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Abstract
We previously reported prevention of urolithiasis and associated rat urinary bladder tumors by urine acidification (via diet acidification) in male
rats Ireated with the dual peroxisome proliferator-activated receptor (PPAR)<>J'Y agonist rnuraglitazar. Because urine acidification could potentially
alter PPAR signaling and/or cellular proliferation in urotheliurn, we evaluated urothelial cell PPARa, PPARli, PPAR,., and epidermal growth
factor receptor (EGFR) expression, PPAR signaling, and urothelial cell proliferation in rats fed either a normal or an acidified diet for 5, 18, or
33 days. A subset ofrals in the 18-day study also received 63 mglkg of the PPAR'Y agonist pioglitazone daily for the final 3 days to directly assess
the effects of diet acidification on responsiveness to PPAR,. agonisrn. Urothelial cell PPARa and -y expression and signaling were evaluated in the
18- and 33-day studies by immunohistochemical assessment of PPAR protein (33-day study only) and quantitative real-time polymerase chain
reaction (qRT-PCR) measurement of PPAR-regulated gene expression. In the 5-day study, EGFR expression and phosphorylation status were
evaluated by inununohistochemical staining and egfr and akt2 mRNA levels were assessed by qRT-PCR. Diet acidification did not alter PPARa,
0, or "I mRNA or protein expression, PPARrt- or 'Y-regulated gene expression, total or phosphorylated EGFR protein, egfr or akl2 gene
expression, or proliferation in urothelium. ;v[oreover, diet acidification had no effect on pioglitazone-induced changes in urothelial PPARyregulated gene expression. These results support the contention that urine acidification does not prevent PPAR-y agonist-induced bladder tumors
by altering PPAR"" 'Y, or EGFR expression or PPAR signaling in rat bladder urothelium,
© 2007 Elsevier Inc. All rights reserved,
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Peroxisome proliferator-activated receptors (PPARs) are members of a nuclear honnone receptor superfumily of liganddependent transcription factors. Three PPAR isofonns (Ct, elf?>,
and -y) bave been identified with differing tissue distributions
(Braissant et aI., 1996) and cellular functions (Goon and Breyer,
200]; Cohen, 2005). Agonists against all 3 PPAR isofonns are
being investigated as phannaceutical agents for the treatment of
dyslipidernia (PPAR<x and e) or insulin resistance (pPAR"'!)
(Gervois et aI., 2004; Yki-Jiirvinen, 2004).
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Insulin resistance is the hallmark of type 2 diabetes mellitus,
a diseast: that is expected to afflict 29 million, or 7%, ofthe US
population by 2050 (Boyle et aI., 2001). Thiazolidinedione
(TZD) PPAR)' agonists are effective agents for treating type 2
diabetes due to their ability to increase insulin sensitivity and
lower plasma glucose level (Yki-J1i.rvinen, 2004). There are
currently two TZD PPAR)' agonists approved for treatment of
type 2 diabetes, rosiglitazone and pioglitazone. Current efforts
are focused on developing newer PPAR)' agonists along with
dual PPARa.!)' agonists that promise to treat not onLy the
byperglycemia, but also the dyslipidemia often seen in type 2
diabetics (Gervais et aI., 2004) while minimizing risk.
A number ofTZD and non-TZD PPAR)' and dual PPARrtl)'
agonists, including the marketed compound pioglitazone, have
been shown to act as non-genotoxic carcinogens in rats, where
they induce transitional cell tumors of the urinary bladder andJor
renal pdvis (EI-Hage, 2005). These findings suggest a
relationship between PPAR)' agonism in the urothelium and
tumor development; however, the current experimental evidence does not support this contention. For example, the dual
PPARcV)' agonist ragaglitazar induces urothelial cell hypertrophy ill male rats treated with a dose known to induce bladder
tumors (Oleksiewicz et aI., 2005). However, based on in vitro
studies showing that PPAR)' agonists suppress growth of nonneoplastic and neoplastic human urothelial cells (Nakashiro et
aI., 200i; Yoshimura et aI., 2003a) and induce expression of
urothelial differentiation markers (Varley et aI., 2004a), it would
be expected that PPARl' agonists would directly inhibit, rather
than induce, urothelial proliferation andJor tumorigenesis,
suggesting that alternative mechanisms may be underlying the
inductiOI1 ofurothelial cell tumor development.
PPAR)' agonist-induced alterations in urine composition,
specifically increased endogenous urinary solids (urolithiasis),
are hYPDthesized to account for the urinary bladder tumors
associatt:d with PPAR)' agonist administration (Cohen, 2005).
Similarly, urothelial injury secondary to urolithiasis is the
proposed mechanism underlying bladder tumors induced in rats
by a number of non-genotoxic agents such saccharin and
melamine (Cohen et aI., 1997). Increased urinary precipitate,
crystals, andJor calculi cause urothelial necrosis, erosions, and
ulcerations, resulting in increased cell proliferation and
ultimately carcinoma formation via an epigenetic mechanism.
Several factors can affect the burden of endogenous urinary
solids, including urine pH. In the case of saccharin, feeding a
mine-acidifying diet inhibits formation of both urinary solids
and uroihelial carcinomas (Cohen et aI., 1997). Similar to
PPAR)' agonists, sodium saccharin induces bladder tumors in
rats, but not mice, with a generally higher incidence in males
compared to females.
In support of the urolithiasis hypothesis and its relationship
to urinaly tumor development in rats, our laboratories have
previously shown that urine acidification prevents formation of
rat urinary bladder tumors associated with the dual PPARal)'
agonist, muraglitazar (Dominick et aI., 2006). Oral administration of muraglitazar for up to 2 years caused a dose-dependent
increase in urinary bladder tumors in male Harlan SpragueDawley rats. Cytotoxicity and proliferation of the ventral
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bladder urothelium were observed as early as I month followed
by development of urinary carcinomas by 9 months in
muraglitazar-treated rats fed a normal (non-acidified) rodent
diet. Microscopic examination of the urine and the urinary
bladder revealed a drug-related increase in urinary solids and
crystals after I month of treatment. Feeding a diet supplemented
with I % ammonium chloride (N14CI) (acidified diet) resulted
in urine acidification (pH ~ 6.5) that, in muraglitazar-treated
rats, prevented the drug-related increase in urin31Y solids.
Importantly, no drug-related urothelial cytotoxicity, proliferation, or carcinomas occurred in muraglitazar-treated rats fed the
acidified diet. These studies support the hypothesis that PPAR)'
agonist-induced alterations in urine composition predispose to
urolithiasis and associated urothelial injury, proliferation, and
tumor formation.
Whereas urine acidification may have protected rats from
muraglitazar-induced bladder tumors by inhibiting the fonnation of urinary solids, it may well have produced other
protective effects. Specifically, diet acidification may have
altered urothelial responsiveness to PPAR agonism andJor
mitogenic signals such as epidermal growth factor (EGF). EGF
receptor (EGFR)-mediated signaling plays an important role in
the promotion ofrat urinary bladder tumors (Hattori et al., [998;
el-Marjou et aI., 2001). In addition, there is considerable
evidence for crosstalk between EGFR and PPAR)'. Therefore,
the objective of the present work was to evaluate PPARa,
PPAR5, PPARl', and EGF receptor (EGFR) expression, PPAR
signaling, and urothelial cell proliferation in the urothelium of
rats fed a nOlmal or urine-acidifying diet. To detelmine whether
the urothelial cell response to PPAR)' agonism was altered by
urine acidification, the effect of a urine-acidifying diet on
PPAR)' agonist-induced gene expression in urothelium was also
examined.
Materials and methods
Animals selection and husbandry
Random-bred, barrier-raised, male Hsd:Sprague-Dawley SDlll rats were
obtained from Harlan Laboratories, Frederick, MD, Indianapolis. IK, or Oregon,
WI, and acclimated for I to 2 weeks prior to the initiation ofthe studies, The tats
were approximately 7 to 10 weeks of age at study initiation and were individually
housed in suspended stainless-steel wire-bottom cages in environmentally
controlled rooms maintained on a 12-h light-dark cyclo and at targeted humidity
and temperature ranges of 30-70% and 64-79 OF, respectively. Food [HSDI
Teklad Certified Global Diet #8728C (nonnaI diet) or !be nonnal diet
supplemented with I % ammonium chloride (NH.CI) (acidified diet)] and
water were provided ad libitum. The studies were conducted in accordance with
the Guide for the Care and Use ofLaboratory Animals and Institutional Animal
Care and Use Committee (lACUC) guidelines. All studies were approved by tbc
Institutional Anima! Care and Use Committee prior to initiation and pe,folme<l
in American Association for Laboratory Animal Care (AALAC)-accrediled
facilitios according to governmental guidelines (NRC, 1996).

