NUTRITION AND CANCER, 54(2), 223-231
Copyright © 2006, Lawrence Erlbaum Associates, Inc.
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Abstract: Deficiency of carcinogen-detoxifying phase 2 en-
zymes, such as glutathione S-transferase (GST) and
NAD(P)H:quinone oxidoreductase 1 (NQOI), increases
bladder cancer risk in humans. We report that several
isothiocyanates (ITCs) that have not been previously exam-
ined, 1-methylbutyl ITC in particular, potently and preferen-
tially induce both GST and NQOI in the rat bladder. Com-
parison of 25 ITCs that are closely related in chemical
structures showed that a 3-5-carbon aliphatic side chain
with a methyl group attached to the alpha carbon was crucial
for maximal inducer activity in the bladder. Surprisingly,
cell-based bioassays failed to predict the phase 2 enzyme-in-
ducing activity of the ITCs in the bladder. Furthermore, al-
though ITCs are principally metabolized in vivo to
dithiocarbamates (DTCs), which are believed to serve as the
carriers of ITCs and are rapidly eliminated and concentrated
in the urine, the total urinary levels of ITC plus DTC did not
correlate with the degree of GST and NQO1 induction by the
ITCs in the bladder of rats. Thus, several underappreciated
ITCs are exceedingly potent inducers of GST and NQOI in
the rat bladder but were predicted neither by in vitro
bioassays of phase 2 enzyme induction nor by their appear-
ance or concentration in urine in vivo.

Introduction

It is now well established that carcinogen-detoxifying
phase 2 enzymes, such as NAD(P)H:quinone oxidoreductase
1 (NQOV1) and glutathione S-transferase (GST), play a criti-
cal role in cellular defense against chemical carcinogens and
oxidants. Deficiencies of these enzymes lead to increased
DNA damage and cancer risk, and increased expression of
these enzymes suppresses cancer development (1,2). Indeed,
individuals who are deficient in NQO1 or GST show a signif-
icantly increased risk of developing urothelial or urinary

bladder cancer (3—7), whereas oltipraz, a strong inducer of
phase 2 enzymes, has been shown to inhibit nitrosamine-in-
duced bladder tumorigenesis in mice (8,9). Moreover, genes
encoding these enzymes are transcriptionally up-regulated
upon stimulation of the Nrf2-ARE signaling pathway, and
many chemical agents stimulate Nrf2-ARE signaling and
cause a coordinate induction of multiple phase 2 enzymes
(10).

Organic isothiocyanates (ITCs or R-N=C=S), many of
which occur in plants, especially in cruciferous vegetables,
are promising cancer chemopreventive agents. Studies with
several ITCs in cultured cells, animal models, and human
subjects have shown cancer-preventive activities (11-14).
These compounds stimulate Nrf2-ARE signaling and induce
phase 2 enzymes besides triggering other chemopreventive
mechanisms (13-15). We have previously shown that the de-
gree of induction of both NQO1 and GST by several ITCs in
a wide range of rat tissues was greatest in the urinary bladder
(16,17), suggesting that the most promising chemo-
preventive utility of ITCs may be bladder cancer prevention.
The selective effect of ITCs on phase 2 enzymes in the blad-
der could well be a reflection of the nature of ITC metabo-
lism and disposition in vivo, as explained below.

ITCs are metabolized in vivo principally by the mercap-
turic acid pathway. Initial conjugation of the -N=C=S group
with the cysteine thiol of glutathione (GSH) forms the corre-
sponding conjugates, which are then metabolized sequen-
tially to the cysteinylglycine-, cysteine-, and
N-acetylcysteine (NAC)-conjugates, which are excreted and
concentrated in the urine (14,18). NAC conjugates and the in-
termediate metabolites of ITCs, known collectively as
dithiocarbamates (DTCS), are believed to facilitate the deliv-
ery of ITCs to the bladder, because they are unstable and
readily dissociate to their parent ITCs (19). Available evi-
dence suggests that urinary concentrations of ITC plus DTC
are considerably higher than those in the blood after ITC in-
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gestion so that the bladder is the organ that may receive the
greatest exposure to ITCs (20). For example, Bollard et al. re-
ported that the !“C contents in the bladders of male F344 rats
were 14—18 times that in the liver and kidney after a single
oral dose of [!4C] allyl ITC (21).

