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Cigarette smoke (CS) is convincingly carcinogenic in mice when
exposure starts at birth. We investigated the induction and modula-
tion of alterations in the kidney and urinary bladder of CS-exposed
mice. A total of 484 strain H Swiss mice were either sham-exposed
or exposed since birth to mainstream CS (MCS) for 4 months.
Dietary agents, including myo-inositol, suberoylanilide hydroxamic
acid, bexarotene, pioglitazone and a combination of bexarotene
and pioglitazone, were administered after weaning. Comet analy-
ses showed that, after 2 and 4 months, MCS causes DNA damage in
exfoliated urothelial cells, which can be prevented by myo-inositol
and the peroxisome proliferator-activated receptor-y ligand piogl-
itazone. After 7 months, the 17.6% of MCS-exposed male mice
exhibited lesions of the urinary tract versus the 6.1% of sham-
exposed mice, which emphasizes the role of sex hormones in urinary
tract carcinogenesis. Myo-inositol and the RXR-specific retinoid
bexarotene did not affect these alterations. The histone deacetylase
inhibitor suberoylanilide hydroxamic acid (Vorinostat) increased
the incidence of kidney epithelium hyperplasia. Pioglitazone signif-
icantly enhanced the incidence of kidney lesions as compared with
mice exposed to MCS only, indicating possible adverse effects of
this antidiabetic drug, which were lost upon combination with bex-
arotene according to a combined chemoprevention strategy. RXR
is a heterodymeric partner for peroxisome proliferator-activated
receptor-y, thereby modulating the expression of multiple target
genes. In conclusion, there is contrast between the ability of piogl-
itazone to inhibit DNA damage in exfoliated cells and the altera-
tions induced in the urinary tract of MCS-exposed mice, suggesting
the occurrence of non-genotoxic mechanisms for this drug.

Introduction

With 138 280 new cases and 28 450 estimated deaths for 2012 in
the USA, urinary bladder, kidney and renal pelvis cancers represent,
cumulatively, the fourth cause of both cancer cases (after prostate,
breast and lung cancers) and cancer deaths (after lung, colon and
breast cancers (1)). Based on the GLOBOCAN estimates, 463 500
new cases and 184 326 deaths for kidney and bladder cancers occurred
worldwide in 2008 (2). Epidemiological studies provide evidence
that tobacco smoking is a major cause of bladder, ureter, renal pelvis
and renal cell carcinomas (3-5). In particular, two-thirds of urothe-
lial bladder cancers in men and one-third in women may be related
to cigarette smoke (CS), and the risk correlates with the number of
cigarettes smoked, the duration of smoking and the degree of smoke
inhalation (6). In addition, failure to quit smoking once a diagnosis
is made is associated with a worse outcome, even in patients initially
diagnosed with non-invasive cancers (7).

Abbreviations: CS, cigarette smoke; MCS, mainstream CS; PPARY, per-
oxisome proliferator-activated receptor-y; RXR, retinoid X receptor; SAHA,
suberoylanilide hydroxamic acid.

Although the most obvious approach to avoid CS-induced lesions
is to refrain from smoking or to quit smoking, chemoprevention
provides a valuable complementary strategy for their prevention.
In fact, urothelial cancer frequently recurs, even when the primary
cancer is completely removed. Moreover, smoking cessation signifi-
cantly reduces the bladder cancer risk but never reaches the baseline
risk level of non smokers (8). It should be also taken into account
that potential chemopreventive agents administered with the diet are
excreted with the urines and accordingly benefit of favorable pharma-
cokinetic properties by remaining in close prolonged contact with the
urothelium (9).