Experimental design
Thirty-three-day diet acidification study.
Rats were randomly assigned to
two groups onOlsex each based on body weights. One group was red the normal
diet and the other wa.• fed the acidified diet fot I month. The I-month duration
was chosen for this study because previously our studies had shown thar
sustained urotheJial cytotoxicity and proliferation, with a predilection tor the
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ventral bladd,:r, occurred after treatment with muraglit1l2ar for I month. All rats
were anesthetized by intIaperitoneal administration ofsodiumpentobarbital. The
urinary bladders from the first IS/sex io each group were collected for
immunohistochemical evaluation while the bladders from the remaining rats
were collected for gene expression evaluation. Following bladder collection, all
rats were euthanized by exsanguination while under anesthesia.

Eighteen-day diet acidification study±3 days of ploglirazone. Male rats
were randomly assigned to 4 groups of 6 each based on body weight. 'IWo
groups were fed the nonnal diet and 2 groups were fed the acidified diet. After
t 5 days, rats fed each diet were administered either 63 mglkg/day pioglitazone in
0.5% Methocel or 0.5% MethoceJ alone by oral gavage for 3 days at a dose
volume of6 mUkg. Urine pH was measured on freshly voided urine collected on
several days prior to dosing and 3 h after dosing on the day of necropsy, After
3 days of dosing, which was considered sufficient for induction of PPAR-y
'response gen':5 (data not shown), all I1its were anesthetized by intraperitoneal
administration of sodium pentobarbital. The urinary bladders were collected for
gene expression evaluation. Following bladder collection, all rats were euthanized by exsanguination while under anesthesia.
Five-day diet acidification srlldy.
Male rats were randomly assigned to 2
groups of 15 rats each based on body weights. One group was fed the nonnal diet
and the other group was fed the acidified diet. Urine pH was measured on mine
cnllected overnight once prior to dosing and at the end ofthe dosing period. After
5 days, all rats were anesthetized by intraperitoneal administration of sodinm
pentobarbita.l. Thc urinary bladders were collected for gene expression
evaluation. Following bladder collection, all rats were euthanized by
exsanguination while under anesthesia.

Tissue/sample collectioll
Tissue harvest was conducted identically for all rats witl1 the following
exception. For cell proliferation assessment, 5 non-fasted ratsldiet group were
injected llltraperitoneally with 100 mg/kg bromodeoxyuridine (BrdU) approximately I h prior to necropsy. At necropsy, urinary bladders were collccted from
all rats after achieving a deep plane (Stage IV) of anesthesia via an
intraperitoneallllJection of sodium pentobarbital. Urinary bladders were emptied
of urine by gentle digital expression and subsequently inflated with fixative.
Cold 4% parafonnaldehyde was used for inflation and fixation of bladden; for
PPARo., 1\, and -y immunostaining, and 10% neutral-buffered fonnalin fixation
was used for bladders designated for BrdU and EGFR imrlllUlostaining. A
ligature Wll.< placed around the neck of the urinary bladder, and the prostate
gland was disseeted from the urethra. The urinary bladder was excised in its
entirety at the neck and immediately immersed in fixative for 24 to 36 h (4%
paraformaldehyde) or 72 h (10% neutral-buffered fonnalin). After fixation,
urinary bladd"rs were transected longitUdinally and incised into 2- to 4-mrn
lengthwise str:.p>, processed, and embedded in paraffin. Two (2) paraffin bloeks!
uriuary bladd"r, corresponding to the dorsal and ventral aspects, Were prepared
for each rat A section of proxima] duodenum was also harvested for each rat
designated f", BrdU analysis and was processed and embedded in paraffin lor
use as a positive control for the incorporation of BrdU.

Urinary bladder urothelial cell lysate preparatioll
To obtain mothe!ial cells, the urinary bladder was dissected away from the
prostate and e;<traneollS tissue. After exposing the bladder as outlined above, it
was everted onto an applicator stick and dissected from the animal. The bladder
was secured to the applicator stick with the use of a Jigature, rinsed in RNAsefree lcc-<oold phosphate-buffered saline, and dropped into an RNase-free
microfuge tube containing 350 ilL of lysis buffer comprised of Buffer RLT
(Qiagen Inc., Valencia, CA) and 2-mereaptoethanol (Sigma-Aldrich). The
bladder was vortexed for I min at half maximum speed to remove the urothelial
cells. To confirm removal of urothelium, bladders were removed from the lysis
buffer, placed in formalin, processed, embedded, and staine<1. by hematoxylin
and eosin fnr microscopic examination. The lysis buffer, now containing urinary
bladder urothelial cells, was vortexed for an adclitional 30 sand tben forced
through a 25-gauge needle approximately 20 times using a l-mL syringe to

ensure complete lysis ofthe cells. The microfuge tube was capped and placed on
dry ice followed by storage at - &0 "C.

Total RNA extraction and reverse transcriplloll
Total RNA was extracted from the urothelial cell lysates using RNeasy
Micro kits (Qiagen). The RNA concentration in each sample was calculated by
measuring absorbance at 260 om (A260); an RNA concentration ;::;'100 ng/IlL
was necessary for reverse transcription. The purity of each RNA sample was
assessed by measuring absorbance at 260 and 280 om and calculating the A2601
A280 ratio, with a ratio between 1.9 and 2.1 indicative of high-purity samples.
The integrity of each RNA sample was assessed using an Agilent 2100
Bioanalyzer to compare the 18S and 28S ribosomal R:'>IA peaks.

Quantitative real-lime polymerase chain reaction (qRT-PCR)
All qRT-PCR reactions were performed using 7900HT Sequence Detection
Systems (Applied Biosystems, foster City, CA). The specific genes evaluated
for each analysis are shown in Table 1.