Although ITCs seem to be selectively delivered to the
bladder, it was not known if the urinary ITC plus DTC level is
a biomarker of induction of phase 2 enzymes by these com-
pounds in the bladder in vivo. Moreover, cell-based assays,
which are more rapid and less expensive than animal studies,
have been widely used to screen inducers of phase 2 enzymes
(22-25). However, it was not known if the activity of an ITC
in inducing phase 2 enzymes in cultured cells in vitro pre-
dicts its activity in the bladder in vivo. Answers to these ques-
tions are of critical importance to our effort to identify and
develop ITCs for bladder cancer prevention. In the present
study, we have attempted to address these questions by exam-
ining 25 ITCs, which are closely related in chemical struc-
ture. During the course of our study, we also identified a
number of exceedingly potent inducers of phase 2 enzymes
in the bladder.

Materials and Methods

Chemicals

Ethyl-, n-propyl-, iso-propyl-, allyl-, n-butyl-, iso-butyl-,
tert-butyl-, n-pentyl-, n-hexyl-, n-heptyl-, n-octyl-, n-nonyl-,
n-decyl- and n-dodecyl-ITC were purchased from Lancaster
Synthesis (Morecambe, UK). Methyl-, sec-butyl-, 1-methyl
butyl-, 3-methylbutyl-, and 1-ethylpropyl-ITC were synthe-
sized by the general method of Li et al. (26). 2-Methylbutyl-
and 1,3-dimethylbutyl-ITC were synthesized by the thiophos-
gene method as described by Drobnica et al. (27).
1-Methylallyl- and but-2-enyl-ITC were synthesized by the
method of Kjaeretal. (28), 2-methylallyl ITC by the method of
Bruson and Eastes (29), and but-3-enyl ITC by the method of
Kjaer and Jensen (30).

Cell Culture, ITC Treatment, and Assays
of GST and NQO1

Three cell lines were used: rat bladder carcinoma NBT-II
cells, human bladder carcinoma UM-UC-3 cells, and murine
hepatoma Hepalclc7 cells. The source and culture of these
cells have been previously reported (31-33). All ITCs were
dissolved in acetonitrile (ACN), and the final ACN concen-
tration in the culture medium was 0.1% or less (vol/vol).

To determine the effect of an ITC on GST and/or NQO1 in
NBT-II cells or UM-UC-3 cells, approximately 1 x 106 cells
were grown in a 10-cm dish with 10 ml medium for 48 h and
then incubated in fresh medium with an ITC at the desired
concentrations for 24 h. At the end of ITC treatment, cells
were harvested as pellets by trypsinization and centrifu-
gation. Cell lysates were prepared by mixing each cell pellet
with 200 ul digitonin solution [0.08% in 2 mM
ethylenediamine tetra-acetic acid (EDTA), pH 7.8] and incu-
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bating the mixture at 37°C for 10 min, followed by gentle
shaking for 15 min at room temperature. In the case of
NBT-II cells, the lysates were further sonicated to complete
cell lysis. All lysates were then centrifuged at 9,500 g at 4°C
in a microfuge, and the supernatant portions were used for
enzyme analysis. The GST activity (1-chloro-2,4-dinitroben-
zene as substrate) and NQO1 activity (menadione as sub-
strate) in cell lysates were determined as previously reported
(34).

Only NQOI was measured in Hepalclc7 cells, which
were grown in 96-well plates (1 x 104 cells/well) for 24 h and
then exposed to an ITC in fresh medium (200 pl/well) at the
desired concentrations for 48 h. At the end of ITC treatment,
NQOLI activity (menadione as substrate) was determined as
previously reported (22,33).

Animals

Female Sprague-Dawley rats (11-12 weeks of age) from
the Ruakura (New Zealand) colony were randomly allocated
to treatment groups. For the study on the effect of ITCs on tis-
sue enzyme activities, the rats were housed in solid bottomed
cages containing bedding of softwood shavings, and for the
experiment on urinary excretion of ITCs, they were main-
tained in metabolism cages. In both situations, the rats were
allowed free access to food (Laboratory Chow, Sharpes Ani-
mal Feeds, Carterton, NZ) and water. The room temperature
was maintained at 21-23°C under a 12-hr light/dark cycle.

