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Abstract

It has been widely recognized that induction of Phase 2 enzymes is an effective and sufficient strategy
for achieving protection against carcinogenesis. Nrf2 is the unifying master regulator of these
enzymes and its activation in various tissues, including the urinary bladder, is associated with
inhibition of carcinogenesis. 5,6-Dihydrocyclopenta[c][1,2]-dithiole-3(4H)-thione (CPDT) is a
highly potent inducer of Phase 2 enzymes and an activator of Nrf2. In vivo, it is particularly effective
in the bladder, showing significant effects in this tissue when dosed to rats at levels as low as 0.98
umol/kg/day (0.17 mg/kg/day). The activities of key phase 2 enzymes, including glutathione S-
transferase, NAD(P)H:quinone:oxidoreductase 1 and glutamate cysteine synthetase, and levels of
glutathione were elevated by CPDT in rat bladder in vivo and in cultured bladder cells in vitro. In
the bladder, enzyme induction and Nrf2 activation appear to occur exclusively in the epithelium.
This is highly significant, since almost all bladder cancers develop from the epithelium. Studies in
cultured bladder cells using siRNA to knock down Nrf2 or in cells with total Nrf2 knockout showed
that the ability of CPDT to induce Phase 2 enzymes depends completely on Nrf2. In conclusion,
CPDT potently and preferentially induces Phase 2 enzymes in the bladder epithelium and Nrf2 is its
key mediator.
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1. Introduction

Phase 2 enzymes are part of the biotransformation machinery of cells and play a major role in
defense against carcinogens, oxidants and other toxic chemicals. The cancer-preventive
activities of many Phase 2 enzymes have been well documented. Numerous epidemiological
studies have shown that individuals who are deficient in Phase 2 enzymes are at increased risk
of developing cancer. For example, an inverse association in humans between the incidence
of bladder cancer and tissue activities of glutathione S-transferase (GST), NAD(P)H:quinone
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oxidoreductase (NQO1) and N-acetyltransferase has been reported [1-5]. Animal studies have
also shown that susceptibility to cancer increases if a Phase 2 gene is knocked out [6,7].
Moreover, in cultured cells, forced expression of a Phase 2 enzyme through gene transfection
protects against carcinogen-induced DNA damage and other cytotoxicities [8,9].

Many Phase 2 enzymes are readily inducible and are often coordinately induced in response
to various stimuli. There is compelling evidence that induction of Phase 2 enzymes is an
effective and sufficient strategy for achieving protection against carcinogenesis [10]. While
the induction of an individual Phase 2 enzyme may involve multiple mechanisms, it is the
Keapl-Nrf2-ARE signaling system that unites them and provides the molecular basis for their
coordinate induction [11]. Nuclear factor erythroid 2-related factor 2 (Nrf2), is a transcription
factor that is normally sequestered by its repressor Kelch-like ECH-associated protein 1
(Keapl). Dissociation of Nrf2 from Keapl allows the former to heterodimerize with partners
such as Maf, to bind to a cis-acting DNA regulatory element - antioxidant response element
(ARE), and to promote transcription of the down-stream gene. One or more copies of ARE are
known to exist in the 5’-flanking region of many Phase 2 genes. Modification of critical
cysteine residues of Keapl by inducers, which frees Nrf2 from Keap1, has been recognized as
a key mechanism of Nrf2 activation [12]. Several animal studies have shown that Nrf2
knockout not only renders the animals more susceptible to chemical carcinogenesis but also
abolishes the inhibitory effect of Phase 2 enzyme inducers [13-15].

Dithiolethiones are a well-known class of inducers of Phase 2 enzymes, among which 4-
methyl-5-pyrazinyl-1,2-dithiole-3H-3-thione (oltipraz) has been the most extensively studied
[16]. Oltipraz showed ability as a wide-spectrum inhibitor of chemical carcinogenesis in
preclinical models [17]. Activation of Nrf2 signaling was critical for the chemopreventive
activity of oltipraz, as knockout of Nrf2 rendered Phase 2 enzymes nonresponsive to this
substance and caused loss of its cancer-preventive activity in animal studies [13,15,18].
However, questions about the usefulness of oltipraz in cancer chemoprevention in humans
have been raised, since significant side effects occur in humans at dose levels which show no
or questionable chemopreventive efficacy [19,20]. Interestingly, several dithiolethiones have
been shown to be markedly more potent than oltipraz in induction of Phase 2 enzymes in
preclinical studies. Egner et al [21] showed that 5,6-dihydrocyclopenta[c][1,2]-dithiole-3
(4H)-thione (CPDT, see Fig. 1A for its chemical structure) was the most potent inducer of
NQOL in an in vitro cell model among 25 dithiolethiones. Our recent in vivo study showed
that while administration of CPDT to rats increased Phase 2 enzyme activities in many tissues,
the bladder was the tissue most susceptible to this inductive effect. CPDT showed the highest
inductive activity in the bladder among 10 dithiolethiones evaluated in rats, and the degree of
induction of GST and NQOL by this compound was 4.2 and 4.8 fold higher than that by oltipraz
under the same treatment conditions [22]. In the present study, the inductive potency and tissue
specificity of CPDT have been further delineated. The effect of CPDT on Nrf2 and the
importance of Nrf2 in mediating the inductive activity of CPDT have also been elucidated.