Animal models of bladder cancer have extensively been used by
testing individual carcinogens. However, the tumorigenicity of CS as
a complex mixture is difficult to be reproduced in rodents. We dis-
covered that mainstream CS (MCS) becomes a potent pulmonary
carcinogen when exposure starts soon after birth. In addition, under
these conditions, preneoplastic and neoplastic lesions of the urinary
tract could be induced in mice exposed to MCS since birth (10). The
MCS-induced hyperplasia of the urinary bladder epithelium in neo-
natally exposed mice was inhibited by the prenatal administration of
the antioxidant N-acetylcysteine (11). Likewise, exposure of mice to
environmental CS since birth induced adenomas in renal pelvis and
kidney, papillary hyperplasia of urothelium and urinary bladder pap-
illomas (12).

Based on these premises, in the framework of broader studies
investigating the ability of chemopreventive agents to modulate MCS-
induced cancer in mice, we implemented a study aimed at evaluating
(1) DNA damage in exfoliated urothelial cells and (ii) histopatho-
logical alterations in the urinary tract of mice, as related to exposure
to MCS and administration of chemopreventive agents with the diet.
In particular, the agents under scrutiny included myo-inositol, suber-
oylanilide hydroxamic acid (SAHA), bexarotene, pioglitazone and a
combination of bexarotene and pioglitazone.

Myo-inositol or cis-1,2,3,5-trans-4,6-cyclohexanehexol, a constituent
of a variety of foods such as whole grains, seeds and fruits, is formed by
dephosphorylation of isonitol hexaphosphate in the gastrointestinal
tract. Myo-inositol was shown to inhibit, either alone or in combination
with dexamethasone, the yield of lung tumors induced by various
carcinogens, such as benzo(a)pyrene, 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone and environmental CS (13-16). However, myo-
inositol failed to reduce the yield of lung tumors induced by vinyl
carbamate (17). SAHA (Vorinostat, Zolinza®) is an inhibitor of
histone deacetylases, which control the acetylation state of lysine side
chains of the histone proteins of chromatin. The catalytic activity of
histone deacetylases remodels chromatin to control gene expression
without altering gene sequence. Histone deacetylase inhibitors are
among the most promising targeted anticancer agents and are potent
inducers of growth arrest, differentiation and/or apoptotic cell death
of transformed cells (18). SAHA has significant anticancer activity
against both hematologic and solid tumors and has been approved for
treatment of cutaneous T-cell lymphoma (19). Bexarotene (9cUAB30,
Targretin®) is a retinoid X receptor (RXR)-specific retinoid, which
is used to treat cutaneous T-cell lymphoma. It shares a variety of
mechanisms, such as block of cell-cycle progression, induction of
apoptosis and differentiation, prevention of multidrug resistance
and inhibition of angiogenesis and metastasis, that make this agent a
promising cancer chemopreventive agent (20). It has been evaluated
in a model of N-methyl-N-nitrosourea-induced (MNU) mammary
carcinogenesis in rats (21,22). Moreover, this agent showed both
preventive and therapeutic activities with respect to lung tumors
induced by 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone and
vinyl carbamate in strain A mice (23) and prevented lung tumor
progression in vinyl carbamate—treated A/J mice bearing genetic
alterations of p53 or K-ras (24). Pioglitazone is a synthetic ligand of
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peroxisome proliferator-activated receptor-y (PPARY), one of the three
PPAR isotypes identified to date in vertebrates (25). Pioglitazione was
approved for the therapy of type 2 diabetes mellitus, as an insulin-
sensitizing drug, and is expected to have a role in other diseases as
well, such as cancer, atherosclerosis and inflammation- and oxidative
stress-related conditions (26). In particular, this thiazolidinedione
compound exhibits antitumor activity on the basis of nuclear receptor
modulation that unfolds pleiotropic biological effects, such as
antistromal, antiangiogenic and immunomodulating activities (27).
Moreover, PPARY agonists induce G,/G, arrest and apoptosis of
malignant cells (28). Pioglitazone inhibited pancreatic carcinogenesis
induced by N-nitrosobis(2-oxopropyl)amine in hamsters (29) and
colon carcinogenesis induced by azoxymethane in mice (30). It
downregulated COX-2 and cyclin D1 and inhibited colon cancer
proliferation and liver metastasis in immunodeficient mice (31), as
well as early carcinogenic transformation in rat liver (32).

