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Malignant pleural mesothelioma (MPM), an aggressive and refrac-
tory tumor type, is increasing in frequency throughout the world.
Peroxisome proliferator activated receptor-c (PPAR-c) agonists
have anticancer activity against several cancer cell lines in vitro
and in vivo. However, there have been no reports that PPAR-c
agonists induce growth inhibition of MPM cell lines. In this study,
we investigated the inhibitory effect of a PPAR-c agonist in combi-
nation with an anticancer agent on MPM cell growth in vitro and
in vivo. We examined the therapeutic efficacy of the PPAR-c
agonist troglitazone (TGZ) in combination with cisplatin against a
human MPM cell line, both in vitro and orthotopically inoculated
into severe combined immunodeficient (SCID) mice. Troglitazone
(TGZ) alone inhibited MPM cell growth in vitro in a dose-
dependent manner via induction of G1 cell cycle arrest and apop-
tosis. The combination of TGZ and cisplatin showed an additive
inhibitory effect on MPM cell growth compared to treatment with
either individual drug. Treatment with 500 mg ⁄ kg or 1000 mg ⁄ kg
TGZ effectively inhibited the production of thoracic tumors and
pleural effusion in EHMES-10 cell-bearing SCID mice. Moreover,
treatment with 500 mg ⁄ kg TGZ in combination with 3 mg ⁄ kg
cisplatin more effectively prolonged survival compared to treat-
ment with either individual drug. These results suggest that TGZ in
combination with cisplatin may become a novel therapy for MPM.
(Cancer Sci 2010; 101: 1955–1964)

M alignant pleural mesothelioma (MPM), an aggressive
tumor arising in the mesothelium, in general tends to

occur between 30 and 40 years after initial asbestos exposure.(1)

Malignant pleural mesothelioma (MPM) remains a serious prob-
lem, as the worldwide incidence of this disease continues to
increase. In Japan, the peak incidence is predicted to occur in
2025, and 103 000 deaths are anticipated over the next 40 years.
Malignant pleural mesothelioma (MPM) is an extremely diffi-
cult disease to treat, with the median overall survival ranging
between 9 and 17 months, regardless of disease stage(2).

The combination of cisplatin and pemetrexed was established
as a standard of care front-line regimen. The regimen had a
41.3% response rate, a median time to progression of
5.7 months, and an overall median survival of 12.1 months.(1,2)

As observed in a meta-analysis of phase II studies,(3) other cis-
platin-based combinations produced a response rate of approxi-
mately 25–30%, as follows: cisplatin plus etoposide; cisplatin
plus doxorubicin; cisplatin plus gemcitabine; cisplatin plus inter-
feron; and oxaliplatin plus raltitrexed (or gemcitabine or vinorel-
bine) and methotrexate. However, the efficacies of these
regimens remain insufficient. Therefore, novel therapeutic strat-
egies are needed to improve the disease prognosis.
doi: 10.1111/j.1349-7006.2010.01632.x
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Peroxisome proliferator activated receptor-c (PPAR-c) is a
member of the nuclear hormone receptor superfamily of ligand
activated transcription factors.(4) Peroxisome proliferator acti-
vated receptor-c (PPAR-c) forms a heterodimeric complex with
the retinoid X receptor which then binds to a PPAR response
element. This interaction is responsible for the regulation of cel-
lular events ranging from glucose and lipid homeostasis to cell
differentiation and apoptosis.(5) In addition, PPAR-c has been
shown to regulate growth, differentiation, and gene expression
in a number of cancer cell lines.(6–13) However, a role for
PPAR-c in MPM regulation is unknown.

In the present study, we examined whether PPAR-c agonists
induce an inhibition of MPM cell line growth in vitro and
in vivo. Furthermore, we investigated the possibility of a syner-
gistic effect between a PPAR-c agonist and cisplatin for MPM
treatment.

Materials and Methods

Human MPM cell lines and culture conditions. EHMES-10
was established from the pleural effusion of a patient with MPM
in our institution.(14,15) MSTO-211H was purchased from the
American Type Culture Collection (Manassas, VA, USA). Malig-
nant pleural mesothelioma (MPM) cells were cultured in RPMI-
1640 medium (Nikken Bio Medical Laboratories, Kyoto, Japan)
supplemented with 10% fetal bovine serum (FBS) (Hyclone,
Logan, UT, USA), penicillin (100 U ⁄ mL) and streptomycin
(50 mg ⁄ mL) at 37�C in a 5% CO2 humidified atmosphere.