2. Materials and methods

2.1. Chemicals

CPDT was synthesized as described previously [23]. Its identity and purity were confirmed by
melting point and mass spectrometry. The antibodies for the following proteins, including the
catalytic subunit and modulatory subunits of glutamate cysteine synthetase (GCSc and GCSm,
catalog #: sc-22755 and sc-55586), NQO1 (catalog #: sc-16464) and Nrf2 (catalog #: sc-16464)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Another anti-NQO1
antibody (catalog #: 3187) was purchased from Cell Signaling Technology (Danvers, MA).
The antibodies against GST-a. (catalog #: GSTA11-S) and GST-p (catalog #: GSTM11-S) were
purchased from Alpha Diagnostics International (San Antonio, Texas). An antibody
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recognizing glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Catalog #: MAB374) was
purchased from Millipore (Billerica, MA). These antibodies were used in Western blot
analyses. Three additional antibodies were purchased for immunohistochemistry, including
anti-GST-p (catalog #: LS-B963) from Lifespan Biosciences (Seattle, WA), anti-Nrf2 (catalog
#: sc-722) from Santa Cruz Biotechnology, and anti-NQOZ1 (catalog #: MA1-16672) from
Affinity BioReagents (Golden, CO).

2.2. Cell culture, CPDT treatment, and siRNA treatment

NBT-1I rat bladder carcinoma cells were from American Type Culture Collection (ATCC,
Manassas, VA) and were grown in Eagle’s Minimum Essential Medium (Mediatech,
Manassas, VA), supplemented with 10% (v/v) fetal bovine serum (Life Technologies, Grand
Island, N'Y). Wild type murine embryonic fibroblasts (MEF, Nrf2*/*) and their Nrf-2 knockout
counterparts (MEF, Nrf2/~) were a generous gift of Dr. Masayuki Yamamoto of Tohoku
University in Japan [24] and were grown in Iscove’s Modified Dulbecco’s Medium
(Mediatech), containing 10% (v/v) heat-inactivated (557°C and 30 min) fetal bovine serum.
Normal human bladder epithelial (NHBE) cells were a generous gift of Dr. Jenny Southgate
of the University of York in the UK and were grown in Keratinocyte Growth Medium-2
(KGM-2) with SingleQuot Kit (Lonza, Basel, Switzerland). All the cells were maintained in a
humidified incubator at 37°C with 5% CO,.

Approximately 1.5 million cells were plated with 10 ml medium in a 10-cm dish overnight and
then incubated with CPDT at the desired concentrations for 48 h. NHBE cells were plated in
6-cm dishes (0.7 million cells/dish with 4 ml medium). CPDT was dissolved in DMSO, and
the final concentration of DMSO in the media was 0.1% (v/v). Cells were harvested by
trypsinization, rinsed once with ice-cold PBS, and processed for measurement of enzyme
activities, GSH content and expression levels of various proteins as described below.

To knock down Nrf2, NBT-I1 cells were treated with Nrf2 stealth RNAiI (NFE2L2RSS343557)
or negative universal control stealth RNAi 45-2001 (Invitrogen, Carlsbad, California),
following the manufacturer’s instructions. Briefly, 1.5 million cells were grown in each 10-cm
dish with 10 ml medium overnight and incubated with RNA. in fresh medium for 48 h. RNA.
(0.584 nmol) was diluted in Opti-MEM | reduced serum medium (Invitrogen), mixed with
lipofectamine 2000, and the mixture added to the medium in each dish. At the end of RNAI
treatment, cells were either harvested to check the level of Nrf2 or treated with CPDT for 24
h.

2.3. Animal treatment

Female Sprague-Dawley rats (11-12 weeks of age) were bred at AgResearch, Ruakura
Agricultural Research Center, New Zealand. The animals were randomly allocated to treatment
groups. They were housed in solid-bottom cages containing bedding of softwood shavings and
allowed free access to food (Laboratory Chow, Sharpes Animal Feeds, Carterton, NZ) and tap
water. The room temperature was maintained at 21-23°C with a 12 h light-dark cycle. All
experimental protocols were approved by the Institutional Animal Ethics Committee.

