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Inhibition of bladder cancer development by allyl isothiocyanate

Arup Bhattacharya1,y, Li Tang1,y, Yun Li1,2, Feng Geng1,
Joseph D.Paonessa1, Shang Chiung Chen3,
Michael K.K.Wong3 and Yuesheng Zhang1,�

1Department of Cancer Prevention and Control, 2Department of Urology and
3Department of Medicine, Roswell Park Cancer Institute, Buffalo, NY 14263,
USA

�To whom correspondence should be addressed. Tel: þ1 716 845 3097;
Fax: þ1 716 845 1144;
Email: yuesheng.zhang@roswellpark.org

Bladder cancer is one of the common human cancers and also has
a very high recurrence rate. There is a great need for agents
capable of inhibiting bladder cancer development and recurrence.
Here, we report that allyl isothiocyanate (AITC), an ingredient of
many common cruciferous vegetables, potently inhibited the pro-
liferation of bladder carcinoma cell lines in vitro [half maximal
inhibitory concentration (IC50) of 2.7–3.3 mM], which was asso-
ciated with profound G2/M arrest and apoptosis. In contrast,
AITC was markedly less toxic to normal human bladder epithelial
cells (IC50 of 69.4 mM). AITC was then evaluated in two rat
bladder cancer models in vivo (an orthotopic model and a subcu-
taneous model). The orthotopic model closely mimics human
bladder cancer development and recurrence. We show that
a low oral dose of AITC (1 mg/kg) significantly inhibited the de-
velopment and muscle invasion of the orthotopic bladder cancers
but was ineffective against the subcutaneous xenografts of the
same cancer cells in the same animals. This differential effect
was explained by our finding that urinary levels of AITC equiv-
alent were two to three orders of magnitude higher than that in
the plasma and that its levels in the orthotopic cancer tissues were
also three orders of magnitude higher than that in the subcutane-
ous cancer tissues. Moreover, we show that AITC is a multi-
targeted agent against bladder cancer. In conclusion, AITC is
selectively delivered to bladder cancer tissue through urinary
excretion and potently inhibits bladder cancer development and
invasion.

Introduction

Urinary bladder cancer is one of the common human cancers and
originates predominately from the epithelial cells on the inner surface
(1). Although the majority of bladder cancers (�80%) are initially
diagnosed without muscle invasion, known as superficial bladder can-
cers (2), which are typically treated with transurethral resection, most
patients experience recurrence. No agent is currently available for
prevention of primary bladder cancer and existing prophylactics of
bladder cancer recurrence, such as attenuated Bacillus Calmette–
Guerin bacteria and chemotherapeutic agents (3), have limited utility
and efficacy (4). It is noteworthy, however, that these prophylactics
are delivered intravesically to the bladder, taking advantage of the
superficial nature of the cancer and to reduce systemic side effects
of the agents, and urethral catheterization is required.

Several epidemiological studies have shown that consumption of
cruciferous vegetables is significantly associated with reduced risk of
bladder cancer (5–7). We recently showed that broccoli sprout ex-
tracts inhibited bladder carcinogenesis in a rat model (8). Allyl iso-
thiocyanate (AITC, see Figure 1A for its chemical structure) occurs in

many commonly consumed cruciferous vegetables and are particu-
larly abundant in mustard, horseradish and wasabi (9,10). Although
literature data are somewhat ambiguous about the chemopreventive
activity of AITC (11), there is some indication that AITC may poten-
tially prevent bladder cancer. Particularly, studies in rodents showed
that .90% of orally dosed AITC was absorbed; up to 80% of the
administered dose could be recovered in the urine within 24 h and
tissue levels of AITC in the bladder appeared to be .10-fold higher
than in other organs (12–14). Moreover, AITC is primarily metabo-
lized through the mercapturic acid pathway to finally form the
N-acetylcysteine (NAC) conjugate, which is excreted in the urine
(11). We previously showed that AITC and its NAC conjugate pos-
sessed similar growth-inhibitory activity against human bladder
cancer cells in culture, apparently due to the ability of the latter
compound to dissociate to AITC (15,16).

