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Abstract

Sulforaphane (SFN) is an isothiocyanate found in cruciferous vegetables, with particularly high levels
detected in broccoli and broccoli sprouts. Over a decade ago, this phytochemical was identified as a
likely chemopreventive agent based on its ability to induce Phase 2 detoxification enzymes, as well
as to inhibit Phase 1 enzymes involved in carcinogen activation. Considerable attention has focused
on SFN as a ‘blocking’ agent, with the ability to modulate the Nrf2/Keapl pathway, but recent
evidence suggests that SFN acts by numerous other mechanisms. SFN induces cell cycle arrest and
apoptosis in cancer cells, inhibits tubulin polymerization, activates checkpoint 2 kinase, and inhibits
histone deacetylase activity. The latter findings suggest that SFN may be effective during the post-
initiation stages of carcinogenesis, as a ‘suppressing’ agent. Moreover, pharmacological
administration of SFN may be a promising therapeutic approach to the treatment of cancers, including
those characterized by increased inflammation and involving viral or bacterial-related pathologies.
The present review discusses the more widely established chemoprotective mechanisms of SFN, but
makes the case for additional work on mechanisms that might be of importance during later stages
of carcinogenesis, beyond Keapl.
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1. Introduction

An estimated 1.4 million Americans will be diagnosed with cancer in 2005, with over 570,000
mortalities (American Cancer Society). Although advances in treatment have been made, there
continues to be a need for intervention strategies, including compounds that act as primary
protective agents by preventing, delaying, or reversing pre-neoplastic lesions, as well as those
that act on secondary or recurrent cancers as therapeutic agents. Compounds found in the diet
are of particular interest because of their accessibility to the general population, and ongoing
research continues to identify novel candidates for use in cancer chemoprevention clinical
trials.

Isothiocyanates (ITCs) are found in cruciferous vegetables such as broccoli, Brussels sprouts,
cauliflower, and cabbage. Sulforaphane (SFN) is an ITC found at high levels in broccoli and
broccoli sprouts [1,2]. Since it was first identified in 1992 as a potential chemopreventive agent
[1], there has been a sharp increase in PubMed citations mentioning SFN (Fig. 1). Early
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research focused on Phase 2 enzyme induction by SFN, as well as inhibition of enzymes
involved in carcinogen activation, but there has been growing interest in other mechanisms of
chemoprotection by SFN.

Thus, in addition to its ability to act as a ‘blocking” agent against early initiating events, recent
evidence points to SFN as a ‘suppressing’ agent, helping to delay or reverse growth and/or
survival of transformed cells (Fig. 2). The precise mechanism(s) that operate during the post-
initiation phase are not well understood, and only a handful of suppressing agents have been
studied in any detail. Nonetheless, this review considers the evidence that SFN might represent
a multi-faceted chemopreventive agent, with the ability to act during blocking, suppressing
and therapeutic stages. The various mechanisms will be discussed in turn, namely: (1)
inhibition of Phase 1 enzymes, (2) modulation of Phase 2 enzymes, (3) eradication of infection,
(4) inhibition of growth promoting signaling pathways, (5) alteration of signaling pathways,
cell cycle arrest, and apoptosis, and (6) inhibition of recurrence (refer to Fig. 2).

2. Prevention of chemical carcinogenesis: carcinogen detoxification

Pathways that augment carcinogen detoxification and excretion can reduce reactive
intermediate(s) that might otherwise interact with DNA, thereby effectively blocking initiating
events early in carcinogenesis. Evidence suggests that SFN accomplishes this through two
mechanisms, namely inhibition of Phase 1 enzymes and induction of Phase 2 enzymes (Fig.
2).