TaqMan reactions (18- and 33-day slUdies)
Pre-designed TaqMan assays containing gene-specific PCR primers and
TaqMan probes were purchased from Applied Biosytems. 8eta-2 microglobulin
(B2mg) was used as an internal reference gene. Each reaclion contained 2.520 ng template eDNA, 900 nM final primer concentration, and 250 nM final
TaqMan probe concentration. Reactions were perfonned using TaqMan
Universal PCR Master Mix (Applied Biosysterns) and the following thermoeycling parameters:
Stage I: 50 "C for 2 min (I cycle)
Stage 2: 95 "C for 10 min (l cycle)
Stage 3: 95 cc for 15 sec, then 60 cc for I min (40 cycles)
The raw fluorescence data were collected and processed using thc 80S v2.1
software (Applied Biosystems). The cycle threshold (Cl) values were
determined for each target gene and normalized to B2mg. The data were
Table 1
Summary of duration, treatment and detection method utilized for the
assessment of gene expression in urotheliurn fi1Jm rats fed normal or acidified
diet for 5-33 days with and without pioglitazone treatment
Treatment

Detection
method

Comp31ison

duration
18 days

Pioglitazone vs. vehicle,
normal diet

18 days

TaqMan

33 days

Vehicle, acidified vs.
nonnal diet
PiogHtozone treatment,
acidified vs. normal diet
AcidifIed vs. nonna! diet

5 days

Acidified

Sybr green

1& days

VB.

nonnal diet

TaqMan
TaqMan

Genes examined
PPARa, PPAR-y,
PPAR5, ipl, cd36a,
gyk, sic2a4,fam,
hsdJibI, apoAI,
apoC3, insrec, pdk4,
acaal , acoxl J adrp,
muc-I, pex//a
Ipl, cd36a, acaaI,
acoxl, adrp, pex//a
lpl, cd36a, aeaal,
acoxl, adrp, pe.<//a
/pI, cd36a, acaai,
acoxl, "drp, pex//a
akt2, egrf

AppliedBiosystems catalog numbers for commercially available TaqMan primet/
probe sets are lIS follows: B2mg: RnOO560865--lI11; PPARCl; Rn0056619Lm!;
PPAR-y: Rn00440945--lI11; PPARfi: Rn00565707--lI11; Ipl: Rn00561482...m1;
cd36a; Rn00580728.-ml; gyk: Rn00577740...ml; slc2a4: Rn00562597...m1;
fasn: RnOO569117.JTlI; hsdllbl: Rn00567167-1J11; apoAI: Rn00562483_ql;
apoC3: Rn0056074Lql; insrec: Rn00567070Jl11; pdk4: Rn0058S577..mlj
acaal; RnOOS60616--lI1l; acoxl: Rn00569216Jl11; adIp: RnOI472318Jl11;
muc-I: Rn01462S85...m1; pex!!a: RnOO58515Lml.
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exported into Microsoft Excel for analysis using the comparative Ct method
developed by Applied Biosystems (2001) in which diffcrences in gene
expression (mRNA) levels in the acidified diet group compared to the normal
dict group were reported as relative quantification (RQ) values. RQ values> I
indicate higher expression while values < I indicate lower expression.
Student's (-test was used to compare the ACt (Ct of target gene-Ct of
B2mg) values of the acidified diet group to the .6. Ct values of normal diet
group. Statistically significant differences of P<0.05 were considered
bialogically relevant if the RQ was ~2.0 or ';0.5, which represents a 2-fold
change in mRNA expROssion.

Sybr green reactions (5-day study)
Real-time PCR primer sets for akt2 and egfi' wcre dcsigned using Primer
Express software (Applied Biosystems). The primer sequences (5' to 3') for akt2
and egfr and the housekeeping genes cyclophilin A lII1d gapdh me as follows:
akl1 forward: 5'-GATGTGGTGTACCGCGACATC·3'
akt2 reverse: 5'-CTCTTTGGACAAGCCAAAGTCA-3'
edr forward: 5' -CCCACAGCAAGGCTTCTTCA-3'
egfi' reverne: 5'-CACGGCAGCTCCCATTTCTA-3'
cyclophilin A forward: 5'·GGTCGCGTCTGCTTCGA-3'
cyclophilin A reverse: 5·'CATGAATCCTGGAATAATTCTGTGAA-3'
gapdh forward: 5'·CTCAACTACATGGTCTACATGTTCCAGT·3'
gapdh rcvcrse: 5'-GTAGACTCCACGACATACTCAGCAC-3'

Each reaction contained 50 ng template eDNA and 200 nM fmal primer
concentration. Reactions were perfonned using Sybr Green FCR Master Mix
(Applied Iliosystems) and the default thermocycling proflle;
Stage I: 50°C for 2 min (I cycle)
Stage 2: 95 °C for 10 min (I cycle)
Stage); 95 'C for IS sec, then 60·C for I min (40 cycles)
Stage 4 (dissociation curve); 95 ·C 15 s followed by 60 ·C to 95 ·C at 2%

ramp increase,
The raw fluorescence data were collected and processed using the SDS v2.1
software (Applied Biosystems). The Ct values were detennined for each target
gene and r:ormalized 10 eyclophiJin A and gapdh. The comparative quantification af bladder mucosal mRNA expression from rats fed an acidified versus
nonnal diet was performed using the comparative Ct method developed by
Applied BlOsystems (2001).

Immunohistochemistry
J>PAR~.

0, and y. Frior to the comparative analyses of urinary bladder
PPARa and 'Y protein expression in rat urinary bladders in re;ponse to urine
acidification, optimal methods, including reagent concentrations and staining
condition. for each antibody, were developed. Development included as.essment of the hinding specificity, staining intensity, and cellular distribution as
previously reported for each antibody in tissues chosen for their known
expression ofPPARa, 5, and 'Y immunostaining in vivo (Braissantet aI., 1996).
These tissues included normal rat kidney, adipose tissue, and Ijver for PPARa
immunostaining and rat kidney and adipose tissue for PPAR" staining. Parallel
immunostaining was conducted in urinary bladder urotheliurn of mice as an
additional positive control sinee PPAR-y has previously been demonstrated in
the urothebum of mice (Jain et aI., 1998).
Paraffin blocks of dorsal and ventral urinary bladders from 15 male and 15
femalc rats fed a non-.cidified or an .cidified diet were sectioned at 5 I'm and
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antj.PPAR", [1:5000, FAI-822A, Affinity Bioreagents, Golden, CO], mbhit
anti-FPARli [I :500, PAI·823, Affinity Bioreagents, Golden, CO], or rabbit anl;PFAR-y [I :5000, FA3-82I , Affinity Bioreagents, Golden, CO] for 2 h at 24 'C.
Additional negative control slides were produced by substitution of the primary
antibody with a non-immune rabbit polyclonal antibody (negative control
antibody) utilized at I :500 an replicate .ections of the same tissues. All
primary antibodies were diluted in phosphate-buffered saline (FBS, pH 7.2)
with 5% bovine serum albumin (BSA). All slides were incubated with
biotinylated goat anti-rabbit secondary antibody for 30 min, followed by
incubation with the Vectastain R.T.U, ABC Elite Feroxidase Kit (Vectm
Laborataries, Burlingamc, CAl for an additional 30 min. Next, 3,3'diaminobel12idine (DAB) was applied for 15 min as subst.rate for the
peroxidase reaction. Slides were counterotained with light green, dehydrated,
and eaverolipped for light microscopic evaluation.
Bl'dU.
Faraffin blocks of dorsal and ventral urinary bladder were sectioned at
5 >1m, and iIrummoperoxidase staining was performed on sections from 5 male
rats!diet gmup. Deparaffinization was conducted and antigen retrieval
achieved using bigh temperature (Declaaking Chamber Pro, Biocare Medical,
Concord, CAl and Tris-buffered saline for I min. Non-specific binding of
reagents was bloeked by incubation with 20% rat serurnl5% sheep serum/I %
bovine serum albumin for 30 min followed by sequential changes of avidin
and biotin solutions (10 min each). Selial sections of dorsal and ventral urinary
bladder Were incuhated with biotinylated sheep anti·BrdU·antlbody (1:200;
Novus Biological., Littleton, CO) for 30 min. The positive control tissues
(duodenum) were placed on the same slide as the bladder sections and stained
in parallel. Endogenous peroxidase activity was quenched using 3% hydrogen
peroxide for 10 min. Antibody-antigen binding was detected by incubation
with the Vectastain R.T.U. ABC Elite Peroxidase Kit (Vector Laboratories) for
30 min followed by incubatian with DAB (Dalto, Carjlinteria, CA) for 15 min.
Slides Were counterstained with hematoxylin, Gills Formula (Vector
Laboratories), dehydrated, cleared with l<ylenc and permanently mounted
under cOVer glass.