In the present study, we show that AITC causes strong cell cycle
arrest and apoptosis in bladder cancer cells but is markedly less toxic
to normal human bladder epithelial cells. We also demonstrate that
oral administration of AITC at a low dose level significantly inhibits
cancer growth and muscle invasion in a rat model that mimics the
development and recurrence of bladder cancer in humans. Evidence is
also presented to show that AITC is a multi-targeted agent against
bladder cancer. Moreover, we show that orally administered AITC is
selectively delivered to bladder cancer tissue through urinary excre-
tion. Thus, AITC is a highly promising agent for bladder cancer pre-
vention and/or treatment, and represents a novel and attractive
approach in the management of recurrence of superficial bladder can-
cer, since all currently available intravesicle therapies against bladder
cancer recurrence mandate urethral catheterization.

Materials and methods

Chemicals and antibodies

AITC was purchased from Sigma–Aldrich (St Louis, MO). Antibodies specific
for cyclin B1, caspase-3 and cleaved caspase-3 and glyceraldehyde-3-
phosphate dehydrogenase were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA), Cell Signaling Technology (Beverly, MA) and Chemicon
(Temecula, CA), respectively.

Cell culture and cell proliferation assay

Human bladder carcinoma UM-UC-3 cells were obtained from American Type
Culture Collection (Manassas, VA). Rat bladder carcinoma AY-27 cells were
a gift of Dr R.B.Moore of the University of Alberta in Canada. The cell line
was originally established from a bladder tumor in a F344 rat (17). Normal
human urothelial cells (HUCs), isolated from normal human bladder, were
purchased from ScienCell Research Laboratories (Carlsbad, CA). All cells
were maintained in 75 cm2 flasks at 37�C and 5% CO2 in a humidified in-
cubator. AY-27 cells were grown in RPMI 1640 medium, containing 2 mM
L-glutamine, 1.5 g/l sodium bicarbonate, 4.5 g/l glucose, 10 mM N-2-
hydroxyethylpiperazine-N#-2-ethanesulfonic acid, 1.0 mM sodium pyruvate
and 10% fetal bovine serum. UM-UC-3 cells were grown in McCoy’s 5a
medium with 10% fetal bovine serum. HUC were grown in urothelial cell
medium purchased from ScienCell (Carlsbad, CA).

For cytotoxicity assay, cells were grown in 96-well plates (5 � 103 cells per
well with 0.15 ml of medium) for 24 h and then grown for 72 h in fresh medium
(0.2 ml per well) containing AITC or solvent. Cell density was measured at the
end of the incubation by 3-(4,6-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay (18), with which the growth curve was constructed to calculate
the half maximal inhibitory concentration (IC50) of AITC.

For western blot analysis and flow cytometry analysis, as described below,
1 � 106 to 1.5 � 106 cells were grown in 10 cm plate with 10 ml medium for
24 h and then treated with AITC or solvent for 24 h before analysis. The cells
were trypsinized and harvested by centrifugation. For enzyme-linked immu-
nosorbent assay-based detection of apoptosis, cells were grown in 96-well
plates (1 � 104 cells per well with 0.2 ml medium) for 24 h and then grown
in the same volume of fresh medium containing AITC or solvent for 24 h
before analysis.

In all experiments, AITC was dissolved in acetonitrile and the final aceto-
nitrile concentration in the medium was �0.025% (vol/vol).

Abbreviations: AITC, allyl isothiocyanate; HUC, human urothelial cells;
IC50, half maximal inhibitory concentration; MMP, matrix metalloproteinase;
NAC, N-acetylcysteine; PBS, phosphate-buffered saline.
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Animal bladder cancer models

AITC was evaluated in two rat bladder cancer models: an orthotopic model and
a subcutaneous model. Female Fisher 344 rats at 8–10 weeks of age were
purchased from Harlan (Indianapolis, IN) and acclimatized for �1 week before
use. AY-27 cells were simultaneously inoculated both orthotopically and sub-
cutaneously in each rat. The rats were anesthetized with ketamine and xylazine
before AY-27 cell inoculation.

