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Isothiocyanates (ITCs) found in cruciferous vegetables are potentially important anticarcinogenic
phytochemicals for many types of cancers including breast cancer. In this study, we have shown
that three isothiocyanates, sulforaphane, erucin, and iberin, are potent inducers of thioredoxin
reductase 1 (TrxR1) in human breast cancer MCF-7 cells. Sulforaphane, erucin, and iberin at 1 µM
induce TrxR1 mRNA 2-3-fold within 8 h of treatment, and induce mRNA 5-7-fold with 12 µM ITC
treatments. Selenium did not affect sulforaphane-induced TrxR1 mRNA levels, but significantly
enhanced both TrxR1 protein expression (up to 9-fold in erucin treatment) and corresponding activities.
These results suggest that dietary ITCs are important factors in the regulation of redox status through
the induction of the selenoprotein thioredoxin reductase.
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INTRODUCTION

A diet rich in cruciferous vegetables such as broccoli, Brussels
sprouts, cabbage, and cauliflower correlates with a decreased
risk of many common cancers including lung, colon, and breast
(1-3). Crucifers contain a class of secondary metabolites termed
glucosinolates, and the chemopreventative benefit of these
vegetables is attributed to their relatively high glucosinolate
contents (4). There are more than 100 glucosinolates and
secondary metabolites present in cruciferous vegetables. Isothio-
cyanates (ITCs) are hydrolysis products derived from glucosi-
nolates catalyzed by myrosinase (5, 6). In broccoli, the primary
glucosinolate is glucoraphnin [4-(methylsulfinyl)butyl glucosi-
nolate], which is a precursor of sulforaphane (SFN) and SFN
nitrile, the latter not being biologically active (7, 8). SFN is a
potent inducer of phase II detoxification enzymes such as
quinone reductase (QR), UDP-glucoronosyl transferases (UGTs),
and glutathione transferases (GSTs) (9-11). In addition to
glucoraphanin, broccoli also contains two other glucosinolates,
glucoerucin and glucoiberin, that give rise to erucin (ERN) and
iberin (IBN), respectively (12,13). ERN was originally found
in rocket (Eruca satiVaMiller) (14). The chemical structures
of SFN, ERN, and IBN are listed inFigure 1.

Glucosinolate contents vary from 20 mg/100 g in Pe-tsai
Chinese cabbage to 389 mg/100 g in cress in the published food

composition database (15). Therefore, glucosinolate intakes can
be estimated on the basis of the consumption of cruciferous
vegetables (15). For example, estimation for the consumption
of total gluconsinolates in Germany was 36-46 (mg/person)/
day (16). In a human intervention study, following a single dose
of 200 µmol of isothiocyanates (largely SFN, with lesser
amounts of ERN and IBN), the total plasma ITC levels reached
0.94-2.27µM after 1 h of feeding (13).

Several mechanisms for the activities of ITCs in cancer
chemoprevention have been proposed, including (i) inhibition
of phase I carcinogen-activating enzymes (17,18), (ii) induction
of phase II carcinogen detoxification enzymes (8, 19), (iii)
induction of G2/M block and apoptosis (20-22), and (iv)
reduction of DNA binding of NF-kB (23). SFN has also been
reported to act as a breast cancer antiproliferative agent (24),
disrupting microtubulin polymerization (25,26) and inhibiting
histone deacetylase (27). We recently demonstrated that sul-
foraphane at low concentrations protects against heterocyclic
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Figure 1. Chemical structures of SFN, ERN. and IBN.
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amine (PhIP)-DNA adduct formation in human hepatocytes
(28).

