activity was also observed with sulfora-
phane treatment in human prostate cells (Brooks et al., 2001).
The result of these studies clearly demonstrated that re-
sponses to sulforaphane are to increase cellular defenses, lead-
ing to enhanced carcinogen detoxification and protection
against potential mutagenic events.

3. Metallothioneins and chemoprevention

Every living organism must detoxify nonessential metals and
carefully control the intracellular concentration of essential
metals. MTs are a family of low molecular mass (6-7 kDa),
cysteine-rich, inducible, intracellular proteins that bind heavy
metals with high affinity (Coyle et al., 2002). The physiological
functions of MTs have not yet been fully resolved. However, it
is generally agreed that MTs play an important role in the
homeostasis of essential metals and in the detoxification of
heavy metals (You et al., 2002). In addition, MTs have been
suggested to play an antioxidant role, since they contain sulf-
hydryl groups (Jeong et al., 2004).

There are four types of MTs, namely the MT-I, MT-II, MT-1II,
and MT-1V isoforms, in mammals, but the positions of cys-
teine are the same among these isoforms. Generally, MT is
used to indicate the MT-I and MT-II isoforms. MT-I and MT-
II are expressed in nearly all organs of the body, and are in-
duced by a wide variety of stressors including heavy metals
and oxidative stress-inducing agents. MT-III is an MT isoform
isolated based on its inhibitory effect on neuron proliferation,
and its expression is localized in the brain (Palmiter et al.,
1992). The mechanism of this inhibition and the physiological
significance of MT-III are not clear. MT-III regulation has been
studied in a number of animal models of brain damage (Mas-
ters et al., 1994); such studies have suggested that this MT iso-
form is involved in reparative and/or protective processes in
the brain. Moreover, it has been recently shown that mice
deficient in MT-III are more susceptible to seizures induced
by kainic acid and exhibit greater neuronal injury than nor-
mal mice, and that transgenic mice containing elevated levels
of MT-III were more resistant to neuronal injury (Carrasco
et al., 2000). These results suggest that MT-III could play a
neuroprotective role; however, the mechanisms underlying
such a protective role have not been fully elucidated. MT-IV
was identified as a gene induced in the differentiation of
stratified squamous cells and is expressed specifically in epi-
thelial cells of organs such as the tongue and skin (Quafe
et al.,, 1994). The function of MT-IV remains unknown. There
are two forms of MT protein, the metal-bound and metal-free
(apo-MT) forms. Usually apo-MT is transiently expressed in
non-neoplastic cells under Zn-deficient conditions. However,
in a study conducted on solid tumors from mice and rats, per-
sistently elevated levels of apo-MT were detected in a number
of tumors without any overt evidence of Zn deficiency.
Although not all primary functions of the MTs have been de-
fined with certainty, these proteins participate in different
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biochemical reactions occurring in vivo by virtue of their high
cysteine contents.

Different types of factors, such as heavy metals (Zn, Cd,
Co, Ni, Ag, Hg, and Bi), glucocorticoids (e.g. dexamethasone),
some alkylating agents (e.g. iodoacetate), oxidants/antioxi-
dants [e.g., HyO,, tert-butylhydroquinone (TBHQ)], and inflam-
matory signals (lipopolysaccharide) can induce MT
expression (Andrews, 2000). Induction by any of these com-
pounds (except heavy metals) results in the accumulation of
zinc bound to the newly synthesized apo-MT. The functions
of MTs are uncertain, but they can detoxify heavy metals,
provide a reserve of zinc and protect against oxidative stress
(Lichtlen & Schaffner, 2001). Induction of MT genes by metals
requires multiple metal response element (MRE) sequences
located in the promoter region and the zinc-finger transcrip-
tion factor, MTF-1 (Palmiter, 1994). Treatment of cells with
metals results in translocation of MTF-1 to the nucleus and
binding to MREs (Saydam et al., 2001). Direct binding of zinc
to regulatory sites on MTF-1, activation of signal transduction
pathways leading to covalent modification of MTF-1, and re-
lease of MTF-1 from regulatory molecules have all been pro-
posed (Adams et al., 2002). The induction of MT-I and MT-II
by glucocorticoids is mediated by the glucocorticoid receptor
binding to a pair of glucocorticoid-response element (GRE) se-
quences upstream of the MT-II gene (Kelly et al., 1997). The
MT-I gene contains an antioxidant response element (ARE) se-
quence similar to those found in rat phase II genes
NAD(P)H:quinine oxidoreductase (NQO1) and glutathione S-
transferase Al (GSTA1). In addition to the hybrid MLTF/ARE
regulating mouse MT-I, many other MT promoters contain a
perfect consensus ARE (Dalton et al., 1994). The identification
of MTs as stress proteins suggests that coordinated transcrip-
tion of MT genes and other stress protein genes (including
those encoding detoxifying enzymes) constitutes a broad
range response to the presence of free radicals.

4. Modulation of metallothionein
expression by the chemopreventive agent
sulforaphane

gene

4.1.  Transcriptional
sulforaphane

induction of the MT gene by

MT expression is primarily controlled at the level of transcrip-
tion. Transcription can be induced by a variety of physiologi-
cal agents and environmental stressors such as transition
metals, glucocorticoids, cAMP, phorbol esters, alkylating
agents, oxidizing agents, ultraviolet and ionizing radiation,
and phytochemicals (Jeong et al., 2004). Inducible transcrip-
tion is mediated by a variety of other regulatory elements lo-
cated in promoter/enhancer regions of MT genes, which
include glucocorticoid-response elements, cAMP response
elements, AP-1 elements, and antioxidant response elements
(Dalton et al., 1994). Sulforaphane is one member of the iso-
thiocyanate class of cancer chemopreventive compounds that
has been shown to be effective in blocking initiation and pro-
gression of carcinogenesis (Fahey & Talalay, 1999; Pham et al.,
2004). Several studies have demonstrated that sulforaphane
can potently induce phase II detoxifying enzymes, which con-

tributes to its chemopreventive functions (Thimmulappa
et al., 2002; McWalter et al., 2004). Furthermore, sulforaphane
was shown to effectively induce phase II MT gene (MT-I and
MT-1I) in rat livers in vivo by 4967 oligonucleotide microarray
(Hu et al., 2004). However, the molecular signaling mecha-
nism by MT gene upregulation is not completely understood.
We have found that the levels of both MT-I and MT-II mRNA
increase in a concentration-dependent manner upon treat-
ment of cells with sulforaphane (Yeh & Yen, 2005). This result
is consistent with a previous report in which sulforaphane
treatment induced MT gene expression in rats (Hintze et al.,,
2003). Therefore, it can be inferred that sulforaphane might
regulate MT mainly at the transcriptional level.

