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Early effects (only 1 h of exposure) of three isothiocyanates (benzyl, phenylethyl, and sulforaphane)
on nuclear accumulation of thioredoxin, APE/Ref-1, and transcription factors NF-κB and Nrf2, as
well as production of reactive oxygen species (ROS) and reduced glutathione levels were examined
in human adenocarcinoma Caco-2 cells. Nuclear increase of NF-κB, Nrf2, and thioredoxin contents
was observed in all isothiocyanate-treated cells, whereas the nuclear Ref-1 and cytoplasmic Keap1
contents were not changed. Sulforaphane was the most potent inducer of Nrf2 nuclear accumulation
(10 µM, 1.9-fold) and NF-κB nuclear accumulation at higher concentration (25 µM, 6.3-fold). In contrast,
benzyl isothiocyanate induced more thioredoxin nuclear accumulation (10 µM, 2.9-fold), increased
production of ROS, and gave the greatest induction of thioredoxin reductase 1 mRNA (10 µM, 10.2-
fold), whereas phenylethyl isothiocyanate was more potent in the depletion of reduced glutathione
levels. These results show that different individual isothiocyanates may possess some different
activities in nuclear accumulation of thioredoxin, NF-κB, Nrf2, and production of ROS.
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1. INTRODUCTION

Dietary isothiocyanates (ITCs) from cruciferous vegetables
are potentially important phytochemicals in cancer chemopre-
vention. The cellular targets of ITCs include phase I activating
and phase II detoxification enzymes, MAPK kinases, histone
deacetylase, cdc2 kinase, cdc25 phosphatase, and tubulin
polymerization (1-8). Other activities such as cell cycle
checkpoint activation, apoptosis induction, and mitochondrial
depolarization were also observed in ITC-treated cells (1, 4, 9,
10). These cellular manifestations of ITC effects are the results
of interaction with the intracellular signaling network, whose
role is to integrate and distribute regulatory information. It is
directed from upstream inputs recognition of external stimuli
to downstream activation of nuclear effectors, mainly transcrip-
tion factors (11-13).

Glutathione (GSH) is the major thiol-disulfide redox buffer
of the cell as its millimolar cytosol concentration is far higher
than those of Trx and glutaredoxin (14). Correlation of the half-
cell reduction potential of the GSSG/2GSH couple with markers
of biological status such as proliferation, differentiation, and
apoptosis was suggested (15). Thiol balance may be critical for
the regulation of cholesterol homeostasis in intestinal cells
influencing the lipid transport throughout the intestinal barrier
and enhanced tight junction permeability (16). Redox-sensitive

thiol groups of proteins such as NF-κB, SP1, or Keap1, a
cytosolic repressor of Nrf2, are all involved in the regulation
of cellular redox responses (17-19). Increased expression,
nuclear translocation, and enhanced DNA binding of those
transcription factors was induced in rat duodenal mucosa during
cysteamine-induced duodenal ulceration (20). Additionally,
protein tyrosine phosphatases are redox regulated and thus can
attenuate the phosphorylation signaling pathways (21). Thus,
PP5 phosphatase regulation of the ASK-1/MKK-4/JNK signal-
ing (22) and Trx modulation of ASK-1-induced apoptosis (23,
24) may represent a crosstalk of two redox-dependent signaling
pathways.

Trx is one of the principal reducing factors in the nucleus in
addition to APE/Ref-1 (25). Trx may be responsible for the
redox cycling of APE/Ref-1, which has been shown to enhance
the DNA-binding activity of AP-1 complex (26). Cytoplasmic/
nuclear Trx-1 and mitochondrial Trx-2 are important during
embryonic development, and embryonic lethality in -/- knockout
mouse was documented (27, 28). The redox state and activity
of Trx are maintained by thioredoxin reductase (TR1), a
selenocysteine-containing flavoprotein, that catalyses the NADPH-
dependent reduction of Trx as well as numerous other oxidized
cellular proteins (29). It has been shown that ITCs are potent
inducers for TR1 expression at both transcriptional and trans-
lational levels (30,31).