Bladder instillation of AY-27 cells was based on the protocol developed by
Xiao et al. (19). Briefly, each rat bladder was catheterized via the urethra with
an 18 gauge plastic intravenous cannula, and 0.4 ml of 0.1 N HCl was instilled
intravesically and retained for 15 s, followed immediately with 0.4 ml of 0.1 N
KOH and retained for 15 s in order to neutralize the acid. The bladder was then
completely drained, flushed with phosphate-buffered saline (PBS), and
1 � 106 cells in 0.5 ml serum-free medium was instilled. The cell suspension
was held in the bladder for 1 h, during which the rat body was turned 90� every
15 min to facilitate exposure of the entire bladder surface to the cells. The
catheter was then removed and the rat was allowed to void the suspension
spontaneously. All rats were subsequently administered a subcutaneous dose
of analgesic flunixin meglumine (2 mg/kg).

For subcutaneous inoculation, AY-27 cell suspension in serum-free medium
was mixed 1:1 with Matrigel (BD Biosciences, San Jose, CA), and 1 � 106

cells in 0.15 ml volume were injected subcutaneously to the right flank of
each rat.

One day after tumor cell inoculation, the rats were randomly assigned to
receive by gavage either soy oil (3 ml/kg) or AITC (freshly dissolved in an
equal volume of soy oil) once daily for 21 days. The animals were euthanized
24 h after the last dose, and both subcutaneous tumors and bladders were re-
moved and weighed. Half of each specimen was fixed in formalin for histolog-
ical analysis and the other half frozen in liquid nitrogen for western blot analysis.

All animal protocols and procedures were approved by the Roswell Park
Cancer Institute Animal Care and Use Committee.

Western blot analysis

Cells after harvest were washed with ice-cold PBS, suspended in radio-
immunoprecipitation assay (RIPA) buffer supplemented with protease inhibi-
tor cocktail (Sigma-Aldrich) and further disrupted by sonication. Tissue
specimens were thoroughly washed in PBS and homogenized in RIPA buffer
supplemented with protease inhibitor cocktail, in glass homogenizers. After
removal of the debris from both cell lysates and tissue homogenates by cen-
trifugation and measurement of protein contents using the bicinchoninic acid

kit from Pierce (Rockford, IL), the samples were each resolved by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (8–12%), followed by
transfer to polyvinylidene difluoride membranes. The membranes were
then probed by specific antibodies and the bands of interest visualized using
SuperSignal West Pico Chemiluminescence detection system from Thermo
Scientific (Rockford, IL).

Enzyme-linked immunosorbent assay-based detection of apoptosis

Apoptosis was detected using the Cell Death Detection ELISAplus kit from
Roche Diagnostics (Indianapolis, IN), according to manufacturer’s instruction.
Briefly, cells growing in 96-well plates, after removing the medium (the media
were assayed by the same kit to rule out necrosis), were lysed with cell lysis
buffer, and after low speed centrifugation, a portion of the supernatant was
transferred to a streptavidin-coated microplate well and incubated with a mix-
ture of anti-histone-biotin and anti-DNA-peroxidase monoclonal antibodies.
The wells were then thoroughly rinsed to remove the unbound antibodies.
Quantitative determination of the amount of nucleosomes retained in the
immuocomplex was made by spectroscopic measurement of a peroxidase-
catalyzed color reaction (measured at 405 nm, background at 490 nm).

Flow cytometry

Cell cycle was analyzed by flow cytometry, as described previously (15), using
FACScan (BD Biosciences, San Jose, CA) and ModFit software (Verity Soft-
ware House, Topsham, ME).