The results of the present study show that exposure of mice to
MCS results both in DNA damage in exfoliated urothelial cells and
in histopathological alterations in the urinary tract, which are only
detectable in males. The most remarkable effect of chemopreven-
tive agents was that pioglitazone significantly enhances the MCS-
related preneoplastic and neoplastic lesions in kidney and bladder.
These adverse effects were lost when pioglitazone was combined
with bexarotene.

Material and methods

Mice

We used 50 pregnant H mice, originated from Swiss albino mice, aged 14-16
weeks and weighing 27-30g. Housing at the Animal Laboratory of the
National Center of Oncology (Sofia, Bulgaria), breeding and treatment of mice
were in accordance with national and institutional guidelines. The mice were
kept in Makrolon cages on sawdust bedding and maintained on rodent chow
(Kostinbrod, Sofia, Bulgaria) and tap water ad libitum, at a temperature of
23 +2°C, relative humidity of 55% and a 12h day—night cycle.

Chemopreventive agents

Myo-inositol, SAHA, bexarotene and pioglitazone were supplied by Fisher
Biosciences (Germantown, MD). The doses to be used in the chemopreven-
tion study were selected based on a preliminary subchronic toxicity study,
in which a total of 340 postweanling mice (170 males and 170 females)
were either untreated or treated with four doses of each agent with the diet.
Survival for 6 weeks, body weight and general appearance of the mice were
monitored for 6 weeks (data not shown). All agents were not toxic at the
maximum dose tested (myo-inositol 8000mg/kg diet, SAHA 1000 mg/kg
diet and bexarotene 240 mg/kg diet), except pioglitazone, which caused a
more than 10% body weight loss at 240 mg/kg diet and was accordingly used
at 120 mg/kg diet.

Experimental groups

The pregnant mice generated a total of 484 newborns, which were divided into
the following experimental groups: Group A, control mice kept in filtered air
and killed at 7 months of life; Group B, mice exposed to MCS for 4 months,
starting within 12h after birth, and then kept in filtered air until sacrifice, at
7 months of life; Group C, MCS-exposed mice receiving, after weaning (4-5
weeks), myo-inositol at 8 g/lkg diet; Group D, MCS-exposed mice receiving,
after weaning, SAHA at 1 g/kg diet; Group E, MCS-exposed mice receiving,
after weaning, bexarotene at 240mg/kg diet; Group F, MCS-exposed mice
receiving, after weaning, pioglitazone at 120mg/kg diet; Group G, MCS-
exposed mice receiving, after weaning, a combination of bexarotene (240 mg/
kg diet) and pioglitazone (120 mg/kg diet).

Exposure of neonatal mice to MCS

Exposure of the mice belonging to Groups B-G started within 12h after birth
and continued daily for 4 months. A whole-body exposure of mice was obtained
using commercially available cigarettes (Melnik King Size, Bulgartabac), hav-
ing a declared content of 9mg tar and 0.8 mg nicotine and delivering 10 mg
CO each. The mice of each litter and their dam were placed in a 22.5 | sealed
Makrolon chamber that was subsequently filled with MCS, as described pre-
viously (10). Briefly, MCS was generated by drawing 15 consecutive puffs,
each of 60ml and lasting 6 s. Each MCS treatment lasted 60 min, involving six
exposures of 10 min each with 1 min intervals, during which a total air change
was made. The concentration of total particulate matter in the exposure cham-
ber was, on average, 684 mg/m?.
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Collection and analysis of urines and exfoliated cells

At 2 and 4 months of age, each group of mice was housed in metabolic cages
for 2-3h in a dark room to prevent additional DNA damage. The pH of
each urine sample was measured before being filtered through 50 pm nylon
mesh (Partec, Miinster Germany), then centrifuged at 300g for 10min and
resuspended in 3ml of ice-cold phosphate-buffered saline, pH 7.4. After
centrifugation at 250g for 10min, the urine pellet was suspended in 60 pl
phosphate-buffered saline.