2.1. Inhibition of Phase 1 enzymes

Phase 1 enzymes can metabolically activate pro-carcinogens; thus, under certain
circumstances, the inhibition of Phase 1 enzymes can be considered a preventive measure
against chemically induced carcinogenesis. Activities of cytochromes P450 (CYPs) 1Al and
2B1/2 were inhibited dose-dependently by SFN in rat hepatocytes, as determined by 7-
ethoxyresorufin-O-deethylase (EROD) and pentoxyresorufin-O-dealkylase (PROD),
respectively [3]. In human hepatocytes, SFN decreased mMRNA levels of CYP3A4, and this
translated to a decrease in CYP3A4 activity [3]. Furthermore, studies of p-nitro-phenol
hydroxylase activity in acetone-induced rat liver microsomes established that SFN was a
competitive inhibitor of CYP2E1 [4]. Subsequent work in mouse hepatocytes showed dose-
dependent inhibition of unscheduled DNA synthesis induced by N-nitrosodimethylamine
(NDMA), a carcinogen known to be activated by CYP2E1, and SFN exhibited antimutagenic
effects against NDMA at nanomolar concentrations in the Salmonellaassay. SFN had no effects
on the mutagenicity of sodium azide, a direct-acting mutagen [4], suggesting that SFN indeed
inhibited one or more enzymes in the S9 fraction. Interestingly, SFN was reported to have no
effect against CYP1A2 [4], an enzyme involved in the metabolic activation of heterocyclic
amines [5]. Nonetheless, SFN inhibited the S9-dependent mutagenic activities of several
heterocyclic amines in the Salmonella assay, including 2-amino-3-methylimidazo[4,5-f]
quinoline (1Q), 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), and 3-amino-1,4-
dimethyl-5H-pyridol[4,3-b] indole (Trp-P-1) [6]. Other mechanisms were not examined for
SFN, such as complex formation with the carcinogen, degradation of the activated metabolites,
or scavenging of electrophiles [5], which can serve to limit the extent to which initiating agents
interact with DNA and form covalent adducts. Interestingly, SFN decreased the number of
PhIP-DNA adducts by approximately 40% in human HepG2 cells pre-treated with 1 uM SFN
followed by 10 ng PhIP; however, there was no decrease in DNA adduct formation with post-
treatment of SFN, suggesting that SFN had no effect on PhIP DNA-adduct repair, but rather
prevented PhIP interactions with DNA [7]. SFN was also shown to protect against benzo(a)
pyrene (BaP)-induced single-strand DNA breaks in the comet assay, with concentrations as
low as 5 pM SFN [8]. Using THLE cells that express CYP2E1 or CYP1A2, SFN also inhibited
double-strand breaks initiated by NDMA and 1Q, respectively [9]. In non-cancerous human
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mammary epithelial MCF-10F cells, SFN provided protection against DNA adduct formation
by BaP and 1,6-dinitropyrene [10]. In the latter studies, protection was observed by
concentrations as low as 0.1 uM SFN, which inhibited 68% of BaP-DNA adducts, with a
maximum of 80% inhibition being detected at 2 uM SFN. Interestingly, an increase in
NADPH:quinone reductase (NQO1) and glutathione-S-transferase P1 (GSTP1) protein
expression was also reported in these cells [10]. Collectively, these reports provide evidence
for protection by SFN against carcinogen-DNA damage in vitro and suggest a role for inhibition
of certain Phase 1 enzymes, but they do not completely rule out the possibility that SFN operates
via other blocking mechanisms.

2.2. Modulation of Phase 2 enzymes

An additional blocking mechanism, and indeed the first to be associated with SFN, was the
potent induction of Phase 2 enzymes. SFN augments various pathways known to facilitate
carcinogen detoxification and excretion. Using quinone reductase (QR) activity as a measure
for inducer activity in Hepa 1c1c7 murine hepatoma cells, SFN was shown to double QR
activity at concentrations on the order of 0.4-0.8 uM SFN [1]. Furthermore, mice treated by
gavage with 15 pumol SFN/mouse per day for 5 days had an increase in QR and glutathione-
S-transferase (GST) in the liver, forestomach, glandular stomach, proximal small intestine, and
lungs [1], establishing that SFN also induces Phase 2 enzymes in vivo following oral ingestion.

