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Deficiency of glutathione S-transferase (GST) or NAD(P)H:quinone oxidoreductase 1 (NQO1) in
humans is associated with increased risk of urothelial bladder cancer. Broccoli sprouts are a rich
source of several isothiocyanates (ITCs), particularly sulforaphane (SF) which has shown promising
chemopreventive activities. We report herein that a broccoli sprout ITC extract significantly induced
both GST and NQO1 in cultured bladder cells in vitro and in rat bladder tissues in vivo. The inducer
activity of the extract was comparable to that of pure SF on the basis of total ITC concentrations.
The bladder was one of the most responsive organs to induction of the enzymes by the extract.
Induction of the enzymes by the extract was largely mediated by Nrf2, a transcriptional factor that
plays a critical role in the induction of many detoxification enzymes. Moreover, induction of GST and
NQO1 in the rat bladder in vivo by the extract was associated with high levels of urinary ITC
metabolites, but no toxic effects on the bladder mucosa were detected. In conclusion, broccoli sprout
ITC extract is a potent inducer of GST and NQO1 in the bladder and is a promising agent for prevention
of bladder cancer.
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INTRODUCTION

Both glutathione S-transferase (GST) and NAD(P)H:quinone
oxidoreductase 1 (NQO1) are well-known cytoprotective en-
zymes. GST is composed of multiple cytosolic and membrane-
bound isoforms and primarily functions as a detoxification
enzyme by catalyzing the conjugation of glutathione with a wide
range of carcinogens and other toxic chemicals (1). NQO1, a
cytosolic flavoprotein, is best known for protecting cells against
the toxicities of quinones and their metabolic precursors by
catalyzing obligatory two-electron reduction of these com-
pounds, as well as acting as a coenzyme Q (ubiquinone)
reductase and facilitating the conversion ofR-tocopherolquinone
to R-tocopherolhydroquinone, contributing to the maintenance
of these important endogenous antioxidants (2, 3). More

recently, it has been shown that NQO1 is involved in stabilizing
tumor suppressor p53 (3), suggesting that this protein may play
a role in many aspects of cytoprotection. The importance of
these enzymes in cancer prevention has been demonstrated in
several animal models. Knockout of either GSTP1 (a GST
isoform) or NQO1 in mice led to a significant increase in both
carcinogen-induced and spontaneous tumorigenesis (4-7).
Epidemiological studies in humans have shown an increased
risk of urothelial and bladder cancers in individuals who carry
a null genotype or a genotype that causes a significant decrease
in enzyme activity of a GST isoform or NOQ1 (8-13).

Both GST and NQO1 are inducible enzymes. We have
previously shown that many naturally occurring isothiocyanates
(ITCs), including the ITCs that occur in broccoli sprouts,
significantly increase the activities of GST and NQO1 in both
cultured bladder cells and rat bladder tissue in vivo (14-16).
Moreover, these studies also showed that the bladder was
particularly responsive to ITCs in the induction of these
enzymes. It is possible, therefore, that ITCs could be especially
effective in protecting against bladder cancer.
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In the present study, we have examined the effect of a broccoli
sprout extract, which is rich in sulforaphane (SF, 4-methyl-
sulfinylbutyl isothiocyanate) and which also contains two close
analogs, iberin (3-methylsulfinylbutyl isothiocyanate) and erucin
(4-methylthiobutyl isothiocyanate) (17), on GST and NQO1 in
both cultured cells and rat organs. We show that (1) SF-rich
broccoli sprout extract is a strong inducer of both GST and
NQO1 in cultured bladder cells in vitro and in rat bladder in
vivo; (2) the bladder is one of the most responsive tissues for
induction of the enzymes by the extracts; (3) how the extract is
administered to rats has a significant impact on its enzyme-
inducing efficacy in the bladder; (4) the induction of GST and
NQO1 by the extract depends primarily on Nrf2, a transcription
factor that is critical for stimulation of many cytoprotective
genes; and (5) induction of GST and NQO1 in the bladder by
SF-rich broccoli sprout extract is associated with high urinary
concentrations of ITC metabolites but is not accompanied by
any toxic effect on the bladder mucosa.

MATERIALS AND METHODS

Chemicals.SF was purchased from LKT Laboratories (St Paul, MN).
Lyophilized SF-rich broccoli sprout ITC extract was prepared from
3-day-old fresh broccoli sprouts and was stored at-70 °C before use.
The preparation of the extract and the characterization of its ITC content
has been previously described (18). Briefly, broccoli sprouts were grown
by Sprouters Northwest (Kent, WA) using seeds from an open-
pollinated population based uponBrassica oleracea italicacultivars
DeCicco and Calabrese which were purchased from Caudill Seed Co.,
Inc. (Louisville, KY). Fresh sprouts were added to boiling water at a
ratio of 100 kg sprouts per 300 liters of water, in a steam-jacketed
kettle with stirring. The sprouts were boiled for 30 min and then were
filtered through a stainless-steel mesh screen. The filtrate contains the
glucosinolate precursors of ITCs. Conversion of these glucosinolates
to ITCs was effected by adding daikon sprouts-derived myrosinase to
the filtrates and incubating at 32-38 °C for 3.5 h. The mixture was
transferred to trays and was freeze-dried to yield 2.8 kg powder (from
100 kg broccoli sprouts). Each gram of extract contained 140µmol
ITC, of which 70%, 25%, and 5% were SF, iberin, and erucin,
respectively, as determined by high-performance liquid chromatography.

