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Abstract

 

Objectives

 

: Peroxisome proliferator-activated receptors
(PPARs) are implicated in epithelial cell proliferation
and differentiation, but investigation has been
confounded by potential off-target effects of some
synthetic PPAR ligands. Our aim was to determine
mechanisms underlying the pro-apoptotic effect of
synthetic PPAR agonists in normal human bladder
uro-epithelial (urothelial) cells and to reconcile this
with the role of PPARs in urothelial cytodifferentiation.

 

Materials and methods

 

: Normal human urothelial
(NHU) cells were grown as non-immortal lines 

 

in vitro

 

and exposed to structurally diverse agonists ciglitazone,
troglitazone, rosiglitazone (PPAR

 

γ

 

), ragaglitazar
(PPAR

 

α

 

/

 

γ

 

), fenofibrate (PPAR

 

α

 

) and L165041
(PPAR

 

β

 

/

 

δ

 

).

 

Results

 

: NHU cells underwent apoptosis following
acute exposure to ciglitazone, troglitazone or ragagli-
tazar, but not fenofibrate, L165041 or rosiglitazone,
and this was independent of ERK or p38 MAP-kinase
activation. Pro-apoptotic agonists induced sustained
increases in intracellular calcium, whereas removal of
extracellular calcium altered the kinetics of ciglitazone-
mediated calcium release from sustained to transient.
Cell death was accompanied by plasma-membrane
disruption, loss of mitochondrial membrane-potential
and caspase-9/caspase-3 activation. PPAR

 

γ

 

-mediated
apoptosis was unaffected following pre-treatment

with PPAR

 

γ

 

 antagonist T0070907 and was strongly
attenuated by store-operated calcium channel (SOC)
inhibitors 2-APB and SKF-96365.

 

Conclusions

 

: Our results provide a mechanistic basis
for the ability of some PPAR agonists to induce death
in NHU cells and demonstrate that apoptosis is medi-
ated 

 

via

 

 PPAR-independent mechanisms, involving
intracellular calcium changes, activation of SOCs and
induction of the mitochondrial apoptotic pathway.

 

Introduction

 

Peroxisome proliferator-activated receptors (PPARs) are
members of the NR1C nuclear hormone receptor family,
which heterodimerize with retinoid X receptors and bind
specific DNA peroxisome proliferator response elements
to activate gene transcription. The three PPAR isoforms,
PPAR

 

α

 

, PPAR

 

β

 

/

 

δ

 

 and PPAR

 

γ

 

, are products of distinct
genes and vary in their tissue distribution and function.
PPARs have important roles in regulating expression of
genes involved in modulating lipid and carbohydrate
metabolism. In particular, PPAR

 

α

 

 and PPAR

 

γ

 

 are important
therapeutic targets for treatment of dyslipidaemia, insulin
resistance and type II diabetes. This has led to development
of specific agonists, including the hypolipidaemic fibrates
that bind PPAR

 

α

 

, antidiabetic thiazolidinediones that are
high-affinity PPAR

 

γ

 

 ligands, and to a growing range of other
agonists with dual- or pan-activity, such as the ‘-glitazars’
of dual 

 

α

 

/

 

γ

 

 activity. Despite proven benefits of targeting
PPAR

 

α

 

 and PPAR

 

γ

 

 in metabolic diseases, there remains
concern about potential adverse effects of PPAR agonists
in humans, including carcinogenicity, myopathy, weight
gain, oedema and cardiac dysfunction (1). PPAR activators
have pleiotropic effects, which not only modify expression
of genes involved in metabolism, but also affect expression
of genes regulating inflammation, proliferation and dif-
ferentiation (2).
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Involvement of PPAR

 

γ

 

 signalling is best characterized
in adipogenesis, where induction, activation and downstream
transcriptional activity of PPAR

 

γ

 

 are critical events in the
cascade of gene expression changes accompanying dif-
ferentiation (3). Activation of PPAR

 

γ

 

 has been shown to
induce terminal differentiation of liposarcoma cells 

 

in vitro

 

(3) and 

 

in vivo

 

 (4), and ectopic expression of PPAR

 

γ

 

2 in
fibroblasts has been shown to promote adipogenesis 

 

via

 

activation of the adipocyte gene expression programme
(5). A role for PPAR

 

γ

 

 in the urinary bladder has been
implicated from high levels of expression found in both
developing and mature uro-epithelium from multiple
species (6–8). We have previously demonstrated a role for
PPAR

 

γ

 

 in induction of differentiation in normal human
urothelial (NHU) cells 

 

in vitro

 

, where specific activation
of PPAR

 

γ

 

 induced expression of cytokeratin, claudin and
uroplakin genes associated with late/terminal urothelial
differentiation (9–11), mediated 

 

via

 

 PPAR

 

γ

 

-induced inter-
mediary transcription factors (12).