Pharmacokinetic study

Groups of four to six female F344 rats (10–12 weeks of age) were administered
a single oral dose of AITC in �0.5 ml of soy oil per rat. The rats were
immediately transferred to metabolism cages (1 rat per cage), with free access
to food and water, for urine collection for 1.5, 3, 6, 12 and 24 h. One group of
rats were killed for blood collection and plasma preparation at each time point.
A control group was administered the same volume of soy oil and similarly
kept in metabolism cages for 24 h urine collection and blood collection at the
end. The plasma and urine specimens were subsequently analyzed for concen-
trations of AITC levels.

In a separate experiment, Groups of four F344 rats bearing both orthotopic
bladder cancer and subcutaneous bladder cancer, 3 weeks after inoculation of
AY-27 cells, were administered a single oral dose of AITC. The animals were
sacrificed at 0, 1.5 and 6 h, and tumors from both sites were removed and
thoroughly washed with ice-cold PBS for subsequent analysis of AITC levels.

Fig. 1. The effect of AITC on cell survival and proliferation. AITC was evaluated at the indicated concentrations in UM-UC-3, AY-27 and HUC. (A) Chemical
structure of AITC. (B) Cell growth, measured by 3-(4,6-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, 72 h AITC treatment. IC50 was calculated
from non-linear regression curve fit. (C) Cell cycle ( , subG1; , G1; , S; ; G2/M), measured by flow cytometry, 24 h AITC treatment. (D) Apoptosis, measured
by an enzyme-linked immunosorbent assay, 24 h AITC treatment. Mean ± SE (n 5 3–6), �P , 0.05.
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AITC content in the plasma, urine and tumor tissues were determined using
the high-performance liquid chromatography-based cyclocondensation assay,
as described previously (8) and is expressed as AITC equivalent because the
assay detects both AITC and its metabolites formed in the mercapturic acid
pathway.

Histological analysis

Rat bladder specimens fixed in formalin were paraffin embedded, cut at �4 lm
and stained with standard hematoxylin and eosin. The slides were examined for
bladder and tumor histology using a Nikon 50i light microscope.

Statistical analysis

All results are expressed as mean ± SE. Unpaired two-tailed Student t-test was
used for data analysis, with a P value , 0.05 being considered significant
(GraphPad Version 5.00, GraphPad Software, San Diego, CA).

Results

The Effect of AITC on survival and proliferation of normal and
malignant bladder cells

Treatment of human bladder carcinoma UM-UC-3 cells and rat blad-
der carcinoma AY-27 cells with AITC led to dose-dependent inhibi-
tion of cell proliferation with an IC50 of 2.7 and 3.3 lM, respectively
(Figure 1B). It is important that AITC was similarly effective against
both cell lines because only AY-27 cells were later used in the animal
studies. Inhibition of cell proliferation by AITC was associated with
profound cell cycle arrest and induction of apoptosis. Up to 72% of
UM-UC-3 cells and 49% of AY-27 cells were in G2/M phase after
treatment with AITC at 7.5–15 lM for 24 h compared with 9.9–11.5%
of control cells that were in G2/M phase (Figure 1C). Both cell lines
also showed strong apoptosis induction by AITC, as indicated by up to
6.5-fold (UM-UC-3) and 7.8-fold (AY-27) increases in sub-G1 pop-
ulation (Figure 1C) and up to 3.9 fold (UM-UC-3) and 5.2-fold
(AY-27) increases in cytoplasmic levels of histone-associated DNA
(Figure 1D).

In contrast, AITC was markedly less toxic to HUC. Under similar
experimental conditions, the IC50 of AITC in HUC was 69.4 lM
(Figure 1B), which was 21.0–25.7 times higher than the correspond-
ing IC50 of AITC in their malignant counterparts. Moreover, AITC at
7.5 and/or 15 lM failed to cause cell cycle arrest and apoptosis in
HUC (Figure 1C and D).