Next, we tested the ability of sulforaphane to increase MT
protein expression by Western blot. Densitometric quantifica-
tion of the visualized bands of MT protein revealed a signifi-
cant induction of MT protein by sulforaphane in a dose- and
time-dependent manner. To our knowledge, this is the first
reported Western blot analysis of MT protein expression in re-
sponse to in vitro exposure to sulforaphane (Yeh & Yen, 2005).
The enhanced MT protein expression seen in HepG2 cells
after treatment with sulforaphane corresponded to the induc-
tion of MT gene expression, suggesting that the observed
induction of MT protein synthesis by sulforaphane is due to
activation of MT gene transcription.

4.2.  Nrf2 (NF-E2-related factor 2) and MT expression

It has been reported that MT-I and MT-II are induced in a wide
range of cell types by different classes of inducers, consistent
with their roles in zinc and copper homeostasis as well as de-
fense against metal overload and oxidative stress (Palmiter,
1998). The regulation of MT gene expression is complex,
involving a number of different transcription factors and sig-
naling pathways. The ARE in the upstream promoter region of
the MT gene and the transcription factor Nrf2 play key roles
in the transcriptional regulation of the MT gene by multiple
inducers (Dalton et al., 1994). Nrf2 is usually co-localized with
Keap1 protein in the cytoplasm. After activation by an indu-
cer, Nrf2 disassociates from Keapl and translocates into the
nucleus. Once in the nucleus, activated Nrf2 dimerizes with
other cofactors, such as mafG, and binds to the AREs, activat-
ing MT gene expression (Motohashi et al., 2004). Although the
transcription factors and cis-acting elements required for
induction by antioxidants and glucocorticoids have been
identified (Kelly et al., 1997), the factors and binding sites
mediating induction by sulforaphane stimulation have not
been established. We have shown that sulforaphane can acti-
vate Nrf2 (Yeh & Yen, 2005). The amount of Nrf2 protein
expression is significantly increased by sulforaphane treat-
ment in HepG2 cells, suggesting that increased expression
of Nrf2 protein may play a key role in sulforaphane-induced
MT gene activation.

4.3. Modulation of mitogen-activated protein kinases
(MAPKs) by sulforaphane

The mitogen-activated protein kinases (MAPKSs), character-
ized as proline-directed serine/threonine kinases, are impor-
tant cellular signaling components that convert various
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extracellular signals into intracellular responses through seri-
al phosphorylation cascades (Cuschieri & Maier, 2005). At the
present time, three distinct but parallel MAP kinase cascades
(ERK, JNK, and p38) have been identified in mammalian cells
(Kong et al., 2001a). Once activated, these three MAPKs can
phosphorylate many transcription factors, ultimately leading
to changes in gene expression (Kong et al., 2001b). Given the
fact that MAPKs are activated by such a wide range of factors,
these signaling cascades may serve as common mechanisms
that integrate signaling pathways to control cellular re-
sponses to various extracellular stimuli, including xenobiotics
and pharmacological agents (Owuor & Kong, 2002). MAPK
pathways, in particular the ERK and/or p38 MAPK, have been
reported to participate in the xenobiotic-induced activation of
MT genes (Haq et al., 2005). Previous studies have also shown
that overexpression or activation of MAPKs differentially af-
fects Nrf2 activity and phase II detoxifying enzymes (Yu
et al,, 2001). In addition, it has been shown that induction of
phase II detoxifying enzymes by phenethyl isothiocyanate
(PEITC) is dependent on c-JNK activation (Yu et al., 1996;
Keum et al., 2003), and the induction of NQO1 by isothiocya-
nate treatment is mediated by ERK pathways (Thornalley,
2002).

Recently, studies on MT induction by oxidative stress have
shown that MAPK pathways are responsible for the transduc-
tion of signals to initiate MT gene activation (Hag et al., 2005).
Both ERK and p38 MAPK pathways are involved in the induc-
tion of MT expression by sulforaphane in HepG2 cells (Yeh &
Yen, 2005). ERK1/2 is activated by sulforaphane. Compared
with untreated HepG2 cells, sulforaphane-treated cells have
higher levels of p-ERK and p38 MAPK, but not p-JNK. Inhibi-
tion of the ERK1/2 MAPK pathway by PD98059 or inhibition
of the p38 MAPK pathway by SB203580 partially blocks the in-
crease of MT protein expression, and inhibition of both path-
ways together almost completely blocks the sulforaphane-
induced MT protein expression, suggesting that both ERK
and p38 MAPK are important for MT gene induction by sulfo-
raphane. In a previous study, Shen et al. (2004) reported that
activation of MAPK pathways induces ARE-mediated gene
expression via an Nrf2-dependent mechanism.