Reagents. We used the PPAR-c agonists troglitazone (TGZ)
(kindly provided by Daiichi-Sankyo, Tokyo, Japan), ciglitazone
(CGZ) (Calbiochem, Darmstadt, Germany), rosiglitazone (RGZ)
(Alexis Biochemicals, Lausen, Switzerland), and 15-deoxy-
D12,14-prostaglandin J2 (15d-PGJ2) (Calbiochem). For in vitro
experiments, these agents at various concentrations were dis-
solved in dimethylsulfoxide (DMSO) (Sigma-Aldrich, St. Louis,
MO, USA), and were added to cells in medium with a final
DMSO concentration of 1.0%. For the in vivo study, TGZ was
prepared as a suspension in a vehicle consisting of 0.5% carb-
oxymethyl cellulose (CMC) (Wako Pure Chemical Industries,
Osaka, Japan) in sterile water. Cisplatin was kindly provided by
Nippon Kayaku (Tokyo, Japan). Rabbit polyclonal antibodies
against p27kip1 and cyclin D1 were purchased from Cell Signal-
ing Technology (Danvers, MA, USA). Rabbit monoclonal anti-
bodies against p21waf1 ⁄ cip1 and mouse monoclonal antibodies
against Ki-67 and PPAR-c were purchased from Cell Signaling
Cancer Sci | September 2010 | vol. 101 | no. 9 | 1955–1964
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Fig 1. Effect of peroxisome proliferator activated receptor-c (PPAR-c)
agonists on proliferation of malignant pleural mesothelioma (MPM)
cells. (a) EHMES-10 cells were treated with troglitazone (TGZ),
ciglitazone (CGZ), rosiglitazone (RGZ), or 15-deoxy-D12,14-
prostaglandin J2 (15d-PGJ2) for 3 days. (b) MSTO-211H cells were
treated with TGZ, CGZ, RGZ, or 15d-PGJ2 for 3 days. Data represent
mean ± SD. *P < 0.01 (one-way ANOVA with Dunnett’s post test).
Technology, Dako Japan (Kyoto, Japan), and Santa Cruz Bio-
technology (Santa Cruz, CA, USA), respectively. Horseradish
peroxidase conjugated goat antirabbit IgG and horse antimouse
IgG were purchased from Cell Signaling Technology.

Cell proliferation assay (WST-1 assay). The effect of individ-
ual test agents on cell viability was assessed using cell
proliferation reagent WST-1 (4-[3-(4-lodophenyl)-2-(4-nitro-
phenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) (Roche Dia-
gnostics, Mannheim, Germany) assay in 8 to 16 replicates.
Malignant pleural mesothelioma (MPM) cells (1–2 · 104

cells ⁄ well) were plated in 96-well plates (Nunc, Roskilde,
Denmark) and were exposed to various concentrations of test
agents dissolved in DMSO. The final concentration of DMSO
in the culture medium was 1.0%, which did not affect MPM
cell proliferation (data not shown). Controls received DMSO
vehicle at a concentration equal to that of drug-treated cells.
After drug treatment, 10 lL of WST-1 reagent were added to
each well, and the culture plates were incubated for 1 h at
37�C. Absorbance was measured at 450 nm with a reference
wavelength at 690 nm by an E max precision microplate
reader (Molecular Devices, Tokyo, Japan). The cell viability
percentage was determined as the ratio of the absorbance of
the sample versus the control. Eight replicate wells were used
for each drug concentration, and the assay was carried out
independently three times.

Western blot analysis. Total protein was extracted from
MPM cells. The cells were lysed in a lysis buffer (25 mM Tris-
HCl [pH 7.5], 150 mM NaCl, 1% Triton X, 50 mM NaF, 1 mM
Na3VO4) containing a complete protease inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany) on ice. The cell
lysates were centrifuged at 267 g for 5 min. Protein concentra-
tions were measured using a Bio-Rad Protein Assay Reagent
(Bio-Rad Lab., Hercules, CA, USA). Twenty micrograms of
protein were separated on a 12.5% Tris-Glycine gel (Bio-Rad
Lab.). After electrophoresis, the protein was transferred to a
nitrocellulose membrane using an iBlotTM Dry Blotting System
(Invitrogen, Carlsbad, CA, USA), and blocked in Tris-buffered
saline containing 0.1% Tween-20 (TBS-T) with 10% skim milk
at 4�C for 1 h. The membrane was incubated with the appro-
priate primary antibody in TBS-T containing 1% skim milk at
4�C overnight. All primary antibodies were diluted 1:1000
in TBS-T containing 1% skim milk. After treatment with a
primary antibody, the membrane was washed three times
with TBS-T and incubated with the horseradish peroxidase-
conjugated secondary antibody (diluted 1:2000) for 1 h at room
temperature. Immune complexes were visualized using ECL
detection reagents (Amersham, Buckinghamshire, UK).