Concern about the specificity of PPAR activators is due
in part to the propensity for PPAR-independent effects
by some agonists. For example, PPAR

 

γ

 

 agonists have been
reported to induce apoptosis in a wide range of tumour-
derived cell lines. This has led to interest in their potential
anti-cancer properties. PPAR

 

γ

 

 activators have also been
shown to decrease lung tumour growth in mice (13) and
mammary tumour growth in rats

 

 in vivo

 

 (14), although
PPAR

 

γ

 

 activation did not induce a clear response in
human breast cancer 

 

in vivo

 

 (15). There is emerging
evidence that growth inhibitory and pro-apoptotic effects
of PPAR

 

γ

 

 agonists are mediated 

 

via

 

 receptor-independent
(non-genomic) mechanisms (16). Such effects are seen at
high agonist concentrations (typically > 10 

 

μ

 

m

 

) and have
also been reported in the absence of PPAR expression
(17). Non-genomic effects of PPAR agonists have well-
established parallels in, for example, non-genomic actions
of steroid hormones, the mechanisms of which are only
partly understood (18). The importance of understanding
specific and non-specific effects of PPAR agonists has
been highlighted by emerging reports that PPAR agonists
may play a role in inducing or promoting bladder car-
cinogenesis in rats (19,20), although the mechanism and
relevance of these findings for PPAR therapy in humans
have yet to be determined (reviewed by Oleksiewicz

 

et al.

 

 (21)).
In our studies of PPAR

 

γ

 

-mediated urothelial cyto-
differentiation, we have previously observed that the
thiazolidinedione troglitazone induced apoptosis at con-
centrations above those required to initiate differentiation
(9–11). This agrees with a number of other studies of
normal (22,23) and carcinoma-derived (24,25) urothelial
cells, which have documented growth inhibition and/or
induction of apoptosis with PPAR agonists, although the

 

majority of these studies have not distinguished between
cytostasis and cell death, or determined the PPAR depend-
ency of their observations.

Given the limited understanding of PPAR-independent
effects of thiazolidinediones and -glitazars in human
urothelium and their potential role in adverse responses to
therapy, we have investigated the mechanisms underlying
the pro-apoptotic effects of PPAR agonists in NHU cells.

 

Materials and methods

 

Cell culture

 

Collection of specimens was approved by the relevant
local research ethics committees and had full, informed
patient consent. Surgical specimens of normal ureteric
urothelium were obtained from patients with no histological
evidence of urothelial dysplasia or malignancy. Tissues
were collected in Hank’s balanced salt solution (HBSS)
containing 10 m

 

m

 

 HEPES (pH 7.6) and 20 KIU aprotinin
(Trasylol, Bayer plc, Newbury, UK). Preparation and
maintenance of finite NHU cell lines have been previously
detailed (26,27). Briefly, once established in culture, NHU
cell lines were maintained in KSFMc consisting of
keratinocyte-serum free medium (KSFM) supplemented
with bovine pituitary extract and epidermal growth factor,
as recommended by the manufacturer (Invitrogen, Paisley,
UK), and 30 ng/ml cholera toxin (Sigma Aldrich, Poole,
UK). NHU cell lines were harvested for subculture or
analysis in suspension by incubation for 5 min in
phosphate-buffered saline containing 0.1% (w/v) EDTA,
followed by minimal incubation with 0.25% (w/v)
trypsin in 0.02% (w/v) EDTA to detach cells for collection
into medium containing 1 mg/ml trypsin inhibitor (Sigma
Aldrich). Five independent NHU cell lines were used in
this study, between passages 2 and 5. NHU cells were
grown to sub-confluence (80–90%) in T25 tissue culture
Primaria

 

®

 

 flasks (BD Biosciences, Oxford, UK). Cells
were then exposed to PPAR agonists or vehicle control
over a time course (5 min to 72 h).

 

Antibodies and reagents

 

Primary antibodies with the following antigenic specificities
were used for Western blotting: pan-ERK (100 ng/ml;
rabbit polyclonal; BD Biosciences, catalogue no. 610123),
phospho-ERK (Thr202/Tyr204 100 ng/ml, mouse monoclonal;
Cell Signaling, catalogue no. 9101), pan-p38 (100 ng/ml;
rabbit polyclonal; Cell Signaling, catalogue no. 9212),
phospho-p38 (Thr180/Tyr182 100 ng/ml, rabbit polyclonal;
Cell Signaling, catalogue no. 9216), caspase-9 (Asp315
100 ng/ml; rabbit polyclonal; Cell Signaling, catalogue
no. 9505), and caspase-3 (2 

 

μ

 

g/ml, mouse monoclonal;



        

Imgenex Corp. supplied by Cambridge Bioscience,
Cambridge, UK, catalogue no. IMG-144 A).

Troglitazone, rosiglitazone, ciglitazone and fenofibrate
were obtained from Sigma Aldrich, L165041 was from
Merck Biosciences (Nottingham, UK), and ragaglitazar
was obtained from NovoNordisk A/S (Maalov, Denmark).
Stock concentrations (100 m

 

m

 

) of these agonists were
prepared in dimethyl sulphoxide (DMSO); maximum
DMSO concentration (0.1%) was used in vehicle-only
controls. Store-operated calcium channel (SOC) inhibitors,
2-aminoethoxydiphenyl borate (2-APB) and SKF-96365
were obtained from Sigma Aldrich. Inhibitors of p38
(SB203580), PPAR

 

γ

 

 (T0070907), caspase-9 (Z-LEHD-FMK)
and caspase-3 (Z-DEVD-FMK) were from Calbiochem
(supplied by Merck Biosciences). All other chemicals and
reagents were of either analytical or laboratory grade and
obtained from either Sigma Aldrich or Fisher Scientific
(Loughborough, UK).