The rats were used to assess dose-response, time course and tissue specificity of Phase 2
enzyme induction by CPDT. In the first experiment, groups of 6 rats were dosed with freshly
prepared solutions of CPDT in soya oil by gavage once daily at 0.98-125 pmol/kg/day (0.17-
21.75 mg/kg/day) for 5 days. A control group of 12 rats was dosed with soya oil alone
(approximately 0.5 ml/rat/day) for 5 days. In the second experiment, groups of 6 rats were
dosed by gavage with CPDT once daily at 3.91 umol/kg/day (0.68 mg/kg/day) for 2, 5, 8, 11,
14 or 17 days. A control group of 12 rats was dosed with the vehicle for 17 days. The experiment
was structured so that all the animals were killed on the same day at the same age. For example,
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the rats given 17 doses of CPDT began treatment 17 days before killing, and those given 2
doses began treatment 2 days before killing. In both experiments, more rats were used in the
control group to ensure that any unexpected loss of animals during the experimental period
would not compromise the entire experiment, since data interpretation of each and every
treatment group depends on the control group. All rats in both experiments were killed 1 day
after the last dose, and various organs were dissected out and stored at —80°C. The contents of
the gastrointestinal tract were removed under running water before storage. The specimens
were used to measure the enzymatic activities of GST and NQOL1. In the third experiment, two
groups of 5 rats were dosed by gavage once daily with either CPDT at 125 pmol/kg/day (21.75
mg/kg/day) or vehicle for 5 days and killed on the sixth day to harvest bladder. One half of
each bladder was fixed in 10% buffered formalin and the other half was stored frozen at —80°
C. The specimens were used for further analysis of Phase 2 enzymes, GSH levels and Nrf2.

2.4. Measurement of GST and NQO1 activities and GSH content

Cell specimens were lysed by sonication (using a Branson’s Model 450 sonifier) in 0.08%
digitonin solution containing 2 mM EDTA (pH 7.8). The lysates were cleared by centrifugation
before determination of enzyme activities and GSH levels, using 1-chloro-2,4-dinitrobenzene
as a GST substrate and menadione as an NQOL1 substrate, as previously described [25], and
the GSH reductase-coupled 5,5’-dithiobis-2-nitrobenzoic acid assay for measurement of GSH
content [26]. For measurement of GST and NQOL activities in rat organs, tissue specimens
were homogenized in ice-cold 0.2% Triton X-100 using a Polytron tissue homogenizer. The
homogenates were cleared by centrifugation and measured for GST and NQO1 activities by
the methods of Habig et al. [27] and Ernster [28], respectively. For measurement of GSH levels
in rat bladder tissues, the specimens were homogenized in 10 mM Tri-HCI, pH 7.4 (21 pl/mg
tissue), containing 0.25 M sucrose, 1 mM phenylmethylsulfonyl fluoride (PMSF, Sigma, St
Louis, MO) and 1 pg/ml leupeptin (Roche, Indianapolis, IN). The homogenates were assayed
for GSH levels as mentioned above. The protein concentrations of all samples were measured
by a BCA assay kit (Pierce, Rockford, IL).

2.5. Western blotting

Cells harvested from each dish were suspended in 200 pl cell lysis buffer (Cell Signaling
Technology), supplemented with 1 mM PMSF and sonicated using a Branson’s Model 450
sonifier. Nuclear extracts were prepared as previously described [29]. Cells grown in each dish
were rinsed once in ice cold PBS and lysed by incubation with 1 ml ice cold buffer A (10 mM
HEPES, pH 7.5, 1.5 mM MgCl,, 10 mM KCI, 0.1% Nonidet P-40, 0.5 mM DTT, 0.5 mM
PMSF, 1 pg/ml leupeptin and 1 pg/ml pepstatin A [Sigma]) for 10 min. The lysates were
transferred to a microfuge tube, vortexed for 10 seconds and allowed to sit on ice for 5 min.
The lysates were then centrifuged at 16,0609 for 3 min. After removing the supernatant, the
pellet was resuspended in buffer C (20 mM HEPES, pH 7.5, 420 mM NaCl, 1.5 mM MgCl,,
25% glycerol, 0.25 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 1 pg/ml leupeptin, 1 pg/ml
pepstatin) and shaken on ice on a rocking platform for 45 min. The samples were then
centrifuged at 16,060g for 10 min at 4°C. The supernatant fractions (nuclear extract) were then
mixed 1:6 with buffer D (20 mM HEPES, pH 7.5, 100 mM KCl, 20% glycerol, 0.25 mM EDTA,
0.5mM DTT, 0.5 mM PMSF, 1 mg/ml leupeptin, 1 mg/ml pepstatin A). Protein levels were
determined using Pierce’s BCA assay kit. Each sample (25-50 pg protein) was resolved by
SDS-PAGE (6-12%) and transferred to a polyvinylidine difluoride membrane. The membranes
were blocked at room temperature for 1 h with either 5% milk or 1x Detector Block (KPL,
Gaithersburg, MD), and then probed with an antibody overnight at 4°C. Immunoreactivity was
detected by incubation with an HRP-linked secondary antibody (either mouse or rabbit,
Amersham, Piscataway, NJ) at room temperature for 1 h, and the band of interest was visualized
using either ECL (Pierce) or ECL+ (Amersham) chemiluminescence systems.
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2.6. Immunohistochemistry