EGFR (IOtal and phosphorylated).
Paraffin blocks from 5 male I'ats/dlet
group were sectioned at5 flm and mounted on positively cbarged, coated slides
for immunohistochemistry. Sections were deparaffinized and antigen retrieval
was conducted using heat·induced epttope retrieval in a pressure cooker using a
I-roM EDTA solution at pH 8. For total EGFR staining, non-specific binding of
reagents was blocked by inLubation with 20% rat serum!5% donkey serumfl %
bovine serum albumin far 30 min followed by sequential changes of avidin and
biotin solutions (10 min each). For phospborylated EGFR staining, uon-specific
binding of reagents was blocked by incubation with 20% rat serurnl5% donkey
serurnfl % bovine serum albumin for 30 min. Serial sections were incubated with
primary antibodies, either sheep anti-lotal EGFR [1:150, #abl0416, Abeam,
CaDlbridge, MAl or rabbit anti-phosphorylated·EGFR (TyrI173) 1:50, #.c 1235,
Santa Cruz Biotechnology, Santa Cruz. CAl for 90 nlin or 30 min, respeetively,
at mom temperature. The anti-total EGFR primary antibody was followed by
biotin-conjugated donkey anti-sheep secondary antibody (#713-065-147,
Jackson Tmrnunoreseach, West Grove, FA). Antibody.antigen binding was
deteeted by incubation with the Vectastain R.T.U. ABC Elite Peroxidase Kit
(#PK-7100, Vector Laboratories), followed by incubation with DAB. The
phosphorylated EGFR primary antibody was followed by applieation of the
DakoCytomation EnVision Plus anti-Rabbit HRF Labeled Polymer System
(#K4003, Dako) and visualized with the DAB Substrate Chromogen System
(#K3466. Dako). Slides were counterstained with hematoxylin, then dehydrated
through a graded series of aleohols to l<ylene. Coverslips were mounted using
xylene-based mounting media. Slides werc cvaluated for phosphorylated and
total (phosphorylated and unphosphorylated) EGFR. Human tonsil intelfollicular lymphocytes were included as a positive control.

immunuperoxiJase slaining was performed 011 tissue sections utilizing an

avidin-biotin complex procedme. Depataffinization and antigen retrieval at
high temperature was achieved with Declere® (Cell Marque, Hot Springs, AR).
Endogcnous peroxidase activity was quenched hy inCUbating tissue sections in
3% hydrogen peroxide for 10 min. Non-specific binding of reagents was
blocked by incubation with sequential changes of avidin and biotin solutions
(l5 min ea<:h) and 10% normal goat serum for 20 min. Serial sections of dorsal
and ventral urinary bladder were incubated with primary antibodies, either rabbit

Analysis oj resul(s
Analysis of FPAR",_ B, or -y protein expression in rat urotheJium was
conductcd using non-statistical methods. Staining intensity and the percentage
ofurothelial cells from the dorsal and ventral urinary bladder exhibiting pasitive
staining (deteeted as brown colorimetrie staining) were evaluated for each PPAR
protein. Staining intensity was graded semi-<J.llantitatively usin!! the following

w.E.
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Table 2
Summary of PPAR a, 0, and 'Y staining intensity and percemage of positively staining urnthelial cells in rats fed non-acidified or acidified diets
Groups and origin of urothelium

Males

Females

PPARa intensity
(% cells staining)

PPAR6 intensity
(% cells staining)

PPAR'Y intensity
(% cells staining)

Group I-nan-acidified diet
Urolhelium from dorsal urinary bladder
Urothehum from ventral urinary bladder

1-3+ (>80%)
1-3+ (>80%)

1-3+ (>80%)
1-3+ (>80%)

Group 2-ocidified diet
Urothelium fj'OIn dorsal urinary bladder
Urothelium fi'om ventral urinary bladder

1-3+ (>80%)
1-3+ (>80%)

J-3+ (>80%)
1-3+ (>80%)

- - - -PPARo
- -intensity
- - -PPAR'Y
- -intensity
-PPARa intensity
(% cells staining)

(% cells staining)

(% cells staining)

1~2- (>80%)
1-2+ (>80%)

1-3+ (>80%)
1-3+ (>80%)

1-3+ (>80%)
1-3+ (>80%)

1-2+ (>80%)
\-2+ (>80%)

1-2+ (>80%)
1-2+ (>80%)

1-3+ (>80%)
1-3+ (>80%)

1-3+ (>80%)
1-3+ (>80%)

1-2'" (>80%)
1-2+ (>80%)

- (negarive), ± (equivocal), 1+ (weak), 2'" (moderate), 3+ (strong), 4+ (intense).

segments/animal). As urinary bladder over-inflation markedly attenuated the
bladder epithelium, rendering the enumeration of non-labeled cells inaccurate,
a proliferation index was not calculated. Data are therefore expressed as the
total number of positive cells from 40 evalQated regions of approximately
eqQal area (0.1 x 0.04 mm).

scale: - (negative), '" (equivocal), 1+ (weak), 2+ (moderate), 3+ (strong), 4+
(intense). Urothelium from the dorsal and ventral aspeets of the bladder was
assessed separately. In addition, the percentage of urothelial cells demonstrating
target.ed epilape expression was graded as follows: between I% and 19%
« 19%), between 20% and 39% «39%), between 40% and 59% «59%),
between 60% and 79% «79%), and greater than 80% (> 80%).
For assessment of nuclear BrdU incorporation, dorsal and ventral urinal)'
bladder and duodenum samples were evaluated on an autollUlted image
analysis system, Ariol SL-50 (Applied Imaging Corp.). The Kisight assay was
utilized and reconfigured to condue~ counts on the trunsitiolUlI epithelial cells
of the mucosa for both positive and negative cells. Cells located in the
submucosa were excluded. Ten (10) urothelial segments of equal size were
placed along tile length of eacb bladder section for analysis (a total of 40

Results

Coriflrmation of urine acidification

In the 5- and 18-day studies, mean urine pH in rats fed the
acidified diet ranged from 5.8 to 6.3 compared to a range of 6.8
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Fig. I. Rcpres~ntativc examples ofPPARa protein expression in dorsal and ventral urinary bladder ofmale rats fed a nonnal or acidified diet after 33 days. (A) Normal
diet, dorsal urotbelium; (B) acidified diet, dorsal urothelium; (C) normal diet, ventral urotheliurn; (D) acidified diet, ventral urotheliurn. In all panels, the urotheliuIll is
oricn~ed toward the top and marked with an asterisk. Protein expression is detected by the localization of brown staining within cells. Green staining was used as a
counterstain Itl identify cells. Immunohistochemistry, x 40 magnification.
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to 7.6 for rats fed the normal diet (data not shown). Because
there was sufficient evidence from these shorter-term studies
that diet acidification resulted in urine acidification, urine pH
was not measured in the I-month study.
Effects of urine acidification on PPARa., <'i and y expression
and signaling