Assay of Tissue NQO1 and GST Activities
of ITC-Treated Rats

Freshly prepared solutions of the 25 ITCs in soybean oil
were administered by oral intubation to groups of 5 rats at a
dose of 250 umol/kg/day for 5 days. A further group of rats
received vehicle alone. On the sixth day, the rats were killed
by carbon dioxide inhalation. Tissues were dissected out and
stored at —80°C before analysis. The tissue samples were
weighed and then homogenized in ice-cold 0.2% Triton
X-100 using a Polytron tissue homogenizer. The homo-
genates were centrifuged at 12,000 g for 20 sec, and the
supernatants assayed at 25°C for NQO1 by the
2,6-dichlorophenol indophenol method of Ernster (35) and
for GST by the method of Habig et al. (36), using
1-chloro-2,4-dinitrobenzene as substrate. Enzyme activities
were calculated as international units per gram of tissue. The
NQOI activities in the rat tissues and the cell lines were as-
sayed with different substrates for purpose of comparison
with previously obtained results of ITCs.

Measurement of Urinary Excretion
of ITC Plus DTC in Rats

Groups of 5 rats were given a single dose of 25 or 250
wmol/kg of 1-methylbutyl ITC (MBITC), allyl ITC (AITC),
or n-decyl ITC (DITC) by oral intubation as a solution in soy-
bean oil. Urine was collected over two consecutive 24-h peri-
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ods and stored frozen at —80°C until analysis. Total urinary
concentrations of ITC plus DTC were determined using the
cyclocondensation assay (reaction with 1,2-benzenedithiol)
(37), as described by Shapiro et al. (38). This assay measures
the sum total of ITCs and their DTC metabolites, but pro-
vides no information on the identity of individual com-
pounds. Because urine is the principal ITC disposal route,
this assay has been found to be an excellent tool for determin-
ing human exposure to ITCs based on the measurement of to-
tal urinary ITC plus DTC levels (38—40).

Statistical Analysis

Statistical significance was tested by analysis of variance,
followed by the Student-Newman-Keuls multiple compari-
sons test using Instat 2.04a software (GraphPad, San Diego,
CA).

Results

ITCs Displayed Considerable Variability
in Inducing Phase 2 Enzymes in the Bladder
In Vivo

We recently showed that oral administration of AITC
(compound 11) led to dose-dependent induction of both GST
and NQOI in the rat bladder (16). In the present study, we
compared the inducer activity of AITC with 24 analogs that
are closely related to one another in chemical structure (Table
1). The rats were dosed by oral intubation with each ITC at
250 umol/kg body weight daily for 5 days. This relatively
high dose was selected to obtain a clear distinction of the in-
ductive activity of the different compounds. There were no
significant differences among the test and control groups
with regard to body weight or bladder weight, and the ani-
mals remained in good health throughout the experiment. It
is also noteworthy that when AITC was previously tested at
up to 200 umol/kg in the same strain of rats, the induction of
both GST and NQOI in rat bladder and other tissues in-
creased dose dependently (16). The results with the 25 ITCs
are shown in Fig. 1 and can be summarized as follows: 1) ev-
ery ITC induced NQO1 to higher levels than GST, but the
ITC that was a better inducer of NQO1 was not necessarily a
better inducer of GST; 2) the induction of NQO1 and GST by
different ITCs differed by factors of nearly 8 and 6 respec-
tively, with MBITC (compound 1) and tert-butyl ITC (com-
pound 25) being the most and least effective inducers respec-
tively; 3) ITCs that contain a side chain of 3—5 carbons with a
methyl group attached to the alpha carbon, including
MBITC, 1,3-dimethylbutyl ITC, 1-methylallyl ITC, and
sec-butyl ITC, were the most potent inducers, and the inducer
activity of an ITC decreased as the carbon number of its side
chain decreased or increased, or when two methyl groups
were attached to the alpha carbon; and 4) the presence of an
alkene group did not affect the inducer activity of the com-
pound.
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Table 1. Name and Chemical Structure of Isothiocyanates
(ITCs)

cHy
CH;3—(CH,),-CH-N=C=$

e
CH,=CH-CH-N=C=8

1. 1-Methylbutyl ITC (MBITC)