The formalin-fixed paraffin-embedded bladder tissues were sectioned at 4 pm. Sections were
placed on charged slides and dried at 60°C for 1 h. The slides were then deparaffinized with
xylene and rehydrated using graded alcohols. Endogenous peroxidase was quenched with
aqueous 3% H,0,, and antigen retrieval was carried out as follows: citrate buffer, pH 6.0 in a
microwave oven (GST-p and Nrf2) or in a steamer (NQO1) for 40 min. The slides were then
stained using a DAKO autostainer. Briefly, the slides were treated with 0.03% casein in PBS/
T for 30 min and then incubated for 1 h with anti-GST-p (LS-B963, 0.25 mg/ml), anti-Nrf2
(sc-722, 1/600) or anti-NQO1 (MA1-16672, 2 pg/ml). An isotype-matched control was used
on a duplicate slide in place of the primary antibody as a negative control. The mouse Envision
FLEX+ system (DAKO) was used to amplify the signal of the primary antibody, and the
reaction was visualized by DAB+ chromogen (DAKO). The slides were counterstained with
hematoxylin. All slides were examined by a single pathologist without reference to treatment
group. The immunohistochemical staining pattern was evaluated as follows: for GST-p and
NQO1, the staining was cytoplasmic and was scored as negative, weak, moderate and strong;
for Nrf2 the staining was cytoplasmic and nuclear, and effects were evaluated on the basis of
the proportion of Nrf2-positive nuclei. Nuclei were evaluated in a total of 250 cells (5 fields
of 50 cells each) for each bladder.

2.7. Statistical analysis

3. Results

Statistical significance of the in vivo data on enzyme activities was tested by ANOVA, followed
by the Student-Newman-Keuls multiple comparisons test using Instat software (GraphPad,
SanDiego, CA). Because of the limited sample size, statistical significance of other data was
tested by ANOVA, followed by Student’s t-test.

3.1. Dose-response, organ specificity and time course of Phase 2 enzyme induction by CPDT

in vivo

In studies of dose-response, organ specificity and time course of Phase 2 enzyme induction by
CPDT, we focused on the effect of CPDT on the enzymatic activities of GST and NQO1, two
of the best known cancer preventive Phase 2 enzymes. We have recently shown that rats dosed
with CPDT once daily for 5 days at 125 umol/kg/day exhibited significant increases in both
GST and NQO1 activities in multiple organs, with increases in the bladder being greatest
[22]. In the present dose-response study, rats were dosed with CPDT by gavage once daily for
5 days at 0.98, 1.95, 3.91, 7.81, 15.6, 31.3, 62.5 and 125 umol/kg/day (0.17, 0.34, 0.68, 1.36,
2.71,5.45, 10.88 and 21.75 mg/kg/day). The rats were killed on day 6, and organs were
promptly removed for analysis. Dose-dependent inductive effects of CPDT on GST and NQO1
activities were detected in the small intestine, colon/rectum, Kidney, stomach, liver and lung,
but not in the heart, as shown in Fig. 1B, nor in the spleen (data not shown). Maximal induction
of NQOL1 (9.72-9.77 fold) occurred in the duodenum and jejunum and maximal induction of
GST (4.23 fold) occurred in the bladders of rats treated with the highest CPDT dose. At the
lowest CPDT dose level, however, it was most effective in the bladder (elevating GST and
NQOL1 1.26 and 1.44 fold respectively, P<0.05) and forestomach (elevating NQO1 1.8 fold,
P<0.05, without significant effect on GST). Thus, CPDT was a particularly potent inducer of
the enzymes in the bladder and forestomach. No significant changes in organ weight were
detected in the bladder, heart, ileum, lungs and spleen at any of the CPDT doses. However,
significant and dose-dependent increases in organ weight were detected in the liver (up to 27%
at >15.6 umol/kg/day or 2.71 mg/kg/day), cecum and forestomach (up to 13% and 177%,
respectively, at >31.3 umol/kg/day or 5.45 mg/kg/day), glandular stomach, duodenum and
kidney (up to 12%, 18% and 29%, respectively, at >62.5 pmol/kg/day or 10.88 mg/kg/day),
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jejunum and colon/rectum (22% and 13%, respectively, at 125 umol/kg/day or 21.75 mg/kg/
day).