PPARa., 0, and y protein expression
PPARa, B, and "I protein expression in the urothelium from
male and female rats fed an acidified or non-acidified diet was
evaluated by immunohistochemistry to determine if there were
qualitative or semi-quantitative differences in the expression of
these proteins based on diet acidification. The results are
summarized in Table 2 and illustrated in Figs. 1 and 2. Table 2
outlines PPARa:, 5, and -y protein expression based on cellular
location, staining intensity and percentage of positively staining
urothelimn in the dorsal and ventral bladders ofmale and female
rats fed either a normal or an acidified diet. The results show
that there were no differences in the location, staining intensity
or percentage of cells expressing PPARa, 5, or "I proteins in the
urothelium of bladders of male and female rats regardless of
diet. Weak to strong PPARa staining was localized in the nuclei
of > 80% urothelial cells in a random pattern in the basal,
intermediate, and superficial cell layers ofthe dorsal and ventral
bladder mucosa (Fig. 1). This range of staining intensity was
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detected in the bladder of each animal, regardless ofgender, and
did not demonstrate a predilection for mucosal cell layer or
orientation. Punctate, weak PPARet staining was observed
within the cytopla~TIl of > 80% cells in all dorsal and ventral
urothelial cells in an evenly distributed pattern. This pattern did
not change regardless of location within the urotheliaL layer or
bLadder mucosal orientation. Randomly distributed weak to
strong PPAR5 immunostaining was also observed in the nuclei
of > 80% urothelial cells. This pattern was identical in all
bladders from all animals, regardless of orientation, distribution
with the urothelial mucosa, gender, or diet (not shown). Finally,
PPAR-y was detected as weak to moderate immmlOstaining in
the nuclei of >80% urothelial cells in the dorsal and ventral
mucosae of urinary bladders of each male and female rat (Fig.
2). Urothelial cells expressing this range of staining intensity
were distributed randomly throughout all mucosal cell layers of
the urinary bladder and no differences were observed in the
distribution, staining intensities, or percentage of urotbelial cells
expressing PPAR'Y protein regardless of diet.
PPAR target gene expression
PPAR signaling was assessed by exammmg urothelial
expression of genes reported to be transcriptionally activated
by PPARet or 'Y. Compared to rats fed a normal diet, there were
no biologically relevant effects on the urinary bladder urothelial

Fig. 2. Repre.enlative examples ofPPAR,/ expression in dorsal and ventra! urinary bladder ofma!e rats fed a normal or acidified diet after 33 days. (A) Nonnal dict,
dorsal ul'othelium; (B) acidified diet, dorsal urothelium; (C) nonnal diet, venlral llrothelillm; (D) acidified diet, ventral urotheliwn. In all panels, the urothelium is
oriented toward the top and marked with an asterisk. Protein expression is detected by the localization of brown staining within cells. Green staining was used as a
counterstail1 to identify cells. Immllllo!listochemistry, x 40 magnification.

W.E. Achanzar el aI. / Toxicology and Applied Pharmacology 223 (2007) 246-256

252

Table 3
Effect of urine acidification On urothelial expression of PPAR-transactivated
gencs
Gene

Ip/

Treatment
duration (days)

33
cd36a
acaal

acoxl
adIP
pexlla

RQ
1.126
0,878
0.772
0.909
1.080
0.992
1.129
0.822
0.963
0.6l6
1.077
1.001

18
18
33
18
33
18
:J3
18
33
18
33

femalc"

Male
P-value
0.559
0.214
0.430
0.639
0.250
0.931
0.398
0.060
0.782
0.0001
0.704
0.994

RQ

P-value

0.995

0.972

1.384

0.402

1.017

0.735

0,965

0.757

1.004

0.963

1.0LO

0.934

• Only male rats werc used in the 18-day study.

expression of PPARex- or )'-transactivated genes in male and
female rats fed an acidified diet for up to 1 month (Table 3).

Table 5
Comparison of PPAR-transactivated gene expression iu urioary bladder
urothelium of male rats administcred pioghtaznne and fed either a nonnal or
unne-aciditYing diet
Gene

RQ

P-value

Ipt

0.94
0.92
0.95
0.92
0.87
0.97

0,688
0.841
0.446
0.306
0.382
0.783

cd36a
acaal
acox)
adrp
pexlJo

fed either a nonnal or acidified diet revealed no biologically
relevant expression differences in 11'1, cd36a, acaal, acoxl,
adrp, or pexlla expression [fable 5). Due to insufficient RNA
remaining at the completion of the analyses described above,
urothelial gene expression in rats fed an acidified diet and
administered either vehicle or pioglitazone could not be
perfonned.
Effects of urine acidification on urothelial cell proliferation

egfrlakt2 expression
There were no biologically relevant effects of the acidified
diet on ak~2 (O.9-fold control) or egfr (O.9-fold control) gene
expression in urinary bladder urothelium of male rats.
Pioglitazone-induced PPAR signaling
In rats fed a nonnal diet, oral pioglitazone administration for
3 days was associated with a significant reduction in PPAR")'
(RQ=OAO) gene expression and significant increases in adrp
(RQ=4.l5), lpl (RQ=1.97), and pexlIa (RQ=2.56) gene
expression in male rat urinary bladder urothelium compared to
vehicle-treated controls (Table 4). Statistically significant
change~ in gyk, acaal, and acoxl expression did not meet the
criteria for biological significance (RQ ::?:2 or ::50.5). No
statistically significant expression changes were noted for
PPARex, PPAR5, cd36a, slc2a4, fasn, hsdlIbl, pdk4, muc-l,
or insrec. RQ values were not calculated for apoAI and apoC3
due to the low expression level of these genes in both drugtreated and control samples. A subsequent comparison of
urothelial gene expression in rats administered pioglitazone and
Table 4
Comparison cofPPARa- and PPAR'Y.transactivated gene expression in urinary
bladder urothelium of male rats fed a normal diet and administered either
piogJitazone cor vehicle
Gene

RQ

P-va1ue

Gene

RQ

P-value

PPARa
PPAR'Y
PPARll

0.969
0,400
l.l83
1.969
\.837
0,672
1,485
1.255
1.130

0.875
<0.05
0.435
<0.05
0.178
<0.05
0.297
0.353
0.711

pdk4
(Jeaa]
(Jcoxl
adrp

1.522
1.367
1.785
4.150
0.769
2.564
1.129

0.141
<0.05
<0.05
<0.05
0.122
<0.05
0.332
NA
NA

Ipl

cd36a
gyk
slc2a4
fosll
hsdl1bl

muc-l

pexlla
insrec

apoAl
apoC3

°RQ values not calculated due to low expression levels and variability in data
from individual samples; NA = not applicable.

BrdU incorporation
The mean number of BrdU-labeled urothelial cells from 5
male rats/group with 40 urothelial segments of approximately
equivalent size evaluated per animal did not significantly differ
between rats fed a nOlmal diet (10.2 cells) compared to those
fed an acidified diet (8.2 cells) (Table 6). Labeling indices
(labeled cells as a percentage of total cells) were not calculated
due to extensive attenuation of the epithelium resulting from
over-inflation.
Effects of urine acidification on total and phosphorylated
EGFR expression
Immunohistochemical staining for both phosphorylated and
total (phosphorylated and unphosphorylated) EGFR was
comparable between rats fed a non-acidified versus an acidified
diet (Table 7) for 5 days. Total EGFR staining in the urothelium
of urinary bladders from rats fed either an acidified or nonacidified diet was specific to the membrane and varied similarly
Table 6
Summary of BrdU immunostaining in tbe urothelilUll ufrats fed lion-acidified or
acidified diets
Diet groups

Animal nwnbcr

Non-acidified diet

lIOI

Acidified dier

1102
1103
1104
Jl05
Mean±Sn
2101
2102
2103
2104
2105
Mean"'SD

BrdU-positive cells
16
14
15
2
4

10.1"'6.6
10

8
12
I
10
8.2±6.6
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Table 7
Summary of total and phosphorylated EFGR staining intensity in the UTothelium
of rats fed non-acidified or acidificd diets
Diet groups

Animal
number

Total
EGFR

Phospborylated
EGFR

Non-acidified diet

1106
1107
1108
1109
IlIO
2106
2107
2108
2109
2110

2+
1+
2+
J+
2+
1+
3+
2+
2+
1+

2+
2+
2+
2+
2+
2+
2+
2+
2+
2+

Acidified diet

- (negativ,~), ± (equivocal), 1+ (weak), 2+ (moderate), 3+ (strong).

in intensity from least to most intense. Phosphorylated EGFR
staining of urothelium demonstrated equally intense membranous staining between the two diet groups (Fig. 3).
Discussion
We previously reported that rat urinary bladder tumors
induced by muraglitazar, a dual PPARaJ-y agonist, can be
prevented by feeding a urine-acidifying diet (Dominick et aI.,