For evaluating the cellularity of urines, 20 pl of suspended cells from each
sample were smeared on slide and air dried, fixed for 10min at 4°C in meth-
anol (80% v/v) and stored in dry air up to the end of sampling. The slides
were stained with 10% Giemsa solution for 10min and scored at a x400
magnification.

DNA damage in exfoliated urothelial cells

In preliminary assays, transition cell viability was measured using the trypan
blue exclusion technique. Because each sample had a very low number of
cells, viability was thereafter evaluated indirectly using the comet images
after electrophoresis by counting DNA ‘clouds’ (DNA clouds/comet (33)).
These clouds are made of very low—molecular weight DNA fragments, and
the images are referred to as typical of dead cells (34,35). The samples with
a high proportion of DNA clouds were excluded from DNA damage assess-
ment (36).

The alkaline comet assay was performed according to Tice et al. (37) with
some modifications. Briefly, suspension of 40 pl of urine cells was resus-
pended in 75 pl of 0.5% of low—melting point agarose and layered onto coded
slides precoated with a thin layer of normal melting point agarose, and imme-
diately covered with a coverslip, and allowed to solidify at 4°C. After gen-
tly removing the coverslip, a final layer of low—melting point agarose was
added to the slide and covered with a second coverslip. After agarose solidi-
fication, the slides were immersed in freshly prepared, cold lysing solution
(2.5M NaCl, 100mM ethylenediaminetetraacetic acid , 10mM Tris, pH 10,
1% Triton X-100 and 10% dimethyl sulfoxide ) for 1h at 4°C. The slides
were removed from the lysis solution, rinsed for 40 min in two changes of an
alkaline solution (0.3M NaOH, 1 mM ethylenediaminetetraacetic acid, pH
13) and placed in a horizontal gel electrophoresis tank that was filled with an
ice-cold fresh alkaline solution. Electrophoresis was conducted for 30 min at
25V (0.66 V/cm) adjusted to 300 mA by raising or lowering the buffer level
in the tank. After a neutralization step (0.4 M Tris—HCI, pH 7.5), the slides
were dehydrated with absolute ethanol and stored in dry air up to the end of
sampling. The slides were rinsed and stained with ethidium bromide (2 pg/
ml in H,0). The analyses were carried out using a fluorescence microscope
equipped with a digital camera at a x400 magnification. For each coded spot,
with exclusion of the outer area, images of at least 100 randomly selected
nuclei were acquired and submitted to the automated image analysis system
CASP (Comet assay software project, http://www.casp.sourceforge.net). The
results were expressed as tail moment, which is obtained by multiplying the
percent of DNA in the tail by the tail length. The analyses were performed in
quadruplicate.

Evaluation of histopathological alterations in kidney and urinary bladder
The ‘spontaneously’ moribund mice, which were housed separately, and all
those mice that survived after 7 months were deeply anesthesized and killed
using diethyl ether and subjected to complete necropsy. In addition to lungs
and other organs, whose histopathological analysis is in progress, we collected
the kidneys (three sections/kidney) and the urinary bladders (1 section each),
which were processed by standard histopathological analysis.

Statistical analysis

Data of body weights were expressed as means + standard errors of the mice
composing each experimental group, and comparisons between groups were
made by Student’s #-test for unpaired data. Comparisons between groups
regarding survival and incidence data were made by Fisher’s exact test. Comet
assay data were expressed as means =+ standard errors of quadruplicate analy-
ses, and comparisons between groups were made by Mann—Whitney test. All
analyses used the StatView Program.