2. 1-Methylallyl ITC
CH3

3. sec-Butyl ITC CH; -CH, -CH-N=C=S$

CHs  CHy
4. 1,3-Dimethylbutyl ITC CH;-CH-CH,-CH-N=C=S$

5. n-Pentyl ITC CH3-(CHa)a-N=C=S
CH3

6. 3-Methylbutyl ITC CH;-CH-(CHo),-N=C=8

CH;
7. iso-Butyl ITC CH3-CH-CH,-N=C=S
CHs
8. 2-Methylbutyl ITC CH;3~CH,~CH-CH,-N=C=S$
CH,CH;

9. 1-Ethylpropyl ITC CH; -CH, -CH-N=C=$§

10. n-Butyl ITC
11. Allyl ITC (AITC)

CH;—(CHa)3-N=C=$
CH,=CH-CH,-N=C=S
CH3

12. 2-Methylallyl ITC CH,=C-CH,-N=C=8

CH;
13. iso-Propyl ITC CH-CH-N=C=S
14. But-3-enyl ITC
15. n-Propyl ITC
16. But-2-enyl ITC
17. Ethyl ITC
18. Methyl ITC
19. n-Heptyl ITC
20. n-Hexyl ITC
21. n-Octyl ITC
22. n-Decyl ITC (DITC)
23. n-Nonyl ITC

24. n-Dodecyl ITC

CH,=CH—(CH,),-N=C=$
CH3-(CHy),-N=C=S

CH3- CH=CH- CH,-N=C=8§
CHj3-CH,-N=C=S
CH3-N=C=S
CH;3-(CH,)-N=C=S
CHj-(CH,)s-N=C=S
CH3-(CH,);-N=C=S
CHj-(CH,)o-N=C=S
CH3-(CH,)s-N=C=S
CH;3-(CH,);-N=C=S

i
CH3—9H—N:C:S
25. tert-Butyl ITC CH;

Cell-Based In Vitro Bioassays of ITCs Did
Not Predict Their Activity in Inducing GST
and NQO1 in the Bladder In Vivo

Cultured cells have frequently been used to screen induc-
ers of phase 2 enzymes, as these assays are less time-consum-
ing and much less expensive than animal experiments. We
wondered how the ITCs previously described might affect
these enzymes in cultured cells. We first evaluated the 25
ITCs in NBT-II cells, a rat bladder epithelial cancer cell line.
Cells were treated with each ITC at 3.75, 7.5, and 15 uM for
24 h and then assessed for induction of GST and NQOI.
Higher ITC concentrations were not used due to cytotoxicity
(results not shown). As shown in Fig. 2: 1) both GST and
NQOL in these cells had a very limited response range, that
is, maximal enzyme induction by an ITC ranging from in-
creases of 16% to 79% over control GST and 17% to 120%
over control NQO1; 2) there was little correlation between
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Figure 1. Induction of glutathione S-transferase (GST) and NAD(P)H:quinone oxidoreductase 1 (NQO1) in rat bladder by isothiocyanates (ITCs). Each rat was
dosed by oral intubation with an ITC at 250 umol/kg body weight daily for 5 days. The rats were killed 24 h after the last dose, and the bladders were removed and
assessed for specific activity of NQO1 (H) and GST (J). The results are expressed as the ratio of specific enzyme activity (the activity in ITC-treated bladder is

divided by that in vehicle-treated bladder). Each value is a mean + SD (n = 5).

the rank order of the inducer activities of the ITCs in the blad-
der (Fig. 1) and the rank order of those in NBT-II cells; and 3)
the ITCs that were the most effective inducers of GST and
NQO1 in the bladder in vivo, including MBITC,
1,3-dimethylbutyl ITC, and 1-methylallyl ITC, behaved at
best as mediocre inducers in NBT-II cells, whereas
but-2-enyl ITC, but-3-enyl ITC, and methyl ITC, which were
only moderate inducers in vivo, were the most effective in-
ducers in cultured NBT-II cells.

To rule out a cell-specific effect, 14 ITCs, which span the
range of activities reported in Fig. 1 and Fig. 2, were also
tested for induction of NQO1 at the same concentrations in
both UM-UC-3 cells (a human bladder epithelial cancer cell
line) and Hepa 1c1c7 cells (a mouse hepatoma cell line). The
latter cells have been widely used to screen for inducers of
phase 2 enzymes (25). The inducer activities of the majority
of the 14 ITCs were similar between the two cell lines and to
those in NBT-II cells, except for DITC (compound 22) and
n-dodecyl ITC (compound 24), both of which were particu-
larly effective inducers in Hepa 1c1c7 cells, elevating NQO1
more than 3 and 4 times, respectively (Fig. 3).