Although many cell lines respond to SFN, there is some variability in the extent and type of
Phase 2 enzyme induction, depending on cell type. In human HepG2 cells, for example, SFN
increases MRNA of UDP-glucuronosyltranferase (UGT) 1A1 and GSTAL [7], increases QR
activity [11], and increases UGT1AL protein as well as bilirubin glucuronidation [12]. An
increase in GST and QR activities also was observed with SFN treatment in murine Hepalclc7
cells [11,13]. Whereas there was an apparent decrease in GST activity in HT29 cells,
undifferentiated CaCo-2 cells demonstrated a dose- and time-dependent induction of GSTAL
and UGT1A1 upon SFN administration [14]. Human prostate cells responded to SFN with an
increase in NQO1 and GSTAL1 mRNA, as well as an increase in microsomal GST activity and
QR activity [15]. Furthermore, SFN increased y-glutamylcysteine synthetase light chain
MRNA, resulting in an increase in cellular glutathione [15]. In primary rat hepatocytes, SFN
has been reported to induce mMRNA of GSTA1/2 and GSTPL1 [3], whereas in human primary
hepatocytes, SFN induced mRNA of GSTA1/2 and GSTM1 but decreased mRNA of CYP3A4
[3]. The net result of the aforementioned responses to SFN is to increase cellular defenses,
leading to enhanced carcinogen detoxification and protection against potential mutagenic
events.

Importantly, these effects of SFN in cell culture can be extrapolated to in vivo situations. As
previously mentioned, induction of GST and QR activities was observed in tissues of mice
given SFN orally, demonstrating that systemic uptake and bioavailability of SFN and/or its
metabolites was feasible [1]. Confirming these observations, rats treated by gavage for 5
consecutive days demonstrated a dose-dependent (200-1000 umol SFN/kg per day) increase
in QR and GST activity in the liver, colon, and pancreas [13], and 40 umol SFN/kg per day
for 5 days by gavage increased QR and GST activities in the rat forestomach, duodenum, and
bladder [16].

In recent years, two main mechanisms have been proposed to explain the induction of Phase
2 enzymes by SFN, namely disruption of Nrf2-Keap1 interactions and mitogen-activated
protein kinase (MAPK) activation (Fig. 3). These mechanisms may act synergistically to induce
genes that contain the so-called ‘antioxidant response element’ (ARE). In early experiments,
SFN was shown to be the most potent inducer among several compounds tested in an ARE
reporter assay [17]. The disruption of Nrf2—Keap1 interactions, the translocation of Nrf2 to
the nucleus, and the induction ARE-containing genes has been extensively reviewed for SFN
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[18-21]. Recent evidence suggests that specific cysteine residues of Keapl, the anchor that
prevents Nrf2 from entering the nucleus, act as ‘sensors’ that are modified by SFN and other
Phase 2 enzyme-inducers [22]. In mice treated by gavage with 9 umol SFN per day for 1 week,
several classes of genes were identified as targets of SFN in a transcriptional microarray,
including cellular NADPH regenerating enzymes, xenobiotic metabolizing enzymes,
antioxidant enzymes, and biosynthetic enzymes of glutathione and glucuronidation
conjugation pathways [23]. The importance of Nrf2 was illustrated through the use of Nrf2
knockout mice, in which the response to SFN in induction of the aforementioned classes of
genes was abrogated. Further studies in which mice were fed broccoli seeds, which contain
high levels of SFN, in the diet for 7 days resulted in an increase in protein expression of NQO1,
GSTAL/2, GSTA3, and GSTM1/2 in the stomach, small intestine, and liver of wild-type mice
[24]. Although the response in Nrf2 knockout mice was not as strong compared to wild-type
mice, broccoli seeds nonetheless were able to increase GSTAL/2, GSTA3, and GSTP1 in the
stomach and GSTAZ3 in the liver, hinting at other possible mechanisms.