2006). The goal of the present work was to explore the
potential for altered PPAR and EGFR expression, PPAR
signaling, and/or urothelial cell proliferation as a consequence
of urinary acidification. There were no observed effects of
urine acidification for up to 1 month on urothelial PPARa.,
PPAR')', or EGFR mRNA or protein levels, EGFR phosphorylation status, expression of PPAR-regulated genes, cell proliferation, or responsiveness to pioglitazone, a PPAR')' agonist
known to induce rat urinary bladder tumors. These findings
indicate that prevention of muraglitazar-induced bladder
tumors by urine acidification is not due to alterations in either
urothelial responsiveness to PPAR agonism or mitogenic
potential.
The use of single PPARn' and 'Y agonists to treat dyslipidemia and insulin resistance, respectively, is well documented (Willson et a!., 2000). Given that both disorders arc often
seen in patients with type 2 diabetes, there has been
considerable interest in developing dual PPARa/-y agonists
for clinical use (Ger'lois et aI., 2004). However, the propensity
of dual PPARo:/')' agonists to induce urinary bladder tumors in
rats has proved to be a major hurdle in their development. The
FDA's review of 2-year rodent carcinogenicity studies for 6
dual PPARaJ-y agonists has shown that 5 of 6 compounds, as
well as the marketed PPAR-y agonist pioglitazone, induce
transitional cell tumors ofthe urinary bladder and/or renal pelvis

~.\
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, •

t ~,
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,:. ;~di~~:;;::.~bi~tl
Fig. 3. Representative examples oftotal or phospborylated BGfR protein expression in urinary bladder ofmale rats fed a normal or acidified diet. (A) normal diet, total
EGfR protein; (B) acidified diet;total EGFR protein; (C) normal diet, phusphorylated EGFR protein; (D) acidified diet, phosphorylated EGFR protein. In all panels,
the urothelium is oriented toward tbe top and marked with an asterisk. Protein expression is detected by the localization of brown staining within cells. Hematoxylin
was used as a nuclear counterstain as a means to identify cells. ImmunohislDchernimy, x40 magnification.
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in the rat (El-Hage, 2005). These tumors are confined to the
ventral bladder and occur predominantly in males (Cohen,
2005). Interestingly, none of the compounds reviewed by the
FDA induce bladder tumors in mice of either sex (EI-Hagc,
2005).
The mechanism underlying PPAR'Y agonist induction of
urinary bladder tumors has been the subject of considerable
debate. A pharmacologic basis for these tumors is suggested by
the observation that rat urinary bladder tumors are induced by
both TZD and non-TZD agonists (El-Rage, 2005). In recent
studies cor.ducted with the dual agonist ragaglitazar, the authors
propose that direct urothelial PPAR activation may be a factor in
the observed tumorigenic response with that agent (Oleksiewicz
et aI., 2005; Egerod et a1., 2005), although the cellular effects
observed ill these studies (urothelial hypertrophy, increased EgrI expression, and increased c-Jun phosphorylation) are not
PPAR-specific. There are a number of compelling arguments
against these tumors being induced by direct urothelial PPAR
activation. PPARa. and 'Y are strongly expressed in mouse
bladder (Jain et aI., 1998), yet there is no report ofmouse bladder
tumor induction by dual PPARa./-y agonists or pioglitazom:. A
direct pharmacologically mediated mechanism is also inconsistent with the clear gender bias in tumor formation since the
present work shows identical urothelial PPARa., 5, and 'Y
expression in male and female rats. Furthermore, the predisposition of the urothelial proliferative response to the ventral
aspect of Ihe urinary bladder cannot be ascribed to regional
differences in PPARa. or 'Y expression since the present study
also demonstrates that both PPARex and 'Yare identically
expressed in the dorsal and the ventral bladder urothelium of
rats. Lastly, the majority of published studies indicate that
PPAR'Y activation stimulates differentiation, inhibits growth,
and/or induces apoptosis in normal and neoplastic urothelium
(Nakashiro et al., 2001; Guan, 2002; Kawakami et aI., 2002;
Possati et aI., 2002; Yoshimura et al., 2003a: Varley et aI., 2004a;
Kassouf et al., 2006). A minority ofreports, including studies by
Fauconnet et ai. (2002), have suggested PPAR'Y activation can
potentiate urinary bladder carcinogenesis.
In contrast to direct urothelial PPAR'Y activation, druginduced urolithiasis is currently hypothesized to be the primary
mechanism underlying PPAR'Y agonist and dual PPARal-y
agonist induction of rat urinary bladder tumors (Cohen, 2005).
This mechanism is consistent with our observations to date and,
more importantly, is considered to be rat-specific and not
relevant to humans. Male rats are more sensitive than female
rats to urinary solid fOffilation and the associated bladder effects
(Cohen, 1995), which addresses the gender bias in PPAR'Y
agonist-induced tumor formation. With respect to the lack of
PPAR'Y agonist-induced bladder tumors in mice, rats are more
sensitive to urinary solid formation than mice (Cohen, 1995).
Finally, urinary solids sedimentation account for the ventral
bladder-specific distribution of PPAR'Y-induced tumors. Our
studies support this hypothesis as we have previously reported
increases in urinary solids and associated induction of rat
urinary bladder tumors by the dual PPARw'Y agonist muraglitazar, which can be prevented by feeding a urine-acidifying diet
(Dominick el al., 2006).