We must thus conclude that 1) cell-based (in vitro) bio-
assays are not reliable predictors of the potencies of ITCs to
induce phase 2 enzymes in the bladder (in vivo) and 2) the
ITC inducer potency may be cell line-specific when evalu-
ated using in vitro bioassays.

Urinary ITC Excretion Levels Did Not
Correlate With the Degree of Phase 2
Enzyme Induction in the Bladder

Asmentioned earlier, ITCs are almost exclusively excreted
and concentrated in the urine as DTCs, and urinary excretion
levels of ITC plus DTC, as measured by the cyclocondensation
assay, have been shown to be an excellent biomarker of human
exposure to ITCs from cruciferous vegetables. We measured
the urinary excretion levels of 3 representative ITCs, MBITC,
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AITC, and DITC, which differed sharply in their ability to in-
duce GST and NQO1 in the bladder in vivo (Fig. 1). The rats
received a single dose of ITC by oral intubation at 25 or 250
wmol/kg body weight, and two consecutive 24-h urine sam-
ples were collected from each rat immediately thereafter.
There was a dose-dependent urinary excretion of ITC plus
DTC for each of the 3 ITCs evaluated (Table 2), and urinary
elimination was largely completed within the first 24 h after
dosing. However, the three ITCs showed markedly different
urinary excretion levels of ITC plus DTC, in the following or-
der: AITC>MBITC>DITC. Forexample, when the rats were
dosed with each ITC at 250 umol/kg body weight, 33.6% of
MBITC dosed, 83.0% of AITC dosed, and 7.2% of DITC
dosed were detected in the first 24 h urine, respectively. More-
over, the most striking finding was that the total urinary ITC
plus DTC concentrations during the first 24 h, especially in the
case of AITC, were astonishingly high. After dosing the rats
with 25 and 250 pmol ITC/kg, total ITC plus DTC concentra-
tions in the first 24 hurine samples were 250.8 and 1,388.8 uM
(MBITC), 360.3 and 4,212.5 uM (AITC), and 47.1 and 483.0
uM (DITC), respectively. These results confirm that the blad-
ders, in particular their lumenal epithelia, were exposed to
very high concentrations of ITC plus DTC when the rats were
dosed at 250 wmol ITC/kg.

More importantly, our results showed that the total urinary
ITC plus DTC levels of the three ITCs were not correlated
with their ability to induce GST and NQO1 in the bladder.
The activities of GST and NQOI1 in the bladder were in-
creased 437% and 686% respectively by MBITC, but only
181% and 301% respectively by AITC (Fig. 1). However, the
24-h urinary ITC plus DTC concentration following oral ad-
ministration of 250 wmol MBITC/kg was 1,388.8 uM, only
33% of that (4,212.5 uM) following the same AITC dose.
Moreover, the total 24-h urinary ITC plus DTC following an
oral dose of 250 umol DITC/kg was 483.0 uM, which was
11.5% of that of AITC, but the induction of GST and NQO1
by DITC was 38.8% and 48.4% of those by AITC, respec-
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Figure 2. Induction of glutathione S-transferase (GST) and NAD(P)H:quinone oxidoreductase 1 (NQO1) in NBT-II cells. Approximately 1 x 10° cells were
grown in a 10-cm dish for 48 h and then incubated with each isothiocyanate (ITC) at 3.75 uM (OJ), 7.5 uM (&), or 15 uM (M) for 24 h. Cells were then harvested
and lysed for determination of GST and NQO1 activities. The results are expressed as mean + SD (n = 3).
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Figure 3. Induction of NAD(P)H:quinone oxidoreductase 1 (NQOT1) by isothiocyanates (ITCs) in UM-UC-3 cells and Hepalclc7 cells. The culture of
UM-UC-3 cells, their treatment with ITCs, and enzyme analysis are the same as with NBT-II cell (Fig. 2). Hepalclc7 cells were grown in 96-well plates (1 x 10*
cells/well) for 48 h and then incubated with each ITC for 24 h at 3.75 uM (OJ), 7.5 uM (N), or 15 uM (H) before determination of NQOT1 activity. Each value is a
mean + SD (n = 3).



