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Abstract. The consumption of cruciferous vegetables
has long been associated with a reduced risk in the
occurrence of cancer at various sites, including the
prostate, lung, breast and colon. This protective effect
is attributed to isothiocyanates present in these
vegetables, and sulforaphane (SF), present in broccoli,
is by far the most extensively studied to uncover the
mechanisms behind this chemoprotection. The major
mechanism by which SF protects cells was tradition-
ally thought to be through Nrf2-mediated induction of

phase 2 detoxification enzymes that elevate cell
defense against oxidative damage and promote the
removal of carcinogens. However, it is becoming clear
that there are multiple mechanisms activated in
response to SF, including suppression of cytochrome
P450 enzymes, induction of apoptotic pathways,
suppression of cell cycle progression, inhibition of
angiogenesis and anti-inflammatory activity. More-
over, these mechanisms seem to have some degree of
interaction to synergistically afford chemoprevention.
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Introduction

Crucifers belong to the family Brassicaceae and
include Brassica oleracea (broccoli, cabbage, cauli-
flower, brussels sprouts), B. rapa (Chinese cabbage
and turnips) and several salad crops, such as Rorippa
nasturtium-aquaticum (watercress) and Eruca sativa
(rocket). Evidence for the protective effect of cruci-
fers comes from epidemiological studies in the US
[1 – 5], Europe [6], Shanghai [7, 8] and Singapore [9,
10], in which associations are reported between
consumption of cruciferous vegetables and reduction
in cancer risk at several sites, including the lung [4, 5, 8,

10], breast [1, 7], colon and rectum [3, 9] and prostate
[2, 11, 12]. Certain studies have specifically quantified
broccoli consumption, as opposed to crucifers in
general, and shown that a diet rich in broccoli can
reduce cancer risk [2].
The protective effect of cruciferous vegetables is likely
to be influenced by GSTM1 genotype. Glutathione
transferases (GSTs) are dimeric enzymes that catalyze
the conjugation of glutathione (GSH) with both
xenobiotics, including isothiocyanates (ITCs), and
endogenous compounds, thereby facilitating their
metabolism and excretion. The cytosolic GSTs are
derived from at least 17 subunits within seven classes:
alpha (GSTA1– A5), mu (GSTM1– M5), omega
(GSTO1, O2), pi (GSTP1), theta (GSTT1, T2) sigma
(GSTS1) and zeta (GSTZ1). Approximately 50% of* Corresponding author.
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the population regardless of race have a deletion of
the GSTM1 gene (�GSTM1 nulls�). Several epidemio-
logical studies that have associated broccoli consump-
tion with cancer risk have concluded that GSTM1-
positive individuals (i.e. those with either one or two
GSTM1 alleles) gain greater cancer protection than
GSTM1 nulls [2, 4, 5]. It should also be noted that
some studies based in Asia, in which the predominant
cruciferous vegetable consumed would be Chinese
cabbage, have reported the converse, i.e. that GSTM1
nulls may gain more protection [7, 8, 10]. It has been
speculated that this may be due to the contrasting
chemical properties of the ITCs found in broccoli and
Chinese cabbage [13], but further studies into this
apparent gene-diet paradox are required.
In this review, we describe aspects of the biological
activity of sulforaphane (SF, R-1-isothiocyanato-4-
methylsulfinylbutane), an ITC obtained in the diet
through the consumption of broccoli (B. oleracea var
italica).

Broccoli as the major source of SF

The glucosinolate molecule comprises two parts: a
common glycone moiety and a variable aglycone side
chain derived from amino acids. Although over 120
different side chain structures have been described,
relatively few occur in dietary crucifers (Fig. 1). The
major ones are 3-butenyl and 4-pentenyl glucosino-
lates, and their hydroxylated forms that are predom-
inantly found in Chinese cabbage and other forms of
B. rapa, but also occur in some forms of B. oleracea,
and 3-methylthiopropyl, 3-methylsulfinylpropyl, 2-
propenyl and 4-methylsulfinylbutyl that are found in
B. oleracea, such as cabbages, cauliflowers and broc-
coli. Watercress (Rorippa spp.) is the major source of
phenylethyl glucosinolate, and rockets (Diplotaxis
and Eruca spp.) contain 4-methylthiobutyl glucosino-
late. While all these glucosinolates produce ITCs, the
physicochemical properties of the ITCs depend upon
their characteristic side chains. Thus, certain ITCs,
such as phenylethyl, 2-propenyl and 4-methylthiobu-
tyl have a hot flavor, while 3-butenyl and 4-pentenyl
ITCs are more pungent. In contrast to the majority of
ITCs, SF contributes little to flavour. It is also the most
hydrophilic of all the dietary ITCs. The side chain
structure also affects the GSTM1-mediated rate of
conjugation with GSH.
Most cultivars of broccoli accumulate between 2 and
10 mmol g�1 of 4-methylsulfinyl glucosinolate in their
florets. Higher levels on a dry weight basis may
sometimes be found within broccoli seedlings
(�sprouts�) a few days after germination, although
these rapidly decline as the seedlings age. A high-

glucosinolate variety of broccoli has, however, been
specially bred to accumulate about threefold higher
levels of glucosinolates in its florets [14].
When raw florets or sprouts are macerated or eaten,
between 60 and 80% of the glucosinolate is converted
to the SF-nitrile, as opposed to the ITC, due to the
combined effects of myrosinase and a non-catalytic
protein cofactor (�ESP-like�). However, mild cooking
can preserve myrosinase activity while denaturing
ESP, resulting in almost 100% conversion to SF.
Further cooking denatures myrosinase, and intact
glucosinolates are ingested. However, these can be
converted to SF in the colon by microbial thiogluco-
sidase activity.
SF is absorbed, conjugated to GSH and then metab-
olized through the mercapturic pathway, resulting in
the excretion of N-acetyl cysteine (NAC) conjugates
in the urine. The metabolism of SF depends upon
GSTM1 genotype. Gasper and colleagues showed that
after 24 h, while GSTM1 null individuals excreted
almost 100% of SF that was ingested, GSTM1-positive
individuals excreted only about 60% of ingested SF
[13].

Anticarcinogenic activity of SF

SF has been shown to be protective against carcino-
gen-induced tumorigenesis at a variety of sites in
rodents. Extracts of 3-day-old broccoli sprouts were
highly effective in reducing the incidence, multiplicity
and rate of development of mammary tumors in
dimethylbenz(a)anthracene (DMBA)-treated rats
[15]. SF alone also prevented DMBA-induced pre-
neoplastic lesions in mouse mammary glands [16] and
rat mammary tumors [17] and blocked benzo[a]pyr-
ene (BaP)-evoked forestomach tumors in ICR mice
[18]. Recently, it was shown to decrease the incidence
of atypical hyperplasias in pancreatic ducts of ham-
sters and the incidence and multiplicity of N-nitro-
sobis(2-oxopropyl)amine (BOP)-initiated adenocar-
cinomas [19]. It effectively reduced the formation of
colonic aberrant crypt foci in azoxymethane (AOM)-
treated rats [20] and suppressed the growth of
intestinal polyps in the APCmin mouse [21]. Recently,
SF was shown to inhibit skin tumorigenesis acting
prior to the initiation stage in mice [22] and to retard
the growth of PC-3 human prostate cancer xenografts
in nude mice [23]. Together with its NAC conjugates, it
inhibited the growth of lung carcinomas from benign
tumors by reducing cell proliferation and inducing
apoptosis in the tobacco carcinogen–treated A/J mice
[a mixture of 3 mmol BaP and 3 mmol 4-(methylnitro-
samino)-1-(3-pyridyl)-1-butanone (NNK)] [24].
Taken together these findings suggest that SF can
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inhibit the development of adenomas during the
initiation and postinitiation stages, thus representing
a versatile agent in different stages of early cancer
development.
The ultimate chemopreventive effects of SF probably
involve multiple mechanisms, which are likely to
interact together to reduce the risk of carcinogenesis.
These include (a) inhibition of phase 1 cytochrome
P450 enzymes, (b) induction of phase 2 metabolism
enzymes, (c) antioxidant functions through increased
tissue GSH levels, (d) apoptosis-inducing properties,
(e) induction of cell cycle arrest, (f) anti-inflammatory
properties and (g) inhibition of angiogenesis.