 

Cell proliferation assays

 

Growth of NHU cell cultures in the presence of PPAR
agonists was assessed using the thiazolyl blue tetrazolium
(MTT; Sigma Aldrich) dye reduction assay. Briefly, NHU
cells were seeded overnight in 96-well flat-bottom Primaria

 

®

 

tissue culture plates at a density of 2 

 

×

 

 10

 

4

 

 cells/ml. PPAR
agonists were added 24 h after seeding and tested over a
range of concentrations. Growth medium and drugs
were re-applied every 3 days and cell proliferation was
assessed over a period of 8 days, unless otherwise stated.
At selected time points, MTT (500 

 

μ

 

g/ml; 200 

 

μ

 

l volume)
was added to each well and incubated for 4 h at 37 

 

°

 

C.
Following this period, MTT was aspirated from each well
and MTT-formazan crystals were solubilized by addition
of DMSO (spectrophotometric grade; 200 

 

μ

 

l). Absorbance
at 570 nm of each sample well was measured using an
automated plate reader. For clarity, results are presented at
a single time point and full growth curves are presented
as supplemental data.

 

Western blotting

 

Following treatment, cell culture experiments were
terminated by 

 

in situ

 

 lysis in Tris-HCl (125 m

 

m

 

 pH 7.4)
containing glycerol (20% v/v), sodium dodecyl sulphate
(2% w/v), sodium fluoride (50 m

 

m

 

), sodium orthovanadate
(2 m

 

m

 

), tetra-sodium pyrophosphate (30 m

 

m

 

), dithioth-
reitol (0.2% v/v) and protease inhibitor cocktail (Protease
Inhibitor Cocktail set III, Merck Biosciences). Protein
lysates were sonicated prior to microcentrifugation for
30 min at 4 

 

°

 

C. Protein concentrations were determined
using Coomassie Plus assay (Pierce, supplied by Perbio
Science UK Ltd, Cheshire, UK). Cell extracts were resolved

electrophoretically on NuPage

 

®

 

 4–12% Bis-Tris acrylamide
gels using 3-(

 

n

 

-morpholino)-propanesulphonic acid buffer
(Invitrogen) and transferred electrophoretically onto 0.45-

 

μ

 

m
polyvinylidene fluoride membrane (GE Healthcare, UK)
in 25 m

 

m

 

 Tris base containing 192 m

 

m

 

 glycine and meth-
anol (10%, v/v) at 4 

 

°

 

C, 25 V for 90 min. Membranes
were probed with primary antibodies overnight at 4 

 

°

 

C,
and bound antibody detected with either goat anti-rabbit
immunoglobulin conjugated to IRDye

 

®

 

 800 (50 ng/ml;
Rockland Immunochemicals; supplied by Tebu-bio, Peter-
borough, UK) or anti-mouse conjugated to Alexa Fluor

 

®

 

680 (200 ng/ml; Invitrogen). Immunolabelled proteins
were visualized using an Odyssey infrared imaging system
(LiCor, Cambridge, UK).

 

Calcium imaging

 

NHU cell cultures were grown to 70–80% confluence and
harvested by trypsinization. Collected cells were washed
in KSFMc containing 1 mg/ml trypsin inhibitor (Invitrogen),
and the final pellet was resuspended in HBSS and
adjusted to 0.5 

 

×

 

 10

 

6

 

 cells/ml. Cells were incubated with the
fluorescence Ca

 

2+

 

 indicator fluo-3-AM (5 

 

μ

 

m

 

; Invitrogen)
in HBSS containing Pluronic

 

®

 

 F-127 (0.2%; Invitrogen)
for 30 min at 37 

 

°

 

C in 5% CO

 

2

 

, thereafter cells were
washed three times in HBSS. NHU cells were transferred
to quartz cuvettes containing a micro-magnetic stirrer. A
baseline fluorescence measurement (excitation wavelength
485 nm; emission wavelength 520 nm) was obtained
using a FluoroMax-2 spectrofluorometer (Jobin Yvon
Horiba Ltd, Stanmore, UK). PPAR agonists were added
manually and fluorescence was measured at 1 second
intervals. Ionomycin (5 

 

μ

 

m

 

) was added at the end of each
experiment to determine cell viability and maximum
fluorescence of dye-bound cytosolic calcium.

 

Assessment of cell death by flow cytometry

 

Mitochondrial-mediated apoptosis was assessed using the
MitoCapture™ apoptosis kit (Biovision Ltd, supplied by
Merck Biosciences). Briefly, NHU cells were grown to
70–80% confluence and following treatment with ciglita-
zone (10 

 

μ

 

m

 

) for 3 or 6 h, cells were harvested as above
and labelled with MitoCapture™ according to the
manufacturer’s instructions. Thereafter, NHU cells were
analysed by flow cytometry using a CyAn™ instrument
(DakoCytomation, Ely, UK) on the FL-1 (FITC) channel.
Time-matched vehicle-only-treated cells were used as
controls. In addition, apoptosis was quantified by flow
cytometry following annexin V–FITC and propidium
iodide (PI) labelling as described in detail previously
(28). The cells were treated as above for 8 or 24 h with
ciglitazone (10 

 

μ

 

m

 

) prior to harvesting and labelling with



         

annexin V–FITC and PI, which were analysed on FL-1
(FITC) and FL-3 (PI) channels, respectively. For certain
experiments, cells were pre-incubated for 30 min in medium
containing SOC inhibitors, 2-APB and SKF-96365 or
PPAR

 

γ

 

 antagonist T0070907, at indicated concentrations.
In all flow cytometry experiments, 106 cells/ml per sample
were prepared and at least 104 cells were acquired and
analysed using Summit® software (DakoCytomation).

