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Abstract. The anticancer activity of sulforaphane is known
to be mediated at least partly by apoptosis induction and
associated with the presence of the –N=C=S moiety. The
present study explored how oxidation of sulphur in the side
chain of sulforaphane affected apoptosis induction to provide
the chemical basis of sulforaphane effects. Sulforaphane
analogues containing oxidised sulphur (alyssin,
sulforaphane, erysolin and alyssin sulfone) exerted a
superior growth inhibitory effect compared with
sulforaphane analogues with nonoxidised sulphur (erucin
and berteroin) in human colon cancer cell lines.
Furthermore, erysolin was a more potent inducer of reactive
oxygen species (ROS) and apoptosis compared with erucin.
Erysolin-induced ROS generation and subsequent apoptosis
were inhibited by pretreatment with the antioxidant N-acetylcysteine. Erysolin induced caspase-8 activation, while
blockade of caspsase 8 activation inhibited apoptosis
induced by erysolin. Taken together, sulforaphane analogues
with oxidised sulphur were the most efficient apoptosis
inducers, likely due to high-level ROS induction.
Numerous epidemiological studies have reported that
potential chemopreventive agents are present in human diets
or potential dietary components. A number of natural
compounds with inhibitory effects on tumourigenesis have
been identified in fruits and vegetables (1, 2). Among
vegetables with anticarcinogenic potential, members of the
cruciferous family appear to be very effective in reducing the
risk of colorectal cancer (3).
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The anticarcinogenic effects of cruciferous vegetables
have been attributed to isothiocyanates (ITCs) that are
naturally present as glucosinolates in a variety of edible
plants including watercress, broccoli, and cabbage. Natural
ITCs exist in many metabolic products, and include phenyl
ITC, allyl ITC, and sulforaphane (4-6). The bestcharacterized ITC is sulforaphane, which is generally found
in high concentrations in broccoli. Sulforaphane is known to
exhibit the most potent anticancer activity of the various
ITCs tested (7). Sulforaphane inhibited intestinal polyp
formation in Apcmin mice (8) and blocked carcinogeninduced mammary tumour development in rats (9). The
major mechanism by which sulforaphane exerts
chemopreventive effects has been generally considered to
reflect inhibition of carcinogen-activating enzymes and
induction of detoxification enzymes that promote the
removal of carcinogens (10).
In addition to chemopreventive effects, sulforaphane
exerted antiproliferative activity when tested against a wide
range of cancer cell lines, as well as in animal models (11).
Several different mechanisms of action have been suggested
to explain how sulforaphane inhibits proliferation of cancer
cells. The hypothesis includes inhibition of cell cycle
progress, and induction of apoptosis (5, 7, 10). Sulforaphane
induced apoptosis in PC-3 human prostate cancer cells and
inhibited the growth of PC-3 xenografts in vivo (9, 11). In
HT-29 colon cancer cells, sulforaphane treatment resulted in
cell cycle arrest and apoptosis, together with increased
expression of the pro-apoptotic protein Bax and the
proteolytic cleavage of poly(ADP-ribose)polymerase (12).
Sulforaphane-induced apoptosis generally involves caspase
activation, although the specific caspases involved vary
depending on the cellular context (10, 12).
The several biological activities of sulforaphane appear to
be mediated primarily through the reaction of the –N=C=S
group with cellular nucleophilic targets (13-16). A group of
naturally occurring sulforaphane analogues exist that differ in
the oxidation state of sulfur, separated by several carbon atoms
from the –N=C=S group (Table I), suggesting that biological
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Table I. Isothiocyante structure.

activities of these compounds might be related. However,
Zhang et al. demonstrated that sulforaphane and erysolin, the
sulfonyl analogue of sulforaphane, more effectively induced
activity of the phase II detoxification enzymes quinine
reductase and glutathione S-transferase, in murine hepatoma
cells, than did erucin, a sulforaphane thio-analogue (13). Both
sulforaphane and erucin increased the expression of multidrug
resistance protein (MRP)1 to a similar extent (17), although
the effect of sulforaphane was much greater than that of erucin
in particular cell lines. However, in the human HL-60
leukemia cells, cell cycle arrest and apoptosis induction by
erucin were more potent than afforded by sulforaphane (18).