Inhibition of phase 1 enzymes and DNA adducts

Virtually all the dietary and environmental carcino-
gens are subjected to metabolism once they enter the
human body. This enzymatic process occurs mainly
through oxidation as well as, to a lesser extent,
reduction and hydrolysis, which causes the chemical
molecules to become more hydrophilic. This physio-
logical event is called phase 1 metabolism, and is
primarily catalyzed by the cytochrome P450 enzymes
(CYPs). As a consequence, procarcinogens are usu-
ally converted into highly reactive intermediates that
can bind to critical macromolecules such as DNA,
RNA and protein. So far, 57 CYPs have been
identified in humans based on their similarity of
DNA sequence and some protein functions [25].
Phase 1 metabolism occurs when ligands bind to the

Figure 1. (a) General chemical
structure of glucosinolates and
isothiocyanates, where R repre-
sents the variable side chain. (b)
Examples of side chain structures
(R) of glucosinolates and isothio-
cyanates

Cell. Mol. Life Sci. Vol. 64, 2007 Review Article 1107



aryl hydrocarbon (Ah) receptors and the complex is
transported to the nucleus to bind to the xenobiotic
responsive element (XRE) upstream of cytochrome
P450 genes [reviewed in ref. 26]. Phase 1 enzymes
typically carry out oxidation and reduction reactions
that make carcinogens more water soluble, but at the
same time are capable of activating compounds to
electrophilic species, which can damage DNA. A large
body of data is available, which demonstrates that SF
may inhibit DNA-adduct and chemical carcinogenesis
through alteration of the level of certain CYP isoforms
in rodents via a competitive mechanism as well as by a
direct covalent modification [27, 28]. For example, SF
decreased enzyme activities in rat hepatocytes asso-
ciated with CYPs 1A1 and 2B1/2, namely ethoxyre-
sorufin-O-deethylase and pentoxyresorufin-O-deal-
kylase, in a dose-dependent manner [29]. SF was
shown to be a potent competitive inhibitor of CYP2E1
with a K(i) of 37.0� 4.5 mM in microsomes from livers
of acetone-treated rats and to inhibit the genotoxicity
of N-nitrosodimethylamine (NDMA) [30]. Unsched-
uled DNA synthesis induced by NDMA (33.5 mM) in
mouse hepatocytes was inhibited in a dose-dependent
manner by SF at 0.064– 20 mM [30]. SF (0.1– 10 mM)
gave a marked inhibition of CYP2E1- and CYP1A2-
mediated DNA strand breakage by the carcinogens
NDMA and 2-amino-3-methylimidazo[4,5-f]quino-
line (IQ) [31]. In SF-treated human hepatocytes,
although the expression of CYP1A2 was unaffected,
the expression of CYP3A4, the major CYP in human
liver, was markedly decreased at both mRNA and
activity levels [29]. These observations demonstrate
that in intact human and rat hepatocytes, SF may
cause enzyme inhibition of some but not all CYPs and,
in the case of CYP3A4, inhibit both its enzyme activity
and its expression, probably mediated by the steroid
and xenobiotic receptor [32, 33]. SF, at dietary levels,
of intake, led to a decline in CYP2B apoprotein levels
and at higher levels decreased CYP3A2 apoprotein
levels [34]. In b-naphthoflavone-treated rats, although
SF administration upregulated CYP1A2 levels, the
enzyme was catalytically inactive, probably due to
bound SF metabolite(s) [34].
Associated with the ability of SF to inhibit phase 1
enzymes is its ability to inhibit the formation of
carcinogen-induced DNA adducts. In vitro antimuta-
genicity studies strongly suggest that SF is a potent
inhibitor of the mutagenicity induced by heterocyclic
amines (HCAs) [35]. Exposure to HCAs derived from
cooked meat has been implicated in the etiology of
certain human cancers including colon, prostate and
breast cancer. The total intake of HCAs by an
individual can be up to tens of micrograms per day,
with 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyri-
dine (PhIP) being the most abundant type of HCA.

Treatment with SF (1 –10 mM) significantly reduced
the level of PhIP-DNA adducts in human HepG2 cells
and human hepatocytes in a dose-dependent manner.
The degree of protection was dependent on PhIP
concentration, i.e. after 100 pM PhIP exposure, SF
reduced adduct levels to below the limit of detection
(0.15 amol PhIP/ mg DNA), but at higher PhIP
exposure (10 nM and 1 mM), the protection was 60%
[36]. SF also increased the rate of detoxification of
PhIP in human HepG2 cells but did not affect the rate
of PhIP–DNA adduct repair. This protection was not
attributed to modulation of CYP1A2 levels, because
SF failed to reduce this enzyme, probably due to the
low baseline levels in HepG2 cells, but was ascribed to
the induction of phase 2 detoxification enzymes (see
below).
SF was also shown to inhibit the formation of DNA
adducts following BaP and 1,6-dinitropyrene expo-
sure in the human mammary epithelial cell line MCF-
10F [37]. Pretreatment of LS-174 cells for 24 h with SF
before BaP exposure for 24 h reduced to <20% the
number of single-strand DNA breaks produced by the
carcinogen and the protection was increased when SF
was used in combination with a dietary indole,
indolo[3,2-b]carbazole [38]. Non-toxic doses of SF
failed to induce expression of CYP1A1 in LS-174 cells,
but afforded protection by an increase in the protein
levels of phase 2 enzymes [38].
Together these reports provide evidence for protec-
tion by SF against carcinogen-DNA damage in vitro
and suggest a role for inhibition of certain phase 1
enzymes (Fig. 2), although the correlation between
the two mechanisms is not always clearly demonstrat-
ed.

Induction of phase 2 detoxification enzymes

One important process in chemoprotection by SF
involves modulation of the activity of the so-called
phase 2 enzymes, which convert carcinogens to
inactive metabolites that are readily excreted from
the body, thus preventing their reaction with DNA.
Although phase 2 enzymes have been traditionally
recognized as those catalyzing the conjugation of
endogenous ligands, GSH and glucuronic acid, to
endo- and xenobiotic substrates, this classification is
expanding to include proteins that catalyze a wide
variety of reactions that confer cytoprotection against
the toxicity of electrophiles and reactive oxygen
species (ROS). SF has received much attention over
the past decade when it was found to be the most
potent naturally occurring inducer of phase 2 enzymes
in both animals and humans [39 – 41], where a strong
inverse relationship exists between tissue levels of
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these enzymes and susceptibility to chemical carcino-
genesis [42].
In vitro, SF is a very potent inducer of quinone
reductase (NAD[P]H:quinone oxidoreductase,
NQO1, EC 1.6.99.2), glutathione S-transferases
(GST; EC 2.5.1.18) and UDP-glucuronosyltransferase
(UGT; EC 2.4.1.17) amongst others (Fig. 2). The
modulation of phase 2 gene expression and enzyme
activity by SF has been determined in a number of
model cell lines of different origin, the most common-
ly utilized being derived from liver hepatoma, human
HepG2 and mouse Hepa1c1c7, as hepatocellular
carcinoma is the most common type of liver cancer
and the fourth leading cause of cancer deaths world-
wide. For example, SF and its GSH conjugate in-
creased significantly both UGT1A1 and GSTA1
mRNA levels in HepG2 and HT29 cells [43]. When
Hepa1c1c7 cells were exposed to increasing levels of
SF for 24 h, NQO1 showed a three fold maximal
induction over control at 2.5 mM SF [44]. Time- and
dose-dependent responses by SF have been reported
but the induction level and/or the type of phase 2
enzyme vary with the cell lines as reported in a
comparative study testing the effect of 25 mM SF on
the enzymatic activities of GST, NQO1, aldo-keto
reductase (AKR) and glutathione reductase (GR) in
seven well-established mammalian cell lines: HepG2,
MCF7, MDA-MB-231, LNCaP, HeLa and HT-29 [45].
Non-toxic doses of SF caused an increase of between

11- and 17-fold in the protein levels of NQO1 but also
AKR1C1 and gamma-glutamylcysteine synthetase
(GCS), an enzyme that catalyzes the rate-limiting
step in GSH synthesis [38].
The effect of SF on phase 2 enzyme modulation has
also been studied extensively in prostate cancer,
where SF was shown to induce significantly phase 2
enzyme expression and activity in the human prostate
cells LNCaP, MDA PCa 2a, MDA PCa 2b, PC-3 and
TSU-Pr1 treated with 0.1 –15 mM SF [45, 46]. SF
produced robust and sustained transcriptional induc-
tion of NQO1 gene expression that was accompanied
by similar increases in NQO1 enzymatic activity in
human prostate cells in vitro [46]. More recently,
induction of GST and NQO1 was also reported in
cultured bladder cells [47].
SF is active not only in carcinogenic cells but also in
their normal counterpart and non-transformed cell
lines. For example, highly inducible levels of NQO1
protein were detected in the non-transformed rat
RL34 epithelial cell line whose phenotypic response
to SF more closely recapitulates that observed in
rodent liver [48]. SF also induced expression of GST
A1/2 isoforms and NQO1 in primary rat hepatocytes
in a dose-response and time-course manner [49],
although prolonged treatment was required to obtain
GST induction levels comparable to those obtained in
hepatoma cell lines [29]. Similar results were observed
in primary cultures of freshly isolated human hepato-
cytes where NQO1 expression responded to SF but no
significant effects on GSTA1 transcription were seen
[50]. SF induced phase 2 detoxification enzymes,
UDPG1A1 and GSTA1 mRNA expression in human
hepatocytes, although UGT1A1 induction was subject
to inter-individual variation [36].
SF, like other ITC compounds effective at inducing
phase 2 enzymatic activity in mammalian cells in vitro,
has been found to be effective at inducing the phase 2
enzyme response in vivo. In rats and mice given SF for
4 – 5 days at high dose levels (up to 1000 mmol/kg per
day), increased phase 2 enzyme activities were
recorded in the liver, lung, mammary gland, pancreas,
stomach, small intestine and colon of the animals [16,
40, 44, 51, 52]. At a low dose (40 mmol/kg per day), SF
increased GSTand NQO1 activities in the duodenum,
forestomach and/or the urinary bladder of the ani-
mals, with the greatest effects being seen in the urinary
bladder [47, 53]. Similarly, SF produced modest but
significant increases in the enzymatic activities of
NQO1, total GST and GST-mu in prostate tissue of
rats compared to control animals [54]. Finally, SF at
dietary doses stimulated in a dose-dependent fashion
NQO1 but failed to influence GST, epoxide hydrolase
and UGT activities in rats exposed to SF in their
drinking water for 10 days, equivalent to daily doses of