Cell cycle analysis. Malignant pleural mesothelioma (MPM)
cells, treated with or without test agents over time periods from
8 to 48 h, were collected after a brief trypsinization using 0.25%
Trypsin-EDTA (Invitrogen), washed with phosphate-buffered
saline (PBS) (Wako Pure Chemical Industries), and the cell
nuclei were stained using the CycleTEST PLUS DNA Reagent
Kit (Becton Dickinson, San Jose, CA, USA). Cells were sorted
by FACScan analysis, and cell cycle profiles were determined
using ModFitLT software (Becton Dickinson, San Diego, CA,
USA).

Detection of apoptosis. Cell apoptosis was detected using an
Annexin V-fluorescein isothiocyanate (FITC) ⁄ 7-amino-actino-
mycin D (7-AAD) kit (Beckman Coulter, Marseille, France).
Malignant pleural mesothelioma (MPM) cells treated with or
without test agents were collected after a brief trypsinization,
washed with PBS, and stained by 10 lL of Annexin V-FITC
solution and 20 lL of 7-AAD. Cells were sorted by FACScan
analysis, and apoptosis profiles were determined using Mod-
FitLT software.

Animals. Male severe combined immunodeficient (SCID)
mice (6–8 weeks old) were obtained from Clea Japan (Osaka,
1956
Japan) and maintained under specific pathogen-free conditions
throughout the study. Experiments were carried out in accor-
dance with the guidelines established by the Ehime University
Committee on Animal Care and Use.

Orthotopic implantation model. Cultured EHMES-10 cells
were harvested, washed twice, and re-suspended in PBS. Sub-
sequently, the tumor cells (3 · 106) were injected into the
thoracic cavity of the SCID mice as previously described.(15)

Treatments were started 1 week after orthotopic implantation
because this time period was necessary for the EHMES-10
cells to adhere to the pleural surface and begin proliferating.
To evaluate the effect of treatments on tumor weight, pleural
effusion, and survival time, mice were divided into seven
experimental groups (n = 7 in each group) that included:
vehicle alone (0.5% CMC in sterile water per day, by
gavage), TGZ alone (250, 500, and 1000 mg ⁄ kg per day, by
gavage), cisplatin alone (3 and 6 mg ⁄ kg per week, by intra-
peritoneal injection), and a combination of TGZ (500 mg ⁄ kg
per day, by gavage) and cisplatin (3 mg ⁄ kg per week, by
intraperitoneal injection). Four weeks after tumor cell inocula-
tion, the mice were dissected. The thoracic tumors were care-
fully removed and weighed, the pleural effusion was
harvested using a 1-mL syringe, and the volume of the pleu-
ral effusion was measured.

In vivo analyses for apoptosis, proliferation, and the cell cycle
regulator p21waf1 ⁄ cip1. Two hours after TGZ gavage and ⁄ or cis-
doi: 10.1111/j.1349-7006.2010.01632.x
ªª 2010 Japanese Cancer Association



(a)

(b) (c)