Cell Culture and Measurement of Cellular GST and NQO1
Activities. The source and culture condition of rat bladder carcinoma
NBT-II cells have been previously described (19). Wild-type (Nrf2+/+)
and Nrf2-deficient (Nrf2-/-) mouse embryonic fibroblasts (MEF) were
gifts of Dr. Masayuki Yamamoto, University of Tsukuba, Japan (20).
These cells were maintained in Iscoves Modified Dulbecco’s Medium
(Mediatech, Herndon, VA), containing 10% heat-inactivated fetal bovine
serum (FBS, v/v), 100 units/mL penicillin G, and 0.01% streptomycin.
For heat inactivation, FBS (Biosource International, Camarillo, CA)
was incubated at 55°C for 30 min. All cells were grown in a humidified
incubator at 37°C with 5% CO2.

These cells were used to evaluate the effect of broccoli sprout extract
and SF on the activities of cellular GST and NQO1. Cells were seeded
in 10-cm dishes (1× 106 cells/dish with 10 mL medium) for 48 h and
then were treated with the test agent in fresh medium for 24 h. At the
end of the treatment, cells were harvested by trypsinization and
centrifugation and were lysed by sonication in 0.08% digitonin solution
containing 2 mM EDTA. The lysates were centrifuged at 9500g at 4
°C in a microfuge, and the supernatant portions were used for enzyme
analysis, using 1-chloro-2,4-dinitrobenzene as a GST substrate and
menadione as an NQO1 substrate, as previously described (21).

Animals. Female Sprague-Dawley rats (11-12 weeks of age), bred
at the Ruakura Agricultural Research Center (Hamilton, New Zealand),
were used to study the effect of broccoli sprout extract on tissue GST
and NQO1 activities and on the urinary excretion levels of ITC
metabolites. In the study on enzyme induction, rats were housed in
solid bottom cages, containing bedding of softwood shavings, and were
allowed free access to AIN76A purified diet (Bio-Serv, Frenchtown,
NJ) and water. For the urinary excretion study, the animals were

individually housed in metabolism cages for urine collection, and the
animals had free access to pelletized Laboratory Chow (Sharpes Animal
Feeds, Carterton, NZ) and water. The temperature of the animal room
was maintained at 21-23 °C with a 12-h light/dark cycle. Animal body
weights were monitored every 2-3 days. All experimental protocols
were approved by the Ruakura Animal Ethics Committee.

Administration of Broccoli Sprout Extract to Rats, Determina-
tion of Tissue NQO1 and GST Activities, and Measurement of
Urinary Levels of ITC Metabolites. The effect of broccoli sprout
extract on tissue activities of GST and NQO1 in rats was assessed using
two dosing protocols: oral intubation and dietary supplementation. In
the former experiment, the extract was suspended in water at the
required concentrations and was administered by intubation to groups
of six rats in approximately 0.5 mL volume once daily for 14 days.
The rats were weighed immediately before each dosing, and the volume
of suspension to be administered to give the required dose was
calculated. The animals were killed 24 h after the last dose by CO2

inhalation. In the second experiment, the extract was mixed with the
diet, which was prepared fresh every 2-3 days, and was fed to groups
of six rats for 14 days. On the 15th day, the rats were killed by CO2

inhalation. The bladder, colon, duodenum, forestomach, kidneys, liver,
and lungs of each animal were removed and stored at-80 °C before
analysis. One-half of each bladder was stored frozen, while the other
half was fixed in 10% buffered formalin for histological examination.

For measurement of enzyme activities, all organ samples were
weighed and homogenized in ice-cold 0.2% Triton X-100, using a
Polytron tissue homogenizer. The homogenates were centrifuged at
12 000gfor 20 s, and the supernatant was assayed for GST and NQO1
activities by the method of Habig et al. (22) and Ernster (23),
respectively. Enzyme activities were calculated as international units
per gram of tissue.

To measure urinary levels of ITC metabolites, groups of five rats
were given a single dose of broccoli sprout extract by oral intubation
to provide ITC doses of 10, 25, 50, and 250µmol/kg body weight,
and two consecutive 24-h urines were subsequently collected from each
rat. Urine samples were stored at-70 °C before analysis. Total urinary
levels of ITC metabolites were measured with the cyclocondensation
assay (reaction with 1,2-benzenedithiole) (24), using a previously
described protocol (25). This assay measures the total amount of ITCs
plus their metabolites (dithiocarbamates, DTCs) formed in the mer-
capturic acid pathway, and it does not provide information on the
amount of individual compounds in the urine samples.

Histological Examination of Bladders of Rats Dosed with
Broccoli Sprout Extract. Rat bladders were fixed in routine histology
fixative (buffered formalin), were placed in an automated tissue
processor, and were processed on a biopsy (5 h) schedule because of
their small size. After the tissues were embedded in paraffin, they were
sectioned at 5µm and were placed on charged slides. The tissues were
stained with hematoxylin and eosin (H&E) for microscopic examination.

Statistical Analysis.Statistical significance was tested by analysis
of variance, followed by the Student-Newman-Keuls multiple
comparisons test using Instat software (GraphPad, San Diego, CA).