The effects of urine pH on urinary bladder tumor formation
are weIl documented (Cohen et aI., 1997). Whereas urine
alkalinization has a general tumor-promoting effect, urine
acidification has generally not been shown to be tumorprotective. For example, Lina and van Garderen-Hoetmer
(I 999) demonstrated that urine acidification offers no protection
against chemically initiated bladder tumors in Wistar rats.
Furthermore, mild urine acidification with 1% NH4CI does not
alter the incidence of spontaneous urinary bladder proliferative
lesions in rats (Lina and Kuijpers, 2004). Interestingly, urine
acidification has been cited as preventing the induction of
urinary bladder tumors by certain non-genotoxic carcinogens
(de Groot et aI., 1988; Garland et aL, 1989; Cohen et al., 2000);
however, under these experimental conditions, tumor prevention is generally observed when the underlying carcinogenic
mechanism involves agent-induced urine alterations counteracted by urine acidification. For example, monosodium
glutamate induces rat bladder twnors through its ability to
increase urine pH. Feeding a urine-acidifying diet prevents both
urine alkalinization and bladder tumorigenesis (de Groot et aI.,
1988). Sodium saccharin, as weIl as other sodium salts, induces
urinary bladder tumors in rats through the induction of calciumrich urinary solids and calculi formation (Cohen et al., 2000).
Reminiscent of what was seen with muraglitazar, sodium
saccharin-induced urinary solid formation and urinary bladder
tumors were prevented by urine acidification (Garland et aI.,
1989). In our previous studies, no differences in cell kinetics or
hyperplasia were observed in the urothelium of rats fed a urineacidifying diet compared to rats fed a normal diet (Dominick et
aI., 2006; Van Vleet et aI., 2007). In the current studies, our data
further support that urothelial cell function as measured by
PPARa/5/'Y expression, cell turnover, or microanatomic
organization is not altered by mild urinary acidification.
Therefore, these data collectively support the hypothesis that
urine acidification protects against PPAR'Y agonist-induced
bladder tumors by preventing drug-induced urine composition
changes rather than altering urothelial cell structure or fimction.
The role ofPPAR'Y in bladder cancer has been the subject of
intense investigation both in vivo and in vitro. Urothelial cell
expression of PPAR-y has previously been demonstrated in
mouse, rabbit, and human (Jain et aI., 1998; Guan et al., 1997;
Nakashiro et a1., 2001), although Yoshimura et aI. (2003b)
failed to detect expression ofPPAR'Y in human bladder samples,
including the urothelium. Despite this discrepancy, PPAR'Y
expression has been demonstrated in human urinary bladder
cancer samples as well as a number of non-neoplastic and
neoplastic human urolhelial cell lines (Guan et aI., 1999;
Nakashiro et al., 2001; Possali et aI., 2002; Yoshimura et al.,
2003b). Importantly, both natural and synthetic PPAR"{ agonists
suppress growth ofthese cell lines (Guan et al., 1999; Nakashiro
et aI., 200 I; Yoshimura et aI., 2003a) and induce expression of
urotheliaL differentiation markers (Varley et aI., 2004a),
suggesting that PPAR"{ agonism directly inhibits, rather than
induces, urothelial cell proliferation and/or tumorigenesis.
Furthemlore, PPAR'Y agonists have been shown to inhibit
angiogenesis, a critical process in tumor growth and progression, both in vivo and in vitro (Margeli et al., 2003). Taken
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together, these findings support an antitumorigenic, rather than
a pro-tumorigenic, effect of PPAR-y agonists on the urinary
bladder urothelium.
Despite the consistency of our current data with a nonpharmacologically mediated mechanism of bladder tumorigenicity by muraglitazar, the possibility remained that regulation of
PPAR-y function through EGFR-mediated signaling may playa
role in the development of urinary bladder tumors in our studies.
EGFR iii a receptor tyrosine kinase overexpressed in a number
of human cancers, including bladder cancer (Sebastian et al.,
2006), Overexpression of EGFR in bladder cancer directly
correlat(~s with poor clinical prognosis (Popov et aL, 2004;
Memon et aI., 2006), Data supporting a role for EGF and its
receptor as pro-tumorigenic in the urinary bladder has
previously been shown in animal models including rats. For
example, instillation of EGF in a rat model significantly
enhances the tumorigenic effects of N-methyl-N-nitrosoureainitiated, heterotopically transplanted urinary bladder tumors
(Hattori et aI., 1998). Conversely, treatment with a specific
EGFR inhibitor reduces both the incidence and multiplicity of
N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN)-induced rat
urinary bladder tumors (Hattori et aI., 2006), Although the
mechanisms underlying tumor development by EGFR activation are currently unknown, crosstalk between EGFR and
PPAR-y has previously been demonstrated, Studies evaluating
cultured hun1an urothelial cells suggest that PPAR-y agonistmediated effects on uroplakin gene expression and cellular
differentiation are enhanced by concurrent treatment with
inhibitors of EGFR, mitogen-activated protein (MAP) kinase
kinase (which activates ERK), or PBK and inhibited by
concurrent treatment with EGFR agonists (Varley et aI" 2004b),
In addition, there are reports of PPAR-y agonist activation of
ERK in a PPAR-independent manner (Gardner et aI., 2005),
Because of the potential interaction between EGFR with
PPAR-y, our laboratory evaluated whether urothelial cell
EGFR protein or gene expression may be altered by dietaryinduced urine acidification. Our analyses showed no differences
in EGFR protein or gene expression in rat urotheliUTI1 regardless
of diet suggesting that the absence of effects of urinary
acidification on urothelial PPAR-y responsiveness was not
related to alterations in urothelial EGFR expression.
Tn conclusion, the present work indicates that neither
PPARO'lfiI-y nor EGFR expression or PPAR signaling pathways
are altered in the urinary bladder urothelium ofrats fed a urineacidifying diet. These findings support our conclusion from
previous work (Dominick et al., 2006) that urine acidification
prevents muraglitazar-induced rat bladder tumors by preventing
drug-induced urine composition changes.
References
Applied Biosystems, 2001. User Bulletin #2 (pIN 4303859), Applied
Biosyslems, foster City, CA, pp, 11-25,
Boyle, lP., Honeycut~ AA" Narayan, K.M.v., Hoerger, T.I" Geiss, L.S., Chen,
H" Thompson, T.J., 200 I. Projection of diabetes burden through 2050:
impact of changing demography and dise""e prevalence in the US. Diabetes
Care 24, 1936--1940.

255

Bmissant, 0., Foufelle, F., Scotto, C" Dauea, M., Wahll W., 1996. Differential
expression of peroxisome proliferator-activated receptors (PPAR»: tissue
distribution of PPAR-a<, -1>, and -"'! in the adult rat. Endocrinology 137,
354-366,
Cohen, S,M., 1995. Role of urinary physiology and chemistry in bladder
can::ioogenesis, Food Chern, Toxico!. 33,715-730,
Cohen, S,M., 2005. Effects of PPAR"'! and combined agonists On the urinary
tract of rats and other species. Toxico!. Sci. 87, 322-327,
Cohen, S,M., Masui, T" Garland, E.M" Arnold, L,J.,." 1997. Effects of diet on
urinllI)' bladder carcinogenesis and cancer prevention, J, Nutr, 127,
826S-829S,
Cohert, S,M., Arnold, L.L., Cano, M., Ito, M., Garland, E.M., Shaw, RA, 2000,
Calciwn phosphate-containing precipitate and the carcioogenicity ofsodium
salts in rats, Carcinogenesis 21, 783-792.
de Groot, A.P., Feron, V.I, hnmel, H,R., 1988. Ioduction of hyperplasia in the
bladder epithelium of rats by a dietary cxcess of acid or base: implications
for toxicity/carcinogenicity testing. Food Chern. Toxicol. 26, 425-434.
Dominick, M.A., Vv'hite, M.R., Sanderson, T.P., Van Vleet, T" Cohen, S.M"
Arnold, L.E" Cano, M" Tannehill-Gregg, S., Moehlenkamp, 1.0" Waites,
C.R" Schilling, H.E" 2006. Urothclial carcinogenesis in the urinary bladder
of male rats treated with muraglitazar, a dual PPARnly agonist: evidence
for urolithiasis as the inciting event in thc mode of action, Toxicol. Pathol.
34, 903-920.
Egerod, F.L., Nielsen, RS" Iversen, L, Thorup, I., Storgaard, 1., Oleksiewicz,
M.B., 2005, Biomarkers for early effects of carcinogenic d4al-acting PPAR
agonists in rat urinary bladder urnthelium in vivo. Biomarkers 10,295-309,
EI-Hage, J" 2005. Peroxisume proliferation-activated receptor agonist;:
careloogenicity findings and regulatory recoouueodatioos. Oral Presentation
at the International Atherosclerosis Society Symposium on PPAR, Moote
Carlo.
el-MaJjou, A., Deluuvee, A, ThielY, J.P., Radvanyi, F" 200 I. Involvement of
epidenno.l growth factor receptor in chemically induced mouse bladder
tumour progression. Carcinogenesis 21, 2211-2218.
Fauconnet, S" Lascombe, 1" Cllabannes, E., Adessi, G.L., Desvergne, B., Wallli,
W" Bittard, H., 2002, Differential regulatioo of vascular endothelial growth
factor expression by peroxisome proliferator-activated receptors in bladder
cancer cells, I. BioI. Chern. 277, 23534-23543,
Gardner, O.S., Dewar, B.l, Graves, L.M" 2005. Activation of mitogenactivated protein kinases hy peroxisome proliferator-activated receptor
ligands: an example of nongenomic signaliog. Mol. Pharmacol. 68,
933-941.
Garland, E,M" Sakata; T., Fisher, M.I., Masui, 1., Cohen, S,M., 1989,
Influences of diet and strain on the proliferativc effect an the rat urinary
bladder induced by sodium saccharin, Cancer Res, 49, 3789-3794.
Gervois, P" Frnchart, J,-C., Stacls, 8., 2004, Inflammation, dyslipidemia,
diabetes, and PPARs: phannacological interest of dual PPAR" and PPAR",!
agonists, Int. J. Clin. Pract. 58 (Suppl, 143),22-29.
Guan, y" 2002. Targeting peroxisome proliferator-aecivated reccptors (PPARs)
in kidney aod nrologic disease. Minerva Urol. Nephrol. 54, 65-79.
Guan, Y., Breyer, M,D., 2001. Peroxisome proliferator-activated receptors
(PPARs): novel therapeutic targets in renal disease, Kidncy Int. 60, 14-30.
Guan, Y., Zhang, Y., Davis, L., Breyer, M,D" 1997. Expression of peroxisome
proliferator-activared receptors in urinary tract ofrabbits and humans, Am. J.
Physio1.273, FI013-F1022.
Guan, 1',-1'" Zhang, Y,-H, , Breyer, R.M" Davis, L., Breyer, MD" 1999.
Expression of peroxisome prolife1'lltur-activated receptor galluna (pPAR.
gamma) in hurnllll transitional bladder cancer and its role in inducing cell
death, Neoplasia I, 330-339,
Hattori, K., Fujimoto, K., Tamatani, T., Rademaker, A., Oyasu, R., 1998,
Exogeoous epidennal growth factor exerts promoting action during the early
phase of rat urinllI)' bladder carcinogenesis, Jpn. l Cancer Res. 89 (10),
991-994,
HaltOri, K., lida, K., Ioraku, A, Tsukamoto, S., Akaza, H., Oyasu, R" 2006.
Chemopreventive effects of cyclooxygcnasc-2 inhibitor and epidennal
growth factor-receptor kin••e inhibitor on tat urinary bladder carcinogenesis.
BJU Int. 97, 640 643,
Jain, S" Pulikuri, S" Zhu, Y, Qi, C" Kanwar, y'S" Yelda"i, A,V, Roo, M.S.,
Reddy, J,K., 1998. Differential expression of the peroxisome proliferator-

