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Sulforaphane (SF) is a well-known chemopreventive phytochemical
and occurs in broccoli and to a lesser extent in other cruciferous
vegetables, whereas 4-aminobiphenyl (ABP) is a major human
bladder carcinogen and is present at significant levels in tobacco
smoke. Here, we show that SF inhibits ABP-induced DNA damage
in both human bladder cells in vitro and mouse bladder tissue
in vivo, using dG-C8-ABP as a biomarker, which is the predo-
minant ABP-DNA adduct formed in human bladder cells and
tissues. SF activates NF-E2 related factor-2 (Nrf2), which is
a well-recognized chemopreventive target and activates the
Nrf2-regulated cytoprotective signaling pathway. Comparison
between wild-type mice and mice without Nrf2 shows that Nrf2
activation is required by SF for inhibition of ABP-induced DNA
damage. Moreover, Nrf2 activation by SF in the bladder occurs
primarily in the epithelium, which is the principal site of bladder
cancer development. These data, together with our recent obser-
vation that SF-enriched broccoli sprout extracts strongly inhibits
N-butyl-N-(4-hydroxybutyl)nitrosamine-induced bladder cancer
development, suggest that SF is a highly promising agent for
bladder cancer prevention and provides a mechanistic insight into
the repeated epidemiological observation that consumption of
broccoli is inversely associated with bladder cancer risk and
mortality.

Introduction

Aromatic amines through occupational exposure and cigarette smok-
ing are well-known causes of human bladder cancer (1). The linkage
between bladder cancer and 4-aminobiphenyl (ABP) from cigarette
smoke is particularly strong. Cigarette smoke is both the main cause
of human bladder cancer and the main source of human exposure to
ABP (2–4). According to one study, up to 23 ng ABP is present in the
smoke of each cigarette (5). Levels of ABP-DNA adducts were as
much as eight times higher in bladder biopsies or exfoliated urothelial
cells of smokers than those of non-smokers (6,7). ABP-DNA adducts
were readily detected in a high percentage of human bladder cancer
biopsies, and their levels in these specimens were significantly higher
in smokers than in non-smokers (8,9). Tumorigenic transformation
and neoplastic progression of human uroepithelial cells occurred
after exposure to ABP or its metabolites (10), and higher levels of
ABP-DNA adducts in bladder tumors were associated with more
aggressive behavior of the tumors (8). Moreover, treatment of animals

with ABP also caused formation of DNA adducts and tumors in the
bladder (11,12).

Epidemiological studies have shown a significant inverse associa-
tion between broccoli consumption and human bladder cancer risk
(13,14). Our recent studies show that sulforaphane (SF), a key chemo-
preventive ingredient in broccoli (15), inhibits the growth of human
bladder cancer cells (16) and that SF-enriched broccoli sprout extracts
significantly inhibited bladder cancer development in a rat model
induced by N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN) (17). More-
over, several other studies also indicate that SF is selectively delivered
to bladder tissue through urinary excretion (17–19). Thus, dietary SF
may play an important role in bladder cancer prevention. We speculated
that SF might protect bladder cells and tissues against ABP as SF is
a well-known activator of NF-E2 related factor-2 (Nrf2), which tran-
scriptionally activates many cytoprotective genes and has been shown to
play a pivotal role in cellular defense against various chemical carcino-
gens, including BBN (20).

In this report, we show that SF inhibits ABP-induced DNA adduct
formation in both human bladder cells in vitro and mouse bladder
tissues in vivo. We also show that SF protects cells against ABP by
activating Nrf2, a transcription factor which is critical for stimulation
of a variety of cytoprotective genes involved in detoxification of
carcinogens and oxidants and is a major chemopreventive target
(21,22). Moreover, our data indicate that Nrf2 activation and stimu-
lation of Nrf2 target gene in the bladder by SF occur primarily in the
epithelium, the principal site of bladder cancer development.