SFN up-regulates thioredoxin reductase 1 (TrxR1) expression
in a dose-dependent manner in human cell cultures (29). TrxR1
is a multifunctional selenoenzyme with an FAD, a functional
disulfide/dithiol, and a penultimate C-terminal selenocysteine
residue (30,31). TrxR1 has broad substrate specificity, reducing
many low molecular weight compounds such as hydrogen
peroxide, lipid hydroperoxides, ascorbate, lipoic acid, and
ubiquinone in addition to thioredoxin (32). There is growing
evidence that redox regulation by the TrxR system plays a
crucial role in the biological response against oxidative stress
(33), and in cell growth promotion and apoptosis (34). In the
study of SFN on apoptosis induction and microtubulin disrup-
tion, the concentration of SFN used was 15-30 µM or above.
However, these levels are unlikely to be achieved in human
plasma through a normal diet. In the present study, the effect
of three structurally related dietary ITCs, sulforaphane, erucin,
and iberin, on the induction of TrxR1 expression was examined
using relatively low concentrations (1-12µM) in MCF-7
adenocarcinoma cells from human breast.

MATERIALS AND METHODS

Cell Culture and Reagents.The MCF-7 human mammary epithelial
cell line originally isolated from a malignant adenocarcinoma was
purchased from ECACC. Sulforaphane, 1-isothiocyanato-4-(methyl-
sulfinyl)butane, was purchased from ICN Biomedicals (U.K.). Iberin,
1-isothiocyanato-3-(methylsulfinyl)propane, and erucin, 1-isothiocy-
anato-4-(methylthio)butane, were from LKT Laboratories. TrxR
(EC1.6.4.5) and Trx fromEscherichia coliwere purchased from Sigma
(U.K.). Cells were cultured in DMEM supplemented with FBS (10%),
penicillin (100 U/mL), and streptomycin (100µg/mL) under 5% CO2
in air at 37°C. For the enzyme assays, cells were seeded in 10 cm
dishes; for mRNA quantification, cells were cultured in six-well plates.

RNA Isolation. Total RNA was isolated from MCF-7 cells using
the GenElute total mammalian RNA kit (Sigma, U.K.) according to
the manufacturer’s instructions. RNA concentration and purity were
determined by absorbance measurement at 260 and 280 nm. After
addition of RNase inhibitor (20 U/preparation) the total RNA was stored
at -70 °C.

TrxR1 mRNA Quantification. TrxR1 mRNA was determined by
real-time RT-PCR (TaqMan assay) using the ABI PRISM 7700
sequence detection system. Primers and the fluorogenic TaqMan probes
were designed using Primer Express Software according to the human
TrxR1 sequence. Primer/probe sets were homology-searched to ensure
that they were specific for TrxR1 mRNA transcript using an NCBI
BLAST search. The primer/probe set for TrxR1 (GenBank accession
number AF208018) is (forward primer) 5′-CCACTGGTGAAAGAC-
CACGTT-3′, (reverse primer) 5′-AGGAGAAAAGATCATCACTGCT-
GAT-3′, and (probe) 5′-CAGTATTCTTTGTCACCAGGGATGCCCA-
3′.

The probes were labeled with a 5′ reporter dye, FAM (6-carboxy-
fluoroscein), and 3′ quencher dye, TAMRA (6-carboxytetramethyl-
rhodamine). 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 reagents (Applied Biosystems), 100 nM probe, 200
nM forward and 300 nM reverse primers, and 10 ng of total RNA. A
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 finally 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 inUser Bulletin No. 2(ABI PRISM 7700 sequence detection
system) to quantify the mRNA. The TaqMan threshold cycle number
(Ct) was normalized into the fold of relative induction using the equation
of ∆Ct method, fold of induction) 2Ct(control)-Ct(treatment). â-Actin mRNA
was measured as an internal reference (35): forward primer, CCTG-
GCACC CAGCACAAT; reverse primer, GCCGATCCACACGGAG-
TACT; probe, ATCAAGATCATTGCTCCTCCTGAGCGC.