Sulforaphane and erucin inhibited the growth of human A549
lung cancer cells to a similar extent (19). Sulforaphane and
erucin, but not erysolin, were effective in reducing the levels
of androgen receptor protein in human prostate LNCap cells
(20). Collectively, these studies suggest that the biological
activities of sulforaphane analogues might be affected by the
oxidation state of sulphur in the side chains of such materials,
and that effects might differ depending on the type of
biological activity assessed. To the best of the Authors’
knowledge, it is not known how the oxidation state of sulphur
influences the apoptosis-inducing activity of sulforaphane
analogues. This study reports that oxygen attached to sulphur
potentiated the apoptosis-inducing capability of sulforaphane
analogues, presumably because of increased reactive oxygen
species (ROS) generation.

Materials and Methods
Cell lines and reagents. The human HCT116, LoVo, CaCo-2 and HT29 colon cancer cell lines were obtained from the ATCC (Manassas,
VA, USA). HCT116, LoVo and HT-29 were cultured in RPMI-1640
medium (Hycolon, Logan, UT, USA), Caco-2 was cultured in
DMEM (Hycolon). Culture mediums were supplemented with 100
μg/ml Penicillin/ streptomycin and 10% heat-incubated foetal bovine
serum (Hycolon, Logan, UT, USA). The cells were incubated in 5%
CO2 at 37˚C.
Sulforaphane, erysolin, erucin, berteroin, alyssin and alyssin
sulfone were purchased from LKT Laboratories (Minneapolis, MN,
USA). 2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA) was
purchased from Molecular Probes (Eugene, OR, USA). 3-(4,5Dimethylthiazol-z-yl)-2,5-diphenyltetrazolium bromide (MTT),
propidium iodide (PI) solution, N-Acetyl-L-cystein (NAC) and
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buthionine sulfoximine (BSO) were purchased from Sigma (St. Louis,
MO, USA). Antibodies to procaspase 8 were obtained from BD
Bioscience PharMingen (San Diego, CA, USA). Antibodies against
procaspase 9 were obtained from Cell Signaling Technology (Beverly,
MA, USA). β-actin antibody was purchased from Sigma. Anti-mouseand anti-rabbit secondary antibodies were obtained from Amersham
(Arlington Heights, IL, USA).
Stable cell transfection. HCT116 cells were transfected with the
control pcDNA3 empty vector or with the vector containing FLAGtagged FLICED-DN by use of lipofectamine (Life Technologies, Inc,
USA), according to the manufacturer’s instructions. The pcDNA3
expression vectors expressing FLAG-tagged dominant-negative mutant
FLICE (FLICE-DN) was a kind gift from Dr. Dixit VM (University
of Michigan, MI, USA). After selection in culture medium containing
G418 (Gibco-BRL, Rockville, MD, USA) until individual colonies
appeared, clones were collected separately and analysed by western
blot to confirm the FLICE-DN expression. Cells transfected with the
empty vector were designated HCT116/CTL, and cells transfected
with vector containing FLICE-DN were designated HCT116/DN.
Cell growth and viability assay. Cells were seeded in 96-well plates in
0.1 ml of culture media supplemented with 10% FBS. On the
following day cells were treated with varying concentrations of
sulforaphane, erysolin, erucin, berteroin, alyssin and alyssin sulfone
reagents. Cell growth and viability were measured using MTT. The
formation of formazan crystals by active mitochondrial respiration in
cells was determined using a microplate spectrophotometer (BioTek,
Winooski, VT, USA) after dissolving the crystals in DMSO.