Table 2. Urinary Excretion of Orally Administered ITCs in Rats®?

Urinary ITC Plus DTC
ITC Dose Urine Collection Period Total Urine Concentration
ITC (umol/kg b.w.) Post-ITC Dosing (h) Volume (ml)“ (uM)* % Recovery
MBITC 25 0-24 13.6 2.7 250.8 +32.4 53.9
25-48 14.0+2.8 55+2.6 1.1
250 0-24 155+24 1388.8 £245.9 33.6
25-48 152+29 53.0+16.9 1.3
AITC 25 0-24 129+2.6 360.3 £ 125.9 69.9
25-48 129 +3.0 26+1.6 0.6
250 0-24 11.5+2.8 4212.5 +581.6 83.0
25-48 12.1£3.6 299 +838 0.6
DITC 25 0-24 15.0+3.8 47.1+13.4 10.8
25-48 149 +3.1 14+04 0.3
250 0-24 10.0£2.1 483.0 £ 197.2 7.2
25-48 10.1 £2.8 33.5+21.7 0.5

a: Abbreviations are as follows: ITC, isothiocyanate; MBITC, 1-methylbutyl ITC; AITC, allyl ITC; DITC, n-decyl ITC.
b: n=15. Each Sprague-Dawley rat received a single dose of ITC by oral intubation.

c: Values are mean + SD.

tively. These results strongly suggest that total urinary ITC
plus DTC levels cannot serve as a biomarker of induction of
phase 2 enzymes by ITCs in the bladder.

We also compared the activities of both GST and NQO1
in a number of other tissues of rats, after oral dosing with
MBITC, AITC, or DITC at 250 umol/kg daily for 5 days. In
rats dosed with MBITC and AITC, all the tissues examined,
including colon, kidney, liver, lung, and glandular stomach,
showed markedly lower induction levels of GST and NQO1
than did the bladder (Table 3), which underscores the fact
that the bladder is by far the most responsive organ to ITC
treatment. DITC appears to show the same tissue specificity,
but the results are less revealing due to its poor inducer activ-
ity in all tissues. It should also be noted that in no tissues were
the urinary excretion levels of the three ITCs correlated with
the induction levels of GST and NQOI.

Discussion

Identification of Important ITCs for Bladder
Cancer Prevention

Our study of the 25 ITCs in rat bladder in vivo suggests that
ITCs with a 3-5-carbon aliphatic side chain and a methyl
group attached to the alpha carbon are highly potent inducers
of GST and NQOI1. Hence, MBITC, 1,3-dimethylbutyl ITC,
1-methylallyl ITC, and sec-butyl ITC are all exceedingly po-
tentinducers (Fig. 1). To the best of our knowledge, no ITC has
been previously shown to display such a potent inducer activ-
ity in the bladder. Sulforaphane (SF), a well known cancer
chemopreventive ITC that is present in broccoli and other
cruciferous vegetables, is an extremely potent inducer of
NQOLI in Hepalclc7 cells (41,42). However, the levels of
NQOI1 and GST induction in the rat bladder after oral adminis-
tration of SF were similar to that of AITC (17), which was only
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moderately potent in the current study. The majority of the 25
ITCs examined in the current study occur in plants, including
methyl-, ethyl-, n-propyl-, n-butyl-, n-pentyl-, n-hexyl-,
iso-propyl-,  sec-butyl-,  iso-butyl-,  1-methylbutyl-,
2-methylbutyl-, 3-methylbutyl-, allyl-, 2-methylallyl- and
but-3-enyl-ITC, and sec-butyl ITC (43). Although we only
measured the effect of the ITCs on GST and NQO, it is likely
that other phase 2 enzymes in the bladder will be induced by
these compounds as well, because ITCs have been shown to
stimulate the Nrf2-ARE signaling pathway (15,44,45), which
up-regulates a variety of phase 2 enzymes (10), through inter-
action with the -N=C=S group (46,47). It is also noteworthy
that the GST activity measured represents the total activity of
GST isoforms, as multiple GST isoforms may exist in a given
tissue, and 1-chloro-2,4-dinitrobenzene is a substrate of many
isoforms, including alpha, mu, pi, sigma, and theta (48). Inter-
estingly, ITCs are also substrates of GST, but the effect of GST
on urinary disposition rate of ITCs remains undefined (14). In
this context, our current study does not show a correlation be-
tween GST induction levels and urinary disposition rates of
ITCs.