Fig. 2. The mechanism of troglitazone (TGZ)-induced growth inhibition in vitro. (a) Effects of peroxisome proliferator activated receptor-c
(PPAR-c) agonists on the cell cycle profile. After treatment with 100 lM TGZ or DMSO (control) for 48 h, EHMES-10 cells and MSTO-211H cells
were collected, fixed, stained with propidium iodide (PI), and analyzed by flow cytometry. The values represent the number of cells in a cell
cycle phase as a percentage (%) of total cells. (b) Induction of apoptosis by TGZ in EHMES-10 cells and MSTO-211H cells. EHMES-10 cells and
MSTO-211H cells were treated with different concentrations of TGZ for 48 h, and apoptosis was analyzed by flow cytometry staining with
Annexin V-FITC and 7-amino-actinomycin D (7-AAD). (c) Effects of TGZ on the expression of p21waf1 ⁄ cip1, p27kip1, cyclin D1, and PPAR-c protein.
EHMES-10 cells and MSTO-211H cells were treated with 100 lM TGZ for the indicated time. Whole cell lysates were prepared and used for
detection of the expression of each protein with antibodies against p21waf1 ⁄ cip1, p27kip1, cyclin D1, and PPAR-c by western blot analysis.
platin injection, the tumors were excised from the tumor-bearing
SCID mice, and formalin-fixed, paraffin-embedded tissue
sections were subsequently prepared for immunohistochemistry
with the anti ki-67 monoclonal antibody and the anti p21waf1 ⁄ cip1

monoclonal antibody, and for in situ apoptosis detection by ter-
minal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) with the In Situ Apoptosis Detection Kit
(Takara Biomedicals, Shiga, Japan). The p21waf1 ⁄ cip1 and Ki-67
immunoreactivities were assessed with visualization under a
light microscope. In areas with the highest nuclear labeling
density and the lowest amount of inflammatory cell infiltrate,
Hamaguchi et al.
the percentage of tumor nuclei expressing p21waf1 ⁄ cip1 and
Ki-67 was determined by counting 1000 cells per slide. TUN-
EL-positive cells were assessed in the same way.

Statistical analysis. In vitro data are expressed as mean ± SD.
For comparisons between groups in the proliferation assay, we
used one-way ANOVA with Dunnett’s post test. Survival was
compared using the Kaplan–Meier method, and statistical analy-
sis was performed using the log-rank test. For between-group
comparisons in p21waf1 ⁄ cip1, Ki-67, and TUNEL-positive cells
in vivo, we used one-way ANOVA followed by a Scheffe post-hoc
test. P-values below 0.05 were considered statistically signifi-
Cancer Sci | September 2010 | vol. 101 | no. 9 | 1957
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Fig. 3. Effect of cisplatin on malignant pleural mesothelioma (MPM) cell growth. (a) Effect of cisplatin on proliferation of EHMES-10 cells and
MSTO-211H cells. EHMES-10 cells and MSTO-211H cells were treated with cisplatin at concentrations of 0.3 lM, 0.6 lM, 1.25 lM, 2.5 lM, 5.0 lM,
10 lM 20 lM, 40 lM, or 80 lM for 16 h followed by a 56-h drug-free period. After 72 h, cell viability was assessed with the WST-1 assay. Data
represent mean ± SD. *P < 0.01 (one-way ANOVA with Dunnett’s post test). (b) Effects of cisplatin on the cell cycle profile. After treatment with
1.25 lM and 5 lM cisplatin for 16 h, 32 h, and 38 h, EHMES-10 cells and MSTO-211H cells were collected, fixed, stained with propidium iodide
(PI), and analyzed by flow cytometry. (c) Induction of apoptosis by cisplatin in EHMES-10 cells and MSTO-211H cells. EHMES-10 cells and MSTO-
211H cells were treated with 20 lM cisplatin for 16 h, 32 h, and 38 h, and cell apoptosis was analyzed by flow cytometry staining with Annexin
V-FITC and 7-amino-actinomycin D (7-AAD).
cant. Drug interactions were analyzed using CalcuSyn software
(version 2.0; Biosoft, Cambridge, UK), which is based on the
median effect model of Chou and Talaly.(16) The combination
index (CI) for each fraction affected was simulated, and for the
final evaluation, the averaged CI at 0.5, 0.75, 0.90, and 0.95
fraction affected was determined. A CI < 0.3, 0.3–0.7, 0.7–0.9,
0.9–1.1, 1.1–1.45, 1.45–3.3, and >3.3 indicates highly synergis-
tic, synergistic, moderate to slight synergistic, nearly additive,
1958
slight to moderate antagonistic, antagonistic, and strong antago-
nistic, respectively.

Results

Effects of PPAR-c agonists on MPM cell growth. To investi-
gate the effect of PPAR-c agonists on the proliferation of MPM
cells, cells were treated with TGZ, CGZ, RGZ, and 15d-PGJ2
doi: 10.1111/j.1349-7006.2010.01632.x
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Fig. 3. Continued.
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Fig. 4. Effect of troglitazone (TGZ) in combination with cisplatin on
EHMES-10 cell growth in vitro. EHMES-10 cells were treated with
various concentrations of cisplatin and with TGZ at concentrations of
50 lM or 100 lM.