ITCs activate another redox-sensitive pathway, Keap1-Nrf2,
that induces expression of genes containing antioxidant respon-
sive element (ARE) in their promoter regions (32). Under
normal conditions, Nrf2 exists in an inactive cytoplasm-located
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state bound to the cytoskeleton-associated protein Keap1 (33,
34). Sulforaphane (SFN) can modify Keap1 most readily in the
Kelch domain form thionoacyl adducts (35), and Nrf2 is
therefore released from Keap1 and translocated to the nucleus,
resulting in the activation of ARE-regulated genes (36).
Recently, we have shown that combined treatment of HepG2
cells with sulforaphane and selenium synergistically induced
TR1 mRNA expression (37). The present study was to determine
the short-term effect of three different ITCs, benzyl ITC (BITC,
derived from garden cress), phenylethyl ITC (PEITC, derived
from watercress), and SFN (from broccoli), on the nuclear
contents of some transcriptional factors associated with the redox
status in Caco-2 cells. The human intestinal epithelium is under
the continuous influence of a wide range of food components
that are able to modulate its function and life cycle; Caco-2
cells display features of small intestinal epithelial cells.

2. MATERIALS AND METHODS

2.1. Reagents.BITC, PEITC, and SFN (purity 97%) were purchased
from Aldrich (Milwaukee, WI) and ICN Biomedicals (Basingstoke,
U.K.), respectively. Rabbit polyclonal antibodies against Nrf2 (C-20),
NF-κB p65, Ref-1 (C-20), actin (H-300), goat polyclonal antibody
against Keap1 (N-19), and mouse monoclonal antibody against thiore-
doxin (Thio-probe) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). The secondary antibodies antirabbit IgG-HRP
(horseradish peroxidase), antigoat IgG-HRP, and antimouse IgG-HRP
were from Santa Cruz Biotechnology (Santa Cruz, CA). Reagents for
electrophoresis and Western blotting supplies were obtained from
Invitrogen (Paisley, U.K.) and Amersham Bioscience (Little Chalfont,
U.K.), respectively. Bradford reagent for protein quantification, dimethyl
sulfoxide (DMSO), phenylmethylsulfonylfluoride (PMSF), dithiothreitol
(DTT), hydrogen peroxide (H2O2), d,L-buthionine (S,R)-sulfoximine
(BSO), and secondary antibody antimouse IgG-FITC were obtained
from Sigma (Dorset, U.K.). 2′,7′-Dichlorodihydrofluorescein diacetate
(H2DCFDA) and monochlorobimane (MCB) were purchased from
Molecular Probes (Eugene, OR).

2.2. Cell Culture. The human colon adenocarcinoma cell line, Caco-
2, was obtained from the European Collection of Cell Culture (Wiltshire,
U.K.). Stock cells were routinely cultured in Eagle’s minimum essential
medium supplemented with 10% fetal calf serum, 100µg/mL penicillin,
and 50µg/mL streptomycin in 5% CO2 atmosphere at 37°C. The
cultures were maintained for 4-5 days prior to experimental treatment.

2.3. Treatment with ITCs. Caco-2 cells were seeded in 60 mm
dishes and treated when cultures achieved about 50-60% of confluence.
Cells were exposed to various concentrations of ITC for 1 and 6 h.
Stock solutions of ITCs were originally dissolved in DMSO, and an
equal volume of DMSO (final concentratione0.1%) was added to the
control cells.