5. Contribution of
induction of apoptosis

sulforaphane to the

Apoptosis is one of the major mechanisms of cancer suppres-
sion. It is a highly regulated process that involves activation of
a series of molecular events, leading to cell death that is char-
acterized by cellular morphological change, chromatin con-
densation, and apoptotic bodies which are associated with
DNA cleavage (Johnstone et al.,, 2002). Recently, apoptosis
was suggested as a novel target for cancer chemoprevention
(Sun et al,, 2004). Sulforaphane has been reported to induce
apoptosis in various cancerous or transformed cells in cul-
ture, in chemically induced mouse skin tumors, and in trans-
planted tumors in nude mice by activating both extrinsic and
intrinsic pathways of cell death machinery (Gills et al., 2006;
Singh et al., 2004). Multiple lines of evidence suggest that sul-
foraphane induces apoptosis by activating pro-apoptotic sig-
naling molecules as well as inhibiting anti-apoptotic

molecules of the intracellular signal transduction pathways.
Fimognari et al. (2002) reported that sulforaphane treatment
leads to cell cycle arrest in G1 phase by a significant down-
modulation of cyclin D3 in transformed human T lympho-
cytes. Moreover, sulforaphane treatment has been shown to
cause growth arrest and apoptosis in the human pancreatic
cancer cell lines MIA PaCa-2 and PANC-1, and the production
of ROS is involved in the mechanism of sulforaphane action
(Pham et al., 2004). Glioblastoma is the most malignant and
prevalent brain tumor that still remains incurable. Very re-
cent results demonstrated the ability of sulforaphane to in-
duce apoptosis in a tumorigenic malignant U-87MG
glioblastoma cell line through the activation of multiple
molecular mechanisms (Karmakar et al., 2006). Most notably,
4-methylsulfinyl-3-butenyl isothiocyanate did not affect the
survival of normal peripheral blood lymphocytes, suggesting
that the compound induced apoptosis selectively in cancer
cells (Papi et al., 2008). Our results indicate that sulforaphane
has a strong growth-inhibitory effect with doses ranging from
30 to 100 uM (Yeh & Yen, 2005). The estimated ICso value of
sulforaphane was 65.2 uM.

In another study, sulforaphane was shown to sensitive var-
ious cells to TNF-related apoptosis-inducing ligand (TRAIL)-
dependent cell death via stimulation of both receptor and
downregulation of ERK and AKT apoptotic signaling pathways
(Jin et al., 2007). Likewise, pretreatment of human hepatoma
cells (HepG2 and Hep3B) cells with sulforaphane resulted in
TRAIL-mediated cells death by multiple mechanisms involv-
ing downregulation of inhibitor of apoptotic proteins (IAPs),
and subsequent activation of caspases (Kim et al.,, 2006).
The induction of apoptosis stimulates endonuclease that
cleaves DNA into oligonucleosome length fragments, result-
ingin a typical ladder in DNA electrophoresis, one of the hall-
marks of apoptotic cell death (Montague & Cidlowski, 1996).
As evidenced by DNA fragmentation, it appears that apopto-
sis is the main cause of cell death in the presence of sulfora-
phane. The apoptosis-inducing effect of sulforaphane in
HepG, cells appeared in a concentration- and time-dependent
manner. Similar to a previous report (Misiewicz et al., 2003),
our observations suggest that treatment sulforaphane in-
duces apoptotic cell death in human hepatoma cells.

Multiple lines of evidence indicate that apoptosis can be
triggered by the activation of a set of death effector cysteine
proteases called caspases with specificity for Asp-X bonds,
and their activations play important roles during apoptosis.
In most of apoptotic processes, caspase 3 plays a pivotal role
in the terminal execution phase of apoptosis induced by di-
verse stimuli (Thornberry & Lazebnik, 1998). Caspases can
be grouped into ‘apoptotic initiator’, such as caspase 8, and
‘apoptotic effector’, such as caspase 3, according to their sub-
strate specificities and target proteins (Kaufmann & Hengart-
ner, 2001). Caspase 3 is a cysteine protease that exists as an
inactive zymogen in cells and becomes activated by sequen-
tial proteolytic events that cleave the 32 kDa precursor at
aspartic acid residues to generate an active heterodimer com-
prising of 20 and 12 kDa subunits (Nicholson et al., 1995). Acti-
vation of caspase 3 leads to the cleavage of a number of
proteins, including PARP. Although PARP is not essential for
cell death, the cleavage of PARP is another hallmark of apop-
tosis. Gingras et al. (2004) found that sulforaphane-induced
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medulloblastoma cell death by apoptosis, as determined by
DNA fragmentation and chromatin condensation. Medullo-
blastoma apoptosis is correlated with the activation of casp-
ases 3 and 9, resulting in the cleavage of PARP and
vimentin. In addition, sulforaphane induces caspase-medi-
ated apoptosis in cultured PC-3 human prostate cancer cells
and retards the growth of PC-3 xenografts in vivo (Singh
et al., 2004). Our results show that sulforaphane inhibits the
growth of human hepatoma cells and induces apoptosis, as
shown by the proteolytic degradation of PARP by caspase 3
(Yeh & Yen, 2005).

Numerous investigations have revealed the importance of
ROS in apoptosis induced by various stimuli (Hildeman et al.,
1999), including sulforaphane. Sulforaphane was shown to in-
duce Chk2-mediated phosphorylation of Cdc25C in PC-3 hu-
man prostate cancer cells, resulting in G2/M phase cell cycle
arrest (Singh et al., 2004). Therefore, the role of ROS as the up-
stream signal to induce apoptosis in sulforaphane-treated
HepG2 cells was also investigated. In our study (Yeh & Yen,
2005), we show that the free radical scavengers NAC and cat-
alase can protect cells against sulforaphane-induced DNA
fragmentation during apoptosis. NAC is a free radical scaven-
ger and glutathione precursor, which can protect cells against
oxidative damage (Zafarullah et al., 2003). Catalase is an anti-
oxidative enzyme, which converts H,0, to H,0 and O,, and
protects cells from ROS-mediated damage (Cutler, 2005).
These data suggest that ROS might be present in sulfora-
phane-induced cells.