Materials and methods

Chemicals

SF, ABP and N-hydroxy-N-acetyl-4-aminobiphenyl (N-OH-AABP) were pur-
chased from LKT Laboratories (St Paul, MN), Sigma (St Louis, MO) and
Midwest Research Institute (Kansas City, MO), respectively. Rat liver S9
(36–43 mg protein/ml) was purchased from Moltox (Boone, NC). Antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), including
antibodies specific for the catalytic subunit and the regulatory subunit of
glutamate cysteine ligase (GCSc and GCSm), NAD(P)H:quinone oxidoreduc-
tase 1 (NQO1) and Nrf2, from Alpha Diagnostic International (San Antonio,
TX) for the antibody specific for the a isoform of glutathione S-transferase
(GST) and from Millipore (Billerica, MA) for the antibody of glyceraldehyde
3-phosphate dehydrogenase. Another antibody against NQO1 purchased from
Cell Signaling Technology (Danvers, MA) was used in some of the Western
blot analyses.

Cell study

Human bladder carcinoma RT4 cells were cultured as described previously
(23). To induce DNA damage, RT4 cells (2–3 � 106 cells) were grown in each
10 cm dish with 10 ml medium for 24–48 h, followed by treatment with either
ABP or N-OH-AABP for 3 h in 5 ml fresh medium per dish. In cases where
cells were cotreated with ABP and S9, the medium also contained 6% S9
(vol/vol), 10 mM glucose-6-phosphate and 5 mM NADP. In experiments in-
volving SF pretreatment, cells were first treated with SF or vehicle for 24 h
before exposure to the carcinogens. All test agents were dissolved in dimethyl
sulfoxide, and the final concentration of dimethyl sulfoxide in medium
was �0.5%. Cells were harvested by trypsin treatment and low-speed centri-
fugation. Cell pellets were washed with ice-cold phosphate-buffered saline
and used for DNA adduct analysis and Western blotting of Nrf2 and selected
Nrf2-regulated cytoprotective proteins as described in the Quantification of
dG-C8-ABP and Western blotting and immnohistochemistry sections below.

Animal study

Wild-type C57BL/6 mice and Nrf2-deficient C57BL/6 mice (male 6 weeks of
age) were used. The wild-type mice were purchased from National Cancer
Institute (Frederick, MD). The Nrf2-deficient mice were bred at our animal
facility; the breeders were kindly provided by Dr Thomas W.Kensler (Johns
Hopkins Bloomberg School of Public Health) (24). These animals were used in
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two experiments. In the first experiment, groups of three to four mice were
randomized and treated with SF or vehicle by gavage once daily for 5 days.
Three hours after the last SF dose, the mice were each administered a single
dose of ABP by intraperitoneal injection and were killed 24 h after ABP
treatment to collect the bladders for measurement of dG-C8-ABP. In the sec-
ond experiment, groups of three to four mice were randomized and treated with
SF or vehicle by gavage once daily for 5 days and were killed 24 h later to
collect the bladders for measurement of selected Nrf2-regulated cytoprotective
genes. All animal protocols and procedures were approved by the Roswell Park
Cancer Institute Animal Care and Use Committee.

Quantification of dG-C8-ABP

Procedures of DNA isolation from bladder cells and tissues and the detailed
protocol for the quantitative analysis of dG-C8-ABP by capillary liquid
chromatography and nanoelectrospray ionization-tandem mass spectrometry
have been described in a recent publication (25). This assay has a mass de-
tection limit of 20 amol in 1.25 lg of DNA (five adducts in 109 nucleosides)
with a linear range of 70 amol–70 fmol. The equation for the calibration line is
Y 5 (0.100 ± 0.001) X þ (0.05 ± 0.03), R2 5 0.99 ± 0.08, where Y is analyte/
internal standard peak area ratio and X is femtomole dG-C8-ABP. For samples
dosed beyond the range of the calibration line, the equation was linearly
extrapolated.

Western blotting and immunohistochemistry

The relevant protocols have been previously published (26).

Statistical analysis

The numerical results are expressed as means ± SD. Unpaired two-tailed
Student’s t-test was used for data analysis, with a P value ,0.05 being consid-
ered significant (GraphPad Version 5.00; GraphPad Software, San Diego, CA).