2.4. Real-Time RT-PCR.Total RNA from Caco-2 cells was isolated
using a GenElute Total Mammalian RNA kit (Sigma, U.K.) according
to the manufacturer’s instructions. The RNA concentration and the
purity were determined by measurement of the absorbance at 260 and
280 nm. The target mRNA was quantified by real-time RT-PCR
(TaqMan) using an ABI PRISM 7700 sequence detection system
(Applied Biosystems, Warrington, U.K.). Forward and reverse primers
and the fluorogenic TaqMan probes were designed using the ABI
PRISM Primer Express software. Primer and probe sequences for the
assays performed were as follows: TR1 forward primer 5′- CCACTG-
GTGAAAGACCACGTT-3′, reverse primer 5′-AGGAGAAAAGAT-
CATCACTGC TGAT-3′, probe 5′-CAGTATTCTTTGTCACCAGG-
GATGCCCA-3′. The probes were labeled with a 5′ reporter dye FAM
(6-carboxyfluorescein) and 3′ quencher dye TAMRA (6-carboxytet-
ramethylrhodamine). RT-PCR reactions were carried out in a 96-well
plate in a total volume of 25µL per well consisting of TaqMan one-
step RT-PCR master mix reagent (Applied Biosystems), 10 ng of total
RNA, 100 nM probe, 200 nM forward primer, and 300 nM reverse
primer to amplify TR1. Reverse transcription was performed for 30
min at 48°C, then an AmpliTaq gold activation for 10 min at 95°C,
followed by 40 PCR cycles of denaturation at 95°C for 15 s, and

annealing/extension at 60°C for 1 min. Reactions were carried out in
triplicate. The data were analyzed by TaqMan software using a standard
curve method as described in User Bulletin No. 2 (ABI PRISM 7700
sequence detection system) to quantify the mRNA. Standard curves
were constructed for each amplified gene sequence using 1, 5, 10, 20,
and 40 ng of total RNA per reaction in triplicates. GAPDH was used
as an internal reference gene (forward primer 5′-GAAGGTGAAG-
GTCGGAGTC-3′, reverse primer 5′-GAAGATGGTGATGGGATTTC-
3′, probe 5′- CAAGCTTCCCGTTCTCAGCC-3′).

2.5. Preparation of Nuclear and Cytoplasmic Extracts.To obtain
cytoplasmic proteins, cells were washed with cold PBS, resuspended
in buffer containing 10 mM HEPES pH 7.6, 0.1 mM EDTA, 10 mM
KCl, 1 mM DTT, 50 mM sodium fluoride, 50 mMâ-glycerophosphate,
5% glycerol, and 1× protease inhibitor mixture (Roche Molecular
Biochemicals) and incubated on ice for 15 min. At the end of incubation,
0.05 volumes of 10% Nonidet P-40 were added. Cells were vortexed
and pelletted by centrifugation for 30 s. Supernatants were collected
as cytoplasmic extracts. Nuclei from Caco-2 cells were resuspended
in buffer containing 20 mM HEPES pH 7.6, 50 mM KCl, 300 mM
NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 10% glycerol, and
1× protease inhibitor mixture and extracted on ice for 30 min followed
by centrifugation at 12 000g for 10 min. The supernatants were collected
as nuclear extracts. Protein concentrations of cytoplasmic and nuclear
extracts were determined by the Bradford method using reagents from
Bio-Rad.

2.6. Western Blot Analysis.Equivalent amounts of protein (20µg)
were mixed with 4× SDS-PAGE sample buffer and DTT reducing
agent and then subjected to 10% SDS-polyacrylamide gel electro-
phoresis. The resolved proteins were transferred to nitrocellulose
membranes (Bio-Rad) using a semidry transfer system. The membranes
were blocked with 5% nonfat dry milk in Tris-buffered saline, pH 7.4,
containing 1% Tween-20 for 1 h atroom temperature, followed by
incubation with 1µg/mL primary antibodies in Tris-buffered saline
overnight at 4°C. The membranes were washed three times with Tris-
buffered saline and incubated with horseradish peroxidase-conjugated
secondary antibodies for 1 h at room temperature. Then, the membranes
were washed five times with Tris-buffered saline, and the protein of
interest was visualized with an enhanced chemiluminescent (ECL)
system (Amersham, Arlington Heights, IL) as described by the
manufacturer. The membranes were then exposed to Kodak film for
various times.