Members of the Bcl-2 family of proteins are critical regula-
tors of both pro-apoptotic and anti-apoptotic pathways. Pro-
apoptotic Bcl-2 family proteins include Bax, Bak, and Bcl-Xs
and anti-apoptotic Bcl-2 proteins include Bcl-2, Bcl-X;, and
Mcl-1. Previous studies indicated that an increase in pro-
apoptotic Bcl-2 family proteins and a decrease in anti-apopto-
tic Bcl-2 family proteins are associated with the process of
apoptosis (Gross et al., 1999). Wang et al. (2004) found that sul-
foraphane treatment led to downregulation of Bcl-2 and acti-
vation of caspases in prostate cancer cells. Furthermore,

upregulation of Bax, downregulation of Bcl-2, and activation
of caspases 3, 9, and 8 were all involved in sulforaphane-in-
duced cell apoptosis. Bcl-2 has been shown to form a hetero-
dimer with Bax to neutralize its pro-apoptotic effects (Rokhlin
et al., 2001). Therefore, the ratio of Bax/Bcl-2 is a decisive fac-
tor in determining whether the cell will undergo apoptosis
under conditions that promote cell death. In our study (Yeh
& Yen, 2005), a decrease in Bcl-2 and Bcl-X; expression was
observed in sulforaphane-treated cells. Importantly, Bax
expression was upregulated in sulforaphane-treated cells
for up to 24 h after treatment; hence the ratio of Bax to Bcl-
2 was altered in favor of apoptosis. Our results suggest that
the upregulation of Bax and the downmodulation of Bcl-2
and Bcl-X; might be another molecular mechanism through
which sulforaphane-induced apoptosis in HepG, cells. Take
together, the aforementioned studies show that sulforaphane
is a potent pro-apoptotic agent in several different cell lines
and also in vivo. Its activity is related to a variety of different
mechanisms leading to a strong inhibition of clonal expan-
sion of initiated cells, or their programmed cell death.

6. Summary and perspectives

The available experimental evidence suggests that it is worth
testing sulforaphane as a cancer therapeutic agent. All pub-
lished observations indicate that sulforaphane leads to a
strong modification of cell signaling pathways including
induction of Nrf2 transcription factors. In conclusion, as sum-
marized in Fig. 1, our study demonstrated that low concentra-
tions of sulforaphane activate the ERK and/or p38 MAPK
pathways, which may lead to the induction of phase II MT
gene expression though the Nrf2 transcription factor, result-
ing in protection and/or survival mechanism. However, expo-
sure to high concentrations of sulforaphane might generate
an oxidant signal to stimulate caspase 3 pathway activation
and DNA fragmentation, leading to cell death. Free radical
scavengers including N-acetyl-L-cysteine and catalase effec-
tively inhibited apoptosis induced by sulforaphane. Further-
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more, these effects were found to be correlated with a shift in
Bax/Bcl-2 ratio towards apoptosis. Our result is the first
evidence that sulforaphane-mediated induction of a phase II
detoxifying enzyme, MT, and apoptosis in human hepatoma
HepG?2 cells. Taken together, our study provides evidence that
sulforaphane may be useful in the chemopreventive treat-
ment of human hepatoma.

Acknowledgement
This research work was partially supported by the National

Science Council, NSC 95-2313-B-005-066-MY3, Republic of
China.

REFERENCES

Adams, T. K., Saydam, N., Steiner, F.,, Schaffner, W,, & Freedman,
J. H. (2002). Activation of gene expression by metal-responsive
signal transduction pathways. Environmental Health
Perspectives, 110, 813-817.

Adam-Vizi, V. (2005). Production of reactive oxygen species in
brain mitochondria: Contribution by electron transport chain
and non-electron transport chain sources. Antioxidants & Redox
Signaling, 7, 1140-1149.

Andrews, G. K. (2000). Regulation of metallothionein gene
expression by oxidative stress and metal ions. Biochemical
Pharmacology, 59, 95-104.

Ashino, T., Ozawa, S., Numazawa, S., & Yoshida, T. (2003). Tissue-
dependent induction of heme oxygenase-1 and
metallothionein-1/2 by methyl methanesulfonate. The Journal
of Toxicological Sciences, 28, 181-189.

Bianchini, F.,, & Vainio, H. (2004). Isothiocyanates in cancer
prevention. Drug Metabolism Reviews, 36, 655-667.

Blagosklonny, M. V. (2005). Carcinogenesis, cancer therapy
and chemoprevention. Cell Death and Differentiation, 12,
592-602.

Brooks, J. D., Paton, V. G., & Vidanes, G. (2001). Potent induction of
phase 2 enzymes in human prostate cells by sulforaphane.
Cancer Epidemiology, Biomarkers & Prevention, 10, 949-954.

Cai, L., & Cherian, M. G. (2003). Zinc-metallothionein protects
from DNA damage induced by radiation better than
glutathione and copper- or cadmium-metallothioneins.
Toxicology Letters, 136, 193-198.

Carrasco, J., Penkowa, M., Hadberg, H., Molinero, A., & Hidalgo, J.
(2000). Enhanced seizures and hippocampal
neurodegeneration following kainic acid-induced seizures in
metallothionein-I + II-deficient mice. The European Journal of
Neuroscience, 12, 2311-2322.

Cho, S. D., Li, G., Hu, H,, Jiang, C., Kang, K. S., Lee, Y. S,, Kim, S. H,,
& Lu, J. (2005). Involvement of c-Jun N-terminal kinase in G2/M
arrest and caspase-mediated apoptosis induced by
sulforaphane in DU145 prostate cancer cells. Nutrition &
Cancer, 52, 213-224.

Chung, F. L., Conaway, C. C., Rao, C. V,, & Reddy, B. S. (2000).
Chemoprevention of colonic aberrant crypt foci in Fischer rats
by sulforaphane and phenethyl isothiocyanate. Carcinogenesis,
21, 2287-2291.

Cook, J. A., Gius, D., Wink, D. A., Krishna, M. C., Russo, A., &
Mitchell, J. B. (2004). Oxidative stress, redox, and the tumor
microenvironment. Seminars in Radiation Oncology, 14, 259-266.

Coyle, P, Philcox, J. C., Carey, L. C., & Rofe, A. M. (2002).
Metallothionein: The multipurpose protein. Cellular and
Molecular Life Sciences, 59, 627-647.