Immunoblotting. Cells were collected from the plates by scraping,
washed twice with phosphate-buffered saline (PBS), and suspended
in lysis buffer (150 mM NaCl, 10 mM Tris, 0.2% Triton X-100,
0.3% NP-40, 0.2 mM Na3VO4, and protease inhibitor, pH 7.4] on
ice for 20~30 min. Protein content was determined using the
Bradford assay (Bio-Rad, Hercules, CA, USA). Aliquots of cell
lysates containing equal amounts of protein were denatured in SDSreducing buffer by boiling for 5 min, resolved on SDSpolyacrylamide gels, and transferred to nitrocellulose membranes.
The resulting blots were blocked with 5% nonfat dry milk (Amresco
Inc. Cochran Road Solon, OH, USA) and incubated with specific
primary antibodies. The blots were subsequently incubated with
appropriate peroxidase-conjugated secondary antibodies and
developed with ECL Plus reagent (Amersham, Arlington Heights,
IL, USA) according to the manufacturer’s protocol.
Apoptosis assay. Cells were plated and allowed to attach overnight.
The cells were treated with SFN analogue and control received the
same amount of dimethyl sulfoxide (DMSO). When pretreatment
with caspase inhibitors was required, cells were incubated with 25
μM of the appropriate caspase inhibitor for 2-h and then treated
with SFN analogue. Following treatment, histone-associated DNA
fragment were quantified using a photometric enzyme immunoassay
using Cell Death ELISA Plus (Roche Applied Bioscience, Palo Alto,
CA, USA), following the manufacturer’s protocol. Analysis was
performed on a EL800 microplate reader (measured at 405 nm).
Caspase activity assay. Caspase 8 activity was determined by
caspase 8 fluorometric protease assay. Cells were harvested by
scraping then washed with PBS and resuspended in lysis buffer (10
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Figure 1. Effect of Sulforaphane (SFN) analogues on the growth and viability of colon cancer cells. A: HCT116 and B: LoVo, HT29 and Caco-2 cells.
At 72 h post-incubation with different SFN analogues, the growth and viability of cells was determined by MTT assay. Results are expressed as the
percentage growth (mean±S.D. of triplicate wells) relative to control (DMSO-treated) cells.

mM Tris (pH 7.4-7.5), 130 mM NaCl, Triton 0.5 ml, 10 mM
NaH2PO4, 1 mM EDTA, digitonin 10 μM] on ice for 15min. Protein
content was determined using the Bradford assay. The equal amount
of protein were incubated with a 50 μl caspase buffer (10 mM DTT,
50 mM HEPES (pH 7.4), 1 mM EDTA, 100 mM NaCl, 0.1%
CHAPS] containing 100 μM Ac-IETD-AFC for 2 h at 37˚C. The
fluorescence retaining samples were analysed by fluorescent
microplate reader (XFLUOR4, GENios) with a 360 nm excitation
wavelength and a 405 nm emission wavelength.
ROS-generation assay. Intracellular ROS generation was measured
by flow cytometry following staining with DCFH-DA. Non
fluorescent DCFH-DA, hydrolysed to DCFH inside cells, yields
highly fluorescent DCF in the presence of intracellular H2O2 and
related peroxides (21). Cells were plated in 6-well plates, allowed to
attach overnight, and treated. After treatment, the cells were
harvested by scraping, washed twice with PBS, resuspended in
serum-free medium for 1 h, and incubated with 5 μM DCFH-DA for
15-20 min at 37˚C. The cells were washed with ice-cold PBS and
resuspended in cold-PBS, and cell fluorescence was measured by

flow cytometry (FACScalibur; BD Biosciences, San Jose, CA, USA).
DCF fluorescence was analysed using the FL1 channel. Calculation
was performed with CellQuestPro software (Becton Dickinson, San
Jose, CA, USA).
Cell cycle analysis. Apoptosis induction by SFN analogues was
assessed by flow cytometry of cells with sub-G1 DNA content
following staining with propidium iodide (Sigma). For analysis of
sub-G1 DNA content cells (subdiploid cells), HCT116 cells were
plated in 60-mm cell culture dishes. After treatment, cells were
harvested by scraping, washed, fixed in 50% ethanol for 30 min and
resuspended in cold-PBS. Containing 0.1% Triton X-100, 2 μl of 10
mg/ml propidium iodide, and 5 μl of 10 mg/ml ribonuclease A for
DNA staining to be analysed by flow cytometry (FACScalibur).