Results

Survival and body weights of mice

Table I summarizes the data relative to survival after 4 and 7 months
and body weights (i) at weaning, when the mice started to receive
the chemopreventive agents with the diet; (ii) after 4 months, when
exposure to MCS was discontinued and (iii) after 7 months, when
the mice were killed. Survival of all MCS-exposed mice was high
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Table I. Survival and body weights of Swiss H mice exposed for 4 months to MCS, since birth, and treated with chemopreventive agents after weaning, until the

end of the experiment (7 months)

Experimental group Gender Initial no. of mice Surviving mice Body weights (g)
4 months 7 months At weaning 4 months 7 months
Sham M 33 33 (100 %) 31 (93.9%) 20.9+0.79 37.9+0.78 422+1.18
F 31 31 (100%) 28 (90.3%) 19.3+0.86 34.4+0.74 38.0+1.27
MCS M 34 34 (100%) 24 (70.6%)* 17.9+0.54* 29.4+0.65" 40.1x0.91
F 38 34 (89.5%) 17 (44.7%)° 16.6+0.58¢ 23.5+£0.96" 355+1.36
MCS + myo-inositol M 34 31 (91.2%) 23 (67.6%)* 17.4+0.55° 27.8+0.91° 40.2+0.94
F 37 33 (89.2%) 20 (54.1%)° 15.5+£0.43° 23.6+£0.90° 33.1+1.33*
MCS + SAHA M 35 29 (82.9%)° 24 (68.6%)* 17.5+£0.38" 23.3+0.82¢ 32.8+1.2204
F 35 29 (82.9%)° 16 (45.7%)° 16.4+0.30* 22.4+0.77° 32.5+1.21°
MCS + bexarotene M 35 33 (94.3%) 31 (88.6%)¢ 17.8+0.55* 27.1+£0.68" 37.4+0.94
F 40 37 (92.5%) 31 (77.5%)" 16.7+0.54¢ 24.0+£0.92° 329+1.15*
MCS + pioglitazone M 34 32 (94.1%) 32 (94.1%)" 16.7+0.32° 29.9+0.64° 40.6+1.03
F 35 31 (88.6%) 31 (88.6%)¢ 15.8£0.41° 27.5+0.524 36.4+0.86
MCS + pioglitazone + M 31 27 (87.1%)° 22 (71.0%)° 15.5£0.56" 27.6+£1.20° 36.7+0.89%f
bexarotene F 34 23 (67.6%)° 16 (47.1%)° 14.6+0.66"¢ 26.0+1.20° 28.9+1.75%

Body weight data are means + standard errors within each experimental group. M, male. F, female.

P <0.01, as compared with sham-exposed mice of the same gender.
5P < 0.001, as compared with sham-exposed mice of the same gender.
°P < 0.05, as compared with sham-exposed mice of the same gender.
4P < 0.001, as compared with MCS-exposed mice of the same gender.
¢P < 0.05, as compared with MCS-exposed mice of the same gender.
P <0.01, as compared with MCS-exposed mice of the same gender.

after 4 months, with the exception of the MCS-exposed mice treated
either with SAHA or with the combination of pioglitazone and bex-
arotene. At the end of the experiment (7 months), survival of MCS-
exposed mice was poor. Treatment of MCS-exposed mice with
either bexarotene or pioglitazone resulted in a significant protection
toward MCS lethality, whereas the combination of these two agents
and administration of either myo-inositol or SAHA did not affect
MCS lethality.

MCS caused a significant loss of body weight at weaning and at
4 months of age in both male and female mice, whereas 3 months
later, after discontinuation of exposure to MCS, the body weights were
no longer different from those of sham-exposed mice. Pioglitazone
significantly counteracted the MCS-induced body weight loss in

4-month old females. On the contrary, SAHA further worsened the
MCS-related body weight loss in males at both 4 and 7 months, and
the combination of pioglitazone and bexarotene significantly attenu-
ated the body weight recovery after discontinuation of exposure to
MCS in both males and females.