Statistical analysis

Each experiment was performed in triplicate and repli-
cated on three independent NHU cell lines, unless other-
wise stated. All results are expressed as mean ± standard
deviation. Statistical analysis was performed using the

SPSS 11.0 software (Surrey, UK). Comparisons were
analysed by one-way analysis of variance. Differences
were considered statistically significant if the P-value was
less than 0.05.

Results

PPAR agonist effect on growth and apoptosis of NHU cell 
cultures

NHU cell growth was assessed by MTT assays and even
at the highest concentration tested (30 μm), the PPARα
agonist fenofibrate had no significant effect on cell growth,
compared to vehicle control (P = 0.20; Fig. 1a). By contrast,
significant attenuation of growth was apparent with the

Figure 1. Grading of cytotoxic effects of peroxisome proliferator-activated receptor (PPAR) agonists in normal human urothelial (NHU) cells.
(a–c) NHU cells were treated with the indicated concentrations of PPAR agonist (or vehicle alone) and proliferation was assessed over 8 days by MTT
assays. Bars represent mean absorbance from three independent experiments (± standard deviation) taken at day 6. Control, DMSO alone; FF, feno-
fibrate; L165, L165041; RG, ragaglitazar; RZ, rosiglitazone; TZ, troglitazone; CZ, ciglitazone. Statistical difference was determined using one-way
analysis of variance, *P < 0.05; **P < 0.01 compared to vehicle-treated cells. (d) Following treatment of NHU cells for 72 h with the indicated con-
centrations of PPAR agonists or vehicle alone (DMSO), morphological changes associated with apoptosis were visualized by phase contrast micros-
copy and representative photomicrographs are shown; arrows indicate apoptotic changes. (e) Cells were treated with ciglitazone (10 μm) for 8 h and
apoptosis was assessed by annexin V–FITC/PI labelling and flow cytometry. Representative results of cells treated with vehicle alone (upper panel)
or ciglitazone (lower panel) are shown as dot plots of annexin V–FITC (x-axis) vs. propidium iodide (PI, y-axis) log10 fluorescence intensity. Quadrants
were used for quantification of percentage positive cell populations as indicated in the dot plots.



PPARβ/δ agonist L165041 (≥ 1 μm; P < 0.05), PPARα/γ
agonist ragaglitazar (≥ 10 μm; P < 0.01), and PPARγ agonists
rosiglitazone (≥ 10 μm; P < 0.01), troglitazone (≥ 1 μm;
P < 0.01) and ciglitazone (≥ 1 μm; P < 0.01), compared to
vehicle-treated controls (Fig. 1a–c).

To distinguish between cytostatic and apoptotic effects,
cultured NHU cells were treated with ciglitazone, tro-
glitazone, ragaglitazar, rosiglitazone, fenofibrate and
L165041 (0.1–100 μm) and monitored by phase contrast
microscopy over a period of 72 h (Fig. 1d). From 6 h
onwards, ciglitazone (≥ 10 μm), troglitazone (≥ 10 μm) and
ragaglitazar (≥ 30 μm) induced morphological changes
associated with apoptosis, including membrane blebbing
and cytoplasmic shrinkage (Fig. 1d). By contrast, feno-
fibrate, rosiglitazone (data not shown) and L165041 did
not induce these changes at the concentrations tested
(< 100 μm; Fig. 1d). PPARβ/δ agonist L165041 (10 μm)
induced nuclear vacuolization in NHU cells from 24 h
onwards, but this was not associated with cytoplasmic
shrinkage nor membrane blebbing.

To confirm apoptosis, annexin V–FITC/PI assays were
performed on the cells following treatment with ciglitazone

(10 μm; Fig. 1e). By 8 h, there was an increase in the pro-
portion of early (annexin V+ PI–) and late (annexin V+ PI+)
apoptotic cells in NHU cell cultures treated with ciglitazone
(10.4% early and 27.3% late) compared to vehicle-only
control (1.8% early and 9.2% late). This indicated that
the growth inhibition and morphological changes seen
with particular PPAR agonists were attributable to a rapid
induction of apoptotic cell death.

Induction of apoptosis in NHU cells by ciglitazone

To determine whether PPAR agonist-mediated apoptosis
was due to a PPARγ receptor-dependent mechanism, the
effect of T0070907, a selective PPARγ antagonist (29), was
assessed.

NHU cell cultures were pre-treated with ciglitazone
(10 μm) in the absence or presence of T0070907 (5 μm) for
24 h and apoptosis was assessed by annexin V–FITC/PI
labelling and flow cytometry (Fig. 2a). Although treatment
with ciglitazone alone induced high levels of apoptosis,
there was no difference in the proportion of early (annexin
V+ PI–) or late (annexin V+ PI+) apoptotic cells in the cell

Figure 2. Induction of apoptosis by ciglitazone
is an effect independent of peroxisome proliferator-
activated receptor (PPAR). (a) Normal human
urothelial (NHU) cell cultures were treated with
ciglitazone (10 μm), in the absence or presence
of T0070907 (5 μm) for 24 h and apoptosis was
assessed by annexin V–FITC/propidium iodide
(PI) labelling and flow cytometry. Representa-
tive results of cells treated with vehicle alone
(left panel), ciglitazone (10 μm; middle panel),
or ciglitazone in the presence of T0070907
(5 μm; right panel) are shown as dot plots of
annexin V–FITC (x-axis) vs. PI (y-axis) log10
fluorescence intensity. Quadrants were used for
quantification of percentage of positive cell popu-
lations as indicated in the dot plots. (b) NHU
cells were treated with the indicated concentra-
tion of ciglitazone (CZ) or vehicle control, in the
absence or presence of the PPARγ antagonist,
T0070907 (5 μm), as indicated. Cell prolifera-
tion was assessed over 3 days by MTT assay and
results are shown from day 2. Bars represent
mean absorbance (± standard deviation); data
obtained from three independent NHU cell lines.



cultures treated with ciglitazone in the presence of
T0070907 (5 μm). Percentage levels of early and late
apoptotic cells in absence and presence of T0070907 was
6.48%/46.9% and 2.35%/48%, respectively.