2.7. GSH Assay.The intracellular content of reduced GSH was
measured according to ref38. Briefly, Caco-2 cells (5× 103 per well
in 200µL of medium) were seeded in a 96 black well with clear bottom
culture plate and left to adhere and reach 50-60% confluence before
being exposed to ITCs. BSO treatment (500µM, 24 h) was used as a
positive control. The cells were exposed to test compounds for 1 h,
and each dose of ITCs was tested in quadruplicate. At the end of
incubation period, Caco-2 cells monolayers were washed twice with
PBS and incubated with monochlorobimane (MCB, 40µM) in the dark
for 20 min at room temperature. After washing twice with PBS, the
plate was measured at 405/510 nm (excitation/emission) using a
Fluoroskan Ascent FL fluorimeter.

2.8. Intracellular ROS Determination. Briefly, the Caco-2 cells
at 50-60% of confluency were incubated with H2DCFDA (1µM, final
concentration) in PBS for 30 min at 37°C in a 96-well culture plate
(38, 39). After washing twice with PBS, the ITCs was added to complete
medium and incubated for 1 h, each dose of ITCs tested in quadru-
plicate. At the end of incubation period, the cells were washed twice
with PBS and fluorescence at 530 nm (excitation at 485 nm) was
measured using a Fluoroskan Ascent FL fluorimeter.

3. RESULTS

3.1. ITCs Induce TR1 mRNA. Caco-2 cells were treated
with various concentrations (1, 2.5, 5, 10, and 25µM) of BITC,
PEITC, and SFN. Real-time RT-PCR indicated that the three
ITCs up-regulated TR1 mRNA levels in a dose-dependent
manner. As shown inFigure 1, the TR1 mRNA level in Caco-2
cells exposed to 10µM BITC for 6 h was increased 10.2-fold.

Isothiocyanates and Redox Signaling J. Agric. Food Chem., Vol. 54, No. 5, 2006 1657



The same concentrations of PEITC and SFN increased the TR1
mRNA level 3.3- and 3.4-fold, respectively. These results
showed that BITC is a more potent inducer than SFN and PEITC
for TR1 mRNA in Caco-2 cells.

3.2. ITCs Induce ROS Production.To assess the effect of
ITCs on redox changes, the intracellular level of ROS was
determined using H2DCFDA as an intracellular fluorescence
probe. Nonspecific cellular esterases cleave H2DCFDA into
dichlorofluorescein (DCF) that becomes fluorescent after oxida-
tion with ROS. The marked fluorescent signal was generated
in BITC-treated cells within the whole range of concentrations
(10-100µM) (Figure 2). The ROS production in PEITC- and
SFN-treated cells peaked at 50µM and remained increased
above background in 100µM PEITC-treated cells, while no
ROS production was found at 100µM of SFN.

3.3. ITCs Decrease Reduced GSH Content.The redox state
of the cells can be altered due to a depletion of reduced GSH,
the important antioxidant defense mechanism in the cell. MCB
is a versatile, membrane-permeable nonfluorescent probe that
binds irreversibly to sulfhydryl groups with high reactivity to
reduced GSH yielding a fluorescent product (40). Significantly
decreased GSH levels at all ITC concentrations tested were
observed (Figure 3). The most profound GSH decrease was
achieved in PEITC-treated cells, followed by BITC-treated cells,
while SFN was the least potent in the depletion of GSH. BSO
at 500µM decreased GSH by 80%.

3.4. ITCs Induce Nrf2 Nuclear Translocation. ITCs can
modulate the Nrf2-Keap1-ARE signaling pathway (41). Since
Nrf2 translocation is a one of the key events required in this
regulation, it is important to determine the dose response of
ITCs on this translocation. Band intensities of Nrf2 in cyto-
plasmic lysate were very faint (data not shown), and there were
no significant changes of Keap1 protein in the cytoplasmic
fraction (Figure 4). The amounts of nuclear-localized Nrf2
protein increased after ITC treatment for 1 h in Caco-2 cells.
At the 10 µM level, only SFN induced significant Nrf2
translocation in comparison to BITC and PEITC. Higher
concentrations of all ITC treatments were more efficient, and
unequivocal increases of nuclear Nrf2 content were observed.
This is in accordance with the hypothesis that attenuated
cytoplasmic sequestration of Nrf2 by Keap1 is essential for Nrf2
nuclear translocation.