Cuschieri, J., & Maier, R. V. (2005). Mitogen-activated protein
kinase (MAPK). Critical Care Medicine, 33, S417-S419.

Cutler, R. G. (2005). Oxidative stress and aging: Catalase is a
longevity determinant enzyme. Rejuvenation Research, 8,
138-140.

Dalton, T. P, Palmiter, R. D., & Andrews, G. K. (1994).
Transcriptional induction of the mouse metallothionein-I
gene in hydrogen peroxide treated Hepa cells involve a
composite major late transcription factor/antioxidant
response element and metal response promoter elements.
Nucleic Acids Research, 22, 5016-5023.

Dick, R. A., & Kensler, T. W. (2002). Chemoprotective potential of
phase 2 enzyme inducers. Expert Review of Anticancer Therapy, 2,
581-592.

Ebadi, M., Hiramatsu, M., Burke, W. ], Folks, D. G., & El-Sayed, M.
A. (1998). Metallothionein isoforms provide neuroprotection
against 6-hydroxydopamine-generated hydroxyl radicals and
superoxide anions. Proceedings of the Western Pharmacology
Society, 41, 155-158.

Fahey, J. W,, & Talalay, P. (1999). Antioxidant functions of
sulforaphane: A potent inducer of phase II detoxication
enzymes. Food and Chemical Toxicology, 37, 973-979.

Fahey, J. W., Haristoy, X., Dolan, P. M., Kensler, T. W,, Scholtus, I,
Stephenson, K. K., Talalay, P., & Lozniewski, A. (2002).
Sulforaphane inhibits extracellular, intracellular, and
antibiotic-resistant strains of Helicobacter pylori and prevents
benzo[a]pyrene-induced stomach tumors. Proceedings of the
National Academy of Sciences of the United States of America, 99,
7610-7615.

Fimognari, C., Nusse, M., Berti, F, Iori, R., Cantelli-Forti, G., &
Hrelia, P. (2002). Sulforaphane modulates cell cycle and
apoptosis in transformed and non-transformed human T
lymphocytes. Annals of the New York Academy of Sciences, 1010,
393-398.

Frank, G. D., & Eguchi, S. (2003). Activation of tyrosine kinases by
reactive oxygen species in vascular smooth muscle cells:
Significance and involvement of EGF receptor transactivation
by angiotensin II. Antioxidants & Redox Signaling, 5, 771-780.

Frydoonfar, H. R., McGrath, D. R., & Spigelman, A. D. (2004).
Sulforaphane inhibits growth of a colon cancer cell line.
Colorectal Disease, 6, 28-31.

Gills, J. J., Jeffery, E. H., Matusheski, N. V., Moon, R. C., Lantvit, D.
D., & Pezzuto, ]J. M. (2006). Sulforaphane prevents mouse skin
tumorigenesis during the stage of promotion. Cancer Letters,
236, 72-79.

Gingras, D., Gendron, M., Boivin, D., Moghrabi, A., Theoret, Y., &
Beliveau, R. (2004). Induction of medulloblastoma cell
apoptosis by sulforaphane, a dietary anticarcinogen from
Brassica vegetables. Cancer Letters, 203, 35-43.

Gross, A., McDonnell, J. M., & Korsmeyer, S. J. (1999). Bcl-2 family
members and the mitochondria in apoptosis. Genes &
Development, 13, 1899-1911.

Hag, F, Mahoney, M., & Korpatinck, J. (2005). Signaling events
for metallothionein induction. Mutation Research, 533,
211-226.

Henderson, M. C., Miranda, C. L., Stevens, J. F,, Deinzer, M. L., &
Buhler, D. R. (2000). In vitro inhibition of human P450 enzymes
by prenylated flavonoids from hops, Humulus lupulus.
Xenobiotica, 30, 235-251.

Hildeman, D. A., Mitchell, T., Teague, T. K., Henson, P,, Day, B. J.,
Kappler, J., & Marrack, P. C. (1999). Reactive oxygen species
regulate activation induced T cell apoptosis. Immunity, 10,
735-744.

Hintze, K. J., Wald, K. A., Zeng, H., Jeffery, E. H., & Finley, J. W.
(2003). Thioredoxin reductase in human hepatoma cells is
transcriptionally regulated by sulforaphane and other
electrophiles via an antioxidant response element. The Journal
of Nutrition, 133, 2721-2727.



30 JOURNAL OF FUNCTIONAL FOODS I (2009) 23-32

Hong, F, Freeman, M. L., & Liebler, D. C. (2005). Identification of
sensor cysteines in human keap1 modified by the cancer
chemopreventive agent sulforaphane. Chemical Research in
Toxicology, 18, 1917-1926.

Hu, R, Hebbar, V, Kim, B. R., Chen, C., Winnik, B., Buckley, B.,
Soteropoulos, P., Tolias, P., Hart, R. P., & Kong, A. N. (2004). In
vivo pharmacokinetics and regulation of gene expression
profiles by isothiocyanate sulforaphane in the rat. The Journal
of Pharmacology and Experimental Therapeutics, 310, 263-271.

Hu, R, Khor, T. O, Shen, G., Jeong, W. S., Hebbar, V., Chen, C., Xu,
C., Reddy, B., Chada, K., & Kong, A. N. (2006). Cancer
chemoprevention of intestinal polyposis in Apc™™* mice by
sulforaphane, a natural product derived from cruciferous
vegetable. Carcinogenesis, 27, 2038-2046.

Jakubikova, J., Bao, Y., & Sedlak, J. (2005). Isothiocyanates induce
cell cycle arrest, apoptosis and mitochondrial potential
depolarization in HL-60 and multidrug-resistant cell lines.
Anticancer Research, 25, 3375-3386.

Jeong, H. G., Youn, C. K., Cho, H. ], Kim, S. H., Kim, M. H., Kim, H.
B., Chang, L. Y, Lee, Y. S., Chung, M. H., & You, H. J. (2004).
Metallothionein-III prevented gamma-ray-induced 8-
oxoguanine accumulation in normal and hOGG1-depleted
cells. The Journal of Biological Chemistry, 279, 34138-34149.