To confirm these findings, NHU cell viability was
assessed using the MTT assay. Cell cultures were pre-treated
with T0070907 (5 μm) or vehicle (DMSO) for 1 h prior to
exposure to ciglitazone (1–10 μm) and cultured for 48 h
(Fig. 2b). Consistent with data obtained using annexin V–
FITC/PI, there was no significant difference in growth of
NHU cell cultures following treatment with ciglitazone in
the absence or presence of T0070907 (P > 0.05). These
findings demonstrate that PPARγ agonist-mediated apoptosis
of NHU cells is independent of direct receptor activation.

Effect of PPAR agonists on intracellular calcium 
in NHU cells

PPAR agonists were assessed for their ability to alter the con-
centration of intracellular calcium in cultured NHU cells
loaded with the calcium indicator dye fluo-3. In calcium-
containing HBSS, ciglitazone (30 μm), troglitazone (100 μm),
ragaglitazar (100 μm) and L165041 (100 μm) evoked rapid
increases of [Ca2+]i in the cells (Fig. 3a,b,d, f ). These responses
typically peaked within 1 min and were sustained. The
mean ciglitazone (30 μm), troglitazone (100 μm), ragaglita-
zar (100 μm) and L165041 (100 μm) responses were
38.6 ± 3.6% (n = 3), 43.5 ± 19.4% (n = 3), 55 ± 8% (n = 3)
and 11.3 ± 7% of the peak ionomycin (5 μm) response,
respectively (Fig. 3a,b,d,f ). By contrast, rosiglitazone and
fenofibrate, at concentrations tested (1–100 μm), did not
evoke changes in [Ca2+]i in NHU cells (Fig. 3c,e).

Ciglitazone-evoked calcium responses (30 μm) in
NHU cells maintained in calcium-free HBSS. However,
these responses were transient and [Ca2+]i fully recovered
to baseline levels between 10 and 15 min post-application
(Fig. 3h); this was in contrast to the sustained calcium
responses evoked in calcium-containing HBSS (Fig. 3a).

Induction of ERK and p38 phosphorylation by PPAR 
agonists in NHU cells

Relative to vehicle-treated cultures, an increase in the
ERKPhosphorylated/ERKTotal ratio was detected in NHU cells
treated with troglitazone, ragaglitazar, ciglitazone and
rosiglitazone, although there were differences in the
kinetics between agonists. Troglitazone (10 μm) and
ragaglitazar (30 μm) induced rapid ERK phosphoryla-
tion, peaking 5 min following exposure (Fig. 4a). ERK
phosphorylation was also induced by ciglitazone (10 μm)
and rosiglitazone (10 μm), peaking at 2–4 h. Neither
fenofibrate (10 μm) nor L165041 (10 μm) induced ERK
phosphorylation (Fig. 4a).

Phosphorylation of p38 was observed in NHU cells
following exposure to troglitazone (10 μm), ciglitazone
(10 μm), ragaglitazar (30 μm) and, to a lesser extent,
rosiglitazone (10 μm; Fig. 4b). Neither fenofibrate (10 μm)
nor L165041 (10 μm) induced p38 phosphorylation in the
cells (Fig. 4b). Thus, the PPAR agonists that induced
ERK phosphorylation also induced p38 phosphorylation,
but signal/noise ratios appeared lower in the p38 assay
(Fig. 4, compare TZ, RG, CZ and RZ in 4a and 4b).

NHU cell death by pro-apoptotic PPAR agonists is PPAR 
and MAPK independent

As phosphorylation of p38 MAPK has been implicated
in induction of apoptosis, we examined the potential
involvement of p38 in NHU cell death by functional
inhibition. Using the same approach, we also sought to
confirm that apoptosis was triggered by PPAR receptor-
independent mechanisms. As shown in Fig. 4c, treatment
of the cells with ciglitazone (10 μm) resulted in extensive cell
death in comparison to vehicle-only controls. Pre-treatment
of the cells with inhibitors of either PPARγ (T0070907;
5 μm) or p38 (SB203580; 10 μm) pathways had no effect
on ciglitazone-induced cell death (Fig. 4c).

Change in mitochondrial membrane potential occurs 
early after ciglitazone exposure

Disruption of mitochondrial membrane potential (ΔΨm) is an
early event following induction of apoptosis via the intrinsic
pathway. We used the MitoCapture™ flow cytometric assay
to assess changes mediated by ciglitazone (10 μm) on ΔΨm
in cultured NHU cells. A time-dependent increase in FITC
fluorescence, indicating altered ΔΨm due to inability of
the dye to form aggregates in mitochondria, was evident
over 6 h compared to vehicle control (Fig. 5a, right panel).