The time course of induction of GST and NQO1 by CPDT was examined in both bladder and
forestomach, as these organs were particularly sensitive to CPDT as described above. The rats
were dosed with CPDT for 2, 5, 8, 11, 14 and 17 days at 3.91 umol/kg/day (0.68 mg/kg/day),
which was the lowest dose needed to cause significant induction of both GST and NQOL1 in
both organs after 5 days of treatment (Fig. 1B). As shown in Fig. 2, significant induction of
both GST (1.27 fold) and NQO1 (1.4 fold) occurred in the bladder and of NQO1 (2.08 fold)
in the forestomach after only two days of CPDT treatment. Maximal enzyme induction appears
to be reached after 8-11 days of CPDT treatment, elevating GST and NQO1 by 1.6 and 2.3
fold in the bladder and 1.3 and 2.5 fold in the forestomach, respectively.

3.2. Phase 2 enzyme induction and Nrf2 activation by CPDT in the bladder in vivo

Given that CPDT was most active in the bladder and forestomach but humans do not possess
a forestomach, further assessment of the induction of Phase 2 enzymes by CPDT was focused
on the bladder. Rats were dosed with CPDT by gavage once daily for 5 days at 125 umol/kg/
day (21.75 mg/kg/day) or with vehicle, and killed 1 day after the last dose. Bladders were
removed for examination. A high dose of CPDT was used in this experiment to facilitate the
evaluation of the endpoints. CPDT treatment significantly elevated the protein level of NQO1
in the bladder (Fig. 3A), consistent with increased NQOL1 enzymatic activity as shown in Fig.
1B. Elevated GST enzymatic activity in the bladder after CPDT treatment (Fig. 1B) resulted
apparently from induction of at least GST-a and GST-p as both GST isozymes were
significantly elevated in this tissue (Fig. 3A). However, GST-n was not detectable in the bladder
specimens. In addition, CPDT also significantly induced both GCSc and GCSm (Fig. 3A),
which is the rate-limiting enzyme in GSH biosynthesis. As expected, CPDT treatment elevated
bladder total GSH content by 1.75 fold (Fig. 3B). We next asked where in the bladder the Phase
2 enzymes were induced. Both GST-p and NQO1 were examined by immunohistochemistry
as representatives. Induction of both enzymes occurred predominantly if not exclusively in the
epithelium (Fig. 3C and 3D). NQOL staining in the epithelium of all control bladders were
apparently negative but was strong in all CPDT-treated bladders. GST-u staining in the
epithelium of control bladders ranged from weak (3 out of 5 bladders) to moderate (2 out of 5
bladders) but was strong in all CPDT-treated bladders. Although the other Phase 2 enzymes
were not examined by immunohistochemistry, it is probably safe to assume that they were also
induced by CPDT in the bladder epithelium, in view of the Nrf2 result described below. Nrf2
is known to regulate all the enzymes discussed above and is translocated from cytoplasm to
nucleus when activated. Nuclei showing increased Nrf2 staining were mainly detected in the
epithelium, but CPDT treatment caused a 5.2 fold increase in the number of such nuclei (Fig.
3E and 3F). This shows that CPDT caused marked activation of Nrf2 in the bladder epithelium
and suggests that Nrf2 activation may be responsible for the induction of the Phase 2 enzymes.

3.3. The inductive activity of CPDT in cell models

The effects of CPDT on Nrf2 and Phase 2 enzymes were further evaluated in the rat bladder
carcinoma NBT-1I cell line and in a primary culture of normal human bladder epithelial
(NHBE) cells. Use of NBT-I1I cells permitted us to compare in vitro and in vivo efficacy of
CPDT, whereas NHBE cells were employed in order to gauge the human relevance of the
animal data. All cells were treated with CPDT at 0, 12.5, 25 and 50 uM for 24 h before being
harvested for analysis. CPDT elevated total Nrf2 levels in a dose-dependent manner and
promoted its nuclear accumulation in NBT-11 cells (Fig. 4A). This indicates that Nrf2 is
activated by CPDT, as it is well known that Nrf2 when repressed by Keapl in the cytoplasm
is targeted for degradation, but free Nrf2 is more stable and translocates to the nucleus. We did
not measure nuclear levels of Nrf2 in NHBE cells due to the limited availability of these cells,
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but CPDT strongly elevated total Nrf2 in these cells. A Western blot band that was picked up
by the anti-Nrf2 antibody but migrated slightly faster than Nrf2 was similarly elevated by
CPDT in NHBE cells but not in NBT-11 cells. The identity of this band is unknown at present.
In both cell types, CPDT also increased the levels of GCSc, GCSm, GST-p and NQO1. We
also measured the enzymatic activities of GST and NQOL1 and GSH levels in CPDT-treated
NBT-II cells. As expected, CPDT caused significant and dose-dependent increases in all three
endpoints (Fig. 4B). The inductive effects of CPDT on Nrf2 and the Phase 2 enzymes are
therefore similar between these cells, and also closely resemble that in the rat bladder in vivo
as described above. Interestingly, while GST-a was induced by CPDT in the bladder in vivo
and in NBT-II cells in vitro, it was not detected in NHBE cells.