(a)

(b)

(c)

Fig. 5. Analysis of the combination of troglitazone (TGZ) and
cisplatin in EHMES-10 cells. (a) Dose-effect curves for TGZ. (b) Dose-
effect curves for cisplatin. (c) The fraction-effect versus combination
index (Fa-CI) curve calculated with the CalcuSyn software.
(0–200 lM). Peroxisome proliferator activated receptor-c
(PPAR-c) agonists inhibited EHMES-10 and MSTO-211H cell
growth in a dose-dependent manner (Fig. 1a,b). We chose TGZ
from the four PPAR-c agonists because TGZ had the most
1960
potent inhibitory effect on cell proliferation. In addition, a large
amount of TGZ was available for in vivo study.

Induction of G1 arrest after TGZ treatment in MPM cells. To
investigate the mechanism of growth inhibition by TGZ, cell
cycle progression in EHMES-10 cells and MSTO-211H cells
following treatment with TGZ was evaluated by FACS analysis.
Of the EHMES-10 cells that were treated with vehicle (DMSO)
for 48 h, 58.03% were in the G1 phase and 27.37% were in the
S phase. Treatment with TGZ for 48 h significantly increased
the percentage of EHMES-10 cells in the G1 phase (83.24%).
Much higher concentrations of TGZ induced the subG1 phase,
representing apoptosis (data not shown). Similar results were
obtained from experiments using MSTO-211H cells (Fig. 2a).
The assay was carried out independently three times.

Induction of apoptosis after TGZ treatment. EHMES-10 cells
were treated with different concentrations of TGZ for 48 h. High
doses of TGZ induced apoptosis of EHMES-10 cells in a dose-
dependent manner. Similar results were obtained from experi-
ments using MSTO-211H cells (Fig. 2b). The assay was carried
out independently three times.

Expression of cell cycle regulatory proteins and PPAR-c. We
analyzed the protein expression of p21waf1 ⁄ cip1, p27kip1, cyclin
D1, and PPAR-c in EHMES-10 cells after treatment with
100 lM TGZ. Troglitazone (TGZ) increased the expression of
p21waf1 ⁄ cip1 and PPAR-c proteins, whereas the expression of
cyclin D1 protein was decreased. EHMES-10 cells did not
express the p27kip1 protein. Similar results were obtained from
experiments with MSTO-211H cells (Fig. 2c). The assay was
carried out independently three times.

Effect of cisplatin on MPM cell growth. EHMES-10 cells and
MSTO-211H cells were treated with cisplatin (0–80 lM) to
investigate the effect of cisplatin on cell viability. Cisplatin
inhibited EHMES-10 and MSTO-211H cell growth in a dose-
dependent manner (Fig. 3a). To investigate the mechanism of
growth inhibition by cisplatin, cell cycle progression and apop-
totic cells following treatment of both cell lines with cisplatin
were evaluated by FACS analysis. A low concentration
(1.25 lM) of cisplatin tended to increase the G2 ⁄ M phase popu-
lation, but a high concentration (5 lM) of cisplatin did not have
this effect in either cell line (Fig. 3b,c). A much higher concen-
tration (20 lM) of cisplatin increased the number of apoptotic
cells in a time-dependent manner in both cell lines (Fig. 3d).
The assay was carried out independently three times.

Effects of combination treatment with TGZ and
cisplatin. Since cisplatin is inactivated by DMSO, combination
treatment with TGZ and cisplatin was tested by a sequential
treatment protocol as previously described.(17) EHMES-10 cells
were treated with various concentrations of cisplatin for 16 h
followed by an 8-h drug-free washout and then treatment with
various concentrations of TGZ for 48 h. After 72 h, cell viabil-
ity was assessed with the WST-1 assay. We observed that EH-
MES-10 cells treated with cisplatin followed by TGZ
demonstrated maximum growth inhibition as compared with cis-
platin alone (Fig. 4).