Caspase-3 and caspase-9 activation in NHU cells by 
PPAR agonists

Caspase activation over the 72-h period following expo-
sure of NHU cells to PPAR agonists was assessed by
immunoblotting using antibodies that recognized both
pro- and active, cleaved caspase forms. Treatment of the
cells with ciglitazone (10 μm), troglitazone (10 μm) and
ragaglitazar (30 μm) all resulted in caspase-9 activation
(Fig. 5b). Effects of troglitazone (10 μm) were seen at 6 h
and maintained throughout the 72-h period assessed.
Activation of caspase-9 was observable at 24 h onwards
with ragaglitazar (30 μm) and ciglitazone (10 μm). Little
or no caspase-9 activation was evident following exposure
to rosiglitazone (10 μm), fenofibrate (10 μm) or L165041
(10 μm) over the time periods assessed (Fig. 5b).



In accordance with the caspase-9 results, troglitazone
(10 μm), ciglitazone (10 μm) and ragaglitazar (30 μm) all
activated caspase-3 after 72 h exposure (Fig. 5c). No
caspase-3 cleavage was evident following treatment
with rosiglitazone or fenofibrate over the course of these
experiments (Fig. 5c). No caspase-3 activation was
evident with L165041 over the 72-h period assessed, but

was shown to cleave caspase-3 at later time points (data
not shown).

Of note, pre-treatment of NHU cells with specific
caspase-9 and caspase-3 inhibitors, Z-LEHD-FMK (20 μm)
and Z-DEVD-FMK (20 μm), did not prevent ciglitazone-
mediated (10 μm) cell death. In fact, caspase activation-
blockade accelerated the death process and altered

Figure 3. Grading of peroxisome proliferator-activated receptor (PPAR) agonist effect on intracellular calcium levels in normal human
urothelial (NHU) cells. (a–f) Representative continuous traces illustrating the changes in intracellular calcium in NHU cells loaded with the calcium
indicator dye, fluo-3-AM, following addition of increasing concentrations of PPAR agonists, ciglitazone, troglitazone, rosiglitazone, ragaglitazar,
fenofibrate and L165041. (g) Illustrates the mean amplitude of the maximum changes in intracellular calcium mediated by PPAR agonists expressed
as a percentage of the maximum ionomycin (5 μm) response (± standard deviation) from three independent NHU cell lines; #, not done. (h) Repre-
sentative continuous trace illustrating the changes in intracellular calcium in NHU cells following addition of ciglitazone (30 μm) in Ca2+-free extra-
cellular medium. FF, fenofibrate; L165, L165041; RG, ragaglitazar; RZ, rosiglitazone; TZ, troglitazone; CZ, ciglitazone; Iono, ionomycin.



morphology of dying cells from nuclear condensation
and membrane blebbing to a more ‘swollen cytoplasm’
phenotype (data not shown).

Role of SOCs

There is evidence that sustained release of [Ca2+]i may lead
to depletion of Ca2+ from intracellular stores, which causes
influx of extracellular Ca2+ via opening of SOCs (30). To
assess the effects of SOC inhibitors on ciglitazone-mediated

(10 μm) apoptosis, NHU cells were pre-treated with 2-APB
(10–25 μm) and SKF-96365 (25–50 μm) for 30 min followed
by annexin V–FITC/PI assays. Although ciglitazone (10 μm)
induced extensive apoptosis in the cells, pre-treatment
with 2-APB (10 μm) significantly attenuated ciglitazone-
mediated apoptosis compared to vehicle-treated controls
(P < 0.01; Fig. 6a,c). Pre-treatment of cells with SKF-96365
(25 μm) reduced the pro-apoptotic effects of ciglitazone
(Fig. 6b,d), but this did not reach statistical significance
(P > 0.05). Effects of 2-APB (10 μm) and SKF-96365

Figure 4. Pro-apoptotic peroxisome proliferator-activated receptor (PPAR) agonists induce phosphorylation of ERK and p38-MAPK, but cell
death is PPAR- and MAPK-independent in cultured normal human urothelial (NHU) cells. Representative Western blots of the effects of PPAR
agonists, troglitazone (TZ; 10 μm), ragaglitazar (RG; 30 μm), ciglitazone (CZ; 10 μm), rosiglitazone (RZ; 10 μm), fenofibrate (FF; 10 μm), and
L165041 (10 μm) on ratios between (a) ERKPhosphorylated/ERKTotal and (b) p38Phosphorylated/p38Total were assessed in cultured NHU cells (three
independent NHU cultures). Phosphorylation of Thr202/Tyr204 and Thr180/Tyr182 were examined for ERK and p38, respectively. (c) Illustrates
representative photomicrographs of NHU cells that were pre-treated with SB203580 (10 μm), T0070907(5 μm) or vehicle control (DMSO) alone for
1 h; cells (n = three independent cultures) were maintained in medium containing ciglitazone (10 μm) for 24 h and phenotype changes assessed using
phase contrast microscopy.



(25 μm) were also apparent at the cellular level by phase
contrast microscopy, where ciglitazone-mediated apoptotic
changes, including membrane blebbing and cytoplasmic
shrinkage, were reduced following pre-treatment with
2-APB (10 μm) and SKF-96365 (25 μm; Fig. 6e). It should,
however, be noted that at the higher concentrations both
SOC inhibitors alone exhibited cytotoxicity in our cells
(data not shown). This cytotoxicity was detected by annexin
V–FITC/PI labelling and was evident from the reduced

ability of 2-APB (20 μm) to inhibit cell death (Fig. 6c),
and particularly by the complete loss of any inhibitory
effect of SKF-96365 (50 μm; Fig. 6d).