Inhibition of bladder cancer growth and muscle invasion by AITC
in vivo

We next asked if AITC could inhibit bladder cancer development
in vivo. AITC was evaluated in two rat models, an orthotopic bladder
cancer model and a subcutaneous bladder cancer model, in order to
understand if AITC is more effective against cancer growing in the
bladder. AY-27 cells were used in both models, and both types of
cancers developed simultaneously in the same animals. Subcutaneous
cancer and orthotopic cancer formed in 96 and 90% of female F344
rats respectively, following AY-27 cell inoculation. The cancers in
both sites grew extremely fast. The subcutaneous tumors weighed
on average 1.02 g, 3 weeks after inoculation of 1 � 106 cells per
rat. In the orthotopic model, 3 weeks after inoculation of the same
amount of cells, the tumors weighed on average 0.30 g, which was
.4.4 times the normal bladder weight (67.7 ± 4 mg), but was smaller
than the subcutaneous tumors. The smaller size of orthotopic tumors,
compared with the subcutaneous tumors, probably reflects to a large
degree the difficulty for intravesically inoculated cells to attach to the
bladder epithelium and grow into a tumor.

Daily oral administration of AITC was initiated 1 day after the
animals were inoculated with AY-27 cells and continued for 3 weeks.
Longer treatment time was not chosen in view of the heavy tumor
burden in the animals at that time. AITC was evaluated at four dose
levels: 10, 25, 50 and 300 lmol/kg. All animals behaved normally
during AITC treatment, and none of the AITC doses caused signifi-
cant body weight loss (Figure 2A). AITC at 300 lmol/kg inhibited
subcutaneous cancer growth by 33%, albeit not statistically significant
but became progressively ineffective as the dose was lowered

(Figure 2B). The lowest dose of AITC was not evaluated in this
model, in view of its lack of effect at 25 and 50 lmol/kg. In contrast,
while AITC at 300 lmol/kg also inhibited the orthotopic bladder
cancer growth by 20%, it became somewhat more efficacious at the
lower dose levels, inhibiting tumor growth by 30%, with its effect at
10 lmol/kg showing statistical significance (P 5 0.034) (Figure 2C).
The three lower doses of AITC, however, seem to show similar effi-
cacy in reducing tumor burden, suggesting that the maximal antican-
cer efficacy of AITC in this model might have been reached. The
seemingly modest inhibitory efficacy of AITC might be related to
the explosive tumor growth rate. Interestingly, histological examina-
tion of the tumors showed increasing inhibition of muscle invasion
with decreasing AITC dose. There were only 18.9% of the tumor-
bearing bladders showing muscle invasion in rats treated with AITC

Fig. 2. Inhibition of cancer development by AITC. Female F344 rats were
inoculated with AY-27 cells to initiate simultaneous development of both
orthotopic bladder tumor and subcutaneous tumor in each rat. Oral
adminstration of AITC at 0, 10, 25, 50 and 300 lmol/kg once daily was
started 1 day after cancer cell inoculation and ended 3 weeks later. The
number of rats per group varied from 6 to 33; some of the data, particularly
the control group (n 5 33) and the group treated with the lowest dose of
AITC (n 5 23), were pooled from several experiments. (A) The initial and
final body weights. (B and C) The weights of subcutaneous tumors and
bladder tumors. Bladder tumor weight was calculated by subtracting the
average normal bladder weight from tumor-bearing bladder weight; �P ,

0.05. (D) Percentage of bladders where the tumor invaded the muscle tissue.
(E) Hematoxylin and eosin staining of the normal rat bladder wall (E1),
a superficial rat bladder tumor (E2) and a rat bladder tumor that invaded the
muscle layer (E3).
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at 10 lmol/kg compared with 27% in rats treated with AITC at
25 lmol/kg, 50% in rats treated with AITC at 50 or 300 lmol/kg
and 71% in the control rats (Figure 2D). Shown in Figure 2E are
representative images of normal rat bladder wall (E1), a superficial
AY-27 rat bladder tumor (E2) and a muscle-invasive AY-27 rat bladder
tumor (E3).