Cell Extract Preparation. Adherent cells were washed twice with
ice-cold PBS, and harvested by scraping in 0.1 M Tris-HCl, pH 7.4.
Cell pellets were homogenized by sonication in 0.1 M Tris-HCl, pH
7.4, containing 0.1% digitonin, 1 mM dithiothreitol, and 1 mM
phenylmethylsulfonyl fluoride in an ice bath for 20 min and then
centrifuged at 13000g for 10 min at 4°C. The supernatant was collected,
and the protein concentration was determined by the Brilliant Blue G
dye-binding assay of Bradford (36) using bovine serum albumin as
the standard.

TrxR1 Protein. The TrxR1 protein level was measured by an in-
house RIA assay as described previously (37). Briefly, the tracer was
125I-labeled human placental TrxR1, prepared using Bolton-Hunter
reagent (Amersham International plc). Standards were prepared using
purified placental human TrxR1 diluted in fetal bovine serum (Gibco,
Paisley, Scotland). Standard or sample (100µL) was added with 100
µL of [125I]TrxR1 tracer (10000 dpm; 50 pg/tube) and primary antibody
(100µL). After an overnight incubation at 4°C, preprecipitated second-
antibody, donkey anti-rabbit reagent (100µL) was added. After a further
1 h at room temperature with shaking, wash solution (0.05% Brij
solution) was added to each tube, followed by centrifugation for 30
min at 1800g at 4°C. The supernatant was decanted, and the precipitate
was washed with a further 1.5 mL of wash solution. The125I
radioactivity in the precipitate was counted in a multiwellγ-radiation
counter, and the results were interpolated using the LKB 1224-RIACalc
RIA evaluation program.

TrxR Activity. TrxR activity (including both TrxR1 and TrxR2)
was measured spectrophotometrically using insulin as a substrate (38).
A stock reaction mixture was made by mixing 200µL of 1.0 M HEPES
buffer (pH 7.6), 40µL of NADPH (40 mg/mL), 40µL of 0.2 M EDTA,
and 500µL of insulin (10 mg/mL). To each test tube were added 40
µL of the reaction mixture, 10µL of 60 µM Trx, 20 µL sample, and
water to a final volume of 120µL. The samples were incubated at 37
°C for 20 min. The reaction was stopped by addition of 500µL of 0.4
mg/mL DTNB/6 M guanidine hydrochloride in 0.2 M Tris-HCl (pH
8.0), and the absorbance at 412 nm was recorded. A nonenzyme reaction
control was a sample of cell extract without addition of Trx. The
absorbance of the control was subtracted from the absorbance of the
sample. TrxR activity was calculated on the basis of the standard curve
prepared using pure TrxR (88.1 U/mg of protein, Sigma).

Statistics. Data are presented as the mean( SD. The differences
between the groups were examined using the Student’st test. Ap value
of less than 0.05 was considered statistically significant.

RESULTS AND DISCUSSION

The effects of dose and treatment time of the three ITCs on
TrxR1 expression were examined in MCF-7 cells. Induction of
mRNA was observed at all doses and times tested including
the lowest concentration of 1µM. The inductions of TrxR1
mRNA by SFN, ERN, and IBN at 1µM were 2.73-, 2.16-, and
2.68- fold, respectively (Table 1). There were dose-dependent
inductions of TrxR1 mRNA at 8 h of treatment, and 12µM
SFN, ERN or IBN induced TrxR1 mRNA 5.36-, 7.26-, and 5.74-
fold, respectively (Table 1). The dose-effect of the highest
concentration (12µM) at 4 and 24 h of treatment was not
apparent probably due to the slight toxic effect (stress to the
cells) and a slight inhibition of cell growth. The housekeeping
geneâ-actin showed no change under all three tested ITC (1-
12 µM) treatments.