3.4. The role of Nrf2 in Phase 2 enzyme induction by CPDT

We next asked to what extent induction of Phase 2 enzymes by CPDT depended on Nrf2
activation. NBT-I1 cells were treated with either an Nrf2 siRNA or control siRNA for 48 h and
then either harvested or further incubated with CPDT at 50 uM for 24 h. Cellular levels of Nrf2
and Phase 2 enzymes were examined by Western blotting. As shown in Fig. 5A, Nrf2 siRNA
markedly attenuated basal levels of Nrf2 and Phase 2 enzymes and almost totally prevented
CPDT from elevating Nrf2 and all Phase 2 enzymes. To further clarify the role of Nrf2 in
mediating Phase 2 enzyme induction by CPDT, we compared the response of both wild-type
MEF and Nrf2-deficient MEF to CPDT. Cells were treated with 0, 12.5, 25 and 50 uM CPDT
for 48 h and then harvested for analysis. As expected, CPDT caused dose-dependent increases
in Nrf2 levels in wild type MEF but had no effect in Nrf2-deficient MEF (Fig. 5B). A faint
band resembling Nrf2 was detected in Nrf2—/— cell lysates, likely resulting from a non-specific
reaction of the antibody. More interestingly, CPDT induced all Phase 2 enzymes in a dose-
dependent manner in the wild type cells but was totally ineffective in the Nrf2 deficient cells.

4. Discussion

While oral administration of CPDT to rats induced both GST and NQOL1 in a dose-dependent
manner in most of the organs examined, it was the bladder and forestomach in which CPDT
exhibited the most potent inductive activities. Significant induction of both enzymes in the
bladder and NQO1 in the forestomach were detected even at the lowest dose tested (0.98 umol/
kg/day) (Fig. 1). The reason for the exceptional sensitivity of these organs to CPDT is not
known with certainty. However, the forestomach serves as a holding chamber for food in
rodents, and the exposure of this tissue to orally dosed CPDT may be higher and more prolonged
than other tissues. Enzyme induction in the bladder by CPDT occurred exclusively in the
epithelium (Fig. 3C-3F), which raises the possibility that CPDT or its active metabolites are
delivered to the bladder through urinary excretion. There is a precedent for this phenomenon.
Many isothiocyanates, another group of well-known cancer chemopreventive agents, are also
particularly active in the bladder and have been shown to be selectively delivered to this tissue
through urinary excretion [30,31]. Therefore, further studies on the metabolism and disposition
of CPDT may be the key to explaining the high activity of CPDT in the bladder. CPDT appears
to be markedly more potent than oltipraz in both bladder and forestomach, as our previous
study showed that under the same experimental conditions there was little induction of NQO1
or GST in these organs even when rats were treated with oltipraz at 125 umol/kg/day [22].
Interestingly, oltipraz was previously shown to inhibit tumorigenesis in both the bladder and
forestomach of mice [13,15]. CPDT also appears to be markedly more potent than broccoli
sprout extract in which isothiocyanates are the principal if not the sole chemopreventive
ingredients. Our recent study showed that administration of a freeze-dried aqueous extract of
broccoli sprouts to female Sprague-Dawley rats at an isothiocyanate dose of 40 umol/kg/day
for 14 days increased the activities of GST and NQOL1 in the bladder 43% and 141%
respectively [32]. However, under identical experimental conditions, comparable increases in
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the activities of GST and NQOL1 in the bladder were observed with CPDT at a dose of only
3.91 pumol/kg/day (Fig. 2). Yet broccoli sprout extract significantly inhibited bladder
carcinogenesis in vivo at an isothiocyanate dose of 40 pmol/kg/day [30]. These results raise
the possibility that CPDT may be a far more potent and effective inhibitor of carcinogenesis
in these organs than oltipraz or isothiocyanates.

Since humans do not have a forestomach, we have focused on the bladder in subsequent studies.
As expected, increased activities of GST and NQOL1 in the bladders of CPDT-treated rats were
associated with increases in their protein levels (Fig. 3A). In the case of GST, CPDT increased
the levels of both GST-a and GST-p Both GST-o. and GST-u consist of several isoforms, but
the antibodies available were not capable of further discernment. CPDT also significantly
induced both the catalytic and modulatory subunits of GCS (Fig. 3A), the rate-limiting enzyme
in GSH biosynthesis. Not surprisingly, induction of GCS was associated with a significant
increase in the GSH content of the bladder (Fig. 3B). We further examined the location of the
enzyme induction in the bladder, focusing on GST-p and NQO1. As shown in Fig. 3C and 3D,
induction of both enzymes occurred exclusively in the bladder epithelium. This is probably
true of the other enzymes as well, since we also found that CPDT not only activated Nrf2
(increased nuclear accumulation) but also such activation was localized in the epithelium (Fig.
3E and 3F). As mentioned previously, Nrf2 is the key transcriptional regulator of many Phase
2 genes, including the genes encoding each of the Phase 2 enzymes mentioned above [11].
Activation of Nrf2 not only suggests that other Nrf2-regulated genes may be stimulated by this
compound, but also further highlights the chemopreventive potential of CPDT, as many animal
studies have shown that Nrf2 deficiency significantly increases cancer risk [11]. However, the
most significant finding is that activation of Nrf2 and induction of Phase 2 enzymes in the
bladder by this compound exclusively occurred in the bladder epithelium where nearly all
bladder cancers in humans occur [33].