We used the CalcuSyn software to determine synergistic,
additive, or antagonistic effects of the drug combinations. In
EHMES-10 cells, the IC50 values of TGZ and cisplatin were
124.81 lM and 6.19 lM, respectively (Fig. 5a,b). Because the
ratio of IC50 values for TGZ and cisplatin against EHMES-10
cells was 20:1, EHMES-10 cells were exposed to varying con-
centrations of TGZ and cisplatin sequentially at a fixed ratio
of 20:1 (TGZ ⁄ cisplatin), and then cell viability was assessed
with the WST-1 assay. The averaged CI was 0.924, which
indicates a nearly additive inhibitory effect for TGZ and cis-
platin (Fig. 5c). To investigate the mechanism of the additive
inhibitory effect of TGZ and cisplatin, apoptotic cells were
evaluated by FACS analysis following treatment of EHMES-
10 cells with TGZ and cisplatin. A larger number of apoptotic
doi: 10.1111/j.1349-7006.2010.01632.x
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Fig. 6. Effect of the combination of troglitazone (TGZ) and cisplatin in EHMES-10 cells in vitro. Induction of apoptosis by the combination of
TGZ and cisplatin in EHMES-10 cells. EHMES-10 cells were treated with cisplatin (1.25 and 2.5 lM) for 16 h, followed by an 8-h drug-free
washout and TGZ (50 and 100 lM) for 48 h. After 72 h, cell apoptosis was analyzed by flow cytometry staining with Annexin V-FITC and
7-amino-actinomycin D (7-AAD).

Table 1. Effect of TGZ and in combination with cisplatin on thoracic tumor and pleural effusion produced by MPM cells in SCID mice

Treatment
Thoracic tumor Pleural effusion

Incidence Weight (mg) Incidence Volume (lL)

Control 5 ⁄ 5 390 (246–416) 5 ⁄ 5 450 (250–500)

250 mg ⁄ kg TGZ 5 ⁄ 5 277 (174–398) 5 ⁄ 5 540 (250–610)

500 mg ⁄ kg TGZ 5 ⁄ 5 313 (21–384) 2 ⁄ 5 0 (0–650)

1000 mg ⁄ kg TGZ 5 ⁄ 5 153* (94–334) 3 ⁄ 5 40 (0–680)

3 mg ⁄ kg Cisplatin 5 ⁄ 5 89** (57–139) 0 ⁄ 5 0**

6 mg ⁄ kg Cisplatin 5 ⁄ 5 16** (11–18) 0 ⁄ 5 0**

3 mg ⁄ kg Cisplatin+500 mg ⁄ kg TGZ 5 ⁄ 5 82** (22–180) 0 ⁄ 5 0**

EHMES-10 cells were inoculated into the thoracic cavity of SCID mice on day 0. Treatments were started 1 week after orthotopic implantation.
Experimental groups included: control (0.5% carboxymethyl cellulose [CMC] in sterile water per day, by gavage), troglitazone (TGZ) alone (250,
500, and 1000 mg ⁄ kg per day, by gavage), cisplatin alone (3 and 6 mg ⁄ kg per week, by intraperitoneal injection), and a combination of TGZ
(500 mg ⁄ kg per day, by gavage) and cisplatin (3 mg ⁄ kg per week, by intraperitoneal injection). Four weeks after tumor cell inoculation, the
mice were dissected and thoracic tumors and pleural effusions were evaluated as described in the Materials and Methods. Data are expressed as
median with ranges in parentheses. *P < 0.05 compared with control; **P < 0.01 compared with control. MPM, malignant pleural mesothelioma,
SCID, severe combined immunodeficient.
cells was observed after combination treatment than after sin-
gle-agent treatment. The assay was carried out independently
three times (Fig. 6).

Effects of several treatments in the orthotopic implantation
model with EHMES-10 cells. We examined the therapeutic
effects of TGZ, cisplatin, and the combination of TGZ and
cisplatin on tumors and pleural effusion caused by EHMES-10
cells. Table 1 shows that tumor weight and pleural effusion
Hamaguchi et al.
tended to be lower in the 500 mg ⁄ kg TGZ treatment group com-
pared to the control group. In the 1000 mg ⁄ kg TGZ treatment
group, the cisplatin treatment groups, and the TGZ ⁄ cisplatin
combination group, tumor weight and pleural effusion were sig-
nificantly reduced. With respect to the survival of the tested
mice, administration of 500 mg ⁄ kg or 1000 mg ⁄ kg TGZ and
3 mg ⁄ kg cisplatin significantly prolonged the survival time of
the EHMES-10 cell-bearing SCID mice compared with control
Cancer Sci | September 2010 | vol. 101 | no. 9 | 1961
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(Fig. 7a,b). The combination treatment with TGZ and cisplatin
significantly prolonged the survival time of EHMES-10 cell-
bearing SCID mice compared with either individual drug treat-
ment (Fig. 7b).