Jin, C. Y., Moon, D. O, Lee, ]J. D, Heo, M. S., Choi, Y. H,, Lee, C.
M., Park, Y. M., & Kim, G. Y. (2007). Sulforaphane sensitizes
tumor necrosis factor-related apoptosis-inducing ligand-
mediated apoptosis through downregulation of ERK and Akt
in lung adenocarcinoma A549 cells. Carcinogenesis, 28,
1058-1066.

Johnson, I. T. (2002). Glucosinolates: Bioavailability and
importance to health. International Journal for Vitamin and
Nutrition Research, 72, 26-31.

Johnstone, R. W,, Ruefli, A. A., & Lowe, S. W. (2002). Apoptosis: A
link between cancer genetics and chemotherapy. Cell, 108,
153-164.

Juge, N., Mithen, R. F,, & Traka, M. (2007). Molecular basis for
chemoprevention by sulforaphane: A comprehensive review.
Cellular and Molecular Life Sciences, 64, 1105-1127.

Karmakar, S., Weinberg, M. S., Banik, N. L., Patel, S. J., & Ray, S. K.
(2006). Activation of multiple molecular mechanisms for
apoptosis in human malignant glioblastoma T98G and U87MG
cells treated with sulforaphane. Neuroscience, 141, 1265-1280.

Kaufmann, S. H., & Hengartner, M. O. (2001). Programmed cell
death: Alive and well in the new millennium. Trends in Cell
Biology, 11, 526-534.

Kelly, E. J., Sandgren, E. P., Brinster, R. L., & Palmiter, R. D. (1997). A
pair of adjacent glucocorticoid response elements regulated
expression of two mouse metallothionein genes. Proceedings of
the National Academy of Sciences of the United States of America,
94, 10045-10050.

Kensler, T. W., Curphey, T. J., Maxiutenko, Y., & Roebuck, B. D.
(2000). Chemoprotection by organosulfur inducers of phase 2
enzymes: Dithiolethiones and dithiins. Drug Metabolism and
Drug Interactions, 17, 3-22.

Keum, Y. S, Jeong, W. S., & Kong, A. N. (2005). Chemopreventive
functions of isothiocyanates. Drug News & Perspectives, 18,
445-451.

Keum, Y. S., Owuor, E. D, Kim, B. R., Hu, R., & Kong, A. N. (2003).
Involvement of Nrf2 and JNK1 in the activation of antioxidant
responsive element (ARE) by chemopreventive agent
phenethyl isothiocyanate (PEITC). Pharmaceutical Research, 20,
1351-1356.

Kim, H., Kim, E. H., Eom, Y. W,, Kim, W. H., Kwon, T. K., Lee, S. ], &
Choi, K. S. (2006). Sulforaphane sensitizes tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)-resistant
hepatoma cells to TRAIL-induced apoptosis through reactive
oxygen species-mediated up-regulation of DR5. Cancer
Research, 66, 1740-1750.

Kong, A. N., Owuor, E., Yu, R., Hebbar, V., Chen, C, Hu, R,, &
Mandlekar, S. (2001a). Induction of xenobiotic enzymes by the
MAP kinase pathway and the antioxidant or electrophile
response element (ARE/EpRE). Drug Metabolism Reviews, 33,
255-271.

Kong, A. N, Yu, R,, Hebbar, V., Chen, C., Owuor, E,, Hu, R, Ee, R., &
Mandlekar, S. (2001b). Signal transduction events elicited by
cancer prevention compounds. Mutation Research, 480-481,
231-241.

Krishnan, K., Campbell, S., Abdel-Rahman, F., Whaley, S., & Stone,
W. L. (2003). Cancer chemoprevention drug targets. Current
Drug Targets, 4, 45-54.

Lampe, J. W., & Peterson, S. (2002). Brassica, biotransformation
and cancer risk: Genetic polymorphisms alter the preventive
effects of cruciferous vegetables. The Journal of Nutrition, 132,
2991-2994.

Lee, J. S., & Surh, Y. J. (2005). Nrf2 as a novel molecular target for
chemoprevention. Cancer Letters, 224, 171-184.

Li, J.J., Oberley, L. W,, Fan, M., & Colburn, N. H. (1998). Inhibition of
AP-1 and NF-kappaB by manganese-containing superoxide
dismutase in human breast cancer cells. The FASEB Journal, 12,
1713-1723.

Lichtlen, P, & Schaffner, W. (2001). Putting a finger on stressful
situations: The heavy metal-regulatory transcription factor
MTEF-1. Bioassays, 23, 1010-1017.

Links, M., & Lewis, C. (1999). Chemoprotectants: A review of their
clinical pharmacology and therapeutic efficacy. Drugs, 57,
293-308.

Masters, B. A., Quaife, C. J., Erickson, J. C., Kelly, E. J., Forelick, G. J.,
Zambrowicz, B. P, Brinster, R. L., & Palmiter, R. D. (1994).
Metallothionein III is expressed in neurons that sequester
zinc in synaptic vesicles. The Journal of Neuroscience, 14,
5844-5857.

McWalter, G. K., Higgins, L. G., McLellan, L. I., Henderson, C. J.,
Song, L., Thornalley, P. J., Itoh, K., Yamamoto, M., & Hayes, J. D.
(2004). Transcription factor Nrf2 is essential for induction of
NAD(P) H:quinone oxidoreductase 1, glutathione S-
transferases, and glutamate cysteine ligase by broccoli seeds
and isothiocyanates. The Journal of Nutrition, 134, 3499S-
3506S.

Misiewicz, I., Skupinska, K., & Kasprzycka-Guttman, T. (2003).
Sulforaphane and 2-oxohexyl isothiocyanate induce cell
growth arrest and apoptosis in L-1210 leukemia and ME-18
melanoma cells. Oncology Reports, 10, 2045-2050.

Montague, J. W., & Cidlowski, J. A. (1996). Cellular catabolism in
apoptosis: DNA degradation and endonuclease activation.
Experientia, 52, 957-962.