Physical and cytological alterations of urines and DNA damage in
exfoliated urothelial cells

Table II shows that, irrespective of gender, exposure to MCS sig-
nificantly decreased the pH of urines in mice, both at 2 months and
4 months of age. Administration of myo-inositol prevented this effect,
whereas administration of pioglitazone, bexarotene or SAHA did not
affect the MCS-induced urine acidification. The cells recovered from

Table II. Physical, cytological, and genotoxicity end-points in mouse urines, as related to exposure to MCS and treatment with chemopreventive agents

End-point Sham MCS MCS + myo-inositol ~ MCS + pioglitazone MCS + bexarotene MCS + SAHA
M F M F M M F M F M F

After 2 months
Urine pH 72+02 7202 62+02* 6.3+0.3"  7.0+0.1° 7.0£0.6° 65+0.2° 63x0.1* 6.5+0.5 6.3x0.3" 6.320.4% 6.3+0.3"
Transitional 97.5 98.2 96.2 97.8 93.0 96.9 92.8 92.1 94.8 93.2 90.2 87.9
cells (%)
Leukocytes (%) 2.5 1.8 3.8 22 7.0 3.1 7.2 7.9 5.2 6.8 9.8 12.1
Dead cells (%) 4.6 4.1 18.0 6.9 29 2.5 32 39 32.1 34.6 345 30.0
DNA damage 229+1.6 158+1.8 78.0+52* 344+27* 18.8+2.1° 11.4+0.7° 17.5x1.3° 13.8+3.2¢ NT NT NT NT
in exfoliated
cells (TM)

After 4 months
Urine pH 7.1+0.3 7.2+0.1 6.0%£0.3* 6.2+0.2*  7.1x0.2° 7.0£05 6.4+0.2° 6202 62+04 6.4x0.1° 6.2+0.2% 6.3£0.2"
Transitional 95.4 96.7 95.5 98.4 99.5 96.9 934 94.1 91.2 89.3 87.9 79.3
cells (%)
Leukocytes (%) 4.6 33 4.5 1.6 0.5 3.1 6.6 59 9.8 10.7 12.1 20.7
Dead cells (%)  18.1 15.1 21.4 28.0 13.8 2.0 144 10.9 35.6 42.1 36.2 315
DNA damage 42.4+13.6 31.4+8.0 125.5+14.1* 118.8+£7.6¢ 94.2+11.8 69.8+7.6° 52.2+1.9° 729x11.1° NT NT NT NT

in exfoliated
cells (TM)

Comet data are means + standard error of quadruplicate analyses. NT, not tested.

2P < 0.05, as compared with sham-exposed mice of the same gender.
P <0.01, as compared with MCS-exposed mice of the same gender.
°P < 0.05, as compared with MCS-exposed mice of the same gender.
4P <0.01, as compared with sham-exposed mice of the same gender.
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or MCS-exposed mice. SAHA produced an increase of hyperplasias
of the kidney tubular epithelium, which was statistically significant
in females as compared with both sham-exposed and MCS-exposed
mice of the same gender. The most striking effects were produced by
treatment with pioglitazone. In fact, this PPARY agonist enhanced the
incidence of kidney tubular epithelium hyperplasias and adenomas.
A total of 21 mice (12 males and 9 females) had lesions in the urinary
tract of MCS-exposed mice treated with pioglitazone, as compared
with 6 mice, all of them in males, in MCS-exposed males in the
absence of chemopreventive agents (P < 0.01). The histopathological
alterations produced by pioglitazone in the urinary tract of MCS-
exposed mice were prevented when this agent was combined with
bexarotene.

Discussion

The results of the present study deserve a series of comments inher-
ent to the effects of cigarette smoking in the urinary tract and to their
prevention. They include (i) the ability of smoke to induce preneo-
plastic and neoplastic lesions in the urinary tract in animal models;
(ii) the intergender differences in both smoke-related DNA damage in
urothelial cells and histopathological changes in the urinary tract; (iii)
the possibility of attenuating these health hazards using chemopre-
ventive agents; (iv) the feasibility of using non-invasive intermediate
biomarkers in kidney and urinary bladder carcinogenesis; (v) the risk
that certain pharmacological agents may increase the yield of preneo-
plastic lesions in smoke-exposed mice; (vi) the opportunity of using
mechanistically designed combinations of chemopreventive agents
to avoid adverse effects; (vii) the possible inconsistency between
the indications of genotoxicity biomarkers and the histopathological
alterations induced by non-genotoxic carcinogens.