The Induction of Both GST and NQO1

in Rat Organs, in Response to Orally
Administered ITCs, Is by Far the Greatest
in the Bladder

As discussed earlier, previous studies have shown that
ITCs in vivo are primarily disposed of and concentrated in
the urine as DTCs, which serve as carriers of ITCs. Indeed,
we found that the bladder was the single most responsive or-
gan, in terms of induction of GST and NQOI, to orally ad-
ministered MBITC and AITC. We have previously shown
similar results with AITC (16). Moreover, when [14C]AITC
was administered orally to rats, it was found that the radioac-
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Table 3. Induction of GST and NQO1 in Rat Organs by Orally Administered ITCs

Ratio of Specific Enzyme Activity (treated/control)

ITC (250 umol/kg, daily x 5) Enzyme Bladder Kidney Liver Lungs Stomach
MBITC GST 5.70 = 1.4* 1.22+0.1 1.06 0.1 1.21£0.2 1.25+0.1 1.27+0.1
NQO1 7.95 +1.9% 2.07+0.7 1.52+0.3 1.52+0.5 1.51+0.1 1.70 0.3
AITC GST 2.50 £ 0.4* 1.04£0.1 1.22+0.2 1.09 0.1 1.07 0.1 1.44+0.1
NQOI 5.10£0.5% 1.63+0.2 1.68 £ 0.8 1.48 0.4 1.58 £0.7 2.33+03
DITC GST 1.20+0.1 1.15+0.1 1.17+0.1 1.15+0.1 1.11+0.1 1.02+0.2
NQO1 2.00£0.1% 220+0.7 1.19+0.5 1.57+0.5 1.06 = 0.1 1.25+0.2

a: Abbreviations are as follows: GST, glutathione S-transferase; NQO1, NAD(P)H:quinone oxidoreductase 1; ITC, isothiocyanate; MBITC, 1-methylbutyl

ITC; AITC, allyl ITC; DITC, n-decyl ITC.

b: Each rat was dosed by oral intubation with an ITC at the indicated dose for 5 days. The rats were killed 24 h after the last dose, and the organs were removed
and assessed for specific activity of GST and NQO1. The results are expressed as the ratio of specific enzyme activity (the activity in ITC-treated organ is di-
vided by that in vehicle-treated organ). In the case of stomach, only the glandular portion was examined. The results of bladder are presented in Fig. 1, but are

shown here again for purpose of comparison.

c: Each value indicated by an asterisk (¥) is significantly different from other values in the same row (P < 0.05), except for the NQO1 value in the bladder of
DITC-treated rats, which is only significantly different from those in the kidney, lung, and stomach (P < 0.05).

tivity in the bladder was markedly higher than that in other
organs (21). These findings therefore indicate that the cancer
chemopreventive activity of ITCs is selectively delivered to
the bladder through urinary disposition. Because the induc-
tion of both GST and NQOI1 is dramatically higher in the
bladder than in any other organ, especially with MBITC, it is
likely that the ITC dose may be reduced to a level that still al-
lows significant induction of phase 2 enzymes in the bladder
but avoids potential systemic toxicity of the compound. This
consideration is important because chemopreventive agents
are typically administered to humans over a prolonged period
of time, and the potential toxicity of such agents must be
minimized.

Cell-Based In Vitro Bioassays Failed
to Predict the In Vivo Phase 2 Enzyme
Inducing Activity of ITCs in the Bladder

Although cell-based bioassays have been widely used to
screen and identify inducers of phase 2 enzymes, much to our
surprise, assays utilized in the current study failed to predict
the relative phase 2 enzyme-inducing activity of ITCs in the
bladder in vivo. This was true in all of the three cell lines ex-
amined: rat bladder NBT-II cells, human bladder UM-UC-3,
and mouse liver Hepalclc7 cells (Fig. 2 and 3). The
microtiter plate-based assay using NQO1 in Hepalclc7 cells
as a representative of phase 2 enzymes has been widely used
to screen for inducers of phase 2 enzymes (25). Moreover,
our studies also show that the response range of GST and/or
NQOI1 to the ITCs in the cultured cells was much smaller
than that in the rat bladder and that relative ITC potency may
differ somewhat among cell lines. Our results therefore re-
veal the limitation of cell-based bioassays in identifying
ITCs as inducers of phase 2 enzymes in vivo and question the
relevance of prior studies describing the effects of ITCs using
cultured cells.
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Total Urinary Excretion Level of ITC Plus
DTC Is Not a Biomarker of Phase 2 Enzyme
Induction by Orally Administered ITCs