Molecular targets of AITC

Several proteins that are known to be important for G2/M phase and
apoptosis were assessed in AITC-treated bladder cells and tissues. In
cultured AY-27 cells and UM-UC-3 cells, after treatment with AITC
at the concentrations (7.5 and 15 lM) that caused marked and dose-
dependent G2/M arrest and apoptosis (see Figure 1), there were
marked down regulation of cyclin B1 (a key G2/M regulator) and
activation of caspase 3 (a key executioner caspase) (Figure 3). More
importantly, strong downregulation of cyclin B1 and activation of
caspase 3 were also consistently detected in AY-27 cell-derived blad-
der tumors from rats treated with AITC at 10 lmol/kg (Figure 3). The
modulation of cyclin B1 and caspase 3 by AITC in the tumor tissue in
vivo suggests that AITC was able to penetrate the tumor tissue in vivo
(the tumors were removed from rats after 3 weeks of AITC treatment).

Two proteins, which are known to be important in cancer invasion
and metastasis, matrix metalloproteinase (MMP)-2/-9 were also as-
sessed. Despite strong inhibition by AITC of muscle invasion of blad-
der tumor (Figure 2D), AITC had no impact on the levels of MMP-2
and MMP-9 in either AY-27 cells and UM-UC-3 cells in vitro or
AY-27 cell-derived bladder tumors in vivo (results not shown).

AITC levels in the plasma, urine and tumor tissues

Pharmacokinetic studies of AITC were subsequently undertaken, in
order to better understand the exceptional anticancer potency of AITC
in the bladder. Rats were administered a single oral dose of AITC at
10 or 300 lmol/kg, and urine and blood were collected at several time
intervals up to 24 h. To compare AITC levels between the orthotopic
bladder tumor tissue and the subcutaneous tumor tissue, rats bearing
both types of tumors (3 weeks after AY-27 cell inoculation) were
administered a single oral dose of AITC at 300 lmol/kg, and the
tumor-bearing bladders and subcutaneous tumors were removed at
different time points. All specimens were subjected to the cyclocon-
densation assay for measurement of AITC equivalent.

Oral administration of AITC led to dose-dependent increase in the
levels of AITC equivalent in both plasma and urine (Figure 4A and B).
Peak plasma concentrations of AITC equivalent of 1.5 lM and 23.4
lM were reached within 3 h of AITC dosing at 10 and 300 lmol/kg,
respectively. The corresponding urinary concentrations of AITC

equivalent of 0.6 and 9.9 mM were reached within 6 h of dosing.
Thus, urinary peak concentrations of AITC equivalent were 400- to
423- fold higher that that in the plasma. Moreover, while the plasma
concentrations of AITC equivalent declined rapidly thereafter (half-
life of ,3 h at the low AITC dose and �6 h at the higher dose),
urinary concentrations of AITC equivalent declined slowly. For ex-
ample, the average 24 h urinary concentrations of AITC equivalent
were 63.8 lM (low AITC dose) and 4.5 mM (high AITC dose), which
were 11.6–45.2% of the peak urinary concentrations, but were 4911-
to 14 501-fold higher than corresponding plasma concentrations at
24 h after dosing.

Fig. 3. Molecular targets of AITC in bladder cancer. UM-UC-3 cells and
AY-27 cells in culture treated with AITC for 24 h. The results are
representative of triplicate experiments. The bladder tumors were removed
from rats, which were treated with AITC orally at 10 lmol/kg once daily for
3 weeks, starting 1 day after intravesicle inoculation of AY-27 cells. The
results are representative of tumors from other rats. Cell lysates and tumor
tissue homogenates were analyzed by western blot analysis, using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a loading control.