RESULTS

Induction Levels of GST and NQO1 in the Bladder Vary
Significantly with the Method of Administration of Broccoli
Sprout Extract to Rats. In the first experiment, broccoli sprout
extract was suspended in water and was administered to groups
of rats by oral intubation in amounts calculated to provide 40
and 160µmol ITC/kg body weight once daily for 14 days. The
extract caused a significant and dose-dependent induction of
both GST and NQO1 in the bladder, although the induction
levels of GST were somewhat lower than those of NQO1. GST
and NQO1 activities in the bladder were elevated by 43% and
141%, respectively, at 40µmol ITC/kg body weight and by
105% and 337% at 160µmol ITC/kg (Figure 1A). In the second
experiment, the sprout extract was mixed in the diet and was
fed to rats at 0.53, 1.06, and 2.13µmol ITC/g diet, respectively,
for 14 days. Another group of rats received control diet alone.
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The rats in this study weighed 238( 12 g and consumed 16.2
( 1.3 g of diet daily. Hence, the average daily ITC consumption
levels were calculated to be 0, 40, 80, and 160µmol ITC/kg
body weight, respectively. The broccoli sprout extract fed to
the rats in the diet also caused a significant and dose-dependent
induction of both GST and NQO1 in the bladder, and NQO1
was again more responsive than GST (Figure 1B). For example,
the activities of GST and NQO1 in the bladder were elevated
18% and 48% at 40µmol ITC/kg and 33% and 151% at 160
µmol ITC/kg. However, these levels of enzyme induction were
lower than those obtained when the same amount of extract
was given by oral intubation, as shown above. Interestingly,
such an effect of dosing method appears to be highly organ
specific, since the forestomach was the only other organ that
behaved in this fashion among the seven rat organs examined
(Figure 2).

Bladder Is among the Most Responsive Organs in the
Induction of GST and NQO1 by Broccoli Sprout Extract.
Our previous studies have shown that many ITCs are more
efficacious inducers of GST and NQO1 in the bladder than in
other organs (14-16). In the present study, the activities of GST
and NQO1 in several organs from rats dosed with the extract,
including colon, duodenum, forestomach, kidney, liver, and
lungs, were measured and compared with those in the bladder.
Shown inFigure 2 are the results obtained from rats dosed
with the extract at 40 and 160µmol ITC/kg. The duodenum
appears to be the most sensitive responder; its enzyme induction
levels were the highest among the organs examined and did
not appear to vary with how the extract was dosed. While the
enzyme induction levels in the bladder and forestomach were
lower than in the duodenum when the extract was provided in
the diet, they were similar to those in the duodenum when the
extract was dosed by oral intubation. In contrast, the induction
levels of both GST and NQO1 in colon, kidney, liver, and lungs
were relatively small, regardless of the dosing method.

Induction of GST and NQO1 in Bladder Cells and Tissues
by Broccoli Sprout Extract May Be Caused Exclusively by
ITCs. We recently showed that the ITCs in broccoli sprout
extract accounted for the antiproliferative activity of this material
in cultured human bladder cancer cells and that such activity

was similar to that of SF when related to ITC concentrations
(18). In the present study, we compared the inducer activity of
broccoli sprout extract with that of SF in rat bladder carcinoma
NBT-II cells. Cells were treated with either the extract or with
SF for 24 h and then were analyzed for induction of both GST
and NQO1. The extract, at concentrations that provided 4-8
µM ITC, elevated the activities of GST and NQO1 by 62-
78% and 106-145%, respectively, whereas SF at the same
concentrations increased the activities of GST and NQO1 by
77-108% and 127-173%, respectively (Figure 3). Thus, the
inductive activity of the extract was only slightly weaker than
SF on the basis of the ITC concentrations. Similar results were
obtained in cultured human bladder cells (results not shown).
In light of our previous study (26), which showed that both
iberin and erucin, the minor ITCs in broccoli sprout extract,
were weaker inducers of NQO1 in cultured murine hepatoma
Hepa 1c1c7 cells than SF, and because of our previous
demonstration that the NQO1-inducing activity of broccoli
sprout extract in Hepa 1c1c7 cells depended entirely on the
presence of ITCs (17), the present results suggest that the
enzyme-inducing activity of broccoli sprout extract in bladder
cells is derived exclusively from the ITCs.

Induction of GST and NQO1 by Broccoli Sprout Extract
Depends Largely on Nrf2. It is well recognized that many
carcinogen-detoxifying enzymes are transcriptionally activated

Figure 1. Induction of GST and NQO1 in rat bladder by broccoli sprout
ITC extract. Rats received broccoli sprout extract by oral intubation (A)
or by supplementation in the diet (B) as described in Materials and
Methods. Each value is the mean ± SEM (n ) 6). Each value from extract-
treated rats is significantly higher than the control (p < 0.05).

Figure 2. Comparison of induction levels of GST and NQO1 by broccoli
sprout ITC extract among rat organs. Broccoli sprout extract was
administered to the rats either by dietary supplementation (A and B) or
by oral intubation (C and D) as described in Materials and Methods. Each
value is the mean ± SEM (n ) 6). Each value marked with an asterisk
is significantly different from the control (p < 0.05). Values marked with
a dagger in C and D are significantly greater than the corresponding
values in A and B (p < 0.05).
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through an Nrf2-dependent signaling pathway (27). Nrf2 is a
transcription factor which is normally suppressed in the
cytoplasm by its repressor Keap1, but chemical modification
of the latter by inducers leads to nuclear accumulation of Nrf2
(28, 29), where it stimulates gene transcription by binding to
ARE (antioxidant response element), a DNA regulatory element
that exists in the upstream region of genes, including GST and
NQO1. ITCs, as well as other inducers, have been shown to
activate this signaling pathway (30). SF potently induced both
GST and NQO1 in wild-type mouse embryonic fibroblasts
(MEF), but Nrf2 knockout totally abolished GST induction and
dramatically attenuated NQO1 induction (Figure 4). The
broccoli sprout extract behaved similarly, causing strong induc-
tion of both GST and NQO1 in wild-type MEF but small
(NQO1) or no (GST) induction in Nrf2 knockout MEF. Similar
results were obtained with higher doses of the extract and SF
(results not shown).