Results and discussion

DNA damage by ABP in human bladder cells

Dose-dependent DNA damage (up to 2100 adducts per 107 nucleosides)
was detected in human bladder RT4 cells after exposure to ABP at 0.05,
0.1, 0.25 or 0.5 mM for 3 h in the presence of a rat liver S9 activation
system, as measured by dG-C8-ABP (Figure 1A). dG-C8-ABP accounts
for 80% of all ABP-DNA adducts formed in human bladder tissues
in vivo (6,27). dG-C8-ABP forms rapidly but also appears to be repaired
at a significantly high rate. For example, its level in RT4 cells after 3 h
exposure to ABP (0.05 mM plus S9) increased .58-fold over the con-
trol, but increased only 1.4-fold over the next 3 h, and the adduct level
after 24 h of exposure was only 11.7 and 8.6% of that detected at the 3
and 6 h exposure time points, respectively (Figure 1B). It is noteworthy
that previous studies show that p53 is needed for repair of ABP-induced
genomic DNA damage in human bladder cells (28) and that RT4 cells
carry the normal p53 (29). However, ABP without S9 was more
than four orders of magnitude weaker in inducing the formation of
dG-C8-ABP in RT4 cells as only four adducts per 108 nucleosides were
detected in cells after treatment with 0.5 mM ABP for 3 h, although the
background level of dG-C8-ABP in these cells was .7.8-fold lower
(Figure 1A). Similar results were seen in other bladder cell lines, in-
cluding human bladder cancer UM-UC-3 cells and rat bladder cancer
NBT-II cells (data not shown). In contrast, no S9 was required for
N-OH-AABP, a metabolite of ABP, to cause significant and dose-
dependent formation of dG-C8-ABP in RT4 cells (Figure 1C).

It is well established that ABP requires metabolic activation in
order to damage DNA and is first metabolized to N-hydroxy-4-
aminobiphenyl (N-OH-ABP) before being ultimately converted to
the highly electrophilic arylnitrenium ion (30,31). N-OH-ABP was
shown previously to cause DNA damage (mainly dG-C8-ABP forma-
tion) in human bladder cells (32). N-OH-AABP may also undergo
conversion to N-OH-ABP in cell through deacetylation (33). Thus,
bladder cells are probably deficient in enzyme(s) that catalyze the
conversion of ABP to N-OH-ABP. Hepatic cytochrome P450 1A2
(Cyp1A2) was widely suggested to be the key enzyme catalyzing
the formation of N-OH-ABP, but a subsequent study showed that
knockout of Cyp1A2 gene in mice had no effect on ABP-DNA adduct
formation in the bladder tissue (30).

SF inhibits dG-C8-ABP formation and activates the Nrf2 signaling
pathway in human bladder cells

When RT4 cells were pretreated with SF at 2 or 4 lM for 24 h and
then exposed to ABP (0.5 mM, with S9) for 3 h, dG-C8-ABP levels
decreased by 70 and 59%, respectively, compared with control cells
(Figure 1D). Thus, SF is highly effective in inhibiting ABP-induced
genotoxicity. Interestingly, the low SF dose was somewhat more
effective. It is unlikely that SF directly prevented S9 from activating
ABP because SF was not present in the medium during cell exposure
to ABP and S9. Indeed, SF pretreatment at 4 lM for 24 h also
inhibited dG-C8-ABP formation by 92% in RT4 cells exposed to
N-OH-AABP (0.1 mM, 3 h) in the absence of S9 (Figure 1E).

The inhibitory effect of SF on ABP was associated with activation
of the Nrf2 signaling pathway. Nrf2 is an essential transcriptional
activator of a variety of genes involved in many aspects of cytopro-
tection, including carcinogen-detoxifying Phase 2 genes, and is itself