Consistently with our previous studies (11), exposure of neonatal
male mice to MCS for 4 months, starting since birth, resulted in his-
topathological alterations in the kidney and in the urinary bladder.
These alterations did not reach the statistical significance threshold,
but it is noteworthy that the 17.6% of MCS-exposed male mice devel-
oped lesions in the urinary tract, as compared with the 6.1% only of
sham-exposed mice of the same gender. Interestingly, no such lesion
was detected in 66 female mice, either sham-exposed or exposed to
MCS. Several studies support a role for sex hormones in modulating
the growth and the development of bladder cancer (38) and point out
the antiestrogenic capacity of CS (39). For instance, a higher inci-
dence of bladder cancer was observed in nitrosamine-exposed rats
treated with testosterone as compared with rats treated with either
estradiol or estriol (40-42). Keeping in mind the prominent role of
chronic inflammation in CS-related carcinogenesis (43,44), an impor-
tant mechanism explaining the lower susceptibility of females, at
least toward urinary tract lesions, is that estrogens are able to reduce
chronic bladder inflammation (45).

A common drawback affecting animal studies is that high doses
of both carcinogens and protective factors are needed to obtain
significant results using reasonable numbers of animals. All tested
chemopreventive agents were used at doses lower than the maximum
tolerated doses in smoke-free mice. The CS dose tested in the present
study is comparable with the one used in previous studies evaluating
the pulmonary tumorigenicity of MCS in the same mouse strain
(10,11). A transient decrease of body weight has been reported to
occur during the period of exposure to CS also in studies evaluating
the tumorigenicity of environmental CS in other mouse strains, such
as A/J mice (45) and ICR(CD-1) mice (12).

Of the chemopreventive agents tested, myo-inositol and bexaro-
tene failed to attenuate the incidence of MCS-induced urinary tract
lesions, whereas SAHA increased the incidence of tubular epithelium
hyperplasia in the kidney as compared with MCS-exposed mice in
the absence of chemopreventive agents. The dietary administration
of pioglitazone even enhanced the incidence of urinary tract lesions
in MCS-exposed mice, especially in the kidney. In fact, 16 out of
67 pioglitazone-treated mice (23.9%) suffered from kidney lesions
as compared with 3 out of 72 MCS-exposed mice in the absence of
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chemopreventive agents (4.2%), a difference that is statistically signif-
icant. Note that PPAR agonists have been reported to be tumorigenic
in one or more species of rodents at multiple sites, and in particular
urothelial changes have been observed in rats and monkeys (46). For
instance, a 2 year study in male rats treated with the diet with piogl-
itazone for 85 weeks showed the formation of advanced proliferative
changes in the urinary bladder of 11 of 82 rats (13.4%), including
papillary hyperplasia, nodular hyperplasia, papilloma or carcinoma
(47). In addition, some data suggest a possible increase of bladder
cancer among diabetic patients treated with this drug, although this
issue is controversial (48). Furthermore, PPARY is expressed in vari-
ous human cancers, including renal cell carcinoma (49) and bladder
cancer (50).

Evaluation of intermediate biomarkers is useful to assess both
efficacy and safety of cancer chemopreventive agents. Collection of
urines is the most commonly used noninvasive approach and remains
the gold standard for bladder screening (51) and for evaluating
cytogenetical damage in exfoliated cells (52,53). The comet assay has
been found to detect an increased DNA damage in bladder washing
cells from patients suffering from urothelial carcinoma in compari-
son with a matched control group (54). In the present study, a signifi-
cant increase of DNA damage was detected in mice of both genders
exposed to MCS for either 2 or 4 months since birth, prior to appear-
ance of any histopathological alteration. This finding is consistent with
the notion that CS contains a variety of chemicals, such as aromatic
amines, heterocyclic amines, polycyclic aromatic hydrocarbons etc.,
which can be metabolically activated in the liver and then eliminated
via the urinary tract (3,55). In fact, the urines from smokers are invari-
ably mutagenic, to such an extent that this end-point has been used
in cancer chemoprevention trials (56), and DNA adducts are detected
in bladder cells from both smoking humans (57) and smoke-exposed
rats (58). The stronger genotoxic effect observed in the urothelial cells
of male mice after 2 months of exposure to MCS correlates with the
greater susceptibility of males toward the induction of histopathologi-
cal alterations in the urinary tract, as discussed previously.