CPDT elicited similar responses of Nrf2 and Phase 2 enzymes as well as elevation of GSH
levels in cultured bladder cells, including primary normal human bladder epithelial cells
(NHBE) and rat bladder cancer NBT-II cells in vitro (Fig. 4). The finding that the response of
NHBE cells to CPDT resembles that of NBT-I1 cells and bladder in vivo is highly interesting,
because it suggests that CPDT may elicit a similar response in the human bladder in vivo.
Moreover, the induction of GST-p and NQO1 by CPDT in NHBE cells is particularly
noteworthy, because deficiency of each enzyme has been linked to increased risk of human
bladder cancer [2-4]. It is also of note that GST-a was not detected in NHBE cells but was
induced in both NBT-II cells and bladder tissues (data not shown). These NHBE cells were
apparently obtained from a single human subject, but it is not known if the response of GST-
a to CPDT in these cells is representative of that in bladder cells from other human subjects.
Since GST-a has also been inversely linked to human bladder cancer risk [1], additional study
on the effect of CPDT on this enzyme in bladder cells from other human subjects is warranted.
UGT1A was another Phase 2 enzyme whose response to CPDT was not uniform: It did not
respond to CPDT in the bladder in vivo and in NHBE cells in vitro but was significantly induced
in NBT-I1I cells (data not shown).

The robust response of NBT-II cells to CPDT and their unlimited availability made them our
choice for determination of the role of Nrf2 in induction of Phase 2 enzymes by CPDT. We
showed that siRNA-induced Nrf2 knockdown resulted in marked loss and in some cases almost
total loss of induction of Phase 2 enzymes by CPDT (Fig. 5A). Since Nrf2 protein in NBT-II
cells was not completely eliminated after SIRNA treatment, we next compared the response of
wild type MEF and Nrf2-deficient MEF to CPDT. While wild type MEF showed a robust
response of all Phase enzymes examined as well as Nrf2 itself, there was no induction of NQO1,
GST-a, GST-p and GCSc, and only slight induction of GCSm in Nrf2-deficient MEF. These
results show clearly that Nrf2 is essential for CPDT to induce Phase 2 enzymes. In view of the
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importance of Phase 2 enzyme induction in cancer prevention, Nrf2 may be viewed as a key
chemopreventive target of CPDT.

While the present study shows that CPDT potently and preferentially activates Nrf2 and
induces Phase 2 enzymes in the bladder epithelium, and the discussion provided above suggests
that CPDT is a promising bladder cancer chemopreventive agent, two important questions have
not yet been addressed. First, does CPDT actually protect normal bladder epithelium against
carcinogenic insult and inhibit bladder cancer development? Second, is CPDT toxic? CPDT
at dose levels less than 15.6 pmol/kg/day (2.71 mg/kg/day) was quite effective in inducing
Phase 2 enzymes in the bladder in vivo and did not show any signs of toxicity, but at higher
dose levels it increased the weight of several organs in rat, including kidney, intestine, liver
and stomach (see the result section). Studies to address these questions as well as those to
understand the reason for CPDT’s tissue specificity in the activation of Nrf2 and induction of
Phase 2 enzymes are warranted.
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Induction of GST and NQO1 by CPDT in vivo: dose-response and organ specificity. A. The
chemical structure of CPDT. B. Groups of 6 rats were dosed with CPDT by gavage at the

specified doses once daily for 5 days. Another group of 12 rats was dosed with vehicle. The
animals were killed on the sixth day and organs were harvested for analysis of GST and NQOL1.

Each value (mean £ SEM) is the ratio of specific activities (treated/control) of GST (o) and
NQO1 (m). The specific enzyme activities (IU/g tissue, mean £ SEM) of GST and NQOL1 in

the control tissues were, respectively: 3.69 = 0.14 and 27.9 £ 0.9 (bladder); 4.65 + 0.16 and