Selenium (Se) at 0.06, 0.2, 0.5, 1, and 2µM had no effect
on TrxR1 mRNA levels and no effect on the SFN-induced
TrxR1 mRNA level. The results from 0.06 and 1µM together
with SFN (3 and 6µM) cotreatment are shown inFigure 2.
SFN at 3 and 6µM induced TrxR1 mRNA 3.62- and 4.83-
fold, respectively (Figure 2). Unlike in human heptoma HepG2
cells (29), Se had no effect on SFN-induced TrxR1 mRNA in
MCF-7 cells. But, selenium either alone or together with ITC
significantly induced/enhanced TrxR1 protein expression in
MCF-7 cells (Figure 3). Since there was a lag phase in the
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increase of TrxR1 protein and activity relative to mRNA
induction by SFN or Se (29), the cells in this study were treated
for 48 h for the measurement of TrxR1 protein and activity.
The induction of TrxR1 protein by Se (200 nM) was 1.7-fold,
and the inductions by SFN, ERN, and IBN were 2.9-, 4.3-, and

3.2-fold, respectively; the cotreatment with both compounds
increased the expression to 5.1-, 9.0-, and 6.3-fold, respectively.

The measured TrxR activities were consistent with the
increase in TrxR1 protein expression in Se- and/or ITC-treated
samples. The induction of TrxR activity by Se (200 nM) was
2.7-fold, and the inductions by SFN, ERN, and IBN were 4.7-,
4.3-, and 4.1-fold; the cotreatment with Se and ITC increased
the expression to 7.6-, 9.8-, and 6.7-fold, respectively (Figure
4).

Although ERN was about one-third as active as SFN in
quinone reductase induction in Hepa 1c1c7 cells (9) and iberin
does not have significant effects on phase II enzyme induction
in rats (39), we have demonstrated here that ERN and IBN
possess activity similar (if not superior) to that of SFN in the
induction of TrxR1 in MCF-7 cells. The different effects of
ITCs may be dependent on the cell types used. We have also
recently found that ERN is a more potent inducer than SFN in
phase II enzyme induction and cell cycle arrest in Caco-2 cells
and both ERN and IBN are more effective compounds than SFN
in apoptosis induction in HL-60 and its multi-drug-resistant
HL60/ADR or HL/60/VCR sublines (unpublished observation).
There is also a report on the in vivo bioconversion of SFN to
ERN, a reduced sulfur analogue, in rats (40). Epidemiological
studies have suggested that both Se and cruciferous vegetables
may play an important role in decreasing the risk of certain
cancers including breast cancer (3, 41-42). Isothiocyanates may
be important dietary anticarcinogens on the basis of the evidence
of their ability to inhibit chemically induced cancers in animal
models and to strongly induce detoxification enzymes (43) and
to regulate cell growth and apoptosis (42,44). Previously, we
identified the potent activity of SFN in the induction of human
TrxR1 in human hepatoma HepG2 cells, and this induction was
found to be enhanced by Se (29). The interaction (synergistic,
additive, or antagonistic) of dietary phytochemicals is an
important area of research (45). A better understanding of the
mechanisms of interactions may form a basis for sound dietary
advice on healthy eating and prevention of chronic diseases
using multiple dietary components.

There are reports that Se-enriched broccoli decreases intestinal
tumorigenesis in multiple intestinal neoplasia mice (46), and
enhances the binding of transcriptional factors p53, NF-kB, and
AP-1 to theircis-acting elements (47). TrxR1 reduces oxidized
thioredoxin to reduced thioredoxin, which protects cells from
oxidative stress. Trx plays a pivotal role in cells not only as an
antioxidant but also as a redox regulator (48). In this study, we
have shown TrxR1 up-regulation by dietary ITCs at relatively
low concentrations (1-12 µM). These concentrations could be