Motohashi, H., Katsuoka, F, Engel, J. D., & Yamamoto, M. (2004).
Small Maf proteins serve as transcriptional cofactors for
keratinocyte differentiation in the Keap1-Nrf2 regulatory
pathway. Proceedings of the National Academy of Sciences of the
United States of America, 27, 6379-6384.

Myzak, M. C., Karplus, P. A,, Chung, F. L., & Dashwood, R. H. (2004).
A novel mechanism of chemoprotection by sulforaphane:
Inhibition of histone deacetylase. Cancer Research, 64,
5767-5774.

Myzak, M. C., Dashwood, W. M., Orner, G. A., Ho, E., & Dashwood,
R. H. (2006). Sulforaphane inhibits histone deacetylase in vivo
and suppresses tumorigenesis in Apc-minus mice. The FASEB
Journal, 20, 506-508.

Myzak, M. C., Tong, P., Dashwood, W. M., Dashwood, R. H., & Ho, E.
(2007). Sulforaphane retards the growth of human PC-3
xenografts and inhibits HDAC activity in human subjects.
Experimental Biology and Medicine, 232, 227-234.

Nicco, C., Laurent, A., Chereau, C., Weill, B., & Batteux, F. (2005).
Differential modulation of normal and tumor cell proliferation
by reactive oxygen species. Biomedicine & Pharmacotherapy, 59,
169-174.



JOURNAL OF FUNCTIONAL FOODS I (2009) 23-32 31

Nicholson, D. W, Alj, A., & Thornberry, N. A. (1995). Identification
and inhibition of the ICE/CED-3 protease necessary for
mammalian apoptosis. Nature, 376, 37-43.

Owuor, E. D., & Kong, A. N. (2002). Antioxidants and oxidants
regulated signal transduction pathways. Biochemical
Pharmacology, 64, 765-770.

Palmiter, R. D. (1994). Regulation of metallothionein genes by
heavy metals appears to be mediated by a zinc-sensitive
inhibitor that interacts with a constitutively active
transcription factor, MTF-1. Proceedings of the National Academy
of Sciences of the United States of America, 91, 1219-1223.

Palmiter, R. D. (1998). The elusive function of metallothioneins.
Proceedings of the National Academy of Sciences of the United States
of America, 95, 8428-8430.

Palmiter, R. D., Findley, S. D., Whitmore, T. E., & Durnam, D. M.
(1992). MT-III, a brain-specific member of the metallothionein
gene family. Proceedings of the National Academy of Sciences of the
United States of America, 89, 6333-6337.

Papi, A., Orlandi, M., Bartolini, G., Barillari, J., Iori, R., Paolini, M.,
Ferroni, F.,, Grazia Fumo, M., Pedulli, G. F.,, & Valgimigli, L.
(2008). Cytotoxic and antioxidant activity of 4-methylthio-3-
butenyl isothiocyanate from Raphanus sativus L. (Kaiware
Daikon) sprouts. Journal of Agricultural and Food Chemistry, 56,
875-883.

Pham, N. A,, Jacobberger, J. W., Schimmer, A. D., Cao, P., Gronda,
M., & Hedley, D. W. (2004). The dietary isothiocyanate
sulforaphane targets pathways of apoptosis, cell cycle arrest,
and oxidative stress in human pancreatic cancer cells and
inhibits tumor growth in severe combined immunodeficient
mice. Molecular Cancer Therapeutics, 3, 1239-1248.

Phillipson, R. P., Tobi, S. E., Morris, J. A., & McMillan, T. J. (2002). UV-
A induces persistent genomic instability in human
keratinocytes through an oxidative stress mechanism. Free
Radical Biology & Medicine, 32, 474-480.

Quafe, C. ], Findley, S. D., Erickson, J. C., Froelick, G. J., Kelly, E.
J., Zambrowicz, B. P., & Palmiter, R. D. (1994). Induction of
new metallothionein isoform (MT-IV) occurs during
differentiation of stratified squamous epithelia. Biochemistry,
33, 7250-7259.

Rahman, 1. (2002). Oxidative stress, transcription factors and
chromatin remodelling in lung inflammation. Biochemical
Pharmacology, 64, 935-942.

Ramos-Gomez, M., Dolan, P. M., Itoh, K., Yamamoto, M., &
Kensler, T. W. (2003). Interactive effects of Nrf2 genotype and
oltipraz on benzo[a]pyrene-DNA adducts and tumor yield in
mice. Carcinogenesis, 24, 461-467.

Rokhlin, O., Guseva, W. N., Tagiyev, A., Knudson, C. M., & Cohen,
M. B. (2001). Bcl-2 oncoprotein protects the human prostatic
carcinoma cell line PC3 from TRAIL-mediated apoptosis.
Oncogene, 20, 2836-2843.

Saydam, N., Georgiev, O., Nakano, M. Y., Greber, U. F,, & Schaffner,
W. (2001). Nucleo-cytoplasmic trafficking of metal-regulatory
transcription factor 1 is regulated by diverse stress signals. The
Journal of Biological Chemistry, 276, 25487-25495.

Shen, G., Khor, T. O., Hu, R,, Yu, S., Nair, S., Ho, C. T., Reddy, B. S.,
Huang, M. T., Newmark, H. L., & Kong, A. N. (2007).
Chemoprevention of familial adenomatous polyposis by
natural dietary compounds sulforaphane and
dibenzoylmethane alone and in combination in Apc™™*
mouse. Cancer Research, 67, 9937-9944.

Shen, G., Hebbar, V., Nair, S., Xu, C., Li, W,, Lin, W,, Keum, Y. S.,
Han, J., Gallo, M. A, & Kong, A. N. (2004). Regulation of Nrf2
transactivation domain activity. The differential effects of
mitogen-activated protein kinase cascades and synergistic
stimulatory effect of Raf and CREB binding protein. The Journal
of Biological Chemistry, 279, 23052-23060.