59.9 + 3.7 (cecum); 2.89 = 0.09 and 26.6 + 0.9 (colon and rectum); 27.1 + 1.6 and 10.6 £ 1.1
(duodenum); 4.17 £ 0.46 and 16.9 + 1.6 (forestomach); 7.84 = 0.16 and 64.6 + 2.5 (glandular
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stomach); 2.84 + 0.06 and 1.57 + 0.2 (heart); 4.04 + 0.12 and 16.3 = 1.3 (ileum); 15.0 £ 0.5
and 4.66 = 0.35 (jejunum); 13.7 £ 0.3 and 6.97 £ 0.37 (kidney); 172 £ 2 and 45.0 + 1.3 (liver);
6.29 £ 0.21 and 16.1 + 0.4 (lung). The increase in enzymatic activity was significant at each
of the following CPDT doses (P<0.05): All doses in the bladder; >15.6 umol/kg/day (GST)
and >7.81 (NQO1) in the cecum; >62.5 (GST) and >7.81 (NQO1) in the colon and rectum;
>3.91 (GST) and >7.81 (NQO1) in the duodenum; >3.91 (GST) and all doses (NQO1) in the
forestomach; >3.91 (GST) and all doses in the glandular stomach; >62.5 (GST) and >15.6
(NQO1) inthe ileum; >15.6 (GST) and >1.95 (NQO1) in the jejunum; >7.81 (GST and NQO1)
in the kidney; >15.6 (GST) and >31.3 (NQO1) in the liver; >15.6 (GST) and >3.91 (NQO1)
in the lung.

Chem Biol Interact. Author manuscript; available in PMC 2010 June 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Paonessa et al.

Ratio of specific enzyme
activities (treated/control)

Fig. 2.

Page 14

i Bladder

_ Forestomach
‘_I_ -

4

I | I | I I |

0O 2 5 8 11 14 17

CPDT treatment
time (days)

Time course of induction of GST and NQO1 by CPDT in bladder and forestomach in vivo.
Groups of 6 rats were dosed with CPDT at 3.91 umol/kg/day by gavage once daily for 2, 5, 8,
11, 14 or 17 days. Another group of 12 rats was dosed with vehicle. The animals were killed
the day following the the last dose and both bladder and forestomach were harvested for
analysis of GST and NQOL. Each value (mean £ SEM) is the ratio of specific activities (treated/
control) of GST (o) and NQOL1 (m). The specific enzyme activities of GST and NQOL1 in the
control tissues are provided in Fig. 1. All increases in enzyme activity were significant (P<0.05)
except for the GST values at 2 and 14 days in the forestomach.
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Fig. 3.

The inductive effect of CPDT on Nrf2 and Phase 2 genes in the bladder in vivo. Groups of 5
rats were dosed with either vehicle or CPDT at 125 pmol/kg/day for 5 days. The animals were
killed one day after the last dose to harvest bladders for analyses. A. Western blot analysis of
various Phase 2 proteins in bladder specimens (whole tissue homogenates), showing results
from 3 control rats and three CPDT treated rats; GAPDH was used as a loading control. The
arrow head points to the GST-a band; the lower band might be caused by non-specific antibody
binding. B. Tissue GSH levels; each value is a mean + SD. The two values are significantly
different (P<0.05). C and D. Representative images of immunohistochemical staining of GST-
pand NQOL in bladder tissues, showing both low (x20) and high (x40) magnifications. E and
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F. Representative images of immunohistochemical staining of Nrf2 in bladder epithelium and

percentage of Nrf2-positive nuclei. Each value is mean + SD; a total of 250 nuclei in 5 fields
were counted in slides from each bladder.
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Activation of Nrf2 and induction of Phase 2 enzymes by CPDT in cultured bladder cells. Cells
were treated with CPDT at the indicated concentrations for 48 h and then harvested for analysis.
A. Nrf2 and various Phase 2 enzymes were measured with Western blot analysis. Whole cell
extracts were used, except for Nrf2 which were measured in both whole cell extracts and
nuclear extracts. GAPDH was used as a loading control. The data are representative of at least
two experiments. The specific bands in some blots are indicated with an arrow head; the
unidentified band in these blots might result from non-specific antibody binding. B.
Measurement of enzyme activities of GST and NQO1 and measurement of GSH levels in whole
cell extracts. Each value is a mean £ SD (n=3). All values are significantly different from their
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controls (<0.05). The values in the control cells were as follows: 34.67 + 4.49 nmol/mg protein

(GSH), 92.64 + 2.03 nmol/min/mg protein (GST) and 1.35 £ 0.01 pmol/min/mg protein
(NQO1).
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Fig. 5.

The role of Nrf2 in Phase 2 enzyme induction by CPDT. NBT-1I cells were treated with either
scrambled control sSiRNA or Nrf2 siRNA for 48 h. The cells were either harvested for analysis
or further treated with 50 pM CPDT for 24 h before harvest. Both wild type MEF (WT) and
Nrf2-deficient MEF (Nrf2-KO) were treated with the indicated concentrations of CPDT for 48
h and then harvested for analysis. Levels of Nrf2 and each Phase 2 enzyme in whole cell lysates
were measured using Western blot analysis. GAPDH was used as a loading control. The results
are representative of at least two experiments. The GCSm band is indicated with an arrow head,;
the lower unidentified band might be caused by non-specific antibody binding.
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