Fig. 1. ABP-induced DNA damage in human bladder cells and the protective
effect of SF. (A, B and C) RT4 cells were treated with ABP or AABP in the
absence or presence of S9 for a desired time and then harvested for
measurement of dG-C8-ABP levels by liquid chromatography-tandem mass
spectrometry. (D and E) RT4 cells were pretreated with SF for 24 h and then
exposed to ABP (0.5 mM) plus S9 or N-OH-AABP (0.1 mM) for 3 h before
harvest for measurement of dG-C8-ABP levels. Each value is a mean ± SD
(n 5 3). Each value marked by an asterisk in the treatment groups is
significantly different from the control (P, 0.05). (F) RT4 cells were treated
with SF for 24 h and then harvested for measurement of Nrf2 and selected
Phase 2 proteins by Western blotting. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) is a loading control. The data are representative of
at least two experiments.
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activated by environmental and endogenous signals through inhibition
of Keap1-mediated Nrf2 ubiquitination (34,35). A previous study
showed that Nrf2 knockout in mice resulted in increased bladder cancer
development induced by BBN (20). In the present study, treatment of
RT4 cells with SF at 2 and 4 lM for 24 h led to a significant increase
in Nrf2 level (Figure 1F), which is consistent with previous reports
showing that SF activates Nrf2 by inhibiting its ubiquitination (36).
As expected, Nrf2 elevation by SF in RT4 cells was accompanied by
increased expression of Nrf2-regulated Phase 2 genes, as shown by both
the catalytic and the regulatory units of GCS (GCSC and GCSM) and
NQO1 (Figure 1F), indicating activation of the Nrf2 signaling pathway.
Although these genes were assessed as biomakers of Nrf2 transactiva-
tion activity and may not necessarily mediate the inhibitory effect of SF
on ABP, GCS may contribute in part to the detoxification of the elec-
trophilic nitrenium ion generated from ABP and N-OH-AABP as it is
the key enzyme for the biosynthesis of glutathione, which plays a major
role in cellular electrophile scavenging. It is widely recognized that
UDP-glucuronosyltransferase (UGT) and N-acetyltransferase (NAT)
modulate the genotoxicity of ABP by catalyzing the conjugation of
the latter with endogenous ligands glucuronide and acetyl-CoA. But
no change in their expression levels, including UGT1A, UGT2B, NAT1
and NAT2, were detected in SF-treated RT4 cells as measured by
Western blotting (results not shown).

Nrf2 is essential for SF to inhibit ABP-DNA adduct formation

To assess the effect of SF on ABP in vivo, both wild-type mice and
Nrf2 knockout mice were administered SF at 0, 10 and 40 lmol/kg by
gavage once daily for 5 days. A single intraperitoneal dose of ABP at
50 mg/kg was given 3 h after the last SF dose. The mice were killed
24 h after ABP treatment, and the bladders were processed for mea-
surement of DNA damage. A preliminary experiment was performed
to identify the ABP dose (result not shown). Although the background
level of dG-C8-ABP in the bladder tissues was below the detection
limit of five adducts per 109 nucleosides, its level increased to 371 ± 58
adducts per 107 nucleosides in the wild-type mice and 281 ± 59 adducts
per 107 nucleosides in the Nrf2 knockout mice after ABP treatment
(Figure 2A). Surprisingly, in the absence of SF pretreatment, the adduct
level was 33% higher in the wild-type mice than in the Nrf2 knockout
mice. The reason is not known, but such difference disappeared when in
a subsequent experiment the ABP dose was reduced 10-fold. In that
case, the adduct levels in bladder tissue were 13 ± 4 adducts per 107

nucleosides in the wild-type mice and 11 ± 1 adducts per 107 nucleo-
sides in the Nrf2 knockout mice, 24 h after a single intraperitoneal dose
of ABP at 5 mg/kg.

SF caused significant inhibition of dG-C8-ABP formation in the
bladder in the wild-type mice, achieving 50 and 61% inhibition at 10
and 40 lmol/kg dose levels, respectively, but was totally ineffective in
the Nrf2 knockout mice (Figure 2A). Thus, Nrf2 is required by SF for
inhibition of ABP-induced DNA damage in the bladder. Although the
effect of SF on ABP-induced bladder tumorigenesis could not be
determined, due to very low incidence of bladder cancer in ABP-
treated animals (12,37), we recently showed that feeding SF-enriched
broccoli sprout extracts significantly inhibited BBN-induced bladder
cancer development in the rat (17).

As expected, SF, under the treatment conditions described above
(10 and 40 lmol/kg/day for 5 days), significantly induced multiple
Nrf2-targeted Phase 2 genes in the bladder, including GST, GCS and
NQO1, in the wild-type mice but not in the Nrf2 knockout mice
(Figure 2B). These results show that SF activates the Nrf2 cytopro-
tective signaling pathway in the bladder and are consistent with the
results shown in human bladder cells (Figure 1F), although it is not
known if any of these particular Phase 2 genes directly mediate the
inhibitory effect of SF. ABP is known to be metabolized mainly in the
liver. Hepatic levels of GST, GCS and NQO1 were also significantly
elevated in SF-treated wild-type mice but not in the Nrf2 knockout
mice (Figure 2C). As in RT4 cells, however, neither UGT nor NAT in
the bladder and liver appears to be modulated by SF at the doses tested
(results not shown).