An additional mechanism through which SFN might activate ARE-driven genes is via the
mitogen activated protein kinase (MAPK) pathway (Fig. 3). SFN was shown to increase ERK2
activity, which is downstream from Raf-1 and MEK [25]. Use of a MAPK inhibitor attenuated
activation of QR activity in HepG2 cells and ARE reporter activity, and SFN directly activated
Raf-1[25]. Subsequently, MAPK activation was observed inrat livers 2 h after rats were treated
by gavage with 50 umol SFN [26]. This, along with other data (reviewed in [27,28], suggests
that MAPK activation may play a role in the activation of Nrf2, and that SFN may regulate
ARE-mediated transcription both through its effects on Keap1-Nrf2 destabilization, as well
as MAPK activation.

Blocking effects of SFN also have been reported in other studies, in vivo. Administration of
75 or 150 umol SFN 3 days prior and 1 day after a single dose of DMBA dose-dependently
decreased mammary tumor incidence and multiplicity in Sprague—Dawley rats [29].
Importantly, the latter study also showed a delay in onset of tumor formation. Hot water extracts
from broccoli sprouts, containing high levels of the SFN precursor glucoraphanin, were
inhibitory toward DMBA-induced mammary tumors [2]. SFN blocked BaP-initiated
forestomach tumors in mice [30]. Interestingly, in a pre- versus post-initiation experiment, SFN
and its metabolite SFN-N-acetyl-cysteine (SFN-NAC) demonstrated different outcomes in
prevention of azoxymethane (AOM)-induced colonic aberrant crypt foci [31]. SFN
administered both pre- and post-initiated effectively inhibited the total number of crypts and
the number of rats with more than four crypts. However, SFN-NAC was active only post-
initiation [31], suggesting that the parent compound, SFN, and the metabolite, SFN-NAC, may
elicit different mechanisms of chemoprevention. The results of the latter study clearly suggest
that SFN acts not only as a blocking agent, but also as a suppressing agent during later stages

(Fig. 2).

2.3. Eradication of infection

Although many studies with SFN have focused on detoxification of chemical carcinogens,
evidence also has been reported for protective effects against viral or bacterial pathogens (Fig.
3). For example, chronic infection with Helicobacter pylori (H. pylori) is associated with an
increased risk of gastric cancer [32]. SFN was recently shown to inhibit several strains of H.
pylori, including antibiotic-resistant strains, with a minimal inhibitory concentration of 4 ug/
ml [30]. Moreover, SFN administered at 7.5 umol per day for 5 days eradicated H. pylori from
human gastric xenografts in nude mice [33]. The precise mechanism(s) through which SFN
protected in these studies remains unknown.
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2.3.1. Chemoprevention: beyond Keapl—Only recently has SFN been described as a
chemopreventive and therapeutic agent that might act through suppressing mechanisms, i.e.
post-initiation. Some studies reported decreased viability of neoplastically transformed cells
as compared with the corresponding non-transformed cells or pre-neoplastic cells, suggesting
some selectivity of SFN action. The downstream effects of SFN appear to be dependent on cell
type, as well as the concentration and length of SFN treatment. While several studies have
described effects on signaling pathways, cell cycle arrest and/or apoptosis (Table 1), relatively
few mechanisms have been explored to explain precisely how SFN mediates these changes.

2.4. Inhibition of growth-promoting signaling pathways

During the various steps of multi-stage carcinogenesis (Fig. 2), tumor modulators can alter
signaling pathways in a manner that promotes or inhibits cell growth. Whereas initiating events
often constitutively activate survival and/or growth signaling pathways, chemopreventive
agents can override the aberrant signaling events and thereby act as tumor suppressors. SFN
interferes with two well-known signaling pathways, beyond Keap1l. First, SFN acts as an anti-
inflammatory agent through decreasing the DNA binding capability of nuclear factor kB
(NFxB) [34]. In murine RAW macrophages, SFN decreased lipopolysaccharide (LPS)-induced
nitric oxide (NO), prostaglandin E2, and tumor necrosis factor p(TNF), as well as inducible
nitric oxide synthase (iNOS) and cyclooxygenase 2 (COX2) protein expression and mRNA
levels [34]. Second, SFN inhibited UVB-induced AP-1 activation in human keratinocytes at
concentrations ranging from 1 to 10 pM [35]. It was shown that SFN interfered with AP-1
binding to DNA, and cysteine residues in AP-1 may be important for the inhibitory effects
[35].