Figure 2. SF modulates the chemoprotective mechanism of cells
by altering expression of phase 1 and phase 2 metabolizing
enzymes. SF suppresses the phase 1 enzymes responsible for
activation of carcinogens and activates phase 2 enzymes through
the Nrf2 transcription factor that is responsible for multiple
detoxification processes.
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3 and 12 mg/kg [34]. In general, GST activity was
notably less sensitive than NQO1 to induction by SF.
This discrepancy is likely due to the fact that several
subclasses of GSTs exist, as described earlier, and
strong induction of a particular subunit may be
partially masked by background activity of other
subunits when total GST activity is measured. Never-
theless, studies in humans also revealed that a high
consumption of brassicas led to an increase in GST
activity [55, 56]. Thus, it is evident that even at dietary
doses, SF can modulate the xenobiotic-metabolizing
enzyme systems, shifting the balance of carcinogen
metabolism towards detoxification, and this may be an
important mechanism of its chemopreventive activity.

The Keap-1-Nrf2 pathway
Induction of phase 2 enzymes by inducers such as SF
involves the cis-acting antioxidant response element
(ARE 5’-(G/A)TGA(G/C)nnnGC(G/A)-3’), a specif-
ic DNA-promoter-binding region, which is found in
the 5�-flanking region of the phase 2 and antioxidant
genes [57]. The transcription of ARE-driven genes is
regulated, at least in part, by nuclear factor (erythroid-
derived 2)-like 2 (Nrf2), which under normal condi-
tions is sequestered in cytoplasm by Kelch-like ECH-
associated protein 1 (Keap1) and upon exposure of
cells to inducers such as oxidative stress and certain
chemopreventive agents dissociates from Keap1,
translocates to the nucleus, binds to AREs and
transactivates phase 2 detoxifying and antioxidant
genes (Fig. 2) [reviewed in ref. 58]. SF is a potent
inducer of Nrf2 nuclear accumulation in cells [59];
exposure to SF enables Nrf2 to escape Keap1-depend-
ent degradation, leading to stabilization of Nrf2,
increased nuclear localization of Nrf2 and activation
of Nrf2-dependent cancer-protective genes [48, 60].
The question of how Keap1 regulates Nrf2 has
attracted intense interest, and several models have
been suggested. Keap1 has been proposed to tether
Nrf2 to cytoplasmic actin filaments, thus preventing its
access to the nucleus [61, 62]. More recently, Keap1
was found to modulate nuclear Nrf2 levels by enhanc-
ing nuclear export of the transcription factor [63].
Keap1 also regulates the active degradation of Nrf2
[48] by functioning as an adaptor for Cul3-dependent
ubiquitination and degradation of Nrf2 [64 – 67].
Keap1 may also repress Nrf2 activity by transiently
shuttling into the nucleus to promote its ubiquitylation
[68]. A widely accepted model for Nrf2 nuclear
accumulation is that modification of Keap1 cysteines
leads directly to dissociation of the Keap1-Nrf2
complex [69, 70]. SF is an electrophile that can react
with protein thiols to form thionoacyl adducts and
displays a pattern of Keap1 modification distinctly
different from ARE inducers that modify Keap1 by

alkylation. Moreover, SF treatment in vivo does not
lead to the accumulation of ubiquitinated Keap1 [71],
as has been reported recently in vitro [72]. This
suggests a novel mechanism for Nrf2 stabilization by
Keap1-SF thionoacyl adduct formation [71].
Although the Keap1 anchoring model seems to
explain successfully the repression and activation of
Nrf2 signaling in response to the changing redox
conditions, some controversial observations have
been reported recently. It was shown that electrophilic
modification of Keap1 alone did not disrupt the
Keap1-Nrf2 complex [67]. The Keap1-Nrf2 system
has been shown to be perturbed through the knock-
down of Keap1 by RNAi [73]. Deletion of the Keap1
gene activates Nrf2 and increases nuclear accumula-
tion of Nrf2 resulting in over-expression of many
phase 2 enzymes in mouse hepatocytes [74]. However,
with the rapid progress in Nrf2 studies, evidence
suggests that Nrf2 may be self-sufficient to sense and
transduce oxidative signals into the nucleus, conse-
quently initiating antioxidant gene transcription [75].
Keap1, however, may provide an additional regula-
tion of the quantity of Nrf2 both at basal and at
inducible conditions.
The Nrf2–Keap1–ARE signaling pathway itself can be
modulated by several upstream kinases including
phosphatidylinositol 3-kinase (PI3K), protein kinase
C and mitogen-activated protein kinases (MAPKs).
SF has recently been found to induce Nrf2-regulated
genes in a PI3K-dependent manner [76, 77].
The chemopreventive role of Nrf2 is underscored by
the increased susceptibility to carcinogenesis and the
loss of chemoprotective efficacy of SF on Nrf2-
deficient mice. SF blocked BaP-evoked forestomach
tumors in ICR mice and this protection resulted from
induction of phase 2 detoxification and antioxidant
enzymes, and was abrogated in mice lacking the Nrf2
gene [18]. Nrf2(�/�) mice were also more susceptible
to skin tumorigenesis, suggesting that the chemo-
preventive effects of SF on skin tumorigenesis were
mediated and require Nrf2 [22].
ARE elements have been identified in the 5�-flanking
regions of many cytoprotective genes including heme
oxygenase 1 (HO-1; EC 1.14.99.3), GCS, NQO1 and
GST [reviewed in ref. 78]. Several studies have shown
that Nrf2 knockout mice exhibited decreased indu-
cible induction of phase 2 detoxification and antiox-
idant enzymes and were highly sensitive to cytotoxic
electrophiles as compared to wild-type mice. For
example, whereas SF induced NQO1 and GSTenzyme
activities in the small intestine of Nrf2(+/+) mice by
around 1.5-fold, this induction was essentially abol-
ished in the knockout mice [79]. Similarly, dietary
administration of broccoli seeds to Nrf2(+/+) and
Nrf2(�/�) mice produced an approximately 1.5-fold
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increase in NQO1 and GST activities in the stomach,
small intestine and liver of wild-type mice but not in
mutant mice; increased transferase activity was asso-
ciated with elevated levels of GSTA1/2, GSTA3 and
GSTM1/2 subunits. These extracts increased signifi-
cantly the level of GCS in the stomach and the small
intestine of Nrf2(+/+) mice but not Nrf2(�/�) mice
[80]. The broccoli seed extract increased GSTA3,
GSTM1 and NQO1 proteins in mouse embryonic
fibroblasts from Nrf2(+/+) but not from Nrf2(�/�)
mice [80]. These experiments show that SF is effective
at inducing antioxidant and detoxification proteins,
both in vivo and ex vivo, in an Nrf2-dependent
manner.
At the molecular level, several Nrf2-dependent genes
were found to be SF inducible by comparing tran-
scriptional profiles from the small intestine of Nrf2(+/
+) and Nrf2 knockout female mice treated with SF
[81]. Analysis of gene expression profiles using the
Murine Genome U74Av2 oligonucleotide array iden-
tified 26 genes as Nrf2-dependent, SF-inducible genes,
and this gene cluster included xenobiotic-metaboliz-
ing enzymes such as NQO1, GST and GCS but also
GSH biosynthesis enzymes, and NADPH-generating
enzymes [81]. Recently, a similar approach was used
to identify several clusters of genes dependent on Nrf2
for their expression in the liver of SF-fed wild-type and
Nrf2-deficient mice by using Affymetrix oligonucleo-
tide microarrays [82]. The products of genes induced
by SF through an Nrf2-dependent pathway were
classified as xenobiotic-metabolizing enzymes, anti-
oxidants, ubiquitin/proteasome systems, stress re-
sponse proteins, kinases and phosphatases, immunity
proteins, cell adhesion, cell cycle and cell growth,
metabolism, transport proteins and transcription
factors. This study also clearly suggested that Nrf2
not only mediated the transcription of phase 2 drug
metabolism, but could also regulate the expression of
phase 3 transporters [82].