The Amount of Broccoli Sprout Extract Required To
Induce GST and NQO1 in Vivo Generates High Urinary
Levels of ITC Metabolites. Groups of five rats were given a
single dose of the extract by oral intubation at amounts sufficient
to provide doses of 10, 25, 50, and 250µmol ITC/kg. Urine
was subsequently collected from each rat for two consecutive
24-h periods. While urine from control rats contained no ITC
metabolites (results not shown), 70.4-78.8% of the ITC doses
provided by the broccoli sprout extract were eliminated as
cyclocondensation assay-detected substances (ITC plus DTC)
in the first 24-h urine and 1.1-1.4% of the doses in the second
24-h urine (Table 1), indicating extremely high bioavailability
and predominant and rapid urinary disposition of broccoli sprout
ITCs. It is also clear that the urinary ITC elimination process
is rather robust, as the urinary ITC elimination rate was linear
up to 250µmol ITC/kg (Figure 5). Moreover, the results show
that the bladders were exposed to very high concentrations of
ITC plus DTC in the urine when the animals were dosed with
the extract at the levels that are needed for significant induction
of GST and NQO1 in this organ. For example, on the basis of
the urinary elimination pattern shown inFigure 5, we calculated
that the average urinary concentrations of ITC plus DTC in the
first 24 h following oral intubation of single dose of extract at
40 and 160µmol ITC/kg, which significantly induced GST and
NQO1 in the bladder, were 480µM and 2.3 mM. Importantly,
none of the extract doses tested in the present study were
associated with any sign of toxicity. All rats appeared in good
health, and body weight gains over the course of the experi-
mental period were not significantly different among the

Figure 3. Induction of GST and NQO1 in rat bladder NBT-II cells by
broccoli sprout ITC extract and SF. Cells were treated with either broccoli
sprout extract or SF at the indicated ITC concentrations for 24 h and
then were harvested for determination of specific GST and NQO1 activities
as described in Materials and Methods. Each value is the mean ± SEM
(n ) 3). Each value with treatment of the sprout extract and SF is
significantly different from the control (p < 0.05).

Figure 4. Induction of GST and NQO1 by broccoli sprout ITC extract
and SF in wild-type and Nrf2 knockout MEF. Cells were treated with either
broccoli sprout extract or SF at the indicated ITC concentrations for 24 h
and then were harvested for determination of specific GST and NQO1
activities as described in Materials and Methods. A and B, wild-type MEF;
C and D, Nrf2 knockout MEF. Each value is the mean ± SEM (n ) 3).
Values marked with an asterisk are each significantly higher than the
control (p < 0.05).

Table 1. Urinary Excretion of Orally Administered Broccoli Sprout ITCs
in Rats

urinary ITC plus DTC

ITC dose
(µmol/kg b.w.)

urine collection
period post
ITC dosing

total urine
volume

(mL) concn (µM) % recovery

10 0−24 h 13.6 ± 1.4a 113.3 ± 19.4a 70.4
25−48 h 10.9 ± 0.4 2.5 ± 0.5 1.4

25 0−24 h 15.9 ± 1.8 243.9 ± 22.1 71.8
25−48 h 10.9 ± 1.4 5.6 ± 1.4 1.4

50 0−24 h 12.4 ± 2.1 702.2 ± 88.6 78.8
25−48 h 11.9 ± 1.0 10.4 ± 1.7 1.2

250 0−24 h 13.9 ± 1.9 3405.3 ± 470.3 78.2
25−48 h 13.7 ± 1.8 41.9 ± 5.9 1.1

a Mean ± SEM (n ) 5). Each Sprague−Dawley rat received a single oral dose
of broccoli sprout extract.

Figure 5. Urinary excretion levels of ITC metabolites in rats following
administration of broccoli sprout ITC extract. The data are drawn from a
part of the results shown in Table 1. Each rat was given a single oral
dose of broccoli sprout extract, and urine was collected for 24 h postdosing.
Each value is the mean ± SEM (n ) 5). Urinary elimination of ITC
metabolites was linearly proportional to the ITC dose (r 2 ) 0.992).
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treatment groups and the control group (results not shown). No
gross abnormalities were detected at necropsy. When the rat
bladder tissues were examined microscopically after H&E
staining, no pathological changes were visible (Figure 6).