Singh, A. V,, Xiao, D., Lew, K. L., Dhir, R., & Singh, S. V. (2004a).
Sulforaphane induces caspase-mediated apoptosis in cultured

PC-3 human prostate cancer cells and retards growth of PC-3
xenografts in vivo. Carcinogenesis, 25, 83-90.

Singh, S. V., Herman-Antosiewicz, A., Singh, A. V,, Lew, K. L.,
Srivastava, S. K., Kamath, R., Brown, K. D., & Baskaran, R.
(2004b). Sulforaphane-induced G2/M phase cell cycle arrest
involves checkpoint kinase 2-mediated phosphorylation of
cell division cycle 25C. The Journal of Biological Chemistry, 279,
25813-25822.

Singletary, K., & MacDonald, C. (2000). Inhibition of
benzo[a]pyrene- and 1,6-dinitropyrene-DNA adduct formation
in human mammary epithelial cells by dibenzoylmethane and
sulforaphane. Cancer Letters, 155, 47-54.

Smith, J. J., Tully, P., & Padberg, R. M. (2005). Chemoprevention: A
primary cancer prevention strategy. Seminars in Oncology
Nursing, 21, 243-251.

Sporn, M. B., & Liby, K. T. (2005). Cancer chemoprevention:
Scientific promise, clinical uncertainty. Nature Clinical Practice:
Oncology, 2, 518-525.

Stoner, G. D., Morse, M. A., & Kelloff, G. J. (1997). Perspectives in
cancer chemoprevention. Environmental Health Perspectives, 4,
945-954.

Sun, S. Y, Hail, N,, Jr., & Lotan, R. (2004). Apoptosis as a novel
target for cancer chemoprevention. Journal of the National
Cancer Institute, 96, 662-672.

Sung, H. ], Eskin, S. G, Sakurai, Y., Yee, A., Kataoka, N., & McIntire,
L. V. (2005). Oxidative stress produced with cell migration
increases synthetic phenotype of vascular smooth muscle
cells. Annals of Biomedical Engineering, 33, 1546-1554.

Surh, Y.J., Kunduy, J. K., Na, H. K., & Lee, J. S. (2005). Redox-sensitive
transcription factors as prime targets for chemoprevention
with anti-inflammatory and antioxidative phytochemicals.
The Journal of Nutrition, 135, 29935-3001S.

Tang, L., & Zhang, Y. (2005). Mitochondria are the primary target
in isothiocyanate-induced apoptosis in human bladder cancer
cells. Molecular Cancer Therapeutics, 4, 1250-1259.

Thimmulappa, R. K., Mai, H., Srisuma, S., Kensler, T. W,,
Yamamoto, M., & Biswal, S. (2002). Identification of Nrf2-
regulated genes induced by the chemopreventive agent
sulforaphane by oligonucleotide microarray. Cancer Research,
62, 5196-5203.

Thornalley, P. J. (2002). Isothiocyanates: Mechanism of cancer
chemopreventive action. Anti-cancer Drugs, 13, 331-338.

Thornberry, N. A., & Lazebnik, Y. (1998). Caspases: Enemies
within. Science, 281, 1312-1316.

Vasak, M. (2005). Advances in metallothionein structure and
functions. Journal of Trace Elements in Medicine and Biology, 19,
13-17.

Wang, L., Liu, D., Ahmed, T., Chung, F. L., Conaway, C., & Chiao, J.
W. (2004). Targeting cell cycle machinery as a molecular
mechanism of sulforaphane in prostate cancer prevention.
International Journal of Oncology, 24, 187-192.

Yeh, C. T, & Yen, G. C. (2005). Effect of sulforaphane on
metallothionein expression and induction of apoptosis in
human hepatoma HepG2 cells. Carcinogenesis, 26,
2138-2148.

You, H.J.,, Oh, D. H,, Choi, C. Y., Lee, D. G., Hahm, K. S., Moon, A. R.,
& Jeong, H. G. (2002). Protective effect of metallothionein-III on
DNA damage in response to reactive oxygen species.
Biochimica et Biophysica Acta, 1573, 33-38.

Yu, R., Chen, C., Mo, Y. Y., Hebbar, V,, Owuor, E. D., Tan, T. H.,
& Kong, A. N. (2001). Activation of mitogen-activated
protein kinase pathways induces antioxidant response
element-mediate gene expression via a Nrf2-dependent
mechanism. The Journal of Biological Chemistry, 275,
39907-39913.

Yu, R.,Jiao, J.J., Duh, J. L., Tan, T. H., & Kong, A. N. (1996). Phenethyl
isothiocyanate, a natural chemopreventive agent, activates c-
Jun N-terminal kinase. Cancer Research, 56, 2954-2959.



32 JOURNAL OF FUNCTIONAL FOODS I (2009) 23-32

Zafarullah, M., Li, W. Q., Sylvester, J., & Ahmad, M. (2003). Zhang, Y., Talalay, P, Cho, C. G., & Posner, G. H. (1992). A major
Molecular mechanisms of N-acetylcysteine actions. Cellular inducer of anticarcinogenic protective enzymes from broccoli:
and Molecular Life Sciences, 60, 6-20. Isolation and elucidation of structure. Proceedings of the

Zhang, Y. (2004). Cancer-preventive isothiocyanates: National Academy of Sciences of the United States of America, 89,
Measurement of human exposure and mechanism of action. 2399-2403.

Mutation Research, 555, 173-190.



	Chemopreventive functions of sulforaphane: A potent inducer of antioxidant enzymes and apoptosis
	Introduction
	Chemopreventive effect of sulforaphane
	Metallothioneins and chemoprevention
	Modulation of metallothionein gene expression by the chemopreventive agent sulforaphane
	Transcriptional induction of the MT gene by sulforaphane
	Nrf2 (NF-E2-related factor 2) and MT expression
	Modulation of mitogen-activated protein kinases (MAPKs) by sulforaphane

	Contribution of sulforaphane to the induction of apoptosis
	Summary and perspectives
	Acknowledgement
	References