SF and oxidative stress

Oxidative stress – a cellular imbalance between
production and elimination of ROS, such as super-
oxide, hydrogen peroxide and peroxynitrite – is
considered to be of major pathophysiological rele-
vance for a variety of pathological processes. Thus, it is
valuable to identify compounds, which might act as
antioxidants, i.e. compounds that antagonize the
deleterious action of ROS on biomolecules. The
mode of action of these compounds could be either
to scavenge ROS directly or to trigger protective
mechanisms inside the cell, thereby resulting in
improved defense against ROS.

Although SF is not a direct-acting antioxidant or pro-
oxidant [83], there is substantial evidence that SF acts
indirectly to increase the antioxidant capacity of
animal cells and their abilities to cope with oxidative
stress [84]. Induction of phase 2 enzymes is one means
by which SF enhances the cellular antioxidant capaci-
ty. Enzymes induced by SF include Nrf2-regulated
enzymes such as GSTs and NQO1 which can function
as protectors against oxidative stress [85]. SF is also a
very potent inducer of HO-1 that catalyzes the
conversion of heme to biliverdin which in turn is
reduced enzymatically to bilirubin [60, 86, 87]. Among
the various genes encoding proteins that possess anti-
oxidant characteristics, HO-1 has attracted particular
interest as it is finely upregulated by stress conditions
and generates products that might have important
biological activities. HO-1 displays antioxidant, anti-
apoptotic, and anti-inflammatory effects and appears
to have a complex role in angiogenesis [reviewed in
refs. 88, 89].
To protect themselves from oxidative stress, cells are
equipped with reducing buffer systems including the
GSH and thioredoxin (Trx) reductase. GSH is an
important tripeptide thiol which in addition to being
the substrate for GSTs maintains the cellular oxida-
tion–reduction balance and protects cells against free
radical species. ITCs accumulate rapidly in cells as a
result of conjugation with intracellular thiols, espe-
cially GSH, to levels reaching 100- to 200-fold over the
extracellular concentrations [90 – 92]. Exposure of
cells to ITCs such as SF leads, at least transiently, to a
decrease in the pool of cellular –SH groups, which will
undoubtedly render cells more susceptible to oxida-
tive stress and stress-induced damage [93]. Both GSH
loss and oxidation have been associated with an
increased expression of the rate-limiting enzyme of
GSH synthesis, GCS (also known as glutamine-L-
cysteine ligase, GLCL) and several other detoxifica-
tion systems including GSTs and NQO1, in response
to the stimulation of the Nrf2–ARE signaling pathway
by ITCs [94]. When HepG2 cells were incubated with
5 mM SF for 24 h, significant elevations of GSH
content (4.3-fold), NQO1 and GST activity were
observed and these elevations were closely related
with the total intracellular accumulation [95]. GR also
plays a critical role by regenerating reduced GSH
from the oxidized form. Surprisingly, GR activities
were inhibited consistently by SF in six out of seven
cell lines, Hepa1c1c7, HepG2, MCF7, MDA-MB-231,
LNCaP and HT-29 cells, but not in HeLa cells, where
only a slight induction was observed [45]. SF also
induces glutathione peroxidase (Gpx), an enzyme that
catalyzes the reduction of organic hydroperoxide and
hydrogen peroxide, in human Caco-2 cells [96] and
mouse Hepa1c1c7 cells [97].
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The other major ubiquitous factor responsible for
maintaining proteins in their reduced state is Trx,
which is reduced by electrons from NADPH via
thioredoxin reductase (TrxR) [reviewed in ref. 98].
Functions of some transcription factors, such as
nuclear factor-kB (NF-kB), AP-1 and p53, are medi-
ated by Trx. TrxR can directly remove apoptotic
inducers such as H2O2 and indirectly activate the
antiapoptotic activity of NF-kB and reduced Trx
[reviewed in ref. 99]. The predominant cytoplasmic/
nuclear form, Trx-1, and the mitochondrial form, Trx-
2, both protect against oxidative stress. SF upregulated
the expression of the inducible form, TrxR1, in a dose-
dependent manner in HepG2 cells [100, 101], Hep-
a1c1c7 mouse hepatoma cells [97, 102], MCF-7 cells
[103], EAhy926 endothelial cells [104] and in LNCaP
human cell cultures [unpublished results]. SFaccount-
ed for most of the ARE-activated transcriptional
induction of these antioxidant genes by broccoli [102].
Together, the changes induced by SF promote cellular
defenses against carcinogens by increasing the reduc-
tive capacity of the cell. The overall indirect antiox-
idant role of SF can be attributed to (a) increased
tissue GSH levels, (b) effects on phase 2 enzyme
regulation (antioxidant role of GSTs, NQO1 and HO-
1) and (c) effects on redox enzyme/protein regulation
(TrxR, GCS), although the cytoprotection as a result
of an initial induction of oxidative stress by SF should
not be dismissed, as recently reviewed and discussed
by Zhang et al. [83].

Apoptosis mediated by SF

Apoptosis, or programmed cell death, is a highly
regulated process that occurs under a range of
physiological and pathological conditions as part of
the cellular mechanism. Apoptosis plays important
roles in the development and maintenance of homeo-
stasis and in the elimination of cells that are damaged
or no longer necessary for the organism. Inappropri-
ate regulation of apoptosis may cause serious disor-
ders, such as neural degeneration, autoimmune dis-
eases and cancers.
In contrast to necrosis, during which cells suffer a
major insult resulting in loss of membrane integrity
and uncontrolled release of cellular contents into the
environment of the cell, apoptosis is a highly regulated
process [105]. The morphological features of apopto-
sis include cell shrinkage, chromatin condensation and
fragmentation of the cell into compact membrane-
enclosed structures, called �apoptotic bodies� that are
engulfed by macrophages and removed from the
tissue in a controlled manner. These morphological
changes are a consequence of characteristic molecular

and biochemical events occurring in an apoptotic cell,
most notably the activation of proteolytic enzymes
which eventually mediate the cleavage of DNA into
oligonucleosomal fragments as well as the cleavage of
a multitude of specific protein substrates which
usually determine the integrity and shape of the
cytoplasm or organelles.
Apoptosis is induced by a variety of stimuli, including
genotoxic compounds and various environmental
stresses, which activate intracellularly a family of
cysteine proteases, termed caspases, responsible for
the initiation and the execution of apoptosis. To date
there are a total of 11 human caspases identified and
they are commonly used to assess whether apoptosis is
induced in different experimental systems either as
early or late markers of apoptosis depending on which
member is studied [106]. Caspases are synthesized as
inactive proenzymes, which are activated by cleavage
at specific aspartate residues to active enzymes
comprising large (p20) and small (p10) units [107].
Caspase-3 together with -6 and -7 belong to the
subfamily of �effector� caspases, which perform down-
stream execution steps by cleaving multiple cellular
substrates, while the remaining enzymes are �initiator�
caspases, which process and activate the downstream
�effector� caspases [106]. Activation of caspases
results in cleavage and inactivation of key cellular
proteins including the DNA repair enzyme poly(-
ADP-ribose) polymerase (PARP).
Apoptosis can also be induced by a caspase-inde-
pendent pathway via release of the mitochondrial
protein apoptosis inducing factor (AIF) into the
cytosol or activation of calpains, a family of calcium-
activated cytosolic proteases [108].
The first evidence for a cytostatic effect of SF was
reported in human colon cancer cells [109], where
decreased viability in HT29 and Caco-2 cells was
observed as a result of treatment with 15 and 50 mM,
respectively. Subsequently, the classical hallmarks of
apoptosis such as chromatin condensation, transloca-
tion of phosphatidylserine across the plasma mem-
brane and DNA fragmentation were detected in SF-
treated cells from colon [110], prostate [23, 111],
medulloblastoma [112] and mouse mammary cells
[113]. To date several reports mainly using in vitro
models demonstrate that SF mediates apoptosis by
regulating multiple targets in the apoptotic pathway
(Fig. 3).