3.5. ITCs Induce Trx and NF-KB Nuclear Translocation.
Contradictory data on NF-κB activation in ITC-treated cells and
its possible connection with the cell redox status motivated us
to analyze the effect of BITC, PEITC, and SFN on NF-κB and
Trx translocation in Caco-2 cells. Treatment for 1 h with 10
µM ITCs induced a marginal increase of nuclear NF-κB content,
but a more significant increase was observed following higher
treatment concentrations (Figure 5). SFN was the most potent
inducer of NF-κB translocation at 25 and 50µM. Both BITC
(10 µM) and PEITC (25µM) induced approximately 3-fold
increases of nuclear Trx content. The concentration dependence

Figure 1. Concentration-dependent effect of ITCs on TR1 mRNA
transcription. The Caco-2 cells were incubated with various concentrations
(1, 2.5, 5, 10, and 25 µM) of ITCs for 6 h. An equal volume of DMSO
was added to the controls. The effect of BITC, PEITC, and SFN on TR1
mRNA was analyzed by real-time PCR. GAPDH was used as an internal
reference (data not shown). The data were normalized against the control.
Experiments were performed in six replicates; data represent the mean
± SD. Statistical significance from the control was analyzed using the
Student t-test; / p < 0.05, // p < 0.01.

Figure 2. Effect of ITCs on the intracellular ROS production. The cells
were preincubated with H2DCFDA (100 µM) for 30 min and then treated
with different concentrations (10, 25, 50, and 100 µM) of ITCs. After 1 h,
the cells were washed twice with PBS and resuspended in PBS. The
cells incubated with 100 µM H2O2 for 1 h were used as a positive control.
The results shown are the average of eight replicates. The data were
normalized against the control and represent the mean ± SD. Significant
difference compared with controls was determined using the Student t-test;
/ p < 0.05, // p < 0.01.

Figure 3. Effect of ITCs on the intracellular level of GSH. Caco-2 cells
were treated with various concentrations (10, 25, 50, and 100 µM) of
BITC, PEITC, and SFN for 1 h. An equal volume of DMSO was added
to the controls. In addition, the cells incubated with 500 µM BSO for 24
h were used as a positive control. The intracellular reduced GSH content
was measured as described in the Materials and Methods. The results
shown are the average of eight replicates. The data were normalized
against the control and represent the mean ± SD. Significant difference
from controls was determined using the Student t-test; / p < 0.05, // p
< 0.01.
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of the Trx increase does not parallel the NF-κB profile. Nuclear
amounts of Trx peaked at different concentrations of ITCs which
are under subtoxicity levels (IC50 for BITC, PEITC, and SFN
are 4, 9, and 23µM after 72 h of treatment) (42). It is known
that Trx-dependent Ref-1 activity is required for redox-sensitive
DNA binding of NF-κB or AP-1. Ref-1 nuclear content was
found to not change under 10-50µM ITC treatments (Figure
5); this may indicate that Ref-1 might not be a direct target of
ITCs in Caco-2 cells. It can be concluded that 1 h ITC treatment
induced significant nuclear accumulation of NF-κB and Trx,
with the highest dynamic change in the former.

4. DISCUSSION

Redox homeostasis in cells has to maintain a balanced redox
potential using the major intracellular thiol buffering system,
GSH and Trx (28). Conjugation of ITCs with GSH either
spontaneously or mediated by activity of glutathione transferases
leads to rapid decrease of reduced GSH concentration and
subsequent intracellular redox stress (14, 43). In addition,
production of ROS was described in ITC-treated cells strength-
ening the shift to the more oxidative state (44). In contrast, ITCs
inhibited TPA-induced superoxide generation in differentiated
HL-60 cells (45), peritoneal macrophages (46), and granulocytes
(47).