Table 1. Effect of SFN, ERN, and IBN on TrxR1 mRNA Expressiona

4 h 8 h 24 h

control 1.0 ± 0.08 1.0 ± 0.07 1.0 ± 0.06
SFN

1 µM 2.73 ± 0.21 3.41 ± 0.15 2.10 ± 0.18
3 µM 3.43 ± 0.33 4.11 ± 0.15 3.62 ± 0.55
6 µM 2.80 ± 0.10 4.76 ± 0.36 4.83 ± 0.43
12 µM 2.42 ± 0.40 5.36 ± 0.60 4.51 ± 0.39

ERN
1 µM 2.16 ± 0.18 2.68 ± 0.21 1.47 ± 0.27
3 µM 2.73 ± 0.26 4.27 ± 0.24 2.92 ± 0.32
6 µM 3.13 ± 0.29 5.17 ± 0.67 5.62 ± 0.58
12 µM 2.32 ± 0.24 7.26 ± 0.25 6.22 ± 1.24

IBN
1 µM 2.68 ± 0.21 3.66 ± 0.17 1.59 ± 0.12
3 µM 2.60 ± 0.21 4.35 ± 0.28 2.59 ± 0.38
6 µM 2.43 ± 0.24 4.95 ± 0.44 5.60 ± 1.0
12 µM 1.78 ± 0.02 5.74 ± 0.75 4.59 ± 0.12

a MCF-7 cells were cultured at approximately 60−70% confluence and then
treated with ITCs. Total RNA was isolated using the GenElute total mammalian
RNA kit. TrxR1 mRNA was quantified using TaqMan assay. Data are presented
as the mean ± SD from triplicate treatments.

Figure 2. Effects of Se and SFN on TrxR1 mRNA expression. MCF-7
cells were treated with Se or SFN for 24 h. Control cells were treated
with DMSO (0.1%). RNA was isolated as described in the Materials and
Methods. Data are the mean ± SD of triplicate determinations. The double
asterisks indicate P < 0.01 when compared with the control.

Figure 3. Effects of Se and ITCs on TrxR1 protein levels. MCF-7 cells
were treated with ITCs (12 µM) either alone or with selenium (200 nM)
for 48 h. Control cells were treated with DMSO (0.1%). Protein was isolated
as described in the Materials and Methods. Data are the mean ± SD of
triplicate determinations. Double asterisks indicate P < 0.01 when
compared with the control.

Figure 4. Effects of Se and ITCs on TrxR activity. MCF-7 cells were
treated with ITCs (12 µM) either alone or with selenium (200 nM) for 48
h. Control cells were treated with DMSO (0.1%). Protein was isolated as
described in the Materials and Methods. Data are the mean ± SD of
triplicate determinations. A single asterisk indicates P < 0.05 and double
asterisks indicate P < 0.01 when compared with the control.
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achieved in human plasma by consumption of ITC-rich veg-
etables (15) or SFN-enriched broccoli (49). There is also a direct
induction of Trx mRNA (about 2-fold) by these three tested
ITCs in human MCF-7 cells (data not shown). All three ITCs
we tested contain moieties that bestow potent biological activity,
unlike sulforaphane nitrile, which does not (9,50). These
observations support the view that vegetables with enhanced
levels of ITCs rather than of nitriles may be beneficial to human
health. Accumulation of Se in broccoli enhances the anticarci-
nogenic potential of broccoli in the chemical-induced rat aberrant
crypt model (42, 46). ITCs from crucifers up-regulate seleno-
protein TrxR1, and selenium is essential for the activity of
TrxR1.

In summary, we have compared three dietary ITCs in the
induction of TrxR1 in MCF-7 cells. SFN, ERN, and IBN are
all potent inducers of TrxR1 mRNA, and selenium can enhance
the TrxR1 protein expression and activity levels. This study
indicates that an ITC-rich diet may play a role in the modulation
of antioxidant enzyme TrxR1 and a role in maintaining redox
in cell homeostasis.

ABBREVIATIONS USED

TrxR, thioredoxin reductase; ITCs, isothiocyanates; SFN,
sulforaphane; ERN, erucin; IBN, iberin; Se, selenium.
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