2.5. Induction of cell cycle arrest and/or apoptosis

The effects of SFN on cell viability were described in HT-29 human colon cancer cells, where
100 uM SFN for 24 or 48 h resulted in a decrease in cell viability to 10% of controls [36].
Further work established an ICsg of 15 uM SFN in HT-29 cells and 50 uM in CaCo-2 cells,
suggesting possible selective effects toward undifferentiated versus differentiated cells,
respectively [36]. Alterations in cell cycle progression also have been reported in HT-29 cells
treated with SFN, with a decrease in the percentage of cells in G1 and an increase in G2/M, as
well as increases in cyclin A and cyclin B1 protein levels [37], and hyperphosphorylation of
the retinoblastoma tumor suppressor protein (Rb) [38]. Furthermore, there was an increase in
Bax protein expression, loss of cytochrome ¢ from mitochondria, and concomitant elevation
of cytosolic cytochrome ¢ [37]. Apoptotic markers also were observed upon treatment with
SFN, such as phosphatidylserine translocation, nuclear condensation, membrane blebbing, and
vesicle formation [37].

Similar responses have been observed in human prostate cancer cells after treatment with SFN.
Androgen-dependent LnCaP cells exposed to 9 uM SFN underwent a G1 arrest, whereas
increasing the dose to 50 uM caused the cells to become apoptotic, with activation of caspases
and a dose-dependent decrease in DNA synthesis [39]. SFN caused androgen-independent
DU-145 cells to also undergo G1 cell cycle arrest, with inhibition of Cdk4 activity, an increase
in p21CipL/Wafl expression, and a decrease in cyclin D1 expression [40]. Furthermore, apoptosis
was induced in these cells, as evidence by increased terminal deoxynucleotidyl transferase-
mediated nick-end labeling (TUNEL), increased caspase-3 (cleaved), and decreased Bcl-2
expression [40]. While the latter studies with LnCaP and DU-145 cells reported a G1 arrest,
SFN caused an apparent G2/M arrest in PC-3 cells [41]. The latter cells also underwent
apoptosis, as evidenced by an increase in DNA fragmentation, cleavage of poly-ADP ribose
polymerase (PARP), and increased expression of Bax and cleaved caspase-3 and caspase-9
[42].
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SFN-mediated cell cycle arrest and apoptosis has been reported in several other cell lines. For
example, a G2/M arrest was described in murine sarcomatid mammary F311 cells [43] and
human MCF-7 mammary cancer cells [44], with cytotoxic effects also reported in MCF-7 cells
[45]. Loss of cell viability was observed with concentrations as low as 1 uM SFN in
lymphoblastoid cells [46], 4.3 uM SFN in HL60 cells [47], and 3 uM SFN in human T-cell
leukemia cells [48]. Apoptosis induction in medulloblastoma cells occurred at 5 uM SFN, with
an 8-fold increase in caspase activity at 10 uM SFN [49]. SFN also elicited caspase-3 cleavage
and G2/M arrest in human pancreatic cancer cells, and cellular toxicity due to SFN was
positively correlated with a decrease in cellular GSH levels [50]. Based on the numerous reports
of cell cycle arrest and apoptotic activity induced by SFN in multiple cell types, SFN can
potentially act against several types of cancer, and at early, intermediate and late stages (Fig.
2).