Calculation was performed with CellQuest Pro software (Becton
Dickinson).
Statistical analysis. Statistically significant differences between
values obtained under different experimental conditions were
determined using two-tailed unpaired Student’s t-tests.
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Figure 2. Differential degree of apoptosis induction by SFN analogues in HCT116 cells. At 30 h post-incubation with DMSO or the indicated doses
of SFN analogues, A: Apoptosis quantified by an ELISA. The bar represents the ratio of the absorbance at 405 nm in cells incubated with SFN
analogue and in vehicle-treated control (CTL) cells (mean±SD of two experiments performed in duplicate). B: Percentages of cells accumulated in
the sub-G1 phase analysed as described in the text. Significant differences are indicated by asterisks: *p<0.05, compared with control cells.

Results
Growth inhibitory effects of sulforaphane analogues. First
the effects of sulforaphane analogues (Table I) on the growth
of human HCT116 colon cancer cell lines were compared.
After 72 h incubation with each tested analogue at
concentrations ranging from 1 to 15 μM, the MTT assay was
performed. As shown in Figure 1A, erucin and berteroin
were much less effective as growth inhibitors compared with
other sulforaphane analogs: the IC50 value of erucin and
berteroin were no lower than 15 μM, whereas those of other
sulforaphane analogues were lower than 4 μM. These data
suggest that sulforaphane analogues containing oxidised
sulphur (erysolin, sulforaphane, alyssin and alyssin sulfone)
are likely to be more potent antiproliferative agents than
analogues containing non-oxidised sulphur (erucin and
berteroin). Sulforaphane analogues containing four atoms of
carbon between oxidised sulphur and the –N=C=S groups
(sulforaphane and erysolin) were slightly more potent
compared with those containing five atoms of carbon (alyssin
and alyssin sulfone) (Figure 1A). These data suggest that the
number of carbon separating the sulphur atom from the
–N=C=S groups is a less important factor determining
antiproliferative potency of sulforaphane analogs.
Other colon cancer cell lines were then tested with each
sulforaphane analogue, and a similar potency was found in
these cell lines: The IC50 value of erucin was no lower than
15 μM in any cell line. In contrast, both erysolin and
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sulforaphane exerted higher growth inhibitory effects than
did erucin, in all cell lines (Figure 1B, data not shown for
alyssin, alyssin sulfone and berteroin). In HCT116, HT-29,
LoVo, and Caco-2 cells, the IC50 values of erysolin were
approximately 1.1 μM, 6.1 μM, 6.6 μM, and 8.7 μM,
respectively, and the corresponding IC50 concentrations of
sulforaphane were approximately 1.8 μM, 9.5 μM, 10.1 μM,
and 6.3 μM. When erysolin and sulforaphane were
compared, the growth inhibitory effect of erysolin was higher
than that of sulforaphane (HT-29 and LoVo cells), similar
(HCT116 cells), or lower (CaCo-2 cells), suggesting that
IC50 values depended on the cell type under test.
Collectively, these data showed that attachment of oxygen to
sulphur played an important role in mediating the growth
inhibitory effect of sulforaphane analogues in colon cancer
cells. In other words, sulforaphane analogues containing
oxidised sulphur appeared likely to be more potent
antiproliferative agents than were analogues containing nonoxidised sulfur.