In the present study, BITC, PEITC, and SFN stimulated
production of ROS in the short-term (1 h) treatment of Caco-2
cells. In parallel, a marked decrease of reduced GSH content
was observed. BITC was the more effective inducer of ROS in
comparison to PEITC but decreased cellular contents of reduced
GSH less efficiently. These findings indicate that the actions
of BITC and PEITC differ in the early induced intracellular
events. The concentration of reduced GSH, measured using a
monochlorobimane fluoromentric method (40), decreased to
20% after 1 h of treatment with both 100µM BITC and PEITC.
This finding is in agreement with recently published results
measured using an enzymic assay (48). In contrast, however,
we found a significant difference between BITC and PEITC in
the extent of GSH decrease in Caco-2 cells at lower concentra-
tions. This may be a cell-dependent effect as they presented
concentration-dependent decrease of GSH using PANC-1 cells.
SFN was less potent in induction of ROS and in the depletion
of GSH. Moreover, SFN-induced ROS production peaked at
50 µM and decreased at higher concentrations. Higher concen-
tration of ITCs induced both apoptosis and necrosis in Caco-2
cells; IC50 for SFN, BITC, and PEITC were 83, 46, and 40µM,
respectively (9, 49). Thus, ITC treatment caused cellular redox
changes in Caco-2 cells. Recently, the up-regulation of TR1 by
SFN and selenium in hepatoma cells has been reported (37,
50). This study extends those findings and also confirms the
increase of TR1 mRNA in ITCs-treated Caco-2 cells. The
effectiveness is similar to ROS production (BITC> PEITC>
SFN), while up-regulation of TR1 by BITC and PEITC peaked
at 10µM and decreased at 25µM. The highest concentration
of SFN induced a 4-fold TR1 mRNA increase that represents
the highest induction within the whole concentration range of
SFN. SFN is also a direct inducer for Trx expression (data not
shown). The ITC concentrations that give maximum potency
of Trx nuclear translocation confer the effectiveness ranking
BITC > PEITC > SFN. Similar nuclear localization of Trx
during oxidative stress in ionizing radiation treated cells was
observed (26). It has been proposed that Trx is reduced by TR
and NADPH prior to translocation to the nucleus. Reduced Trx

Figure 4. Effect of ITCs on the Keap1/Nrf2 complex. Caco-2 cells were treated with various concentrations (10, 25, and 50 µM) of ITCs for 1 h. After
cell washing in PBS, cytoplasmic and nuclear fractions were prepared as described in the Materials and Methods, separated by SDS−PAGE, blotted,
and probed with specific antibodies. The nuclear fraction was probed with rabbit polyclonal anti-Nrf2 antibody, and the amount of Keap1 in the cytoplasmic
fraction was detected using goat polyclonal antibody. The protein was quantified by Bradford methods, and the staining of membranes was checked for
the quality and efficiency of blotting (data not shown).