The role of caspases in SF-mediated apoptosis
Several members of the caspase family, responsible for
the execution of apoptosis in higher eukaryotes, have
previously been implicated in apoptosis induced by
ITCs [112, 114, 115]. The first report on the involve-
ment of caspases in SF-mediated apoptosis was by
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Chiao and colleagues in prostate LNCaP cells [116].
Subsequently, SF was shown to activate the mitochon-
drial/intrinsic apoptotic pathway. This involves release
of cytochrome c from the mitochondria into the
cytosol, which in turn binds to the apoptosis protease
activation factor-1 (Apaf-1) and leads to activation of
the �initiator� caspase-9. Activation of caspase-9 has
been described following exposure of human medul-
loblastoma cells to 10 mM SF [112], 20 mM SF in PC-3
cells [23], 20 mM SF in DU145 cells [117], 10– 40 mM
SF in mouse embryonic fibroblasts [118] and
20 – 40 mM SF in human glioblastoma cells [119].
Recently, SF was also shown to activate the death
receptor/extrinsic pathway of apoptosis in prostate
cancer cells. This pathway is initiated when �death
ligands� such as Fas-L, TRAIL or tumor necrosis
factor-a (TNF-a) through their cell surface receptors
activate the downstream intracellular apoptotic ma-
chinery, which involves induction of caspase-8 and
subsequent activation of �effector� caspases. Treat-
ment of prostate cancerous PC-3 and DU145 cells with
SF resulted in activation of caspase-8 and subsequent-

ly apoptosis that was abolished in the presence of a
specific caspase-8 inhibitor [23, 117]. Similarly, acti-
vation of caspase-8 was observed following SF treat-
ment of pancreatic cancer cell lines [120]. The death
receptor pathway activated in prostate cells through
caspase-8 was responsible for the induction of apop-
tosis to a greater extent than the mitochondrial
pathway through the activation of caspase-9 but
both were still active at the same time. Another ITC,
phenethyl ITC (PEITC), has been shown to induce
both pathways depending on the cell type, by inducing
the mitochondrial apoptotic pathway in Hela cells
[114] but the death receptor pathway in human
leukemia cells [115]. Both pathways, however, con-
verge in the downstream activation of the �effector�
caspase-3, which has been well-documented for SF
[23, 112, 118, 119, 121, 122].
Additionally, SF has been shown to activate caspase-
12 following damage of the endoplasmic reticulum,
implicating this organelle for the first time in SF-
mediated apoptosis [119].

Figure 3. SF induces apoptosis by affecting multiple targets of the mitochondrial/intrinsic and the receptor/extrinsic apoptotic pathways as
well as caspase-independent pathways. All the apoptotic components shown in this figure have documented altered expression or
(in)activation in response to SF treatment.
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The role of mitochondria in SF-mediated apoptosis
Mitochondria play an important role in apoptosis,
because permeabilization of their outer membrane
and subsequent release of mitochondrial proteins into
the cytosol commits the cell to apoptosis. The first
protein to be released following permeabilization is
cytochrome c that binds to Apaf-1 and subsequently
recruits and activates caspase-9. Other mitochondrial
proteins include Smac/DIABLO, which blocks mem-
bers of the inhibitor of apoptosis family (IAP), and the
AIF protein, both of which trigger the apoptotic
cascade upon release to the cytosol. One way that SF
induces apoptosis is by interfering with the mitochon-
drial integrity. Decrease in mitochondrial potential in
response to SF was detected in prostate [123] and
bladder cancer cells [124]. Subsequent release of the
mitochondrial proteins cytochrome c, Smac/DIABLO
and more recently AIF have also been observed [110,
118, 119, 123].

The role of bcl-2 family in SF-mediated apoptosis
Release of proteins, such as cytochrome c and Smac/
DIABLO, from the intermembrane space of mito-
chondria initiates the mitochondrial apoptotic path-
way. Members of the Bcl-2 family control this process
tightly by blocking the release of any such proteins
either through activation of the proapoptotic Bcl-2
members, such as Bax and Bak, or when the anti-
apoptotic members, such as Bcl-2 and Bcl-XL, are
activated.
SF-induced apoptosis seems to involve induction of
the proapoptotic Bcl-2 family members. Mouse em-
bryonic fibroblasts (MEFs) treated with 40 mM SF
showed an increase in the levels of Bax and Bak
proteins as early as 4– 8 h, which was abolished in SF-
treated MEFs derived from Bax/Bak double-knock-
out mutant mice [118]. Although the levels of the Bcl-
2 antiapoptotic protein did not change in SF-treated
HT29 cells [110], the Bax:Bcl-2 ratio was significantly
increased following SF treatment in PC-3, HepG2 and
glioblastoma cells, as a result of an increase in Bax and
decrease in Bcl-2 protein levels [23, 119, 122]. The
other antiapoptotic protein, Bcl-XL, did not change in
response to SF in PC-3 cells [23] but was significantly
decreased in HepG2 cells [122].
Additionally, activated caspase-8 can also engage the
intrinsic pathway through cleavage of another Bcl-2
proapoptotic protein, Bid [125]. When PC-3 cells were
treated with 40 mM SF, there was an increase in
caspase-8 and subsequent cleavage of Bid [123].

The role of ROS in SF-mediated apoptosis
ROS are broadly defined as oxygen-containing chem-
ical species with reactive chemical properties. In
biological systems, ROS are constantly generated

through a variety of pathways and have destructive
actions on both DNA and proteins. To counteract the
detrimental effects of ROS, cells have adapted a
complex antioxidant enzymatic machinery to main-
tain redox potential, such as superoxide dismutase,
catalase, GSTs and HO-1, as described above.
Induction of ROS can trigger apoptosis in many
different systems [126]. More recently, SF-mediated
apoptosis was linked with the generation of ROS in
prostate cells. Increased levels of ROS were measured
as early as 0.5– 1 h in DU145, PC-3 and Hep3B cells in
response to SF treatment in a dose- and time-depend-
ent manner [117, 123, 127, 128]. Cytosolic release of
cytochrome c and apoptosis induction were observed
at a later stage in these cells, suggesting that ROS act
as upstream molecules in SF-mediated apoptosis.

The role of JNK/MAPK in SF-mediated apoptosis
SF may also induce apoptosis through MAPK signal
transduction. MAPKs are important signaling com-
ponents that convert extracellular signals into intra-
cellular responses through a series of phosphorylation
events [129]. There are three distinct but parallel
MAPK cascades identified in mammalian cells, ex-
tracellular signal-regulated kinase (ERK), c-Jun N-
terminal kinase (JNK) and p38 [130]. Each consists of
three kinases, a MAPK kinase kinase (MAPKKK)
which phosphorylates and activates a MAPK kinase
(MAPKK), which in turn phosphorylates and acti-
vates one of the three MAPKs. Although ERKs can be
activated by mitogens and growth factors, JNK and
p38 can also be activated by many environmental
stress stimuli such as UV and g-irradiation as well as
many anticancer drugs, e.g. cisplatinum or etoposide
[131, 132].
Activation of the JNK signal transduction pathway
has been implicated in ITC-mediated apoptosis death
signaling. Activation of all three MAPKs by phos-
phorylation was observed in HT29 cells treated with
PEITC [133] but only ERK and p38 were activated in
PC-3 cells [134]. Similarly, SF activated all three
MAPKs in HepG2 cells [122], JNK1/2 and ERK1/2 in
PC-3 cells [135] but only JNK in DU145 and HepG2-
C8 cells [93, 117]. Inhibiting JNK activity with a
pharmacological inhibitor abolished the effect of SF
on apoptosis in these cells.

The role of p53 in SF-mediated apoptosis
p53 is one of the most important tumor suppressors in
the cell that is often mutated in human cancers. Levels
of p53 in unstressed cells are very low but increase as a
result of various intracellular and extracellular stress-
es, including ionizing radiation and DNA-damaging
agents. One way that p53 acts is by transcriptional
regulation of downstream targets involved in the cell
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cycle and apoptosis. Induction of apoptosis is medi-
ated by activation of genes involved in the mitochon-
drial apoptotic pathway, such as Bax and Apaf-1, the
death receptor apoptotic pathway, such as KILLER/
DR5, or by suppression of cell survival genes, such as
Bcl-2 and survivin [136]. The involvement of p53 in
SF-mediated apoptosis is not clear. Reports from
Fimognari and colleagues suggest that SF treatment
increased the expression of p53 protein in non-trans-
formed human T lymphocytes [137], and this increase
was associated with a significant increase in the
protein levels of Bax and a slight decrease in Bcl-2
measured in T cell leukaemia cells [138]. In contrast,
levels of p53 and Bcl-2 remained unchanged in
response to SF treatment in HT29 cells [110]. In
LNCaP cells, SF was responsible for the stabilization
of p53 protein but knocking down expression by
specific siRNA suggested that p53 was not involved in
SF-mediated apoptosis [111]. Similarly, a mutated p53
status in cell lines of newborn mouse fibroblasts could
not prevent SF-induced apoptosis, suggesting that SF
acts by a p53-independent pathway [139]. These
results render SF an attractive chemotherapeutic
agent for tumors with a p53 mutation.