Induction of apoptosis by sulforaphane analogues. Earlier
studies showed that sulforaphane inhibited cell proliferation
by inducing apoptosis in a wide range of cancer cell types
including colon cancer cells (1, 22). To investigate whether
SFN analogue-induced growth inhibition was associated with
a capability to induce apoptosis, an ELISA test was used to
measure DNA fragmentation, and flow cytometry was used
to assess accumulation of cells at specific phases of the cell
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Figure 3. Effect of SFN analogues on ROS generation (A, B) and apoptosis induction (C). A: ROS generation by SFN analogues. HCT116 cells
were treated with 12 μM of erysolin, SFN or erucin overnight prior to ROS generation. ROS data are expressed as the increase in channel
fluorescence of treated cells relative to vehicle-treated cells. Effect of pretreatment with antioxidant NAC or GSH-depletion agent BSO on the ROS
generation (B) and apoptosis induction (C) by erysolin. HCT116 cells were pretreated with BSO or NAC for 2 h before treating cells with 12 μM
erysolin overnight and subjected to ROS analysis or apoptosis analysis. Results are from duplicate assays in each of at least two independent
experiments (mean±SD) **p<0.01 by unpaired t-test.

cycle, employing HCT116 cells, as such cells appeared to be
particularly sensitive to treatment with sulforaphane
analogues.
The ELISA test, performed at 30 h post-incubation with 12
μM of each sulforaphane analog, showed that DNA
fragmentation was significantly higher in erysolin- or
sulforaphane-treated cells, but not in erucin-treated cells,
compared with cells exposed to DMSO. These data suggested
that growth inhibition observed at this time point was preceded
by apoptosis at an earlier stage. Moreover, the extent of DNA

fragmentation induced by sulforaphane analogues was in the
same order as observed when growth inhibitory effects were
studied, namely erysolin>sulforaphane>erucin (Figure 2A).
When a cell cycle analysis was performed after 30 h of
treatment with either 6 μM or 12 μM of erysolin or erucin, it
was found that erysolin dose-dependently increased
accumulation of cells in the sub-G1 phase, whereas treatment
with erucin afforded only a minimal increase in such
accumulation. At doses of 12 μM, the percentages of cells
accumulated in sub-G1 were 10% or 2% in cells treated with
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Figure 4. Erysolin-induced apoptosis was caspase 8 dependent. A: Effect of erysolin or erucin on the expression of procaspase 8 and 9. At 24 h postincubation of HCT116 cells with each SFN analogue, the procaspase expression was determined by immunoblot analysis. B: Effect of erysolin or
erucin on the activity of caspase 8. Caspase 8 activity assay was performed after 24-h treatment. C: Effect of pretreatment with a general caspase
inhibitor z-VAD-fmk or caspase 8 inhibitor z-IETD-FMK on the apoptotic cell death induced by erysolin. After 2-h pretreatment with 25 μM of the
appropriate caspase inhibitor, cells were treated with 12 μM erysolin for for 24 h prior to apoptosis analysis. D: Effect of erysolin on the apoptosis
induction in HCT116 cells stably transfected with empty plasmid vector (HCT116/CTL) or with plasmid containing dominant negative caspase 8 gene
(HCT116/FLICE-DN). Apoptosis assay was performed after incubation with erysolin for 24-h (mean±SD). **p<0.01 by unpaired t-test. Insets, (D)
Immunoblots for FLAG and procaspase-8 in HCT116/CTL and HCT116/FLICE-DN cells to determine the expression level of dominant negative
caspase 8 protein.

erysolin or erucin, respectively (Figure 2B). These results
suggested that the superior growth inhibitory effect of erysolin
was attributable to induction of more extensive apoptosis,
compared to that seen after erucin exposure.
Induction of ROS generation and subsequent apoptosis affected
by sulforaphane analogues. Oxidative stress may be linked to
apoptosis and cell cycle repression in various cell lines (23),
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and earlier studies have demonstrated that sulforaphaneinduced apoptosis is triggered by an increase in ROS levels in
several cancer cell lines (24, 25). To investigate whether
differences in apoptosis-inducing capabilities shown by
sulforaphane analogues were caused by variation in ROSgenerating ability, ROS levels were analysed after treatment
with such analogues. Intracellular ROS generation in control
(DMSO-treated) and test cells was assessed by flow cytometry,
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after staining with DCFH-DA. Sulforaphane and erysolin (both
at 12 μM) significantly increased DCF fluorescence compared
to that of vehicle-treated control HCT116 cells, whereas erucin,
also at 12 μM, had no such effect, thus suggesting that
sulforaphane and erysolin were more efficient ROS inducers
than was erucin (Figure 3A). Furthermore, pretreatment with
NAC, a general ROS scavenger, significantly inhibited
erysolin-induced ROS generation. In contrast, pretreatment
with BSO, a general promoter of ROS production, enhanced
erysolin-induced ROS generation (Figure 3B). These results
indicate that sulforaphane and erysolin are more efficient ROS
inducers than erucin.