Of the chemopreventive agents under study, bexarotene and SAHA
could not be evaluated for modulation of CS-related DNA damage
because a high proportion of exfoliated cells were dead at the doses
tested. In contrast, both myo-inositol and pioglitazone were success-
ful in completely preventing DNA damage in urothelial cells after
2 months of exposure to MCS and in significantly attenuating DNA
damage after 4 months. Female mice responded more efficiently than
males to the protective effect of myo-inositol, which strengthens the
view that estrogens play a direct role in the etiology of bladder cancer.
In fact, the administration of oral myo-inositol decreases total andro-
gens and increases estradiol (59).

It is thus apparent that there is a discrepancy between the ability
of pioglitazone to inhibit the DNA damage induced by MCS in exfo-
liated urothelial cells and induction by the same compound of his-
topathological changes in the urinary tract at 7 months of age. This
inconsistency is presumably due to the fact that pioglitazone dam-
ages the kidney and bladder of MCS-exposed mice via non-genotoxic
mechanisms, which after discontinuation of exposure to MCS pre-
vail on its antigenotoxic properties. One of the possible mechanisms
for this effect is probably to be related to our finding that the urine
samples had a lower pH in MCS-exposed mice of both genders and,
at variance with myo-inositol, pioglitazone failed to restore a neutral
pH. Workers exposed to aromatic amines whose urines had a pH lower
than 6.0 were found to have 10-fold higher DNA adduct levels than
subjects with a neutral pH (60). Moreover, in a case—control study, a
dose-response relationship in bladder cancer risk was observed with
increasing acidity of urines among current smokers (61).

It is noteworthy that the renal tumorigenicity of pioglitazone in
MCS-exposed mice was lost when this agent was combined with
bexarotene. This finding emphasizes the convenience of pursuing a
combined chemoprevention strategy when the combination is based
on mechanistic premises. In fact, the rexinoid bexarotene is an RXR
agonist, whereas pioglitazone is a synthetic ligand of PPARYy. Both
RXRs and PPARSs belong to the nuclear hormone receptor superfamily
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and can control the expression of multiple target genes, thereby inte-
grating upstream signals into coordinated systemic and program-
matic responses. RXR is an obligate heterodymeric partner for other
nuclear receptors, including PPARs (62,63). Our data suggest that the
potential tumorigenicity of pioglitazone in the urinary tract of MCS-
exposed mice is lost when PPARY is bound to RXR.

In conclusion, the results of the present study provide evidence
that exposure of mice to MCS for 4 months, starting at birth, results
both in DNA damage detectable in exfoliated urothelial cells after
2 and 4 months and in histopathological alterations in the urinary
tract detectable after 7 months. Both effects selectively occur in
males but not in females, due to the hormonal regulation of kidney
and bladder carcinogenesis. Of the chemopreventive agents tested,
both myo-inositol and pioglitazone were successful to inhibit DNA
damage in urothelial cells, but pioglitazone significantly enhanced the
MCS-related induction of histopathological alterations in kidney and
bladder, which suggests a non-genotoxic mechanism for this PPARY
agonist. In any case, potential adverse effects in the urinary tract
should be taken into account when using pioglitazone either in the
treatment of diabetes or in cancer prevention. The renal tumorigenicity
of pioglitazone in MCS-exposed mice was lost when this agent was
combined with the RXR agonist bexarotene, which emphasizes the
convenience of adopting mechanistically designed combination
strategies in cancer chemoprevention.
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