DISCUSSION

Several lines of evidence show that deficiency of GST or
NQO1 increases the risk of bladder cancer in humans. Our
present study shows that broccoli sprout extract causes signifi-
cant induction of both enzymes in cultured bladder cells and in
the bladder of rats in vivo. Moreover, the inducer efficacy of
this extract in cultured bladder cells in vitro (Figure 3) and in
the rat bladder in vivo was very similar to that of SF (15). SF
is the principal ITC in the extract (18) and is a well-known
cancer chemopreventive agent (31). These results suggest that
broccoli sprout extract is not only potentially useful for bladder
cancer prevention but also is an excellent substitute for SF. In
this context, it is important to note that fresh broccoli sprouts
may not be as good a delivery vehicle of SF as broccoli sprout
extract. SF and other ITCs in broccoli sprouts are generated
through myrosinase-catalyzed hydrolysis of their glucosinolate
precursors (â-thioglucosideN-hydroxysulfates). However, my-
rosinase-induced ITC formation in broccoli sprouts is in
competition with the activity of epithiospecifier protein (ESP),
which converts the intermediate products of glucosinolate
hydrolysis (thiohydroximate-O-sulfonates) to nitriles and other
products, which are not known to possess chemopreventive
activity (32,33). In fresh broccoli sprouts, only a small fraction
(∼17%) of the glucosinolates were converted to ITCs (our
unpublished data), as both myrosinase and ESP were fully
active, although mild heating increases ITC yield because ESP
is more heat-sensitive than myrosinase (32). In the preparation
of broccoli sprout extract, however, endogenous enzymes and
ESP are inactivated by heating, and a high yield of ITCs is
ensured by subsequently adding a preparation of myrosinase
uncontaminated with ESP.

Our studies also show that Nrf2 plays a critical role in GST
and NQO1 induction by the broccoli sprout extract. Knockout
of Nrf2 in MEF completely abolished GST induction and
markedly attenuated NQO1 induction (Figure 4). The depen-
dence of the extract on Nrf2 in GST and NQO1 induction was
similar to that of SF, which was previously shown to depend

on Nrf2 for induction of many detoxification enzymes (34).
However, there was a small but significant induction of NQO1
after treatment of Nrf2-deficient MEF with either the extract
or SF, suggesting that an Nrf2-independent mechanism may also
mediate to a minor extent the induction of this enzyme. Nrf2-
related factors such as Nrf1 and Nrf3 have been reported to
mimic the function of Nrf2 (35, 36). However, it seems unlikely
that these factors play a role in NQO1 induction observed in
the present study, because Nrf2 knockout completely abolished
GST induction. Rather, we speculate that it may involve
activator protein 1 (AP-1). Although we are unable to find any
literature reports of NQO1 regulation by AP-1 in murine cells
and tissues, a functional AP-1 binding site is known to exist in
the 5′-flanking region of the human NQO1 gene (37, 38). We
and others have previously shown that ITCs, including SF,
stimulate trans-activation of AP-1 in various cultured cell lines
(19, 39, 40).

Bladder, duodenum and forestomach were the most respon-
sive organs in the induction of GST and NQO1 in vivo by the
broccoli sprout extract. However, the efficacy of this extract in
the bladder was markedly influenced by dosing method, as oral
intubation of the extract was significantly more effective than
its supplementation in the diet (Figure 1). Interestingly, similar
effects were also seen in the forestomach, but not in other organs
examined (Figure 2). Both bladder and forestomach may be
viewed as organs that temporarily store ITCs or their metabo-
lites, because ingested ITCs may be kept in the stomach for
some time before being passed to the small intestine, whereas
urinary metabolites of ITCs (mainlyN-acetylcysteine (NAC)
conjugates), which can undergo time-dependent dissociation to
ITCs, are stored in the bladder until urine discharge. Thus, it is
conceivable that bolus ITC administration maximizes the
exposure of these organs to ITCs or their metabolites. Also,
the duodenum remained one of the most responsive organs,
perhaps the most responsive among the organs examined, in
the induction of GST and NQO1, regardless of how the broccoli
sprout extract was administered, suggesting that broccoli sprout
extracts may be an excellent cytoprotective substance in this
tissue. The reason for the sensitivity toward induction of GST
and NQO1 by the broccoli sprout extract in the duodenum is
presently unknown.

ITCs are known to be metabolized in vivo mainly through
the mercapturic acid pathway and to be excreted in the urine as
NAC conjugates. Using the cyclocondensation assay, which
measures free ITCs, NAC conjugates, and the intermediate
metabolites in the mercapturic acid pathway (collectively termed
DTC), we showed extensive (70.4-78.8%) elimination of the
ITC doses provided by the broccoli sprout extract within 24 h.
Little more ITCs or their derivatives were excreted in the
subsequent 24 h. These results are consistent with those of
Kassahun et al. (41), who showed that 72% of a single oral
dose of SF was eliminated within 24 h as NAC conjugates in
the urine of rats. Similar results were also seen in humans dosed
with broccoli or broccoli sprouts (42,43). Interestingly, the
urinary concentrations of ITC metabolites associated with
significant induction of GST and NQO1 in the bladder appear
to be dramatically higher than those required for induction in
cultured cells. While broccoli sprout extract providing ITC
concentrations of 4 and 8µM significantly induced GST and
NQO in cultured NBT-II cells and MEF, the urinary concentra-
tions of total DTC, the majority of which are presumably NAC
conjugates, in rats that were fed with amounts of the ITC extract
that caused significant induction of GST and NQO1 in the
bladder were 2-3 orders of magnitude higher. This suggests a

Figure 6. H&E stained bladder tissues of rats after administration of
broccoli sprout ITC extract. Rats were given broccoli sprout ITC extract
either in the diet or by oral intubation daily for 14 days. On the 15th day,
the rats were killed, and the bladders were removed and processed for
microscopic examination of bladder tissue. A, control; B, 40 µmol ITC/kg
b.w./day, extract in the diet; C, 80 µmol ITC/kg b.w./day, extract in the
diet; D, 160 µmol ITC/kg b.w./day, extract in the diet; E, 40 µmol ITC/
kg/day, oral intubation; F, 160 µmol ITC/kg/day, oral intubation. The images
are representative of bladders of other rats in the same groups (six rats/
group).
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very limited dissociation of NAC-ITCs to ITCs in the urine and/
or very limited uptake of ITCs/NAC-ITCs from urine by bladder
mucosa. Our previous study suggests that intact NAC-ITCs are
unable to enter cells (44). This suggestion is in accord with our
finding that urinary total ITC metabolites up to 3.4 mM did
not cause any detectable injury to the bladder tissue.