Discussion

We have demonstrated that troglitazone, ciglitazone or
ragaglitazar, but not rosiglitazone, fenofibrate or L165041,
may induce apoptosis in NHU cells, as indicated by
morphological changes, annexin V/PI positivity and pro-
caspase cleavage. These effects were apparent within
a pharmacologically relevant drug concentration range,
although concentrations were 3- to 100-fold higher than
previously described to induce differentiation in NHU
cells (9–12). Induction of apoptosis was rapid (within 6 h),
could not be inhibited using a specific PPARγ antagonist,
T0070907, was restricted in response to some PPAR agonists
only and occurred at concentrations above affinity constants
for PPAR activation, thereby strongly suggesting that
apoptosis was induced by PPAR-independent (non-genomic)
mechanisms. While it has previously been shown that
PPARα and PPARγ agonists may exhibit non-genomic
actions (2,16,31), our work extends this phenomenon also
to PPARβ/δ and dual PPARα/γ agonists.

Previous studies have suggested that thiazolidinedione-
mediated elevation of intracellular calcium levels may
contribute to their anti-proliferative effects by inhibiting
translation initiation and subsequent block of G1-S
transition (17). However, with the exception of fenofibrate,
all PPAR agonists attenuated NHU cell growth, including
rosiglitazone, which did not induce calcium transients,
suggesting different mechanisms involved in cytostasis.
Our study revealed a clear association between those
ligands that induced an immediate increase in intracellular
calcium and loss of viability in the medium term (hours-
days). Morphological changes strongly suggested that
loss of viability was associated with induction of apoptosis.
This was examined in further detail using ciglitazone
(the most potent cytotoxic agent) as an example. Ciglitazone
treatment caused surface exposure of phosphatidyl-
serine that was not prevented by pre-treatment with
PPAR antagonist, T0070907, confirming the apoptotic
mode of cell death induced by a PPAR-independent
mechanism. Large and sustained changes in [Ca2+]i are
associated with signalling cascades regulating apoptosis
(32). Elevated cytosolic calcium can, under certain patho-
logical conditions, interact with cyclophilin D to open
permeability transition pores in mitochondria, leading to
dissipation of mitochondrial membrane potential (ΔΨm) and
release of pro-apoptotic mediators (33). Likewise, sustained
rises in [Ca2+]i can lead to depletion of intra-cellular Ca2+

stores, such as the sarcoplasmic reticulum, and signal
Ca2+ influx from the extracellular medium via opening of

Figure 5. Peroxisome proliferator-activated receptor (PPAR) agonist-
induced apoptosis is mediated by disruption of mitochondrial
membrane potential with concomitant activation of caspase-9 and
caspase-3. (a) Disruption of mitochondrial membrane potential (ΔΨm)
was assessed using the MitoCaptureTM apoptosis detection kit following
treatment with ciglitazone (10 μm) in cultured NHU cell populations
(left panel) over a period of 6 h (i, vehicle control; ii–iii, 3 and 6 h
post-treatment, respectively). A time-dependent increase in FITC-
fluorescence (right panel) was evident over 6 h, suggesting disruption of
ΔΨm, by decreased ability of the mitochondria to form aggregates of the dye.
(b and c) The effects of PPAR agonists troglitazone (TZ; 10 μm), ragagli-
tazar (RG; 30 μm), ciglitazone (CZ; 10 μm), rosiglitazone (RZ; 10 μm),
fenofibrate (FF; 10 μm) and L165041 (L165; 10 μm) on activation of
caspase-9 (b) and caspase-3 (c) was assessed in cultured NHU cells over
a period of 72 h using Western blotting. Full length and active fragments
of caspase-9 were detected at 45 kDa and 38 kDa, respectively. Full
length and active fragments of caspase-3 were detected at 32 and
18 kDa, respectively. All experiments were conducted using at least
three independent NHU cultures.



SOCs (30). Our data support this as the mechanism by
which ciglitazone affected ΔΨm.

Removal of calcium from the extracellular medium
significantly altered the kinetics of ciglitazone-mediated
calcium release in NHU cells from sustained to transient
release, with full recovery to basal levels. Ciglitazone-
induced apoptosis was partially inhibited by SOC inhibitors
SKF-96365 and, particularly, 2-APB. These findings
demonstrate that cell death induced by ciglitazone involved
disruption of mitochondrial ΔΨm, required elevated and
sustained rise in intracellular calcium and functioning
SOCs (summarized in Fig. 7). Similarly, inhibition of
SOCs by lanthanum or SKF-96365 has been reported to
attenuate ciglitazone-mediated anti-proliferative effects
in human uterine leiomyoma cells (34). Interestingly, a
sustained increase in [Ca2+]i through SOCs has been
reported as necessary for EGF receptor transactivation by
ciglitazone (35).