Apoptotic markers have also been observed with SFN in xenograft models. For example, in
BALB/c mice implanted with murine mammary carcinoma cells and subsequently given 15
nmol SFN for 13 days by i.v. injection there was a 60% decrease in tumor mass, a decrease in
proliferating cell nuclear antigen (PCNA) levels, and an increase in cleaved PARP [43]. PC-3
xenografts from mice treated by gavage with 5.6 umol SFN three times per week for 3 weeks
were approximately one-fourth the volume compared to controls, and the implants from SFN-
treated mice exhibited an increase in TUNEL staining, and increases in the expression of pro-
apoptotic proteins such as Bax and Bid [42].

Several mechanisms have been proposed to explain how SFN induces changes in cell cycle
progression and apoptosis. First, two groups demonstrated that SFN maintains Cdc2 kinase in
its active form, which was correlated with induction of apoptosis [38,43]. However, another
study reported reduction of Cdc25C, a phosphatase responsible for activation of Cdc2; this
reduction of Cdc25C by SFN was mediated via activation of checkpoint 2 kinase (Chk2)
[41]. Reduction of Chk2 by siRNA slightly decreased SFN-mediated G2/M arrest, suggesting
that Chk2-independent mechanisms also contribute to SFN-induced cell cycle arrest, but Chk2
protein levels may influence the sensitivity of cells to SFN [41]. Based on observations that
SFN treatment resulted in condensed, unaligned chromatin at the metaphase plate in MCF-7
cells [44], and aberrant and mildly depolymerized spindles in F311 cells [43], it was
hypothesized that SFN disrupts tubulin polymerization, resulting in cell cycle arrest during
mitosis. SFN did decrease tubulin polymerization in vitro, albeit at non-physiological
concentrations (100-300 uM) [43,44].

Finally, SFN was recently identified as a novel histone deacetylase (HDAC) inhibitor in human
embryonic kidney 293 (HEK293) and in HCT116 human colon cancer cells [51]. HDAC
inhibitors have been shown to induce cell cycle arrest and apoptosis [52], and they appear to
have less effect on normal cells, perhaps due to induction of thioredoxin [53]. At
physiologically relevant concentrations, SFN increased acetylated histones H3 and H4, and
expression of p21CiPYWafl Noreover, in a chromatin immunoprecipitation (ChIP) assay, SFN
dose-dependently increased the amount of acetylated histone H4 associated with the P21
promoter. A metabolite of SFN, SFN-cysteine, was shown to be the likely inhibitor of HDAC
activity [51]. These findings were recapitulated in benign prostate hyperplasia (BPH-1),
LnCaP, and PC-3 human prostate cells, together with marked changes in cell cycle progression
and apoptosis (M.C. Myzak et al., unpublished data). Importantly, the promoter region of the
P21 gene appears to lack an ARE, supporting a Nrf2-independent mechanism by SFN. HDAC
inhibition provides an important new avenue for future research on SFN, both as a tumor
suppressing agent and as a chemotherapeutic agent during late stages of carcinogenesis.
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3. Conclusions

Accumulating evidence suggests that SFN is a highly promising dietary preventive agent, due
to its ability to confer chemoprotection through several distinct pathways and via multiple
mechanisms of action. Early studies focused on the potent Phase 2 enzyme inducing activities
of SFN, and alterations in Nrf2/Keap1 signaling. However, recent reports have identified SFN
effects on cell cycle checkpoint controls, apoptosis mediators, and HDAC activity, suggesting
the need to keep one eye beyond Keapl. Due to its ability to induce cell cycle arrest and
apoptosis in various tumor cells, SFN has the potential to act against secondary and possibly
recurrent cancers (Fig. 2), and the diversity of mechanisms makes SFN a strong candidate for
possible therapeutic application, either alone or in combination with other agents that provide
synergistic or additive protection. Epidemiological evidence suggests a reduced risk for cancers
of the prostate [54-56], lung [57-59], breast [60], and colon [61,62] in people who consume
cruciferous vegetables. Further studies will be required to determine to what extent these
protective effects of whole vegetables can be attributed to SFN and/or its metabolites, and the
various mechanisms discussed in the present review and outlined in Fig. 4.
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Fig. 1.
Increasing interest in SFN, based on annual citations in PubMed.
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PROTECTIVE ‘MECHANISM’