In Vivo

In the current study, urinary excretion of ITC metabolites,
expressed as total ITC plus DTC levels, were measured by
the cyclocondensation assay, which detects both free ITCs
and their metabolites (DTCs) formed in the mercapturic acid
pathway. Many previous studies have shown that ITCs are
excreted in the urine principally as NAC conjugates in hu-
mans and rats (18,49,50). NAC-ITCs themselves are not be-
lieved to directly cause induction of phase 2 enzymes, be-
cause cellular uptake of intact NAC-ITCs appears to be very
limited (51). Rather, they can dissociate to the parent ITCs
(19) and therefore act as carriers of ITCs. In fact, a recent re-
port by Hwang and Jeffery (52) showed the NAC conjugate
of SF was slightly more potent than SF itself in inducing
NQOIL in Hepalclc7 cells, suggesting that NAC-ITCs may
potentiate the chemopreventive activity of ITCs by suppress-
ing their degradation (ITCs are reactive electrophiles) and
prolonging their interaction with cells. We have previously
shown that total intracellular accumulation levels of ITC plus
DTC predicts the phase 2 enzyme inducer activity of ITCs in
a number of cultured cell lines (34,53). Our current finding
that total urinary excretion levels of ITC plus DTC do not
correlate with the induction of GST and NQO1 in the bladder
in these rats may suggest that the dissociation rates of
NAC-ITCs to free ITCs in the urine vary, and consequently
the potency of induction by NAC conjugates may not parallel
that of their cognate ITCs because urine storage time in the
bladder is limited.

In addition, the lack of association between the urinary
ITC plus DTC levels and the induction of GST and NQO1
in the bladder may also be related to the urinary excretion
kinetics of ITC plus DTC. Previous studies suggest that
more lipophilic ITCs are eliminated more slowly and to a
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lesser extent in the urine (38,40,54). Although we have not
experimentally compared the lipophilicities of MBITC,
AITC, and DITC, a reasonable assumption is that they rank
in the following order, based on their chemical structures:
DITC > MBITC > AITC. This correlates well with total
urinary excretion levels of ITC plus DTC (Table 2). It is
therefore possible that the urinary excretion rates of ITC
plus DTC may follow the order of AITC > MBITC >
DITC, which could mean that the overall exposure of the
bladder to AITC might be lower than to MBITC when each
compound is administered orally at the same dose. It is also
likely that highly lipophilic ITCs such as DITC may have
low gastrointestinal absorption and high fecal elimination.
Further studies are needed to clarify the reason for differen-
tial potency of ITCs in the bladder.

It is also noteworthy that urinary ITC plus DTC concen-
trations were extremely high when the rats were dosed with
250 umol ITC/kg, especially in the cases of AITC and
MBITC (Table 2). Even when the ITC dose was reduced to
25 uwmol/kg, the average total urinary ITC plus DTC con-
centrations in the first 24 h post-dosing were 360 uM
(AITC) and 251 uM (MBITC), respectively. Considering
that ITCs at 10-100 uM can cause retardation of cell
growth and even cell death in cultured cell lines (14,55), fu-
ture studies are warranted to address what urinary ITC plus
DTC concentrations are safe and non-toxic to the urinary
bladder, particularly the epithelium. However, it is likely
that much higher urinary ITC plus DTC concentration may
be needed to produce effects in vivo similar to those seen in
cultured cells in vitro, because the bladder epithelium is
normally impermeable and is covered by a protective layer
of glycosaminoglycan. Humans are normally exposed to
much lower ITC doses, as daily intake of total ITCs, based
on a measurement of urinary ITC plus DTC or a dietary
questionnaire, was estimated to be 10—-100 pmol per person
(38,56,57), although humans are exposed to ITCs over a
much longer time period than the rats employed in the pres-
ent experiments. Whether these dose levels of ITC provide
protection in the bladder is unknown, but Michaud et al.
(58) reported that consumption of cruciferous vegetables,
which are rich in ITCs, was inversely correlated with blad-
der cancer risk.
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