In summary, broccoli sprout extract is a strong inducer of
GST and NQO1 in cultured bladder cells in vitro and rat bladder
in vivo. The bladder is among the most responsive organs with
respect to the induction of these enzymes by the extract. GST
induction by the ITC extract appears to be entirely Nrf2-
dependent, whereas NQO1 induction may involve both Nrf2-
dependent and -independent mechanisms. While urinary con-
centrations of ITC metabolites in the rats dosed with the ITC
extract in association with significant GST and NQO1 induction
in the bladder are extremely high, no toxic effects on the bladder
tissue were observed.

ABBREVIATIONS USED

DTC, dithiocarbamate; GST, glutathione S-transferase; ITC,
isothiocyanate; MEF, mouse embryonic fibroblast; NAC,N-
acetylcysteine; NQO1, NAD(P)H:quinone oxidoreductase 1; SF,
sulforaphane.

ACKNOWLEDGMENT

We thank Ms. Mary Vaughan at the Cell Analysis Resource of
Roswell Park Cancer Institute for assistance in performing
histological analysis.

LITERATURE CITED

(1) Hayes, J. D.; Pulford, D. J. The glutathione S-transferase
supergene family: regulation of GST and the contribution of
the isoenzymes to cancer chemoprotection and drug resistance.
Crit. ReV. Biochem. Mol. Biol.1995,30 (6), 445-600.

(2) Dinkova-Kostova, A. T.; Talalay, P. Persuasive evidence that
quinone reductase type 1 (DT diaphorase) protects cells against
the toxicity of electrophiles and reactive forms of oxygen.Free
Radical Biol. Med.2000,29 (3-4.), 231-240.

(3) Nioi, P.; Hayes, J. D. Contribution of NAD(P)H:quinone
oxidoreductase 1 to protection against carcinogenesis, and
regulation of its gene by the Nrf2 basic-region leucine zipper
and the arylhydrocarbon receptor basic helix-loop-helix tran-
scription factors.Mutat. Res.2004,555 (1-2), 149-171.

(4) Long, D. J., II; Waikel, R. L.; Wang, X. J.; Perlaky, L.; Roop,
D. R.; Jaiswal, A. K. NAD(P)H:quinone oxidoreductase 1
deficiency increases susceptibility to benzo(a)pyrene-induced
mouse skin carcinogenesis.Cancer Res.2000,60 (21), 5913-
5915.

(5) Long, D. J., II; Gaikwad, A.; Multani, A.; Pathak, S.; Mont-
gomery, C. A.; Gonzalez, F. J.; Jaiswal, A. K. Disruption of the
NAD(P)H:quinone oxidoreductase 1 (NQO1) gene in mice
causes myelogenous hyperplasia.Cancer Res.2002, 62 (11),
3030-3036.

(6) Long, D. J., II; Waikel, R. L.; Wang, X. J.; Roop, D. R.; Jaiswal,
A. K. NAD(P)H:quinone oxidoreductase 1 deficiency and
increased susceptibility to 7,12-dimethylbenz[a]-anthracene-
induced carcinogenesis in mouse skin.J. Natl. Cancer Inst.2001,
93 (15), 1166-1170.

(7) Henderson, C. J.; Smith, A. G.; Ure, J.; Brown, K.; Bacon, E.
J.; Wolf, C. R. Increased skin tumorigenesis in mice lacking pi
class glutathione S-transferases.Proc. Natl. Acad. Sci. U.S.A.
1998,95 (9), 5275-80.

(8) Komiya, Y.; Tsukino, H.; Nakao, H.; Kuroda, Y.; Imai, H.;
Katoh, T., Human glutathion S-transferase A1 polymorphism
and susceptibility to urothelial cancer in the Japanese population.
Cancer Lett.2005,221 (1), 55-59.

(9) Toruner, G. A.; Akyerli, C.; Ucar, A.; Aki, T.; Atsu, N.; Ozen,
H.; Tez, M.; Cetinkaya, M.; Ozcelik, T. Polymorphisms of
glutathione S-transferase genes (GSTM1, GSTP1 and GSTT1)
and bladder cancer susceptibility in the Turkish population.Arch.
Toxicol.2001,75 (8), 459-64.

(10) Schulz, W. A.; Krummeck, A.; Rosinger, I.; Eickelmann, P.;
Neuhaus, C.; Ebert, T.; Schmitz-Drager, B. J.; Sies, H. Increased
frequency of a null-allele for NAD(P)H: quinone oxidoreductase
in patients with urological malignancies.Pharmacogenetics1997,
7 (3), 235-239.

(11) Salagovic, J.; Kalina, I.; Habalova, V.; Hrivnak, M.; Valansky,
L.; Biros, E. The role of human glutathione S-transferases M1
and T1 in individual susceptibility to bladder cancer.Physiol.
Res.1999,48 (6), 465-471.