Previous reports demonstrated that TGZ increased liver toxic-
ity.(18–20) Therefore, we measured the blood concentration of
TGZ and evaluated liver and renal function. The mean blood
concentrations of TGZ in the 500 mg ⁄ kg TGZ, 1000 mg ⁄ kg
TGZ, and combination treatment groups were 0.546 (n = 4),
0.685 (n = 3), and 0.566 (n = 5) lg ⁄ mL, respectively. In previ-
ous clinical data, the maximum blood concentration of TGZ was
0.9 lg ⁄ mL. No abnormal findings in liver and renal function
tests were observed in our experiments.

Immunohistochemical analyses of the antitumor mechanisms
of TGZ, cisplatin, and combination treatment. Numbers of
p21waf1 ⁄ cip1-positive cells tended to increase in the TGZ treat-
ment group compared with the control and other treatment
groups. Numbers of Ki-67-positive cells decreased significantly
in the cisplatin treatment group and tended to decrease in the
TGZ and combination treatment groups compared with the con-
trol group. Numbers of TUNEL-positive cells increased signifi-
cantly in the cisplatin and combination treatment groups and
tended to increase in the TGZ treatment group compared with
the control group (Fig. 8a,b).
(a)

(b)

Fig. 7. Survival of severe combined immunodeficiency (SCID) mice
inoculated with EHMES-10 cells. EHMES-10 cells (3 · 106) were
inoculated into the thoracic cavity of SCID mice. When the mice
became moribund, they were sacrificed. Survival was therefore
determined up to the day the mice were sacrificed. (a) Survival time
of EHMES-10 cell-bearing SCID mice treated with troglitazone (TGZ).
(b) Survival time of EHMES-10 cell-bearing SCID mice treated with
TGZ, cisplatin, and the combination of TGZ and cisplatin. *P < 0.05
versus control; **P < 0.01 versus control; ***P < 0.05 versus the
individual drug.

1962
Discussion

The present study demonstrates that TGZ inhibits MPM cell
growth via cell cycle arrest and apoptosis in vitro and in vivo. In
addition, administration of TGZ prolonged the survival time of
EHMES-10 cell-bearing SCID mice. The combination treatment
with TGZ and cisplatin inhibits tumor cell proliferation and pro-
longed the survival time of EHMES-10 cell-bearing SCID mice
as compared to either individual drug.

Treatment with PPAR-c agonists has been shown to inhibit
the growth of many types of cancer cells via induction of cell
cycle arrest and ⁄ or apoptosis.(21) It has been reported that
overexpression of p21waf1 ⁄ cip1 and p27kip1 inhibits the activi-
ties of cyclin–CDK complexes (cyclin–cyclin-dependent kinase
complexes), which regulate cell cycle progression in mamma-
lian cells.(22,23) This study is the first to show that TGZ
increases the level of PPAR-c expression and induces cell
growth inhibition via induction of cell cycle arrest and apopto-
sis in MPM. These results indicate that PPAR-c acts as a sup-
pressor gene. Functional impairment of the cell cycle is
reconstituted with expression of PPAR-c. In the present study,
we found that TGZ induced an increased expression of
p21waf1 ⁄ cip1 and a decreased expression of cyclin D1, which
resulted in an increase in the G1 phase population of MPM
cells. Furthermore, we found that a high dose of TGZ induces
apoptosis in a dose-dependent manner. The mechanisms by
which TGZ induced p21waf1 ⁄ cip1 expression, but not p27kip1

expression, were not clarified. Previous reports indicated that
TGZ up-regulates the p21waf1 ⁄ cip1 protein in hepatocellular car-
cinoma cell lines and p27kip1 expression in pancreatic
tumors.(21) p21waf1 ⁄ cip1, but not p27kip1, induced by TGZ might
mediate G1 cell cycle arrest induced by TGZ in EHMES-10
and MSTO-211H cells.