Figure 5. Effect of ITCs on the nuclear amount of NF-κB, Trx, and Ref-
1. Caco-2 cells were treated with various concentrations (10, 25, and 50
µM) of BITC, PEITC, and SFN for 1 h. The nuclear fraction was prepared,
electrophoresed, and transferred on nitrocellulose membrane as described
in the Materials and Methods. Rabbit polyclonal antibodies for NF-κB
and Ref-1 and mouse monoclonal antibody for Trx detection were used.
The protein was quantified by Bradford methods, and the staining of
membranes was checked for the quality and efficiency of blotting (data
not shown).
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but not oxidized Trx inhibits PTEN activity inducing an increase
of Akt/PKB phosphorylation (51) and inhibits both ASK and
p38 kinase activation (52-54). Activation of Akt and ERKs
was induced by GSH-depleting agent DEM (55). An analogous
GSH decrease and comparable ERK and Akt kinases activation
in ITC-treated Caco-2 cells were observed (49,56). Interestingly,
activation of ARE was signaled by ERK and JNK pathways
modulated by the H2O2-dependent Ras pathway that were
distinct from global oxidative stress (39). In addition to Trx
translocation, Nrf2 nuclear accumulation was induced in ITC-
treated Caco-2 cells. The half-life of Nrf2 is about 0.5 h, and
marginal immunoblotting signals in cytoplasmic fraction of
Hepa cells were found (57). In this study, only weak signals of
cytoplasmic Nrf2 band in Caco-2 cells were obtained. Phos-
phorylation of Nrf2 is required for its release from Keap1, but
phosphorylation is insufficient for nuclear accumulation (58).
JNK and Akt were shown to be upstream activators of Nrf2 in
induced expression of ARE-containing genes (59,60). The ARE
core sequence contains an embedded sequence that shows
similarity with the AP-1 binding site (61). Nrf2 can bind and
activate ARE by complexing with AP-1-related proteins such
as c-Jun or c-Fos (62). Our results showed an increase of Nrf2
nuclear content in ITC-treated Caco-2 cells, together with up-
regulation of TR1, that was shown to regulate AP-1 activity
(26).

Activation of NF-κB through degradation of IκB is required
for induced transcription of certain proinflammatory genes.
Recently, BITC was found to inhibit NF-κB activation by
suppression of IκB degradation and by reduced nuclear trans-
location of NF-κB (63,64). Conversely, it has been shown that
SFN reduced DNA binding of NF-κB without interfering with
either LPS-induced nuclear translocation or induced degradation
of IκB (65). Using Caco-2 cells, we have observed an increase
of nuclear NF-κB content at higher concentrations of ITC after
1 h of treatment. This is in accord with our previous findings
that NF-κB P65 was increased after 8 h of treatment with SFN
and a suppression was observed after 24-72 h of treatment (66).
Interestingly, SFN, the least cytotoxic ITC in the present study,
was the most potent inducer of NF-κB nuclear localization after
1 h of treatment. One could speculate that in the case of 50µM
BITC treatment there was a lack of available nuclear Trx
required for Ref-1-mediated activation of NF-κB binding to
DNA (Figure 5). However, Trx translocation into the nucleus
may be an argument for the DNA-binding activity of transcrip-
tional factors including NF-κB (67). It was shown that free
radical scavengers failed to prevent PEITC-induced redox stress
accompanied by a burst of superoxide anion in HepG2 cells
(68). It has been speculated that PEITC-mediated apoptosis and
cell cycle arrest and apoptosis induction were not related to ROS
production (68). In addition, the genetic background of cells
may modulate the crosstalk of signaling pathways and the final
cellular response to the altered endogenous oxidant state (69).

This study suggests that all three ITCs in short-term exposure
induced significant production of ROS and decreased reduced
GSH level in Caco-2 cells. In addition, up-regulation of TR1
mRNA and increased nuclear content of Trx, NF-κB, and Nrf2
were observed. GSH and ROS changes as well as NF-κB and
Nrf2 changes were ITC concentration-dependent. Whether
nuclear content differences of these proteins or covalent
modification of redox-sensitive proteins can account for treat-
ment effectiveness of ITCs is under further study.

ABBREVIATIONS USED

ITCs, isothiocyanates; BITC, benzyl ITC; PEITC, phenylethyl
ITC; SFN, sulforaphane; NF-κB, nuclear factor-kappa B; Nrf2,

nuclear factor E2-related factor 2; Trx, thioredoxin; TR1,
thioredoxin reductase 1; Keap1, Kelch-like ECH associating
protein 1; APE/Ref-1, apurinic/apyrimidinic endonuclease-1/
redox factor-1; H2DCF-DA, 2′,7′-dichlorodihydrofluorescein
diacetate.
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