Other effectors of SF-mediated apoptosis
Other mechanisms by which SF induces apoptosis
include regulation of the IAP family of proteins, which
inhibit caspase activity. Treatment of MEFs with SF
for 24 h resulted in a dose-dependent reduction in the
protein levels of X-linked IAP (XIAP) that was
independent of Bax or Bak proteins [118]. Similarly,
the levels of all three members of the IAP family,
XIAP, c-IAP1 and c-IAP2, were markedly reduced on
treatment of PC-3 and LNCaP cells with SF [111]. c-
IAP1 and c-IAP2 were also decreased with SF treat-
ment in human glioblastoma cells [119]. A similar
reduction, however, was not evident when human
hepatoma cells were treated with SF, but was only
observed following cotreatment with the TNF-related
apoptosis-inducing ligand (TRAIL) [128]. Simulta-
neous treatment with SF and TRAIL resulted in
enhancement of TRAIL-induced apoptosis in human
hepatoma and osteosarcoma cells and this was medi-
ated by upregulation of death receptor 5 (DR5), a
receptor for TRAIL, and subsequent caspase cleavage
and activation [128, 140]. However, when combined
treatment of SF and TRAIL was applied on human
lung cells, caspase-3-dependent apoptosis was in-
duced, without associated decreased levels of XIAP
[141].
Another apoptotic pathway responsive to SF is
induction of endoplasmic reticulum stress. This was
shown in glioblastoma cells where treatment with SF
resulted in increased levels of intracellular free Ca2+

accompanied by an increase in the protein levels of
calpain, a Ca2+-dependent cysteine protease, and
subsequent activation of caspase-12 in a dose-depend-
ent manner [119].
Despite the activation of a caspase-dependent apop-
totic pathway, SF has also been shown to induce
apoptosis in a caspase-independent manner. Treat-
ment of glioblastoma cells with 40 mM SF for 24 h
caused a significant increase in the cytosolic protein
levels of AIF, a mitochondrial protein that becomes
an active cell killer following release in the cytosol
[119].

SF as an inhibitor of apoptosis
Interestingly, SF has also been shown to inhibit
apoptosis, and to date there are two reports describing
this. In the first one, SF treatment with concentrations
of up to 50 mM in human colon Caco-2 cells for 24 h
failed to activate caspase-3 and subsequent DNA
fragmentation associated with apoptosis [142]. This
was likely due to the upregulation of heat shock
protein 27 (Hsp27), which has been shown to inhibit
apoptosis and caspase activation through negative
regulation of the mitochondrial proteins cytochrome c
and Smac/DIABLO, and other means [143, 144].
Additionally, induction of HO-1 and p21waf1/cip1 ob-
served in that study in response to SF treatment has
also been associated with inhibition of apoptosis [145].
The second report describes the induction of autoph-
agy in prostate cancer cells treated with SF, during
which cells are triggered to die in a non-apoptotic
manner without caspase activation [146]. SF-induced
autophagy resulted in inhibition of cytochrome c
release and subsequent apoptosis in these cells.

Cell cycle regulation by SF

The progression of the cell cycle through the four
phases, G1, S, G2 and M, is regulated by cyclin-
dependent kinase (CDK) molecules and cyclins,
which drive the cell from one phase to the next and
in turn are regulated by inhibitors. This process offers
many potential targets for chemopreventive agents
such as SF.
In normal cells, transition from G1 to S phase during
the cell cycle requires the activity of two classes of
CDKs, CDK4/6 and CDK2. CDKs cause cell cycle
progression by phosphorylating and thereby activat-
ing the retinoblastoma tumor suppressor protein
(Rb), releasing E2F from negative regulators and
facilitating transcription of E2F-responsive genes
including cyclins E and A [reviewed in refs. 147,
148]. CDK activity is in turn regulated partly by
association with positive and negative regulatory
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proteins. CDKs exist predominantly in multiple
quaternary complexes, each consisting of a cyclin, a
CDK, proliferating cell nuclear antigen (PCNA) and
cyclin-dependent kinase inhibitors (CDKIs). CDK4/6
associates with D-type cyclins, whereas CDK2 asso-
ciates with either cyclin E initially or with cyclin A
later in the cell cycle [148].
CDK activity can be inhibited by two different families
of cyclin-dependent kinase inhibitors, the INK4 and the
Cip/Kip family [149]. INK4 members specifically bind
to the catalytic subunits of CDK4 and CDK6 and
prevent their association with D-type cyclins. The INK4
family includes four proteins, p16INK4a, p15INK4b, p18INK4c

and p19INK4d. In contrast to INK4, Cip/Kip proteins
have a broader function in the cell cycle by affecting
activities of cyclin D-, E- and A-dependent kinases.
These include p21waf1/cip1, p27Kip1 and p57Kip2 and were
identified as potent inhibitors of cyclin E- and A-
dependent CDK2 but as possible positive regulators of
cyclin D-dependent kinases [149].
There is evidence that one of the mechanisms by
which SF exerts its anticarcinogenic effect is by
arresting the cell cycle at different stages of its
progression (Fig. 4). This arrest has been document-
ed in colon, prostate, breast, bladder and T cells and
resulted in both Go/G1 and G2/M phase block
depending on the cell type (Table 1). Additionally,
S phase block as a result of SF treatment has been
reported in human UM-UC-3 bladder cells [150].
Consistent with inhibition of the cell cycle in response
to SF, transcriptome analysis performed on Caco-2
cells revealed that SF induces expression of several
cell cycle related genes, including p21waf1/cip1 and
GADD45b [142]. Additionally, SF enhanced the
expression of KLF4, PC3TIS21/BTG2, SMAR1 and
CKSHS2, all of which have been associated with
regulation of the cell cycle, and decreased expression
of members of the minichromosome maintenance
family (MCM4 and MCM7) associated with DNA
synthesis [142].

Cyclin and CDK regulation by SF
Consistent with a block in the GO/G1 phase of the cell
cycle, SF downregulated expression of the cyclin D1
protein in prostate and colon cells [116, 151] and
additionally reduced levels of its associated kinase
cdk4 in DU-145 prostate cells [152]. A significant
reduction in the levels of cyclin D3 and a slight
reduction in cyclin D2 and associated CDK4 and cdk6
were also reported in non-transformed T lymphocytes
[137]. Arrest at the GO/G1 phase of the cell cycle in
response to SF in prostate cells was associated with
reduced phosphorylation of the Rb tumor suppressor
protein that activates the transition from G1 to the S
phase [152]. SFalso induces cell cycle arrest at the G2/
M phase by regulating expression of cyclin B1. In
human colon and breast cells, 15 mM SF for up to 48 h
increased cyclin B1 protein expression [110, 153]. In
HT29 cells, this G2/M phase arrest was achieved by
maintaining the cdc2 kinase in its active dephosphory-
lated form, and was associated with phosphorylation/
activation of the Rb protein [154]. In contrast, SF
treatment of prostate PC-3 and bladder UM-UC-3
cells resulted in reduced expression of cyclin B1 [127,
150]. The G2/M phase arrest in PC-3 cells activated
the DNA damage checkpoint pathway through acti-
vation of checkpoint kinase 2 (Chk2) and subsequent
phosphorylation of cell division cycle 25C [127].
Finally, S phase arrest reported in UM-UC-3 cells in
response to SF treatment was also associated with
reduced levels of cyclin A [150].

CDK inhibitor regulation by SF
SF also affects the cell cycle through regulation of
CDK inhibitors, which are essential for progression
through the four phases. Whereas there is no evidence
for regulation of the INK4 family of inhibitors, SF has
been shown to upregulate members of the Cip/Kip
family. Cip/Kip are tumor suppressor proteins that act
as cell cycle checkpoints both for GO/G1 and G2/M
phases by binding either directly to PCNA or to cyclin/

Table 1. Inhibition of cell cycle progression by SF in different cell lines.

GO/G1 phase G2/M phase S phase

HT29 [109, 151] HT29 [110, 154] UM-UC-3 [150]

DU-145 [152] DU-145 [117]

LnCap [116] PC-3 [127]

T24 [157] MCF-7 [153]

Non-transformed T lymphocytes [137] Jurkat T cells [138]

Caco-2 [77]

MIA Paca-2 [120]

UM-UC-3 [150]

F3II [113]
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cdk complexes to block the catalytic activity of the
kinase and cause cell cycle arrest [155, 156]. In colon
HT29 cells, 15 – 50 mM SF increased the levels of
p21waf1/cip1 protein as early as 8 h [151, 154]. Similarly,
9 – 50 mM SF increased p21waf1/cip1 levels in prostate
DU-145 cells [152]. Interestingly, in Caco-2 colon
cells, SF increased gene expression levels of p21waf1/cip1

but decreased p57Kip2 ; the latter when expressed
inhibits progression of the cell cycle at the GO/G1
stage, which is consistent with an SF-induced G2/M
phase arrest in these cells [77, 142]. Finally, the only
report that SF increases p27Kip1 levels comes from
treatment of T24 bladder cancer cells [157].