(12) Moore, L. E.; Wiencke, J. K.; Bates, M. N.; Zheng, S.; Rey, O.
A.; Smith, A. H. Investigation of genetic polymorphisms and
smoking in a bladder cancer case-control study in Argentina.
Cancer Lett.2004,211 (2), 199-207.

(13) Park, S. J.; Zhao, H.; Spitz, M. R.; Grossman, H. B.; Wu, X.
An association between NQO1 genetic polymorphism and risk
of bladder cancer.Mutat. Res.2003,536 (1-2), 131-137.

(14) Munday, R.; Munday, C. M. Selective induction of phase II
enzymes in the urinary bladder of rats by allyl isothiocyanate, a
compound derived from Brassica vegetables.Nutr. Cancer2002,
44 (1), 52-59.

(15) Munday, R.; Munday, C. M. Induction of phase II detoxification
enzymes in rats by plant-derived isothiocyanates: comparison
of allyl isothiocyanate with sulforaphane and related compounds.
J. Agric. Food Chem.2004,52 (7), 1867-1871.

(16) Munday, R.; Zhang, Y.; Fahey, J. W.; Jobson, H. E.; Munday,
C. M.; Li, J.; Stephenson, K. K. Evaluation of isothiocyanates
as potent inducers of carcinogen-detoxifying enzymes in the
urinary bladder: critical nature of in vivo bioassay.Nutr. Cancer
2006,54 (2), 223-231.

(17) Fahey, J. W.; Zhang, Y.; Talalay, P. Broccoli sprouts: an
exceptionally rich source of inducers of enzymes that protect
against chemical carcinogens.Proc. Natl. Acad. Sci. U.S.A.1997,
94 (19), 10367-10372.

(18) Tang, L.; Zhang, Y.; Jobson, H. E.; Li, J.; Stephenson, K. K.;
Wade, K. L.; Fahey, J. W. Potent activation of mitochondria-
mediated apoptosis and arrest in S and M phases of cancer cells
by a broccoli sprout extract.Mol. Cancer Ther.2006, 5 (4), 935-
944.

(19) Li, J.; Yao, S.; Zhang, Y. The role of c-Jun in the AP-1 activation
induced by naturally occurring isothiocyanates.Food Chem.
Toxicol.2005,43 (9), 1373-1380.

(20) Wakabayashi, N.; Dinkova-Kostova, A. T.; Holtzclaw, W. D.;
Kang, M. I.; Kobayashi, A.; Yamamoto, M.; Kensler, T. W.;
Talalay, P. Protection against electrophile and oxidant stress by
induction of the phase 2 response: fate of cysteines of the Keap1
sensor modified by inducers.Proc. Natl. Acad. Sci. U.S.A.2004,
101 (7), 2040-2045.

(21) Ye, L.; Zhang, Y. Total intracellular accumulation levels of
dietary isothiocyanates determine their activity in elevation of
cellular glutathione and induction of Phase 2 detoxification
enzymes.Carcinogenesis2001,22 (12), 1987-1992.

(22) Habig, W. H.; Pabst, M. J.; Jakoby, W. B. Glutathione S-
transferases. The first enzymatic step in mercapturic acid
formation.J. Biol. Chem.1974,249 (22), 7130-7139.

(23) Ernster, L.; Danielson, L.; Ljunggren, M. DT diaphorase. I.
Purification from the soluble fraction of rat-liver cytoplasm, and
properties.Biochim. Biophys. Acta1962,58, 171-188.

(24) Zhang, Y.; Wade, K. L.; Prestera, T.; Talalay, P. Quantitative
determination of isothiocyanates, dithiocarbamates, carbon dis-
ulfide, and related thiocarbonyl compounds by cyclocondensation
with 1,2-benzenedithiol.Anal. Biochem.1996,239 (2), 160-
167.

Induction of GST and NQO1 in Bladder Cells and Tissues J. Agric. Food Chem., Vol. 54, No. 25, 2006 9375



(25) Shapiro, T. A.; Fahey, J. W.; Wade, K. L.; Stephenson, K. K.;
Talalay, P. Human metabolism and excretion of cancer chemo-
protective glucosinolates and isothiocyanates of cruciferous
vegetables.Cancer Epidemiol. Biomarkers. PreV. 1998,7 (12),
1091-1100.

(26) Zhang, Y.; Talalay, P.; Cho, C. G.; Posner, G. H. A major inducer
of anticarcinogenic protective enzymes from broccoli: isolation
and elucidation of structure.Proc. Natl. Acad. Sci. U.S.A.1992,
89 (6), 2399-2403.

(27) Zhang, Y.; Gordon, G. B. A strategy for cancer prevention:
stimulation of the Nrf2-ARE signaling pathway.Mol. Cancer
Ther.2004,3 (7), 885-893.

(28) Eggler, A. L.; Liu, G.; Pezzuto, J. M.; van Breemen, R. B.;
Mesecar, A. D. Modifying specific cysteines of the electrophile-
sensing human Keap1 protein is insufficient to disrupt binding
to the Nrf2 domain Neh2.Proc. Natl. Acad. Sci. U.S.A.2005,
102 (29), 10070-10075.

(29) Dinkova-Kostova, A. T.; Holtzclaw, W. D.; Cole, R. N.; Itoh,
K.; Wakabayashi, N.; Katoh, Y.; Yamamoto, M.; Talalay, P.
Direct evidence that sulfhydryl groups of Keap1 are the sensors
regulating induction of phase 2 enzymes that protect against
carcinogens and oxidants.Proc. Natl. Acad. Sci. U.S.A.2002,
99 (18), 11908-11913.