Fig. 4. Pharmacokinetics of AITC in F344 rats. (A and B) Five groups of
four to six female rats were administered a single oral dose of AITC at 10 or
300 lmol/kg and then kept in metabolism cage for urine collection (1 rat per
cage) for 1.5, 3, 6, 12 and 24 h. At the end of each time period, blood was
drawn from one group of rats, from which plasma was prepared. (C) Rats
bearing both orthotopic (T1, T2 and T3) and subcutaneous bladder tumors
(T4, T5 and T6) 3 weeks after AY27 cell inoculation, were administered
a single oral dose of AITC at 300 lmol/kg. Both orthotopic and subcutaneous
tumors were removed from the rats at 0 h (T1 and T4), 1.5 h (T2 and T5) and
6 h (T3 and T6) after AITC dosing. Concentrations of AITC equivalent in
plasma, urine and tumor tissue homogenates were determined by the
cyclocondensation assay. Each value is a mean ± SE.
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Low basal levels of AITC equivalent were detected in both ortho-
topic and subcutaneous bladder tumor tissues, and the level in the
orthotopic tumors (2.4 lM) was significantly higher than that in the
subcutaneous tumors (0.3 lM) (Figure 4C). It is possible that the rat
diet might contain a trace amount of AITC or related compounds,
which were preferentially delivered to the bladder and detected by the
cyclocondensation assay. Levels of AITC equivalent in the orthotopic
bladder tumors were 1.9 and 2.5 mM at 1.5 and 6 h after the rats were
given a single oral dose of AITC at 300 lmol/kg, which were 790–
1071 times higher than the basal level. In contrast, the concentrations
of AITC equivalent in the subcutaneous tumor tissues at both time
points were 2.6 lM, which, albeit nine times higher than the basal
concentration, was 720-fold to 986-fold lower than that in the ortho-
topic tumor tissues.

These data show clearly that orally administered AITC is selec-
tively delivered to the cancer tissue in the bladder through urinary
excretion.

Discussion

AITC potently inhibited the growth of both human bladder cancer
cells and rat bladder cancer cells in the present study. Similar results
were obtained in several other human bladder cancer cell lines (results
not shown). Our previous study showed that AITC also potently in-
hibited the growth of human bladder cancer RT-4 cells (16), which
were derived from a low-grade superficial bladder cancer (20). Thus,
the growth-inhibitory activity of AITC against bladder cancer cells is
not cell line-specific. The growth-inhibitory activity of AITC un-
doubtedly resulted at least in part from its ability to elicit cell cycle
arrest and apoptosis, as AITC-treated bladder cancer cells were
strongly arrested in G2/M phase and showed significant formation
of sub-G1 population and cytoplasmic accumulation of histone-
associated DNA.

However, AITC had much less effect on normal human bladder
epithelial cells as follows: its IC50 value in these cells was .21 times
higher than that in bladder cancer cells (Figure 1B), and it failed to
elicit significant cell cycle arrest and apoptosis in the normal cells at
the concentrations that were highly effective against the cancer cells
(Figure 1C and D). These data suggest that AITC may selectively
target malignant cells versus normal cells in the bladder in vivo. In-
terestingly, two previous studies have also shown that AITC is signif-
icantly more toxic to human prostate cancer cells and colon cancer
cells than to their normal counterparts (21,22). Further study is war-
ranted to understand how AITC selectively targets cancer cells. In
addition to its selective toxicity toward bladder cancer cells, it also
appears probable that AITC may be delivered more readily to bladder
cancer tissue than to the normal bladder tissue. The normal bladder
epithelium is believed to be not readily penetrated by an intervention
agent due to its protective mechanisms, including tight junctions,
thickened apical membrane and coverage by a mucopolysaccharide
layer (23). Such barriers do not appear to exist in the bladder cancer
tissue (see the supplementary Figure 1, available at Carcinogenesis
Online).

In the orthotopic rat bladder cancer model, which mimics the de-
velopment and recurrence of bladder cancer in humans, AITC signif-
icantly inhibited cancer growth and muscle invasion at the oral dose of
10 lmol/kg/day (1 mg/kg/day). This dose is �30 times lower than
what was previously used to inhibit the growth of subcutaneous xen-
ografts of human prostate cancer cells and dimethyhydrazine-induced
formation of aberrant crypt foci in the colonic mucosa (24,25). In-
deed, we found that AITC at 25 lmol/kg/day was totally ineffective
against the growth of subcutaneous xenografts of the same bladder
cancer cells. The exceptional potency of AITC against the cancer in
the bladder is explained by our discovery that AITC is selectively
delivered to bladder through urinary excretion.