Microtubule disruption by SF
Another possible mechanism for the arrest in cell
cycle progression by SF was described by Jackson and
colleagues and involved disruption of microtubules by
inhibition of tubulin polymerization [113, 153]. A
microtubule is a polymer of globular tubulin subunits,
consisting of a- and b-tubulins, essential for mitosis,
cell motility and transport [158]. The dynamic char-
acter of microtubules is expressed through the ability
of its subunits to move through the polymer as a result
of polymerization at one end and depolymerization at
the other. Disruption of tubulin polymerization inter-
feres with mitosis, with a catastrophic outcome for the

cell, a process that is targeted by many anticancer
drugs, e.g. paclitaxel and taxotere [159]. The first
evidence that SF inhibits tubulin polymerization was
observed in the mouse mammary carcinoma cell line
F3II [113]. In these cells, low concentrations of SF
(15 mM) caused mitotic cells to display aberrant and
mildly depolymerized spindles, whereas high doses of
SF (100 – 300 mM) inhibited tubulin polymerization.
Similar effects were also obtained in bovine endothe-
lial cells [160] and the human breast adenocarcinoma
cells MCF-7, where the inhibition of tubulin polymer-
ization was specifically attributed to the ITC group of
the SF molecule [153].

Histone modification by SF
Recently, SF was implicated in the modification of
histone acetylation, a highly dynamic process that
exerts profound control on gene expression by alter-
ing chromatin structure. In vivo, histone acetylation
depends on the balance between the enzymes with
histone acetylase activity and enzymes that deacety-
late histones (histone deacetylase, HDAC) [161].
Histone acetylation is associated with an open chro-
matin conformation, allowing for gene transcription,
whereas HDACs maintain the chromatin in the
closed, non-transcribed state. HDAC is recognized
as one of the promising targets for the development of

Figure 4. SF arrests the cell cycle by modulating different stages of cell cycle progression. Only members of the cell cycle machinery that
have been documented to alter expression or activation status in response to SF treatment are shown.
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anticancer drugs as they are usually over-expressed in
several tumor cells and tissues [162]. The first report
on the effect of SF on histone modification came from
human embryonic kidney 293 cells and colon HCT116
cells, where treatment with 15 mM SF decreased
HDAC activity and increased acetylated histones H3
and H4 in both cell lines [163]. Interestingly, HDAC
inhibition was attributed to the SF metabolites, SF-
cysteine and SF-NAC, rather than the SF parent
compound. Treatment with 15 mM SF also inhibited
HDAC activity in BPH-1, LnCaP and PC-3 prostate
cells and increased acetylated levels of H3 and H4
[164]. Additionally, one of the potential mechanisms
by which SF increases expression of p21waf1/cip1 was
found to be increased binding of acetylated H4 to the
promoter of p21waf1/cip1 [163, 164]. Finally, the results of
in vitro studies were complemented with in vivo work
on the APCmin mouse model of intestinal carcino-
genesis albeit with small group sizes. Six hours post-
gavage with 10 mmol SF or its metabolite SF-NAC
HDAC activity in the colonic mucosa was reduced,
and acetylated H3 and H4 was increased [165]. Ten-
week-long feeding with 6 mmol/day SF also resulted in
increased acetylated H4 in colonic polyps and to a
lesser extent in adjacent normal-looking mucosa
[165].

Modulation of inflammation by SF

Although chronic inflammation and carcinogenesis
are thought to be mechanistically linked [166], very
few data are available regarding anti-inflammatory
effects of SF. Chronic inflammation and infections
lead to the up-regulation of a series of enzymes and
signalling proteins in affected tissues and cells. These
proinflammatory enzymes include the inducible forms
of nitric oxide (NO) synthase (iNOS) and cycloox-
ygenase (Cox-2), responsible for elevated levels of
NO and prostaglandins (PGs), respectively. Although
iNOS provides a benefit to the organism in terms of
immune surveillance, aberrant or overproduction of
NO has been implicated in the pathogenesis of cancer
via reactive NO-species-mediated reactions like nitro-
sative deamination of DNA bases, lipid peroxidation
and DNA strand breaks [167]. Elevated levels in the
expression of the inducible Cox-2 have been detected
in various tumor types and may account for excessive
PG production [168]. In addition to their role as
proinflammatory mediators, PGs were demonstrated
to suppress immune functions, to inhibit apoptosis, to
enhance proliferation and to increase the invasiveness
of cancer cells. Consequently, inhibition of expression
and enzymatic activity of Cox-2 and downregulation
of PG levels is regarded as a rational and feasible

strategy in cancer chemoprevention with first positive
results in human trials [169]. TNF-a and other
inflammatory cytokines were also shown to stimulate
tumor promotion and progression of initiated cells as
well as of preneoplastic lesions [170] and tumor
promotion in TNF-a knockout mice was significantly
suppressed in comparison with TNF-a wild-type mice
[171]. Thus, TNF-a can be considered as an endoge-
nous tumor promoter and a central mediator in cancer
development.
SF down-regulates at the transcriptional level lip-
opolysaccharide (LPS)-mediated induction of iNOS
and Cox-2 expression and TNF-a secretion in cultured
raw 264.7 macrophages [172]. NF-kB, a pivotal tran-
scription factor in the LPS-stimulated proinflamma-
tory response, was identified as the key mediator, with
SF probably interacting with thiol groups and impair-
ing the redox-sensitive DNA binding and transactiva-
tion of NF-kB. SF could either directly inactivate NF-
kB subunits by binding to essential cysteine residues
or interact with GSH or other redox regulators like
Trx and Ref-1 relevant for NF-kB function [172]. SF
also significantly decreased NF-kB expression in
human malignant glioblastoma compared with corre-
sponding control cells [119].
Additionally, the effects of SF were examined by gene
expression profiling in murine BV-2 microglial cells, a
neuronal macrophage cell type that mediates inflam-
matory responses in the brain [173]. In this study, SF
was also able to protect cells from H2O2-induced
toxicity and to attenuate the production of ROS in
response to LPS treatment of cells. Similarly, SF
attenuated the LPS-induced production and release of
proinflammatory mediators [e.g. interleurin (IL)-1b,
TNF-a, IL-6] and ROS (e.g. NO) in primary cocul-
tures of rat microglial and astrogial cells [174].
Recently, the effects of SF on the cell-mediated
immune response were also investigated in normal
as well as tumor-bearing BALB/c mice, where SF
significantly enhanced the production of IL-2 and
interferon (IFN)-g and increased the mitogenic po-
tential of various mitogens [175]. Furthermore, recent
data suggest that SF may also exert anti-inflammatory
effects by inhibiting secretion of high-mobility group
box 1 (HMGB1), a nuclear protein that is secreted by
immunostimulated macrophages and functions in the
extracellular milieu as a proinflammatory mediator.
Incubating raw 264.7 cells with SF inhibited both the
secretion of LPS-induced HMGB1 and the relocali-
zation of nuclear HMGB1 into the cytoplasm of the
cells [176].
The gastrointestinal glutathione peroxidase (GI-GPx,
GPx2) has also been implicated in the control of
inflammation and cancer, as comprehensively re-
viewed and discussed by Chu et al. [177] with the
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conclusion that an increased expression of GI-GPx
prevents cancer by inhibiting preceding inflammation
rather than being involved in the development of
cancer itself. This enzyme could be another target for
SF in limiting inflammation, since it was recently
shown that, in Caco-2 cells, GI-GPx was induced by SF
via the Nrf2/Keap1 system [96].
Thus, SF may exert anti-inflammatory and anticarci-
nogenic effects not only by modulation of biotrans-
formation enzymes but also by regulation of genes
involved in the inflammation pathway.