After observing substantial suppression of MPM cell growth
by TGZ treatment in vitro, we conducted experiments designed
to test the potential of TGZ to exert an inhibitory effect against
MPM in vivo. The previously reported animal model, which
included EHMES-10 cells being orthotopically inoculated into
the thoracic cavity of SCID mice to reproducibly develop tho-
racic tumors and bloody pleural effusions, has shown a human
patient-like progression of MPM.(15,24) A high dose of TGZ
reduced tumor weight and pleural effusion in the EHMES-10
cell-bearing SCID mice in addition to prolonging their survival.
To the best of our best knowledge, this is the first preclinical
report that clearly shows the therapeutic efficacy of TGZ against
the progression of MPM cells.

A high dose of TGZ was effective in the treatment of EH-
MES-10 cell-bearing SCID mice, but its clinical application is
limited by increased liver toxicity(18–20) and an unsatisfactory
control of pleural effusion. Cisplatin, a key drug used for MPM,
reduced the number of pleural effusions and the tumor weight in
mice. The combination treatment of TGZ and cisplatin signifi-
cantly extended the survival period for mice compared with
either individual drug. These findings have important implica-
tions for development of new therapeutic strategies. Why did
the combination of TGZ and cisplatin show an additive inhibi-
tory effect? Troglitazone (TGZ) and cisplatin used different
mechanisms to inhibit cell growth. Our in vitro study showed
that TGZ increased the G1 phase cell population, whereas a low
concentration (1.25 lM), but not a higher concentration (5 lM),
of cisplatin tended to increase the G2 ⁄ M phase cell population.
Much higher concentrations of TGZ and cisplatin (20 lM)
induced apoptosis. It was suggested that the duration and
magnitude of the cell cycle arrest are dependent on the length of
treatment and the concentrations of the drugs. Troglitazone
(TGZ) and cisplatin are known to induce G1 phase arrest
and G2-M phase arrest, respectively, followed by apoptosis
in vitro.(21,25–28) Our in vivo study revealed that TGZ increased
doi: 10.1111/j.1349-7006.2010.01632.x
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(a)

(b)

Fig. 8. Histologic analyses of thoracic tumors
produced by EHMES-10 cells. EHMES-10 cell-bearing
SCID mice were treated with 500 mg ⁄ kg
troglitazone (TGZ), 3 mg ⁄ kg cisplatin, and the
combination of TGZ and cisplatin. Four weeks after
tumor cell inoculation, the mice were killed (day
28). (a) The thoracic tumors were analyzed by H&E
and immunohistochemistry. Magnification, ·400.
(b) Quantitative immunohistochemical analysis.
Columns, mean number from five independent
areas; bars, SD. *P < 0.01 versus control; #P < 0.01
versus control.
the numbers of p21waf1 ⁄ cip1 and TUNEL-positive cells and that
cisplatin increased the number of TUNEL-positive cells.

Troglitazone (TGZ) monotreatment has been evaluated in
phase II clinical trials for metastatic colorectal and refractory
breast cancers and has demonstrated little clinical benefit.(29,30)

Four recent studies have reported that a combination of
PPAR-c agonists and chemotherapeutic agents showed antitu-
mor activity. Rosiglitazone (RGZ)-mediated down-regulation
of metallothioneins, which have been shown to be involved in
resistance to platinum-based therapy, demonstrated a striking
synergistic effect between RGZ and platinum-based drugs in
non-small-cell lung cancer (NSCLC) both in vitro and
in vivo.(31) Cisplatin-mediated up-regulation of PPAR-c
expression induced a synergistic effect between TGZ and cis-
platin in NSCLC both in vitro and in vivo.(17) The combina-
tion of RGZ pretreatment with cisplatin showed significant
antineoplastic activity in breast cancer in vivo.(32) A novel
high-affinity PPAR-c agonist (RS5444) itself and in combina-
tion with paclitaxel inhibited human anaplastic thyroid carci-
noma tumor growth via p21waf1 ⁄ cip1. RS5444 did not induce
apoptosis but, combined with paclitaxel, doubled the apoptotic
Hamaguchi et al.
index compared to that of only paclitaxel.(33) Our results also
suggest that there is a strong possibility of combining TGZ
with another anticancer agent as a successful treatment for
refractory tumors.

In conclusion, a PPAR-c agonist, TGZ, inhibited EHMES-10
cell growth via induction of cell cycle arrest resulting in the
overexpression of p21waf1 ⁄ cip1 and apoptosis. Troglitazone
(TGZ), alone or in combination with cisplatin, may provide ther-
apeutic benefit to patients with MPM.
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