We further investigated the tissue site in the bladder where the Nrf2
signaling pathway is activated by SF. NQO1 was chosen as the bio-
marker of Nrf2 transactivation activity and was measured by
immunohistochemistry. NQO1 exists mainly in the cytoplasm and is
transcriptionally activated by Nrf2. We focused on the bladders
removed from both wild-type mice and Nrf2 knockout mice, which
were treated with either the vehicle or SF at 40 lmol/kg as described
above. Low level of NQO1 was detected in the bladder epithelia of
control wild-type mice, but it was undetectable anywhere in the blad-
ders of control Nrf2-deficient mice (Figure 3). SF caused significant
NQO1 induction in the bladder epithelium, but not in other sites of
bladder, in the wild-type mice. SF failed to induce NQO1 in the
epithelium or other sites in the bladders of Nrf2-deficient mice. These
results together with those shown in Figure 2B demonstrate that SF
elicits Nrf2-mediated cytoprotective functions specifically in the
epithelium. This finding is highly significant because the epithelium
is the principal site of bladder cancer development in humans (2). This
finding is also in accordance with previous studies showing that SF is

Fig. 2. The inhibition of ABP-induced DNA damage by SF in the bladder
and the role of Nrf2. (A) Wild-type C57BL/6 mice (open bar) and Nrf2-
knocked out C57BL/6 mice (filled bar) were treated with vehicle or SF by
gavage once a day for 5 days. Three hours after the last SF dose, each mouse
was given a single intraperitoneal dose of ABP. The mice were killed 24 h
later for measurement of dG-C8-ABP in bladder tissues. Each value is
a mean ± SD (n 5 3–4). Values not marked with the same letter are
significantly different at P , 0.05. (B) Wild-type C57BL/6 mice and Nrf2
knocked out C57BL/6 mice were treated with vehicle or SF by gavage once
a day for 5 days. The mice were killed 24 h later for measurement of selected
Phase 2 proteins by Western blotting. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) is a loading control. The data are representative of
mice in each group.
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selectively delivered to the bladder through urinary excretion (17–19)
as the bladder epithelium is directly exposed to urine.

Summary

ABP is a major human bladder carcinogen and cigarette smoke is
a major source of human exposure. We have shown that SF is highly
effective in blocking ABP-induced DNA damage in human bladder
cells in vitro and in mouse bladder tissue in vivo. These findings not
only provide further evidence of the chemopreventive activity of SF
against bladder cancer but also offer a mechanistic insight into the
epidemiological reports that consumption of broccoli is inversely
associated with bladder cancer risk and bladder cancer mortality in
humans (13,14,38), since SF is considered the key chemopreventive
ingredient in broccoli. Although the SF doses used in the animal study
(10–40 lmol/kg body weight) are probably .10 times higher than the
amount that is typically consumed by a human (�1000 lmol SF per kg
fresh broccoli) (39), the animals were exposed to far greater level of
ABP (50 mg/kg) than humans normally are because ABP is present at
low nanogram levels in the smoke of each cigarette.

SF activates the Nrf2 signaling pathway in both human bladder
cancer cells in vitro and mouse bladder tissues in vivo, and Nrf2 is
essential for the chemopreventive activity of SF. In vivo, SF is
specifically active in the epithelium, which is the principal site of
bladder cancer development. However, we have not been able to de-
termine the molecular mechanism by which Nrf2 inhibits ABP-caused
DNA damage or to identify the exact Nrf2-regulated gene(s) that me-
diate the anti-ABP activity of SF. Although metabolic activation and
inhibition of ABP have been well studied, much remains unknown as to
the enzymes that participate in ABP activation and subsequent inacti-
vation. Identification of these enzymes in future studies will facilitate
elucidation of the protective mechanism of Nrf2 against ABP.
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