Inhibition of angiogenesis and metastasis by SF

Much attention has focused on the ability of SF to
slow down the growth of malignancies, such as lung,
prostate, breast and colon cancer. While directly
targeting the proliferation of mutated cells is impor-
tant to limiting initial tumor formation, proliferation
of the normal population of endothelial cells is a
basic requirement for tumor-associated angiogene-
sis. Indeed, without new blood vessel formation
leading to the development of intratumoral capillary
networks, tumor progression is limited in growth to
only ~0.5 mm in diameter, the maximum tumor
thickness through which oxygen and nutrients can
diffuse [178]. Hence, investigations aimed toward
identifying chemotherapeutic and/or chemopreven-
tive compounds that slow or block the angiogenic
response within neoplastic lesions may prove invalu-
able in limiting later stages of carcinogenesis. While
the numerous factors contributing to a tumor�s
acquisition of an angiogenic phenotype are not well
understood, progression of neoplastic angiogenesis
requires the presence of certain proangiogenic mol-
ecules released from tumor cells [178, 179]. Vascular
endothelial growth factor (VEGF) is a central
proangiogenic molecule secreted from tumor cells
that, aside from favoring endothelial cell survival,
acts as a selective endothelial mitogenic, chemotactic
and morphogenesis-inducing cytokine [178]. The
U.S. Food and Drug Administration recently ap-
proved two drugs specifically aimed at VEGF,
bevacizumab, a humanized monoclonal antibody,
and pegaptinib, a pegylated aptamer with application
in ophthalmic pathologies.
Lately, several reports have focused on the effects of
SF on endothelial cell functions essential for angio-
genesis in several human endothelial cell models. The
effects of SF were first investigated on HMEC-1, an
immortalized human microvascular endothelial cell
line [180]. SF showed time- and concentration-
dependent inhibitory effects on hypoxia-induced
mRNA expression of VEGF and two angiogenesis-

associated transcription factors, hypoxia-inducible
factor-1 alpha and c-Myc, in a concentration range of
0.8 – 25 mM. In addition, the expression of the VEGF
receptor KDR/flk-1 was inhibited by SF at the
transcriptional level. SF could also affect basement
membrane integrity, as it suppressed transcription of
the predominant endothelial collagenase matrix
metalloproteinase-2 and its tissue inhibitor of metal-
loproteinase-2. Migration of HMEC-1 cells in a
wound-healing assay was effectively prevented by
SF at submicromolar concentrations with an IC50 of
0.69 mM. In addition, within 6 h of incubation, SF
inhibited tube formation of HMEC-1 cells on base-
ment membrane matrix at 0.1, 1 and 10 mM concen-
trations. These effects were not due to inhibition of
HMEC-1 cell proliferation; however, after 72 h of
incubation, SF non-selectively reduced HMEC-1 cell
growth with an IC50 of 11.3 mM [180]. SF also acted to
inhibit angiogenesis via suppression of endothelial
cell proliferation in bovine aortic endothelial (BAE)
cells. Within 24 h, 15 mM SF clearly induced G2/M
accumulation and premetaphase arrest in BAE cells
[160]. A similar effect was observed in human
umbilical vein endothelial cells (HUVECs) where
SF induced a dose-dependent decrease in the pro-
liferative activity of cells, which was dependent on
cell apoptosis. SF also inhibited tube formation on
matrigel, but did not affect matrix metalloproteinase
(MMP) production [181]. SF also potently decreased
newly formed microcapillaries in a human in vitro
antiangiogenesis model, with an IC50 of 0.08 mM
[180]. Furthermore, daily administration of SF
(100 nmol/day, intravenously for 7 days) to female
Balb/c mice bearing VEGF-impregnated Matrigel
plugs strongly and significantly suppressed angio-
genesis progression as measured by hemoglobin
concentration [160].
Taken together, these findings suggest that the endo-
thelial cell population is a novel target of SF action
both in vitro and in vivo. SF interferes with all essential
steps of neovascularization from proangiogenic sig-
naling and basement membrane integrity to endothe-
lial cell proliferation, migration and tube formation.
Angiogenesis is a prerequisite for the growth of solid
tumors and metastasis. Metastatic cells in the circu-
lation have to perform a series of events to reach a
distant site for establishing a new colony. The effect of
SF in the inhibition of B16F-10 melanoma-cell-
induced metastasis has been studied in C57BL/6
mice [182]. B16F-10 melanoma cells are highly
metastatic and form colonies of tumor nodules in the
lungs when administered through the tail vein, pro-
moting lung fibrosis and collagen deposition. Meta-
stasis is a multistep process, which involves a series of
steps: adhesion of the cancer cells to the basement
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membrane, invasion through the basement mem-
brane, circulation, extravasation and proliferation at
a new distant site. These findings suggest that SF
reduced the invasion of B16F-10 melanoma cells by
the inhibition of activation of MMPs, thereby inhibit-
ing lung metastasis [182].

Cross-talk between various metabolic pathways

It is clear that SF can interfere with multiple cell-
signaling pathways and has multiple targets within the
cell. In addition, some SF molecular targets are
themselves involved in overlapping pathways, high-
lighting the intricate complexity of the overall effect
exerted by SF. Examples of this cross-talk between
pathways include Nrf2-inducing phase 2 enzymes
which are also involved in apoptosis induction [183,
184], MAPK signaling as a starting point for sensing
extracellular stresses and inducing Nrf2-mediated
transcription or transmitting apoptotic and cell cycle
arrest signals [93, 117, 122, 135] and cell cycle
checkpoint proteins (e.g. p21waf1/cip1) or detoxification
enzymes (e.g. HO-1) also inducing apoptosis [145, 185,
186].
SF may also exert antipromotion or antiprogression
effects by modulating the NF-kB [59, 121, 187] and
activator protein-1 (AP-1) [135, 188] signaling path-
ways that are usually disregulated in initiated or
precancerous cells. Knowledge of cross-talk between
NF-kB and Nrf2 is circumstantial but points to HO-1
as an essential link [recently reviewed in ref. 189].
Modulation of NF-kB and AP-1 by SF is far less
understood than the Nrf2 signaling pathways. The
effect is highly variable depending on the level and
duration of the SF treatment and probably the cell

types, and diametrically opposite theories exist in
current understandings of the relationship between
regulation of these signaling pathways and tumori-
genesis [reviewed in ref. 190]. These examples high-
light the difficulty in predicting phenotypic outcomes
from gene expression profiles and the need to look at
the overall effect of SF treatment on modulation of
both molecular and signal transduction pathways.

Conclusions

In this review, we have presented evidence that SF can
interfere with several cell-signaling pathways, includ-
ing inhibition of carcinogen-activating enzymes, in-
duction of carcinogen-detoxifying enzymes, increase
of apoptosis, arrest of cell cycle progression, inhibition
of inflammation and angiogenesis, as well as several
other mechanisms that are not yet fully described.
These mechanisms illustrate the remarkable ability of
SF to act on the process of carcinogenesis by affecting
the three phases: tumor initiation, promotion and
progression phases, and suppressing the final steps of
carcinogenesis, i.e. angiogenesis and metastasis
(Fig. 5). At an early stage, SF can modulate the
enzymes that are required for the activation or
detoxification of many carcinogens. In particular, SF
has been shown to induce the activity of phase 2
enzymes (e.g. GSTs, NQO1 and glucuronosyltransfer-
ases) and/or inhibit phase 1 enzymes. (cytochrome
P450s) (Fig. 2). In addition, there is now more recent
evidence indicating that SF acts to arrest cancerous
cell cycle progression, and hence may also retard the
development of later stages of carcinogenesis. Possible
mechanisms of suppression of tumor development
following the initiation of precancerous cells include

Figure 5. SF acts on the process of carcinogenesis by affecting the three phases tumor initiation, promotion and progression phases, and
suppressing the final steps of carcinogenesis, i.e. angiogenesis and metastasis.
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the deletion of preinitiated cells from damaged tissues
through cell cycle arrest and apoptosis (Fig. 3, 4). Cell
cycle arrest by SFoccurred through an irreversible G2/
M phase arrest via a mechanism involving a reduction
of key G2/M–regulating proteins and/or disruption of
normal mitotic microtubule polymerization and his-
tone acetylation, whereas overexpression of Bax,
downregulation of Bcl-2 and activation of caspase-8
and caspase-9 were implicated in SF-mediated apop-
tosis. Finally, SF may exert anticarcinogenic effects by
the regulation of genes involved in the inflammation
pathway and endothelial cell functions, including the
proliferation of endothelial cells, tubular formation
and MMP production. However, the SF-regulated
genes involved in these pathways represent only a
subset of those for which expression is modulated by
SF or broccoli extracts both in cell cultures and
mammalian tissues. There are multiple steps within
pathways in which dietary components such as SF can
alter gene expression and cell phenotypes and thus
influence cancer outcomes (nutritional transcriptomic
effect). Analysis of gene expression data have ex-
panded the horizon of SF-regulated genes and molec-
ular pathways, identified novel downstream and up-
stream mediators for cancer chemoprevention by SF
and highlighted the cross-talk between various meta-
bolic pathways. In addition to its effects on protein
expression and function, evidence is now accumulat-
ing that SF can exert generic effects on the human
genome. The next challenge is to determine whether
SF in the context of the diet retains its chemo-
preventive activities through the same molecular
mechanisms, outlined in the present review. In partic-
ular, questions such as relevant concentrations ach-
ieved in the diet, bioavailability, genetic polymor-
phisms and food matrix interactions should be care-
fully addressed. Research on nutrient-gene interac-
tions not only provides molecular mechanisms of
cancer causation and prevention but also improves the
ability to conduct cancer surveillance that is crucial in
identifying at-risk populations. Understanding how
specific diets or individual dietary compounds alter
the balance in favor of chemoprevention will be an
important avenue of research. More large-scale clin-
ical trials are also needed to test single nutrients alone
or in combination with multiple dietary constituents
and functional foods.
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