(30) Keum, Y. S.; Jeong, W. S.; Kong, A. N. Chemoprevention by
isothiocyanates and their underlying molecular signaling mech-
anisms.Mutat. Res.2004,555 (1-2), 191-202.

(31) Zhang, Y. Cancer chemoprevention with sulforaphane, a dietary
isothiocyanate. InPhytochemicals in health and disease; Bao,
Y., Fenwick, R., Eds.; Marcel Dekker Inc.: New York, 2004;
pp 121-141.

(32) Matusheski, N. V.; Juvik, J. A.; Jeffery, E. H. Heating decreases
epithiospecifier protein activity and increases sulforaphane
formation in broccoli.Phytochemistry2004, 65 (9), 1273-1281.

(33) Matusheski, N. V.; Swarup, R.; Juvik, J. A.; Mithen, R.; Bennett,
M.; Jeffery, E. H. Epithiospecifier protein from broccoli (Brassica
oleracea L. ssp. italica) inhibits formation of the anticancer agent
sulforaphane.J. Agric. Food Chem.2006,54 (6), 2069-2076.

(34) Thimmulappa, R. K.; Mai, K. H.; Srisuma, S.; Kensler, T. W.;
Yamamoto, M.; Biswal, S. Identification of Nrf2-regulated genes
induced by the chemopreventive agent sulforaphane by oligo-
nucleotide microarray.Cancer Res.2002,62 (18), 5196-5203.

(35) Venugopal, R.; Jaiswal, A. K. Nrf1 and Nrf2 positively and c-Fos
and Fra1 negatively regulate the human antioxidant response
element-mediated expression of NAD(P)H:quinone oxidoreduc-
tase1 gene.Proc. Natl. Acad. Sci. U.S.A.1996, 93 (25), 14960-
14965.

(36) Kobayashi, A.; Ito, E.; Toki, T.; Kogame, K.; Takahashi, S.;
Igarashi, K.; Hayashi, N.; Yamamoto, M. Molecular cloning and
functional characterization of a new Cap‘n’ collar family
transcription factor Nrf3.J. Biol. Chem.1999,274(10), 6443-
6452.

(37) Jaiswal, A. K. Human NAD(P)H:quinone oxidoreductase (NQO1)
gene structure and induction by dioxin.Biochemistry1991,30
(44), 10647-10653.

(38) Li, Y.; Jaiswal, A. K. Regulation of human NAD(P)H:quinone
oxidoreductase gene. Role of AP1 binding site contained within
human antioxidant response element.J. Biol. Chem.1992,267
(21), 15097-15104.

(39) Patten, E. J.; DeLong, M. J. Temporal effects of the detoxification
enzyme inducer, benzyl isothiocyanate: activation of c-Jun
N-terminal kinase prior to the transcription factors AP-1 and
NFkappaB.Biochem. Biophys. Res. Commun.1999, 257 (1),
149-155.

(40) Jeong, W. S.; Kim, I. W.; Hu, R.; Kong, A. N. Modulation of
AP-1 by natural chemopreventive compounds in human colon
HT-29 cancer cell line.Pharm. Res.2004,21 (4), 649-660.

(41) Kassahun, K.; Davis, M.; Hu, P.; Martin, B.; Baillie, T.
Biotransformation of the naturally occurring isothiocyanate
sulforaphane in the rat: identification of phase I metabolites and
glutathione conjugates.Chem. Res. Toxicol.1997, 10 (11),
1228-1233.

(42) Gasper, A. V.; Al-Janobi, A.; Smith, J. A.; Bacon, J. R.; Fortun,
P.; Atherton, C.; Taylor, M. A.; Hawkey, C. J.; Barrett, D. A.;
Mithen, R. F. Glutathione S-transferase M1 polymorphism and
metabolism of sulforaphane from standard and high-glucosinolate
broccoli.Am. J. Clin. Nutr.2005,82 (6), 1283-1291.

(43) Ye, L.; Dinkova-Kostova, A. T.; Wade, K. L.; Zhang, Y.;
Shapiro, T. A.; Talalay, P. Quantitative determination of dithio-
carbamates in human plasma, serum, erythrocytes and urine:
pharmacokinetics of broccoli sprout isothiocyanates in humans.
Clin. Chim. Acta2002,316 (1-2), 43-53.

(44) Zhang, Y. Role of glutathione in the accumulation of anticar-
cinogenic isothiocyanates and their glutathione conjugates by
murine hepatoma cells.Carcinogenesis2000, 21 (6), 1175-1182.

Received for review July 25, 2006. Revised manuscript received October
4, 2006. Accepted October 11, 2006. This work was supported by grants
from USPHS CA80962 and CA100623 and from the Vital Vegetables
Research Program of Australia and New Zealand. Jed W. Fahey, as
well as Johns Hopkins University, owns stock in Brassica Protection
Products, LLC (BPP), a company which sells broccoli sprouts. He is a
co-founder of BPP and remains an unpaid consultant to BPP. His stock
is subject to certain restrictions under University policy. The terms of
this arrangement are being managed by Johns Hopkins University in
accordance with its conflict of interest policies. However, neither the
preparation of broccoli sprout extract used in our study nor the study
itself involved BPP.

JF062109H

9376 J. Agric. Food Chem., Vol. 54, No. 25, 2006 Zhang et al.