256

W.E. Achanzar er al. / To;r;icology and Applied Pham,acology 223 (2007) 246-156

activated receptOf 'I (PPAR'Y) and its coactivators steroid receptor
coacrivator-I and PPM-binding protein PBP in the brown fat, urinary
bladder, colon, and breast of the mouse. Am. J. Patho!' 153,349-354.
Kassouf, W., Chintharlapalli, S., Abdelrahim, M., Nelkin, G., Safe, S., Kamat,
A.M., 2006. Inhibition of bladder twnor growth by 1, 1,-bi.(3'-indolyl)-l(p-.ubstituted phenyl) methanes: a new class of peroxisome proliferatoractivated receptor 'Y agonists. Cancer Res. 66,412-418.
Kawakami, S., Arai, G" Hayashi, T., Fujii, Y., Xia, G., Kageyama, Y., Kihara,
K., 2002. PPAR gamma ligands suppress proliferation of bwnan urotbelial
basal cells in vitro. J. Cell. Physio1. 191,310-319.
Lina, B.A., Kuijpers, M.H., 2004, Toxicity and carcinogenicity ofacidogenic or
aJkalogenic diets in rats; effects offeeding NH(4)Cl, KHCO(3) or KC\. Food
Chern. Toxico!. 42, l35-153.
Lina, B.A., van Oarderen-Hoe1mer, A., 1999. Effect of uriruuy pH on the
progressicm ofurinary bladder t1.unours. Food Chern. Toxicol, 37, 1159-I166.
Margeli. A., Kouraklis, G., Theocharis, S., 2003. Peroxisome proliferator
activated receptor-gamma (PPAR-gamma) ligands and angiogenesis.
Angiogenesi.6,165-169.
Memon, A.A., Sorensen, B.S., Meldg....d, P., Fokda, I.L., Thykjaer, T., Nexo,
E., 2006. The relation between ~urvival and expression of HER1 and HER2
depends on the expressIOn of HER3 and HER4: a study in bladder cancer
patients. Br, J. Cancer 94, 1703-1709.
Nakashiro, K.-l., Hayashi, Y., Kita, A., Tamatani, T., Chlenski, A., Usuda, N.,
Hattori, K., Reddy, J.K., Oyasu, R., 200 I, Role ofperoxisome proliferatoractivated receptor gomma and its ligands ill non-neoplastic and neoplastic
hW11an urothelial cells. Am. J. Parho\. 159,591-597.
National Res,:arch Council, 1996. Guide for the Care and Use of Laboratory
Animals. National Academy Press, Washington, DC.
Oleksiewicz, M.B., Thorup, \., Nielsen, H.S., Andersen, H.Y., HegelUlld, A.C.,
Iversen, L., GUldberg, T.S., Sriuck, P.R., Sjogren, I., Thinggaard, U.K.,
Jorgensen, L., Jensen, M.B., 2005. Generalized cellular hypertrophy is
induced by a dual-acting PPAR agonist in rat urinary bladdcr urothelium in
vivo. ToxtcoJ. Patho!. 33, 552-560.
Popo\', Z., Gil-Diez-De-Medina, S., Ravery, V., Hoznck, A., Bastuji-Garin, S.,

Lefrere-Belda, M.A., Abboll, C.C., Chopin, D.K., 2004. Prognostic value of
EGF receptor and tumor cell proliferation in hladder cancer: therapeutic
implications. Urol. Oncol. 22, 93-101.
Posseti, L., Rocchetti, R., Talevi, S., Beattici, V., Margiotta, C., Ferrante, L.,
Calza, R., Sagrini, 0" Ferri, A., 2002. The role of peroxisome proliferateractivated receptor 'Y in bladder cancer in relation to angiogenesis and
progression, Gen. Pharmacol. 35, 269-275.
Sebastian, S., SeUleman, J., Reshkin, S.J., Azzariti, A., Bellizzi, A., Paradiso,
A., 2006. The compleXity of targeting EGFR signalling in cancer: from
expression to turnover. Biochim. Biophys. Acta 1766, 120-139.
Van Vleet, T.R., Dominick, M.A., White, M.R., Sanderson, TP., Waices, c.R.,
Schilling, H.E., Mitroka, J., Cohen, SA, Cano, M., Arnold, L.E., 2007.
Subchronic urinary hladder effects ofmurngtitazar in male rats. Toxicol. Sci.
96, 58-71.
Varley, C.L., Stablschmidt, J., Smith, 8., Stower, M" SOllthgate, J., 2004a.
Activation of peroxi~omc proliferator-activeted receptor-gamma reverses
squamous melaplasia and induces transitional differentiation in nOlma]
human urothelial cells. Am. J. Pathol. 164, 1789-1798.
Varley, c.L., Stahlscbmidt, J., Smith, B., Stower, M., Southgate, J., 2004b Role
of PPAR'Y WId EGFR signalling in the urothelial terminal diffcrentiation
programme. J. Cell. Sci. 117, 2029-2036.
Willsoo, T.M., Brown, P.I., Stembach, D.O., Henke, B.R., 2000. The PPARs:
from Olphan receptors to drug discovery. J. Med. Chern. 43, 527-550.
Yoshimura, R., Matsuyama, M., Hase, T., Tsucbida, K., Kuratsukuri, K.,
Kawahito, Y., SanD, B., Segawa, Y, Nakatani, T., 2oo3a. The effect of
peroxisome protiferntor-activated receptor-gamma [lgand on urological
cancer cells. Int. J. Mol. Med. 126,861-865.
Yoshimura, R., Matsuyama, M., Segawa, Y" Hase, T., Mitsubashi, M., Tsuchida,
K., Wada, S., Kawahito, Y, Sano, H., Nakatani, T., 2003b. Expression of
peroxisome proliferator-aetivated receptors (PPARs) in human urinary
bladder carcinoma and growth inhibition by it, agonist.. Int. J. Cancer J 04,
597-602.
Yki.Jiirvinen, H., 2004. Drug therapy: thiazolidinediones. N. Engl. J. Mcd.351,
1106-1118.