Increased phosphorylation of ERK and p38 seen at
high concentrations of troglitazone, ciglitazone and ragagli-
tazar may not have been unexpected, as activation of p38
is associated with induction of apoptosis in response to a
variety of stimuli and pro-survival pathways are activated

in many cell death paradigms, including PI3 K/AKT and
ERK (36). Moreover, although phosphorylation of the
ERK pathway is generally considered a survival signal,
a role for ERK activation in induction of apoptosis has
also been described (37). By contrast, our study revealed
clear independence between pro-apoptotic effects of
particular agonists and activation of p38/ERK. These
included (i) rosiglitazone activated both ERK and p38,
although it induced no increase in [Ca2+]i and was not
pro-apoptotic; (ii) there was disparity in concentrations of
PPAR agonists used to evoke changes in [Ca2+]i, which
were 0.5 log unit higher than concentrations that invoked
changes in protein phosphorylation; (iii) p38 inhibition
did not abrogate the apoptotic effect; and (iv) increases in
p-ERK occurred rapidly and transiently and were countered
by marked attenuation at later time periods.

Ciglitazone, troglitazone and ragaglitazar, but not
rosiglitazone or fenofibrate, induced cleavage of procaspase-
9, followed by later activation of caspase-3. Activation of
caspase-9 is intimately associated with intrinsic apoptotic
pathways leading to caspase-3 activation (38). Intriguingly,
pre-treatment with caspase-9 and caspase-3 inhibitors did
not prevent NHU cell death induced by ciglitazone, but

Figure 6. Peroxisome proliferator-activated
receptor (PPAR) agonist-mediated apoptosis
is mediated partially by activation of store-
operated calcium channels. (a,c) The increase
in annexin V–FITC/PI staining in normal human
urothelial (NHU) cells caused by ciglitazone
(10 μm) was significantly attenuated following
pre-treatment with the SOC inhibitor, 2-APB
(10 μm). (b, d) Pre-treatment with the SOC
inhibitor, SKF-96365 (25–50 μm for 30 min
before ciglitazone) also reduced the ciglitazone-
induced increase in annexin V–FITC/PI stain-
ing, but was not statistically significant. (a) and
(b) show representative experiments; data in (c)
and (d) show mean percentage of apoptotic cells
(annexin V and/or PI positive) from at least two
independent NHU cell lines (± standard devia-
tion). Statistical difference was determined using
one-way analysis of variance, **P < 0.01 com-
pared to vehicle-treated cells. (e) Illustrates
macroscopic changes in the morphology of
NHU cells associated with apoptosis following
treatment with ciglitazone (10 μm for 8 h). These
effects were partially inhibited following
pre-treatment with SOC inhibitors 2-APB and
SKF-96365 (10 and 25 μm for 30 min before
ciglitazone, respectively).



accelerated the death process and altered the morphology
of dying NHU cells from nuclear condensation and mem-
brane blebbing to a ‘swollen cytoplasm’ phenotype, which is
characteristic of a necrotic response (39). This suggests that
although caspase activation occurred as a consequence of
rapid mitochondrial membrane permeabilization, it is not
obligatory for PPAR-mediated death. Our observations
are not anomalous, as it is well-documented that caspase
activation and subsequent biochemical and morphological
phenotype of apoptotic death are not mutually inter-
dependent (reviewed by Subramaniam & Unsicker (40)
and Jones et al. (41)). In particular, there are reports of
caspase-independent, calcium-mediated ‘paraptotic’ cell
death (42) and other studies have also demonstrated that
caspase inhibitors may not prevent cell death, but instead
lead to necrosis, whereas certain stimuli can result in either
apoptotic or necrotic death, depending on the availability
of activated caspases (43).

Previous studies have demonstrated changes in [Ca2+]i
by PPARγ agonists in a number of cell systems: human
uterine myometrium/leiomyoma cells, PPAR–/– as well as
PPAR+/+ mouse embryonic stem cells, human monocytes
and rat hepatocytes (17,34,35). Thus, our study highlights
the striking similarity of the non-genomic effects of PPAR
agonists across different cell systems and across structur-
ally different PPAR agonists. Likewise, steroids and thyroid
hormone, substances exhibiting even larger structural
variability than the PPAR agonists examined in the
present study, exhibit a similar spectrum of non-genomic
actions across a wide variety of cell types (18). Non-genomic
effects of steroids and PPAR agonists are strikingly similar:
both are accompanied by rises in intracellular calcium,
activation of p38 and ERK MAPK and ensuing cytotoxicity/
apoptosis (2,16,18). For PPAR agonists, non-genomic effects

have been defined as (i) occurring very rapidly, or (ii) in
cells not expressing PPARs, or (iii) despite pre-treatment
of cells with PPAR antagonists, or (iv) with structural
PPAR agonist variants lacking agonist activity such as
Δ2-ciglitazone or Δ2-troglitazone (2,16). Similar method-
ology has been used to define non-genomic effects of
steroids, and importantly, these methods do not rule out
the presence of non-classical receptors mediating the
non-genomic effect (18). Determination of whether non-
classical receptors are involved in non-genomic actions of
PPAR agonists may help in developing compounds with
improved toxicity profiles.

Conclusion

The results of the present study provide a mechanistic basis
for the ability of some PPAR agonists to induce death in
human urothelial cells, and demonstrate that apoptosis is
mediated at non-pharmacological concentrations via PPAR-
independent mechanisms that involve intracellular
calcium changes, activation of SOCs and induction of
the mitochondrial apoptotic pathway. These findings high-
light paradoxical PPAR-dependent and -independent
agonist effects on urothelial cell differentiation and survival
responses, which may play contributory roles in bladder
pathophysiology. However, it remains as yet unknown
whether PPAR-induced bladder carcinogenesis in rodents
is relevant in humans.
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