The metabolites of isothiocyanates formed in the mercapturic acid
pathway, including those of AITC, are believed to be biologically
inactive themselves but serve as carriers of their parent compounds
by dissociation (26,27). The half-life of dissociation of NAC conju-

gates of isothiocyanates, the main urinary metabolites, in an aqueous
environment at pH 7.4 and 37�C is �1 to 3 h (27). Increased storage
time of urine in the bladder probably facilitates the formation of free
isothiocyanates from the conjugates and increases the exposure of
cancer cells to the compounds present in the urine. In this connection,
it seems reasonable to speculate that AITC may be more efficacious in
humans than in rats because rats are known to urinate frequently, e.g.
approximately every 15 min in female Lewis rats (28), whereas
humans may hold up their urine for several hours.

Two well-known chemopreventive/chemotherapeutic targets were
modulated by AITC in both cultured bladder cancer cells and bladder
cancer tissues in vivo, including cyclin B1 and caspase 3. Since cyclin
B1 is critical for G2/M phase progression and caspase 3 is key to
apoptosis, our findings provide insight into the molecular basis of
AITC-induced G2/M arrest and apoptosis. However, it remains un-
clear how AITC inhibited muscle invasion of bladder tumor in vivo.
MMP-2 and MMP-9 are well known to promote cancer invasion and
metastasis, and a previous study showed that AITC as well as its NAC
conjugate inhibited MMP-2 and MMP-9 in cultured SK-Hep1 human
hepatoma cells (29). But AITC had no impact on these proteins in the
bladder cancer cells and tissues in our study.

Several important questions about AITC remain. In the present
study, the lowest AITC dose tested turned out to be the most effective
dose. The reason is not known, nor is it known if AITC dose can be
lowered further without compromising or perhaps even increasing its
anticancer efficacy. Moreover, AITC treatment in the present study
was initiated one day after cancer cell inoculation. Although this
protocol seems to resemble the current clinical approach where a tran-
surethral intravesicle therapy is initiated soon after surgical resection
of a bladder tumor, additional studies where AITC is administered to
the animals either before cancer cell inoculation or after bladder
cancer is fully established is probably to shed additional light on
the anticancer efficacy of this compound. Also, AITC is known to
exist in a variety of cruciferous vegetables. It will be important to
determine if some of these vegetables or their extracts also inhibit
bladder cancer development. In a previous study, in which F344 rats
and B6C3F1 mice (both male and female) were administered orally
with AITC at 120 and 250 lmol/kg 5 days per week for 103 weeks,
urinary bladder cancer was detected in 4 and 8% of male rats treated
with the low and high doses of AITC, respectively, but no bladder
tumor was detected in any other groups (30). Although this result
raises a concern of potential toxicity of AITC in human bladder, those
doses are 12- to 25-fold higher than the anticancer dose recorded in
the present study. No apparent AITC-induced toxicity in normal blad-
der epithelium was detected in our study.

In summary, AITC is a highly promising bladder cancer chemo-
preventive/therapeutic agent, with a particular clinical potential for
use against disease recurrence and progression. It causes strong cell
cycle arrest and apoptosis in bladder cancer cells but is markedly less
toxic to normal human bladder epithelial cells. It inhibits cancer de-
velopment in the bladder at a very low dose level and is selectively
delivered to the bladder cancer tissue through urinary excretion. In
view of these findings, clinical assessment of AITC for prevention of
bladder cancer recurrence appears to be warranted. Although AITC at
1 mg/kg seems to be beyond the average dietary consumption level of
AITC in humans, which is estimated at ,1 mg/day (�10 lg/kg) (31),
such a dose may be readily achievable in humans, since cruciferous
vegetables such as fresh wasabi may yield as much as 3.4 mg AITC
per gram (10).
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