It was sought to determine whether erysolin-induced
ROS generation was involved in mediation of apoptosis in
HCT116 cells. As shown in Figure 3C, such apoptosis were
blocked by pretreatment with NAC and increased by prior
exposure to BSO. This suggested that erysolin-induced
ROS generation played a major role in mediating apoptotic
cell death.
Activation of caspases by SFN analogues. Caspase cleavage is
a general feature of apoptosis, and earlier studies showed that
sulforaphane-induced apoptosis involved caspase activation
(11, 26). In this study, when immunoblotting analysis was
performed to determine changes in the expression of
procaspase 8 and 9, it was found that apoptosis-inducing
concentrations of erysolin or sulforaphane decreased expression
of procaspase 8, but not that of procaspase 9 (data not shown
for sulforaphane). In contrast, decrease in expression of neither
procaspase 8 nor 9 was observed in erucin-treated cells. In
addition, caspase 8 activity was increased in a dose-dependent
manner by erysolin, but not by erucin (Figure 4B). These
results indicated that caspase 8 activation was involved in
erysolin-induced apoptosis of HCT116 cells.
It was next examined whether pretreatment of cells with
z-IETD-FMK (a caspase 8 inhibitor) or z-VAD-FMK (a pancaspase inhibitor) could inhibit apoptotic cell death induced
by erysolin. Pretreatment with these inhibitors completely
blocked erysolin-induced apoptosis (Figure 4C). Likewise,
in HCT116/FLICE-DN cells established by stable
transfection of dominant-negative caspase-8 genes, the extent
of apoptosis induced by erysolin was significantly less than
that seen in HCT116/CTL cell lines (Figure 4D). Taken
together, these results suggested that erysolin induced
caspase 8-dependent apoptosis in HCT116 cells.

Discussion
This study explored whether the oxidation state of sulphur
separated by several carbon atoms from the –N=C=S group
affected the growth inhibitory effect of sulforaphane in
human colon cancer cells. The data demonstrated that the
antiproliferative activity of sulforaphane analogues was in

the order erysolin>sulforaphane>erucin in all colon cancer
cell lines tested, except CaCo-2 cells, where the potency was
ranked sulforaphane>erysolin>erucin. The fact that erucin
and berteroin, isothiocynate analogues containing
nonoxidised sulphur, did not inhibit the growth of cells by
50% even at the highest concentration tested (15 μM),
whereas four other analogues with mono- (sulforaphane and
alyssin) or di-oxidised (erysolin and alyssin sulfone) sulphur
did show inhibitory activity, suggested that the oxidation of
sulphur in sulforaphane may positively affect the ability to
inhibit the growth of cancer cells. As the anticancer effects of
ITCs such as sulforaphane appear to be at least partly
associated with an ability to block proliferation of cancer
cells, these data imply that chemical modifications in
sulforaphane analogues, such as attachment of oxygen to
sulfur, may lead to the development of more potent,
sulforaphane-based anticancer agents.
One proposed mechanism for how sulforaphane blocks the
proliferation of cancer cells involves induction of apoptosis.
The data from this study showed that sulforaphane induced
apoptosis at doses inhibiting proliferation of colon cancer
cells, and that the extent of growth inhibition caused by
sulforaphane analogues was correlated with the capability to
induce apoptosis. Therefore, a difference in the potency of
inhibition of colon cancer cell proliferation was associated
with a differential capability to induce apoptosis. These data,
combined with those of earlier studies showing that the
apoptosis-inducing potency of ITCs with the -N=C=S group
was greater when an aliphatic side group was present
(sulforaphane) than when the side group was aromatic
(phenethyl ITC and benzyl ITC) (27), suggest that a rational
design strategy based on analysis of structure-activity
relationships, and the synthesis of structural sulforaphane
analogues with modified side-chains, may contribute to the
development of ITCs with elevated apoptosis-inducing
characteristics.