1. Inhibition of Phase 1 enzymes
(block metabolic activation)

ONIMOOT14

2. Modulation of Phase 2 enzymes
(induce detoxifying pathways)

3. Eradication of infection

4. Inhibition of growth-promoting
signaling pathways

5. Alteration of signaling pathways
(cell cycle arrest and apoptosis)

AdVH3IHL/NOISS3IHddNS

6. Inhibition of recurrence?

SFN acts at various steps during multi-stage carcinogenesis. This figure illustrates the various
‘blocking’ and *suppressing’ mechanisms by which SFN inhibits multi-stage carcinogenesis.
Each of the protective mechanisms (1-6) is described in further detail in the text. Adapted from

a previous review [5].
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Nrf2

ARE
Phase 2 enzymes

Fig. 3.

SFN induces ARE expression through disruption of the Keap1-Nrf2 complex. SFN can interact
directly with sulfhydryl residues on Keapl, causing Nrf2 to be released. Alternatively, SFN
can activate the MAPK pathway, causing phosphorylation of Keapl and release of Nrf2. Once
released, Nrf2 enters the nucleus, where it transactivates ARE-responsive genes.
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Multiple mechanisms of chemoprotection by SFN. This figure combines empirically tested as
well as postulated activities of SFN, based largely on in vitro studies, plus in vivo findings
where available. Each of the protective mechanisms is described in further detail in the text.
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Table 1
Responses to SFN treatment in various cell lines
Cells Dose (mMM) Treatment time (h) Changes detected References
HT-29 15 48 Decreased cell viability; increased Bax, cyclin [36-38]
A, cyclin B1, p21, Rb phosphorylation, cdc2
kinase activities; cytochrome c release from
mitochondria; G2/M arrest; roscovitine
decreased SFN-induced apoptosis
HCT116 15 48 Increased p21, acetylated histones H3 and H4 [51]
CaCo-2 50 48 Decreased cell viability [36]
LnCaP 9-50 30 G1 arrest; sub-G1 peak; decreased DNA [39]
synthesis
DU-145 3-90 24-48 G1 arrest; increased p21, TUNEL, caspase [40]
activity; Decreased cyclin D1
PC-3 20-40 4-72 G2/M arrest; increased sub-G1, increased Chk2 [41,42]
kinase activity, caspase activity, Bax; decreased
cell viability, cyclin B1, Cdc25B, Cdc25C
F3l11 5 24 1C50=5 uM; G2/M arrest [43]
100-300 1 Interference with tubulin polymerization in
vitro
15 36 Increased cdc2 kinase activity; decreased Bcl-2
MCF-7 15 24 G2/M arrest; increased cyclin B1; disruption of [44,45]
microtubule polymerization
137 48 1C5,=13.7 uM by sulforhodamine B assay
MCF-12A 40.5 48 1C5,=40.5 uM by sulforhodamine B assay [45]
Lymphoblastoid 3.9 48 1C5,=3.9 uM for loss of cell viability; increased [46]
apoptosis
1 48
HL-60 3.4 72 1C5,=3.4 mM for loss of cell viability [47]
Jurkat 30 48 G2/M arrest; increased Bax, p53, apoptosis; [48]
decreased Bcl-2
DAOY 2 24 Increased caspase activity [49]
10 18 Increased TUNEL, cleaved PARP
10 24 Loss of cell viability (40% of controls)
MIA PaCa-2 10-40 24 G2/M arrest; caspase-3 cleavage; decreased cell [50]
viability, GSH levels; no Chk1 activation
PANC-1 5 24 G2/M arrest; decreased cell viability, GSH [50]

levels
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