These data demonstrated that increased apoptosis
induction by erysolin (and sulforaphane), compared with
erucin, was associated with an increase in caspase 8
activation, but not with a rise in caspase 9 activity, in
HCT116 cells. Moreover, pretreatment with a caspase 8
inhibitor or stable transfection with a dominant-negative
caspase 8 gene decreased erysolin-induced apoptosis,
suggesting a major role for caspase 8 in apoptosis. These
data are consistent with earlier studies demonstrating the
involvement of the caspase 8 dependent pathway in
sulforaphane-induced apoptosis in the human prostate (10,
12) and pancreatic cancer cells (24). However, as the
involvement of specific caspases in sulforaphane-induced
apoptosis has been shown to be cell type-specific, and to
involve the caspase 9-/mitochondria-dependent pathway in
human breast cancer MCF-7 and T47D cells (26), it would
be of interest to investigate how the apoptotic potency of the
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six sulforaphane analogues explored here differ in cell lines
in which caspase 9, but not caspase 8, plays a primary role in
mediating sulforaphane-induced apoptosis.
Oxidative stress is involved in a variety of different cellular
processes including apoptosis (23), and sulforaphane-induced
apoptotic cell death is known to be initiated by ROS generation
(25, 26). These data showed that exposure of HCT116 cells to
growth-inhibitory concentrations (12 μM) of erysolin or
sulforaphane was preceded by ROS generation, as indicated by
increased DCF fluorescence. Furthermore, apoptosis induction
was significantly inhibited by antioxidant pretreatment. These
results suggest that erysolin induced apoptosis by virtue of
excessive ROS generation, as did sulforaphane, indicating that
apoptotic pathways induced by the two drugs were similar. In
contrast, ROS generation after treatment of cells with 12 μM
erucin was minimal, implying that differences in the apoptosisinducing potency of the sulforaphane analogues was
attributable, at least in part, to variations in ROS-inducing
ability. These results support a recent study that demonstrated
that subapoptotic concentrations of erysolin strongly enhanced
arsenic trioxide-mediated apoptosis in cancer cells by
increasing cellular ROS levels (28).
Currently, it remains unclear how sulforaphane affects the
cellular redox state. Earlier studies suggested that the
–N=C=S moiety of ITCs could undergo spontaneous
hydrolysis, leading to formation of hydrogen peroxide or
superoxide (29). Other proposed mechanisms of
sulforaphane-induced ROS generation include depletion of
glutathione (GSH) by intracellular conjugation of
sulforaphane, an electrophile, with intracellular nucleophiles,
especially GSH, leading to increased levels of ROS (30, 31).
The current data do not make it clear whether oxidation of
sulphur in the side chain of structural sulforaphane analogues
affects intracellular ROS generation directly or indirectly.
However, it is reasonable to hypothesise that oxidation of
sulphur in the side chain of sulforaphane increases the
electrophilicity of the –N=C=S group, thereby elevating
reactivity with particular cellular nucleophilic targets
associated with ROS generation (27). This hypothesis
remains to be further investigated.
In conclusion, this study demonstrated that the ROS- and
apoptosis-inducing capabilities of SFN analogues were
affected by the oxidation state of sulphur in the side chain.
Recent studies have suggested that sulforaphane-induced
oxidative stress paradoxically involves cellular resistance
and/or recovery from stress, and that much of the
sulforaphane-mediated chemopreventive activity is
associated with this cellular response (27). Therefore, it
would be of interest to investigate how other biological
responses of cells are affected by structural differences in
SFN analogues. An understanding of the chemical basis of
these effects would contribute to the development of more
effective chemopreventive and treatment strategies.
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